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Physiological Evaluation of Industrial Heat Stress

DAVID MINARD, M.D., Ph.D., RAINER GOLDSMITH,* M.B., B.Ch.,
PAUL H. FARRIER, JR.,f M.D., and BENJAMIN J. LAMBIOTTE, JR.;} M.D.

Graduate School of Public Health, University of Pittsburgh,
Pittsburgh, Pennsylvania 15213

@& Heart rate (HR) and body temperature (f,) were studied in men on jobs in the

open hearth department of a Pittsburgh steel mill. In 19 subjects on various jobs,
mean HR for the shift was compared with mean HR off work and during sleep.
Results showed these men expend 31 to 36% of maximum cardiocirculatory capacity
on the job. In 12 tests on five second helpers, continuous ECG records on magnetic
tape revealed individual mean HR’s for the shift ranged from 99 to 136/min in sum-
mer and 97 to 111/min in winter. HR on the job varied inversely with individual
work capacity estimated from pre-shift performance on an ergometer. Performance
decrement was observed post-shift in two subjects with the lowest work capacity. HR
responses, counted each 0.5 minute of the shift, were analyzed by computer with
task effort and heat exposure as independent variables. HR gradients to heat levels
are nearly as great as to task levels in summer., In winter, HR gradient to heat is

only 33% of that in summer, but HR responses to task are unchanged.

Introduction

OBS IN PRIMARY METAL industries

and in glass manufacture, among others,
expose workers intermittently to intense heat
stress during performance of moderate to
strenuous physical work.** The metabolic
requirement for increased blood flow to active
muscles as well as thermoregulatory needs for
heat transfer are both reflected in circulatory
responses manifested as an increased cardiac
output for which heart rate (HR) serves as
a useful index.5:57

Effects of metabolic heat load (M) and
environmental heat load (HS) are additive
on HR but not in a 1:1 relationship.® Thus
each different combination of HS and M
equivalent in total load is associated with a
unique demand on the circulation, hence on
cardiac output and HR.

In a recent review, Snook® has indicated
that HR, in the absence of HS, can be

( Silg)o;‘tec‘[ in part by USPHS Research Grant EC 00310-01
1 1).
*Present Address: Medical School of the University of
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+Present Address: U.S. Naval Experimental Diving Unit,
Washington, D. C. .
1Present Address: Chestnut Road, Sewickley, Pennsylvania.

equated with M. In his studies and those of
others he cites (eg Astrand*®) HR attained
during self-paced work is between 40 and
50% of the subject’s maximum aerobic work
capacity (MWQC). This, he states, is closely
equivalent to the upper limit for mean M
recommended by Lehmann® (5.2 kcal/min)
for 8-hour industrial work. For men working
under HS, Brouha et al® found HR exceeds
the levels resulting from elevated M alone,
and recommends HR as a better index of
cardiocirculatory strain in the heat. Previous-
ly Brouha® had proposed the one minute re-
covery HR of 110/min as the upper desirable
limit.

Lind** introduced the term “prescriptive
zone” which is defined as the range in thermal
environment in which a subject can work
without his rectal temperature (#,) exceeding
the regulated rise which depends only on M
and is independent of ambient temperature
in cool to moderately warm environments
(Nielsen'®). According to Lind,** the upper
limit of the prescriptive zone for unacclima-
tized men working at 5 kcal/min is 27.5°C
Effective Temperature (ET). This will be
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lower or higher when M is greater or less.
Saltin and Hermansen,'* however, demon-
strated that the degree of rise in # in the
prescriptive zone depends directly on the pro-
portion between M required by the task and
MWC of the individual. For a given M, the
rise in ¢ will be higher in a subject of low
MWC than in another of larger MWC.
Wyndham'® has reported, moreover, that the
rise in ¢, in men working at equal rates under
HS is less in those with higher MWC. Hence
in a group ranging widely in work capacity
one would predict that the prescriptive zone
for a given level of M would be lower in
those with lesser MWC.

Among the questions we sought to answer
were these:

(1) In complex industrial jobs can en-
vironmental factors contributing to cardiocir-
culatory strain, namely workload and heat
stress, be evaluated separately using HR as a
physiological index?

(2) Can the degree of strain in an indi-
vidual be predicted from a simple assessment
of his work capacity before the shift?

(3) Can excessive strain during work be
measured by the elevation of HR during post-
shift standard exercise above the pre-shift
level?

(4) Can total heart count during the shift
be used to express overall work demands on
the individual?

Studies during the summer of 1967-68
helped us to solve technical problems involved
in continuous EC:G monitoring under rigorous
work conditions imposed by the job and the
mill environment,*” and to develop the meth-
ods for data recording and analysis.*®* These
preliminary findings in nine subjects led to
the conclusion that the level of HR attained
during pre-shift standard submaximal exer-
cise was useful as an index in predicting on-
the-job cardiocirculatory strains in furnace-
men differing in MWC but performing the
same job.

Methods

Subjects were volunteers from the work
force of the open hearth department of a
large Pittsburgh steel mill.

January, 1971

Series A

This series consisted of 19 men represent-
ing three job categories: (a) six furnacemen,
(b) eleven crane or tractor operators, and
(c) nine maintenance men. Total heart beats
were monitored separately during work, dur-
ing waking hours off work, and during sleep.
Mean temperature of the skin (f;) of the
anterior chest wall during each period was
also monitored. Both HR and f; in Series A
were monitored by SAMI devices,** which are
miniature transistorized instruments utilizing
an electrolytic E-cell for storing input signals
from suitable transducers.

Series B

This series consisted of seven medically
screened subjects in the open hearth depart-
ment. Tests in this series included the follow-
ing procedures:

A. Direct recording of the ECG and HR
during standard J-minute exercise at 125
watts work output on a bicycle ergometer:
The ECG was recorded using bipolar trunk
leads with the subject wearing only lower
underwear and socks. After a warm-up pe-
riod of one minute at 50 watts and 60 rpm,
ECG was recorded at a work output of 125
watts. A recovery ECG was recorded from
15 to 30 seconds after exercise stopped. Exer-
cise in the summer tests was carried out in an
air-conditioned boiler control room in the mill
one level below the charging floor. In Janu-
ary 1970, a climate chamber was assembled
in a room on the main mill floor within two
to three minutes walk of the furnaces. This
chamber was used for the winter series of
tests. Temperatures were controlled at 23.6
=+ 0.5°C dry bulb (DB) and 17.0 = 1.0°
wet bulb (WB). After completing his shift,
the subject returned to the test room and the
ECG tape recorder was disconnected. He
then removed his clothes, voided urine, was
weighed, and the five minutes of exercise was
repeated as before but without the warm-up
period, again with a direct tracing of the
ECG.

B. Continuous recording of the ECG dur-
ing the shift using a miniature battery ope-
rated tape recorder (Avionics Electrocardio-
corder, Model 350)2° with bipolar electrode
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DATE SUBJECT.

STARTING TIME

TimMe WORK [LOCATION[HEART | TEMPERATURE AT| REMARKS

7

Ham

FURNACE
5|

19

WORK CODE
Task Group II

2 USING GAS LANCE

Task Group 111

17 USING OXYGEN LANCE

Task Group I
1 SITTING AT REST

9 HANDLING CRANE CHAIN 1§ USING SLEDGE HAMMER

2 STANDING AT REST

10 LAYING, LIFTING RODS, 19 SHOVELING

3 TAKING SAMPLES

BRICKS, ETC, 20 CLIMBING STAIRS

4 OPERATING GRANE

11 WHEELING FULL BARROW 21 OTHER HEAVY

OIRECTING CRANE

iz CARRYING BAGS OR 22 SHOVELING OUT TAP

5 WALKING SLowLY

HOLE
6 oTHER LignT BARS DOWNMILL

. 23 PRYING METAL AND
+ WHEEL ING £MPTY 13 CARRYING OTHER THAN

BARROW DOWNHILL sStac
14 WALKING RAPIDLY
15 PULLING CABLE OR HOSE
16 OTHER MODERATE

LOCATION CODE

2 FOREMANIS OFFICE, LAG, IRON
POURING, UPPER DECK LOCKER, ETC.

EXPLAIN IN REMARKS

1 AIR CONDITIONED AREAS

Ficure 1. Work sheet, showing code for tasks and locations.

leads from the trunk: To minimize artifacts
from skeletal muscle potentials during vig-
orous work, a number of electrode configura-
tions were tried. By trial and error it was
found that bipolar leads with one electrode
attached to the midline of the lower sternum
ventrally and one electrode attached over the
seventh cervical spine dorsally resulted in
satisfactory suppression of skeletal muscle po-
tentials.

C. Recording by an observer of the task be-
ing performed and the location of the worker
each 0.5 minute throughout the shift: Data
were kept on a work sheet (Figure 1) using
a task code number for 23 tasks in rank order
of estimated energy demand, and a location
code number from 1 to 10 in rank order of
increasing proximity to the furnace.

D. Measurement of total sweat rate (SR):
The subject was weighed before and after the
shift on a portable beam balance accurate to
=+ 10 gm. Weight change was corrected for
water intake, food intake, and urine output.

E. Intermittent measurement of internal
temperature by radiosonde capsule: In six
tests on five subjects internal temperature was
measured using a calibrated radiosonde cap-
sule swallowed 12 hours before the test be-
gan.?* The signal frequency varied linearly
with temperature in the range from 35 to

45°C. An observer standing near the subject
tuned the signal on a radio receiver.

In these same six tests, skin temperature of
the chest was measured using a temperature
SAMI. SAMI HR was used in these tests
simultaneously with the ECG tape recorder

TasLe I
Results of SAMI/HR Measurements during Work
(Fayw), Sleep (Frg) and Leisure (Fxp) and Mean

Skin Temperature of Chest (Ts) during Work on
Unsupervised Subjects

Category (a)* (b)* (c)*
Number of subjects 6 11 9
Age, years 52.8 45.3 46.3
Leisure Frry, bt/min 78.7 80.8 85.8
Work Fryy bt/min 104.3 100.4 99.1
Sleep Fag bt/min 63.7 63.9 62.3
Futy /Feg 1.64 1.57 1.59
Fuyg, /Feg 1.24 1.26 1.38
Postulated

Frmax bt/min 175 180 180
% of Frmax

at work 36 31 31

% of FEmax

at leisure 13 14 20
Ts (°C) 35.6 35.5 35.1

*The categories are:
(a) Open hearth workers
{(b) Crane or tractor operators
(¢) Maintenance workers
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to compare performance. The E-cell was
changed about every two hours during the
shift.

F. Intermittent reading of ambient tem-
peratures at the various locations using wet
bulb, dry bulb and black globe thermometers:
Psychrometer readings were taken in conjunc-
tion with readings used to obtain the Wet
Bulb-Globe Temperature (WBGT) index of
heat stress.** For this purpose a natural (un-
ventilated and unshielded) wet bulb ther-
mometer was mounted with a 6 in black globe
thermometer on a tripod, whose legs were
extended so that the thermometer bulbs were
4 ft from the floor. This provided a con-
venient and portable means for obtaining wet
bulb and globe temperature readings in areas
where suspension of thermometers was im-
possible. Twenty-minutes was allowed for the
globe thermometer to equilibrate.

G. Data reduction and analysis: The elec-
tronic tape record of ECG from each test was
scanned at 60 real time using the playback
device which generated square wave pulses at
the same frequency as the ECG complexes

January, 1971

recurred on the oscilloscope screen. These
pulses were counted by a digital counter for
each successive 30-second period of recording
on the tape, printing these counts on paper
tape. Thus, an 8-hour tape record could be
scanned, and a print-out of 960 successive 30-
second counts of HR obtained in 8 minutes.
HR was then transferred from the printed
tape to the work sheet. These data, ie, code
number for task, code number for location
and HR for each 30-second interval of the
8-hour shift, were key-punched onto IBM
cards for further analysis by computer.

The computer was programmed to carry
out the following operations: Total observa-
tions and mean heart rate for the shift; per-
centage time spent on each of the 23 tasks
with corresponding mean HR and standard
deviation (S.D.); percentage time spent at .
each of the 10 locations with corresponding
HR and S.D.; percentage time spent in tasks
grouped into three levels of estimated energy
expenditure; percentage time spent at loca-
tions grouped into three levels of heat stress
with corresponding HR and S.D.; finally, the

TasLe II

Twelve Tests in Five Second Helpers on the Open Hearth Furnace
Daytime Shift (0800-1600)

Heart Rate Heart Rate
: Standard Exercise? During Shift
. Wt Ht Years Sweat Rate
Date Subject  Age (kg) (cm) on Job Pre-shift Post-shift  Range Mean SE (kg/hr)
Summer Tests
5-26-69 3 43 71.4 179 18 145 140 71-178 122.8 —
5-27-69 149 160v 76-178 124 .4 67
5-28-69 145 138 72-172 109.8 61
8- 6-69 141 137 66-170 103.2 61
Mean 144 143 71-175 117.7 184 .63
7-25-69 4 42 107.3 189 21 125 122 62-184 98.9 .838 .79
6-19-69 5 45 83.2 183 23 128 134 76-168 103.3 .652 .64
8-29-69 2 37 81.4 179 19 150 168 80-188 136.0 .688 .97
9-16-69 7 45 96.4 175 26 133 155 76-176 115.7 .650 .57
Mean .72
Winter Tests
1-15-70 7 45 98.2 175 26 128 136 76-162 97.0 560 31
2.24-70 117 114 62-154 90.5 489 .50
Mean 123 125 69-158 93.8 .382 .40
3-20-70 4 42 107.3 189 21 146 146 64-154 111.0 — .59
4- 9-70 146 152 72-162 100.8 — 48
Mean 146 143 68-158 105.9 456 .53
Mean .46

aExercise was at 125 watts on bicycle ergometer for all subjects except 84 who exercised at 150 watts (except as noted in

Figure 6).

bUnable to complete more than 4 minutes of post-shift exercise.
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computer printed a 3x3 table, giving HR and
S.E. for any of the nine possible combinations
of task group and location group.

Results
Series A

Table I is a summary of data obtained
using SAMI monitors in 19 workers in the
open hearth department. A detailed report of
these tests as well as results using these moni-
tors in some of the tests in Series B to be de-
scribed below will be published separately.?®

Series B

In 25 tests on seven subjects, technically
satisfactory magnetic tape records of ECG
were obtained on men performing jobs as
first helper, second helper, alloy man, and
laborer.

Tests vary in terms of job, shift, and sea-
son. Common to each of 12 tests in five sub-
jects is the job (second helper) and the shift
(0800-1600). Results in these 12 tests consti-
tute the basis for this section of the report

(Table IT).

21

T hermal Environment

Figure 2 depicts mean values for the globe
temperature (t;) and natural wet bulb (fuuwp)
readings observed in ten summer tests at loca-
tions 3 to 10 and in seven winter tests at
locations 4 to 10. Psychrometer readings in
all ten locations as well as weather air out-
side were also taken.

In the presence of radiant heat ¢, integrates
effects of air velocity, dry bulb temperature
(ta), and radiant heat. The natural wet bulb
value is the same as that of the psychrometric
wet bulb at high air velocities but at low
velocities may be up to 5°C higher, depend-
ing on air temperature, vapor pressure, and
radiant heat. The WBGT index is derived
from 0.7ty + O.3¢,.22 It is one of the mod-
ifications of the ET scale. Heat stress for
working men becomes significant at 29°C
WBGT (or ET) and above.

The values of ¢, and £, at location 3 (Fig-
ure 1) are equal, indicating that mean radiant
temperature is the same as {4, but ¢, increases
progressively above f, as the distance from

80
70k ,
@ Globe Temp.
o A Wet Bulb
60| / \\ € WBGT Index
/ \ — Summer
¢ / W
S ok \ Winter
o / \ S Summer
2 d \ W Winter
$ 4of R
Q.
£
Q
= 30} o)
——”‘N
/
AB/ \\D
20} d/ B~ — X
/7 PRGN
_ -7 I e ~a
10 B s
A — oA
S WS WS WS WS WS WS WS W
O 1 i1 1 1 1 1 1 1 1 1 1 1 ] 4 1 1
. 3 34 4 55 66 77 88 9 91010

Locations

Ficure 2. Natural (unventilated) wet bulb temperature, 6-inch black globe tempera-
ture, and Wet Bulb—Globe Temperature index® at locations 3-10 in summer (1968) and
locations 4-10 in winter (1970). Summer readings are means from ten test days. Winter
readings are means from seven test days. Location 9 cooled by fan in summer. Often not

cooled in winter (see text).
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the furnace decreases. At location 6, f; is
higher than at location 7, and {, at location
10 is lower than location 9 but otherwise t,,
tawy, and the WBGT follow a reasonably
orderly progression. In winter the values
parallel closely those for summer but at a
level approximately 15°C lower for fypp and
WBGT.

For statistical comparison of HR’s; loca-
tions were grouped according to level of heat
exposure in summer tests. Location Group I
(LI) combines locations 1 through 4, repre-
senting no significant heat stress, Location
Group II (LII) combines locations 5 and 6
representing moderate heat stress, and Loca-
tion Group III (LIII) combines locations 7,
8, 9, and 10 representing severe heat stress.

150
B
Task T (17-23) "
./.
1401 ’{a//
%,/,/»-’ Task IL (8-16)
130
]

e

7
7 TaskI(I-7)

Mean Heart Rate (Min.}
~
(=]
T

b
e
&
-
110 -
//
oo
100l I = Standard Error
[s) L 1 1 1
I(1-4) o (5,6) TL(7-10)
Location

Ficure 3. Combined data from five tests in five
subjects on jobs as second helper, daylight shift
(0800-1600), summer 1969. Test for S3 is that
dated 5-27-69 in Table II. For n, means, and stan-
dard errors, see Table ITI.
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The WBGT index for location 9 was de-
rived from readings during relatively steady
conditions prior to “tapping the heat” (draw-
ing off the molten metal from the furnace)
and during preparation for the next heat.
During the tap, readings indicate that the
WBGT at location 9 exceeds 55°C. In one
observation f, was still rising at 10 minutes
when the thermometer range of 110°C was
exceeded and the measurement was discon-
tinued. At this time, tnwp was 31.9°C.

Mean HR in Relation to Task and Location

Mean HR’s for eight summer tests on five
second helpers is shown in Figure 3. Task
Groups (TI, TII, and TIII) are indicated in
Figure 1 and represent light, moderate, and
heavy work. Task is plotted on the ordinate
in Figure 3 and heat exposure (LI, LII, and
LIIT) on the abscissa. The data from which
Figure 3 is derived appears in Table ITI. The
gradient in heart rate with task level is steep-
est at LI and least at LIII. The gradient in
HR from work. effort exceeds that from heat
exposure by 30%. Standard errors of the
means are indicated by the bars.

Individual mean HR’s for five subjects at
three levels of heat exposure are shown in
Figure 4. In order to obtain sufficient num-
bers of observations for statistical compari-
son, data for all tasks are combined for each
subject, thus each point represents the effect
of heat on HR, regardless of task. The mean
for all subjects is indicated by the heavy line.
Differences are greatest at LI and least at
LIII. Slopes suggest that one factor which
may reduce individual differences under con-
ditions of highest heat exposure is that of heat

TasrLe III

Mean Heart Rate per Minute by Task and Location
(5 second helpers—shift 0800-1600—summer 1969)*

Location Group

Group 1 Group 1T Group III
. Task
Group n mean s.e. n mean s.e. n mean s.e.
I 2629 106.3 .38 334 112.6 1.12 707 . 126.6 .78
II 85 123.0 1.70 46 131.6 2.94 346 141.8 1.02
1II 36 135.0 2.88 55 138.0 2.60 404 148.0 .86

aData on five summer tests in five subjects on jobs as second helper, daylight shift, (((})800—1600), Task

Group I combines tasks 1-7, Task Group-II, 8-16, and Task Group III, 17-23

. Location Group I combines

locations 1-4, Location Group II combines 5, 6, and Location Group III combines locations 7-10.
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tolerance, Subject 4 (S4) showing the great-
est effect of heat and S3 the least.

Standard Exercise Before and After the Shift

Pre- and post-shift HR’s averaged for the
fourth and fifth minute of the bicycle ergom-
eter test are shown in Table II for each of
the twelve tests. In Figure 5A data for minute
by minute FIR during standard exercise are
shown for four subjects in six summer tests in
which both pre- and post-shift exercises were
successfully completed.

In Figure 5A a plateau in HR at 133/min
is reached during the fourth and fifth minute
of pre-shift exercise. After work, HR was
elevated above pre-shift levels reaching 136/
min and 139/min for the fourth and fifth
minute. As shown in Table IT, however, post-
shift elevation above pre-shift levels was not
an invariable finding.

In Figure 5B pre- and post-shift HR’s are
illustrated for S2 and S3 who failed to com-

150

140

130
Subject

2

Mean Heart Rate (Min.)
~
<]
T

or

Mean O
100 I
5 0/ I = Stondord Error
90} 4 5/
1 L I
I(1-4) T(5,6) I (7-10)

Locatian Group

Ficure 4. Individual mean- heart rates for all
tasks at Location Group I (locations 1-4), Location
Group II (locations 5, 6), and Location Group III
(locations 7-10) from five tests in five subjects on
jobs as second helper, daylight shift (0800-1600),
summer 1969, n values as follows:

LI LII LIIT

Subject S2 444 72 410
S3 441 61 410

S7 595 131 244

S5 633 77 236

S4 637 94 - 157

S3 data are from test dated 5-27-69 (Table II).

plete the post-shift exercise. Judged by HR
elevation in the pre-shift exercise, S2 and S3
had lower predicted maximum work capaci-
ties® than the other three subjects (Table
IT). Both S2 and S3 were unable to com-
plete more than four minutes of post-shift
exercise, although in three other tests, S3 had
done so (Table IT). The mean for HR’s in
S3’s successful tests are included in values
shown in Figure 5A. For S3, the test illus-
trated in Figure 5B (5/27/69) occurred on
the second consecutive workday after his re-
turning from a three-week vacation. On the
following (third workday) day (5/28/69) he
continued to complain of feeling “played
out.”

The test on S2 was his first during this
series but he had been a subject in four tests
during the preceding summer and hence was
thoroughly familiar with the procedures. S2
had, however, undergone a laminectomy for

140 —
A o ——— T o~o
120+
Meon of six tests
100+ on four subject.s
©—0 Before shift
©---0 After shift
Recovery heart raote from (5 to
- 80t 30 sec. after stopping work
; o —L A 1 L I 1 1
2
&g A — —An
%i 1601 g e ,/o———-en
I -
c
o
£ 140
s
A///
—— Before shiff
120 ——— After shift
A Subject 2
100 © Subject 3
* Unable to complete more
than four minutes
80k
T 1 ! I L L I
0 Rest | 2 3 4 5 Recovery

Ficure 54. Mean resting HR and mean HR for
pre- and post-shift 5-minute exercise at 125 watts
on bicycle ergometer. Means of four subjects who
completed post-shift exercise test. Data for S3 are
from three tests in which he completed 5-minute
post-exercise test.

B Same for two subjects (S2 and S3) who were
unable to complete more than 4 minutes of post-
shift exercise. Data for S3 are from test dated
5-27-69.
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Heart Rote During Stondard Exercise (125 Wotts)

Ficure 6. HR during pre-shift standard exercise
for each of five subjects, plotted against mean HR
on shift and against mean HR for Location Group
I and Task Group I. For S4, HR during standard
exercise was that observed while exercising at 125
watts. In tests shown in Table II for S4, pre-shift
exercise load was 150 watts. For S3, mean HR’s
are overall means for the four tests on $S3 shown in
Table II.

130

120

[of

100

1
g0 ]‘I(5,6J m(7-10)

Location Group

1
I1(1-4)

150

140}

Mean Heart Rate (Min)

130+

120

110+
] =Standard Error

100

90

L I
o (s8-16} I (16-23)

Task Group

1
10-7)

Ficure 7. Summer and winter tests in S4 and S7
on jobs as second helper, daylight shift (0800-
1600). Values are mean HR for one test on each in
summer and two tests on each in winter. Upper
curve: mean HR at Location Group I, II, and III
for Task Group I values. Lower curve: mean HR
for Task Group I, II, and III for all locations.
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a herniated disc in January 1969. The de-
mands on S2 for the test day reported here,
moreover, were great. He had helped in taps
on two other furnaces as well as his own. He
refused to participate further in these studies
expressing fear that the bicycle exercise might
injure his back.

Relation of HR During the Workshift to
HR During Pre-Shift Exercise

Data from eight summer tests are plotted
in Figure 6. In case of S4 HR during stan-
dard exercise is that observed in an earlier
test at 125 watts. Values shown in Table II
for S4 are those observed at 150 watts. Values
for S3 are means of his four tests (Table II).
Data for S3’s single test (5/27/69) would
raise his HR along both the ordinate and
abscissa.

The graph indicates a direct relationship
between HR observed during standard exer-
cise and HR during work on the shift. Ex-
pressed differently, HR’s observed on the shift
vary inversely with the subjects’ predicted
maximum aerobic work capacities.**

Summer vs Winter Tests

In Figure 7 the effect of season is indicated
principally in the flattening of the location
gradient in HR in winter compared with
summer, the winter gradient being only one-
third as steep. Complete flattening would not
be expected in view of a significant level of
heat stress at location 9 in winter (Figure 2).

In contrast, the winter gradient in HR for
TI-IIT is displaced downward but the magni-
tude is essentially unchanged, indicating that
cardiocirculatory load from metabolic de-
mands is not significantly affected by season.

Other Results

Total sweat rates for five subjects in eight
summer tests averaged 0.72 Kg/hr. Mean
sweat rates in two subjects in four winter tests
was 0.46 Kg/hr.

Measurements with the heart rate SAMI
were made in ten summer tests, including
some not reported here, in subjects whose
HR’s were also monitored continuously by
the ECG tape recorder. The E-cell of the
SAMI was changed every two hours when
possible. In any case, the recording period
was exactly timed. Readout of the SAMI E-
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cells for total heart beats over two-hour pe-
riods and for the entire shift agreed with the
corresponding total for the tape readout with-
in = 6%.

Internal temperatures were measured by
radiosonde capsule®® in five tests, including
four of the summer tests listed in Table II.
Transient elevations reached maxima of 37.8
to 38.8°C in the five tests. The highest was
in S2 (Table IT). His body temperature was
still elevated at the time of the post-shift
ergometer test and doubtless contributed in
part to the HR increment of 18 counts/min
observed at four minutes (Figure 5B). His
HR at that time was still rising when S2 was
unable to continue.

Except for occasional premature ventricular
contractions (PVC), changes in pattern of
the ECG in three subjects did not exceed
normal limits associated with high HR’s.
In S3, however, depression and notching of
the T-wave was a consistent finding, usually
during bouts of work and early recovery. A
12-lead resting ECG obtained in his screen-
Ing examination was normal, and there was
no history or clinical findings of cardiac ab-
normality. In S2, multiple PVC’s occurred
during the 4th minute of exercise (Figure
5B). These disappeared on resting. The
changes observed in these two subjects are not
diagnostic. Hence the question remains open
as to whether or not these non-specific ECG
changes during work represent short-term
cardiac strain.

Discussion

The experimental design used in our tests
divided the eight hour work shift into 960
samples of 30 seconds each, in which HR was
the dependent variable and task level and
heat level were the independent variables. By
utilizing the computer we could determine
mean HR for any of three task levels at any
of the three heat stress levels. Confidence
limits for differences of the means were also
derived by computer from the standard errors.
By this means it has been possible in a com-
plex job to evaluate comparative effects of
heat and work effort on cardiocirculatory re-
sponses to work stresses.

Lacking in our study were direct measure-

ments.of M, the metabolic heat load. Ford,
Hellerstein, and Turell,* reported that the
average energy expenditure of second helpers
in a Cleveland steel mill closely approached
5.0 kcal/min, a level representing approxi-
mately 50% of the maximum aerobic capacity
which Lehmann'* regards as the upper tol-
erable limit for an eight-hour shift. Our data,
however, from winter tests in which heat
stress was not an important factor, revealed
mean HR’s of 99.8/min in two subjects on
four shifts. From this we would judge that
our subjects were either expending consider-
ably less than 50% of their work capacity,
which according to 1. Astrand®* should pro-
duce a mean HR of 113 for men in this age
group or our subjects’ maximum aerobic ca-
pacities were higher on the average than those
of Astrand’s nine subjects.

Measurement of work capacity from a
single submaximal exercise test provided a
useful scale for comparing relative work ca-
pacities of our subjects. The extent to which
this has value in predicting strain on the job
is indicated in Figure 6. The relationship be-
tween work capacity measured by this method
and HR on the job has proved consistent in
14 subjects, including the nine some of us
reported previously.}™:'#

In S2 and S3 (Figure 5B) the decrement
in post-shift performance appeared to be a
valid measure of temporary physiological im-
pairment, ie, fatigue. Whether lesser eleva-
tions of HR during the post-shift exercise
signify decrement in work capacity or merely
indicate a circadian periodicity in frequency
of HR as reported by Crockford and Davies?*
will require further study. These authors
found that O. uptake at a given work rate
did not change as did heart rate and pulmo-
nary ventilation rate in observations repeated
every 90 minutes for 27 hours.

The SAMI monitor proved to be a rugged,
convenient, and reliable instrument for ob-
taining total heart counts and mean f; on
unsupervised workers performing various jobs
in the mill. By comparing mean HR at work
with mean HR off work and during sleep one
can assess total demands on cardiocirculatory
capacities imposed by the job and by waking
activities off the job (Table I). The SAMI
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seems to be well suited for larger scale studies
on industrial populations from which overall
circulatory strain could be related to job de-
mands and heat exposure as well as to indi-
vidual variables such as work capacity, age,
and acclimatization. Simultaneous use of the
temperature SAMI can be used to assess
mean heat exposure as an independent en-
vironmental variable. Our studies have dem-
onstrated also the feasibility of using the
radiosonde capsule in measuring internal tem-
perature and thermoregulatory strain in in-
dustrial workers.

Our results which show an inverse relation-
ship between predicted maximum work ca-
pacity and cardiocirculatory strain on the job
provide field confirmation of laboratory stud-
ies reported by others.®!® They suggest that
the limits of the prescriptive zone'*** should
be defined not only in terms of M but also
in terms of the percent M represents of the
subject’s MWC.

It becomes increasingly clear that applica-
tion of ergonomic principles to hot industrial
jobs can be successful only if the engineering
assessment of heat stress and workloads is
coupled with a quantitative evaluation of the
physiological capacities and tolerance limits
not simply of the “standard man” but more
appropriately of each individual worker at
risk.

It might be argued that industrial engineer-
ing design for the job of second helper on the
open hearth furnace was indeed successful in
light of the long work history which each of
our subjects presented (Table IT). This argu-
ment, it seems to us, fails on two counts:

First, it does not take into account the self-
selection process, whereby we encounter only
those who survived the rigors of the job, so to
speak. Lack of a control group prevents our
measuring and comparing responses to these
stresses in a representative age-adjusted
sample of the male population. It may well
be significant that of 16 second helpers we
have tested thus far, only two were 50 years
of age or over.

Secondly, the success of the job design may
be questioned on the basis that even among
workers whose tolerances meet the minimum
requirements for the job, those of marginal
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capacities may encounter random combina-
tions of heat stress and work demands which
exceed the normal range of statistical varia-
tion, thus leading to excessive strain and fa-
tigue, as in the case of S2. On the other hand,
temporary loss of physiological tolerance in a
worker who is usually able to maintain ade-
quate homeostatic balance may reduce his
capacities below the required level, as in case
of S3 subsequent to returning from a three-
week vacation.

Our results further indicate that the pri-
mary environmental factor imposing limits on
work output is that of heat exposure rather
than energy output in completing tasks. The
job permits workers periods of rest in essen-
tially comfortable locations (Table IIT). Such
long work pauses seem highly appropriate in
the summer season particularly for workers
with relatively low physiological capacities.
On the contrary, we are inclined to believe,
on the basis of limited observations in winter
tests, that these men, by and large, work at
rates below the optimum level during cold
weather.

Alternative solutions to the problem of con-
trolling stresses during summer work are
three: (a) provide more effective heat pro-
tection through shielding, improved ventila-
tion, or better protective clothing practices;
(b) select workers for assignment to such jobs
who demonstrate superior physiological ca-
pacities; (c) mechanize tasks performed at
the rear of the furnace, to reduce M and thus
also the total heat load.

Of the three, selection of workers does not
appear to be the option of choice, except to
avoid assigning workers inferior in work ca-
pacity or heat tolerance to such jobs. To
select only those of superior capacities would
compound the under-utilization of manpower
in cool seasons by understressing them to an
even greater degree than workers of average
capacities.

Although mechanization of heavy lifting,
prying slag, and other heavy tasks would re-
duce M, it seems clear that the method of
choice is the first, namely improved heat pro-
tection.

An example of ventilation protection was
seen at location 9. In Figure 2, one notes that
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the slope of the rise in ¢, from location 7 to 8
is not continued but flattens between loca-
tions 8 and 9. This can be attributed to a
spot-cooling fan directed at the working area
of location 9. This was invariably used in
summer work. By contrast, the slope from
location 8 to 9 in winter tests (Figure 2) be-
comes steeper. This is because often the fan
was not used. At one furnace, in fact, it had
been disrnounted. One winter test day, mea-
surements were made at location 9 with fan
on and fan off with the following results

(°C):

tg Lnaod WBGT
Fan off 92 25.3 45.3
Fan on 42 17.6 25.1

Thus the fan converted an intolerable en-
vironment into a comfortable one.

Water cooled grids reduce radiant heat load
judging by the lower £, with fan off on the
right of the the tap hole as compared with a
symmetrical position on the left without such
a grid. -

In the job of skimmer in an aluminum
plant in the southern U.S.) Leinhard et al®
observed at the work site the following tem-
peratures (°C) before reflective shielding: t,
71.7, DB 47.8, and WB 30.5 (WBGT 42.9)
and after shielding, ¢, 43.3, DB 43.3, WB 32.2
(WBGT 35.5). Pulse rate of the skimmer
before shielding was 168; after shielding 116.
The unshielded position closely approximates
summer conditions at location 9 in heat stress
level (Figure 2). Their results suggest re-
flective shielding might be a useful approach
to reducing summer heat exposure of furnace-
men.

It was observed that men use aluminized
protective clothing only during the tap. They
seemed to recognize radiant heat and its ef-
fects when the radiation was visible but tend-
ed to ignore it when invisible. In any event,
workers quickly discarded the reflective gar-
ment as soon as the flow of molten metal had
ceased. More rational use of the protective
garment might help in controlling heat strain.

Special cooling devices, such as the vortex
tube or air supplied ventilated suits should be
considered but these might introduce an acci-
dent hazard. Self-contained cooling units
worn under reflective garments are used in

other departments of the mill but not in the
open hearth department.

The careful analysis of work stresses re-
ported by Dukes-Dobos et al* reveal that alu-
minum pot workers in summer sustain some-
what higher radiant heat loads than furnace-
men at location 9. Mean sweat rates for the
shift, however, were somewhat lower than we
observed in our summer tests (Table IT). We
agree with these authors that peak sweat rates
in their workers and in ours probably exceed
1 Kg/hr in view of the long rest pertods in
relatively cool locations.

The methods for sampling and analysis we
used in evaluating effects.of heat and work
on HR do not take the time sequence of
events into account. Hence data for LI-II
(Table III) include many observations im-
mediately after work and/or heat exposure
as well as those following prolonged rest.
Moreover, if a decrement in performance
occurs during the shift as well as in the post-
shift exercise, this may depend on the pat-
terns of activity, rest, and heat exposure
as well as on the total sum of time in each
category. Studies are now in progress to
evaluate patterns of work activity and changes
in location during the shift, and to relate
these to physiological responses and manifes-
tations of fatigue.
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Electron Gun for Cutting Rock

Under a contract awarded by the U. S. Bureau of Mines, a gun that cuts
rock with a high-energy electron beam has been developed by the Westinghouse
Electric Corporation. A contract also has been awarded to this corporation to

fieldtest the new device this year.

The gun is derived from an electron beam welding devices but is much less
bulky and more portable. Its rock-cutting potential has been successfully dem-
onstrated in the laboratory, where it has been used to melt narrow grooves in
sample blocks of various types of rock. Its practical value in mining and tun-

neling has not been tested as yet.

This electron beam gun may offer a significant advance in mining and tech-
nology. There has been little change in mining technology for a great many

years.

with the attendant hazards known for these many years.

Most hard rock mines still rely on drilling and explosives to break rock

More recently the

continuous mining machine has come into use, principally in coal mines, but
these devices are heavy, expensive and not yet capable of cutting the harder
types of rock. A preliminary cost analysis indicates that the electron beam gun
could be developed to be economically competitive with conventional rock-

breaking methods.

Mining or tunneling with the electron gun would involve cutting spaced kerfs

in the rock and breaking out the material between cuts.

In the process there

would be some molten rock produced with the possibility of fume and vapors
released from the rock. This appears to be a development which will need some
study and possibly will pose some problems for the industrial hygienist, if it

comes into significant usage.





