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PREFACE

This book contains papers presented at the Eighth International Conference
on Environmental Ergonomics held in San Diego, California, 18 - 23 October
1998. This meeting in' San Diego is the eighth in a series of International
Conferences, the first of which was held in Bristol, United Kingdom, in 1984,
organized by Neil Thomas of the University of Glamorgan in Wales. The term
"environmental ergonomics" was coined to indicate the focus of these meetings
on the factors that affect the capacity of human beings to work under adverse
environmental conditions. These conferences have provided an opportunity for
engineers, and scientists with a common interest in environmental ergonomics to
share information and help one anoiher to solve problems related to work in
adverse environments. With the publication of this volume of papers from the
Eighth International Conference, we hope to establish an ongoing series of pub
lications as a way of preserving and disseminating the valuable infurmation pre
sented at these Conferences. This is the first volume ofwhat, we hope, will become
the International Series on Environmental Ergonomics, a biennial publication of
the presentations of the International Conferences on Environmental Ergonomics.

We would like to take the opportunity to thank those who helped make the
conference and this monograph possible. First and foremost our thanks go out to
the participants, without whom, there would have been no conference. We are
indebted to the Program Committee for their tireless efforts in reviewing papers,
and assisting in program development. We thank those whose support helped make
this conference possible: the Naval Health Research Center, San Diego, CA;.the
faculty and students from the Exercise and Nutritional Sciences Department, San
Diego State University, San Diego CA; Penninsula Bank ofSan Diego; Steele Inc.
of Kingston, WA; Vacumetrics Inc. of Ventura, CA; YSI Inc. of Yellow Springs,
OH; COSMED Ltd. of Rome, Italy; CardioDynamics International Corp. of San
Diego, CA; Mini Mitter Co. of Sunriver, OR; JC Systems ofSan Diego, CA; and
Measurement Technology Northwest ofSeattle, WA. We would also liketo thank
Marilyn Mead, Sue Sobanski, Kristee Emens-Hesslink, Angela Watson,' and
Wendy Glover for their editorial and fonnatting assistance.

James Hodgdon
Jay Heaney
Michael Buono
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PERMANENCE OF THE HABITUATION OF THE
"COLD SHOCK" RESPONSE

M. Tipton, 1. Mekjavic and C. Eglin

Department of Sport and Exercise Science, University of Portsmouth,
Portsmouth, Hants, UK;

University of Surrey, Guildford, Surrey, UK;
Institote ofNaval Medicine, Gosport, Hants, UK

~

INTRODUCTION

Sudden stimulation ofthe peripheral cutaoeous cold receptors on immersion
in cold water initiates the hazardous physiological responses collectively known
as the "cold shock" response. This comprises a reflex inspiratory gasp, followed
by a short period of uncontrollable hyperventilation and tachycardia. The reduc
tion in breath hold time and voluntary control over breathing during this time
increases the chances ofaspirating water and thus drowning. For individuals with
underlying heart or circulatory pathology, the increased cardiac workload asso
ciated with the tachycardia and cold-induced vasoconstriction may result in
cardiac failure.

It is known that an adaptation to immersion in cold water can be developed
following repeated exposures (I). The mechanism of this adaptation is, as yet,
unclear but it appears to take the form ofan habitoation of central processes (2).
The present stody was designed to investigate whether the alterations that pro
duce this habitation remain after a period of seven months.

METHODS

The experimental protocol was approved by a local ethics co=ittee.
Twelve healthy male volunteers aged 18 to 32 years participated in the experi
ment after giving informed written consent. The subjects were divided into 2
groups, a control (C) group (n = 4) and an habitoation (H) group (n = 8). Each
subject undertook two 3·min, head-out immersions in stirred water at 10°C wear
ing swimming trunks. These immersions took place at the same time ofday with
4 days separating the 2 immersions. ill the intervening period, the C group were
not exposed to cold water, but the H group undertook another six 3-min, head
out immersions in water at 15°C. Two months (December), 4 months (February)
and 7 months (May) after their first immersion each subject undertook another
3-min, head-out immersion in water at lOoC.

Inspiratory minute volume (VI), respiratory frequency (fR), tidal volume
(VT) and heart rate (fH) were measured during each immersion and recorded
continuously.
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RESULTS

All ofthe subjects in group e, but only 5 ofthe subjects in group H were able
to complete all 5 immersions in 10°C. One subject missed the immersions at
months 2 !iIld 4, !iIld 3 subjects missed the immersion at month 7. Missing data were
estimated using the Genstat routine, thus keeping the subject numbers constaot for
each immersion. Me!ill data for both groups are presented in Tables I !iIld 2.

Table 1. Me!ill values for both groups obtained during first 30 s of
immersions in water at 10'C for fa (breath·min·I), VI (L·mirr l )

and fH (beat·min-I).

Group
H
e
H
e
H
e

day 1 day 5 mouth 2
47.3 24.0 34.4
37.0 37.5 38.0
72.2 31.3 58.5
64.8 70.9 82.8
128.0 108.5 111.5
116.4 115.0 106.6

mouth 4
33.9
35.5
55.6
no
108.1
106.0

month 7
32.1
31.0
49.0
68.4
90.2
97.5

Group H showed a siguific!illtreduction in fa over the first 30 s ofimmersion
at day 5 (immediately after the habitoation regime; P < 0.05), over subsequent
immersions fa increased but not sigoific!illtly (Figure 1). Over the same time
period, group e showed no alteration in fa across immersions. In the remaining
150 s of immersiou, the H group showed a rednction at day 5 (P < 0.05) !iIld
thereafter a gradual increase over time, while the e group showed uo siguific!illt
changes across the immersions.

Table 2. Mean values for both groups obtained between 30!illd
180 s of immersions in water at lOoe fOrfa (breath·min-I), VI

(L·min-1) and fH (beat·min·I)~

QrQ.1m.
H
e
H
e
H
e

day 1· day 5 month2 month4
32.3 17.5 22.0 21.7
28.8 26.5 29.0 22.8
56.8 17.5 29.4 28.6
58.8 47.3 65.2 35.5
116.4 89.8 89.9 93.6
104.3 88.8 95.5 83.8

month 7
21.4
18.8
25.1
30.2
77.2
75.3

A similar response was seen with VI, the H group showing a sigoific!iIlt de
crease in the first.30 s of immersion at day 5 (P < 0.05), thereafter VI increased
with time. The e group showed no change in the VI response. Dnring the last 150
s ofimmersion, the VI response ofthe H group was attenuated at day 5 (P < 0.05)
!iIld showed a tendency to increase on subsequent immersions. The e group

4
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Figure 1. Mean respiratory frequency for both groups during the first 30 s of
immersions in water at 10°C.

showed a reduction in VI between months 2 and 4 (P < 0.05) over the remaining
ISO s of immersion. No significant differences were observed in either group
across immersions with regard to VT during the first 30 s.

In the first 30 s of immersion, the C group showed no change in their fH re
sponse, whereas the H group showed a gradual decline with repeated immersions;
this reached significance between days I and 5 and months 4 and 7 (P < 0.05).
Over the last ISO s ofimmersion, til was attenuated in both groups between day I
and 5 (P < 0.05) and remained unchanged on subsequent irmnersions.

DISCUSSION

We have previously reported that repeated irmnersion in water at 15°C re
duces the respons.es to immersion in water at lODe (3). This study has focused
on the permanence of the alterations which produce the habituation to the cold
shock response. lR is thought to be a better indicator of respiratory drive than
either VI or VT under conditions similar to those of the present investigation (4).
The H group showed the largest reduction in this response at day 5, at the end of
the habituation regime. At month 2 the response was still reduced compared to
the flfst irmnersion but was greater than that observed at day 5 (approximately
half the habituation was lost). Over the remaining months, the average respons
es ofthe H group remained fuirly constant This demonstrates that part ofthe ha
bituation developed was short-term and reversible in nature and disappeared over
the first 2 months, while another component of the habituation included more
permanent changes.

The responses ofthe C group to immersion in cold water remained the same
between day I and day 5 and over the months examined (February, May, October
and December) showing no tendency towards seasonal variation in the magni
tude ofthe response evoked.

There appeared to be considerable individual variation in the ability to ac
quire and maintain an habituation to the cold shock response. Given the small
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number of subjects who participated in the present study, any conclusions must
be regarded with caution. With this in mind, the results indicate that once an
habituation has been produced, the attenuation of the responses can last up to 7
months. To maintain at least a proportion ofthe habituation, it may be necessary
to undertake periodic cold exposures; ;.he present findings suggest that, at worst,
these should occur every 2 months. The results from the C group indicate that
seasonal variation in the responses to cold water inonersion is unlikely in un
habituated individuals.
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INTRODUCTION

Immersion in cold water initiates the hazardous physiological responses col
lectively known as the "cold shock response." These comprise a reflex inspira
tory gasp, tachycardia and uncontrollable hyperventilation, which are initiated by
stimulation of penpheral cold receptors. Following repeated immersions, these
responses are reduced by habituation.

The habituation process is not strictly temperature dependent and occurs
through alterations in central pathways rather than the cutaneous receptors (1,2).
The cold shock response can also be initiated by cold showers (3). However, it
is not known whether repeated cold showers reduce the responses to whole-bodY
cold immersion. The aim ofthis study was to investigate showering as a method
of inducing habituation to the initial responses to cold water immersion and to
determine the importance ofthe rate of change of skin temperature (t.I< ) for the
habituation process.

MATERIALS AND METHODS

The experimental protocol was approved by local ethics committees.
Twenty-four healthy volunteers (18 males, 6 females; age 26.9 ± 5.6 years;
height 176 ± 9 em; mass 78.9 ± 11.1 kg) participated in the study after giving
informed written consent. The subjects, who were unacclimatized to cold, under
took two 3-min head-out, seated inunersions in stirred water at I Doe wearing
swim wear. The inunersions occurred at the same time of day and were separat
ed by 4 days durlD.g which time the subjects took 6 cold showers. The subjects
were randomly split into 4 groups with different showering regimes: 3 min at
looe on the back (lOB); 3 min at 15'e on the back (15B); 30 s at looe on the
back followed by 30 s on the front (lOBF); and 35°e reducing to looe over 40
s followed by 3 min at lOoe on the back (HID). The angle of the shower was
adjusted for each subject so that the head was not wetted, and the flow rate was
kept constant at 5 L'min-I

• Previous studies (1,2) have established that the initial
responses to cold water immersion are not altered when the immersions are sep
arated by 4 days.

Inspiratory minute volume (VI), respiratory frequency (jR) and heart rate
(fH) were recorded continuously. Skin temperature (Tsk) was measured On the
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chest, upper back, foreann, thigh aud calf. Surface area of the skiu (SA) cooled
by showering was estimated by infrared thermography.

RESULTS

On immersion, (T,k) averaged 0.36 ± 0.05°e·s·' in the first 30 s (time zero
taken from when the feet were immersed). During the first 30 s of showering,
on the back for each condition was as follows: lOB 0.59 ± O.Oloe·s·'; I5B 0.46
± 0.05°e·s·'; RIO 0.60 ± 0.05°e·s·' aud IOBF 0.58 ± 0.02°e·s·'. It was expected

that RIO would show a slower thau IDB. This was probably masked by the ini-
tial increase in T,oc in RIO aud the response of the covered thermistor. The ther-

Table L The initial responses (1,2) during the first and last immersion (11 and 12) and
shower (81 and 86) for groups lOB, ISB, HI0 and IOBF, respectively.

lOB Time'S> 11 n §! ~

fR 0-30 54± 14 44 ± 16** 29± 8 18 ±6*
30 - 180 35± 13 31 ± 12 22±7 17 ±3*

VI 0-30 84.6 ±23.4 77.5 ± 26.7 51.9 ± 17.9 28.8 ± 16.9*
30 - 180 60.6 ± 15.2 45.7 ± 22.3 38.0 ± 13.9 17.3 ±5.5**

fa 0-30 120 ± 18 120 ± 18 98±16 78 ±12**
30 - 180 115 ± 16 104±22 100±20 79 ± 13*

l5B

fR 0·30 43 ± 15 44±28 20±6 16±5
30 - 180 32± 19 33 ±23 18 ±6 16±6

VI 0-30 74.9 ± 14.5 75.5 ± 20.6 34.8 ± 12.6 15.9 ± 4.1**
30 - 180 49.0 ± 18.1 37.1 ± 16.9** 21.5 ± 9.7 13.3 ± 2.0**

fa 0-30 136±7 132±20 95±26 78 ± 12*
30·180 119±23 105 ± 25** 83 ± 18 76± 10

R!!l
fR 0·30 37 ± 17 30 ± 16** 24±8 21 ±8

30·220 22±8 20 ± 10 16±5 13 ± 4**

VI 0-30 58.3 ± 21.4 57.4 ± 19.6 33.3 ± 18.1 22.0 ± 9.4*
30 - 220 30.5 ± 15.2 26.5 ± 11.9 28.0 ± 21.6 17.7±8.9

fa 0-30 100 ± 14 110 ± 16 91 ± 10 85 ± 12
30·220 87 ± 15 95±23 87±23 80± 14

1l!l!E
fR 0-30 33 ± 8 26 ± 10* 20±7 18±4

30·60 22±5 19 ± 6 20±6 18±3

VI 0-30 58.8 ± 20.8 54.1 ± 24.3 42.8± 13.0 26.2± 6.6**
3{}· 60 43.1 ± 15.5 30.1 ± 13.8* 38.1 ± 7.1 28.4 ± 9.9

fn 0-30 106 ±24 114±28 98 ± 19 85 ± 20*
30- 60 102±22 94±23 96± 19 82 ± 18*

·Values represent the mean ± SD (n = 6) from 0 to 30 s and 30 to the end afthe shower/immersion.

1Units ofmeasure: fR (breaths·min-I). VI (L-min-1) and fH (beats·min-I).

* P<O.05. ** P<O.Ol, Il vs. 12 and 81 VS. 86. Wilcoxon signed ranks test
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mographs taken at the end of the showers showed that in groups lOB, 15B and
RIO, 23% of SA was cooled, with the vastmajori1y ofthis being on the back. In
group 10BF, the SA cooled was approximately 34%.

The mean resting JR, VI, and /H values for all subjects were 14 ± 4
breaths'min"; 12.7 ± 3.4 L-min" and 80 ± 14 beats'min", respectively. The car
diac and respiratOry responses to the first and last immersions (11 and 12) and
showers (S I and S6) for each group and the levels of significance are given in
Table 1. Following repeated exposures, the respiratory responses during the last
.shower were found to be attenuated. /H was also reduced in all groups except
RIO. Compared with the frrst immersion, JR over the first 30 s of the second
immersion was reduced by approximately 20% in groups lOB, HIO and 10BF.
The tachycardia induced on immersion in water at IOOC was not reduced by
repeated showers except in group 15B and then only over the last 150 s.

DISCUSSION

The 20% reduction inJR seen over the first 30 s during 12 compared with 11
in the current study (groups lOB, RIO and 10BF) contrasts with a 41% reduction
inJR observed during previous studies in the first 30 s of a 10°C immersion fol
lowing repeated inrrnersions in water at 15°C (I) and the 19% reduction in theJR
response over the first 30 s of 10°C inrrnersion of the right side of the body fol
lowing repeated 10°C immersions of the left side of the body (2). This suggests
that repeated showering is not as effective as repeated head-out inrroersions in
producing a habitUation to the cold shock response, but the relatively large habit
uation seen for SA exposed with showering suggests that the torso was particu
larly sensitive. This is supported by previous studies (4).

Between-group comparisons in the present study can only give an indication
of the mechanisms involved in the habituation process owing to the small num
ber of subjects in each group. With this in mind, 15B were the only group that
did not show a reduction inJR during 12. This gronp also showed the slowest T.k
and the highest absolute T'k during their showers. Previous studies have demon
strated that repeated head-out inrrnersions in water at 15°C (T.k = 0.33°C·s·')
reduced the responses to inrrnersion in water at 10°C (I). Thus, exposing 90% of
the SA (head-out inrrnersion) to aT.k of0.33°C·s·' will produce an habituation to
the cold shock response on inrrnersion in 10°C, but exposing 23% of the SA to a
Tsk of 0.46°C·s·' will not. As the areas cooled by the 15°C water had the same
absolute temperature at the end ofthe shower or inrrnersion, the difference in the
habituation produced must be due to the SA exposed.

When the results of group 15B are compared with those of groups lOB and
HIO, which had the same SA exposed to cold, the T.k appears to determine the
level ofhabituation produced; lOB and RIO showed a reduction inJR on 12 but
15B did not. This is supported by the findings ofMekjavic et ai. (5) who report
ed that the respiratory drive during sudden cold water inrrnersion was closely
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correlated with Tsk. However, it should be noted that the absolute Tsk was lower
iu groups lOB and H10 compared with group lSB, and this may have influenced
the results.

The present study has provided evidence that there is both a spatial (SA) and
probably a temporal (Tsk) summation ofthe cold stimulus tu produce a habitua
tion of the cold shock response. The threshold for produciug the habituation
appears to be influenced by the SA exposed. The smaller the SA cooled, the
faster the Tsk required and vice-versa.
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INTRODUCTION

Prolonged immersion of fingers in cold water induces Cold-Induced
Vasodilatation (CND). Although evidence is available that Arterio-Venous
Anastomoses (AVAs) play an important role, the mechanism underlying CIVD
remains unsolved. The main hypotheses are a paralysis of the AVAs due to an
impaired neuromuscular transmission (1) and the occurrence of an axon reflex
(2). In brief, the axon reflex theory states that peripheral cold pain fibers are trig
gered by the local cold. The resulting action potential releases vasodilator sub
stances in all collaterals of the neuron. The result is vasodilatation in the cold
exposed body parts.

An experiment was set up to investigate the involvement ofaxon reflexes in
CIVD. This was achieved using electrically evoked axon reflexes during cold
water immersion of a hand in 3 different thermal states of the body: hypother
mia, hyperthermia and at thermoneutrali1y.

MATERIALS AND METHODS

Eight male volunteers were recruited. The subjects were 32 ± 7 years old,
weighed 83 ± 13 kg and had a stature of 183 ± 5 em. The protocol was approved
by the Human Ethics Committee of the Defence and Civil Institute of
Environmental Medicine.

The subjects underwent 3 measurement sessions (at least 48 h apart) in addi
tion to a familiarization run. During the experiments, the subjects were seated
on an office chair. In every session the left hand was immersed for 40 min in a
water bath control1ed at 35°C (warm hand) and the right hand was immersed in
a water bath controlled at 5°C (cold hand). The 3 measurement sessions were
performed in balanced order.

Thermoneutral conditions (N). The subjects were dressed in shorts and t
shirt and sat quietly in a 25°C, 60% relative humidi1y (RH) climatic chamber for
60 min prior to the immersion of the hands.

Hypothennic conditions (C). The subjects, wearing swimming gear, were
cooled in a 15°C cold water bath for a maximum time of about 3 h until the
esophageal temperature reached 35.5°C. Thereafter, they were transferred to a
cold (10°C, 60% RH) climatic chamber, where the subjects immersed their hands
in the water baths.

Hyperthermic conditions (W). The subjects, wearing shorts only, were
warmed in a 48°C water perfused suit When the esophageal temperature
reached 38.0°C, the hands were immersed in the water, and the temperature of
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the circulating water in the suit was adjusted such that the esophageal tempera
ture was maintained at 38.0°C. The subjects were sitting in a 30°C, 60% RH cli
matic chamber.

In all sessions, the temperature of the ventral side of the distal phalanx of
each finger (Tfi) was continuously mouitored with 40 gauge thermocouples fixed
to the skin with surgical tape. The hunting reaction was quaotified by the miui
mal (Tfi•..,;,J aod maximal finger skin temperature (Tfi-max) during the first CND
phase, time from immersion to Tfi.mm (onset time) aod meao finger temperature
from the 5th to 40th min ofimmersion (TB). The hands were covered by thin sur
gical gloves. The fingers of both haods were immersed to the metacarpopha
laogeal joints in the water baths. Both haods were about at the level ofthe heart
during the immersions.

Thermistor probes continuously measured esophageal temperature (Tes).
Meao skin temperature (1'sk) of the body was determined using the weighed
average of 12 thermistors on the skin.

The axon reflexes were evoked IS aod 30 min after haod immersion by elec
trical stimulation of the ventral part of the distal phalanx of the middle finger
with a train of 16 pulses of I ms at 2 Hz (3). The current through the fingertip
was determined individually in the familiarization run based on the pain rating
aod raoged from IS to 30 rnA. The maximum voltage was set at 300 V. Ag-Ag
CI surface electrodes were placed on the ventral part of the distal phalanx ofthe
middle finger. The reference electrode was placed at the dorsal side of the sec
ond phalanx ofthe same finger.

Perfusion of the finger skin was determined by laser Doppler flowmetry
(perimed 4000) on the middle fingers just beside the stimulation electrode aod
the little fingers ofboth haods. The finger skin perfusion reaction to the electri
cal stimulation was quaotified by the baseline finger skin perfusion for a period
of I min prior to stimulation (Fb""'), the maximal finger skin perfusion observed
during a 10 s period after stiroulation (Fmax) aod the duration ofthe axon reflex.

RESULTS

The body temperatures were significaotly different between hyperthermia
(T",: 38.0 ± O.loC; 1'sk: 37.9 ± 0.7°C), thermoneutrality (Tes: 36.8 ± 0.2°C;
1'",: 31.8 ± 0.7°C) aod bypothermia. (T",: 36.1 ± 0.8°C; 1'sk: 21.2 ± 1.9°C).

Table 1. Hunting parameters I for the cold waler iromersed hand.

T..... eC)
T&-max(OC)

T, (DC)
Onset time (min)

Hypothennia
(C)

5.4±02
8.3 ±1.7
6.8 ± 12

13.0 ±3.8

Thermoneutralil;y
(N)

69 ± 1.4
1l.0±3.2
8.1 ± 1.7
7.2 ±2.2

Hyperthermia
(W)

139±32
20.9 ±2.l
16.5 ±2.3

IValues averaged over all subjects andshown as means ±SD. Differences" between'
C, N, aod W are significantfor all parameters (P < 0.05)
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Table 1 shows fue hunting parameters as measured in fue cold hand for each
experimental condition averaged over fue subjects. Tfi, Tfi-min and Tfi.m", are
higher for fue N fuan for fue C condition. In fue W condition, fue finger skin
temperature continuously stayed at a high level. Therefore, fue onset time could
not be determined in fue W condition. In fue C condition, fue onset time was sig
nificantly prolonged as compared wifu fue N condition.

In fue warm hand, axon reflexes were clearly visible from fue significant
increase in skin perfusion after fue electrical srimulation. No increase in skin
perfusion was seen in fue cold hand. Table 2 shows fue resu.Jts averaged over
bofu. stimulations (minntes 15 and 30) and all subjects.

Table 2. Ski~ perfusion' in the middle finger tip of the cold and warm hand,
measured before and after electrical stimulation.

Hypothermia Thermoneutrality Hyperthennia
(C) (N) (W)

Hand F1NJs~ F.~ Foose FltUX Fbase Fm{JX
Cold 19±16 18± IS 59±45 55±43 131 ± 54 122±56
Warm 57±32 109 ±69 136 ±48 276±81 231 ±75 276±59

lValues shown are means, in perfusion units ±SD. Differences between C, N and W
are significant for all parameters (f' < 0.05), except between N and Wforthe warm
hand. F_ is higher than F..~ for C and N of the w arm hand.

The mean duration offue axon reflex was shortest during condition C (68 ±
79 s), followed by conditionsN (154±95 s) and W (199 ± 152 s). Painwasmore
pronounced in fue warm hand. .

DISCUSSION

In fue cold hand, a normal ClVD pattern was found, which was dependent
on fue fuermal status offue body. In fuat same hand, no increase in skin perfu
sion was found after electrical stimulation. If an axon reflex is fue origin of
ClVD, as hypofuesized, it is remarkable fuat electrical stimulation did not cause
an increase in skin perfusion. The afferent impulses from fue cold fibers in fue
skin, which are supposed to trigger fue axon reflex, may have an increased neu
rogenic drive as compared with fue afferent impulses from fue local electrical
stimulation.Increasing fue electrical stimulation parameters further, however, is
unetlUcal, because on average, fue subjects already qualified the pain as "painful"
after stimulation. Moreover, the same stimulation parameters were strong
enough to cause unambiguous axon reflexes in the warm hand.

Hornyak et al. (3) found a reduced (electrically evoked) axon reflex when
the body core was cold. In our study, the axon reflex in fue warm hand was
shorter when the body core was colder. In hyperthermia fue axon reflex was
reduced in magnitude.
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Some differences exist between an electrically evoked axon reflex and the
axon reflex held responsible for CIVD. Electrically evoked axon reflexes are
associated with a 'sharp pain, which is different from the "numb" pain, which is
experienced during local cold exposure of the fingers. However, in both cases
the nociceptive C fibers are involved, and the mechanism is identical. Therefore,
our results are not in line with the hypothesis that an axon reflex is the origin
ofCND.

CONCLUSIONS

CND occurred in all experimental conditions in the cold hand and was depen
dent on the thermal state of the body. Electrical sthnulation of the middle finger
led to an increase in skin perfusion of the warm hand and no change in the cold
hand This indicates that the axon reflex is not a likely explanation for CIVD.
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INTRODUCTION

Gender differences in the metabolic response to cold stress have been report
ed. McArdle et a1 (1) fuund that women exhibited a lower thermosensitivity of
metabolic heat production than men during rest in cold water immersion.
Graham et al. (2) observed that women demonstrated a reduced thermal respon
siveness during 5°C air exposure; this alteration was unrelated to differences in
body composition or size. In contrast, Mannino and Kaufman (3) found a greater
responsiveness to cold in women who were similar io body composition to the
men studied.

The role of the reproductive hormones on thermoregulation'io women has
been well documented (4). Estrogens may also iofluence hormones iovolved io
substrate metabolism (5) or those that could affect the thermogenic response to
cold. Thus, we investigated whether the differences io thermal responses to cold
between men and women are linked to the potential menstrual cycle alterations
in thermogenic hormones.

MATERJAL AND METHODS

Seven men (21 ± 3 yrs; 1.88 ± 0.11 m2; 10.0 ± 3.0 %fat; 'IT""""" 47.4 ± 5.7
ml'kg"mirr') and 3 women{31 ± 10 yrs; 1.70 ± 0.13 m'; 23.1 ±2.9% fat; V"""""
46.6 ± 3.2 ml'kg"mio") volunteered for the study. Women were eumenorrheic
and were not using oral contraceptives. Menstrual status was confirmed by
assessment of serum estradiol and progesterone.

Trials were conducted between April and mid-November to elimioate
effects of cold acclimatization. Following a 30-mio baselioe period (T, = 25 ±
0.5°C, RH = 55 ± 2%) snbjects rested in an envirorunental chamber at 5°C and
40% RH for 60 min. Women were evaluated during follicular (FOL, days 1-8)
and luteal (LUT, days 19-24) phases of the menstrual cycle. Blood was collect
ed immediately before and after the cold exposure from an antecubital vein. Heat
production (lIP) was determined indirectly from V02 and respiratory exchange
ratio (RER). Core temperature was measured withio the esophagus (T,,). Plasma
norepinephrine (NOREPl) and epinephrine (EPI) were determined by high- pres
sure liquid chromatography (HPLC) (6). Total thyroxioe (tT4), free triiodothy
ronine (fT3) and free thyroxioe (fT4) were measured by radioimmunoassay as
described previously (7).

15



Data for plasma hormones, T"" and HP were analyzed for effects ofgender,
menstrual phase and time using a repeated measures ANOVA procedure.
Significance was set a priori at P < 0.05. Standard contrast procedures were used
to evaluate significant main effects.

RESULTS

Responses (mean ± SE) for T" and HP during the trials are shown in figure
I below. These responses were similar between the men and women, although

I
"...
~
'i
g> - Women Follicular
~ -.- Women Luteal
~ -~. Men
~ 36'••0l,...~:;:::;::::;::::::;::::;::::;::::;:

-25 -15 -5 5 15 25 35 45 55

T1lIle (min)

Figure 1. Esophageal temperature and heat production during trials

LUT Tes at baseline was 0.2 to O.3°C higher compared with T", during the FOL
trial or T" for the men. HP in the cold tended to be higher in the men compared
with both POL and LUT, although these differences were not statistically signif
icant. Values for plasma catecholamines and thyroid hormones are shown in
Table 1.

Table 1. Values for Plasma Catecholamines and Thyroid Hormones

Group Time NOREPI EPI tT4 fT4t fT3t
(pg.m!'l) (pgmr l

) (J.lg.dr l
) (ngdrI

) (pgmrl)

Men omin 245 ±23 25.4 ±4.7 5.2 ±0.2 2.6 ±0.2 2.8 ± 0.1
60 min 1324 ±166· 56.5 ± 14.6 5.6 ±0.3· 2.6 ± 0.1 3.3 ± 0.3·

Women omin 262 ±81 13.6 ± 9.2 5.1 ±0.1 2.2 ± 0.1 2.0 ± 0.1
POL 60 min 1448 ±61· 16.4 ± 120 5.8 +0.1· 2.3 ± 0.1· 2.5 + 0.3·

Women omin 272 ±75 13.4 ± 5.1 5.4 ±0.3 2.3 ± 0.1 2.3 ± 0.2
LUT 60 min 1132 +415· 26.8 + 7.1 6.5 +0.3· 2.6 + 0.1· 2.6 + 0.4·

• P < 0.05 vs min 0; t P < 0.05, men vs. women.

NOREPl, but not EPI, was significantly increased by the cold exposure.
Neither baseline values nor cold values were influenced by gender or menstrual
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cycle phase. Total T4 responses were also similar between groups and were ele
vated by fue 60 min of rest in fue cold. At baseline, men had higher plasma val
ues for IT4 and fT3 when compared wifu fue women (FOL and LUT). During
fue cold IT3 increased in all groups, whereas, only fue women exhibited a sig
nificant increase in IT4, No menstrual-phase differences were noted fur any hor
monal response.

DISCUSSION

This stUdy investigated fue effects of menstrual cycle phase and gender on
fue metabolic and hormonal responses to cold in healfuy, young men and
women, matched for aerobic fitness. Our findings in fue small number of sub
jects stndied indicated fuat resting exposure in 5°C induced similar cate
cholamine, lIP and T" responses in men and women, regardless of menstrual
cycle phase. Men had higher IT3 and IT4 values at baseline, and fue increase in
IT4 during fue cold was elevated only in the women, wifuout an effect ofmen
strual cycle phase. The reason for fuese differences is unclear. The higher IT3
and IT4 values in men at baseline were not accompanied by a higher heat pro
duction. Alfuougb ofuers have reported similar catecholamine responses to cold
in men and women (8), 1his stndy is fue first to compare ,fuyroid hormone
responses between genders and menstrual cycle phases.

CONCLUSIONS

Although gender differences in IT4 and IT3 require further,stndy, fuesedif
ferences did not alter cold metabolism in similarly trained men and women.
Menstrual cycle pbase did not alter resting metabolic responses during 60 min
exposure in 5°C air. '
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INTRODUCTION

During exercise in cold weather the entire body including the respiratory
tract are exposed to low temperatures. In a cold environment, the skin blood ves
sels ofthe bands constrict, and the inhalation ofcold, dry air may produce bron
choconstriction in subjects with asthma. Berk et aJ. (I) have hypothesized an
association between skin and airway reactivity to cold and suggest that a com
mon mechanism may underlie the obstructive response to thermal stimulation of
these two organs.

During exercise, the cutaneous circulation is subject to competing ther
moregulatory and nonthermoregulatory reflexes (2). Compared to exercise in the
heat, when both the skin and muscle demands for blood flow are high, the
demand for skin blood flow is relatively low during exercise in a cold environ
ment (3). The initiation of exercise also causes a reduction in skin blood flow
because of an elevated vasodilator threshold (4,5), and finger skin temperature
typically falls. The heat balance of the hands relies to a great extent upon heat
input by warm blood from the body core and, following an exercise-induced rise
in body core temperature, finger temperature may also rise (6).

The objective of this study was to investigate the effects ofbreathing warm
versus cold air duriog exercise at _15°C on thermoregulatory vasoactivity in the
fingers.

MATERIALS AND METHODS

Eleven healthy male athletes participated in the study. Their average age,
weight, height and maximal oxygen uptake ev~) were 23.5 ± 5.4 years, 78.6
± 7.8 kg, 185.7 ± 3.2 em and 61.3 ± 4.6 ml'kg"'mlrr', respectively. The local
Ethical Review Committee approved the experimental procedures.

The subjects were tested while runniog on a treadmill (Challenger) at a 60

uphill gradient in a climatic chamber, the room temperature being maintained at
_15°C (± 1.soC) and wind velocity at 1.5 m.sec-1. They were randomly assigued
to conditions of inhalation of moderately cold (2°C) or warm (25°C) air imme
diately after entering the climatic chamber.

The subjects rested for 20 min at an ambient temperature of 23°C prior to
the tests. Five min after entering the climatic chamber, they started on the exper
imental protocol, which consisted of a warming-up period of20 min at an exer
cise intensity of about 50% VOl..., followed by periods in which the intensity of
exercise was increased by I kIn'h'! every 5 min over 4 different speeds, repre
senting exercise intensities ofabout 60 to 90% Vo,~ (7).
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The middle fingertip temperature (Ttip) and rectal temperature (Tre) were
measured with a YSI thermistor (± 0.15°C) every minute during the tests.
Temperature data analyses were carried out for the first 25 min of the tests
because small differences in the time schedule occurred after the warming-up
period. Mean finger skin temperature (fr_) was calculated after the warming-up
periods as the mean of the measurements made every minute between 0 and 25
min. The threshold for finger vasodilatation was defined as the point in time at
which finger skin temperature rose at least O.5°C per min (TfR, time to rise). For
those individuals who did not show any dilatation during the warm-up period,
minute 25 Was defined as the threshold. Expired minute ventilation (VE), oxygen
uptake <V=) and heart rate were measured continuously during the tests by
means of a Jaeger Ergo-Oxyscreen and a Polar Sport Tester heart rate recorder
respectively. A paired t-test was used to compare differences in response
between cold and warm air breathing ofthe TTR and f,_.

RESULTS

During the last 5 min ofthe 2 resting periods at 23°C, Ttip stabilized at 35.0
± 0.7°C and 35.2 ± O.5°C (Figure 1). After entering the climatic chamber, equal
decreases in Ttip occurred, independent of whether cold or warm air was being
breathed (Figure 1). When the warming-up period started 5 min later, heart rate
increased to 129 ± 14 bpm and 128 ± 10 bpm with cold and warm air, respec
tively, and at the same time, VE increased to 66.3 ± 7.5 and 65.4 ± 7.0 l'min"
under the 2 conditions. Tre increased 0.5 ± 0.2°C (cold air) and 0.6 ± 0.2°C
(warm air) (n = 6) during the 20-min warming-up period. However, during the
initial phase of the warming-up period Ttip continued to fall in both conditions.
Finger vasodilatation occurred significantly later when breathing cold than when
breathing warm air (Table l/Figure 1).

Table 1. Finger skintemper~ Time to Rise (TIR) and mean finger skin
lemperature ( T,.",) during exerciseat _15°Ct

Breathing cold air(Zoq

TTR Z03±4.8min"

Trn.~(0-25 min) 28.7 ± 2.4°C"

Breathing warm air (Z5°q

17.6± 5.1 min

30.1± 22°C

tValuessbowoaremean± SD. n-11.
"Significant difference between breathing air temperature conditions, P < 0.0 5.

DISCUSSION

At the onset of exercise 5 min after entering the climatic chamber, Tfms"

continued to fall under both experimental conditions. This vasoconstriction may
be explained by an increase in heat loss due to increased cold and wind exposure
associated with arm movement during exercise. Reduced skin blood flow caused
by the onset of exercise itself has also been demonstrated under normothermic
conditions (2,8).
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Figure 1. Finger skin temperature response before and during exercise at
-15'C when breathing cold and warm air (mean ± SD, n = II)

10 the present study, Ttip suddenly increased during the warming-up period
under both experimental conditions, but a significantly longer time to rise for T tip

was measured when cold air was inspired. During exercise in a cold environ
ment, the vasodilatory temperature threshold is high (3) and increased finger
blood flow is entirely due to release of vasoconstrictor tone (8,9). Since finger
temperature depends largely on the fingers' supply ofwarin arterial blood, Ttip

may rise following an exercise-induced rise in body core temperature (6).
However, because the exercise intensity in this study was the same under both
expetimental conditions, the different result is explained by the additional heat
supply provided by warm air. These experiments demonstrate that breathing a
certain amount of warm air causes a thermal input to the thermoregulatory cen
ter, which results in an earlier vasodilator response in the fmger than during cold
air inhalation. The earlier onset of the rise in finger skin temperature when
breathing warm air also explains the significantly higher Tr....during the frrst 25
min ofthe test.

CONCLUSIONS
The observed differences in threshold values for peripheral vasodilatation
between cold- and warm-air breathing conditions may be explained by differ
ences in thermal input tu the thermoregulatory center from the respiratory tract.
A correlation between skin and airway thermal sensitivity has previously been
demonstrated (I). The increased airway reactivity to cold in asthmatics may be
partly explained by an enhanced thermal sensitivity upon cold stimulation. We
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might, therefore, expect that breathing cold air during exercise at low tempera
tures would lead to a more pronounced delay in vasodilatation in asthmatics than
in healthy athIetes.
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INTRODUCTION

There are over 3,800 cold storage facilities in Japan, and 80% of them are
kept at temperatures between _20°C and -30°C. The artificial severe cold envi
ronment may have adverse effects on manual performance, and medical prob
lems have been reported in workers in these facilities (I). Since work in cold
environments may have adverse effects on health and performance, simulated
experiments of cold storage operations have been conducted in severallaborato
ries (2). In addition, there have been several surveys under field conditions (3).
In Japan, workers in frozen-fish cold storage facilities must perform night work
in order to deliver the prodncts to markets that open early in the morning.
However, limited research has been conducted on the effects of repeated severe
cold exPosures at·night. The purpose of this study was to evaluate physiological
reactions and manual task performance during exposure to severe cold (-25°C)
at night (3:00 to 5:00 AM) and in the afternoon (3:00 to 5:00 PM), respectively.

METHODS

The subjects were 13 healthy male student volunteers. Their mean age,
height and body weight were 20.3 years, 170.4 em and 64.6 kg, respectively.

. They wore trnuks, long underpants, a long-sleeved sweatshirt, socks, cold-pro
tective trousers, a cold-protective jacket, a pair of gloves and a hood. The total
clothing weight was 3.26 kg, and the tolal insulation value estimated from this
weight was about 2.3 clo. In addition, they wore cold-protective boots (1.5 °C).
The SUbjects remained in a severely cold room (-25°C) for 20 min, then moved
into a cool room (10°C) for 20 min. This pattern was repeated 3 times. This pat
tern was designed the same as in our previous experiment (4). The subjects
remained seated during the experiments except when changing rooms. The
experiments were started at 3:00 PM or 3:00 AM, and each experimeut was per
formed under either the repeated cold exposure or no cold exposure (Control).
Rectal and skin temperatures at 12 points (forehead, cheek, chest, abdomen,
back, forearm, hand, thigh, leg, foot, second finger and second toe)on the sub
jects were measured continuously during the exPeriments. Blood pressure was
measured, and thermal, pain and comfort sensations were ascertained from the
subjects before and after transfer from each room. The counting task was con
ducted as fast as possible for 15 s with a manual counter (5). The data were ana
lyzed using analysis of variance (ANOVA). When appropriate, comparisons of
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means were performed using the Student's paired t-test A probability ofless than
0.05 was considered significant

RESULTS

Mean±SE
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Figure 1. Changes in rectal temperature with
repeated cold exposure.

Figure I shows the
time course ofthe aver
age fall in rectal tem
perature (Tre) in the
afternoon and at night
T" fell due to repeated
exposure to severe cold
and cool environments.
The decreases in T,e at
night were significantly
greater than those in the
afternoon, except after
110 min of the experi
ment. At the end of the
experiment, T" had
decreased by 0.68°C on

average at night and 0.55°C in the afternoon. The mean skin temperature
decreased in the severe-cold room and increased in the cool room, but there were
no significant differences between the afternoon and night.

120100

Cold

Mean±SE

Oajlemoon I
emght

-Cold-
4020

Cold-
60 80

Time (min.)
Figure 2. Changes in finger skin temperature
with repeated cold exposure.
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Figure 2 shows the
time course of average
changes in finger skin
temperature (Tr) in the
afternoon and at night.
Tr markedly decreased
due to cold exposures
and rewarmed rapidly
in the cool environ
ment. Although Tr in
creased slightly in the
cool environments, it
decreased gradually
following repeated cold
exposures. The decreas
es in Tr in the afternoon
were significantly great
er than those at night.

At the end of the first cold period, average Tr in the afternoon and at night was
13.19°C and 16.74°C, respectively.

The variation in the toe skin temperature (T,) was considerably smaller than
that in Tr. T, decreased gradually following repeated cold exposures in the after-
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noon and at night. From the beginniog to the end of the experiment, T, at night
was sigoificantly higher than in the afternoon. The maximal average difference
in T, between the afternoon and night was 5.51°C during the second cold period.

Systolic and diastolic blood pressure increased in the cold room, decreased
in the cool room and increased graduaUy with time foUowing repeated cold
exposures. After the second cold exposure, the average diastolic blood pressure
at night was higher than that in the afternoon, but there were no significant dif
ferences between the afternoon and night regarding the average systolic blood
pressure.

Counting performances decreased with repeated cold exposures in the after
noon and at night, respectively. From the beginning to the end of the first cold
exposure, the ave!"ge falls in these values in the afternoon were significantly
higher than those at night.

Figure 3. Changes in thermal sensation with repeated
cold exposure.

Means of the ther
mal hand sensation in
the afternoon and at
night are presented in
Figure 3. Thermal hand
sensation in the after
noon was .significantly
more severe than that at
night after 52min and 72
min of the experiment.
Pain sensation ofthe fin
ger in the afternoon also
was more severe 'than
that at night, but there
were no significant dif
ferences between the
afternoon and the night
in comfort sensation.
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DISCUSSION

At the beginniog of the experiment, rectal temperatures in the afternoon
were significantly higher than at night due to the subject's circadian rhytlun.
AdditionaUy, the faU in Tre during cold exposures at night was significantly
greater than that in the afternoon (Figure I). It was shown that a severe decrease
in Tre occurred when the human body was exposed to cold at night. Although
there were no significant differences in mean skin temperature between the after
noon and night, and Tr and T, at night were significantly higher (Figure 2). These
higher skin temperatures on the peripheral parts of the body suggest increased
rates ofheat loss in these areas. This fmding may explain why the subjects tend
ed not to feel thermal and pain sensations of the peripheral portions to as great a
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degree at night (Figure 3). These phenomena may lead to an increase in the risk
of hypothermia. In addition to decreased core body temperature, a decline.in
manual performance affects the safety and efficiency ofworking at night

CONCLUSIONS

The subjects' peripheral skin temperatures were higher at night than in the
afternoon. Subjects felt diminished thermal and pain sensations in the peripheral
portions of the body. However, rectal temperature and manual delcterity
decreased remarkably at night. These findings suggest that there is an increased
risk both ofhypothennia and ofaccident for those working at night.
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INTRODUCTION

In mild-to-moderate hypothermia, a condition in which victims shiver vig
orously, the noninvasive application of exogenous heat inhibits this endogenous
heat production, usually providing no advantage for minimizing afterdrop ofcore
temperature (T'0) or augmenting subsequent rewarming rate. Vanggaard and
Gjerlof(1) have proposed a simple rewarming technique that supplies exogenous
heat by immersing hands, forearms, feet and lower legs in 44 to 45°C water.

Two previous stodies have concluded that this method is ineffective (2,3).
However, these results are likely due to discrepancies between the originally pro
posed procedure and the actual study protocols used. In both studies, water tem
perature was only 42°C, and the heat exchange area was confined to either the
hands and forearms only (3) or hands and feet only (2). It is also noteworthy that
subjects were only cooled to rectal temperatores of about 36.3°C.

The aim of the present work is to evaluate the efficiency of rewarming the
blood returning centrally via the superficial veins ofthe bands, forearms, feet and
calves following the procedure, as it was originally proposed by Vanggaard and
Gjerloff (1). We hypothesized that compared to shivering-only conditions,
extremity warming would effectively attenuate the post-cooling afterdrop and
enhance subsequent core rewarming--the effect being proportional to the tem
peratore difference between core temperature and of the rewarming water. We
also expected extremity rewarming to inhibit shivering heat production with lit
tle or no adverse cardiovascnlar effects.

METHODS

Six subjects (l female) (mean± SD: age=27 ± 8 yrs; height = 178 ± 11 cm;
weight = 71 ± 12 kg) were stodied after giving informed consent to an ethically
approved protocol. Core temperature was monitored at the esophagus (Tos), aural
canal (Tao) and rectom (Tre). Electrocardiogram (ECG) and heart rate (HR) were
monitored continuously and blood pressure was monitored at 5-min intervals
with an automated blood pressure cuff. Metabolic and respiratory parameters
were monitored at 30-s intervals. Cutaneous heat flux and temperature were mea
sured from 4 sites on the distal limbs: hand, forearm, calf and foot.

Each subj ect was dressed in a bathing suit and cooled on 3 occasions, in 8°C
water, to aTe> of 34.3 ± 1 (± SD)OC. Each subject was then rewarmed by 1 of3
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techniques following a balanced desigo: shivering only; immersion of hands,
forearms, feet and lower legs in 42°C water; or immersion of hands, forearms,
feet and lower legs in 45°C water. During the shivering protocol, subjects were
towel dried and placed in a vapor barrier bag within a sleeping bag. For the warm
water immersion protocols, subjects were transferred, via the hoist, to a separate
water tank and placed on a seat just above water level. They then leaned forward
with their head resting on a support such that their legs and arms were immersed
up to the knees and elbows. Treatment continued until either Tes increased to
37.0oe or 90 min had elapsed. Tes did not reach 37°C within 90 min in any ofthe
shivering-only trials. During both 42 and 45°C extremity rewarming protocols,
subjects were removed from the warm water when Tes reached 37°C and sat
motionless covered by a cotton blanket for 30 more min.

A:fterdrop (the difference between Tes on exit from cold water and its nadir),
length of the afterdrop period and the maximum rate of rewarming were com
pared with repeated measures ANOVA. P < 0.05 = significance.

RESULTS

Core temperature changes: The mean length ofthe immersion period was 61
± 5 min, and the Tes at the exit from cold water was 34.3 ± O.goC. The afterdrop
in Teo was decreased by both 42°C and 45°C water immersion (004 ± 0.2°C)
compared to shivering (0.6 ± Oo4'C). The rate of rewarming was sigoificantly
greater with 45°C water immersion (9.9 ± 3°e'h") than both 42°C water immer
sion (6.1 ± 10C'h") and shivering (3.4 ± 2°C·h·'). Post-cooling, it took longer to
initiate an increase in Tco with 42°C water immersion (179 ± 6 min) compared
to 45°C water immersion (11.4 ± 2 min). It is Iil<:ely that 42°C water took longer
to open the peripheral arteriovenous anastomoses. Thus, the length of the after
drop period was shorter during the 45'e water condition (14.3 ± 4 min) than dur
ing 42°C water immersion (21.2 ± g min).

In both extremity immersion protocols, Tes continuously rose at a constant
rate until the extremities were removed from the warm water at a Tes of 37°C.
This took -22 min in 45°C extremity immersion and -34 min in 42°C extremity
immersion. During the shivering-onlY protocol, the rate ofrewarming gradually
decreased as Tes rose and metabolic rate decreased. Te, did not reach 37°C with
in 90 min in any of the shivering-only trials.

After the warm water extremity immersion, the rapid increase in deep body
temperatore (T"" and T.,) was followed by a drop (_1°C) in temperature, indi
cating an equilibration of temperatures within the different body compartments
mediated to the central circulating blood volume. This phenomenon was most
pronounced in Tes, less in the Tae and not in Tre•

Cardiovascular cllanges: No objective or subjective signs ofcirculatory fail
ure were observed during extremity rewarming, neither when hoisting the body
out ofthe cooling bath nor during the rewarming period. HR and blood pressure
changes were within the normal range.
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DISCUSSION

The proposed advantages ofiliis method are twofold. First, warming of the
distal extremities opens the arteriovenous anastomoses (AVAs) in the fingers
and toes. Second, this greatly increases the venous return to the heart via super
ficial veins in the 'forearms and lower legs. The AVAs are located ahnost exclu
sively in the distal parts ofthe extremities, most abundant in fmgers and toes (4).
The AVA organ is placed in the skin at a depth of about 1 mm from the skin sur
face. The AVAs convey warm arterial blood to the snperficial venous rete. This
phenomenon creates a large heat exchange area, which can be used to deliver
heat to the core when these areas are immersed in very warm water. In these
experiments where sUbjects were cooled down to a deep body temperatore of
_34°C, the opening ofthe peripheral circulation through the AVAs did not result
in adverse circulatory responses.

One iroportant consideration for this protocol is the possibility ofburn injury
to skin exposed to warm water. In the stodies of Cahill et al. (3), exposure of the
extremities to 45°C water was reported as extremely uncomfortable (too hot), thus
necessitating the use of 42°C for rewanning. In the present study, subjects were
allowed to immerse their extremities slowly with times ranging from 1 to 10 min.
Any discomfort subsided after 10 to 15 min. In none ofthe subjects were there any
seqnelae to the exposure. The hyperemia of the exposed skin persisted for some
hours, but there were no indications of aoy later untoward effects of the exposure.
Therefore, in order to decrease initial discomfort and prevent burns, it may be
advantageous to siart with 42°C and gradually increase to a maximum of44°C.

This method has been adopted by the Royal Danish Navy and included in
the Danish Ship Captains Guide as a field method of rewarming in mild to mod
erate hypothermia. It is iroportant to note that care must be taken not to burn the
skin; therefore, for safety reasons, water should be no warmer than 44°C.
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INTRODUCTION

Field care ofthe cold patient can be divided into two phases: (1) rescue/non
vehicular transport and (2) vehicular transport, During lhe first phase, lhere are
limited rewarming methods as exogenous heat can only be delivered by heat
pacs, human bodies, warm water bottles or if available, inhalation of heated
humidified air. The possible heat sources during vehicular transport, however,
may be more numerous if the rescue/transport vehicles have sufficient power.

One warming therapy lhat has been recently developed in lhe last decade is
forced-air warming. This me1hod was used to warm vigorously shivering
hypolhermic subjects. Compared with shivering only, forced-air warming
decreased lhe post-cooling afterdrop by 30% allhough lhe rewarming rate was
unchanged (3). In a clinical study, however, forced-air warming has been shown
to ahnost double lhe rewarming rate in emergeocy department care of moderate
Iy-to-severely hypothermic patients who were likely not shivering (4). We have
since used a more powerful prototype of a forced-air warmer in shivering sub
jects and demonstrated no advantage, compared wilh shivering, for prevention of
post-cooling afterdrop but a significant increase in rewarming rate from 3.4 to
5.8°Ch·! (5).

We have recently developed a human model for severe hypolhermia where
inhibiting shivering with meperidine (up to 2.5 mg'kg') considerably increases
core temperature afterdrop, and lhe core does not rewarm spontaneously for up
to 3.5 h (6). Using lhis model, we have shown lhat forced-air warming decreas
es lhe post-cooling afterdrop by ahnost 50% and produces a six-fold increase in
lhe subsequent rewarming rate (7). Based on lhis data we have proposed lhe
development of a forced-air warming system lhat could be used during emer
gency transport of cold subjects in lhe air (airplanes, helicopters), at sea (coast
guard cutters, ships) or on land (ambulances, etc.).

We lherefore felt lhat an appropriate system would include an existing com
mercial heating unit combined with a new forced-air cover lhat would include
lhe following criteria: rigidity to prevent collapse; compactuess for storage; abil
ity to be rapidly assembled; ofrelative inexpeose and lhe ability to accept a heat
ing hose from existing heating units. The goal would be for lhe new cover to pro
vide at least as much heat to lhe skin as lhe existing soft blanket covers.
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Portable Rigid Forced-Air Cover iPORlFAC)

The prototype is made out of corrugated plastic (CORPLAS1) and neo
prene. The one-piece unit is constructed so that it can be collapsed by folding the
side and end panels over each other. When folded, the unit is very flat for easy
storage (3 em x 103 em x 40 em). The unit unfolds to dimensions of30 em x 93
em x 62 em to fit over the patient's torso and upper legs. Neoprene collars at each
end create a snug seal around the head and legs. Structoral integrity ofthe unit is
maintained by fastening the end and side panels together with Velcro™ strips.
The rigid cover has holes (5.5 em diameter) cut in the head end and above the
abdomen to provide two options for attaching the hose from the heating unit; the
hole not used for heat input is covered. One other similar-sized hole is placed in
the head end to allow continuous airflow over the skin in order to maximize con
vective heat transfer. Two designs were tested; crosssectionally the comers were
either square or tapered.

METHODS

On one occasion, 5 healthy normothermic subjects (4 males, I female), age
29.8 ± 7 years, weighing 78 ± I3 kg and 177 ± 8 em tall were instnunented
according to our standard practices (6) for continuous measurements ofskin tem
peratore and heat flux (loss) at 7 sites for calculation ofaverage skin temperatore
(T,0 and total heat flux. Also, air temperatore was measured at the input site and
I em above each skin site to calculate heat transfer coefficients (in
W'm"'°c-') for the total system (HTCTob! Sy"om) and at the skin level (lITCAt sm.),
respectively.

The Bair Hugger 505 heating unit (Augnstine Med Inc.) was used with both
the PORIFAC and the regular commercial warming blanket (Model 300 Full
Body Blanket; Augustine Med Inc.) to compare the heat transfer capability of
these covers. In a single study, a balanced design was used to warm subjects dur
ing five IS-min periods of warming with the same heater/blower used with the
following "cover/beat input location" conditions: soft blanket/foot end, rigid
tapered cover/abdomen, rigid tapered cover/head end, rigid square cover/
abdomen and rigid square coverlhead end. Between each heating period, electric
fans were used to-return skin temperatore and total heat flux to baseline values
(-15 min). Core temperatore was not measured during these studies as subjects
were normothermic, and the emphasis was on measurement of heat delivery by
each system.

Repeated measures ANOVA was used to compare group values for each
condition (lX = 0.05). The Fisher PLSD test was used for post-hoc analysis of sig
nificant differences.

RESULTS

The rigid cover, with heat input at the abdotuen, provided similar heat deliv
ery to the standard soft blanket, although the skin temperature under the cover
was significantly higher in this condition (Table I). The heat transfer coefficient,
measured at the skin level, was greater with the standard soft blanket than all
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Table 1. Heat delivety parametersl for five "coverlheat input"' configurations.

Heat
Cover! Flux Tsk TAIRar. BkiB HTCr<lla1Sy~1cm HTCAt SldD

Input Location CW'J (0C) ("C) (W·m·2.OC1) (W·m·2.OC1)

Blanket! 71* 36.8 38.7 65 28*t

.J:~~ ~~!! (O:~! !~:~~_ ~~.!) __ (2:?! .
Rigid Tapered! 67* 37.5* 40.2* 8.8* 23.4*

.~!>.'.~,?~~ (8) ~~.~! !~:~! ~~'7) _..~3.'?) .
Rigid Tapered! 61 37.2 40.0* 6.7 17.7

..J:l~ _ (7) ~O:~L. ..J~:~!.._ ~~·?L Q:?L .
RigidSqnareJ 72* 37.7* 40.4* 9.0* 25.1*

.~!>.'~""~~ Ql!..•....~O:~)._ !~:~! ~~'?) (~'?!.•..._
RigidSquareJ 60 37.1 39.7* 6.6 18.1

Head (15) (0.5) (0.4) (1.6) (2.3)

1 Values shown are means with SD below in parentheses, HTe, heat transfer
coefficient.

* Significantly greater ilian unmarked column values (p<O.05).
t Significantly greater ilian all oilier conditions except tapered/abdomen (P < 0.05).

other configurations except the rigid square cover/abdomen configuration. This
demonstrates the efficient, even distribution of air under the soft blanket.
However, when t\1e HTC was calculated for each total system (i.e., using input
temperature), the highest values Were obtained with the rigid covers with heat
input at the abdomen. This is consistent with a greater concentration ofwarro air
to the upper body area in this condition and less heat loss through the top of the
rigid cover than the soft standard blanket.

DISCUSSION

Clinical and experimental evidence indicates that warming cold patients
during transport is likely beneficial, especially if severe hypothermia inhibits
shivering. In this case, some 1ype of heat may prevent a precipitous drop in core
temperature. The fact that the rigid cover provides as much heat transfer as the
standard blanket indicates that it would be useful to stabilize or increase core
temperature during transport. The rigid cover is not sterile and would not be
appropriate for petioperative use in the hospital, but it would be useful in emer
gency transport of cold patients. The tapered design is sturdier and is, therefore,
recommended. Finally, heat transfer would be even more efficient when in prac
tical use because a well-insulated rescue blanket could be used to encapsulate
and better insulate the patient and rigid cover.
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COMPARISON OF TWO REWARMING TECHNIQUES
WITH A THERMAL WATER MANIKIN

M.B. Ducharme, G. Edwards and J. Frim

Defence and Civil Institute ofEnvironmental Medicine
Toronto, Ontario, Canada, M3M 3B9

INTRODUCTION

Traditionally, the efficiency ofactive surface warming techniques to rewarm
hypothermic victims is evaluated ou mildly hypothermic subjects by comparing
the rate of increase in core temperature. The rewarming rates obtained with this
approach, however, are contaminated by the endogenous heat production of the
subjects, which makes the interpretation of the data difficult. An alternative
method ofevaluating active surface warming systems is with a thermal manikin.
Very few studies, however, have used a manikin to quantify heat gain from a sur
face warming therapy despite the advantages it presents over human testing.
Recently, Lackas et al. (I) compared several forced-air warming therapies by
using a heat flux manikin (2) and concluded that his findings were supported by
a similar study performed on humans (3).

The objective ofthe present study was to use a newly developed water-filled
thermal manikin to compare the efficiency of two different surface warming
approaches: a conductive heat transfer therapy (Heated Water Blanket; HWB)
and a convective heat transfer therapy (Forced-Air Warming; FAW).

MATERIALS AND METHODS

The thermal manikin. Developed at the Defence and Civil Institute of
Environmental Medicine (DCIEM), the water-filled thermal manikin consists of
a full-scale, human-shaped manikin (head and arms excluded; weight of 67 kg;
surface area of 1.5 m2) with a hard shell made of polypropylene having a ther
mal conductivity similar to that ofthe human vasoconstricted skin. The heat gain
by the manikin is measured from the temperature increase of its components as
sensed by 18 inte!"Jlal and 14 external temperature sensors and calculated by the
following equation: Qin - QOUI = Qw",,, + Qcomponon" - Qpnmp, where all Q's are
rates of heat flow (W); Qin and QOUI are rates of heat absorbed and lost by the
manikin, respectively; Qw.tec, Qonmponen" are rates ofheat gained by the water and
the internal components of the manikin during the tests, respectively; and Qpnmp
is the rate of heat geueration by the internal pump while in operation (61.4 W).
The rates were calculated from the temperature changes, weight and specific heat
ofthe different components ofthe manikin over time. Calibration ofthe manikin
with the DClEM Water Calorimeter showed that the measured heat gain by the
manikin was on average within 3% ofthe calorimeter value for a variety ofenvi
ronmental conditions.

Surface warming therapies. The HWB therapy uses a conductive heat trans
fer approach. During this therapy, a cotton blanket (2.1 m long; 1.65 m wide)
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with a series oftygon tubing channels (5 mm outside diameter) sewn on its inner
surface (about 110 channels@m-I) was used (Delta Ternax; Pembroke, Ont,
Canada). During the test, water controlled at 44°C was continuously circulated

inside the channels ofthe blanket with a pump at a rate of I.5 Vmin-'. The water
temperature was chosen to optimize the performaoce of the therapy while mini
mizing the risk of skin burn for a victim. During the test, the maoikin was total
ly enveloped with the blanket aod a down sleeping bag (13 clo insulation) aod
laid on a low density foam pad to optimize the contact between the blanket aod
the maoikin's posterior surface.

The FAW therapy uses a convective heat traosfer approach. During this
therapy, a previously described FAW system was used (4,5). Briefly, it consists
ofa mobile insulatedbox with a nylon-webbing stretcher supported on top where
the maoikin laid. A series of heaters aod fans located over aod under the torso
area of the maoikin maintained the turbulent microenviromnent ofthe system at
about 46°C. The aoterior torso area of the system was covered with a down
sleeping bag (13 clo insulation).

Procedures. The tests consisted of measuring the heat gained aod the time
required to increll!ie the meao temperature of the maoikin from 25 to 37°C by
using the two surface warming therapies. The tests were performed.in a climatic
chamber at three ambient temperatures of 20, 0 and -20°C. Before the test, the
thermal status of the maoikin.was adjusted to 23°C by filling the maoikin with
61 Lofwater at about 23°C and. exposing the maoikin to room temperature
around 23 ± 1°C. The internal pump was then turned on and the temperature of
the 32 sites were continuously recorded. The manikin was considered ready for
the test when the average maoikin temperature, calculated every minute, reached
a value of22.9 ± O.3°C. The maoikin was then transferred to the climatic cham
ber and rapidly positioned into a surface warming therapy within a 2-min period.
This procedure did not significantly affect the mean temperature ofthe maoikin.
The warming therapy was then turned on and left operative until the average
maoikin temperature reached 37°C or a 3-h rewarming period had elapsed, at
which point the test was terminated.

RESULTS

Table I shows the rate ofrewarming aod the rate ofheat gain by the manikin
during the two rewarming therapies at three ambient conditions. On average for
the three ambient conditions, the FAW therapy had a rewarming efficiency 2
times larger (rate of rewarming: (meao ± SD) 6.2 ± 0.2 °C·h·'; rate of heat gain:
375.8 ± 17.8 W)than the HWB therapy (rate ofrewarming: 3.1 ± 0.1 °C·h·'; rate
ofheat gain: 156.1 ± 10.8 W). The efficiency ofthe FAW therapy was about 7%
lower at -20°C ambient condition as compared with the other two conditions.
The efficiency ofthe HWB therapy was more affected by the ambient conditions,
being decreased by 7 and 18% at 0 and -20°C, respectively, as compared with the
20°C condition.
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Table 1. Rate of mean temperature increase* and average rate of heat gain of
the manikin during two surface warming therapies at three ambient

temperatures.

Ambient
Temperature

FAWTherapy HWBTherapy

Rate of Rate of Rate of Rate of
Rewanning ReatGain Rewanning ReatGain

("C·h,I) (W) ("C·h,I) (W)

20"C 6.3 385.9 3.4 181.3
o 'C 6.3 386.3 3.2 168.5

-20'C 5.9 355.2 3.0 149.1

*Rate of temperature increase measured from 25 to 37 "C

DISCUSSION

Two different surface warming approaches were compared in the present
study: a conductive heat transfer therapy using a water circulating blanket
(HWB) and a convective heat transfer therapy using FAW system. The two dif
ferent therapies were set to generate similar microenviromnent temperatures
(44°C for HWB and 46°C for FAW) but were applied to different surface areas
of the body. The HWB therapy covered the torso and legs while the FAW ther
apy was limited to the torso. Despite the advantage for surface coverage, the
HWB therapy had a rewarming rate less than half of the FAW therapy, as mea
sured by the water-filled manikin. The low performance of the HWB therapy is
probably attributed to the limited, closed contact between the skin ofthe manikin
and the heated blanket, despite the care taken to optimize the contact. On the
other hand, the FAW therapy provided a good convection ofwarm air all around
the torso for an optimal performance.

Despite the proper calibration of the water-filled manikin against the
DCIEM Water Calorimeter, one may question the similarity in heat gain between
human and manikin testing for the same rewarming therapy. From the testing
results of the FAW system with human subjects (4), it was calculated that the
heat gained by the subjects from the FAW system (heat from FAW = total heat
from tissue temperature increase [heat from metabolism--heat loss]) increased
the body tissue temperature by an average rate of 4.8°C·h-'. From the manikin
testing, it was measured that the FAW therapy, when used under similar testing
conditions, increased the average manikin temperature by 4.5°C·h-1, ouly a 6%
deviation from the human results.

CONCLUSION

The results suggest that a thermal water manikin could be a valid tool to
evaluate the efficiency of surface warming therapies for victims ofhypothermia.
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DEHYDRATION AND REHYDRATION OF COAL MINERS
DURING WORK AT HOT WORKING PLACES
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INTRODUCTION

In German hard-coal mining, the mining depth has increased to a current
mean of 970 m. With our fully mechanized coal extraction, a great amount of
electrical power is utilized. Additionally, a considerable volume of water has to
be sprayed when cutting coal and rock to prevent the development of dust. As a
result, many miners are working in warm or hot climatic conditions. Before
descending, the miners may obtain drinks (e.g., fruit tea) from automated supply
stations provided by the employer. In order to improve the advice given to min
ers with respect to drinking behavior, we performed a field study on dehydration
and rehydration.

MATERIALS AND METHODS

Measurements were taken during mining operations, including 85 working
shifts of30 miners (age: 34 ±5 years; body mass: 85 ±12 kg; height: 1.77 ±0.77
m; [mean ±Standard deviation]). Heart rates, as well as body temperatures, were
measured throughout the shifts. Body mass loss and amounts of fluid intake,
food consumption and urine excretion were recorded. Fluid content ofthe ingest
ed food (1) and fluid loss from urine were included into the calculation of sweat
loss. Basic Effective Temperature (BET; [2]) at the different working places var
ied from BET 16°C to BET 33°C. The time spent at the working site was about
5~L' ... ..

RESULTS

Heart rate and body temperatures did not show a significant increase with
climatic stress at the different working places-we assume that the miners adjust
their work intensity according to their perception of strain in order to cope with
heat stress. Sweat loss, as well as amounts of fluid consumed, increased signifi
cantly (p < 5'10-S)with temperature: sweat losses increased from 1.5 kg/shift at
BET 16°C to 4.5 kg/shift at BET 33°C. The data show great interindividual
variation associated with different working tasks, individual physical fitness and
presumably different heat tolerance and habituation to work in the heat.

Figure I gives the sweat loss as a percentage ofbody mass. The mean sweat
loss values were 4.0 ±1.4%. The values exceeded 5% for a number ofshifts. The
maximum value of 9.7% sweat loss was recorded during a shift with hard phys
ical work due to defective machinery.During the shifts, the miners drank 2.0 ±0.7
kg of drinking fluid or 2.4 ±0.8% of body mass. With respect to water balance
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Figure 1. Percentage of sweat loss during sltifts in terms of body
mass as a function of increasing climatic stress.

(i.e., taking into account water uptake with food as well as urine excretion), the
mean dehydration for all the shifts investigated resulted in 1.6 ±0.9% of body
mass; the maximum value recorded amounted to 5.1%.

Figure 2 gives the percen\llge of rehydration compared to sweat loss for
every shift. Around BET 23°C the scattering ofdata points covers a range from
16% to 113%. The observed hyperhydration resulted presumably when the min
ers habitually finished their tea bottles during some shifts. At high climatic
stress, the amount ofrehydration was around 50% to 60% of the lost sweat.

The equipment that the miners have to carry during their way to the work
ing place (clothing, safety boots, filter, self-rescuer, cap lamp with accumulator
and drinking fluid [2.7 ±0.7 kg]) adds up to 13.6 ±3.0 kg.

DISCUSSION

Recently, several authors have reported distiuct effects of dehydration on
performance and on physiological data. Sawka (3) reports increases in body tem
perature of 0.1°C to O.4°C for each percent body mass of dehydration. Surveys
on effects of dehydration and recomme!!dations for replacement of fluid during
physical work and heat stress can be found in references (3) through (7). Losses
of performance are reported for dehydration above 2%.

Whereas the mean net dehydration stays below this limit, a number ofshifts
show values above it. When we asked the miners if they could drink more fluid
during their shifts, some reported that they do not want to carry more drinking
fluid to their working places because ofthe additional mass; others left their tea
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Figure 2. Percentage of rehydration compared to sweat loss dur
ing shifts as a function of increasing climatic stress.

bottles outside the coal face (in a cooler climate), aod therefore had to cover some
distaoce to reach their beverage. This made frequent drinking more difficult.

CONCLUSIONS

Working in places with high climatic stress, a miner may lose, depending
on his physical workload, considerable body fluid by sweating. Therefore, we
encourage the miners to carry a greater aroount ofdrinking fluid with them, com
pared to the arooimt they carry now, aod to frequently drink small aroounts of
fluid during their work, the latter being facilitated by carrying their drioking bot
tles close at haod. Additionally, we refer to the idea ofpreventive drinking (i.e.,
to start drinking even before arriving at the hot working place).

Because the necessary volume of drioking fluid depends on climatic con
ditions (which have a day-to-day variation due to the progress ofmining) aod on
the physical work to be done (the intensity of physical work often depends on
troubles with defective machinery), it would be desirable for the employer to
supply drioking fluids at the work site.
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INTRODUCTION

During this century, more than 20 heat strain indexes were developed (1,2).
However, none are accepted as a universal physiological strain index. The best
known index to use is the Heat Strain Index (HSI) suggested by Belding and
Hatch (3). This index, which related total evaporation required to the evaporative
capacity of the environment is widely accepted, probably because it combines
environmental variables and body activity. However, according to Belding (2)
there were situations in which heat strain was seriously underpredicted or over
predicted by this index, and corrections were necessary for improving the pre
diction of the index for various exposures (4,5).

In 1996, Frank et al. (6) suggested a different approach for evaluation ofheat
stress by introducing the Cumulative Heat Strain Index (CHSI) based on rectal
temperature (Tro) and heari beats (lIB). However, HB is not commonly measured
and therefore causes difficulties in using this index. The purpose ofthis study was
to evaluate a simple physiological strain index (PSI) for hot environments (9).

MATERIALS AND METHODS

The data for this study were obtained from 2 separate studies by Montain et
al. (7,8). In the first study, 7 men wearing full (clo = 1.5) and partial (clo = 1.3)
protecting clothing performed exercise (Yo, -1 L'min") for 180 min in hot/dry
and hot/wet environmental conditions (43°C, 20%RH; 35°C, 50%RH, respec
tively). Evaluation of the index was performed with a 2nd study representing a
database of 9 men who completed a matrix of 9 trials of 50 min each at 3 meta
bolic rates (25, 45 and 65% \70_) while euhydrated and hypohydrated at 3% and
5% of body weight (BWL).

The HSI was calculated as suggested by Belding and Hatch (3), with algo
rithm modifications published by l'andolf et al. (10). The CHSI was calculated
as suggested by Frank et al. (6). The material and methods are presented in
greater detail elsewhere (7,8).

RESULTS

To evaluate heat stress on a universal scale of 0 to 10 and to overcome the
CHSrs limitation of continually getting higher values during rest or recovery
periods, we constructed an index that enabled us to calculate the strain online.
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The index is based on the maximal limits for Tre and heart rate (HR) of 39.5°C
and 180 bpm, respectively. The same weight functions for Tre and HR are
assumed normalized for the initial value of each, resulting in the following
Physiological Strain Index (pSI) (9):

PSI = 5(Tr",-Treo}{39.5-TreO)-1+5<HRt-HRo)·(180-HRoyl
where T"'r and HR, are simultaneous measurements taken at any time.
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Figure 1. Comparison between HR (top), Tre (middle) and PSI (bottom) in

hot-dry and hot-wet climates wearing partial (MOPP I) and full (MOPP IV)
protective clothing. Data obtained from Montain et al. (7).
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PSI differentiated significantly (P < 0.05) between lhe strain at lhe hot/dry
and lhe hot/wet climates, and between lhe full (MOPP IV) and lhe partial (MOPP
I) protective clo1hing configurations (Figure 1). The CHSI and PSI rated lhe
exposures in lhe hot/dry climate condition at higher physiological strain, where
as lhe HSI used in Montain et al. study (7) rated lhe exposures in lhe hot/wet cli
mate condition w(lh higher strain (Table I).

Table \. Ccmparison between PSI, HSI and CHSI applied to Montain et al. (7)
database at 180 min.· ..

Hot/dry
Hot/wet

00
MOPP 1 MOPP IV
3.1 ±0.9 7.2 ± 13
2.3 ± 0.9 4.9± 0.7

HSI CHSI
MOPP 1 MOPP IV MOPP 1 MOPP IV

77±4 I52± 11 362±2I2 15I6±400
85 ±5 161 ± 14 228± 171 843 ±289

The 2nd database to validate PSI was compiled from results obtained during
50 min exposure under 9 combinations ofexercise intensity and hypo- hydration
level. The PSI correctly discriminated between lhe exposures (Table 1) and cat
egorized lhe heat strain in a rank order. Significant values ofPSI were observed
wilh increasing hypohydration level and exercise intensity (P < 0.01).

Table 2 PSI (mean ± SE) applied to Montlin et aI. (8) database at 50 min.

Hypohydration
(%BWL)

o
3
5

25% VO""s .

1.6±0.2
2.2±0.3
3.1±0.3

45% Vo".s

4.3 ±02
5.5 ±OA
6.4 ±0.4

65% V0"...

7.4±0.3
9.1 ±0.9

lO.O±0.9

I
~

DISCUSSION

The PSI described well lhe physiological strain on a universal scale of 0 to
10 and categorized every exposure in proper order. This index, which is based
only on two physiological parameters (HR and Tre), adequately depicts the com
bined strain reflected by lhe cardiovascular and lhe thermoregnlatory systems.

PSI differs from olher indexes lha! are based on HR and Treo The CHSI,
which is also based on Tre and HR, is valid only for subjects exposed for lhe same
duration, without rest or recovery periods. From folloWing the T,e, HR and PSI
dynamics in Figure 1, it can be concluded that lhe HSI failed to rate lhe expo
sures in a hot-dry climate wilh higher strain, probably because subjects were
dressed in protective clolhing.

Most ofthe heat strain indexes are limited in their evaluation since they were
valid only under certain specific conditions. The suggested PSI is a valid index
eilher online or when data analysis is applied. It is a simpler index to interpret
and to use lhan olher indexes available and includes lhe ability to be applied in
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rest or recovety periods. This index has the potential to be widely accepted and
used universally.
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TOTAL AND FREE TRIIODOTHYRONINE LEVELS ARE NOT
ALTERED BY SEVEN DAYS OF ACTIVE HEAT ACCLIMATION

M.J. Buono, J.R. Heaney, C.A. MacKenzie, J.A. Cline and S.A. Leichliter

San Diego State University and the Naval Health Research Center
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INTRODUCTION

It has been suggested that thyroid gland activity in humans is depressed in
the heat (1). This conclusion is based on findings of seasonal (winter vs. sum
mer) changes in basal metabolic rate, protein bound iodine and serum hormone
levels (1,2,3). For example, Gertner et al. (3) reported that total serum tri
iodothyronine (D) levels were significantly decreased by 5 to 10% in the sum
mer vs. the winter.

However, it is generally thought that free T3 is the biologically active com
ponent and that the bound fraction is inert (4). To our knowledge, no study has
examined the response of free T3 to heat acclimation. Furthermore, most sea
sonal studies, by their very nature, measured thyroid responses· several months
apart. Conversely, laboratory-based heat acclimation protocols nsually consist
of only 6 to 10 successive days ofheat exposure. Also, each heat exposure usu
ally lasts 2 hours per day, with the remaining 22 hours per day being spent in a
more temperate environment.

The above 2 issues led us to wonder ifthe D responses reported during sea
sonal acclimatization would be similar with shorter heat exposures. Therefore,
the purpose ofthis study was to examine total and free T3 during a typicallabo
ratory-based heat acclimation protocol.

METHODS AND MATERIALS

The subjects 'for this study were 9 healthy females with a mean age of 24
years. Each subject heat acclimated by exercising at approximately 30% ofmax
imal oxygen uptake for 2 hours per day in an environmental chamber. The exer
cise bouts consisted of treadmill walking at 1.34 m·s·l at a 3% grade or station
ary cycling on a Monark ergometer at 75 W. Both modes of exercise produced
absolute oxygen uptakes of approximately 1.2 L·min·l

• Each subject completed
2 bouts of each mode of exercise, always finishing with treadmill walking. The
chamber maintained the air temperature at 35°C with a relative humidity of75%.
During each heat exposure, cold water was allowed on an ad lib basis. Also, core
temperature was measured using a rectal probe inserted 10 em past the anal
sphincter. Heart rate was measured using a Polar heart watch. Blood was col
lected via venipuncture in the morning (7 AM) prior to the heat exposure on days
I, 3 and 8. Total and free D was measured, in duplicate, using a radioim
munoassay technique (OPC, California, USA). The test-retest reliability of the
total and free T3 assays were 0.96 and 0.95, respectively. Also, the coefficient
of variation was approximately 5% for each assay.
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Dependent variables were statistically analyzed during heat acclimation
using repeated measures ANDYA. Significance was set at the P < 0.05 level.

RESULTS

Figure 1. Mean triiodothyronine prior to heat
exposure on days 1,3, and 8.

Firgure 2. Mean free triiodothyronine prior to
heat exposure on days 1,3, and 8.
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The mean ( SD) end

ing rectal temperature on
day 2, 3 and 7 was 38.9 ±
0.3, 38.8 ± 0.2 and 38.6 ±
0.4°C, respectively. Day 1
values were not presented
because some of the sub
jects could not complete
the 2-hour heat exposure
and thus the values are
low. Mean ending HR for
the same 3 acclimation
days was 157 ± 22, 153 ±
14 and 145 ± 17 bpm,
respectively. Both HR and
core temperature were sig
nificantly reduced during
the 7 days of heat expo
sure, suggesting that our
subjects did successfully
acclimate. This is further
supported by the magni-

'tude of the reductions,
which are consistent with
previous studies. For
example, Shvartz et al. (5)
reported that heat acclima
tion decreased HR by 15
bpm and core temperature
by 0.5OC.

Mean total T3 was
116 ± 21, 116 ± 26 and
112 ± 18 ng'dl" on days I,
3 and 8, respectively.
Mean free T3 was 3.6 ±
0.8,3.3 ±0.7 and3.2± I.l
pg'mJ-1 on days I, 3 and 8,

respectively. Total and free T3 values are presented in Figure I and Figure 2,
respectively. A repeated measures ANDVA showed non-significant changes for
both total and free T3.
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DISCUSSION

The non-significant changes in total and free n found in the current study
were unexpected.. Previously, it has beeu reported that chronic, seasonal heat
exposure caused a significant 5 to 10% reduction in total n (3). Specifically,
metal shop workers in Israel had a total T3 level of 180 ng'dl" during the sum
mer (25 to 32"C) and 200 ng'd\"' in the winter (10 to 17°C). Interestingly, total
T4 levels were higher in the summer vs. the winter. These results were inter
preted to suggest that living in a hot climate reduces the peripheral degradation
of T4 into the metabolically more active n. Further support for such a hypoth
esis was reported by Epstein et ale (6). They found that 1 hour of light exercise
in the heat (35°C, 50% RH) caused a significant 20% reduction in total T3, while
T4 levels were unchanged.

The above 2 studies (3,6) suggest that both chronic heat exposure and short
term (1 hour) exercise in the heat can decrease total n levels. Therefore, it
seemed logical to hypothesize tllat similar responses would occur during a typi
cal laboratory-based heat acclimation protocol. Such results, however, were not
found in the current study.

Possibly the interval nature of most laboratory-based heat acclimation
programs (2 h'day-l in the heat, 22 h'day-l in temperate environments) does not
provide enough sthnulus to reduce total and free n. In addition, the current
study had a relativelY small sample size and the acclimation period was only 7
days, both of which may bave influenced the results. Further work in this area
seems warranted.

CONCLUSIONS

The results of the current study suggest that a 7-day, laboratory-based heat
acclimation protocol does not decrease total or free T3 levels. Such a result does
not agree with seasonal studies that have examined total n.
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Section 4.

ISSUES RELATED TO HEAT EXPOSURE
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INFLUENCE OF SOLAR RADIATION ON SKIN TEMPERATURE IN
STANDING AND WALKING SUBJECTS OUTDOORS
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INTRODUCTION

Solar radiation is a source ofheat for subjects outdoors. There are observed
relations between the intensity of solar radiation and skin temperature (l,2).
However, simultaneous direct measurements of both parameters are very rare
(3,4). The aim ofthis paper is to present the results of studies dealing with solar
radiation and skin temperature of subjects standing and walking outdoors.

MATERIAL AND METHODS

Field measurements were carried out in June 1996 in Central Poland (in the
vicinity of Warsaw) and in August 1997 in the Tatry Mountains (Southem
Poland). In 1996 investigations dealt with standing persons. Six healthy volun
teers (4 males and 2 females), within the age category of 16 to 46 years, were
examined. Solar exposures lasted 120 min. Subjects stood upright facing the
sun; after 60 min they sat for 5 min and then stood 55 min. Skin temperature was
measured every minute with the use of resistant (Pt100) thermometers connect
ed to the forehead, arm, chest, back, hand, thigh and lower leg. Mean skin tem
perature (Tsk) was calculated as follows:

T,k= 0.07 Tfon",,,d + 0.05 Th"'d + 0.15 T""" + 0.175 Tch,st + 0.175 Thack + 0.2 Tfuigh +
0.18 Tlower leg

For comparison, the surface temperature was also observed on a maoikin
facing the sun. The temperature sensors were located on the frontal (sunny) and
back (shaded) sides ofthe manikin's surface.

In 1997, studies dealt with standing and walking subjects. Eight healthy vol
unteers (2 males and 6 females) within the age category of 20 to 38 years were
investigated. Skin temperature was measured every minute on the chest (Tch,st)
and thigh (Tfuigh) during the 160-min exposure. Subjects walked at about 4
km'h-'; after every 30 min ofwalking, they sat for 10 min. Standing subjects also
took 10 min rest sitting at the same time as walking subjects. The subjects also
reported periods with intensive sweating. In 1997, was calculated as mean value
of TCh'" and Tfuigh. Both in 1996 and 1997, subjects used dark grey, cotton
sportswear with insulation of I clo and albedo of 30%.

Simultaneously with skin temperature, measurements were taken for mete
orological parameters (i.e., air temperature and humidity, wind speed, solar radi
ation [global, direct, diffuse and reflected as well as absorbed solar radiation])
with the use of special heat flux sensors, 0 50 rom. (3,5).
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RESULTS
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Figure 1. Relationships between Tsk and

absorbed solar r~ation(R) for standing
subjects, July 1996 (n = 2487, r = 0.70, P <
0.01); Skin temperature at subjects outdoors
varied from 24 to 3400C and was influenced
also by air temperature (l5.,28°C) and wind
(2-8 mls)

For subjects exposed outdoors to solar radiation, approximately 10 to 15%
of global solar radiation reaching ground surface was absorbed, and solar radia-

tion (R) varied from 5 W'm" at
low sun altitudes (early morn
ings, evenings) and at thick
cloud cover to lIO to 120 W'm~
under clear sky conditions.
Changes in absorbed solar radia
tion influenced skin temperature,
and T'k increased significantly
according to increase in R value.
Ahnost 50% of the variation in
T11< may be explained by the

changes in R (other meteorologi
cal factors influencing T11< are
air temperature and wind speed).
General relation between R and
T1I< values were as follows: T11<

=24.11+0.78 R(Fig. I).
Skin temperature was significantly influenced by direct sunbeams. The tem

perature of the manikin's surface facing the sun was 5 to 6°C higher then on its
rear surface. Subjects' chest-to-back temperature difference was only I to 3°C
due to evaporation cooling. However, during 2-h solar exposures chest-to-back
temperature differences (d T'k) decreased, changing from 2.5-3°C to 1°C the last
30 min of exposure (Fig. 2)..

9060
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~:Ito'" 1
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For walking subjects, 2 days
were analyzed (sunny and cloudy)
with the same air temperature (of
about 18°C) and wind speed (of
about 2 m·s·'). On the cloudy day,
T'k was about 2 to 3°C lower then

during the sunny day, and it was
120 kept at the same levels of 28 to 29

and 30 to 31°C, respectively. Both
au cloudy and sunny days, subjects
reported intensive sweating after
about 20 min of walking. In com
parison, for the standing person
under sunny conditions, the skin
was warmer than under cloudy sky

conditions by about 5 to 6°C (Fig. 3). Also observed were significant temporary
changes in 1'11<; in cloudy couditions, itdecreased from 33 to 30°C, and in sunny
conditions, it increased from 32 to 39°C during 2-h exposure.

Figure 2. Difference between chest and
back temperature (d Tsk) during 120 min
solar exposure; mean values for 6 sub
jects, July 1996, midday hours
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Figure 3. Changes ofglobal solar radiation (Kglob) as well as skin 1empera
ture (Tsk) in walking and standing subjects during sunny and cloudy day,
August 1997; the lowest panel illustra1es walking and resting periods during
solar exposition; during sunny day.

In walking subjects, both on sunny and cloudy days skin started 10 dry and
T'k increased during rest periods (especially 2'" and 3"'). Then, when subjects
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walked again T'k declined significantly. In standing subjects who did not report
sweatiog, changes in Tsk can be explained by the tempormy fluetoations in
meteorological parameters and body position.

DISCUSSION

The recent papers reporting changes ofskin temperature in subjects outdoors
(3,4,5) pointed to the influence of solar radiation on T'k. Nielsen et al. (4)
observed a reduction in T'k of about I to 2°C when subject exercised in the
shade in comparison to sunny conditions. Similar relations were observed by
Blazejczyk (5) in standing subjects.

In walking subjects, skin temperature was influenced both by solar radiation
(mainly direct radiation) and by evaporation of sweat from the body surface (air
temperature and wind speed did not change significantly). Thus, for standing
subjects, sunny conditions produced a gradual increase in skin temperature. Then
during walking, T'k varied, decreasing during exercise and rising while resting
but did not exceed pre-exercise T,k. This latter observation points to the great
importance of evaporation cooling on body temperature regulation, especially
during exercise.

CONCLUSIONS
For subjects outdoors, skin temperature depends on various meteorological

factors (air temperature, wind speed, solar radiation-especially direct solar radi

ation). However, approximately 50% of the changes in Tsk may be explained
by changes ofabsorbed solar radiation. Solar radiation influences skin tempera
ture both in stanciiug and in walking subjects. However, in walking subjects,
evaporative heat loss plays a very important role.
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MULTI-TASK PERFORMANCE IN THE HEAT: UNCHANGED WITH
MODERATE HEAT STRAIN
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INTRODUCTION

Studies of cognitive perfonnance in the heat suggest that perfonnance on
vigilance tasks, and on complex and dual tasks, considered representative of
industrial or military work, starts to be impaired in the 30 to 33°C WBGT (Wet
Bulb Globe Temperature) range, as the level of heat stress increases (I). The
present study investigated the effects ofhot environments on the performance of
tasks analogous to some in-flight activities.

METHODS

On separate occasions, 6 subjects (3 men, 3 women) dressed in summer
clothing (exclUding helmet and gloves) worn in an RAF fast jet (Tornado) were
exposed for 2 h tu each of3 environmental conditions:

*Tdb(dry bulb temperature) = T,,(globe temperature) = 24°C; RH (relative
hnmidity) = 40%; air speed, 0.3-0.5m·s-1, (18.2°C WBGT), which served
as the "thennoneutral," control condition

*Tdb = Tg =40°C; RH = 60%; air speed, 0.3-0.5m·s-1, (35.1°C WBGT)
*Tdb = Tg = 42°C; RH = 57%; air speed, 0.3-0.5m·s-1, (36.2°C WBGT)

During the exposures, the subjects perfonned a Millti-Attribnte Task
(MA1) battery (2), which included 4 tasks: tracking (maintaining a randomly
moving circle onto a fixed target by means of a hand-held joystick), monitoring
(observing and re~ponding appropriately to red and green lights, and to moving
scale indicators), auditory communications (identifying own "call-sign" and
responding to instructions) and resource management (maintaining target levels
of "fuel" within 2 tanks by activating fuel ''pumps''). At anyone time, simulta
neous perfonnance on 2, 3 or 4 tasks was required. Before exposures, subjects
had trained intensively ou the MAT battery tasks.

After the MAT battery, subjects also carried out a digit symbol substitution
(DSS) task (3) and completed subjective assessments of performance (mental,
physical and temporal demand, own perfonnance, effort, frustration) (4) and
!hennal comfort. Each set of objective and snbjective measures took 35 min to
perfonn and was repeated 3 times with a rest of 5 min at the start of exposure to
each environment, and between each of the 3 perfonnance sessions. Subjects
drank water freely during the rest periods. Throughout exposures, physical activ-
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ity was minimal with subjects seated in front ofa monitor, carrying out the paper
and pencil task, manipulating a joystick or keying-in responses on a keyboard
during performance on the MAT battery.

Deep-body (rectal) temperature was recorded every I min. Skin tempera
tures at 4 sites (biceps, chest, thigh, caIJJ were recorded every I min and the area
weighted mean skin temperature (5) was calculated. Heart rate was monitored
continuously and recorded every 5 min. Body water loss was calculated from the
weight of clothing, from the nude and clothed weights of the subjects, both
before and after exposure in the environmental chamber and corrected for fluids
consumed and urine excreted. Repeated measures analyses of variance, with
environment as the within-subjects factor, were used for statistical analysis ofall
performance and physiological data. Any significant differences observed were
further analyzed using Newman Keuls' range test.

RESULTS

No effects of heat on objective measures of performance were observed
(Table I). Subjects perceived that greater effuTt was needed in the 42°C,
compared with the 24°C, environment (P < 0.05), and they felt less thermally

Table 1. Performance measures during exposures to arrbient temperatures of24, 40 or
42'C (means fot 3 performance sessions and 6 subjects)

Ambient (dry-bulb)
temperature ("C)

Task MeasureS 1A'C 40"C 42'C
Monitoring Green Rght % errors 0.00 0.00 0.00

Green reaction time (sec) 1.11 1.11 1.10
Red light % errors 0.00 0.00 0.00
Red reaction time (sec) 1.23 1.22 1.26
Scales % elTOIS 0.63 0.46 0.78
Scales reaction time (sec) 3.14 321 3.34

Communications Percentafle errors 2.31 2.49 2.84
Reaction time (sec) 11.15 11.25 11.33

Re!i1lurce Mean deviations 125.7 l1A.8 129.4
Management No.ofresponsesfminote 5.32 5.07 5.52

Trackine Root mean errorscore 83.41 85.48 89.15
DSS Number ofsubditutiODS 204.3 206.4 I 204.8 I

comfortable in both the 40 and 42°C environments, compared with the 24"C
environment (P < 0.001).

Heart rate, rectal and mean skin temperatures, and sweat loss were
increased in the 40 and 42°C, compared to the 24°C, environments (P < 0.001).
Rectal temperature rose by approximately 0.5 and 0.7°C in the 40 and 42°C
environments, respectively (Figure I). The increase in heart rate and in rectal
temperature was greater in the 42ciC than in the 40°C environnient (P < 0.001 &
P < 0.05, respectively).
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Figure 1. Rectal temperature during a 2-hour exposure to ambient
temperatures of24, 40 or 42°C (means for 6 subjects)

DlSCUSSION

In a previous study (6), uo effect ofmoderate heat (ambient temperature 34
or 37°C) on performance of the MAT battery was found. This was considered
to be related to the lack of thermal strain observed, particularly as it had previ
ously been suggested that performance on vigilance tasks, and on complex and
dual tasks, was degraded as thermal strain (deep-body temperature) increased
(1). However, the present study has also shown that performance on the MAT
battery was not impaired during exposure to higher ambient temperatures (40
and 42°C), even though moderate thermal strain and subjective feelings of
increased effort and frustration were evident.

With complex tasks, such as the MAT battery, which require a long period
of traiuing to attain performance at a consistent level of competence, it is possi
ble that, under conditions ofheat stress, performance on such a well-leamed task
is difficult to disrupt. Subjects may also be able to recruit extra effort to main
tain adequate performance, particularly as, in the present study, they were aware
of the duration of exposure. Some support for this contention was evident as
subjects perceived that greater effort was needed in the heat, particularly in the
42°C environment. Whether a less well-leamed task or a task requiring low
activity monitoring would also remain unchanged under the environmental con
ditions used in the present study, would need to be established.

It would appear, therefore, that short duration exposure to ambient (dry
bulb) temperatures up to 42°C is without effect on multi-task performance.
However, in the context of flying, where aircrew have to carry out physical activ
ities and/or wear additioual protective clothing that restrict body heat loss
through evaporation of sweat, body temperature may rise above that expected
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from environmental conditions alone. The effect ofthis increased heat strain on
flying performance is uncertain.
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DESIGN AND APPLICATION OF A SWEATING HAND SYSTEM

R.A.Burke

Measurement Technology Northwest, Seattle, Washington, USA

'i

INTRODUCTION

Measuring total heat loss, composed of both dry and evaporative compo
nents, is desirable to fully evaluate both the design and the end-use thermal per
formance of handwear. These measurements are optimally made at a saturated
skin condition, but this has been difficult to achieve with previously available
equipment. This is, in part, due to varying evaporation rates through different
regions of the bandwear.

Measurement Technology Northwest (M1NW) has adapted its metallic
sweating skin to a 4th generation Sweating Thermal Hand Test System (STHTS)
for Pittards Glove Leather Division in England (1). The hand system is the result
of 10 years of manikin design evolution. It consists of a 9-zone, copper band
form with articulated fingers and thumb, and with thermal and fluid operation
under computer control.

MATERIALS AND METHODS

The sweating skin consists of a thin wicking metal layer, intimately bonded
to the copper hand shell, which reduces the thermal decoupling and inaccuracies
associated with fabric or plastic sweating skins. Fluid supplied to the zones is
distributed by a capillary network within the metal skin and wicks out to the sur
face of the porous skin.

A positive displacement pump and precision valve network delivers metered
flow to each region. Software-controlled digital timing is used for pump and
valve control for accurate and repeatable dispensing rates down to near zero
flow. The software allows independent flow rate selection for each zone and a
unique feature that automatically steps up the flow rate by a user-selectable inter
val to identiJY the evaporation limit independently for each region of the glove.

System Testing

To assess preliminary system performance and repeatability after construc
tion, measurements of thennai insulation (clo) were taken with the band system,
nude and gloved. The subject glove was a lightweight, single-layer leather glove.
At the time of testing, a climate-controlled chamber was unavailable, so all tests
were performed in a stable laboratory enviromnent with slight air circulation.

All tests used a skin set point temperature of32·C for all regions ofthe band
and a nominal enviromnent temperature of20·C. Sweating tests used fluid flow
rates that were periodically increased over the range of 100 to 500 ml·h·J·m·', as
described below. The testing procedure included installing and removing the
handwear (when used) prior to each test to account for fit variability.
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Identification of evanoration-limit

The measured clo value ofhandwear will decrease with the addition ofevap
orative heat loss until the evaporation limit ofthe glove/environment is reached.
At that point, the skin is saturated and further addition ofperspiration only gen
erates runoffand free water in the glove, with no significant reduction in clo. To
quantifY this behavior, the following test was performed on a glove: (I) Install
glove on dry hand model; (2) Heat hand to temperature and allow to stabilize; (3)
Turn on fluid at 100 ml'h"'m"; (4) Increase fluid flow rate by 50 ml·h-'1ll-' every
30 min (100 ml-h-1'm" for nude hand tests) and (5) Terminate test when clo value
has stabilized.

RESULTS
Table L Nude Hand Total CIo -DryTest

Test #1 ll:.s!.112.

cv
3.0%

C/o

0.71
tv

2.0%

C/o

0.72

The system repeatabili
ty data are shown in Tables
land 2. Steady-state values
for cIo lire averaged over
15-min blocks. Coefficients
of variation (CV) are also
presented.

Table 2. Gloved Hand Total Clo - pry Test Evaporation limits for

Test #1 Test #2 individual hand regions
C/o CV CIo cv were identified by calcnlat-

--:::::..::5:------:,.::;,:,:---0====88:------:2::::.1,.:;:"'-:--- ing the percent change in
.....oi°i;ii.8ii;;;;;;;;;;;;;;;;i1.ii;°'lli";;;;;;;;;;;;;;;iii·iii;;;;;;;;;;;;;;iiii;7i'";;;;;;;;;_ clo value between each fluid

flow rate (30-min intervals).
When the change in clo value was within 3% ofthe previous flow increment, the
evaporation limit was asswned to be reached. Evaporation limits varied between
250 and 500 ml'h-"n,-' for the various regions of the hand. The graph in Fig. I
illustrates the different response curve and evaporation limits for the hand and
wrist sections.

DISCUSSION

System repeatability is excellent considering these preIiminary tests were
not performed in 'an environmental chamber. Table 5 summarizes the percent
variation for the various tests performed. Although the number of tests was
small, the agreement was excellent.

Table 3 - Nude Hand Total CIa atlncreasing Flow Rates

Testl/I Test #2

Flowrate
mlh"J m-2 CliJ CV CliJ CV

200 0.33 1.9% 0.35 05%
300 029 35% 0.31 1.1 %
400 0.24 1.6% 028 2.7%
500 025 3.0% 0.26 0.9%
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Table 4. Gloved Hand Total 00 at Increasing Flow Rates

~ 'ill!.!l
Flowrate
mlh-'m-' Clo CV Clo CV

100. 058 35% 055 0.9%
150 050 3.3% 0046 1.2%
200 0.43 1.3% 0.41 0.7%
250 0.40 304% 0040 1.7%
300 0.36 104% 0.38 1.8%
350 * * 0.36 1.7%
400 * * 0.34 1.8%
450 * * 0.34 1.5%
500 * * 0.33 1.3%

* data not available

o

Hand Dorsal- • Wrist Dorsal

' ... -- ---Estimated -Evaporation
Limits

100 150 0 350 400 450 500 550 60

Flowrate Performance for Two Hand Regions
0.6

0.5

0.4
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0.1

o

Flowrate (ml·hr-1 ·m-2)

Figure 1. Response Curves for Two Hand Regions

Table 5. Repeatability Test Summary

Test Type

Nude Dry

Gloved Dry

Nude Wet (300 ml·h-1·ni')

Gloved Wet (300 ml·h-'·m·')

Cia

0.72

0.87
0.37
0.30

Variation

1.0%

2.5%
2.1%
4.7%
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Evaporation limit tests demonstrated that the different regions of a glove can
exhibit significant regional differences in evaporation capability. The subject glove
used in these tests had a closure over the wrist section. This is assumed to be the
cause of the different performances of the dorsal hand and dorsal wrist regions
shown in the Fig. I graph. Other variations were seenbetweenthehand regions and
the fingers due to the significantly different geometry and glove construction.

CONCLUSIONS

Hand system performance met or exceeded the design parameters. The com
plete system demonstrated a thermal accuracy of± 0.1°C, and powermeasurement
and control of 1% or better. Perspiration flow rate is controllable by individual
zone from near 0 to over 600 ml·h-1·m-'. Preliminary tests show stability and
repeatability are within the tolerances ofthe instrument.

Low fluid flow rates generated measurable evaporative cooling with no free
water on the hand.surface. Higher flow rates produced beading and runoffofwa
ter, which closely mimics human perspiration behavior.

This sweating hand system can measure the evaporation limit, clo and per
meability index ofeach thermal zone independently. Further tests with more sta
ble environmental controls and additionalglove samples are underway at Pittards'
test lab in Somerset, England, to improve statistical confidence in the data.
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THE NEXT GENERATION SWEATING
THERMAL MANIKIN SYSTEM

J. W. Giblo', E. Wajda', B. Avellini' and R.A. Burke'

'Navy Clo1hing & Textile Research Facility, Natick, Massachusetts, USA
'Measuren:ent Technology Northwest, Seattle, Washington, USA

~

INTRODUCTION

When operating under non-uniform heat loss conditions, traditional conduc
tive metal manikins can incur a measurable temperature differential across 1he
skin surface, affecting total system accuracy. This effect is compounded when
using a sweating skin layer, which adds additional1hermal resistance to the mea
suring instrument. In ajoint project funded by the U.S. Navy Clothing & Textile
Research Facility (NC1RF) and the U.S. Army Natick Research, Development
and Engineering Center, a unique thermal manikin was developed using heat
pipe technology for manikin skin heating. This manikin also incorporates a per
manent, high-conductivity porous metal sweating skin layer to evaluate latent
heat loss.

In standard thermal manikin technology, electric heating elements are
applied across the inside surface ofa thermally conductive shell at uniform spac
ing. Uniform heat addition, coupled with a spatially varying heat loss, results in
a measurement error arising from the non-uniform surface temperature of the
shell. The uncertainty of the surface temperature distribution degrades the accu
racy of the calculation of the thermal insulation (clo) of the garment system in
the following equation,

cia = k' (T ambient - T surface)! (Power to Section! Section Surface Area).

where k is a units conversion constant to convert to units clo.
To make this calculation as accurate as possible, measurement errors in each

of the three process variables must be reduced. Errors associated with ambient
temperature and power measurements can be minimized using standard engi
neering principles. The errors associated with surface temperature distribution
require adaptive heating to maintain skin temperature uniformity.

The addition of a sweating skin layer compounds this error. Typical skin
systems include a wicking fabric layer, a supply tube network and small fluid
pumps. Installing and removing this skin layer ad!ls another source of random
error due to garment fit. The wicking fabric adds a layer of insulation that pre
vents 1he manikin shell temperature sensors from measuring the true fihn layer
temperature and causes additional variability in actual surface temperature. Non
uniform evaporative cooling further degrades the temperature uniformity of the
manikin's skin.

69



The Heat Pipe Manikin (named "Bo") was designed and built to address
these issues and to improve the state ofthe art in thennal manikin technology.

Heat Pipe Application Fundamentals (ll

Heat pipes operate using an evaporation cycle of a working fluid to transfer
energy at high flux densities (Fig. I). This effective, high thermal conductivity
also allows them to produce isothermal surfaces at metabolic heating levels. The
basis of operation is a sealed container filled with a worldng fluid at satoration
pressure. A small (0.05DC) temperatore differential in the chamber wall causes
fluid evaporation at the higher temperatore regions and condensation, thus heat
transfer, at the low temperatore areas. This inherent adaptive heating behavior is
what makes the heat pipe ideal for an isothermal skin manikin system.

EVAPORATOR
REGION

Sealed heat
pipe chamber

"

CONDENSER
REGION

. . . ." . . . . . Condensate return
• • • . ., apor transport . . .• ••~.•• lh gh •_._. . . . . . . . . . . . . rou 'Wl~· .... ··· .... ·· .. f ....

Heat2causes WiZer ~OvaIproduces
evaporation condensation

Figure 1. Basic Heat Pipe Operation

MATERIALS AND METHODS

Manikin System Design

The 16-zone 'manikin system was composed of 10 heat pipe regions with
aluminum hands, feet, head and shoulders. Each of the 10 regions was an inde
pendent, hermetically sealed copper heat pipe. Central passageways in the heat
pipes allowed electrical and fluid lines to pass between sections internal to the
manikin. Rotary articulation was provided in the shoulders to allow dressing.

The control system used a Hewlett-Packard, high-accuracy scanner to mea
sure sensor inputs and heater power. Precision thermistors were potted onto the
surface ofthe manikin, and low-temperatore coefficient resistance wire was used
for zone heating. Heater drivers used analog command voltages with linear
amplifiers for stability and low electrical noise.

A Pentium PC with a dedicated manikin control program, ThermDACTM,
provided the operator interface., Therm1)ACTM included digital and graphical
displays, tetl\peratore control, data logging and real-time data analysis capabili
ties. Automatic test modes allowed the operator to measure garment clo, water
vapor permeability index (I",) or to evaluate microclimate-cooling garments.
During test execution, a data windowing function allowed the user to view sta
tistical data during any time period during the mo.
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Sweating Skin Design.

The sweating skin used a permanent porous metal layer bonded to the out
side ofall 16 manikin sections. The metallic skin was designed for application to
any metal surface, specifically to conform to the anatomical shapes ofa manikin.
Positive-displacementmetering pumps supplied fluid to sweating manikin zones,
where a capillary network within the metal skin further dispersed it. Fluid would
then wick from the capillary network to the surface of the porous skin.

System Testing.

Prior to manikin assembly, each heat pipe region was bench tested by oper
ating vertically (standing manikin operation) and horizontally (prone manikin
operation) over a range of heat fluxes from 10 to 500 W·m·'. An array ofther
mocouples was mounted to selected points on the skin surfaces to measure tem
perature uniformity during all tests.

FollOWing assembly and calibration of the system, basic performance and
repeatability tests were performed. These included replicate nude manikin clo
tests, wetting coverage tests of the sweating skin and dispensed volume repeata
bility measurements on the perspiration supply pumps.

RESULTS

The system has met or exceeded all ofthe design goals as follows:

Heat Pipe Manikin Design and Performance.

The anatomically shaped heat pipe manikin regions can maintain single zone
temperature uniformity within O.loC at 40 W·m·' in both vertical and horizontal
orientations. The manikin design provides internal routing for all cabling and
irrigation tabes.

Sweating Operation.

The porous metal skin system provides continuous and uoiform wetting with
a nominal flow rate range of50 to 500 ml·h·1·m·' without compromising the ther
mal accuracy ofthe heat pipes. Operation of the system is simple and repeatable
and requires little surface maintenance.

Measurement and Control System.

The completed system has temperature resolution of 0.01°C with measure
ment accuracy of 0.05°e at 35°C. Power calculation is accurate ta 0.1% for bet
ter than 1% total accuracy in clo measurement. The system has a maximum nom
inal heat flux of500 W·m·' for short heat up time and quick se!point stability. The
fluid control system allows independeot volumetric flow dispensing to the indi
vidual zones and is variable over the course ofa test

CONCLUSIONS

o The adaptive heating provided by heat pipe techoology can produce near
isothermal shell temperatures and is a significant improvement over stan
dard distributed heating methods.
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o The porous metal skin design is robust, easy to use and doesn't compromise
thermal accuracy ofthe surface film temperature measurement.

o Evaluation and perfOlmance testing ofthe system is currently in progress at
the Navy Clothing and Textile Research Facility inNatick, MA. Testingwill
be performed to correlate with NCTRF's aluminum manikin (AI) and prior
studies (2). .
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SAFE WORKING TIMES FOR VERY HOT, HUMID CONDITIONS

C.E. Millard and W.R. Withey

Centre for Human Sciences, Defence Evaluation and Research Agency,
Famborough, GUl4 OLX, UK

'i

INTRODUCTION

As part of the preservation program for a 2500-year-old wooden boat, its
water content is being maintained by subjecting the entire structure to a contin
uous water spray. In due course the spray water will be enriched with polyethyl
ene glycol in ever-increasing concentrations. The wax will gradually replace the
water in the matrix of the wood thus preventing further decay.

The boat is permanently housed within a specially constructed, totally
enclosed enviromnent (the "boat lab") in which archaeologists are required to
carry out periodic checks on the progress of the conservation program. Because
of the constant water spray, the staff must wear personal protective equipment
(PPE) to maintain their health, welfare and safety. Special-to-purpose PPE has
been built that will keep the user dry and provide breathing-quality air as pro
tection against the microbiological and chemical hazards associated with the
preservation process. Operating procedures have been devised to enable the staff
to work safely, but one aspect oftheir future working conditions required partic
ular attention.

As the concentration and molecular weight of the polyethylene glycol
increases, friction between the liquid and the sprayer orifices will raise the tem
perature ofthe spray water. It is estimated that during the 10-year spray program,
the ambient temperature inside the boat lab will increase from its present 30°C
to about 60°C. This additional hazard requires that the PPE must also prevent
skin burning and provide cooling for the body to prevent the otherwise-inevitable
rapid rises in deep-body and skin temperatures.

The purpose of the experiment was to develop guidelines to establish safe
working times for the conditions of air temperatures up to 60°C; relative humid
ity 100%; irresprrable atmosphere and desirable duration of work 60 minutes.

METHODS

Overview. To quantify safe working times, a simulation of the task and the
workspace was made in a control1ed-climate chamber. Thermal strain (rectal and
mean skin temperatures) was measured in the archaeologists assigned to the
preservation program.

Tasks. Before the experiment, the routine tasks carried out in the boat lab
were analyzed. From these observations, a sequence of similar activities that
would be easy to reproduce in the simulated boat lab was devised. The metabol
ic heat production of each subject carrying out each of these activities was mea
sured at about 100 W'm-' (time-weighted average) using open-circuit spirometry.
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Test exposures. Two subjects undertook a test exposure in the mornings; 2
others in the afternoon (ambient conditions are described below). In every test
exposure, subjects were instrumented aod always performed the same sequence
oftasks. The other 2 subjects were dressed in the PPE (detailed below), aod acted
as 'safety men' to assist the subjects in the simulated boat lab if necessary. The
duration of expos\lTes was 100 min, unless pre-defined withdrawal criteria were
reached.

Subjects. The 4 male subjects who volunteered were the archaeologists
who, in the course oftheir normal duties, would be expected to work in the boat
lab. Their aothropometric details were as follows: meao age 32 (raoge = 23 to
38) years; height 1.74 (1.66 to 1.83) m; weight 75.73 (65.0 to 85.2) kg; DuBois
surface area 1.90 (1.72 to 2.05) m'; Durnin aod Womersley body fat content 20.0
(15.7 to 21.8) %.

Figure 1. The multi-layered PPE

PPE. The multi-layered PPE, designed by Life Support Engineering Ltd,
Storrington, Sussex, UK is shown in Fignre I above.

The PPE comprised a polyester pile diving undersuit to provide both ther
mal insulation ao<l microclimate cooling. On its outer surface the suit had 7 pock
ets each ofwhich held a gel pack frozen to -30°C, 3 across the upper back, 2 on
the chest aod 2 on the front of the thighs. Around the neck, the undersuit had a
double layer of stretch fabric to protect the skin against burning. Over the under-
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~uit a 6 mID thick neoprene dry suit provided a water-proof layer and thermal
insulation to prevent skin bums. An "escape hood" with orinasal mask provided
head protection. Cooled breathing air was supplied to the hood at a flow of20 to
25 L-min· through an insulated pipe. A "bail-out" bottle was attached to a waist
belt to provide 10 min ofbreathing air if an emergency made it necessary to dis
connect from the main breathing air supply. Long rubber boots, double-layer
socks and long gauntlet pile-lined rubber gloves protected hands and feet.

Ambient conditions. Each subject did 5 test exposures. Relative humidity
=100%; airspeed =0.5 m·s·; dry-bulb air temperature =globe temperature ~ 20,
30, 40, 50 or 60°C, in sequence.

Heat strain. Heat strain was measured by recording at 5-min intervals deep
body (rectal) temperature, Ramanathan mean skin temperature and heart rate.
The extent ofdehydration and the ratio Water evaporated to total water loss (EIP %)
was calculated from nude and clothed weights before and after the tests, adju~t

ed for any urine voided. In both safety men, rectal temperatore and heart rate
(from Sportester~) were recorded at 5-min intervals but are not reported here.

RESULTS

Rectal temperature. All subjects showed similar responses; one subject is
shown in Figure 2. Rectal temperature showed little change for the first 15 min
of the exposure; thereafter, the response depended on air temperature. At 20°C
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Figure 2. Rectal temperature changes in one subject in all 5 test exposure~.

rectal temperature was ~table for the 100 min of the exposure. In higher air tem
peratures, it ro~e ~teadily-therate of ri~e being greater at higher temperature~.

Mean ~kin temperature. Mean skin temperature ro~e from initial value~ in
all subject~ in all expo~ures. At air temperatures of 20 and 30°C, it tended to
plateau with means about 35 and 36°C, re~pectively; however, it ro~e throughout
the exposure at other temperatures, reaching about 37,38 and 38°C at 40,50 and
60°C, re~pectively.

Heart rate. Throughout exposures at air temperature~ of20 and 30°C, mean
heart rate was steady at about 95 bpm. However, at 40, 50 and 60°C, heart rate
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rose continuously, reaching about 120, 135 and ISS bpm,respectively, at the end
of the exposures.

Dehydration and evaporative ratio. Mean dehydration was within accept
able liinits for all exposures, being 0.8, 1.0, 1.8, 2.2 and 1.8% ofbody weight at
air temperatures of20, 30,40, 50 or 60°C, respectively. The corresponclirig EIP
ratios of 10, 3, 3, 3 and 14% were low, as expected for individuals wearing
water-vapor impermeable clothing.

Safe working time. For the team as a whole, maximum safe working times
recommended from these data were as follows: at 600C, 35 min; at 50°C, 40 min;
only at 40°C and below was the required working time of60 min achieved.

DISCUSSION

These data show that the simulated worldng conditions pose a high risk
unless appropriate PPE and safe working practices are employed. We are not
aware ofreports ofheat strain in similar working conditions with which to com
pare these data, and therefore have set conservative exposure times. Two other
factors dictate cautious limits: first, this population will age during the preserva
tion program; second, it is possible that women will join the team. Heat strain is
greater in older individuals with lower aerobic fitness and in Women (or men)
with a lower surface area to mass ratio. The safe working times must therefore
be constantly reviewed.

Two avenues of progress are underway. The preservation process is being
re-thought to limit the temperature to which the archaeologists are exposed.
However, in the event that this is not possible, the suit is being redesigned to pro
vide either more conductive cooling and insulative protection or more evapora
tive cooling from the head. A personal heat-strain monitoring system is being
developed to provide continuous, real-time mouitoring for every individual. The
records will be archived as part ofthe archaeologists' personal medical records.

The lessons learned during the development of this working system are
applicable to a wider range of workplaces, for example, firefighters, furnace
workers and those working in water vapor impermeable suits. However, these
working times must be used with caution because they apply only to the limited
population tested..

© British Crown Copyright 1998/DERA. Published with the permission of the
Controller ofHer Britannic Mqjesty's Stationery Office.
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A MODIFIED DISCOMFORT INDEX (MDI) AS AN ALTERNATIVE
TO THE WET BULB GLOBE TEMPERATURE (WBGT)

D.S. Moran"', Y. Shapiro', Y. Epstein', W. Matthew' and K.B. Pandolfi

'U.S. Army Research Institute of Environmental Medicine, Natick, MA, USA,
'Heller Institute of Medical Research, Sheba Medical Center, IDF Medical

CorpS--:-The Institute of Military Physiology, Israel 526211
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INTRODUCTION

In 1957, Yaglou and Minard (I) developed the WBGT as a thermal index
calculated as follows: WBGT~0.7Tw+0.2Tg+o.1T. where Tw~wet bulb temper
ature, Tg~ black globe temperature and T. ~ ambient temperature. This index
has been in extensive use for evaluating environmental heat stress in the U.S.
Army, sport activities and as safety guidance for workers in different occupations
(2-4). However, WBGT was found to be limited in evaluating heat stress main
ly due to the inconvenience ofmeasuring Tg, the corrections needed for different
clothing (e.g., protective clothing) and for various metabolic rates (5). The pur
pose ofthis study was to determine whether the newly developed modified dis
comfort index (MDl) calculated as (6) MDI ~ 0.30T.+O.75Tw can be nsed as an
alternative for WBGT.

MATERIALS AND METHODS

The data for this study were obtained at 3 separate locations: USA, Egypt,
and Israel. Measurements of the meteorological parameters to calculate WBGT
and MDI were done using the same thermometers. T. was measured using a mer
cury-in-glass thermometer, Tw was measured using a naturally aspirated wet
bulb and Tgwas measured using the Vernon black globe thermometer. In addi
tion, wind speed at 1.2 m above ground level and total hemispheric radiation lev
els were measured in Egypt and in Israel. Evaluations and comparisons of
WBGT and MDI were done using the procedures and calculations described
above in the introduction (1,6). The material and methods can be found in greater
detail elsewhere (7-9).

USA Measurements. Hourly weather measurements were collected daily
between 7:00 AM to 8:00 PM from April until October in 1990 at a vegetative
environment in South Carolina.

Egypt Measnrements. Hourly weather measurements were collected daily
between 5:00 AM to 4:00 PM for a week in August 1985 in an arid environment
west of Cairo.

Israel Measurements. Daily weather measurements were collected
simultaneously in the shade and under open sky every 15 min between 11:00
AM to 3:00 PM in July through August during 2 years (1987-1988) at a trop
icallocation.
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Table 1. The enviromnental climatic conditions and correlation
coefficients between MDI and WBGT.

Study Climate T. Tw T. r' P n
("C) ("C) ("C)

USA Sem;' 27.8 24.7 36.3 0.94 0.001 3197
tropical ±3.9 ±3.2 ±75

Israel" Tropic 30.2 24.9 48.4 0.95 0.001 721
±1.1 ±1.5 ± 1.4

Egypt Desert 32.7 222 41.4 0.83 0.001 86
+3.5 +1.4 +5.0

"For exposures in the sun a filctor of2 was added to MDL

USA ISRAEL EGYPT
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Figure 1. Validation of the MDI showing correlation with the WBGT at 3
sites: USA, Israel and Egypt (top) and the residual scattergrams (bottom).



RESULTS

The comparisons between MOl and WBGT are depicted in Table 1 and Figure
1. Generally, highly sigtrificant correlations were found between the indices.

DISCUSSION

The MDI was calculated from database sets obtained from three separate
studies conducted in America, Africa and Eurasia and was favorably compared
to the WBGT. These results strengthen the argument for use ofMDI, which uses
only Ta and Tw for evaluating heat stress.

The integrated Tg in the WBGT is an important parameter to evaluate ther
mal load by representing mainly the solar load (SL). Furthermore, Tg also con
siders the impact of the reflected radiation from any surface and object, includ
ing short- and long-wave radiation and is also affected by the wind velocity.
However, measuring Tg by a black globe thermometer is cumbersome and incon
venient.

Analyzing the results from the three locations, nsing MDI without any cor
rection factor, revealed a symmetrical distribution around the zero line only for
the USA database. In the Egyptian and Israeli databases, the observations were
mainly under the zero line, representing underestimation of WBGT by MDI. As
a consequence, when a correction factor of 2 was added to the calculated MDI
for the Israeli database depicting a high SL, a very high correlation was found
between MDI and WBGT.

The effect of SL on the environment depends on four factors: thne of year
and latitude; time of day; the environmental surface; and the atmosphere (10).
Seasonal variation in the incoming solar radiation at the upper layers of the
atmosphere is a thnction of the earth-sun orbital geometry, which changes the
distance between the earth and the sun. Latitude and the hourly changes in solar
elevation influence path length through the atmosphere and the attenuation of
solar radiation arriving at the earth's surface. As the source of the solar beam
moves from directly overhead (-12:00 noon) to the horizon (sunset), the cross
sectional area of ahnost any Object to the solar rays goes from minimum to max
imum. Thns, around 12:00 noon when the sun is overhead, the ray path through
the atmosphere will be the shortest, resulting in the highest SL. The amount of
absorbed solar radiation, apart from depending on the zenith angle calculated
from the time of the day, is affected by the site characteristics. In a vegetative
surface, there is no reflection ofradiation, whereas in the desert about 20% ofthe
overhead radiation would be reflected. In addition, the other radiative compo
nents including diffuse solar, reflected solar, ground thermal, and skY thermal
radiation mnst be taken into account when we quantiry the solar load (e.g.,
clouds and haze markedly decrease SL).
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CONCLUSION

The MDI, obtained only from T. and Tw, can be used as a simple tool for
measuring thermal load. However, in order to use it as a substitute for WBGT a
regional correction might be needed according to the latitude studied.
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THERMOREGULATORY EFFECTS OF EXERCISE
IN A HYPERCONVECTIVE ENVIRONMENT

MJ. Buono and J.G. Wilson

San Diego State University, San Diego, CA, USA
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INTRODUCTION

It is well known that airflow across the human body increases convective
and evaporative heat loss. For example, previous studies (1,2,3,4) have shown
that fan-driven air circulation around the body during stationary cycling in a
warm environment significantly enhanced thermoregulation and deterred poten
tial heat illness. Interestingly, the air velocity used in the studies cited above has
ranged between 1-18 kilometers per hour (kIn·h"). Yet, most competitive and
some recreational cyclists can attain speeds of32 kIn·h" or more. Therefore, the
purpose ofthis study was tu examine the whole body sweat rate (WBSR), rectal
temperature (Tre), mean skin temperature (T'k),and heart rate (HR) during sta
tionary cycling in a normoconvective (NC) (air velocity < I km·h·') and hyper
convective (He) (air velocity = 32 kIn'h") environment.

MATERIALS AND METHODS

The subjects for the study were 10 (4 female, 6 male) active, healthy volun
teers. The mean (± SD) age, height, weight, percent body fat and maximum oxy
gen uptake for the group was 26 ± 5 years, 175 ± 9 cm, 70 ± 9 kg, 15 ± 6% and
55 ± II ml'kg-"min", respectively.

Each subject participated in 3 separate testing days. On the initiallaborato
ry visit, body composition was measured using a 7-site skinfold method (5).
Additionally, each subject performed a graded exercise test on a cycle ergome
ter to volitional exhaustion. Expired gases were collected during each minute of
the test into meteorological balloons to determine V02mu. Fractional 02 and C02
concentrations were measured on Applied Electrochemistry analyzers. Expired
gas volume was measured with a dry gas meter.

The second and third test days, which occurred in random order approxi
mately I week apart, involved the NC and HC treatments. Each subject per
formed 60 min of continuous cycling at 60% of their V02mU on an electronically
braked cycle ergometer. The air temperature and relative humidity on both days
was 22"C and 60%, respectively. During the HC trial, airflow was delivered to
the subject's frontal aspect by 2 large industrial fans. Wind speed was measured
with a hand-held anemometer. The mean ( SD) air velocity for the HC trials was
32 I kIn·h·'.

During both exercise bouts Tre, T'" and HR were measured at rest and every
15 min. HR was measured using a 3-lead BeG system. Tre was measured using
a YSI (series 400) temperature probe inserted 10 em beyond the anal sphincter.
T'" was determined from 3 skin sites (chest, triceps, calf) according to the equa-
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Figure 1. Mean (±SE) Ending Rectal
Temperature in Two Environments
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RESULTS

Mean ending (60 min
value) Tre was significant
ly decreased in the HC
(38.40°C) vs. the NC 160
(38.65"C) trial. Likewise, I
mean ending HR was also _

significantly reduced from :! 150
160 bpm to 146 bpm. 
Mean core temperature t:
and HR data is presented ~ 140
in Fig. I and Fig. 2,
respectively. Furthermore,
mean WBSR was signifi
cantly reduced from l.l
L·h-' in the NC trial to 0.67
Loh-' in the HC trial. Figure 2. Mean (±SE) Heart Rate in Two
Lastly, mean ending Tsk Environments
was significantly decreased
from 35.05°C in the NC trial to 31.15°C in the HC condition.

tion developed by Burton
(6) using YSI surface tem- 2:
perature probes_ In addi-

ftion, WBSR was deter- =
mined using the difference l
in dry body weight taken _
before and after the exer- ~
cise bout. Lastly, Vo, was "..
measured at the 20th min ~
of exercise using a meteo- llii
rological balloon. ~

Data collected in the ]
NC and HC trials were 
compared using a paired t
test. Significance was set
at the P < 0.05 level.

DISCUSSION

The results of this study show that a 32-km'h-' airflow across the frontal
aspect of a stationary cyclist can profoundly affect many thermoregulatory vari
ables. Specifically, HR is dratnatically reduced in a HC environment. The 14
bpm reduction seen in the current study is similar in magnitude to the changes
reported by Adatus et al. (I) and Shaffiath and Adams (4) who reported 18 bpm
and 15 bpm differences respectively, between HC and NC. However, it should
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be noted that in both (1,4) of these studies, significant results only occurred at
elevated environmental temperatures (> 35DC). HR was not significantly affect
ed by air velocity of <16 knl'h'\ in more temperate environments (24DC). Thus,
the current study suggests that higher air velocities can also influence HR in tem
perate conditions. The decreased HR seen in HC trials is probably the result of
a decreased skin blood flow, thus reducing "cardiovascular drift."

The 0.25DC reduction in T" in the HC trial is consistent with the findings of
Shaffrath and Adams (4). They reported a O.3DC decrease in T,e during 70 min
ofexercise at 60% Vo_ in a HC environment. Other studies (1,2) have report
ed larger decreases in T" in HC environments. It should be noted, however, that
these studies had some combination of longer duration, higher intensity or hotter
ambient conditions.

The reduced T,e can either be the result of reduced heat production or
increased heat loss. The 20th min Vo, values in the current study were identi
cal (2.5 L'min") for the HC and NC trials. This finding is in agreement with oth
ers (4) and suggests that HC does not alter heat production. Therefore, the
reduced Tre seen in the HC trial is probably the result of increased sensible (I.e.,
dry) heat loss.
. This is supported by the fact that WBSR was significantly reduced in the HC
trial. Other studies (1,3) corroborate these findings and support the hypothesis
that ifconvective cooling is increased during an exercise bout, evaporative cool
ing W111 decrease, and vice versa.

CONCLUSION
In conclusion, the current study supports the hypothesis that stationary

cycling in a NC environment requires more reliance on sweat evaporation result
ing in significantly greater HR and Tre values compared to similar intensity exer
cise in a HC environment. Furthermore, the current data suggests that the previ
ously reported changes in HR and Tre that occurred in high ambient temperature
conditions can also be seen in temperate conditions ifthe air velocity is increased
to match the speeds actually produced during competitive cycling.
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PHYSIOLOGICAL AND BIOCHEMICAL CHANGES IN HEAT
ACCLIMATION FOR SUBJECTS WITH A CONTROLLED DIET
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INTRODUCTION

As a consequence ofbecoming acclimated, a person is able to work in a hot
enviromnent under less physiological strain and continue working for a consid
erably longer time than when not acclimated (1). It has been well documented
that sweat sodium (Na+) concentration decreases with acclimation (1,2) and that
it increases with rate ofsweating (2,3). AI1hough rate ofsweating also increases
during acclimation, few studies have noted the extent to which observed changes
in Na+ concentration have been influenced by changes in sweat rate (2), and in
this case, diet was not controlled. The effects ofhigh and low Na+ diets on accli
mation have been studied (4), but less so for moderate Na+ diets. The aim ofthis
paper was to quantify changes in pbysiological parameters and sweat electrolytes
while acclimating subjects whose diets contained a moderate amount of Na+
before and during heat exposure.

METHOD

Subjects. Four male subjects, who were unacclimatized to heal, yet physi
cally trained, participated in the study. The subjects had a mean (± SD) age of20
2 years, height of 1.78 ± .05 m, weight of 82.3 ± 6.9 kg and percent body fat of
16.9 ± 4.7% (Harpenden skinfold calipers nsing the 4-point method).

Experimental design. Subjects participated in the study on 5 consecutive
days, exercising in a hot-dry enviromnent (45.2 ± 0.5"(; dry bulb, 39.6 ± 1.6%
RH). Each heat/exercise exposure lasted 90 min each day. Wi1hin this time, sub
jects completed a 15 min cycle on a cycle ergometer (approximately 125 W'm"),
followed by 4 sets ofa 10-min standardized stepping task. Subjects stepped onto
a 22.5 em block at a rate of 15 steps/min (approximately 216 W'm") in time to
an electronic metronome. Subjects were not permitted any water to drink during
the experiment. Subjects consumed a strictly controlled "moderate" (4 g'd")
sodium diet for 2 days prior to the experiment and every day during the experi
ment. They also cOllSumed at least 4 liters of water each day.

Measurements. The folJowing measures were taken durinlLthe heat expo
sure: aural temperature (Tau); 4-point mean skin temperature (T "'); heart rate
(HR); sweat rate; sweat sodium (SWNa+); and sweat potassium (SWK+). Tau,
T", (thermistors) and HR were recorded continuously throughout the experi
ment. Sweat rate was determined by weighing subjects before and after the exer
cise on the cycle and before and after each ofthe 4 sets of stepping and dividing
by the duration ofeach activity. Sweat colJection patches were attached at 8 sites
over the body. Sweat was absorbed on squares of filter paper held in place by
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patches made of polythene and Transpore tape. A set of 8 filter papers were
inserted and removed from the patches before and after each set of stepping.
The sweat-soaked filter papers were analyzed for sodium and potassium using
flame photometry.

RESULTS

Table 1: Change in aural temperature during acclimationl .

I
2
3
4
5

36.78±0.10
36.60±0.22
3653±028
36.33±0.29
36.35±0.31

End T"iQ.

38.83± 0.46
38.70± 0.41
38.55± 0.41
38.50±0.37
38.33+0.22

Difference over 1
day ('C) E-S

2.05 ± 0.50
2.10 ± 0.28
2.03 ±0.26
2.18 ± 0.38
1.98 +0.26

Difference
over 5 days
eel E5-EI

-0.5 +028*

I Values shown are means ± SD
* Significant difference, P < .05

Table2: Change in mean skin temperature during acclimationt.

Difference over I Difference
QID' Start T.-.tQ End T,.m

day ('C) E-8 over 5 days
C'ClE5-EI

1 32.35 ± 1.22 38.52±0.78 6.18 ± 0.59
2 32.83 ± 1.93 39.00 ±0.43 6.17 ± 1.60
3 31.76± 1.96 38.50 ± 0.15 6.75 ± 2.00
4 31.86 ± 1.34 38.37 ±0.45 6.51 ± 1.58
5 31. 73 + 1.28 38.34 +0.60 6.62±0.70 -0.18 + 1.35

I Values shown are means ± SO

Table 3: Change in heart rate during acclimation l .

Difference Difference over
Day StartHR (bpm) EndHR<boml over 1 day 5 days (bpm)

(bpmlE-8 E5-El
1 81 ± IS 154 ± 13 73 ± 14
2 84±6 152 ± 11 68±6
3 70± 13 146± 8 77± 14
4 72± 16 143 ± 16 71 ± 19
5 75 ± 16 145 ± 4 70± 18 -10 ± 10

I Values shown are means ± SD

Tau, T,k and HR. Between Day I and nay 5, there were decreases in mean
Tau, Tsk and HR, although only Tau was significant (P < .05) (Tables 1-3).

Sweat rate. Daily sweat rate increased significantly (P < .01) between Days
I and 5, and also between each consecutive day (P < .05), except the change
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between Days 1 and 2 (Figure 1). There was a mean increase in sweating
response of 25% over the 5-day acclimation period. This demonstrates that a
degree of heat acclimation was achieved in each subject, although other studies
have found substantially higher increases in sweat rate of70% (2) and 100% (5).
Sweat rate also increased significantly (P < .05, except for Day 1) within each
day (Figure 1).

Sweat sodinm and potassium. Daily SWN,+ concentration decreased signif
icantly (P < .01) between Days 1 and 5, and also between each consecutive day
(p < .05), except the change between Days 4 and 5 (Figure 2). SWNa+ did increase
within each day, although not significantly. Overall, daily SWK+ concentration
decreased significantly (P < .01) between Days 1 and 5, althougb the level fluc
tuated during that time. There were no significant changes within days for SWK+.

Relationship between sweat rate and sweat sodium. Sweat rate was plot
ted against sweat sodium for Days 1 (unacclimated) and 5 (acclimated), to assess
the effects of both increased sweat rate and acclimation on sweat sodium.
Although the regression lines were not significant, there was a clear trend of
increased SWNa+ with increased sweat rates and lower SWNa+ content after accli
mation. The same graph was plotted for SWK+, which showed an increase in
SWK+ with increased sweat rates and a decrease in SWK+ after acclimation, the
difference being larger at higher sweat rates. However, there are large inter-indi-
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vidual differences in sweat rate, SWNa+ and SWK+, and there are insufficient data
to draw fum conclusions.

DISCUSSION
The small number ofsubjects in this experiment does not allow strong con

clusions to be drawn, but it may be regarded as a case study. It appears that it is
possible, to an extent, to acclimate subjects who consume a controlled, moderate
sodium diet, during 5 days heat exposure. Many previous studies have not con
trolled diet, and ~erefore any reported changes in sweat sodium/potassium must
be used with caution. It has been reported that a low sodium diet during heat
exposure may increase the risk nf circulatory incompetencelheat illness, particu
larly due to low stimulus for water intake (4). This experiment demonstrated that
acclimation can be achieved with a moderate sodium diet and that a high sodium
diet may not be necessary. Since it has been shown that sweat sodium and potas
sium concentration increase with sweat rate and decrease with acclimation, it is
important that changes in sweat sodium and potassium are related to sweat rates
so that the acclimation reduction in sweat electrolytes is not underestimated due
to the sweat rate increase in acclimation. Previous studies that have produced
greater increases in the sweating response (2,5) through acclimation used differ
ent techniques and longer periods of acclimation. Although the ideal sweat col
lection tecltuique may have been a body washdown, the method used took sam
ples from eight sites over the body. The sweat collection patches were consid
ered to be regularly aerated, although not to the normal extent, and this method
allowed a comparison of change in sweat electrolytes throughout each session,
as well as over the five days.

CONCLUSIONS

Heat acclimation is possible while exercising in the heat for five days and
consuming a controlled, moderate sodium diet prior to and duting heat exposure.
Under these conditions, sweat sodium and potassium concentration increased
with sweat rate and decreased with acclimation.
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INTRODUCTION

Firefighting includes many physicaJly demanding activities (1). Therefore,
firefighters are subjected to medical examinatiou and tests ofphysical performance
before, as weJl as during, employment. Ideally, the demands of those tests should
reflect the requirements of the profession. This has become even more important
because of the wish to include more women in the rescue forces. Moreover, the
average age of firefighters tends to increase. The present study was conducted to
elucidate the demands of some activities that firefighters have to perform.

MATERIALS AND METHODS

The subjects were 11 male recruits trained for firefighting. Their age, mass,
and stature were (mean ± SD): 21 ± 1 years, 76 ± 7 kg and 179 ± 6 cm, respec
tively. In pairs, subjects carried a stretcher (13 kg) with an 83-kg dummy, 3
times for 2 min with a I-min rest between bouts. This was performed indoors as
well as outdoors on slightly hiJly terrain, the speed being 1 m's" and 0.9 m's",
respectively. One at a time, the subjects carned one 32-kg hose container in each
hand On level, tufty terrain. After 100 m, the subjects stopped and connected the
hose to a hose connection and continued to walk until the 1st hose container was
empty. Then the next hose was connected, and the subject continued to walk until
the 2nd container was empty, and then he returned to the starting point. Aerobic
power and heart rate (HR) were recorded at least every minute with portable
devices (own manufactured device and Sports Tester Polar; Finland, respective
ly). The subjects rated their perceived exertion (RPE) according to the Borg CR
10 scale (2) for arms, legs and respiration after each bout of walking with the
stretcher, when both hose containers were empty, as well as upon return to the
starting point.

A dummy including air containers was dragged on a concrete floor in 4 dif
ferent modes: maximum effort for 20 m with the dummy lying either directly on
the floor or on a blanket, subroaxiroal effort pulling the dummy with either a
short or a long sling. The force was measnred continuously by means of a force
transducer placed between the dummy and the handle by which the dummy was
puJled. The angle between floor and the puJling direction was calculated from
videotape recordings. Force vectors were calculated from data on puJling angle
and pulling force. Power for each 4_m section was derived on basis offorce, time
and distance data.

Two subjects puJIed a 35-mm, pressnrized, hose up 3 flights of stairs at a
time. The 1st one held the uozzle (fogfighter), and the 2nd one helped to trans
port the hose around comers. After the 1st bout, they changed positions and
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repeated the exercise. Force, HR and,RPE were moliitored with methods men
tioned previously.

The subjects' maximal muscle strength was evaluated by measuring
mechanical power during leg cycling and during arm cranking on a mechaliical
Iy braked ergometer (Monark). The subject worked maximally for 10 full pedal
revolutions, ofwhich the one displaying the highest power was used. Moreover,
isometric handgrip force for each hand was measured.

RESULTS

Peak power during cycling and arm cranking was 777 ± 103 Wand 558 ±
78 W, respectively. Handgrip force was 637 ± 60 N and 601 ± 67N for the right
and the left hand, respectively.

The aerobic power, while carrying a stretcher, averaged approximately 700
W indoors and 900 Woutdoors, HR being 152 and 161 bpm, respectively. RPE
for finger flexor muscles was very high for most subjects. On average, carrying
hose containers required 1125 W. HR was 168 bplll (Table 1).

Dragging the dummy on a blanket took more time than without the blanket
(16.2 s compared with 11.4 s). Mechanical power was lower at the end than in the
beginliing. Using the short sling required more force but less power than the long
sling, 392 N and 115 W compared with 337 N and 133 W at 0.5 ms (Table 2).

TableL Aerobic Power, force, HR andRPE forfirefigbtertasks*

Stretcher Carry Hose Pull Hose Carry

indoors outdoors nowe hose containers

Aerobic power(W) 696±77 913±68 1125± 95

HR(bpm) 152 ± 13 161 ± 12 146± 18 161 ±7 168±9

Energy \I·m-I.kg-I) 5.8 ±1.3 7.5 ±0.8 9.1 ± 1.5

RPE 5 (2-7) 7 (4-8) 3 (1-4) 3 (2-4) 4 (3-7)

*Valoes are means ± SD, except for RPE where median and. extreme values are
given.

Table 2.Mechanical power, force, HR andRPE associaled
with the dummy drags*

Mechaliical Power (W)

Force (N)

HR(bpm)

Tune (s)

RPE

Sub-maximal effort

short s ling long sling

115 ±18 133 ±27
392 ±59 339 ± 59

Maximal effort

blanket no blanket
527 ±92 445 ± 59
493 ±12 465 ±22
150 ±14 159 ± 14
16.2±2.4 11.4±1.3
4 (3-5) 3 (2-4)

*Values are means ± SD, except for RPE whore median and extreme values
are given.
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During the hose-pulling task, HR was 146 bpm for the one who held the noz
zle and 161 bpm for the other subject. The calculated mechaoical power was 160
W, corresponding to a metabolic power ofabout 750 W, for the one who held the
nozzle. There was no difference in RPE between these activities. Peak power
when dragging the dummy was positively related to peak power during cycling
(r = 0.76 without, and 0.47 with the blanket). No significant relationship was
found between handgrip force and power during dragging the dummy.

DISCUSSION

The aerobic power, HR and RPE increased during the first few minutes of
exercise. Therefore the values presented are the ones obtained after 3 to 5 min
utes of exercise. Still, the demands of these tasks might be slightly underesti"
mated. However, under realistic conditions, a firefighter has to repeat and/or per
form more than one of these tasks during a mission. Thus, the demands on the
firefighter will be higher than indicated by the requirement of each single task.
Moreover, the climate was very favorable, the temperature ranging from
_3°C to +15°C. Warmer climates will increase the load on the firefighter and
hence the physical demands.

The investigators carrying the stretcher and the sub-maximal dragging ofthe
dummy set the tempo. In other instances, the subjects were instructed to choose
a realistic inteusity. However, the stronger person tends to work at a higher inten
sity, thus requiring more power. This problem is avoided, in part, if the data are
expressed as energy cost per unit of distance and mass. This group of subjects
had an estimated maximal aerobic power of 1240 W, which is not far from that
of the average 20 to 25-year-old male.

While carrying the stretcher, the aerobic power as well as the energy
demands per kg and meter was higher outdoors than indoors probably because
the outdoor course was rougher and the terrain was partly uphill. Carrying the
hose containers was even more demanding. The average 20 to 25-year-old male
can attain these levels of aerobic power, whereas most females cannot (3).

The load on the oxygen transporting system can be decreased by performing
the job at a reduced pace. Thus, a greater fraction ofthe population would be able
to perform these tasks. On the other hand, it takes longer time to finish the job,
which may induce greater risks to both firefighters and victims.

The limiting factor for carrying objects like stretchers is, most often, the
endurance of finger flexor muscles. Assuming an even distribution of the load
between hands would mean that each hand had to exert a force of about 250 N,
which was about 40% of maximum isometric hand grip strength of these sub
jects. This level can be sustained for about 2 min according to Rohmert (4).
Consequently, it would be an advantage to cover a given distance in a shorter
period of time. Hence, persons who have a relatively high maximal aerobic
power, or anaerobic leg power, might in part compensate for a limited endurance
of finger flexor muscles.

It was much faster to drag the dummy directly in contact with the floor than
using a blanket, probably due to the lower coefficient of friction, 0.5 compared

93

- ---~------~--- ------------



with 0.65. However, other combinations ofdress material and floor surface mate
rial may give other results.

Using the short sling required more force (resultant) but less power than the
long sling. Ibis may appear as a contradiction. The explanation is that with the
short sling, the angle between the upper body of the dummy and the floor is
greater than with the long sling, thus the dummy is lifted more with the short
sling. Ibis will reduce the normal force, and hence the frictional force and the
power required to move the dummy at a given speed (power = force • velocitY).
A practical consequence, is that persons who are unable to lift a victim's upper
body will need more power to drag a victim at a given speed. Ibis might explain
the finding that the difference between male and female performance is greater
in this task (5), than one would expect from the difference in muscle strength.

During the hose-pulling task, HR was slightly lower when holding the noz
zle. The force measurements indicated that the ''nozzle holder" applied very lit
tle force,· indicating that the "hose holder" did most of the job. Part of his job
included arm work, Which in!'uces a higher HR for a given aerobic power.

CONCLUSIONS

It was concluded that (I) carrying a stretcher or heavy hose containers for
more than a few minutes is limited by fatigue ofthe·finger flexors; (2) the power
requirement for dragging a person becomes substantially elevated ifthe firefight
er is unable to lift the upper body ofthe victim; (3) the energy cost per unit ofdis
tance and transported mass is quite high for some activities, especially carrying
hose containers and (4) the maximal aerobic power required for these activities
was in the same order ofmagnitude as that of the average 20·year-old male.
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INTRODUCTION

Smoke diving in a warm environment often causes a great physiological
load. There are 2 major reasons for ills: (1) the external heat exposure and (2)
the metabolic power needed for the rescue and fire fighting. According to Lusa
et al. (I), smoke diving requires a considerable physical capacity that is similar
for firefighters ofall ages. It is known that a large physical capacity is important
for performing successful rescue-related activities. Swedish firefighters must
pass a physical work test (treadmill or cycle ergometer) each year, requiring an
aerobic capacity ofroughly 3 L of O2per min to insure that a minimum level of
physical capacity is maintained. However, especially among full-time employed
frrefighters, it is suggested that this level does not satisfy the actual demands of
smoke diving. In addition, the fire and rescue services are facing challenges with
an increasing age of their Corps and more women applying for jobs as firefight
ers. Traditionally, these 2 populations-women and older frrefighters--can have
difficulty passing the work test. Consequently, there are disputes about the phys
ical demands ofsmoke diving and whether non-task-related activities can predict
the individualal's capacity for smoke diving well enough to be used as a tool for
dismissal or recruitment. If the level or type of test is not relevant for the job
requirements, then the test will be considered as a tool that discriminates by gen
der and age.

The purpose of the present study was to estimate the physical work capaci
ty needed for smoke diving and to identify physiological reactions when smoke
diving in a warm environment. The aim was also to investigate the power
demands for various smoke diving activities. This information could be used for
choosing tactics and equipment, and the procedures for training and selectiog
firefighters.

MATERIALS AND METHODS

A comprehensive study was carried out on 282 full-time (n = 214) and part
time (n = 68) frrefighters who perform rescue and fire fighting operations. The
characteristics (mean SD) ofthe full-time employed firefighters (F) was 38 ± 8
years (age), 83 ± 9 kg (weight) and 180 6 cm (height). The corresponding data
for the part-time employees (P) were 35 ± 9 years, 81 ± 11 kg and 181 ± 6 cm,
respectively. Voluntary maximum physical work capacity was tested on a tread
mill. After 2 min of warm-up, each subject walked 6 min at a speed of 1.25
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m·s·' with a slope of 8° (minimum physical requirement). After this stage, the
subjects breathed throngh the apparatus while walking and after 2 min the speed
was increased to 1.56 m·s'. Treadmill (1M) walking time, perceived exertion
and heart rates (HR.) were measured. The subjects wore their ordinary turnout
gear that included 24 kg ofequipment.

The following day, a smoke diving exercise that included 2 rescue tasks and
I fire extinguishing task was run in a smoke-filled, heated 2-story building. The
air temperature ranged from about 50°C (ground floor) to BO°C with an average
temperature of about 90°C. Vision was greatly reduced by the smoke from the
burning diesel fuel. The tasks were designed by experienced rescue instructors,
and 2 smoke divers and a commander formed a smoke diving team. The smoke
divers entered the building from the roofwith the hose and advanced downstairs
I floor to search for, and rescue, a victim back to the roof. After a few minutes
ofrest, the team reentered the building and descended 2 floors downstairs to look
for, and rescue, llI\other victim. In both cases, the victim was a firefighter weigh
ing 100 kg. After another short rest, the smoke divers entered the house to cool
the combustion gases and to extingnish the open fires on the ground floor.
Elapsed times for the rest and work periods were registered, and HRs were
recorded every 15 s. Tympanic temperatures, nude body weights and air bottle
weights were measured before and after the whole procedure.

The operations were followed by instructors, who were inside the building
and marks were given for tactics and communication, and for search, rescue and
extinguishing techniques. Immediately after the completed mission the partici
pant provided a self-estimation oftheir effort. If the smoke diver team failed to
complete the exercise because ofthe heat, lack ofair, hose burst or other factors,
the f"lfefighters could be rescued through exit doors at each floor. To pass the
test, all 3 tasks had to be performed, and the team had to return to the roof with
all of their equipment.

Based on this stody, another 10 full-time employed firefighters did the same
tasks. They were also equipped with an apparatus measuring their metabolic rate
(MR.). The characteristics of these subjects were 36 ± 8 years (age), 83 ± 7 kg
(weight) and 183 ± 6 cm (height). They were instructed to use the same average
time for the tasks ""d rest periods as the initial group. The same victim was used
and the smoke-filled building was both heated (average air temperature about
55°C) and cool. Physiological and psycho-physiological measures were taken.
The MR was calculated every 30 s from information on ventilation (VJ, respira
tion rate, the oxygen fraction of expired air and the inspired air temperature.

RESULTS

The average, total smoke-divingtime was 21.4 min for F while 25.4 min
were n,eeded by P. The difference was in the rest periods because the time for
each task was similar for the 2 groups: 3.5 min for the 1st rescue, 5.8 min for the
2nd rescue and 7.8 min for the fire fighting. Nine percent ofF and 18% ofP did
not smoke dive, although they had passed the treadmill test. The mean age of
these subjects were 50 ± 6 years and 41 ± 12 years for F and P, respectively. Of
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the participants, 21% of F and 45% of P failed in the smoke-diving exercise.
Success or failure was related to physical capacity, measured as 1M time com
pleted. For the same capacity, F subjects were more successful than P subjects.
Ofthe F who performed 6 min (minimum requirement) to 8 min at 1.25 m's-' and
8° slope, 46% Were successful in the smoke-diving exercise. Of the F who per
formed at the 1.56 m's" for I min or longer, 80% managed to complete the
smoke-diving exercise. The corresponding figures for P were 32% and 53%,
respectively. These percentages were higher if the number of successful smoke
divers were related to those who actually smoke dived rather than to those who
passed the 1M test. The improvement was found mainly in the low-performance
groups in both F and P. HR increased during the smoke diving; the lowest peak
HR was obtained during the 1st rescue task, and the highest HR was found dur
ing fire fighting. Compared with the peak HR observed during 1M walking, the
HR during the 1st rescue task was lower, in general, for both F and P. During
the 2nd rescue, the peak HR was similar or slightly higher than the 1M peak HR.
During fire fighting, the peak HR was greater than 1M walking.

The MR during smoke diving differed greatly depending on the type and
intensity of the activity. Walking downstairs pulling the hose demanded about
400 W, whereas dragging the victim upstairs required 1400 W. The average MR
during the 1st rescue was about 60% of that required during 1M walking (about
1100 W) at 1.25 m'''' and 8° slope. The average power demand was about 65%
of the 1M value during the 2nd rescue, whereas during fire fighting the mean
MR reached about 50%. The average power demanded during the various activ
ities was similar whether the building was cool or heated. Data from 1M walk
ing at a speed and grade providing a MR similar to that of the smoke-diving
tasks, resulted in a MRIHR of 5.8 W'bpm'l at 20°C and 30% RH. The MRIV,
ratio was 15.6 W/(L'min") (STPD). During the smoke diving iIi the cooler tem
perature, MRIHR was approximately 5.1 W'bpm'l during the rescue tasks and
43 W'bpm,1 during the fire fighting. The MRIV,was roughly 12.2 W/(L'min-')
during the rescue activities and 10.9 W/(L'min") during the fire fighting. Smoke
diving in the warmer room produced a MRIHR ofabout 4.1 W'bpm" during the
rescue activities and 3.4 W'bpm,l during the fire fighting. The MRN, changed
from 12.4 W/(L'min,l) to 11.6 W/(L'min") during the 2 rescue activities and
reached 10.8 W/(L'min") during fife fighting.

DISCUSSION

The total smoke-diving period for P was longer than that for F mainly due
to longer rest periods, This could indicate the need for slightly longer rest peri
ods before continuing a mission. For those firefighters who were successful in
smoke diving, P had lower performance values than F, assessed by maximum
time sustained on the TM. Those who failed, either because of heat exhaustion
or lack of air, walked a shorter time on the 1M than those who managed the
smoke diving. It:was found that success or failure in smoke diving was related
to physical capacity. A clear measure of success or failure was indicated by the
difference between those who could continue walking at the increased TM speed
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using the breathing apparatus and those who were only able to walk 6 to 8 min
at the lower speed. The same pattern was found for F and P. Also, for the same
capacity, F were more successful. One important reason was that P were more
inclined to quit the smoke-diving tasks when complications occurred (e.g., hose
burst), probably as a result ofless experience, training and education. The frac
tion ofsuccessful firefighters was greater when the calculation was based on the
number ofsubjects who actually smoke dived. Those who did not smoke dive, in
spite of their TM-results, were found to be older (around 50) and had a mean
capacity that was close to the minimum requirement. The hypothesis that the
older firefighters used their experience to ,c,ompensate for their lower capacity
could not be tested.

The MR measurements showed clearly that the mean power required for the
various smoke-diving activities was significantly lower than the minimum power
required on the TM. Even ifthe effective smoke-diving time was about 3 times
longer than the minimum TM time, and some parts of the activities demanded a
high peak power output, a mean power requirement of roughly 65% of the TM
demand shonld have been tolerated by most firefighters in a cool environment.
The HR confirmed that a significant part ofthe physiological load was related to
the temperatore. The MR/HR ratio during smoke diving was roughly 50% of
that when walking on a TM in a cool environment, which indicates a significant
loss of available work capacity due to the heat. Temperature, however, hardly
affected VI' The type of work was of greater importance for VI because smoke
diving increased the VI by 30 to 40%, relative to the MR-a consequence that
shonld be considered when estimating possible time of action based on the air
bottle volume_

CONCLUSIONS

A firefighter involved in rescue work and fire fighting needs a maximum
oxygen uptake of about 3 L'min-I (1000 W) to manage these activities in a cool
environment. Warm/hot environments require considerably higher capacity,
especially ifthe firefighter is not skilled. One implication is that the majority of
older males and most females will be disqualified for this type ofwork, based on
this minimum capacity. If a change in action and/or the addition of technical
devices could reduce the heat load, then a lower physical capacity conld proba
bly be accepted.
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INTRODUCTION

Good physical and mental heal1h and a certain minim11m level of maximal
oxygen cons11mption and m11Scle performance are 1he primary reql1irements in
several countries in selecting candidates for occl1pational fire-fighting training.
Tolerance to ei1her high ambient temperarures or exercise-indl1ced heat strain are
normally not tested even 1hol1gh exha11Sting heat strain and high risk for heat
related disorders in fire-fighting and reSCl1e work are reported in n11mero11S stnd
ies (1-5).

The pnrpose of1he present stndy was to investigate the test sl1bjects' safe
ty in ,an existing job-related test drill for sl1stained exertion in heavy clothing
under slren11011S conditions causing considerable heat stress to 1he subjects.
Passing this drill is obligatory for every fire-fighting student in 1he Finnish
Emergency Services College before finishing their occupational training.

MATERIAL AND METHODS

The subjects were 83 heal1hy male fire-fighting students wi1h an average
age of23.4 (range 19-34) years, height 177.5 (164-197) cm, weight 75.7 (57-92)
kg, body area 1.92 (1.67-2.16) m2, body fat 13.2 (6-22) %, body mass index 25.2
(20-29), and maximal oxygen consumption 55.4 (42.5-70.5) ml·kg-1·min-1.

The students wore a fire-protective equipment system (FPES) consisting of
a two-piece multilayer water vapour permeable turnout suit meeting the European
standard EN 469, pants, cotton underwear wi1h long sleeves and legs, cotton
sweat shirt and trousers, rubber safety boots, leather gloves, wool undethood, hel
met, tool belt, and Drager self-contained breathing apparatus with one air con
tainer and full face mask. The total mass ofFPES averaged 26.4 kg (about 35 %
of1he average body mass ofthe students) and bad a 1hermal insulation of 1.8 clo.

The test drill, conducted in the mornings outdoors and indoors at air tem
peratnre ranging from 5 to 45°C and performed at one's own speed, was divid
ed into three consecutive work sessions wi1h a 10-min rest period between each
session for body cooling, drinking ad libitum, and changing the air container.
The work sessions included typical individual rITe-fighting tasks (e.g. hammer
ing, carrying hoses, climbing stairs and ladders, pulling weights, manoeuvering
through restricted areas) and a rescue task in pairs. This involved manoeuvering
a 60 kg manikin in the dark through a two-storey simulated apartment (ca. 30 m).
The maxim11m time allowed for passing 1he drill was 105 min.
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Measurements. The performance time was recorded. HR was continuous
ly measured (polar Sport Tester PM 3000) and recorded once a minute. Rectal
temperature (TrJ at a depth of 10 em (YSI 40 I) was registered at the begimting
and end ofeach session. Sweat production (Sauter E 1200) was estimated as the
change in nude body weight, measured before and after the work sessions and
corrected for fluid intake. Subjective evaluations oftherrnal comfort and thermal
sensation modified from ISO 10552 as well as skin wetteduess (scale I dry to 5
watery wet) and ratings of perceived exertion RPE using the Borg scale from 6
'extremely light' to 20 'extremely hard' were requested at the end of the work
and rest periods. Means SD and ranges were used for description of the data.

The test protocol was approved by the Institutional Ethics Committee, and
the procedures followed the principles ofthe Helsinki Declaration. The test drill
was discontinued if one of the following criteria was met: 1) T,e 2:39.5QC with
objective signs of severe discomfort or fatigue, 2) subjective feelings of chest
pain, intense muscle pain or exhaustioJ;!, 3) exertional dyspnea or dizziness.

RESULTS

Seventy·five students completed the drill but only 63 of them passed it
within the required time limit. Eight students were withdrawn because of heat
syncope, exhaustion, or steep continuous rise in Tre. The average performance
time for the completed drill was 94 ±12 min ranging from 79 to 155 min. The
premature terminations occurred after 75 min on average (range 65 - 85 min)
either during or at the end ofthe 2nd work session. Ten exhausted students with
Tre 39.5QC were actively cooled at the end ofthe test.

HR increased rapicIIy during the first minutes ofeach work session up to or
near the individual HR",ax and fluctuated at that level during the work. After the
work ceased, the HR dropped slowly and remained during the IO-min rest peri
ods at levels of 110 to 150 b·min-1. After the entire drill, the mean HR was still
on a considerably.higher level after the half-hour recovery than during dressing
on FPES. In some cases the recovery took more than one hour.

The range ofthe individual mean work HR during the drill, was 150 to 185
b/min corresponding to near-maximal circulatory strain of 75-96 % HR",ax. The
individual peak HR for the lst work session varied from 171 to 196 bmin·1, and
respectively, for the 2nd from 169 to 199 b'min-1, and for the 3rd from 175 to
206 b·min-1. In nine stodents HR2:200 b/min was registered.

Mean Tre and the Tre ranges for the start of the drill and at the end of each
work session are given in Table 1. The average Tre increase in the completed drills
was 1.5 OAC. However, the individual variation in T", responses was consider
able: the T", increase ranged from 0.710 2.2

Q
C. The students who interrupted the

drill had Tre of39.1 ±0.6 (38.3 - 39.9)QC on average at the time oftennination and
they reported the work as 'extremely hard' or 'impossible to continue' and their
conditions as 'very hot', 'watery wet' and 'very uncomfortable' on average.

The average sweat rate in the completed drills was 0.8 ±O2 (0.3-12)
kg'mt'h-I and respectively, water intake 0.8 ±OA I (0.2-1.9) kg, and water deficit
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Table 1 Rectal temperalUre and ratings of perceived exertion (RPE) measured
althe start of the drillllldat the. en.d of the worksessions*.

Start
I.WS
2.WS
3.WS

Rectal Tempgatore. 'C RPE
Mffin±SD Range Mffin±SD--
37.6 ± 0.23 37.1 - 38.1 10.2 ± 1.9
38.2 ± 0.38 37.5 - 39.4 13.9 ± 1.8
38.8±0.36 38.1-39.9 16.4±1.6
39.0±0.35 38.0-39.8 16.2·±1.5

Range
6 - 13
7 - 17
13-20
13-20

* Values arefor completed drills (n= 75).

1.6 ±0.7 (0.4 - 4.0 ) %. The respective values for prematurely terminated drills
were 1.0 ±D.3 (0.6-1.5) kg1ll2'h-1, 1.3 ±D.7 (0.2 - 2.1) kg, and 1.0 ±D.7 (0.5 - 24) %.

The physical work in the completed drills was perceived as being 'hard' on
average, but the ratings varied from 'somewhat hard' to 'extremely hard' (Table
1). At the start of the drill the students reported their conditions as 'neutral' or
'slightly cool', 'comfortable' or 'slightly uncomfortable' and the skin was felt to
be 'dry' or 'clammy'. Correspondingly, at the end of the drill, they reported
'hot', 'uncomfortable' and 'wet' on average, but the individual variation in ther
mal votes was considerable. For example, at the end of the drill the ratings for
thermal sensation varied from 'slightly cool' (a shivering student with Tre of
39.4°C ) to 'exhaustive hot'.

DISCUSSION AND CONCLUSIONS

The studied flTe-fighting students were young and healthy and their physi
cal work capacity fulfilled the criteria for occupational fire-fighting training in
the Finnish Emergency Services College. However, the individual variation
within this selected group in thermal and circulatory responses to exercise
induced heat strain was significant.

Aerobic fituess did not explain the variation. The results are rather in
accordance with some earlier studies (1, 5), namely that good maximal oxygen
consumption alone does not predict very well individual performance in the
heat or tolerance to exercise-induced heat stress. Therefore the testing of indi
vidual heat tolerance is recommended in selecting candidates for occupational
fire-fighting training.

The risk of heat-related physical exhaustion and even fatal heat stroke
grows when Tre rises above 38.9 to 39.2°C (I). Tre 39.0°C was measured in 55
students, and the highest Tre value was 39.9°C. Questions about safety of occu
pationaltraining came up. Should physiological monitoring of fire-fighting stu
dents undergoing occupational training be obligatory injoh-related drills, as rec
ommended in international draft standard ISOIDIS 12894, which provides guid
ance about medical fituess assessment and heath monitoring which may be
appropriate prior to and during extreme hot exposures. Our results support this
recommendation.
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INTRODUCTION

The performance of firefighters strongly depends on the ability oftheir cloth
ing to avoid heat storage in the body. Thus, protective clothing has to protect the
wearer from external heat but also to allow body heat to escape. The thermal trans
fer and moisture management of firefighters' protective clothing can be assessed
either in the field or in the laboratory. Both methods have their drawbacks: tests
with human subjects require many tests to allow generally valid predictions. On the
other hand, tests in the lab can only reproduce parts of the changing situations in
practice. This study analyzes the behavior ofclothing during practice-related eXer
cises with firefighters and during simulated situations with a test apparatus.

MATERIALS AND METHODS

Measurements ofthe microclimate (temperature and humidity) in the cloth
ing layers and the rectal temperature of 16 firefighters during exercises in heat
ed rooms (about 35°C and 50% RH) and in firehouses have been performed.
Temperature and humidity sensors were placed on the left shoulder of each sub
ject, between the different gannellts. Furthermore, the firefighters swallowed a
miniaturized sensor (in the form of a pill), which sent the actual core tempera
ture to a receiver mounted on the stomach.

The exercises consisted of either performing a defined path in a cage in a
heatefl room or standing near a frre in firehouses. The firefighters were fully
equipped (with breathing apparatus; weight of the equipment: approximately 20
kg). The heat source was thus different in both cases: in the heated room, the sub
jects produced a high rate ofmetabolic heat. The dry heat transfer was reduced to
a minimum as the environment temperature was between 30 and 38°C. In the fire
houses, the metabolic heat production was quite low because the subjects were
only kneeling in fi:ont ofthe fire, but the external heat load was considerable. The
radiant heat flux measured in the firehouses was typically 5 to 10 kW'm",;rod the
temperatures were 100 to 190°C at I m above ground. The frrefighters were wear
ing either breathable (semi-permeable) or impermeable (pVC coated) clothing.
The test subjects and each part oftheir equipment were weighed before and after
the exercises (precision of the scales: 10 g) to assess the amount of sweat pro
duced and the percentage of moisture released to the atmosphere.

The conditions in the field were then simnlated in the lab with a sweating
torso. This apparatus (1) corresponds in its dimensions to a human trunk. It con
sists of different layers that have similar thermal properties as the skin layers.
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The interior of the torso can be filled with water to obtain approximately the
same heat capacity as the human body. The torso is heated electrically by heat·
ing foils and contains 36 sweating nozzles. It can thus be heated to human core
and skin temperature (with a constant heating power) and release as much sweat
as a human being would during the most strenuous effort. The torso was covered
with jackets or material combinations comparable to those used during the prac
tical exercises and put either in a climatic chamber or exposed to a large radiant
heat source (heat flux up to 40 kW'm-') to simulate the conditions in the field.
The torso trial was carried out in 3 phases simulating a human subject at rest
(phases I and 3, no sweat) and during an effort (phase 2, with sweat release cor·
responding to I L·h·' for a man).

RESULTS

Exercise Courses

The chamber exercise lasted for II to 24 min depending on how fast the fire·
fighters could maneuver through the cage. Eleven firefighters completed the
exercise at a climate ofapproximately 30°C and 50% RH and 5 subjects at 38°C
and 50% RH. fu each case, the core temperature ofthe subjects increased rapid·
Iy. At 38°C, it increased at a rate of2.8 to 5.loC·h') (3.5°C·h·1 on average). Under
these conditions,. the superior evaporative cooling of the breathable jackets
showed no positive effect on the rectal temperatore of the subjects, in compari·
son with the PVC coatings (single results: 2.8 and 3.1°C·h-I for the PVC coated
and 2.8, 3.9 and 5.1°C·h·) for the breathable jackets). At 30°C, the increase was
not as great, 2.7°Ch·1 on average and ranged from 1.7 to 3.9°C·h·l • In this case,
the PVC"coated jacket was associated with· the highest rate of Increase.
Monitoring of the core temperature of 2 firefighters during the whole exercise
showed that it increased almost linearly during the effort and continued to rise
for a few minutes when the subject was at rest. The results clearly show that at
30°C and 50% RH, the partial water vapor pressure difference between the
microclimate in the jacket and the atmosphere is still important enough to allow
a certain evaporative cooling through the garment. At 38°C and 50% RH, the
pressure difference is too low to allow an efficient cooling through water vapor
transfer through the garment. The sweat production of the subjects could not be
related to the outside temperature because the body perspires as muth as possi·
ble when the core temperature starts to rise. The sweat production varied great·
Iy between subjects (0.5 to 2.1 L'h"), with an average value of 1.0 L·h·1 for the
16 firefighters.

The simulation of this exercise in the lab was done by putting the sweating
torso (dressed with similar jackets to those used in the practical exercises) in a cli
matic chamber at 2 different climates (30°C or 35°C and 50% RH). The torso was
operated with a heating power and a sweat rate corresponding to 400 W and I L·h-)
for a man. The sWeat rate thus corresponded to the amounts released during the
practical exercises. However, an estimation ofthe metabolic rate ofthe firefight·
ers showed that they had greatet energy expenditore during the course than that
atheived in the torso. As with the firefighters, the increase ofcore temperature of
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fue sweating torso was dependent on fue climate in fue chamber. At 30°C, fue core
temperature increased by J.9°C·h·' in fue impermeable jacket and by J.7°C·h·\ in
fue breafuable jacket. At 35°C, fue increase was 2.8°C·h·' for fue PVC,coated
jacket and 2.6°C·h·\ for fue breafuable one. These differences in rates oftempera,
ture increase between climates were comparable to 1he ones measured on fue fire
fighters. During bofu series oftests, most offue released humidity remained in fue
textile layers. At 30°C, fue breafuablejacket could evaporate 17% offue supplied
water and at 35°C ouly 4%. These very small percentages ,ofevaporated moisture
during fuese tests were likely to due to fue fact fuat fue jackets were placed tight
ly round fue torso. This avoided any air layers or ventilation openings fuat could
contribute to fue overall release ofmoisture (3). As wifu fue practical tests, fue dif
ferences between bofu types ofjackets were not very important as soon as fue out
side temperatures were approaching skin temperatures, even iffue highest results
were always reaclied by fue impermeable jacket.
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Fignre 1. Evolution offue surface temperature offue torso for one PVC
coated combination (pVC) and furee breafuable combinations (B1-3).

Firehmlse

The temperature rise when enteriog fue firehouse was obviously due to fue
outside temperature and the radiant heat load. In this case, no difference between
breathable and PVC-coated clothing could be seen either in the temperature
increases inside the jackets or in the RH, which always reached nearly 100%.
Nevertheless, measurements in the lab showed that part of the moisture con
tained in brea1hab1e combinations could evaporate and be released to the outside
even under high radiant heat exposure, and under certain circumstances, con
tribute to heat protection (3). When the firefighters left the firehouse, it was inter-
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esting to observe that the RH remained near 100% in the PVC-coated clothing
but came down rather quickly in the breathable combinations. The temperatures
also stabilized at different temperatures: in Jacket C, the temperature remained
between 36°C and 38°C; whereas in Jacket B, it came down to near 32°C.

The simulation ofthe firehouse was done by exposing the sweating torso to a
large radiant heat source for a few minutes during the first (dIy) and second (sweat
ing) phase. During the first phase, the temperature evolution was due to the ther
mal insulation of the jackets. The temperature increase when exposed to the radi
ant heat was the greatest for the PVC-coated sample, showing that its heat protec
tion must be lowertban the one ofthe breathable combinations (B1-3). When the
heat source was removed, the surface temperature ofthe torso decreased to approx
imately 34°C for all ofthe samples. At cycle 40, the torso started to sweat, which
caused an important temperature reduction for all of the breathable combinations
because of the evaporative cooling of the sweat. The temperature under the PVC
coated combination nearly remained constant. After the radiant heat exposure, the
surface temperature ofthe torso stabilized at 35°C for the PVC-coatedmaterial, bot
it dropped to an average of 32°C for the breathable coJUbinations, similar to the
results found duriJig the practical exercise in the firehouse.

CONCLUSIONS

Both series oftests in the field and in the lab have shown that the rectal tem
peratures of the firefighters rise rapidly when the outside temperature exceeds
30°C (up to 1.3°C in about 15 min): Under these conditions, a large part of the
produced sweat remains in the textile layers. The difference between PVC-coat
ed and breathable jackets ouly becomes important when the firefighters return to
a cooler outside temperature.
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INTRODUCTION

Prolonged exposure to work in a warm environment leads to progressive
water and electrolyte loss from the body as sweat (I). In this situation, subse
queut dehydration and thermoregulatory problems may produce fatigue (2).
Bishop observed illat simulated industrial work couditions produced mean sweat
rates (n = 50) of 2.25 L·h·l (3). At high levels of sweat production, workers can
quickly dehydrate (4). Since hyperthermia, dehydration, and glycogen depletion
impairs performance, proper fluid replacement is essential (2). However, volun
tary dehydration due to inadequate thirst drive has been well documented and is
a major cause ofthermoregulatory impairment and heat related injmy (5,6,7,8).
Thus, maintenance of the drinking response is important.

The majori1y of hydration studies have been aimed at the athletic competi
tor and not the industrial worker. Clapp showed that in a simulated industrial sit
uation, workers wearing impermeable protective clothing consumed smaller
amounts and experienced greater weight loss when provided water (W) versus an
electrolyte-carbohydrate (ECHO) beverage when drinking ad libitum (9).
Industrial workers, as compared with the athlete, operate at a lower metabolic
rate, work more frequently and endure longer periods of work. Many industrial
workers wear protective clothing that restricts theIIl'lorcgulation, increases body
temperatures and increases sweat rates.

Optimal rehydration can be eohanced by a fluid that is both beneficial and
appealing (9,10). However, the relative importance offlavor or composition and its
role in the stimulation ofvoluntary drinking over prolonged periods in industrial sit
uations is unkoown (8). The purpose ofthe present study was tu: (1) Compare the
rate ofrehydration during simulated industrial work between W and a commercial
ly-available ECHO beverage in repeated trials, (2) Examine the physiological
effects ofdehydration and (3) Assess taste preference changes over 4 hours ofwork

MATERIALS AND METHODS

This laboratory study examined palatabili1y and drinking rate in 12 subjects
wearing impermeable protective clothing (PC) working in 2 identical simulated
industrial trials at a fixed WBGT temperature of 33°C (± 0.6). Subjects ranged
in age from 19 to 32 with mean age of24.5 years (± 3.0), mean weight of 81.9
kg (± 6.7), and mean height of 180.0 cm (± 8.3). Subjects performed 2 work tri
als 1 week apart and were advised to report rested and well hydrated. Protocols
consisted of 12 min of walking at 3 mph and at a grade that elicited a metabolic
rate of 330 KcaHr' (oxygen uptake of 1.1 L'min") and 3-min arm curls with an
11.5 kg curl bar at a rate that elicited a metabolic rate of 180 Kcal·br' (0.6
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L·min-') repeated twice for a total 000 min. The time-weighted mean workload
for this work regimen was 300 KcaI-h-' (moderate work in the industrial setting).
Each 30-min work phase was followed by 30 min ofseated rest in which the sub
jects were allowed to remove their gloves, mask, and Saranex 23-P I-piece
impermeable coveralls with hood, which was lowered to knee level. While seat
ed, a 2.5-m·s-' breeze from a 36" barrel fan was provided. Subjects performed
up to four I-h phases_

Subjects completed a palatability taste test prior to the series of work/rest
cycles and immediately following the series of work/rest cycles. They rated 5
different commercially available fruit punch ECHO beverages as displayed in
Table I, uti1izing a 9-point hedonic scale. They sampled 20 ml ofeach beverage

Table I, Components of beverages sampled

Beverage Sodium Potassium Kcal Sugars Totitl Carbohydrates

Drink#1 1l0mg 30mg 50 14 g 14g

Drink#2 55mg 30mg 70 15 g 19 g

Drink#3 55mg 50mg 70 19 g 20g

Drink#4 55mg 45mg 50 14 g 14g

Drink#5 50mg 30mg 50 14 g 14g

(random order). After each sample they would rate the taste on 2 aspects: flavor
and overall acceptance. A rating of I indicated "extremely dislike," 5 ''neutral''
and 9 "extremely like." Subjects were weighed in their underwear and then again
fully clothed. They were instrumented with a rectal thermistor, a heart rate mon
itor, and 3 skin thermocouples. Subjects wore a T-shirt and jeans under a
Saranex 23-P I-piece impermeable coverall (with hood) with glove liners, a full
faced respiratory protective mask, Tyvek shoe covers and nitrile over-gloves. In
one session, subjects were provided lime-colored W, in another they were pro
vided a lemon-lime ECHO beverage (Sqwincher Corporation; Columbus, MS).
The beverages were served at 6-9'C by means of non-dilutional reusable ice
container positioned within reach at all times. All fluids in and all voids were
measured. Upon ·completion of the test, subjects were removed from the envi
ronment and weighed both clothed and undressed. Sweat production, fluid loss
and weight changes were calculated from the difference between the clothed and
unclothed weights (pre minus post). A repeated measures ANOVA was per
formed to analyze changes.

RESULTS

Body fluid losses through sweat and urine were similar between the 2 trials,
765 (± 306) ml for the Wand 811.8 (±258) ml for the ECHO (P> 0.05). Mean
changes as a percent of total body weight (pre minus post) for W was 0.93
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(± 0.13) and -0.02 (± 0.14) percent for the ECHO (P < 0.05). Mean voluntary
consumption during work at 33°C WBGT was 673 (± 210) ml·h" for the W and
772 (± 258) ml·h-' for the ECHO trial (P < 0.05). Elevated core temperatures
resulted in mean work stoppage at min 203 (±31.2) for the W and at min 203 (±
40.3) for the ECHO (P < 0.05). Mean changes in heart rate (HR.) following the
fmal work phase were significantly higher during W, 150 (± 26.4) bpm as com
pared with 140 (± 29.4) bpm during the ECHO (P < 0.05). Tsk observed follow
ing the final work phase were significantly higher during the W (37.6 ± 0.5) as
compared with ECHO (37.3 ± 0.5). Mean flavor ratings for Drink#4 were con
sistently higher than that ofthe other ECHO beverages (P < 0.05). Mean overall
acceptance ratings for Drink#4 were consistently higher than for the other ECHO
beverages (P < 0.05). For flavor and acceptance, the mean scores for Drink#4 fell
somewhere between 6 (slightly liked) and 7 (moderately liked) while the remain
ing beverages mean scores were closer to 5 (neither liked nor disliked).

DISCUSSION

The results Qf this study were consistent with those previously reported
(9,11,12). However, previous research had examined groups of industrial work
ers, or individuals engaged in rigorous exercise in the heat. This study focused
on rehydration following repeated trials in a simulated industrial setting.
Subjects lost more weight during work with W (0.46 kg) than with ECHO (0.2
kg). For the first 3 work periods of both trials, subjects produced identical HR
responses and HR recQvery levels. During the 4th work period of W, HR was
higher and had a greater change following the recovery period. It is important to
acknowledge that half of the subjects were unable tu work into the 4th work
phase and the sample size had been reduced (n = 6). Subjective responses were
not significantly different for RPE, wetuess sensation and thermal sensations (P
> 0.05). It has been recommended by organizations such as The National
Athletic Trainers Association and the American College of Sports Medicine that
fluid ingestion during work should provide a source of carbohydrate, water and
electrolYtes to replace the losses incurred by sweating (11,12). The mounting
evidence suggests that subjects prefer a flavored, sweetened, beverage over plain
water and thus, will consume greater quantities of fluid and mitigating dehydra
tion (5,6,7,8,9,10).

There were no significant changes in the palatability of the 5 beverages pre
to post-work. However, there were significant differences among the 5 bever
ages. Drink#4 was rated significantly higher in flavor than the other 4 beverages.
Drink#4 was also rated significantly higher in overall acceptance than Drinks#1,
3 and 5 (P = 0.03) but was not significantly higher than Drink#2 (P = 0.06).
Drink#4 was the commercially available fruit-punch flavored ECHO provided
by the Sqwincher Corporation. The contribution of palatability to hydration
maintenance is presently unclear. Palatability contributes to fluid ingestion but
the relative importance of osmolality and sweetuess remains to be elucidated.
Future studies with additional controls and comparisons are needed.
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CONCLUSIONS

The intent of an ECHO beverage is to promote fluid rehydration to ellhance
performance. In this study ofad libitum consumption during simulated industrial
work, subjects consumed greater quantities of ECHO than W. The use of an
ECHO beverage may have maintained the osmotic thirst drive while eucouraging
greater fluid ingestiou compared to water alone. This should enhance worker safe
ty. Cumulative effects across sequential days ofwork should be investigated.
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INTRODUCTION

The improvements of nuclear, hiological and chemical (NBC) protection
have a\lowed development of light NBC protective suits that permit combat in
conditions similar to that using standard battle dress. However, in fu\l protection
mode (gas mask, gloves, hood in place) body heat elimination is reduced and
resulting dehydration can be very great. It has been shown that dehydration and
resulting hypovolemia impair endurance capacity (1) and promote thermal
injuries (2). In these conditions, rehydration is fundamental but the gas mask
may constrain drink ingestion. The purpose of this investigation was to evaluate
the effect ofwearing different light NBC protective combat suits on body hydra
tion during various physical activities in a hot country.

METHODS

Procedures. Six soldiers from an operational group participated in the
experimental protocol in tropical country (Djibouti). Environmental conditions
were as follows: dry bulb temperature, 30 to 34°C; field globe temperature, 44 to
48°C and wind speed, < 1 m·s". The relative humidity was higher in the morn
ing (75%) than in the afternoon (55%). Each subject peiforiIled 5 moderate and
5 sustained physical activities at the same time of day with different combat
suits: standard battle dress (SBD) and 4 light NBC protective combat suits in full
protection mode (TcNBCO = charcoal impregnated compressed cells; TcNBCA
= new charcoal impregnated compressed cells; TcNBCB = spherical particles;
TcNBCC ~ activated charcoal cloth). The insulation values for the clothing
ensembles, detennined on a manikin, were SBD ~ 0.6, TcNBCO = 0.7, TcNBCA
= 0.8, TcNBCB ~ 0.9 and TcNBCC = 0.7 clo.

Moderate exercise (approximately 30% of Vo,~) consisted ofwalking at 4
km·h" for 30 min under the sun. Before and after the walk, subjects sat down
under the shade of an open tent for 10 and 30 min (recovery), respectively.
During the recovery, spontaneous rehydration with mineral water through the gas
mask was allowed.

Sustained exercise (approximately 80% of Vo,••) consisted of a training
course run (500 m and 20 obstacles). A recovery period of about 85 min in com-
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fortable conditions (under the shade and wearing light clothing) was provided
between each run. Rehydration was provided using 2 modalities: imposed rehy
dration (maximal ingestion of water during 30 s through the gas mask) just after
the run and rehydration ad libitum during the recovery.

Measurements. Before and after each test, subjects were weighed nude and
a urine sample was collected and its volume, osmolality and density determined.
A blood sample was obtained before and after each exercise and at the end ofthe
recovery. Hematocrit was measured and uSed to estimate plasma volume (PV)
variation. Heart rate (HR) and rectal and skin temperatures (T", and T,,,, respec
tively) were continuously monitored.

RESULTS

During the moderate exercise tests, the sweat rates were higher (P < 0.05)
for TcNBCA (991 ± 32 ml) and TcNBCB (895 ± 49 mI) than for the other suits:
815 ± 55 ml, 716 ± 65 ml and 768 ± 139 ml, for TcNBCO, TcNBCC and SBD,
respectively. The time courses of T", and T'k confirmed previous findings for
TcNBCO and TcNBCC (3). Tre and Tsk were always greater (from 0.3 to 0.5oC)
than with the other NBC protective suits (P < 0.05). The time course of the HR
response was similar for all suits. After exercise, the PV decrease was greater
with NBC suits than with standard battle dress (P < 0.05, see Figure 1). During
recovery, the amounts of ingested water were less with NBC protective suits
(through the gas mask) than with the SBD (P < 0.05). As previously described
(4), small amounts of ingested water are insufficient to correct the water losses
and PV reductions. The urinary volume was also reduced with the NBC suits,
and osmolality and density increased (P < 0.05).

The duration ofthe sustained exercise was similar for all suits (5 min 20 s to
5 min 50 s). Mean HR, recorded at the end of the exercise, was also similar for
all suits (169 to 173 beatsmin-l). Because ofthe short duration ofthe exercise, the
increases in Tre and Tsk were small and did not differ significantly among suits.
However, the sweat rates were twofold higher with NBC suits (mean ± SEM, 414
± 27 mI to 507 ± 30 ml) than with standard battle dress (286 ± 27 mI, P < 0.05).
The large PV decrease (about -6% with each suit), just after the run, could be due
more to the intensity of exercise than the water losses (5). Maximal amounts of
water ingested through the gas mask after the run were small (about 60 to 90 ml
during 30 s) and insufficient to compensate for the fluid losses.

CONCLUSIONS

Our results have shown the importance of the fluid losses when wearing
light NBC suits in full-protection mode during various exercises in hot country.
Rehydration through the gas mask was difficult and did not allow effective com
pensation for the water losses.
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INTRODUCTION

Combat support roles for female soldiers expose them to extremes of both
environment and physical exertion. We investigated tasks related to the evacua
tion of casualties by litter. Our goals were to quantify female performance under
extreme conditions and to compare the efficacy of using male-based models to
predict female performance.

MATERIALS AND METHODS

Data were collected on 4 female soldiers in a hot-dry environment (I).
Investigators adhered to AR 70-25 and USAMRDC Regulation 70-25 on Use of
Volunteers in Research. Subjects participated in these studies after giving their free
and informed voluntary consent. Test activities consisted of walking (1.34 m·sol)

forward to the casualty and self,.paced 2-person litter carriage (68 kg load) to sim
ulate stages in casually evacuation. Metabolic costs for rest, walking and litter car
riage were measured prior to testing. Litter carriage was intermittent WOlX consist
ing of a series of short carries separated by rest periods. Clothing consisted ofthe
Battledress Uniform (BDD) or the Battledress Overgarment (BDO). The BDU pro
vided no chemical protection (MOPP-O condition), whereas the BDO was worn
with the M-40 mask (MOPP-4 condition). Data for rectal temperature (T,el were
compared to values calculated with the Heat Strain Decision Aid (HSDA) (2) and
SCENARIO (3) models. The HSDA model is an executable version of the
USARIEM Heat Strain Model (4) developed to predict soldier performance.
Model inputs are air temperature, relative humidity, wind speed, solar radiation,
clothing, activity or metabolic rate and values for soldier height and weight and
heat acclimation. The SCENARIO model was developed as a post hoc model to
evaluate experimental results and requires additional inputs of maximum oxygen
uptake and globe or mean radiant temperature. Although SCENARIO allows direct
input of time-indexed metabolic rates, the HSDA does not. Consequently, meta
bolic inputs for the HSDA consisted of weighted average values that included a
time adjusttnent to compensate for the metabolic cost of each lift.

RESULTS

Table 1 presents mean meteorological data used as modeling inputs, and
Table 2 sununarizes the test results. Mean values for subject height and weight
were respectively 162 ± 1 em and 63 ± 5 kg. There were statistically significant
differences between MOPP-O and MOPP-4 for h.Tre (P = 0.006) while walking,
but not for litter carriage. The primary limiting factor for litter carriage was mus
cular-skeletal stress.
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Table 1. Environmental conditionsduIingwaiking (W) lIld litler cariage (L)test
activities inMOPNJ (BDU) or MOPP-4 (BOO) cIo1hing

Meteorological values (SD)

Ta Tg wind RH WBGT Tmd T"'nd
Test 'C "C mos·J % 'C 'C 'C

W-BDU 39.41 51.11 2.49 12.57 28.9 82.20 52.95
(0.43) (0.96) (0.98) (1.00) (0.5) (6.87) (130)

W-BDO 37.96 47.05 4.82 17.85 28.3 84.05 50.52
(0.27) (0.44) (1.25) (0.52) (0.3) (4.72) (0.21)

L-BDU 37.82 46.42 4.63 17.72 28.\ 81.12 49.80
(0.34) (0.65) (1.13) (1.57) (0.4) (4.86) (1.17)

L-BDO 35.46 42.21 4.82 26.79 27.4 71.53 46.38
(0.33) (1.98) (1.10) (1.10) (0.8) (7.30) (1.60)

Table2. SlDIlIIllUyof subjectl"esponses by activity'

Test T
re

, DC .6.Tre , DC Endurance time in minutes
range m",n

W-BDU 38.33 (0.42) 0.93 (0.27) 80-160' 140(40)

W-BDO 38.55 (0.26) 1.28(0.40) 20-37 29 (8)

L-BDU 37.86 (0.50) 0.69(0.51) 28·107 59(35)

L-BDO 38.003 (0.50) 0.763 (0.41) 22_573 43 3 (19)

1Values in parentheses are StandaidDeviatiais
2Maxinum time for my activity was 160min
3 Three subjects,otherwisen=4

Figures 1 and 2 plot the outputs from both models with mean Tre values. The
Root Mean Squared Deviations (RMSD) (5) from the observed Tre values were
compared to the mean standard deviations (SD). For all days and models (4x2), with
one exception, RMSD ::;; SD. Overall, the HSDA model fit the data better. For litter
carriage, the 2-day average RMSD for HSDA was 0.06 vs. 0.10 for SCENARIO.

DISCUSSION
With the exception ofwalking with chemical protection (MOPP-4), T" val

ues remained below 38.5"C. This indicates that factors other than thermal strain
were limiting performance. Figures I and 2 show that both models project the
general response patterns, although T" is clearly overpredicted for walking in

MOPP-4. When HSDA was used to model male performance during another
stody (6), the rate of increase in core temperature was overpredicted. It may be
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desirable for a predictive model to provide a conservative estimate of core tem
perature, and thus provide some margin for error. The comparison ofmodeling
results to this limited data set suggests there may be no such margin for error
when the model is run with inputs for a female population.
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Figure 1. Comparison of observed mean Tre to modeling results for walk
ing in MOPP-O (A) and MOPP-4 (B)
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Figure 2. Comparison of observed mean Tre to modeling results for litter car

riage in MOPP-O (A) and MOPP-4 (B)

CONCLUSIONS

The results indicate that strength and equipment are limiting factors for lit
ter carriage regardless ofchemical protection (CP) clothing or weather condition.
Without CP clothing, thermal strain was not the immediate limiting factor. For
modeling, an accurate estimate ofmetabolic cost ofeach activity is critical. Both
male-based models were applicable to our female subject population. The HSDA
demonstrated better fit, but the format of SCENARIO is more suitable for direct
input of metabolic rates for intermitteut work.
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HEAT STORAGE DURING EXERCISE, ESPECIALLY IN MUSCLE

Paul Webb

Yellow Springs, Ohio, USA

~

INTRODUCTION

Heat is stored and held in the body during exercise as evidenced by the rise
in body temperatures. To be able to relate change in body heat content (Hb) to
changes in body temperature one must have quantitative data from direct and
indirect calorimetry. I have collected such data in past studies (1,2). From known
body heat storage (Hb) during the onset ofyxercise obtained calorimetrically,
the change in "mean body temperature" ( /;.Th ) is:

[1]

where mb is body mass (kg), and cp is specific heat ofa subject's

body (kI/kg) from body composition (3)

Calculating weighting factors f~ change in rectal temperature (Tre) !!I'd
change in mean skin temperature ( /;.T,k ) fuat would predict the known /;.Tb ,
falled completely to find anything consistent or useful. Since muscle is where
the extra heat is produced, it rna'!e sense to try to find a way to include it as a
third temperature from which /;.Th could be predicted, so I used muscle tem
perature data from fue literature, but again without success. 'Then, by trial and
error some weighting coefficients were found that could be used to predict rea
sonable muscle temperature (Tmu) changes. These coefficients are presented.

METHODS

Fifteen men and 5 women performed 72 walking experiments, level,
uphill and downhill on fue treadmill. External work (W) in uphill and downhill
walking was calculated from treadmill speed and grade, and body weight.
Subjects wore a suit calorimeter (4) for direct measurement ofheat loss ( OH )
and eifuer a ventilated full facemask for measuring heat production ( M)
or worked in a respiration chamber. The suit calorimetercooled subjects so that they
sweated minimally. Experiments were continued until there were steady states of
M, QH and body temperatures. M reached steady state quickly but OH slowly.

Thus, while OH was catching up to M, heat was stored in fue body.

During fuis 40 - 70 min period, body heat storage was the accumulated difference
between Total Heat (l!TOT), which is M - (±W), and QH.
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RESULTS

Th,<..basic measurements are summarized in Table I, along with the calcu
lated Lllb for each exercise condition. All exercises were from walking on a
treadmill at the speeds shown, either level (0 grade), uphill or downhill. The hor
izontal load shown for walking at 4.7 kmIbr 0 grade was a backpuII with a weight
to create positive work of 80 watts. The 20 kg vertical load when walking down
hill at -15% raised the negative work to 200 watts.

In an effort to relate change in the two body temperatures that were mea
sured to change in (!Down) mean body temperature, I used weighting factors of
0.9(Tre) and O.I( LlT'" ) with the standard equation:

LlTh = 0.9(T,.) + O.I( LlT'k ) [2]

The results were nonsense. I also tried solving for the weighting factor "a" in
the following expression, as derived in a previous report (3):

a = (Lllb - LlT",) I (Tre - LlT'" ) [3]

This gave values over a huge range, from 12.49 to -7.18, but most values in the
range of2 to 4. The negative change in skin temperature and the use ofa 2
compartment model produced these bizarre and useless values. In exercise the
big change in heat production and heat storage is in a third body compartment,
the skeletal muscle. Since I did not have measurements of muscle temperature,
I used muscle temperatures from the literature for both negative and positive
W, and plotted these as a function ofHtot. Using this to predict muscle temper
atures in the current experiments, and also using the equation ofNadel et al (5)
to relate the 3-comparlmel!! temperature changes to LlTh gave results that did not
at all match the known Lllb in my data (Table I).

By assuming a fixed weighting ofskin temperature at 0.1, I could write the
following equation:

Lllb = x(T,.) + (I -x) (Tm,,) + O.I( LlTok )

Solving for muscle temperature:

- -
Trou = (LlTb -x(Tre)+.I(LlT"')) I x

[4]

[5]

With trial values ~or x, and using the basic data in table I, values for Tmu were
derived. Reasonable values for Tmu came from x = 0.5 for level and uphill
walking and x = 03 for downhill walking. Estimated Tmus are shown in Table 2.
Using these two values for the x coefficient, eq. [4] becomes:

Level & uphill walking. LlTb = O.5(Tr.) + O.4(Tmu) + O.I( LlT",) [6]

- -
Downhill walking. Lllb = O.3(Tre) + 0.6(Tmu) + O.I( LlTok ) [7]
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Table L Conditions and measnremmts; mean data.

n H,or Q. Au.. ATb ATre ATole

IrJ IrJ IrJ 'C 'C 'C

Walking speed at 0% grade:
2.5 kmAlf 6 1079 874 205 0.90 0.6 -0.6
4.6" 7 1318 1046 272 1.23 0.7 -2.0
4.7 " 9 2286 1871 415 1.77 L1 :3~0

w/horiz.load

Walking 5.4 kmihr:
Grade 10% 8 2371 1857 514 201 1.3 -0.8
" 5% 9 1841 1541 300 1.18 1.1 -2.3

0% 8 1220 1063 157 0.60 0.3 0.7
-5% 7 1445 945 500 1.94 0.5 -0.5

-10% 8 2000 1006 994 3.87 0.5 -0.8
-15% 10 2829 1232 1598 622 05 -0.25

w/vert. Load

Table 2. Data from Table 1 plus estimated ebange in mosele
temperature

n AH, ATh ATre ATsk Estim.
AT~

\rJ 'C 'C 'C 'C

Walkingspeed, 0 grade:
25 kmlhr 6 205 0.90 0.6 -0.6 1.35
4.6 " 7 272 1.23 0.7 -2.0 1.70
4.7 " 9 415 1.77 I.I -3.0 2.3
w/horiz. load

Walking5.4 kmlhr
Grade 10% 8 514 2.01 1.3 -0.8 32
" 5% 9 300 1.18 1.1 -2.3 1.0

0% 8 157 0.60 0.3 0.7 1.3
-5% 7 500 1.94 05 -05 2.9

" -10% 8 994 3.87 0.5 -0.8 6.1
" -15% 10 1598 6.22 05 .0.25 10.1

w/vert Load

DISCUSSION

These are the first experiments with direct calorimetric measurements ofHb
during exercise. h was tempting to try to relate changes in body temperatures to
Hb, even though there were no measurements made of muscle temperature.
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Weighting coefficients were fonnd for both positive and negative work that gave
reasonable estimates of what Tmu shonld be. The weighting coefficients fonnd

for Tmu are large: 0.4 for positive work, 0.6 for negative work, suggesting that

most heat storage during exercise is in muscle. An nnusual aspect of this data:
skin temperatures during exercise went down instead of rising because of the
way the suit calorimeter was controlled. There was enough cooliug to allow
work without sweating, a pleasant seosation for the subjects, but not the usual
case physiologically.

The estimates of change in muscle temperature were quite large for nega
tive work, but this is reasonable because wa1kiug downhi1l resnlts in a power
input that immediately becomes heat in the muscles, which are being forcibly
stretched as they try to contract. The estimates of muscle temperature here need
to be tested against direct measuremeots made during exercise when there is also
direct measurement of body heat storage.

REFERENCES

I. Webb, P., Saris, W.H.M, Schoffelen, P.F.M., van Ingen Scheoau, G.J. and
teo Hoor, F. 1988. The work ofwa1kiug: a calorimetric study. Medicine
and Science in Sports and Exercise, 20, 331-337.

2. Nagle, F.J., Webb, P. and Wanta, D.M. 1990. Energy exchange in downhill
and uphill wa1kiug: a calorimetric study. Medicine and Science in Sports
andExercise, 22, 540-544.

3. Webb, P. Heat storage and body temperature during cooliug and rewarming.
1993. European Journal ojAppliedPhysiology, 66, 18-24.

4. Webb, P., Annis, J.F. and Troutman, S.J. 1972. Human calorimetry with a
water-cooled garment. Journal ojAppliedPhysiology, 32, 412-418.

5. Nadel, E.R., Bergh, U. and Saltin, B. 1972. Body temperatures during nega
tive work exercise. Journal ojApplied Physiology, 33, 553-558.

124



MEASURES OF HUMAN HYDRATION STATE

M. Stirling and K. Parsons

HTEL, Department ofHuman Sciences, Loughborough University, UK

INTRODUCTION

There are many effects of the process of dehydration, ranging from
impaired exercise'thermoregulation at about 1% body weight loss to likely col
lapse at 7% body weight loss (6). Thirst does not provide a good index of body
water requirements (7), and numerous investigators report that ad libitum water
intake results in incomplete water replacement or "voluntary" dehydration dur
ing exercise in the heat (1,4). This paper aims to investigate several different
physiological measures as indicators ofhydration state, some ofwhich have been
investigated previoUSly, and looks to developing them as useful methods for
monitoring the hydration state of workers in industIy, as techniques for profes
sionals and the workers themselves. Methods for measuring hydration state were
compared to two recognized indicators of hydration state (1,3,5): urine osmolal
ity and urine specific gravity.

METHOD

Subjects. Eight male, unacclimated subjects participated in the study. The
subjects had a mean (SD) age of24 ± 4 years, height of 1.81 ± .09 m, weight of
80.1 ± 7.9 kg, percent body fat of 16.8 ± 4.3 % and predicted maximal 02 uptake

of4.58 ± 0.87 L'min-] (predicted using ACSM guidelines [2]). .
Experimeutal design. Subjects participated in the protocol On 2 occasions

(balanced design), exercising on a cycle ergometer in a hot-dry environment
(40.3 ± 0.1°C dry bulb, 34.3 ± 0.3% relative humidity, 0.41 ± 0.1 m's-] air veloc
ity). Each exposure lasted 170 min in duration, consisting of 5 sets of 20 min
cycling and 10 min rest. On one occasion, subjects were given cool water (5.4 ±
O.S°C) to drink, which was measured to match the rate at which sweat was lost
(drinking condition). Subjects were weighed after each of the 5 cycle sessions,
and they were given the eqnivalent ofthe body mass lost to drink during the next
cycle session. On the other occasion, subjects received no fluid replacement (no
drink condition). A battery of physiological tests was carried out pre- and post
exercise. To ensure that subjects were in similar hydration and nutritional states
at the start ofeach experimental session, diet, fluid intake and exercise during the
15 h preceding each trial were controlled.

Measurements. The following measurements were taken during the exper
iments: aural temperature (Tau), 4-point mean skin temperature (T",), heart rate

(HR.), body weight loss (% BW loss) and samples ofblood, urine and sweat. Tau,

T"" and HR were recorded continuously throughout the experiment. %BW loss

125



was recorded at the beginning and end of the heat exposure, and also after each
ofthe 5 cycle periods. Sweat samples, which were collected in sweat patches at
7 sites over the body, were taken after each cycle period and analyzed for sodi
um (SWNa) and potassium (SwK) concentration. Blood and urine samples were
taken pre- and post-heat exposure (in addition, a urine sample was given 6 h post
exposure). Blood samples were used to determine hemoglobin (fib), hematocrit
(Hct) and change in plasma volume (M'V). The following measures were taken
from the urine samples: osmolality (Uosm); specific gravity (U,,,); color (U",l); vol
ume (UvoO; temperature (Utemp); pH (UpH); sodium (UNa) and potassium (UK).

Statistical analyses. Analyses utilized the Student's t-test, Pearson product
moment correlation coefficient matrices, Spearman's rank correlation and calcu
lations of linear regression. Significance was determined at the P < .05 confi
dence level, and all terms were expressed as the mean ± SD.

RESULTS

Drinking. Ofthe urinary variables, Decl, D,emp, DK and Dc,", (P < .05) were
affected by the exposure, and this effect continued until 6 h post-exercise for
Decl, UK and D",m (P < .05). None of the hematological measures showed a dif
ference with heat exposure, but HR, Tau and T,k were significantly affected (P <
.05). Ofthe sweat measures, SWNa was affected by the exposure throughout the
work period (patch I vs. 2, 3, 4 & 5 and Patch 2 vs. 3, 4 & 5, P < .05), but SWK
showed no change during the exposure.

No drinking. Of the urinary variables, only D"'l , Dtemp and DK (P < .05)
were affected by the exposure. Hh was the only hematological measure affected
by the heat exposure (P < .05), and HR, Taa, Tsk and oral temperature (To,) also
changed significantly (P < .05). For the sweat measures, SWNa was affected by the
exposure throughout the work period (patch I vs. 2, 3, 4 & 5 and Patch 3 vs. 4, P
< .05), but there was only a difference between Patches I & 4 for SWK (P < .05).

Comparison of drinking and no drinking conditions. There were signifi
cant differences between the conditions post exposure for Dvol, D"'l, TO>" (P < .05)
and Tau (P < .05), and also for sweat rate and the 4th sweat patch for SWK (P < .05).

Change in variables. Due to inevitable inter-subject variability of mea
sures ofhydration, t-tests were then carried out on changes in variables over the
experiment between conditions. For the change in values between pre- and post
exposure, only Dcol was significantly different (P < .05) between the conditions.
However, for the change in values for post to 6 b post-exposure, Dosm, D,g and
Decl were all significant (P < .05) between the conditions.

Relationships between variables. Three correlation matrices (pearson
product moment correlation coefficient) were constrocted for pre-, post- and 6 h
post-exposure measurements, which identified significant relationships between
physiological, urinary, hematological and sweat variables. Table I presents
selected relationships (correlation coefficients and significance levels), which
demonstrated the highest correlations ofall the variables; these variables will be
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Table 1 Correlation coefficients for selected relationships

Drinldno No Drinkino
Pre ~ 6hpost & ~ 6h oost

UosmandUSg +.977" +.985" +.877" +.873" +.953" +.971 "
USgand DeDI +.986" +.906" +.823" +.837" +.866" +.765"
UOml and U wl +.892" +.919" +.828" +.781" +.665 +.654
Uplllland U vol -.783" -.774" - -.700 -.863" -
VSI; and Uvol -.791" -.774" - -.883" -.944" -
U andU -.954" -.872" - -.792" -.868" -
* P<.05. --volmnenotmeasured6hpost-exJX)sure

discussed further. Overall, Ucol correlates well wiili reliable measures of hydra

tion (Do,," and U,g), and urine volume also correlates wiili Do,,", D,g and Dcol.
For post-exposure and 6 h post-exposure, no significant relationships were found
between urinary and hematological correlations.

DISCUSSION

Changes in hydration state were not accurately reflected in. hematological
indices because ilie body actively attempts to preserve ilie plasma volume by
moving fluid from ilie intracellular to ilie extracellular space. These findings sup
port iliose of Armstrong et al. (3) and ilie hypoilieses of Francesconi et aI. (5).
Strong linear relationships were found between ilie 2 recognized measures of
hydration state, Uo,," and U,g, and of Ucol wiili iliese 2 variables. Dcol correlates

significantly wiili Uo,," and U,g boili between and during experimental conditions
and iliis confers wiili ilie findings ofArmstrong et al. (3). Changes in variables
over ilie experiments (pre to post) showed a significant difference (P < .05)
between drinking and no drinking for Ucol, indicating iliat it is sensitive to hydra

tion state. The ease of use of ilie 8-shade subjective color scale renders it very
practical during field work mooitoring hydration state of workers exposed to
heat. Since U",m and U,g produce higher correlations ilian wiili Dcol, iliey should

be used as indicators ofhydration state, where possible, for example by occupa
tional nurses. However, ilie urine color scale, and also urine volume, could be
used as a guide so iliat people iliat work in ilie heat may monitor ilieir own hydra
tion state. In ilie drinking condition, urinary and physiological variables were
still affected by heat exposure and exercise, even iliough ilie amount of sweat
produced was replaced wiili an equivalent amount of water to drink. This sug
gests iliat because sweat rates were so high (0.85 ± 0.08 L·h·I ), ilie volume of
water subjects needed to ingest was too large and was ilierefore not absorbed in
ilie gut. For this reason, ilie conditions were not named "euhydration" and
"hypohydration." When considering ilie hydration state of workers in industry,
drinking before and after heat exposure is necessary, as water lost in sweat can
not be replaced inunediately. The additional urine samples collected 6 h post
exposure suggest iliat ilie effects of exercise were still apparent. Three of ilie
variables, Do,,", DK and Ucol, were still significantly elevated, perhaps indicating
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that water conserVing mechanisms were still in place. Although neither diet nor
drinking were controlled after the experiment, these findings suggest rehydration
regimes lasting several hours post-exercise/heat exposure are required. The
range in Uosm, U,g, Ucol and Uvol was quite widespread for both conditions, pre

and post- heat exposure, despite the fact that diet and fluid intake was controlled,
indicating that perhaps 15 h was not long enough to standardize hydration lev
els. This also indicates that individuals must learn how much they need to drink
to remain adequately hydrated.

CONCLUSIONS

Since thirst is well known to be an inefficient indicator of hypohydration
and the need to intake fluids (7), people that work in the heat require a reference
to give them infonnation about their current hydration state. The use ofU,OI as

an indicator appears to be a practical solution, where more detailed clinical
analysis is not available. In addition, some education and training may be
required to increase awareness of the importance of regular fluid replacement,
even after exposure, and to familiarize workers with the processes ofmonitoring
their own hydration state, as U'ol can be. affected by factors such as medication,

illness and certain foods.
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SMOKING mSTORY AND EXERCISE DURATION
IN HOT, DRY ENVIRONMENTS

D. W. Trone l , A. A. Sucec2, R. S. Pozos2

INaval Health Research Center
2San Diego State University

San Diego, CA USA

~

INTRODUCTION

Epidemiological evidence suggests that the military have a higher percent
age of smokers than the civilian popnlation (I). A worldwide survey of U. S.
military personnel conducted in 1985 under the direction of the Assistant
Secretary of Defense for Health Affairs reported that 46% of male and 42% of
female U. S. military personnel smoke cigarettes, compared with 36% and 29%
of males and females, respectively, in the U.S. population (2). Conway and
Cronan reported that among Navy personnel, smokers have lower physical
endurance than nonsmokers (3) and that cigarette smoking is clearly detrimental
to physical fitness, even amoug young men (4). Smoking also may negatively
impact military readiness and performance of physical duties. Thus, several
Navy directives have focused on preventing new recruits from beginning to
smoke and on encouraging smoking cessation to ensure the development and
mainteuance of healthy, physically fit military personnel (5).

The effect of smoking history on thermoregulation and exercise capacity in
the heat has civilian as well as military importance. The purpose of this investi
gation was to evaluate the effects of cigarette smoking on exercise duration in a
hot, dry environment while wearing chemical/biological protective gear. It was
hypothesized that self-reported cigarette smokers wonld be unable to perform
aerobic exercise while wearing chemicallbiological protection gear in a hot, dry
environment as long as subjects who had never smoked.

MATERIALS AND METHODS

Subjects & Heat Exposure Exercise Trial

Twenty-four unacclimatized male Marines wearing chemicallbiological
protection ensembles with 34 kg ofgear completed a treadmill walking protocol
(1.34 mls and 2% grade) to exhaustion on a Quinton® (Bothell, WA) motor-dri
ven treadmill. Subjects were tested at a wet bulb global temperature (WBGT) (6)
of either 34°C (n = 14) or 25°C (n = 10) while instrnmented with 8 skin temper
atnre thermistors (Model No. 409, Yellow Springs lnstrnments, lnc.; Yellow
Springs, OB) and a disposable thermistor probe (Sheridan; Argyle, NY) insert
ed to a depth of IS em past the anal sphincter to measure core temperatnre. The
34°C WBGT corresponded to 49°C and 20% relative humidity (RH). The 25°C
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WBGT corresponded to 32°C and 35% RH. Heart rate (Polar® Heart Watch;
Stamford, cn and oxygen uptake were also recorded.

Questionnaire Items

Exercise Habits. In an attempt to isolate the effect of smoking on exercise
in the heat, correlations between the groups' self-reported weekly exercise fre
quency, intensity, and duration were evaluated. '.

Medical History. Smoking statns was assessed using a self-reported med
ical history qnestionnaire. After reviewing the medical history questionnaires,
subjects were divided into curreutly smoking (mean pack years of 3.2) and no
smoking history (no-Hx) groups. Fonner smokers were excluded from this study.
Since the average age of the smokers was 20.8 years, a 3.2-pack-year smoking
history means that this group averaged one pack per day since the age of 17.6
years. The current smoking habit of this group was 16 cigarettes per day.

3-Mile Run Time and Body Fat Measurements

Self-reported 3-mile run time from the Marines' most recent PIT was
recorded as an indicator ofaerobic fitness. Percent body fat was estimated using
Lange® (Cambridge Scientific Industries, Cambridge, MD) skinfold calipers
using the equation for the sum of7 skinfold sites (7).

Statistical Analysis

One-way analysis ofvariance.on aerobic exercise duration in the heat at 34
°C and 25°C by each of the two smoking groups was perfonned to analyze the
relationship between smoking and aerobic exercise"duration in the heat.
Statistical analysis of the data included t-tests between the two smoking groups
to try to rule out differences between possible confounding factors of physical
fitness and weekly physical activity.

RESULTS

Subiects

A total of 24 subjects (12 smokers and 12 no-Hx) completed the testing.
The physical characteristics, exercise duration in the heat chamber, and 3-mile
run times are shown in Table 1.

Questionnaire Items

The mean frequency ofweekly activity for smokers and no-Hx was not sig
nificantly different between groups (p = 0.12). The mean (±SD) intensity rating
during weekly activity for smokers and no"Hx was not significantly different
(p = 0.70). The average (±SD) duration ofeach bout ofweekly activity for smok
ers and no-Hx was not significantly different between the groups (p = 0.96).

3-M;le Run Time and Body Fat Percental:e

Smokers demonstrated a decreased aerobic fitness as shown by slower 3
mile run times (p = 0.03) in nonnal, ambient conditions compared with the no-
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Table 1. Physical Cha-acteristics, Exercise Duration in the Heat, and 3-Mile Run Time.
Mean (±SO)

Group Age Weight Body fat % ExTime d% WBGT N 3- Mile
TiIm

) Smoker 20.8 76.8 16.43(±7.72) 26.92** 34&25 12 23.03*

No-Hx 22.3 75.7 1232(±5.77) 32.83 22% 34&25 12 2098

Smoker 21.4 81.8 2357** 34 7 2425*

No-Hx 23.0 78.6 30.57 30% 34 7 21.19

Smoker 19.8' 69.8 31.60 25 5 2132

No-Hx 21.2 71.4 36.00 14% 25 5 20.67

. *

(A

Note. *p :50.05,* p-O.06
(A) All subjects (n = 24) separated by smoking status at 34'C and 25°CWBGT

conditions.
(B) Subjects (n= 14) by smoking status in the 34 'C condition.
(C) Subjects (n= 10) by smoking status in the 25 'C condition.

ExTime = exercise duration (minutes) in the hot, dry environment.
d% = percentage difference in exercise duration between smoker m.d no-Hx groups.
WBGT = temperature 'crYaglou & Minard, 1957)
3-Mile Time = 3-mile run time (minutes) in nonnal, ambient conditionsfrom most

recentWI'.

(C)

(B)

Hx subjects. The mean (±SD) body fat of the smoking group and the no-Hx
group was not significantly different (p ~ 0.15).

Heat Exposure Exercise Trial

Two separate groups of 7 subjects at 34°C and two separate groups of 5
subjects at 25°C completed the heat exposure exercise trial. All tests ended when
either the subjeces core temperature exceeded 39.5°C or HR exceeded 900/0 of
the subject's maximum HR, calculated as 220 - age, for a period of 5 min.
Physical work perfonned in the heat chamber was calculated as 500 W at 34°C
and 275 W at 25°C extrapolated from oxygen uptake measurements (8). Total
heat chamber exercise time for smokers and no-Hx at 34°C and 25°C is report
ed in Table I. When both groups' data were contrasted (34°C and 25°C hot, dry
conditions, treadmill walking protocol), smokers displayed a 22% (p = 0.06)
lower mean aerobic exercise duration. Lower aerobic exercise duration of 30%
(p ~ 0.06) at 34°C and 14% (p = 0.22) at 25°C suggest that current smokers do
not perfonn aerobic exercise as long as no-Hx subjects in hot, dry conditions.

DISCUSSION

Using vapor-barrier uniforms, such as those used to protect humans, both
civilian and military, from airborne chemical or biological agents, poses a ther
moregulatory challenge. These unifonns impede the cooling effect of transfer
ring metabolic heat away from the skin - which is greatly increased during exer
cise - into the environment (9, 10, 11).
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As the environmental temperatore increased, the disparity in exercise dura
tion while performing submaximal aerobic exercise in semi-impermeable chern
icallbiological protection gear increased. The decreased exercise- duration of
14% at 25°C and 30% at 34°C illustrate that smokers do not perform as well as
no-Hx subjects when ambient temperature increases. Decreased exercise dura
tion in the heat cannot be attributed to differences between the gronps' body fat
percentages or weekly exercise activity, but it may be attributed to smoking.
These findings have implications for civilian and military personnel who per
form work tasks in hot, dry conditions while wearing chemica1lbiological pro
tection gear.

While smoking history does seem to affect submaximal exercise in the heat
at higher environmental temperatures, these findings should not be considered
conclusive. However, additional experimentation with a larger number of sub
jects with a smoking history and at various incremental levels ofheat stress and
exercise intensities appears to be warranted. Subsequent studies should investi
gate possible mechanisms of the decreased performance of smokers in various
high-heat environments.

CONCLUSIONS

These findings suggest that smoking may adversely affect exercise duration
in hot, dry conditions. The subjects demonstrated no significant difference in
weekly exercise activity or body fat percentage, but the smoker group had sig
nificantly higher 3-mile run times (p < 0.05) than the no-fIx group in normal
ambient conditions (see Table I). This result indirectly represents a baseline
decreased aerobic fitoess of the smoker group compared with the no-fIx group
during sustained (26 to 36 min) submaximal exercise.

Marines who smoke and are required to wear chemica1lbiological protec
tive gear while performing long duration aerobic tasks in the heat may not be
able to perform those tasks for as long as Marines who have never smoked. The
negative impact of smoking may result in the inability to complete physical
duties while wearing chemicallbiological protection gear and ultimately com
promise the successful completion of the mission.
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OXYGEN UPTAKE AND HEART RATE DURING MARCIDNG IN
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THERMAL NEUTRAL ENVIRONMENT
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INTRODUCTION

Cardiovascular endurance (as measured directly by V02max or indirectly by

running or cycling performance) is a critical function of1he human body in times
of exercise and work when demands are made over periods of five minutes or
longer. The onset of fatigoe, 1he converse of endurance, is directly related to an
individual's stamina and ability to complete physically demanding tasks. Most
often, however, 1he measurement of endurance is carried out under good or ideal
conditions. Consequently, 1hese results have become yardsticks or standards to
measure an indivi\lual's fitness against. While 1hese standards are effective under
most conditions, 1hey may not apply to unusual sitoations. Such a sitoation is
exercise while wearing CDR while carrying various loads, from light loads to
heavy loads, which are often required during military operations.

Therefore, 1he purpose of1his study is to determine the effect of prolonged,
steady-state exercise in CDR and various packloads against the same loads while
in standard work uniforms (U).

MATERIALS AND METHODS

After granting informed consent, 16 fit males (means: age = 22.8 years;
weight = 74.1 kg and height = 179.4 em) served as subjects for this study. Their
relative body fat averaged 10.3%, while 1heir aerobic capacity was 61.5
ml'kg-I 'min-I , STPD. All of 1he subjects had been doing aerobic training for at
least 6 mon1hs prior to 1he initial lab test.

The packload was determined after weighing 1he subjects in shorts. The
ALICR pack, which housed weights (lead shot in bags), and uniforms were con
sidered as part of the load. The load conditions were as follows: 0% (no load),
25%,50% and 75% ofbody weight. The subjects completed each loadtwice, once
in U and once in CDR. The loads and clothing conditions were randomly
assigoed. The subjects marched at 4.8 kph (3.0 mph) on a level treadmill. No more
1han 3 loads were completed in one day wi1h a minimum of 1 h ofrecovery. Only
1 session was completed on days in which a 75% body weight load was assigoed.

Running shoes were utilized ra1her than boots to avoid blisters and o1her
foot problems. During CDR conditions, a breathing mask was worn (model
MI7Al), as called for during military operational preparedness posture, stage 4
(MOPP4) conditions.
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Oxygen uptake was determined by a computerized spirometry system
employing a Rudolph breathing valve to shunt expired air through a corrugated
tube (2.8 em, id) into a 5-L mixing chamber. VE (measured by a Rayfield dry gas
meter) was then sampled to determine FE02 and FEC02 by Applied-Electro
chemistry Oxygen and C02 analyzers. Heart rate was measured continuously
using a single channel ECG with electrodes in the V5 position. The gas meter
and gas analyzers were calibrated before and after each test session.

All V02 and associated measures along with HR were recorded and stored
in the microcomputer for later analysis. Descriptive and inferential data analysis
was accomplished with STATA (1), a statistical package written for microcom
puters, with the alpha error level set at (P < 0.05).

RESULTS
As seen in Table 1, the steady-state V02 was 0.87 L'min-1, S1PD for 0% load

when the exercise was done in standard work uniforms, which was significantly
lower than when carried in CDE conditions (1.01 L·rnin-1). All otherV~ scores
were similar (P > 0.05) for the 2 clothing conditions for all the remaining loads.

Table!. Oxygen upmke and beart rate
for two clothing conditions and fourel«'rcise loads* "

Clwwjca' Defeme BnsW! bJes
Load
%bw
o

25
50
75

vo,
1

..,
·mm

0.87±0.13
1.07 ±0.1O
130±0.17
153+0.19 .

WmjsIInifows

vo,
ml·kgomin-'
llJ± 1.8
14.4± 1.3
17S±2.3
20.6+ 2.6

HR
beats·min-1

87±12
103 ± 19
108±19
128 ±25

vo,
1

..,
·mm

1.01 ±O.15
1.O9±0.15
1.32 ± 0.23
1.57 +0.24

vo,
ml·kg·min-'
13.6±2.0
147±2.0
17.7±3.1
21.2±3.2

HR
beals·min-I

96±19
107±29
115±19
135±24

*Values shown are means ± SD. Subjects marched at4 .8kIn ·h-I on alevel treadmill at 3IDbient"·
temperature of 220C and an RHof40%

Heart rate values, as seen in Table 1, are similar for both clothing conditions,
again with the exception of the no-load condition (P < 0.05). However, the pat
tern of change is somewhat curvilinear (see Figure I), as opposed to the linear
trend ofV02 with increasing packioads. Figure I illustrates the curvilinear trend
of the average HR response to increasing loads.

DISCUSSION

An important finding of this report was that marching in CDE requires a
greater V02 and IlR for the no"load condition when compared to the U condi
tion. Further, the oxygen uptake for the greater loads was similar for both cloth
ing conditions (P > 0.05) and reflects a linear increase with increasing loads.
These findings extend the work of Wallcott and associates (2) who measured
V02 on 17 middle-aged males for loads up to 40% ofbody weight on a level
treadmill at 5.6 kph (3.5 mph). Furthermore, when adjustments were made for
differences in wiilking speed between the 2 studies, the subjects from the
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Figure 1. Mean heart rate responses to carrying
packloads from no load to 75% of body weight for
the two clothing conditions for 16 male snbjects.
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Wallcott et al. report used
4.3% more 02) on aver

age, at no load and 3.5%
more at the 25% bw load.
These diffurences, though
small, are likely signifi
cant and may be attrib
uted to lower levels offit
ness. In this regard
Morgan et al. (3) showed
that as the fitness and per
fonnance of endurance
runners increased, their
running economy im-
proved as well, i.e., the

V02 required for a given speed 'Yas lower.Unexpectedly, the V02, though usual1y

higher for each respective packload when the subjects were wearing CDE, was
not different compared to U (P > 0.05) with the lone exception of the 0% bw
load, as indicated earlier. Here reference is made to an earlier report from this
laboratory (4) in which it was shown that, in the MOPP4 condition, Vo".", was

reduced by 25% when compared to V02m'" in typical exercise clothing.

Moreover, the mean VEm'" was reduced from 148 to 81 L·min- l , BTPS (or --45%

decrement), reflecting the severely reduced ability to move large volumes of air
in and out ofthe Ml7Al mask. The fact that the highest packload condition only
required a fractioJ;l of 34% of the subjects' mean V02, and thus a proportionate

fraction of VErn"" is consistent with the failure to find a difference between the

clothing conditions. The same stndy showed that the MI7AI mask could accom
modate a flow rate up to -50 L·min-1 ATPS and sti1l maintain a breathing resis
tance similar to most breathing valves used during maximal aerobic capacity
testing. The mean VE for the two 75% bw loads was 42 and 46 L·min-l BTPS for

U and CDE conditions, respectively.
An additional consideration is the increased heat load that would need to be

dissipated while walking in CDB. That is, a greater circulatory load, and thus
energy cost, would be incurred as more blood was sent to the periphery.
However, Avellini (5) has shown that there is little difference in core tempera
ture (rectal) after marching at 4.8 kph for 90 min (37.5 vs 37.75°C) for U and
CDE conditions, respectively. The fact that the subjects ofthe present study only
walked for 30 min suggests that the core temperature difference would be even
smaller than those reported by Avel1ini.

CONCLUSIONS

It was concluded that the effect of increasing loads from 0% body weight
progressively to 75% of body weight results in a linear increase in oxygen cost
and a slightly curvilinear rise in heart rate.
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Further, the effectofCDE in the MOPP4 condition demonstrated little effect
on V02 and consequently, aerobic euergy cost. Likewise, heart rate showed lit

tle effect ofthe CDE clothing condition.
Finally, it is proposed that the lack of differences found between the cloth

ing conditions was due to small difference in core temperature changes, similar
breathing resistances for the MI7AI mask breathing valves and the Rudolph
breathing valve at mild to moderate exercise intensities.

REFERENCES

1. Stata statistical software, Release 5.0. 1997, Stata for Windows (College
Station, TX:.Stata Press).

2. Wallcott, G., Coleman, R., MacVeigh, M., Ross, J., Gurry, M., Ward, A.,
Kline, G. and Rippe, J. 1986, Heart rate and V02 response to weighted
walking. Medicine and Science in Sports and Exercise, 18, S28.

3. Morgan, D., Bransford, D., Costill, D., Daniels, J. Howley, E. and
Krahenbuhl, G. 1995, Variation in the aerobic demand of running among
trained and untrained subjects, Medicine and Science in Sports and
Exercise, 27, 404-409.

4. Sucec, A., Yeager, J., Verity, L. and Englund, C. 1987, Decrement in maxi
mal performance with MOPP4 gear, in Proceedings of the Sixth Medical
Chemical Defense Bioscience Review. (Washington, D.C.: U. S. Army
Medical and Research Command), 677·680.

5. Avellini, B. 1983, Physiological evaluation ofchemical protective clothing,
NCTRF Report 151, Navy Clothing and Textile Research Facility,
Natick, MA.

138



HEAT EXPOSURE INCREASES ENERGY EXPENDITURE DURING
REST AND WORK IN MEN DRESSED IN FIREFIGHTER ENSEMBLE
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INTRODUCTION

Observations of personnel conducting firefighting operations suggest that
fire suppression activities demand a high level of energy expenditure (1). This
could be related to breathing on a self-contained breathing apparatos (SCBA)
and wearing a firefighting ensemble (FFE). Breathing from a SCBA is known to
increase ventilation and breathing rate, and decrease maximal exercise capacity
(2). The energy demands of firefighting may also be related to the slow and
deliberate movement patterns associated with wearing the bulky FFE.
Additionally, firefighting may require a high-level anaerobic energy production.
Understanding how energy expenditure is affected by a SCBA and FFE is impor
tant to the development of firefightiog doctrines, exercise/recovery guidelines
and training procedures. Thus, the purpose of this study was to detennine the
effect ofbreathing on a SCBA and wearing an FFE on respiratory responses and
energy expenditore during performance of submaximal exercise in moderate to
hot environments.

MATERIALS AND METHODS

Ten males served as subjects. The physical characteristics of the SUbjects
were 28.9 ± 4.8 years, 179.1 ± 6.6 em and 88.6 ± ILl kg. All subjects were
trained in the use offrrefighting equipment. Each subject gave infonned consent
prior to participation in testing.

All subjects participated in 3 test trials and attempted to complete a test pro
tocol of 20-min rest, 20-min exercise, 20-min recovery, 20-min exercise and 20
min recovery. Subjects wore complete FFE (coveralls, flash hood, hard hehnet,
gloves, single-piece Nomex protective suit and boondocker boots) and respired
using a positive-pressure SCBA. Exercise (1.1 m·s·l , 0% grade treadmill walking)
occurred in 50% relative humidity (RH) air and temperatures of 21 PC (MOD),
35PC (WARM) and 49PC (HOT), while rest/recovery occurred in 27PC air.

Measurements included ventilation (VB), breath rate (fu), oxygen uptake

(V02) and carbon dioxide production (VC02) for calculation ofenergy expendi
tore (BE) in watts. Ambient conditions inside the chamber were monitored con
tinuously for dry-bulb (Tdb), wet-bulb (Twb), black-globe (Tbg) and RH, while

conditions outside of the chamber were monitored for Tdb.
Body temperatores included rectal temperatore (Tre), and skin temperatores

from the upper right chest (Tob), right upper arm (T...), right mid-lateral thigh
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(Tth), and right mid-lateral calf (T,,). Calculations included mean skin tempera
ture (Ts!<) and heat storage (lIS) (kJ·kg-!). Data analysis was conducted on
steady-state respiratory and EE values obtained during the 2 exercise periods
using analysis of covariance.

RESULTS

All subjects completed the 100-min test during the MOD and WARM tri
als. However, only 4 subjects completed the HOT trials with the others stopping
at various times within the 2nd exercise period. There were sigoificant trial and
exercise period effects for VE, Vr, V02, Ve02 and EE, mid sigoificant period
effects for fa and respiratory exchange ration (RER) (Table 1). The significant
exercise period effect for all variables was the result of slightly higher values
during the 2nd exercise period for the WARM and HOT trials.

Table1. Effectof trial, ""en:ise period andinlenltion of trial and exercise period on
'respintory responsesand energyexpmditure.

Trial x
Variable Trial Exercise Period Exercise'Period

V.mps (L'min-') P< 0.03 P< 0.0001 n.s.

f. (brth'min") D.S. P< 0.0001 D.S.

V T (m1·brtlrl ) P <0.0001 P< 0.0001 D.S.

V 0. (L-min·l ) P <0.0<1 P< 0.0001 n.s.

VCo. (L·min·l ) P<O.04 P<O.OOOI n.s.

RER n.s. P<o.OOOI n.s.
EE(watts) P<O.04 P<O.OOOI n.s.

Duringthe 3 trials, fa averaged 17 brth'min-I during rest and 22 brth'min-I

during exercise. During MOD, WARM and HOT, resting VE averaged 13.8, 14.8
and 15.6 I'min-I , respectively, while exercise VE averaged 23.8, 24.7 and 26.4
l·min·l , respectively (Fig. I). For all tests, resting V02, VC02 and EE averaged
0.50 I-min·I , 0.41 I'min-I and 175 ± 15 watts, respectively. For MOD, exercise
V02, VC02 and EE averaged 0.93 I'min-I , 0.74 I'min-I and 314 watts, respec
tively (Fig. 2). For WARM, exercise V02, VC02 and BE averaged 0.96 I'min-I ,

0.77 I'min-! and 333 watts, respectively. For HOT, V02, VC02 and EE averaged
1.00 I'min-I , 0.82 I'min-I and 347 watts, respectively.

DISCUSSION

Exercise in WARM and HOT lead to higher VE, V02, VC02 and EE with
the rates for the second exercise session on average greater than those ofthe first
exercise session. fa was unaffected by environmental conditions, while tidal vol
ume (Y-r) increased with exposure to both WARM and HOT. This is contrary to
the findings ofothers (3) who have suggested that increases in VE during exercise
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are due primlU)' to increases in fa. The higher VT may in part be related to ele
vated inspired C02 levels due to the dead space volume ofthe SCBA facepiece.

Since the exercise periods were only 20-min in duration and separated by a
20-min rest period in cool air, it is unlikely that the higher EE was a function ofoxy
gen costs related to lactate removal and oxidation, fat oxidation, and ventilation (3).
The consistently higher VT and VE during WARM and HOT suggest that the high
er BE is best explained by increases in T" and heat storage. During MOD, Tre and
increases in heat storage remained low at 37.2°C and 0.23 kJ-kg-1, respectively.
However, during the second exercise period of WARM, Tre and increases in heat
storage averaged 37.6°C and 2.5 kJ'kg-1, respectively, while during HOT, T" and
gain in heat storage averaged 38.2°C and 6.73 kJ'kg-l, respectively.
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CONCLUSIONS

Our findings suggest that elevated environmental temperatures increase VE,
VT and EE in individuals dressed in complete FFE. These findings have appli
cation to the management of damage control personnel conducting shipboard
firefighting operations.
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INTRODUCTION

Exertional heat stroke (EHS) is a state of extreme hyperthermia that occurs
when excess heat generated mostly by muscular exercise exceeds the ability of
the body to dissipate it at the same rate. EHS presents an ergonomic maladapta
tion between environmental condition and body activity. The severity of the ill
ness depends on the degree of maladaptation and the resultant level of hyper
thermia and its duration. It is a life-threatening medical emergency caused by the
failure ofthe thermoregulation system and is diaguosed by measuring core tem
perature above 40'C. EHS is associated with leukocytusis. Hypokalemia is found
in the early stages ofEHS (1) and may later develop to hyperkalemia as a result
of acidosis. Hematocrit (Hct) values are elevated, and sodium (Na+) levels might
be increased due to dehydration. Hypocalcemia and hypomagnesemia may occur
as a result of increased loss ofcalcium and maguesium in urine and/or sweat (2).
Elevation ofserum creatine phosphokinase (CPK) and serum glutamate oxaloac
etate transaminase (sGOT) enzymes are considered in EHS. However, EHS is
often misdiaguosed, especially because many of the first signs are nonspecific
and associated with loss ofconsciousness (3-5). The purpose ofthis study was to
examine and follow the biochemical profile changes, which occur in EHS
patients, during the period of96 h from the admittance to the emergency room.

METHODOLOGY

Biochemical profiles of 50 EHS patients at its acute phase on admission to
the emergency room were analyzed at our institute. The follow-up ofthe patients
and their biochemical profiles was for 48 to 96 h. All the patients were young
males, highly motivated, healthy soldiers during the years 1988-1996. The phys
ical characteristics of the patients are summarized in Table 1. Most of the heat
strokes occurred during marches and runs while the soldiers were at different

Table 1. Physical characterlstics of the 50 EHs patients

age weight height BSA BMI

M (kg). (em) (m') !Wn::l
Mean±SD 20±3 72.1±IQ.l 176±6 1.89 ±0.15 22.9 ±2.9

mnge 18-25 47-104 159-189 1.55-2.27 14.9-31.9
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Figure 1. Changes in the profile of CPK, sGOT and WBC in 50 EHS
patients.

basic training courses where exercise intensity was unmatched to the soldiers'
capacity and fitness.

Arialyzing the biochemical manifestations upon admission to the hospital
revealed that in more than 50% ofthe patients no conclusive abnormalities could
be detected. However, all the biochemical results were in a very wide range as
depicted in Figures 1-2 and not necessarily with correlation between them. Mean
values ofhemoglobin (Hb), potassium (K+), Na+, Hct and glucose were within
normal, but mean values of white blood cells (WBC) and enzymes (CPK and
sGOT) were elevated as depicted in Figure 1.

DISCUSSION

In rnany EHS cases, Tre is not measured on site. In some cases, although Tre
probably exceeds the critical temperature at the moment of collapse, heat illness
might not be diagnosed. The discrepancies in Tre between the measurements
may be significant and Shibolet et al. (6) reported a 3.3°C difference in Tre on
site of collapse and at the emergency room. This may lead to a misdiagnosis of
the real condition. In addition, many ofthe EHS patients arrive at the emergency
room after being treated on site. The treatment, which usually includes fluid
replacement, will result in a hematological picture within a normal range.
Specific dynamics were noted for CPK and sGOT. The former peaked at 24 h of
hospitalization and the latter peaked at 12 h and then at 72 h. The first sGOT peak
is concomitant with rhabdomyolysis and correlates with elevated CPK. The sec
ond peak of sGOT reflects an acute hepatic dysfiroction that develops in some
cases during a later phase of exertional heat stroke. The results from this study,
along with other works, confirm that peak values of CPK occur 24 to 48 h after
EHS collapse (7). Although the dynamics in CPK levels are not pathognomonic,
it is mostly helpful in differential diagnosis of heat stroke because in most other
febrile states enzyme levels will be within a normal range. Moreover, since CPK
levels correlate with the severity of the medical condition it is also a good indi
cator of the level ofthis ergonomic maladaptation.
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Figure 2. Changes in the profile ofHb, K+, Hct, creatinine, Na+ and glu
cose in 50 EHS patients.

SUMMARY
The biochemical pictore upon admission to the emergency room can be mis

leading in the diagnosis ofEHS. This is attributed mainly to a large range in the
hematological and enzymatic picture during the first hours ofthe event. It is sug
gested that suspected heat stroke patients be hospitalized for 48 h, during which
the dynanlics of the various paranIeters will be clarified, and together with the
nature of the event and other background factors, will substantiate the diagnosis
ofEHS.
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ANTHROPOMETRY AND PHYSICAL FITNESS IN MALE AND
FEMALE SOLDIERS AND THEm CAPABILITY TO CARRY

LITTERS

W. von Restorff

Zentrales Institut des Sanitaetsdienstes der Bundeswebr
Koblenz, Germany

INTRODUCTION

For a variety of occupations, such as field medical specialists who have to
transport stretcher patients without ergonomic aids in rough terrain, an evalua
tion of physical fituess prior to specialist training appears to be necessary. This
may protect the employee from overburdening by and from excess demands by
the employer.

Although there is some information available pn the ability to carry loads
(1,2) especially with respect to possible spine injuries (3), so far the data has not
been correlated to more easily measurable predictors such as weight or stature
(representing overall lUuscuiar strength) or isometric or isokinetic strength.
Findings that hana grip endurance amounts, at best, to 15% of the maximum
strength (1,4) have shed doubts on female capabilities of carrying Utter patients
(5). Comprehensive studies offemale military fituess have been published (6,7).
The data, however, cannot be applied to the Bundeswebr Medical Service, since
selection and recruiting procedures might vary in addition to possible method
ological or ethnic differences.

METHODS

All 75 femaie and 60 self-selectedmale recruits of4 different training cycles
volunteered for the study. The measurements at the beginning and at the end of
10 weeks of basic military training (BMT) included weight, stature, sitting
height, reaching height and body fat (sJdnfolds) (8,9). Isometric force was mea
sured (baseline leg-chest-back dynamometer; Biicker, Sinzheim GE) in 4 posi
tions: lifting from the squatting position; lifting from a height of 38 em; lifting
from the hip position; pressing upward from the shoulder position, together with
right hand and left hand isometric grip force (Sadly Hand Dynamometer;
Steeling Corp., Wood Dale, lL, USA). Carrying the patients was simulated either
by sand bags weighing 60 to 90 kg on a stretcher (weighing 14 kg) or 2 water
cans with equivalent weights fur each hand Successively increasing stretcher or
water can loads had to be carried around an indoor volleyball court (55 m). Heart
rate (polar Elektro, Finland) was measured together with the time needed for the
individual rounds. In some soldiers, 02 consumption was monitored using a
telemetry system (AERO-Sport, USA). All data was entered into data sheets and
further processed using the MS Excel and SPSS PC+ statistics program.
Statistically significant differences are seen at P < 0.05.
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RESULTS AND DISCUSSION

The study was designed as a ''before and after test." Therefore, dropouts due
to injury or other causes (e.g., other duty, retirement) could not be compensated.
Thus, only data of recruits who participated in both measurements (55 females
and 36 males) will be presented.

The anthropometric results are comparable to other published data (6,7). The
changes ofbody weight, body fat amount and lean body mass ofmoo and women
during BMT were below 5% and statistically insignificant. This differooce to
previous studies (6) may be attributed to both the design ofBMT and the short
time period between the measuremeuts.

The maximal isometric forces measured in the 4 different lift positious, both
at the begioning and the end of BMT, are sbown in Table I, together with the

Table L Maximnn isometric fotees1at the start (S) arid md (E) of BMT

Men !!ill!:!Jl!!!! ~ $gilt 38-cm ~ ~
I!!!!l!!! m!!m I!!!i9! bd

Start ofBMT' 549.9 513.4 1,447.0 1,608.3 9445 1,547.8
± 11.4 ± 13.3 ±41.9 ±42.8 ±32.9 ±69.2

End ofBMT' 581.0 534.4 1,5445 1,587.0 1,046.1 1,612.9
± 12.4 ± 12.3 ±46.8 ±46.6 ±37.6 ±45.9

t-test,P < 0.066 0.245 0.120 0.735 0.044 0.429
SJE(%) 105.05 103.80 106.D7 98.39 109.84 105.21

Women
Start ofBMT' 351.0 322.3 898.1 9685 486.4 9225

±6.5 ±6.7 ±20.7 ±25.3 ±10.3 ±33.7
EndofBMT' 368.4 337.8 1,025.8 1,004.7 586.6 1,081.4

±6.6 ±7.1 ±22.6 ±25.7 ± 16.3 ±37.0
t-test,p < 0.061 0.112 0.000 0.313 0.000 0.002

SJE (%) 105.0 104.8 114.2 103.7 120.6 II7.2

IPorce in Newtens. N =: 36 male and 55 female recruits
'Values shown are means ±SEM.

maximal isometric handgrip strength values for men and womoo. The differooces
betweoo men and women are statistically highly significant, which is not true,
however, for all ofthe differences between beginning and end ofBMT.

After BMT, women showed marked (> 10%) and statistically significant
increases in strength during lift from the squatting, the standing positions and
while pressing from the shoulder level position.. These increases were less pro
nounced in men. In either group the slight differences of the handgrip strength
readings did not reach the statistical significance level.

While all males were able to carry the simulated 90-kg patient at an average
speed of0.38 mis, only 33 out of75 female recruits were able to do so at the start
ofBMT(average speed 0.31 mls).Atthe endofBMT, the number had improved
to 29 out of55 women. This improvement from 35% to 53% can be attributed to
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the general conditioning during BMT. Heart rates rose during the carrying test to
168 ± 15 or 181 ± 11 bpm (males, females, respectively; means SEM). After
BMT, the heart rates in both groups were lower; in males, however, the difference
did not reach statistical significance. In females, the time needed to complete the
carrying task was significantly reduced. During stretcher carrying, the O2 con
sumption approached> 25 ml'min']'kg'] equivalent to 83% of maximal V02 in
the females and documents the high workload posed on the young women.
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Figure 1. Correlation analysis of speed while carrying a simulated 80-kg
patient as determined by isometric grip strength of the stronger (max) or
weaker (min) hands in 55 female recruits prior to and after BMT (start,
end, respectively).

Out of a correlation matrix prepared to evaluate various possible predictors,
the handgrip strength showed the strongest correlation with load carrying and
transport speeds. The correlations turned out to be much stronger in females than
in males, while there was no difference between the values of the respective
stronger or weaker hand (max, min in Figure I) or of the time of measurement.

CONCLUSIONS
Measurements of various isometric force values revealed that the handgrip

strength was the best predictor for the capacity to carry a simulated 90-kg patient.
It is, therefore, suggested to administer a hand strength test prior to field medical
specialist training in order to channel unsuited candidates to other career fields.
Alternatively, special carrying training may be administered in order to prevent
overburdening th~ young women.
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THERMOPHYSIOLOGICAL STUDY OF
HUMAN STEAM HAZARD EXPOSURE

A.V. Desroelle, A. Montmayeur, 1.1. Panet and S. Etienne

IMNSSA, BP 610, 83800 Toulon Naval, France

~

INTRODUCTION

Accidental exposure to direct steam jets or to a hot saturated environment is
a potential hazard for some Navy military staff members and nuclear iodustry
employees. Despite an effective potential risk, no job legislation on human expo
sure to steam was found; only one short article deals with stearn engioe con
struction and security. Moreover, only a few old scientific references on steam
exposure effects on animals were found (1,2). In recent literature, only physio
logical and pathophysiological effects of dry and humid (but not saturated) heat
exposures are well documented (3,4). These arguments point out the lack of
medical and physiological knowledge concerniog the stearn hazard.

Furthermore, different iodustrial and naval steam protective garments have
been tested io our iostitute with a calorimeter. These garments were ioefficient
to protect against steam exposure. At the most, they allowed 15 to 60 s of expo
sure time before a cutaneous second buru iojury occurred (safety criteria for
nuclear protection).

Different biological risks can appear after steam accidents (5). The maio risk
is a thermal one due to direct steam jet exposure and/or to hot saturated vapor
environment created by hot steam entry io a closed room. It will affect all the
human biological tissues, perhaps with more pronounced lethal effects on spe
cific organs (respiratory airways, nervous structures). Condensation of water
occurs on skin, clothiog and perhaps io the respiratory airways. Furthermore. a
foggy environment would lead to a low Visibility and to difficulties io escaping.

Thus, the final purpose ofour project io process is tu create a data collection on
biological impact of steam exposure for elaborating efficient protective systems.

To test the thennophysiological impact ofsteam exposure on the whole body,
the first approach was done with a mathematical simulation ofthe steam accident.

HYPOTHESIS AND METHODS

In a thermophysiological view, the steam stress can be applied to the fol
lowiog: (1) the whole body with a more pronounced effect on nude skio area or
(2) a specific area, the cephalic segment that contaios all the nerve centers and
the respiratory tract, with a short-tenn lethal effect.

Due to the potential risk of steam exposure, experiments need to be done on
models, which avoids doiog experiments on protected huruans. We used the
mathematical model, PROTECT, developed for the DGA by the CEPA labora
tory (CNRS) for doiog first simulations ofhuruan steam exposure. We chose the
environmental parameters correspondiog to measures of the usual conditions
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(initial conditions) ofa submarine and calculations ofa mathematical simulation
of a steam accident in the same submarine.

PR01ECT was elaborated from the model of Stolwijk et al. (6) to which
was added the possibility of wearing different kinds of clothing or local insula
tion and the possibility of doing specific ventilation inside the garment. The
input parameters are clothing features, environmental conditions and physiolog
ical characteristics (work rate, degree oftraining, height and weight). The output
parameters are internal and skin temperatures, heart rate, sweat rates, degree of
dehydration and percentage of wet skin. Validations have been done, in part, by
using less stressful conditions than those of this simulation (7,8). The results
were in good agreement with the findings in these references, partictularily in
prediction of tolerance time. The simulation was divided in two periods corre
sponding to 60-min steady initial conditions for the first period avoiding stabili
ty of the different physiological variables and the accidental conditions for the
second period. All the inputparameters ofthe simulation are presented in Table
1. The total clothing insulation was 0.6 clo corresponding to a 100% covering of
the trunk, legs and feet, and a 50% covering of the arms, with head and hands
not covered. Three tenths clo insulation was added to model an undergarment
covering 100% ofthe trunk and 25% of the arms.

Table 1: Input parameters of the simulation ofthe submarine accident.

Time duration (min)
Air temperature (DC)
Radiant temperature (0C)
FlOOr temperature (DC)
Air speed (m·s··)
Relative humidity (%)
Metabolism (W·m·')
Activity

Initial conditions
60

38.8
42
40
0.2
31
116

walking

Accidental conditions
15
70
42
40
0.3
95
116

walking

RESULTS

The results of the simulation are presented in Table 2.
Internal body temperatures. During the initial conditions, intemal and

blood temperatures slightly increased due to warm environment and work. After
60 min, these two temperatures reached 38.2°C. In vapor saturated environment,
these temperatures increased rapidly and exceeded the danger threshold (39°C)
in less than 5 min. After 15 min in a steaD:J. environment, the internal temperature
reached 40.7°C and the blood temperature 41.6°C.

Skin temperatures. After I h in the initial conditions, all the skin tempera
tures were between 37 and 38°C. In accidental conditions, skin temperatures of
the uncovered areas (head and hands) reached 45°C (injury threshold) in less
than 3 min, while the other skin temperatures stayed under this threshold during
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Table 2: Physiological results' of1l1e simuJationofthe submarine accident.

T"Head fC)

T'I Tnmk('C )
T.Ano ('C)

T"Hand ('C)

T'ILeg ('C)
T.Foot ('C)

T.o<'C)

T,('C)
Tblood ('C)

HR (beats.min·')

M,w(g·1f')

End of

initial
condition

37.3

37.8

37.6

37.3

37.8

38.0
37.7

38.2

38.2

163

949.4

End of accidental

condition
47.1

42.0
44.8

48.6

42.0

42.8
43.1

40.7
41.6

out of limit

1378

Difference

between fuo 2
conditions

9.8
4.2
72
11.3
4.2
4.8

5.4

25
3.4

97
428.6

* Ts1: local skin temperature, Tsk: mean skin temperature, T;: internal
temperature, Tblood: blood temperature, HR: heart rate, Msw: global sweat rate.

the 15 min of steam exposure. The anns, uncovered at 50%, presented a higher
skin temperature than the skin temperature of the totally covered areas.

Sweat rates. Total sweat rate was already above the danger threshold at the
end of the first period and increased again during the second period despite a
totally wet skin (100%). The local sweat rates showed that the trunk sweated
more than the other segments.

Heart rate. During the initial conditions, HR increased, first due to work
load, an.d then due to wann conditions. HR reached 163 bpm at the end of the
first period. In steam environment, HR increased rapidly. After 5 min in a steam
environment, HR exceeded the limits.

DISCUSSION AND FUTURE PROSPECTS

The results of the simulation show that the skin areas that are not covered
have a greater increase in temperature. These skin temperatures rapidly exceed
ed the injury threshold due to a direct impact of condensation on skin. Moreover,
all the skin temperatures were greater than internal ones. The sweat could not
evaporate msking heat loss impossihle and leading to considerable heat gain
(10'C·h-l). With work and additional heat strain, the HR increased rapidly to
dangerous levels.. Thus, all the results show that the exposure to hot satorated
environment presents a higher potential risk, with fast lethal consequences,
including a cardiovascular One and other ones, which have generally slower
impacts like heat stroke.

Despite a considerable heat strain applied to the human body, our study must
take other potential lethal consequences of hot saturated environment exposure
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into account. Different parameters such as the steam impact on the upper respi
ratory tract and the psychological stress impact on physiological functions must
be observed. Breathing hot steam should produce apnea, burns or condeosation
in the respiratory airways, among cardiovascular repercussions. All these factors
produce a strong cardiovascular strain that would lead to fast death.

This simulation is the first step of our project of studying the biological
effects of human steam exposure. The validity of the physiopathological
responses in these upper limit conditions ofthe physiological variables needs to
be confirmed. It is hypothesized that steam exposure could lead to specific
pathological effects with delayed cutaneous burns and deeper injuries. To deter
mine these injuries, different models (mathematical, mechanical and animal)
should be used to observe the impact ofsteam exposure on biological tissues and
physiological functions. All these experimeots and simulations should give
information about hot steam hazard that should be of interest for desigoing spe
cific protective garments.
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PERCEIVED EXERTION DURING EXERCISE IN THE HEAT, COLD
OR AT IDGH ALTITUDE
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Natick, Massachusetts 01760-5007, USA
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INTRODUCTION

Since the early 1970s, over 40 full-length reports have been published con
cerning rated perceived exertion (RPE) during exercise at the environmental
extremes of heat, cold or high altitude. More is koown about RPE during exer
cise in the heat than exercise in the cold or at high altitude. The purpose of this
paper is to briefly review the key findings from the published literature con
cerning RPE during exercise at each ofthe three environmental extremes.

METHODS

All of the reports presently discussed evaluated RPE using the original
Borg scale (1). This is a category rating scale from 6 to 20 with every odd num
ber anchored by verbal expressions ranging from "very, very light" at 7 to "very,
very hard" at 19. In addition, several ofthese reports involving heat or cold also
studied thermal sensation (TS) using category rating scales (2,3,4).

RESULTS AND DISCUSSION

Exercise-Heat Stress. Table 1 summarizes the findings from previous
reports investigating the ''plateau day(s)" for heart rate (HR), plasma volume
expansion, rectal. temperature (T,.), RPE and sweat rate during exercise-heat
acclimation (modified from 5). During heat acclimation of young individuals,
the plateau day(s) for overall RPE are generally after 3 to 6 days of continuous
daily heat exposure (2,5). This coincides with the plateau day(s) during heat
acclimation reported for HR and plasma volume expansion and overlaps with the

TABLE 1. 'PLATEAU DAYS' (POINT AT WHICH APPROXIMATELY 95%

OF lHEADAPTA1l0N OCCURS) D1JRING HEAT ACCLIMAll0N

@MThll00 %W~W~~~~TIOO

1 2 3 4 5 6 7 8 9 10 11 12 13 14
Heart Rate Decrease

Plasma Volume Expansion
Rectal Temperature Decrease
Perceived Exertion Decrease
Sweat Rate Increase
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plateau day(s) forTre. Except for HR, none ofthese physiological adaptations are
thought to strongly influence overall RPE. Although the absolute and relative
exercise intensity may provide important sensory cues to overall RPE in certain
situations, both do not appear to be major influences during heat acclimation
(2,3). Changes in TS during exercise-heat acclimation parallel those seen for
ovemll RPE (2). The change with acclimation in TS may be related to the sig
nificant decrease in skin temperature (Tsk) because moderate to high correlations
(r = 0.42 to 0.71) exist between these two vatiables (2,3). Overall, these findings
suggest a perceptual as well as physiological acclimation occurs during continu
ous daily exercise-heat exposure (2,3,5). These conclusions for RPE seem to be
valid for both hot-dry and hot-wet environments involving exercise intensities
ranging from 30 to 70% V02= (2,5,6).

In contrast to continuous daily acclimation (10 consecutive days) where a
plateau in RPE occurs after 5 days, RPE for intermittent exercise-heat acclima
tion (10 sessions over 3 weeks) shows no significant change nor indication of a
plateau (6). The rate ofacclimation is also faster in terms ofthe reductions in Tre

and HR for daily, compared to intennittent, acclimation. Thus, daily compared
to intermittent exercise-heat acclimation is the more effective acclimation strat
egy for improvements in RPE, Tre and HR (6).

Exercise-Cold Stress. At the same relative exercise intensity ('-70%· V02max),
ovemll RPE appears to be higher in the heat (31°C) than in the cold (40 and
11°C, see Figure I). RPE increases with time for all environments and is signif
icantly higher at 31°C compared to 4° and II°C from 20 through 50 min ofexer
cise (7).

At low and high exercise intensities in cool or cold water (4), overall RPE
is modemtely correlated wit1:l HR (r = 0.68) and pulmonary ventilation (r = 0.61),

5040302010
6

20 III 4°C

~~:}
••

-70%VO,MAX
:::-
i! 15 11131'C
~
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II:: 10

TIME (min)

Figure 1. Overall RPE during 50 min of exercise in 4 different environmental
conditions. Values are the mean and SEM. P < 0.05 for a, b, c, d corresponds
to 4cC, 11°C, 21°C and 31cC, respectively (redrawn from 7)
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whereas very slight relationships are observed with T,e and Tsk (r = 0.20 and r =

0.10). TS is mod~ratelycorrelated with T,k and T,e (r = 0.64 and 0.73), but low
correlations exist between TS and both HR (r =0.32) and ventilation (r = -0.12).
The changes in oxygen nptake attributed to shiveriog during exercise in cool and
cold water do not appear to add to the overall RPE (4).

Exercise-Hieh Altitude. The effects of hypoxia combined with exercise
seem to have a greater influence on the overall RPE than those related to exercise
and' normoxia;whether in athennoneutralor cold environment (8, see Table 2).
This same stndy also suggests a possible relationship between overall RPE and
blood lactate concentration during exercise in hypoxic and normoxic conditions.

TABLE 2. MEAN BWOD LAcrATE(mgIlOOml) ANDRPE FOR
NORMOXIA VS. HYPOXIA AND THERMONEUTRAL VS. COLD

Norrnoxia Hvpoxia Thermoneutral Cold

Bload Lactate 223±1O.2 58.9 ± 12.3 42.3 ± 11.8 38.9± 8.9

PValue <0.001 NS

Perceived Exertion 11.5 ±1.0 15±2.0 13.5 ± 15 13 ± 1.5

PValue <0.001 NS

VALUES ARE MEANS ± SD. BLOOD LACTATE AND RPE DURING EXERCISE
AREBOTIlHIGBERFORHYPOXIA (NEUTRAL OR COLD) '!HAN FOR
NORMOXIA HYPOXIA= 12% o,,;nN,; NORMOXlA= room air;
THERMONEUTRAL=25'C; COLD=8'C; EXEROSE=5O%HRreserve.

Differentiated RPE have been investigated during exercise at high altitnde
and include a local muscular rating, a central or cardiopulmonary rating and an
overall rating (9,10). During acute exposure « 2 h) to high altitnde (4300 m), the
local RPE seems to he the dominant rating (9). However, the reduced blood lac
tate concentration during exercise after 18 days of altitnde acclimation appears
related to a lowered local RPE with the central RPE now becoming the dominant
rating (9). Further, central RPE is reported to be highly correlated (r = 0.88) with
Acute Mountain Sickness symptoms in low-altitnde natives (10).

CONCLUSION

While much is known about the RPE adaptations during exercise in the
heat, more research is needed to fully understand the RPE adaptations during
exercise in the cold and at high altitnde.
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EFFECTS OF WIND AND WALKING ON
LOCAL CLOTHING INSULATION

H. Nilsson, 1. Holmer and G. Ohlsson

Department of Occupational Medicine, Climate Group National
Institute for Working Life S-I71 84 Solna, Sweden

~

INTRODUCTION

The Europe;m Pre-Standard for protective clo1hing against cold ENV
342:1998 (1) suggests that the testing of thermal insulation should be made on a
moving thennal manikin. In this way, the value can be used to match require
ments specified by the lREQ-method (2) or as realistic input for prediction of
thermal stress in other standards. It is known from prior work (3,4,5) that insu
lation values measured with human subjects can be reduced by up to 70% from
the value measured on a standing thennal manikin. This paper deals with the
variation in local insulation and heat loss caused by wind and walking as well as
the affect on total insulation detennination associated with the new standard.

MATERIALS AND METHODS

In this investigation, two types ofworking
clothes with one (loose-fitting) and three layers
(tight-fitting) were examined as well as
unclothed conditions. The total insulation val
ues differed from 0.73, 1.45 to 2.78 clo.

TORE was positioned in the controlled
environment of the climatic chamber until
steady state was reached. Then the insulation
was calculated from the measured heat loss. In
this study the walking speed was set to 0, 0.37,
0.8 and 1.2 mls. The measurements were made
in the climatic chamber where the wind speed
was set to 0.2, 0.5 and 1.0 mls.

The repeatability for the method used
for detennination of insulation values was
high: the difference between double detenni
nations was less than 5% ofthe mean value of
the two measurements based on 300 indepen
dent measurements.

Figure 1. The moving thermal
manikin TORE, adapted fa
measurements according to
ENV 342:1998.

The thennal manikin used is one in the TORE-series that has been
described earlier (6). The power transmission, in the walking apparatus, has been
made with pneumatic cylinders, which gives a simple and durable construction

with a minimum ofmechanical components.
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RESULTS

The insulation results are given as percentage of the total insulation (It)
measured with a standing manikin during still-wind (0.2 mls) conditions. The
heat loss results are presented as percentage ofheat loss from the body zone com
pared to the total heat loss. Head, chest and back are single zones. The torso,
arms and legs are a summation ofall zones divided to three different segments.
The torso segment consequently includes the head zone.

The heat loss results show ouly minor increase from the torso, arms and
legs. The combined effect of body movements and wind increases ouly slightly
the heat loss from the moving limbs.

Table 1. Percenta ofthe total,heatloS"*

Synthetic Mean 12.0% 7.4% 8.2% 329% 24.3% 42.8%

Overall Mean 8.6% 9.7% 9.2% 34.3% 29.7% 36.0%

Undressed Mean 4.9% 9.6% 9.0% 332% 24.4% 42.3%

*Values shown are in Watts.

The loose-fitting overall gave 5% higher heat loss at the arms and conse
quently 5% lower heat loss at the legs. The overall has a higher insulation reduc
tion at the back, probably caused by redirection of wind by the garment.
Calculations ofheat loss from the head compared to total heat loss shows that the
percentage increases with increasing heat loss from 5% nude to 12% with win
ter clothing. The head also has the highest rednction from standing still-wind
conditions to maximum wind and walking speed. .

70%
60%

50%

40%

30%

20%
10%

0%

III Synthetic IiOverall II Undressed
% of total standard insulation

Head Chest Back Taso Arms Legs

Figure 2. This figure shows the maximum insutlation reduction as a percent
age of the total insulation. It occurred in the condition with maximum wind
(1.0 m'seo-I ) and walking speed (1.2 m·sec·I ).
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Table 2. Relative.differences between the two

calculation methods

Total
13%
13%

6%

Local
8%
5%

1%

Synthetic
Overall

Undressed

The results from
measurements made
with the three ensem
bles have been calcu
lated in two different
ways, "Local" and
"Total" summation
(7). The differences,
in percent, between
the two calculation

methods are shown in Table 2. The difference increases with increasing number
of layers and the extent of gannent overlapping.

The standard suggests that differences between double determinations should
be less then 5%. It is obvious that there is a danger in calculating these values in
different ways. "Errors" of25%, or more, can. easily occur.

DISCUSSION

In the low-wind and walking-speed region, it seems to be only minor redis
tribution of the heat loss from the different body parts. This emphasizes the
importance ofproper use ofthe formulas for calculation oftotal insulation in the
proposed standard.

Originally the draft standard (prEN 342:1995) suggested two principles to
calculate the total insulation (8). If the manikin is covered with exactly the same
insulation over all sections, the results from the two formulas are the same. If the
heat loss from one or more sections is substantially lower, compared to the other
zones, the "Local" formula will give a higher value. The insulation calculated
with the "Local" equation would then be substantially higher compared to the
"Tota!," that would give the same value as ifthe insulation was evenly distributed

Appropriate clothing design can easily result in high insulation values. By
distributing the insulation so that the ensemble has a high insulation on the back
and low at the front, the larger heat loss from the back will increase the total insn
lation with the "Local" equation but not with the "Total" method. This way of
calculation combined with high wind speeds can easily lead to overestimation of
the protection and increase the risk of adverse health effects.

CONCLUSIONS

We conclude the fol1lowing: (I) Body movements and wind make only slight
redistribution of the heat loss at low wind and walking speed, (2) The head has
the greatest insulation reduction as well as the greatest heat loss increase with
increased wind, and (3) Insulation calculated by summation ofsegment heat loss
can be substantially higher compared to summation oflocal insulation values.
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PROTECTION AGAINST FOUL WEATHER: BENEFITS AND DRAW
BACKS OF PROTECTIVE MEASURES

T. Risikko and H. Anttonen

Oulu Regional Institute ofOccupational Health
Oulu, Finland
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INTRODUCTION

Wet clothing causes discomfort, a sensation of cold, and local and overall
cooling of the skin. Wetuess drastically reduces the thermal insulation of the
clothing, changing the climatic utility range of the clothing. The additional
weight ofthe moisture increases physical load. Thus, there are many reasons for
keeping the clothing layers and the skin dry.

The European pre.standard for foul weather clothing, ENV 343, deter·
mines the protective and functional requirements for foul weather clothing
ensembles (I). The classification of the most important functional objectives of
the foul weather clothing is shown in Tilbles I and 2.

Table I.ENV 343. Foul weather clothing. Classification of resistance to water
penetration according to EN 20811.

Water penetratipn Class
resistance wp (Pal ! ! ~

Before prelreabnent :::.8000 no testreq. no test req.

Before prelreabnenl, seams :::.8000 :::.8000 :::.13000

After each getreatment No test req > 8000 > 13 000

Table 2. ENV 343. Foul weather clothing. Classification ofwater vapor resistance
according to EN 31092.

Water vapor resistance

~m'·W·'l

Class

1
> 150

~

20 <R,,< 150
3

<20

I

J
I

I

In this study, water-repellent finished and waterproof, but water vapor per
meable, materials were evaluated from the clothing physiological point ofview.

MATERIALS AND METHODS

Materials

The evaluated fabrics are speCified in Table 3. For testing the thennal insu·
lation of the wet clothing, a loose liner was made of a waterproof, water vapor
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Table 3. Thefahrics: square m a<s, water penetratioo resistaoce (ISO 811) aod
moisture vapor transmissioo rate (AS1M E96-95) as declared by the maoufacturers.

Description Square Waerpen. MY:!R
~ ma<s resistance

Cg ") CmmH,O) (g.m-'.211 h-I)·m
PVI 65 %CO/35% PES, 10 washes 300

PV2 65 %CO/35% PES, 10 washes, water- 300
repellency finish in last wash

AG Hydrophilicmemhrane/PES-weave 115 4000 5000

GF Microporous membrane! 103 45000 95001

PA-koit on hoth sides
HU Microporous membrane IPES-koit 77 1300 10.11'

Pa·m2·W1

SL Microporous membraoe/PA-koit 60 1900 720

FL Hydrophilic PU-coating IPA-weave 85 >2000 9000

I Reversed cup method, ' Sweating guanied hot-plate method (EN 31092)

penneable fabric. The liner (GF) was worn under an outergaonentmade' ofcotloul
polyester (COIPES) fabric. When testing a multilayer fabric or clothing ensemble,
a cottoutpolyester/polych1al (COIPES/polych1al) knit and a polyamid/polyester
(PAlPES) pile layer were added.

Methods

Testing the protective and functional properties ofthe fabrics

• EN 31092. Water vapor resistance under steady-state conditions
(sweating guarded hot-plate test)

• SFS 568-1. Thermal insnlation, water vapot resistance and the
combined effect ofheat and moisture. Skin-model method.

• ISO 811. Resistance to water penetration_ Hydrostatic pressure test.

Testing the thermal insulation ofwetted clothing: The clothed test subject
was exposed for 2 min to 2 rain showers from a height of2 m diagonally from
eaeb side of the subject (a total of25 I-min·'). The subject then performed light
work (I 10 W'm-z, no sweating) by stepping for I h, ambient conditions: dry bulb
= ±loC, wind speed = Im·s· l , relative humidity = 50 % RH. The thermal insula
tion ofthe clothing was determined by the mean skin temperature/mean heat flux
method (7 points) (2). The clothed subject was weighed before and after the test.

RESULTS

Material tests

All ofthe materials of the loose liner passed the water penetration test cri
teria for category 3 for foul weather clothing. The amount ofmoisture evaporat-
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ing from the multilayer fabric sample decreased considerably in cold, and the
sweating simulation test (T, = ±1°C) showed no significant difference between

the materials, except for material SL with the lowest MVTR (Table 4).

Table 4. The lola! thennal resistance R.otol and moisture distribution in fabrics.
Sweatingsimulation test (SFS 56& 1).Anbient mnditions: +Iae, 1m''''.

ill m ~ Mi EI. GF §1. m
R.... (m·'K·W·') 0.12 0.11 0.13 0.11 0.12 0.11 0.11 0.12
Moisture
distribltion(%)
Skin. underlayer & 21 22 24 20 22 21 26 20
thermal layer (%)
Loose liner & 10 11 13 16 14 19 21 16
outerlayer(%)
Througb the sample 69 67 63 64 64 60 53 64
(%)

Rain shower test with test subjects

The amount ofwater absorbed by the clothing with various outer ganne)lts in
the rain shower test and its effect on thermal insulation is shown in Figure 1.

Figure 1, Rain mowertest-1he mass cha)lge of1he clothing and
1hethermal insulation of1he wetted clothng (% from dry
clo1hing).
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DISCUSSION & CONCLUSIONS

With wetting, the clothing ensemble without any water-repellency lost
more than 50% ofits thermal insulation. The other ensembles lost insulation cor
responding to their water-repeIIancy. Wet clothing does not provide required
thermal insulation determined by the IREQ index (3). Various forms of foul
weather protection were beneficial: The water-repellent finishing of the outer
COIPES garment decreased the water uptake ofthe clothing by 84%, and the use
of a loose liner underneath it decreased it by an additional 4%. A waterproof
membrane of the outermost fabric decreased the water uptake by as much as
97%. In cool conditions, the water vapor penueability ofthe materials decreased.
For this reason, in the heaviest work phases, clothing with a waterproof mem
brane should ouly be worn when protection is needed against heavy rain or wind.
A water-repellent finish of the outer garment provides sufficient protection
against light rain.
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COMPARATIVE EVALUATION OF DIFFERENT TYPES
OF SELF-CONTAINED BREATHING APPARATUS

B. Griefalm and C. Kilnemund

Institute for Occupational Physiology, Ardeystr. 67, D-44139
Dortmund, FRG
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INTRODUCTION AND OBJECTIVES

During their regular exercises, firefighters reveal physiological reactions
that might be hazardous for health as heart rates may increase to more than 200
beats per minute and rectal temperatures to more than 41 DC (1,2). These obser
vations are matter of concern particularly in view ofthe fact that real firefighting
actions might be much more strenuous.

Due to their weights, self-contained breathing apparatuses (SCBAs) con
tribute considerably to the overall strain (3). Accordingly, lighter SCBA are
expected to reduce the strain, and as the loads of the SCBA weigh primarily on
the shoulders, improvements are also likely with better distributed loads. In this
stody, a recently developed SCBA with an innovative rucksack-shape (Device C)
was compared with two conventional cylindrically shaped SCBAs (Devices A,
B). Criteria were the physiological strain during the exercises and subjective
evaluation of the SCBA.

MATERIALS AND METHODS

Subjects clothing: Twelve experienced firefighters (27 to 49 yrs, 172 to 193
cm, 71 to 84 kg, 2.8 to 4.6 L.min-I, ) volunteered, wearing stan-dardized cloth
ing (t-shirt, pants, socks,2-piece permeable protective suit; esti-mated insu
lation of about I clo). The study was approved by the local Ethics Committee.

SCBA: Device A (PA 80) is normally used in real firefighting actions. Its
conventional cylindrical container consists of steel, its volume is 6 L, its filling
pressure 300 bar, and its total weight is 15 kg (including backplate and belts).
The Device B (DriigerMan PSS 100), which is also cylindrically shaped, is
greater (6.8 L) but weighs--due to carbon fiber composite material instead of
steel--only 11.7 kg, the filling pressure is 300 bar. Device C (DriigerMan PSS
500) consists of 3 spherical carbon fiber composite containers with a volume of
2 L each that are arranged in a triangle and installed in an accordingly larger
shaped container (rucksack) thus optimizing weight distribution on the wearer's
body. Its total weight is 13.7 kg, and the pressure is 300 bar.

Standardized exercises: Exercises consisted of simulated rescue work on the
2nd floor (part I) and several typical elements of severe firefighting actions (part
2) and were followed by a 10-min recovery period. They were executed on 3 non
consecutive days. The 3 SCBAs were used in a systematically permuted sequence.

Physiological parameters and subjective evaluation: Because exercise time
was not limited, the durations indicate performance. Heart rates (HR) calculated
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from the electrocardiogram and rectal temperatures (Tre) measured with thermis
tors (YSI 40I; Yellow Springs) at a depth of 10 em were continuously recorded.
Sweat production (SP) was determined by weighing the nude subjects before the
exercise and after recovery (accuracy ± I g). After the exercise, the subjects com
pleted a questionnaire concerning the carrying features ofthe SCBA during stand
ing, walking, running, creeping, crawling (backwards), bending and stretching.

Statistics: A 2-factorial ANOVA for repeated measures was applied to proof
the influence of the SCBA considering the permulation sequence. Calculations
were done with SAS', version 6.12; P < 0.05 was regarded as significant.

RESULTS

Figure 1. H:eart rates and rectal temperature
during exercises
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Climatic conditions: Air temperatures and humidities varied as follows: 17.4
to 19.2°C and 59'to 80% in Part 1 (flat), 23 to 25°C and 43 t057% in Part 2
(exercise), 11 to 16°C and 50 to 94% outdoors.

Physiological and subjective variables: Figure I shows HR and Tre for a sin
gle subject during his 3 exercises with the 3 devices. The courses ofthe physio

logiCal data are typical
for all subjects. HR
increased during Part
1, first steeply while
climbing the stairs,
then moderately until
leaving the flat to al
most 170 bpm. After a
transient decrease of
about 25 bpm when
descending, HR in
creased again during
Part 2 up to 170 to 180
bpm. When retreating
to the preparatory
room, HR decreased
gradually and reached
a steady state within
the first 5 min of
recovery. The means
over the entire exer
cise, over Parts 1 and 2
were 160.2 ± 15.0,
155.3 ± 16.1 and 167.4
± 14.3 bpm, respec
tively. Tre increased
continuously during the
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exercise and reached its maximum (38.4 ± 0.2°C) during the 3rd to 4th min of
the recovery period and then decreased gradually. Average SP was 377 ± 91 g.
The mean durations needed for the entire exercise, for Part 1 and Part 2 were 14.6
± 2.1 min, 8.3 ± 1.6 and 6.2 ± 0.8 min, respectively.

Comparison of the 3 SCBA: SP and Tre did not vary with the type of
device. Significant differences were found for duration, HR and subjective eval
uation. The time needed for Part 2 was shortest with Device C (Fig. 2). Com
pared to Device A, the.shortening was 40 s, in particular cases even up to 2 min.
HRs were significantly lowest with Device C during Part 1. All of the items in
the questionnaire revealed a better evaluation ofDevices B and C than for Device
A (P < 0.01). Regarding the upright posture, there were no differences between
Devices B and C, except for bending and torsion movements, Device C was sig
nificantly better than Device B (P < 0.01).

DISCUSSION

A recently' developed SCBA with an innovative rucksack-shape causing a
better distribution of its weight over the middle and lower parts of the back

Iexercise, part 1 , Iexercise, part 2 ,
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Figure 2: Duration and heart rates during exercises, means and standard
deviations
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(Device C) was compared with two conventional cylindrically shaped SCBAs.
The latter differed from each other with respect to volume and weight (A: 6L,
15kg; B: 6.8L, 11.7kg). The comparison was based on standardized exercises
that comprised several typical tasks of real firefighting actions. The rather cool
environment corresponds to the usual training conditions.

Based on former studies (3), lower HRs were expected with lighter SCBA.
Though the frrefighters rated Devices B and C as better than the currently used
Device A, a decr~ase in physiological strain and improvements in performance
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(faster execution ofthe exercise) was only observed with the rucksack device.
Despite its lower weight, the physiological strain observed when using Device B
was not less than with Device A. This is probably due to its larger volume (6.8
L), which makes it more difficnlt to pass through and to tum in low and narrow
spaces. For a SCBA of6 L, the use ofcarbon fiber composite material might lead
to a greater reduc~on of the weight and strain. Such a devel-opment is recom
mended as previous studies have shown that rectal temperatures increased to crit
ical values during 25 min, which corresponds to a supplyof6 L (4,5). So, SCBAs
with greater volumes should be used only in exceptional situations.

Though Device C weighed only 1.3 kg less than Device A, the physio-Iogi
cal strain--as indicated by the HR~was sigoificantly lower than with the other
devices (A, B) during Part J. So, probably due to enough reserves, Part 2 was
completed faster than with Devices A and B.

CONCLUSIONS

The significantly lower cardiac strain for similar performance times associ
ated with the use ofDevice C cannot be explained by the lower weight but by its
ergonomically favorable distributioo over the middle and lower back that allows
a better mobility than the conventional cylindrically shaped devices. The results
of this stody lead to the conclusioo that within the limits stodied here and with
respect to subjective evaluation, physiological strain and performance, the reduc
tion of the weight is less important than its distribution.
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THERMAL STRESS IN HELICOPTER PILOTS: EVALUATION OF
TWO SURVIVAL SUITS USED DURING FLIGHT

H. Frerevik and R.E. Reinertsen
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N-7034 Trondheim, Norway

INTRODUCTION

On the Norwegian coastline, sea temperatnres are low throughout the year,
and the personnel operating Sea King rescue helicopters are required to wear sur
vival suits during over-sea flights. Paradoxically, this may lead to a situation
where the pilots are subject to heat stress during flight (I). Thel1l1al stress may
result in fatigue and impaired pilot performance, which may raise the risk ofpilot
error and reduce flight safety. The aim of this study was to evaluate the thermal
stress experienced by pilots wearing survival suits during helicopter flights. We
also wished tu compare two different clothing ensembles currently in use by the
helicopter personnel in the Norwegian Air Force.

MATERIALS AND METHODS

The two clothing ensembles used were a British Mark 10 Aircrew Survival
suit of2-layer ventyle (MKIO, Beaufort, UK) and a 3-mm neoprene FCO Pilot
Suit Type 330 (Finn Christian, Olsen, Norway). Under the suits the pilots wore
an inner layer of long-Ieggedllong-sleeved nnderwear (60% wool, 25% poly
ester, 15% polyamide). They also wore a whole-body coverall (l00% wool) as a
middle layer under the MKIO suit

Experimental procedures. Six military helicopter pilots (age 29 ± 3 years,
height 183.0±5.8 cm, weight 89.3 ± 6.8 kg, relative fat % of 17.0 ±3.7 and body
surface 2.1 ± 0.1) volunteered for the study. Data were collected during 6 regu
lar helicopter flights during the winter; 2 pilots flew each flight. Mean flight
duration was 115 ± II min and took place in the morning. Each pilot flew on 2
consecutive days: once using the MKIO and once using the FCO clothing ensem
ble. The subjects were not permitted to eat or drink during the experiment.

Data collected. Nude body weight and clothing weight were measured
before and after each flight in order to estimate total body sweat productiou
(adjusted for respiratory and metabolic weight) and sweat accumulated in each
individual clothing component. To evaluate the thermal status of the body dur
ing flight, skin and core temperatures were measured every minute using skin
thermistors (EUS-U; Grant Instruments) at 4 sites (chest, arm, thigh and leg) and
a rectal probe (REC-U; Grant Instruments). Mean skin temperatures (T,k) were

obtained using the formula of Rarnanthan (2). Temperature data were recorded
using a Squirrel 1021 data logger (Grant Instruroents; UK). A questionnaire (3)
was used to obtain information about subjective ratings of thermal comfort and
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sensation before,. during and after the flights. The pilots were also asked to
answer a set ofquestions about degree of tiredoess, mental ability and sensation
of thirst. In order to estimate the energy costs of flight, values of oxygen con
sumption for each pilot were measured for a single 5 minute period during flight
(Cortex MetaMax Portable Metabolic Test System). The pilots were also
equipped with mouitors (polar Sports Tester), which measured heart rate contin
uously during the experiment. Environmental conditions (air temperature, rela
tive humidity, wind and solar radiation) inside the helicopter were measured con
tinuously using an Indoor Climate Analyzer T1213 (ErUel & Kjaer). Statistical
analysis by ANDVA (repeated analysis of variance) was used to test for cliffer
ences in temperatures and subjective ratings between the 2 suits and for the time
dependent changes in temperatures throughout the experiment. Paired t-test was
used to test the general difference in sweating rates and workloads between the
2 suits. Statistical significance was accepted at the 0.05 level, and results are pre
sented as mean ± SD.

RESULTS

Temperatures. Both survival suits produced a significant rise in T.J< over
time reaching a plateau after about 50 min of flight (Fig. I). T.J< rose from 33.3
± O.3OC to 35.2 ± O.5°C when using the FCD suit and from 33.9 ± 0.4°C to 35.1
± 0.8OC when using the MKI O. There was no rise in core temperature for the sub
jects tested. There were no siguificant differences in skin and cote temperatures
between subjects wearing the 2 survival suits. The environmental data showed a
relatively cool condition (18.6 ± 1.30C) inside the Sea King helicopter cockpit.
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Figure 1. Mean skin termperatures (n = 6) using the MKIO immersion suit or
the FCD innnersion suit. Data are plotted for each 10-min interval, starting 10
min before take-off (-10 min). Up arrow on time axis indicates start of flight.
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Subjective evaluation. Subjective sensations ofwannth and thermal COm
fort did not differ between the 2 clothing ensembles. The pilots felt more uncom
fortable during flight than before or after, and they preferred ambient tempera
ture to be lower. The sensations of wannth and skin/clothing wetness were also
higher during flight. The subjects reported that they were thirstier during flight,
but there were no changes in the ratings of mental ability and tiredness.

Energy expenditure, sweat production. evanoration and accumulation.
. I'nergy expenditureduring flight was eqUivalent to 43% of maximal heart rate
(81 ± 12 bpm, 88.8 W·m-2), and this resulted in an average sweat production of
591 ± 274 g and ~64 ± 121 g while wearing the MKIO and FCa suits, respec
tively. Significantly more of 1he sweat produced accumulated in the FCa
ensemble (33.7% oftotal sweat production) than in the MKIO ensemble (20.5%).
However, evaporated sweat was significantly higher with the MKIO ensemble
(79.5% oftotal sweat production) than with the FCa ensemble (66.3%). The dis
tribution of accumulated sweat also differed between the 2 clothing ensembles.
More sweat accumulated in the inner and middle layer ofthe underwear with the
MKlO, whereas more sweat accumulated into the outer gannent with the FCa.

DISCUSSION

This study demonstrated that even under winter conditions, when cockpit
temperature in the Sea King Was relatively low, wearing survival suits caused a
rise in Tsk' discomfort ratings and sweat production. Since flying requires very
little physical effort, the survival suit that prevents heat loss through evaporation
of sweat is the main cause of the rise in T'k- Any change in the efficiency of
sweat evaporation will be reflected in changes in other variables such as heart
rate and core temperature that indicate the extent of the thermal stress. The lack
of rise in heart rate and core temperature therefore suggests that the pilots were
able to tolerate the rise in Tsk with minimal thermoregulatury strain.

The heat stress requiremeuts for personal protective equipment according
tu the CENITC 122/JWG 9 standard (4) was followed in the present study.
However, this standard does not take into consideration the special tasks that a
pilot needs to perform, which require a high concentration level and rapid deci
sion making. According to Hancock (5), a decrease in pilot performance is more
closely associated with a feeling of thermal discomfort than with physiological
strain. Even though the physiological thermoregulatory strain was well tolerated,
we should not overlook the importance of thermal discomfort reflected in the
subjective reports of the pilots during flight, but further investigation is needed
to conclude whether this results in any performance deficit.

When the two clothing concepts are compared, there were no differences in
the total heat load experienced by the pilots. Both concepts have different prop
erties, each of which has it's own advantages. The MKIO suit has the best evap
orative efficiency and this is preferable as means of reducing the thermal stress.
However, the higher insulation value ofthe MKIO caused higher total sweat pro
duction, and most of this sweat accumulated in the underwear. With the FCa
suit, the sweat is transported to the outer layer and accumulates in the neoprene.
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This may be an advantage in terms ofthermal comfort during flight, because the
further out in the gannent that sweat accumulates, the less it affects the feelirtg
of thermal discomfort. It is bound to be extremely difficult to avoid sweat accu
mulation in underWear when using survival suits, but in order to reduce the feel
ing of thermal discomfort, it is also important to consider the composition and
construction ofthe underwear when selecting protective clothing for pilots.

Even a cool cockpit condition caused a Tsk over 35°C in pilots. Thus, select
ing the right combination of underwear and survival suit represents an even
higher challenge during summer flights when air temperatures and solar radia
tion is higher.

CONCLUSIONS

Wearing the MKIO or the FCO survival suits during winter flights caused
a significant increase in Tsk, sweat accumulation and higher discomfort ratings in

helicopter pilots. The pilots were able to toletate the physiological thermal stress
well, taking all of the physiological variables into account. There were no dif
ferences in the total thermal stress experienced by users ofthe two survival suits
studied.
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THERMOREGULATORY AND CIRCULATORY REACTIONS
IN SUBJECTS EXPOSED TO THE SUN AND WEARING

WHITE AND BLACK CLOTIllNG

K. Blazejczyk" H. Tokura', A. Bortkiewicz', M. Kato' and W. Szymczak'

I Institute of Geography and Spatial Organisation, Warsaw, Poland
'Nara Women's University, Nara, Japan

, Nofer Institute of Occupational Medicine, Lodz, Poland

INTRODUCTION
Studies dealing with thermoregulatory reactions to solar exposure are not

undertaken frequently (1,2,3), and affects on circulatory function have not been
reported previously. The aim ofthis paper is to present preliminary results ofthe
studies dealing with responses ofboth thermoregulatory and circulatory systems
during solar exposure outdoors when wearing white and black clothing.

MATERIAL AND METHODS

Field measurements were carried out in July 1997 in Central Poland.
Meteorological elements-air temperature and humidity, wind speed, clouddi
ness, intensity of ~olar radiation (global, direc~ diffuse and reflected) as well as
skY and ground thermal radiation-were observed.

Four volunteer subjects (l male and 3 female) between 17 to 32 years of
age were examined. In every 2-hour run, 2 subjects were exposed facing the sun,
standing, in relaxed posture: I wore white, and the 2nd wore white clothing with
insulation ofO.S clo (briefs, T-sh~ long trousers, sandals). After I-hour expo
sure they cbanged clothing from white to black or vice versa. Every subject was
exposed to the sun 2 times, once starting with black and next with white cloth
ing, always at the same time of the day (morning or midday hours). One shade
exposure was also examined in the afternoon hours.

Ear canal temperature and absorbed solar radiation (R) and skin tempera
ture on forehead, chest, back, forearm, hand, thigh, lower leg and foot were mea
sured every minute. Mean skin temperature crs0 Was calculated using the mod

ified Hardy-Dubois formula:

Tsk~ 0.07 TIo"h,ad+ 0.05 Thond+ 0.14 TIo"omt + 0.35 (Tch<Sl + Tbac,J+ 0.19 T,hlgh

+ 0.13 Tlowerleg+ 0.07 Tloat

The same weightings were also used to calculate mean values of absorbed solar
radiation. For the comparison, absorbed solar radiation and surface temperature
were measured on the upper legs of a manikin under black and white clothing.
Absorbed solar radiation (R) was extracted from dry heat flux taking into
account constant values ofworkload and Basal Metabolic Rate (BMR was mea-
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sured for each subject in standard, thermoneutral conditions). To eliminate the
influence ofthe time ofexposure on Tsk and R values, they were correlated with
global solar radiation intensity CK.!ob) during exposure in the sun and in the shade.

Twenty-four-hour heart rate (HR.) and blood pressure (BP) measurements
were recorded (during experiment, leisure time and sleep) using a Medilog
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Figure 1. Relationships between intensity of global solar radiation (Kglob)
and skin temperature (Tsk) as well as absorbed solar radiation (R) in two sub
jects with clothing; for the comparison R values and surface temperature of a
mannequin are plotted.

(Oxford) device. Measurements were carried out automatically, every 5 minutes
during experiment, every half hour during leisure time and every hour during
sleep. Mean systolic (BPS), diastolic (BPD), average (AVG) BP and HR for
exposure in white (w), black (b) and shade (sh) as well as for 24-h (OVER) and
night (NIGHT) were calculated_

Differences in BP and HR in each subject and in whole group during expo
sure in (w), (b) and (sh) were analyzed using t-Stndent and Mann-Whitney tests.
The relation between physiological indices (BP, HR, T,0 and parameters refer

ring to exposure to sun (Kglob, R) was analyzed using multiple linear regression.

RESULTS
Physical process of solar radiation absorption can be observed clearly on a

manikin. Under black clothing R was 50 to 100 W·m-2 higher than under white
clothing, and surface temperature was 10 to 15°C higher, respectively (Fig. I).
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No significant differences were observed in ear channel temperatures for
subjects exposed to the suo in black and in white textile. However, skin tem
perature and intensity of absorbed solar radiation depended on clothing color.

In subjects, physiological responses are different than physical ones. Two

types of reaction on solar exposure were observed For 2 subjects, significant
differences in R and Tsk uoder black and white textile were observed. R values
were 50 to 100 W·m·2 higher under black then uoder white clothing. Tsk depend

edon solar radiation (Kglob) intensity: at low Kg10b it was higher under black, and
at high Kg10b it was higher uoder white clothing (subject 2 on Fig. I). However,
for the other 2 subjects, no significant differences were observed in Tsk or R val
ues when wearing white and black clothing (subject 4 on Fig. I). When analyz
ing Tsk for the whole group, it was fouod that it was significantly higher when
the subjects were exposed to suoshine in black clothes (Table I).

Table 1. Physiological indire, in subjeelswemug while and black clothing

Subject Color BPS BPD AVa HR T",

I white 96.5±7.8 64.7±4.6 75.0±45 93.4±13.9 35.7 ± 1.0

(female) black 99.9±8.7 61.5±5.2 73.9 ±4Jl 95.2 ±7.9 35.5± 1.2

2 white 1l0.6± 16.9 75.4±8.8 86.9±84 100.0 ±11.3 35.4±1.2

(female) black 106.1± 8.1 724 ±11.4 83.3 ±74 102.0 ±13.7 36.3±1.4

3 white 105.2±8.4 73.2±6.5 83.4 ±62 89.3 ±7.0 35.6± 1.5

(rrulle) black 101.2 ± 4.8 72.2±5.2 81.6±45 90.1 ±12.5 . 36.5±0.9

4 white .108.1±5.4 63.4±5.4 78.0 ±3:J 98.4± 13.0 35.4±0.4

(female) black 110.3 ± 6.1 61.1 ±5.7 77.1 ±4Jl 94.2 ±11.6 35.5±0.5

Whole white 105.1 ± 11.9 69.0±8.3 80.7±76 95.6 ±12.3 35.5 ± 1.1

Groop black 104.6 ± 8.15 66.8±8.9 79.1 ±65 95.2 ±12.3 35.9± 1.1

In all subjects, BPS and BPD during exposure to the sun were lower than
in the shade, and HR was higher (1 vs. 3, 2 vs. 3). When comparing individual
physiological reactions to suoshine we have found that BPS did not depend on
the clothing color (BPS was lower in 2 subjects wearing white clothes and in 2
wearing black ones). HR in subjects wearing white clothes was lower in 3 cases,
while in one it was higher (Table I).

On the other hand, BPD and AVG in all subjects wearing white clothes
were higher in comparison with black clothes. However, no differences Were
statistically significant.

Table 2 gives the results ofour analysis ofthe relationship beIWeen partic
ular physiological parameters (BPS, BPD, AVG and HR) and the intensity of
Kg10b or the absorbed solar radiation (R). In SUbjects wearing white clothes, the
exposure parameters were significantly correlated only in 2 cases: HR vs. Kglob
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INFLUENCE OF AIR-PERMEABILITY OF NBC SUITS ON
VAPOR RESISTANCE AND EVAPORATION OF SWEAT

B.A. den Hartog, L.J.A. Wammes and G. Havenith

Thennal Physiology Group, TNO Human Factors Research Institute,
Soesterberg, The Netherlands

INTRODUCTION

It has been found that the suits for protection agaInst Nuclear, Biological
and Chemical W'llfare (NBC), which are currently used In the Dutch army, are
not suitable for hot climates. The heat straIn of the wearer is too high and the
body temperature rises quickly. Recently, a new NBC suit became available.
While maIntaInIng protection, this new suit has an outer layer with an Increased
air-penneabili1y (0.73 ms at 200 Pa) compared with the current NBC suit (0.37
ms at 200 Pa). This should lead to an improved ventilation of the microclimate
under the suit and therefore, lead to a decrease In vapor resistance. As a conse
quence there shoUld be an Increased possibility for the wearer to evaporate sweat,
leadiog to Increased tolerance times for workIng In the heat. To evaluate the
expected benefits, we perfonned 2 studies compariog the current and new NBC
suits with respect to the vapor resistance and the total heat straIn to the wearer.

[mmld =(2)

METHODS

Ventilation measurements. The vapor resistance was detennIned In a series of
experiments on 3 subjects by detennination of the ventilation of a tracer gas
(Argon) at room temperature. The method has been described extensively by
Lotens and Havenith (1,2). The subjects wore a harness of polyethylene tubes
that blew air, enriched with 10% Argon, under the NBC suits. A similar hamess
was used to suck-out air at the same rate. Both harnesses were connected to a
pump that provided constant airflow. The concentrations ofArgon In the airflow
to the suit (CIn), comIng out ofthe suit (Cout), and In the surroundiog air (Cair)
were measured with a mass spectrometer. From these concentrations the ventila
tion under the suit was calculated by:

(1) Vent = V' . (C;n -Cnu') [L.min-1]
pump (Coot -Cair )

In which V'pump is airflow generated by the pump. To calculate the ventilation
only, the relative differences ofthe concentrations are used; therefore, it was not
necessary to calibrate the output signal of the mass spectrometer. From the ven
tilation (Vent) the vapor resistance can be calculated by:

D Ar ·AD ·60X106

Vent
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In which DAr is the diffusion constant of Argon, AD is the body surface area
according to DuBois & DuBois (1916) and 60106 is a constant to transform the
vapor resistance to rom air equivalent.

Protocol. the measurements were performed at room temperature on 3
young male subjects with average weight 79 kg and height 1.89 m. The harness
was placed on top of the underwear and below the NBC suits. Data from 6 dif
ferent conditions were obtained in random order: standing and walking (1.4 ms)
on a treadmill in wind speeds of <0.1, 1.4 and 5 ms.

Heat strain experiments. Five young male subjects, with average weight 68 kg
(ISD 7 kg) and height 1.83 m (ISD 0.05 m), participated in the study. The evap
oration ofsweat from the skin, rectal tempel'lltures and dry heat flow were deter
mined in a climate of36 DC at 20% relative humidity. The subjects had to walk
in this climate for 90 min at a speed of 1.4 ms in a wind of 5 ms. To determine
the evaporation ofsweat, we weighed the subjects, the clothing and both togeth
er before and after the session (90 min). The dry heat flow was estimated from
solving the heat balance equation:

(3) DRY "" M-W",,-RESP-STO-EVAP [W]

The metabolism was determined from the oxygen consumption, the external
work (W..J was Zero, and the respiratory heat loss (RESP) was estimated with

use of standard formulas (3). The heat storage (STO) was determined from the
measured increase in rectal and skin temperatures, and the evaporative heat loss
(BVAP) was determined from .the measured weight loss, corrected for the loss of
mass by respiration. The dry "eat flow was calculated using equation (3). Finally,
the heart rate was recorded every 15 s during the session.

Protocol. The subject, all clothes, and the subject with the clothes were
weighed before .the session. Every 15 min the subjects were weighed again and
oxygen consumption was determined before, halfway, and afIerthe session. The
subjects wore standard cotton underwear under the NBC suits. The suits were
worn with gas mask, rubber gloves and with all cords and bandages closed.

RESULTS

Ventilation measurements. The results of the measurements are presented in
Fig. 1. While standing still, the vapor resistance was slightly but significantly
less (paired t-test, P "" 0.04) for all wind conditions in the new NBC suit, com
pared with the current suit. While waiking, there was only a significant differ
ence between the current and new suit at the highest wind speed (5 fils). The val
ues of the vapor resistance for the current and new suit in this condition were as
follows, respectively: 8.4 rom and 3.9 rom (ISD :1 rom for both values).

Heat strain experiments. There was no difference in sweat production between
the suits, but in the new NBC suit slightly more sweat evaporated. In Fig. 2, the
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Figure 1. Vapour resistance (mm air equivalent) at three different wiod speeds
for the current suit (closed symbols) and the new NBC suit (open symbols).
The data are the mean of three experiments and two sessions per experiment.
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Figure 2. The efficiency (%) of sweat
evaporation of both suits. The efficiency,
defmed as the ratio of evaporated sweat to
the sweat produced, was significantly
higher io the new suit than io the current
suit (Wilcoxio signed rank sum test). The
average difference was 5%

efficiency ofsweat evaporation (sweat loss divided by sweat production) is pre
sented. On average the efficiency of sweat evaporation was 5% (range 1% to

11%) higher io the new suit
compared with the current NBC
suit. The dry heat flow was on
average larger io the new suit (
75 W) compared with the current
suit (-49 W). The negative val
ues iodicated a dry heat gaio of
the subjects, caused by the air
temperature beiog higher than
the mean skio temperatore (on
average 35.3DC). There were no
significant differences between
the suits io rectal temperatore,
skio temperature, heart rate and
all other relevant parameters io
the heat balance before and
after the experiment.. (Wilcoxon
signed rank sum test, P > 0.05).
There was no difference io iosu
lation between the 2 suits. The
vapor resistance was slightly
lower: on average 10.7 rom for
the current suit and 9.9 rom for
the new suit.

185



DISCUSSION

In a previous study we found a significant difference in rectal and skin tem
peratures when suits with different air permeabilities were used (4). These exper
iments were perfonned in the same climate (36°C), with the same walking speed
and wind In this previous study, the air-permeability of the outer layer was
increased, but NBC protection was not maintained. In this study we compared
the current NBC-protective suit with a new NBC-protective suit, having equal
protection and an increased air-penneability.

It was found from the ventilation experiments that the vapor resistance of
the new NBC suit, with a higher air-penneability, was up to 50% lower during
walking on a treadmill at 1.4 ms with a wind speed of5 ms. It was expected that
such a difference would lead to reduced heat strain for the same conditions in the
heat (36°C) because ofthe increased possibility to evaporate sweat, analogous to
the previous experiments. JIowever, the difference in sweat evaporation in the
heat was on average only 5%. No significant difference was found in the rectal
and skin temperatures and the heart rate between the 2 suits. The rectal temper
atures at the end of the sessions were on average 38.2OC and 38.0°C in the cur
rent and new suit, respectively. We concluded that in this study the relatively
small increase in rectal temperature from the neutral condition indicated that the
heat strain under the conditions used was not very large. Significant differences
between the suits are expected to occur only at more extreme conditions. Such
conditions can be obtained by increasing the ambient temperature or by adding
clothing (like a combat suit) under the NBC suit.
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EFFECTS OF WEARING IMPERMEABLE AND PERMEABLE
PROTECTIVE CLOTHING ON THERMOREGULATORY

RESPONSES WIDLE SEDENTARY
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U.S. Anny Research Institute ofEnvironmental Medicine
Natick, MA 01760-5007 USA

~

INTRODUCTION

The use of protective clothing as a barrier against occupational and envi
ronmental hazards has increased dramatically in recent years. Certain lypes of
protective overgannents are also being utilized in cleanroom manufacturing
environments where contamination ofthe work site by personnel is a major con
cern. In the computer semiconductor manufacturing business, there is a reported
industry-wide perception that the sedentary nature of the work does not justify
the wearing of more costly, "breathable" protective clothing versus inexpensive,
disposable, non-permeable garments. It is understandable that some managers of
large-scale, industrial protective clothing and equipment programs would pur
chase specific gannents based solely on a minimal cost per unit basis.
Nevertheless, a recent stody suggests that the use of higher-cost, vapor-perme
able, and reusable protective clothing can actoally be more economical when
analyzed on a cost per use basis (I). The purpose of this present study was to
investigate if protective overgarments manufactured from the same basic mate
rials but with different levels of permeability would have an influence on ther
moregulatory responses in volunteers who were sedentary and exposed to two
lypical indoor workplace environments.

MATERIALS AND METHODS

Eight healthy males (age =21.0 ±1.9 years, height = 173.3 ± 5.6 em, weight
= 72.5 ± 6.3 kg, body sorface area = 1.86 ± 0.10 m2) volunteered for the study.
They were informed of the purpose, procedures and risks of the study. All vol
unteers expressed an understanding of the study by signing a statement of
informed consent. All test overgarments were manufactured from material con
taining a waterproof1breathable, protective membrane. The material was made
by W.L. Gore and Associates. The protective membrane was composed of a thin
layer of microporous polytetrafluoroethylene (pTFE). The P'TFE membrane can
be manufactured with varying levels ofpermeability" The test overgarment mate
rials were evaluated by the manufacturer for permeability according to ASTM
Standard E96-80 (2), which is used to calculate a moisture vapor transmission
rate (MVTR, g'm""24 h"I). All volunteers wore both an iropermeable overgar
ment (10, MVTR = 5) and a permeable overgannent (pO, MVTR ~ 864) during
a 4-h sedentary exposure to two different environments: 18.3°C/50% relative
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humidity (RH) (COOL); 29.7°Cf52% RH (WARM). There was a constant air
velocity of 1.1 m's-I directed at the volunteers as they sat in the climatic cham
ber. All volunteers also wore lightweight 100% polyester underwear, gloves,
socks and leather boots. Mean weighted skin temperature (Tsk, 8 sites, 0c), rec
tal temperature (Tre, OC), skin wettedness (w, %) calculated from dew point sen
sors attached underneath the overgarment and heart rates (HR, bpm) were mea

sured. Total body.mass loss (m b, g'h-I) and moisture absorption (g) by the var
ious garments were determined by pre- and post-experiment weights ofall cloth
ing items (Sauter balance, precision ± O.Olg). Subjects read or filled out various
questiormaires during the time period. Repeated measures analysis of variance
were applied to mean data for all variables and pair-wise comparisons were treat
ed for significance using Tukey's test of critical differences.

RESULTS

Table I shows mean initial and final values ofT,k and T,. when wearing the
10 and PO during COOL and WARM. During COOL, final values ofTsk and Tre
were consistently lower than initial values in bOth the 10 and PO. Some volun
teers were observed to be shivering during their last hour of COOL exposure.
This indicates that a complete protective clothing ensemble with insufficient
thermal insulation could cause mild thermal discomfort in sedentary workers in
cooler work environments. During WARM, final Tsk and T,. values were gen
erally higher than initial values, especially when wearing the 10 where the final
Tsk value was elevated 7% above initial value.

Table L Initial and final values (Mean± I SD) ofT", and T. of volunle!l1S (n = 8)
when wearing lhelOandPO during COOL wd WARM.

GARMENT mm, WARM

Initial T '" 29.5± 1.0 30.8 ± 1.6

FinaIT '" 27.8 ±0.9 329± 1.5
10

Initial T. 36.9 ±0.2 37.0 ± 0.3

FinaIT. 36.5±0.5 37.2±0.2

Initial T '" 29.2 ± 1.3 30.7 ± 1.3

FinaIT '" 27.7±0.7 321 ± I.3
PO

Initial T. 36.9 ±0.3 37.0±0.3

FinaIT. 36.3 ±0.7 36.9 ±0.3

·Values shown are Means ± I SD
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Fig. I shows w of the volunteers while wearing both overgannents during
COOL and WARM. There were significant increases in w during both environ
mental conditions when wearing the 10 (P < 0.05). At 4-h exposure, w
approached 0.9 when wearing the 10 during WARM. Excessive w has been
shown to translate with wann discomfort as the respective skin site becomes wet
with sweat. Translated to the whole body surface w has been shown to be a good
indicator of thermal strain as rate ofbody heat storage increases (3,4).

-- 10
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~
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Minutes 01 exposure
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Minutes of exposure
WARM

Fignre 1. Local skin wettedness (Mean ± I SD) of volunteers (n = 8) while
wearing the 10 and PO during COOL and WARM as a function oftime of
exposure.

Although there were no significant differences in HR when wearing either
overgarment, HR during WARM was elevated an average of24% and 19% above
COOL values with the 10 and PO, respectively. Mean riJ. b was lower
(P < 0.05) during COOL runs (10 = 77.5, PO = 78.5) compared with the WARM
runs (10= 92.3, PO= 103). The 10had the highest mean weight increase (P < 0.01)
(II g, COOL and 44 g, WARM) due to absorption and/or condensation ofnonevap
orated moisture vapor wifuin the overgarment during the 4-h test. Absorption of
moistore vapor also caused higher mean underclofuinglfootwear weight increases
(22 g, COOL and 43 g, WARM) when wom with the 10. These weight increases
were lower (20 g, COOL and 13 g, WARM) when wearing the PO.

1
I

CONCLUSIONS

These results showed that a moisture-vapor-permeable overgarment
reduced overall thermal strain, reduced underclofuing absorption of sweat and
increased evaporation of moisture vapor when compared with a non-permeable
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overgarment during an extended sedentary exposure to simulated workplace
environments. Cleanroom personnel can be required to wear completely encap
sulating protective clothing ensembles for up to 12 h during an extended work
shift. The use ofprotective clothing ensembles with sufficient thermal resistance
and increased levels ofmoisture vapor transmission lowers the w built up under
neath such garments and may improve overall thermal comfort that could lead to
subsequent improvements in task performance and workforce morale.

DISCLAIMER

The views, opinions andlor findings contained in this paper are those ofthe
authors and should not be construed as an official Department ofthe Army posi
tion, policy or decision uuless so designated by other official documentation.
Citation·of commercial organizations and registered trade names ofproducts in
this paper do not constitote an official Department of the Army endorsement or
approval of the products or services of the organization. Approved for public
release; distribution is unlimited.
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REDUCTION OF HEAT STRESS IN CHEMICAL PROTECTIVE
SUITS

K.J. Glitz and W.von Restorff

Central Institute offue Federal Anned Forces Medical Service Koblenz
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INTRODUCTION

Wearing chemical protective suits (CPSs) involves fue danger of heat
stress. At nonnal protection levels, CPSs combining water vapor and air penne
ability wifu NBC-filter characteristics (penneable CPSs = PCPSs) may be able
to reduce heat stress. At high protection levels, impenneable chemical protective
suits (ICPSs) fuat lead to a high heat stress are indispensable.

In order to improve heat flow from fue body to fue environment, new per
meable materials have been developed (Table I), and for impenneable suits,
technical aids are available (Table 2). Current research in our laboratory for
clofuing physiology will be presented for fue materials and mefuods marked (0)
in Tables I and 2 and fue consequences for a possible future development will
be discussed.

Table 1. Materials for PCP Ss to dilninish heat Stress.

• charcoal impregnated foam 0

• s]i1erical adsorbers 0

• carbonized knitted fabrics 0

Table 2. Diminution ofheat stress in ICPSs by rechnical aids

• stationary cooling system (not fur mobile use)
• ventilation with air from a self-contained breathing apparatus (SCBA) 0

• ventilation with ambient air supplied by a portable battery ventilator 0

• ice-cooled vest
• liquid-cooled undergarment
• portable cooling system (refrigerator unit as rucksack) 0

MATERIALS AND METHODS

To investigate different materials for PCPSs, 9 male volunteers worked on
a treadmill (45 min, 4 km'h-I, 0% incline) in a climatic chamber (28°C dry bulb
(tdb), 50% relative humidity(RH) 0.2 m's'! air velocity) after infonned consent

had been obtained: The subjects wore 5 different PCPSs made from new materials
(charcoal impregnated foam, 3 x spherical adsorbers, carbonized knitted fabrics)
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and I conventional standard PCPS (charcoal impregnated foam) in random
sequence. Underneath, they wore work clothes (noderwear with short sleeves
and legs, shirt, trousers, socks and boots; ICL = 0.7 clo). Work clothes only were
used as control. Heart rate (ECG) aod mean skin temperature (l) were measured.
Sweat volume was obtained by weighing. The volnoteers' self-perceived stress,
heat and sweat seosations were ascertained.

Three examples oftechnical aids for rcpss were studied:
Air (5 L·min-I ) from a SCBA was used to ventilate an overalllCPS combined

with a SCBA. Eight male volnoteers worked with and without this ventilation on
a treadmill (4 km,h-1, 3% incline) in a climatic chamber at 18°C tdb and 50% RH
(30 min stay, 15 min walk) after informed conseot had been obtained. Heart rate,
mean skin temperature were recorded, and sweat volume was obtained. The vol
noteers' self"perceived stress, heat and sweat sensations were ascertained.

The possible benefits of a higher ventilation with illtered ambient air (80
I·mitrl ) supplied by a portable battery ventilator were investigated with a 2-piece
rcps. Fourmalevolnoteers walked on a treadmill (5 km·h-I , 0% incline) in a cli
matic chamber (35°C tdb, 20-40% RH, ISO kJ·nr2·h-1 heat radiation) after
informed consent had been obtained. Every subject worked with and without
ventilation of the.ICPS in random sequence. Heart rate, rectal and mean skin
temperatures were measured, and sweat volume was obtained. The volunteers'
self-perceived stress, heat and sweat sensations were ascertained.

In addition, first orientating examinations using a portable cooling system
(refrigerator noit) as rucksack, which blows cooled ambient air into a 2-piece
rcps, were carried out.

RESULTS AND DISCUSSION

The following results were obtained by the examination of the different
materials for PCPSs:

The differences in betweeo the PCPSs made out of 5 different new materi
als were only of marginal biological or statistical importance. However, all of
them showed an improvement in comparison with the standard PCPS. Heart rates
(mean± SD)rose from 114.3 ± 9.1 bpmto 1172 ± 11.5 bpm (new materials), to
128.7 ± 10.3 bpm (standard) and to 102.0 ± 12.9 bpm (work clothes) at the end
of work. Mean skin temperatures were 36.1 ± 0.12°C to 36.3 ± 0.33°C (new
materials), 36.7 ± 0.21°C (standard) and 35.4 ± O.5I°C (work clothes) while
sweat losses were 358 ± 202 g to 444 ± 75 g (new materials), 536 ± 144 g (stan
dard) and 337 ± 63 g (work clothes). The resnlts were also reflected in the vol
noteers' self-perceived sensations of stress, heat and sweat. With the new PCPSs,
they were lower than with the standard PCPS, though higher than with the work
clothes only. Extrapolating the linear increase ofheart rate (Fig. I) observed dur
ing the climatic stress up to a limit of 130 bpm showed a prolonged tulerance
time with the new PCPSs (80 min; standard: 54 min).

Thus all new materials for PCPSs show better qualities to reduce the wear
ers heat stress than the suit with spherical adsorber of a former investigation
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Figure 1. Extrapolation of the heart rate observed during the .climatic
stress, indicating the prolonged tolerance with the new materials.

reported on rCEE 6 (2) The examination of technical aids for rcpss revealed the
following results:

During work with the overall rcps, mean skin temperature rose to 36.2 ±
0.6°C and sweat loss was 229 ± 83 g·30-min-1. Ventilation with air from the
SCBA gave no relief for the volunteers' physiology nor for their self-perceived
sensations of stress, heat and sweat. To reach effective sweat evaporation the
ventilation should have been approximately 90 times higher. Due to the restrict
ed air stock of the SCBA, a higher ventilation rate isn't possible. Therefore this
method seems not to be meaningful for future development.

In the 2-piece ICPS, heart rate rose to 130 bpm after 12.5 ± 3.0 min,
maximum rectal temperature was 38.1 ± 0.29°C, maximum mean skin tempera
ture was 38.03 ± 0.36°C and the subjects lost 612 ± 170 g sweat. They had to
stop after 21.25 ± 7.8 min because of exhaustion. When 80 I'min-! filtered ambi
ent air was blown into the suit by a portable battery ventilator, tolerance time
(23.75 ± 10.9 min) was only insignificantly longer while maximum rectal tem
perature (38.2 ± 0.52°C), maximum mean skin temperature (37.87 ± 0.45°C) and
sweat loss (755 ± 308 g) showed no relief Only time to reach HR 130 bpm was
prolonged (16.0 ± 4.7 min). Differences in the subjects' self-perceived sensations
of stress, heat and sweat were not observed Thus the use of 80 I'min-] ambient
filtered air to dissipate heat from the rcps was not successful probably because
of the small volume and an uneven distribution (3). Furthermore the system will
be less effective at high ambient temperatures and humidities.

193



If supplied by a station"'Y cooling system, a wearer of an ICPS doesn't
have to carry the weight of the cooling unit and its energy source. However the
system is only for limited use, because a working man cannot move freely and
problemS like damage or knots ofthe tobing umbilical may occur.

The effectiveness of ice-cooled vests and liquid-cooled undergarments has
been verified frequently in the literatore. We count this, however, a provisional
solution since sweat evaporation as the most importaot mechanism ofheat dissi
pation of a worker is not supported. Local'cooling might cause cutaoeous vaso
constriction.

It is our long-tenn aim to support human heat dissipation by dry, moder
ately chilled air. Thereby sweat evaporation can be augmented without reducing
dry heat dissipation by vasoconstriction.

At the moment, such technical systems are not available. Instead we col
lected experiences with a portable cooling System (refrigerator unit) as rucksack,
which blows cooled ambient air into a two-piece ICPS. The benefits weren't
promising because the additional weight (primarily the energy source) causes an
additional metabolic heat production.

CONCLUSIONS

New materials for PCPSs offer a better possibility to reduce the wearers
heat stress. Effective work time, however, is still significantly reduced.

It is our long-tenn aim to support human heat dissipation from ICPCs by
dry, moderately Chilled air. Suitable technical aids are still not available. The
development ofa lightweight energy source for portable use is especially unpre
dictable.
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INTRODUCTION

Body movements result in a"bellows" effect which "pumps" the microen
vironment air around and through clothiog layers (1). Increased external air
movement (wiod) also iocreases air exchange, even io c10thiog constructed from
relatively air-impermeable fabric (2). This exchange can decrease clothing ther
mal iosulation and water vapour resistance, which influences the heat balance of
the wearer.

These effects are seldom taken into account when defioiog the clothiog
needed for safe work io hot or cold conditions, even though measurements usiog
articulated, thermal manikins have shown that movement and wind cause reduc
tions of 50% io thermal insulation (3) and 88% io evaporative resistance (4).
Consequently, the choice of clothiog based on measurements of iotriosic iosula
tion and iotriosic evaporative resistance alone may lead to under-protection io
the cold and over-protection io the heat.

To overcome this limitation, ISO TR 11079 (5) calculates a resultant iosu
lation and ISO 9920 (6) gives an empirical correction to account for the effects
ofbody movement. However, this approach is limited because there are no data
relating the change ofthermal insulation to the amount ofair exchanged between
the clothiog and the external environment.

The Ventilation Index (VI) is a sensitive and repeatable method of quanti
fyiog the air exchange characteristics of clothiog. In this experiment, an articu
lated, thermal manikin was used to qnantify the relationship between VI and
thermal iosulation io 2 clothiog ensembles.

MATERIALS AND METHODS

Clothing ensembles. A GoreTex (GT), I-layer ensemble and a woven, 3
layer ensemble (I\lliQ) were investigated. The GT ensemble comprised a jacket,
which was elasticated at the waist, had a foll length zipper protected by a pop
per-fastened wiod baffle, and elasticated, cotton, knitted wrist-cuffs, and trousers
with an elasticated waist and popper fasteners at the ankles. The 3 layers of the
IREQ ensemble were as follows: base layer (next to skin)-short cotton under
pants; knee-length cotton socks; man-made fiber long-legged underpants and
man-made fiber shirt; middle layer, 'fleece' trousers and jacket; and outer
layer-eotton dungarees and jacket, wool scarf, man-made fibre gloves and bal
aclava helmet.
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Measurement of thermal iusulation. The 'TORE' heated, articulated
manikin was used to measure clothing total insulation (IT) using the method
given in CEN prENV342 (7). Thennal insulation of the boundary air layer (I,)
was measured using the nude manikin. Effective insulation (IeI,) was calculated
as the difference between IT and I.. Repeatability between runs was high, with
the difference between double determinations less than 5%. Environmental con
ditions were: ta = tr = woe (1 SD ~ O.I°C) and P,.lIp = 0.73 kPa.

Measurement of Ventilation Index.lmmediately after each measurement
ofIT, VI ofthe clothing layer next to the skin was determined from separate mea
surements ofmicroenvironment volume and air exchange rate (8):

Ventilation Index = Microenvironment Volume x Air Exchange Rate
(Liters per min) (Liters) (per min)

Microenvironment volume was measured with the manikin wearing an air
tight oversuit over the test ensemble. Air was evacuated from the oversnit until
it 'collapsed' onto the test ensemble. Microenvironment volume was the air vol
ume evacuated from this point until oversuit pre~sure was -30 em WG. With the
oversuit removed, air exchange rate in the clothing was measured by gas dilu
tion. Oxygen concentration in the microenvironment was measured continuous
Iy. Nitrogen was flushed through until the oxygen concentration reached IQ%;
the time taken for it to return to 18% was used to calculate the air exchange rate.

VI and Iele measurements were made in a total of 6 conditions: at 2 wind
speeds-'still air' (i.e., no forced convection) with Va less than 0.2 m'sec-l , and
Va = 1 m·sec-1; with the manikin stationary or walking at a speed of 0.37
m'sec-1 or 0.8 m·sec·l (step length of645mm [heel to heel] and step rate of23 or
48 per minute, respectively).

Table 1. Values ofVentilation Index (VI) and Etfective Insulation (Idol measured on the
two clolhing ensembles

standing

walking
(0.37 msec·l )

walking
(0.8 msec·l )
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s!ill air
Va - 1m-sec"
s!ill air

s!ill air

GoreTex I-layer
clothing ensemble
VI (irn."') Id,(cio)
550 0.75
6.93 0.67
6.77 0.54
8.84 0.49
854 0.41
955 0.41

IREQ 3-layer
cIothingensemble

VI (Inlin"') I'b (cio)
56.30 1.83
58.76 1.60
58.11 1.61
65.93 154
62.86 1.61
67.51 150



RESULTS

Table I includes VI and 101, values for the 2 clothing ensembles. Compared
with the 3-layer ensemble, the I-layer suit had an 8 to lO-fold lower VI; half the
101,; and I complete air exchange per 5 min, rather than I per min. Figure I shows
the 1"" and VI relationships for both ensembles, P < 0.01: r2 was 0.65 for the 3
layer ensemble and 0.81 for the l-1ayer suit The effect of the highest walking
speed and air speed was to increase VI by 20% in the 3-layer ensemble, and by

. 74% in the I-layer suit, resulting in decreases in 1"" ofl8% and 45% respectively.
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Figure 1. The influence of increasing ventilation at the skin on effective insu
lation of the GT (I-layer) and IREQ (3-layer) clothing ensembles. Triangular
symols show the GT ensemble, square symbols show the IREQ ensemble.
Open symbols show Va ~ 'still air' (natural convection); closed symbols show

Va = I m·sec·'.

DISCUSSION

The aim of this experiment was to determine the relationship between the
ventilation in 2 clothing ensembles and their thermal insulation in order to over
come reliance on indirect data that adjust intrinsic to resultant insulation. The
high correlation between VI and IeJ, shows that this approach is valid.

The ensembles were chosen because they were made from fabrics with dif
ferent air permeabilities and had different designs and intrinsic insulation valnes.
In both ensembles, an increase in VI resulted in a drop in Ie',' The higher VI for

IREQ is a consequence of the high air-permeability of its fabrics and the larger
openings at the cuffs and ankles. The relatively small increases in VI with move
ment and air speed suggest there is a plateau effect because of the ensemble's
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penneable nature. This small increase in VI resulted in only a small change in
thenna! insnlation. In contrast, the I-layer GT suit had a lower thennal insnla
tion. However, its air-impermeable nature resnlted in greater pumping of the
microenvironment air and a relatively greater decrease in r.l,'

The value ofthis methodology is that determining the VI ofclothing ensem
bles with different fabrics and designs is higbly repeatable, even with simple
equipment. Furthennore, it can be done using human subjects, carrying out activ
ities for which the clothing has been designed. Thus it is possible to determine
directly the resultant insulation ofthe clothing ensemble in a work sitoation.
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INTRODUCTION

The reliabili1y of aerobic performance in thermoneutral climates in the lab
or field has, generally, been reported to be quite satisfactory (I, pg. 269) with
reliabili1y coefficients ranging from r = .80 to .95 for subjects with heteroge
neous levels offimess. Moreover, these 1ypes ofperformances have been shown
to be excellent estimates of maximal aerobic fimess (V02m".). Maximal, paced

ruus ofl2 to 15 min or 1 (1.6 km) to 3 miles (4.8 km) in distance have commonly
been employed to evaluate large groups of subjects with widely variable fimess
levels. However, it is not clear what the effect of a hot, dty climate is on the reli
abili1y of aerobic performance, especially when military operations require the
use of chemical defense ensembles (CDEs). It appears that investigators have
assumed that the usual excellent reliabili1y of aerobic performance is not dis
1nrbed in the mce of adverse climates nor will the wearing of vapor-tight cloth
ing, including mask and gloves, as no smdies could be located that investigated
such effects. Given that there are individual differences in heat acclimatization
and heat toleranCe (1, pg. 225), it seems likely that both hot climates and work
ing in CDEs will have variable effects on stabi1i1y of aerobic performance and
thus attenuate the usual strong relationship found among various measures of
aerobic work performance and physiological aerobic measures such as V02m",

and the ventilatory threshold (V02",).

Accordingly, it is the purpose of this paper to determine the reliabili1y of
marching time to exhaustion in a hot (49°C), dty (20% relative humidi1y [RH])
climate while wearing a CDE (MOPP4 condition) and a M17A2 mask; this mea
sure has been named the criterion task (CT). A second purpose was to determine
the relationship the aerobic performance made in the dty heat with aerobic mea
sures made in thermoneutral climates, i.e., V02m"", V02vl and 4.8 km run.

MATERIALS AND MEmODS

After reviewing the experimental procedures, 20 fit, young males gave their
consent to serve as subjects. Their mean physical characteristics were as follows:
age =28.8 (3.1) years, height = 177(6.0) em, weight = 76.2 (5.8) kg and relative
body fat (via hydrostatic method) = 13.1(2.3) %.

V02max was measured following a filmiliarization and warm-up of 10 min
with a 5-min rest prior to the start of the test. The treadmill speed commenced at
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9.7 km'h-1(6.0 mph) and increased 0.8 kph (0.5 mph) each min to a speed of 16.1
knrh-! (10 mph). After I min at thelatter speed, the grade was raised 1.0% each
min to exhaustion. The subjects breathed through a Rudolph valve (2700) into a
corrugated tube (2.8 cm, id) that led to a 5-L mixing chamber. The exhaled air
was sampled for FE02 and FEC02 while the VEwas measured as it passed
through a Rayfield dry gas meter. The percent ofO2and CO2 in the exhaled gas
was determined by Applied Electrochemistry analyzers. All measures were mon
itored by a microcomputer and recorded for later analysis. Two of three criteria
had to be attained in order to ascertain V02max and were as follows: plateau of
VO~; an RER >1.10; and 90% ofage predicted maximal heart rate (HR",.,J.

V02vt was detennined by use of gas transport (VE l/min, BTPS) and gas
exchange measures (VEN02 and VC02) and taken as the average V02 for the
min that the venti1atory threshold was detected.

The 4.8-km run was conducted on a standard 400-m polyurethane track.
Each subject was instructed to run the fastest, even pace possible, as each was
given lap times and ran solo. During these runs, the dry bulb temperature ranged
from 20 to 24°C with an RH between 30 an.d 45%. The wind was still or light.

The treadmill walks to exhaustion, the CT, were done while wearing a CDE
in a MOPP4 condition and a MI7A2 breathing mask but walking in athletic shoes
rather than boots. The latter was done in order to avoid blisters and other foot
problems. The chambertemperature was constaD.t at 49°C and an RH of20%. The
subjects were prehydrated and entered the chamber 15 minutesn prior to the
commencement ofexercise. They were encourage to take fluid every 5 minutes as
an attempt to maintain a hydrated state. The exercise was terminated for any of
the following reasons: when the subject's rectal temperature reached 39°C, or the
HR max (as determined by the GXT) was maintained for 5 minutes Or ifanyindi
cations dictated it, including the subject's desire to stop. At this point, the subject
was withdrawn from the chamber, stripped, and cooled with ice packs. A mini
mum oftwo days was interposed between the two walks to exhaustion.

RESULTS AND DISCUSSION

Table I summarizes the findings for all of the aerobic measures including
the CTs that were done in the heat while the remaining aerobic parameters were
accomplished in thermoneutrai conditions.

The average V02max was 52.7 ml'kg-!'min-1, STPn or about 20% greater
than 45 ml-kg-l'min-I , a value frequently cited for normally active young males
and reflects the fituess of the subjects as a result oftheir moderate aerobic train
ing. The V02"" which averaged 36.4 ml'kg-1'min-1or 69% of their V02max, also
was indicative ofmoderately trained individuals.

Also found in Table I are the descriptive statistics for the 4.8 km ron. The
mean score of21.2 min also indicates an above average level offitness (I, pg. 102).

The data points for Figure I illustrate the reliability of marching perfor
mance wearing CDE in a hot, desertlike climate, simulating conditions when
troops might be under biological or chemical attack in the summer Arabian
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Table 1. The descriptivestalistics for 1I1e aerobic measurements and criterion
task foc 20 male subjects.

Variables Units Mean Std. Dev. Minimum Maxinnnn

VOzmax I·min-I 3.945 0.465 3.097 4.554

VOzmax ml·kgmin-1 52.7 8.2 33.8 5.4

VOzvt ml·kgmin-J 36.4 3.6 19.7 4.2
4.8 kmrun min-· .21.2 4.4 14_2 1.9
cn min 51.5 11.3 35 1
CU min 52.2 12.5 33 88
Qmean min 51.8 11.9 33 88

desert. The test-retest correlation coefficient is r = .71 wifu a Sx.y = 11.2 min and
a regression equation for fue prediction ofCU 00, Y' = 0.971X+ 2.121 min.

The mean scores for cn and cn were 51.5 and 52.2 min, respectively
(see Table 1). The performance was quite variable wifu coefficients of variation
of 22 and 24% for cn and CU, respectively. As indicated in Table 2 below,
and depicted in Figure 1, fue test-retest reliability was poor (r= .71) wifu a large
standard error ofestimate of 11.2 min or a 95% CI equal to -19 min. Table 2 pro
vides a summary offue relationships among fue aerobic measurements. The mea
surements made in a fuermoneutral climate yielded typical m9derate to strong
relationships. However, fue relationships between fue CTs (made in 49"C heat)
produced small, insignificant coefficients iliat generate common variances 9f
less fuan 17%. Th.e p90r reliability offue CT in fue heat represented only a mod-
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Figure 1. Relationship between cn and cn performance.
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est portion ofthe uncoupling between the aerobic measures made in the heat ver
sus those made in normal climates. For when the coefficients were adjusted for
the attenuated reliability ofCT, the correlation for CT and V02max (L'min-1) only
improved from r = .38 to r = .46 and the common variance from 14 to 21%.
Moreover, a similar finding resulted when the same correction was made
between CT and the 4.8 km run, increasing the from r = .29 to r = .35. A second,
and perhaps more dominant, influence on the relationship between aerobic vari
ables was the independent effect of the subject's ability to tolerate the heat.

CONCLUSIONS

It was concluded that endurance performance in very hot-dry heat is not
very reliable with a reliability coefficient of r = .71. Further, the relationships
between aerobic measures in moderate climates, compared to those made in the
heat, are small and insignificant. The poor reliability of CT in the heat explains
only a modest degree ofthe decrements. Finally, a far more important reason for
the uncoupling may be due to a high variability in the subject's heat tolerance,
which is largely independent (r = .46) ofaerobic fitness (V02max>.
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ESTIMATION OF HEAT STRAIN INDUCED BY
NOMEX·COVERALLS

M. Belokopytov, Y. Shapiro and A. Frank

Heller Institute ofMedical Research, Sheba Medical Center, 52621
Tel Hashomer, Saclder Faculty of Medicine, Tel-Aviv University, Israel

INTRODUCTION

Wearing a protective garment decreases the ability of the body to dissipate
heat. Various approaches are used for the calculation of heat strain in workers
exposed to hot enviromnents and wearing protective clothing (1,2). Some calcu
lations use the values ofphysiological parameters themselves, their changes and
combinations, while others are based on the dynamic properties of changes and
haire cumulative characteristics. The aim of this study was to evaluate the heat
strain induced by wearing two types ofNomex' coveralls.

MATERIALS AND METHODS

Subjects. Seven healthy males participated in this study. The anthropomet
ric data of the subjects (mean ± SO) were as follows: age 23 ± 3 years, height
173 ± 5 em, weight 69 ± 8 kg and estimated body surface area 1.8 ± 0.1 m2 (3).
All the subjects underwent 2 weeks of exercise-heat acclimation prior to the
experimental exposures and were considered to be heat tolerant. None ofthe sub
jects was under treatment with medication. All subjects were carefully instruct
ed about the procedures and gave their written consent to be tested in this stody.

Tested garments. Two types of Nomex' coveralls were tested: one, a stan
dard coverall (type A) and the other (type B) with additional layers that improved
flame resistance and also increased the clothing insulation by 0.78 clo.

Experimental setup. Volunteers underwent 2 exercise-heat exposures alter
nately wearing the 2 types ofcoveralls. The order ofcoverall testing was random
and counterbalanced. Each exposure lasted 180 min in a climatic chamber at warm
conditions (30°C, 60% relative humidity [RH]). During the exposures, a
work/rest cycle of 55/5 min was followed. Exercise consisted of walking
(5 km'h-I , 2% grade, V02" I L'min- I) and was preceded by 5 min ofrest while
the initial values of rectal temperature (Tr) and heart rate (HR) were measured.
During the test, the subjects were allowed to drink tap water ad libitum.

Measurements and calculations. Tr was measured using a YSI (series 400)
thermistor probe inserted 10 cm beyond the anal sphincter. Heartbeats were
accumulated through bipolar chest leads using Polar belt electrodes (Polar CIC;
USA). Tr and HR were accumulated on-line and processed every minute using
the Abua 1000 sy'stem (Alma, Israel). The elevation ofHR over the entire exer
cise-heat exposure (MIR) was calculated as a difference between final HR at the
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end of exercise and initial HR. The value of ATr was obtained in the same man
ner. Two indices based on Tr and HR were chosen to calculate heat strain: the
physiological stress index (pSI) (Moran DS, personal communication) and the
cumulative heat strain index (CHSI). The PSI was calculated as a combined
increase ofweighted final Tr and HR as follows:

PSI = 5.(Tr, - Tr~)-(39.5-Trot +5·(HR, -HRo)·(180-HRof\ (units)

where Trt and Hrt are rectal temperature and heart rate, respectively, at a time of
measurement, and TrO and HRo are initial rectal temperature and heart rate,
respectively. The CHSI (4), based on principles of physiological cost (5,6), was
calculated as the product of cardiac strain and the area under the hyperthermic
curve as follows:

CHSI =[±hb-HRO.t].1O-3 x[iTr·dt- TIO.t]

o 0 ; (units)

where hb is the number ofheart beats, HRo is initial heart rate (bpm), Tr is rec
tal temperature, TrO is initial rectal temperature eC) and t is the elapsed time in
minutes from the first measurement. The indices were calculated for every sub
ject and compared individually for 4 coveralls. Significant differences between
experimental conditions were determined using a paired t-test. The level of sig
nificance was set at P< 0.05.

RESULTS

Table 1. Physiological Responses' to Exercise-Heat
Exposures.

'Values shown are means (± SD).
'Significant difference between coveralls, P < 0.05.

CoverallB·

121 ± 14

37.96 ±0.21

52± 14

1.07±0.41

4.3± 1.0

914± 386

Coverall A

117 ± II

37.72 ±O.34

48± 14

0.96±0.40

3.9± 1.0

742±368 •

Final HR (bpm)

Final T, eC)

AHR(bpm)

AT,eC)

PSI (units)

CHSI (units)

All the subjects successfully completed exercise-heat exposures. The mean
values of the measured physiological parameters are presented in Table I.

The 2 types of
Nomex' coveralls
induced a signifi
cant physiological
strain. There was a
tendency for lower
heat strain while
wearing type A.
While the final HR
and TI' and thereby

AHR, ATr and PSI,

were lower for type
A than type B cov
erall, the differ-
ences between the

two ensembles were not statistically significant. However, a statistically signifi
cant (P < 0.05) difference in strain was seen in the CHSI (914 ± 386 and 744 ±
368 units for suits A and B, respectively).
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DISCUSSION

The PSI as suggested by Moran indicates ilie level of physiological strain;
accordingly, a significant strain develops while wearing ilie 2 types of coveralls.
The PSI is based on the calculation of the relative increase in HR and Tr for a
given interval wiiliout accounting for ilie momentary dynamics wifuin 1his peri
od. The cumulative properties allow CHSI to take into account the dynamic pat
tern ofchanges in'HR and Tp and differences in additional strain during exercise
and rest intervals (Figure I) accounting for individual differences: Thereby,"it
reflects miniature differences in the pattern of changes in the dynamics of HR
and Tr.

--- coveraii A
coveraii B
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130

UO

110
E

100""e
~

90

80

70

60
0

38

37.7

t 37.4

"... 37.1

36.8

36.5
0 12 24 36 48 60 72 84 96 108 120 132 144 156 168 180

Time (mio)

Figure 1. The mean values ofHR (a) and Tr (b) during exercise
heat exposure wearing two tested coveralls.

Due to cumulative properties of ilie CHSI, ilie higher strain induced by cov
erall B was detected. The additional layer ofthis type of coverall is ilie ouly rea
sonable explanation for such results. The absence of statistical differences
between 2 types of coveralls by oilier parameters may be explained by a wide
inter-individual dispersion in a small group of subjects.
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CONCLUSIONS

PSI is a useful index for the characterization ofheat stress in large samples
in which individual variations are masked and is advantageous for norm setting
ofheat strain owing to its standardized 10-point scale. Because of its cumulative
nature, the CHSI might be a more sensitive tool for evaluation of heat strain
under various levels ofheat stress in small expetimentalgroups.
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DETERMINATION OF IMMERSION SUIT THERMAL RESISTANCE:
A COMPARISON BETWEEN HUMAN AND MANIKIN

M.B. Duchanne!, P. Potter2 and C.J. Brooks!
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Toronto, Ontario, Canada, M3M 3B9

2The CORD Group Limited, Dartmouth, Nova Scotia, Canada, B2Y 4K9

~

INTRODUCTION

The evaluation of immersion suits is being perfonned increasingly on ther
mal manikins. This practice encourages the development of standards and poli
cies based on manikin testing but aimed at protecting humans against the hazards
ofcold water immersion. The shift from human to manikin testing was done pri
marily for logistic and economic reasons without much understanding ofthe dif
ferences between the two test mediums.

It is known that several factors such as posture, movement, wind and cloth
ing fit (1), water leakage and leakage site (2) and wave motion (3) could affect
the clothing insulation value. Any difference between the manikin test conditions
and the "workplace" conditions has, therefore, a potential to cause a differe!)ce
between the insulation value obtained from a manikin as compared with humans.
Tipton and Balmi (4) showed that when every effort is made to ensure that the
manikin and human test conditions correspond, the clothing insulation (in this
case dry immersion suit) obtained from the manikin and human tests were in gen
eral agreement. The tests, however, were perfonned in a static water tank that
does not represent the workplace conditions observed during accidental immer
sion where wave motion is often present.

The objective of the present study was to compare the thennal resistance
(R) ofimmersion suits obtained from human and manikin testing in caim and tor
bulent water in open ocean.

MATERIALS AND METHODS

Subjects. Eight male subjects (mean ± SD; age: 29.8 ± 6.7 years; weight:
85.9 ± 7.5 kg; height: 181.4 ± 3.4 cm; % body fat: 13.3 ± 3.9%) were selected to
participate in the stody. All subjects were granted medical approval before being
asked for their written consent. The protocol of the stody was approved by the
Institotion's Human Ethics Committee.

Manikin. A thennally instrumented immersion manikin (TIM; the CORD
Group Ltd.; Dartmouth, Nova Scotia, Canada) was used to compare the R values
obtained from human subjects. The manikin comprises 13 independently tem
perature-controlled segments made of hollow aluminum and equipped with tem
peratore sensors and electric heaters. The surface area of the manikin is 1.74 m2

and its weight 94.5 kg. During the tests, the power consumption ofeach segment,
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in addition to the temperature difference between the surface of each segment
and the environment, were continuously monitored.

The tests were carried at sea 8 km north east ofHalifax, Nova Scotia in the
CF minesweeper H.M.C.S. Anticosti and, as a control in still water, in the CORD
Group Ltd. water tank, Dartmouth, Nova Scotia.

Procedures. The subjects and the mimikin were exposed to four l-h tests
to evalliate the thermal insulation of two types of inunersion suits: an insulated
dry snit (CF constant Wear Dry hnmersion Suit) and an insulated wet suit with
moderate leakage (MAC 200 nearly dry suit; Mustang Survival Inc.; Richmond,
BC, Canada). Both suits were used with a self-inflated twin lobe life vest with
15.4 kg of buoyancy (model MD 1141, Mustang Survival Inc.; Richmond, BC,
Canada) and were tested in calm water and at sea with an average wave height
of 1.7 ± 02 m. The water in the tank was maintained on average within O.5°C of
the 7.2 ± O.4°C sea water temperature.

Before inunersion in water, the subjects were instrumented with a rectal
probe inserted 15 'cm beyond the anal sphincter, ECG leads for continuous tele
metric cardiac monitoring and 12 heat flow transducers with integrated temper
ature sensors taped on the skin, according to the Hardy & Dubois weighing sys
tem (5). An additional 12 temperature sensors were taped on the outside of the
inunersion suits corresponding to the same locations as on the skin of the sub
jects. The subjects were then dressed with polyester long underwear, a cotton
one-piece undergarment, ~ MAC 200 wet inunersion snit or the CF Constant
Wear Dry snit with their proper winter liner, neoprene gloves, hood and boots,
and a life vest. Once dressed, the subjects were inunersed for I h in water while
adopting a natursl floatation position with about 40 to 50% oftheir body surface
area above water. All data were recorded every 8 s and averaged over a I-min
period by small data loggers worn inside the inunersion suit On a belt

Simultaneously to these tests, the inunersion suits were also tested using the
thermal manikin inunersed about 5 to 10 m away and in the Same water condi
tions as for the subjects' inunersion. Every effort was made to provide similar
testing conditions between the human and the manikin: similar clothing, buoy
ancy, skin temperature distribution, location ofprobes on the skin, test duration

Table 1. Thermal insulation values (R) from human
(n = 8) and manikin testing.

Dry immersion suit
Calm water
Turbulent water

Wet immersion suit
Calm water
Turbulent water

HUlllan testing
Ro (clo)

1.67 ±O.l4
1.31 ±O.l5

1.29±0.19
0.99±0.13

Manikin testing
R". (clo)

1.48*
0.61*

1.09*
0.39*

*Differs significantly from human testing P <0.05.
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and ambient conditions. For each test, the skin temperature distribution used on
the manikin was calculated from the average skin temperature distribution
obtained from the 8 subjects for any particular test condition.

The total thermal resistance (including the boundary layer) of the immer
sion suits during the human testing (Rh) were calculated from the average heat
flow and temperature data for the last 15 min ofthe I-h immersion according to
a method previously described (3). The total thermal resistance ofthe immersion
suits llwiIlg tjle manikin te~tiIlg (RIn)was calculated from the power to the seg
ments, the surface area ofthe segments and the temperature differences between
the "skin" and the ambient condition for every segment of the manikin.

RESULTS

Table 1 shows that for all water conditions, a dry immersion suit with no
water leakage provides a higher thermal resistance <RJ.: 1.49 ± 0.15 clo; R,.: 1.05
± 0.62 clo) than a:wet immersion suit with moderate leakage (R.,: 1.14 ± 0.16 clo
with an average of 0.82 ± 53 kg of water leakage; R,.: 0.74 ± 0.49 clo with 2.4
± 0.5 kg leakage). On average, turbulent water decreased the Rh values by about
20% and the R,. values by about 60% as compared with calm water.

For all the immersion tests, the R,. values were significantly lower than the
R" values (Table 1). The results for the dry immersion suit show that in calm
water, R" was only II% higher than R,., while the difference increased to 53%
in turbnlent water. On the other hand, the resnlts for the wet immersion suit show
that in calm water, R" was 16% higher than R,., while the difference increased to
60% in tnrbulent water.

DISCUSSION

The present results support the conclusion ofa previous study (2) suggesting
that for similar testing conditions in calm water, the valnes for clothing insulation
obtained from the manikin and human tests are similar (11% difference between
R" and R,. in the present study; 14% difference in Tipton and Balmi's study). In
turbulent conditions, however, the difference between the R values obtained from
humans and a manikin increased to 60%. The larger underestimation ofR,. can be

attributed to two main factors: a larger water leakage into the suits during the
manikin tests and a greater inertia ofthe manikin, which makes it out ofphase with
the wave propagation, which induces a larger convective heat loss.

CONCLUSIONS

The results show that during ideal testing conditions (same procedures
between manikin and human testing, calm water condition, comparable water
leakage into the suit), manikin testing can provide R values similar to the values
obtained from human testing. For testing in turbulent water, further study and
development are required before a thermal manikin could be used with confi
dence for suit evaluation.
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CONTROLLING SKIN HUMIDITY BY CLOTHING MOISTURE
PERMEABILITY

J. Toftum and J. Mackeprang

Centre for Indoor Environment and Energy
Technical University of Denmark

INTRODUCTION

A hypothesis that skin humidity could be a cause of discomfort in com
fortable temperatures was tested in a series of human subject experiments. An
important issue ofthe study was to control the level of skin humidity while other
confounded factors, such as fabric against skin, thennal sensation and activity
level, were kept constant. The level of skin humidity depends on the actual and
saturated vapor pressures of the skin, determined by skin temperature, sweat
gland activity, clothing moisture characteristics, air movement in the environ
ment and the vapor pressure in the surrounding air (I). In the present study, we
attempted to control skin humidity by controlling the clothing moisture perme
ability and the environmental conditions. The method used to control skin
humidity for sedentary subjects is presented, and a comparison of esthnated and
measured skin humidity was made.

MATERIALS AND METHODS

Human subjects were exposed to 5 different levels of skin humidity. A two
layer experimental clothing ensemble was used in all experiments. The ensem
ble consisted of a woven cotton inner layer and outer layers that were used to
regulate the moisture permeability ofthe ensemble. The outer layers were made
of 3 different types of rainwear fabric, ranging from very permeable (GoreTex)
to ahnost impermeable (polyurethane coated nylon). The outer layers were tai
lor-made and had tight-fitting openings at the ankles, wrists and neck. Socks and

'Table 1. Water vapor resistance, weight and thickness of the fabrics used.

Inner
Outer

Textile layer
Cotton '

A (GoreTex™)
B (Microfibre)
C (Polyurethane

coated nylon)

Water vapor resistance
[-mm air equivalent]

2.0

4.3
7.8

220.8

Sp. weight
[g·m·21

150
107
95

214

Thickness
ImmJ
0.70

0.33

0.21

0.70

thin, moisture-permeable cotton shoes supplemented all clothing ensembles. The
vapor permeability, specific weight and thickness ofthe various textiles used are
shown in Table I.
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The study was intended to attain the desired levels of skin humidity by
combining the estimated moisture penneability of the clothing and the thennal
conditions in the climate chamber. Moisture penneability indices ofthe clothing
ensembles were estimated from measured values ofvapor resistance, tsking into
account that the head and hands were uncovered, and the feet were covered by
highly moisture-penneable shoes. After the experiments, the actual average
moisture penneability indices were calculated according to a method suggested
by Hohner and Elniis (2).

Based on measured values of clothing insulation and estimated values of
clothing moisture penneability, a simplified version of the 2-node model of
human thennoregulation was used to predict the air temperature and humidity
that would provide the desired level ofskin humidity and thennal sensation (3).
To facilitate a certain, small sweat secretion, a thennal sensation between neu
tral and slightly wann was the aim in all experiments. Relative skin humidity
(Rhsk), defined as the ratio of water vapor at the skin surface to the saturated
vapor pressure at skin temperature, was used as a measure for skin humidity.
Recordings of relative humidity and air temperature between the skin and inner
clothing layer, and of skin temperature, were made at the chest, inside right
upper ann, at the upper back, inside right thigh and at the right calf. These were
used for calculation of local relative skin humidities. Overall, relative skin
humidity for the whole body was calculated from the area-weighed average of
the local relative skin humidities.

The insulation values of the clothing ensembles were measured by means
of a standing thermal manikin. In Table 2, the measured basic insulation and
estimated moisture permeability indices are shown together with the environ
mental conditions in the experiments and the predicted tuean vote (PMV).

':fable 2. Desi~ levels ofskin humidity established with different combinations of vapor
permeabilities of clothing and environmental conditions as predicted by the modified 2-node

model (3).

Relative Water
Relative Clothing homidityof Air vapor

skin Outer Moisture insulation air temperature pressure
homidity layer permeability rcIol [E c:£I. ~ ~

0.32 A 0.40 0.63 50 25.5 1.62 0.3

0.53 B 0.32 0.90 80 25.0 2.51 0.5

0.56 C 0.12 0.89 50 25.0 1.S7 0.3

0.69 C 0.12 0.89 80 25.0 2.51 0.5

0.75 C 0.12 0.89 80 25.5 2.59 0.6

RESULTS

In Table 3, the mean and standard deviation of the relative skin humidity
averaged over 15 min (105 to 120 min after commencement of the experiment)
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Table 3..Mean and standard deviation of measured Rhskfor females, males and both

sexes combined Mean values are from the observations made in the last 15 min of
each experiment

Rho< RhSk measmed

planned Females Males Females and males

N mean SD N mean SD N mean SD
0.32 8 0.36 0.01 8 0.41 0.02 16 0.39 om
053 7 053 0.04 7 057 0.11 14 055 0.08
056 8 057 0.07 8 0.63 0.13 16 0.60 0.10

0.69 7 0.63 0.09 8 0.74 0.07 IS 0.69 0.09
0.75 8 0.64 0.07 8 0.76 0.11 16 0.70 0.11

are shown separately for females and males, and for both sexes combined. Rhsk
was significantly different in females than males; the males exhibited a slightly
higher and the females a lower Rh'k when compared with the planned values at
high levels of Rhsk. For females and males pooled, the average Rhsk is similar
to the planned values under all experimental conditions. The variation between
subjects, expressed by the standard deviation, was rather modest. The correlation
coefficient between the observed Rh,k and the Rh'k predicted by the 2-node
model was 0.98.

In general, the variation in local Rhsk at the calf, thigh, back, arm and chest
under the 5 experimental conditions was small. Peak values were measured at
the thigh and back at low and high planned Rh.k, respectively.

Table 4 compares the estimated and the actual measured moisture perme
ability indices. The actual permeability indices were calculated from measure
ments ofweight loss determined in stable IS-min periods ofthe final hour ofthe
experiments and the measurements of pulmonary ventilation and oxygen con
sumption. A relatively good correspondence between the predicted and mea
sured moisture permeability indices was found, although the standard deviations
of the measured values were large.

Table<l Comparison of estimated and measured vaporpermeabilily index.

~ SO t!: Mean SO t!: ~ SO t!::
Estimated i m 0.40 0.32 0.12

c

Measured im 0.35 0.18 8 0.21 0.16 8 0.07 0.06 31

DISCUSSION

Estimated and observed skin humidity measurements agreed well, indicat
ing that skin humidity can be controlled by the moisture permeability of the
clothing. Also, the 2-node model predicted the level of skin humidity in corre
spondence with the observed values. Based on heat and mass transfer theory, the
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model expresses skin humidity as a function ofenvironmental parameters, cloth-
ing characteristics and metabolic rate (3). .

The measured moisture permeability indices corresponded rather well with
the estimated values, although the standard deviations were large. The basis for
calculating the permeability indices was the repeated observations of a subject's
weight. In some experiments, the weight observations fluctuated because even
minor body movements displaced the center ofgravity of the subject relative to
the balance. As the calculation of the permeability index was very sensitive to
the measured weight loss, the large standard deviations may be explained by the
weight loss fluctuations. In comparison, Hohner and E1nlis (2) found standard
deviations of moisture permeability measurements with human subjects in the
range 0.03 to 0.10.
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INTRODUCTION

A valuable means ofunderstanding how clofuing may affect heat stress is to
quantilY fue resistance to dry and evaporative heat exchange. Wear tests in a
controlled laboratory environment provide an opportunity to evaluate complete
ensembles in a realistic situation wifuout introducing fue confounding factors of
an uncontrolled environment and metabolic rate. Kenney et al. (1) proposed a
wear test mefuod fuat relied on progressive increases in heat stress to an inflec
tion point where fue required rate of evaporative cooling matched fue maxiroum
rate fuat can be supported by fue combination of clofuing and environment. At
fue inflection point, Equation I is true.

(P,k-P.) I R..t =(M - W) + (C + E)res + (Tdb-T,01 It - S

where P,", is average water vapor pressure on fue skin; p. is ambient water vapor
pressure; R..t is total evaporative resistance offue clofuing including air layer; M
is metabolic rate; W is external work accomplished; (C + E),,, is combined con
vective and evaporative heat exchange in fue lungs; Tdb is dry bulb temperature;
T,k is average skin temperature; I, is total insulation offue clo1hing including air
layer and S is rate ofheat storage in fue body (average over preceding 20 min).

All the terms in fue equation can be measured or estimated at the inflection
point except fue two clothing factors: total insulation and total evaporative resis
tance. Following Kenney et al. (I), finding fue inflection points in a warm/humid
environment and a hot/dry environment provides two equations and fuus permits
fue experimental determination of It and R..t. This approach assumes an inde
pendence of thermal characteristics over environmental conditions. The experi
mental trials reported here examine the simultaneous equation approach to esti
mating the thermal characteristics. It finther examines the effects of environment
and metabolic rate on fue total evaporative resistance offuree clo1hing ensembles.

MATERIALS AND METHODS

The thermal characteristics of 3 clofuing ensembles were evaluated by pro
gressive increases in heat stress in search of fue inflection point. One ensemble
was ordinary cotton work dofues (open at neck). The other 2 ensembles were
limited-use coveralls with hood that were taped at the cuffs: one made from
DuPont Tyvek:" 1422A fabric and one made from a polypropylene (SMS) fabric.
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The limited-use coveralls were examined twice during 2 studies separated by a
couple ofyears (2).

The 3 test protocols were as follows. For the protocols in which the climate
was changed, treadmill speed and grade were set to elicit a metabolic rate of

Table L Estimates] oftotal insulatiott and evaporative resistance2

Ensemble

Study]

I,
Study 2

Cotton Work 0.0443 0.0096
Clothes 0.0274 0.0049 - -
(n=4) 62 SI

SMS 0.0838 0.0109 0.0382 0.0072

Po\ypropylene 0.0269 0.0031 0.0400 0.0053

(n=5) 32 29 lOS 73

Tyvek 0.1153 0.0162 0.0138 0.0052
1422A 0.0811 I000S8 0.0212 0.0100
1/1 = 5) 70 36 IS4 193

Detennlned USlDg themelhod ofKmney etal. (I). Values lD each block arem:an,
standard deviation, and coefficient ofvariation. Values from a second study are
provided foc SMS and Tyvek 1422A.

2 I,isin units ofO:C·m2.WI ;Rl-/ is in unitsofkPa·m2·W1

about 160 W'm-2 at a zero grade (level). For Hot, Dry Climates (lID), the start
ing dry bulb and psychrometric wet bulb temperatures were 34°C and 18°C (20%
relative humidity [RH]). Once a physiological steady state was achieved, the
ambient temperature was increased 1°C evel)' S min while RH was maintained
at 20%. For Warm, Humid Climates (WH), the starting dry bulb and psychro
metric wet bulb temperatures were 34°C and 18°C (20% RH). Once a steady
state was achieved, the psychrometric wet bulb temperature was increased 0.7°C
every 5 min until the RH reached 70%. Then, the dry bulb temperature was
increased about 0.7°C evel)' 5 min while the RH was maintained at 70%. For
Metabolic Rate, Fixed Climate (M), Tdb was set at 32°C and Tpwb was set at 26°C
(60% RH) for the experiment. Initial treadmill speed and grade were set to elic
it a low metabolic rate (about 120 W·m-2). Then treadmill speed was increased
0.045 m's-1 every 5 min.

RESULTS

The studies were undertaken to explore the thermal characteristics of 3
clothing ensembles. Following the method ofKenney et al. (1) and accounting
for heat storage, the simultaneous estimation ofI, and R.., from the HD and WH

protocols was undertaken. The results are presented in Table I. For the 2 ensem
bles with repeated studies (SMS and TyvekO), the mean values differed consid-
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erably, but amoug all the possible comparisons only the 2 Tyvek" coveralls were
significantly different (P < 0.05) for either It or R.-,. The coefficients .of varia

tion among subjects within a data set were between 30 and 200%, which made
finding differences difficult.

When a value Jhr It was assigned for each ensemble, Equation I can be used

to estimate total evaporative resistance for each protocol. Values that were 55%
of estimated intrinsic insulation plus the boundary layer of air were used to
account for clothing ventilation (CV) (2). The results ofthis process are provid
ed in Table 2. The CVs for Re-t ranged from 7 to 36%, suggesting a greater sta

bility in the estimation.
Using assigned values ofl, and a two-way ANOVA (5 ensembles and 2 pro

tocois), a statistically significant difference in Re-t was found across all 5 ensem

bles between HD and WH (P = 0.01) (0.0155 vs. 0.0128 kPa'm"w', respective
ly). On the other hand, there was no apparent difference between HD and WH
for the 2 data sets that did not include the metabolic protocol (Tyvek"-I and
SMS-I). For the 3 ensembles for which the metabolic protocol employed, there
was a significant difference between HD and both WH and M (two-way
ANOVA, P = 0.0001) (0.0171 vs. 0.0118 and 0.0130).

DISCUSSION

For the estimation of clothing thermal characteristics, the technique
described by Kenney et al. (1) has some Variability as seen in the different results
between stodies and the wide variation among subjects. These differences
diminish when an estimate for It is used. First, the selection of values for I, was

based on estimates of intrinsic insulation and the air layer from published data
and was reduced by 45% for the effects of body motion and weiting of the gar
ments (I). The values were not much different from those reported eisewhere
(I). Second, the determination ofRe_, is not affected much by the insulation esti

mation (2).
The estimated value of insulation allows for greater discrimination among

ensembles and exploration ofthe effects ofprotocol Compared with the HD pro
tocol, (l) WH had a lower R.-t, which may be due to higher heat transfer from

evaporationlconde.nsation cycles within the clothing layers and (2) the elevated
metabolic rate associated with the M protocol lowered Re-, due to pumping factors.

CONCLUSIONS

It appeared that (I) simultaneous derivation of It and Re-, was subject to

some instability, (2) evaporative resistance was greater when a higher ambient
temperatore existed and (3) the increased activity associated with the metabolic
trials lowered the evaporative resistance from the HD condition.

217

---------~._-_.----



REFERENCES

I. Kenney, W.L., Mikita, D.J., Havenith, G., Puhl, S.M. and Crosby, P. 1993,
Simultaneous derivation of clothing·specific heat exchange coefficients,
Medicine andScience in Sports andExercise, 25, 283-289.

2. Barker, D.W., Kini, S. and Bernard, T.E. 1998, Thermal characteristics of
clothing ensembles for use in heat stress analysis, American Industrial
Hygiene Association Journal (in press).

218



l

THE EFFECTS OF CLOTHING INSULATION AND LEVELS
OF TORSO HEATING ON FINGER DEXTERITY

D. Brajkovic, J. Frim and ME. Duchanne

Defence and Civillnstitute ofEnvironmental Medicine
Toronto, Ontario, Canada

INTRODUCTION

Recently it has been found that active torso heating using an electrically
heated vest (EHV) can keep bare extremities ofwell-insulated subjects comfort
able (at about 25°C) for up to 3 hours during exposure to -15°C air (I). The pur
pose of the present study was to examine the effects of clothing insulation and
levels oftorso heating on finger dexterity during torso heating.

MATERIALS AND METHODS

Eight subjects were exposed randomly to 6 conditions (I week apart) in
addition to I familiarization test. Rectal temperatore (Tre) and finger dexterity
were measured during a 3-hour exposure to -15°C air. The EHV consisted of 10
printed-circuit heaters that covered the torso. The heaters were powered by 5
Hewlett-Packard, counter-top, DC power supplies. The heaters were not in direct
contact with the skin but inside a pocket made of Nomex· fabric. In addition, a
I-cm layer ofThinsulate· insulation was placed inside the pocket on the outer sur
face of the heater. Subjects wore either light Arctic clothing insulation (LI; 2.6
clo) or heavy Arctic clothing insulation (HI; 3.6 cio), and they were exposed to 3
levels of torso heating (no heating, NH; moderate heating, MIl; high heating,
HH). During the NH conditions, no torso. heating was provided, but thin, knitted
gloves and Arctic mitts were worn. The hands were bare during MIl and RH.
During the MIl and RH conditions, the skin temperature under the EHV was
maintained at 40°C and 42°C, respectively. Finger dexterity was measured every
30 min by using a Purdue Pegboard (PP) test or a C-7 Canadian Forces rifle dis
sassembly and assembly test. The PP test is a timed assembly task in which the
subject attempts to put together as many 4-piece unit assemblies (pin, washer, col
lar, washer) as possible in I minute. The washers and collars are less than I-em
wide. Each unit assembled counts as 4 points. The PP test was done at time 30,
90 and ISO minutes. Three tests were done at each ofthese times. The C-7 rifle
task is a timed task in which the subject takes apart a C-7 rifle into 12 pieces and
puts it back together again. The rifle task was done at time 0, 60, 120 and 180
minutes. During the NH conditions, the knitted gloves and Arctic mitts were
removed every 30 min so that the tasks could be performed barehanded.
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Figure 1. Change in Tre during a 180 min exposure to -15°C air for
conditions HI-HR, HI-MH and HI-NH. (Mean ± S.B.) * specifies the
first significant difference between HI-HR, HI-MH and HI-NH.

RESULTS

The following results are for n = 8. The level ofsignificance is P < 0.05.
Rectal Temperatnre. The mean ± SE initial Treat time 0 for the 6 conoi

tions was 37.24 ± 0.03°C. Tre was significantly greater during HI-HR as com
pared to HI-MH and HI-NH starting at time 37 min. See Figure 1. There was no
significant difference in Tre response between LI-MH and LI-HH. See Figure 2.
Tre was significantly lower during LI-NH starting at time 37 min when com
pared to LI-HH and LI-MH.

Finger Dexterity. There were no significant differences between Purdue
Pegboard Performance (PPP) at time 30, 90 and 150 min during HI-HH and HI
MH. See Figure 3. PPP during HI-NH was significantly decreased attime 90 and
150 when compared to PPP at time 30. PPP during LI-MH and LI"NH was sig-

U-RH--- U-MH---

~

(,)
0.5~

'"..."';
0il

'"~... -0.5
S...
~

-1<l
0 30

*

60 90 120
Tune (min)

150

U-NH

180

Figure 2. Change in Tre during a 180 min exposure to -15°C air for
conditions LI-HH, LI-MH and LI-NH. (Mean ± SE.). * specifies the
first significant difference between LI-HH, LI-MH and LI-NH
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Figure 3. Purdue Pegboard perfonnance at time 30, 90 and 150 min
during exposure to ·15°C air for conditions ill-HH, ill-MH and ill
NH. (Mean ± S.B.) • specifies that there is a significant difference
when compared to time 30 min

nificantly decreased at time 90 and 150 when compared to PPP at time 30. See
Fig. 4. In addition, PPP was significantly decreased at time 30 min for LI-NH
when compared te LI-MH and LI-HH at time 30 min.

There were no significant differences between the C-7'rifle task time
(RTT) at time 0, 60, 120 and 180 min during HI-HH and ill-MHo See Fig. 5.
RTT during ill-NH was significantly increased at time 120 and 180 when com
pared to RTT at time O. RTT during LI-MH and LI-NH was significantly
increased at time 120 and 180 when compared to RTT at time O. See Fig. 6. In
addition, RTT was significantly increased at time 60 during LI-NH when com-
pared to RTT at time O. .

LI·MH I1ll LI-NH,.

Figure 4. Purdue Pegboard Perfonnance at time 30, 90 and 150 min during
exposure to -15°C air for conditions LI-HH, LI-MH and LI-NH. (Mean ±
S.B.) • specifies that there is a significant difference when compared to time
30 min.•• specifies that LI-NH is signicantly different than LI-HH and LI
MH at time 30.
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EFFICIENCY OF COMBINATIONS OF COOLING FOR
MICROCLIMATE COOLING SillT DESIGN, TESTED IN MAN

AT 100°F WITH EXERCISE

R. Pozos', L. Wittmers2, R. Hoffinan2, B. Ingersol12, & D. Israe12

ISan Diego State University, San Diego, CA, USA
2University of Minnesota, Duluth, School ofMedicine, Duluth, MN, USA

INTRODUCTION

A recent concern in hazardous materials containment, removal, and military
operations has been the heat and work stress imposed on personnel wearing
chemical and biological protective clothing (Chemical and Biological Protection
Suit, Carbon Sphere #8415-01-333-7578 and gas mask/cowl, MSA9IJ012-013;
CBR). Several microclimate-cooling systems have been tested as possible solu
tions (I). Although these systems may extend work time in heat stress environ
ments, many models have limitations that prevent extended use with CBR.
These limitations include effectiveness only during conditions oflight to moder
ate work loads, requirement ofa significant amount of support materials for sus
tained operations, removal of protective clothing for re-supply, and necessity of
low ambient humidity for evaporative cooling (1-5). The following tests con
firmed that several configurations of one model (Flexitherm™ vest, leg panels,
and cap, Life Support Systems Inc., Mountain View, CA), in conjunction with a
thermoelectric coolinglheating unit (Carlson Technology Inc., Livonia, MI), are
effective in reducing cardiovascular load and extending work time during heat
stress and moderate work loads (6,7).

METHODS

Data from two separate studies using similar subject populations are pre
sented. Protocols were reviewed and approved by the appropriate agencies.
Subjects were screened with an ECG, graded exercise test (8), and % body fat
(9). AnthropomOIphic data of combined populations is as follows: mean age =

26.7 ± 1.9 yr., height = 178.8 ± 3.6 cm, weight = 78.4 ± 11.1 kg, and body fat =

15.5 ± 5.4%. Subjects were familiarized with the equipment, clothing, and pro
tocols, and given hydration, diet, and sleep instructions. Subjects wore military
issue cotton fatigues, CBR suit, gas mask and cowl, cotton socks, and athletic
shoes. Exercise consisted oftwo cycles of50 minutes treadmill walking (3 mph,
2% grade) followed by 10 minutes rest. Ambient temperature was 100° F and
relative humidity 40%.

The experimental conditions consisted of variations in the cooling garments
as follows: I. FATIGUES only; 2. CBR only; 3. VEST; 4. VEST/CAP; 5.
VESTILEG; 6. LEGS; and 7. VEST/CAPILEGS. VEST, CAP, and LEGS refers
to the location of the cooling panels for each protocol. Conditions 3-7 included
wearing CBR. Coolant was water +3% ethylene glycol at a temperature of 14°C
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with a flow rate of450 ml min-I. Coolant temperatore was maintained by a ther
moelectric cooler with an ice bath back-up. Coolant was circulated from bottom
to top.

Rectal temperature was measured using a disposable thermocouple inserted
10-12 em past the anus. Heat flow and temperature were measured at six skin
sites- head, arm, chest, back, thigh, and calf using heat flux transducers. Mean
heat flow was calculated using a formula weighted on surface area (10). Heart
rhythm was measured continuously. Blood pressure, ratings of perceived exer
tion (RPE), and temperature perception were assessed every 15 minutes (11).
Temperature perception was assessed using a 1,000 nun scale (meter stick with
numbers covered) where 0 ~ Intolerably Cold and 1,000 ~ Intolerably Hot.
Subjects were instructed to use their finger as a pointer and indicate how hot or
cold they felt relative to the limits presented. The corresponding numerical
value was read from the reverse side. Body weights were recorded and timed
urine specimens were collected before and after each experiment. Data was
analyzed with one-way ANOVA employing the Statistical Package for the
Social Sciences. .

RESULTS:

Mean Redal Temperaturs.5-- ...--....... ""

38.7

In the 54 experiments presented here, only seven were terminated early and
all but one termination was in a CBR only,uncooled protocol. The one cooled
experiment that was terminated by the subject was due to a feeling of claustro
phobia. One experiment was terminated due to exhaustion, one for nausea, one
for dizziness, and two for equipment failures.

Mean rectal t!,mperatures as a function of time for the subjects in 5 ofthe 7
experimental conditions are presented in Figure I. No significant differences in

rectal temperatures were
noted between the 5 cool
ing protocols or the
FATIGUES protocol.

The rate of rectal
temperature rise up to the
first rest period (0-50
minutes), determined by
least squares linear re-

a- .. gression, is comparable
+--2....--...,....-......,.00--.,."--,.,...- ......,,2. in all seven protocols.

To... (m.....) With the onset ofthe sec-
ond exercise period,

Figure 1. Mean rectal temperature vs time however, the mean rectal
temperature in the CBR

(no cooling) condition increased at a significantly faster rate than during the
FATIGUES only.and all cooling conditiollS except VEST (Figure 2).

Weighted values from 6 skin sites were used to calculate mean heat flow for
each subject in each condition (10). After reaching the exercise steady state (20
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Figure 3. Rate of heat flow as a function of
condition.

Figure 2. Rate ofrectal temperature rise as a
function of condition.
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to 30 minutes), changes
in heat flow over time
during any given experi
ment were insignificant,
therefore average heat
flows over each entire
experiment were evaluat
ed (Figure 3).

The greatest increase
in mean heart rate
occurred in the No-cool
ing (CBR) protocols.
During both rest periods,
the heart rate in the cool

ing and the FATIGUES protocols decreased to control levels or below, while in
the no-cooling protocols heart rates remained about 25% higher than control lev
els. All other cardiovascular-respiratory parameters monitored during these
experiments show similar trends with no significant differences.

Fluid losses were
estimated by changes in
body weight (loss by per
spiration and respiration)
and by urine production.
The largest weight loss
(2.4%) occurred in the
CBR no-cooling proto
col, with the lowest
weight losses observed in
the VESTILEGS and
VEST/CAPILEGS pro
tocols (1.9% and 1.8%,
respectively). This indi

cates a significant reduction (P< 0.05) in fluid loss during these 2 cooling con
ditions. The other cooling conditions show similar but not significant trends.

Temperature perceptions recorded in conditions 1-5 indicate that subjects
felt as cool with any ofthe three cooling configurations wearing the CBR as they
did in FATIGUES alone. By 30-45 minutes in the CBR alone protocol they felt
significantly (P < 0.05) warmer than during the cooling conditions. Ratings of
Perceived Exertion (RPE), did not sbow significant differences between condi
tions, although the trends indicate improvement with cooling.

J
I

DISCUSSION

At high ambient temperature, evaporative cooling is the only physiological
mechanism for heat loss. The CBR suit prevents evaporative heat loss in addi
tion to its insulating effects and weight. Under the above conditions several
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microclimate cooling configurations effectively compensated for CBR use
resulting in core temperature, cardiovascular, and perception changes equivalent
to exercise without CBR. Of the 5 cooling protocols, the VESTILEG and
VEST/CAPILEG protocols were most effective. All but the VEST cooling sig
nificantly reduced core temperature rise. All reduced heart rates when compared
to CBR. Recovery ofheart rate during rest periods was also improved with cool
ing. RPE paralleled temperature perception, with both cooling and absence of
CBR decreasing perception ofworkload. There were no significant differences
in systolic, diastolic, or mean blood pressure across conditions and no abnormal
rbytlnns were detected.

The maximum mean heat flow (43 BTU·ft-2·br1) occurred when the vest and
leg panels were worn. This configuration was the most effective heat removal
arrangement for tWo reasons: (a) it provided the maximum surface area for heat
transport ofapproximately 3,770 cm2(vest = 2,070.cm2, leg panels = 1,700 cm2)
and (b) the leg panels are either covering or in close proximity to the exercising
muscles. This arrangement results in high efficiency ofheat transfer. The VEST
and the VEST/CAP configuration had heat flow values approximately 75% of
the VESTILEG arrangement with about 54% and 70% of the cooling surface
when compared to VESTILEG, respectively.

The head has been presented as a high heat loss region (1,5,12). However, the
data presented here indicates that it was not a very effective cooliog site for the fol
lowing reasons: (I) it has a relatively smaIl surface area (28% and 33% ofthe sur
face area ofthe vest and leg panels, respectively), (2) it is notthe site ofthe great
est heat production, and (3) coolant flow through the cap is difficult to maintain.
Obtaining an effective seal on the gas mask often reduced flow in the inlet and out
let tubing, which makes the functioning of the cap and gas mask questionable and
difficult to maximize. However, the temperature perception data indicate that the
cap, due to its location, may give the subject a feeling ofcoolness.

In summary, the addition of microclimate cooling, in any of the combina
tions tested here, to the CBR ensemble, decreases core temperature rise, cardio
vascular stress, mid perception of heat associated with exercise in hot environ
ments. In this way, the addition ofmicroclimate cooling may increase work per
formance and endurance while weariog CBR in a hot environment. Cooling with
the vest and leg panels was the most effective combination. The effectiveness of
the leg panels alone may in part be due to the fact that the exercise consisted of
walking, and much of the muscle mass producing the heat was in near proximi
ty to the cooling source. Finally, the cap cooling system does not afford suffi
cient additional cooling to justifY the added complexity involved with its use.
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USE OF ENCAPSULATED PHASE CHANGE MATERIAL (EPCM) AS
A COOLING AGENT IN MICROCLIMATE COOLING GARMENTS

L. Wittmersl , C. Taborl , K. Caoioe2 & J. Hodgdon2
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INTRODUCTION

Clothiog designed to protect an iodividual from chemical, biological aod
radiological (CBR) contamioation reduces heat dissipation. Garments have been
designed which illiow cooliog fluids to be delivered near the body surface,
removiog heat aod avertiog hypothennia. This microclimate cooliog approach
to limit heat stress has been evaluated io our laboratory. Experiments presented
here represent the application ofa new technology to provide cooliog. The con
ventional coolaot has been water; therefore the heat removed is a function ofthe
specific heat of water (I cal·g-I.oC·I) aod the temperature gradient between the
coolaot aod the skin. The new approach utilizes small capsules that contaio
material that changes phase at a specific temperature. This phase change will '
absorb more heat aod maiotaio a larger gradient for heat transport than water
alone. The experimental design was such that the effect of addiog the phase
chaoge material to the coolaot could be evaluated by compariog this protocol to
water alone as the coolaot aod a no cooling condition. Since the phase change
material is contained io the microcapsules, this system will be referred to as
"jlncapsulated j!hase £haoge material" or EPCM.

MATERIALS AND METHODS

Experimental protocols were reviewed aod approved by appropriate agen
cies. Screening volunteers included receiving infonned consent to participate,
a medical history; a l2-lead electrocardiogram, % body fat, aod a graded exer
cise test. The ten subjects selected forthe project had ao average age of22 years;
body fat of 15.3%; height, 167 cm aod weight, 76.2 kg. Subjects were briefed
on the experimental protocol, laboratory, equipment, aod risks associated with
participation aod reimbursement arraogements. Each subject participated in
three experimental protocols: two with supplemental cooling (EPCM slurry or
water alone), one without. Protocols were separated by at least 5 days aod coun
terbalanced. After beiog iostrumented aod dressiog, subjects perfonned moder
ate exercise (treadmill walkiog at3 mph ata2% grade) for 120 min. at ao ambi
ent temperature of 98 to 100°F. When coolaot was employed, it was delivered
at SIS cc·mio·l • aod temperature of 14°C.

The subject inserted a disposable thennocouple into the rectum 10-cm past
the aous and provided a urine sample. The subject was weighed and was instru
mented as follows: ECG electrodes, four skin thermocouples and a blood pres-
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sure cuff. Subjects began dressing bydouuing the microclimate-cooling suit
(paul Webb, Yellow Springs, OR). This mesh garment consists ofcapillary-like
plastic tubing network between the liner aod mesh. Cotton coveralls were worn
over the cooling suit aod the CBR paots; shoes aod rubber boots were donced.
Control measurements were obtained aod cooling iuitiated when appropriate.
The remained of the clothing was donced (CBR jacket aod gloves) to complete
modified Mission Oriented Protective Posture (MOPP) ill configuration. The
jacket hood was worn without the gas mask or cowl. At the end of the experi
ment, the subject was undressed, weighed, aod provided a urine sample.

The cooling system consisted of a chilled inflow reservoir, four-parallel
input pumps, ao output reservoir, aod a fifth pump to circulate the coolaot
through the heat exchaogers. Flow rate, input aod output temperatures were
monitored. The fluid containing EPCM was mixed as follows; 20% EPCM, aod
1% Triton X-lOO by weight. EPCM was cooled to TC, to ensure a solid phase
before reheating it to achieve the desired inflow temperature.

RESULTS

Figure 1. Meao rectal temperature vs. time

15050 100

Time (minutes)

37.5 .

37.0 -I---_~--__-----j
o

40.0 -r-c::-===::;-----.-,
~_ 39.5

~ 39.0

i 38.5

~ 38.0

E
{!?

Of the 30 experiments, 13 were terminated early. In this group of 13, 10
were the no-coolfug protocol. No-cooling protocol termination raoged from 45

• to 90 minutes (mean was 68 minutes). The 111eao heart rate was 161 beats/min
aod the rectal te111perature was 39.2°C at termination.

The meao rectal temperatures vs. time, for the ten subjects aod three con
ditions, are presented in Figure 1. Statistical aoalysis reveals significaot differ
ences ouly between the no-cooling protocol aod the water aod EPCM protocols.

Ifone evaluates the
subjects' responses in
Figure 1, it is evident that
the chaoge in rectal tem
perature vs. time cao be
divided into two phases:
The first phase consists
of the iuitial 20 minutes
of traosient increase in
rectal temperature. A
second phase includes
the responses from 20
minutes to the end of the
protocol during which

the rectal temperature vs. time relationship is essentially licear. This data, for each
subject aod protocol was fit by least squares linear regression aoalysis for phase 2.
Slopes representing the rate of rectal temperature chaoge (TR/t) for each protocol
are presented in Table 1. Statistical analysis ofthe slopes indicated significaot dif
ferences among the three protocols (P < 0.05 for all pairwise comparisons).
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In 1he no
cooling experi
ments heart rate
increases rapid
ly as 1he exer
cise heat stress
is initiated, see
Figllre 2. The
heart rate con

tinued to rise as long as 1he SUbject exercised. In 1he cooling protocols 1he sec
ondary increase io heart rate did not occur. After 1he fITSt 40 mioutes, mean heart
rate in the water-cooled experiments was consistently higher than 1hat in the
EPCM cooled experiments, indicating that the stress level was less in the EPCM
experiments. Statistical analysis of the heart rate data for 1he three conditions
yielded a significant difference for all three comparisons.
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Figure 4. Mean thermal sensation vs. time
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Mean skin temperature
(TmsiJ was calculated using
the formula ofRamanathan .
Tms values are presented in
Figure 3 as a function of
time for the three conditions.
Statistical analysis of mean
skin temperatures indicated
that a significant difference
existed between all three COn
ditions. After about teo min
utes, TmskfortheEPCMexper

iments dropped below that of
the water-cooled protocol.

Subjects were requested to give their opinion of how hot they felt through
out the protocol. Subject perception oftemperature, in the set ofexperiments dur
ing which no cooling was employed, far exceeded the evaluations given in either
cooling conditions, see Figure 4. There was a progressive increase in the heat
perception, which was less for the EPCM than for the water-cooled protocol.

The no-cooling protocol was associated with a larger water loss, both total
hody sweat water loss, than either ofthe cooling protocols. However, no signif
icant difference between conditions was found.

DISCUSSION

The primary objective of these tests was to determine if the use of an
EPCM slurry as a coolant is more efficient than the water alone. It is evident
from the data presented that the microclimate cooling arrangement used in these
experiments was very efficient in retarding the rise in core temperature and
reducing when either water or the EPCM slurry was used. With cooling, the suh
jects perceived the work as less demanding and the ambient temperature less
extreme. When the two coolants are compared, water alone and EPCM slurry,
there is a significant advantage to EPCM as a coolant. However, under the
design employed here, the advantage is relatively small. When cooling was not
present, the subjects were severely limited in the length oftime they could work
under the imposed load and ambient temperature. In the EPCM protocols the
skin temperatures were lower than those during the water-cooled experiments.
This could contribute to the observation by the subjects that the environment was
not as hot as it seemed to be in the experiments in which water alone was the
coolant. The lower skin temperature mayor may not be an advantage. Low skin
temperatures may induce cutaneous vasoconstriction and actually reduce heat
loss. This point should be addressed in further stodies.
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THE EFFECTS OF EXERCISE, HEAT AND MIRCOCLIMATE
COOLING ON TERMINAL STROKE VOLUME IN

MEN AND WOMEN

J,H, Heaneyl, M,J, Buon02 & JA, Hodgdonl

lNaval Health Research Center, San Diego, CA, USA
2San Diego State University, San Diego, CA, USA

INTRODUCTION

We have previously reported that in lieu of the more common end-of-test
criteria such as COre temperature> 39°C, and heart rate (HR) > 180 bpm (2,3),
volitional fatigue for men exercising in the heat appears to occur with a reduc
tion in stroke volume (SV) to a value of approximately 75 ml!beat/min (1),
Since it has been established that females have a lower absolute SV (4) it is
doubtful that a terminal stroke volume (TSV) of 75 ml/beat/min would be
observed in females, It was hypothesized that using either body surface area
(BSA), which would account for an increased peripheral blood circulation and
the exchange between the skin and the environment, or fat free mass, which rep
resents the body mass to be perfused would provide a physiological metric to
normalize SV results between males and females, AdditionalIy, we observed
that while the use of a microclimate cooling garment (ice vest) attenuated the
rate of cardiovascular drift, the fall in terminal SV (TSV) was independent of
temperature and ice vest usage for males exercising in the heat. This paper pro
vides results from a comparison evaluation of male and female SV responses to
exercising in the heat both with and without the use of microclimate cooling,

MATERIAL AND METHODS

This research was conducted in compliance with all Federal regulations con
cerning the protection ofhuman subjects, Fourteen males (24 ± 5 yrs; 1,94 ± 0,1
m2; 17.3 ± 4.5 % fat; 49.2 ± 4,5 ml·kg-l'min·1 V02m"J and seventeen females
(24 ± 4 yrs; \.71 ± 0.1 m2; 30,6 ± 4,8 % fat; 43.9 ± 6,5 ml'kg-1'min·1 V02m"J
provided written consent, Upon completing an eight day acclimation protocol
each subject underwent duplicate heat exposures trials once wearing an ice vest
(V) and once without (NV) in three different thermal environments (A = 43°C
and 48% RH; B = 51°C and 33% RH; andC = 57°C and 25% RH) for a total of
six heat exposure trials. During each heat trial the subjects alternated approxi
mately 20 min oftreadmill walking (3mph, 3% grade) with 40 min ofseated rest
fur six hours or until volitional fatigue, The microclimate cooling garment for
this study was the Steele ice vest which contains six gel packs placed in three
horizontal pouches across the chest and back region. The ice packs were frozen
at -29°C and replaced every 120 min in environment A and every 90 min in envi
ronments B and C. The ice vest has a total weight of 5, Ikg and a total cooling
capacity of 270 watt'hrl, Heart rate (HR), and rectal temperature (T,,), were
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measured every min throughout the heat trial. Cardiac output (CO) values,
detennined using the indirect Fick CO2 rebreathing technique, were assessed
approximately 7-10 min into each exercise session and provided a SV value.
TSV results were evaluated as absolute values, adjusted for BSA (TSV/BSA),
and adjusted for lean body mass (TSVIFFM). Menstrual phase was not con
trolled, however post-hoc blood analysis revealed that female subject participa
tion dming the follicular and luteal phase was evenly distributed.

RESULTS

Since there were several subjects who were able to complete the full6-hours
in the A-environment ice vest condition (mean = 5.5 hours), the physiological
resnlts from this trial did not represent a volitional fatigue effort and therefore,
were not included in the analysis. End-of-test values for T,e (0C), HR (bpm), co
(L'min-1

), TSV (ml-beat-I), TSV/BSA (ml'beat-I'm-2), TSVIFFM (mI'
beat-I-kg-!), and stay time (min) were analyzed for effects of gender using a
repeated measures ANOVA. Physiological resnlts for the 5 trials are displayed
in Table I (males) and Table 2 (females).

Table 1. Male Physiological Results.

n-14 A No-Vest B No-Vest B IeeVest C No-Vest C IceVes'

*T~ 38.7±05 38.8 ±0.5 37.8 ±OA 38.9±0.4 38A±05
*HR 149± 12 147 ±13 134 ± 18 153± IS 147±15
*m 11.5±1.6 10.3 ± 1.8 10.6 ± 1.5 11.2± 1.7 Il.O± 19
*TSV 78± 14 71±16 80±14 74± 13 75±16
*TSVIBSA 40±6 37±7 41±7 38±7 39±8

TSVIFFM 122±02 1.10±02 124±0.2 1.16±0.2 I.I7±02

*Staytirm 162±32 139±24 340±35 88±22 242±62

* _significant gender effect, p < 0.05.

Table 2. Female Physiological Results.

n- 17 A No-Vest B No-Vest B IeeVest C No-Vest C IeeVest

*T~ 38.9±0.4 38.9±0.4 38.5±0.5 38.9±0.4 38.9±0.5
*HR 156± 17 162±15 159 ± IS 161±20 162±14
*m 89±22 8.5 ± 1.4 9.3 ± 1.0 9D ±2.0 9.0± 1.7

*TSV 55±13 53±10 59±7 57±15 56±12
*TSVIBSA 32±7 31±5 34±4 33±8 33±6

TSVIFFM 1.19±0.3 1.13 ±02 127±0.2 121 ±0.3 121±0.2
*Stay dIm 184±37 93±26 240±92 71±6 168±68

*_ significant gender effect, p < 0.05.
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Use of the ice vest resulted in stay times over twice as long as stay times
with no"vest. In general, end"of"test T,. values were similar for males and
females, however, end"of"test HR values for females were 13 bpm greater. As
expected, higher CO and SV values were observed for males and are most like
ly associated with their greater body size compared to females. The absolute
TSV values were significantly different (p < 0.05) between males and females.
In fact male TSV values (76 ml'beat-J) were similar to the first SV (SV1) female
values (73 ml·beat-1). While the absolute SVI and end"of"test or TSV values
were significantly differeut (p < 0.05), the qualitative response in SV was almost
identical. The average SVI value for females was 32% lower (l08 vs. 73, male
and female, respectively) while the average TSV value for females was 26%
lower (76 ml'beat-1 vs. 56 ml'beat-1, male and female, respectively). Since BSA
was thought to significantly effect the circulatory response (via increased periph
eral blood pooling) and therefore impact the drop in SV, absolute TSV values
were adjusted for BSA. Although this adjustment attenuated the TSV difference
(39 ml·beat-1·m"2· vs. 33 ml'beat-1'm-2, for males and females, respectively),
female TSV values were still significantly lower (P < 0.05). In an attempt to fur"
ther explain the TSV gender differences, TSV was next adjusted for FFM. The
males in this study had a mean FFM of 66 kg vs. 46 kg for the female partiei"
pants. Figure I shows that adjustiog TSV for FFM eliminated all TSV gender
differences (P > 0.05).
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Figure 1. Absolute Terminal Stroke Volulme and FFM
Adjusted Terminal Stroke Volume Results
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With re~pect to environmental, cooling, and gender conditiom, Figure I
~upport~ the hypothe~i~ that TSV i~ a valid indicator of volitional fatigue.
De~ite end-of-te~t Tre value~ < 39°C, and eud-of-te& HR value~< 162 bpm, and
~tay time~ that ranged from 71 min to 340 min, the participan~ in thi~ &udy ter
minated their heat expo~ure trial when TSVIFFM fell to approximately 1.2
ml·beat-l·kg-l.

CONCLUSIONS

Absolute terminal ~troke volume wa~ ~ignificantly higher in male~.

Adju~ting terminal ~troke volume for BSA reduced the magnitude of the gender
difference~ in stroke volume but did not eliminate it. llowever, terminal ~troke
volume w~ identical for male~ and female~ when adjusted for fat free m~~.

Wearing an ice ve~t ~ignificantly incre~ed &oy time~ by more than twice the
my times without the ve~t and ~ignificantly delayed the fall in ~troke volume.
The~e re~ult~ ~ugg~t that the limiting factor in maintaining an adequate make
volume may be more clo~ely ~~ociated with perfu~ion of the body ma~~ a~ a
whole rather than peripheral blood circulation at the skin ~urface.
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ROLE OF RELATIVE HUMIDITY IN THERMAL EXCHANGE IN AN
ACTIVELY COOLED CHEMICAL PROTECTIVE GARMENT
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!Naval Air Warfare Center Aircraft Division, Patuxent River, MD
2Texas A&M University Kingsville, Kingsville, TX
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INTRODUCTION

Heat stress is a major problem associated with use of encapsulating chem
ical protective garments. Metabolic and radiant heat loads can degrade cognitive
and physical performance and prove life-threatening ifthe heat is not adequate
ly extracted from within protective clothing ensembles. Two approaches have
historically been used to· actively remove heat from encapsulating clothing
ensembles: (I) vapor-phase cooling, where the heat transfer medium is a vapor,
such as air and (2) liquid-phase cooling with water or Freon acting as the heat
transfer medium. Personal aircrew cooling systems tend to be vapor-based
because ofweigh~considerations and the risk of leaking coolant into the aircraft.
In addition, air-cooled systems employing evaporative cooling can theoretically
remove greater quantities of heat while using less external energy than liquid
based systems dependent on conductive or convective heat exchange. Mobility
for preflight aircraft inspections suggests that man-mounted systems versus teth
ering to a large cooling system (trailer or aircraft environmental control system)
is desirable. Removing heat from an untethered system is a particularly vexing
problem, however, because supplying the energy necessary for a blower system
and pre-conditioning cooling air becomes a significant design problem. This
study assesses how ambient relative humidity affects the efficiency of a proto
type evaporation-based, untethered personal cooling system-the baseline cool
ing system for the Helicopter Aircrew Life Support System (HAILSS).

MATERIALS AND METHODS

Seven subjects (I female, 6 males; 23 to 48 years old) were exposed twice
to a 35°C ambient temperature while performing up to 12 repeated, 30-min
rest/work cycles (20 min rest/l0 min physical work) in a ventilated chemical pro
tective ensemble (HAILSS) with isolated head/eye/respiratory protection. The
HAILSS below-the-neck ensemble consisted of a Nomex/butyl coverall with an
internal air distribution system to circulate air (110 L'min-l ) over most of the
below-neck skin surface. This design closely resembled the previously tested
"Domier" suit (I). A U.S. Navy AR-5 chemical protective hood and respirator
provided above-the-neck coverage with an independent blower system prOViding
head ventilation. Physical workloads consisted of pedaling a bicycle ergometer
at 40% V02max• Subjects also performed a series ofcognitive tasks lasting rough
ly IS min during each rest period. One exposnre was at a relative humidity (RH)
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of 20% while the· otner occurred at 75% RH. Exposure duration, t, differences
between fina1 and initial rectal temperatures, ~t", the rate of rectal temperature
change, ~Vt, suit cooling air inlet and outlet dry bulb temperatures, Tdb> suit
cooling air outlet wet bulb temperature, Twb, and airflow rate, V'oil' were deter
mined for each run.

Evaporative heat, ~, extracted by the HAILSS ventilation system was cal
culated from the difference between outlet and inlet airstream enthalpy, h, given
by & = hoot - hill' Moist air enthalpy can be calculated from the humidity ratio
ofmoist air, W, and dry bulb temperature, Tdb, by

(I) h = 1.006Tdb + W(2501 + 1.805TdlJ (kHg-1)

where W, a function ofrelative humidity, cp, and the humidity ratio of saturated
air, W", at a given temperature and pressure is

(2) W= tPWj[J+(NJ)WjO.62198]

and cp =j(Tdb, Tw~ (2). Given the ventilation mass flow rate, M"", QE can be
determined afIer calculating ~ot and hill, from

Experimental results were also compared to predicted exposure durations
that defined the time required for ventilation to remove sufficient metabolically
generated heat for a user to sustain ~tre < 2°C. Ti)is metabolic heat burden can be
divided into a resting component and excess heat from mechanical work. An
imposed physical workload can be divided into the energy required to perform
mechanical work and energy providing additional neat to the body. The average
maximum oxygen consumption (a measure of litoess) for a 25-year-old, 70 ~g

male is approximately 3.5 L'min-1 (3). Pedaling a bicycle ergometer at 45%
V02m"" means that this average 25-year-old male experiences an approximate
workload of 1.58 L-min-1 or IOIW (6.1 kJ'min-1) based on the relationship

(4) V02 = 5.8wb +151 + 10.1 lw

where wb = body weight (kg) and lw = workload (4). Because the mechanical
efficiency ofbicycle pedaling is roughly 30% (4), this work contributes an addi
tional4.9 kJ'niin-1 ofheat to a basal metabolic rate of84 W (5.0 kJ'min-1) so that
thermal homeostasis requires total removal of9.9 kJ·min-1•

If ventilation system cannot totally remove 9.9 kJ'min-1, excess metabolic
heat will increase body heat storage in the two body compartments: core and
skin. Assuming total body heat storage (Sb~dy '= (mCp/AD)(dTbod!dt» is divided
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between core (90%) and skin (10%) compartments then heat storage per hour in
each compartment for a 70 kg individual with body surface area = 1.8 m2 equals

Since

where M = metabolic rate (9.9 kJ'min") and Hremoved = heat removed by ventila
tion, then estimates of exposure times for given changes in Tre and Tsk can be
obtained from equation 5.

Statistical Analysis. The Wilcoxin matched pairs test was used to determine
whether significant differences existed for QE' t, At,., At,,/t, and Vsuit> between
20% RH and 75"/0 RH. Correlation between t and QE' At,,, and Vsuit was also
assessed. Values are reported as mean SEM with differences considered signif
icant at the a < 0.05 level.

RESULTS

Mean exposure durations significantly declined by 78% (P < 0.01) when
RHrose from 20% (174.3 ± 16.24 min) to 75% (97.9 ± 9.4 min). QE also exhib
ited a significant decrease (149%) as RH increased from 20% (8.36 ± .53
kJ·min·') to 75% (3.36 ± .17 kJ'min") (P < 0.0001). RH did not significantly

4Il.
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Evaporative Heat Loss, kJ·min·1

Figure 1. Correlation between active HAlLSS ensemble evaporative
heat extraction and exposure duration. r = 7.63, P < 0.01
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affect At,e (1.46 ± .12°C) or V,wt (106.8 ± 5.0 L-min-I ) but At,./trose significantly
from .0085 °C'min-I to .0159 °C'min-I as RH increased from 20% to 75%
(P < 0.01). Figure 1 shows significant correlation observed between t and~
(P < 0.01). Note how the regressiou line corresponding to actual heat losses at a
mean flow rate of 110 L·mIn-1 falls between theoretical regressions for flow rates
between 50 and 100 L·min-I . Normalizing heat loss for body surface area or
weight did not appreciatively affect this correlation. No significant correlation
was observed between t and either At,. or V,w"

DISCUSSION

The ability or willingness to tolerate exposure to hot humid conditions
depends on physiological as well as psychological factors. Previous studies have
identified the importance of heat extraction to extend exposure times and both
air- and liquid-cooled have been explored (5,6,7). Unlike prior studies, however,
this study directly quantified evaporative heat extraction rather than inferring it
from physiological measurements. Resnlts from this study suggest that the abil
ity to tulerate hot environments while wearing an air-cooled encapsnlating gar
ment depends, to a considerable extent, on inlet RH. In addition, overall toler
ance cannot be reliably predicted from a simple thermodynamic model of heat
extraction. Given that approximately 58% of variation in t is attributable to QE,
deviations from thermodynamic predictions appear attributable to other facturs
such as convective heat losses, individual fitness and garment fit.

CONCLUSIONS

Performance ofthe proposed cooling system is degraded when operated in
a high humidity epvironment system. This suggests that ancillary inlet air cool
ing is necessary when used in high temperaturelhumidity conditions common
during temperate or tropical summers.
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INTRODUCTION

Advanced aircrew clothing for fighter aircraft integrates items required for
protection from rITe, hypoxia, acceleration and perhaps chemical weapons.
However, such multifunction clothing tends to store body heat (1,4), and there is
n growing consensus that some form of personal cooling is required for hot-cli
mate flight operations to prevent discomfort and hyperthermia that might other
wise affect crew performance (3). The goal here is not simply extension of tol
erance time for work in an excessively hot environment, but assurance of con
tinuing optimal human pect"ormance. Crewmembers are required to perform mul
tiple complex tasks in a setting where a minor error can have a critical impact on
mission accomplishment or even lead to loss of an aircraft.

Both air- and liquid-cooled garments have been shown to improve human
tolerance for work under hot conditions, and new fighter aircraft use both. The
F-22 is equipped to supply cool air to a vest worn next to the pilot's skin, while
the Eurofighter 2000 uses a thermoelectric heat sink (capacity 150W) to provide
cool liquid to a tubing-lined undershirt. Crews of older aircraft such as the F-I5
and F-I6 can also benefit from the advanced clothing designs. The United States
Air Force has recently funded development of a prototype system named
APECS, which uSes a small radiator bolted to the existing air conditioning out
let to cool liquid for circulation through an undergarment. We report here on
results from preliminary tests ofF-22 air and APECS liquid systems under hot
weather flying conditions as simulated in a thermal chamber at Brooks Air Force
Base (AFB).

METHODS

Experiments were performed according to protocols approved by the local
Institutional Review Board. The subjects were all male volunteers (no females
came forward) who gave informed consent and passed a basic physical examina
tion. Eight subjects were studied wearing F-I6 clothing with APECS cooling and
without it (uncooled control); five of these subjects also wore the F-22 ensemble
with air and APECS cooling to allow direct comparison ofthe two systems.

For each experiment, the subject dressed in shorts and was instrumented to
measure heart rate, rectal temperature (Tre) and skin temperatures on the right
lateral chest (T'h) and anterior thigh (Tth). The subject donned the appropriate
cooling garment and flight suit, followed by boots, anti-g leggings, counter-pres-

I
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sure jerkin, survival vest, parachute harness and gloves. Preparation required 30
to 40 min and took place in a room maintained at 20DC.

The subject entered the thermal chamber set to preflight conditions (PRE)
(Table I). He stood oli the static treadmill while his leads were connected to
monitoring systems. He then walked at 2.5 mph on a level treadmill for 20 min
to represent preflight activity (walking to and inspecting the aircraft). The sub
ject next simulated cockpit entry by seating himself in an ejection seat located
next to the treadmill and donning a helmet and oxygen mask. The cooling sys
tem (if any) was connected at this time. For air cooling, the vest was supplied
with 425 L'min-I \Ifair at 13DC; for APECS, the cooling shirt (coveriug torso and
arms) was perfused with 0.6 L'min- I ofwater-antifreeze mix at 17DC. The flight
phase (FLT) (Table I) included an initial 30-min period of gradual decline in
ambient temperature followed by 60 min of maintenance at the level represent
ing cockpit conditions during cruise. Workloads for PRE and FLT were based on
earlier studies in aircraft and centrifuges.

Table 1. Chamber conditions (ciIy bulb temperature, relative humidity).

PRE FLT

F"16 1 35DC,40% 28"C,20%
F_22 2 43DC, 10% 21 "C,10%

i 1'-16 conditions matched those measured during summer flying at Moody
AFB, GA (4).
2 F-22 jreflight conditions simulllted hot summer days at Edwards AFB, CA.
Cockpit conditions (FLT) were set to design values since the aircraft had not
yet flown.

RESULTS AND DISCUSSION

The Tre at chamber entry averaged 37.3DC (range 36.9 to 37.8DC). During
PRE, skin temperatures quickly rose to plateau at about 37DC while Tre increased
gradually, passing through a mean value of 37.6DC at the end of treadmill walk
ing. These results were similar for all experiments despite the variation in ambi
ent conditions (Table I) and slight differences in the clothing assemblies for the
two aircraft.

Figure I shows mean data for the F-22 profile with either air or liquid cool
ing. Table 2 shows mean temperatures at the end ofFLT for all four conditions.
In control experitnents (F-16 None), skin temperatures declined slightly as the
chamber cooled in FLT, stabi1izing at mean values of35.7DC; Tre continued to rise
during the first 30 min of FLT and occasipnajly reached or exceeded the 38"C
level, which is regarded as the upper limit for unimpaired aircrew performance.
Pers911al cooling ofeither type substantially lowered Teh but produced no sigqifi
cant alteration ill either the temperature of uncooled skin (Tth) or the core (T~.

Subjects reported that their torsos felt cold with both systems, but preferred the air
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Fignre 1. F-22 profile with either air or liquid cool
ing. Solid lioes represent air cooling; dashed lines
represent liquid cooling.
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vest because it dried
the sweat, which had
accumulated in their t
shirts during preflight
activity. The liquid
cooled garment was
said to feel clammy.

The validity of
the simulated work
load in PRE and FLT is
conrmned by the fact
that T" in the control
experiments matched

10 +-_--,.-I._~-~--.,--~-~ values seen· among
o 20 40 60 80 100 120 pilots offighter aircraft

Time (min) in actual hot-weather
flying operations (3).
As operated here, nei
ther cooling system
reduced peak core tem
perature, which may
reflect primarily the

metabolic heat load.. No significant difference was associated with the specific
clothing ensemble (F-22 vs. F-16), "preflight" ambient conditions (F-22 very
hot/dry vs. F-16 hotlhumid) or the "inflight" cockpit enviromnent (F-22 cool vs.
F-16 moderate).

Comparison of air vs. liquid cooling requires that distioctions be made

G::...
30

Table 2. Mean temperatures COC) at the eud ofFLT. Dataforfive subjects
who participated in all tests.

F-16None F-16 Liq F-22 Liq F-22 Air

To. 35.7 36.0 33.9 35.1

Toh 35.7 27.8 25.0 21.4

T" 37.8 37.9 37.8 37.7

among the theoretical capacity of each medium, practical cooling levels and the
cooling produced by a specific system designed for a selected flow rate and tem
perature range. Liquid is clearly the more potent cooliog medium as shown by
immersion hypothermia, and liquid-perfused garments can produce intense cool
ing by combining low water temperature and extended body coverage; limita
tions reside in the size ofthe heat sink, garment coverage and the need for effec
tive temperature control. Air has a much lower specific heat and presents real dif-
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ficulties with distribution beyond the torso, but it has the advantage of local dry
ing for skin and underclothing.

In terms ofthe specific systems tested here, the F-22 air cooling system was
operating close to practical capacity with a very high airflow and low inlet tem
perature. Additional experiments (not reported here) demonstrated once again
the impracticality of trying to distribute cool air over the entire body in person
nel wearing multilayered aircrew clothing; among other problems, the high flow
tends to inflate the limbs and thus reduce mobility.

In contrast, APECS can provide more cooling. APECS can be set to pro
duce much lower water temperatures; a fixed setting of l7"C was used to mini
mize intersubject variability, and that in torn required selection of a water tem
perature that would remain tolerable for the entire 90-min period of operation.
More sophisticated control ofwater inlet temperature can be expected to improve
both comfort and cooling efficacy, and liquid-cooled garments can be extended
to cover the entire body, as is the case for astronauts wearing space suits.

On reviewing the results ofthese experiments, it is clear that the best strat
egy for protecting aircrew would be to minimize preflight heat stress so that cool
ing in flight need.only balance cockpit heat load without having to reverse pre
existing hyperthermia. In theory, it should be possible to accomplish this by
transporting the crew directly from ready-room to cockpit while other personnel
perform the required preflight aircraft inspection. Alternatively, a crewmember
who is already dressed for inflight cooling could use a portable heat sink during
preflight activity. Air cooling has proven impractical for this application, since
air at ambient temperature offers little cooling, and air conditioners are not
portable. Liquid cooling is possible, and the laboratory at Brooks AFB is cur
rently renmoing the F-16 APECS protocol with the addition ofpreflight cooling
by means ofa small, ice-filled reservoir and battery-operated pump. Meanwhile,
the APECS is also undergoing preliminary flight testing aboard F-15 and F-16
aircraft flying in hot weather at NASA's Dryden Flight Research Center.
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INTRODUCTION

Liquid cooling garments (LCG) are well established to maintain the ther
mal balance during work in extreme environmental conditions, but no gold stan
dard exists concerning the strategies of an automatic cooling control.

METHODS (System Analysis of the Human Thermal System)

Figure 1 displays the simplified schematic of the human thermal system,
which can be subdivided into the passive (controlled) and the active (controlling)
system. These two are lioked via the afferent signals (body temperatures) and the
efferent ones (skio blood flow [SBF] and sweat rate [SWR]). The passive system
itself is represented by two compartments, core/muscle and skin, with heat bal
ances being the basis for the flow chart. There MHP is the metabolic heat pro
duction, Qcs is the heat transfer between core and skin and Pshell is the entire heat
loss to the environment at the skin surface (convection, radiation, sweating).

It seems that all the physiological variables that are linked to the thermal
state may serve as input for an artificial controller. These variables may be clas-

I
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Figure 1. Schematic of the human thermal system
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sifted according to their occurrence in the natural control loop ofthe human ther
mal system: Class I-variables reflecting the activity of the effector mecha
nisms SWR and SBF; Class 2-variables reflecting the sensory input of the
active system (= output ofthe passive system), which are the body temperatures
and perhaps the perceived subjective thennal comfort and Class 3-variables
that are an estimate of the disturbance (exercise) acting on the thermal system
such as metabolic rate and heart rate. Unfortunately, the response of all these
parameters to exercise and ambient conditions depends greatly on the individual,
and that must be considered when designing a cootrol-loop for a LCG. But thiogs
are much more challenging, because the application of an LCG ioherently inter
feres with the thennal system: P'heU the heat loss at the body shell may be
described by a heat transfer coefficient kSA (shell to ambient), which is a noolin
ear function of skin temperature (T,J, SWR and the environmental conditions.
The active system influences the heat transfer of the passive system via two
effector mechanisms: SBF adjusts kes, the heat transfer coefficient between core
and shell, and the heat loss at the body surface is iofluenced by the postulated
ksA, which in turn depends on the SWR. Applying an LCG, the evaporation of
sweat is blocked and with this the heat transfer coefficient ksA, which originally
can be tuned by the active system, is replaced by the ahnost constant kLCG•

Therefore, an LCG must be considered as a complete new effector, with other
mechanisms, either inlet temperature or flow rate of the coolant, to adjust heat
removal. (Concerniog air-cooling garments, the situation is different. There, the
natural effector mechanism still works and the task ofa controller can be reduced
to provide enough effector capacity.)

RESULTS

Class la (SWR). Any adjustment of SWR by the active system is aimed to
maintain the heat balance at the body surface (pmdl = Qcs)' On this basis, one
can derive the cooling level from SWR. We tested a controller by which chest
SWR was clamped to a moderate value of55 g'h-I'm-2, a value that was in agree
ment with the findings of others (1). The measurements of temperatures, meta
bolic, heart and sweat rates (capsules) in our experiments are described in detail
in a previous study (2). An ILC-Dover LeG with a constant flow rate (1.8
L'min-I ) was used. Exercise was performed on a cycle-ergometer with constant
environmental conditions (35°C, 45% humidity). Our results can be summarized
by a linear regression, by which the controller-induced lowering ofT,]( is licked
to the individual rectal temperature rise (T,J during exercise (75W):

(T,k-T~J = 1.08 -3.67T""
r = 0.89; P < 0.05; n = 5: steady state conditions

Tre, an estimate for the central drive ofsweating, differed among the subjects
0.15 to 0.95°C. Now, to goaraotee a constant SWR (60 ± 9 g'h-I 'm-2), TWI and
T'k were adjusted accordingly. At first glance this result may satisfy, but the sub
jects complained of cold discomfort, and this may have indicated vasoconstric
tion, leading to an impeded internal heat transfer and therefore, to higher T,..
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So we concluded ihat, depending on the chosen set point of SWR, there may be
the risk of a controller wind up.

A concept is reported (1) where the whole-body evaporative heat loss was
controlled. There, the special condition, an astronaut with an LCG worn under
the outer visible pressure sui~ allowed the measurement of the total amount of
evaporated sweat. The proportional-type coutroller used a constant gain factor
and its set point was the individual resting value ofevaporation. One result ofthe
experiments was an impressive diagram with relationships between MHP, SWR,
Tsk and comfort. But the authors reported problems conceming the absorption of
sweat bY !he LCG, which resulted in delayed reactions of the control loop

Class Ib (SBF): Another control strategy was the maintenance ofthe periph
eral heat balance. This can be achieved explicitly by clamping Tsk to a fixed
value (set point) by means of an LCG with an integral-type controller. We test
ed this concept successfully (3). Exercise-induced changes ofMHP, which led to
a higher SBF and, therefore, a higher Qcs, were counteracted by the artifical con
troller with adjustments of the LCG's heat removal rate. Except for some tran
sient deviations, T'k was nearly constant throughout the experiments.
Unfortunately, sweating was still initiated by the active system, so that it is not
enough to clamp t sk to one distinct set point but must be lowered during increas
ing exercise, enabling the body to get rid of the heat mainly by conduction into
the LCG. Several ways are possible to adjust T'k' We used the close correlation
of heart rate to MHP, to adapt the set point of T'k (3). During the experimental
validation, a reduction of sweating and an enhancement of the subjective com
fort level was attained.

Ano!herconcept (4) to achieve a lowering ofT,k is based on transient imbal
ances at the skin level. There, the new inlet temperatore of!he LCG (TWI "J was
derived from the actual temperatore gradient of the cooling liquid between inlet
and outlet (TWI, Two) and the value ofT'k:

TW!,l;ot = 35°C-6(Two-TWI)-l.l(T,k-33.8°C)
The parameters in that equation had been tuned so that at rest TWI,set, T'k'

TWI and Two are constant. When work begins, T'k and therefore Two increases.
This causes the controller to lower TWI.",. The lowering of TWI lowers Tsk and
increases !he difference (Two-TWI) further until the system seeks to stabilize.
Stabilization arises from the onset ofvasoconstriction, which forces Tsk to be too
low and a reduction of the difference Two-TWI' Both effects cause the controller
to allow TWI,set to rise. This controller was tested even in experimental runs last
ing 24 h (calorimetric studies). A similar strategy is reported (5), but Tsk was not
incorporated; instead, a complex combination of the integral and derivative of
TWI with respect to time was used. A disadvantage of both approaches is their
positive feedback natore. TWI is mainly derived from the difference TwrTwo or
the heat removal rate. This particular part of the control algori1hm performs a
positive feedback path, meaning that an increase of the heat removal rate will
lower cooling temperature which again will increase the heat removal rate and so
on. For !he ''metabolic part" ofthe total heat removal rate, stabilization arises due
to vasoconstriction. However, for the "environmental part," no stabilization
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mechanism exists and, indeed, it was remarked (5) that an increasing heat
exchange between the LCG and the environment may lead to problems.

Class 2 (Core Temperature). In another aproach we used the inherent rise
ofT,. during exercise to initiate a lowering ofT", with the intention to keep mean
body temperature (Tbody) constant (2). The experiments confirmed that except for
some transient fluctuations, Tbody could be clamped to the pre-exercise level.
However, some problems, explainable by the individual time course of T",
became obvious: A minor problem was the delayed reaction ofT", to exercise, but
the major problem had been its naturally existing variations due to individual dif
ferences of the fitoess/heat acclimatization. When cooling depended on T"" the
reaction was delayed and heat removal differed considerably among the subjects.

Class 3 (Metabolic Rate). Metabolic rate is a good estimate ofthe endoge
nous disturbance acting on the passive system. The increase of this parameter
above its resting value was used (2,4) to lower inlet temperature ofan LCG pro
portionally. Because this concept is an open-loop control, it operates in an
absolutely stable fashion. However, during a fever, there exists a situation under
which this control mode may fail.

CONCLUSION

We prefer control concepts based on Class Ib (SBF), because there the
body's efforts to maintain the thermal balance are supported in a very direct
sense. Using any other variable, one should always be aware of the individual
responses and, additionally, the interference ofthe LCG with the thermal system
(e.g., the direct blocking of evaporating sweat).
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INTRODUCTION

A number of air-, liquid- or ice-cooled clothing systems are used to allevi
ate heat strain when thermoregnlation is impaired by protective clothing; these
have been widely studied (1-3). Hand immersion in cool water, first described by
Livingstone (4), is one method of reducing heat strain. We have measured cool
ing rates from 200 to 400W for this technique (5), greater than those for the pre
viously listed methods. In a direct comparison, hand immersion in 20°C water
has been shown to cool resting personnel at a faster rate than ice vests (6). An
advantage of the other cooling methods is that they can be used while working,
whereas hand irruiJersion greatly reduces both mobility and the use ofthe hands,
although foot immersion has also been used successfully. Ifhand inunersion
could be undertaken during exercise, then cooling efficiency in working person
nel might be enhanced. Thus, a technique that allows or equates with hand
immersion, but which does not hinder work, might provide further benefits in the
management of heat strain. Water-perfused cuffs that can be worn around the
forearm were designed and produced jointly by the INM and the UK Defence
Clothing and Textiles Agency. The cuffs were constructed in 2 layers (neoprene
outer; metallic, plastic foil inner) through which chilled water could be circulat
ed. The aim ofthe study was to assess the efficiency ofthe cuffs at reducing heat
strain during exercise and recovery. It was hypothesized that the cuffs would

.attenuate the rate of riBe of heat strain during exercise and provide similar cool
ing to hand immersion during rest.

METHOD

The protocol was approved by the Ministry of Defence (Navy) Personnel
Research Ethical Committee. Ten male volunteers aged between 21 and 32 years
were recruited afl;er obtaining their informed consent and following a medical
examination. The subjects exercised (V02 = 0.99 ± 0.17(SD) L'min-1), wearing

Royal Navy frrefighting clothing (including gloves and anti-flash hood) in the
heat (40 ± 0.2°C db, 28.8 ± 0.4°C wb, wbgt 32.2 ± 0.3°C) on 5 occasions. The
exercise consisted of stepping on and off a 22.5 cm box at a rate of 12 complete
steps per min until cOre temperature reached 38.5°C. This was followed by 40
min of seated rest in the same environment. There were 5 experimental condi
tions: control (Con); hand immersion during rest (Han); large cuff worn during
exercise (Lcx); large cuffworn during rest (Lcr) and small cuffworn during rest

255



(Scr). The cooling water temperature was 11.9 ± O.SOC during the Lex condition
and 14.S ± 1.4°C during the Lcr, Scr and Han conditions. A balanced random
ized order design was used. Insulated auditory canal (TaJ, rectal (T".,) and mean
skin (T,0 temperature (7) and heart rate (HR.) were monitored continuously and

recorded every minute. Mean body temperature (Tb) and rate of change of heat

storage (S) were also calculated (S,9). Water was provided at room temperature
to drink ad libitum. Variables were analyzed across conditions using ANOVA.

RESULTS

All but one of the subjects completed the work periods. One subject was
stopped due to a high HR before Tao reached 3SSC on 2 occasions (Han &
Lex). All subjects completed the fun rest period in each condition except sub
ject 4 who requested removal 25 min into the rest period (Con). The mean work
time until Tao: 3S.5°C was 34 ± 9 min (range 2S to 40 min) for Con and 47 ±
14 min (range 26 to 68 min) (P < 0.01) during Lex. The mean rate of increase
ofTac during work Was lower during LCl< (2.1 ± 0.5°C·h-1 compared to Con 3.0
± 0.5°C·h-1 ; P < 0.01) as shown in Figure 1. There were no differences in the
rates of rise of T"C'

n=3

Ralllllbcl5 IIR rcdllCCd as 5IIbjeets _withdrawn
&om either Ihc COn or Lcxcondilions

,...
r;> 33;5

I ".
~

" 37.5
1!
~

37••

36..

• 5 10 15 10 25 30 3S 40 45

Time (minutes)

Figure 1. Mean Tac ofsubjects exercising in the heat and the effect ofwater

perfused cuffrs. (n : 10)

During rest, mean Tac and Trec were reduced earlier and by the greatest
amount during Han compared to the other 4 conditions, and the difference
remained throughout the rest period. After 10 min ofrest, the fall in mean Tao in
the Han was 0.8 ± 0.24°C, while the nextlargest change was only 0.2 ± O.l4°C
for Scr and Lcx (P < 0.05) and 0.1 ± O.OsoC in the Con and Lcr. After 40 min of
rest, the reductions in mean Tao in the Han (1.5 ± 0.05°C), Lcr (0.7 ± 0.05°C),
Lex (0.7 ± 0.10°C) and Scr (0.6 ± 0.05°C) were greater than in the Con condi
tion (0.3 ± O.OS°e) (P < 0.05). These are shown in Figure 2.
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Figure 2. Mean Toe ofpost-exercised subjects resting in the heat, and the
effect ofwater-perfused cuffs (n = 10).

The differences in T", were similar, although the cbanges were slower.
After 20 min of rest, the fall in mean Twas 0.3 ± 0.11DC, while in all other

.. '" 17°C)condItions, Tn" had continued to rise. After 40 min only the Han (0.7 ± O.
condition resulted in a reduction in mean Tree compared to the control (0.1
± 0.18°C) (P < 0.05).

During work, S was attenuated in the Lex compared to the Con, by a mean
rate of 65 ± 28 W (p<0.05). During rest, mean S was greatest in the Han (-324
± 32W) (P < 0.01) compared to the Lex (-83 ± lOW), Lcr (-88 ± 7W) and Scr
(-80 ± 8W) conditions, which were in turn greater than the Con (-28 ± 11W)
(P < 0.05).

The rate of increase of HR during work was not significantly different
between the Con (100, range 52 to 156 bpm'hr') and Lex conditions (84, range
49 to 115 bpm·hr1). After 40 min ofrest, HR was significantly lower in the Han
(93 ± 6 bpm) compared to all other conditions; the cuff conditions Lex (115 ±4
bpm), Ler (105 ± 4 bpm) and Scr (106 ± 4 bpm) being intermediate to the Con
(120 ± 4 bpm) and the Han and not significantly different from either.

CONCLUSIONS

During exercise, the large cuffs attenuated the rate of increase in heat stor
age (S) and extended safe working time by 38% confirming our fITst hypothesis.
S, when wearing any of three types of ice vests, was between -17 and -33 W
when measured under identical conditions (6). These values represent only 25
to 500/0 of that measured for the cuffs, despite the fact that the ice vests have a
greater surface area than the cuffs and are colder (frozen at _18°C), and the cuffs
do not provide direct skin contact. S, when a liquid_cooled torso vest was worn,
has been recalculated from the published data (10) using the same equations as
here to be approximately -178 W, although it should be remembered that the
torso cooling surface area was 0.5 m2 compared to the cuffs of only 0.065 m2

•
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During rest, the same pattern is seen with the cuffs reducing Tb at a rate (S)
~tween 33 to 87% greater than that measured for ice vests during similar condi
tions (6). However, the cuffs were much less capable at extracting heat than direct
hand immersion (thereby rejecting our second hypothesis); this remains the rec
?rnmended method of reducing heat strain if subjects can utilize the technique. It
IS suggested that the differences in the efficiencies of extremity vs. torso cooling
must hi:, due to differences in the peripheral circulation. The perfusion rate ofwhich
~etenninesheat extraction. In sUIllllllU)', cooling the forearms represents an effec
tive method of attenuating heat strain during exercise. However, hand immersion
remains a more effective method of cooling in those that are able to rest
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INTRODUCTION

Long-duration space flights pose unique problems, not only because of the
monotony of the onboard environment, but also because of different thermal
comfort levels due to factors such as age, gender, race, adaptation to climatic
extremes and sUbjective perception of temperature conditions. There are sub
stantial differences in the functioning of human physiological systems, particu
larly the cardiovascular and nervous systems and in processes of mineral
exchange, in eartli conditions and the space environment (I). Discomfort due to
thermal conditions onboard and during extra-vehicular activity (BVA) have
occurred a number oftime,s on both U.S. and Russian flights (2).

The creation of individual thermal profiles is a potentially important
methodology for ensuring a rapid adjustment to the spaceship environment and
the continued comfort of each crewmember over long-duration flights. Through
the identification of individual differences in the heat flux range of different
areas of the body, it will be possible to establish zones of thermal comfort for
each person. This information can be applied to the better design of onboard and
EVA garments and other equipment to enhance work performance and protec
tion against overcooling/overheating in usual and emergency situations. A more '
effective human-machine system will be produced

Several years ago, the current investigators developed a new methodologi
cal paradigm using non-uniform temperatures on the body surface to measure
heat flux under different environmental circumstances and physical activity lev
els (3,4). Through this method, it is also possible to measure simultaneously the
intensity of heat flux from individual body parts. The focus of this paper is on
the determination of how heat flux from different parts of the body is modified
by thermal conditions on the body surface. Examples of several profiles ofbody
areas are given, from which individual thermal profiles can be constructed.

METHODS

The suit consists of a hood, shirt, gloves, pants and socks, whiqh is sagital
ly divided into ten areas and was designed with plastic tubing through which
temperature controlled water circulates (Figure 1). The water inlet and outlet
temperatures were controlled for each area. It was possible to combine a variety
ofregimes on the body surface by switching the water floW from region to region
or using several zones collectively. 10 our study, the evaluation ofmaximal heat
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release by cooling different parts ofthe body (head, torso, total hands, I or 3 fin·
gers, feet and legs) was investigated through separate experiments. The rest of
the body surface was comforted or overheated by the suit. The temperature cool
ing zones were SoC, and the warmed zones were 33°C or 45°C.

A separate finger calorimeter (for 2nd, 3rd
and 4th digits) with embedded tubing was also
used for measuring heat flux ofthe individual fin
ger or 3 fingers.

Heat outflow from each body segment was
measured continuously as a result of the difference
in inlet/outlet water temperatures and water flow
rate. The water flow rate on the different snit seg
ments was measured by a flowmeter. It provided a
measure ofphysiological effectiveness of selected
areas to protect the body against heat dissipation.

Local skin temperature was measured by
thennistors applied on 24 various sites of the skin
surface. Rectal and tympanic temperature were
also measured.

Heat production, heat balance, temperature
redistribution in the core and on the body surface
and heat flux were the main parameters assessed.
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Figure 2. Suit Temperature Inlet/Outlet and
Heat Absorption Prome (kcal"min-1) by
Gloves and Fingers Calorimeter (Female,
age 32).

RESULTS
Figure 1.
Experimental
Segmented Tubing Thermal prolle ofthe hands. Figure2 presents
Suit the dyoamic of heat absorption by I cooled glove,

2 cooled gloves and the calorimeter on I finger and 3 fingers, respectively. Each
peak appeared after initiation
of water circulation in the
gloves or finger calorimeter,
indicating extremely rapid '1 20 2 Hands

heat removal from the skin
surface due to the cooled cir
culated water. After several
minutes, the process stabi
lized, and a dyoamic curve
was evident. The greatest heat
absorption occurred when 2
gloves were worn. One glove
absorbed relatively less heat
but not in an amount propor
tional to that of gloves on
both hands.
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Figure 4. Maximal Heat Flux from Different
Parts ofthe Body Under Cooling Suit at SOC
(Female, age 40).
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Figure 3. Heat Absorption by Gloves
(kcal/min) with Different Circulating Water
Temperatures (Male, age 30)

The finger heat flux data indicated only a small amount of heat outflow,
likely because the fmgers have a highly effective protective countermeasure
against environmental cold. The cold fmger coverall caused the vessels in the
fmger to constrict immediately.

The dorsal part of the hand lost a considerable amount ofhea!. However, it
is not comparable to the fingers (despite their relatively larger surface area)

because the physiological
mechanism and reflex reaction
in this area is highly active.
Under certain conditions, it is
possible to increase heat flux
from the fmgers when the cir
culating water temperature is
mild; therefore, more compro
mise between the body and
glove surface or finger cover
all takes place for heat release.

Figure 3 presents heat flux
dependence from different cir
culating water temperatures in
the gloves. A clear relationship

was exhibited between heat outflow and glove temper;lture: the lower the temper
ature, the greater the heat flux.

Thermal profile of other parts of the body. Figure 4 presents the dynamic
of heat flux from different parts of the body. It is evident that the greater the
body surface covered by the tobing suit, the greater the heat outflow. The great
est amount of heat loss occurred from the legs and torso. However, ifone calcu
lates the heat outflow from these parts ofthe body per 10 meter length oftobing,
opposite findings emerge
(Figure 5). The hands are the
primary area for heat out
flow with the best vessel
network and the greatest
ability to transfer hea!. 1::

Heat loss from the .~
trunk and lower part of the ~
body per equal unit of
cooled tubes was consider
ably less than from the
hands and head. The lesser
amount of heat dissipation
by the feet illustrates the
strong protective reaction
existing in this "area. The
quantity of heat loss for this
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CONCLUSIONS

individual ranging from high
est to lowest amount was as
follows: hands, head, torso,
legs and feet.
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Figure 50 Maximal Heat Flux from
Different Body Sites Calcnlated per 10
Meter Length ofTubing (female, age 40)

Through the use of indi
vidual local and total body
thennal profiles, it may be
possible to make significant
progress in comfort manage
meut and protection in differ
ent environmental conditions.
The tbennal prome must
function not only as a refer

ence point for individual comfort, but also as a primary protective countennea
sure: heat exchange stabilization through absorptionldissipa"tion of heat from
different body sites. These profiles have significant potential as highly effective
tools for forced and directed heat exchange, and for the redesign ofthe space suit
system in a more energy efficient manner. Infonnation from individual thennal
profiles can be extremely helpful during extended duration EVA in terms of
decreasing energy expendimre and enhancing safety in a range ofcircumstances.

This developed methodolgy of individual human profile design allows the
comparison of different individuals and selection of the most resistant for heat
release during future exploration ofextreme environments.
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THERMAL RESPONSES OF SUBJECTS, BAREHEADED OR
WITH HEADGEAR, TO A COLD Am STREAM AT -10DC

D. Gavhed, G. Ohlsson and 1. Hohner

National Institute for Working Life, Solna, Sweden

iNTRODUCTION

35Ir'F====~

Fignre 1. Average earlobe temperature in 4
seated subjects who were bareheaded (0) or
wore headgear (.) during exposure to -10DC

with an air stream of 6 m·s· l blown in the face.
Bars show standard deviation.
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MATERIALS AND
METHODS

Nine healthy sub
jects, I female and 8
males, 4~ to ~4 years old
("resting" SBP: ll~ to 140
mmHg, DBP; 70 to 100
mmHg), were exposed
twice to an ambient tem
perature of _10°C aod ao
equally cold air stream of
6 m's'! directed to the face.
The SUbjects wore warm

Wind is often present in the outdoor workplace. In combination with cold
air temperatures, wind enhaoces cooling ofthe unprotected face and may consti
tute a risk for frostbite in healthy individuals. Moreover, cold wind may also be
negative for individuals with cardiovascular diseases, since it increases blood
pressure (I). The wind chill index (WCI) is used as a tool to predict the risk for
frostbite in bare skin (2). However, even in conditions where combinations ofair
temperature aod air speeds are not at the WCI risk levels for frostbite, a pro
nounced risk for frostbite aod a marked increase in blood pressure have been
reported in young males (3).

Although headgear is considered essential for work in a cold outdoor cli
mate, people ofren do not wear such clothing. Reasons for not wearing headgear
may include restriction of hearing aod/or vision, discomfort or ignorance of the
physiological effects ofthe actual weather conditions.

The aims of this stlldy were to (I) investigate whether the risk for frostbite
was higher bareheaded
compared with wearing
headgear and (2) examine ~

the magnitude ofthe blood \;'
~

pressure response of mid-
dle-aged individuals to
cold wind, with and with
out headgear.
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Figure 2. The frequency of pain sensation ratings from 8 bare-headed
subjects during exposure to -10°C and 6 m·s'! wind in the face.

108

Figure 3. Systolic blood pressure in 4 seated

sub-jects bareheaded (0) and with headgear (.)

during exposure to - IOoC and a 6 m·s-! air
stream blown in the face.

The face cooled
quickly in the first few
minutes (Fig. I); the aver
age rate during the whole
experiment was 2 to 3°C
min-I. The face skin tem
perature did not differ
between conditions. As
expected, the temperature
ofthe earlobe (Fig. I) was
significantly lower with
out the cap than with the

winter clothing. Subjects performed 1 trial wearing a winter cap with earflaps
(headgear) and I without a cap (bareheaded).

Skin temperatures ofthe forehead, chin, cheek, nose and earlobe were mea
sured continuously with thermocouples (copper-constantan, diameter: 0.2 mID,

time constant: 0.04 s), and the subjects rated their pain sensation at themeasur
ing sites every 2 min. Systolic (SBP) and diastolic (DBP) blood pressures were
measured while the subject was seated before exposure, every 2 min during
exposure and after exposure. Heart rate was recorded by telemetry (Sportlester,
Polar Electro KY; Finland) continuously.

The maximal exposure to wind was 10 min. Four experiments were inter
rupted before IO min elapsed due to low skin temperatures (approx. O°C). In
one experiment, the subject had repeated bouts of apnea with the onset of
wind exposure, thus the exposure was discontinued after 1.5 min. Consequently,
the results from this sub- ~

ject were excluded from ~ 200 r--;--,--;--,--;--.,
the statistical analysis ~ '" ~ .
(ANOVA, Hest). ~ 180 ··.."!"·..•..•..··\..••••..···1··..· ....1........·..·!" ..

RESULTS ~ 160 1... 1....! ! : ..

i :: -:;itT+1=
.!< 100I -2 a 2 4 6
w Time (mn)
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Figure 4. Increase in systolic blood pressure from
pre-exposure to peak pressure in 8 seated subjects,
bare-headed and with headgear, during exposure to
_10°C and an air stream with a speed of6 m·s- l blown
in the face.
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cap during the first 5
min of expostrre. An
increase in earlobe
temperatnre in bare- ~ 60
headed subjects was ~
observed at the end ~u
of the experiment .5
(Fig. I), most proba- g;

'"bly due to cold-
induced vasodilata-
tion (CND).

As the experi
ment proceeded, pain
sensations were re~

ported more fre
quently (Fig. 2); sim
ilar responses were
observed even with
headgear.

Blood pressures increased immediately in response tocold,wind and tend
ed to increase further to a peak value after about 8 min (Fig. 3). The mean
increase in SBP from the initial value to the peak value in cold wind (Fig. 4) was
less with headgear than without (headgear: 26 mmHg, range 3 to 61; barehead
ed: 42 mmHg, range 6 to 81). DBP increased in cold wind by 4 to 30 mmHg in
all but One of the experiments. SBP and DBP were not significantly different
between conditions. Heart rates were not affected by the use ofheadgear. In half
of the subjects (n = 4), heart rates decreased in the cold wind by 14 to 41 bpm,
both bareheaded and with headgear.

DISCUSSION

At -10°C and 6 m·s·l , WCl is 1450 W'm-2 and the "equivalent" temperature
is 24°C. This is reported to correspond to "bitterly cold," but these conditions do
not indicate risk for frostbite at any duration of exposure. The results of this
study showed that skin temperatnres at some spots reached ahnost O°C in 25%
of the cases. The earlobe was the critical local site in three experiments.
Surprisingly, in one experiment the forehead was the first measured site on the
head to reach O°C. In this particular experiment, convective heat loss increased,
possibly due to greater turbulence near the edge ofthe cap. This turbulence may
have been due to a slightly different position of the cap or the head, relative to
the wind.

The increase ofearlobe temperature in bareheaded subjects at the end ofthe
exposure was probably caused by CND. This response Was initiated at temper
atnres below 10°C after fast cooling. However, the CIVD response was not
observed in all experiments with fast cooling,

267



The individual blood pressure responses varied and were divided into four
patterns (Fig. 4): (I) significant response with and withont headgear, but stronger
without (Subjects 1-4); (2) marked response in both conditions (Subject 5); (3)
no response with headgear, but a marked response without (Subjects 6-7) and (4)
no response in either condition (Subject 8). To investigate whether these
response patterns are correlated with external factors, such as hair insulation and
experience in the cold, a larger sample is needed.

CONCLUSIONS

Wearing headgear with ear protection reduced the cooling of the ears and
pain sensations. However, there is a risk for developing cold injuries on the face
or ears with a short-term exposure to 10°C and moderate air velocities (6 m·g-!),
even with headgear. The systolic blood pressure response to cold wind was sig
nificantly reduced with headgear. Hence, wearing headgear may decrease the
incidence ofheart ischemia during the cold season.
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LIFE JACKET SPRAY-HOOD FUNCTION AND IMPROVEMENTS

R.Hemnann

Hamburg Port Health Center, Maritime Health Department
Hamburg, Germany

INTRODUCTION

Spray hoods are additional items oflife jackets. They are effective in reduc
ing water entry into airways when victims ofmaritime accidents are immersed in
rough seas. Since the introduction of this equipment into practical use, many
have ignored its advantages. The arguments against it are as follows: (I) "I can't
see anyfuing under this equipment because ofcondensing water from inside," (2)
"The water presses the hood onto mouth and nose and so I can't breathe" (3)
"The air exchange rate under the hood is not lrigh enough, so I will be intoxicat
ed by CO2 and die due [to] lack of oxygen." Despite these arguments, we added

spray hoods as additional items to the European Standard dealing with life jack
ets and also to an' ISO proposal dealing with personal floatation d~vices, safety
requirements and test methods. The aim of our study was to verify that spray
hoods improve the chance of survival and do not endanger victims.

METHODS

Trials were conducted with test subjects in the North Sea (with the assis
tance of the German Association ofLife Savers [DGzRSJ) and in a Navy pool to
assess whether the spray hood impairs (1) vision due to condensation of water
inside the spray hood and (2) breathing due to the spray hood obstructing the air
ways. Flooding o.fthe breathing openings in the spray hood was evaluated using
a seaworthy manikin (RAM) in a Navy pool. The manikin was suited with appro
priate protective clothing and with different types of life jackets. Flooding time
and frequency was registered by an opto-electronic sensor incorporated in the
manikin and counected to a laptop computer. All our trials were made with
inflatable life jackets of 150 to 250 N buoyancy. The gas exchange under the
spray hood was measured in calm air withhumans and the manikin under dry
conditions in the lab and repeated under wet conditions in a pool. The measure
ment equipment was an oxygen measurement device (pac II 02, DRAEGER
Company) connected with an interface to the computer. All measurements were
made at a distance of5 to 10 cm from the person's breathing openings. To deter
mine the rates of gas exchange, we used a double chamber life jacket, equipped
with a spray hood with 4 ventilation openings, each 5 cm in diameter. Within
seconds after activating the second chamber of the life jacket, we obtained 17
liters of CO2 under the spray hood via the overpressure valve. In all persons, we
measured blood oxygen concentration and heart rate. Gas exchange under the
spray hood was determined by measurement ofoxygen concentration rather than
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carbon dioxide, since a decrease in O2 concentration will be reflected in a pro
portionate rise in CO2 concentration.

In addition, measurements of O2 concentration under the spray hood were
conducted during normal breathing with no additional injections of CO2, During
these trials, subjects were floating in calm water with minimal air movement.
The life jacket was inflated and the spray hood positioned appropriately.

RESULTS AND DISCUSSION
The problem ofreduced vision due to condensation was not evaluated in the

present study. In cold weather conditions, condensation is inevitable, and trials
to evaluate this problem seemed unnecessary. In rough weather conditions, high
speed spray will reduce vision significantly to a greater degree than condensation
inside the hood. Thus, without the spray hood, it is not possible to see anything
in such conditions.

The trials revealed that under some circumstances, the hood may be pressed
onto the face by the water and may hinder breathing. This appears to be related
to the design of the life jacket and spray hood. Namely, very loose and/or large
spray hoods increase the risk ofthe hood pressing on the face. This problem will
not occur if the life jacket and spray hood are properly designed. Large life jack
ets, which are normally worn in heavy weather over heavy duty protective cloth
ing, may also cause pressing of the spray hood on the face under some circum
stances. Recently, a new spray hood was introduced that appears to address this
problem (I). The design incorporates woven fabric elements, which stiffen the
cap once the water pressure pushes the hood down. This equipment was evalu
ated with a manikin during field trials in collaboration with our search and res
cue ships and in the Navy wave pool.

Our trials dealing with flooding reduction showed that there occurs a signif
icant reduction of water contact using spray hoods. Flooding frequency and
flooding time in rough sea conditions are both reduced, except with very poorly
designed life jackets with low freeboard or poor shape. In some cases the flood
ing time was reduced to 10% ofthat without such a feature (see Figure I).
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Figure 1. Effect of Spray Hoods on life jacket flooding
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The rate of gas exchange into the hood was detennined by injecting a large
amount of CO2 into it, while the life jacket was activated with the hood in use.
An injection of 17 liters ofCO2 under the spray hood caused a rapid reduction in
the 02 concentration. The lowest registered level was 7.17%. There were some
differences between life jackets depending on the opening speed of the over
pressure valve, and there were some differences between wet and dry use, and
differences between manikin and human use. The first experiments on men under
dry conditions showed a reduction to 11.3% oxygen with one to 14.2% with the
other life jacket. The time below 15% oxygen was 12 and 5 seconds. These find
ings are depicted in Figure 2.
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Figure 2. Oxygen exchange level under spray hood

Under the same conditions with the manikin, the same life jackets showed
a reduction to J3 and 15.3%. The time below 15% occurred only with the first
life jacket. The trials were repeated in water with humans, and here the values
went down to 7.2% with one jacket and 13.9% with the other jacket The time
below 15%, which was set as danger limit, was 24 s with the first and 5 s with
the other life jacket (see Figure 3). Our safety limit was chosen with 15% as done
in our life raft paper (2).
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Figure 3. Oxygen concentrations for 6 different spray hoods.
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Under normal conditions, when at least 4 openings with a diameter of
approximately 5 cm or more are enabled, the gas exchange is adequate and pre
vents excessive accumulation of CO2 under the spray hood. The gas exchange
becomes impaired in water because water blocks several exchange routes, result
ing in elevation of % CO2 under the spray hood.

Under conditions ofno air movement (worst condition) and normal breath
ing, the % O2 remained above 17%. Most hoods were capable of maintaining %
O2 above 19% (see Figure 2). The differences between the hoods are due to dif
ferences in design. In poorly designed equipment, the buoyancy components of
life jackets may occlude the spray hood vents once they are inflated.

Some manufactorers redesigned the form and/or position ofthe vents in the
spray hood, based on our recommendations. Subsequent evaluation of the
redesigned hoods demonstrated that the redesign improved the gas exchange
characteristics of the hood. In one example, the % 02 in the spray hood was
improved from 17% to 19% (see Figure 4).
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CONCLUSIONS

The results of our study support the recommendation that spray hoods be
fitted to every life jacket, especially where the likelihood of immersion in rough
seas is great. Properly designed spray hoods do not pose a health risk to the wear
er and improve the chances of survival.
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THERMAL COMFORT OF SUMMER CLOTHES
FOR CONSTRUCTION WORKERS

R. Heus and L. Kistemaker

TNO Human Factors Research Institute
Soesterberg" The Netherlands

INTRODUCTION

Most construction workers work in the open air. Thus, they are exposed to
climatic conditions ranging from high temperatures and radiation in summer to
cold and often wet conditions during wintertime. The clothing used to protect
against these circumstances will not always be proper for each environmental
condition. For example, cotton shirts become wet (from sweat) in hot environ
ment and become uncomfortable; woolen sweaters give insufficient protection
against cold, windy conditions and make the workers feel cold.

To improve the work conditions for outdoor workers, a new clothing con
cept was developed to protect against climatic conditions all year long, using the
newest clothing materials. In the new concept, attention was focused On climat
ic protection and improved (thermal) comfort. The total concept consists of
seven articles.

This study focuses on the summer articles of dress, in which thermal com
fort by transferring sweat from the skin to the environment is the main issue. If
the comfort is sufficient, workers will keep their clothes on, which will prevent
them from sunbum and the danger of skin cancer (I).

MATERIALS AND METHODS

Thermal comfort and heat strain ofthe summer articles ofthe new clothing
system were compared with traditional summer clothing in construction work
during a heat exposure experiment (environment: T,.;, = 30'C, relative humidity

[RH] = 70%, solar radiation = 700 W·m-2). Table I shows the properties of the
clothing ensembles.

Table 1.Propertiesofthe articles of dress used,

Newshitt
New trousers
Trad. shirt

Trad. trousers

~
Coolmaxl!l
Cordurao
cotton
cotton jeans

thickness

0.45mm
0.30mm
0.43mm

0.93mm.

insulation , fit
0.6 clo tight

loose
0.6 clo loose

loose

color
blue

beige
yellow

blue

I
I

I

New =new clothing system; Trad. =traditional clothing system
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Six male subjects with a mean age ( SD) of 23 ( ±1.9) years participated
in the experiments. All subjects, who worked in pairs, wore both clothing con
figurations on different days in a random order.

To simulate different jobs during an average working day, the subjects
worked at light and heavy workloads (cycling at 50 W and 150 W) alternated by
rest periods as shown in Table 2.

Table 2 Altemation of rest and work during the heat stress experiments.

Work:

Experi
ment

Time
(mio):

moderale
WOIK

(SOW)

0-30

rest

30-40

heavy work

(l50W)

40-60

rest

60-75

moderate
work

(50W)

75-105

cool rest

105-120

The cool rest period was passed in a neutral environment to simulate rest
ing in a shaded, drafty place or in an air-conditioned resting room (environment:
Tai, = 20·C, RH = 50%, solar radiation = 0 W·m-2).

Metabolic rate, skin-temperatures at 5 sites (chest, back, arm and upper and
lower leg) and core temperature (rectal) were measured. Sweat production over
the session and moisture absorption by the clothes was also measured.
Sensations were scored continuously by the subjects on the following scales:
comfort ("comfortable" to "extremely uncomfortable"), temperature ("very hot"
to "vel)' cold") and humidity ("very dry" to "soaking wef').

All data were analyzed with a 2-sample t-test with clothing as grouping
variable. Significance was accepted for values ofPS .05.

RESULTS

The results of different periods are analyzed within a session and over the
complete session. The 1st method clarifies the functioning ofthe clothing during
different workloads. The 2nd method reflects the working day ofa constroction
worker. In Table 3, the results for the different periods are summarized.

None ofthe results of these experiments showed a difference in heat strain
for the subjects between the new and traditional clothes (Too.: 34.3"C and T",re:

37.8·C) over the sessions.
The mean metabolic rate during the sessions was 400 W for both concepts.

Also, the mean sweat production (0.53 L'h-I ) and the amount ofabsorbed mois
ture (0.19 L) did not differ between both clothing systems either.

Only sensation scores showed a significant difference in comfort. Mean
vote: "2.0 = little uncomfortable" with the new clothing compared to the tradi
tional mean vote: "3.5 = uncomfortable."
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Table 3. The results of skin temperature cr",), core temperatere cr,~), metabolic rate
(meta), heart rate. (HR) aod temperatere (TS), humidity (HS) aod comfort (CS)
sensations for thenew and traditional summer clothes during all session periods,
avemgedover all subjects.

Perwd 1 Perwd2 Perwd3 Period 4 Perwd 5 Perwd6
new trad new trad new trad new tred new trad new trad

T", 34.9 35.1 34.9 34.7 35.0 35.1 35.4 35.5 34.6 34.8 29.5 29.0

Tm~ 37.4 37.4 37.4 37.5 37.8 37.8 38.3 38.2 38.2 38.1 38.0 37.7
meta 344 374 869 898 404 449

HR 107 107 123 114 156 157 153 149 126 131 101 99
TS 3.7 4.0 43 4.2 5.6 5.2 3.7 5.5 4.1 4.8 -20 -2.9
HS -4.0 -28 -5.0 -4.8 -7.5 -6.1 -6.1 -7.4 -6.4 -6.8 -1.6 -3.4
CS 1.6 2.2 1.5 28' 3.4 4.5 2.1 4.9* 28 4.4 0.8 23

All temperatures in°C, metabolic rates in W, and HR in beats·min-I

new:= new concept; trad:::: traditional clothing; -:= not measured;
*= Differs significantly from new (P';O.05)

DISCUSSION

The chosen climate and workload are realistic for a sunny. summer clay in
construction work. The mean workload (400 W) over the complete session can be
seen as heavy work (2). For practical and experimental reasons a cycle ergome
terwas chosen because of the reproducibility of the external workload A c\isad
vantage may be that this dynamic exercise is less representative for the often sta
tic workloads in construction work (3). However, it is not expected that static
exercise will give a different comfort experience between both clothing systems.

Cansed by tiredness due to the previous work period (meta: 360 W) and the
longer exposure to the hot envirorunent, a teudency (j' = .06) to an increase in meta
bolic rate (meta: 430 W) was found during the second period ofmoderate work. This
was also reflected in the significantly higher core temperatures and higher !:iRs.

Although clothing color (yel1ow vs. blue) may have an impact on radiation
absorption (4), no differences on heat load of the clothing were found between
both clothing systems. Considering the estimated clothing insulation. differences
in heat load for the clothing systems were not expected because the estimated
insulation value for both systems was about 0.6 clo (5) under static conditions.
Color of the clothing may have an impact on the heat load (5), and that could
have been a disturbing factor in these experiments. For example, a higher radia
tion absorption of the new clothing could have aonulIed the improved heat loss
possibilities of the clothing.

The experienced comfort did differ between the clothing systems, but this
was mainly during the periods of rest. During periods of work, subjects were
sweating almost maximal and that influenced the comfort scores. This difference
between periods of work and periods of rest can possibly be explained by the
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better transfer of moisture from the skin to the environment by the Coolmax®
shirt. However, this is not supported by the humidity sensation and/or the mois
ture absorption. Though it is stated that Coolmax® is a material that keeps the
body dry and comfortable (6,7), it is not proven in these experiments that this is
really the case. Possibly the skin contact with the material is more pleasant than
with the cotton shirt, resulting in less discomfort.

It is expected that the higher comfort of the Coolmax® shirts prevents the
tendency ofpeople to take off their shirt, so that they are better protected against
harmful UV-light.

CONCLUSIONS AND RECOMMENDATIONS

The results of this study showed that under the given experimental condi
tions no difference in heat load was found between clothing oftraditional mate
rials and clothing made of newly developed materials. Thus, it is not expected
that the use ofnew clothing materials for summer clothes shall lead to improved
working conditions. However, the reduced discomfort of the new clothing may
encourage people not to take off these clothes in the heat, which will prevent
them against hannful solar radiation.

In summary, (I) the new summer clothes were experienced as more com
fortable, (2) differences in comfort were mainly found during the resting periods,
(3) no differences were found in other ohjective or subjective parameters and (4)
no difference in moisture absorption existed.

In future experiments the effects of color of the clothing materials should
playa role too. Finally, the status ofthe clothing (e.g., look, quality, cleaning, vis
ibility) is also important and was studied in a follow-up experiment in the field.
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DEVELOPING REQUIREMENTS AND TEST
METHODS FOR WELDERS' PROTECTIVE CLOTHING

FROM THE USER'S VIEWPOINT
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Finnish Institute of Occupational Health, Vantaa, Finland

INTRODUCTION

During welding, primarily the hands, arms and neck area, and secondarily
the chest, thighs and entire front of the body are exposed to sparks and molten
drops. Uncovered areas, namely the neck and hands and between the arms and
gloves are also exposed to UV·radiation (I). EN 470·1 (2), gives general design
requirements, general requirements and specific safety requirements for welders'
protective clothing. Specific safety requirements concern flammability and pro
tection against small molten metal drops. The test method for determining the
behavior ofmaterials on the impact of small splashes of molten metal is present
ed in EN 348 (3), published also as ISO 9150. This method measures the insula·
tion ofthe material when drops weighing 0.50 g fallon the same point at a veloc·
ity of 20 drops per minute. The method has many variables that are difficult to
adjust and calibrate. A method with better reproducibility is needed. The specifi
cations set in EN 470-I are more applicable to gas welding than to arc welding.
Specifications for the protective clothing used in arc welding are missing.

The aims ofthis study were to do the following: (1) Compare how the spec
ifications of standards meet the requirements that welders set on their protective
clothing and to stUdy the applicability of a new method for testing the impact of
smalI molten drops, (2) Compare the properties of fabrics used in a normal weld
ing environment with laboratory test results ofnew and lauodered (5x) VIlla Violet
radiation (UV) pre·treated fabrics and (3) Compare UV transmission of fabrics.

MATERIALS AND METHODS

Garments made of fabrics tested in different laboratories against welding
drops were given for field trial in a shipyard. The welders evaluated the proper
ties of the garments by filling out a questionnaire on insulation against flying
drops, the sticking of drops in the folds of the fabric, adherence of molten drops
to the fabric, ignition of the fabrics and strength properties. The garments were
checked after every washing cycle and samples were cut for laboratory mea
surements at the end of the trial. In addition, fabrics were pre-treated in the lab
oratory by washing them 5 times and pre·treating by UV radiation before the
material measurements.
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1. Materials. The materials used in the comparisons are specified in Table 1.

Table L Description ofthe materials

I Pyrovatex™ lOO%CO,satin
2 COIPES, 2/2 twill
3 Probao'" I 00% CO, satin

Thickness
(nnn)'

1.17
0.70
0.71

Weight
(g·m·~'

470
380
330

Air penneability
Q·m·1·s-1)*

22
52
38

'afterfive washing cycles, CO= cottoa, PES = polyester

2. Methods. The properties defined in EN 470-1 (Table 2) were measured
for new fabrics (limited flame spread after 5 washings), fabrics washed 5 times
and pre-treated with UV radiation, and used fabrics. As an alternative test for EN
348, the hot ball test was performed for fabrics washed 5 times. UV transmission
was measured for fabric samples cut from the sleeves of the garments.

Table 2. Properties measured and test methods

Requirement
Tensile strength
Tear strength
Limi ted flame spread

Impact of molten metal
drops

Hot ball test

;;'300N
;;'15N
after flame time 2 s
afterglow time _ 2 s
at least IS drops before the
temperature ri ses over 4fJK

alternative test for aoove test

Test method

1505081
ISO 4674, meth. AI
EN532

EN348

under preparation

2.1. UV treatment. The 5-times washed samples were exposed to UV radi
ation produced b~ a fused silica envelope, high-pressure xenon lamp (450 W).
The lamp produced UV radiation with an appreciable amount ofUltra Violet C
type (UVC) radiation and therefore simulates the UVC radiation in normal weld
ing processes. The distance from the lamp to the sample was 300 rom, and the
exposure time was 50 h.

2.2. Hot ball test. A steel ball having a temperature of 750 ± 20°C and
weighing 0.37 g with a diameter of 4.5 rom was dropped on the sample lying on
a horizontal sensor support block and tightened with counterweights of 175 gat
both ends. The distance of the free ball was 86 rom. The ball was heated inside
a steel cone (to prevent cooling of the ball) in an oven. The steel ball was guid
ed through a funnel onto the sample from the cone. The time for the temperature
rise (T = 40K) was measured.

2.3 UV transmittance. The transmission measurements were made using a
Deuterium lamp and a double monochromator equipped with a photomultiplier

278



tube (PMT) detector. The samples were placed between the lamp and the double
monochromator. The measurement range was 200 to 410 nm in steps of 5 nm,
and the measurement area was a circle with a diameter of about 25 rom.

RESULTS

1. Flame spread. The requirement of EN 470-1 was fulfilled after labora
tory tests for new, washed and UV-treated, and used fabrics. In one sample of
Fabric I, loose threads around a hole were ignited in the flame ~pread test, but
they extinguished spontaneously.

2. Protection against welding sparks and molten drops. The results of
the hot ball test method correlated well with the results of the EN 348 method,
and also with the welders' experiences of the fabrics in normal use.

3. Strength (Tensile and tear strength). Both strength properties greatly
exceeded the limit values of EN 470-1 when new fabrics were tested. The mean
value of tensile strength was 1080 N for Fabric I, 796 N for Fabric 2 and 1068
N for Fabric 3. The mean value of tear strength was 89 N for Fabric 1,39 N for
Fabric 2 and 69.5 N for Fabric 3. Washing and UV treatment decreased the ten
sile strength by 3 to 18% and tear strength by 16 to 30%. After use, the lowest
values in tensile strength were below the limit value for all materials, and the tear
strength of Fabric 2 was below the limit value. After use and launderings,
welders evaluated the strength of all fabrics to be between poor and moderate.

4. UV transmission. The highest UV transmitumce (0.0005 to 0.0015%)
was measured for Fabric 2, which was the sparsest fabric with the highest air per
meabilil:y. The holes in the fabric increased the transmission. The transmittance
was ahuost zero for Fabrics 1 and 3, and they even had small holes.

DISCUSSION

The welders reported the insulation against hot welding drops to be moder
ate or better than moderate. In laboratory measurements the protection time
against hot drops was 5.7 to 13 seconds. The limit value of5.5 to 6 seconds may
be sufficient for the hot ball test with given parameters. The welders also report
ed sticking of the .drops in the folds. The test methods were not able to simulate
this phenomenon.

In an earlier study, Schliiter et al. (4) in Germany found that the fabrics of
the garments normally used by welders did not transmit UV radiation and there
fore no requirement is needed. Our tests indicate that fabrics transmit UV radia
tion differently when clear holes are present. Inspection in bright light does not
necessarily reveal UV transmission. The fraying of fabrics around holes may
increase the UV protection. More knowledge about UV transmission is needed.

The limit values for strength properties are very low. UV pre-treatment was
more effective for tear strength than for tensile strength. In an earlier study,
ScWilter et al. (4) found no differences in strength values, but they didn't wash
the fabrics.
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CONCLUSIONS

The results ofthe hot ball test were promising in describing the insulation
against hot drops. Additional parallel measurements with different types of fab
rics and in different laboratories are needed to define the details ofthe method.
The limit values for strength properties should be raised.
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INTRODUCTION

The basic functions ofa human-physiological simulation device, !mown as
"Hand-lFoot-Model" (I) or "CYBOR" (for ".Q!.bemetic Body Regulation"),
have been enhanced to allow reliable predictions ofthe climatic wearing comfort
ofhand- and footwear. Additional phantoms with different shapes (e.g., buttock
or square) can be used with the simulation device. Thus, the system can also be
applied to car seats or flat specimen like malresses and textiles, respectively.

MATERIALS AND METHODS

The simulation device (Figure I) consists ofa computer~controlled air con
ditioner, a heated transfer line to avoid condensation ofwater on the way to the
phantom and exchangeable phantoms made of fiber-reinforced plastic.

Heated
Climate Box Transfer L.ine Dummy

~=L~~~;:S;;:S:S;:~~~1~~[!,ITJ~M~3...
I

~

~ =r Ill'ITJ"-" Bypassl·
v--y Test Climate ~

IcompressoJ I '. .t . ~~...Air Dryer r ...·1 I.
[]WI I I~

~:j I ameMt
~ ~

;: Balance I
Figure 1. Simulation Device "CYBOR." Model3a: rhIT-sensors.

The specifically designed perforated surfaces of the phantoms allow the
simulation of the sweating process closely related to physiological conditions.
The concept ofthe simulation device provides aprecise and separate control of
dry and humid enthalpy streams, which are fed into the phantom and allows var
ious applications ofthe system for the determination of comfort-related material
parameters as well as the judgement of climatic comfort, I.e.,:
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• simulation of the dynamic change of temperature and humidity as
they occur inside a shoe (glove) during walking (working) at different lev
els of additional metabolic rate;

• determination of absolute values of the heat and water vapor resis
tance of hand- and footwear systems;

• simulation of defined enthalpy levels that are separated in dry and
humid heat as a function ofskin temperature.

The most important features ofthe simulation device are discussed below.

RESULTS AND DISCUSSION

Dynamic Change of Temperature and Humidity

Dynamic changes of temperature and humidity can be precisely simulated.
The precision of the method allows the judgment of the footwear (handwear)
system as a whole, as well as all of its components. An example of a compara
tive test ofsocks differing only in respect ofthe applied mixture offibers is given
in Figure 2 .

0:33 1:06 1:4G 2:13 2:46

Time (h:min)

...
45 • I
40 •

~
35

J!J 30
E
!if 25... 20,..

10

~,w 1!lW 420W 10W li30W 1DW
[I I I AMR

wo
pp
PA
AM'
OW

• Woof.
• Polypropylene.

; :,'=~:mmboIlC I';1tD
• water vapor

partial pressure

Figure 2. Comparative investigation of the mircoclimatic wearing comfort
of socks

The measurement was carried out inside a regular combat boot at 16°C out
side temperature. The curves represent th" water vapor partial pressure between
the (phantom) foot and the sock in the medial section ofthe foot as a function of
time and additiomil metabolic rate. It can be seen that, by the end ofthe test, there
are obvious differences in the levels of the water vapor pressure. The following
conclusions can be drawn from this test:

• From the 3 different fiber mixtures under test mixture 2 (32%
PES/68% WO) will provide the most comfortable (driest) microclimate
inside the shoe.

• The influence ofdifferent fiber mixtures is becoming significant only
after longer times of walking and/or higher levels of additional metabolic
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rate. A short test of several minutes to about one hour would not have
shown clear differences. The water vapor transmisson rate in the sole area
ofthe socks, measured according to ISO 11092, is nearly identical. Similar
investigations have been made with different kinds of inlay sales.

By registering the in- and outgoing dry and humid enthalpy streams, as well
as the change of weight of the shoe and sock, the total energy balance of the
footwear system can be calculated. The calculation delivers precise and relevant
results, because the water is supplied to the phantom in vaporous state, and there
are no energy consuming evaporation processes of unknown amount inside the
phantom. Thus, information can be obtained about the insulation, water vapor
transmission and storage behavior of the footwear system and its components.
For defined military applications, footwear systems can be designed to match the
desired microclimatic wearing comfort.

Determination of Heat and Water Vapor Resistance Valnes

In the fixed value mode of the simulation device, absolute valnes for the
heat (R,,) and water vapor resistance (R.J of shoes and gloves, as well as flat
samples like fabrics and nonwovens, can be determined depending on the Shape
ofphantom nsed. In this mode, the device is operated with fixed temperatures for
the humidifier, the transfer line and the phantom. Tests carried out on textile
samples ofdifferent construction and thickness showed a good correlation ofR.,
(r = 0.947) as weil as R.t" (r = 0.909) values to those measured with the stan
dardized ISO 11092 method (Hohenstein Skin Model) (2). The advantage ofthe
hand/foot model, though, can be seen in the fact that both values can be deter
mined at the same time. This is of particular imporlance, when foot- and
handwear systems are investigated: convection caused by temperature and
humidity gradients inside the shoe (glove) can significantly influence the mea
surement of the heat and water vapor resistance values. By measuring both val
ues at tile same time, the influence ofthe fit or ofdifferent constructions ofsocks,
inlay soles and shoe-lining materials, respectively, can be quantified.

Simulation of Fixed Enthalpy Levels

Investigations on the microclimatic wearing comfort can be carried out
with close relation to physiological control mechanisms. The phantom is fed with
a fixed enthalpy stream correlated to a given workload. By means of a built-in
fuzzy controller (3) the initially dry enthalpy stream is continually turned to
humid enthalpy according to the physiological sweat gland activity. Figure 3
shows an example of the investigation ofa membrane-lined trekking shoe.

While the temperature does not exceed 35°C in all three cases, the humidi
ties adjust to different values between 30 and 80% RH with respect to the select
ed workload (enthalpy). The result has been shown to be reproducible with a pre
cision of O.5°C for the temperature and 2% for the RH. This control concept can
be fine-toned to precisely represent the human thermoregulation in the hand, foot
or buttock region, respectively.
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Figure 3. Fuzzy·controlled adjus1ment ofrelative hurnidiW (dotted
lines) inside a trekking shoe at different levels ofworkload. The
measured temperatures (f"illed line) are identical at every level of
workload (SW/IOW/15W).

CONCLUSION

The human simulation device, "CYBOR," has proven to be a powerful tool
for the objective determination of physiology.related climatic properties of
clothing and other articles, which are in close contact with the surface of the
human body.
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INTRODUCTION

This paper provides a preliminary proposal to improve models of the ther
mal properties of clothing by taking the effects of wind and human movement
into account. The improvements can have a significant impact on the estimated
heat transfer properties of clothing and are of practical importance. Methods for
the assessment of the thermal strain caused by exposure to hot, moderate and
cold environments require a mathematical quantification of the thermal proper
ties of clothing. These are usually considered in terms of "dry" thermal insula
tion and vapor resistance (l). This simple model of clothing can account for the
insulation properties, which reduce heat loss (or gain) between the body and the
enviromnent and the resistance to the transfer of evaporated sweat from the skin,
which is important for cooling the body in a hot environment. However, when a
clothed person is either exposed to wind or is active, potentially there is a sig
nificant limitation in the simple model of clothing. Heat and mass transfer can
take place between the microclimate (Le., within clothing and next to the skin
surface) and the external enviromnent. This paper integrates the research pre
sented in the papers ofHaveulth et at. (2) and Holmer et at. (3) in this volume.

CLOTHING UNITS AND REDUCTION FACTORS

The earliest, and still preferred, method of handIing clothing heat transfer is
to combine convection, radiation and conduction into one term, the dry heat
transfer coefficient (I). The insulation value includes all layers from the skin to
the environment: clothing layers as well as the boundary air layer. Burton also
introduced a new unit for clothing insulation-the clo unit. One clo of insulation
equals 0.155 m·2.oC·W·! and is the "normal" indoor clothing that will maintain
heat balance in a resting man under normal indoor climatic condItions. Simple
units for the intrinsic vapor resistance of clothing bave not been developed, bnt
a typical value for permeable clothing would be around 0.015 m-2·kPa·W-l(6).
The International Standards Organization (1S0) 7933 (4) uses two clothing
reduction factors to quantify the heat and vapor transfer properties of clothing.
These are Fcl and Fp'l> respectively, and are described in detail by Holmer et al.
(3) and Havenith et at. (2). Burton suggested that the effect of clothing could be
described as the reduction factor, F,I> compared to "nude" conditions. The F'I is
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the insulation ofthe air layer around the nude body (boundary layer or resistance
ofthe environment) divided by the sum ofthe intrinsic insulation ofclothing plus
the insulation ofthe air layer around the clothed body (total clothing insulation).
Thus, for a nnde person the F" is unity, and for a clothed person it is a reduction

factor. The Fpel reduction factor (5) is the vapor resistance ofthe air layer around

the nude body divided by the sum ofthe intrinsic vapor resistance ofclothing and
the vapor resistance of the air layer around the clothed body. Hence, this is a
reduction factor for a clothed person.

HEAT AND VAPOR TRANSFER THROUGH CLOTlDNG

ISO 7933 (1989) provides the following formulas for clothing properties:
C =FcI 0 bc (tsk - tal (I)

R = Fcl 0 br (tsk - tr) (2)

E = w (Psk,s - Pal/RT (3)

RT = II he 0 Fpcl (4)

he = 16.7 0 hc (5) where,

C = heat transfer by tsk=mean skin temperature

R = heat transfer by radiation ta=air temperature

E = heat transfer by evaporation tr=mean radiant temperature

hc = convective heat transfer coefficient w=skin wettedness

br = radiative heat transfer coefficient Pa=partial vapor pressure in the air

he= evaporative heat transfer coefficient

Psk,s = saturated vapor pressure at skin temperature

PROPOSED CLOTHING MODEL

Data from stationary and moving human subjects and manikins were used to
derive a general correction to "static" insulation valnes, based upon empirical
analysis. The resulting "corrections" provide dynamic values that can be used to
assess likely thermal strain. The model requires values for t" t" va(absolute wind
speed in the environment), Pa and M (metabolic rate ofthe person). An annotat
ed version of parts of a BASIC computer program describes the model.

Calculation ofthe relative air speed between the body and the
envjronment

The heat transfer from the body will depend upon the relative air movement
between the body and the environment, not the absolute air speed. The model
considers three cases. When the body is stationary or moving at an undefined
speed, the relative air velocity is taken as the absolute air velocity, but the effects
ofmovement (equivalent to walking) are related to the difference between active
metabolic rate and that seated at rest (58 W·m-2). This is limited to an equivalent
ofa walking speed of0.7 m·s-1. When the activity is unidirectional walking, then
the angle between walking and the wind is taken into account (e.g., walking into

288



I

J

1

wind, angle ~ 0; wind behind, '\llgle ~ 180). Ifwalking is omni-directional with
respect to the wind, then walking speed or absolute air velocity are taken as rel
ative air velocity, whichever is greater. The following is in the program:

IF 'Stationary or undefined speed
Walksp ~ .0052*(Metn· 58): IF Walksp >.7 THEN Walksp =.7
Var~Va

ELSE
IF ' unidirectional walking
THETAR ~ (3.14159/180)*THETA
Var ~ ABS(Va - Walksp*COS(THETAR»
ELSE' Omnidirectional walking
IF. Va<Walksp THEN Var ~ Walksp ELSE Var = Va
ENDIF

Clothing insulation values under static conditions

This part ofthe model calculates the total clothing insulation for static con
ditions from the intrinsic clothing insulation values. This is necessary as the cor
rection for wind and human movement was detennined using values of total
clothing insulation. The intrinsic static clothing insulation is first converted from
clo units to m,2·K·W-1. The total clothing insulation is the intrinsic clothing insu
lation plus the insulation of the air layer (last ~ IIHCR.,; this value is assumed
to be 1/9 and is corrected for the increase in available surface area for heat
exchange caused by clothiog [fcl]). Following is the program example:

Ielst = Clo * 0.155
fel= 1 + 0.3 * Clo
HCRst~9

last ~ IIHCRst
Itotst ~ Ielst + last/rei

Correction to static insulation for wind and walking

This is based upon a regression equation providing the best fit from a data
base of measurements over a wide range of wiod speeds, walking speeds and
clothing types. Where the ranges are exceeded, limiting values are provided for
the corrections. It should be remembered that the correction due to walking takes
1010 account only the effects of the movement (e.g., pumping effects) and not
those of the relative air velocity that would result from a walking person, which
is considered elsewhere. Because light clothing below 0.6 clo was not included
10 the database, a simple interpolation is taken for corrections between 0.6 clo
and 0 clo (nude). The correction for the air layer is for nude data. For example:

Vaux = Var: IF Var >3.5 THEN Vaux = 3.5
Waux=Walksp: IFWalksp >1.5 THEN Waux= 1.5
CORRelothed ~ 1.044*EXP«.066*Vaux-.398)*Vaux+(.094*Waux-.378) *Waux)
IF CORRelothed>1 THEN CORRclothed = 1
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CORRia = EXP«.047*Var-.472)*Var+(.117*Walksp-.342)*Walksp)
IF CORRia>1 THEN CORRia=1
IF Cia <=.6 THEN CORRtot = «.6-clo)*CORRia+cIo*CORRclothed/.6
ELSE
CORRtot =CORRelothed
ENDIF .

Dynamic clothing insulation

The correction factors calculated above are used to correct the static insula
tion values to dynamic insulation values. These are used instead ofthe static val
ues to provide an improved model ofheat transfer. For example:

ltotdyn =ltotst * CORRtot
ladyn = CORRia * lAst
Icldyn =ltotdyn - ladynlfcl

Dynamic vapor resistance

This part of the computer program uses the Lewis relation and the correc
tion to total clothing insulation to provide a dynamic vapor resistance value. It
nses the Woodcock vapor permeation index (im). Values of im in static condi
tions can be found from tables and would be required as an input to the model.
The dynamic im is a corrected, static im and leads to the calculation ofa dynam
ic RT value. This is then used in the calculation of evaporative heat transfer as
described above. For example:

Lewis = 16.7'
reduct = 1 - CORRtot
CORRe = (1+[I.3+2.6*reduct]*reduct)
imdyn = imst*CORRe: IF imdyn>.9 THEN imdyn = .9
Rtdyn = ltotdyn/imdynlLewis

SUMMARY

Empirical research using thermal manikins and human subjects has led to
improvements in the representation of the thermal and vapor resistance proper
ties of clothing. The proposals have practical significance and will affect esti
mations of the thermal strain caused by hot environments.
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INTRODUCTION

Convection and evaporation comprise the most significant ways of heat
exchange between the human body and the environment. Both convection and
evaporation are sensitive to air motion and, consequently, are modified by work
er movements, external wind and their interaction. However, it seems that most
of the methods for calculation of convective and evaporative heat losses in use
do not accurately account for such dynamic effects, leading to errors in the heat
balance calculations and, eventually, inaccurate risk assessments. Criticism of
the ISO 7933 method has been raised on these grounds. Within the Biomed 2
research project "Assessment of the risk of heat disorders encountered during
work in hot conditions (Heat Stress)," the problem has been analyzed and the
result is presented in three papers.

This first paper analyzes convective heat exchange through Clothing and
proposes ways of improving the consideration of dynamic effects.

Body Surface Convection

Convective heat loss at the surface of the human body ·has been studied for
many years . The presently used forroulas in international standards are

It is observed that convective heat loss by equation 1 is 42 % higher than 2
and 3 at an air velocity of 1 mls. Yet equations 2 and 3 give values in the upper
range of a large number ofreported forroulas .

he = 12.1·v"

hc = 3.5+3.2·var for varS 1 m·s·'

hc = 8.7·var'·6 for var > 1 m·s·'

(3)

(6)

(6)

ISO 7730

ISO 9233

ISO 9233

(1)

(2)

(3)

(4)

In genera!, most ofthe studies only dealt with the effect ofexternal wind on
stationary subjects. The concept of net or relative air velocity was introduced to
acconot also for the effects on convective heat exchange by body movements.
This factor is described below.

Clothing Heat Transfer

The effect ofclothing on dry heat exchange is defined and deterroined by the
insulation value (1). Burton proposed

t>t
1= DRY
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where I is the insulation value in m-2.oC·W-l, tJ.t is the temperature gradient
between the skin and the environment and DRY is the combined convection,
radiation and conduction heat transfer in Wm-2. The insulation value, so defined,
includes all layers from the skin to the environment, clothing layers, as well as,
the boundary air layer.

The success of this approach was linked to the fact that methods for actual
measurements ofI were readily available. The first thermal manikins were devel
oped at this time and allowed quick, reliable and accurate measurements. The
manikins, however, did not move, and measurements were takeo in still-wind
conditions. The insulation values so obtained

· did not accuunt for wind effects and
· did not account for pumping effects due to wearer motion.
Burton provided a solution to the first problem by introducing a correction

of the I-value for different wind speeds. However, the second problem was left
unsolved. Goldman, et al. addressed it in several studies and provided a series
of correction equations to wind and body motion. The approach was the same as
Burton's I value (obtained with the static thermal manikin) and was corrected for
the effective (relative) air velocity. Each equation was specific for an ensemble
and was empirically derived from wear trials.

Fanger (3) defined clothing dry heat exchange as a two-step process-from
skin to clothing surfuce and from clothing surface to the environment. This
requires separate equations for clothing heat exchange:

body surface heat exchange handIed by normal convection formula,
· clothing surface area to be defined and calculated and
· an equation for heat transfer from skin to clothing surface.
In ISO 7730, no correction is made for dynamic clothing effects, whereas

the extemal heat loss (clothing surface) depends on both wind and body move
ments. In the most common interpretation ofISO 7730, this means that the cloth
ing requirement (insulation value) becomes increasingly underestimated when
relative air velocity increases.

The relative air velocity is defined as the resulting (net) effect of wind and
body movements relative to the skin surface of the body. The commouly used
expression for this in ISO-standards is

(with M, metabolic rate in W-m-2) (5)
A third approach taken to describe clothing heat transfer was also introduced

by Burton. He suggested that the effect of clothing could be described as a reduc
tion factor compared to "nude" conditions. This approach was further developed
by Nishi and Gagge. The efficiency factor could be easily defined by where le, is

I

(6)
the basic clothing insulation value in m-2°C'W, hcl is the clothing conductance
and fel is the clothing area factor. It is clear from this equation that FeI will pick
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up changes to both I" and !,ot as a result of increased air velocities. The clothing
area factor is detennined by

fd =1+1.97 *I" (with leI in m2.OC·W-I) (7)

Inou(ation Corrections

Havenith, et al. suggested sets of equations for correcting a static, stanc\ing
insulation value (1,,) for the effect of posture, walking speed (w) and wind (v).

The corrected value Oeorr) used in the detennination of dry heat loss was deter
mined by

.lco"

I"

100-(12.3 +12.5· I,,) ·w
94.9 +29.7·.JV (8)

(9)

0.4

0.2

Nilsson and Holmer recently published a similar fonnula, derived from
measurements with a moving manikin. The study comprised measurements of 9
ensembles (0 to 3 layers, Itot 0.7 to 4.6 clo). The equation incorporates in one
expression the effects of walking and wind speed. The absolute error (mean
valne) of this fonnula in predicting the dynamic effect on one particular ensem
ble was less than 0.05 0.04 clo. The greatest difference was observed for nude
conditions and for the 3-layer ensembles.

leorr = e(-o.025-0.33S.v-O.214ow)

1st

Figure I shows the combined effect ofwind and walking speed for the insu
lation range (0.7 to 3.5 clo), walking speed (0 to 1.2 m·s·') and wind speed (0.2
to 1.0 m·s·l

).

CO.80-1.00
C 0.60-0.80
mOAO-O.GO
.0.20-0.40
.0.00-0.20

1.2
1.0

0.8
O.G

0.0 0.4 Walk speed
(\J m 0.2 (m"seC'1)
cicici~to

°°clcqQoo.O
a a .

Wind (m-sec-1) .....

Figure 1. Fractional change in total insulation as function ofwind
and "walk speed" (8).
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undressed (10)

The two data sets were merged except for two winter ensembles and equa
tions 10 and II were derived and proposed for inclusion in the revised ISO 7933.

I corr :;;;: /0.126-0.899'\1+0.246'\12 -O.313·w+O.097·wz )

1st

. leorr :;;;: e(O.043-0..398.v+O.066.v2-O.378·w+O.094·w2
)

1st

CONCLUSIONS

dressed (11)

Available information on dynamic effects on clothing heat transfer indicates
significant effects of wind and wal.king. Present methods in ISO 7730 and ISO
7933 do not account for this in an accurate way. It is suggested that the dynam
ic effects are handIed by two new equations that correct the static total insulation
value (as provided by ISO 9920) for given values of wind and walking speed.
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INTRODUCTION

In heat stress standards, as ISO 7933, two problems arise in relation to input
values for evaporative resistance. The flfst is that in contrast to data on clothing
insulation for dry heat loss, little data are available on evaporative resistances of
clothing systems. The second is that even less is known on how this evaporative
resistance changes with posture changes, movement or wind. In order to assist
the USer of such standards, lists with evaporative resistances of clothing ensem
bles should be compiled, and the effects of movement, etc. should be investigat
ed and translated into practical correction equations. The latter type of work is
currently performed within the Biomed 2 research project "Assessment of the
risk of heat disorders encountered during work in hot conditions (Heat Stress),"
and initial results are represented here.

Currently, ISO 7933 and 9920 refer to two methods for the determination of
evaporative resistance ofclothing ensembles (RT): (1) the use ofFpel> a reduction
factor for evaporative heat loss with clothing compared to the nude person and
(2) the use of 1m, "the permeability index of clothing, which provides a relation
ship between evaporative and dry heat resistance ofclothing items or systems. In
this paper these approaches will be discussed in light of the effects that move
ment and wind have on clothing heat and vapor resistance.

The use of Fpel•

ISO 7933 suggests the use ofFpel as a reduction factor for latent heat exchaoge:

1
Rr =

(he' F pcl)

where he is the evaporative heat transfer coefficient, given by

(W·m-2·kPa-1)

he = convective heat transfer coefficient and

(2)
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(3)

(4)

1
Fpel= -----------,,--

(1-.!.-)
1+ 2.22 h (I _ fel)

e cI (he + hr)

with lei = intrinsic clothing insulation and 1;" = clothing surface area factor
Usually in the application ofISO 7933, Iel is derived from a list with basic

clothing insulation values, derived in a standing, no wind condition, without a
correction for movement or wind. 10 Table I, some example calculations are pre
sented, which show the relationship between Fpcl and RT on one hand and wind
speed (v,) on the other.

Table 1. Determinatim ofFpcl and RTaccording to ISO 7933,
with wind aschangingparameter.

.Ya h Ie !E! h &I h. RT
ms-1 wm"fi:oC m20CW !!:.!l:. Wm"fz o n.d. Wm':rkP m'kP'a'w-

! L --c:r- .1 !!!..

0.2 454 0.16 13 5.0 0.431 75.8 0.031
0.5 6.10 0.16 I.3 5.0 0.355 101.9 0.028
2.0 13.19 0.16 I.3 5.0 0.194 2202 0.023
4.0 19.99 0.16 13 5.0 0.134 333.8 0.022

Table 1 shows that an increase in wind speed results in a decreasing Fpel,
which, according to the textual definition of Fpel (a reduction factor for evapora
tive heat loss), is contrary to expectations. Ouly due to the sharp increase in he,
the value for RT decreases with wind. Taking the general Fpcl definition:

Fpd= Ra = Ra
Ra+Rcl Rr

one can understand that Fpel decreases with wind, as R" is reduced to a greater
extent by wind than is RT.

As described in other papers (1,3) it is now possible to provide correction
equations for the effect of movement and wind on lei' Using this corrected ~
instead of a constant one in equation 3 should improve predictions ofRT.

As was expected, using the corrected Ieb Fpel increases compared to that
using a constant lei' This is illustrated in Table 2. For the calculations with a con
stant Ieb a decrease in RT of 29% at 4 m's'] wind is observed (Table 1). For a
decreased!"1 (29%; /1 Ito, 42%), the decrease in RT amounts to 48%. Though this
is substantially more than in the current practical use of ISO 7933, it is still less
than observed by Havenith et al. (2).
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Table 2. Determination ofFpcl and RTaccording to ISO 7933,
with wind and I d as cbanging parameil'rs

~ b, Id fa h, B.cl b RT
ms-1 Wm~oC' m'oCWI

!!& W~o !!:!!.:. Wm"i'kP m"lliW
! C-I

-I :!!L
0.2 4.54 0.14 1.3 5.0 0045 75.8 0.029

0.5 6.10. 0.13 1.3 5.0 0040 101.9 0.025

2.0 13.19 0.11 1.3 5.0 0.25 220.2 0.018

4.0 19.99 0.10 1.3 5.0 0.20 333.8 0.015

Approach through :r.,
In ISO 9920 the derivation ofRTusing the penneabilily index in! is described:

R T =-/z-= 0:06 . (!JL+ I cl )
. 1m •L 1m fe, . (5)

ISO 9920 also provides im values for lypical clothing configurations, with a
rule of thumb in! of 0.38 for one- or two-layer penneable gannents. Using this
approach for the detennination ofRT in ISO 7933, the change in clothing insu
lation would directly be reflected in the change in RT: a change in the total cloth
ing insulation (ltot = leI + Ia/fel) would result in an equiValent change in the
vapor resistance. For the example in Table 2, at 4m.s-1 wind, the 42% reduction
in Itot would give a 42% reduction in RT. This reduction too is much smaller
than observed in experiments by Havenith et al. (2), however. they observed a
stronger decrease·in RT then in Itot (Figure 1) and showed that there is a theo
retical basis for sucb a relation. Their data indicate that im, as used here, is not a
constant value but will increase in movement and wind conditions. Though in!
values obviously differ between gannents or ensembles, reanalysis of Havenith
et aJ.' s data showed that when in! was expressed relative to the value measured

100

80
,

~ <,' ,
Q
~

Ii: 60 + suil type
.~

c:
a + 1+ impenn. coveralli3
::J X 1+ coverall
"0

" a trousers/sweater-. 0::

00 20 40 80 80 100

Reduction 1'01 (%)

Figure 1. Relationship between the reduction in vapor resistance RT and
. that in heat resistance (ltot) for three ensembles.
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in the standing, no wind condition, the change in im due to movement and wind
in relation to the change in clothing insulation for the same conditions was very
similar for very different types of clothing (Figure 2). This then implies that an
empirical description of this relationship would actually accommodate the gen-

suit type

+ 1+ impenn. coverall

X 1+coverall
o trousersfsweater

20 40 60 80 100

dena 1,.(%)

Figure 2. Relationship between 00, expressed relative to the reference
at no wind, standing and the change in heat resistance.

eral correction of-clothing ensembles' vapor resistance for effects ofmovement
and wind. This approach would then provide reductions in evaporative resistance
for clothing than are experimentally observed, which is higher than for the other
given approaches (Fpcl and constant im).

CONCLUSION

The use ofthe reduction factor for evaporative heat transfer, Fpcl, does not
provide proper corrections of clothing vapor resistance for conditions where the
wearer is moving or exposed to wind. Also, although mathematically correct, it
changes in the opposite direction than users expect, given its description. As it is
observed that the change in the clothing penneability index, im, due to move
ment and wind is similar for different garment types, it is suggested that this
parameter be used for the description of these effects in future standards.
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THE VALIDITY OF ISO 7933:1989 DURATION LIMIT EXPOSURE
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INTRODUCTION

ISO 7933:1989 "Hot environments-Analytical determination and inter
pretation ofthermal stress using calculation ofrequired sweat rate"(I) provides
an analytic~lmethod for the assessment of heat stress· in industry based on the
human heat balance equation. The aim ofthis project was to validate ISO 7933,
Alarm DLE (Duration Limited Exposure) and SWp (predicted sweat rate) "gainst
the observed physiological responses of subjects wearing clothing in a hot,
humid environment The Alarm criteria are meant to protect all the workers
from an "excessive increase in core temperature" (above 38°C).

MATERIALS AND METHODS

Six samples of 8 healthy male subjects (mean ± SD; age 26 ± 3 years,
weight 74.56 ± 6.82 kg, height 1.75 ± 0.05 m) participated in 6 validity experi
ments (I to 6) where responses to hot environments were compared with re
sponses predicted according to the analysis presented in ISO 7933. Subjects
wore 100% cotton boiler suits with front fastening press-studs, open sleeves and
leg cuffs, a cotton T-shirt, cotton undershorts and socks, and trainers. The clo
value was estimated at 0.8 clo using ISO 9920 (2). Subject weights-semi-nude
and clothed, pre- and post-experimentation and at IS-min intervals--were taken
during the experiment. Water intake was monitored and sweat loss was correct
ed accordingly. Subjects exercised continuously by stepping at a predetermined
height at a rate of IS complete (up/together/down/together) steps per minute.
Metabolic rate was estimated using the American College ofSports Medicine (3)
equation for V02 while stepping (Fig. I), and units were converted to W·m-2. At

25 minutes, Douglas Bag samples were taken.

·yo,(mI. kg-I. min-I) = [steps. min-I x 0.35 mi. kg-I .step-I]

+[m .step-I x steps' min-I x 1.33 x 1.8 mI· kg-I. m-1].

Figure 1. ACSM equation for estimating O2 consumption while stepping.

Dry bulb temperature, black globe temperature, wet bulb air temperature,
humidity and air velocity measures were recorded at I-min intervals. Aural tem
perature (insulated from the enviromnent), 4-point mean skin temperature (chest,

301



upper arm, thigh, cali) and an upper back site were also measured. Heart rate
was recorded using a Polar Sports Tester heart rate monitor. A priori predictions
ofthe subject's physiological responses were obtained using ISO 7933 by input
ting the desired e!,vironmental measures, the clo value and the estimated meta
bolic rate. They were then corrected using the actual environmental measures
for each experiment to obtain SWp and DLE values.

RESULTS

No measured metabolic rate data were available for the 1st experiment.
Across all experiments, there was a good correlation between the estimated meta
bolic rate and the observed metabolic rate (r2 = 0.769), but there was also a sig
nificant difference (p < 0.006) between the data sets. The importance ofthis dif
ference in relation to the predictions made by ISO 7933 was also investigated.
Table 1, Shows the data input to the SW"q model and the resultant interpretations.

Tablet: Input data and the resultant interpretations oflsa 7933.

EXperiment 1 2 3 4 5 6
Inputs (means ofeach experiment):

Airtemperature ("C) 35 35 40 40 45 45
Relative humidity (%) 60 59 63 62 40 41

Radiant remperature ("C) 35 35 39 39 45 44
Airvel.ocity (m _s"l) 0.22 0.28 0.07 0.08 0.08 0.09

Metabolic Rate (Estimated Mean) 193 177 173 153 152 87
(Wm')

Melabolic Rate (Measured Mean) 158 161 142 135 97
(W-m~

Mean Radiant Temperature eq 35 34 39 39 45 44
Partial VaporPressure (kPa) 3.382 3.325 4.535 4.510 3.822 3.865
Bodyarea fraction exposed 0.77 0.77 0.77 0.77 0.77 0.77

Clothing insulation (clo) 0.8 0.8 .0.8 0.8 0.8 0.8
Interpretations-Estimated Met Rate as Input

SWp(g·h·') 374.1 377.2 228 225.7 355.2 302.6
DLE-AIann-Unacelimatized (min) 33 40 23 27 29 63

Interpre1ation 5 - Measnrm MetRate as IDput
SWp(g·h-') 370.1 224.0 222.1 348.6 308.8

DLE-AIann-Unacclimatized(min) 50 25 29 32 55
Mean ObselVed Sweat Rate (g.h'~ 832.4 803.6 1108 900.1 781.4 6902
Mean ObselVed time to reacb380C • •• 40 43 42 51
* Only 2 subjeetsreacheda coretemperatrueof38°C: 67minand47min
** Onjll subjectreachedacoretemperatureof3BoC: 73 min

Predicted SweatRate (SWpl vs. Observed Sweat Rate (SW.jl

Fig. 2 shows the comparison ofthe SWp, when both the estimated and mea
sured metabolic rates are inputs, with the mean SWo (corrected to 60 min). The
error bars Show the observed maximum and minimum values from each ex-per
iment. The dotted horizontal line represents the maximum sweat rate (SWm",)
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of 520 g'h-1 for Alann criteria as
described in the standard. Fig. 3
shows the linear relationship and cor
relation between the SWo and SWp.

Duration Limited Exposure fiLEl
vs. Observed Time for Core to
Reach 38°C, .....S\Vp W.).EstMctR.te

.SWp (J./h)-MWMdRalt
oObnl'Vl'd SweatRaIe ('OITtlUd to lib)

Figure 2. Comparison of SWp
and the SWo (corrected to gIh).
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Fig. 4 shows the comparison of
the Alann DLE when both the esti
mated and measured metabolic rates
are inputs with the observed time to
reach a core temperature of 38°C.
The experiment lasted a maximum of

75 rnin, with the >75 min scale on the Y Axis indicating that 38°C was not
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Figure 3. Sc graphs showing the correlation be-tween SWo and SWp
for estimated metabolic rate (left) and measured metabolic rate (right)

DISCUSSION'

Althongh there was a
significant difference between
the SWp from estimated and

2 ixperime~t
.DL'E _ltsUmatedMet.51npul
.DLE -Measured Metu Input
OObserved Ume to read13ll"C or Greater than 7S millS

o +-"L1..J~

Figure 4. Comparison of Alann DLE
and observed time to reach 38°C
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~
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achieved within the experimental time limit. The error bars again show the n;tin
im1lJ1l and maximum observed times for each experiment. From Table 1, only 2

. SUbjects in Experiment 1 and
1 subject in Experiment 2
reached a core temperature of
38°C. In all but Experiment
6, the DLEs were significant
ly underestimated. Fig. 5
shows that neither DLE cor
related strongly with the
observed time.
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Section 11.

WARMING AND COOLING
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THERMAL RESPONSES TO Am TEMPERATURE
BEFORE, DURING AND AFTER BATIDNG

Y. Tochihara, Y. Kimura, 1. Yadoguchi and M. Nomural

Department of Ergonomics, Kyushu Institute of Design, Fukuoka, Japan
lKubota Co. Ltd., Osaka, Japan

INTRODUCTION
Because most Japanese houses are not equipped with central heating, tem

peratures in dressing rooms, bathing rooms and other rooms are lower than in
western countries. Large numbers of sudden deaths during and after bathing at
home are reported in Japan, most occurting in winter (1). Since cold exposure and
large temperature differences cause serious health hazards, the reason for these
accidental deaths might lie in the combination of cold, pre- and post-bath room
temperatures with high bath water temperatures. Although the effect of room
temperature on thermal responses during and after bathing was studied in several
laboratories (2), the number of studies dealing with wide ranging room tempera
tures and their effects on physiological and subjective responses is limited.

Therefore, the purpose ofthis experiment is to investigate the safety range of
room temperatures for bathing, judged from physiological and subjective responses.

METHODS

SUbjects. Twelve male students were subjects in the experiment. Their
mean (SD) age, height and weight were 22.0 (±1.0) years, 170.1 (±4.3) cm and
56.8 (±3.6) kg, respectively.

Procedure. The time schedule ofthe experiment is shown in Figure I. Two
adjacent climatic chambers and a bathroom were used. One was a pre-room kept
at 26°C. The other was a test room kept at 5, 10, 15, 20, 25, 30 or 35°C Air
humidity and velocity were kept at 50% and 20 cm's in both rooms. It was dif
ficult tu control the temperature and humidity of the bathroom during the
bathing. After,staying more than 30 min in the pre-room, physiological and sub
jective responses were measured for 10 min. Thereafter, the subjects moved to
the test room, took off standard clothing (0.6 clo) and stayed there for 6 min. The
subjects moved to the bathroom and bathed for 8 min, immersed to the neck in a

Time (min) -3lI -10 oS 0 , 14 24

Control Dressing Dressing
Room Room

Skin temp.
Hearl rate & Blood pressure 0 0 0 0 00 '0
Sensation vote X X X X X X X
RSA + + +

Figure 1. Time schedule.
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Japanese-style bathtub. The water temperature of the bath was kept at 40·C.
After bathing, the subjects dried themselves with towels and stayed in the test
room for another 10 min. The subjects wore only shorts in the test room. The
subjects bathed under 7 test-room thermal couditions on separate days, and all
the experiments for each subject were conducted at the same time of day. The
experiments were carried out during autunm.

Measurements. Skin temperatures were measured with thermistors every
minute. The skin sites monitored were forehead (TI), abdomen (T2), forearm
(T3), hand (T4), thigh (T5), leg (T6) ood foot (T7). Meoo skin temperature (Tsk)
was calculated according to the formula of Hardy and DuBois: Tsk =
0.07Tl+0.35T2+O.14T3+0.05T4+0.19T5+0.13T6+0.07T7. Heart rate (HR) ood
blood pressure were obtained on the right upper arm from an automatic tonome
ter. Thermal sensation (+4: very hot, +3: hot, +2: warm, +1: slightly warm, 0:
neutral, -I: slightly cool, -2: cool, -3: cold, -4: very cold) and acceptance of the
thermal environment (I: acceptable, 2: not acceptable) were also measured dur
ing the experiments.

Analysis. Measurements were ooalyzed by paired t-test. The significance
level was set at P < 0.05.

RESULTS

Mean skin temperature. Figure 2 shows chooges in T", before, during and
after bathing. Each value shows the average for 12 subjects. In the pre-room,
Tsk was almost 34·C under the 7 thermal conditions. Although Tsk during
bathing depended on the water temperature (40·C), Tsk in the test room differed
significantly from the room temperature.

Blood pressnre and heart rate. Figure 3 shows chooges in systolic blood
pressure (SBP). One minute- after entering the test room, SBP at 5·C, 10°C ood
15°C increased significootly; on the other hood, SBP at 35·C decreased. There
were no disrinct chooges in SBP at 20°C, 25°C and 30°C. Under every thermal
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Figure 2. Chooges in mean skin temperature
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condition, SBP decreased during innnersion. SBP increased 3 min after bathing
and decreased 9 min after bathing. Similar phenomena were seen in the changes
in diastolic blood pressure. HR. at 35°C increased as a result ofbathing, but there
were no distinct changes in HR. under other conditions.

'.~ _.,
~.,

95 brtIring (4<l"C

90
-10 -5 0 5 10 15 20

Time (min.)

Figure 3. Changes in systolic blood pressure

Subjective responses. Changes in thermal sensations with bathing under 7
thermal conditions are shown in Figure 4. The average thermal sensations in the
pre-room were aimost "ueutral" Thermal sensations during bathing were ''warm''
except at 35°C; it was ''very hot" at 35°C. In the test room, except when bathing,
most ofthe subjects felt "cold" below 20°C and "hot" at 35°C. At 25C and 30°C,
their thermal sensations were between "slightly warm" and "slightly cool."

Relations between percentage ofdissatisfaction (PDI) and room temperature
were calculated before and after bathing. There were significant quadratic
curves. According to these regression equations for PDI, the minimum PDI
value was obtained when room temperature was 31°C (before bathing), 25°C (3
min after bathing) and 26°C (9 min after bathing).
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Figure 4. Changes in thermal sensation
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DISCUSSION

Many field and experimental studies (e.g., [3]) reported that thermal comfort
under uniform thermal conditions was obtained when T,k was between 33°C and
34°C. There were significant linear relationships between T,k and room temper
ature. Therefore, the room temperature comfort range before bathing, 3 min after

.bathing and 9 min after bathing was 24 to 29'C, 23 to 27°C and 24 to 27°C,
respectively (Figure 5).

There were large changes in blood pressure due to bathing. However, the
degree ofthese changes was strongly influenced by room temperature. Room tem
peratures that caused changes in blood pressure less than 10 mmHg were those in
the range of20OC to 30OC. These changes in blood pressure mean that there were
no strict thermal stresses. Since HR increases considerably when bathing at 35°C,
temperature in the dressing room and bathroom should be below 30°C.

40
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Figure 5. Safety range and optimum temperature in dressing
room and bath room

There were significant linear relationships between thermal sensation and
room temperature. Neutral thermal sensations were obtained at 26°C before and
after bathing. The safety ranges of bathroom temperature, judged from thermal
sensations ("slightly cool" to "slightly warm") and the acceptance ofthe thermal
environment (80% ofthe subjects accepted the thermal conditions), are shown in
Figure 5.

CONCLUSIONS

From these results, it can be concluded that the dressing room and bathroom
temperature safety range is from 22°C to 30°C. Optimum room temperature is
probably from 24°C to 26OC. However, these results carne from the young; fur
ther research is needed for the elderly.
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MEASUREMENT AND PREDICTION OF MAXIMAL
SIllVERING CAPACITY IN HUMANS

D. Eyolfsonl , X. Xul, G. Weseenl , P. Tikuisis2 and G.G. Giesbrechtl

'Laboratory for Exercise and Environmental Medicine,
Universi1y of Manitoba, Winnipeg, Canada

2Defence and Civil Institute ofEnvironmental Medicine,
Toronto, Canada

INTRODUCTION

, Shivering is a well-recognized mechanism fur the maintenance ofcore body
temperature (T,.) in response to cold exposure. Cold-water immersion studies in

our laboratory have demonstrated that pharmacologic inhibition of shivering
causes an increase in the rate of core cooling (unpublished data), an increased Too

afterdrop and attenuation of the rate ofrewarming (I). The duration that shiver
ing can be maintained before onset of fatigue may be an important determinant
of survival time. However, in the assessment of shivering endurance, it would
be useful to first quantify the maximal shivering response attainable and to deter
mine predictive variables for this response.

lampietro et a!. (2) assessed metabolic work due to shivering in 16 humans
exposed to cold air. The highest response was 5 times the resting metabolic rate
and approximately 50% of maximal V~. These values are currently used in
mathematical models of shivering metabolism (3). However, they have limita
tions in their applicabili1y to maximal shivering responses: the e«periments were
only 30 min long; the greatest cold stress was only -7·C air: and no measure
ments of skin temperature (T,,) or T,. were obtained.

The purpose of the study was to develop a protocol to elicit maximal shiv
ering intensi1y in humans and to determine which factors may be used to consis
tently predict this shivering response. Based on the parabolic relationship
between shivering intensi1y and Tslo with a maximal response at a Tsk of about

20°C (4), we hypothesized that the combination oflow Too (- 35°C) and a Tsk of

20°C wonld elicit the maximal shivering response.

METHODS

We completed studies on 16 subjects (12 males, 4 females) (mean SD: age
=24.9 ±6 years; height = 176 ±9 cm; weight = 76 l±9kg; body fat = 21.3 ±5%
and V02m"" = 51.8 ±10 ml'kg-1'min-l ) after they gave informed consent. Core

temperature was measured in the esophagus (Tos)' T,k and heat flux measure

ments were obtained by 12 thermal flux transducers attached to the forehead,
chest, abdomen and extremities according to previous protocols (5). ECG, heart
rate (HR.) and blood pressure (BP) were monitored throughout the study.
Metabolic and respiratory parameters were also measured with a Vmax 229 sys
tem (Sensor Medics).
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Subjects were studied on 2 separate days. On one day, maximal exercise
capacity (V02m.J was determined. On the cold water immersion day, subjects

sat quietly for 10 min of baseline measurements. They were then immersed in
20°C water. Water temperature (Tw) was then lowered to SoC over 15 min by

adding ice. After 60 to 70 min of immersion, Tw was then raised at O.SoC/min

to 20°C. Tw was maintained at this temperature until shivering metabolism con

sistently decreased and Tes increased. Subjects were then transferred to 400C

water for rewarming. The trial was terminated when Tes reached 37.0°C.

The maximal observed shivering response was determined and expressed in
absolute (Absolute Shivmax) and relative (Relative Shivm.J terms. A stepwise

regression was then performed, using height, weight, percent body fat, body
mass index, absolute V02max and relative~ V02m", as predictors for Absolute

Shivmax and Relative Shivmax. A best-fit equation was then developed for pre

dicting maximal shivering.

RESULTS

The average prewarmingV~ reached a value of 14.4 ± 5.9 ml·02·kg·-'·min-'.

Relative Shivmax reached an average value of 21.5 ± 4.6 ml·02·kg-lomin-'. This

value corresponded to 41.5% ofV02m", and 4.7 times resting baseline values. In
all subjects, shivering was rapidiy extinguished with a return ofV~ to baseline

levels upon transfer to 40°C water.
Data from 1 subject was not included in the prediction equations because his

body mass index (BMl) was 3 SDs above the group mean and his V02m", was 2

SDs below the group mean. Although percent fat was significantly correlated to
Absolute Shivm"".the best-fit formula for predictions included V02max and BMl

values as follows:

Relative Shiv_ = 0.339 (Relative V02m.J - 0.951 (BMl) +26.2 (1)

(adjusted r' = 0.726, SEE = 2.195, P = 0.0003); and

Absolute Shiv~= 0.331 (Absolute V02m.J - 0.056 (BMl) + 1.6 (2)

(adjusted r' = 0.727, SEE = 0.156, P = 0.0004).

DISCUSSION

In the present protocol, the peak observed shivering metabolism in mildly
hypothermic human snbjects reached an average of 4.7 times the resting meta
bolic rate and peaked at 21.5 ± 0.5 ml 02·kg-'·min-'. The unique feature of this

protocol is that the high shivering metabolism at a significantly decreased core
temperature was increased further when T..J< was increased to -20°C. Because

other factors, such as rate of change in Too also affect shivering intensity, the

maximum possible shivering intensity may not have been reached. It is under
standable that both prediction equations include V02max measures and BMl.
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Greater aerobic capacity would indicate greater shivering capacity, while the
negative correlation between BM! and maximal shivering intensity is consistent
with the inverse relationship between shivering intensity and body fatness at a
given skin temperatnre (6).
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SLOW AND RAPID COOLING: THE DIFFERENCES IN PHYSIO
LOGICAL RESPONSES

Tamara Kozyreva, Elena Thatchenko, ValeI)' Kozarnk

Institute of Physiology, Novosibirsk, Russia

INTRODUCTION

The response to external cooling is largely dependent on the skin thermore
ceptors. It is known that the activities ofthe skin cold receptors are s, static and
dynamic. The functional significance of the two types of activity remains an
open qnestion. It is known that the cold receptors show hardly, if any, dynamic
activity during cooling at a rate lower than 0.OI-0.02°C·sec whereas, at higher
cooling rates, they begin to exhibit dynamic activity which increases with cool
ing mte (1). An attempt is made here to elncidate the specificity of the forma
tion of the cold defense responses, sympathetic system activation and the trace
effects oftwo types of external cooling: slow, when skin thermoreceptors show
no dynamic activity and rapid, when they show it.

MATERIALS AND METHODS

Urethane anesthetized Wistarmts (1.0 g'kg-1) were cooled in the area ofthe
abdomen (25 em2 ) with a thermostat. At the fITst cooling, the rate was either
low (0.004-0.006'C·sec) or high (0.03-0.05°C·sec). The depth of each cooling
was the same, rectal temperature decreased by 1.8°C. Then, rats were warmed
and, after recovel)' of all the resting parameters repeatedly cooled at a high cool
ing mte. Intracntaneous temperature of the cooled surface of the abdomen, rec
tal tempemture, total oxygen consumption (the metabolic response),
Intracutaneous temperature ofthe thigh were continuously recorded. Thigh tem
perature allowed us to estimate the changes in the tone of the skin vessels, Le.
heat loss.

In other experimental series, noradrenaline (NA) and adrenaline (A) con
centrations in arterial plasma were measured by high-performance liquid chro
matography with electrochemical detection (3). Blood samples (0.5 ml) were
drawn from the femoral artel)' three times from each slowly or rapidly cooled
animal: I) before cooling, 2) at a rectal temperature decreased by 0.5°C and 3)
by 3°C. Animals were given Ringer solution (0.5 ml), Lv., after each blood sam
pling as fluid replacement.

RESULTS

Resting parameters were 36.8±0.24°C for rectal temperature, 34.0±O.33°C
for thigh and 36.8±O.26°C for abdomen skin temperatures, 20.4±1.2 ml'min kg
1 for oxygen consumption.

At the first rapid cooling, the metabolic response was triggered before rec
tal temperature started to fall (Fignre I). Later, after fall in a rectal temperature,
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Latency, sec 45:t4.5 256:t43.3 Latency, sec 110=29.7" 230:34.0
Skin temp. Skin temp.threshold, ·C 3.2:1:0.20 7.1:t0.89
Rectal temp.

threshold, ·C 4.6:t0.32* 7.2:t0.42

threshold, ·C 0.1:1:0.03' 0.6±0.14 Rectal temp.
threshold, ·C 0.4±0.07" 0.6±0.1

LJ --V
Metabolic Beat loss Metabolic Be.tIoss
response response response response

Latency, sec 908±116* 515±17.3* Latency, sec 46±12.0 113:1:29.8"
Skin temp. Skin temp.
threshold, ·C 3.4:1:0.31 2.2:1:0.18" threshold, ·C 2.8±0.43 4.8±0.23*
Rectal temp. Rectal temp.
threshold, ·C 0.9±0.16" 0.3±0.01* threshold, ·C 0.1:1:0.03 0.2±0.53"

~ --V
Fig.l. Latency and threshold temperatures for the metabolic (total oxygen consumptiou) and heat loss (skin blood Dow)
responses to the fIrst rapid (top) aud slow (bottom) cooling and to the repeated rapid cooling. Means are values ± SE. *.
siguifIcant dilTereuces compared to the values at the fIrst rapid cooling, P<0.05, Student's test.



heat loss started. Conversely, at slow cooling, heat loss is reduced first as a result
of the response of 1I1e skin vessels, 1I1en, on the background of a considerably
lowered rectal temperature, metabolic rate increases.

Temperature thresholds of1l1e cold defense responses to test repeated cool
ing depended on 1I1e type ofpreceding cooling, slow or rapid (Fig. I). Rapid cool
ing in contrast the slow one resulted in 1I1e increase ofthe temperature thresholds
for the metabolic response to repeated Cboling. Slow cooling had no effect on
1I1e development ofthe metabolic response, but decreased 1I1e thresholds ofblood
vessel response to repeated cooling.

The resting mean values for catecholamine conceotration in plasma Were
0.620.079 ng'ml for NA and 1.090.203 ng'ml for A. A decrease in rectal tem
perature by O.5°C at rapid cooling produced a 2.6-fold increase in NA and a 2.8
fold inA in plasma (Fig. 2) . At a rectal temperature decreased by 0.5"C after slow
cooling, plasma catecholamines did not change. When rectal temperature was
lowered by 3°C, 1I1e increase in plasma NA was virtually 1I1e same at b01l1 cool
ing rates and only plasma A increased greater after deep rapid than slow cooling.

~
GOD

c Rapid cooling
C SOD0

~"" :§l! 400- c 8'
" 0> ..Gl ...
" SOD 0<> N

" ~ ~0

" 200 - '".. co "!
E Q -Ul 100

£
0

Resting values Decrease In rectal temperature, °C
By O.soC By3°C

GOD

I
~ Slow coolingc

C SOD I0

"" 0- Noradrenalinel! 400- 11m -Adrenalinec
Gl

" 300

"00 200..
E
q, 100.!!
D-

O
Resting values Decrease In rectal temperature, DC

By O.SoC BySOC

Figure 2. Changes in noradrenaline and adrenaline values in arterial plasma
produced by rapid and slow cooling of rats. Bars denote 1I1e standard errors of
means. *- significant differences compared to resting values. P<0.05.
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CONCLUSIONS

Thus, we demonstrated the importaoce of the cooling rate in the fonnation
ofthe cold defense responses. Experimental data indicated that at rapid cooling,
i.e. in the presence of the dynamic activity of the peripheral cold receptors, the
metabolic response can be initiated with a very short latency without any
decrease in deep body temperature. This is consistent with the results obtained
in humans during sudden cold water immersion (2). Moreover, the fonnation
of the thermoregulatory response to repeated cooling may be different and it
depends on the tYPe of the preceding slow or rapid cooling. Rapid cooling pri
marily delays the metabolic response and slow cooling lowers the threshold for
heat loss decrease. The results support and extend the idea that the sympatho
adrenal system is activated by an extemal cold stimulus and, furthennore, reveal
that the activation may be different depending on the cooling rate. The difference
was more apparent at the early steps, when rapid cooling was accompanied by a
considerable rise in plasma catecholamines and slow cooling by an unaltered
catecholamine level in plasma.

To conclude, the dynamic activity ofthe skin cold receptors may change the
development of the thennoregulatory responses to both the first and repeated
cooling and provide the conditions for an earlier activation of the sympatho
adrenal system.
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INDIRECT MEASUREMENT OF CORE TEMPERATURE DURING
WORK: CLOTHING AND ENVIRONMENTAL INFLUENCES
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J.D. Cotter! and A. Jenkins!

IDepartment ofBiomedical Science, University ofWollongong,
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2Defense Science and Technology Organization, Melbourne, VIC, Australia

INTRODUCTION

Since thermal tolerance impacts upon worker performance and health, tile
measurement of environmental stress and physiological strain are critical health
considerations. However, field measurements of strain, particularly body-core
temperature (T.,), are substantially harder than within the laboratory, and routine
Tc measurement is rare. For industrial and military applications, direct Tc mea
surement may not be practica~ or even possible. Consequently, surrogate indjces
of thermal strain have been sought. Clinical devices have been developed to
evaluate Tc from surface measurements (see I), and similar approaches have
been used for field applications, attempting to exteriorize Tc (2), both with vary
ing degrees of success. While skin temperatures (T,k) are quite variable, it is fea
sible some shell tissues may approach Tc' if environmental influences are mini
mized. The current project re-evaluated this possibility, using an insulated Tllk in
exercising, clothed, men and women.

Six pre-experimeutal factors were considered: the Tllk of the chosen site
must, in its uninsulated state, be inherently stable and closely approximate Tc;

since Tllk is influenced by subcutaneous adipose and skin blood flow, sites should
not be located over large fat deposits, but, ifpractical, could be located over large
blood vessels; such skin sites should be exposed to minimal air movement and
have a relatively dry skin surface with minimal radiant heat exchange; since Till
are more homogenous under hotter conditious, then air temperature is critical to
its successful application; skin site(s) chosen must not impede worker perfor
mance; and the degree of thermal strain experienced will affect the signal to
noise ratio of the technique, such that when heat storage drives Tc upwards, the
impact of inherent noise will be minimized.

MATERIALS AND METHODS

We completed 87 trials across 5 thermal loads: unclothed subjects (n = 17
men; 15·C, 28'C, 40'C), continuously cycling at 25%, 39% and 57% ofpeak aer
obic power (3x30 min); and clothed subjects (n = 12 (4 women); 25'C, 33'C,
40'C; 50% RH). In the latter trials, subjects wore a disruptive-pattern combat
uniform (mass -2 kg, insulatiou -0.035 m-'-K-W") and performed a 2-stage exer
cise-rest protocol· (2% grade walk/run-rest). Stage one elevated Tc to -38'C
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(5 min at 3 km·hr', I km'hrl increase every 10 min), followed by seated rest to
lower Tc to -37.5°C. Stage two continued exercise-induced To elevation to
-39"C (5 min at 4 km'brl , 5 min at 5 km'brl , I km·brl increase eveJy 10 min),
followed by 15 min rest Tests were performed in a balanced order between sub
jects and at the same time of day within subjects. The Human Research Ethics
Committee (University of Wollongong) approved all procedures, and all subjects
provided informed consent.

Core temperature was measured at the esophagus (T.,), rectom (TrJ and
auditory canal (Edale Instruments, Cambridge, UK). Skin temperatures were
recorded at 8 uninsulated sites (forehead, scapula, upper chest, arm, forearm,
hand, anterior thigh, calf) and 4 insulated sites (forehead, overjugular vein, spin
ous process (12-T4) and ventral wrist; EU type, Edale Instruments, Cambridge,
UK). Skin thermistorS were attached with waterproof tape. Insulated sites were
also covered with closed-cell foam (4 em • 4 em, 8 rom thick) and cottonwool (4
em • 4 cm, -2 mm thick), and secured with waterproof tape. All temperatures
were recorded at 5-s intervals (1206 Series Squirrel, Grant Instruments Ltd.,
UK). Sweat rate was approximated from mass change. Cardiac freqnency (fc)
was measured at 5-s intervals (pE4000, Polar Electro SporlsTester, Finland).
Thermal sensation, thermal discomfort and physical exertion (RPE) were record
ed every 5 min.

It was assumed that, for field application of this technique, To would be
derived using predictive equation(s), obtained from linear modeling of the labo
ratory-derived T. and insulated skin temperature (T,k-illsul) relationships. For this
reason, the accuracy ofsnch To predictions was evalnated using linear regression
analyses (least squares, best fit) across all conditions.

RESULTS AND DISCUSSION

Unclothed trials. Cool exposure (15OC) resulted in a mean T., change from
37.02 °C to 37.57°C, with poor, and generally unacceptable (r=0.79) correlations
between To, and insulated T.!<. This was due to T'k reductions during the first 30
min of the cool exposure. In the temperate state (28°C), mean T., rose 0.50°C,
while Tre increased by 0.83°C, and the relationship between T., and jugular T.I<_in..
was strong (r = 0.97). For trials at 40°C, with To progressively rising (aT., =
1.58°C), jugular T'k_in" started warmer and tracked To changes more rapidly.
Esophageal temperature could be predicted from the average change in both
jugular and spinal T,k_i=b with a standard error of the estimate of 0.06OC (r =

0.99): at 40 OC: T., = (T.!<-illsul - 7.688 DC) / 0.791.
Thus, 95% of the actual To, fell within 0.12OC ofthe value predicted using

the surrogate To index. However, these data related to continuous exercise, dur
ing which To climbed progressively. They tell us little concerning the effective
ness of surrogate measures in intermittently exercising, clothed subjects, where
To may be rising or falling.
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Clothed trials. Subjects exercised for 95.6 mio (23.0) and rested 28.2 min
(10.2), with trials averaging 124 min (23.0). When analyzed across conditions, To"
fc and treadmill speed peaked in the following ways: stage one-38.loC (0.2),
159.6 b'min-! (8.3), 8.4 km·hr-l (1.6); and stage two--39.2°C (0.3), 183.7 b'mio
1 (8.6), 9.4 km·hr-l (1.6), respectively. Tenniual mass change averaged 1.68 kg
(0.70), and final effort sense (RPE) was 17.4 (1.8: very hard). Thus, this protocol
induced significant thermal strain, under conditions ranging from slow walking to
rmmiog and approached maximal tolerable exercise for the imposed conditions.

Following thermal equilibration, Tsk-insul at each site increased with Tos and
tracked resting and recovery falls in Tos' While temperatures were offset by as
much as 2°C in the temperate state, they converged in the heat, particularly when
Tos approached 39°C, making these indices more useful for detecting the onset of
heat strain, though less effective in the thermoneutral range. Close inspection of
rest and recovery data showed that Tos decreased almost iunnediately when exer
cise was terminated, due to the rapid reduction in heat production. However, T"'-insul
rose transiently, before also decreasing. This continued rise was due to delayed
heat flux, and the peaks in Tos and Tsk_insu! were out of phase at this time. When
exercise resumed, the Tosto T"'-insul association returned to its previous relation
ship. That is, within individuals, the link between Tos and Tskin-insul may be ade
quately described by a single linear function, for both continuous and discontin
uous exercise.

The T"'-insn! site showing the poorest relationship with Te, across conditions,
was the ventral wrist, followed by the jugular T"'-;nsul' The latter may be attrib
utable as much to the difficulty ofensutiog constant skin attachment, as it was to
the facility of the site. The poor relationship with the wrist Tsk-;nsul was a func
tion of the time taken for Teexteriorization. That is, even under hot conditions,
skin temperature is not uniform, with more distal sites generally being cooler and
approximating Teonly after an elevation in both Teand T",s' Notwithstaoding a
temperature offset between the forehead and spinal sites, both sites appeared
equally capable oftracking Tos. However, from a practical perspective, the back
may be best suited for T, monitoring in the worker.

Since the prime concern for industrial and military applications is the rela
tionship between Tskin-;nsul and Tos' when Tos is increasing, data for the exercise
periods were extracted. Esophageal temperature was regressed against T"'-insnl
within each condition (Table I), for all subjects simultaneously, yielding the fol
lowing predictions:

at 25°C: Tos = 20.01oc + 0.49 • spinal Tskin-insn!;
at 33°C: Tos = 3.87°C + 0.91 • spinal Tskin-;nsul; and
at 40°C: Tos = 9.1 1°C + 0.76 * spinal Tskin.instil'
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Table 1: Correlation matrix for Tst_inSllI and Tcinclothed subjects

T, Condition Jugular ~ Forehead Spine

T. 40'C 0.85 090 0.94 091

TE 0.89 0.92 0.95 094

T" 0.74 0.93 0.85 0.86

T. All 0.82 0.81 0.89 0.86

TE 0.88 0.84 0.91 0.89

T" 0.80 0.89 0.85 0.85

Several points are noted. First, the insulation procedure largely, but not
completely, removed the influence of air temperature. Second, a non-insulated
T", is of little value in predicting Tos trends. Third, the correlation between T"'
insul and Tos is site dependent, particnlarly under cooler environments. Fourth, the
T"'-insul relationship with Tos was somewhat dependent upon air temperature.
Fifth, the error of predicting Te, is largely influenced by the T"'_insul variability
between subjects. Finally, previous groups have focused upon the relationship
between skin and Tre' yet in > 50% ofthe current comparisons at 33"C and 40·C,
T,k-i",m] (spine and forehead) provided an equivalent or better prediction of T"
than did Tre on its own.

CONCLUSIONS

It may be concluded that surrogate indices ofTe do exist, which, when insu
lated from environmental influences, may be used to predict changes in Tos with
substantial accuracy.
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INTRODUCTION

The cardiovascular response during exercise includes increases in heart rate,
stroke volume, blood flow in exercising muscles, ventilation, oxygen consump
tion and arteriovenous oxygen difference in tissues. Heat stress changes these
adjustments during exercise. High ambient temperature andlor elevated humid
ity challenge the circulatory adjustment. Evaporation needs sufficient skin blood
flow. The redistribution of blood flow is different in the heat than under ther
moneutral conditions. Increased demands for both muscle and skin blood flow
during exercise in heat also affect cardiac function (1,2). Cardiac output must be
augmented. Heart rate andlor stroke volume must increase. Stroke volume
depends on the cardiac size, systolic function of cardiac muscle fibers and
venous return to the heart. The autonomic nervous system modulates the adjust
ments in both peripheral and central circulation. Fluid shifts, hormonal changes
and the endothelial regulation in blood vessels playa role in this adaptation.

It has been reported that women and men tolerate exercise in the heat simi
larly ifthe body size and differences in oxygen consumption capacity are exclud
ed. Although, recent studies conceming the endothelial function of blood ves
sels reveal that the peripheral circulatory regulation may partly be different in
women and men. There are an increasing number offemale candidates for work
that exposes them.to heat and exercise. Therefore, it is very important to analyze
the importance and nature of these possible differences. The aim of this study
was to evaluate the circulatory and thermoregulatory responses in healthy young
women and men during a standardized heat tolerance test.

MATERIAL AND METHODS

Eleven healthy women and 8 healthy man (Table 1) wearing a T-shirt
(women only), shorts and shoes performed a 60-min exercise bout with bicycle
ergometer in a climatic chamber set to 35"C with a relative humidity of65% and
air velocity of0.3 m·s·!. The work rate was 110 W for men and 75 W for women.
Water was consumed ad libitum. Heart rate (HR) and rectal temperature (T",)
were monitored continuously and recorded once a minute. Sweat production
was estimated as the change in nude body weight, measured before and after the
work, and corrected for fluid intake.

Systolic (SBP) and diastolic (DBP) blood pressures were measured every 10
min in the brachial artery with the conventional auscultation method of Riva-
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TaWe 1.Physical characteristics ofstudy groups.

Women Men
Mean Range Mean Range

(±SEM) (:tSEM)

Age, years 24.1 (+1.1) 21- 31 23.6 (+1.4) 18 - 29

Heigh~cm 163.8 (±2.0) ,152-172 187.5 (±2.8) 172-196

Weigh~ kg 56.1 (+1.9) 43.7 - 68.9 76.5 (+4.1) 63 -98

Ao,m-2 1.60 (±O.03) 1.37 - 1.76 1.96 (iO.07) 1.75 - 231

Body fat, % 226 (+1.15) 16.2-31.6 13.1 (iO.72) 9.4 - 15.2

BMI 21.3 (±O.62) 18.9 - 253 23.2 (i058) 21.3- 255

V02 max Umin* 253 (±O.14) 1.79 - 3.48 3.56 (iO.32) 2.63 - 5,4

VO,m1Jkg·min·' * 45.0 (±2.4) .33.6 - 59.9 46.5 (±3.1) 35.6 - 63.5

HRmax,bpm 194 (+1.39) 188 - 205 193 (+1.6) 186 - 199

* evaluated by incremental exercise test

Rocci. The subjects' subjective sensations were also recorded. The criteria used
to discontinue the exercise were sensations of exhaustion, dizziness, nausea,
chest pain, unusual dyspnea, fall in SBP during the exercise, changes in ECG or
a rise in Tre > 39.5°C.

Statistical analyses were carried out using non-paired t-tests. P < 0.05 was
considered significant.

RESULTS

The results are presented in Table 2. During the rest before the heat expo
sure, there was no significant differences in HR, SBP, DBP or T" between men
and women. At the end ofexercise, the mean Tre and HR did not differ between
the grOUps. Respectively, there was no significant difference in DBP but SBP
was significantly lower in women.

Four women stopped the test after 40 to 55 min of exercise. Major symp
toms were dizziness, headache and nausea. Two of these women had a fall in
SBP, and 2 had Tre over 39°C. Two other women had symptoms just before the
scheduled 60 min; one ofthem had a fall in SBP and the other had Tre > 39°C.
Three men terminated the exercise between 40 and 50 min. One man had a fan
in SBP and suffered nansea. The other 2 men had feelings ofexhaustion and loss
of power in exercising muscles.

One woman had minor symptoms some days after the exercise, but she
recovered fully.

DISCUSSION
The thermal response in men and women during exercise in the heat was

similar. This result is consistent with reports from previous stndies (3). During
the exercise, HR increased in both stndy groups and was almost maximal at the
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Table 2. The main results of circulatory and

thermoregulatory measurements during a heat toleraIlce test..
Women Men

Mean (±SEM) Mean (±SEM)
Range Range P-value

HR, rest 86.6 (H.3) 78.6 (±3.2) 0.156
(bpm) 62.105 64- 89
HR, end of exercise 170.6 (±5.5) 173.4 (±6.2) 0.743
(bpm) 145 -193 148 - 197
SBP, rest 122.7 (B.2) 133.4 (±3.6) 0.056
(mmHg) 108-138 120·150
SBP, end of exercise 133.3 (± 7.6) 154.8 (± 6.2) 0.039
(mmHg) 88-170 130 - 178
DBP, rest 73.5 (±3.1) 76.5 (± 1.6) 0.414
(mmHg) 60 - 90 70- 80
DBP, end of exercise 61.8 (±3.8) 68.1 (±3.3) 0.224
(mmHg) 50 - 88 55- 80
Tr6 rest 37.2 (±O.I) 37.1 (± 0.09) 0.403
('C) 36.4 - 37.6 36.8 - 37.4
Tr fa end of exercise 38.5 (± 0.16) 38.5 (;±: 0.17) 0.819
('C) 37.6 - 39.1 (37.8- 39.3)
Sweat produced 500 (HO) 1205 (±232) 0.019
(g) 250 -680 630 -2990
Water deficit 0.86 {± O. 07) 1.52 (± 0.29) 0.056
(%) 0.4-1.13 0.63 - 299

end ofexercise. The significantly higher SBP in men may be du~ to greater body
size and greater stroke volume. The body size has also some other effects on the
heat tolerance (4). In women an endothelial regulation has some differences
compared to men. A sex-hormone-related improvement in vasodllatory respons
es and differences in nitric oxide production in women has been reported (5).
This may explain the tendency of decreasing blood pressure in women during
exercise in the he~t in spite of similar HR responses and smaller water deficit in
women. The venous insufficiency is more common in women, and this may
affect the cardiac capacity.

CONCLUSIONS

Our results indicate that the differences in heat tolerance between men and
women are mainly due to circulatory capacity. The greater body size and stroke
volume ofmen may help them to maintain blood pressure during exercise in the
heat. On the other hand, this causes an extra demand on cardiac circulation. This
may increase the risk of cardiac events in men during exercise· in heat. In
women, the protective effect of diminished arterial stiffness may expose them to
syncopelike disorders. These differences must be taken into account in risk
analyses of working in the hot enviroument.
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INTRODUCTION
Heat acclimation is an important physiological counter-mechanism to avoid

or reduce extreme thermal states of the body involving serious health problems
including heat stroke. Adaptive adjustments may be evoked, e.g., within pro
phylactic health care programs in occupational medicine, either by (A) repetitive
external heat load (e.g., in a climatic chamber) or (B) by repetitive endogenous
heat load via muscular endurance training (e.g., on an ergometer).

This project aimed at a comparative quantification ofthe adaptational phys
iological responses to the processes induced by treatment (A) and (B). The
extent and the time course ofthe responses, as well as the thermal and circulatory
efficiency, were determined.

METHODS

In contrast to former investigations (1,2,3) we guaranteed an equivalent ther
moregulatory strain by experimental feedback of mean body temperature as
physiological strain index, in case (A) to the temperature of the climatic cham
ber, and in case (B) to the mechanical power to be achieved On the ergometer.

By this, an increase of 1'C for mean body temperature (Tb = 0.87 Tre + 0.13
T,0 was maintained during 2 h. Each type of experiment was repeated during 9
consecutive days. Before and after each series, a heat tolerance test was carried
out: starting from a neutral enviromnent, the temperature of the climatic cham
ber was increased every 30 min by 5'C, and a temperature ofT. = 45°C (RH 20
%, wind speed 0.2 m·s) was kept for 45 min. After a second neutral phase, we
determined the shivering threshold. Acclimation series (A), see Figure 1, start
ed with a 60-min neutral phase and heating ofthe climatic chamber to T. = 50'C.
As soon as Tb was 1'C above the initial level, a computer controlled Tb at this
level by adjusting T•.

In series (B), see Figure 2, which was started not earlier than 4 weeks after
the end of series (A) to guarantee sufficient de-acclimation, the snbjects worked
at T. = 29 to 32'C and performed 100 to 180 W mechanical power on a bicycle
ergometer (after the initial resting phase) until Tb was 1°C above initial level.

The computer maintained this deviation by adjusting the workload. The
intent in the second series was to reproduce the time course of Tb of the first
series. One half ofthe 6 male subjects started with series (A), the other halfwith
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Figure I" Mean body temperature and chamber tem
perature in an experiment with exogenous load.
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Figure 2" Mean body temperature and mechanical
power in an experiment with endogenous load.

series (B). In any case,
the temporal integral of
the deviations ofTb from
the value recorded at
nentral initial conditions

39.5 was equal in series (A)
and (B). Measurements
consisted of 10 skin tem-

1,...~.'/·~1 peratures, core tempera-
36.2'~0--':::'·;..---''--;6;;;0---1;;2;;;0---:;;;;;-;:=~;;;-'27.0 ture (rectal and radio180 [min] 240

pill), sweat production
using 2 sweat collection
capsules and by weigh-
ing the subjects, 02 con

sumption and CO2production by respiratory gas analysis, heart rate, blood pres
sure, skin perfusion by Laser-Doppler-flowmeter and analysis of venous blood

(before the heat toler
ance tests: protein and
electrolyte content and

100 hematocrit) and sweat.
The snbjects did not take
part in any sports or
sauna, before or during

75 the period of the experi
ments and attempted to
avoid increased body
temperature, heart rate

50
and blood pressure,
while at home during the
period ofthe study.

RESULTS
The prominent 8daptive heat adjustments were a sigoificant reduction ofmean

body temperature Tb revealed in the heat tolerance test before and after series (A)
and (B), both for the neutral and the warm phase (Figure 3). The effect was pri
marily due to the decrease of core temperature, whereas we observed no clear
effect on mean skin temperature. Differences between the two series were not
evident, although a tendency ofa stronger effect ofthe endogenous load occurred

Sweat production was sigoificantly enhanced after both acclimation proce
dures (Figure 4); again sigoificant differences between the procedures conld not
be detected.

The effect of increased sweating rate shonld be primarily due to the
decrease ofthe sweating threshold, an effect that was statistically significant only
in series (B).
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Also, heart rate was
significantly reduced after
both series in the heat
stress phase (Fignre 5),
with a significantly greater
effect by ergometer train
ing. A uniform tendency ofa
decreased shivering thresh
old was obvious in both
series. Also, the tendencies
of increasing skin perfu
sion, blood electrolytes
and decreasing hematocrit
and sweat electrolytes after
acclimation procedures
were not significant.
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Figure 3. Decrease of mean bodY temperature
after exogenous and endogenous acclimatinn
(white bars: neutral phase; shaded bars: heat
phase ofhea! stress test)
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Figure 5. Changes of heart rate
after exogenous and endogenous
acclimation (white bars: neutral
phase; shaded bars: heat phase of
heat stress test).
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Figure 4. Sweat production after exo
genous and endogenous acclimation
(white bars: before; hatched bars: after
acclimation.

CONCLUSIONS

The results suggest that the temporal integral ofthe deviations ofmean body
temperature from the value recorded at neutral, initial conditions should be
regarded as the essential indicator for the acclimation stimulus. With an equiv
alent value of thIs strain index, differences in the overall thermal adaptation
grade could not be recorded. Successful and equivalent acclimation may be
achieved by both external and internal heat production.
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INTRODUCTION

Factors that enhance heat gain (e.g., physical exercise) or that reduce heat
loss (e.g., clothing) affect heat balance. Heat strain therefore arises from differ
ent combinations ofwork rate, clothing and environmental conditions and results
in a rise in deep-body and skin temperatores. The resultant sweating may lead to
hypohydration. Sweat rate is lower in hypohydrated individuals, which may com
promise their ability to thermoregulate by evaporative cooling. The situation is
further exacerbated because clothing impedes the evaporation of sweat and con
sequently reduces the evaporative cooling available. There are few data on the
effect of hypohydration on thermoregulation in clothed individuals, especially in
conditions in which evaporative cooling is essential to maintain thermal balance.

METHODS

Overview. Heat strain was measured in subjects who undertook a "work
in-heat" test in a climatic chamber on 4 occasions. For 2 of the tests, subjects
wore British Army combat clothing; for the other 2 they wore British Forces
chemical protective clothing over combat clothing. During 1 test in each cloth
ing condition, subjects were fully hydrated; in the other test they were acutely
dehydrated by 2.5% ofbody weight. The experiment was approved by the local
Ethics Committee.

Subjects. The anthropometric details of the 8 male subjects were as fol
lows: mean age 26.0 (l standard devfation = 3.1) years; height 1.76 (0.08) m;
weight 76.7 (8.9) kg; DuBois surface area 1.93 (0.2) m2; Durnin and Womersley
body fat 14.5 (5.0) %.

Clothing. British Army combat clothing: a single layer of clothing over
underwear: total weight = 4.7 (0.3) kg; ratio ofWoodcock Moisture Permeability
Index (1m) to total clothing insulation (IT) = 0.44 (airspeed = 1.1 m·s·l ).
Chemical protective clothing: multi-layered, charcoal-impregnated garments,
covering the torso, head, arms and legs, plus respirator, rubber gloves and boots;
total weight (includes combat clothing) = 8.8 (0.3) kg; ratio of im to IT = 0.17
(airspeed = 1.1 m·s·l ).

Environmental conditions. Dry-bulb temperatore = globe temperatore =

35°C; relative humidity = 50%; airspeed = 1.1 m·s·l ; wet-bulb globe temperatore
(WBGT) index = 29°C.

Exercise. Treadmill walk at 4.8 km'h- l , 0% incline, for 100 min maximum
(mean measured oxygen consumption was about I L'min-I , 160 W·m-2).
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Heat strain.. Heat strain was measured during the tests by recording deep
body (rectal) temperature, Ramanathan 4-point mean skin temperature and total
water loss. The ratio water evaporated to total water loss (EIP %) was calculat
ed from nude and clothed weights before and after the tests, adjusted for urine
voided. Heart rates were recorded for safety reasons but are not reported here.
Exercise tolerance time was recorded as the time to volitional withdrawal or to
reaching a rectal temperature of39.0°C or heart rate of 180 bpm.

Hydration levels. Hydration levels were adjusted as follows: during the
morning before each of the 4 afternoon "work-in-heat" tests, subjects exercised
wearing cotton shorts and T-shirt in the experimeqtal conditions described
above. Subjects were weighed at IS-min intervals and were removed from the
chamber when they had lost 2.5% oftheir starting body weight "Hydrated" sub
jects only were rehydrated to their starting body weight by drinking water inuoe
diately (Le., 2 h before the afternoon test). Subjects did not drink during either
the morning exposure or the afternoon test,

Data analysis. Data are expressed as mean (1 standard deviation). ANOVA
tests were performed and statistical significance was accepted at P < 0.05.

RESULTS

Rectal temperature. Figure I shows that when the subj'ects wore combat
clothing alone, rectal temperature rose to steady-state values. In hydrated subjects
this plateau value was 37.8 (0.39)OC, but in hypohydrated subjects the heat strain
was significantly greater, with a mean rectal temperature of38.4 (0.25)OC. When
the subjects wore chemical protective clothing in addition to combat clothing,
mean rectal temperature rose steadily throughout the exposure, never reaching a
steady-state value. Dehydration had no significant effect on this response.

39.5

~ NBCH
e NeeD
~

38.51! CDm
Q.

E CHJ!l
~
~ 37.50
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Q.
m
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Figure 1. The effects of2.5% hypohydration on exercise rectal temperature.
CH ~ Combat clothing/dehydrated;
CD(.) ~ Combat clothing/hypohydrated;
NBCH = Combat clothing + chemical protective clothing/dehydrated;
NBCD(.) = Combat clothing + chemical protective clothing/hypohydrated
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Figure 2. The effects of 2.5% hypohydration on exercise mean skin
temperature

CH ~ Combat clothinglhydrated;
CD(.) ~ Combat clothinglhypohydrated;
NBCH ~ Combat clothing +chemical protective clothing/hydrated;
NBCD(.) ~ Combat clothing + chemical protective clothing/hypohydrated

Mean skin temperature. When wearing chemical protective clothing, the
subjects began the tests with a mean skin temperature about 0.6°C higher than
when wearing combat clothing alone (Figure 2). This was due to the higher insu
lation and/or the lower water vapor permeability ofthe chemical protective gar
ments, which resulted in a lower heat loss during the dressing phase.

At the beginning of the "work-in-heat" test, the mean skin temperatures in
all dress and hydration states rose sharply for the first 10 to 15 min. Therespons
es after this initial rise depended on the type of clothing worn. The mean skin
temperature ofthe subjects wearing combat clothing alone gradually declined for
the remainder of the test. Hypohydration had no effect on this response. The
progressive reduction in skin temperature shows that the high evaporation
through the clothing cooled the skin, allowing the rectal temperature to reach a
steady-state value. When subjects wore chemical protective clothing, mean skin
temperature remained at constant levels for most ofthe test and then rose slight
ly towards the end. The state of hydration did not affect the response.

Exercise tolerance time. All subjects wearing combat clothing alone
achieved the IOO-min exercise duration. When wearing chemical protective cloth
ing, tolerance time was 59 min when hydrated, but 19% less when hypohydrated.

Total water loss and evaporative cooling. Table 1 shows that in both
clothing states hypohydration reduced total water loss but did not influence the
EIP ratio. This indicates that clothing was the major factor influencing evapora
tive cooling.
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Tab[e 1. The effect of25% hypohydration on water loss and evapaative cooling
during exercise

Mean water
produced (P)

gohour-I

Mean water
evaporated (E)

g.hour-I

MeanEiP

Combatclothing
• hydra1ed 1140 (240)
• hypohydrated 1060 (240)
Combatclothing'+ chemical protective clothing
• hydra1ed [220 (380)
• hypohydrated 950 (410)

730 (90)
710 (150)

390 (120)
280 (100)

66 (10)
67 (8)

3[ ([4)
34 (4)

DISCUSSION

This study showed that in subjects wearing combat clothing alone, moder
ate hypohydration resulted in greater heat strain than in hydrated subjects. Of
particular interest is that hypohydration did not exacerbate the heat strain in sub
jects wearing chemical protective clothing, presumably because evaporative
cooling in the hypohydrated subjects was maximal, so the additional sweat pro
duced by hydrated subjects could not further reduce the heat strain.

These findings suggest that for light work ofshort duration, moderate hypo
hydration does not impair thermoregulation when clothing ofa high water vapor
resistance is worn and implies that safe work times for hypohydrated workers
wearing this type of clothing need not necessarily be lower than those for fully
hydrated workers. However, exercise tolerance time was reduced by 19% in
hypohydrated subjects, mainly because they reached the heart rate withdrawal
criterion. 8imilar results have been reported by Cheung and McLellan (I) who
quantified this increased cardiovascular strain in subjects exposed to very similar
heat stress, clothing and work conditions to those used in this study. These find
ings imply that when setting safe work times for workers who may become hypo
hydrated, both cardiovascular strain and thermal strain must be considered.
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INTRODUCTION

A number of studies have investigated 1he effect of thennal stress on the
temperature profile ofmuscle tissue during rest and exercise. To our knowledge,
Saltin, et al. (5) is the only study that measured intramuscular leg temperature
following low to intense exercise (25 to 75% V02ma><) perfonned in a range of
ambient temperatures (10 to 30'C). Although they graphically represented
quadriceps muscle temperature changes during post-exercise rest, they did not
specifically address 1he post-exercise period. Their data demonstrates that post
exercise esophageal and muscle temperatures decreased progressively during
recovery to pre-exercise resting values within 10 to 15 min (except following
intense exercise at 30C).

In contrast, we have previously shown 1hat esophageal temperature remains
elevated by ""().5'C for at least 65 min after exercise (6). It was subsequently
shown that the quadriceps muscle temperature remained elevated 2.8'C above
esophageal temperature for the duration of the 30-min recovery (3). The dis
crepancy in these data supports the need to further investigate the mechanism(s)
of local tissue heat balance following different conditions of exercise.

More recently, evaluation of tissue temperature transients during thermal
stress at rest onder steady state (I) and transient (2) conditions have demonstrat
ed the significant role ofthe convective heat transfer by the blood on local tissue
heat balance. However, few studies have investigated the direct effect of local
endogenous heat loads and the role of convective heat transfer by the blood on
the thennal stability of tissue. We have recently demonstrated that single-knee
extension produces an increase in 1he resting contralateral muscle temperature
comparable to esophageal temperature suggesting that convective heat transfer
by the blood to inactive tissue may sigoificantly affect the rate of change in
esophageal temperature (Tes) during and following exercise (4). As such, the fol
lowing study was designed to evaluate the effect of localized endogenous heat
ing on muscle tissue and core 1hennal stability following exercise.
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METHOD

Subject Selection

Six males and I female participated in the study. They were physically
active, although none engaged in daily or intensive training programs.

Instrumentation

T", was monitored as an index ofcore temperature. Skin heat flux and tem
perature (TsKavg) were measured from 12 sites by combined thermal flux trans
ducer/thermistors and the area-weighted mean was calculated. Heart rate was
monitored continuously. Oxygen consumption was measured continuously by
an open-circuit method from measurements of expired minute volume and
inspired and mixed-inspired gas concentrations sampled from a mixing box.
forearm blood flow was measured by laser-Doppler f1owmetry.

Muscle temperature (Tmu) was measured by a multisensor temperature
probe inserted into the vastus medialis (left thigh) under ultrasound guidance,
such that the temperature sensors were located at -10,25 and 45 rom (Le., Tmu!o,
Tmu25 and Tmu40) from the femur and deep femoral artery. The implant site was
about midway between, and medial to, a line joining the anterior superior iliac
spine and the superior apect of the center of the patella.

Experimental Protocol

Subjects were required to perform an incremental isotonic test on the KIN
COM isokinetic apparatus (angular velocity of 59.sec'!) to determine their max
imal oxygen consumption during bilateral·knee extension. The results ofthe test
were used to establish the work level for the experimental trial.

Experimental trials were conducted in the moming. Following the insertion
of the intramuscular probe, subjects rested in a semi-recumbent position for 60
min in an ambient condition of 22°C. During this period, the subject was instru
mented appropriately and then remained seated for a minimum period of30 min.
Subjects then performed 15 min of bilateral-knee extensions against a dynamic
resistance corresponding to 60% ofmaximal oxygen consumption. Exercise was
followed by 60 min of seated rest.

Analysis of Results

Statistical analyses for T,,, Tmu and TSKavg were performed by ANOYA for
repeated measures to compare values for pre-exercise, end-exercise and at 10
min intervals during post-exercise recovery. Data are presented as means ±SE.

RESULTS

Baseline T" and Tsk-avg were 36.86 ±O.lOC and 31.93 ±O.3°C, respectively.
Resting muscle temperature was significantly lower than esophageal temperature
(i.e., 36.56 ±O.l, 36.54 ±O.l and 36.28 ±O.IOC for Tmu!o, Tmu25 and Tmu40, respec
tively) (l'igore I). following the onset ofexercise, T" remained stable for the ini
tial-5 min ofexercise after which it increased at a rate of0.05OC·min-' that was sig
nificantly reduced in the final 5 min (P < 0.05). In contrast, Tmu increased at a rate
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Figure 1. Mean (±SE) esophageal and muscle (nou-exercising leg) temperatures
during baseline resting, exercise and post exercise recovery (n=6)

of0.21'e'min-1 during the initialS min and was subsequently reduced for the dura
tiou of exercise (0.07"C·min-1). The decrease in the rate ofTmu increase paralleled
the attenuation ofT" during the late stage$ of exercise. TSKavg increased continu
ously following initiation of exercise to an end-exercise value of32.92"C that was
significantly elevated above baseline rest (p < 0.05). The increase in TSKBvg was
paralleled by an increase in heat loss (Figure 2). Exercise resulted in aT" increase
of 0.51'e (37.42'C) above pre-exercise rest (P < 0.05). Muscle temperature
increased by 1.71"C (3827'C), 1.66'e (38.20'C) and 1.68'e (37.96"C) for Tmu1o,

Tmu2S and Tmu40' respectively (p < 0.05). T" decreased rapidly (-O.034"C·min-l) dur
ing the initial 10 min ofrecovery to an elevated value ofO.2°C above baseline rest.
This was followed by a more gradual decrease ofT" (-0.002°e·min-l ) for the dura-
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Figure 2. Mean (±SE) heat flux ofthe inactive thigh and whole body and average
skin tennperature during baseline rest, exercise and post-exercise resting (n=6)

343



tion of recovel)'. Trou decreased rapidly during the initial 30 min of recovel)'
(-0.04'C· min-I) and was reduced for the duration of recovery (-O.OI'C· min-I).
TSKavg decreased to baseline resting values within -20 to 25 min ofrecovel)'.

CONCLUSION

These data demonstrate that the rate of tissue heat production, by bilateral
knee extensions, was sufficient to result in a significant increase in Tos above pre
exercise resting. Previous studies bave shown that the rate of temperature
increase in muscle during exercise is paralleled by a subsequent change in Tos (5).
Of interest, however, is the post-exercise change in both esophageal and muscle
rates oftemperature change. In the present study, Tos achieved an elevated value,
--o.2"C above baseline rest at about the same time muscle temperature demon
strated a significant reduction in the rate oftemperature decrease. The rate ofheat
loss (for the whole body and thigh) remained elevated above baseline resting for
the full duration ofrecovel)' that paralleled the sustained elevation in muscle tem
perature. Despite employing a single muscle group (i.e., quadriceps) during exer
cise (as compared to treadmill running), we demonstrated a sustained post-exer
cise elevation of Tos --o.2"C above baseline rest. Thus, more intense exercise
would likely result in an increase in the magnitude ofthe post-exercise Tos• These
results show that the transfer of residnal heat from previously active musculature
may contribute to the sustained elevation in post-exercise Tos'
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RISK OF CARDIOVASCULAR DISTURBANCES IN RELATION TO
EXPOSURE TO ELECTROMAGNETIC FIELDS

A. Bortkiewicz, E. Gadzicka and M. Zmyslony

Nofer Institute of Occupational Medicine, 90-950 Lodz, Poland

'e

INTRODUCTION

Exposure to electroma!l!'etic fields (EMF) from man-made source, is
almost permanent. Theoretically, it is possible that this exposure may indace
some harmful effects in humans (I). Research on the biological effects ofE1I1F
is associated with 2 main frequency ranges: extremely low frequency (ELF,
50--{)0 Hz) and radio-frequency (RF, 3 kHz-300 GHz). The data on cardioyas_
cular changes in exposed·workers are conflicting. Some authors have reported
reduced systolic blood pressure or electrocardiogram (ECG) abnormalities 'Ilch
as SinllS arrhythmia and sinus tachycardia in people exposed to 50 Hz EI\1F.
Olhers do not confrrm Ihese [mdings (2,3). In subjects exposed to RF EMF, the
following symptoms were observed: heart rhythm disturbances, impaired COn
duction, decreased amplitude of ECG records and blood pressure changes (e.g.,
hypo- or hypertension) (4). Our data revealed more frequent electrocardio
graphic abnormalities in RF EMF workers (5). Considering these discrepancies,
we have undertaken a study to evaluate circulatory system disturbances in work
ers occupationally exposed to EMF at different exposure levels and frequencies.

METHODS

Subjects. The study groups consisted of technical personnel and security
service workers, aged 21 to 69 years, who worked from I to 42 years, and who
were deemed fit for work at permissible EMF levels by the occupational health
practitioners. The examinations were carried out in several groups. Exposed
group (I) consisted of71 workers at 4 AM broadcast stations, which operated at
frequencies up to 1503 kHz. The main sources ofEMF in the AM broadcast sta
tions were the transmitting antennas (half-wave dipole), radio transmitters and
feeders (which conduct radio signals from the transmitter to the antenna).
Exposed group (II) consisted of 40 workers at 10 radio services. Mobile radio
communication network requires permanent technical supervision; its users
organize special radio service units. During Ihe service operations, undesirable
EMF are generated by unscreened transmitters, improper tuning instruments or
transmitting-receiving antennas installed in Ihe service-rooms. Exposed group
(ill) consisted of 63 workers at 4 substations. Substations are the element of a
power system in which electric power is distributed and/or transfonned. The
substations under study worked wilh high and extra-high voltage (110 kV to 400
kV). The substation equipment is a source of electric and magnetic 50 Hz field.
The Control group (0) was comprised of 42 workers at 4 radio link stations.
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Radio link stations are the elements ofa telecommunication system in which sig
nals are transmitted using EM waves focused into very low beams by direction-

9 al (mostly parabolic) antennas. Because the antennas are installed in highly inac
cessible locations and the radiation beams run high above the ground, the work
ers ofthe radio link stations are free from exposure to EMF. Table I sbows the
characteristics ofthe groups examined.

Table 1. Characteristics ofthe groups examined

~ Non-exDosed
Groups Broadcast Radio- Substations Radio Link

Stati ODS (I) services (IT) (Ill) Stations (0)

No. ofworkers 71 40 63 42
Age (years) 46.9±13.1 * 36.9±1I.5 39.2±9.9 4O.7±9.2*

Period of 18.6 ±121 12.5 ±9.5 14.9±IO.3 129 ±4.0
employroent (years)
BMI' (kg.m-2) 26±3 25±3 26~ 25~

No ofsmokers(>IO 33(47%) 15(38%) 21(33%) 16(38%)
cig/day)

No. ofsubjects 59(83%)* 2(5%)' 18(29%)* 26(65%)'
reportingalcohol
consumpli 00 (not
less than I1month)

EMF elq!Osure:
Frequeney 738-1503 kHz 150-170 50Hz 0

MHz

Emax. 50-550 [V/mJ 2-55 [V/mJ 4.3-6.7 (kVlm] 0
Bmax negligihle negligible 26.1-37.3 [ml] 0

Edose 50-260 [(V/m)h] irregular 0.2-15.2 0
eKpOSllre [(kVhn)h]

Bdose negligible negligible 1.4-38.9 [rrlTh] 0

IBM! == body mass index;
• ~ificautdifferencebetweeo exposed andnon-exposed group(p <0.05).

Exposnre evalnation. For each worker, the exposure to EMF was assessed
by maximum values of the electric fieJd strength (E""J, the magnetic flux den
sity (Bm",) and doses per workshift (EDose and BDo..)' For measurements, the
HOLADAY Industries (USA) measuring set and MEH-Ia meter (Technical
University; Wroclaw, Poland) were used.

Medical examination. All workers had a general medical examination,
including an interview for family history of cardiovascular disease. A routine
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INTRODUCTION

Exposure to electroma!lJ1etic fields (EMF) from man-made sources is
almost permanent. Theoretically, it is possible that this exposure may induce
some harmful effects in humans (1). Research on the biological effects ofEMF
is associated with 2 main frequency ranges: extremely low freqnency (ELF,
50-60 Hz) and radio-frequency (RF, 3 kHz-300 GHz). The data on cardiovas
cular changes in exposed·workers are conflicting. Some authors have reported
reduced systolic blood pressure or electrocardiogram (ECG) abnormalities such
as sinus arrhythmia and sinus tachycardia in people exposed to 50 Hz EMF.
Others do not confIrm these findings (2,3). In subjects exposed to RF EMF, the
following symptoms were observed: heart rhythm disturbances, impaired con
duction, decreased amplitude of ECG records and blood pressure changes (e.g.,
hypo- or hypertensiou) (4). Our data revealed more frequent electrocardio
graphic abnormalities in RF EMF workers (5). Considering these discrepancies,
we have undertaken a study to evaluate circulatory system disturbances in work
ers occupationally exposed to EMF at different exposure levels and frequencies.

METHODS

Subjects. The study groups consisted of technical personnel and security
service workers, aged 21 to 69 years, who worked from 1 to 42 years, and who
were deemed fit for work at permissible EMF levels by the occupational health
practitioners. The examinations were carried out in several groups. Exposed
group (l) consisted of71 workers at 4 AM broadcast stations, which operated at
frequencies up to 1503 kHz. The main sources ofEMF in the AM broadcast sta
tions were the transmitting antennas (half-wave dipole), radio transmitters and
feeders (which conduct radio signals from the transmitter to the antenna).
Exposed group (U) consisted of 40 workers at 10 radio services. Mobile radio
communication network requires permanent technical supervision; its users
organize special radio service units. During the service operations, undesirable
EMF are generated by unscreened transmitters, improper tuning instruments or
transmitting-receiving antennas installed in the service-rooms. Exposed group
(111) consisted of 63 workers at 4 substations. Substations are the element of a
power system in which electric power is distributed and/or transformed. The
substations under study worked with high and extra-high voltage (110 kV to 400
kY). The substation equipment is a source of electric and magnetic 50 Hz field.
The Control group (0) was comprised of 42 workers at 4 radio link stations.

347



Radio link stations are the elements ofa telecommunication system in which sig
nals are transmitted using EM waves focused into very low beams by direction
al (mostly parabolic) antennas. Because the antennas are installed in higWy inac
cessible locations and the radiation beams run high above the ground, lbe work
ers oflbe radio link: stations are free from exposure to EMF. Table I shows lbe
characteristics of lbe groups examined.

Table 1 Characteristics of the groups examined

Exposed Non-exposed
Groups Broadcast Radio- Substations Radio link

Stations (I) servi ces (II) (JII) Stations (0)

No. ofworkers 71 40 63 42

Age (years) 46.9 ±13.1 , 36.9±11.5 39.2±9.9 4O.7±9.2'

Period of 18.6 ±121 12.5 ±9.5 14.9±10.3 129 ±4.0
employIrellt(years)

BMI' (kg.m.2) 26±3 25±3 26"" 25""
No ofsmokers (>10 33(47%) 15(38%) 21(33%) 16(38%)
ciglday)

No. of subjeclS 59(83%)' 2(5%)' 18(29%)' 26(65%)'
reporting alcobol
consumpli on (not
less than IImonth)

EMF exposure:

Frequency 738-1503 kHz 150-170 50Hz 0
MHz

Emax 50-550 [Vim] 2-55 [VIm] 4.3-6.7 [kVlm] 0

Bmax . negligible negligible 26.1-37.3[mTi 0

Edose 50-260 [(V/m)h] irregular 0.2-15.2 0
ex.posure [(kVlJJ1}h]

Bdose negligible negligible 1.4-38.9 [nillt] 0

IBMI = body mass index;
, Siguificantdiffereocebetweeo exposed sudnon-exposed group(p <0.05).

Exposure evaluation. For each worker, the exposure to EMF was assessed
by maximum values oflbe electric field strength (Em,J, lbe magnetic flux den

sity (Bmax) and doses per workshift (EDo," and BDo,J. For measurements, lbe
HOLADAY Industries (USA) measuring set and MEH-Ia meter (Technical
University; Wroclaw, Poland) were used.

Medical examination. All workers had a general medical examination,
including an interview for family history of cardiovascular disease. A routine
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12-lead ECG wa$ recorded using a Medea system (Gliwice; Poland), The results
were evaluated using generally adopted standards, In addition, a 24-h ECG
recording was perfonned using Medilog 3000 (Oxford, England) from 2 bipolar
leads, CM5 and CS L The results obtained were then compared to the interna
tional standards for Holter EeG parameters according to the criteria adopted at
the 3rd Holter Symposium in Vienna in 1988, A 24-h ambulatory blood pres
sure monitoring (ABP) test Was perfonned during professional and other activi
ties llSing Oxford Medilog ABP System, The results were related to the
Staes$en's reference values of arterial blood pressure (6),

Statistical Analysis, Differences between the exposed groups and controls
were analyzed using chi-square and Student's t test (for nonnal distributions) or
non-parametric Mano-Whitoey te$t (for other distributions), Mean values were
compared using analysis of variance with multiple comparison tests, Fisher
exact probabili1y test was used to compare the frequencies of ECG and blood
pressore abnonnalities in each group, Logistic regression was utilized to inves
tigate the relationship between the probabili1y of abnonnalities and variables
such as age, number of cigarettes smoked, amount of consumed alcohol, dura
tion ofwork and exposure levels,

RESULTS
The data from the medical examinations and interview indicated that the

test groups were similar with respect to the level ofphysical fitness and (jjetary
habits. They differed in the age ofworkers, number ofcigarettes smoked and the
level of alcohol intake, The possible influence of these factors on the results of
the study was eliminated by statistical procedures,

Our studies did not reveal any significant differences between the exposed
and non-exposed groups in the frequency of abnonnalities in resting ECG,
Significant differences between group I and the other groups were found for
abnonnalities present in one of the recordings (resting and/or Holter) (Table 2),

In groups IT and III, the abnonnalities in 24-h and/or resting ECG were also
more frequent than in the non-exposed group, but the differences were insignif
icant For Holter ECG recordings, heart rhythm disturbances dominated in group
I, whereas repolarization impainnents were dominant for the other 2 groups,
Blood pressure monitoring revealed increased frequency ofelevated BP in group
TIl (38%) vs, the non-exposed group (23%), The difference between groups TIl
and 0 was statistically significant (p ~ 0,04),

. The risk analyses revealed that the probabili1y (odds ratio) for abnonnali
ties in resting and/or 24-h ECG was 6,6 for group I, 2,0 for group IT and 1,4 for
group III in comparison with the control group, On the other hand, a signifi
cantly higher risk for increased blood pressure was detected by the ABP method
in group m. The increase was mostly dl)e to an elevated systolic blood pressure
at night (odds ratio ~ 12.5).
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METHODS

Subject Selection. Five males and 1female participated in the study. They were
physically active, although nohe engaged in daily or intensive training progmms.

Instrumentation. Esophageal temperature (T,,) was monitored as an index
of core temperature. Skin heat flux and temperature (TSICavg) were measured
from 12 sites by combined thermal flux transducerlthermistors and the area
weighted mean was calculated. Heart rate was monitored continuously. Oxygen
consumption was determined continuously by an open-circuit method from mea
surements of expired minute volume and inspired and mixed-inspired gas con
centrations sampled from a mixing box. Forearm blood flow was measured by
laser-Doppler flowmetry.

Muscle temperature of the non-exercising leg was measured by a thermo
couple temperature probe inserted into the vastus medialis under ultrasound
guidance. Temperature sensors were located at -10, 25 and 45 mm (I.e., TmulO'
Tmu25 and Tmu40) from the femur and deep femoral artery. The implant site was
about midway between, and medial to, a lioe joining the anterior superior iliac
spine and the superior aspect of the center of the patella.

Experimental Protocol Subjects were required to perform an incremental
isotonic test on the KIN-COM isokinetic apparatus to determine their maximal
oxygen consumption for one-legged knee extension. The results ofthe test were
used to establish the work level for the experimental trial.

Experimental trials were conducted in the moming. Following the insertion
of the intramuscular probe (i.e., in the non-exercising leg), subjects rested in a
semi-recumbent position for 60 min in an ambient condition of22°C. During this
period, the subject was instrumented appropriately and then remained seated for
a minimum period oBO min. Subjects then performed 15 minofone-legged right
knee extensions against a dynamic resistance corresponding to 60% of maximal
oxygen consumption. Exercise was followed by 60 min ofseated rest.

Analysis of Results. Statistical analyses, for Te., TsKa,g and Tmu were per
formed by ANOVA for repeated measures to cOmpare values for baseline (aver
age offinal 5 min), end-exercise and at lO-min intervals post-exercise. Data are
presented as means ± SE.

RESULTS

Baselioe T" and TSKavg were 37.03 ± 0.1 °C and 31.81 ± 0.3 °C respective
ly. Resting muscle temperature was significantly lower than esophageal tem
perature (I.e., 36.60 ± 0.1,36.58 ± 0.1 and 36.45 ± O.l'C for Tmu10' Tmu25 and
Tmu40' respectively) (Figure I). Following the onset of exercise, both Tes and
Tmu increased for the duration of exercise. TSkavg demonstrated a slight
decrease at the ouset of exercise followed by a gradual increase, -5 min into
exercise, to an end-of-exercise value of32.l8°C (N.S.). The increase in TSkavg
was paralleled by an increase in the rate of heat loss (Figure 2).

Exercise resulted in a T" and Tskavg increase of027°C and 0.37°C, respec
tively, above pre-exercise rest (P < 0.05). Muscle temperature (TmJ increased
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0.22,0.14 and o.noe for TmulO, Tmu25 and Tmu40, respectively (P < 0.05). T"
continued to increase for -2 min following cessation ofexercise after which Tes
decrease to baseline values within -20 min. In contrast, Tmu continued to
increase for -10 min post-exercise reaching a peak value of 36.86 ;l; 0.1, 36.78
;l; 0.1 and 36.62 ± 0.2°e for Tmu10, Tmu25 and Tmu40, respectively (p < 0.05).
WJ;Iile T" decreased to baseline values within -20 min of end-exercise, Tmu

reached pre-exercise resting values following -40 min ofrecovel)'.
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CONCLUSION

These data show that the rate of tissue heat production of the active muscle
was sufficient to result in a significant elevation ofesophageal temperature and a
subsequent increase in the contralateral (i.e., inactive leg) muscle temperature.
Although muscle heat loss, of the inactive leg, increases above resting during
mid-exercise, it actually decreased to resting values before peak muscle tempera
ture was reached (Le., at -10 min ofpost-exercise rest). Our results may support
the importance of convective heat transfer by blood to inactive muscle tissue in
reducing the rate of core temperature increase during exercise. In addition, the
sustained increase in muscle temperature (I.e., inactive leg) during the early stages
ofrecovery, in contrast to the decrease ofesophageal temperature and rate ofheat
loss, demonstrates the potential role of inactive muscle tissue as a heat sink dur
ing recovery. Although the transfer of heat to the cooler tissue regions may act
as a heat sink during exercise, thereby reducing the thermal stress, it results in a
significant residual heat load during subsequent recovery. This may in fact
increase recovery time required to re-establish nonnal resting temperatures.
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2Space and Naval Warfare Systems Center, San Diego, CA, USA,
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INTRODUCTION

Low frequency underwater sound (LFS) is a concern in the marine envi
ronment because of its long propagation distances, its contribution to sound pol
lution and its potential for adverse biological effects. There are multiple sources
ofLFS: super tankers, military sonar, oceanographic research systems, oil explo
ration, drilling platfoID1S, underwater construction and blasting, earthquakes, as
well as whale songs. As part of an enviro1J11lental impact statement for low fre
quency active sonar, the U.s. NavY is conducting studies investigating the effects
of LFS on marine mammals and human divers. The goal of these studies is to
deteIDline the limits for acceptable exposures to low frequency active sonar.

The preliminary U.S. NavY human exposure guidelines for LFS (160-320
Hz) state that exposures should not exceed 160 dB reo 1 j.1Pa (1). The cumula
tive sound exposure duration should not exceed 15 min over a 24-hour period
and a continuous exposure should not exceed 100 s with a duty cycle no greater
than 50%. Currently there is no restriction on dive depth during the sound expo
sure. A limited number of studies performed on military-trained divers suggest
that no physical damage occurs within the exposure guidelines (2,3). However,
when approaching the upper boundartes of the guidance, military divers tended
to approach their iimit of subjective tolerance to LFS (2,4). Since all previous
studies were performed on a highly selected population ofwell-trained, healthy
military divers, the preliminary guidance needs to be adapted for the recreation
al diving popUlation. In particular, the guidance should account for the possible
psychological reactions that may occur following an unexpected LFS exposure
in a recreational diver. Such an exposure might startle the diver and result in an
inappropriate, rapid ascent to the surfuce. An uncontrolled ascent increases the
likelihood of arterial gas embolism (AGE), pulmonary over-inflation syndrome,
decompression illness (DCl) and drowning (5). We are currently investigating
the psychological effects of LFS in recreational divers. This paper addresses
some of the methodological issues involved in conducting underwater sound
exposures on divers to ensure subject safety and data integrity and reliability.
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Sound Variables

The transmission ofsound in water is largely unimpeded by the human body
since most tissues have the same density as sea water. However, when LFS trav
els through air-filled body cavities (e.g., lung, sinus and bowel) the change in
impedance between body tissues and the air cavities increases the influence of
sound on these bodily structures. Listed below are the primary variables required
to define underwater sound exposures and their influence on physiological and
psychological reactions.

Sound Pressure Level (SPL). The pressure of underwater sound is usually
expressed in decibels (dB) referenced to 1 JlPa. To compare SPL measured in air
(normally referenced to 20 JlPa) with that measured in water, it is necessary to add
26 dB (20 log 20) to the 20 JlPa referenced value. Regardless offrequency, exper
iments in humans and animals, as well as theoretical models, suggest that damage
thresholds for sensitive organs (e.g., lung, bowel) occur above 190 dB (6).
Temporary threshold shifts in hearing have been demonstrated at 170 dB (7).

Frequency. ,iPS includes frequencies below 1 kHz, which coincides with
the resonant frequencies of various organ systems (e.g., lung, Pacinian corpuscle,
bowel) (6). Frequency impacts the perception of vibration (8) and loudness (9).

Signal type. There are many signal types (e.g., pure tones, sweeps, war
bles). Some signal types such as complex tones produce audible beats at lower
frequencies than the conStituent pure tones, Depending on their bandwidth and
pulse repetition frequency, sweep tones increase the likelihood of matching the
resonant frequency of a body structure. Our findings suggest that 7 second
hyperbolic sweeps (30 Hz bandwidth) result in similar psychological aversion to
pure tones of the same duration (8).

Dnration. Short sound durationS at high SPLs are important for damage
thresholds ofgas-filled voids (6). Mathematical models ofbubble growth impli
cate long soilnd durations at high SPLs in the generation ofrectified diffusion in
supersatutated tissue, theoretically increasing the risk of DCI (10). Long sound
durations, even at low SPLs, can cause damage to certain organs such as the ear
(7). Duration is also important for subjective tolerance limits (I).

Near vs. far field. To simulate the acoustic conditions in the ocean envi
ronment, the diver should be placed in the far field so that the acoustic wavefront
will be uniform oyer the diver's body. For LFS, the far field can be defined as
beginning at a distance from the sound source equal to twice the maximum
dimension ofthe projecting transducer. Any distances closer than the above cal
culation is defined as the near field.

Duty cycle. It is defmed as the percentage of time that sound is present in
a repeating interval (e:g., if a 30-s sound repeatS after a 30-8 pause, then the duty
cycle is 50%. We are unaware of studies that have investigated the effects of
duty cycle on physiological responses and psychological reactions to LFS.

Dive Site Selection for Low Frequency Sound Exoeriments

The choice ofdive site used for conducting LFS experiments has consider
able implications for data fidelity. An ideal dive site should have a well-con-
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trolled environment with easy dive access, anechoic properties and minimal
background noise. To avoid any unwanted masking effects on physiological
parameters, background noise should be at least 20 dB below the SPL ofthe fre
quency ofinterest. Sources ofbackground noise in artificial pools that should be
minimized include pool pumps, nearby vehicle traffic or construction work and
60 Hz power line hum. To obtain uniform SPLs at the diver, it is important to
minimize the effects of standing waves that cause spatial deviations in SPL over
the sound field. Standing waves are created when sound reflects from surfaces
such as pool walls, the bottom and the air-water interface. Most pools and tanks
are reverberant environments that preclude their use in LFS experiments.
However, there are specially desigoed anechoic underwater sound testing facili
ties (e.g., TRANSDEC; Point Lorna, CAl that have contoured sides and sound
traps that simulate an infioite expanse ofwater. While deep blue water dive sites
provide better anechoic conditions than most artificial pools, their main disad
vantages are loss of a controlled environment and an increased complexity ofsci
entific and dive support. Furthermore, open water LPS studies require calculat
ing the transmission loss of sound to ensure that sound beyond the dive site does
not have sigoificant impact on the environment.

Diver Safety

The choice of dive depth for experiments on LFS needs to balance issues
ofsound field integrity (as stated above) and diver safety. When conducting LFS
experiments with divers of varying experience, we have found that a dive depth
of I m maximizes diver safety. At this depth the spatial deviation in SPL over
the diver's body is less than I.3 dB for frequencies between 100 and 500 Hz (8).
Suspending a diver at a depth of I m essentially eliminates the possibility of
barotrauma and DCI caused by an uncontrolled ascent. If dives exceed a I-m
depth, a medical recompression chamber should be immediately available for
treatment of AGE or DCI. To prevent uncontrolled ascents caused by reactions
to the sound, divers should be provided with a means for immediate termination
of the sound exposures upon reaching thresholds of pain or tolerance. Voltage
cut-off circuits can also be used for automatically shuttiog off the power to the
sound transducer should SPLs exceed predetermined limits.

Electrical safety is a sigoificant concern when conducting diving experi
ments, partiCUlarly when using high-power underwater sound transducers that
may introduce current leakage into the surrounding water. Means for ameliorat
ing the danger of electrocution include using surge protectors and current leak
age cut-off switches, isolating the source transducer and grounding electrical
equipment to eliminate ground loops.

CONCLUSIONS

The acoustical parameters ofLFS might independently affect physiological
and psychological responses and must be clearly defioed Obtaining valid scien
tific data for development of LFS exposure limits requires understanding the
impact ofthe dive site on the sound field. Suggestions for ensuring subject safety
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are provided that take into account the inherent risk ofthe diving environment, as
well as, the potential aversive natnre and possible physiological effects ofLFS.
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THERMAL CONDITIONS IN THE BATHROOMS OF THE ELDERLY
IN SUMMER, AUTUMN AND WINTER IN JAPAN

T.Ohnaka

Fukuoka Women's University, Fukuoka, Japan

INTRODUCTION

A large number of deaths from accidents at home have still been observed
in Japan, and about two-thirds ofthe victims are elderly people (1). Among the
causes of accidents, death by drowning is the greatest in number, and those are
found in bathrooms in the winter seasons (2). It might be due to insufficient
heating in the bathrooms; however, the survey of the thermal conditions in the
bathrooms of the house of the elderly from a viewpoint of preventing accidents
is limited in number. Hence, this survey was conducted to measure the thermal
conditions in the houses ofthe elderly including those in the bathrooms.

MATERIALS AND METHODS

The subjects were 30 elderly (mean age 75.6 years) and.30 young (21.7
years) fumales in Fukuoka Prefecture, Japan. All ofthe elderly lived in detached
houses and 17 young persons lived in apartment houses. Room temperatures in
the living room and dressing room were measured every 2 min for 7 continuous
days in summer (August), autumn (October) and winter (January) using an auto
matic thermorecorder (RTIO, Tabai Espec Co. Japan). Water temperature ofthe
bath was measured by the subjects using a thermometer while taking a bath. The
clothes worn just before taking a bath were recorded in the living room, and the
clo values oftheir clothes were estimated (3). Thennal sensations were voted in
the living room justbefore taking a bath and in the dressing room after taking off
the clothes. The bathing habits, such as times ofbathing per week, time of day
and duration of taking a bath, and so on, were asked by a questionnaire.

RESULTS

Figure 1 shows the air temperatures in the living rooms and dressing rooms
n the three seaso~s. The living room temperature represented the temperature
when subjects were resting there just before taking a bath. The dressing room
temperature is given when the subjects undress. In summer and autumn, siguif
icantly higher room temperatures in both rooms were found in the young per
sons' houses. On the other hand, there were no significant differences in rooms
between the groups in winter. The mean temperatures (SD) in the dressing rooms
in winter were 15.1 (3.8)CC in the elderly and 16.1 (4.5)CC in the young, respec
tively. Some cases with air temperatures at IOcC or below were observed in the
elderly persons' houses. However, one-third of the elderly did not perceive it as
"cold" when air temperature was at 15CC or below in the dressing room after tak
ing off their clothes.
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Figure 1. Room temperatures in linving room (left) and dressing
room (right) in the three seasons. Values are means ±SD.

Figure 2 shows the insulation of clothing worn in the living room just
before taking a bath. Clothing insulation was significantly higher for the elder
ly in winter compared with the young. In automn and summer, there were no sig
nificant differences between the groups.

Figure 3 shows the relationships between· living room temperature and
clothing insulation. Significant lioear relations were found for both the elderly
(r = -0.82, P < 0.01) and the young (r = -0.79, P < 0.01).

Figure 2. Clolhing insulation
in the three.seasons.
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Figure 3. Relationships between
linving room temperatures and
clothing inslulation.

Figure 4 presents the temperature of bath in the three seasons. The mean
(SD) ofwater temperature were 39.0 (3.2)OC for the elderly and 40.0 (1.4)"C for
the young in summer, 41.1 (2.1)OC for the elderly and 40.5 (1.6)OC for the young
in autumn, 42.2 (2.2)OC for the elderly and 41.5 (1.4)OC for the young in winter,
respectively. A significant difference in water temperature was found among the
seasons bnt not between the groups.

Figure 5 shows the relationship between the water temperature ofbath and
the air temperature in the dressing room. Although, there were significant linear
relationships between them in both groups, no significant difference was found
in the regression lioes between the groups. A regression equation for the pooled
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Figure 4. Waler lcmpcralUrc
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data was calclllated as Y = -0.12X+43.5 (r = -0.33, P < 0.01), where Y is water
temperatllre of batb in DC; X is room temperature in dressing room in DC.

DISCUSSION

The room temperatures were arollnd 30°C in swnmer and 15°C in winter
(Figurel), which is qUite different from tbe standards or recommendations for
tbennal environmental conditions for occupancy (4). In this survey, all hOllSes
were eqUipped witb air conditioner andlor heater in tbe living room. However,
tbey were Ilsed for very short duration, i.e., mealtimes. As a result, tbe indoor
temperature did not reach the standards. Tochihara and Ohnaka (5) surveyed tbe
tbennal conditions in Tokyo and reported that tbe average (SD) room tempera
tures at 7:00 PM of the hOllSes of the elderly and the yOllng were 15.6 (4.S)"C
and IS. I (3.9)OC, respectively. They were similar to tbose in this smdy and
lower by 4 m 5°C tban those in USA (6).

The elderly dressed warmer tban the yOllng in winter (Figure 2), and there
was a significant difference in the relationship between living room temperatl1re
and clothing inslllation (Figure3). The lower room temperatl1re in the hOllses of
the elderly and Ilse ofwarmer clothing Ilnder cool conditions were also reported
by Tochihara and Ohnaka (5). Elderly Japanese prefer to wear warmer clothes
rather than warming their rooms.

In tbis survey, there were no air conditioners or heaters in the dressing
rooms. The room temperatl1res in tbe dressing rooms were lower tban those in
tbe living rooms (Figure I). Some elderly did not feel cold at 15°C and below
after taking off their clothes in tbe dressing room. The reason heaters are not
installed in the balhrooms might be not ouly economic bllt tbe reslllt of a dimin
ished sensitivity to cold fOllnd in elderly persons (7).

It is well known that Japanese prefer hOtler baths !ban Americans or
Europeans. In this smdy, tbe temperamre of baths varied from abollt 39°C in
swnmer to 42°C in winter (Figure 4). Significant relationships were fOllnd
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between water temperature of bath and air temperatore in the dressing room
(Figure 5). Higher water temperatore during showering was preferred when
body temperatore was low (8). Higher water temperature in winter might be due
to Japanese habits but more likely due to insufficient bathroom heating in win
ter. The lower room temperature and the wmmer bath water in winter create a
steep temperatore gradient that requires instant cardiovascular adjustments. This
may increase the risk of adverse health effects and accideuts among the elderly.
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EXPOSED TO 50 HZ ELECTROMAGNETIC FIELDS
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~

INTRODUCTION

The results of experimental and clinical studies on the biological effects of
50 Hz electromagnetic fields (EMF) are inconsistent or even contradictory.
Several of the fmdings indicate that the exposed people may develop neurovege
tative dysfunctions as well as abnormalities of arterial blood pressure (hypo- and
hypertension) (1,2). 01her results do not provide evidence for the adverse effect
ofEMF on the circulatory system (3,4,5). Therefore, we have undertaken the pre
sent study in order to evaluate the 24-h blood pressure in workers occupationally
exposed to 50 Hz EMF, using a modem diagnostic me1hod Ambulatory blood
pressure (ABP) monitoring has been advocated as a tool to study pa1hophysiolo
gy of blood pressure regulation and as an aid in the diagnosis 'and treatment of
hypertension. Human arterial blood pressure shows physiological day/night and
short-term fluctuations (6). Circadian profile ofblood pressure is one ofthe most
important indicators of blood pressure regulation (7,8).

MATERIALS AND METHODS

Subjects. The groups under study consisted oftechnical personnel, aged 22
to 67, with the period of work ranging from 1 to 42 years, who were qualified by
the occupational heal1h practitioners as fit for work at permissible EMF levels.

The examinations were carried out in the following marmer:
. 63 workers at 4 Substations: exposed gronp. Substations are the element

of a power system in which electric power is distributed and/or trans
formed. The substations under study work wi1h high and extra high volt
age (llO kV to 400 kY).

. 42 workers at 4 Radio Link Stations (RLS): the control group. RLS are the
elements of a telecommunication system in which signals are transmitted
using EM waves focused into very row beams by directional (mostly par
abolic) antennas.

The data from the medical examinations and interview indicate that the test
groups were homogenous wi1h respect to the level ofphysical fitness, the dietary
and smoking habits (displayed in Table 1). They differed only regarding the
amount of alcohol consumed (higher in the control group). Its possible influence
on the results of the study was eliminated using statistical methods.

Medical examination. All workers had a general medical examination,
including an interview for cardiological and family history, dietary habits and
leisure time activity. An ABP monitoring was performed during everyday pro-
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Table 1. Charac.teristics ofthe groups examined

26(65%)'

Radio link Stations
mLS): control group

42
40.7± 2.2
12.9± 4.0

25±4
16 (38%)

18 (29%)'

Substations:
exposed group

63
39.2± 9.9

14.9± 10.3
26±4

21 (33%)

Number
Age (years)
Employment (years)
BMI1

No. ofsmokers (more than
10 cigarettes a d3Y.)
No. of subjects reporting alcohol
consumption (not less than once a

~Joposure: - frequency [Hz] 50 a
-E"", [kV/m] 4.3 .fl.7 a
-B_ [mT] 26.1-37.3 a
-!;'m, [(l<V/m)h] 0.2 -15.2 a
~RJ rmn] 14_~RQ 0

11M!, body mass index = body mass/height' (lqifm'); 'Differs significantly between
j!;roups (P =a.0006)

fessional and other activities using Oxford Medilog ABP System. The measure
ments were carried out automatically, every half-hour during daily activities and
every hour during sleep. Altogether, approximately 40 measurements were
made for each subject. The examination had to be properly coordinated with the
workers' working cycle. Mean, highest (H) and lowest (L) systolic (BPS) and
diastolic (BPD) blood pressure and beart rate (HR) for 24 h (OVERALL), day
time activity (DAY) and night-thoe rest (NIGHT) were calculated with the
Staessen's standards ofarterial blood pressure as reference values (9). The day
night ratios wete determined for systolic and diastolic blood pressure
(BPSDIBPSN, BPDDIBPDN) and for heart rate (HRDIHRN). The normal val
ues ofBP and HR ratios are 1.1 ormore. The subjects with BP ratio lower than
1.1 are called non-deepers (subjects without physiological decrease in blood
pressure, systolic and/or diastolic, during night). For BP variability analysis the
standard deviation (SD) and range (R) in each period were calculated

Exposure evaluation. The exposure to 50 Hz electric and magnetic fields
was assessed by measuring the maximum values of the electric field strength
(Emax) and magnetic flux density (Bmax). For measurements, the MEH-la m
(Technical University; Wroclaw, Poland) was applied. Then, from the field's
measurements and thoing of worl<. shift, the electric field strength and magnetic
flux density doses per work shift (EDose and BDose) were estimated.

Statistical analyses. Chi-square test, Student's test (for normal distribu
tions) or non-parametric Mann-Whituey test (for other distributions) was used
for analyzing the difference between groups. The mean values of the variables
were compared using the analysis of variance with multiple comparison tests.
Fisher exact probability test was used for comparing the frequencies of blood
pressure abnormalities in each group and logistic regression model for estimat
ing the probability of blood pressure disturbances in exposed workers
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RESULTS

The comparison of BP values in the exposed and control groups is shown in
Table 2.

, In 38% ofthe subjects from group I and 23% ofthe subjects from group n,
BPS andlor BPD exceeded the upper limits of the normal range. The difference

Talie 2. Blood pressure and heartrat e io the groups examined

ControlGroupExposedGroupPanuneters Statistical
Significance

BPSD 132.0± 14.1 125.7± 121 0.032
BPSD(H) 158.3 ± 14.7 151.3±15.5 0.046
BPSD(L) 104.3± 14.4 100.2± 128 ns
BPDD 79.4 ± 8.9 75.8 ± 9.8 ns
BPDD(H) 105.0±13.8 103.0± 16.1 ns
BPDD(L) 55.5± 10.7 54.1 ±9.9 ns

·Hlill __ BU". !O,~. __ 8.6,8. ,tB9. Q,QU .
BPSO 129.2± 14.0 122.0± 11.9 0.014
BPSO(H) 158.7 ± 14.8 152.7 ± 16.4 ns
BPSO(L) 95.2± 15.8 88.5 ± 13.3 0.040
BPOO 77.6 ± 9.3 73.2 ± 9.3 0.041
BPOO(H) 105.0± 13.8 103.0± 16.2 ns
BPDO(L) 51.5±9.2 49.4±7.3 ns

· J:!RQ __ 78,1;;; 9,6 82J."'n -'1!'...•...••..
BPSN 117.3± 17.6 106.7± 122 0.002
BPSN(H) 135.1 ± 20.8 126.4± 14.3 0.030
BPSN(L) 99.2± 19.3 87.6± 11.3 0.001
BPDN 68.2 ± 11.9 625 ± 7.4 0.01
BPDN(H) 81.3 ± 12.4 78.7 ± 10.0 ns
BPDN(L) 55.2 ± 9.8 50.8 ± 7.4 0.028

· .lffiJ':! 67,1;;; 9,Q __ .6H".!Q,l. Jl!'......•....
BPSDIBPSN 1.14 ±0.1 1.18 ±0.1 ns
BPDDlBPDN 1.18 ±0.1 1.22 ±O.l ns
HRD/HRN 1.22 ... 0.1 1.34 ... 0.1 0.007

between groups was statistically significant (P = 0.04). The percentage ofwork
ers with elevated BPSN and BPDN Was significantly higher among the exposed
group than the controls (33% vs. 4% and 15% vs. 0%, respectively).

In the exposed workers, the percentage of non-deepers (BPSD\N 43% vs.
23%, BPDD\N 23% vs. 8%) was higher than in the control group. The BP val
ues were related to the parameters of EMF exposure: BPDOver, BPDD and
BPDN were found to depend on the period of employment (P =0.023, P =0.05,
P = 0.001, respectively). BPSN and BPDN were significantly correlated with the
maximum values ofthe electric and magnetic fields (P =0.043 and P =0.026).

DISCUSSION AND CONCLUSIONS

Our study revealed significant differences in the circadian profile of arterial
blood pressure in workers occupationally exposed to EMF, in comparison with con-
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trois (higher mean BPSN and BPDN values, higher maximal BPSN, higher mini
mal BPSN and BPDN values and the percentage of non-deepers in the exposed
group). These results indicate an impaired neurovegetative regulation of blood
pressure, which may lead to hypertension and eventually to target organ damage.

Significant disturbances in blood pressure occurred first at night; therefore,
occasional blood pressure measurement is insufficient to detect them. In work
ers exposed to 5.0 Hz electromagnetic fields, blood pressure control should be
supplemented by 24-h blood pressure monitoring.
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THE EFFECT OF MILD HYPERBARIA ON THE PERFORMANCE OF
A REACTION TIME TEST AND PROFILE OF MOOD STATES

D. L. Smith, S. Burrows, and P. C. Fehling

Department of Exercise Science, Skidmore College
Saratoga Springs, NY, USA

INTRODUCTION

Changes in harometric pressure may he related to how people feel and how
they perform. It is known that a decrease in the partial pressure ofoxYgen in the
ambient air, which results from high altitude or hypoxia, causes decreased oxY
gen saturation in the blood and related performance decrement (1). Conversely,
it has been shown that an increase in the partial pressure of oxygen in ambient
air, associated with hyperbaria or hyperoxia, can lead to improved physical per
formance (2,3). Mild hyperharia is known to cause a decrease in heart rate and
ventilation (2,4). The effect of very small changes in barometric pressure, for
example, those associated with changes in weather patterns, on feelings of well
heing or performance ofroutine work tasks, however, is not known. This is sig
nificant because millions of workers are routinely exposed to changes in baro
metric pressure as a result of alterations in weather patterns. The pmpose of this
study, therefore, was to examine the effects of very mild hyperbaria (0.5 psi; 20
mmHg) on the profile ofrnood states (POMS) and performance on a computer
ized reaction time test (RTT) in young, healthy subjects.

MATERIALS AND METHODS

Thirteen su6jects (5 males and 8 females) participated in this study. All
participants read and signed an informed consent form, desenbing the experi
ment and possible dangers inherent in the experimental process, which was
approved by the Institutional Review Board, This experiment utilized a repeat
ed measures design, with subjects blinded to the test condition. Each subject was
tested twice-----under normobaric (770 mmHg) and hyperbaric (790 rmnHg) con
ditions. Testing order was counter-balanced with the tests administered 24 or 48
hours apart. Subjects were familiarized with the RTf prior to testing.
Temperature and relative humidity (RR) were adjusted to maintain temperatures
between 20.0°C and 21.1°C and RH between 45% and 55%. Each test lasted
two hours; the RTT and the POMS were administered at the start oftbe test and
every 30 min throughout the test.

The inflatable chamber (pressureCizer Hyperbaric Chamber, Hyperbaric
Industries, Amsterdam, NY) was set up to simulate an office environment An
IBM-compatible laptop computer, used for the RTf, and 5 copies of the POMS
questionnaire were provided. When in testing, subjects read or worked on the
computer. The RTT consisted of 96 questions and took approximately 7 min to
complete. Subjects were presented with a statement (i.e., # follows @ @ #) and
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were asked to respond true or false as quickly as possible. The computer program
provided the number ofresponses in each offour categorie8-'-hits, corrects rejec
tions, misses, and false alarrn8-'-and provided a reaction time for each category
of response. The POMS questionnaire is a 65-question index used to determine
the mood state o{an individual in five different categories (5). These categories
are tension, vigor, confusion, anger, depression, and fatigue. Separate repeated
measure analyses of variance (ANOVA) were performed for each of the depen
dent variables. A siguificance level ofP< 0.05 was adopted for all statistical tests.

RESULTS

...J--_-_- -~

Figure I. Heart Rate Response in Normobaric
vs. Hyperbaric Conditions (mean ± SE)

••2
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Ambient temperature did not differ between conditions (20.8°C and 20.3
°C for normobaric and hyperbaric, respectively). However, there was a signifi
cant condition effect for RH; (RH = 46.9% and 54.7% fornormobaric and hyper
baric, respectively).

There were no siguificant main effects for HR (Figure I). However, HR
tended to decrease with subsequent trials (P=0.07) and there was a trend for HR
to be higher in the normobaric condition (P=0.I8).

As shown in Figure 2a, when the correct responses were added together
(hits and correct rejects) there were no significant effects, although there was a

trend for the nlimber of cor
rect responses to be greater
in the normobaric condition
(P = 0.10). Conversely, when

-+-nClnnob3r!a averaged across all response
• ,,,...... categories there was a tenden

cy for reaction time (Figure
2b) to be faster under hyper
baric conditions than under
nOlmobarjc conditions (P =

0.10). There was a significant
time effect for average reac
tion time, with reaction time
decreasing across the trials.
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Figure 2. (a) Total correct responses, and (b) Average reaction time for all
categories in normobaria and hyperbaria. Values are means with std. dev.
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When considered by individual response category, 1here were no signifi
cant condition effects for number ofresponses, although 1here was a strong trend
for more correct rejects under the nonnobaric condition (P =; 0.06). There was
also a trend for more false alarms in the hyperbaric condition (P =; 0.08).
Reaction times were significantly faster for the correct rejects and the misses
under the hyperbaric condition; values for hits approached statistical signifi
cance (P =; 0.07).

As shown in Figure 3, state anger, state tension, and state fatigne were all
significantly lower in the hyperbaric condition than in 1he nonnobaric condition.
State confusion also tended to be lower in 1he hyperbaric condition 1han in 1he
nonnobaric condition (P =; 0.06). State vigor was significantly higher in 1he
hyperbaric condition compared to 1he nonnobaric condition. There was no sig
nificant condition by trial interactions for any of the POMS variables, and only
state vigor changed significantly over 1he trials.
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Figure 3. State anger (a), tension (b), confusion (c), and depression
(d) responses to nonnobaric and hyperbaric conditions. Values are
means wi1h standard deviations.

DISCUSSION

The small, but non-significant decrease in HR observed during the hyper
baric condition is 'consistent wi1h previously published research (2) and suggests
1hat 1he difference in RB. between 1he two conditions did not negate the effects
of hyperbaria. When considered in aggregate, 1here were no significant differ
ences in 1he number ofresponses or in reaction time for 1he RIT, al1hough 1here
were trends toward significance in each case. The lack of significance may be
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related to the relatively small subject pool or to the large variability in the data.
Interestingly, the number of correct responses tended to be better in the nonno
baric condition, whereas subjects tended to respond faster in the hyperbaric con
dition. The speed-error trade-off problem in this type of testing has been dis
cussed (6), but we can not account for why these individuals performed differ
ently under the two conditions. The significant differences between conditions
for several ofthe POMS variables are compelling given the small differences in
barometric pressure that we employed. Subjects reported that they felt less state
anger, state tension, and state fatigue when working in the hyperbaric condition
than in the normobaric condition and they tended to report less confusion.
Subjects also reported that they had more state vigor under hyperbaric condi
tions. Although this study does not elucidate the mechanisms that might account
for such findings, the results suggest that subjects feel better when doing routine
office work under hyperbaric conditions than nonnal barometric pressure.

CONCLUSION

In conclusion, the small increase in barometric pressure (approximately 20
mmHg) used in this study was associated with positive changes in POMS and a
faster reaction time on a computerized RTT in a group of young, healthy.sub
jects. Given that feelings of well-being may be related to satisfaction at work,
and perhaps productivity, these findings warrant finther investigation.
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BIOMECHANICAL PROPERTIES OF
INFANTRY COMBAT BOOT DEVELOPMENT
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John Hagy2, and Kenton Kaufman2

!Naval Health Research Center
2Motion Analysis Laboratory, Children's Hospital San Diego, CA USA

INTRODUCTION

Military requirements demand a boot that is comfortable, durable, and
enhances the locomotor capabilities of the soldier (I). At Marine Corps Recruit
Depot (MCRD), San Diego, 40% of all recruits going through "boot camp"
report to sports medicine or podiatry with musculoskeletal complaints (2).
These conditions have a significant impact, resulting in 53,000 lost training days
and a cost of$16 million per year (3). Since the anatomical sites ofmost ofthese
training·related complaints are below the knee, a fmther look into the role of
footwear in the development of musculoskeletal injuries was'warranted. The
objective ofthis research was to evaluate the biomechanical properties ofcurrent
commercially available boots and to provide a recommendation for a combat
boot with optimal biomechanical properties.

MATERIALS AND METHODS

The 'evaluation included objective physical tests of the cusmoning and
material characteristics ofmilitary and commercial footwear, and biomechanical
tests to evaluate the human subjective biomechanical performance of the
footwear. At the 'conclusion of the biomechanical tests, a brief survey address
ing comfort parameters was administered to each subject.

Physical Tests:

Materials. The commerciallY available boots tested were the Rocky
RB7774, Red Wings 04473·2, Timberland Iditarod, Hi·Tec Magnum, Browning
Climber 400, Danner Acadia, Bates Lite 924, and Northlake N9013. Standard·
issue jungle boots and leather combat boots (3) were also tested. All boots were
prepared for testing by separating the sole from the rest of the boot and remov
ing the insoles. EqUipment. A computerized, gravity-driven impact tester, the
Exeter Impact System, was used to provide force deformation data on the
footwear materials. This device drops an 8.5·kg shaft a 50-cm onto the surface
of the shoe. The total impact force with no resistance is 42.5 peak g. The shaft
was instrumented to provide a recording of displacement and force. Data col
lection. Data were gathered while each boot was impacted 10 times separately
on the heel and forefoot. Variables measured included material thickness, peak
g, time to peak g, peak force, percentage penetration, andpercentage energy renun.
Peak g describes the ability of the item tested to sense the shock that is applied
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to it Peak force is the maximum amount of force that a material senses during
impact. The higher peak force during activity means the body will sense more
shock. The material tests selected were based on American Society of Testing

and Materials (ASTM) standards.

Subject Performance Tests

Subjects. Ten healthy male U.S. Marine Corps volunteers served as sub
jects. Materials. All subjects were tested using 9 different footwear designs as
follows: a standard military combat boot, a military hot-weather (jungle) boot,
the Danner Acadia boot, the Bates Lite 924 boot, the Asolo 540 hiking boot, the
Northlake N90313 boot. Two prototype boots with jungle boot uppers, I inch
polyurethane insoles and polyurethane midsoles were developed using the infor
mation from the boot impact tests. Subjects were also tested wearing Asics Gel
125 high performance running shoe while running, and while running barefoot.
Equipment. The ground reaction force was measured with a piezoelectric force
plate housed in a commercially manufactured treadmill. Rearfoot angles were
measured by attaching a flexible goniometer to the rearfoot of each snbject. A
spring-mass biomechanical model was created to analyze the ground reaction
force data. The model calculated the peak impulse loading and power absorp
tion of the subject while wearing each of the test footwear and while barefoot.
Data collection. Ground reaction force data and rearfoot motion were collected
while the subjects ran at 8 mph and 0% grade on a motor-driven treadmill.
Variables measured included peak impulse loading, peak power, rearfootmotion,
pronation time, and pronation velocity. Peak impulse loading is an indication of
the shock absorbency characteristics ofthe footwear in relation to the human foot
and lower leg. A lower value indicates better shock absorbency. Questionnaire.
After each subject's biOlneclianicai test, a brief survey addressing comfort para
meters was administered immediately after testing. COJufOlt level was rated on a
scale from I (extremely uncOJufortable) to 5 (extremely comfOJtable).

RESULTS AND DISCUSSION

Data derived from the boot impact tests revealed that all of the C01Dffier
cially available boots tested superior to the standard-issue jungle and leather
combat boots. According to the subject performance tests, the greatest shock
absorption and lowest power requirements were obtained with the Asolo 540
boot, the Bates Lite 924 boot, and the polyurethane prototype bolito The great
est stability was achieved with the Danner Acadia boot, the leather combat boot,
and the Bates Lite boot. The jungle boot improved markedly in each ofthe sub
ject test parameters with the addition ofthe polyurethane sale (polyurethane pro
totype boot).

Physical Tests

Impact tests that measured peak g at the heel of the footwear revealed that the
Bates Lite !U!q Northlake boots had values that were approximately half those of
the military bppts (see Figure I). These results suggest that the Bates Lite boot is
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best suited to absorb the shock applied to the heels in comparison with the other
footwear tested. Conversely, the combat boot and jungle boot. transfer more
shock to the body during activity when compared with the other footwear tested.
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Figure 1. Heel peak g scores.

Figure 2 shows heel peak force. The Bates Lite boot absorbed the lowest
amount of force at the heel (1247 N) compared with the leather combat boot,
which absorbed the highest amount offorce at the heel (2722 N). Theoretically,
the boot that absorbs a greater magnitude ofthis force will transfer more shock
tuthe body....

'DOO

~ "'"
~

'000"~
m
II ,-
~
~ '000

...
•

~
z

~ " • ~ • "0
~ ~ ~ Im ~ z ~

m n
m m

~ ~m

~~ ~
m ~ ~g ~

~

~
m

~
m

i" 0 • nz
~ ;;;

~
c

~
~ ~0 m

" ~
0 8

Figure 2. Heel peak force.
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Subject Performance Tests

Peak impulse-loading scores for each boot are presented in Figure 3. The Asolo
boot scored the lowest value (55.5 Ns) indicating the greatest shock absorbency
of all the boots tested, with the Bates Lite boot having the next lowest value
(56.5 Ns).

The boot with the optimal combination ofshock absorption and stability was
the Bates Lite boot. This boot also scored the highest comfort level subjective rat
ing, followed by the Asics running shoe and the polyurethaoe prototype boot.
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Figure 3. Peak impulse loading (IO"subject average).

CONCLUSIONS

Data derived from the boot impact tests revealed that all ofthe commercial
ly available boots tested superior to the standard-issue jungle and leather combat
boots. Our findings suggest that currently available boots offer superior featores
over the standard-issue military boots. This study illustrates that several optimal
characteristics from various commercially available boots can be combined to
create a military prototype boot which surpasses that which is currently in use.
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INTRODUCTION

The purpose of this paper is to describe the CYBOR-system, a biophysical
simulation device 1hat is used to simulate 1he dry and wet heat flows in human
body segments (i.e., heat amount and perspiration rate) by controlling tempera
ture and humidity in phantoll1S wi1h permeable surface and adapted body shapes.

MATERIALS AND METHODS

CYBOR Coneept

In contrast to comparable devices, 1he humidity output of1he CYBOR-sys
tem is derived entirely from water vapor. When determining'1he interaction
between dummy and clothing with respect to humid heat transfer properties, the
state of1he induced humidity (liquid or vaporous) is of low importance.

The purpose of sweat production, with respect to 1herrnal physiology, is 1he
efficient loss ofheat by evaporation. Ifthis is not possible due to 1he water vapor
transport properties of 1he clo1hing (e.g., high transmission impedance Re) or
partial pressure gradients (e.g., tropic environs), the sweat will stay as liquid on
1he surface of1he skin. This results in an uncomfortable feeling, 1he clothing sys
tem will be overloaded, and wet spots will appear (condensation).

The main advantage of determining 1he microclimate of 1he phantom by
means of vaporous water can be seen in 1he applicability of simple 1hermody
namical algorithms. In contrast to devices working with liquid water, the diffi
cult determination of 1he evaporated amount by weighting is not necessary; it
must be guaranteed, however, 1hat condensation inside 1he dummy and the
boundary layer to.1he clothing is avoided.
Thermodvnamic Modeling

Figure I shows the thennodynamic balancing concept of heat and mass
transports for the CYBOR-dummies with 1he corresponding sensor devices for
measurement of air volume, temperature and relative humidity on the input and
output sides of1he system.

Based on the theory that 1he conditioned air is a mixtore of two idealized
gases (i.e., dry air and water vapor), en1halpies and mass streams can be calcu
lated as proportions of the gas amounts. Of particular interest are: (1) total
stream en1halpy h [W], which corresponds to the total heat amount, (2) dry
stream enthalpy hd [W], which corresponds to 1he dry heat amount, and (3) wet
mass flow liz h [mgs-l], which corresponds to the perspiration ratio.
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Figure 1. CYBOR heat and mass transport thennodynamics.

To determine interactions of the gas stream with the clothing system, it is
important to know the differences between input stream and output stream val
ues, specifically: (I) total heat gained or lost, h; (2) dry heat gained or lost, hd;
and (3) humidity gained or lost, liz h.

f>'
100

... 90 ••..,

.~ 12~-
80 • .~.

'Ii 70 ... ,.. .. ~. •tl- 60 ~.. ~ • •.!l
50 •••tl

0
40~

u
.~

0 10 20 30 40~

microclimate terrperature [lie]

Figure 2. Microclimate conditions in shoes during wearing. tests.
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TESTS AND RESULTS

To evaluate the correlation of results from wearing tests and CYEOR-simu
lation tests, the following test procedure was designed:

During hundreds ofwearing tests, under several test conditions, temperature
and humidity levels measured in standardized shoe systems (reference shoe)
have been recorded and are summarized in Figure 2.

In the study described above, the microclimate variables inside the reference
shoe are the steady state variables to be controlled by the CYEOR-device,
according to the specified test conditions. The dry energy and wet mass flow
necessary to obtain the desired microclimatic conditions in the shoe are mea
sured during the test (see Table 1).

Table 1. Set point and measured values of wearing and simulation .test.

Evironmental temperature COg
Measurements -16 0 16 32

RH (%) r----;O;60,--±;-'-;-:�9,------;;60;c-±-;--;;-23;;----=7;-;;5";±'-;�c;6~---;;-84-;-=;:±'-;1-:-4

T(°C) 10±5 22±2.5 30±2 36±2
lim ,(mg·s- l ) 1.0 ± 0.7 3.5 ± 2 4.0 ± 2 7.0 ± 1

lihd(W) 3±1.0 4±1.5 7±2.0 10±1.0

For example, at an environmental temperature of 16°C the maximum values
in the shoe are found to be: temperature = 30 + 2 = 32°C, and relative humidity
=75+16=91%.

To obtain this microclimate condition, the values for hd und mh are deter
mined to be 7 + 2 = 9 W and 4 + 2 = 6 mg·s, respectively. The total heat amount
is calculated to be 23 W.

To validate the determined dry and wet energies, a revised test procedure has
been chosen wherein the values of hd and mh were used as set points for the
CYEOR-system. It was expected that the same temperature and humidity steady
states observed previously should appear when the same shoe system (reference
shoe) is tested. The results show high correlations and reliabilities.

DISCUSSION

Based on simple thermodynamic relations, the CYBOR-system is able to
import defined heat and sweat rates (hd and mh) to clothing systems. Thns,
physiologically relevant microclimates for comfort prediction can be simulated.

The goal of an add-on-development concerning the control strategy was to
realize a singular set point for the simulation procedures (i.e., total heat amount
h) that has to be discharged in the corresponding body segment. The resulting
amounts ofdry and wet heat flows are detemined by an adaptive fuzzy controller.
The controller algorithm is based on thermophysiological facts like the depen
dence ofsweat gland activity on the skin temperature or the influence ofthe skin
temperatore on the possible amount ofheat discharge. In addition to these ther-
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moregulatory influences, the body-segment heat production and loss depend on
global exogenous parameters like the temperature of the environment, physical
work load, and clothing isolation. In order to determine the set point for the
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=
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Figure 3. Neuro-fuzzy-concept ofCYBOR-process-control

CYBOR-simulation, either the mathematical relations among all the interacting
parameters must be known, or the empirical interdependencies have to be estab
lished in a neural network (see Figure.3).
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SAFETY IN HAzARDOUS ENVIRONMENTS
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SMART AIRCREW INTEGRATED LIFE SUPPORT SYSTEM
(SAILSS)
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INTRODUCTION

Pilots of high performance aircraft are exposed to high levels of positive
acceleration (+G,). This leads to an increase in the pressure in the blood vessels

of the lower body, as blood from the upper part of the body shifts into these
lower vessels. The pooling of blood in the lower extremities translates into
reduced cardiac output Cardiovascular system reflexes respond by increasing
heart rate to maintain adequate blood flow to the central nervous system in an
attempt to preserve normal brain function. The physical symptoms of+Gzstress

range from peteChial hemorrhages to loss of vision and, eventually, G-induced
loss of consciousness (G-LOC), with its potentially fatal consequences.

G-LOC is considered to be a random event. To date, no physiologic vari
able has been defmitively linked with a "predisposition to G-LOC." In a 1986
survey, 12% ofNavy pilots reported G-LOC in flight; the U.S. Air Force report
ed 18 accidents (14 fatalities) due to G-LOC (1982-90). The goal of current G
LOC research is its prediction in flight to either avoid it or implement a pilM/air
craft recovery.

The Naval Air Warfare Center Aircraft Division (NAWCAD) and its asso
ciated contractors have developed a prototype system capable of providing air
crew life support/protection. This system is called the Smart Aircrew Integrated
Life Support System (SAlLSS). SAlLSS will optimize aircrew performance
while they are exposed to G", altitude, temperature and dehydration stresses.

"Smart" refers to the use ofbiofeedback, which optimizes life support equipment
function to the individual aircrew's physiologic and cognitive state. The ulti
mate SAlLSS design will assess aircrew status through unobtrusive physiologic
sensors mounted in the hehne!, mask and garments, by monitoring respiratory
activity, electrocardiogram (ECG) and electroencephalogram (BEO). The
SAlLSS approach factors these data with G history (duration, level), stick input
and aircraft status into a control algorithm that assesses the pilot's state. If the
pilot is incapacitated, SAlLSS informs other vehicle systems so that a safe
escape (ejection), avoidance (missile) or recovery ofthe aircraft is initiated This
interface of the various vehicle systems with SAlLSS will result in a unified
weapon system that maintains the pilot "in-the-loop." Evaluation ofthe preliro
inary design of SAlLSS was performed in the Veridian Inc. human centrifuge
located at Warminster, PA, USA.
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METHODS

Levels
SID,NCE

5,6,7,9
GOR,ROR

GOR,ROR,
SACM
GSTD,
GBIOF

BRAG Control
Type

Name
G-snit Type

MaximumG
Onset Rate

Exposure Type

Table 1. Test Factors.

CONTYPE

Label
SUITYPE

MAXG
ONRAlE

EXPTYPE

Following is a description of SAILSS and the procedure followed for the
evaluation of its preliminary design. The test plan was conducted under NAW
CAD guidelines for human subject testing (I) and SECNAVINST 3900.39B.

The components of the preliminary desigu of SAILSS system are as fol
lows: host laptop computer, BiologTM sigual conditioning system, physiologic
sensors, VME data acquisition and control system and NormalAir Garret L1D
Breathing Regulation Anti-G (BRAG) Electronic Control Unit. BiologTM col
lects and processes physiologic siguals and forwards them to the VME. The
VME hosts the control algorithm that combines BiologTM data with aircraft
data to estimate pilot status. This is then used to optimize operation ofthe g-snit
or other life support equipment. The biofeedback control process occurs in real
time to enhance pilot performance througho~t a mission.

Objectives were to determine if the preliminary design of SAILSS could
collect clear physiologic signals under +Gz stress for subsequent data analysis
and if the preliminary design of SAILSS provided the appropriate biofeedback
control of the BRAG by utilizing changes in blood pressure (BP), as measured
by a FinapresTM.

The objective measurements in this evaluation were as follows: Acceleration:
G level, onset rate, and duration; Physiologic: ECG, BP, relative changes in head
level blood content and respiration rate; and Equipment: mask cavity and g-suit

pressure and g-valve
command. The subjec
tive measurement was
loss of peripheral vision
as a result of+Gz stress.
The test matrix included
5 factors (Table I).
Subjects wore either the
Navy Combat Edge
Ensemble (NCB) at the
standard g-suit CSU
l3B/P (SID) and per-
formed anti-G Straining
Maneuvers (AGSM) as

required. G promes consisted of gradual (0.1 <h-I , GOR) and rapid (3 s rise to
plateau) onset rate runs (ROR). G exposures were as follows: ROR runs to +5,
7 and 9 Gz> each lasting IO s; GOR runs to +5 and 7 Gz; and Gillingham
Simulated Aerial Combat Maneuver (SACM) runs consisting of continuous
ROR exposures to varyiog levels ofG. SACM G levels ranged from +2 to 6 Gz
with 4 s plateaus at G level. The centrifuge returned to a + 1.25 Gz resting plateau
after each exposure. Control ofthe g-valve included the following: standard con
trol {(G-l)*I.5 psi} (GSID); and biofeedback control based on changes in BP
(GBIOF). Biofeedback control runs were conducted ouly during NCE exposures.
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Figure 1. Acceleration profile.

The g-suit inflation and positive pressure
breathing (pBG) schedules were limited
to the standard parameters ofNCE.

There were 4 study test conditions
based on suit type and G-suit control.
Figure 1 describes a test insertion G pro
file. The study included 24 runs per sub
ject, performed over a period of2 days (6
runs per each centrifuge insertion). Four
healthy, physically qualified male sub

jects participated in the study (weight: 77.1 ±1l.5 kg; height: 174.0 ±5.3 cm;
age: 33.5 ±3.8 years and eye-heart distance: 27.7 ±J.3 cm). All but one was
experienced in centrifuge testing.

RESULTS

The preliminary SAILSS design collected clear physiologic signals under
+Gzstress. The clarity ofthese signals was consistent with typical centrifuge run

data, including the effects ofAGSM performance, g-suit activation (STD, NCE),
maximum G exposure, the time at G, the varying level of G, PBG and G onset
rate. The primary problem identified during this evaluation was electrical isola
tion (i.e., from the VME). An additional medical isolation box was utilized for
this purpose; however, it generated a significant amount 60 II, noise, particular

ly in the ECG. Hence, this signal was not obtained from the BiologTM compo
nent of SAILSS.

Figure 2. Example of data collected during
SAILSS +Gz exposure. From top to bottom
trace: G level, G valve command from
SAILSS system, resulting anti-G suit pres
sure, mask breathing gas pressure, respiration.

Respiration rate, head-level
blood pressure and O2 saturation

at ear level were successfully
measured. Relative changes in
head-level blood content (tem
ple and ear) were tracked using
the BiologTM infrared plethys
mograph, though the signal
strength was low and suscepti
ble to head motion artifact and
required careful alignment ofthe
source and detectors. The mask
cavity pressure signal provided a
good measure ofAGSM respira
tory effort, respiratory rate and
timing. While the g-valve com
mand signal performed success
fully up to 7 psi, the signal offset
made it difficult to track higher
psi levels. See Figure 2 for a
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sample data trace. It was found that no particular control type was obviously
better or worse in providing G protection. Both the SID and GBIOF feedback
modes performed as expected.

DISCUSSION

Intelligent systems are currently being introduced into the air combat envi
ronment. Significant advances have been made in escape, life support and air
craft recovery. Unfortunately, these advances address the status of the aircraft,
the cockpit or the environment-not the pilot. While advanced crew systems
technology have made significant progress in integrating various life support
systems (LSE), we remain ignorant of the status of the principal aspect of the
weapon system-the pilot. Indeed, the function ofequipment such as g-valves,
g-suits or 02 delivery is not based on parameters provided by that life they are

to support. By assessing the psychophysiology of the aircrew, we can optimize
the LSE response to address hislher requirements. SAILSS provides the means
to ''match'' the capabilities ofthe pilot to the aircraft's structural envelope by not
only taking into account the physiology ofthe weapon system but incorporating
this information with the status of the aircraft and artiving at an appropriate
action to optimize the pilot's performance. For example, current g-suit inflation
is based solely on +Gz level. So that in the event ofG-LOC in-flight, the g-snit

would not inflate because the aircraft may not provide the required G input.
During G-LOC, or other altered states of awareness, is precisely the time when
pilots need the support oftheir LSE. SAILSS will ensure the pilot is protected at
all times against stressful environments. SAILSS also provides an opportunity
to reassess the need of uninhabited air vehicles. No technological advance can
replace the brain and experience of the pilot operating the aircraft. SAILSS
ensures we keep these assets in the loop and directly involved with the mission
at hand.

CONCLUSION

The evaluation ofthe preliminary design ofSAILSS has proven the system to
be a viable option in addressing the psychophysiologic and most principal aspect
ofthe weapon system-the pilot. SAILSS also offers an opportouity to integrate
the aircraft, the cockpit and its commander into a unified weapon system.
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INTRODUCTION

Excessive ship motions in rongh weather impair the fighting ability of a
warship; these motions will degrade the crew's ability to operate ships' systems.
Manual tasks reqniring balance and coordination are most likely affected by
severe motions. Ithas long been recognized that quanti!)'ing the seakeeping per
formance of new JlIld innovative ship designs is difficult because of the inabili
ty to quanti!)' ship motion effects on human perfurmance. Models have been
developed that predict the rate at which crewmembers will slide or lose their bal
ance as a function ofthe ship motions. These events are called Motion Induced
Interruptions (MIls). Baitis and Applebee introduced the concept of MIls (as a
function of the lateral acceleration in the plane of the deck) as an approach for
quanti!)'ing ship motion effects on personnel (1).

MOTION INDUCED INTERRUPTIONS

The definition of an MIl is an incident where the accelerations due to the
ship motions become sufficiently large to cause a person to slide or lose balance
unless they temporarily abandon their allotted task to make a postoral adjustment
in order to remain upright. MIls include the ship motion induced interruptions
of the crew in all non-seated tasks such as standing, walking, lifting and moving
objects. A simple mathematical model was derived by Graham (2). This model
predicts the number ofMIls in a given motion environment for simple standing
tasks. The full formulation of the equations are given by Graham et al. (3) and
shown here as a tip (in a standing person) will occur if

( 1 11" "I - /-h -n -glJ J--n >-g3 4 2 4 h"'3 h or
( 1 .. )/ .. /
I' --hlJ +D +glJ - - n >-g
\3 424 h 3 h

where .63 is the vertical acceleration, D
2

is the lateral acceleration, g is the

acceleration due to gravity, lJ, is the instantaneous roll angle, ii, is the instan

taneous roll acceleration, h is the height ofthe subjects' center of gravity from

the deck and 1 is balfthe subjects' base of support. *is known as the theo

retical tipping coefficient. This tipping coefficient essentially defmes the accel-
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eration thresholds above which an MIT will occur. This simple model can be val
idated by undertaking postural stability experiments on volunteers by measuring
the instantaneous accelerations on the subjects and by recording the MIls as they
occur. This procedure will also yield empirically derived tipping coefficients,
which can be substituted for the theoretical tipping coefficients in the MIl model.
This would only be valid for the simple standing tasks. However, by perform
ing the same procedure on more complex tasks (e.g., walking), acceleration
thresholds, and hence empirical tipping coefficients, can also be derived for
those tasks.

SIMULATOR EXPERIMENTS

Two MIl experiments were performed using the Large Motion Simulator
(LMS) at DERA Bedford, United Kingdom. These experiments were conduct
ed to investigate the effects of ship motion on the postural stability of Royal
Navy personnel and to provide data for validating the predictive MIl model. In
each MIl experiment, every volunteer was asked to perform a simple task rou
tine lasting about 15 min. This was then repeated 3 more thnes (setting a total
of I h per condition). The task routine was the 5 tasks listed in Table' I.

The I st experiment used motion profiles that were representative of the

Table 1. Empirical tipping coefficients

Task

I. Standing lilciog stem

2. Weapon loadingtask

3. Standing lilcing stem, aflm aloft
4. Walking on treadmill .

5. Standing lilciog starboard
AD tasks

Average empirical !...
h

0.270

0.200

0.292

0.273

0.182

0.243

Theoret!cal !...
h

0250

0250

0.150

United States FFG8 (OLIVER HAZARD PERRY class frigate) and the 2nd
experiment used profiles representative of a Royal Navy Type 23 (DUKE class
frigate). For the US FFG8, 2 thne histories were taken from a simulation ofthe
unstabilized ship in a mid-sea state 5. For the RN frigate, 2 thne histories were
taken from a simulation ofthe unstabilized ship in high-sea state 5 aod low-sea
state 6. Sea-state 5 means waves with significant wave height in the range 2.5 to
4.0 m or about a Force 7 on the Beaufort wind scale (the sea appearance is
described as white foarn from breaking waves, blown in streaks along the direc
tion ofthe wind). The motion promes were random in their nature and appeared
"shiplike" to the subjects. Moreover, they were representative of the real ship,
resulting in little or no loss of fidelity from the point of View of validating the
MIl model.
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DISCUSSION

Table I shows the average empirical tipping coefficients obtained from the
2 experiments for-each task.

The lower the tipping coefficient the harder the task is to perform. The gen
eral trends are as expected: it was harder to stand facing starboard than facing the
stem. This agrees quite strikingly with the experimental observations, in that all
subjects had more trouble maintaining their balance during task 5. The empiri
cal tipping coefficients are greater than equivalent theoretical, which means that
the human is better able to cope with the motion than the model would suggest.
The experiment also found that there was a large variation in the tipping coeffi
cients between subjects, which was expected. One airo of these experiments is
to establish a sufficiently large database to quantify this variability. The empir
ical tipping coefficients found from both the FFG8 and T23 experiments, for
each subject, task and motion condition were used in the MIl model described
earlier to predict MIl rates.

Figure I shows that the model is generally good at predicting MIls per min
for all tasks for both ship types. However, the model generally underprediets at
high MIl rates. Very high levels of association between actual and predicted
number ofMIls per minute (based upon empirical tipping coefficients found for
each subject) have been demonstrated in all 4 motion conditions. Observed
learning effects indicate that improvements in subject performance may reduce
the actual MIl rate, which would provide a closer correlation witll the model pre
dictions, yet, testing this hypothesis would be costly.

A task specific MIl model (rather than the generic one presented here) based
upon measured empirical tipping coefficients for each task may be feasible pro-

AdlLll and I'fedlcted 1Il1i. p~1 minul<!
T;uk~

I':k~
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AcluBI_ prcdil:tedMIIl~'mln"le

!:~,....
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Figure 1. Predicted vs. Actual MIls
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vided that the acceleration thresholds for that task have been detennined empir
ically. Therefore, if a specific task was of interest, experhnents wonld be per
formed using a representation of that task in a shnulator.

CONCLUSIONS

The MIl model predicts when a person will lose balance due to high accel
erations caused by a moving platform. In this model, the ratio of half stance
width over the vertical height ofthe person's center ofgravity, the theoretical tip
ping coefficient, is a key term in evaluating the probability of a MIl occurring.
The experiments described here have illustrated the difference between taking a
theoretical tipping coefficient found from the geometrical representation in the
model and from human studies that yield so-called empirical tipping coefficients.

The authors' recommend that the average empirical tipping coefficients
shown in Table I be used when predicting MIl frequency with the mathematical
model. For general seakeeping assessment purposes, it is recommended that
only the empirical tipping coefficient for task 1 is used as people would adopt
this most motion-resistant stance (if able to choose) by standing sideways to the
predotuinant accelerations (usually those associated with the ship rolling). In
cases where detailed task assessment is required or if a person is unable to
change stance to make them more comfortable, then a. more complex ·analysis
shonld be performed. If the complex shipboard task can be broken down into
representative tasks then perhaps a weighted average for the empirical tipping
coefficient can be determined. The weighting could be derived from the relative
hnportance ofthe representative task (i.e., mission criticality). Another approach
could use the time taken to complete a representative task as a proportion ofthe
time taken to complete the whole, complex task.
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INTRODUCTION

Two "Small Waterplane Area Twin Hull" ships (SWATHs) were procured
by the UK Ministry ofDefence to be used in support ofRoyal Naval Operational
Sea Training. These craft are used to transfer staff to and from naval vessels
around the Plymouth Sound. Clearly, severe ship motions will limit the ability
to transfer passengers effectively; indeed, there may be occasions where it would
be unsafe to transfer personnel at all. Therefore, a SWATH was selected as the
most appropriate passenger craft to ensure minimal motions during the poten
tially hazardous task ofship transfers at sea. The task requires that, in a few min
utes, teams ofup to 30 personnel transfer to and from the craft-across a hydrauli
cally adjusted gangway fitted aft on fue upper deck. The outboard end of fue
gangway will be held against the hull of the receiving ship, with any motion
being corrected for by sensors linked to the hydraulic system.

Much importance has been placed on an assessment ofpassenger safety dur
ing the transfer operation. The aim of this work was to perform an experiment
using simulations of the SWATH to assess the suitabiljty of using this type of
craft to transfer passengers and to supplement data obtained from previous
experiments (I).

METHOD

An experiment was undertaken at the Defence Evaluation and Research
Agency in Bedford, UK, in a Large Motion Simulator which can respond in 5
degrees of freedom (heave, sway, pitch, roll and yaw) and is able to replicate
realistic ship motions. Six Royal Navy volunteers perfonned a simple task rou
tine (standing facing aft and athwartships, walking on a treadmill, a loading task
and a simple psychomotor task), which lasted approximately I h. In terms of
their sea experience, the trial subjects ranged from complete novices to fully
experienced sailors with up to 66 months sea time. Each subject was asked to
perform this task routine in 2 motion profiles taken from computer generated
predictions ofthe SWATH operating alone in a high-sea state 3 and mid-sea state
4. Current mathematical techniques are not sophisticated enough to model
between-ship interactions.

Models that predict fue frequency at which a crewmember will slide or lose
their balance have been developed (2,3). These events have been called motion
induced interruptions (Mils). During the experiment, the occurrence of Mils
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was recorded by independent observers and from the subjects' self reporting
these events.

Additionally, a battery of questionnaires was administered allowing each
subject to report their opinions on the mental and physical effects of performing
the tasks under motion. The questionnaires examined in particular were as fol
lows: motion illness, fatigue, task performance and the physical effort reqnired
to complete the tasks.

RESULTS AND DISCUSSION

The results of the experiment closely matched theoretical predictions of
human performance. It was expected that motion siclmess (in terms of incidence
ofvomitiog) would not present a problem. During the experiment only 2 subjects
reported motion siclmess symptoms, and those were low level feelings ofnansea.
No one vomited. It was also hypothesised that subjects with a high threshold of
tolerance to acceleration (Le., experiencedsailors) would not experience problems
with postnral control and subjects with low threshold levels may have some dif
ficulties. This expectation was largely confirmed in the experiments using both
the objective measures (incidence ofMIIs) and subjective measures (performance
questionnaires). Both measures indicated that the 2 most inexperienced subjects
had some difficulties in coping with the moving environment.

The low levels of motion illness and fatigue reported during this trial are
unlikely to interfere with the safe and effective execution of the transfer task.
However, some degradation in performance due to the motion was recorded;
some subjects had to interrupt their task in order to maintain their balance. This
problem may compromise the safety and effectiveness of the transfer. The task
that caused the most concern was standing facing athwartships (see Table 1). As
the transfer task involves periods ofstanding and walking athwartships, the safe
ty of passengers may be compromised.

Table 1. NlUDber ofMlls permin"

1. S tanding facing aft

2. Loading
3. Standingwilh arms aloft
4. Walking on treadmill

5. Standing facing alhwartships
6. Psychomotor

High-Sea State 3
Mean SD

12 1.1
2.7 2.6

1.9 1.8

1.4 1.4

5.7 3.4

1.0 1.1

Mid-Sea State 4

Mean SD

0.6 0.8

2.9 3.4
1.5 1.3
0.8 1.0

53 3.3
0.8 0.4

"(mean and standard deviation -all subiects)

The results indicate quite strongly that personnel with little or no sea expe
rience or those with experience on large vessels only, may have difficulty in cop
ing with the transfer. Without sufficient training and/or safety provisions these
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personnel may be exposed to a high risk of iojury; however, it is not possible to
quantifY this risk. The presence of leaming effects between conditions demon
strates the potential usefulness of familiarization traioiog for personnel intending
to use the SWATIL Improvements in safety and effectiveness may result from
a brief practice session on the use of the gangway.

On much larger SWATHs, there tends to be a problem ftom spray, causiog
deck wetting and reduced visibility io "moderate" seas (around the levels io
which these vessels operate). Much ofthis is due to waves slammiog against the
side of the wiodward strut followiog the emergence of part of the lower hull.
Alleviation of this would require large and impractical changes to the underwa
ter hulls. However, the spray problem may have a beariog on the best way to
operate these vessels when alongside receiving ships.

These experiments have provided more data for validating the human per
forntance models currently under development These data present the first
opportunity to validate the MIl model io a motion environment that creates suf
ficiently large forces ftom more than one principal direction.

CONCLUSIONS AND RECOMMENDATIONS

The motion promes driviog the simulator represent predictions of the
SWATH operating alone in sea states 3 and 4. Motions likely to.be experienced
during transfer operations with a receiving ship alongside the SWATH cannot
currently be modeled due to their complexity. The small number ofsubjects tri
aled also necessitates that care should be taken when translating the data
obtaioed from the experimental scenario to "real life."

Withio the limitations of these experiments, it has been shown that the
SWATH is suitable to operate as a passenger transfer craft up to a high-sea state
3. However, to counter potential problems for personnel with little or no sea
experience, or those with experience on large vessels only, some ergonomic
measures that may iroprove the safety and effectiveness of the transfer task are
recommended:

a familiarization traioiog routine for the safe and effective use of the
gangway should be implemeuted;
the amount oftime spent standing should be reduced to a mioimum.
To improve safety, passengers should remaio seated until their disem
barkation is irnmioent Additionally, personnel embarkiog should be
seated as' soon as possible;
the amount of time spent standiog facing athwartships should be
reduced to a minimum;
grab rails and nonslip surfaces should be positioned at appropriate
places along the gangway and disembarkation route;
personnel should have both hands free while using the gangway. Ifnec
essary, luggage should be transferred separately;
the number ofpersonnel allowed on the gangway should be limited, and
areas around the embarkation and disembarkation positions should be
marked "out of bounds";
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ASSESSMENT OF RISK OF DISCOMFORT
DUE.TO THERMAL TRANSIENTS BASED ON A

COMPUTER MODEL OF THERMOREGULATION
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INTRODUCTION

Thennal comfort is based on the thennosensory estimates ofpeople exposed
to steady-state conditions, and comfort is predicted from the human heat balance
equation, which is quite easy to calculate when ambient parameters are stable.
The Stolwijk computer model makes it possible to quantify the physiological
responses to the ambient condition, and from it, we have derived a psychophys
iological model (I) predicting the risk ofdiscomfort originating from changes in
the local akin temperature distribution (2). To check whether this model could
also predict, with good accuracy, the discomfort risk under thennal transients, we
carried out experiments in which subjects were exposed to climates leading them
progressively from a slightly warm to a slightly cool sensation (and vice-versa)
in 30 or 60 minutes.

METHODS

Forty-eight subjects volunteered for these experiments, and each of them
participated only once, after having signed an infonned consent about the condi
tions approved by the ethics committee. Four groups of 6 males and 6 females
were exposed to thermal ramps in a climatic chamber. Mean skin temperature
(T,J was calculated from 10 local sensors. Observed mean votes and discom

fort were deduced from responses to standard questionnaires that had been filled
in by subjects before, during and after the thennal transients. The protocols (see
Table I below for ambient parameters) were as follows: (1) for PI and P2, after
30 minutes ofa 21°C unifonn climate (predicted mean vote: PMV = -1), the
thennal environment was linearly increased to PMV = +0.5 in either 30 (PI) or
60 (P2) minutes; (2) for P3 and P4, after 30 minutes of the PMV = +0.5 climate,

Table 1. Ambient Conditions

ConditionPMV=-1 Conditions PMV = +05

Start ofPI - P2

End ofP3-P4

Ta =Tr =21"C Ta = 285"C
Tflo<r = Twalls = 21°C

Ta= Tflo<r= 27,l oC
Twalls = 21°C

Air velocity = 0.12 m.s·' ; Dewpoint temperature = 14"C
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the thennal environment was linearly decreased to PMV = -I in either 30 (P3)
or 60 (P4) minutes.

After these transients, the climate was constant for 90 min. The physical
parameters of these conditions (given in the table) were chosen to mimic either
a thennal change by convection (only Tawas modified) or an indoor solar effect
(resultiog in a change in floor temperatore associated with an air thennal rise).

RESULTS

Left upper part ofFigure I shows the T,kas a function of time. T", showed
the same pattern under both positive and negative thermal changes. However T'k
decreased faster \!Ilder P3 since T", was found lower at min 75. T", decreased
more (-2°C) during negative transients than it increased (+0.5°C) during the
positive ones, for the same PMV. This is mainly due to lesser increases in the
skin temperatores ofthe lower part ofthe body (legs and feet). Right upper part
of the figure shows the changes with time in the whole-body thennosensory
judgements. In opposition to what was observed on T,k' the thennal votes asso
ciated with negative transients did not differ, whereas they did differ during the
positive thennal ramps: the increase in the mean thermal vote was greater under
the 30-min thermal ramp compared to the 60-min ramp.

Left lower part ofthe figure illustrates the results ofthe variation in the per
centages ofdissatisfied people. Considering a threshold 000%, as necessary for
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Figure I. Top: mean skin temperatores and average whole body thermal
sensations (both with SEM). Bottom: percentages ofdissatisfied people
and of local unpleasantness.
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a pronounced discomfort, leads to the conclusion that the cool conditions were
judged as uncomfortable while no discomfort was ever observed in the warm
environment. It is worthwhile to note that the 30% ( 5%) were only passed at
min 90 under both negative thermal transients.

Rigbt lower part of the figure illustrates the same results in relation to dis
comfort, but based on local estimates. The values presented here are the sums of
all the local discomfort estimates, expressed by the subjects on a schematic
human drawing, seen from front and back (13 zones): these are percentages of
possible responses. When considering again a 30% threshold as a value above
which discomfort is obviously expressed, it can be stated from the figure that no
discomfort was found during and after the warm transients, while discomfort was
clearly expressed when the thermal transients led to a cool climate (p3, P4).

DISCUSSION
The PMV index is a good index for the prediction of the mean thermosen

sory judgement: the present study confirmS that a PMV of - I corresponding to
a whole-body cool thermal sensation provokes discomfort, while a slightly warm
PMV of+0.5 does not. But the associated PPD appears largely underestimated.
Our experience confirms that a level of 30% (in the case of a small number of
subjects) is generally a threshold that can be considered for discomfort certainty.
In addition, our results show a good concordance between overall discomfort and
local unpleasantness. This is an interesting point since whole-body discomfort
is obtained from a unique judgement (which can sometimes be altered for some
unknown reason), while local unpleasantness estimates are obtained from many
possible answers proposed to the subjects (in our case, 13 zones represented on
a human-like shape). However, the same threshold value 000% has to be con
sidered before whole-body discomfort can be ascertained.

To predict the risk of discomfort, we elaborated a computer model, which
calculates the degree oflikely dissatisfaction, based on an integration ofthe ther
mal changes in all local body segments. It takes into account the following:- the
T,k changes; the large-body segments thermal state (band, torso, back, ann,

hands, legs and feet); the thermal differences between the extremities, as well as
the thermal state ofthese extremities (bead, hands and feet); and the differences
between right and left side and/or upper and lower part and/or front and back of
the body. Our model uses a formula that integrates all of these components,
some of them having an additive effect, some others a multiplicative one. The
left part ofFigure 2, below, shows the prediction of the T", under the 4 thermal

conditions; the right part illustrates what is called the discomfort risk (IRI) result
ing from the integration of all local thermal inputs calculated by the computer.
An arbitrary value of 80% predicts some discomfort probability, while a value of
100% or more reflects pronounced discomfort.

The results obtained from the computer model are in good agreement with
those found during the experiments. No discomfort is predicted during and after
the positive ramp (pI and P2) and no discomfort was observed in reality. In
opposition to this, both negative transients towards PMV = -I should induce
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discomfort: under'the 30 min ramp (P3), computer predicts discomfort at time 80
min, while real discomfort was found at time 90 min in the experiments. A small
difference is found for the P4 simulation (60 min ramp) since discomfort is pre
dicted by the model at time 110 min, while it was found earlier (at time 90 min)
in the experiments; nevertheless, prediction of unpleasantness was obtained as
really observed. In conclusion, if it is well known that discomfort in humans
originates from thermal imbalance, it can also be the result ofthe local variations
from a theoretical thermal distribution required for comfort. Our computer
model, based on negative effects ofchanges in the optimal skin temperatnre dis
tribution, appears as a good tool for predicting these discomfort risks, even dur
ing or after thermal transients.
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A HUMAN PERFORMANCE SIMULATION TOOL

D.Dahn

Micro Analysis & Design Inc.

INTRODUCTION

A new compnter modeling tool, the Integrated Performance Modeling
Environment (IPME) focuses on simulation of humans in different environ
ments. The IPME was developed in support ofthe United Kingdom's Centre for
Human Sciences (CHS) to support analysis of human performance prediction in
military systems. The CHS has been using the IPME for the past year in stodies
supporting the Combined Operational Effectiveness and Inveswent Appraisal
stodies for proposed weapon systems.

To introduce the capability and capacity ofthe IPME, a simplistic exemplar
model of a Naval Anti-Air Warfure Center (AAWC) operation was formulated
to demonstrate how human performance in adverse Or harsh environmental con
ditions can be modeled. The exemplar will stody the effects of sea conditions on
radar operators. .

OVERVIEW

The IPME is an integrated modeling system that provides a graphical interface
to improve the ease in constructing simuiatioIls to predict human performance.

The IPME allows construction of component models that are tied together
in a plug-n-play simulation environment to represent a System description. The
IPME has 5 component models and a measurement suite that can be used for
blocked design ofexperiments. These models focus on the human and depict the
(1) task network-procedures the human performs in support ofa goal, (2) oper
ator model-describes each operator in a crew, (3) environment model--ilie
environment in which the crew operates, (4) performance-shaping model-a set
ofperformance stressors and (5) external models-an interface for communicat
ing with 1 or more external simulators or programs. ams.

The IPME also introduces the 1st practical application of a new workload
measurement method called Prediction of Operator Performance (I) developed
by CHS. The algorithm is a performance-based prediction not dependent upon
specific interface knowledge like that required in multiple resource theory.

Results from·an IPME simulation include built-in data collections as well
as analyst-defined measurements. Multiple analyst-defmed data collection sets
are supported.

IPME is based on the Micro SAINT (2) (System Analysis of an Integrated
Network of Tasks) Monte Carlo simulation engine. From its origins, IPME is
well suited for modeling, simulation and analysis of complex human-machine
systems (3). The resulting IPME human performance models support a variety
of simulation analyses such as stodying relationships among system entities,
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events and processes; helping with function allocation in system operations; con
ducting sensitivity analysis; and even performing human error studies.

COMPONENT MODELS

The task network model supports construction of procedures needed to
achieve an operator goal or objective. The basis of the method for the task net
work uses an empirical task analysis describing the properties of the tasks and
their logical and sequential relationships. This set of information is then com
bined through a graphical modeling interface (Fig. I) into a process (task net
work with queues) or sets ofhuman/system processes (multiple network hierar
chy). Operators' can be assigned to tasks dynamically through conditional
expressions or statically through functional assigument. For our exemplar
model, we created a simple network representing a tracking procedure for the
AAwe radar operator.

Figure 1. Task Network

Changing variables within scenario events at a specific time or model state
condition can alter situational goal states. Situational goal states are different
than the operator goal modeled in the task network. In our exemplar we could
control whether the ship is at normal quarters or under attack, 01' We could
increase the Sea State over time. Logic within the task network would then
uniquely adjust each operator's goal state.

The operator (crew) model allows a description of individual operatnrs
using traits, states and physical properties that can be used as performance crite
rion in the task network model. Traits are those human characteristics that are
not expected to change as a function of simulation time and include items such
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as mental aptitude, experience and training. States are those human characteris
tics that do change as a function of simulation time and include items such as
fatigue and mental alertness. These human characteristics can be used within
expressions in the task network model to dynamically alter the process based
upon who is performing the task. For our exemplar, we created a single console
operator and entered an expression using 'if-then' conditionals to set the ope,a
tor's comfort level as a function of Sea State (which is defined in the environ
ment model).

The enviromnent model allows the user to derme physical conditions to
which the operator will be exposed. The IPME supports placing each individ\ial
operator into same or different work zones where each work zone has it's own
unique enviromnent. Enviromnent element relationships between the physical
enviromnent and each work ZOne can then be established through mathematical
expressions. Our exemplar model uses a quantification ofthe physical Sea State
that is used in the operator model to effect operator comfort.

The performance-shaping model uses enviromnental stressors and operator
characteristics to ,modify human performance at the task level. For each task
within the task network model, the user identifies the atomic behaviors from a 9
element taxonomy and the percentage that each ofthese behaviors contributes to
the task. Then, in the performance-shaping model, the user can create mallie
matical expressions for each taxonomy that will improve or degrade the time to
perform or error probability of a task. The equations developed in the perfor
mance-shaping model are developed once but applied across all tasks within the
simulation model. For our exemplar, operator time performance ofall tasks con
taining the atomic behavior 'fine continuous motor skills' was degraded basedon
a simple algorithm as a function ofoperator comfort. Error probability for tasks
containing atomic behaviors 'spatial' and 'verbal/numeric cognitive ability' were
also degraded. This degradation resulted in additional missed tracks.
Algorithms of this type are generally taken from literature or developed ftom
empirical studies. The concept is complicated: the application is powerful_

The external models interface supports integration of other simulati~ns

through an inter-simulation protocol that allows sharing simulation state vari
ables between simulators existing on the same platform or connected acrms a
network. These external simulations can be other IPME models or specialil:ed
models utilizing t!Je protocol. Our exemplar does not use any external simula
tors but there are times when multiple work centers are modeled and interactl>ns
between these work centers need to be studied.

The resulting combination of the component models fonnulates a tine
based discrete event simulation of a complete System.

EXECUTING THE SIMULATION

We can now execute the completed System model. For the exemplar,we
wanted to capture the number ofradar tracks missed by an operator as a funclon
of sea conditions and the operator's susceptibility to seasickness. We lSed
IPME's measurement suite to construct a blocked design and varied the Sea ~ate



and the operator's trait describing the susceptibility to seasickness and collected
data on the measure ofperfonnance. To represent expected human variability,
each experimental condition was set up to execute multiple times. Once the
blocked experiment infonnation was entered into the measurement suite, the
model executed unattended. Results were saved in ASCII fIles. Final presenta
tion was a set of graphs showing the relation between Sea State and the opera
tor's resultillg perfonnance in tenns of missed tracks. The experiment can be
further expanded to multiple blocks of different operator susceptibility levels.

Extension ofthe IPME's modeling and simulation application in other sito
ations or envirouments is easily imagined. The focus of the stody could be on
operator performance in different environments. Two environmental models can
be constructed describing conditions in Desert and Arctic climates. The Desert
environment can then be plugged into the System, the experiment run and data
collected The Arctic environment can then be plugged into the System, and the
experiment can be rn1l again. The resulting data will provide a clear contrast
between performance in different environments with the same control descrip
tion ofthe operators and their procedures. The interchange ofcomponent mod
els within IPME \s referred to as plug-n-play modeling.

The IPME is available for Silicon Graphics™ and Intel™ Linux platfonns.

CONCLUSION

IPME introduces a plug-n-play constructive simulation environment that
helps the practitioner build simple or complex simulations that can be easily
reconfigured. The unique ability to distinguish differences between Operators
and Environments improves realism ofthe simulation models and helps the prac
titioner answer the tough questions when many stressor effects need evaluation.
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HEAT TRANSFER IN THE HUMAN HEAD:
RESULTS OF MODELING

I. Yermakova and N. Maslovskaya

Institute of Cybernetics, Academy of Sciences, University of Civil Aviation
Kiev) Ukraine

INTRODUCTION

One of the important problems related to thermal processes in the human
head is clarification of the process ofbrain temperature regulation. The question
concerns how human brain temperature is held practically constant in hot envi
romnents and during intensive physical exercises when hyperthermia is a real
danger. Cabanac supports the existence of selective brain cooling (SBC) in
humans (1,2). Brengelman reports that the exceptional capability of humans to
dissipate heat from the entire skin surface is the result of brain cooling (3). We
propose that one possible way to research this is to compute the effect of differ
ent body heat transfer mechanisms on human brain temperature.

The objective of this study was to perform a quantitative assessment of the
dependence of brain temperature on heat transfer via blood flow and respiratory
evaporation in neutral and hot enviromnents.

MATERULS AND METHODS

Quantitative analyses were performed by computer mOdeling. The model is
comprised of a system of differential equations related to whole body heat
processes ofpassive and active systems. Using a traditional structure, the hQman
body in this model is represented as layered cylinders corresponding to human
organs or body parts (4). The model describes heat processes in the human head,
inclQding brain metabolic heat production, heat transfer by blood, heat condQc-

C xmbrX dThht=Mbr-K X(Tbr- Ts)

-WbrxkbXpbXCbX(Tbr-Tb)- Eres (I)

c Xms x ClT,Yat = Ms +K X(Th - Ts) -Ws X kbx pb XCb X (Ts- Tb)

+ heX As (Ts-Te) - hrXAs (Ts-Te)-Eres (2)
tion to head skin, respiratory evaporation, evaporation from head skin and
heat exchange with the enviromnent by convection and radiation. Equations 1
and 2 describe the thermal processes in the head: brain and skin.

where T = temperature, M = metabolic rate, E = respiratory evaporation,
K = conduction to head skin, w = blood flow, kb = coefficient of convective

heat exchange between blood flow and tissQe, r = density, m = mass, c =

heat capacity; sQbscripts: br = brain, b = blood, s = head skin.
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TaWe 1. Initial data of model. Air temperature 29'C, velocity 6 cm·min", relative
humidity 20%, clothing 0.3 clo.

Head

Brain

Skin

M
(kg)

4.74

0.82

A
(m')

0.15

12.42

0.12

48

1.6
2.63

Kb

I

I

4.5

4.5

Initial data ofequation I are given in Table I.

RESULTS AND DISCUSSION

1. Modeling ofpassive system. The significance ofheat transfer via blood
flow and evaporation from the upper respiratory tract on brain temperatnre can
be evaluated with an open-loop thermal system. This permits studying the
effects of step-changes of heat flow via blood and respiratory evaporation on
brain temperatnre. Modeling was performed for neutral and hot air environ
ments. The results ofmodeling a twofold increase in respiratory evaporation or
in heat transfer by blood flow are given in Table 2. It can be seen that brain tem
peratnre depends on both heat transfer by brain blood flow as well as on evapo
ration from the upper respiratory airways; however, their influences on brain
temperature are different in neutral and hot environments. In a neutral environ
ment their effects are practically equal. Brain temperature cooled by -0.26'C
from increased evaporation and by -032'C from increased heat flow via blood.
Blood temperature was decreased by -D.l6'C and -0.05'C, respectively. In a hot
environment it is evident that changes in respiratory evaporation cannot com
pensate the initial rise ofbrain temperatnre in a passive system from 36.74'C to
38.94'C. The effect of an increase in respiratory evaporation on brain tempera
tnre Was -0.29OC but only -0. I OOC due to increased heat transfer via blood flow.

Table 2. Brain and blood temperatures' in neutral and hot environments after a

twofold increase in respiratory evaporation and heat flow via blood, .

Brain
Blood

Brain

Blood

Initial Temperature

36.74

36.65

38.94

38.87

With
F.= 10 (kcaI·h")

TA = 29'C
36.48

36.49

TA =40'C
38.65

38.68

With
K b =2

36.42

36.60

38.84

38.80

'Temperatures in "C.
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Blood temperature was decreased by -0.19'C with the rise of evaporation and by
-0.07'C wi):h ):he increased blood flow heat transfer. Thus it appears that brain
temperature cannot be maintained stable by high respiratory evaporation in a hot
environment.

2. Modeling of brain temperature regulation in hot environments in a
closed-loop system. To research a more realistic situation regarding brain tem
perature, we shnulated the dynamics of a closed-loop system in a hot environ
ment. The dynamics of thermoregulation after a step-change of air temperature
from 29'C to 40'C are shown in Figure I. In these conditions, skin vasodilata
tion and sweating take place. It can be seen that at steady-state the fmal brain
temperature was 36.83'C; i.e., it increased by only 0.09'C from its initial
36.74'C. It is hnportant to notice that cooling of the brain was begun only after
switching on skin evaporation (see Figure I). Blood temperature was regulated
to 36.79'C from an initial 36.65'C; i.e., it increased only by 0.14'C.
Thermoregulatory responses were an increase in skin blood flow and evapora
tion from the body surface. In steady-state their values of43 L·h and 120 kcal'b,
respectively, provided temperature homeostasis.

'.5 .I:=:;:;::::;;::::;;.-::-::,.....,'"""',.,....~.,!.
• 12 24 31i '" il 72 ..... " t,mln

Further analyses involving
blood temperature should be done,
as it is the key parameter in brain
temperatore regulation. Namely,
this parameter exerts a cooling effect
on brain temperature through an
increase in heat removal by blood
flow. At fIrst, blood temperature is
reduced through the increased blood
flow to the skin surface, where sweat
evaporation follows (Figure 1).
Then, heat removal by blood flow is
further increased and brain tempera
ture is controlled. Heat transfer by
blood flow, in distinction from that
due to respiratory evaporation, is
constantly changed following a
change in blood temperature. It was
shown in the open-loop system that if
there is no blood cooling, there is no
cooling of the brain; in a regulatory
system, there is a condition of blood
cooling that provides brain cooling.
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Figure 1. Dynamics of thermo
regulation in hot environment.
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CONCLUSIONS

The predominant regulatory mechanism ofbrain cooling is heat removal by
blood flow. In a hot environment the thermoregulatory system increases the
delivery ofblood to the skin where intensive evaporation ofsweat occw"s, result
ing in blood cooling. This facilitates the transfer ofheat by blood flow in the
brain. Respiratory evaporation is a factor in thermoregulation and its value does
affect brain temperature. However, its influence is felt only ifarterial blood tem
perature is main~ed through skin vasodilatation and sweating.
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A COMPARISON OF LOTENS' FOOT MODEL AND DATA FROM
SUBJECTS: THE USE OF BOOT INSULATION MEASURED WITH

THERMAL FOOT MODEL IN CALCULATIONS

K. Kuklane1, 1. Holmer! and G. Havenith2

!Nationallnstitute for Working Life, Dept. ofOccupational Health,
Solna, Sweden

2Loughborough University, Dept. Human Sciences, Loughborough, UK

INTRODUCTION
Local cooling ofextremities is often the limiting factor during cold exposure.

Lotens (1,2) has presented a model for prediction offoot temperature. The model
includes factors such as blood flow to feet, body temperature and environmental
climatic conditions. It is available as a computer program. Among the input
parameters are the thermal insulation of the uppers and the sole ofthe footwear.

The purpose of this study was to validate predictions with the model using
actual measurements on subjects exposed to cold environments. Values for
fuotwear insulation were obtained from measurements with a thermal foot model.

METHODS

The footwear insulation was measured on a thermal foot model (3). The
same type of sock that the subjects used was donned on the thermal model dur
ing the tests. The insulation value for uppers was 0.332 m2.oC·W-l and for soles
0.311 m2.0C·W-l, and the weight of the boots was 0.83 kg.

The measurement conditions of the tests on subjects are described in detail
elsewhere (3). In the study, 6 male subjects wearing the boots mentioned above,
were exposed to -10.7°C. During the cold exposure, the subjects were sitting and
carrying out some light manual tasks at given intervals.

The subjects stayed in the cold for 1 hour. In addition, 20 minutes ofrecov
ery at room temperature was recorded for comparison. Foot skin temperatures
were measured at 3 sites on both feet lateral heel, dorsal foot and second toe.
The average dorsal foot skin temperature of all subjects from each trial was used
for comparison of measured and predicted values. The shoulder skin tempera
ture was measured as an indicator of overall body skin temperature.

Some ofthe computer program input data for the prediction model was esti
mated from available data: average foot volume, 0.0014 m'; area of uppers,
0.040 m2; area of sole, 0.021 m2; rectal temperature, 37°C; and mean body skin
temperature,33°C. The default values were used for the remainder of the input
data (1). The regression analysis and paired t-tests were used to acquire corre
lation coefficients and for statistics.
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RESULTS AND DISCUSSION
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Figure 1. Calculated (Tsk,foot (WAL)) and measured

(Tsk,foo') foot skin temperatures at environmental tem
perature of .10.~oC. Tsk,foot (WAL) WW is calculated

with estimated insulation reduction for sweating and
walking.

For skin temperature calculation, the Lotens' foot model uses the nutrition
al blood flow that stays relatively constant and the skin blood flow that depends
on temperature. The latter changes being the most important factor for the skin
temperature chan~e.

Figure 1 shows the predicted and measured temperature curves. The corre
lation coefficient between predicted and measured values was 0.95. Measured and

predicted foot skin
temperatures were
significantly corre
lated. However, the t
tests showed signifi
cant differences bet
ween measured and
predicted values.

A factor that
could influence the
results was that for
the model develop
ment and parameter
testing, Lotens used
insulation values of
0.13 (uppers) and 020
(sale) m2.OC·W·l (1),
while the values mea
sured with the ther

mal foot for a similar boot were much higher. Lotens probably estimated his insu
lation values from Santee and Endrusick (4), reducing the values for wetting and
motion. Similar reduction of the insulation of the uppers due to sweating, and
sweating and walking, Was observed by Kuklane and Hohner (5,6). They showed
that the insulation ofthe sale does not decrease during walking. However, during
a 1 h exposure in the cold with low activity, the subjects did not have a consider
able sweat rate and the related reduction in insulation could be tninimal.

The underestimated insulation values used in the model development by
Lotens may be the main reason why the predicted temperature stayed higher for
the whole exposure period using the high measured insulation values. In reality,
the insulation of the boots stayed presumably at the same level. The difference
between the predicted and the measured foot skin temperatures was growing pro
portionally, while warm-up curves were almost parallel. When the insulation was
reduced for wetting and walking according to Kuklane and Hohner (6), then the
paired t-test did nilt show significant differences any more (Figure I), while r =

96. This is a similar correlation that Lotens got during the validatiOn tests (7). It
shows that the curve patterns are similar and the main calculation corresponds to
measured values, only some parameter values differ. Figure 2 shows the regres-
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Figure 2. Regression of measured versus calculated
foot skin temperatures (r = 0.96), after the insulation
was corrected for sweating and walking. __ line of
identity; "Predicted Tsk,foo'" is the actual regression

between measured and calculated values.

sion between mea
sured and calculated
foot skin temperatures
after the correction of
the insulation.

It can be conclud
ed that the main rea
son for differences
between measured and
predicted foot skin
temperatures is most
likely the difference in
the estimation of the
insulation values.

When the average
foot skin temperatures,
based on all three mea
sured points, were com
pared to Lotens' model,
then the measured val
ues were much lower
due to considerably
lower temperatures of
toes and heels. It can be

judged that the prediction model apparently does not consider cooling oflocal points,
especially toes, which are usually critical for exposure length andlor comfort.

CONCLUSIONS

I
1

i
I

We conclude the following: Cousidering the disagreement in the insulation
values, the Lotens' foot model gives reasonable prediction of foot skin tempera
ture values. The use of insulation values from thermal foot measurements cer
tainly improves the accuracy. The model should be modified to take into con
sideration insulation changes due to moisture concentration and motion.
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DEVELOPMENT AND VALIDATION OF A MATHEMATICAL
MODEL FOR HUMAN BRAIN COOLING IN COLD WATER

X. Xu l , P. Tikuisis2 and G. Giesbrechtl

I Laboratory for Exercise and Euvironmental Medicine
University of Manitoba, Winnipeg, Canada

2Defence and Civil Institute of Environmental Medicine
Toronto, Canada

INTRODUCTION

There have been several recent advances in our understanding of cold water
near-drowning: a condition where victims survive cold water submersion for as
long as 66 min with full or partial neurological recovery (1). The ability to with
stand prolonged total submersion, especially in cold water, seems to be more evi
dent in children. Explanation of this phenomenon relates to both ofthe follow
ing: the mechanisms for, and amounts of, body/brain cooling that occurs; and the
mechanisms for the protective effects of this cooling.

It is commonly accepted that the cerebral protection is due to the decreased
metabolic requirements of the cold brain tissues. However, it seems unlikely
that survival from prolonged cold water submersion can be based solely on a
decrease in cerebral metabolic requirements for oxygen (2). Several recent stud
ies, directed mainly toward protection of the brain during or following cerebral
ischemic events, have demonstrated that even moderate brain cooling to between
35 and 33·C provides substantial cerebral protection from 10 to 20 min oftota!
cerebral ischemia in rats (3). An additional mechanism for cold protection from
anoxia involves decreased glutamate and hydroxyl radical production. As irre
versible brain dari:Iage usually occurs in humans within 4 to 6 min of anoxia, it
is likely that the brain would have fo cool at least 3·C within a maximum of 5
min to explain the intact survival of prolonged cold water submersion.

The rate ofbrain cooling basically depends on external heat exchange, inter
nal heat exchange and local brain metabolic heat production. The aim ofthe pre
sent work is to develop a model to estimate the contributions of the different
avenues ofbrain cooling during cold water submersion.

METHODS

Geometrical Representation

The head is represented simplistically by a hemisphere consisting of the
brain and uniformly thick layers ofbone and soft surface tissue. Boundary I rep
resents the soft tissues (I.e., fat, muscles and skin) and bone layer of the spheri
cal skull surface where heat transfer to the surrounding cold water occurs. The
soft tissue and bone layers at the basal lower flat surface of the brain represent
Boundary 2.
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Mathematical Model

The assumed hemispherical geometry of the head and its uniformly thick
outer boundaries allow us to express the energy balance in the two-dimensional
(2-D) spherical coordinate system as:

where T is temperature (DC), I is heat conductivity (W·m-1'0c-1), M is metabolic
heat production (W'm-l), Q is blood flow to brain [m-l·s-1·m·l(tissue)],pc is heat
capacity (KJ·m-l.oC-I), Tb is carotid blood temperature (OC), and is time (s).

Arterial blood flow and temperature will vary with submersion time (defined
further below).

Assumptions for Submersion

Circulation. Blood circulation eventually arrests during submersion. Fainer
et al. (4) studied 160 mongrel dogs during fresh water drowning and observed
that blood pressure started to fall precipitously after a mean of 130 s and reached
zero after an average of 262 s. In the present model, it is assumed that blood
flow to the brain is normal within the first 2 min and then decreases linearly to
zero in the next minute.

Brain Metabolism. The metabolic heat production is also related to the
cerebral blood flow. During circulatory arrest, the metabolic rate decreases pro
portionally with the decrease in cerebral blood flow. Therefore, it is assumed
that the metabolic rate changes according to Q10 during the first 2 min but is
then reduced to zero over the next I min while the blood flow decreases to zero.

Ventilation of Water. Two pathways must be considered to estimate the
effects of ventilation of water on brain cooling: direct conductive cooling
through the airway at Boundary 2 and indirect circulatory cooling via the lungs.

Conductive Cooling. If water is breathed during submersion, some water
will always enter the nasal cavities. This will enhance conductive heat transfer
from the brain to this water at Boundary 2.

Circulatory Cooling. When water is breathed during submersion, the lungs
act as a heat exchanger where the pulmonary blood is cooled by the water enter
ing the distal airways. This will result in a significant decrease ofsystemic arte
rial blood temperature, causing core, as well as brain, cooling. This effect is
taken into account by the changing Tb• Coun et al. (5) showed that dogs breathed
water for several minutes during submersion in 4°C water. Dnderthis condition,
carotid artery blood temperature decreased exponentially by goC within 5 min.
It was assumed that the results from the canine model were applicable to humans
under similar conditions.

Simulation Conditions

The ambient water temperature is assumed to be 2°C for all cases.
Condition I: Effect of conductive cooling at Boundary I, Boundary 2 insulated,
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without circulation or ventilation. Condition 2: Effect of couductive cooling at
Boundary I and Boundary 2 (without circulation). Condition 3: Effect of con
ductive cooling at Boundary I and circulatory cooling via the lung (Boundary 2
insulated, circulation intact). Condition 4: Effect of conductive cooling of
Boundary I, conductive cooling of Boundary 2 and circulatory cooling via the
lung (circulation intact). Condition 5: Effects of the head size.

RESULTS AND DISCUSSION

The data are presented either as an average brain temperature over time or
the 2-D temperature distributions within the brain hemisphere at different times.

Average Brain Temperature

The pre-cooling average temperature is 37.0°C and temperatures after 5 min
submersion are as follows: 36.7°C for Condition I, 35.l oC for Condition, 2,
33.4°C for Condition 3, 32.0°C for Condition 4, 36.3°C for Condition 5
(Condition 1 with child's head size) and 33.8°C for Condition 5 (Condition 2
with child's head size). The results of Condition 1 indicate that conductive cool
ing of the brain through Boundary I is slow. This can be explained by the low
heat conductivity of human tissue. The results of Condition 2 show that added
conductive coolirig through Boundary 2 enhances brain cooling, but it is still too
slow to meet the required brain cooling of 3°C within 5 min. In fact, the con
ductive cooling through Boundary 2 would be less, because the actual surface of
the nasopharynx is much smaller.

Two-Dimension Temperature Distribution

Results were calculated at the pre-cooling baseline condition, after 5 min
with conductive cooling only at Boundary 1 (Condition I), and after conductive
cooling at both Boundaries 1 and 2 (Condition 2). After 5 min of cooling, the
temperature of the brain surface is reduced by conductive cooling through
Boundary 1, but the deep part ofllie brain is still not cooled. In Condition 2, the
temperature at BOlmdary 2 is also reduced by conductive cooling; however, the
deep part of the brain is still not yet influenced.

Condition 4 accurately depicts the situation when water is respired, as the
additional affect of conductive heat transfer with the cold water in the upper air
ways is included. The large and continual decrease in brain temperature is qual
itatively comparable to the decrease in carotid'artery temperature in the study of
Conn et aI. (5).

CONCLUSIONS

The simulation indicates that conductive heat loss either through the skull
surface or through the upper airways is minimal. However, the veutilation of
cold water has llie potential to provide substantial brain cooling through circula
tory cooling. Wheu brain blood flow ceases, there are big differences in tem
perature between the brain surface and the deep brains, Head size is an impor
tant factor as a small, child-size head will couductively cool faster than a larger
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adult head. While it seems that water breathing is required for rapid "whole"
brain cooling, it is also possible that conductive cooling may provide some
advaotage by cooling the brain cortex peripherally aod the brain stem centrally
via the upper airway. .
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