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In recent years there has been renewed interest in
the problem of " limiting environments " (Eichna,
Ashe, Bean, and Shelley, 1945; Adolph, 1946).
The appreciation that the body temperature may
safely be allowed to rise a few degrees above the
" little arrow on the thermometer" (Du Bois,
1948) has meant that the wet-bulb limit of 880 F.,
suggested by Haldane's work (1905), has long since
been discarded. Almost any environment may be
tolerated and even worked in for a short time;
thus Blockley and Taylor (1949) found that men at
rest could tolerate a temperature of 2400 F. for 20
minutes when the air was dry. Craig, Garren,
Frankel, and Blevins (1954) consider the deter-
mining factor in voluntary heat tolerance is total
heat storage, the best single estimate of which, they
suggest, is the rectal temperature. In their tests the
mean final rectal temperature at which the men
gave up was 1020 F. (S.D. 0 54). For exposures
lasting several hours Robinson, Turrell, and
Gerking (1945) have evolved a complex index of
physiological stress, in which changes in skin
temperature, sweat rate, rectal temperature, and
heart rate are all taken into consideration. The
M.R.C. Climatic Unit (1947), led by McArdle, after
a long series of tests concluded that a single physio-
logical observation, the sweat rate, was sufficient to
indicate the severity of a heat stress, and from their
results a nomogram was constructed from which,
given the relevant figures, the sweat production for a
four-hour exposure could be predicted (predicted
four-hour sweat rate or P4SR). From their obser-
vations on hyper-acclimatized subjects they con-
cluded that the threshold for intolerance was
reached when the P4SR was 4-5 litres. Recent work
on the same lines reported by Ellis, Ferres, Lind,
and Newling (1954) in Singapore has shown that
the limit suggested by McArdle was substantially
correct. In Fig. 1 the London and Singapore

limits for men in overalls and those suggested by
Robinson and others (1945) are plotted together;
all three groups of workers also set the upper limit
of tolerance for men dressed in shorts working at
2 to 21 met. (1 met. = 50 kg. cal./sq. m./hr.) at
*about the same area on the psychrometric chart.

Working conditions which approach these toler-
ance limits have been described several times in
mines; for example, by Weiner (1950), who found
working temperatures in Rand mines of 93.70 F.
dry-bulb, 92.70 F. wet-bulb, and Caplan (1944) who
reported working places in Indian mines with a
dry-bulb temperature of 1120 F. and a wet-bulb
one of 960 F. In both places collapse from heat
occurs, but it does not seem to be a major problem
until even higher temperatures are reached. On
the other hand the amount of useful work that can
be done is severely limited under such conditions;
Caplan and Lindsay (1946) found that only about
one hour's good work was possible when the wet
bulb reached 930 F. or the effective temperature
960 F.; this corresponds to the " 50% failure line"
determined by Ellis and others (1954).

In a Nigerian colliery, where conditions were
uncomfortable rather than severe, the workers
avoided heat stress by taking frequent rests and by
taking time off in cooler, well-ventilated roadways
whenever they could (Ladell, 1948b). Conditions in
West African gold-mines are more severe than in
the colliery, and through the courtesy of the Ashanti
Goldfields Corporation the physiological obser-
vations reported here were made on the workers in
one of their deep mines at Obuasi. These observa-
tions show how the West African miners react in
situations where conditions are near the accepted
tolerance limit.
From the ventilation reports the stope tempera-

tures in this mine varied from 82 to 970 F. and the
wet-bulb temperatures from 81-5 to 960 F. The
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FIG. 1.-A portion of a psychrometric chart showing the tolerance lit
authors.

(1) Men in overalls working at 2-0 met. (Ellis and others, 1954).
more than 50% failure. Circles with broken line = upper i

(2) Men in overalls working at 2-0 met. (M.R.C., 1947). Crosses v

upper limit of tolerance for fit acclimatized young men. (
(3) Men in shorts working at 2-6 met. (Robinson and others, 1945

line = upper limit for thermal equilibrium.
The stippled area covers the conditions found in the working

mean mine temperature for the month preceding
the one in which this investigation was made was

dry-bulb 90.50 F., wet-bulb 89-5°F., relative humi-
dity 96%. In 60 out of 126 stopes the dry-bulb
temperature was 920 F. and over, with humidities
above 90%. Conditions were therefore generally
approaching the " 50% failure line " for men

working at 2 met. even in moving air, but
the medical records of the mine showed that
breakdown due to heat was quite unknown. On a

preliminary tour of the mine, temperatures up to
950 F., with a wet-bulb temperature of 940 F., were

encountered; in no working place was there
enough movement of the air to be measured with
the vane anemometer and casual observations of
rectal temperatures on machine and blast " boys "
revealed temperatures of 1020 F. and higher. This
suggested that serial observations on the body
temperatures of men working in hot districts

would be of value as, when
men are working at a variable
rate, body temperature is the
most reliable index of body
heat-stress; the heart rate, for
example, is too much affected
by alterations in activity.

7V0LL. Temperature and
ui,,, Body-weight Changes

- D in an Eight-hour Shift
96 As many men as possible

cc working in two adjacent hot
-- districts (29 South 10 and 30

94 South 6, referred to hereafter
as districts A and B respec-

. tively) were assembled on the
'. + 92 D surface before the morning

| shift, their rectal temperatures
! were taken, and they were

90 weighed stripped. They were
then followed down the mine
to their work places and there-

88 after their temperatures were

x taken at intervals of one to
_1 two and a half hours for the
120 1 5 rest of the shift, with the120 125 retoth shf,whte

minimum of interference with
their work; the men were

mits reported by various
thi ok;temnwr
then followed to the surface, a

Spots with solid line = final temperature taken, and
imit for no failure. they were weighed again. The
vith solid line= predicted
(P4SR = 4-5 1.) time of each observation
i). Crosses with dotted underground was noted;

gplaces. the first was taken 80 min.
after beginning the surface

observations and the last at the station at the
bottom of the shaft waiting to come up, 450 min.
afterwards. Initially cooperation was poor, and only
26 men could be observed on the surface before the
shift of whom 24 were traced underground; but a
further 19 men volunteered underground and 34
men reported for the final surface observations, of
whom 22 were from the initial group. In all, 147
observations were made underground on 26 men
working at the stope wall in district A, on eight
stope workers from district B, and on 11 truck men.
No records could be kept of water drunk or urine
passed underground.

Temperatures and humidities underground were
observed frequently, using a sling psychrometer, and.
the air movement was determined as each batch
of observations was being made, using a high
temperature (130° to 1350 F.) silvered katathermo-
meter. Conditions in district A were: dry-bulb
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93 to 93.50 F., wet-bulb 92 to 92.50 F., air movement
60 to 70 ft./min., basic effective temperature 91P50 F.;
and in district B: dry-bulb is 95.5° F., wet-bulb
93.50 F., air movement 80 to 90 ft./min., basic
effective temperature 930 F. There was therefore
little difference between the two districts, but the
men in B had access to a side-tie where the air
movement was 470 ft./min. In the roads where the
truck men spent most of their time either bringing
in the empty bins or taking away the full ones the
dry-bulb temperature was only 860 F. and the wet-
bulb temperature 850 F. These men made their
own air movement as they walked, estimated as at
least 200 ft./min.

Results
Overall Changes: (a) Rectal Temperatures.-The

mean rise in rectal temperature of 17 men from the
stopes was 1-5 ±4 S.E. 0-150 F.; the greatest rise
was 2 7° F. in a shovel man and the smallest was

0 30 F. in a timber man. The highest post-shift
temperature observed was 101.30 F. in a wall
man whose initial temperature had not been taken.
The mean rise in five truck men was also 1-50 F.
In view of the low initial temperatures of these
men, 10 of whom out of 26 had initial temperatures
of 98.50 F. or lower, this rise does not indicate
any overall pronounced stress, but these men all
had an opportunity to cool off at the station (shaft
bottom) before coming to the surface and many

of them had bathed in the cool drainage water;
the mean fall in temperature of 15 men between
station and surface was 0 5 ± S.E. 0.130 F.

Overall Changes: (b) Weight Losses.-The
mean weight loss of 22 men during the eight-hour
shift was 15 kg. ± S.E. 0-145, ranging from 0-2 to
2-8 kg. The shovel men had losses above the average

but otherwise there was no indication that one type
of worker lost more than another. Overall sweat
losses could not be calculated as no record could
be kept of fluid intake or output; the recorded
weight losses therefore represent voluntary dehydra-
tion (Adolph, 1947). These are considerably
lower than those recorded by Moss (1923) for
men in a hot British colliery, where weight losses
varied from 4 to 8 kg. in a five-hour shift.

Temperature Changes During the Shift.-Rectal
temperature observations numbered 123 on men

in the stopes and 24 on truck men in the roads.
Temperatures of 1000 F. and higher were recorded
from men within one and a half hours of their going
underground, representing a rise of 1-30 F. from
the mean temperatures recorded on the surface.
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FIG. 2.-Pattern of rectal temperature changes during the shift
according to occupation underground.

In the middle of the shift there was a lull in the
rise of temperature and in some cases an actual
fall, so that more temperatures of 99.50 F. and lower
were seen at this time than earlier in the shift;
subsequently temperatures began to rise again and
the mean temperature of 17 men at the station
about to go off the shift was 100-640 F., representing
a rise of 1-90 F. Seven out of 34 men from the
stopes reached a temperature of 1010 F. in the
first half of the shift and a further seven in the
second half; only one truck man reached this
temperature and then only after five and a half
hours.
The contrasting reactions of the truck workers,

who had a steady task for the whole shift carried
out for most of the time in the cooler, well-ventilated
roads, and of the stope workers, whose tasks, though
intermittent, were carried out in hot, unventilated
dead-ends, are shown in Fig. 2; this figure
shows the mean rectal temperatures for the groups
in successive periods of the shift. The stope workers
were always more heat-stressed than the truck men,
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except for a short time just after the middle of the
shift, when there was a lull in the temperature rise
of the stope workers. The extent of this lull was
shown by plotting body temperatures against time
of observation and drawing a line from the mean
pre-shift surface temperature (time, 0) to the mean
temperature at the station (time, 450 min.). The
number of observations falling above and below
this line in each of the three periods, (a) 0 to 200 min.,
(b) 201 to 350 min., and (c) 351 to 450 min., are
shown in Table 1.

TABLE 1
DISTRIBUTION OF INDIVIDUAL RECTAL TEMPERATURE
READINGS ABOVE AND BELOW THE LINE JOINING
INITIAL AND FINAL MEANS IN STOPE WORKERS ONLY

Period

0-200 201-350 351-450
min. min. min.

Values above line .. 30 14 17

Values below line .. 16 25 22

x2 for this distribution is 8-025, for which P is
less than 0-02. The body temperatures of the
stope workers were therefore distributed with
respect to time in a way significantly different
from that expected on the hypothesis that there
was a steady rise throughout the shift. More high
temperatures than would have been expected
occurred in period (a) and more low ones in period
(b). This is suggestive of an initial period of heavy
work, followed by a rest during which the tempera-
tures fell. There is a more even distribution in
the third part of the shift, indicating a steady rate
for this last period.

This pattern of work was especially marked
among the wall men and the timber men, but was
not shown by the machine- or shovel-men (see
Fig. 2); the mean mid-shift drop in eight wall
men on whom a sufficient number of observations
were made was 1-04 +4 S.E. 0.190 F. Only the
timber men showed the pattern as a group; each
man had a single maximum, either early in the
shift with a subsequent falling off for the rest of the
time, or else a low temperature for two-thirds of
the shift and a sudden rise in the last period. The
five shovel men observed showed a steady rise for
the whole shift, and the five machine men each
showed a maximum about three hours after going
underground; later their temperatures fell to what
they had been in the first hour. Rectal tempera-
tures above 1010 F. were observed in one blast
man, three out of five machine men (one was above
101.50 F.), three out of five shovel men (all above
101 5° F. and two of 102° F.), four out of 12 wall men

(two above 101 .50 F.), and three out of 10 timbermen.
No direct measurements could be made of the

metabolic cost of the various tasks of the men at
the face; but from observation and from interroga-
tion the heaviest task appeared to be that of the
shovel men. The metabolic cost of shovelling was
therefore measured later, using three trained men
in the laboratory. Rubble similar in size and density
to the broken rock at the bottom of a stope wall
was piled against a wall and the subject had to
shovel this up from the floor and into a bin, the
rim of which was 3 ft. above floor level, to represent
the lip of a mine truck; the men shovelled at
the rate of 14 cubic ft./min. for six minutes and
the expired air for the last four minutes was collected
and analysed. The metabolic cost measured in this
way was 7.28, 7-75, and 7-12 kg. cal./man/min.
respectively for the three men, representing a mean
excess metabolism of 0-71 kg. cal. per cubic foot
of rubble shovelled. The mean overall metabolic
rate was 245 kg. cal./sq. m./hr., approximately
5 met. If shovelling was equally energetic under-
ground, and there is reason to think it was, the
high rectal temperatures of some shovel men were
not surprising; on the other hand, the time they
took to reach such temperatures suggests that their
work was somewhat intermittent. The M.R.C.
team found that the rectal temperature rise (in 0 F.)
in four hours in " fully acclimatized fit young men '
was 0*4 times the P4SR (in litres). The rises pre-
dicted in this way for the average conditions
observed were: for men working at 2 met., 2.00 F.
(P4SR = 5 litres) and at 4 met., 2.80 F. (P4SR =
7 litres). From the observed mean initial rectal
temperatures after four hours the temperatures
should have been between 100.60 and 101.40 F.,
depending on the work rate. Twenty-one out of the
34 stope workers observed did show temperatures
in this range, some early in the shift and some
considerably later, suggesting that many men
began the shift at a high rate of work, probably
more than 4 met. (note the high metabolic cost of
shovelling), but that in the middle of the shift
they slackened off and began again later after a
partial recovery. This recovery was probably to
be associated with the enforced break that occurred
every shift during blasting, because many men
spent it in the cooler, well-ventilated roads or side-
ties; the individual temperature patterns also
suggested that some men did little work after this
break and others little before.

Heat Tolerance of the Workers
Although the P4SR for men working in the

conditions found in the stopes visited varied from
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H lTrained miners

X---X Novice miners

i Laboratory subjects

Work periods

xd

,X

X 00 "4

20 40
TIME OF EXPOSURE (min.)

FIG. 3.-Rectal temperature changes during the standard test (a) at 950 F. effective temperature (upper family of curves)
and (b) at 890 F. effective temperature (lower family of curves). The hatched blocks on the base line indicate the
work periods. The mean metabolic cost of the routine was 2 met.

5 to 7 litres, depending on the assumed work rate,
and it has been suggested that whenever the P4SR
is above 4 5 litres some heat collapses are to be
expected, none had ever been recorded here. As
the men were apparently exposed to these condi-
tions for seven hours a day (allowing one hour for
getting to and from the working places) this absence
of disorders due to heat was remarkable. The
M.R.C. limit has been confirmed by other workers,
and Fig. 1 shows that in some of the working
places a high degree of failure could have been
expected. Even allowing for the fact that the men
escaped from the worst conditions for a time at
mid-shift, it seemed that if these men were working
at a full rate they must have an unusually high
heat tolerance, especially as heat collapses have been

reported from the Kolar gold-mines at even lower
effective temperatures, namely, 103° F. dry-bulb,
830 F. wet-bulb, effective temperature 88° F.
(Caplan, 1944). The heat tolerance of these workers
was therefore determined by making them carry
out a standard routine in two different climates,
one very severe and the other less so, and comparing
their reactions with those of a group of men whose
heat tolerance had been already determined (Ladell,
1951). At the same time the effect of training could
be determined by testing under the same conditions
a group of novices newly come to the mine. The
required severe climate was found in district 30. N. 3,
where the dry-bulb temperature was 960 F., wet-bulb
temperature 950 F., air movement 15 ft./min.,
basic effective temperature 950 F.; the milder
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climate was found at the end of a disused road
on the 30 level, where the conditions were: dry-
bulb 90.30 F., wet-bulb 90.20 F., air movement
70 ft./min., basic effective temperature 890 F.

Subjects Used.-The novices used in these tests
were drawn at random from the mine " school "
and they compared well with the group of workers
who had been seen underground, both in mean
body weight and in height; the trained men
tested were, however, as a group, smaller than the
underground workers previously studied; as
can be seen from Table 2 their mean weight and

TABLE 2
PHYSICAL MEASUREMENTS OF THE EXPERIMENTAL

SUBJECTS AND MINERS INVESTIGATED

Weights Heights
Group No. Mean S.D. No. Mean S.D.

Observed (kg.) (kg.) Observed (cm.) (cm.)

Underground work-
ers on 8-hr.
shift .. .. 38* 631 6-76 26 176-0 7-5

Trained miners
tested .. .. 14 54-7 6-67 12 168-0 7-6

Novice miners
tested 14 59 2 5 35 6 174-1 7-3

Laboratory subjects 9 54-1 6-33 9 164 4 11 53

Including 12 men weighed at end of shift only; these values
corrected to " pre-shift " by adding the mean observed weight loss
during the shift, 1-5 kg.

height were both statistically significantly lower,
t = 4*01 for weights and 3-12 for heights (P<0-01).
The reason for this was that stope workers were
unwilling to volunteer and the " trained men"
group included undersized " sanitary " and " water "
boys. Fewer heights were measured than weights
as some subjects failed to report on the surface
for this measurement; and some of those tested
in the severe climate did not report for the less
severe tests and had to be replaced by others.
On the afternoon before they were tested under-
ground the men were taken through the routine
on the surface in the " cold ", so they were not
completely new to the test when they performed it
underground.
Conduct of Tests.-There was a delay of 30 to

40 min. between the subjects' reaching the bottom
of the shaft and beginning the test. For about half
this time they were either walking along the main
road, with the temperature gradually increasing
from 86° F. at the station to 900 F., always 90-100%
saturated, or climbing ladders between levels to
get to the test site, and for the rest of the time they
were resting in the test climate while the experi-
mental equipment was being set up.
The subjects performed a standard routine

(Ladell, 1951) of successive 20-min. cycles of five

min. " work" (stepping on and off a stool 12 in.
high) and 15 min. sitting at rest, the mean metabolic
cost of which is 2 met. The rectal temperatures
and the standing heart rates of the subjects were
measured before and after each work period, and
the men were weighed after each cycle on a spring
platform scale which could be read to the nearest
100 g. The men were naked, without shoes, but
wore a sweat collecting bag on one arm which was
tapped every second cycle. Drinking was encouraged
and a record kept of fluid intake and output.
Temperature and humidity were measured with
an Assmann psychrometer and the air movement
with a high temperature silvered katathermometer;
globe thermometer readings were also recorded.
For comparison a group of trained, but not

artificially acclimatized African subjects later carried
out the same routine in the climatic chamber in
which the conditions of the underground tests were
simulated. The physical details of these men are
shown in Table 2. These subjects were further
tested at various times in other combinations of
heat and humidity giving the same corrected
effective temperature as those obtained during these
tests.

Results
Tests at Effective Temperature 950 F.-Three

groups of four novices were tested on days 1, 2,
and 5, and two groups of four trained miners on
days 3 and 4. The tests on day 1 were discontinued
after the first 40 min. as the mean rectal tempera-
ture of the men at this time was already 102° F.
and no arrangements had been made for rapid
artificial cooling; on the subsequent days ice
was available for this purpose and the subjects were
allowed to develop temperatures up to 1040 F.
Variations in air movement, temperature, and
humidity were negligible and the globe temperature
was within 0.50 F. of the dry-bulb temperature
throughout. The tests on the trained subjects in the
climatic chamber were carried out on three successive
days on three men a day, at a mean dry-bulb
temperature of 96.10 F. and a wet-bulb one of
95'4° F. in " still " air.
Stamina.-All the trained miners, but only

five of the eight novices tested on days 3 and 5,
completed 112 min. (five cycles) at the full rate
of work. One novice complained of giddiness after
three cycles and had to go slow, and two men were
stopped by the observers as their temperatures had
reached 1040 F. Neither the trained nor the novice
workers could have continued beyond 112 min.
but the laboratory team of nine men were all able to
carry on for 152 min. (seven cycles) and none failed.
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Rectal Temperature Changes.-The mean initial
temperature for each of the groups tested in the
mine was 100' F. The mean initial temperature
of the laboratory subjects was 99-10 F. and they
only reached 100° F. after two cycles of work and
rest. This was because observations were begun
and the test started in the climatic chamber as soon
as the subjects entered, whereas underground
observations could not begin until the men had
already had some exercise and been exposed to
the heat for 30 to 40 min. The mine subjects'
temperatures rose throughout the tests, but the
laboratory subjects showed the characteristic dip
in the rectal temperature on first being exposed,
before beginning to rise. The temperatures of all
three groups ran parallel (see Fig. 3), but the
laboratory group were approximately two cycles,
or 40 min., behind the other two. The difference
in mean rectal temperature between the trained
workers and the novices was not statistically
significant; immediately after the third work
period the mean temperatures were: novices,
102-69 ± S.E. 0.230 F. ; trained workers, 102-43 -L.
S.E. 0.210 F., t = 0-6. After 10 minutes' rest
the respective figures were: 102-9 +t S.E. 0-190 F.,
102-54 i S.E. 0.200 F., t = 0-8. The correspond-
ing figures for the laboratory group after five
cycles in the climatic chamber were: after work
101 .90 i S.E. 0.200 F., and after rest 102-230 ± S.E.
0 23° F. Comparing these values with the miners'
taken as one group gives t = 2-3 for the working
values, that is, the difference is just significant,
P = 0-02, but for the resting values t = 1-37,
which is not significant.
The maximum rectal temperature recorded in the

trained group was 103.80 F. in one man immediately
after his last work period. Two novices reached
1040 F., one after his third work period, and the
other 104-20 F., after his fourth period. One man
in the laboratory group reached 1040 F.; during
his sixth work period his temperature rose from
103-9 to 104-30 F. and after the seventh it rose to
104.70 F.; the next highest temperature in this
group was 103.70 F.
Although thermal equilibrium was never

established, subjects with very high temperatures
cooled down slightly when they were not working.
One of the novices cooled from 104-2 to 103.60 F.
in the last cycle during which he did not work,
hence the lower mean final temperature of the
novices' group. Similarly in the climatic chamber
the temperature of one man fell from 104-7 to
104-40 F. during his last rest period.
Pulse Rates.-In Fig. 4 the mean pulse rates for

each group are plotted against the mean rectal

temperatures for each successive observation;
separate curves have been drawn for the " immedi-
ately post-work " and the recovery values. Although
the mean pulse rates of the trained miners were
slightly higher than those of the novices, this
difference was not statistically significant. The pulse
rates of the laboratory subjects were, however,
considerably lower, the mean post-work rates here
being approximately the same as the mean recovery
rates of the miners. The mean pulse rates in the
last two cycles of the laboratory group were com-
pared with the corresponding means for all the
miners taken as one group; t = 4-227 and 5*556
(P less than 0-01 in both cases) for the post-work
and recovery values respectively, indicating that
the differences were statistically significant. The
maximum observed pulse rates were 190, 188,
and 186 beats/min. in the trained men, novices,
and laboratory subjects respectively. The maximum
rates were not associated with themaximum tempera-
tures, and from Fig. 4 it can be seen that little
rise in pulse rate occurred after the temperature
had reached 1020 F. except in the case of the
resting laboratory subjects; this may be an indica-
tion that limiting pulse rates were being reached.
Sweat Rates.-Owing to the limitations of the

instrument used in the underground tests the serial
weight losses could not be measured very accurately;
the mean rate of sweat loss was therefore estimated
for each of the two groups indirectly by calculating
the regression of sweat loss on time, using the
individual observed weight losses corrected to a
mean body weight of 65 kg. (Adolph, 1947), and
the formula for a regression passing through the
origin. Although this was more accurate than the
estimation of the overall weight losses from the
initial and final weights only, it does not take into
account the falling off in sweat rate that occurs in
the course of a long exposure (Robinson and
Gerking, 1947), the so-called sweat-gland fatigue.
Fig. 5 shows that in the laboratory subjects the fall
in sweat rate began after only one hour's exposure,
at a time when the rectal temperature was still
rising; if the miners reacted in the same way
they would have reached their peak sweat rate
earlier in the tests; as they were exposed to the
climate before the test their initial state was probably
comparable with that of the laboratory subjects
between 30 and 50 min. Sweat rates, calculated
from the regressions, were: for trained miners,
16*3 ml./min., and for novices, 12*1 ml./min.;
the difference is statistically significant (t = 5-67,
P< 0-01). The sweat rates forthelaboratory subjects,
corrected for a body weight of 65 kg., as estimated
direct from serial weighings, were: 10*7, 11.6,
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X-X Trained miners
+ - + Novice miners

0 0 Laboratory subjects resting
0- -0 Laboratory subjects immediatelyafter work
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99 100 101 102 103
RECTAL TEMPERATURE (OF.)

PIG. 4.-Tests at 950 F. effective temperature: the mean pulse rates and rectal temperatures for each successive period of rest and work.
The values obtained after rest are marked R and those immediately post-work W. Overall metabolic cost of routine was 2 met.

and 10-7 ml./min. over the periods 12-92, 32-112,
and 52-132 min. respectively. The novice miners
therefore sweated at approximately the same rate
as the laboratory subjects and the trained miners
considerably faster.

Tests at Effective Temperature 89 to 900 F.-Four
series of tests were done underground in this climate,
two on one day, two on the next. Twelve trained
workers, six of whom had been tested in the severe
climate, and five novices, three of whom had been
in the earlier tests, were observed. Four trained
men and two novices, although tested in the second
series of the day, were present though resting
while the first series was in progress, hence when
tested had already been exposed to the climate for
two to three hours; the other subjects had only

the usual unavoidable delay between arriving
underground and the test. The laboratory subjects
were tested in a climate of the same effective
temperature but hotter: dry-bulb temperature
95 2' F., wet-bulb 89.50 F., air movement 50 ft./min.,
basic effective temperature 89.5° F.; they were
also tested in 91-9' F. dry-bulb, 91.20 F. wet-bulb,
" still" air, effective temperature 91° F. Unpub-
lished work in this laboratory has shown that in
this range rectal temperature rise and sweat output
are determined by the effective temperature
irrespective of the dry-bulb temperature (see Fig.6),
hence exact reproduction of the mine test conditions
was not attempted. The effect of a prolonged wait
in the warmth before starting the test was also
observed at 910 F. effective temperature: two
sets of subjects entered the climatic chamber

-
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together and while one set was
being tested the second set
rested in the heat. All tests,
both underground and in the
climatic chamber, were carried

K~2.

on for 132 min. (six cycles).

Rectal Temperature and
Pulse Rate Changes.-Fig. 3 v
shows the rectal temperature 0
changes for each of the three
groups at effective tempera- _ /
tures 89 to 950 F. As in the
tests at the higher temperature, c
and for the same reason, the >E 8 -

initial temperatures of the ---/:E
laboratory subjects were lower 6
than those of the miners. The /
novices began the test with a e 4
higher mean rectal temperature /
than the trained men and g 2
maintained this difference /
throughout; a similar differ- /
ential between unacclimatized
and acclimatized workers has TIME (m0.)
been described by Wyndham, FIG. 5.-Isometric three-d
Strydom, Morrison, Du Toit, sweat rate, and recta
and Kraan (1954). In this effective temperature.

in sweat rate with tij
case, however, probably from the mean initia
because of the smallness of the shows the change in i

novice group, the difference not quite identical wi

was not statistically significant. The rectal tempera-
ture rise for the first four cycles in the underground
tests, comparable with the last four cycles in the
climatic chamber tests, was: for the novices,
0 52 ± S.E. 0.250 F. from a mean initial tempera-
ture of 100.10 F., and for the trained workers,
0-52 ± S.E. 0.170 F. from 99.530 F. For the
corresponding period in the laboratory tests the
rise was less, 0 33 i S.E. 0-140 F. from 99.60 F.;
the difference is not, however, statistically significant.
After resting for two and a half hours in " still"
air at effective temperature 910 F. the mean rectal
temperature of the laboratory subjects rose from
99*2 ± S.E. 0.190 F. to 99-65 ± S.E. 0.100 F.: the
same differential was maintained between those who
were tested immediately and those who had been
waiting in the heat throughout the whole six cycles
of the test. The final mean rectal temperatures
were 100-73 i S.E. 0-350 F. and 101l2i S.E. 0-350 F.
in the immediate and delayed tests respectively.
Analysis of variance showed that these differences
were statistically significant (P = 0-01).

In Fig. 7 the mean pulse rates for each cycle
for each group are plotted against the correspond-

60 80 100 120 140 I(~~

limensional figure showing the relationship between duration ofexposure,
1 temperature for the laboratory subjects working at 2 met. at 95° F.
The " front edge " of the riband (indicated by spots) shows the change

ime, and the width of the riband shows the rise in rectal temperature
.1 temperature of 99-1° F. The "shadow" on the floor of the figure
mean rectal temperature for successive 8- and 12-min. periods, so it is
ith the curve shown in Fig. 3, where recorded temperatures are plotted.

ing mean rectal temperature. The low pulse rates
found were in most cases associated with lower
rectal temperatures, and when this fact was taken into
account pulse rates were the same in all groups;
gross differences between the pulse rates of the
laboratory subjects on the one hand and that of
the miners on the other were not seen in this non-
stressful climate. An apparent tendency for the
trained miners to have higher pulse rates than the
novices could not be confirmed statistically.

Sweat Rates.-The tests on the miners were
complicated by an unexpected effect of the long
wait before the test in the warmth of some of the
subjects. Although the men were resting and never
visibly sweating during this period, their sub-
sequent sweat response to work was much
diminished. Gross differences between the sweat
responses of the trained and novice workers could
not be detected in this climate; on the other hand,
the mean sweat rate, estimated statistically as
before, of 11 men tested with the minimum of
delay was 8-75 ml./min. while the mean rate for
the six men tested after a three-hour wait was
only 3-5 ml./min.; this difference is statistically

a
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FIG. 6 (a).-The effect of dry-bulb variation. The letters A, B, C, D, E against the curves indicate the effective temperatures at which
they were obtained, viz., 95, 925S, 90, 87-5, and 850 F:. respectively.
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FsG. 6 (b).-Effect of changing the wet-bulb. Physiological responses of locally acclimatized men working nude at 2 met, in different basic
effective temperatures. Each effective temperature was obtained in three different ways (unpublished observations by Fletcher and
Ladell). In each case the two-hour period from 12 to 132 mlin. of the exposure is covered.
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FiG. 7.-Tests at 89 to 900 F. effective temperature: scatter diagram showing the mean heart rates and rectal temperatures during a standard
routine at 2 met. Each point represents the mean for the group concerned at one particular time; all points above the broken line are
values obtained immediately after work, and points below the line are resting values.

significant (P< 001). The mean sweat rate (corrected
for body weight) of the laboratory subjects tested
at effective temperature 89 5° F. was 8 ml./min.,
approximately the same as that for the miners
tested without delay. In the tests at effective
temperature 910 F. the laboratory subjects showed
the same diminution of sweat response after wait-
ing; the mean two-hour loss, uncorrected, for the
group was 830'5 ml. when tested immediately, and
589 ml. after a two and a half hour wait in the
warmth; this difference is statistically significant
(t = 2-56, P <0-02).

This diminution of sweating with a wait in the
heat was apparent to the eye, and was particularly
noticeable in enclosed areas such as arms inside
sweat-collecting bags. In the laboratory tests the
mean rate of accumulation in the bags was about
0-5 ml./min. in men tested without a wait, but after

a wait scarcely this amount of sweat was collected
over a 20-min. period.

Chloride Concentration of Sweat.-Weiner and
van Heyningen (1952) have shown that the estima-
tion of salt losses in sweat from the concentration
of chloride in samples collected in arm-bags is
inaccurate; but at high sweat rates and in saturated
atmospheres the error is small (Ladell, 1948a)
and there is no alternative field method of estimat-
ing salt requirements. Sweat samples were collected
from miners in both series of tests; the arms were
washed with mine water instead of distilled water,
but the error due to this was negligible as the
chloride content of the water was only 2 mg./100 ml.

(expressed as sodium chloride).
The rise in the chloride concentration of the arm

sweat with duration of exposure usually seen in
tests under artificial conditions (Weiner and van
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Heyningen, 1952) was not marked in the under-
ground tests, possibly because the men were partially
or wholly acclimatized (Ladell, 1945). In the
950 F. effective temperature the mean concentra-
tions expressed as sodium chloride were: for the
untrained workers, 0 316, 0-321, and 0*385 g./100 ml.
for periods Oto 40,40 to 80, and 80 to 1 12min. respec-
tively. The corresponding values for the trained
miners were: 0-284, 0-321, and 0*332 g./100 ml. The
mean values for all samples were: for the untrained
workers, 0-354 ± S.E. 0-019, and for the trained
men, 0-312 ± S.E. 0'022 g./100 ml. If both trained
and untrained are considered as belonging to the
same population and allowance made for individual
variation in an analysis of variance as in Table 3,

TABLE 3
ANALYSIS OF VARIANCE OF CHLORIDE CONCENTRATION
IN SWEAT OF TRAINED AND UNTRAINED WORKERS

7 Comparison
Source of NODegrees Sum of Vari- with Error
Varation N Fre- Squaresdom anc pvalue

Individuals 16 15 361088.2 24072-2 0-920 Less than
0.1%

Time of 3 2 27995 2 13997 6 0.996 Less than
sample 1-0%

More than
0l1%

Training .. 2 1 20578 4 20578.4 0-842 More than
I10%

Less than
5-0%

Di;.rerancy - 29 110749-2 3818-9-
(error)

Total for all 4 5 -
sources 48 147 I20411-0

it is found that, though the direct comparison
between the means for the two groups by the
t test indicates no significant difference, the com-
parison of the variance due to training with that
due to error gives a z value which lies between the
5% and the 1% points. This suggests that, in a
properly controlled series of tests, lower chloride
concentrations would be found in the sweat of
men after they had been trained to work in the
heat. The chloride concentration of the sweat
from the laboratory subjects was intermediate
between those for the trained and the untrained
miners; the mean concentration in the samples
collected in the last 40 min. of the exposure at
950 F. effective temperature was 0-361 g./100 ml.

In the cooler conditions the sweat contained less
chloride. In the underground tests the mean
concentrations for the three successive periods
were respectively in the immediate tests: 0-219,
0*225, and 0-251 g./100 ml.; and in the delayed
tests 0.230, 0-265, and 0.300 g./100 ml. In 'the
laboratory tests at effective temperature 910 F.
the mean concentrations in samples collected in the

last 40 min. were 0-252 and 0-232 g./100 ml. in the
immediate and delayed tests respectively.

Degree of Acclimatization of the Miners.-The
ratio (mean sweat production/mean rise in rectal
temperature) increases exponentially with successive
exposures to heat to a maximum at full acclimatiza-
tion. The equation describing this rise has been
derived for a standard test in which the subjects are
followed for four cycles of the same work and
recovery routine as was used in the mine tests, in
air moving at 50 ft./min., dry-bulb 1000 F., and
wet-bulb temperature 93.50 F. If the ratio under
these conditions, the " S.L.T.," is determined for
a group of men, their degree of acclimatization
may be assessed numerically from the equation
as equivalent to so many days of artificial
acclimatization (Ladell, 1951).
The corrected effective temperature (C.E.T.)

of the more severe of the two climates in which
the underground tests were carried out was approxi-
mately the same as the C.E.T. for the standard
test, but the wet-bulb temperature was higher;
unpublished work in this laboratory has shown
that at effective temperatures above 900 F. the
rectal temperature rise is more affected than the
sweat rate when the wet bulb is changed and the
effective temperature is kept constant; in some
cases the sweat production is hardly affected at all
(Fig. 6); the S.L.T., calculated from the figures
obtained in the underground tests, would therefore
be too low. On the other hand, sweat production
is as good a statistical index of acclimatization
as S.L.T. in the standard test; the mean sweat
loss in the 80-min. period from 12 to 92 min. of
the set routine in the standard climate, corrected for
a body weight of 65 kg., the " C.S.L.," is given by:

C.S.L. = 1295 - 610e- 0.17D
where D is the equivalent number of days of
artificial acclimatization. In the hotter under-
ground tests, however, although the effective
temperature was correct the subjects were already
sweating before the test started, and hence a further
correction had to be applied to the C.S.L. value
before it could be used to estimate acclimatization.
The necessary correction was determined by
calculating the C.S.L. for the laboratory subjects
in the same climate for cycles 1 to 4, 2 to 5, and
3 to 6 inclusive: the values were 859, 935, and
857 ml. respectively. The delay in the underground
tests was equivalent to at least one and possibly
two cycles; the observed C.S.L. values were
therefore multiplied by the factor

859
4 (935-857)
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to correct for this, and this adjusted value used
in the calculation of degree of acclimatization,
with the results shown in Table 4. Table 4 gives
the values for the laboratory subjects for com-
parison: (a) 10 months before, when they were
in approximately the same state as they were in these
tests, that is, just after the wet season and with
no recent exposure to heat, and (b) six months
later after regular weekly exposure to heat, with
the development of some artificial acclimatization;
this had been lost before the present series of tests
as can be seen from Table 4. The trained miners
were, as shown by Table 4, nearly fully acclimatized,
but the untrained men and the laboratory subjects
had both an equally low degree of acclimatization.
Table 4 also demonstrates how an estimate of
acclimatization from the S.L.T. is too low when
a climate of the right effective temperature but of
the wrong wet- and dry-bulb combination is used.

Discussion
Both the untrained miners and the laboratory

subjects had approximately the same degree of
heat tolerance which was, in fact, less than that
of Europeans who lead an active life in the West
African tropics (Ladell, 1951). The novices are
given no acclimatization before they start under-
ground and, although they may be assigned to
districts where conditions are apparently beyond
the tolerance limits, no illnesses of any sort attribut-
able to heat have been reported from this mine.
Even the fully trained men, although hyper-
acclimatized, do not, when formally tested, have

an unusually high heat tolerance in spite of their
apparent ability to work under intolerable
conditions.
Wyndham, Bouwer, Devine, and Paterson (1952)

emphasize the importance of work rate in determin-
ing heat tolerance; this is something which the
West African miner has learnt for himself. The
observed mid-shift falls in rectal temperature
almost certainly indicate some slackening of the
work rate. The few tests done showed that work
in the stopes was at times equal to Wyndham's
" hard work"; at this rate even his acclimatized
men reached limiting body temperatures (102° F.
and higher) within four hours at 900 F. saturated;
no such limitation was observed here even when
the men remained in the stopes indicating much
lower sustained work rates. But contributing to
the mid-shift fall was the withdrawal into roads and
side-ties, where there was considerably more
air movement, during blasting; this enforced
break in the middle of each shift was probably the
the most important factor in the men being able
to tolerate the theoretically intolerable. Before
working conditions are stigmatized as " impossible",
therefore, it is important to define these conditions
very carefully; not only must temperature,
humidity, and air movement be considered but
it is necessary to know the work rate and also
the work pattern for the shift, and the duration
and frequency of any enforced or tacitly permitted
withdrawals to less severe conditions. The observed
body temperature changes, however, indicated that
the mean work rate of these men was low, about

TABLE 4
ASSESSMENT OF EQUIVALENT DEGREE OF ARTIFICIAL ACCLIMATIZATION OF GROUPS TESTED FROM CORRECTED

SWEAT LOSS IN THE INDEX PERIOD AND FROM SWEAT LOSS PER UNIT RISE IN RECTAL TEMPERATURE

Equivalent Artificial
Corrected Rectal Acclimatization Estimate

Group Test Used and Index Period SwreateLos Temperature Sweat Loss (days) fromTaken Swet Rise(Ml.),ml) (OF.) S. L.T. Coffected
Sweat Loss

Laboratory subjects,
time (a)

Laboratory subjects,
time (b)

Laboratory subjects

Trained miners

Novice miners

Standard acclimatization conditions:
12-92 min.

Standard acclimatization conditions:
12-92 min.

Mine test conditions:
12- 92 min.
32-112 min.
52-132 min.

Mine test underground:
12-92 min. observed
12-92 min. adjusted

Mine test underground:
12-92 min. observed
12-92 min. adjusted

947

1,157

859
936
857

1,302
1,246

968
928

2-27

2-33

2-62
283
2-16

2-69

2-69

437

535

314
330
397

484

360

4-2

9.4

1.0*
1-3*
2-9t

6-3*

2.0*

*These values are too low as the rise in rectal temperature is unduly high owing to the high wet-bulb temperature.
tThis value is too high as at this period of exposure the rectal temperature is no longer rising rapidly.

4-1

9.3

2-0
3-1
1-9

14 8

3-0 -.
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2 met., but if they had worked harder they might
not have lasted even half a shift; the economics of
allowing a working environment to develop in
which productivity is so severely cut down (probably
by more than 50%) needs careful examination.

In the tests at 950 F. effective temperature the
mean rectal temperature changes of both trained
and untrained men were the same, in spite of their
differences in sweat rate, although individually
higher temperatures were reached by the novices.
At this temperature and humidity evaporative
cooling is severely limited (Winslow and Herrington
1949; Ladell, 1951) by pure physical considerations,
and even the novices were secreting sweat faster
than it could be evaporated; evaporative cooling
was therefore the same in both groups, apart from
any slight advantage the trained men may have
had from any lower chloride content of their
sweat (Macpherson and Newling, 1954), and unless
there were any gross differences in skin tempera-
ture, which was not measured, cooling by convection
and radiation will also have been the same. Under
these conditions, therefore, which were representa-
tive of the working conditions in several parts of
the mine, the normal processes of physiological
adaptation were of little use in helping the men
to maintain thermal equilibrium, a state of affairs
which is as undesirable physiologically as the
limitation of work rate is economically. It follows
from this that additional acclimatization is of no
great value to the West African miners; this would
not apply to men working in hotter, dryer mines
where there is no physical limitation to evaporation
as in the Indian fields (Caplan, 1944).
The differences between these results on acclima-

tization and those reported by Wyndham and his
team are due first to these tests having been carried
out underground, with consequent delays, and not
in a climatic chamber; and, second, none of the
men tested here was completely raw; even the
novices had an inherent acclimatization of three
days, as has been observed in other West African
indigenes (Ladell, 1950). With this degree of
acclimatization most of the cardiovascular adjust-
ments to heat have already taken place (Eichna,
Bean, Ashe, and Nelson, 1945). This was indicated
by the absence of any real difference in heart rate
between the two groups although one novice did
complain of giddiness. The trend of the heart rates
to be lower in novices than in trained men, though
not statistically significant, may be associated with
the fact that among those tested the latter were the
smaller men. In the severe climate the laboratory
subjects had significantly slower heart rates, both
at work and at rest, than the miners; as this

difference disappeared in the less severe climate,
training itself cannot have been the cause, but, on
the other hand, as the tests in the severe climate
were the first done there may have been a factor
of apprehension at the unfamiliar routine. In the
cooler climate, although differences in heart rate
were seen between the three groups, these were
associated simply with differences in body tem-
perature; these differences did not themselves
indicate any differences in response to heat stress.
Relatively minor increases in body temperature are
accompanied by an obvious quickening of the heart
and for this reason, as these tests show, it is
misleading to assess stress response on heart rate
alone.
The judgment of stress by sweat rate alone also

has limitations. Wyndham's charts (1954) show that
the trained Rand miners would have lost approxi-
mately 3-2 1. of sweat in a four-hour routine in the
severe climate and about 1-2 1. in the milder
climate. The corresponding figures for the M.R.C.
teams (1947) P4SR would have been 10 1. (estimated
by extrapolation) and 2-9 1. respectively; if the
miners tested here had sweated at the rates observed
in the short tests for a full four hours their losses
would have been nearly 4 1. in the severe climate
and 2-2 1. in the other climate. At the high tem-
peratures there was thus a very great discrepancy
between the P4SR and the observed rates, as was
also found by Wyndham, Bouwer, Devine, and
Paterson (1952) 'for Bantu miners, but this discrep-
ancy was less marked in the cooler climate; the
M.R.C. team point out that discrepancies are likely
to occur at high predicted rates, owing to the
physiological impossibility of sweating at such rates.
The discrepancy between the sweat rates observed
here over a two-hour period and those found by
Wyndham over a four-hour period are entirely
attributable to sweat gland " fatigue ". This falling
off in sweat rate after a period of exposure was at
one time associated only with high rates of sweating
(Robinson and Gerking, 1947), but these tests show
that it occurs even when sweating is minimal. In
the tests at 900 F. effective temperature, both in the
laboratory and underground the sweat response to
a standard work stress was much diminished after
a long rest period in the same climate, even though
the subjects sweated but little during their rest.
The significance of this physiologically is still under
investigation; if there is a decline in actual ability
to sweat after prolonged but minor stimulation then
this phenomenon would be an important factor in
the genesis of heat stroke; if, on the other hand,
it indicates an approach to a thermal equilibrium,
so that there is less need to sweat and it is in fact
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an adaptation, then a preconditioning rest in heat
before work may be advisable.
From the rate of sweating observed in the formal

tests the miners at their normal work probably lost
at least 4 1. and in some districts twice as much
sweat in an eight-hour shift. This is very much
more than the observed weight losses during the
shift and the men must therefore drink freely when
underground avoiding " voluntary dehydration "
(Adolph, 1947). Their daily sweat loss includes
10 to 20 g. of sodium chloride, using the bag samples
as an indication, but in spite of the fact that no
salt drink is supplied down the mine no case of
heat cramp has ever been reported from this mine,
although this degree of salt deficiency in Europeans
would certainly result in heat cramp (Ladell, 1949);
from this and also from laboratory observations it
does appear that the indigenous West African is not
susceptible to this condition. It is important,
nevertheless, that salt should be available in sufficient
quantities tomake good their daily salt losses, which,
as these studies show, may be considerable.

Summary
The working conditions in a deep West African

gold-mine were found to be markedly beyond those
usually considered, from laboratory experiments,
to be tolerable. The severity was due chiefly to
high humidity and low air movement; dry-bulb
temperatures were not excessive.
No illnesses directly attributable to heat had

been reported from this mine; observation of the
men at work showed that they avoided heat stress
(a) by taking frequent rests, and (b) by having a
lengthy enforced withdrawal during blasting at
mid-shift into cooler, well-ventilated parts.
There was no indication that the West African

deep miner has an usually high heat tolerance.
The importance of investigating work rhythm

as well as the climatic conditions when assessing

the tolerability or otherwise of working places is
emphasized.

This work was carried out at the suggestion of Dr.
R. L. Cheverton, then Director of Medical Services,
Gold Coast. The investigation was made by kind
permission of the Ashanti Goldfields Corporation, and
I am indebted to their management and staff at Obuasi
for all the facilities and help afforded. I also wish to
thank Dr. J. T. Maclntyre, of New Consolidated Gold-
fields, for his assistance and advice underground while
the work was in progress.

It should be noted that since the investigations reported
here were carried out a completely new ventilation system
has been installed in the Obuasi mine.

REFERENCES
Adolph, E. F. (1946). Publ. Hlth Rep., Wash. Suppl. 192.

(1947). Physiology ofMan in the Desert. Interscience Publishers,
New York.

Blockley, W. V., and Taylor, C. L. (1949). Heat. Pip. Air Condit.,
May, p. 11 1.

Caplan, A. (1944). Trans. Instn. Min. Metall., Lond., 53, 95.
and Lindsay, J. K. (1946). Bull. Instn. Min. Metall., Lond.,
No. 480.

Craig, F. N., Garren, H. W., Frankel, H., and Blevins, W. V. (1954).
J. appl. Physiol., 6, 634.

Du Bois, E. F. (1948). Fever and the regulation of body temperature.
American lecture series, Number 13. Thomas, Springfield,
Illinois.

Eichna, L. W., Ashe, W. F., Bean, W. B., and Shelley, W. B. (1945).
J. industr. Hyg., 27, 59.

- Bean, W. B., Ashe, W. F., and Nelson, N. (1945). Bull.
Johns Hopk. Hosp., 76, 25.

Ellis, F. P., Ferres, H. M., Lind, A. R., and Newling, P. S. B. (I 54).
J. Physiol., Lond., 125, 55 P.

Haldane, J. S. (1905). J. Hyg. (Camb.), 5, 494.
Ladell, W. S. S. (1945). Brit. med. Bull., 3, 175.

(1948a). J. Physiol., Lond., 107, 465.
(1948b). British Journal of Industrial Medicine, 5, 16.
(1949). Lancet, 2, 836.

--(1950). J. Physiol., Lond., 112, 15 P.
-(1951). Ibid., 115, 296.
Macpherson, R. K., and Newling, P. S. B. (1954). Ibid., 123, 74 P.
McArdle, B. and others. M.R.C. Climatic Unit (1947). The

Prediction of the Physiological Effects of Warm and flot
Environments. Report to Royal Naval Personnel Research
Committee. RNP 47/391, H.S. 194.

Moss, K. N. (1923). Proc. roy. Soc. B., 95, 181.
Robinson, S., and Gerking, S. D. (1947). Amer. J. Physiol., 149, 476.
-, Turrell, E. S., and Gcrking, S. D. (1945). Ibid., 143, 21.
Weiner, J. S. (1950). British Journsl of Industrial Medicine, 7, 17.
-, and Heyningen, R. E. van (1952). Ibid., 9, 56.
Winslow, C. E. A., and Herrington, L. P. (1949). Temperature and

Humvan Life. Princeton University Press, New Jersey.
Wyndham, C. H., Bouwer, W. van der M., Devine, M. G., and

Paterson, H. E. (1952). J. appl. Physiol., 5, 290.
Strydom, N. B., Morrison, J. F., Du Toit, F. D., and Kraan,
J. G. (1954). Ibid., 6, 681.  on M

ay 26, 2023 by guest. P
rotected by copyright.

http://oem
.bm

j.com
/

B
r J Ind M

ed: first published as 10.1136/oem
.12.2.111 on 1 A

pril 1955. D
ow

nloaded from
 

http://oem.bmj.com/

