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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 another 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 information pre- 
sented at these Conferences. This is the first volume of what, we hope, will become 
the International Series on Environmental Ergonomics, a biennial publication of 
thz presentations of the !ntemational Cdeieiices on Bnvironmentai 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 of San 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 of San Diego, CA; and 
Measurement Technology Northwest of Seattle, WA. We would also like’to thank 
Marilyn Mead, Sue Sobanski, Kristee Emens-Hesslink, Angela Watson,* and 
Wendy Glover for their editorial and formatting assistance. 

James Hodgdon 
Jay Heaney 
Michael Buono 
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PERlhANENCE OF THE HABITUATION OF THE 
“COLD SHOCK” RESPONSE 

M. Tipton, I. Mekjavic and C. Eglin 
Department of Sport and Exercise Science, University of Portsmouth, 

Portsmouth, Hants, UK, 
University of Surrey, Guildford, Surrey, W, 

Institute of Naval Medicine, Gosport, Hants, UK 

%! 

INTRODUCTION 
Sudden stimulation of the peripheral cutaneous 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 of aspirating 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 (1). The mechanism of this adaptation is, as yet, 
unclear but it appears to take the form of an habituation of central processes (2). 
The present study 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 committee. 
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 habituation (H) group (n = 8). Each 
subject undertook two 3-rnh-1, head-out immersions in stirred water at 10°C wear- 
ing swimming trunks. These immersions took place at the same time of day with 
4 days separating the 2 immersions. In the intervening period, the C group were 
not exposed to cold water, but the H group undertook another s i x  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 10°C. 

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 of the subjects in group C, but only 5 of the subjects in group H were able 

to complete all 5 immersions in 10°C. One subject missed the immersions at 
months 2 and 4, and 3 subjects missed the immersion at month 7. Missing data were 
estimated using the Genstat routine, thus keeping the subject numbers constant for 
each immersion. Mean data for both groups are presented in Tables 1 and 2. 

Table 1. Mean values for both groups obtained during first 30 s of 
immersions in water at 10°C for fR (breathmin-I), VI (Lain-1) 

and f, (beat-min-1). rl. 

Group day 1 d& month2 month4 month7 
fR H 47.3 24.0 34.4 33.9 32.1 

C 37.0 37.5 38.0 35.5 31.0 
VI H 72.2 31.3 58.5 55.6 49.0 

C 64.8 70.9 82.8 77.0 68.4 
fH H 128.0 108.5 111.5 108.1 90.2 _- 

C 116.4 115.0 106.6 106.0 97.5 

Group H showed a significant reduction in fR over the first 30 s of immersion 
at day 5 (immediately after the habituation regime; P < 0.05), over subsequent 
immersions ER increased but not significantly (Figure 1). Over the same time 
period, group C showed no alteration in fR across immersions. In the remaining 
150 s of immersion, the H group showed a reduction at day 5 (P < 0.05) and 
thereafter a gradual increase over time, while the C group showed no significant 
changes across the immersions. 

Table 2. Mean values for both groups obtained between 30 and 
180 s of immersions in water at 10°C for fR (breath-min-1), VI 

(L-min-1) and fH (beabmin-1). 
GrouD day 1 d& month2 month4 month7 

f R  H 32.3 17.5 22.0 21.7 21.4 
C 28.8 26.5 29.0 22.8 18.8 

VI H 56.8 17.5 29.4 28.6 25.1 
C 58.8 47.3 65.2 35.5 30.2 

fH H 116.4 89.8 89.9 93.6 77.2 
C 104.3 88.8 95.5 83.8 75.3 

A similar response was seen with VI, the H group showing a significant de- 
crease in the first 30 s of immersion at day 5 (P < 0.05), thereafter VI increased 
with time. The C group showed no change in the VI response. During the last 150 
s of immersion, the VI response of the H group was attenuated at day 5 (P C 0.05) 
and showed a tendency to increase on subsequent immersions. The C group 
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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 
150 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 decliie with repeated immersions; 
this reached significance between days 1 and 5 and months 4 and 7 (P < 0.05). 
Over the last 150 s of immersion, fH was attenuated in both groups between day 1 
and 5 (P < 0.05) and remained unchanged on subsequent immersions. 
DISCUSSION 

We have previously reported that repeated immersion in water at 15°C re- 
duces the responses to immersion in water at 10°C (3). This study has focused 
on the permanence of the alterations which produce the habituation to the cold 
shock response. fR 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 first immersion but was greater than that observed at day 5 (approximately 
halfthe habituation was lost). Over the remaining months, the average respons- 
es of the H group remained fairly constant. This demonstrates that part of the 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 of the C group to immersion in cold water remained the same 
between day 1 and day 5 and over the months examined (February, May, October 
and December) showing no tendency towards seasonal variation in the magni- 
tude of the 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 of the habituation, it may be necessary 
to undertake periodic cold exposures; the 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 immersion 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 peiipheral 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 
is not known whether repeated cold showers reduce the responses to whole-body 
cold immersion. The aim of this study was to investigate showering as a method 
of inducing habituation to the initial responses to cold water immersion and to 
determine the importance of the rate of change of skin temperature ( Tsk ) 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 f 5.6 years; 
height 176 rt 9 cm; mass 78.9 f 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 immersions in stirred water at 10°C wearing 
swim wear. The immersions occurred at the same time of day and were separat- 
ed by 4 days d&g which time the subjects took 6 cold showers. The subjects 
were randomly split into 4 groups with different showering regimes: 3 min at 

back followed by 30 s on the fiont (10BF); and 35°C reducing to 10°C over 40 
s followed by 3 min at 10°C on the back (H10). 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 Lmin-’. Previous studies (42) 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 fiequency E) and heart rate 
&) were recorded continuously. Skin temperature (T&) was measured on the 

I 

I 

I 10°C on the back (10B); 3 min at 15°C on the back (15B); 30 s at 10°C on the 
I 

I I 
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chest, upper back, forearm, thigh and calf. Surface area of the skin (SA) cooled 
by showering was estimated by infiared thermography. 
RESULTS 

On immersion, (Tsk) averaged 0.36 f 0.05"C.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: 1OB 0.59 f O.Ol"C.s-'; 15B 0.46 
& 0.05°C-s-'; H10 0.60 f 0.05°C.s-1 and lOBF 0.58 f 0.02"C.s'. It was expected 
that H10 would show a slower than 10B. This was probably masked by the ini- 
tial increase in Tsk in H10 and the response of the covered thermistor. The ther- 

Table 1. The initial responses (1,2) during the fmt and last immersion (I1 and E) and 
shower (S1 and S6) for groups 10B, 15B, H10 and lOBF, respectively. 

- 1OB Time Cs) I1 I2 SI. s6 
fR 0-30 54; 14 44 f76** 29 f 8 18 f 6* 

30 - 180 35 f 13 31 f 12 22f7 17 f 3* 
0-30 84.6 f23.4 77.5 f 26.7 51.9 f 17.9 28.8 f 16.9*- 

30 - 180 60.6 f 15.2 45.7 f 22.3 38.0 f 13.9 17.3 f 5.5** 
0-30 120 f 18 120 f 18 98 * 16 78 f 12** 
30 - 180 115 f 16 104 f 22 100 I20 79 f 13* 

0 - 30 43 -+ 15 44 f 28 2016 16 f 5 
30 - 180 32f 19 33 f 23 18f6 16 f 6 
0 - 30 74.9 f 14.5 75.5 f 20.6 34.8 f 12.6 15.9 f 4.l** 

VI 

fH 

_. 193 
fR 

VI 
30 - 180 49.0 f 18.1 37.1 f 16.9** 21.5 f 9.7 13.3 f2.0** 

fH 0-30 136 f 7 132 i 20 95 f 26 78 f 12* 
30 - 180 119 f 23 105 f 25** 83 * 18 76f 10 

H10 
0-30 37 f 17 30 i 16** 24f 8 21 f8 
30 - 220 22f8 20f 10 16f5 13 f 4** 

fR 

0-30 58.3 f 21.4 57.4 f 19.6 33.3 f 18.1 22.0 f 9.4* 
30 - 220 30.5 f 15.2 26.5 f 11.9 28.0 f 21.6 17.7 f 8.9 
0 - 30 100 f 14 110 f 16 91 f 10 85 f 12 
30 - 220 87 f 15 95 f 23 87 f 23 80 f 14 

fR 0 - 30 33f8 26f 10* 20 f 7 18f4 
30 - 60 22f5 19f6 20f6 18f3 

VI 

fH 

loBF 

0-30 58.8f20.8 54.1f24.3 42.8f13.0 26.2f6.6** 
30.-60 43.1f15.5 30.1f13.8* 38.1f 7.1 28.4f9.9 

VI 

frr 0-30 106 f 24 114f28 98f 19 85 f 20* 
30 - 60 102 f 22 94 f 23 96f 19 82 f 18* 

'Values represent the mean f SD (n = 6) from 0 to 30 s and 30 to the end of the shower/immersion. 

*Units of measure: j~ (breathsmin-I), VI (Lmin-l) and fH (beatsernin-1). 

* Pc0.05, ** PcO.01, I1 vs. I2 and S1 vs. S6. Wilcoxon signed ranks test. 
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mographs taken at the end of the showers showed that in groups lOB, 15B and 
H10,23% of SA was cooled, with the vast majority of this being on the back. In 
group 10BF, the SA cooled was approximately 34%. 

The mean resting fk, VI, and $I values for all subjects were 14 f 4 
breathsapin-I; 12.7 & 3.4 Lmin-I and 80 f 14 beats-min-I, respectively. The car- 
diac and respiratory responses to the first and last immersions (I1 and I2) and 
showers (S1 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. $I was also reduced in all groups except 
H10. Compared with the f is t  immersion,& over the first 30 s of the second 
immersion was reduced by approximately 20% in groups 10B, H10 and 10BF. 
The tachycardia induced on immersion in water at 10°C was not reduced by 
repeated showers except in group 15B and then only over the last 150 s. 

DISCUSSION 

The 20% reduction infk seen over the first 30 s during I2 compared with I1 
in the current study (groups lOB, H10 and IOBF) contrasts with a 41% reduction 
infi observed during previous studies in the first 30 s of a 10°C immersion fol- 
lowing repeated immersions in water at 15OC (1) and the 19% reduction in the& 
response over the first 30 s of 10°C immersion 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 immersions in 
producing a habittiation 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 hfk during I2. This group also showed the slowest Tsk 
and the highest absolute Tsk during their showers. Previous studies have demon- 
strated that repeated head-out immersions in water at 15°C (TSIC = 0.33"C-s-') 
reduced the responses to immersion in water at 10°C (1). Thus, exposing 90% of 
the SA (head-out immersion) to a Tsk of 0.33"C.s' will produce an habituation to 
the cold shock response on immersion in 10°C, but exposing 23% of the SA to a 
Tsk of 0.46OCs-' will not. As the areas cooled by the 15OC water had the same 
absolute temperature at the end of the shower or immersion, 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 10B and 
H10, which had the same SA exposed to cold, the Tsk appears to determine the 
level of habituation produced; 10B and H10 showed a reduction infk on I2 but 
15B did not. This is supported by the findings of Mekjavic et al. (5) who report- 
ed that the respiratory drive during sudden cold water immersion was closely 
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correlated with Tsk. However, it should be noted that the absolute Tsk was lower 
in groups 1 OB and H10 compared with group 15B, and this may have influenced 
the results. 

The present study has provided evidence that there is both a spatial (SA) and 
probably a temporal (Tk) summation of the cold stimulus to produce a habitua- 
tion of the cold shock response. The threshold for producing the habituation 
appears to be influenced by the SA exposed. The smaller the SA cooled, the 
faster the Tk required and vice-versa. 
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INTRODUCTION 
Prolonged immersion of fingers in cold water induces Cold-Induced 

Vasodilatation (CIVD). Although evidence is available that Arterio-Venous 
Anastomoses (AVAs) play an important role, the mechanism underlying CrVD 
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 eqeriment was set up to investigate the involvement of axon 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 thermoneutrality. 
MATERIALS AND METHODS 

Eight male volunteers were recruited. The subjects were 32 -+ 7 years old, 
weighed 83 f 13 kg and had a stature of 183 f 5 cm. 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 controlled 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 humidity (RH) climatic chamber for 
60 min prior to the immersion of the hands. 

Hypothemic 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 (lO°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 48OC water perfbsed suit. When the esophageal temperature 
reached 38.0°C, the hands were immersed in the water, and the temperature of 



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 30T, 60% RH cli- 
matic chamber. 

In all sessions, the temperature of the ventral side of the distal phalanx of 
each finger (Tfi) was continuously monitored with 40 gauge thermocouples fxed 
to the skin with surgical tape. The hunting reaction was quantified by the mini- 
mal (Tfi-min) and maximal finger skin temperature (T~L~,) during the first CIVD 
phase, time fiom immersion to Tfi-min (onset time) and mean finger temperature 
from the 5th to 40th min of immersion (Tfi). The hands were covered by thin sur- 
gical gloves. The fingers of both hands were immersed to the metacarpopha- 
langeal joints in the water baths. Both hands were about at the level of the heart 
during the immersions. 

Thermistor probes continuously measured esophageal temperature (Tes). 
Mean skin temperature (%) of the body was determined using the weighed 
average of 12 thermistors on the skin. 

The axon reflexes were evoked 15 and 30 min after hand immersion by elec- 
trical stimulation of the ventral part of the distal phalanx of the middle finger 
with a train of 16 pulses of 1 ms at 2 Hz (3). The current through the fingertip 
was determined individually in the familiarization run based on the pain rating 
and ranged from 15 to 30 mA. The maximum voltage was set at 300 V. Ag-Ag- 
C1 surface electrodes were placed on the ventral part of the distal phalanx of the 
middle finger. The reference electrode was placed at the dorsal side of the sec- 
ond phalanx of the same finger. 

Perfusion of the finger skin was determined by laser Doppler flowmetry 
(Perimed 4000) on the middle fmgers just beside the stimulation electrode and 
the little fingers of both hands. The Snger skin perfusion reaction to the electri- 
cal stimulation was quanWied by the baseline finger skin perfusion for a period 
of 1 min prior to stimulation @base), the maximal h g e r  skin perfusion observed 
during a 10 s period after stimulation &ax> and the duration of the axon reflex. 

RESULTS 
The body temperatures were significantly different between hyperthermia 

Tsk: 37.9 f 0.7"C), thermoneutrality (Tes: 36.8 f 0.2"C; (Tes: 38.0 f 0.1"C; 
Tsk: 31.8 f 0.7"C) and hypothermia. (T& 36.1 f 0.8"C; Tsk: 21.2 f 1.9'C). 

Table 1. Hunting parameten' for the cold water immersed hand. 

Hypothermia Thermonentrality Hyperthermia 
(C) (N) 0 

T,.,, ("a 5.4 +- 0.2 69 f 1.4 13.9 +- 3.2 
T,,, ("(3 8.3 & 1.7 11.0f3.2 20.9 f 2.1 

Tfi ( "C) 6.8 f 1.2 8.1 f 1.7 16.5 f 2.3 
Omet time (min) 13.053.8 7.2 f 2.2 
'Values averaged over all subjects and shown as means f SD. Differences between 
C, N, and W are significantfor all parameters (P e 0.05) 
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Table 1 shows the hunting parameters as measured in the cold hand for each 
experimental condition averaged over the subjects. Tfi, Tfi-min and Tfi-max are 
higher for the N than for the C condition. In the W condition, the finger skin 
temperature continuously stayed at a high level. Therefore, the onset time could 
not be determined in the W condition. In the C condition, the onset time was sig- 
nificantly prolonged as compared with the N condition. 

In the warm hand, axon reflexes were clearly visible fiom the significant 
increase in skin perfusion after the electrical stimulation. No increase in skin 
perfusion was seen in the cold hand. Table 2 shows the results averaged over 
both stimulations (minutes 15 and 30) and all subjects. 

Table2. Skin  perfusion' in themiddle finger tip of the cold and warm hand, 
measured before and after electricalstimulation. 

Hypothermia ThermoneutraIity Hyperthermia 
(c) (N) (w) 

Hand Fbnse F m m  Fbme F ,  Fbme F m m  
Cold 195.-16 185.-15 59k45 55C43 131k54 122k56 
Warm 575.-32 109k69 1365.-48 276k81  231575 276459 

'Values shown are means, in perfusionunits 5.-SD. Differences between C, N and W 
are significant for all parameters (P e 0.05), except between N and W for the warm 
hand F,, is higher than F,,for C and N of the warm hand. 

The mean duration of the axon reflex was shortest during condition C (68 * 
79 s), followed by conditions N (154 h 95 s) and W (199 * 152 s). Pain was more 
pronounced in the warm hand. 
DISCUSSION 

In the cold hand, a normal CIVD pattern was found, which was dependent 
on the thermal status of the body. In that same hand, no increase in skin perfu- 
sion was found after electrical stimulation. If an axon reflex is the origin of 
CIVD, as hypothesized, it is remarkable that electrical stimulation did not cause 
an increase in skin perfusion. The afferent impulses from the cold fibers in the 
skin, which are supposed to trigger the axon reflex, may have an increased neu- 
rogenic drive as compared with the afferent impulses from the local electrical 
stimulatioducreasing the electrical stimulation parameters further, however, is 
unethical, because on average, the 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 the warm hand was 
shorter when the body core was colder. In hyperthermia the 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 fiom 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 
of CTVD. 
CONCLUSIONS 

CIVD occurred in all experimental conditions in the cold hand and was depen- 
dent on the thermal state of the body. Electrical stimulation 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 CND. 
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INTRODUCTION 
Gender differences in the metabolic response to cold stress have been report- 

ed. McArdle et al. (1) found 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'k air exposure; this alteration was unrelated to differences in 
body composition or size. In contrast, Mannino and Kaufinan (3) found a greater 
responsiveness to cold in women who were similar in body composition to the 
men studied. 

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

MATERIAL AND METHODS 
Seven men (21 f 3 yrs; 1.88 f 0.11 m2; 10.0 f 3.0 %fat; V O ~ ,  47.4 f 5.7 

mPkgI-min-') and 3 women (31 f 10 yrs; 1.70 f 0.13 mz; 23.1 f 2.9% fat; VOZ-, 
46.6 f 3.2 ml-kg'.min-') volunteered for the study. Women were eumenorrheic 
and were not using oral contraceptives. Menstrual status was confi ied by 
assessment of serum estradiol and progesterone. 

Trials were conducted between April and mid-November to eliminate 
effects of cold acclimatization. Following a 30-min baseline period (Ta = 25 f 
0.5"C, RH = 55 f 2%) subjects rested in an environmental 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 (HF) was determined indirectly from V02 and respiratory exchange 
ratio (RER). Core temperature was measured within the esophagus (Tes). Plasma 
norepinephrine (NOREPI) and epinephrine @PI) were determined by high- pres- 
sure liquid chromatography (Hl?LC) (6). Total thyroxine (tT4), fiee triiodothy- 
ronine (fI'3) and free thyroxine (ff4) were measured by radioimmunoassay as 
described previously (7). 
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LUT Tes at baseline was 0.2 to 0.3'C higher compared with Tes during the FOL 
trial or Tes for the men. Hp in the cold tended to be higher in the men compared 
with both FOL and LUT, although these differences were not statistically signif- 
icant. Values for plasma catecholamines and thyroid hormones are shown in 
Table 1. 

E , , , ,  I , , , ,  

Table 1. Values forplasma Catecholamines and Thyroid Hormones 

Group Time NOREPI EPI tT4 fT4t f l3 t  
(pgml") (pgrnl-') (Edr ' )  (ngdl-') (pgmf') 

60 min 1324 f 166* 56.5 k 14.6 5.6 k0.3* 2.6 k 0.1 3.3 k 0.3* 

FOL 60 min 1448 k 6  1* 16.4 k 12.0 5.8 kO.1* 2.3 f 0.1* 2.5 f 03* 

LUT 60 min 1132 f 4  15* 26.8 & 7.1 6.5 +0.3* 2.6 k 0.1* 2.6 k 0.4* 

Men Omin 245 f 2 3  25.4 k4.7 5.2k0.2 2.6 k02 2.8 kO.l 

Women Omin 262+81 13.6292 5.120.1 2.220.1 2.0k0.1 

Women Omin. 272k75 13.4k5.1 5.4k0.3 2.3k0.1 2 .3k02  

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

NOREPI, 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 the 60 min of rest in the cold. At baseline, men had higher plasma val- 
ues for f l 4  and fT3 when compared with the women (FOL and LUT). During 
the cold fT3 increased in all groups, whereas, only the women exhibited a sig- 
nificant increase in fT4. No menstrual-phase differences were noted for any hor- 
monal response. 
DISCUSSION 

This study investigated the effects of menstrual cycle phase and gender on 
the metabolic and hormonal responses to cold in healthy, young men and 
women, matched for aerobic fitness. Our findings in the small number of sub- 
jects studied indicated that resting exposure in 5°C induced similar cate- 
cholamine, Hp and Tes responses in men and women, regardless of menstrual 
cycle phase. Men had higher fT3 and fT4 values at baseline, and the increase in 
fl'4 during the cold was elevated only in the women, without an effect of men- 
strual cycle phase. The reason for these differences is unclear. The higher fT3 
and fT4 values in men at baseline were not accompanied by a higher heat pro- 
duction. Although others have reported similar catecholamine responses to cold 
in men and women (S), this study is the first to compare .thyroid hormone 
responses between genders and menstrual cycle phases. 
CONCLUSIONS 

Although gender differences in fT4 and fT3 require further study, these dif- 
ferences did not alter cold metabolism in similarly trained men and women. 
Menstrual cycle phase 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 of the hands constrict, and the inhalation of cold, dry air may produce bron- 
choconstriction in subjects with asthma. Berk et al. (1) 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 of breathing warm 
versus cold air during 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 @ o h )  were 23.5 f 5.4 years, 78.6 
f 7.8 kg, 185.7 f 3.2 cm and 61.3 f 4.6 ml.kg1.rnid, respectively. The local 
Ethical Review Committee approved the experimental procedures. 

The subjects were tested while running on a treadmill (Challenger) at a 6" 
uphill gradient in a climatic chamber, the room temperature being maintained at 
-15°C (* 1.5"C) and wind velocity at 1.5 m.sec-1. They were randomly assigned 
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 rnin 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 of 20 min at an exer- 
cise intensity of about 50% VO,-, followed by periods in which the intensity of 
exercise was increased by I km*h-' every 5 min over 4 different speeds, repre- 
senting exercise intensities of about 60 to 90% V o ~ ~ ( 7 ) .  
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The middle fingertip temperature (Ttip) and rectal temperature (Tre) were 
measured with a YSI thermistor (f 0.15"C) every minute during the tests. 
Temperature data analyses were carried out for the fist  25 rnin of the tests 
because small differences in the time schedule occurred after the warming-up 
period. Mean finger skin temperature ('i&=) 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 OS0C per min (TTR, 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 NE), oxygen 
uptake &a) 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 of the TTR and TfiWer. 
RESULTS . 

During the last 5 min of the 2 resting periods at 23"C, Ttip stabilized at 35.0 
* 0.7"C and 35.2 f OS0C (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 f 14 bpm and 128 f 10 bpm with cold and warm air, respec- 
tively, and at the same time, VE increased to 66.3 f 7.5 and 65.4 f 7.0 lamin-' 
under the 2 conditions. Tre increased 0.5 * 0.2OC (cold air) and 0.6 f 0.2OC 
(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 1Rigure 1). 

Table 1. Finger skin ternperghm. Time to Rise (TTR) and mean finger skin 
temperature ( Trip-) during exercise at -15OC' 

Breathinp cold air ( 2 O C )  Breathmp warm air C25OQ 

m 20.3 f 4.8 min* 17.6* 5.1 rnin 
TfnRer (0-25 mid) 28.7 f 2.4"C* 30.1 f 2 1 C  
- 

'Values shown are mean +. SD . n = 1 1. 
*Significant difference between breathing air temperature conditions, P < 0.0 5. 

DISCUSSION 
At the onset of exercise 5 rnin after entering the climatic chamber, Tfinger 

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 ann movement during exercise. Reduced skin blood flow caused 
by the onset of exercise itself has also been demonstrated under normothermic 
conditions (2,s). 
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Figure 1. Finger skin temperature response before and duringexercise at 
-15°C when breathing cold and warm air (mean k SD, n = 11) 

In the present study, Ttip suddenly increased during the warming-up period 
under both experimental conditions, but a significantly longer time to rise for Ttip 
was measured when cold air was inspired. During exercise in a cold environ- 
ment, the vasodilatory temperature threshold is high (3) and hcreased finger 
blood flow is entirely due to release of vasoconstrictor tone (8,9). Since finger 
temperature depends largely on the fingers' supply of warm 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 
experimental conditions, the different result is explained by the additional heat 
supply provided by warm air. These experiments demonstrate tRat 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 finger than during cold 
air inhalation. The earlier onset of the rise in finger skin temperature when 
breathing warm air also explains the significantly higher Trmgerduring the first 25 
min of the 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 to the thermoregulatory center fiom the respiratory tract. 
A correlation between skin and airway thermal sensitivity has previously been 
demonstrated (1). 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 athletes. 
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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 (1). Since work in cold 
environments may have adverse effects on health and performance, simulated 
experiments of cold storage operations have been conducted in several Iaborato- 
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 products to markets that open early in the morning. 
However, limited research has been conducted on the effects of repeated severe 
cold exposures ataight. The purpose of this study was to evaluate physiological 
reactions and manual task performance during exposure to severe cold (-25OC) 
at night (3:OO to 5:OO AM) and in the afternoon (3:OO to 5:OO PM), respectively. 
METHODS 

The subjects were 13 healthy male student volunteers. Their mean age, 
height and body weight were 20.3 years, 170.4 cm and 64.6 kg, respectively. 
They wore trunks, 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 total insulation value estimated fiom 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 (lO°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:OO PM or 3:OO AM, and each experiment 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 fiom 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 of less than 
0.05 was considered significant. 
RESULTS 

0 Figure 1 shows the 
n time course of the aver- e, age fall in rectal .tern- 

perature (Tre) in the g afternoon and at night. 
&l E -0.4 Tre fell due to repeated 
d ed exposure to severe cold 

and cool environments. 2 
The decreases in Tre at 
night were significantly 
greater than those in the 
afternoon, except after 
110 min of the experi- 
ment. At the end of the 
experiment, Tre 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. 

Figure 2 shows the 
time course of average 
changes in finger skin 
temperature (Tf) in the 
afternoon and at night. 

x25 Tf markedly decreased 
due to cold exposures 
and rewarmed rapidly 
in the cool environ- 3 15 

B 10 ment. Although Tf in- 
creased slightly in the 

k b 5  cool environments, it 
0 decreased gradually 
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Figure 1. Changes in rectal temperature with 
repeated cold exposure. 
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Time (min.) exposures. The decreas- 

es in Tf in the ~ f t ~ m o o n  
were significantly great- 
er than those at night. 

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

The variation in the toe skin temperature (Tt) was considerably smaller than 
that in Tf. Tt decreased gradually following repeated cold exposures in the after- 

Figure 2. Changes in finger skin temperature 
with repeated cold exposure. 
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noon and at night. From the beginning to the end of the experiment, Tt at night 
was significantly higher than in the afternoon. The maximal average difference 
in Tt 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 gradually with time following 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 average falls in these values in the afternoon were significantly 
higher than those at night. 

4-i 
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0 -  

rn -1 - 
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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 52 min and 72 
min of the experiment. 
Pain sensation of the 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. 

DISCUSSION 
At the beginning of the experiment, rectal temperatures in the afternoon 

were significantly higher than at night due to the subject's circadian rhythm. 
Additionally, the fall in Tre during cold exposures at night was significantly 
greater than that in the afternoon (Figure 1). 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 Tf and Tt at night were significantly higher (Figure 2). These 
higher skin temperatures on the peripheral parts of the body suggest increased 
rates of heat loss in these areas. This finding 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 of working 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 dexterity 
decreased remarkably at night. These findings suggest that there is an increased 
risk both of hypothermia and of accident 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 minimiziig afterdrop of core 
temperature (Tco) 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 studies 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 onIy (2). It is also noteworthy that 
subjects were only cooled to rectal temperatures 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 of the hands, 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- 
perature 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 cardiovascular effects. 
METHODS 

Six subjects (1 female) (mean f SD: age = 27 & 8 yrs; height = 178 -f 11 cm; 
weight = 71 f 12 kg) were studied after giving informed consent to an ethically 
approved protocol. Core temperature was monitored at the esophagus (Tes), aural 
canal (Tat) and rectum (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 fiom 4 sites on the distal limbs: hand, forearm, calf and foot. 

Each subject was dressed in a bathing suit and cooled on 3 occasions, in 8°C 
water, to a Tes of 34.3 rt 1 (f SD)OC. Each subject was then rewarmed by 1 of 3 
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techniques following a balanced design: 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 
37.0"C or 90 min had elapsed. Tes did not reach 37°C within 90 min in any of the 
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. 

Afterdrop (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 of the immersion period was 61 

h 5 min, and the Tes at the exit from cold water was 34.3 f 023°C. The afterdrop 
in T,, was decreased by both 42°C and 45'C water immersion (0.4 f 0.2"C) 
compared to shivering (0.6 f 0.4"C). The rate of rewarming was significantly 
greater with 45°C water immersion (9.9 f 3"C*h-') than both 42OC water immer- 
sion (6.1 i 1 "CW) and shivering (3.4 f 2"C.k'). Post-cooling, it took longer to 
initiate an increase in T,, with 42°C water immersion (17.9 f 6 min) compared 
to 45°C water immersion (1 1.4 f 2 min). It is likely 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'C water condition (14.3 * 4 min) than dur- 
ing 42°C water immersion (21.2 f 8 rnin). 

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 rnin in 45°C extremity immersion and -34 rnin in 42°C extremity 
immersion. During the shivering-only protocol, the rate of rewarming gradually 
decreased as Tes rose and metabolic rate decreased. Tes 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 
temperature (Tac and TeS) 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 Tac and not in Tre. 

Cardiovascular cGanges: No objective or subjective signs of circulatory fail- 
ure were observed during extremity rewarming, neither when hoisting the body 
out of the 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 of this 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 almost exclu- 
sively in the distal parts of the extremities, most abundant in fingers 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 superficial 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 temperature of 
-34"C, the opening of the peripheral circulation through the AVAs did not result 
in adverse circulatory responses. 

One important consideration for this protocol is the possibility of burn injury 
to skin exposed to warm water. In the studies 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 rewarming. In the present study, subjects were 
allowed to immerse their extremities slowly with times ranging fiom 1 to 10 min. 
Any discomfort subsided after 10 to 15 min. In none of the subjects were there any 
sequelae to the exposure. The hyperemia of the exposed skin persisted for some 
hours, but there were no indications of any later untoward effects of the exposure. 
Therefore, in order to decrease initial discomfort and prevent burns, it may be 
advantageous to s h t  with 42°C and gradually increase to a maximum of 44°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 important 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 of the cold patient can be divided into two phases: (1) rescuehon- 

vehicular transport and (2) vehicular transport. During the first phase, there 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 ifthe rescue/transport vehicles have sufficient power. 

One warming therapy that has been recently developed in the last decade is 
forced-air warming. This method was used to warm vigorously shivering 
hypothermic subjects. Compared with shivering only, forced-air warming 
decreased the post-cooling afterdrop by 30% although the rewarming rate was 
unchanged (3). In a clinical study, however, forced-air warming has been shown 
to almost double the rewarming rate in emergency department care of moderate- 
ly-to-severely hyIjothermic 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 with shivering, for prevention of 
post-cooling afterdrop but a significant increase in rewarming rate from 3.4 to 
5.8"C.h-' (5). 

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

We therefore felt that an appropriate system would include an existing com- 
mercial heating unit combined with a new forced-air cover that would include 
the following criteria: rigidity to prevent collapse; compactness for storage; abil- 
ity to be rapidly assembled; of relative inexpense and the ability to accept a heat- 
ing hose liom existing heating units. The goal would be for the new cover to pro- 
vide at least as much heat to the skin as the existing soft blanket covers. 
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Portable Ripid Forced-Air Cover IPORIFACI 
The prototype is made out of corrugated plastic (CORPLAST) 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 cm x 103 cm x 40 cm). The unit unfolds to dimensions of 30 cm x 93 
cm x 62 cm to fit over the patient's torso and upper legs. Neoprene collars at each 
end create a snug seal around the head and legs. Structural integrity of the unit is 
maintained by fastening the end and side panels together with VelcroTM strips. 
The rigid cover has holes (5.5 cm 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; cross sectionally the comers were 
either square or tapered. 

METHODS 
On one occasion, 5 healthy normothermic subjects (4 males, 1 female), age 

29.8 f 7 years, weighing 78 f 13 kg and 177 f 8 cm tall were instrumented 
according to our standard practices (6) for continuous measurements of skin tem- 
perature and heat flux (loss) at 7 sites for calculation of average skin temperature 
(Tsd and total heat flux. Also, air temperature was measured at the input site and 
1 cm above each skin site to calculate heat transfer coefficients (in 
Wm-2-oC-1) for the total system (HTCTO~ system) and at the skin level (HTQ skin), 
respectively. 

The Bair Hugger 505 heating unit (Augustine 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 15-min periods of warming with the same heaterblower used with the 
following "coverheat input location" conditions: soft blanket/foot end, rigid 
tapered coverlabdomen, rigid tapered coverhead end, rigid square cover1 
abdomen and rigid square coverhead end. Between each heating period, electric 
fans were used to'return skin temperature and total heat flux to baseline values 
(-15 min). Core temperature 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 (a = 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 abdomen, provided similar heat deliv- 

ery to the standard soft blanket, although the skin temperature under the cover 
was significantly higher in this condition (Table 1). 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 delivery parameters’ for five “coverheat input?’ configurations. 

other configurations except the rigid square cover/abdomen configuration. This 
demonstrates the efficient, even distribution of air under the soft blanket. 
However, when @e HTC was calculated for each total system @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 conceniration of warm 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 type 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 perioperative 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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INTRODUCTION 
Traditionally, the efficiency of active surface warming techniques to rewarm 

hypothermic victims is evaluated on 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 of evaluating active surface warming systems is with a thermal manikin. 
Very few studies, however, have used amanikin to quantify heat gain l?om a sur- 
face warming therapy despite the advantages it presents over human testing. 
Recently, Lackas et al. (1) 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 of the 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 of the human vasoconstricted skin. The heat gain 
by the manikin is measured fiom the temperature increase of its components as 
sensed by 18 intemal and 14 external temperature sensors and calculated by the 
following equation: Q i n  - Qout = Qwater + Qcomponents - Q p m p ,  where all Q S  are 
rates of heat flow (W); Q i n  and Qout are rates of heat absorbed and lost by the 
manikii, respectively; Qwater, Qcomponents are rates of heat gained by the water and 
the internal components of the manikin during the tests, respectively; and Qpmp 
is the rate of heat generation by the internal pump while in operation (6 1.4 W). 
The rates were calculated fiom the temperature changes, weight and specific heat 
ofthe different components of the manikin over time. Calibration of the manikin 
with the DCIEM Water Calorimeter showed that the measured heat gain by the 
manikin was on average within 3% of the calorimeter value for a variety of envi- 
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 of tygon tubing channels (5 mm outside diameter) sewn on its inner 
surface (about 110 channels@m-1) was used (Delta Temax; Pembroke, Ont, 
Canada). During the test, water controlled at 44°C was continuously circulated 
inside the channels of the blanket with a pump at a rate of 1.5 Lmin-l. The water 
temperature was chosen to optimize the performance of the therapy while mini- 
mizing the risk of skin burn for a victim. During the test, the manikin was total- 
ly enveloped with the blanket and a down sleeping bag (13 clo insulation) and 
laid on a low density foam pad to opthize the contact between the blanket and 
the manikin's posterior surface. 

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

Procedures. The tests consisted of measuring the heat gained and the t h e  
required to increase the mean temperature of the manikin fiom 25 to 37°C by 
using the two surface warming therapies. The tests were performedh a climatic 
chamber at three ambient temperatures of 20, 0 and -20°C. Before the test, the 
thermal status of the manikin was adjusted to 23OC by i i l h g  the manikin with 
61 L of water at about 23°C and exposing the manikin to room temperature 
around 23 f 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 manikin temperature, calculated every minute, reached 
a value of 22.9 f 0.3"C. The manikin 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 of the manikin. 
The warming therapy was then turned on and left operative until the average 
manikin temperature reached 37°C or a 3-h rewarming period had elapsed, at 
which point the test was terminated. 
RESULTS 

Table 1 shows the rate of rewarming and the rate of heat 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: (mean f SD) 6.2 f 0.2 "C-h-'; rate of heat gain: 
375.8 f 17.8 W) than the HWB therapy (rate ofrewarming: 3.1 f 0.1 "CW; rate 
of heat gain: 156.1 f 10.8 W). The efficiency of the FAW therapy was about 7% 
lower at -20°C ambient condition as compared with the other two conditions. 
The efficiency of the HWB therapy was more affected by the ambient conditions, 
being decreased by 7 and 18% at 0 and -2O"C, respectively, as compared with the 
2OoC condition. 
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TabIe 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 FAW Theram! HWB Therarq 

Temperature 
* Rate of Rate of Rate of Rate of 
Rewarming Heat Gain Rewarming Heat Gain 
("C *h-') (W) ("C ah-') (W 

20 "C 6.3 385.9 3.4 181.3 
0 'C 6.3 386.3 3.2 168.5 
-20 'C 5.9 355.2 3 .O 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 ixansfer 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 microenvironment 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 of the manikin 
and the heated blanket, despite the cue taken to optimize the contact. On the 
other hand, the FAW therapy provided a good convection of wann 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 fiom the FAW system (heat from FAW = total heat 
from tissue temperature increase beat fiom metabolism--heat loss]) increased 
the body tissue temperature by an average rate of 4.8"C.k'. 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-', only 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 of hypothermia. 
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INTRODUCTION 

In German hard-coal mining, the mining depth has increased to a current 
mean of 970 m. With our fblly 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) fiom 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 of 30 miners (age: 34 A5 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 of the ingest- 
ed food (1) and fluid loss fiom 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 hours. 

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 € 5.105) with temperature: sweat losses increased fiom 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 1 gives the sweat loss as a percentage of body mass. The mean sweat 
loss values were 4.0 2~1.4%. The values exceeded 5% for a number of shifts. 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 shifts in terms of body 
mass as a function of increasing climatic stress. 

(i.e., takhg 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 percentage of rehydration compared to sweat loss for 
every shift. Around BET 23°C the scattering of data points covers a range fiom 
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 of rehydration was around 50% to 60% of the lost sweat. 

The equipment that the miners have to cany 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 h3.0 kg. 

DISCUSSION 

Recently, several authors have reported distinct effects of dehydration on 
performance and on physiological data. Sawka (3) reports increases in body tem- 
perature of 0.1"C to 0.4"C for each percent body mass of dehydration. Surveys 
on effects of dehydration and recommendations 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 of shifts 
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 cany more drinking 
fluid to their working places because of the additional mass; others left their tea 
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bottles outside the coal face (in a cooler climate), and therefore had to cover some 
distance to reach their beverage. This made fi-equent drinking more difficult. 

CONCLUSIONS 

Working in pIaces 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 amount of drinking fluid with them, com- 
pared to the amoimt they cany now, and to ii-equently drink small amounts of 
fluid during their work, the latter being facilitated by carrying their drinking bot- 
tles close at hand. Additionally, we refer to the idea of preventive drinking @e., 
to start drinking even before arriving at the hot working place). 

Because the necessary volume of drinking fluid depends on climatic con- 
ditions (which have a day-to-day variation due to the progress of mining) and 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 drinking 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 of heat 
stress by introducing the Cumulative Heat Strain Index (CHSI) based on rectal 
temperature (Tre) and heart beats (HB). However, HE3 is not commonly measured 
and therefore causes difficulties in using this index. The purpose of this study was 
to evaluate a simple physiological strain index (PSI) for hot environments (9). 

MATERIALS AND METHODS 
The data for this study were obtained fiom 2 separate studies by Montain et 

al. (7,s). In the first study, 7 men wearing full (clo = 1.5) and partial (clo = 1.3) 
protecting clothing performed exercise #02 -1 L-min-l) for 180 min in hotldry 
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% Vm-) while euhydrated and hypohydrated at 3% and 
5% of body weight (Em). 

The HSI was calculated as suggested by Belding and Hatch (3), with algo- 
rithm modifications published by Pandolf 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 

CHSI's 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): 

where Trq and li& are simultaneous measurements taken at any time. 
PSI = S(Tret-Treo>*(39.5-Treo)-'+5~-~).( 180-HR$1 
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Figure 1. Comparison between HR (top), T,, (middle) and PSI (bottom) in 
hot-dry and hot-wet climates wearing partial (MOPP I) and fill (MOPP IV) 
protective clothing. Data obtained fiom Montain et al. (7). 



PSI differentiated significantly (P 0.05) between the strain at the hot/@ 
and the hot/wet climates, and between the full (MOPP N) and the partial (MOPP 
I) protective clothing configurations (Figure 1). The CHSI and PSI rated the 
exposures in the hotldry climate condition at higher physiological strain, where- 
as the HSI used in Montain et al. study (7) rated the exposures in the hotlwet cli- 
mate condition with higher strain (Table 1). 

Table 1. Canparison between PSI, HSI and CHSI applied to Montain et al. (7) 
database at 180 min. 

PSI HSI - CHSI 
MOPP I MOPP N MOPP I M O P P  I v MOPP I MOPP N 

Hot/dry 3.1 20.9 7.22 1.3 77+4 152k 11 3622212 15162400 
Hdwet  2.3 2 0.9 4.92 0.7 85 & 5 161 14 2282 171 843 2 289 

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

Table 2. PSI (mean f SE) applied to Montain et al. (8) database at 50 min. 

Hypohydration 
(%BWL) 

25% V 0 h i a .  45% Vbm 65% V h a x  

0 1.6 k 0.2 4.3 k0.2 7.4 k 0.3 
3 2.2k 0.3 5.5 50.4 9.1 5 0.9 
S 3.1 50.3 6.4 k0.4 10.0 * 0.9 

DISCUSSION 
The PSI described well the 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 the cardiovascular and the thermoregulatory systems. 

PSI differs from other indexes that are based on HR and Tre. The CHSI, 
which is also based on Tre and HR, is valid only for subjects exposed for the same 
duration, without rest or recovery periods. From following the Tre, HR and PSI 
dynamics in Figure 1, it can be concluded that the HSI failed to rate the expo- 
sues in a hot-dry climate with higher strain, probably because subjects were 
dressed in protective clothing. 

Most of the heat strain indexes are limited in their evaluation since they were 
valid only under certain specific conditions. The suggested PSI is a valid index 

and to use than other indexes available and includes the ability to be applied in 

I 
I 

I 
I either online or when data analysis is applied. It is a simpler index to interpret 
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rest or recovery periods. This index has the potential to be widely accepted and 
used universally. 
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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 (T3) 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 fiee 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 usually consist 
of only 6 to 10 successive days of heat 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 if the T3 responses reported during sea- 
sonal acclimatization would be similar with shorter heat exposures. Therefore, 
the purpose of this study was to examine total and free T3 during a typical labo- 
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% of max- 
imal oxygen uptake for 2 hours per day in an environmental chamber. The exer- 
cise bouts consisted of treadmill walking at 1.34 m-sl 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 Lmin-'. 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 of 75%. 
During each heat exposure, cold water was allowed on an ad lib basis. Also, core 
temperature was measured using a rectal probe inserted 10 cm 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 
1, 3 and 8. Total and free T3 was measured, in duplicate, using a radioim- 
munoassay technique @PC, California, USA). The test-retest reliability of the 
total and fiee 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 ANOVA. Significance was set at the P 0.05 level. 
RESULTS 
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Fiigure 1. Mean triiodothyronine prior to heat 
exposure on days 1,3, and 8. 
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Firgure 2. Mean free triiodothyronine prior to 
heat exposure on days 1 , 3 ,  and 8. 

The mean ( SD) end- 
ing rectal temperature on 
day 2, 3 and 7 was 38.9 ZE: 
0.3, 38.8 f 0.2 and 38.6 f 
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 f 22, 153 f 
14 and 145 4 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 05°C. 

Mean total T3 was 
116 f 21, 116 f 26 and 
112 i 18 ng.dl-' on days 1 , 
3 and 8, respectively. 
Mean free T3 was 3.6 f 
0.8,3.3 *0.7 and3.2A 1.1 
pgml-I on days 1,3 and 8, 

respectively. Total and free T3 values are presented in Figure 1 and Figure 2, 
respectively. A repeated measures ANOVA showed non-significant changes for 
both total and fiee T3. 
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DISCUSSION 
The non-significant changes in total and free T3 found in the current study 

were unexpected.. Previously, it has been reported that chronic, seasonal heat 
exposure caused a significant 5 to 10% reduction in total T3 (3). Specifically, 
metal shop workers in Israel had a total T3 level of 180 ng-dl-I during the sum- 
mer (25 to 32°C) and 200 ngdl-' 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 T3. Further support for such a hypoth- 
esis was reported by Epstein et al. (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 T3 levels. Therefore, it 
seemed logical to hypothesize that 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 haday-1 in the heat, 22 haday-1 in temperate environments) does not 
provide enough stimulus to reduce total and free T3. In addition, the current 
study had a relatiyely small sample size and the acclimation period was only 7 
days, both of which may have 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 T3. 
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Section 4. 

ISSUES RELATED TO HEAT EXPOSURE 
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INTRODUCTION 
Solar radiation is a source of heat for subjects outdoors. There are observed 

relations between the intensity of solar radiation and skin temperature (1,2). 
However, simultaneous direct measurements of both parameters are very rare 
(3,4). The aim of this 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 (Southern 
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 rnin 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 (%k) was calculated as follows: 

Z k =  0.07 Tforehead + 0.05 Thmd + 0.15 Tarm + 0.175 Tchest + 0.175 Tb& + 0.2 Thigh + 
0.18 Tlower leg 

For comparison, the surface temperature was also observed on a manikin 
facing the sun. The temperature sensors were located on the fiontal (sunny) and 
back (shaded) sides of the 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 (Tchest) 

and thigh (Tthigh) during the 160-min exposure. Subjects walked at about 4 
km-h-I; after every 30 rnin of walking, they sat for 10 min. Standing subjects also 
took 10 rnin 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 Tchest and Tthigh. Both in 1996 and 1997, subjects used dark grey, cotton 
sportswear with insulation of 1 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, diffise and reflected as well as absorbed solar radiation]) 
with the use of special heat flux sensors, 0 50 mm. (3,5). 
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RESULTS 
For subjects exposed outdoors to solar radiation, approximately 10 to 15% 

of global solar radiation reaching ground surface was absorbed, and solar radia- 

24 
0 30 60 90 I20 

R ( W m 3  
Figure 1. Relationships between Tsk and 
absorbed solar radiation (R) for standing 
subjects, July 1996 (n = 2487, r = 0.70, p < 
0.01); Skin temperature at subjects outdoors 
varied fiom 24 to 34aC and was influenced 
also by air temperature (15-28°C) and wind 
(2-8 d s )  

tion (R) varied fiom 5 W-mJ at 
low sun altitudes (early mom- 
ings, evenings) and at thick 
cloud cover to 110 to 120 W.m2 
under clear sky conditions. 
Changes in absorbed solar radia- 
tion influenced skin temperature, 
and Tsk increased significantly 
according to increase in R value. 
Almost 50% of the variation in 
Tsk may be explained by the 

changes in R (other meteorologi- 
cal factors influencing Tsk are 
air temperature and wind speed). 
General relation between R and 
Tsk values were as follows: Tk 
= 24.1 l+0.78 R (Fig. 1). 

- 

Skin temperature was significantly influenced by direct sunbe&s.-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 1 to 3°C 
due to evaporation cooling. However, during 2-h solar exposures chest-to-back 
temperature differences (d T s k )  decreased, changing fiom 2.5-3OC to 1°C the last 
30 min of exposure (Fig. 2). . 

0 30 60 90 120 
minute 

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 

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 ms-I). On the cIoudy day, 
T s k  was about 2 to 3OC lower then 
during the sunny day, and it was 
kept at the same levels of 28 to 29 
and 30 to 3 1"C, respectively. Both 
on 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 Tsk; in cloudy conditions, it decreased fiom 33 to 30"C, and in sunny 
conditions, it increased fiom 32 to 39OC during 2-h exposure. 
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Figure 3. Changes of global solar radiation (Kglob) as well as skin tempera- 
ture (Tsk) in walking and standing subjects during sunny and cloudy day, 
August 1997; the lowest panel illustrates walking and resting periods during 
solar exposition; during sunny day. 

I In walking subjects, both on sunny and cloudy days skin started to dry and 
Tsk increased during rest periods (especially 2"d and 3 9 .  Then, when subjects 1 - 
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walked again Tsk declined significantly. In standing subjects who did not report 
sweating, changes in TSk can be explained by the temporary fluctuations in 
meteorological parameters and body position. 

DISCUSSION 
The recent papers reporting changes of skin temperature in subjects outdoors 

(3,4,5) pointed to the influence of solar radiation on Tsk.  Nielsen et al. (4) 
observed a reduction in Tsk of about 1 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 fiom 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, Tsk varied, decreasing during exercise and rising while resting 
but did not exceed pre-exercise Tsk .  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 of absorbed solar radiation. Solar radiation influences skin tempera- 
ture both in standing and in walking subjects. However, in walking subjects, 
evaporative heat loss plays a very important role. 
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INTRODUCTION 

Studies of cognitive performance in the heat suggest that performance on 
vigilance tasks, and on complex and dual tasks, considered representative of 
industrial or military work, starts to be impaired in the 30 to 33OC WBGT (Wet 
Bulb Globe Temperature) range, as the level of heat stress increases (1). The 
present study investigated the effects of hot 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 to each of 3 environmental conditions: 

* Tdb(dry bulb temperature) = T,(globe temperature) = 24OC; RH (relative 
humidity) = 40%; air speed, 0.3-0.5m.s-1, (18.2OC WBGT), which served 
as the ‘cthermoneutral,” control condition 

* Tdb = Tg = 4OoC; RH = 60%; air Speed, 0.3-0.5m.s-1, (35.1OC WBGT) 
* Tdb = Tg = 42OC; RH = 57%; air speed, 0.3-0.5m-s-1, (36.2OC WBGT) 

During the exposures, the subjects performed a Multi-Attribute Task 
(MAT) battery (2), which included 4 tasks: tracking (maintaining a randomly 
moving circle onto a fwed target by means of a hand-held joystick), monitoring 
(observing and responding appropriately to red and green lights, and to moving 
scale indicators), auditory communications (identifying own ‘‘~all-sign~~ and 
responding to instructions) and resource management (maintaining target levels 
of “fiel” within 2 tanks by activating fuel ‘cpumps’y). At any one time, shulta- 
neous performance on 2,3 or 4 tasks was required. Before exposures, subjects 
had irained intensively on the MAT battery tasks. 

After the MAT battery, subjects also carried out a digit symbol substitution 
@ S S )  task (3) and completed subjective assessments of performance (mental, 
physical and temporal demand, own performance, effort, li-ustration) (4) and 

perform 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 performance sessions. Subjects 
drank water ikeely during the rest periods. Throughout exposures, physical activ- 

I 

I 

I 
I 

I 
I 

I 
I 

I thermal comfort. Each set of objective and subjective measures took 35 min to 

I 
I 

1 
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ity was minimal with subjects seated in fi-ont of a 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 1 min. Skin tempera- 
tures at 4 sites (biceps, chest, thigh, calf) were recorded every 1 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 fi-om the 
weight of clothing, fkom 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 of all 
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 1). Subjects perceived that greater effort 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 d i e n t  temperatures of 24,40 or 
42oC (meansfor 3 performance sessions and 6 subjects) 

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 24OC, environments (P c 0.001). 
Rectal temperature rose by approximately 0.5 and 0.7"C in the 40 and 42°C 
environments, respectively (Figure 1). The increase in heart rate and in rectal 
temperature was greater in the 42°C than in the 40°C environment (P < 0.001 & 
P C 0.05, respectively). 
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Figure 1. Rectal temperature during a 2-hour exposure to ambient 
temperatures of 24,40 or 42OC (means for 6 subjects) 

DISCUSSION 

In a previous study (6), no effect of moderate heat (ambient temperature 34 
or 37OC) 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 training to attain performance at a consistent level of competence, it is possi- 
ble that, under conditions of heat stress, performance on such a well-learned 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-learned 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 cany out physical activ- 
ities andor wear additional 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 of this increased heat strain on 
flying performance is uncertain. 
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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 handwear. 

Measurement Technology Northwest (MTNW) 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 hand 
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. Sohare-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 identify the evaporation limit independently for each region of the glove. 
Svstem Testing 

To assess preliminary system performance and repeatability after construc- 
tion, measurements of thermal insulation (clo) were taken with the hand 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 environment with slight air circulation. 

All tests used a skin set point temperature of 32°C for all regions of the hand 
and a nominal environment temperature of 20°C. Sweating tests used fluid flow 
rates that were periodically increased over the range of 100 to 500 mlW*m-2, as 
described below. The testing procedure included installing and removing the 
handwear (when used) prior to each test to account for fit variability. 



Identification of evaporation limit 
The measured clo value of handwear will decrease with the addition of evap- 

orative heat loss until the evaporation limit of the glove/environment is reached. 
At that point, the skin is saturated and further addition of perspiration only gen- 
erates runoff and free water in the glove, with no significant reduction in clo. To 
quanti@ this behavior, the following test was performed on a glove: (1) Install 
glove on dry hand model; (2) Heat hand to temperature and allow to stabilize; (3) 
Turn on fluid at 100 mlWm-*; (4) Increase fluid flow rate by 50 ml-h-'*nP every 
30 min (100 ml.h-'-m-2 for nude hand tests) and (5) Terminate test when clo value 

clo cv 
0.3 5 05 % 
0.3 1 1.1 % 
0.2 8 2.7 % 

1 0.26 0.9 % 

. .  

has stabilized. 

Table 1. Nude Hand Total Clo -DrvTest 

Test #1 Test #2 

Clo CV CEO cv 
0.72 2.0% 0.71 3 -0% 

Table 2. Gloved HandTotal Clo - Dry Test 
Test #1 Test #2 

Clo cv Clo cv 
0.85 1 .O% 0.88 2.1% 

RESULTS 
The system repeatabili- 

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

Evaporation limits for 
individual hand regions 
were identified by calculat- 
ing the percent change in 
clo value between each fluid 
flow rate (30-min intervals). 

When the change in clo value was within 3% of the previous flow increment, the 
evaporation limit was assumed to be reached. Evaporation limits varied between 
250 and 500 ml*h-*.m2 for the various regions of the hand. The graph in Fig. 1 
illustrates the different response curve and evaporation limits for the hand and 
wrist sections. 

DISCUSSION 
System repeatability is excellent considering these preliminary 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 HandTotal Clo at Increasinrr Flow Rates I 

Test #1 Test #2 
Flavrate 
mlhlm** clo CV 

200 0.33 1.9% 
300 0 -29 3 5% 
400 0 -24 1.6% 
500 0 25 3 .O% 
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Table 4. GlovedHandTotal Clo at IncreasinaFlow Rates - 
Test#l Test#2 - 

FIow rate 
ml h"m" 

150 
200 
250 
300 
350 
400 
450 
500 

100, 
Clo 
058 
0.50 
0.43 
0.40 
0.36 
* 
* 
* 
* 

cv 
3.5% 
3.3% 
1.3% 
3.4% 
1.4% 

* 
* 
* 
* 

Clo 
0.55 
0.46 
0.41 
0.40 
0.3 8 
0.36 
0.34 
0.34 
0.33 

cv 
0.9% 
1.2% 
0.7% 
1.7% 
1.8% 
1.7% 
1.8% 
1.5% 
1.3% 

* data not available 

Flowrate Performance for Two Hand Regions 

0 

Flowrate (ml=hr".m-2) 

Figure 1. Response Curves for Two Hand Regions 

Table 5. Repeatability Test Summary 

Test M e  CA Variation 
Nude Dry 
Gloved Dry 
Nude Wet (300 ml.h'.m2) 
Gloved Wet(300 ml.h-'-m-2) 

0.7 2 1.0% 
0.8 7 2.5 % 
0.3 7 2.1 % 
0.3 0 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 Merent performances of the dorsal hand and dorsal wrist regions 
shown in the Fig. 1 graph. Other variations were seen between the hand regions and 
the fingers due to the signiscautly Werent geometry and glove construction. 

CONCLUSIONS 
Hand system performance met or exceeded the design parameters. The com- 

plete system demonstrated a thermal accuracy off O.l"C, and power measurement 
and control of 1% or better. Perspiration flow rate is controllable by individual 
zone fi-om near 0 to over 600 ml-h-'-m2. Preliminary tests show stability and 
repeatability are withiu the tolerances of the instrument. 

Low fluid flow rates generated measurable evaporative cooling with no fi-ee 
water on the handsurface. Higher flow rates produced beading and runoff of wa- 
ter, which closely mimics human perspiration behavior. 

This sweating hand system can measure the evaporation limit, clo and per- 
meability index of each thermal zone independently. Further tests with more sta- 
ble environmental controls and additional glove samples are underway at Pittards' 
test lab in Somerset, England, to improve statistical confidence in the data. 
REFERENCE 
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INTRODUCTION 

When operating under non-uniform heat loss conditions, traditional conduc- 
tive metal manikins can incur a measurable temperature differential across the 
skin surface, affecting total system accuracy. This effect is compounded when 
using a sweating skin layer, which adds additional thermal resistance to the mea- 
suring instrument. In a joint project funded by the U.S. Navy Clothing & Textile 
Research Facility (NCTRF) 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 of a thermally conductive shell at uniform spac- 
ing. Uniform heat addition, coupled with a spatially varying heat loss, results in 
a measurement error arising &om 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, 

d o  = 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 adds another source of random 
error due to garment fit. The wicking fabric adds a layer of insulation that pre- 
vents the manikin shell temperature sensors fiom measuring the true film layer 
temperature and causes additional variability in actual surface temperature. Non- 
uniform evaporative cooling further degrades the temperature uniformity of the 
manikin's skin. 
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The Heat Pipe Manikin (named "Boyy) was designed and built to address 
these issues and to improve the state of the art in thermal manikin technology. 
Heat Pipe Application Fundamentals (1) 

Heat pipes operate using an evaporation cycle of a working fluid to transfer 
energy at high flux densities (Fig. 1). 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 working fluid at saturation 
pressure. A small (0.OS0C) temperature differential in the chamber wall causes 
fluid evaporation .at the higher temperature regions and condensation, thus heat 
transfer, at the low temperature areas. This inherent adaptive heating behavior is 
what makes the heat pipe ideal for an isothermal skin manikin system. 

EVAPORATOR Sealed heat CONDENSER 
REGION pipe chamber REGION 

\ 

ondensate return 

evaporation condensation 

Figure 1. Basic Heat Pipe Operation 

MATERLALS AND METHODS 

Manikin Svstem Desim 

The 1Qzone'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 of the manikin, and low-temperature coefficient resistance wire was used 
for zone heating. Heater drivers used analog command voltages with linear 
amplifiers for stability and low electrical noise. 

A Pentiurn PC with a dedicated manikin control program, ThermDACTM, 
provided the operator interface. ThermDACTM included digital and graphical 
displays, temperature control, data logging and real-time data analysis capabili- 
ties. Automatic test modes allowed the operator to measure garment cloy water 
vapor permeability index (Im) 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 run. 
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fluid control system allows independent volumetric flow dispensing to the indi- 
vidual zones and is variable over the course of a test. 
CONCLUSIONS 
o The adaptive heating provided by heat pipe technology can produce near 
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o The porous metal skin design is robust, easy to use and doesn’t compromise 
thermal accuracy of the surface film temperature measurement. 

Evaluation and performance testing of the system is currently in progress at 
the Navy Clothing and Textile Research Facility in Natick, MA. Testing will 
be performed to correlate with NCTRF’s aluminum manikin (Al) and prior 
studies (2). ’ 

o 
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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 M e r  decay. 

The boat is permanently housed within a specially constructed, totally 
enclosed environhent (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 of their future working conditions required partic- 
ular attention. 

As the concentration and molecular weight of the polyethylene glycol 
increases, tiiction between the liquid and the sprayer orifices will raise the tem- 
perature of the 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%; irresphble atmosphere and desirable duration of work 60 minutes. 
METHODS 

Overview. To quanti@ safe working times, a simulation of the task and the 
workspace was made in a controlled-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-z (time-weighted average) using open-circuit spirometry. 
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rose continuously, reaching about 120,135 and 155 bpm, respectively, at the end 
of the exposures. 

Dehydration and evaporative ratio. Mean dehydration was within accept- 
able limits for all exposures, being 0.8, 1.0, 1.8,2.2 and 1.8% of body weight at 
air temperatures of 20,30,40,50 or 60°C, respectively. The corresponding E/P 
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 fkom these data were as follows: at 6OoC, 35 min, at 50"C, 40 min; 
only at 40°C and below was the required working time of 60 min achieved. 
DISCUSSION 

These data show that the simulated working conditions pose a high risk 
unless appropriate PPE and safe working practices are employed. We are not 
aware of reports of heat strain in similar working conditions with which to com- 
pare these data, i d  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 monitoring for every individual. The 
records will be archived as part of the 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., 

0 British Crown Copyright 1998/DERA. Published with the permission of the 
Controller of Her Britannic Majesty's Stationery Ofice. 
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INTRODUCTION 
In 1957, Yaglou and Minard (1) developed the WBGT as a thermal index 

calculated as follows: WBGT=0.7Tw+0.2Tg+0.1Ta where Tw = wet bulb temper- 
ature, Tg = black globe temperature and Ta = ambient temperature. This index 
has been h extensive use for evaluating environmental heat stress in the US. 
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 of measuring Tg, the corrections needed for different 
(;lothing (e.g., protective clothing) and for various metabolic rates (5). The pur- 
pose of this study was to determine whether the newly developed modified dis- 
comfort index (MDI) calculated as (6) MDI = 0.30Ta+O.75Tw can be used as an 
alternative for WBGT. 
MATElRLALS AND METHODS 

Tdb 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. Ta was measured using a mer- 
cury-in’glass thermometer, Tw was measured using a naturally aspirated wet 
bulb ana Tg was 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:OO AM to 8:OO PM fxom April until October in 1990 at a vegetative 
environment in South Carolina. 

Egypt Measurements. Hourly weather measurements were collected daily 
between 5:OO AM to 4:OO 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:OO 
AM to 3:OO PM in July through August during 2 years (1987-1988) at a trop- 
ical location. 
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Table 1. The environmental climatic conditions and correlation 
coefficients between MDI and WBGT. 

Study Climate Tl Tw Tg r2 P Il 

("c) ("c) ("C) 
USA Semi- 27.8 24.7 36.3 0.94 0.001 3197 

Israel" Tropic 30.2 24.9 48.4 0.95 0.001 721 

Egypt Desert 32.7 22.2 41.4 0.83 0.001 86 

tropical k3.9 53.2 17.5 

k1.1  k1.5 f1.4 

k3.5 k1.4  k5.0 

* For exposures in the sun a k t o r  of 2 was added to MDI. 

USA ISRAEL EGYPT 

a CI 

B 
I 

I 

!? - 
B 
9 

15 20 25 30 35 15 20 25 30 35 15 20 25 30 35 

WBGT ("C) WBGT ("C) WBGT ("C) 

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

1. Generally, highly significant correlations were found between the indices. 
DISCUSSION 

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

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

Analyzing the results fiom the three locations, using 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 l i e ,  representing underestimation of WBGT by MDI. As 
a 'consequence, when a correction factor of 2 was added to the calculated MDI 
far the Israeli database depicting a high SL, a very high correlation was found 
bptween MDI and WBGT. 

The effect of SL on the environment depends on four factors: time 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 
@nosphere is a function 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:OO noon) to the horizon (sunset), the cross 
!sectional area of almost any object to the solar rays goes fiom minimum to max- 
"imum. Thus, around 12:OO 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 fiom 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 of radiation, whereas in the desert about 20% of the 
overhead radiation would be reflected. In addition, the other radiative compo- 
nents including diffuse solar, reflected solar, ground thermal, and sky thermal 
radiation must be taken into account when we quanti@ the solar load (e.g., 
clouds and haze markedly decrease SL). 

The comparisons between MDI and WBGT are depicted in Table 1 and Figure 

1 

I 

( 
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CONCLUSION 
The MDI, obtained only from Ta 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 

M.J. Buono and J.G. Wilson 
San Diego State University, San Diego, CAY 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 (km-h-I). Yet, most competitive and 
some recreational cyclists can attain speeds of 32 larrh-' or more. Therefore, the 
purpose of this study was to examine the whole body sweat rate (WBSR), rectal 
temperature (Tre), mean skin temperature (Tsk) ,  and heart rate @R) during sta- 
tionary cycling in a normoconvective (NC) (air velocity < 1 km.h-') and hyper- 
convective (HC) (air velocity = 32 kmW) environment. 

MATERIALS AND METHODS 
The subjects for the study were 10 (4 female, 6 male) active, healthy volun- 

teers. The mean (k SD) age, height, weight, percent body fat and maximum oxy- 
gen uptake for the group was 26 f 5 years, 175 & 9 cm, 70 f 9 kg, 15 st 6% and 
55 -I 11 ml-kg'.min-', respectively. 

Each subject participated in 3 separate testing days. On the initial laborato- 
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 VohW. Fractional 0 2  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 1 week apart, involved the NC and HC treatments. Each subject per- 
formed 60 min of continuous cycling at 60% of their VoWW 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 

During both exercise bouts Trey Tsk and HR were measured at rest and every 
15 min. HR was measured using a 3-lead ECG system. Tre was measured using 
a - YSI (series 400) temperature probe inserted 10 cm beyond the anal sphincter. 
Tsk was determined fiom 3 skin sites (chest, triceps, calf) according to the equa- 

32 1 km-h-'. - 
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tion developed by Burton 
(6) using YSI surface tem- 
perature probes. In addi- 
tion, WBSR was deter- 
mined using the difference 
in dry body weight taken 
before and after the exer- 
cise bout. Lastly, Vo2 was 
measured at the 20th min 
of exercise using a meteo- 
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. 

RESULTS 
Mean ending (60 min 

value) Tre was significant- 
ly decreased in the HC 
(38.4OOC) vs. the NC 
(38.65"C) trial. Likewise, 
mean ending HR was also 
significantly reduced from 
160 bpm to 146 bpm. 
Mean core temperature 
and HR data is presented 
in Fig. 1 and Fig. 2, 
respectively. Furthermore, 
mean WBSR was signifi- 
cantly reduced fiom 1.1 
L-h-' in the NC trial to 0.67 
Lab-' in the HC trial. 
Lastly, meau ending Tsk 
was significantly decreased 
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fiom 35.05OC in the NC trial to 31.15"C in the HC condition. 

DISCUSSION 
The results of this study show that a 32-lm-b' airflow across the fiontal 

aspect of a stationary cyclist can profoundly affect many thermoregulatory vari- 
ables. Specifically, HFt is dramatically reduced in a HC environment. The 14 
bpm reduction seen in the current study is similar in magnitude to the changes 
reported by Adams et al. (1) 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 (> 35OC). HR was not significantly affect- 
ed by air velocity of <16 kh-’ in more temperate environments (24OC). 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 0.25”C reduction in Tre in the HC trial is consistent with the findings of 
Shaeath and Adams (4). They reported a 0.3OC decrease in Tre during 70 min 
of exercise at 60% Vo2mM in a HC environment. Other studies (1,2) have report- 
ed larger decreases in Trc 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 Tre can either be the result of reduced heat production or 
increased heat loss. The 20th min VOZ values in the current study were identi- 
cal (2.5 L-min-l) 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 (Le., 
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 if convective cooling is increased during an exercise bout, evaporative cool- 
ing will decrease, and vice versa. 

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

cycling in a NC enviroment 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 if the air velocity is increased 
to match the speeds actually produced during competitive cycliig. 

1. Adams, W.C., Mack, G.W., Langhans, G.W. and Nadel, E.R. 1992, Effects 
of varied air velocity on sweating and evaporative rates during exercise, 
Journal of Applied Physiology, 73, 2668-2674. 
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3.  Wyndham, C.H., Bouwer, W.M. Devine, M.G. and Paterson, H.E. 1952, 
Physiological responses of Afiican laborers at various saturated air temper- 
atures, wind velocities and rates of energy expenditure, Journal of Applied 
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PHYSIOLOGICAL AND BIOCHEMICAL CHANGES IN HEAT 
ACCLIMATION FOR SUBJECTS WITH A CONTROLLED DIET 

M. Stirling and K. Parsons 
HTEL, Depar’tment of Human Sciences, Loughborough University, UK 
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INTRODUCTION 
As a consequence of becoming acclimated, a person is able to work in a hot 

environment 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 of sweating (2,3). Although rate of sweating 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 of high and low Na+ diets on accli- 
mation have been studied (4), but less so for moderate Na’ diets. The aim of this 
paper was to quant@ changes in physiological 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 heat, yet physi- 
cally trained, participated in the study. The subjects had a mean (* SD) age of 20 
2 years, height of 1.78 f .05 my weight of 82.3 f 6.9 kg and percent body fat of 
16.9 * 4.7% (Harpenden skinfold calipers using the 4-point method). 

Experimental design. Subjects participated in the study on 5 consecutive 
days, exercising in a hot-dry environment (45.2 k 0.5OC dry bulb, 39.6 f 1.6% 
RH). Each heavexercise exposure lasted 90 min each day. Within this time, sub- 
jects completed a 15 min cycle on a cycle ergometer (approximately 125 W-m-z), 
followed by 4 sets of a IO-min standardized stepping task. Subjects stepped onto 
a 22.5 cm block at a rate of 15 stepdmin (approximately 216 W.m-2) in time to 
an electronic metronome. Subjects were not permitted any water to drink during 
the experiment. Subjects consumed a strictly controlled “moderate” (4 gd-’) 
sodium diet for 2 days prior to the experiment and every day during the experi- 
ment. They also consumed at least 4 liters of water each day. 

Measurements. The following measures were taken duringthe heat expo- 
sure: aural temperature (Tau); 4-point mean skin temperature ( T sk); heart rate 
@R); sweat rate; sweat sodium (SWN~+); and sweat potassium (SWK+). Tau, 
T sk (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 of the 4 sets of stepping and dividing 
by the duration of each activity. Sweat collection 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 I: Change in aural temperature during acclimation'. 

Difference Difference over 1 over da 

fC) E5-El 
dav (OC) E-S 

1 3 6.78 C 0.10 38.832 0.46 2.05 It: 0.50 
2 3 6.604 0.22 38.702 0.41 2.10 4 0.28 
3 36.5340.28 38.554 0.41 2.03 4 0.26 
4 3 6.3 3 t 0.29 38.502 0.37 2.18 C 0.38 

& StartT,,,(OC) - EndT,(OC) - 

5 3 6.3 5 C 0.3 1 3 8.33 & 0.22 1.98 4 0.26 -0.5 C 0.28* 

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

Table 2: Change in mean skin temperature during acclimation'. 

Difference 
Dx Start T , , a  - End T q m  - da ES over 5 davs 

Difference over 1 

[OC)E5-El 
1 32.35 2 1.22 38.52 ik 0.78 6.1 8 f 0.59 
2 32.83 ?c 1.93 39.00 f 0.43 6.1 7 2 1.60 
3 31.76 C 1.96 38.50 f 0.15 6.7 5 -t 2.0 0 
4 31.86 f 1.34 38.37 +_ 0.45 6.5 1 k 1.58 
5 31.73 f 1.28 38.34 f 0.60 6.62 k 0.70 -0.18 4 1.35 

' Values shown are means & SD 

Table 3: Change in heart rate during acclimation'. 

Difference Difference over 
J& StartHR (burn) EndHR (burn) over 1 day 5 days (burn) 

(burn) E S  E- 
1 81 2 15 1544 13 73 4 14 
2 8 4 4  6 152411 68C 6 
3 70 4 13 1464 8 77 k 14 
4 72 4 16 143 4 16 71 k 19 
5 75 2 16 145 f 4 70 4 18 -10 4 10 

lValuesshownaremeans+ SD 

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

Sweat rate. Daily sweat rate increased significantly (P < .Ol) between Days 
1 and 5,  and also between each consecutive day (P < .OS>, except the change 
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Figure 2. Change in sweat sodium within and between sessions. 

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 of 70% (2) and 100% (5). 
Sweat rate also increased significantly (P < .05, except for Day 1) within each 
day (Figure 1). 

Sweat sodium and potassium. Daily SWN~+ concentration decreased signif- 
icantly (P < .Ol) 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 ,  although 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 SWNat 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, SWN~+ and SWK+, and there are insufficient data 
to draw firm conclusions. 

DISCUSSION 
The small number of subjects in this experiment does not allow strong con- 

clusions to be drawn, but it may be regxded 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 therefore 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 of circulatory incompetenceheat 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 technique 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 during heat exposure. 
Under these conditions, sweat sodium and potassium concentration increased 
with sweat rate and decreased with acclimation. 
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FIREFIGHTING ACTIVITIES 
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4-1 

INTRODUCTION 
Firefighthg includes many physically demanding activities (1). Therefore, 

firefighters are subjected to medical examination and tests of physical performance 
before, as well 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 f SD): 21 h 1 years, 76 f 7 kg and 179 f 6 cm, respec- 
tively. In pairs, subjects carried a stretcher (13 kg) with an 83-kg dummy, 3 
times for 2 min with a l-min rest between bouts. This was performed indoors as 
well as outdoors on slightly hilly terrain, the speed being 1 ms-I and 0.9 m-s-I, 
respectively. One at a time, the subjects carried 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 

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, submaximal effort pulling the dummy with either a 
short or a long sling. The force was measured continuously by means of a force 
transducer placed between the dummy and the handle by which the dummy was 
pulled. The angle between floor and the pulling direction was calculated fiom 
videotape recordings. Force vectors were calculated fiom data on pulling angle 
and pulling force. Power for each 4-m section was derived on basis of force, time 
and distance data. 

Two subjects pulled a 35-mm, pressurized, hose up 3 flights of stairs at a 
time. The 1st one held the nozzle (fogfighter), and the 2nd one helped to trans- 
port the hose around comers. After the 1st bout, they changed positions and 

starting point. 
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repeated the exercise. Force, H R  and W E  were monitored 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 mechanical- 
ly braked ergometer (Monark). The subject worked maximally for 10 full pedal 
revolutions, of which 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 rt 103 W and 558 rt 
78 W, respectively. Handgrip force was 637 f 60 N and 601 I: 67 N for the right 
and the left hand, respectively. 

The aerobic power, while carrying a stretcher, averaged approximately 700 
W indoors and 900 W outdoors, 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 bpm (Table 1). 

Dragging the dummy on a blanket took more time than without the blanket 
(16.2 s compared with 1 1.4 s). Mechanical power was lower at the end than in the 
beginning. 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. AembicPower, force, HR and WE for firefighter tasks* 

Stretcher Carry Hose Pull Hose Carrv 

indoors outdoors nozzle hose containers 

Aerobicpower(W) 696i77 913zt68 1125 i 95 
HR (bpm) 152k13 161k12 146i18 16127 168i9 
Energy Q.m-l.kg-1) 5.8 i1.3 7.5 ~0.8 9.1 f 1.5 
W E  5 (2-7) 7 (4-8) 3 (1-4) 3 (24) 4 (3-7) 

* V a l ~ s  are means -c SD, e xcept for RPE where median and extreme values are 
given 

Table 2.Mechanical power, force, HR and RPE associated 
with the dummy drags * 
Sub-maximal effort Maximal effort 

shortsling longsling blanket no blanket 
Mechanical Power (W) 115 -c18 133 227 527 292 445 f 59 
Force (N) 392k59 339 f 59 493 +12 465 + 2 2  
H R  (bpm) 150 +14 159 k 14 
Time (s) 16.2 f 2.4 11.4 -c 1.3 

*Values are means rt: SD, except for W E  where median and extreme values 
are given. 

W E  - 4 (3-5) 3 (2-4) 
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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 calculatedmechanical power was 160 
W, corresponding to ametabolic power of about 750 W, for the one who held the 
nozzle. There was no difference in W E  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 andor 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 +15OC. Warmer climates will increase the load on the firefighter and 
hence the physical demands. 

The investigators carrying the stretcher and the sub-maximal dragging of the 
dummy set the tempo. In other instances, the subjects were instructed to choose 
a realistic intensity. 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 fiom 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 fiaction of the population would be able 
to perform these tasks. On the other hand, it takes longer time to fmish 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 
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with 0.65. However, other combinations of dress 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. This 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. This will reduce the normal force, and hence the fictional 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. This 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 induces ,. . a higher HR for a given aerobic power. 
CONCLUSIONS 

It was concluded that (1) carrying a stretcher or heavy hose containers for 
more than a few minutes is limited by fatigue of the finger flexors; (2) the power 
requirement for dragging a person becomes substantially elevated if the firefight- 
er is unable to lift the upper body of the victim, (3) the energy cost per unit of dis- 
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 of magnitude 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 this: (1) the external heat exposure and (2) 
the metabolic power needed for the rescue and fire fighting. According to Lusa 
et al. (l), smoke diving requires a considerable physical capacity that is similar 
for firefighters of all ages. It is known that a large physical capacity is important 
for performing successkl rescue-related activities. Swedish frefighters must 
pass a physical work test (treadmill or cycle ergometer) each year, requiring an 
aerobic capacity of roughly 3 L of 0, per rnin to insure that a minimum level of 
physical capacity is maintained. However, especially among full-time employed 
frefighters, 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 firefighters-can have 
difficulty passing the work test. Consequently, there are disputes about the phys- 
ical demands of smoke 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 selecting 
firefighters. 
MATERIALS AND METHODS 

A comprehensive study was carried out on 282 full-time (n = 214) and part- 
time (n = 68) firefighters who perform rescue and fire fighting operations. The 
characteristics (mean SD) of the 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 =k 9 years, 81 * 11 kg and 181 -+ 6 cm, 
respectively. Voluntary maximum physical work capacity was tested on a tread- 
mill. After 2 rnin 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 through the apparatus while walking and after 2 min the speed 
was increased to 1.56 md'. Treadmill (TM.) walking t h e ,  perceived exertion 
and heart rates (HR) were measured. The subjects wore their ordinary turnout 
gear that included 24 kg of equipment. 

The following day, a smoke diving exercise that included 2 rescue tasks and 
1 f i e  extinguishing task was run in a smoke-filled, heated 2-story building. The 
air temperature ranged from about 50°C (ground floor) to 130°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 roof with the hose and advanced downstairs 
1 floor to search for, and rescue, a victim back to the roof. After a few minutes 
of rest, the team reentered the building and descended 2 floors downstairs to look 
for, and rescue, aqother 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 extinguish 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 of their effort. If the smoke diver team failed to 
complete the exercise because of the heat, lack of air, hose burst or other factors, 
the firefighters 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 study,  another 10 full-time employed firefighters did the same 
tasks. They were also equipped with an apparatus measurhg their metabolic rate 
(MR). The characteristics of these subjects were 36 f 8 years (age), 83 f 7 kg 
(weight) and 183 f 6 cm (height). They were instructed to use the same average 
time for the tasks gnd 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-diving time was 2 1.4 rnin for F while 25.4 min 
were needed 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 rnin for the fire fighting. Nine percent of F and 18% of P did 
not smoke dive, although they had passed the treadmill test. The mean age of 
these subjects were 50 f 6 years and 41 f 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 TM time com- 
pleted. For the same capacity, F subjects were more successful than P subjects. 
Of the F who performed 6 min (minimum requirement) to 8 min at 1.25 ms" and 
8" slope, 46% were successful in the smoke-diving exercise. Of the F who per- 
formed at the 1.56 ms-l for 1 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 TM test. The improvement was found mainly in the low-perfomance 
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 TM waking, 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 TM peak HR. 
During fire fighting, the peak HR was greater than TM 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 TM walking (about 
1100 W) at 1.25 ms" and 8" slope. The average power demand was about 65% 
of the TM 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 TM walk- 
ing at a speed and grade providhg a MR similar to that of the smoke-diving 
tasks, resulted in a MRiHR of 5.8 W-bpm-' at 20°C and 30% R.H. The MRNI 
ratio was 15.6 W/(L.min") (STPD). During the smoke diving the cooler tem- 
perature, MR/HR was approximately 5.1 W-bpm" during the rescue tasks and 
4.3 W-bpm" during the fire fighting. The MRN, 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 h4RMR of about 4.1 Wmbpm-' during the 
rescue activities and 3.4 Wbpm-' during the fire fighting. The MRN, changed 
from 12.4 W/(L.min-') to 11.6 W/(L.min-') during the 2 rescue activities and 
reached 10.8 W/(L.min-') during fire 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- 

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 TM 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 of less experience, trailing and education. The frac- 
tion of successful firefighters was greater when the calculation was based on the 
number of subjects 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 compensate 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 should have been tolerated by most firefighters in a cool environment. 
The H R  confinned that a significant part of the physiological load was related to 
the temperature. 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, howevef, hardly 
affected V,. 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 
should 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 Lsmin-' (1000 W) to manage these activities in a cool 
environment. Warm/hot environments require considerably higher capacity, 
especially if the firefighter is not skilled. One &plication is that the majority of 
older males and most females will be disqualified for this type of work, based on 
this minimum capacity. If a change in action andfor the addition of technical 
devices could reduce the heat load, then a lower physical capacity could proba- 
bly be accepted. 
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INTRODUCTION 

Good physical and mental health and a certain minimum level of maximal 
oxygen consumption and muscle performance are the primary requirements in 
several countries in selecting candidates for occupational fire-fighting training. 
Tolerance to either high ambient temperatures or exercise-induced heat strain are 
normally not tested even though exhausting heat strain and high risk for heat- 
related disorders @ fire-fighting and rescue work are reported in numerous stud- 
ies (1-5). 

The purpose of the present study was to investigate the test subjects’ safe- 
ty in .an existing job-related test drill for sustained exertion in heavy clothing 
under strenuous conditions causing considerable heat stress to the subjects. 
Passing this drill is obligatory for every fire-fighting student in the Finnish 
Emergency Services College before finishing their occupational trahhg. 

MATERIAL AND METHODS 

The subjects were 83 healthy male fire-fighting students with an average 
age of 23.4 (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 

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

The test drill, conducted in the mornings outdoors and indoors at air tem- 
perature ranging fiom 5 to 45OC and performed at one’s own speed, was divid- 
ed into three consecutive work sessions with 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 fire-fighting tasks (e.g. hammer- 

through restricted areas) and a rescue task in pairs. This involved manoeuvering 

The maximum time allowed for passing the drill was 105 min. 

I (20-29), and maximal oxygen consumption 55.4 (42.5-70.5) ml-kg-1-min-1. 
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a 60 kg manikiin in the dark through a two-storey simulated apartment (ca. 30 m). 
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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 (TJ at a depth of 10 cm (YSI 401) was registered at the beginning 
and end of each 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 of thermal comfort and thermal 
sensation modified from IS0 10552 as well as skin wettedness (scale 1 dry to 5 
watery wet) and ratings of perceived exertion W E  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 of the Helsinki Declaration. The test drill 
was discontinued if one of the following criteria was met: 1) T,, L39.5”C with 
objective signs of severe discomfort or fatigue, 2) subjective feelings of chest 
pain, intense muscle pain or exhaustion, 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 TI,. The average performance 
time for the completed drill was 94 k12 min ranging fiom 79 to 155 min. The 
premature terminations occurred after 75 min on average (range 65 - 85 min) 
either during or at the end of the 2nd work session. Ten exhausted students with 
T,, 39.5OC were actively cooled at the end of the test. 

HEt increased rapidly during the first minutes of each work session up to or 
near the individual JB,.,.,, and fluctuated at that level during the work. After the 
work ceased, the HR dropped slowly and remained during the 10-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 of the individual mean work HR during the drill, was 150 to 185 
b/min corresponding to near-maximal circulatory strain of 75-96 % HR,,,=. The 
individual peak HR for the 1st work session varied fiom 171 to 196 b-min-1, and 
respectively, for the 2nd fiom 169 to 199 b-min-1, and for the 3rd ii-om 175 to 
206 b-min-1. In nine students HR 2200 b/min was registered. 

Mean T,, and the T,, ranges for the start of the drill and at the end of each 
work session are given in Table 1. The average T,, increase in the completed drills 
was 1.5 0.4C. However, the individual variation in T,, responses was consider- 
able: the Tre increase ranged fkom 0.7 to 2.2”C. The students who interrupted the 
drill had TI, of 39.1 h0.6 (38.3 - 39.9)OC on average at the time of termination 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 -10.2 (0.3-1.2) 
kg-m2-h-1 and respectively, water intake 0.8 *0.4 1 (0.2-1.9) kg, and water deficit 
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Table I. Rectal temperature and ratings of perceived exertion (WE) measured 
at the start of the drill and at the end of the work sessions”. 

Rectal Temwratm. O C  RpE 
M a n - t S D  Range Mmnf SD Range 

Start 
1. ws 
2. ws 

3 7.6 k 0.23 
3 8.2 k 0.3 8 
38.8 i 0.36 

37.1- 38.1 10.2 k 1.9 
37.5 - 39.4 
38.1 - 39.9 

13.9 -1- 1.8 
16.4 -1- 1.6 

6 - 13 
7 - 17 
13-20 

3. ws 39.0 zk 0.35 38.0 - 39.8 16.2-1- 1.5 13-20 
* Values are for completed drills (n= 75). 

1.6 2C0.7 (0.4 - 4.0 ) %. The respective values for prematurely terminated drills 
were 1.0 a . 3  (0.6-1.5) kgm2.h-1,1.3 2C0.7 (0.2 - 2.1) kg, and 1.0 M.7 (0.5 - 2.4) %. 

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 fiom ‘slightly cool’ (a shivering student with T,, of 
39.4”C ) to ‘exhaustive hot’. 

DISCUSSION AND CONCLUSIONS 

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

Aerobic fitness 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 (1). T,, 39.OoC was measured in 55 
students, and the highest T,, value was 39.9”C. Questions about safety of occu- 
pational training came up. Should physiological monitoring of fire-fighting stu- 
dents undergoing occupational training be obligatory in job-related drills, as rec- 
ommended in international draft standard ISO/DIS 12894, which provides guid- 
ance about medical fitness assessment and heath monitoring which may be 
appropriate prior to and during extreme hot exposures. Our results support this 
recommendation. 

101 



REFERENCES 

1. Hales, J.R.S. and Richards, D.A.B. (eds.) 1987, Heat stress: physical 
exertion and environment. International Congress Series 733, 
(Amsterdam: Elsevier). 

W.A. Lotens and G. Havenith (eds.), Proceedings of the 5th International 
Conference on environmental Ergonomics. (Soesterberg TNO-Institute 
for Perception), 90-91. 

Physiological comparison of firefighter turnout suits with and without a 
microporous membrane in the heat, in J.S. Johnson and S.Z. Mansdorf 
(eds.), Performance of Protective Clothing: F@h Volume. ASTM STP 
1237, (American Society for Testing and Materials), 396-407. 

4. Ilmarinen R., Louhevaara V., Griefahn B. and Kiinemund C. 1997, Thermal 
and cardiac strain in strenuous firefighting and rescue tasks in the extreme 
heat, in B. Nielsen Johannsen and R Nielsen (eds.). Thermal PhysioZogy 
1997, (Copenhagen: The August Krogh Institute), 127-130. 

5. Lindholm, H., Ilmarinen, R., Viljanen, A. and Lindholm, T. 1996, Heat tol- 
erance in young men with previous heat illness, in B. Nielsen Johannsen 
and R. Nielsen (eds.), Thermal Physiology 1997, (Copenhagen: The 
August Krogh Institute), 123-125. 

2. Ilmarinen R. and Miikinen H. 1992, Heat strain in fire-fighting drills, in 

3. Miikinen H., Ilmarinen R., Griefahn B. and Kiinemund C. 1996, 

102 



PHYSIOLOGICAL ASSESSMENT OF FIREFIGHTERS’ PROTECTIVE 
CLOTHING IN THE FIELD AND IN THE LAB 

R. Rossi 
EMPA 

CH-9014 St.Gallen, Switzerland 

% 

INTRODUCTION 
The performance of firefighters strongly depends on the ability of their 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 of clothing during practice-related exer- 
cises with firefighters and during simulated situations with a test apparatus. 
MATERIALS AND METHODS 

Measurements of the 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 garments. 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 
heated room or standing near a fire 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 of metabolic 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 eont of the fire, but the external heat load was considerable. The 
radiant heat flux measured in the firehouses was typically 5 to 10 kW.m-2, and the 
temperatures were 100 to 190°C at 1 m above ground. The firefighters were wear- 
ing either breathable (semi-permeable) or impermeable (PVC coated) clothing. 
The test subjects and each part of their 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 simulated 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-2) to simulate the conditions in the field. 
The torso trial was carried out in 3 phases simulating a human subject at rest 
(phases 1 and 3, no sweat) and during an effort (phase 2, with sweat release cor- 
responding to 1 L-h-' for a man). 
RESULTS 

Exercise Courses 
The chamber exercise lasted for 11 to 24 min depending on how fast the fire- 

fighters could maneuver through the cage. Eleven firefighters completed the 
exercise at a climate of approximately 30°C and 50% RH and 5 subjects at 38°C 
and 50% RH. In each case, the core temperature of the subjects increased rapid- 
ly. At 38"C, it increased at a rate of 2.8 to 5.1"Ch-' (3.5OC-h-' on average). Under 
these conditions,. the superior evaporative cooling of the breathable jackets 
showed no positive effect on the rectal temperature of the subjects, in compari- 
son with the PVC coatings (single results: 2.8 and 3.1"C-k' for the PVC coated 
and 2.8, 3.9 and 5.1"C-h-' for the breathable jackets). At 3OoC, the increase was 
not as great, 2.7"Ch-1 on average and ranged from 1.7 to 3.9"C-h-'. 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 much as possi- 
ble when the core temperature starts to rise. The sweat production varied great- 
ly between subjects (0.5 to 2.1 LW), with an average value of 1.0 L-h-' for the 
16 jirefighters. 

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 hea'rhg power and a sweat rate corresponding to 400 W and 1 Lh-' 
for a man. The sweat rate thus corresponded to the amounts released during the 
practical exercises. However, an estimation of the metabolic rate of the fiefight- 
ers showed that they had greater energy expenditure during the course than that 
acheived in the torso. As with the firefighters, the increase of core temperature of 
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the sweating torso was dependent on the climate in the chamber. At 30"C, the core 
temperature increased by 1.9"CW in the impermeable jacket and by 1.7"CW in 
the breathable jacket. At 35"C, the increase was 2.8OC-h-' for the PVC-coated 
jacket and 2.6"C.h-' for the breathable one. These differences in rates of tempera- 
ture increase between climates were comparable to the ones measured on the fire- 
fighters. During both series of tests, most of the released humidity remained in the 
textile layers. At 3O0C, the breathable jacket could evaporate 17% of the supplied 
water and at 35°C only 4%. These very small percentages of evaporated moisture 
during these tests were likely to due to the fact that the jackets were placed tight- 
ly round the torso. This avoided any air layers or ventilation openings that could 
contribute to the overall release of moisture (3). As with the practical tests, the dif- 
ferences between both types of jackets were not very important as soon as the out- 
side temperatures were approaching skin temperatures, even if the highest results 
were always reaclied by the impermeable jacket. 

0 20 40 60 80 100 

Time (in measuring cycles) 11 cycle = about 1 min] 

Figure 1. Evolution of the surface temperature of the torso for one PVC- 
coated combination (PVC) and three breathable combinations (B 1-3). 

Firehouse 
The temperature rise when entering the frehouse was obviously due to the 

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 breathable 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 Cy the temperature remained 
between 36°C and 38OC; whereas in Jacket By it came down to near 32°C. 

The simulation of the firehouse was done by exposing the sweating torso to a 
large radiant heat source for a few minutes during the first (dry) 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 lower than the one of the breathable Combinations (Bl-3). When the 
heat source was removed, the surface temperature of the torso decreased to approx- 
imately 34°C for all of the 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 of the torso stabilized at 35°C for the PVC-coated material, but 
it dropped to an average of 32°C for the breathable combinations, similar to the 
results found d&g the practical exercise in the firehouse. 
CONCLUSIONS 

Both series of tests 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 only 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 fiom the body as sweat (1). In this situation, subse- 
quent dehydration and thermoregulatory problems may produce fatigue (2). 
Bishop observed tliat simulated industrial work conditions produced mean sweat 
rates (n = 50) of 2.25 LW (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 of thermoregulatory impairment and heat related injury (5,6,7,8). 
Thus, maintenance of the drinking response is important. 

The majority 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 Zibitum (9). 
Industrial workers, as compared with the athlete, operate at a lower metabolic 
rate, work more fiequently and endure longer periods of work. Many industrial 
workers wear protective clothing that restricts thermoregulation, increases body 
temperatures and increases sweat rates. 

Optimal rehydration can be enhanced by a fluid that is both beneficial and 
appealing (9,lO). However, the relative importance of flavor or composition and its 
role in the stimulation of voluntary drinking over prolonged periods in industrial sit- 
uations is unknown (8). The purpose of the present study was to: (1) Compare the 
rate of rehydration during simulated industrial work between W and a commercial- 
ly-available ECHO beverage in repeated trials, (2) Examine the physiological 
effects of dehydration and (3) Assess taste preference changes over 4 hours of work. 
MATERIALS AND METHODS 

This laboratory study examined palatability and d r i i i g  rate in 12 subjects 
wearing impermeable protective clothing (PC) working in 2 identical simulated 
industrial trials at a fixed WBGT temperature of 33OC (Zt 0.6). Subjects ranged 
in age fiom 19 to 32 with mean age of 24.5 years (.t 3.0), mean weight of 81.9 
kg (rt 6.7), and mean height of 180.0 cm (rt 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 Kca1;h-1 (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-hr' (0.6 



L-mjn-‘) repeated twice for a total of 30 min. The time-weighted mean workload 
for this work regimen was 300 Kcal-h-’ (moderate work in the industrial setting). 
Each 30-min work phase was followed by 30 min of seated rest in which the sub- 
jects were allowed to remove their gloves, mask, and Saranex 23-P 1-piece 
impermeable coveralls with hood, which was lowered to knee level. While seat- 
ed, a 2.5-ms-’ breeze from a 36” barrel fan was provided. Subjects performed 
up to four 1-h phases. 

Subjects completed a palatability taste test prior to the series of worldrest 
cycles and immediately following the series of worldrest cycles. They rated 5 
different commercially available h i t  punch ECHO beverages as displayed in 
Table 1 , utilizing a 9-point hedonic scale. They sampled 20 ml of each beverage 

Table 1. Components of beverages sampled 

Beverage Sodium Potassium K A  Suaars Total Carbohvdrates 

Drink#l llOmg 30mg 50 1 4 g  14 g 

Drink#2 55mg 30mg 70 15 g 19 g 
DrinMf3 55mg 50mg 70 1 9 g  2og 
Drink#4 55mg 45mg 50 1 4 g  14 g 

Drink#5 50mg 30mg 50 1 4 g  14 g 

(random order). After each sample they would rate the taste on 2 aspects: flavor 
and overall acceptance. A rating of 1 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 1-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 ftom the dif€erence 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 W and 81 1.8 (* 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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(k 0.13) and -0.02 (* 0.14) percent for the ECHO (P < 0.05). Mean voluntary 
consumption during work at 33OC WBGT was 673 (* 210) mlW for the W and 
772 (5 258) ml-h-’ for the ECHO trial (P < 0.05). Elevated core temperatures 
resulted in mean work stoppage at min 203 (* 3 1.2) for the W and at min 203 (f 
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 (f 26.4) bpm as com- 
pared with 140 (i 29.4) bpm during the ECHO (P < 0.05). Tsk observed follow- 
ing the fhal work phase were significantly higher during the W (37.6 f 0.5) as 
compared with ECHO (37.3 f 0.5). Mean flavor ratings for D r W  were con- 
sistently higher than that of the 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 D r W  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 fmt 3 work periods of both trials, subjects produced identical HR 
responses and HR recovery 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 to work into the 4th work 
phase and the sample size had been reduced (n = 6). Subjective responses were 
not significantly different for RPE, wetness 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 (llJ2). 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# was rated significantly higher in flavor than the other 4 beverages. 
Drink# was also rated significantly higher in overall acceptance than Drinks#l, 
3 and 5 (P = 0.03) but was not significantly higher than Drink#;! (P = 0.06). 
Drink#M was the commercially available bit-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 sweetness 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 enhance 
performance. In this study of ad 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 encouraging 
greater fluid ingestion compared to water alone. This should enhance worker safe- 
ty. Cumulative effects across sequential days of work should be investigated. 
REFERENCES 
1. Millard-StafYord, M., Sparling, P.B., Rosskopf, L.B., Hinson, B.T. and DiCarlo, 

L.J. 1990, Carbohydrate-electrolyte replacement during a simulated 
triathalon in the heat, Medicine in Science and Sports fiercise, 22,621-628. 

2. Maughan, R.J. and Noakes, T.D. 1991, Fluid replacement and exercise stress, 
Sports Medicine, 12, 16-3 1. 

3. Bishop, P., Reneau, P., Ray, P. and Wang, M. 1995, Empirical prediction of 
physiological responses to prolonged work in encapsulating protective 
clothing, in Y. Shapiro, D.S. Moren, and Y .  Epstein, (Eds.) Environmental 
Ergonomics: Recent Progress and New Frontiers,. (London and Tel Aviv: 
Freund Pub. House). 

4. Murray, R. 1987, The effects of consuming carbohydrate-electrolyte bever- 
ages on gastric emptying and fluid absorption, Sports Medicine, 4,322-35 1. 

5. Bar-Or, O., Dotan, R., Inbar, O., Rothstein, A. and Zonder, H. 1980, 
Voluntary hypohydration in 10- to 12-year-old boys, Journal of Applied 
Physiology, 48, 104-108. 

6. Armstrong, L.E., Hubbard, R.W., Szlyk, P.C., Matthew, W.T. and Sils, I.V. 
1985, Voluntary dehydration and electrolyte losses during prolonged exer- 
cise in the heat, Aviation, Space, and Environmental Medicine, 56,765-770. 

7. Wilk, B. and Bar-Or, 0. 1996, Effect of drink flavor and NaCl on voluntary 
drinking and hydration in boys exercising in the heat, Journal of Applied 
Physiology, 80(4), 868-875. 

8. Gisolfi, C.V. and Duchman, S.M. 1992, Guidelines for optimal replacement 
beverages for different athletic events, Medicine and Science in Sports 
Exercise, 24,679-687. 

9. Clapp, A.J., Bishop, P.A. and Walker, J.L. 1998, Fluid replacement prefer- 
ences in heat-exposed workers, Submitted for publication AIHAJ. 

10. Szlyk, P.C., Sils, I.V., Francesconi, RP., Hubbard, R.W. and Armstrong, 
LE. 1989, Effects of water temperature and flavoring on voluntary dehy- 
dration in men, Physiology and Behavior, 45,639-647. 

11. NATA Position Statement, 1997, The role of hydration in athletic perfor- 
mance NATA News, July. 

12. Convertino, V.A., Armstrong, L.E., Coyle, E.F., Mack, G.W., Sawka, M.N., 
Senay, L.C. and Sherman, W.M. American College of Sports Medicine 
position stand, exercise and fluid replacement, Medicine and Science in 
Sports Ejcerdise, 28(1), I-W. 

110 



Section 6. 

WORK IN EXTREME ENVIRONMENTS 

I 1 111 



112 



I 
I '  

~ 

I 
I 

i 
I 

1 
I 
I 

I 

I 
1 

i 
I 
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INTRODUCTION 

The improvements of nuclear, biological and chemical (NBC) protection 
have allowed development of light NBC protective suits that permit combat in 
conditions similar to that using standard battle dress. However, in full 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 of wearing 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 34OC; field globe temperature, 44 to 
48OC and wind speed, < 1 m.d. The relative humidity was higher in the mom- 
ing (75%) than in the afternoon (55%). Each subject performed 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, determined 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 V O P ~ )  consisted of walking at 4 
kmW 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 VOV) 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 of the 
recovery. Hematocrit was measured and used to estimate plasma volume (PV) 
variation. Heart rate (HR) and rectal and skin temperatures (Tre and Tsk, respec- 
tively) were continuously monitored. 
RESULTS 

During the moderate exercise tests, the sweat rates were higher (P -= 0.05) 
for TcNBCA (991 f 32 ml) and TcNBCB (895 f 49 ml) than for the other suits: 
815 f 55 ml, 716 f 65 ml and 768 f 139 ml, for TcNBCO, TcNBCC and SBD, 
respectively. The time courses of Tre and Tsk confirmed previous findings for 
TcNBCO and TcMBCC (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 of the 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 (1 69 to 173 beats&-1). Because of the short duration of the 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 f SEM, 414 
f 27 ml to 507 rt 30 ml) than with standard battle dress (286 f 27 ml, 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. 

114 



REFERENCES 
1. Melin, B., Cur, M., Pequignot, J.M. and Bittel, J. 1988, Body temperature and 

plasma prolactin and norepinephrine relationships during exercise in a 
warm environment: effect of dehydration, European Journal of Applied 
Physiolology, 58, 146-151. 

2. Cur, M. 1987, De l'hyperthermie maligne au coup de chaleur-Apports de la 
physiopathologie moderne, Midecine et Armdes, 15,379-382. 

3. Etienne, S., Melin, B., PBlicand, J-Y., Charpenet, A. and Warm-Janville, B. 
1994, Physiological effects of wearing light-weight NBC battle dresses in 
hot environment, in J. Frim, M.B. Ducharme and P. Tikuisis (eds.), 
Environmental Ergonomics, (North York Defence and Civil Institute of 
Evironmental Medicine), 30-3 1. 

4. Melh, B., Cur, M., Jimenez, C., Koulmann, N., Savourey, G. and Bittel, J. 
1994, Effect of ingestion pattern on rehydration and exercise performance 
subsequent to passive dehydration, European Journal of Applied 
Physiology, 68,28 1-284. 

5 .  Novosadova, J. 1977, The changes in hematocrit, hemoglobin, plasma volume 
and proteins durhg and after different types of exercise, European Journal 
of Applied Physiology, 36,223-230. . .  

115 





WOMEN LITTER CARRIERS: OBSERVATION AND MODELING 
W.R. Santee and W.T. Matthew 

U.S. Army Research Institute of Environmental Medicine 
Natick, MA USA 

%F 

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 (1). 
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 voluntag consent. Test activities consisted of walking (1.34 m-s-1) 
forward to the casualty and self-paced 2-person litter carriage (68 kg load) to sim- 
ulate stages in casualty evacuation. Metabolic costs for rest, walking and litter car- 
riage were measured prior to testing. Litter carriage was intermittent work consist- 
ing of a series of short carries separated by rest periods. Clothing consisted of the 
Battledress Uniform (BDU) or the Battledress Overgarment @DO). The BDU pro- 
vided no chemical protection (MOPP-0 condition), whereas the BDO was worn 
with the M-40 mask (MOPP-4 condition). Data for rectal temperature (Tre) 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 &e HSDA consisted of weighted average values that included a 
time adjustment to compensate for the metabolic cost of each lift. 
RESULTS 

Table 1 presents mean meteorological data used as modeling inputs, and 
Table 2 summarizes the test results. Mean values for subject height and weight 
were respectively 162 f 1 cm and 63 k 5 kg. There were statistically significant 
differences between MOPP-0 and MOPP-4 for ATre (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 conditionsduringwallting (W) md litter cmiage &)test 
activities inM0PP-O (BDU) or MOPP-4 @DO) clothing 

Ta 
Test "C 

W-BDU 39.41 
(0.43) 

W-BDO 37.96 
(0.27) 

GBDU 37.82 
(0-34) 

GBDO 35.46 
(0.33) 

42.21 
(1.98) 

Meteorological values (SD) 

Wind RH WBGT 
m.S" % OC 

2.49 12.57 28.9 
(0.98) (1.00) (0.5) 

4.82 17.85 28.3 
(1.25) (0.52) (0.3) 

4.63 17.72 28.1 
(1.13) (1.57) (0.4) 

4.82 26.79 27.4 
(1.10) (1.10) (0.8) 

Tmd 
"C 

82.20 
(6.87) 
84.05 
(4.72) 

81.12 
(4.8 6) 
7 1.53 
(7.3 0) 

Tgrnd 
"C 

52.95 
(1.30) 

50.52 
(0.21) 

(1-17) 
49.80 

46.3 8 
(1.60) 

Table2. Summaryof subjectresponses byactivity' 

Endurance time in minutes 
range m a n  

W-BDU 38.33 (0.42) 0.93 (0.27) 80-1 602 140(40) 

Test T,, "C ATE9 "C 

W-ED0 38.55 (0.26) 1.28 (0.40) 20-37 29 6) 
L-BDU 37.86(0.50) 0.69 (0.5 1) 28-107 59 (35) 

LBDO 38.003 (0.50) 0.763 (0.41) 22-573 433 09) 

Values in parentheses are Standard Deviations 

Three subjects, otherwise n=4 
2Maxirmm time for any activity was 160 mh 

Figures 1 and 2 plot the outputs fiom both models with mean T, values. The 
Root Mean Squared Deviations (RMSD) (5) fiom the observed T,, values were 
compared to the mean standard deviations (SD). For all days and models ( 4 ~ 2 ) ~  with 
one exception, RMSD 5 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 of walking 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 1 and 2 show that both models project the 
general response patterns, although TI, is clearly overpredicted for walking in 
MOPP-4. When HSDA was used to model male performance during another 
study (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 of modeling 
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. 

A. WALKING IN MOPP-0 

0 10 20 30 40 50 60 70 80 BO 
TIME (min) 

B WALKING IN MOPPS 

- D A T A  WlSD 

. ,;. ' 
382 

37.0 
0 5 10 15 20 25 30 

TIME (min) 

Figure 1. Comparison of observed mean T, to modeling results for walk- 
ing in MOPP-0 (A) and MOPP-4 @) 
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W s 38.5 

$ 38.0 
P 
5 

-I 
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A LITTER CARRIAGE IN MOPP-0 B: LITTER CARRIAGE IN MOPP-4 

-DATAWlSD 

.. . 
37.0 

5 10 15 20 25 30 35 40 45 L D 10 20 30 40 50 60 
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Figure 2. Comparison of observed mean T,, to modeling results for litter car- 
riage in MOPP-0 (A) and MOPP-4 @) 

CONCLUSIONS 
The results indicate that strength and equipment are limiting factors for lit- 

ter carriage regardless of chemical protection (CP) clothing or weather condition. 
Without CP clothing, thermal strain was not the immediate limiting factor. For 
modeling, an accurate estimate of metabolic cost of each 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 intermittent work. 
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HEAT STORAGE DURING EXERCISE, ESPECIALLY I N  MUSCLE 

Paul Webb 

Yellow Springs, Ohio, USA 

GY 

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 fiom direct and 
indirect calorimetry. I have collected such data in past studies (1,2). From known 
body heat storage (Hb) during the onset of_exercise obtained calorimetrically, 
the change in “mean body temperature” ( ATb ) is: 

where mb is body mass (kg), and cp is specific heat of a subject’s 
body (kJkg) from body composition (3) 

Calculating weighting factors for change in rectal temperature (Tre) gnd 
change in mean skin temperature ( ATsk ) that would predict the known ATb , 
failed completely to find anything consistent or useful. Since muscle is where 
the extra heat is produced, it mace sense to try to find a way to include it as a 
third temperature from which ATb could be predicted, so I used muscle tem- 
perature data fiom the 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 (TmJ changes. These coefficients are presented. 

METHODS 

Fifteen men and 5 women performed 72 walking experiments, level, 
uphill and downhill on the 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 of heat loss ( QH) 
and either a ventilated full facemask for measuring heat production ( M) 
or worked in arespiration chamber. The suit calorimeter cooled 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 QH slowly. 

Thus, while QH was catching up to M , heat was stored in the body. 

During this 40 - 70 min period, body heat storage was the accumulated difference 
between Total Heat @TOT), which is M - (*W), and QH. 
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RESULTS 
The-basic measurements are summarized in Table 1 , along with the calcu- 

lated ATb for each exercise condition. All exercises were fiom 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 k m h  0 grade was a backpull 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 (known) mean body temperature, I used weighting factors of 
09(Tre) and 0.1( A% ) with the standard equation: 

ATb = o.9(TrJ 0.1( ATsk ) 121 
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 = ( A?b - AT& ) 1 (Tre - ATsk 131 

This gave values over a huge range, from 12.49 to -7.18, but most values in the 
range of 2 to 4. The negative change in skin temperature and the use of a 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 fiom the literature for both negative and positive 
W, and plotted these as a function of Htot. Using this to predict muscle temper- 
atures in the current experiments, and also using the equation of Nadel et al(5) 
to relate the 3-compartment temperature changes to ATb gave results that did not 
at all match the known A% in my data (Table 1). 

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

ATb = x(Tre) + (1 -x) (Tmu) + 0.1( AT& ) 

Tmu = ( A?b -x(Tre) + . l (  A?& )) / x 

141 

[51 

Solving for muscle temperature: 

With trial values for x, and using the basic data in table 1, values for Tmu were 
derived. Reasonable values for TmU came from x = 0.5 for level and uphill 
walking and x = 0.3 for downhill walking. Estimated Tmus are shown in Table 2. 
Using these two values for the x coefficient, eq. [4] becomes: 

Level & uphill walkinp. A% = 0.5(Tre) + 0.4(Tmu) + 0.1( A?& ) [6] 

Downhill walkinp. ATb = 03(Tre) + 0.6(Tmu) + 0.1( ATsk ) [7] 



Table 1. Conditions and measurements; mean data 

n HTOT QH AI% ATb AT, ATSIC 
kl kl kl "C "C "C 

Walking speed at 0% grade: 
2.5 kmhr 6 1079 874 205 0.90 0.6 -0.6 
4.6 'L 7 1318 1046 272 1.23 0.7 -2.0 
4.7 <' 9 2286 1871 415 1.77 1.1 -3.0 
w1horiz.load 
Walking 5.4 kmhr: 
Grade 10% 8 2371 1857 514 2.01 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 6.22 0.5 -0.25 

Table 2. Data from Table 1 plus estimated change in muscle 
temperature 

n da, A 5  AT, Estim. 

kJ "C "C O C  "C 
A Tm 

Wallringspeed, 0 grade: 
2.5 km/hr 6 205 0.90 0.6 -0.6 1.35 
4.6 " . 7 272 1.23 0.7 -2.0 1.70 
4.7 ' L  9 415 1.77 1.1 -3.0 2 3 
wlhoriz. load 
Walking5.4 km/hr 
Grade 10% 8 514 2.01 1.3 -0.8 3 2 

I' 5% 9 300 1.18 1.1 -2.3 1 .o 
'& 0% 8 157 0.60 0.3 0.7 1 3 
" -5% 7 500 1.94 0 -5 -0.5 2 9 
" -10% 8 994 3.87 0 -5 -0.8 6.1 
" -15% 10 1598 6.22 0.5 -0.25 10.1 

wlvert Load 

DISCUSSION 

These are the frst experiments with direct calorimetric measurements of Hb 
during exercise. It 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 coefticients were found for both positive and negative work that gave 
reasonable estimates of what T,, should be. The weighting coefficients found 
for T,, are large: 0.4 for positive work, 0.6 for negative work, suggesting that 
most heat storage during exercise is in muscle. An unusual 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 cooling to allow 
work without sweating, a pleasant sensation 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 walking downhill results 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 measurements made during exercise when there is also 
direct measurement of body heat storage. 
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MEASURES OF HUMAN HYDRATION STATE 

M. Stirling and K. Parsons 

HTEL, Department of Human Sciences, Loughborough University, TJK 

s 

INTRODUCTION 

There are many effects of the process of dehydration, ranging fiom 
impaired exercisethermoregulation 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 Zibitum water 
intake results in incomplete water replacement or “~oluntary’~ dehydration dur- 
ing exercise in the heat (1,4). This paper aims to investigate several different 
physiological measures as indicators of hydration state, some of which have been 
investigated previously, and looks to developing them as useful methods for 
monitoring the hydration state of workers in industry, 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 of 24 f 4 years, height of 1.8 1 k .09 my weight of 
80.1 f 7.9 kg, percent body fat of 16.8 f 4.3 % and predicted maximal 02 uptake 
of 4.58 f 0.87 L-min-1 (predicted using ACSM guidelines [Z]). * 

Experimental 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 f 0.3% relative humidity, 0.41 f 0.1 ms-1 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 f 
0.5OC) 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 equivalent of the 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 of each 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 (Tsk), heart rate 
(HR), body weight loss (% BW loss) and samples of blood, urine and sweat. Tau, 
Tsk, and HR were recorded continuously throughout the experiment. %BW loss 
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was recorded at the beginning and end of the heat exposure, and also after each 
of the 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 (Hb), hematocrit 
(Hct) and change in plasma volume (APV). The following measures were taken 
fiom the urine samples: osmolality (U,,); specific gravity (Us&; color Wc0i); vol- 
ume (LJvo~); temperature Wtemp); pH p up^); sodium WNa) and potassium (VK). 

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 f SD. 

RESULTS 
Drinking. Of the urinary variables, Uc0i, Utemp, UK and Uosm (P < .05) were 

affected by the exposure, and this effect continued until 6 h post-exercise for 
Uc0i, UK and UOm (P < .05). None of the hematological measures showed a dif- 
ference with heat exposure, but HR, Tau and Tsk were significantly affected (P < 
.OS). Of the sweat measures, SWNa was affected by the exposure throughout the 
work period (Patch 1 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 UCOI , Utemp and UK (P < .05) 
were affected by the exposure. Hb was the only hematological measure affected 
by the heat exposure (P < .OS), and HR, Tau, Tsk and oral temperature (Tor) also 
changed significantly (P < .05). For the sweat measures, SWNa was affected by the 
exposure throughout the work period (patch 1 vs. 2,3,4 & 5 and Patch 3 vs. 4, P 
< .05), but there was only a difference between Patches 1 & 4 for SWK (P < .OS). 

Comparison of drinking and no drinking conditions. There were signifi- 
cant differences between the conditions post exposure for Uv0l, Ucol, To, (P < .OS) 
and Tau (I‘ < .OS), 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 of hydration, 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 Ucol was significantly different (P < .05) between the conditions. 
However, for the change in values for post to 6 h post-exposure, U,,, Usg and 
Ucoi were all significant (P < .05) between the conditions. 

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

Drinking 
Pre post 6huost 

U,.,andU., +.977* +.985* +.877* 

No Drinking 

+.873* +.953* +.971* 
Ps P a  6hpost 

U,’..d U,, 
U,,, and U, 
Uosm and UwI 
us, and uw, 
U ,  and U,, 

discussed further. Overall, Ucoi correlates well with reliable measures of hydra- 
tion (Uosm and Us,), and urine volume also correlates with Uom, Usg and Umi. 
For post-exposure and 6 h post-exposure, no significant relationships were found 
between urinary and hematological correlations. 

+.986* +.906* +.823* +.837* +.866* +.765* 
+.892* +.9 19* +.828* +.78 1* +.665 +.654 
- .m* -.774* -.700 -.863* 
-.mi* -.774* -.883* -.944* 
-.954* -.872* -.792* -.868* , - 

DISCUSSION 
Changes in hydration state were not accurately reflected in hematological 

indices because the body actively attempts to preserve the plasma volume by 
moving fluid fiom the intracellular to the extracellular space. These findings sup- 
port those of Armstrong et al. (3) and the hypotheses of Francesconi et al. (5). 
Strong linear relationships were found between the 2 recognized measures of 
hydration state, Uosm and Usg, and of Ucoi with these 2 variables. UcOi correlates 
significantly with Uosm and Usg both between and during experimental conditions 
and this confers with the findings of Armstrong et al. (3). Changes in variables 
over the experiments (pre to post) showed a significant difference (P .05) 
between drinking and no drinking for Ucoi, indicating that it is sensitive to hydra- 
tion state. The ease of use of the 8-shade subjective color scale renders it very 
practical during field work monitoring hydration state of workers exposed to 
heat. Since U,, and Usg produce higher correlations than with Umi, they should 
be used as indicators of hydration state, where possible, for example by occupa- 
tional nurses. However, the urine color scale, and also urine volume, could be 
used as a guide so that people that work in the heat may monitor their own hydra- 
tion state. In the drinking condition, urinary and physiological variables were 
still affected by heat exposure and exercise, even though the amount of sweat 
produced was replaced with an equivalent amount of water to drink. This sug- 
gests that because sweat rates were so high (0.85 ir 0.08 LW), the volume of 
water subjects needed to ingest was too large and was therefore not absorbed in 
the gut. For this reason, the conditions were not named “euhydration” and 
“hypohydration.” When considering the hydration state of workers in industry, 
drinking before and after heat exposure is necessary, as water lost in sweat can- 
not be replaced immediately. The additional urine samples collected 6 h post- 
exposure suggest that the effects of exercise were still apparent. Three of the 
variables, U,,,, Ik and Ucoi, were still significantly elevated, perhaps indicating 
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that water conseriring mechanisms were still in place. Although neither diet nor 
drinking were controlled after the experiment, these findings suggest rehydration 
regimes lasting several hours post-exerciseheat exposure are required. The 
range in U.,,,, Usg, Ucoi and Uv0i 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 information about their current hydration state. The use of Ucol 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 of monitoring 
their own hydration state, as Ucoi can be affected by factors such as medication, 
illness and certain foods. 
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INTRODUCTION 

Epidemiological evidence suggests that the military have a higher percent- 
age of smokers than the civilian population (1). 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 among 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 
maintenance 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 chemicaVbioIogica1 protective gear. It was 
hypothesized that self-reported cigarette smokers would be unable to perform 
aerobic exercise while wearing chemicalhiological protection gear in a hot, dry 
environment as long as subjects who had never smoked. 

MATERIALS AND METHODS 

Subiects & Heat ExDosure Exercise Trial 
Twenty-four unacclimatized male Marines wearing chemicavbiological 

protection ensembles with 34 kg of gear completed a treadmill walking protocol 
(1.34 d s  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 25OC (n = 10) while instrumented with 8 skin temper- 
ature thermistors (Model No. 409, Yellow Springs Instruments, Inc.; Yellow 
Springs, OH) and a disposable thermistor probe (Sheridan; Argyle, NY) insert- 
ed to a depth of 15 cm past the anal sphincter to measure core temperature. The 
34°C WBGT corresponded to 49°C and 20% relative humidity (RH). The 25°C 
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WBGT corresponded to 32OC and 35% RH. Heart rate (Polar@ Heart Watch; 
Stamford, CT) and oxygen uptake were also recorded. 
Ouestionnaire 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 status was assessed using a self-reported med- 
ical history questionnaire. After reviewing the medical history questionnaires, 
subjects were divided into currently smoking (mean pack years of 3.2) and no- 
smoking history (no-Hx) groups. Former smokers were excluded &om 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 Bodv Fat Measurements 

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

One-way analysis of variance on aerobic exercise duration in the heat at 34 
OC and 25°C by each of the two smoking groups was performed 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. 
Ouestionnaire Items 

The mean frequency of weekly activity for smokers and no-Hx was not sig- 
nificantly different between groups 0, = 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 of each bout of weekly activity for smok- 
ers and no-Hx was not significantly different between the groups (p = 0.96). 
3-Mile Run Time and Bodv Fat Percentage 

Smokers demonstrated a decreased aerobic fitness as shown by slower 3- 
mile run times (p = 0.03) in normal, ambient conditions compared with the no- 
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Table 1. Phvsical Chzacteristics, Exercise Duration in the Heat, and 3-Mile Run Time. 
1 (*mj 

3- Mile Group Age Weight Bodyfat% ExTime d% WBGT N Time 

Smoker 20.8 76.8 16.4327.72) 26.92** 34&25 12 23.03* 

No-Hx 22.3 75.7 123~6.77) 32.83 22% 34&25 12 2098 

Smoker 21.4 81.8 2357** 34 7 2425c 

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 35.00 14% 25 5 20.67 

Note. *p 50.05; **p = 0.06 
(A) All subjects (n = 24) separated by smoking status at 34'13 and 25"CWBGT 

(B) Subjeds (n= 14) by smoking status in the 3493 condition. 
(C) Subjeds (n= 10) by smoking status in the 25 93 condition 
&Time = exercise duration (minutes) in the hot, dry environment. 
d% =percentage dserence in exercise duration between smoker md no-Hx groups. 
WBGT = temperature "C( Yaglou & Minard, 1957) 
3-Mile Time = 3-mile run time (minutes) in normal, ambient conditions frommost 

conditions. 

recent FFT. 

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

Heat ExDosure 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 subject3 core temperature exceeded 39.5"C or HR exceeded 90% of 
the subject's maximum HR, calculated as 220 - age, for a period of 5 min. 
Physical work performed 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-& at 34°C and 25°C is report- 
ed in Table 1. When both groups' data were contrasted (34°C and 25°C hot, dry 
conditions, treadmill walking protocol), smokers displayed a 22% 0, = 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 25OC suggest that current smokers do 
not perform aerobic exercise as long as no-& subjects in hot, dry conditions. 

DISCUSSION 
Using vapor-barrier uniforms, such as those used to protect humans, both 

civilian and military, fkom airborne chemical or biological agents, poses a ther- 
moregulatory challenge. These uniforms 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). 

13 1 



As the environmental temperature increased, the disparity in exercise dura- 
tion while performing submaximal aerobic exercise in semi-impermeable chem- 
icalhiological 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 groups’ 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 chemical/biological 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 of heat 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-Hx group in normal 
ambient conditions (see Table 1). This result indirectly represents a baseline 
decreased aerobic fitness of the smoker group compared with the no-Hx group 
during sustained (26 to 36 min) submaximal exercise. 

Marines who smoke and are required to wear chemicalhiological 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 chemical/biological protection gear and ultimately com- 
promise the successfd completion of the mission. 
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THERMAL NEUTRAL ENVIRONMENT 
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% 

INTRODUCTION 
Cardiovascular endurance (as measured directly by VOZmax or indirectly by 

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

Therefore, the purpose of this study is to determine the effect of prolonged, 
steady-state exercise in CDE and various packloads against the same loads while 
in standard work uniforms 0. 
MATERIALS AND METHODS 

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

The packload was determined after weighing the subjects in shorts. The 
ALICE 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% of body weight. The subjects completed each load twice, once 
in U and once in CDE. The loads and clothing conditions were randomly 
assigned. The subjects marched at 4.8 lcph (3.0 mph) on a level treadmill. No more 
than 3 loads were completed in one day with a minimum of 1 h of recovery. Only 
1 session was completed on days in which a 75% body weight load was assigned. 

Running shoes were utilized rather than boots to avoid blisters and other 
foot problems. During CDE conditions, a breathing mask was worn (model 
M17A1), 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 cormgated 
tube (2.8 cm, id) into a 5-L mixing chamber. V, (measured by a Rayfield dry gas 
meter) was then sampled to determine FEO2 and FECo2 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 (l), 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 VO, was 0.87 L-min-1, STPD for 0% load 

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

Table 1. OxvrrenuDtake and heart rate 

Load vo2 VOZ HR VQ VOZ m 
Ohw 1 . 6 '  ml4gmbi' beatsee '  1 - m ~ '  m l a k g e '  beats-&' 
0 0.87f0.13 l l . 7 f  1.8 87 f12  1.01f0.15 13.6f2.0 9 6 f 1 9  

25 1.07f0.10 14.4f 1.3 103f19 1.09f0.15 14.7f2.0 107f29 
50 130f0 .17  175f2 .3  108f19 132f0.23 17.7f3.1 115 f 19 
75 1.53f0.19 ' 20.6f2.6 128225 157f0.24 21.2f3.2 135f24 

*Values shown are means f SD. Subjects marched at4.8km.h-1 on alevel treadmill at ambieht 
temperature of 22°C and an RH of 40% 

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 l), as opposed to the linear 
trend of VO, with increasing packloads. Figure 1 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 HR for the no-load condition when compared to the U condi- 
tion. Further, the oxygen uptake for the grdater 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% of body weight on a level 
treadmill at 5.6 kph (3.5 mph). Furthermore, when adjustments were made for 
differences in widking speed between the 2 studies, the subjects fiom the 
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Figure 1. Mean heart rate responses to carrying 
packloads fiom no load to 75% of body weight for 
the two clothing conditions for 16 male subjects. 

Wallcott et al. report used 
4.3% more O,, on aver- 
age, at no load and 3.5% 
more at the 25% bw load. 
These differences, though 
small, are likely signifi- 
cant and may be attrib- 
uted to lower levels of fit- 
ness. In this regard 
Morgan et al. (3) showed 
that as the fitness and per- 
formance of endurance 
runners increased, their 
running economy im- 
proved as well, i.e., the 

V02 required for a given speed was lower.Unexpectedly, the VO,, though usually 
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 VOzmax in typical exercise clothing, 
Moreover, the mean V,, was reduced from 148 to 8 1 L-min-1, BTPS (or -45% 
decrement), reflecting the severely reduced ability to move large volumes of air 
in and out ofthe M17A1 mask. The fact that the highest packload condition only 
required a fraction of 34% of the subjects' mean V02, and thus a proportionate 
fiaction of VE,.,,,, is consistent with the failure to find a difference between the 
clothing conditions. The same study showed that the M17A1 mask could accom- 
modate a flow rate up to -50 L-min-1 ATPs and still maintain a breathing resis- 
tance similar to most breathing valves used during maximal aerobic capacity 
testing. The mean V, for the two 75% bw loads was 42 and 46 Lmin-1 BTPS for 
U and CDE conditions, respectively. 

An additional consideration is the increased heat load that would need to be 
dissipated while walking in CDE. 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 lcph for 90 min (37.5 vs 37.75oC) for U and 
CDE conditions, respectively. The fact that the subjects of the present study only 
walked for 30 min suggests that the core temperature difference would be even 
smaller than those reported by Avellini. 
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 effect of CDE in the MOPP4 condition demonstrated little effect 
on VOz and consequently, aerobic energy cost. Likewise, heart rate showed lit- 
tle effect of the 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 M17A1 mask breathing valves and the Rudolph 
breathing valve at mild to moderate exercise intensities. 
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HEAT EXPOSURE INCREASES ENERGY EXPENDITURE DURING 
REST AND WORK IN MEN DRESSED IN FIREFIGHTER ENSEMBLE 
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AND USING A SELF-CONTAINED BREATHING APPARATUS 

I 
I 

I 

I v! 
I INTRODUCTION 

Observations of personnel conducting frefighting 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 apparatus (SCBA) 
and wearing a firefighting ensemble (FFE). Breathing fiom a SCBA is known to 

(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 firefighting doctrines, exercise/recovery guidelines 
and training procedures, Thus, the purpose of this study was to determine the 
effect of breathing on a SCBA and wearhg an FFE on respiratory responses and 
energy expenditure during performance of submaximal exercise in moderate to 

l 

I increase ventilation and breathing rate, and decrease maximal exercise capacity 
I 

I 

I hot environments. 

MATERIALS AND METHODS i 
I 
I , 

Ten males served as subjects. The physical characteristics of the subjects 
were 28.9 f 4.8 years, 179.1 f 6.6 cm and 88.6 f 11.1 kg. All subjects were 

prior to participation in testing. 

tocol of 20-min rest, 20-min exercise, 20-min recovery, 20-min exercise and 20- 

trained in the use of firefighting equipment. Each subject gave informed consent 

All subjects participated in 3 test trials and attempted to complete a test pro- 

min recovery. Subjects wore complete FFE (coveralls, flash hood, hard helmet, 
gloves, single-piece Nomex protective suit and boondocker boots) and respired 
using a positive-pressure SCBA. Exercise (1.1 ms-l,O% grade treadmill waking) 
occurred in 50% relative humidity (RH) air and temperatures of 21OC (MOD), 
35OC (WARM) and 49OC (HOT), while restlrecovery occurred in 27°C air. 

Measurements included ventilation WE), breath rate (fB), oxygen uptake 

ture (EE) 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 Tab. 

Body temperatures included rectal temperature (Tre), and skin temperatures 
fi-om the upper right chest (Tch), right upper arm (Tar), right mid-lateral thigh 

1 
, 

1 

I 

I 

i 1 

I 
(V02) and carbon dioxide production (VC02) for calculation of energy expendi- 

/ 
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(Tth), and right mid-lateral calf (Tea). Calculations included mean skin tempera- 
ture (Tsk) and heat storage (HS) Wkg-1). 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 significant trial and 
exercise period effects for VE, VT, V02, VC02 and EE, and significant period 
effects for Es and respiratory exchange ration W R )  (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. 

Tablel. Effect of ttial, ~tercise period and interxiion of trial and exercise period on 
' ~spirztory responsesand energy expenditure. 

Trial x 
Variable Exercise Period Exercise Period 

V-PS Gmin-') P < 0.03 P < 0.oooo 1 n.s. 
fB (brthmin-l) n.s. P < 0.oooo 1 n .s. 
V, (ml-brtb') P <0.0001 P < 0.000 1 n.s. 
V02(L.min-1) P < 0.04 P < 0.000 1 n.s. 
VC02 &mid) P<0.04 P < 0.000 1 n .s. 
RER n.s. P< 0.0001 n .s. 

During the 3 trials, fB averaged 17 brth-miu-1 during rest and 22 brth-min-1 
during exercise. During MOD, WARM and HOT, resting VE averaged 13.8,14.8 
and 15.6 1-min-1, respectively, while exercise VE averaged 23.8, 24.7 and 26.4 
1-min-1, respectively (Fig. 1). For all tests, resting V02, VC02 and EE averaged 
0.50 l-min-1, 0.41 kmin-1 and 175 f 15 watts, respectively. For MOD, exercise 
V02, VC02 and EE averaged 0.93 Pmin-1, 0.74 lain-1 and 314 watts, respec- 
tively (Fig. 2). For WARM, exercise V02, Vc02 and EE averaged 0.96 l-min-*, 
0.77 lamin-1 and 333 watts, respectively. For HOT, V02, VC02 and EE averaged 
1.00 l.min-l,O.82 1-min-1 and 347 watts, respectively. 

DISCUSSION 

Exercise in WARM and HOT lead to higher VE, VQ2, VCQ2 and EE with 
the rates for the second exercise session on average greater than those of the first 
exercise session. fB was unaffected by environmental conditions, while tidal vol- 
ume (VT) increased with exposure to both WARM and HOT. This is contrary to 
the findings of others (3) who have suggested that increases in VE during exercise 

140 



Rest 1 Exercise 1 Rest 2 Exercise 2 

Figure 1. Ventilation during Rest and Exercise for MOD, WARM, 
and HOT trials. 

Rest 1 Exercise 1 Rest 2 Exercise 2 

Figure 2. Energy expenditure during Rest and Exercise for MOD, 
WARM, and HOT trials. 

are due primary to increases in 6. The higher VT may in part be related to ele- 
vated inspired C02 levels due to the dead space volume of the SCBA facepiece. 

Since the exercise periods were only 20-min in duration and separated by a 
20-min rest period in cool airy it is unlikely that the higher EE was a function of oxy- 
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 EE is best explained by increases in Tre and heat storage. During MOD, Tre and 
increases in heat storage remained low at 37.2OC and 0.23 kJkg1, respectively. 
However, during the second exercise period of WARM, Tre and increases in heat 
storage averaged 37.6OC and 2.5 klkgl, respectively, while during HOT, Tre and 
gain in heat storage averaged 38.2"C and 6.73 kJ-kg*, respectively. 
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CONCLUSIONS 

Our fmdings 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 lie-threatening medical emergency caused by the 
failure of the thermoregulation system and is diagnosed by measuring core tem- 
perature above 40°C. EHS is associated with leukocytosis. Hypokalemia is found 
in the early stages of EHS (1) and may later develop to hyperkalemia as a result 
of acidosis. Hematocrit (Hct) values are elevated, and sodium @a+) levels might 
be increased due to dehydration. Hypocalcemia and hypomagnesemia may occur 
as a result of increased loss of calcium and magnesium in urine andor sweat (2). 
Elevation of serum creatine phosphokinase (CPK) and serum glutamate oxaloac- 
etate transaminase (sGOT) eiizymes are considered in EHS. However, EHS is 
ofien misdiagnosed, especially because many of the first signs are nonspecific 
and associated with loss of consciousness (3-5). The purpose of this study was to 
examine and follow the biochemical profile changes, which occur in EHS 
patients, during @e period of 96 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 of the 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 characteristics of the 50 EHS patients 

age weight height BSA BMI 

w m m cm', @g-m2) 

Mean+SD 20+3 72.1 klO.l 176f6 1.89k0.15 22.9k2.9 
range 18-25 47-104 159-189 1.55-2.27 14.9-3 1.9 
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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. 

Analyzing the biochemical manifestations upon admission to the hospital 
revealed that in more than 50% of the 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 of hemoglobin (Hb), potassium e+), 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 many 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 3.3OC 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 of the 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 dysfunction 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 helphl 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 of this ergonomic maladaptation. 
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Figure 2. Changes in the profile of Hb, K+, Hct, creatinine, Na+ and glu- 
cose in 50 EHS patients. 

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

leading in the diagnosis of EHS. This is attributed mainly to a large range in the 
hematological and enzymatic picture during the first hours of the event. It is sug- 
gested that suspected heat stroke patients be hospitalized for 48 h, during which 
the dynamics of the various parameters will be clarified, and together with the 
nature of the event and other background factors, will substantiate the diagnosis 
of EHS. 
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FEMALE SOLDIERS AND THEIR CAPABILITY TO CARRY 
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Zentrales Institut des Sanitaetsdienstes der Bundeswehr 
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 fitness prior to specialist training appears to be necessary. This 
may protect the employee from overburdening by and fiom excess demands by 
the employer. 

Although there is some information available on 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 muscular strength) or isometric or isokinetic strength. 
Findings that hand grip endurance amounts, at best, to 15% of the maximum 
strength (1,4) have shed doubts on female capabilities of carrying litter patients 
(5). Comprehensive studies of female military fitness have been published (6,7). 
The data, however, cannot be applied to the Bundeswehr Medical Service, since 
selection and recruiting procedures might vary in addition to possible method- 
ological or ethnic differences. 
METHODS 

All 75 female and 60 self-selected male recruits of 4 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 (skinfolds) (8,9). Isometric force was mea- 
sured (baseline leg-chest-back dynamometer; Biicker, Sinzheim GE) in 4 posi- 
tions: lifting fiom the squatting position; lifting fiom a height of 38 cm; liftiig 
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, IL, USA). Canying 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 for 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 antbropometric results are comparable to other published data (6,7). The 
changes of body weight, body fat amount and lean body mass of men and women 
during BMT were below 5% and statistically insignificant. This difference to 
previous studies (6) may be attributed to both the design of BMT and the short 
time period between the measurements. 

The maximal isometric forces measured in the 4 different lift positions, both 
at the beginning and the end of BMT, are shown in Table 1, together with the 

Table 1. M a x i m  isometric forces' at the start (S) and end (E) of BMT 

M m  Rietthad LewIad 3&m S m  &dck 

StartofBMF 549.9 513.4 1,447.0 1,608.3 9445 1 E . 8  
f 11.4 k 13.3 f41.9 f42.8 f32.9 f69.2 

EndofBMF 581.0 534.4 1,544.5 1387.0 1,046.1 1,612.9 
f 12.4 f 12.3 f46.8 f46.6 f37.6 k45.9 

S/E(%) 105.05 103.80 106.07 98.39 109.M 105.21 

IRel 

t-test,P< 0.066 0.245 0.120 0.735 0.044 0.429 
. .  

Women 
StartofBMF 351.0 322.3 898.1 9685 486.4 9225 

f6.5 f6 .7  f20.7 f25.3 f 10.3 f33.7 
End o f B m  1 368.4 . 337.8 1,025.8 1,004.7 586.6 1,081.4 

f6.6 f7.1 222.6 f25.7 k 16.3 f37.0 

S/E (%) 105.0 104.8 114.2 103.7 120.6 117.2 
t-test,P< 0.061 0.112 0.000 0.313 0.000 0.002 

'Force in Newtons. N = 36male and 55 female recruits 
'values shown are means SEM. 

maximal isometric handgrip strength values for men and women. The differences 
between men and women are statistically highly significant, which is not true, 
however, for all of the differences between beginning and end of BMT. 

ARer BMT, women showed marked (> 10%) and statistically significant 
increases in strength during lift fiom the squatting, the standing positions and 
while pressing fiom 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 of 0.38 ds, only 33 out of 75 female recruits were able to do so at the start 
of BMT (average speed 0.3 1 ds). At the end of BMT, the number had improved 
to 29 out of 55 women. This improvement fiom 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 rt 15 or 181 f 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 0, con- 
sumption approached > 25 mlamin-1-kg-1 equivalent to 83% of maximal V02 in 
the females and documents the high workload posed on the young women. 

.,‘e 
.I a’ .’ 

Od 4 

hand grip &~ngth  N 
200 250 300 350 400 450 500 550 600 

A femalesstartqin o femalesstartmax 
femalesendmax A femalesendnun 

---females start marc y = .0064x - 1.28; r = .69 
-females end marc y=.004x- .17; r=.58 

- -_  -.females start min: y=.0047x - .49; r =.55 
----females end min: y=  .0033x+ .IS; r = 5 4  

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 (ma,  min in Figure 1) 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 trainimg in order to channel unsuited candidates to other career fields. 
Alternatively, special carrying training may be administered in order to prevent 
overburdening the young women. 

~~ 
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THERMOPHYSIOLOGICAL STUDY OF 
HUMAN STEAM HAZARD EXPOSURE 

A.V. Desruelle, A. Montmayeur, J.J. Panet and S .  Etienne 
IMNSSA, BP 610,83800 Toulon Naval, France 

s 
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 industry 
employees. Despite an effective potential risk, no job legislation on human expo- 
sure to steam was found; only one short article deals with steam engine con- 
struction and security. Moreover, only a few old scientific references on steam 
exposure effects on animals were found (42). 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 concerning the steam hazard. 

Furthermore, different industrial and naval steam protective garments have 
been tested in our institute with a calorimeter. These garments were inefficient 
to protect against steam exposure. At the most, they allowed 15 to 60 s of expo- 
sure time before a cutaneous second bum injury occurred (safety criteria for 
nuclear protection). 

Different biological risks can appear after steam accidents (5). The main risk 
is a thermal one due to direct steam jet exposure and/or to hot saturated vapor 
environment created by hot steam entry in 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, clothing and perhaps in the respiratory airways. Furthermore, a 
foggy environment would lead to a low visibility and to difficulties in escaping. 

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

To test the thennophysiological impact of steam exposure on the whole body, 
the first approach was done with a mathematical simulation of the steam accident. 
HYPOTHESIS AND METHODS 

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

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

PROTECT 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 of training, 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,s). 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. AIl the input parameters of the 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% of the trunk and 25% of the arms. 

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

Time duration (rnin) 
Air temperature (“C) 
Radiant temperature (“C) 
Floor temperature (“C) 
Air speed (ms’) 
Relative humidity (%) 
Metabolism (w.m-z) 
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 bodv temDeratures. During the initial conditions, internal 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 rnin in a steam environment, the internal temperature 
reached 40.7OC and the blood temperature 41.6”C. 

Skin temperatures. After 1 h in the initial conditions, all the skin tempera- 
tures were between 37 and 38%. In accidental conditions, skin temperatures of 
the uncovered areas (head and hands) reached 45OC (injury threshold) in less 
than 3 min, while the other skin temperatures stayed under this threshold during 



Table 2: Physiological results" ofthe simulationofthe submarine accident. 

End of Difference 
initial End of accidental between the 2 

condition oondition conditions 
T,Head ("C) 3 7.3 47.1 9.8 
TSiTmkW 1 37.8 42.0 4 2 
T, Arm ('(2) 3 7.6 44.8 7.2 
Tsl Hand Yc> 3 7.3 48.6 11.3 
TslLeg Cic ) 37.8 42.0 4 2 
T, Foot ('C) 3 8.0 42.8 4.8 
T, (93 1 3 7.7 43.1 5.4 
Ti ("'1 3 8.2 4 0.7 2.5 
~ll,, (@ 3 3 8.2 41.6 3.4 
HR (beat s.min-') 1 63 out of limit 97 
M,, (g al l - '  ) 949.4 1378 428.6 

* Tsl: local skin temperature, Tsk: mean skin temperature, Ti: internal 
temperature, T,.,lood: blood temperature, HR: heart rate, Msw: global sweat rate. 

' I  

the 15 min of steam exposure. The arms, 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, and then due to warm 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 Tesults 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 makiig heat loss impossible and leading to considerable heat gain 
(10"C.h-3). With work and additional heat strain, the HR increased rapidly to 
dangerous levels. Thus, all the results show that the exposure to hot saturated 
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 



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 condensation 
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 of the physiological variables needs to 
be c o n k e d .  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 of steam exposure on biological tissues and 
physiological functions. All these experiments and simulations should give 
information about hot steam hazard that should be of interest for designing spe- 
cific protective garments. 
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PERCEIVED EXERTION DURING EXERCISE IN THE HEAT, COLD 
OR AT HIGH ALTITUDE 

K.B. Pandolf 

U.S. Army Research Institute of Environmental Medicine (USARTEM), 
Natick, Massachusetts 01760-5007, USA 

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 known 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 fiom the published literature con- 
cerning RPE during exercise at each of the three environmental extremes. 

METHODS 

All of the reports presently discussed evaluated RPE using the original 
Borg scale (1). This is a category rating scale fiom 6 to 20 with every odd num- 
ber anchored by verbal expressions ranging fiom “very, very light’ at 7 to “very, 
very hard” at 19. In addition, several of these 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 (Tre), RPE and sweat rate during exercise-heat 
acclimation (modified from 5). During heat acclimation of young individuals, 
the plateau day@) for overall RPE are generally after 3 to 6 days of continuous 
daily heat exposure (2,5). This coincides with the plateau day@) during heat 
acclimation reported for HR and plasma volume expansion and overlaps with the 

TABLE 1. ‘PLATEAU DAYS’ (POINT AT WHICH APPROXIMATmY 95 % 
OF THE ADAPTATION OCCURS) DURING HEAT ACCLIMATION 

ADAPTATION DAYS OF HEAT ACCLIMATION 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 
__-I--__ Heart Rate Decrease 

Plasma Volume Expansion -__---_--- 
Rectal Temperature Decrease -_----I_- 

Perceived Exertion Decrease --____--- 
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plateau day(s) for Tre. Except for HR, none of these physiological adaptations are 
thought to strongly influence overall WE. Although the absolute and relative 
exercise intensiw may provide important sensory cues to overall W E  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 
overall RE'E (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 variables (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% Vo2max (2,5,6). 

In contrast to continuous daily acclimation (10 consecutive days) where a 
plateau in W E  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 of acclimation is also faster in terms of the reductions in Tre 
and HR for daily, compared to intermittent, acclimation. Thus, daily compared 
to intermittent exercise-heat acclimation is the more effective acclimation strat- 
egy for improvements in WE, Tm and HR (6). 

Exercise-Cold Stress. At the same relative exercise intensity (-70% Vo2max), 
overall RPE appears to be higher in the heat (31°C) than in the cold (40 and 
1 l0C, see Figure 1). RPE increases with time for all environments and is signif- 
icantly higher at 3 1 OC compared to 4" and 1 1°C fiom 20 through 50 min of exer- 
cise (7). 

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

I O  20 30 40 50 

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, by cy d corresponds 
to 4"C, 1 l0C, 21°C and 3 l0C, respectively (redrawn €tom 7) 
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whereas very slight relationships are observed with Tre and Tsk (r = 0.20 and r = 
0.10). TS is moderately correlated with Tsk and Tre (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 uptake attributed to shivering during exercise in cool and 
cold water do not appear to add to the overall WE (4). 

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

TABLE 2. MEAN BLOOD LACTATE (mgll Ooml) AND RPE FOR 
NORMOXIA VS. HYPOXIAAND THERMONEUTRALVS. COLD 

~ ~ ~~ 

Cold - Nonnoxia Hvpoxia Thennoneutral 
Blood Lactate 22.3 j: 10.2 58.9 j: 12.3 42.3 It 11.8 38.9 f 8.9 
P Value < 0.001 NS 
Perceived Exertion 11.5 f 1 .O 15 k 2.0 13.5 f 1.5 13 f 1.5 
P Value < 0.001 NS 

VALUES ARE MEANS f SD. BLOOD LACTATE AND RPE DURING EXERCISE 
AREBOTHHIGHERFORHYPOXIA (NEUTRALORCOLD) 'IHAN FOR 
NORMOXIA HYPOXIA = 12% 4 in N,; NORMOXIA = room air, 
THERMONEUTRAL =25@ ; COLD = 8@ ; EXERCISE = 50% HR reserve. 

Differentiated RPE have been investigated during exercise at high altitude 
and include a local muscular rating, a central or cardiopulmonary rating and an 
overall rating (9,lO). During acute exposure (< 2 h) to high altitude (4300 m), the 
local RPE seems to be the dominant rating (9). However, the reduced blood lac- 
tate concentration during exercise after 18 days of altitude acclimation appears 
related to a lowered local RPE with the central RPE now becoming the dominant 
rating (9). Further, central W E  is reported to be highly correlated (r = 0.88) with 
Acute Mountain Sickness symptoms in Pow-altitude natives (1 0). 

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 altitude. 
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EFFECTS OF WIND AND WALKING ON 
LOCAL CLOTHING INSULATION 
H. Nilsson, I. Holm& and G. Ohlsson 

Department of Occupational Medicine, Climate Group National 
Institute for Working Life S-171 84 Solna, Sweden 
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INTRODUCTION 

The European Pre-Standard for protective clothing against cold ENV 
342:1998 (1) suggests that the testing of thermal insulation should be made on a 
moving thermal manikin. In this way, the value can be used to match require- 
ments specified by the IREQ-method (2) or as realistic input for prediction of 
thermal stress in other standards. It is known fiom prior work (3,4,5) that insu- 
lation values measured with human subjects can be reduced by up to 70% fiom 
the value measured on a standing thermal manikiin. 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 determination associated with the new standard. 

MATERIALS AND METHODS 
The thermal manikin used is one in the TORE-series that has been 

described earlier (6). The power transmission, in the wallring apparatus, has been 
made with pneumatic cylinders, which gives a simple and durable construction 

with a minimum of mechanical components. 

In this investigation, two types of working 
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 fiom the measured heat loss. In 
this study the waking speed was set to 0,0.37, 
0.8 and 1.2 d s .  The measurements were made 
in the climatic chamber where the wind speed 
was set to 0.2, 0.5 and 1.0 d s .  

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

Figure 1. The moving thermal 
manikin TORE, adapted for 
measurements according to 
ENV 342: 1998. 
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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 ds) conditions. The 
heat loss results are presented as percentage of heat loss fiom 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 of all zones divided to three different segments. 
The torso segment consequently includes the head zone. 

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

Table 1.Percentage of the t o d  heatloss* . 

~~ 

*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 of heat loss fiom the head compared to total heat loss shows that the 
percentage increases with increasing heat loss fiom 5% nude to 12% with win- 
ter clothing. The head also has the highest reduction from standing still-wind 
conditions to maximum wind and walking speed. 

70% 
60% 
50% 
40% 

30% 
20% 
10% 
0% 

El Synthetic I Overall Undressed 
% of total standard insulation 

Head Chest Back Torso 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 .O m-sed) and walking speed (1.2 m-sed). 
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The results from 
measurements made 
with the three ensem- 

LOCal Total bles have been calcu- 
13% 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 garment 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” of 25%, 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 of proper use of the formulas for calculation of total 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 “Localyy equation would then be substantially higher compared to the 
“Total,” that would give the same value as if the 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 insu- 
lation with the ccLocal’y 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 folllowing: (1) Body movements and wind make only slight 
redistribution of the heat loss at low wind and waking 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 of segment heat loss 
can be substantially higher compared to summation of local insulation values. 

Table 2. Relativedifferences between the two 
calculation methods 

synthetic 8% 
Overall 5% 13% 
Undressed 1% 6% 
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of this study. lead to the conclusion that within the limits studied here and 

with respect to subjective evaluation, physiological strain and performance, the 
reduction of the weight is less important than its distribution. 
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INTRODUCTION 

Wet clothing causes discomfort, a sensation of cold, and local and overall 
cooling of the skin. Wetness drastically reduces the thermal insulation of the 
clothing, changing the climatic utility range of the clothing. The additional 
weight of the 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 (1). The classification of the most important functional objectives of 
the foul weather clothing is shown in Tables 1 and 2. 

Table 1. ENV 343. Foul weather clothing. Classification of resistance to water 
penetration according to EN 20811. 

Water penetratipn Class 
resistance w (Pa) - 1 - 
Before pretreatment 2 8 000 no test req. no test req. 
Before pretreatment, Seams ,8000 28000 213 000 
After each pretreatment No test req ~ 8 0 0 0  1 1 3  000 

3 - 2 

Table 2. ENV 343. Foul weather clothing. Classification of water vapor resistance 
according to EN 3 1092. 

Water vapor resistance Class: 
R, (Pa.m2.W') 1 2 - 3 

> 150 20 <Re,< 150 <20 

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

MATERIALS AND METHODS 

Materials 
The evaluated fabrics are specified in Table 3. For testing the thermal insu- 

lation of the wet clothing, a loose liner was made of a waterproof, water vapor 
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Table 3.Thefabrics: squaremass, water penetration resistance ( I S 0  81 1) and 
moisture vapor transmission rate (ASTM E%-95) asdeclared by the manufacturers. 

S m  Waerpen. MVTR 
mass resistance 
& fmm H,OI &m".24 h-? 

Description - -  Fabric - 
PVl 
PV2 

AG Hydrophilic membrane / PES-weave 
GF Microporous membrane! 

HU Microprous membrane /PES-knit 

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

PA-knit on both sides 

SL Microporous membrane /PA-knit 
FL Hydrophilic PU-coating /PA-weave 

300 
300 

115 4000 5000 
103 45000 9500' 

77 13 00 10.1 l2 
Pam2-W' 

60 1900 720 
85 > 2000 9000 

Reversed cup method, Sweating guarded hot-plate method (EN 31092) 

permeable fabric. The liner (GF) was worn under an outergarment made of cottonl 
polyester (COPES) fabric. When testing a multilayer fabric or Clothing ensemble, 
a cotton/polyester/polychlal (CO/PES/polychlal) lait and a polyamidpolyester 
(PA/PES) pile layer were added. 
Methods 

Testinp the protective and functional properties of the fabrics 

0 

0 

0 

EN 3 1092. Water vapor resistance under steady-state conditions 
(sweating guarded hot-plate test) 
SFS 568.1. Thermal insulation, water vapor resistance and the 
combined effect of heat and moisture. Skin-model method. 
IS0 811. Resistance to water penetration. Hydrostatic pressure test. 

Testing the thermal insulation of wetted clothing: The clothed test subject 
was exposed for 2 min to 2 rain showers from a height of 2 m diagonally from 
each side of the subject (a total of 25 Imrnin-1). The subject then per€ormed light 
work (110 W-m-2, no sweating) by stepping for 1 h, ambient conditions: dry bulb 
= *loC, wind speed = lms-1, relative humidity = 50 % RH. The thermal insula- 
tion of the clothing was detemined by the mean skin temperature/mean heat flux 
method (7 points) (2). The clothed subject was weighed before and after the test. 

RESULTS 
Material test% 

All of the materials of the loose liner passed the water penetration test cri- 
teria for category 3 for foul weather clothing. The amount of moisture evaporat- 
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ing fi-om the multilayer fabric sample decreased considerably in cold, and the 
sweating simulation test (Ta = *l0C) showed no significant difference between 
the materials, except for material SL with the lowest MVTR (Table 4). 

Table 4. The total thermal resistance ktOt and moisture distribution in fabrics. 
Sweatingsimulation test (SFS 568 l).Ambient conditions: +l"C, 1 ms-'. 

& (m%-W-') 0.12 0.11 0.13 0.1 1 0.12 0.1 1 0.11 0.12 
Moisture 
distribltion( %) 
Skin,undedayer& 21 22 24 20 22 
thermal layer (%) 
Loose liner & 10 11 13 16 14 
outer layer (%) 
Throughthesample 69 67 63 64 64 

2-1 26 20 

19 21 16 

60 53 64 

, , "  . 

Rain shower test with test subiects 

The amount of water absorbed by the clothing with various outer garments in 
the rain shower test and its effect on thermal insulation is shown in Figure 1. 

Figure Z Rain shower test-the mass change of the clothing and 
the thermal insulation of the wetted clothng (%I?om dry 
clothing) . 
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DISCUSSION & CONCLUSIONS 

With wetting, the clothing ensemble without any water-repellency lost 
more than 50% of its thermal insulation. The other ensembles lost insulation cor- 
responding to their water-repellancy. 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 
COPES garment decreased the water uptake of the 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 permeability of the materials decreased. 
For this reason, in the heaviest work phases, clothing with a waterproof mem- 
brane should only 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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INTRODUCTION AND OBJECTIVES 

During their regular exercises, frefighters 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 OC (1 ,2). These obser- 
vations are matter of concern particularly in view of the 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 
study, 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. 

MATERYLLS Ah?D METHODS 

Subjects clothiig: Twelve experienced firefighters (27 to 49 yrs, 172 to 193 
cm, 71 to 84 kg, 2.8 to 4.6 L.min-1, ) volunteered, wearing stan-dardized cloth- 
ing (t-shirt, pants, socks, 2-piece permeable protective suit; esti-mated insu- 
lation of about 1 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 fillimg 
pressure 300 bar, and its total weight is 15 kg (including backplate and belts). 
The Device B (DragerMan PSS loo), 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 (DragerMan 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 1) and several typical elements of severe firefighting actions (Part 
2) and were followed by a IO-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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fkom the electrocardiogram and rectal temperatures (Tre) measured with thermis- 
tors (YSI 401; Yellow Springs) at a depth of 10 cm were continuously recorded, 
Sweat production (SP) was determined by weighing the nude subjects before the 
exercise and after recovery (accuracy f 1 g). After the exercise, the subjects com- 
pleted a questionnaire concerning the carrying features of the 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 permutation sequence. Calculations 
were done with SAS', version 6.12; P < 0.05 was regarded as significant. 

RESULTS 

Climatic conditions: Air temperatures and humidities varied as follows: 17.4 
to 19.2OC and 59'to 80% in Part 1 (flat), 23 to 25°C and 43 to 57% in Part 2 
(exercise), 11 to 16OC and 50 to 94% outdoors. 

Physiological and subjective variables: Figure 1 shows HR and Tre for a sin- 
gle subject during his 3 exercises with the 3 devices. The courses of the physio- 
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Figure 1. Heart rates and rectal temperature 
during exercises 

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 f 15.0, 
155.3 f 16.1 and 167.4 
f 14.3 bpm, respec- 
tively. Tre increased 
continuously during the 
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exercise and reached its maximum (38.4 5 0.2"C) during the 3rd to 4th min of 
the recovery period and then decreased gradually. Average SP was 377 ZIC 91 g. 
The mean durations needed for the entire exercise, for Part 1 and Part 2 were 14.6 
f 2.1 min, 8.3 zt 1.6 and 6.2 f 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 of Devices 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 
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Figure 2: Duration and heart rates during exercises, means and standard 
deviations 

(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 firefighters rated Devices B and C as better than the currently used 
Device A, a decrease in physiological strain and improvements in performance 



(faster execution of the 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 difficult to pass through and to turn in low and narrow 
spaces. For a SCBA of 6 L, the use of carbon fiber composite material might lead 
to a greater reduction 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 supply of 6 L (43). 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-logi- 
cal strain--as indicated by the HR--was significantly lower than with the other 
devices (A, B) during Part 1. 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 of Device C cannot be explained by the lower weight but by its 
ergonomically favorable distribution over the middle and lower back that allows 
a better mobility than the conventional cylindrically shaped devices. The results 
of this study lead to the conclusion that within the limits studied 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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INTRODUCTION 

On the Norwegian coastline, sea temperatures 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 (1). Thermal stress may 
result in fatigue and impaired pilot performance, which may raise the risk of pilot 
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 to 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 of 2-layer ventyle (MK10, Beaufort, VK) 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-leggedlong-sleeved underwear (60% wool, 25% poly- 
ester, 15% polyamide). They also wore a whole-body coverall (100% wool) as a 
middle layer under the MKlO suit. 

ExDerimental procedures. Six military helicopter pilots (age 29 * 3 years, 
height 183.0 * 5.8 cm, weight 89.3 & 6.8 kg, relative fat YO of 17.0 f 3.7 and body 
surface 2.1 f 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 * 11 min and took place in the morning. Each pilot flew on 2 
consecutive days: once using the MKlO 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 production 
(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,J were 
obtained using the formula of Ramanthan (2). Temperature data were recorded 
using a Squirrel 1021 data logger (Grant Instruments; 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 of questions about degree of tiredness, 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 monitors (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 (Briiel& Kjaer). Statistical 
analysis by ANOVA (repeated analysis of variance) was used to test for differ- 
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 f SD. 

RESULTS 
Temperatures. Both survival suits produced a significant rise in Tsk over 

time reaching a plateau after about 50 min of flight (Fig. 1). Tsk rose fiom 33.3 
f 0.3OC to 35.2 f OS0C when using the FCO suit and fiom 33.9 f 0.4OC to 35.1 
f 0.8"C when using the MKIO. There was no rise in core temperature for the sub- 
jects tested. There were no significant differences in skin and core temperatures 
between subjects wearing the 2 survival suits. The environmental data showed a 
relatively cool condition (18.6 k 1.3"C) inside the Sea King helicopter cockpit. 
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Figure 1. Mean skin temperatures (n = 6) using the MKlO immersion suit or 
the FCO immersion suit. Data are plotted for each IO-min interval, starting 10 
min before take-off (-10 min). Up arrow on time axis indicates start of flight. 
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Subiective evaluation. Subjective sensations of wannth 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 warmth and SkWclothing 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. 

Energv exnenditure, sweat production. evanoration and accumulation. 
Energy expenditure during flight was equivalent to 43% of maximal heart rate 
(81 * 12 bpm, 88.8 Wm-2), and this resulted in an average sweat production of 
591 ;t 274 g and 364 zt 121 g while wearing the M K l O  and FCO suits, respec- 
tively. Significantly more of the sweat produced accumulated in the FCO 
ensemble (33.7% oftotal sweat production) than in the MKlO ensemble (20.5%). 
However, evaporated sweat was significantly higher with the M K l O  ensemble 
(79.5% of total sweat production) than with the FCO 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 of the underwear with the 
MK10, whereas more sweat accumulated into the outer garment with the FCO. 

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 Tsk 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 thermoregulatory strain. 

The heat stress requirements for personal protective equipment according 
to the CEN/TC 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 MKlO suit has the best evap- 
orative efficiency and this is preferable as means of reducing the thermal stress. 
However, the higher insulation value of the M K l O  caused higher total sweat pro- 
duction, and most of this sweat accumulated in the underwear. With the FCO 
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 of thermal comfort during flight, because the 
further out in the garment that sweat accumulates, the less it affects the feeling 
of thermal discomfort. It is bound to be extremely difficult to avoid sweat accu- 
mulation in underbear 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 of the underwear when selecting protective clothing for pilots. 

Even a cool cockpit condition caused a Tsk over 35°C inpilots. 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 MKlO 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 tolerate 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 of the two survival suits 
studied. 
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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 of this paper is to present preliminary results of the 
studies dealing with responses of both 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 solar radiation (global, direct, diffuse and reflected) as well as 
sky and ground thermal radiation-were observed. 

Four volunteer subjects (1 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: 1 wore white, and the 2nd wore white clothing with 
insulation of 0.5 clo (briefs, T-shirt, long trousers, sandals). After 1-hour expo- 
sure they changed 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 afiernoon 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 (T,d was calculated using the mod- 
ified Hardy-Dubois formula: 

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 of workload and Basal Metabolic Rate (BMR was mea- 
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sured for each subject in standard, thermoneutral conditions). To eliminate the 
influence of the time of exposure on Tsk and R values, they were correlated with 
global solar radiation intensity (Kglob) during exposure in the sun and in the shade. 

and blood pressure (BP) measurements 
were recorded (during experiment, leisure time and sleep) using a Medilog 

Twenty-four-hour heart rate 

Subject 2 
1 

Mannequin 
I 

Subject 4 
I 

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 balf 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), @) and (sh) were analyzed using t-Student and Mann-Whitney tests. 
The relation between physiological indices (BP, HR, Tsk) and parameters refer- 
ring to exposure to sun &lob, 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 pig. 1). 
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No significant differences were observed in ear channel temperatures for 
subjects exposed to the sun 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 under black and white textile were observed. R values 
were 50 to 100 Wm-2 higher under black then under white clothing. Tsk depend- 
ed on solar radiation (Kglob) intensity: at low &ob it was higher under black, and 
at high Kglob it was higher under white clothing (subject 2 on Fig. 1). 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. 1). When analyz- 
ing Tsk for the whole group, it was found that it was significantly higher when 
the subjects were exposed to sunshine in black clothes (Table 1). 

Table 1.Physiologicalindicees in subjectswearing white and black clothing 

Subject Color BPS BPD AVG HR TSk 
1 white 96.5k7.8 64.7k4.6 7 5 . 0 ~ 4 5  93.4~13.9 35.7k1.0 

(female) black 99.9r8.7 615k5.2 73.91-48 95.2k7.9 35.5k1.2 
2 white 110.6+16.9 75.4k8.8 86.9k84 100.0k11.3 35.4k1.2 

(female) black 106.12 8.1 724 ~11 .4  83.3 k74 102.0 a13.7 36.3+ 1.4 
3 white 105.2-18.4 73.2k6.5 83.4k62 89.3 k7.0 35.6k1.5 

(male) black 101.2-1-4.8 72.2r5.2 81.6k45 90.1 k12.5 36.5k0.9 
4 white , 108.1+5.4 63.4k5.4 78.0k3.7 98Ak 13.0 35.420.4 

(female) black 110.3k6.1 61.1r5.7 77.1 +48 94.2k11.6 35.5k0.5 
Whole white 105.1k11.9 69.0k8.3 80.7k76 95.6k12.3 35.5~1.1 
Group black 104.6k8.15 66.8r8.9 79.1k65 95.2k12.3 35.9k1.1 

I 

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 sunshine 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 1). 

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 of our analysis of the relationship between partic- 
ular physiological parameters (BPS, BPD, AVG and HR) and the intensity of 
Kglob 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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Table 2. Relationships between physiological indices, and intensity of (Kglgl) 
and (It) in subjects wearing white and black clothing* 

Relalionshiu black clothing 
co relation a, rrela don 
COeSJiCcient 

probability co&chr probabiljfy 

BPSvs. R 0.074 0.526 -0.0004 0.9 9 7 
BPDvs. R 
AVGvs. R 
HR vs. R 

BPS VS. K-u. -0.038 . 0.745 0.124 0.277 
E -  

BPD VS. Kgld 4.105 0.3 66 
AVG VS. Kgld 4.098 0.3 94 
HRvs.I& - 

*Shadedvalues indicate significant findings. 

and BPD vs. R. In subjects wearing black clothes, the correlation was significant 
for almost all observed parameters except BPS. 

DISCUSSION 
As it was expected, the color of clothing influenced both Tsk and R. Almost 

the same Tsk values under black and white clothing, as noticed for 2 subjects, 
were also observed by M. Kat0 et al. (4). It seems that it can be explained by indi- 
vidual, immediate decrease in metabolic heat production, which leads to reduc- 
tion of additional heat income from the sun under black clothing. However, this 
hypothesis must be verified in further studies when temporary changes in metab- 
olism during exposure to the sun will be controlled. Significant decrease of Tsk 
for subject 2 in high K,,, refers to intensive heat stimulation of sweat glands 
under black clothing and then skin cooling by evaporation (2,5). 

Lower BPD and higher HR in subjects wearing black clothes may indicate 
that the thermal load associated with black clothes is higher. The significant cor- 
relation found to occur between the physiological parameters and solar intensity 
in sun-exposed, black-dressed subjects and no correlation in white-dressed sub- 
jects also suggests that white clothes provide better protection fiom environmen- 
tal heat than black ones. 

- 
CONCLUSIONS 

Significant R increase under black clothing was observed. This was prob- 
ably the reason for BPD decreasing and HR rising. It also provoked the rise of 
Tsk In some subjects it affected increase of evaporation skin cooling, and in 
some, a decrease of metabolic heat production. However, the resuIts presented 
are only preliminary in character and more detailed studies are necessary. 
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INTRODUCTION 
It has been found that the suits for protection against Nuclear, Biological 

and Chemical Warfare (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-permeability (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, 
leading to increased tolerance times for working in the heat. To evaluate the 
expected benefits, we performed 2 studies comparing the current and new NBC 
suits with respect to the vapor resistance and the total heat strain to the wearer. 

I METHODS 
Ventilation measurements. The vapor resistance was determined in a series of 
experiments on 3 subjects by determination 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 harness 
was used to suck.out air at the same rate. Both harnesses were connected to a 
pump that provided constant airflow. The concentmtions of Argon in the airflow 
to the suit (Cin), coming out of the suit (Cout), and in the surrounding air (Cair) 
were measured with a mass spectrometer. From these concentrations the ventila- 
tion under the suit was calculated by: I 

I 
1 

I 

I 

In which V'pump is airflow generated by the pump. To calculate the ventilation 
only, the relative differences of the 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: 

I 

I 

[mml 
Dh -AD -60 X lo6 

Vent 
(2)  d = 
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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 mm 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 Itom 6 dif- 
ferent conditions were obtained in random order: standing and walking (1.4 ms) 
on a treadmill in wind speeds of C0.1, 1.4 and 5 ms. 

Heat strain experiments. Five young male subjects, with average weight 68 kg 
(1 SD 7 kg) and height 1.83 m (1 SD 0.05 m), participated in the study. The evap- 
oration of sweat from the skin, rectal temperatures and dry heat flow were deter- 
mined in a climate of 36 "C 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 of sweat, 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 -We* - RESP - STO - EVAP [w 
The metabolism was determined Itom the oxygen consumption, the external 
work (WexJ was zero, and the respiratory heat loss (RESP) was estimated with 
use of standard formulas (3). The heat storage (STO) was determined fkom the 
measured increase in rectal and skin temperatures, and the evaporative heat loss 
(EVAP) was determined fiom the measured weight loss, corrected for the loss of 
mass by respiration. The dry beat 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, half way, and after the 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 walking, there was only a significant differ- 
ence between the current and new suit at the highest wind speed (5 ms). The val- 
ues of the vapor resistance for the current and new suit in this condition were as 
follows, respectively: 8.4 mm and 3.9 mm (1SD :1 mm 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 wind 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. 

efficiency of sweat evaporation (sweat loss divided by sweat production) is pre- 
sented. On average the eficiency of sweat evaporation was 5% (range 1% to 

Climate: 36OC, r.h. 20% 

+-I 
I 0 0  

Figure 2. The efficiency (%) of sweat 
evaporation of both suits. The efficiency, 
defined as the ratio of evaporated sweat to 
the sweat produced, was significantly 
higher in the new suit than in the current 
suit (Wilcoxin signed rank sum test). The 
average difference was 5% 

11%) higher in the new suit 
compared with the current NBC 
suit. The dry heat flow was on 
average larger in the new suit (- 
75 W) compared with the current 
suit (-49 W). The negative val- 
ues indicated a dry heat gain of 
the subjects, caused by the air 
temperature being higher than 
the mean skin temperature (on 
average 35.3"C). There were no 
significant differences between 
the suits in rectal temperature, 
skin temperature, heart rate and 
all other relevant parameters in 
the heat balance before and 
after the experiment. (Wilcoxon 
signed rank sum test, P > 0.05). 
There was no difference in insu- 
lation between the 2 suits. The 
vapor resistance was slightly 
lower: on average 10.7 mm for 
the current suit and 9.9 mm for 
the new suit. 
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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 performed in the same climate (36"C), with the same waking speed 
and wind. In this previous study, the &-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-permeability. 

It was found i3om the ventilation experiments that the vapor resistance of 
the new NBC suit, with a higher air-permeability, was up to 50% lower during 
walking on a treadmill at 1.4 ms with a wind speed of 5 ms. It was expected that 
such a difference yould lead to reduced heat strain for the same conditions in the 
heat (36°C) because of the increased possibility to evaporate sweat, analogous to 
the previous experiments. However, 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 38.2"C 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 ftom 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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’ RESPONSES WHILE SEDENTARY 

INTRODUCTION 

The use of potective clothing as a barrier against occupational and envi- 
ronmental hazards has increased dramatically in recent years. Certain types of 
protective overgarments are also being utilized in cleanroom manufacturing 
environments where contamination of the 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 garments based solely on a minimal cost per unit basis. 
Nevertheless, a recent study suggests that the use of higher-cost, vapor-perme- 
able, and reusable protective clothing can actually be more economical when 
analyzed on a cost per use basis (1). The purpose of this present study was to 
investigate if protective overgarments manufactured fiom 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 
typical indoor workplace environments. 

MATERIALS AND METHODS 

Eight healthy males (age = 21.0 *1.9 years, height = 173.3 f 5.6 cm, weight 
= 72.5 f 6.3 kg, body surface area = 1.86 f 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 waterproofhreathable, 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 PTFE membrane can 
be manufactured with varying levels of permeability. 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, gmz-24 kl). All volunteers wore both an impermeable overgar- 
ment (IO, MVTR = 5) and a permeable overgarment (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"C/52% RH (WARM). There was a constant air 
velocity of 1.1 m-s-1 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, "C), rec- 
tal temperature (Tre, "C), skin wettedness (w, %) calculated fiom dew point sen- 
sors attached underneath the overgarment and heart rates (HR, bpm) were mea- 
sured. Total body.mass loss ( m ,,, gh-1) and moisture absorption (g) by the var- 
ious garments were determined by pre- and post-experiment weights of all cloth- 
ing items (Sauter balance, precision * 0.01g). Subjects read or filled out various 
questionnaires during the time period. Repeated measures analysis of variance 
were applied to mean data for all variabIes and pair-wise comparisons were treat- 
ed for significance using Tukey's test of critical differences. 

RESULTS 

Table 1 shows mean initial and final values of Tsk and T,, when wearing the 
IO and PO during COOL and WARM. During COOL, final values of Tsk and Tre 
were consistently lower than initial values in both the IO 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 IO where the final 
Tsk value was elevated 7% above initial value. 

Table 1. Initial and final values (Meanf 1 SD) of T and T, of volunteers (n= 8) 
when wearing theIOandP0 duringCOOL and WARM. 

GARMENT - COOL WARM 

Initial T st 29.5f 1.0 30.8 k 1.6 

FinalT, 27.8 f 0.9 329  rf: 1.5 

Initial T, 36.9 k 0.2 37.0 & 0.3 

FinalT, 36.5 f 0.5 37.2 k 0.2 

IO 

Initial T , 29.2 k 1.3 30.7 f 1.3 

FinalT, 27.7 f 0.7 321 f 1.3 

Initial T, 36.9 f 0.3 37.0 k 0.3 
PO 

. FinalT, 36.3 f 0.7 36.9 f 0.3 

*Values shown &e Means f 1 SD 



Fig. 1 shows w of the volunteers while wearing both overgarments during 
COOL and WARM. There were significant increases in w during both environ- 
mental conditions when wearing the IO (P 0.05). At 4-h exposure, w 
approached 0.9 when wearing the IO during WARM. Excessive w has been 
shown to translate with warm 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 of body heat storage increases (3,4). 

-a- IO 3- IO 
+ PO * PO 

I I T 

cn 

C 

% 
5 0.4 

cn 

S 
U 

g 0.8 - 

Q 0.6 
% 

in" 0.2 
S ._ 

0.0 - 0.0 I 
0 60 120 180 240 0 60 120 180 240 

Minutes of exposure 
COOL 

Minutes of exposure 
WARM 

Figure 1. Local skin wettedness (Mean * 1 SD) of volunteers (n = 8) while 
wearing the IO and PO during COOL and WARM as a function of time of 
exposure. 

Although there were no significant differences in HR when wearing either 
overgarment, HR during WARM was elevated an average of 24% and 19% above 
COOL values with the IO and PO, respectively. Mean m b  was lower 
(P e 0.05) during COOL runs (IO = 77.5, PO = 78.5) compared with the WARM 
runs (IO = 92.3, PO = 103). The IO had the highest mean weight increase (P < 0.01) 
(1 1 g, COOL and 44 g, WARM) due to absorption and/or condensation of nonevap- 
orated moisture vapor within the overgannent during the 4-h test. Absorption of 
moisture vapor also caused higher mean underclothinglfootwear weight increases 
(22 g, COOL and 43 g, WARM) when worn with the IO. These weight increases 
were lower (20 g, COOL and 13 g, WARM) when wearing the PO. 

CONCLUSIONS 
These results showed that a moisture-vapor-permeable overgarment 

reduced overall thermal strain, reduced underclothing absorption of sweat and 
increased evaporation of moisture vapor when compared with a non-permeable 



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 of protective clothing ensembles with sufficient thermal resistance 
and increased levels of moisture 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 ardor findings contained in this paper are those of the 

authors and should not be construed as an official Department of the Army posi- 
tion, policy or decision unless so designated by other official documentation. 
Citation of commercial organizations and registered trade names of products in 
this paper do not constitute 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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INTRODUCTION 

Wearing chemical protective suits (CPSs) involves the danger of heat 
stress. At normal protection levels, CPSs combining water vapor and air perme- 
ability with NBC-filter characteristics (permeable CPSs = PCPSs) may be able 
to reduce heat stress. At high protection levels, impermeable chemical protective 
suits (ICPSs) that lead to a high heat stress are indispensable. 

In order to improve heat flow fiom the body to the environment, new per- 
meable materials have been developed (Table l), and for impermeable suits, 
technical aids are available (Table 2). Current research in our laboratory for 
clothing physiology wiI1 be presented for the materials and methods marked (*) 
in Tables 1 and 2 and the consequences for a possible future development will 
be discussed. 

Table 1. Materials for PB Ss to diminish heat stress 
charcoal impregnated foam * 

0 spherical adsorbers * 
0 carbonized knitted fabrics * 

Table 2. Diminution of heat stress in ICPSs by technical aids 

0 

0 icecooled vest 
0 liquid-cooled undergarment 
0 

stationary cooling system (not for mobile use) 
ventilation with air fkom a self-contained breathing apparatus (SCBA) * 
ventilation with ambient air supplied by a portable battery ventilator * 

portable cooling system (reffigerator unit as rucksack) * 

MATERIALS AND METHODS 
To investigate different materials for PCPSs, 9 male volunteers worked on 

a treadmill (45 min, 4 km.h-l,O% incline) in a climatic chamber (28°C dry bulb 
(tdb), 50% relative h u m i d i t y 0  0.2 ms-1 air velocity) after informed consent 
had been obtained, The subjects wore 5 different PCPSs made fiom new materials 
(charcoal impregnated foam, 3 x spherical adsorbers, carbonized knitted fabrics) 

I 
I 

I 
__-- 
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and 1 conventional standard PCPS (charcoal impregnated foam) in random 
sequence. Underneath, they wore work clothes (underwear with short sleeves 
and legs, shirt, trousers, socks and boots; ICL = 0.7 clo). Work clothes only were 
used as control. Heart rate (ECG) and mean skin temperature (1) were measured. 
Sweat volume was obtained by weighing. The volunteers' self-perceived stress, 
heat and sweat sensations were ascertained. 

Three examples of technical aids for ICPSs were studied 
Air (5 L-min-1) from a SCBA was used to ventilate an overall ICPS combined 

with a SCBA. Eight male volunteers worked with and without this ventilation on 
a treadmill (4 km-h-l,3% incline) in a climatic chamber at 18°C tdb and 50% RH 
(30 min stay, 15 min walk) after informed consent had been obtained. Heart rate, 
mean skin temperature were recorded, and sweat volume was obtained. The vol- 
unteers' self-perceived stress, heat and sweat sensations were ascertained. 

The possible benefits of a higher ventilation with filtered ambient air (80 
1-min-1) supplied by a portable battery ventilator were investigated with a 2-piece 
ICPS. Four male volunteers walked on a treadmill (5 kmh-l, 0% incline) in a cli- 
matic chamber (35°C tdb, 20-40% RH, 150 Ham-2-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, fust orientating examinations using a portable cooling system 
(refiigerator unit) as rucksack, which blows cooled ambient air into a 2-piece 
ICPS, were carried out. 

RESULTS AND DISCUSSION 

The following results were obtained by the examination of the different 
materials for PCPSs: 

The differences in between 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 f SD) rose fiom 114.3 f 9.1 bpm to 117.2 f 11.5 bpm (new materials), to 
128.7 f 10.3 bpm (standard) and to 102.0 f 12.9 bpm (work clothes) at the end 
of work. Mean skin temperatures were 36.1 f 0.12"C to 36.3 =k 0.33"C (new 
materials), 36.7 h 0.21"C (standard) and 35.4 f 0.51'C (work clothes) while 
sweat losses were 358 f 202 g to 444 f 75 g (new materials), 536 f 144 g (stan- 
dard) and 337 f 63 g (work clothes). The results were also reflected in the vol- 
unteers' 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 of heart rate (Fig. 1) observed dur- 
ing the climatic stress up to a limit of 130 bpm showed a prolonged tolerance 
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 ICEE 6 (2) The examination of technical aids for ICPSs revealed the 
following results: 

During work with the overall ICPS, mean skin temperature rose to 36.2 f 
0.6"C and sweat loss was 229 k 83 g.30-min-1. Ventilation with air fiom the 
SCBA gave no relief for the volunteers' physiology nor for their self-perceived 
sensations of str&s, 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 f 3.0 min, 
maximum rectal temperature was 38.1 i 0.29"C, maximum mean skin tempera- 
ture was 38.03 f 0.36"C and the subjects lost 612 * 170 g sweat. They had to 
stop after 21.25 f 7.8 min because of exhaustion. When 80 1-min-1 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 h 0.52"C), maximum mean skin temperature (37.87 f 0.45"C) and 
sweat loss (755 f 308 g) showed no relief. Only time to reach HR 130 bpm was 
prolonged (16.0 f 4.7 min). Differences in the subjects' self-perceived sensations 
of stress, heat and sweat were not observed. Thus the use of 80 1-min-1 ambient 
filtered air to dissipate heat from the ICPS 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. 
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If supplied by a stationary 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 of the tubing umbilical may occur. 

The effectiveness of ice-cooled vests and liquid-cooled undergarments has 
been verified fiequently in the literature. We count this, however, a provisional 
solution since sweat evaporation as the most importaut mechanism of heat dissi- 
pation of a worker is not supported. Local cooling might cause cutaneous vaso- 
constriction. 

It is our long-term 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 (refkigerator 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-term aim to support human heat dissipation from ICPCs by 
dry, moderately chilled air. Suitable technical aids are still not available. The 
development of a lightweight energy source for portable use is especially unpre- 
dictable. 
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INTRODUCTION 
Body movements result in a c‘bellows” effect which “pumps” the microen- 

vironment air around and through clothing layers (1). Increased external air 
movement (wind) also increases air exchange, even in clothing constructed from 
relatively air-impermeable fabric (2). This exchange can decrease clothing ther- 
mal insulation and water vapour resistance, which influences the heat balance of 
the wearer. 

These effects are seldom taken into account when defining the clothing 
needed for safe work in hot or cold conditions, even though measurements using 
articulated, thermal manikins have shown that movement and wind cause reduc- 
tions of 50% in thermal insulation (3) and 88% in evaporative resistance (4). 
Consequently, the choice of clothing based on measurements of intrinsic insula- 
tion and intrinsic evaporative resistance alone may lead to under-protection in 
the cold and over-protection in the heat. 

To overcome this limitation, IS0 TR 11079 (5) calculates a resultant insu- 
lation and IS0 9920 (6) gives an empirical correction to account for the effects 
of body movement. However, this approach is limited because there are no data 
relating the change of thermal insulation to the amount of air exchanged between 
the clothing and the external environment. 

The Ventilation Index (VI) is a sensitive and repeatable method of quanti- 
fying the air exchange characteristics of clothing. In this experiment, an articu- 
lated, thermal manikin was used to quantify the relationship between VI and 
thermal insulation in 2 clothing ensembles. 

MATERIALS AND METHODS 
Clothing ensembles. A GoreTex (GT), 1-layer ensemble and a woven, 3- 

layer ensemble (IpEQ) were investigated. The GT ensemble comprised a jacket, 
which was elasticated at the waist, had a full length zipper protected by a pop- 
per-fastened wind 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 skmbshort 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-cotton dungarees and jacket, wool scarf, man-made fibre gloves and bal- 
aclava helmet. 
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Measurement of thermal insulation. The 'TORE' heated, articulated 
manikin was used to measure clothing total insulation (IT) using the method 
given in CEN prENV342 (7). Thermal insulation of the boundary air layer (I3 
was measured using the nude manikin. Effective insulation (Iole) 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 = 10°C (1 SD = 0.1"C) and P,H20 = 0.73 kPa. 

Measurement of Ventilation Index. Immediately after each measurement 
of IT, VI of the clothing layer next to the skin was determined from separate mea- 
surements of microenvironment volume and air exchange rate (8): 

Ventilation Index = Microenvironment Volume x Air Exchange Rate 
(Liters per min) (Liters) lper rnin) 

Microenvironment volume was measured with the manikin wearing an air- 
tight oversuit over the test ensemble. Air was evacuated from the oversuit until 
it 'collapsed' onto the test ensemble. Microenvironment volume was the air vol- 
ume evacuated from this point until oversuit pressure was -30 cm 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- 
ly. Nitrogen was flushed through until the oxygen concentration reached 10%; 
the time taken for it to return to 18% was used to calculate the air exchange rate. 

VI and I,,, measurements were made in a total of 6 conditions: at 2 wind 
speeds-'still air' (Le., no forced convection) with Va less than 0.2 msec-1, and 
Va = 1 m-sec-1; with the manikin stationary or walking at a speed of 0.37 
m-sec-1 or 0.8 msec-1 (step length of 645- Peel to heel] and step rate of 23 or 
48 per minute, respectively). 

Table 1. Values of VatilationIndex 0 andEffective Insulation (IdJ measured on the 
two clothing ensembles 

GoreTex I-layer IREQ 3-layer 
clothing ensemble clothing ensemble 
VI (lrnirz-') Ide(do) VI (t&n-') I,, (do) 

standing still air 55 0 0.75 56.30 1.83 
V,= lmsec-I 6.93 0.67 58.76 1.60 

walking still air 6.7 7 0.54 58.11 1.61 
(0.37 msec-I) V,= 1 msec-' 8.84 0.49 65.93 1 54 
walking still air 8.54 0.41 62.86 1.61 
(0.8 msec-I) V,= 1 msec-I 9.55 0 A1 67.51 1 S O  
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RESULTS 
Table 1 includes VI and IC1, values for the 2 clothing ensembles. Compared 

with the 3-layer ensemble, the 1-layer suit had an 8 to 10-fold lower VI; half the 
Icle; and 1 complete air exchange per 5 min, rather than 1 per min. Figure 1 shows 
the Icl, and VI relationships for both ensembles, P < 0.01: rz was 0.65 for the 3- 
layer ensemble and 0.81 for the 1-layer 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 1-layer suit, resulting in decreases in Icl, of 18% and45% respectively. 

0.0 2.0 4.0 6.0 8.0 10.0 120 

Increase in Ventilation Index (L-min-‘) 

Figure 1. The influence of increasing ventilation at the skin on effective insu- 
lation of the GT (1-layer) and IREQ (3-layer) clothing ensembles. Triangular 
syrnols show the GT ensemble, square symbols show the IREQ ensemble. 
Open symbols show V, = ‘still air’ (natural convection); closed symbols show 
V, = 1 msec-1. 

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 Icl, shows that this approach is valid. 

The ensembles were chosen because they were made fiom fabrics with dif- 
ferent air permeabilities and had different designs and intrinsic insulation values. 
In both ensembles, an increase in VI resulted in a drop in Icle. 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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permeable nature. This small increase in VI resulted in only a small change in 
thermal insulation. In contrast, the 1-layer GT suit had a lower thermal insula- 
tion. However, its air-impermeable nature resulted in greater pumping of the 
microenvironment air and a relatively greater decrease in Icle. 

The value of this methodology is that determmhg the VI of clothing ensem- 
bles with different fabrics and designs is highly repeatable, even with simple 
equipment. Furthermore, 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 of the clothing ensemble in a work situation. 
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INTRODUCTION 
The reliability of aerobic performance in thermoneutral climates in the lab 

or field has, generally, been reported to be quite satisfactory (1, pg. 269) with 
reliability coefficients ranging from r = .SO to -95 for subjects with heteroge- 
neous levels of fitness. Moreover, these types of performances have been shown 
to be excellent estimates of maximal aerobic fitness (VO,,,). Maximal, paced 
runs of 12 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 fitness 
levels. However, it is not clear what the effect of a hot, dry climate is on the reli- 
ability 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 reliability of aerobic performance is not dis- 
turbed in the face of adverse climates nor will the wearing of vapor-tight cloth- 
ing, including mask and gloves, as no studies 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 stability of aerobic performance and 
thus attenuate the usual strong relationship found among various measures of 
aerobic work performance and physiological aerobic measures such as VO,,, 
and the ventilatory threshold (V02J. 

Accordingly, it is the purpose of this paper to determine the reliability of 
marching time to exhaustion in a hot (49"C), dry (20% relative humidity m) 
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 dry heat with aerobic mea- 
sures made in thermoneutral climates, i.e., VO,,,, VO,, and 4.8 km run. 

MATERIALS AND METHODS 

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) cm, weight = 76.2 (5.8) kg and relative 
body fat (via hydrostatic method) = 13.1(2.3) %. 

VO,,, was measured following a familiarization 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 
kmeh-1 (10 mph). After 1 min at the latter 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 FEO, and FECOz while the V, was measured as it passed 
through a Rayfield dry gas meter. The percent of O2 and COz 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 VO,,, and were as follows: plateau of 
VO,; an RER >1.10; and 90% of age predicted maximal heart rate ma,  

VO,, was determined by use of gas transport (VE Vmin, BTPS) and gas 
exchange measures (V,NO, and VCO,) and taken as the average VOz for the 
min that the ventilatory 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 
fiom 20 to 24°C with an RH between 30 and 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 M17A2 breathing mask but walking in athletic shoes 
rather than boots. The latter was done in order to avoid blisters and other foot 
problems. The chamber temperature was constant at 49°C and an RH of 20%. The 
subjects were prehydrated and entered the chamber 15 minutesn prior to the 
commencement of exercise. 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 if any indi- 
cations dictated it, including the subject's desire to stop. At this point, the subject 
was withdrawn fiom the chamber, stripped, and cooled with ice packs. A mini- 
mum of two days was interposed between the two walks to exhaustion. 

RESULTS AND DISCUSSION 
Table 1 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 thennoneutral conditions. 

The average VO,,, was 52.7 ml-kg-1.min-1, STPD or about 20% greater 
than 45 ml-kgl-min-1, a value frequently cited for normally active young males 
and reflects the fitness of the subjects as a result of their moderate aerobic train- 
ing. The VO,,, which averaged 36.4 ml-kgl-min-1 or 69% of their VO,,,, also 
was indicative of moderately trained individuals. 

Also found in Table 1 are the descriptive statistics for the 4.8 km run. The 
mean score of 21.2 min also indicates an above average level of fitness (1 , pg. 102). 

The data points for Figure 1 illustrate the reliability of marching perfor- 
mance wearing CDE in a hot, desertliie climate, simulating conditions when 
troops might be under biological or chemical attack in the summer Arabian 
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Table 1. The descriptive statistics for &e aerobic measurements and criterion 
task far 20 male subiects. 

100 - 
90 .' 
80 - 
70 *' 

60 - 
50 .' 

40 - 

30 .. 
20 

Variables u n i t s -  Mean Std.Dev. Minimum Maximum 
V0,max 1.m iri' 3.945 0.4 65 3.097 4.554 
vomax ml.kgmin-* 52.7 8.2 33.8 5.4 
vozvt ml-kgmin" 36.4 3.6 19.7 4 2 
4.8 lan run mm 21.2 4.4 14.2 1.9 
CT1 min 51.5 11.3 35 1 
CT2 min 52.2 12.5 33 88 
Ctmean min 51.8 11.9 33 88 

, 

desert. The test-retest correlation coefficient is r = .71 with a Sx.y = 11.2 rnin and 
a regression equation for the prediction of CT2 cy>, Y' = 0.97lX"r 2.121 min. 

The mean scores for CTl and CT2 were 51.5 and 52.2 min, respectively 
(see Table 1). The performance was quite variable with coefficients of variation 
of 22 and 24% for CTl and CT2, respectively. As indicated in Table 2 below, 
and depicted in Figure 1, the test-retest reliability was poor (r = -71) with a large 
standard error of estimate of 11.2 min or a 95% CI equal to -19 min. Table 2 pro- 
vides a summary of the relationships among the aerobic measurements. The mea- 
surements made in a thennoneutral climate yielded typical moderate to strong 
relationships. However, the relationships between the CTs (made in 49°C heat) 
produced small, insignificant coefficients that generate common variances of 
less than 17%. The poor reliability of the CT in the heat represented only a mod- 

Figure 1. Relationship between CT1 and CT2 performance. 
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est portion of the 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 of CT, the correlation for CT and VOzmax (Lmin-1) only 
improved fkom r = .38 to r = .46 and the common variance fkom 14 to 21%. 
Moreover, a similar finding resulted when the same correction was made 
between CT and the 4.8 km run, increasing the fiom r = .29 to r = .35. A second, 
and perhaps more dominaut, 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 = .7 1. 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 of the 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) of aerobic fitness 0702,3. 
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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 environments and wearing protective clothing (1,2). Some calcu- 
lations use the values of physiological parameters themselves, their changes and 
combinations, while others are based on the dynamic properties of changes and 
have cumulative characteristics. The aim of this study was to evaluate the heat 
strain induced by wearing two types of Nomex) coveralls. 

MATERIALS AND NETHODS 
Subjects. Seven healthy males participated in this study. The anthropomet- 

ric data of the subjects (mean -+ SD) were as follows: age 23 f 3 years, height 
173 t- 5 cm, weight 69 f 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 of the 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 study. 

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 lypes of coveralls. The order of coverall 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 
workhest cycle of 55/5 min was followed. Exercise consisted of walking 
(5 km.h'l, 2% grade, VO, 3 1 L-min-l) and was preceded by 5 min of rest 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) 
hermistor 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 Alma 1000 System (Alma, Israel). The elevation of HR over the entire exer- 
cise-heat exposure (AHR) 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 of weighted fmal Tr and HR as follows: 

PSI = 5 (art - ~ r , )  - (39.5 - Tro)-’ + 5 -(mt - WR,) .(HO - HR,)-’; (units) 
where Trt and Hrt’are rectal temperature and heart rate, respectively, at a time of 
measurement, and Tro and 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]. x [ iT r  - dt - Tro - t ]  

. ; (units) 
where hb is the number of heart beats, is initial heart rate (bpm), Tr is rec- 
tal temperature, Tro is initial rectal temperature (“C) and t is the elapsed time in 
minutes from the first measurement. The indices were calculated for every sub- 
ject and compared individually for 2 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 

values of the measured physiological parameters are presented in Table 1. 
All the subjects successfully completed exercise-heat exposures. The mean 

The 2 types of 
Nomex’ coveralls 

Exposures. induced a s i g n 6  
cant physiological 

Coverall A CoverallB strain. There was a 
Final HR (bpm) 117 f 11 121 f 12 tendency for lower 
Final Tr (“C) 37.72 f 0.34 37.96 fO.21 heat strain while 

48f 14 52h 14 wearing type A. 
While the h a 1  HR 0.96 f 0.40 1.07f 0.41 and Tr, and thereby 

4.3 f 1.0 
AHR, ATr and PSI, CHSI (units) 742 f: 368 * 914 f 386 
were lower for type 

‘Values shown are means (f SD). A than type B cov- 
*Significant difference between coveralls, P -= 0.05. 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 f 386 and 742 f 
368 units for suits A and By respectively). 

Table 1. Physiological Responses’ to Exercise-Heat 

(bpm) 
ATr W) 
PSI (units) 3.9h 1.0 



DISCUSSION 
The PSI as suggested by Moran indicates the level of physiological s t r a i q  

accordingly, a significant strain develops while wearing the 2 types of coveralls. 
The PSI is based on the calculation of the relative increase in HR and Tr for a 
given interval without accounting for the momentary dynamics within this peri- 
od. The cumulative properties allow CHSI to take into account the dynamic pat- 
tern of changes in'HR and Tr, and differences in additional strain during exercise 
and rest intervals (Figure 1) accounting for individual differences. Thereby, it 
reflects miniature differences in the pattern of changes in the dynamics of HR 
and Tr. 

6 0 J .  : .  : : : : ! ! ' : ' : ' 4 

0 12 24 36 48 60 72 84 96 108 120 132 144 156 168 180 

I - l- 

37.1 

36.8 - coverall A 
coverall B a 

36.51 . 
0 12 24 36 48 60 72 84 96 108 120 132 144 156 168 180 

Time (min) 

Figure 1. The mean values of HR (a) and Tr (b) during exercise- 
heat exposure wearing two tested coveralls. 

Due to cumulative properties of the CHSI, the higher strain induced by cov- 
erall B was detected. The additional layer of this type of coverall is the only rea- 
sonable explanation for such results. The absence of statistical differences 
between 2 types of coveralls by other parameters may be explained by a wide 
inter-individual dispersion in a small group of subjects. 

I 
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CONCLUSIONS 
PSI is a useful index for the characterization of heat stress in large samples 

in which individual variations are masked and is advantageous for norm setting 
of heat 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 of heat stress in small experimental groups. 
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INTRODUCTION 

The evaluation of immersion suits is being performed increasingly on ther- 
mal manikiins. This practice encourages the development of standards and poli- 
cies based on manikin testing but aimed at protecting humans against the hazards 
of cold water immersion. The shift from human to manikin testing was done pri- 
marily for logistic and economic reasons without much understanding of the dif- 
ferences between the two test mediums. 

It is known that several factors such as posture, movement, wind and cloth- 
ing fit (l), 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 difference 
between the insulation value obtained from a manikiin 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 performed 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 thermal resistance 
(R.) of immersion suits obtained from human and manikin testing in calm and tur- 
bulent water in open ocean. 

MATERIALS AND METHODS 

Subjects. Eight male subjects (mean f SD; age: 29.8 f 6.7 years; weight: 
85.9 f 7.5 kg; height: 181.4 f 3.4 cm; % body fat: 13.3 -+ 3.9%) were selected to 
participate in the study. All subjects were granted medical approval before being 
asked for their written consent. The protocol of the study was approved by the 
Institution’s Human Ethics Committee. 

Manikin. A thermally instrumented immersion manikin (TIM; the CORD 
Group Ltd.; Dartmouth, Nova Scotia, Canada) was used to compare the R values 
obtained fiom human subjects. The manikin comprises 13 independently tem- 
perature-controlled segments made of hollow aluminum and equipped with tem- 
perature 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 of each 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 lan north east of Halifax, 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 manikin were exposed to four 1-h tests 
to evaluate the thermal insulation of two types of immersion suits: an insulated 
dry suit (CF constant Wear Dry Immersion 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 f 0.2 m. The water in the tank was maintaiued on average within 0.5"C of 
the 7.2 f 0.4"C sea water temperature. 

Before immersion 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 
immersion 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, a MAC 200 wet immersion suit or the CF Constant 
Wear Dry suit with their proper winter liner, neoprene gloves, hood and boots, 
and a life vest. Once dressed, the subjects were immersed for 1 h in water while 
adopting a natural floatation position with about 40 to 50% of their body surface 
area above water. All data were recorded every 8 s and averaged over a 1-min 
period by small data loggers worn inside the immersion suit on a belt. 

Simultaneously to these tests, the immersion suits were also testedusing the 
thermal manikin immersed about 5 to 10 m away and in the same water condi- 
tions as for the subjects' immersion. Every effort was made to provide similar 
testing conditions between the human and the manikin: similar clothing, buoy- 
ancy, skin temperature distribution, location of probes on the skin, test duration 

Tahle 1. Thermal insulation values (R) from human 
(n = 8) and manikin testing. 

Human testing Manikin testing 
Rl (do) R, (do) 

Dry immersion suit 
Calm water 1.67 -c 0.14 1.48" 
Turbulent water 1.3 1 f 0.15 0.61* 

Wet immersion suit 
Calm water 1.29 f 0.19 1.09* 
Turbulent water 0.99 -c 0.13 0.39* 

*Differs significantly from human testing P c 0.05. 
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and ambient conditions. For each test, the skin temperature distribution used on 
the manikin was calculated fkom 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 ftom the average heat 
flow and temperature data for the last 15 min of the 1-h immersion according to 
a method previously described (3). The total thermal resistance of the immersion 
suits during the manikin testing (Rm) was calculated from the power to the seg- 
ments, the surface area of the 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 &: 1.49 f 0.15 clo; R,,,: 1.05 
f 0.62 clo) than a .wet immersion suit with moderate leakage (Rh: 1.14 f 0.16 clo 
with an average of 0.82 f 53 kg of water leakage; %: 0.74 f 0.49 clo with 2.4 
f 0.5 kg leakage). On average, turbulent water decreased the Rh values by about 
20% and the & values by about 60% as compared with calm water. 

For all the immersion tests, the R,,, values were significantly lower than the 
& values (Table 1). The results for the dry immersion suit show that in calm 
water, R,, was only 11% higher than R,,,, while the difference increased to 53% 
in turbulent water. On the other hand, the results for the wet immersion suit show 
that in calm water, was 16% higher than &, while the difference increased to 
60% in turbulent water. 

DISCUSSION 
me present results support the conclusion of a previous study (2) suggesting 

that for similar testing conditions in calm water, the values for clothing insulation 
obtained fkom the manikin and human tests are similar (1 1% 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 fkom 
humans and a manikin increased to 60%. The larger underestimation of R, can be 
attributed to two main factors: a larger water leakage into the suits during the 
manikin tests and a greater inertia of the manikin, which makes it out of phase 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 ftom 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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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 of the study was to control the level of skin humidity while other 
confounded factors, such as fabric against skin, thermal 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 tbe vapor pressure in the surrounding air (1). 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 estimated 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 of the ensemble. The outer layers were made 
of 3 different types of rainwear fabric, ranging fiom very permeable (GoreTex) 
to almost 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 vauor resistance, weight and thickness of the fabrics used. 

Water vaporresistance Sp. weight Thickness 
Textile laver [-nun air equivalent] Ig m-21 [mm3 

Inner Cotton ' 2 .O 1 50 0.70 
Outer A (GoreTexTM) 4.3 107 0.33 

B (Ivlicrofibre) 7.8 95 0.21 
C (Polyurethane 

coated nylon) 220.8 21 4 0.70 
I 
I 
I 

I 

thin, moisture-permeable cotton shoes supplemented all clothing ensembles. The 
vapor permeability, specific weight and thickness of the various textiles used are 
shown in Table 1. 

21 1 
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The study was intended to attain the desired levels of skin humidity by 
combining the estimated moisture permeability of the clothing and the thermal 
conditions in the climate chamber. Moisture permeability indices of the clothing 
ensembles were estimated fiom measured values of vapor resistance, taking into 
account that the head and hands were uncovered, and the feet were covered by 
highly moisture-permeable shoes. After the experiments, the actual average 
moisture permeability indices were calculated according to a method suggested 
by Holm& and Elniis (2). 

Based on measured values of clothing insulation and estimated values of 
clothing moisture permeability, a simplified version of the 2-node model of 
human thermoregulation was used to predict the air temperature and humidity 
that would provide the desired level of skin humidity and thermal sensation (3). 
To facilitate a certain, small sweat secretion, a thermal sensation between neu- 
tral and slightly warm 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 arm, 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 fiom the area-weighed average of 
the local relative skin humidities. 

The insulation values of the clothing ensembles were measured by means 
of a standing thehal 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 mean vote (PMV). 

Table 2. Wiled levels of skin humidity established withdifferent combinations of vapor 
permeabilities of clothing and environmental fonditions as predicted by the modified2-node 

model (3). 

Relative 
Relative Clothing humidityof Air 

skin Outer Moisture insulation air tempmature 

0.32 A 0.40 0.63 50 25.5 
0.53 B 0.32 090 80 25.0 
0.56 C 0.12 0.89 50 25.0 
0.69 C 0.12 0.89 80 25.0 

humidity 1- penneabiliq rclol rn T"c1 

Water 
vapor 

plessure 
l&@.al P X  
1.62 0.3 
2.51 0.5 
1.57 0.3 
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 Rh,for females, males and both 
sexes combined. Mean values are from the observations made in the last 15 min of 

each experiment. 

W k  Rh,, measured 
Planned Females Males Females and males 

N mean SD N m a n  SD N mean SD 
0.32 8 0.36 0.01 8 0.41 0.02 16 0.39 0.03 
053 7 053 0.04 7 
0.56 8 057 0.07 8 
0.69 7 0.63 0.09 8 

057 0.11 14 0.55 0.08 
0.63 0.13 16 0.60 0.10 
0.74 0.07 15 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 Rhsk when compared with the planned values at 
high levels of Rhk. 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 a s k  and the Rhsk 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 a s k ,  respectively. 

Table 4 compares the estimated and the actual measured moisture perme- 
ability indices. The actual permeability indices were calculated from measure- 
ments of weight loss determined in stable 15-min periods of the final hour of the 
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 4. Comparison of estimated and measured vapor permeability index. 
~- ~~~ 

M e a n S D N M e a n S D N M e a n S D N _  
Estimatedi, 0.40 0.32 0.12 
Measuredi, 0.35 0.1s' 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 of environmental 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 of gravity 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, Holm& and Elnsis (2) found standard 
deviations of moisture permeability measurements with human subjects in the 
range 0.03 to 0.18. 
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v 

INTRODUCTION 
A valuable means of understanding how clothing may affect heat stress is to 

quantify the 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 without introducing the confounding factors of 
an uncontrolled environment and metabolic rate. Kenney et al. (1) proposed a 
wear test method that relied on progressive increases in heat stress to an inflec- 
tion point where the required rate of evaporative cooling matched the maximum 
rate that can be supported by the combination of clothing and environment. At 
the inflection point, Equation 1 is true. 

(PsUP,) / Ret = (M - W) + (C + E)res + (T,,-T,,J / I, - S 

where Psk is average water vapor pressure on the skin; Pa is ambient water vapor 
pressure; k-, is total evaporative resistance of the clothing including air layer; M 
is metabolic rate; W is external work accomplished; (C + E),,, is combined con- 
vective and evaporative heat exchange in the lungs; Tab is dry bulb temperature; 
Tsk is average skin temperature; I, is total insulation of the clothing including air 
layer and S is rate of heat storage in the body (average over preceding 20 min). 

All the terms in the equation can be measured or estimated at the inflection 
point except the two clothing factors: total insulation and total evaporative resis- 
tance. Following Kenney et al. (l), finding the inflection points in a w d u m i d  
environment and a hoddry environment provides two equations and thus permits 
the experimental determination of I, and %.v 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 further examines the effects of environment 
and metabolic rate on the total evaporative resistance of three clothing ensembles. 

MATERIALS AND METHODS 
The thermal characteristics of 3 clothing ensembles were evaluated by pro- 

gressive increases in heat stress in search of the inflection point. One ensemble 
was ordinary cotton work clothes (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 fiom a polypropylene (SMS) fabric. 
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The limited-use coveralls were examined twice during 2 studies separated by a 
couple of years (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 

~ a b k  I. Btimates' of total insulation' and evaporative resistance' 

study 1 study 2 
Ensemble 

standard deviation, and coefficient of variation. Valuesfroma second study are 
provided for SMS andTyvek 1422A. 

'Itisin units of T .mz.W1; R,, isin units ofkea.m*.W' 

about 160 Wm-2 at a zero grade (level). For Hot, Dry Climates (HD, the start- 
ing dry bulb and psychrometric wet bulb temperatures were 34°C and 18OC (20% 
relative humidity [RHI). Once a physiological steady state was achieved, the 
ambient temperature was increased 1°C every 5 min while RH was maintained 
at 20%. For Warm, Humid Climates m), 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 every 5 min while the RH was maintained at 70%. For 
Metabolic Rate, Fired Climate 0, 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 of Kenney et al. (1) and accounting 
for heat storage, the simultaneous estimation of It and &.! from the HD and WH 
protocols was undertaken. The results are presented in Table 1. For the 2 ensem- 
bles with repeated studies (SMS and Tyvek@), the mean values differed consid- 
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erably, but among all the possible comparisons only the 2 Tyvek@ coveralls were 
significantly different (P < 0.05) for either I, or k+ The coefficients of varia- 
tion among subjects within a data set were between 30 and 200%, which made 
finding differences difficult. 

When a value for I, was assigned for each ensemble, Equation 1 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 of this process are provid- 
ed in Table 2. The CVs for R.+t ranged from 7 to 36%, suggesting a greater sta- 
bility in the estimation. 

Using assigned values of I, and a two-way ANOVA (5 ensembles and 2 pro- 
tocols), a statistically significant difference in %., 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@-1 and 
SMS-1). 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 studies and the wide variation among subjects. These differences 
diminish when an estimate for I, 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 w e b g  of the gar- 
ments (1). The values were not much different from those reported elsewhere 
(1). Second, the determination of %.t is not affected much by the insulation esti- 
mation (2). 

The estimated value of insulation allows for greater discrimination among 
ensembles and exploration of the effects of protocol. Compared with the HD pro- 
tocol, (1) WH had a lower %,, which may be due to higher heat transfer from 
evaporatiodcondensation cycles within the clothing layers and (2) the elevated 
metabolic rate associated with the M protocol lowered k-t due to pumping factors. 

CONCLUSIONS 
It appeared that (1) simultaneous derivation of I, and k, was subject to 

some instability, (2) evaporative resistance was greater when a higher ambient 
temperature existed and (3) the increased activity associated with the metabolic 
trials lowered the evaporative resistance fiom the HD condition. 
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iY 

INTRODUCTION 

Recently it has been found that active torso heating using an electrically 
heated vest (EHV) can keep bare extremities of well-insulated subjects comfort- 
able (at about 25°C) for up to 3 hours during exposure to -15°C air (1). The pur- 
pose of the present study was to examine the effects of clothing insulation and 
levels of torso heating on finger dexterity during torso heating. 

MATERIALS METHODS 
Eight subjects were exposed randomly to 6 conditions (1 week apart) in 

addition to 1 famiIiarization test. Rectal temperature (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 Nomexa fabric. In addition, a 
1-cm layer of Thinsulate@ 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 clo), and they were exposed to 3 
levels of torso heating (no heating, NH, moderate heating, MH, high heating, 
I-II.I). During the NH conditions, no torso heating was provided, but thin, knitted 
gloves and Arctic mitts were worn. The hands were bare during MH and HH. 
During the MH and HH 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 tq put together as many 4-piece unit assemblies (pin, washer, col- 
lar, washer) as possible in 1 minute. The washers and collars are less than 1-cm 
wide. Each unit assembled counts as 4 points. The PP test was done at time 30, 
90 and 150 minutes. Three tests were done at each of these 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. 

I 

219 
I 



'Eii -0.5- 

d 
CI u 

Figure 1. Change in Tre during a 180 min exposure to -15°C air for 
conditions HI-HH, HI-MH and HI-NH. (Mean h S.E.) * specifies the 
first significant difference between HI-HH, HI-m and HI-NH. 

- Ea-HH - Ht-MH - Hc-m 

RESULTS 
The following results are for n = 8. The level of significance is P < 0.05. 
Rectal Temperature. The mean f SE initial Tre at time 0 for the 6 concli- 

tions was 37.24 f 0.03"C. Tre was significantly greater during HI-HH 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 at time 90 and 
150 when compared to PPP at time 30. PPP during LI-MH and LI-NH was sig- 

Figure 2. Change in Tre during a 180 min exposure to -15OC air for 
conditions LI-HH, LI-MH and LI-NH. (Mean f S.E.). * specifies the 
first significant difference between LI-HH, LI-MH and LI-NH 
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Figure 3. Purdue Pegboard Performance at time 30,90 and 150 min 
during exposure to -15OC air for conditions HI-HH, HI-MH and HI- 
NH. (Mean f S.E.) * 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 to 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 HI-MH. See Fig. 5. 
RTT during HI-NH was significantly increased at time 120 and 180 when com- 
pared to RTT at time 0. RTT during LI-MH and LI-NH was significantly 
increased at time 120 and 180 when compared to RTT at time 0. See Fig. 6. In 
addition, RTT was significantly increased at time 60 during LI-NH when com- 
pared to RTT at time 0. 

' 3 0  90 150 
Time (min) 

Figure 4. Purdue Pegboard Performance at time 30,90 and 150 min during 
exposure to -15°C air for conditions LI-HH, LI-MH and LI-NH. (Mean f 
S.E.) * 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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Figure 5. Rifle Task Time at time 0,60, 120, and 180 min during exposure to 
-15°C air for conditions HI-HH, HI-MH and HI-NH. (Meankf3.E.). 
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Figure 6. Rifle Task Time at time 0,60,120, and 180 min during exposure to 
-15°C air for conditions LI-HH, LI-MH and LI-NH. (MeankS.E.) 

DISCUSSION 
During active torso heating, finger dexterity can be maintained for 3 hours 

as long as there is a sufficient amount of clothing insulation andor heating. 
Passive insulation is not an effective solution in maintaining finger dexterity 
when resting in a cold ambient environment. 

CONCLUSION 
Finger dexterity is maintained during all active torso heating conditions 

except for the LI-MH condition during which the insulation and heating levels 
were boa  reduced. 
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a! 
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, MSA91J012-013; 
CBR). Several microclimate-cooling systems have been tested as possible solu- 
tions (1). 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 of light to moder- 
ate work loads, requirement of a 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- 
f m e d  that several configurations of one model (FlexithermTM vest, leg panels, 
and cap, Life Support Systems Inc., Mountain View, CA), in conjunction with a 
thermoelectric coolingiheating 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 (S), and % body fat 
(9). Anthropomorphic 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 ;t 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 of two cycles of 50 minutes treadmill walking (3 mph, 
2% grade) followed by 10 minutes rest. Ambient temperature was 100" F and 

I 
I 
I 
I 

I 
, 

4 relative humidity 40%. 

I 

I 
I 

The experimental conditions consisted of variations in the cooling garments 

VESTLEG; 6. LEGS; and 7. VEST/CAP/LEGS. VEST, CAP, and LEGS refers 
as follows: 1. FATIGUES only; 2. CBR only; 3. VEST; 4. VEST/CAP; 5. 

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 14OC I 

, 
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with a flow rate of 450 ml min-1. Coolant temperature 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 cm 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 mm 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 fTom 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: 

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 temperatures as a function of time for the subjects in 5 of the 7 
experimental conditions are presented in Figure 1. 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- 
gression, is comparable 

a 20 lzo in all seven protocols. 
With the onset of the 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 sipificantly faster rate than during the 
FATIGUES only .and all cooling conditions 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 

Mean AectalTempratures 

Time (minutas) 
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w 0.02 to 30 minutes), changes 
2 in heat flow over time 

during any given experi- 
U k -  ment were insignificant, 

therefore average heat w E 0.01 

q e  flows over each entire 
A experiment were evaluat- 
2 ed (Figure 3). 
8 0.00 The greatest increase 

in mean heart rate 
occurred in the No-cool- 

W 
p: 
3 
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F CBR V V/C VIL V / I X  L 

CONDITION 

ing (CBR) protocols. 
During both rest periods, 
the heart rate in the cool- 

Figure 2. Rate of rectal temperature rise as a 
function of condition. 

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 VEST/LEGS and 

Figure 3. Rate of heat flow as a function of VEST/CAP/LEGS pro- 
condition. 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 of the 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 show significant differences between condi- 
tions, although the trends indicate improvement with cooling. 
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 

F CBR V VIC VIL 

CONDITION 
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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 VESTLEG and 
VESTKAPLEG protocols were most effective. All but the VEST cooling sig- 
nificantly reduced core temperature rise. All reduced heart rates when compared 
to CBR. Recovery of heart rate during rest periods was also improved with cool- 
ing. W E  paralleled temperature perception, with both cooling and absence of 
CBR decreasing perception of workload. There were no significant differences 
in systolic, diastolic, or mean blood pressure across conditions and no abnormal 
rhythms were detected. 

The maximum mean heat flow (43 BTU.fFhr1) occurred when the vest and 
leg panels were worn. This configuration was the most effective heat removal 
arrangement for Go reasons: (a) it provided the maximum surface area for heat 
transport of approximately 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 of heat transfer. The VEST 
and the VEST/CAP configuration had heat flow values approximately 75% of 
the VESTLEG arrangement with about 54% and 70% of the cooling surface 
when compared to VESTLEG, 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 cooling site for the fol- 
lowing reasons: (1) it has a relatively small surface area (28% and 33% of the sur- 
face area of the vest and leg panels, respectively), (2) it is not the site of the 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 of coolness. 

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, i d  perception of heat associated with exercise in hot environ- 
ments. In this way, the addition of microclimate cooling may increase work per- 
formance and endurance while wearing 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 s a l -  
cient additional cooling to justi@ the added complexity involved with its use. 
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a 

INTRODUCTION 

Clothing designed to protect an individual fiom chemical, biological and 
radiological (CBR) contamination reduces heat dissipation. Garments have been 
designed which $illow cooling fluids to be delivered near the body surface, 
removing heat and averting hypothermia. This microclimate cooling approach 
to limit heat stress has been evaluated in our laboratory. Experiments presented 
here represent the application of a new technology to provide cooling. The con- 
ventional coolant has been water; therefore the heat removed is a function of the 
specific heat of water (1 cal.gl."C-l) and the temperature gradient between the 
coolant and the skin. The new approach utilizes small capsules that contain 
material that changes phase at a specific temperature. This phase change will' 
absorb more heat and maintain a larger gradient for heat transport than water 
alone. The experimental design was such that the effect of adding the phase 
change material to the coolant could be evaluated by comparing this protocol to 
water alone as the coolant and a no cooling condition. Since the phase change 
material is contained in the microcapsules, this system will be referred to as 
"encapsulated - Ehase shange material" or EPCM. 

MATERIALS AND METHODS 

Experimental protocols were reviewed and approved by appropriate agen- 
cies. Screening volunteers included receiving informed consent to participate, 
a medical history; a 12-lead electrocardiogram, % body fat , and a graded exer- 
cise test. The ten subjects selected for the project had an average age of 22 years; 
body fat of 15.3%; height, 167 cm and weight, 76.2 kg. Subjects were briefed 
on the experimental protocol, laboratory, equipment, and risks associated with 
participation and reimbursement arrangements. Each subject participated in 
three experimental protocols: two with supplemental cooling (EPCM sluny or 
water alone), one without. Protocols were separated by at least 5 days and coun- 
terbalanced, After being instrumented and dressing, subjects performed moder- 
ate exercise (treadmill walkiig at 3 mph at a 2% grade) for 120 min. at an ambi- 
ent temperature of 98 to 100°F. When coolant was employed, it was delivered 
at 515 ccmin-1. and temperature of 14°C. 

The subject inserted a disposable thermocouple into the rectum 10-cm past 
the anus and provided a urine sample. The subject was weighed and was instru- 
mented as follows: ECG electrodes, four s k i  thermocouples and a blood pres- 
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sure cuff. Subjects began dressing by donning the microclimate-cooling suit 
Paul Webb, Yellow Springs, OH). This mesh garment consists of capillary-like 
plastic tubing network between the liner and mesh. Cotton coveralls were worn 
over the cooling suit and the CBR pants; shoes and rubber boots were donned. 
Control measurements were obtained and cooling initiated when appropriate. 
The remained of the clothing was donned (CBR jacket and gloves) to complete 
modified Mission Oriented Protective Posture (MOPP) III configuration. The 
jacket hood was worn without the gas mask or cowl. At the end of the experi- 
ment, the subject was undressed, weighed, and provided a urine sample. 

The cooling system consisted of a chilled inflow reservoir, four-parallel 
input pumps, an output reservoir, and a fifth pump to circulate the coolant 
through the heat exchangers. Flow rate, input and output temperatures were 
monitored. The fluid containing EPCM was mixed as follows: 20% EPCM, and 
1% Triton X-100 by weight. EPCM was cooled to 7"C, to ensure a solid phase 
before reheating it to achieve the desired inflow temperature. 

RESULTS 

Of the 30 experiments, 13 were terminated early. In this group of 13, 10 
were the no-cooli'ng protocol. No-cooling protocol termination ranged from 45 
to 90 minutes (mean was 68 minutes). The mean heart rate was 161 beatdmin 
and the rectal temperature was 39.2OC at termination. 

The mean rectal temperatures vs. time, for the ten subjects and three con- 
ditions, are presented in Figure 1. Statistical analysis reveals significant differ- 
ences only between the no-cooling protocol and the water and EPCM protocols. 

If one evaluates the 
subjects' responses in 
Figure 1 , it is evident that 
the change in rectal tem- 
perature vs. time can be 
divided into two phases: 
The first phase consists 
of the initial 20 minutes 
of transient increase in 

0 50 100 150 rectal temperature. A 
Time (minutes) second phase includes 

the responses fkom 20 
minutes to the end of the 
protocol during which 

the rectal temperature vs. time relationship is essentially linear. This data, for each 
subject and protocol was fit by least squares linear regression analysis for phase 2. 
Slopes representing the rate of rectal temperature change ( W t )  for each protocol 
are presented in Table 1. Statistical analysis of the slopes indicated significant dif- 
ferences among the three protocols (P < 0.05 for all pairwise comparisons). 

' 

) 

Figure 1. Mean rectal temperature vs. time 
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Table 1. Rectal Temperature as aFunction of Time In the no- 
During Phase 2 cooling experi- 

- ments heart rate 
Protocol AT,/At PClmin.) - R2 increases rapid- 
No Cooling 0.0304 0.99 ly as the exer- 
Water Cooled 0.0037 0.62 cise heat stress 
EPCM 0.0008 0.65 is initiated, see 

Figure 2. The 
heart rate con- 

tinued to rise as long as the subject exercised. In the cooling protocols the sec- 
ondary increase in heart rate did not occur. After the first 40 minutes, mean heart 
rate in the water-cooled experiments was consistently higher than that in the 
EPCM cooled experiments, indicating that the stress level was less in the EPCM 
experiments. Statistical analysis of the heart rate data for the three conditions 
yielded a significant difference for all three comparisons. 

0 50 100 150 
Time (minutes) 

Figure 2. .Mean heart rate vs. time 

0 50 100 150 

Time (minutes) 

. Figure 3. Mean skin temperature vs. time. 
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100 Mean skin temperature 
(Tmsk) was calculated using 
the formula of Ramanathan , 
T,, values are presented in 
Figure 3 as a function of 
time for the three conditions. 

60 Statistical analysis of mean 
55 skin temperatures indicated 
50 that a signiscant difference 

existed between all three con- 
ditions. After about ten min- 
utes, Td for the EFCM exper- 
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 of temperature, in the set of experiments 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 
body sweat water loss, than either of the cooling protocols. However, no signif- 
icant difference between conditions was found. 

95 
g 90 
t;; a5 

a0 
$ 75 

E 65 

.- 
v) 

3 70 

20 40 60 EO 100 120 
Time (minutes) 

Figure 4. Mean thermal sensation vs. time 

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 
fiom 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 sub- 
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 of time 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 may or may not be an advantage. Low skin 
temperatures may induce cutaneous vasoconstriction and actually reduce heat 
loss. This point should be addressed in m e r  studies. 
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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. Additionally, 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 of human subjects. Fourteen males (24 f 5 yrs; 1.94 f 0.1 
m2; 17.3 f 4.5 % fat; 49.2 4 4.5 ml.kgl.min-1 V02,,) and seventeen females 
(24 f 4 yrs; 1.71 f 0.1 m*; 30.6 & 4.8 % fat; 43.9 f 6.5 ml-kg-1-min-1 V02 ,3  
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 = 5 l0C and 33% RH; and C = 57OC and 25% RH) for a total of 
six heat exposure trials. During each heat trial the subjects alternated approxi- 
mately 20 min of treadmill walking (3mph, 3% grade) with 40 rnin of seated rest 
for 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.lkg and a total cooling 
capacity of 270 watth-1. Heart rate (HR), and rectal temperature (Tre), were 
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measured every min throughout the heat trial. Cardiac output (CO) values, 
determined using the indirect Fick CO, 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 (TSVIBSA), 
and adjusted for lean body mass (TSVRFM). Menstrual phase was not con- 
trolled, however post-hoc blood analysis revealed that female subject participa- 
tion during the follicular and luteal phase was evenly distributed. 

RESULTS 
Since there were several subjects who were able to complete the full 6-hours 

in the A-environment ice vest condition (mean = 5.5 hours), the physiological 
results fkom this trial did not represent a volitional fatigue effort and therefore, 
were not included in the analysis. End-of-test values for T,, ("C), HR (bpm), CO 
(L-min-'), TSV (ml-beat-'), TSVBSA (ml-beat-*m-2), TSVLFFM (ml. 
beat*-kg-l), and stay time (mh) were analyzed for effects of gender using a 
repeated measures ANOVA. Physiological results for the 5 trials are displayed 
in Table 1 (males) and Table 2 (females). 

Table 1. Male PhysiologicdResults. 

n =  14 A No-Vest B No-Vest B IceVest C No-Vest C IceVest 
* T, 38.7f0.5 38.8 40.5 37.8 50.4 38.9 f0 .4  38.4f0.5 
*HR 149f 12 147413 134f18 153f 15 147f 15 
*m 11.5+1.6 10.3f1.8 10.6f1.5 11.2f1.7 11.0f1.9 
*TSV 78f 14 71 + 16 80 4 14 74 f 13 75f 16 
*TSVIBSA 40f 6 37 f 7  41 f 7  38+7 39f 8 
TSV/FFM 122f0.2 1.10+0.2 1.24243.0.2 1.16f0.2 1.17f0.2 

*Stay time 162f 32 139f24 340f35 88 f 2 2  242f 62 

* =significant gender effect, p e 0.05. 

Table 2. Female physiological Results. 

n= 17 A No-Vest B Nc-Vest B IceVest C No-Vest C IceVest 
*Tre 38.9k0.4 38.9f0.4 38.5f0.5 38.9k0.4 38.9f0.5 
*HR 156k 17 162-115 159f15 161k20 162f14 
*oo 8.9 f 2.2 85k1.4 93k1.0 9.Ok2.0 9.0k1.7 
*TSV 5 5 t  13 53 +, 10 59 f 7  57 i 15 56k 12 
*TSVIBSA 3 2 f 7  31 1 5  3 4 f 4  33 f  8 3 3 f 6  
TSV/FFM 1.19f0.3 1.1340.2 127f0.2 1.21f0.3 121f0.2 

*Stay time 184f 37 93 f 2 6  240 f 92 71+6 168 + 68 

* = significant gender effecf p c 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-') were similar to the first SV (SVI) female 
values (73 ml-beat?). While the absolute SV1 and end-of-test or TSV values 
were significantly different (p < 0.05), the qualitative response in SV was almost 
identical. The average SVI value for females was 32% lower (108 vs. 73, male 
and female, respectively) while the average TSV value for females was 26% 
lower (76 ml.beat1 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-beatl-m-2' vs. 33 ml-beatl.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 partici- 
pants. Figure 1 shows that adjusting TSV for FFM eliminated all TSV gender 
differences (P > 0.05). 

First Tast 
sv sv 

A No-Vest 
-.C- No-Vast 

-4-E Ice Vest 
* C No-Vest 

--M-c Ice Vest 
F d c  

-o- A No-Vest 
+E No-Vest - - B Ice VCSl 

4 c lce Vas1 
- - C No-Vest 

First Ins1 
sv sv 

Figure 1. Absolute Terminal Stroke VoIulme and FFM 
Adjusted Terminal Stroke Volume Results 
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With respect to environmental, cooling, and gender conditions, Figure 1 
supports the hypothesis that TSV is a valid indicator of volitional fatigue. 
Despite end-of-test T,, values 39OC, and end-of-test HR values < 162 bpm, and 
stay times that ranged from 7 1 min to 340 min, the participants in this study ter- 
minated their heat exposure trial when TSVFFM fell to approximately 1.2 
dabeat-1 4cg-1. 

CONCLUSIONS 
Absolute terminal stroke volume was significantly higher in males. 

Adjusting terminal stroke volume for BSA reduced the magnitude of the gender 
differences in stroke volume but did not eliminate it. However, terminal stroke 
volume was identical for males and females when adjusted for fat free mass. 
Wearing an ice vest significantly increased stay times by more than twice the 
stay times without the vest and significantly delayed the fall in stroke volume. 
These results suggest that the limiting factor in maintaining an adequate stroke 
volume may be more closely associated with perfusion of the body mass as a 
whole rather than peripheral blood circulation at the skin surface. 
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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 if the 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: (1) 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 of weight, 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 (1 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 
redwork cycles (20 min rest40 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 Nomexibutyl coverall with an 
internal air distribution system to circulate air (1 10 L-min-1) over most of the 
below-neck skin surface. This design closely resembled the previously tested 
"Domier" suit (1). 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% VO,,. Subjects also performed a series of cognitive tasks lasting rough- 
ly 15 rnin during each rest period. One exposure was at a relative humidity (RH) 
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of 20% while the& other occurred at 75% RH. Exposure duration, t, differences 
between final and initial rectal temperatures, Ace, the rate of rectal temperature 
change, At& suit cooling air inlet and outlet dry bulb temperatures, Tdb, suit 
cooling air outlet wet bulb temperature, Twb, and airflow rate, Vsuit, were deter- 
mined for each run. 

Evaporative heat, QB extracted by the HAILSS ventilation system was cal- 
culated fiom the difference between outlet and inlet airstream enthalpy, h, given 
by Ah = bout - hi,. Moist air enthalpy can be calculated fiom the humidity ratio 
of moist air, W, and dry bulb temperature, Tdb, by 

(1) h = I.006Tdb + W(2501+ 1.805Tdd , 

where W, a function of relative humidity, $, and the humidity ratio of saturated 
air, W,, at a given temperature and pressure is 

(2) W = i$WJ[l+ (l-i$) WJO.62198’ 

and I$ =‘f(Tdb, Twb) (2). Given the ventilation mass flow rate, M&, QE can be 
determined after calculating h, and hh, fiom 

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 AGe < 2OC. This metabolic heat burden can be 
divided into a resting component and excess heat &om mechanical work. An 
imposed physical workload can be divided into the energy required to perform 
mechanical work and energy providing additional heat to the body. The average 
maximum oxygen consumption (a measure of fitness) for a 25-year-old, 70 kg 
male is approximately 3.5 ,L.min-l (3). Pedaling a bicycle ergometer at 45% 
VO,,, means that this average 25-year-old male experiences an approximate 
workload of 1.58 E-min-1 or lOlW (6.1 W-min-1) based on the relationship 

(4) YO,= 5.8wb +151+ 10.1 IW (ml-rnirrI) 

where wb = body weight (kg) and Iw = workload (4). Because the mechanical 
efficiency of bicycle pedaling is roughly 30% (4), this work contributes an addi- 
tional 4.9 kJ.min-I of heat to a basal metabolic rate of 84 W (5.0 kLmin-1) so that 
thermal homeostasis requires total removal of 9.9 klmin-1. 

If VentiIation system cannot totally remove 9.9 kJ.min-1, excess metabolic 
heat will increase 00dy heat storage in the two body compartments: core and 
Skin. ~SSUming total body heat Storage @bod,, = (mCp/AD)(dTb,dJdt)) 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 

(5) Score = .034 AT, = Sbody ,004 AT,(kJ.sec-l.m-2) 

Since 

where M = metabolic rate (9.9 kJ-min-1) and Hremoved = heat removed by ventila- 
tion, then estimates of exposure times for given changes in Tre and Tsk can be 
obtained fiom equation 5.  

Statistical Analysis. The Wilcoxin matched pairs test was used to determine 
whether significant differences existed for QB t, Age,, A$&, and V s ~ *  between 
20% RH and 75% RH. Correlation between t and QB Age, and VWi, 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 

RH rose fiom 20% (174.3 k 16.24 min) to 75% (97.9 f 9.4 min). QE also exhib- 
ited a significant decrease (149%) as RH increased fkom 20% (8.36 f .53 
kEmin-1) to 75% (3.36 f .17 kFmin-1) (P C 0.0001). RH did not significantly 

Evaporative Heat Loss, kJ-min-l 

Figure 1. Correlation between active HAILSS ensemble evaporative 
heat extraction and exposure duration. r = 7.63, P < 0.01 
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affect Ace (1.46 f .12OC) or Vsuit (1 06.8 f 5.0 L-min-1) but At& rose significantly 
from .0085 'C-min-1 to .0159 'C-min-1 as RH increased from 20% to 75% 
(P C 0.01). Figure 1 shows significant correlation observed between t and QE 
(P 0.01). Note how the regression line corresponding to actual heat losses at a 
mean flow rate of 1 10 Lsmin-1 falls between theoretical regressions for flow rates 
between 50 and 100 Lmin-1. Normalizing heat loss for body surface area or 
weight did not appreciatively affect this correlation. No significant correlation 
was observed between t and either Ace or Vsuit. 

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 quantilied evaporative heat extraction rather than inferring it 
from physiological measurements. Results from this study suggest that the abil- 
ity to tolerate hot environments while wearing an air-cooled encapsulating gar- 
ment depends, to a considerable extent, on inlet RH. In addition, overall toler- 
ance cannot be reliably predicted fiom 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 factors 
such as convective heat losses, individual fitness and garment fit. 

CONCLUSIONS 
Performance of the proposed cooling system is degraded when operated in 

a high humidity environment system. This suggests that ancillary inlet air cool- 
ing is necessary when used in high temperaturehumidity conditions common 
during temperate or tropical summers. 
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INTRODUCTIQN 

Advanced aircrew clothing for fighter aircraft integrates items required for 
protection fiom fEe, hypoxia, acceleration and perhaps chemical weapons. 
However, such multifunction clothing tends to store body heat (1,4), and there is 
a 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 performance. 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-15 
and F-16 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 of F-22 air and APECS liquid systems under hot- 
weather flying conditions as simulated in a thermal chamber at Brooks Air Force 
Base (AFB). 

I METHODS 

i Experiments were performed according to protocols approved by the Iocal 
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-16 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 of the 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 (Tch) and anterior thigh (Ta). The subject donned the appropriate 

I 

I 

~ 

I 

I 
cooling garment and flight suit, followed by boots, anti-g leggings, counter-pres- 
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sure jerkin, survival vest, parachute hamess and gloves. Preparation required 30 
to 40 rnin and took place in a room maintained at 20°C. 

The subject entered the thermal chamber set to preflight conditions @RE) 
(Table 1). He stood on the static treadmill while his leads were connected to 
monitoring systems. He then walked at 2.5 mph on a level treadmill for 20 rnin 
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 doming 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-1 of air at 13OC; for APECS, the cooling shirt (covering torso and 
arms) was perfused with 0.6 Lemin-1 of water-antifreeze mix at 17°C. The flight 
phase (FLT) (Table 1) 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 (dry bulb temperature, relative humidity). 

BRIE PLT 
F-16 3S°C, 40% 2rc, 20% 
F-22 43OC, 10% 21 oc, 10% 

F-16 conditions matched those measured during summer flying at Moody 
AEB,GA(4). 

F-22 preflight conditions simulated hot summer days at Edwards AFB, CA. 
Cockpit conditions (FLT) were set to design values since the aircraft had not 
yetflown. 

RESULTS AND DISCUSSION 

The T,, at chamber entry averaged 37.3"C (range 36.9 to 37.8"C). During 
PREY skin temperatures quickly rose to plateau at about 37°C while T,, increased 
gradually, passing through a mean value of 37.6"C at the end of treadmill walk- 
ing. These results were similar for all experiments despite the variation in ambi- 
ent conditions (Table 1) and slight differences in the clothing assemblies for the 
two aircraft. 

Figure 1 shows mean data for the F-22 profile with either air or liquid cool- 
ing. Table 2 shows mean temperatures at the end of FLT for all four conditions. 
h control experiments (!?-16 None), skin temperatures declined slightly as the 
chamber cooled in FLT, stabilizing at mean values of 35.7OC; T,, continued to rise 
during the first 30 min of FLT and occasionally reached or exceeded the 38°C 
level, which is regarded as the upper limit for unimpaired aircrew performance. 
Perssnal cooling of either type substantially lowered Tch but produced no signifi- 
cant alteration in either the temperature of uncooled skin (Th) or the core (TJ. 
Subjects reported that their torsos felt cold with both systems, but preferred the air 
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Table 2. Mean temperatures (“C) at the end of FLT. Data for five subjects 

F-16 None F-16 Liq F-22 Liq F-22 Air 

who participated in all tests. 

Tth 35.7 36.0 33.9 35.1 
Tch 35.7 27.8 25.0 21.4 
TTP 37.8 37.9 37.8 37.7 

~.-cr--c----,----.--- the simulated work- 
load in PRE and FLT is 
confirmed by the fact 
that T,, in the control 
experiments matched 

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 cooling 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 of the heat sink, garment coverage and the need for effec- 
tive temperature control. Air has a much lower specific heat and presents real dif- 

249 



ficulties with distkbution beyond the torso, but it has the advantage of local dry- 
ing for skin and underclothing. 

In terms of the 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 17°C was used to mini- 
mize intersubject variability, and that in turn required selection of a water tem- 
perature that would remain tolerable for the entire 90-min period of operation. 
More sophisticated control of water 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 of these 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 fiom 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 rerunning the F-16 APECS protocol with the addition of preflight cooling 
by means of a 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 linked via the afferent signals (body temperatures) and the 
efferent ones (skin 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 P,,, 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- 

:,-. lieill caapuiiu 
IlHP metabolic heat produdon 
Q heatrransfertmm COR t o w n  
P,: hRnltransfRrlothe nnvlronrnant 
t, e heattranslarcoeAIcenb 
T,.RF.,v.: environmental temperature. 
humidity and w.hd speed 
k time 

lrlainlaining the heat l&hces WM 
dT.,,./dt-D and dTJdt-d. which 
resulk in: 

Q-=MHPand P,=QCS. 

Heat Removal oflhe LCG 

9,, = k", Fa"* -TIL43 

6%: heat lransfer EoeRwntofLeLCG 
r,,,:inletternper;lturgfthellqukl 

Pigure 1. Schematic of the human thermal system 
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sified according to their occurrence in the natural control loop of the human ther- 
mal system: Class 1-variables reflecting the activity of the effector mecha- 
nisms SWR and SBF; Class 2-variables reflecting the sensory input of the 
active system (= output of the passive system), which are the body temperatures 
and perhaps the perceived subjective thermal 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 control-loop for a LCG. But things 
are much more challenging, because the application of an LCG inherently inter- 
feres with the thermal system: Pshell the heat loss at the body shell may be 
described by a heat transfer coefficient ksA (shell to ambient), which is a nonlin- 
ear function of skin temperature (Ts& SWR and the environmental conditions. 
The active system influences the heat transfer of the passive system via two 
effector mechanisms: SBF adjusts kcs, the heat transfer coefficient between core 
and shell, and the heat loss at the body surface is influenced 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 almost constant kLCe 
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. (Concerning air-cooling garments, the situation is different. There, the 
natural effector mechanism still works and the task of a controller can be reduced 
to provide enough effector capacity.) 
RESULTS 

Class l a  (SWR). Any adjustment of SWR by the active system is aimed to 
maintain the heat balance at the body surface = Qcs). On this basis, one 
can derive the cooling level fiom SWR. We tested a controller by which chest- 
S W R  was clamped to a moderate value of 55 gh-1.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 EC-Dover LCG with a constant flow rate (1.8 
L-min-1) was used. Exercise was performed on a cycle-ergometer with constant 
environmental conditions (35OC, 45% humidity). Our results can be summarized 
by a linear regression, by which the controller-induced lowering of Tsk is linked 
to the individual rectal temperature rise (Tre) during exercise (75W): 

(Tsk-Tsk,rest) = 1.08 -3.67Tr, 
r = 0.89; P < 0.05; n = 5: steady state conditions 

Trey an estimate for the central drive of sweating, differed among the subjects 
0.15 to 0.95OC. Now, to guarantee a constant S W R  (60 9 g.h-l.m-2), T, and 
Tsk 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 bat, 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 suit, allowed the measurement of the total amount of 
evaporated sweat. The proportional-type controller used a constant gain factor 
and its set point was the individual resting value of evaporation. One result of the 
experiments was an impressive diagram with relationships between M H P ,  SWR, 
Tsk and comfort. But the authors reported problems concerning the absorption of 
sweat by the LCG, which resulted in delayed reactions of the control loop 

Class lb (SBF): Another control strategy was the maintenance of the periph- 
eral heat balance. This can be achieved explicitly by clamping T& 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 of MHP, 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, Tsk was nearly constant throughout the experiments. 
Unfortunately, sweating was still initiated by the active system, so that it is not 
enough to clamp T& 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 Tsk We used the close correlation 
of heart rate to MHP, to adapt the set point of Tsk (3). During the experimental 
validation, a reduction of sweating and an enhancement of the subjective com- 
fort level was attained. 

Another concept (4) to achieve a lowering of Tsk is based on transient imbal- 
ances at the skin level. There, the new inlet temperature of the LCG (Tw,,,J was 
derived from the actual temperature gradient of the cooling liquid between inlet 
and outlet (Tw, Two) and the value of Tsk: 

Tqset = 35OC-6(Two-TwI)-l .1(Tsk-33 .8”C) 
The parameters in that equation had been tuned so that at rest Tw,set, T&, 

Tw and Two are constant. When work begins, Tsk and therefore Two increases. 
This causes the controller to lower T,,,,,. The lowering of Tw lowers Tsk and 
increases the difference (TwO-Tw) further until the system seeks to stabilize. 
Stabilization arises from the onset of vasoconstriction, which forces Tsk to be too 
low and a reduction of the difference Two-TwI. Both effects cause the controIler 
to allow Tw,set to rise. This controller was tested even in experimental runs last- 
ing 24 h (calorimetric studies). A similar strategy is reported (3, but Tsk was not 
incorporated; instead, a complex combination of the integral and derivative of 
Tw with respect to time was used. A disadvantage of both approaches is their 
positive feedback nature. TwI is mainly derived from the difference TwrTwo or 
the heat removal rate. This particular part of the control algorithm 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 the “metabolic part” of the 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 
of T,, during exercise to initiate a lowering of Tsk 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 Tre 
became obvious: A minor problem was the delayed reaction of Tre to exercise, but 
the major problem had been its naturally existing variations due to individual dif- 
ferences of the fitnessheat acclimatization. When cooling depended on Trey the 
reaction was delayed and heat removal differed considerably among the subjects. 

Class 3 (Metabolic Rate). Metabolic rate is a good estimate of the 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 of an 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 lb  (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 of the LCG with the thermal system 
(e.g., the direct blocking of evaporating sweat). 
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THE ALLEVIATION OF HEAT STRAIN USING 
WATER-PERFUSED FOREARM CUFFS 

J.R. House and J.A.S. Groom 

Environmental Medicine Unit, Institute of Naval Medicine (INM), Gosport, 
Hampshire, United Kingdom. 

INTRODUCTION 
A number of a b y  liquid- or ice-cooled clothing systems are used to allevi- 

ate heat strain when thermoregulation 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 fiom 200 to 400 W for this technique (9, 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 G e r s i o n  greatly reduces both mobility and the use of the hands, 
although foot immersion has also been used successfully. If hand immersion 
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 of the study was to assess the efficiency of the cuffs at reducing heat 
strain during exercise and recovery. It was hypothesized that the cuffs would 
attenuate the rate of rise 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 afier obtaining their informed consent and following a medical 
examination. The subjects exercised (VO, = 0.99 rt 0.17(SD) L-min-l), wearing 
Royal Navy firefighting clothing (including gloves and anti-flash hood) in the 
heat (40 f 0.2OC db, 28.8 f 0.4"C wb, wbgt 32.2 f 0.3OC) 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 38.5OC. 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 (L,cx); large cuff worn during rest (Lcr) and small cuff worn during rest 



(Scr). The cooling water temperature was 11.9 f 0.8OC during the LCX condition 
and 14.8 f 1.4OC duriug the Lcr, Scr and Han conditions. A balanced random- 
ized order design was used. Insulated auditory canal (T,& rectal (Tree) and mean 
skin (T,d 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 (8,9). 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 T,, reached 38.5"C on 2 occasions (Han & 
Lcx). All subjects completed the full rest period in each condition except sub- 
ject 4 who requested removal 25 rnin into the rest period (Con). The mean work 
time until T,, = 38.5"C was 34 f 9 rnin (range 28 to 40 min) for Con and 47 f 
14 rnin (range 26 to 68 min) (P < 0.01) during LCX. The mean rate of increase 
of TaC during work was lower during LCX (2.1 f 0.5OC.h-1 compared to Con 3.0 
* 0.5"C-h-1 ; P C 0.01) as shown in Figure 1. There were no differences in the 
rates of rise of T,,,. 
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Figure 1. Mean T,, of subjects exercising in the heat and the effect of water 
perfused cuffrs. (n = 10) 

During rest, mean T,, and T,, 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 rnin of rest, the fall in mean Tac in 
the Han was 0.8 f 0.24OCY while the next largest change was only 0.2 f 0.14OC 
for Scr and LCX (P 0.05) and 0.1 f 0.08OC in the Con and Lcr. After 40 rnin of 
rest, the reductions in mean T,, in the Han (1.5 f 0.05°C), Lcr (0.7 f 0.05°C), 
LCX (0.7 f O.lO°C) and Scr (0.6 f 0.05OC) were greater than in the Con condi- 
tion (0.3 f 0.08OC) (P < 0.05). These are shown in Figure 2. 
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Figure 2. Mean TaC of post-exercised subjects resting in the heat, and the 
effect of water-perfused cuffs (n = 10). 

The differences in TI,, were similar, although the changes were slower. 
After 20 min of rest, the fall in mean TI,, was 0.3 & 0.1 1"C, while in all other 
conditions, T,,, had continued to rise. After 40 min only the Han (0.7 f 0.17"C) 
condition resulted in a reduction in mean TIe, compared to the control (0.1 
f 0.1 8°C) (P < 0.05). 

During work, S was attenuated in the Lcx compared to the Con, by a mean 
rate of 65 f 28 W (B0.05). During rest, mean S was greatest in the Han (-324 
f 32W) (P < 0.01) compared to the Lcx (-83 f low>, Lcr (-88 f 7W) and Scr 
(-80 f 8W) conditions, which were in turn greater than the Con (-28 f 1 1 9  
(P < 0.05). 

The rate of increase of HR during work was not significantly different 
between the Con (100, range 52 to 156 bpm-hrl) and LCX conditions (84, range 
49 to 115 bpmk-1). After 40 min of rest, HR was significantly lower in the Han 
(93 & 6 bpm) compared to all other conditions; the cuff conditions Lcx (1 15 2~4 
bpm), Lcr (105 f 4 bpm) and Scr (106 f 4 bpm) being intermediate to the Con 
(120 f 4 bpm) and the Han and not significantly different fiom 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 first 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 50% 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 -1 8"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. 



During rest, the same pattern is seen with the cuffs reducing Tb at a rate (S) 
between 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- 
ommended 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 be due to differences in the peripheral circulation. The perfusion rate of which 
determines heat extraction. In summary, 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 earth conditions and the space environment (1). Discomfort due to 
thermal conditions onboard and during extra-vehicular activity (EVA) have 
occurred a number of times on both US. 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 overcoolingloverheating 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 fi-om 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 of body 
areas are given, from which individual thermal profiles can be constructed. 

METHODS 
The suit consists of a hood, shirt, gloves, pants and socks, which 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 
of regimes on the body surface by switching the water flow from region to region 
or using several zones collectively. In our study, the evaluation of maximal heat 
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release by cooling different parts of the body (head, torso, total hands, 1 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 33OC or 45OC. 

Figure 1. 
Experimental 
Segmented Tubing 
suit 

. ?. A separate finger calorimeter (for 2nd, 3rd 
and 4th digits) with embedded tubing was also 
used for measuring heat flux of the individual fin- 
ger or 3 fingers. 

Heat outflow fiom each body segment was 
measured continuously as a result of the difference 
in inletloutlet water temperatures and water flow 
rate. The water flow rate on the different suit seg- 
ments was measured by a flowmeter. It provided a 
measure of physiological effectiveness of selected 
areas to protect the body against heat dissipation. 

Local skin temperature was measured by 
thermistors 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. 

RESULTS 
. Thermal profile of the hands. Figure 2 presents 
the dynamic of heat absorption by 1 cooled glove, 

2 cooled gloves and the calorimeter on 1 finger and 3 fingers, respectively. Each 
peak appeared after initiation 
of water circulation in the 
gloves or finger calorimeter, 
indicating extremely rapid 
heat removal fiom the skin 
surface due to the cooled cir- 
culated water. After several 
minutes, the process stabi- 
lized, and a dynamic curve 
was evident. The greatest heat 
absorption occurred when 2 
gloves were worn. Qne glove 
absorbed relatively less heat 
but not in an amount propor- 
tional to that of gloves on 
both hands. 

Outlet 
Kcalshin 

*' T 2 Hands T 
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Figure 2. Suit Temperature Inletloutlet and 
Heat Absorption Profile (kcabmin-1) by 
Gloves and Fingers Calorimeter (Female, 
age 32). 
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The finger heat flux data indicated only a small amount of heat outflow, 
likely because the fingers have a highly effective protective countermeasure 
against environmental cold. The cold finger coverall caused the vessels in the 
fmger to constrict immediately. 

The dorsal part of the hand lost a considerable amount of heat. However, it 
is not comparable to the fmgers (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 fingers when the cir- 
culating water temperature is 

8 18 28 mild; therefore, more compro- 
mise between the body and 
glove surface or finger cover- 

Figure 3. Heat Absorption by Gloves all takes place for heat release. 
(kcdmin) with Different Circulating Water Figure 3 presents heat flux 
Temperatures (Male, age 30) dependence from different cir- 

culating water temperatures in 
the gloves. A clear relationship 

was exhibited between heat outflow and glove temperature: 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 fiom different parts of the body. It is evident that the greater the 
body surface covered by the tubing suit, the greater the heat outflow. The great- 
est amount of heat loss occurred from the legs and torso. However, if one calcu- 
lates the heat outflow from these parts of the body per 10 meter length of tubing, 
opposite findings emerge 
(Figure 5). The hands are the 
primary area for heat out- 
flow with the best vessel 
network and the greatest ~ 

&!i/ \! , 
3 0.2 

0 

Temp (“C) 

12 
10 

ability to transfer heat. 

body per equal unit of 2 

.- c 8  
Heat loss from the 6 

trunk andlowerpart ofthe g 4 

0 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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Time (min) 

Figure 4. Maximal Heat Flux from Different 
Parts of the Body Under Cooling Suit at 8°C 
(Female, age 40). 
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Figure 5. Maximal Heat Flux fiom 
Different Body Sites Calculated per 10 
Meter Length of Tubing (female, age 40) 

individual ranging fiom high- 
est to lowest amount was as 
follows: hands, head, torso, 
legs and feet. 

CONCLUSIONS 

Through the use of indi- 
vidual local and total body 
thermal profiles, it may be 
possible to make significant 
progress in comfort manage- 
ment and protection in differ- 
ent environmental conditions. 
The thermal profile must 
function not only as a refer- 

ence point for individual comfort, but also as a primary protective countermea- 
sure: heat exchange stabilization through absorption/dissipa-tion of heat fiom 
different body sites. These profiles have significant potential as highly effective 
tools for forced and directed heat exchange, and for the redesign of the space suit 
system in a more energy efficient manner. Information fiom individual thermal 
profiles can be extremely helpful during extended duration EVA in terms of 
decreasing energy expenditure and enhancing safety in a range of circumstances. 

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 of extreme environments. 
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THERMAL RESPONSES OF SUBJECTS, BAREHEADED OR 

D. Gavhed, G. Ohlsson and I. HolmQ 

National Institute for Working Life, Solna, Sweden 

5% 

WITH HEADGEAR, TO A COLD AIR STREAM AT - 1 O O C  

INTRODUCTION 
Wind is often present in the outdoor workplace. In combination with cold 

air temperatures, wind enhances cooling of the 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 (1). The wind chill index (WCI) is used as a tool to predict the risk for 
fiostbite in bare skin (2). However, even in conditions where combinations of air 
temperature and air speeds are not at the WCI risk levels for fiostbite, a pro- 
nounced risk for fiostbite and 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 often do not wear such clothing. Reasons for not wearing headgear 
may include restriction of hearing andor vision, discomfort or ignorance of the 
physiological effects of the actual weather conditions. 

The aims of this study were to (1) investigate whether the risk for ikostbite 
was higher bareheaded 
compared with wearing 
headgear and (2) examine 
the magnitude of the blood 
pressure response of mid- 25 
dle-aged individuals to 3 
cold wind, with and with- 2 20 
out headgear. 
MATERIALS AND 
METHODS 

Nine healthy sub- 
jects, 1 female and 8 
males, 45 to 54 years old 
(“resting” SBP: 115 to 140 -2 0 2 4 6 8 1 0 1 2  
mmHg, DBP: 70 to 100 
mmHg), were exposed 
twice to an ambient tem- 
perature of -10°C and an 
equally cold air sbxm of 

m’s-l directed to the face. 
The subjects wore warm 

Time (min) 

Figure 1. Average earlobe temperature in 4 
seated subjects who were bareheaded (0) or 
wore headgear ( 0 )  during exposure to -10°C 
with an air stream of 6 m-s-1 blown in the face. 
Bars show standard deviation. 
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l i m e  (rnin) 

Figure 2. The ftequency of pain sensation ratings fiom 8 bare-headed 
subjects during exposure to -10°C and 6 mas-1 wind in the face. 

winter clothing. Subjects performed 1 trial wearing a winter cap with earflaps 
(headgear) and 1 without a cap (bareheaded). 

Skin temperatures of the forehead, chin, cheek, nose and earlobe were mea- 
sured continuously with thermocouples (copper-constantan, diameter: 0.2 mm, 
t h e  constant: 0.04 s), and the subjects rated their pain sensation at the measur- 
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 (Sporttester, 
Polar Electro KY; Finland) continuously. 

The maximal exposure to wind was 10 min. Four experiments were inter- 
rupted before 10 min elapsed due to low skin temperatures (approx. OOC). 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 fiom this sub- 
ject were excluded fiom 1 200 
the statistical analysis 
(ANOVA, t-test). 
RESULTS . 

The face cooled 
quickly in the first few 
minutes (Fig. 1); the aver- 
age rate during the whole 
experiment was 2 to 3°C 5 100 
min-1. The face skin tem- 
perature did not differ 
between COndihm As 
expected, the temperame 

significantly lower with- 
out the cap than with the 

-2 0 2 4 6 8 10 s Time (min) 

Figure 3. Systolic blood pressure in 4 seated 
sub-jects bareheaded (0) and with headgear (a) 

stream blown in the face. 
Of the Fig. '1 was d h g  exposure to -10°C and a 6 ms-1 air 
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cap during the frst 5 
min of exposure. An 
increase in earlobe 
temperature in bare- 
headed subjects was 
observed at the end 
of the experiment 
(Fig, l), most proba- 
bly due to cold- 
induced vasodilata- 
tion (CIVD). 

As the experi- 
ment proceeded, pain 
sensations were re- 
ported more fie- 
quently (Fig. 2); sim- 
ilar responses were 
observed even with 
headgear. 

Headgear 
80 I.. I Bareheaded .......................................................................... I 

n 
P)  I 
E 
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a, 
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u 
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e 
v) 

g! 

m 
- 

e d  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 of headgear. 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 

I 

At -10°C and 6 m d ,  WCI is 1450 W-m-2 and the “equivalent” temperature 

.......................................... 

1 2 3 4 5 6 7 8  

Subject 

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 of 6 ms-1 blown 
in the face. 
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The individual blood pressure responses varied and were divided into four 
patterns (Fig. 4): (1) significant response with and without 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-s-*), 
even with headgear. The systolic blood pressure response to cold wind was sig- 
nificantly reduced with headgear. Hence, wearing headgear may decrease the 
incidence of heart ischemia during the cold season. 

REFERENCES 
1. Stroud, M.A. 199 1 , Effects on energy expenditure of facial cooling during 

exercise, European Journal of Applied Physiology, 63,376-380. 
2. Siple, P. A. and Passel, C. F. 1945, Measurements of dry atmospheric cool- 

ing in sub fieezing temperatures, Proceedings of the American Philosophi- 
cal Society, 89, 177- 199. 

3. Gavhed, D., Milkinen, T., Holm&, I. and Rintam&i, H. 1997, Cardiovascular 
and thermal effects of cold wind in pre-cooled and thermoneutral subjects 
wearing cold-protective clothing, in Proceedings of the Symposium on 
Thermal Physiology. (Copenhagen: The August Krogh Institute), 183-186. 

268 



LIFE JACKET SPRAY-HOOD FUNCTION AND IMPROVEMENTS 
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INTRODUCTION 

Spray hoods are additional items of life jackets. They are effective in reduc- 
ing water entry into airways when victims of maritime 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: (1) “I can’t 
see anything under this equipment because of condensing water fkom 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 high enough, so I will be intoxicat- 
ed by CO, 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‘IS0 proposal dealing with personal floatation devices, 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 of Life Savers [PGzRS]) 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 of the 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 connected 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 I1 02, DRAEGER 
Company) connected with an interface to the computer. All measurements were 
made at a distance of 5 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 C02 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 of oxygen concentration rather than 
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carbon dioxide, since a decrease in O2 concentration will be reflected in a pro- 
portionate rise in C02 concentration. 

In addition, measurements of O2 concentration under the spray hood were 
conducted during normal breathing with no additional injections of COz. 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 of reduced 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 andor large 
spray hoods increase the risk of the 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 (1). 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 fiequency 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% of that without such a feature (see Figure 1). 

20 withhood 
without hood u .s I! 

U 

I 2 3  4 5 6  
v .  

life jacket # 

Figure 1. Effect of Spray Hoods on life jacket flooding 
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The rate of gas exchange into the hood was determined by injecting a large 
amount of C02 into it, while the life jacket was activated with the hood in use. 
An injection of 17 liters of COz under the spray hood caused a rapid reduction in 
the O2 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 man&, the same life jackets showed 
a reduction to 13 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). 

Figure 3. Oxygen concentrations for 6 different spray hoods. 

27 1 



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 CO, under the spray hood. The gas exchange 
becomes impaired in water because water blocks several exchange routes, result- 
ing in elevation of % CO, under the spray hood. 

Under conditions of no air movement (worst condition) and normal breath- 
ing, the % 0, 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 manufacturers redesigned the form and/or position of the 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 % 0, in the spray hood was 
improved fiom 17% to 19% (see Figure 4). 
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Figure 4. Effect of design changes. 
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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 C0ME"ORT 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 (fkom 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 sunburn and the danger of skin cancer (1). 

MATERIALS AND METHODS 

Thermal comfort and heat strain of the summer articles of the new clothing 
system were compared with traditional summer clothing in construction work 
during a heat exposure experiment (environment: T&r = 30"C, relative humidity 
[RH] = 70%, solar radiation = 700 W-m-2). Table 1 shows the properties of the 
clothing ensembles. 

Table 1.Propertiesof the articles of dress used. , 

color 
New shia Coolmax@ 0.45 mm 0.6 clo tight blue 
New trousers Cordura@ 0.3 0 mm loose beige 
Trad. shirt cotton 0.43 mm 0.6 clo loose yellow 
Trad. trousers cotton jeans 0.93 mm loose blue 

New =new clothing system; Trad. = traditional clothing system 

material thickness insulation fit - 
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Six male subjects with a mean age ( SD) of 23 ( kl.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 Alternation of restand workduring the heat stress experiments. 

moderate heavy work moderate 
work cool rest (150 W) Iest Work rest 

(50 w) 

0-30 

Experi- 
ment 
Time 

30-40 40-60 60-75 75-105 105-120 

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: 
T ~ r  = 2OoC, 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 ((ccomfortableyy to “extremely uncomfortable”), temperature (“very hot” 
to “very cold”) and humidity (“very dry” to “soaking wet’). 

All data were analyzed with a 2-sample t-test with clothing as grouping 
variable. Significance was accepted for values of PI .05. 
RESULTS 

The results of different periods are analyzed within a session and over the 
complete session. The 1st method clarifies the functioning of the clothing during 
different workloads. The 2nd method reflects the working day of a construction 
worker. In Table 3, the results for the different periods are summarized. 

None of the results of these experiments showed a difference in heat strain 
for the subjects between the new and traditional clothes (Tskin: 34.3”C and Tcor; 
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-1) and the amount of absorbed 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 (Tsk), core temperature (‘ICaJ, metabolic rate 
(meta), heart rate, (HR) and temperature (E), humidity (HS) andcomfort (CS) 
sensationsfor thenew andtraditional summer clothes duringall session periods, 
averaged over all subjects. 

~~~ ~ 

Period I Period2 Period3 Period4 Period5 Period6 
- -  new trad new a new t& tr;ld !r& 

Tsk 34.9 35.1 34.9 34.7 35.0 35.1 35.4 35.5 34.6 34.8 29.5 29.0 
Tan 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 4.3 4.2 5.6 5.2 3.7 5.5 4.1 4.8 -2.0 -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 2.8* 3.4 4.5 2.1 49* 2.8 4.4 0.8 2.3 

All temperatures in°C, metabolicrates in W, and HR in beats.min-* 
new = new concept; trad= taditional clothing; - = not measured; 
*= Differssignificantlyfromnew (PS 0.05) 

DISCUSSION 

The chosen climate and workload are realistic for a sunny, summer day 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- 
ter was chosen because of the reproducibility of the external workload. A disad- 
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. 

Caused by tiredness due to the previous work period (meta: 360 W) and the 
longer exposure to the hot environment, a tendency (P = .06) to an increase in meta- 
bolic rak (meta: 430 W) was found during the second period of moderate work. This 
was also reflected in the significantly higher core temperatures and higher HRS. 

Although clothing color (yellow 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 clothhg 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 annulled 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 



better transfer of moisture fiom the skin to the environment by the Coolmax@ 
shirt. However, this is not supported by the humidity sensation andor 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 of people to take off their shirt, so that they are better protected against 
harmfid W-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 of traditional mate- 
rials and clothing made of newly developed materials. Thus, it is not expected 
that the use of new 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 hannfid solar radiation. 

In summary, (1) 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 objective or subjective parameters and (4) 
no difference in moisture absorption existed. 

In future experiments the effects of color of the clothing materials should 
play a role too. Finally, the status of the 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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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 (1). 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 of materials on the impact of small splashes of molten metal is present- 
ed in EN 348 (3), published also as IS0 9150. This method measures the insula- 
tion of the material when drops weighing 0.50 g fall on 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 470-1 are more applicable to gas weldiag than to arc welding. 
Specifications for the protective clothing used in arc welding are missing. 

The aims of this 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 skdy the applicability of a new method for testing the impact of 
small molten drops, (2) Compare the properties of fabrics used in a normal weld- 
ing environment with laboratory test results of new and laundered (5x) Ultra Violet 
radiation (W) pre-treated fabrics and (3) Compare W 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 W radiation before the 
material measurements. 
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1. Materials. The materials used in the comparisons are specxed in Table 1. 

Table 1. Description of the materials 

Samule Material Thickness Weight Air Demeabfiitv 
lm)* km-1)* g-m"-s")* 

1 
2 

Pymvatexm 100% CO, satin 
COPES, 2/2twill 

1.17 
0.70 

47 0 22 
380 52 

3 ProbanTM 100%CO.satin 0.7 1 33 0 38 

* after five washing cycles, CO = cotton, 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 W radiation, and used fabrics. As an alternative test for EN 
348, the hot ball test was performed for fabrics washed 5 times. W transmission 
was measured for fabric samples cut fkom the sleeves of the garments. 

Table 2. Properties measured and test methods 

Reauirement Test method 
Tensile strength 2300 N IS05081 
Tear strength 2 15N IS0 4674, meth. A1 
Limited flame spread after flame time - 2 s EN532 

Impact ofmolten metal 
drops 

afterglow time - 2 s 
at least 15 drops before the 
temperature ri ses over 40K 

EN 348 

Hot ball test alternative test for above test under preparation 

2.1. W treatment. The 5-times washed samples were exposed to W radi- 
ation produced by a fused silica envelope, high-pressure xenon lamp (450 W). 
The lamp produced W radiation with an appreciable amount of Ultra Violet C- 
type (WC) radiation and therefore simulates the W C  radiation in normal weld- 
ing processes. The distance from the lamp to the sample was 300 mm, and the 
exposure time was 50 h. 

2.2. Hot ball test. A steel ball having a temperature of 750 f 20°C and 
weighing 0.37 g with a diameter of 4.5 mm was dropped on the sample lying on 
a horizontal sensor support block and tightened with counterweights of 175 g at 
both ends. The distance of the free ball was 86 mm. 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 W transmittance. The transmission measurements were made using a 
Deuterium lamp and a double monochromator equipped with a photomultiplier 
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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 mm. 

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 1, loose threads around a hole were ignited in the flame spread 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 skength was 1080 N for Fabric 1,796 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. W transmission. The highest W transmittance (0.0005 to 0.0015%) 
was measured for Fabric 2, which was the sparsest fabric with the highest air per- 
meability. The holes in the fabric increased the transmission. The transmittance 
was almost 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 of 5.5 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 W radia- 
tion differently when clear holes are present. Inspection in bright light does not 
necessarily reveal UV transmission. The fiaying of fabrics around holes may 
increase the UV protection. More knowledge about W 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, 
Schliiter et al. (4) found no differences in strength values, but they didn’t wash 
the fabrics. 
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CONCLUSIONS 
The results of the 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 of the method. 
"he limit values for strength properties should be raised. 
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INTRODUCTION 

The basic functions of a human-physiological simulation device, known as 
“Hand-Foot-Model” (1) or “CYBOR” (for “Qbernetic Body ~egulation”), 
have been enhanced to allow reliable predictions of the climatic wearing comfort 
of hand- 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 matresses and textiles, respectively. 
MATERIALS AND METHODS 

The simulation device (Figure 1) consists of a computer-controlled air con- 
ditioner¶ a heated transfer l i e  to avoid condensation of water on the way to the 
phantom and exchangeable phantoms made of fiber-reinforced plastic. 

Em_+ 
I ~~~~- 

w * 
I lm Humidifier 

Test Climate Bypassl/: 

Compressor 

I 

- 

Figure 1. Simulation Device “CYBOR.” Model 3a: rWT-sensors. 

The specifically designed perforated surfaces of the phantoms allow the 
simulation of the sweating process closely related to physiological conditions. 
The concept of the simulation device provides aprecise and separate control of 
dry and humid enthalpy streams, which are fed into the phantom and allows var- 
ious applications of the system for the determination of comfort-related material 
parameters as well as the judgement of climatic comfort, i.e.,: 

28 1 



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 defmed enthalpy levels that are separated in dry and 
humid heat as a function of skin temperature. 

25 

10 

15 - 
10 

The most important features of the 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 of socks differing only in respect of the applied mixture of fibers is given 
in Figure 2. 
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The measurement was carried out inside a regular combat boot at 16OC out- 
side temperature. The curves represent the water vapor partial pressure between 
the (phantom) foot and the sock in the medial section of the foot as a function of 
time and additional metabolic rate. It can be seen that, by the end of the test, there 
are obvious differences in the levels of the water vapor pressure. The following 
conclusions can be drawn fiom 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 of different fiber mixtures is becoming significant only 
after longer times of walking andor higher levels of additional metabolic 

282 



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 
of the socks, measured according to IS0 11092, is nearly identical. Similar 
investigations have been made with different kinds of inlay soles. 

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 Values 
In the fixed value mode of the simulation device, absolute values for the 

heat (RJ and water vapor resistance (KJ of shoes and gloves, as well as flat 
samples l i e  fabrics and nonwovens, can be determined depending on the shape 
of phantom used. 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 of different construction and thickness showed a good correlation of Kt- 
(r = 0.947) as wdl as Ret- (r = 0,909) values to those measured with the stan- 
dardized IS0 11092 method (Hohenstein Skin Model) (2). The advantage of the 
handfoot model, though, can be seen in the fact that both values can be deter- 
mined at the same time. This is of particular importance, 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 the same time, the influence of the fit or of different constructions of socks, 
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 accordmg to the physiological sweat gland activity. Figure 3 
shows an example of the investigation of a 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% R H  with respect to the select- 
ed workload (enthalpy). The result has been shown to be reproducible with a pre- 
cision of 0.5"C for the temperature and 2% for the RH. This control concept can 
be fine-tuned to precisely represent the human thermoregulation in the hand, foot 
or buttock region, respectively. 
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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 (1). This simple model of clothing can account for the 
insulation properties, which reduce heat loss (or gain) between the body and the 
environment 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 @e., within clothing and next to the skin 
surface) and the external environment. This paper integrates the research pre- 
sented in the papers of Havenith et al. (2) and Holm& et al. (3) in this volume. 
CLOTHING UNITS AND REDUCTION FACTORS 

The earliest, and still preferred, method of handling clothing heat transfer is 
to combine convection, radiation and conduction into one term, the dry heat 
transfer coefficient (1). 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.”C-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 have not been developed, but 
a typical value for permeable clothing would be around 0.015 m-2WaW-1(6). 
The International Standards Organization (EO) 7933 (4) uses two clothing 
reduction factors to quantify the heat and vapor transfer properties of clothing. 
These are F,, and F,,,, respectively, and are described in detail by Holmer et al. 
(3) and Havenith et al. (2). Burton suggested that the effect of clothing could be 
described as the reduction factor, F, ,  compared to “nude” conditions. The F,, is 
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the insulation of the air layer around the nude body (boundary layer or resistance 
of the environment) divided by the sum of the intrinsic insulation of clothing plus 
the insulation of the air layer around the clothed body (total clothing insulation). 
Thus, for a nude person the F,, is unity, and for a clothed person it is a reduction 
factor. The Fpcl reduction factor ( 5 )  is the vapor resistance of the air layer around 
the nude body divided by the sum of the intrinsic vapor resistance of clothing 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 CLOTHING 
IS0 7933 (1989) provides the following formulas for clothing properties: - 

c = Fc1 0 hc (fsk - fa) 
R = Fc10 hr (tsk - $1 
E = w psk,s - pa)kT 
RT = 1/ he o Fpcl 
he = 16.7 o hc 

C = heat transfer by 
R = heat transfer by radiation 
E = heat transfer by evaporation 
hc = convective heat transfer coefficient 
hr = radiative heat transfer coefficient 
he= evaporative heat transfer coefficient 

(1) 
(2) 
(3) 
(4) 
(5 )  where, 
tsk=mean skin temperature 
ta=air temperature 
%=mean radiant temperature 
v s k i n  wettedness 
Pa=partial vapor pressure in the air 

PskYs 

PROPOSED CLOTHING MODEL 
Data &om stationary and moving human subjects and manikins were used to 

derive a general correction to “static” insulation values, based upon empirical 
analysis. The resulting “correctionsy’ provide dynamic values that can be used to 
assess likely thermal strain. The model requires values for ta, f, v, (absolute wind 
speed in the environment), Pa and M (metabolic rate of the person). An annotat- 
ed version of parts of a BASIC computer program describes the model. 
Calculation of the relative air meed between the bodv and the 
environment 

The heat transfer ftom 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 
of movement (equivalent to walking) are related to the difference between active 
metabolic rate and that seated at rest (58 Wem-2). This is limited to an equivalent 
of a walking speed of 0.7 ms-*. When the activity is unidirectional walking, then 
the angle between walking and the wind is taken into account (e.g., walking into 

= saturated vapor pressure at skin temperature 
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wind, angle = 0; wind behind, angle = 180). If walking 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 undeJined 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 = Walltsp ELSE Var = Va 
ENDIF 

ClothinP - insulation values under static conditions 
This part of the model calculates the total clothing insulation for static con- 

ditions fiom the intrinsic clothing insulation values. This is necessary as the cor- 
rection for wind and human movement was determined using values of total 
clothing insulation. The intrinsic static clothing insulation is first converted -&om 
clo Units to m-2.K.W-1. The total clothing insulation is the inlrinsic clothing insu- 
lation plus the insulation of the air layer (Iast = 1/E-ICKt; this value is assumed 
to be 1/9 and is corrected for the increase in available surface area for heat 
exchange caused by clothing [fcl]). Following is the program example: 

Iclst = Clo * 0.155 
fcl = 1 + 0.3 * Clo 
HCRst = 9 
Iast = l/HCRst 
Itotst = Iclst + Iast/fcl 

Correction to static insulation for wind and walkinP 
This is based upon a regression equation providing the best fit fiom a data- 

base of measurements over a wide range of wind 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 
into 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 
in 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: IF Walksp >1.5 THEN Waux = 1.5 
CORRclothed = 1.044*EXP((.066*Vaux-.398)*Vaux+(.094*Waux-378) *Waux) 
IF CORRclothed>l THEN CORRclothed = 1 
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CORRia = EXP((.047*Var-.472)*Var+(.ll7*Walksp-.342)*Walksp) 
IF CORRia>l THEN CORRia-1 
IF CIo <=.6 THEN CORRtot = ((.6-~lo)*CORRia+clo*CORRclothed/.6 
ELSE 
CORRtot = CORRclothed 
ENDIF 

Dvnamic clothinp insulation 
The correction factors calculated above are used to correct the static insula- 

tion values to dynamic insulation values. These are used instead of the static val- 
ues to provide an improved model of heat transfer. For example: 

Itotdyn = Itotst * CORRtot 
Iadyn = CORRia * f i s t  
Icldyn = Itotdyn - Iadynlfcl 

Dvnamic vauor 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 
uses 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 of a 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+[1.3+2.6*reduct]*reduct) 
imdyn = irnst'CORRe: IF irndyn>.9 THEN irndyn = .9 
Rtdyn = ItotdynhmdynLewis 

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 IS0  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. 
Bodv Surface Convection 

Convective heat loss at the surface of the human body has been studied for 
many years . The presently used formulas 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 d s .  Yet equations 2 and 3 give values in the upper 
range of a large number of reported formulas . 
hc = 12.1+’5 (3) IS0 7730 (1) 
h, = 3 .5 -1-3 .2~~  for var< 1 ms-I (6) IS0 9233 (2) 
hc = 8.7var0.6 for vu > 1 m-s-’ (6 )  IS0 9233 (3) 

In general, most of the studies only dealt with the effect of external wind on 
stationary subjects. The concept of net or relative air velocity was introduced to 
account also for the effects on convective heat exchange by body movements. 
This factor is described beIow. 
Clothing - Heat Transfer 

insulation value (I). Burton proposed 
The effect of clothing on dry heat exchange is defined and determined by the 

At I =  - 
DRY (4) 

I 293 
I 



where I is the insulation value in m-2-"C.W-1, At 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 ffom 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 of I were readily available. The frst thermal manikins were devel- 
oped at this time and allowed quick, reliable and accurate measurements. The 
manikins, however, did not move, and measurements were taken in still-wind 
conditions. The insulation values so obtained - did not account 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 ffom wear trials. 

Fanger (3) defined clothing dry heat exchange as a two-step process-fiom 
skin to clothing surface and fiom clothing surface to the environment. This 
requires separate equations for clothing heat exchange: 

body surface heat exchange handled by normal convection formula, 
* clothing surface area to be defined and calculated and 
* an equation for heat transfer from skin to clothing surface. 
In IS0  7730, no correction is made for dynamic clothing effects, whereas 

the external heat loss (clothing surface) depends on both wind and body move- 
ments. In the most common interpretation of IS0 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 commonly used 
expression for this in ISO-standards is 

(with My metabolic rate in Wm-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 deiined by where I,, is 

- I4 =- I4 
I c J h , + h J + l l f ,  I d I L + l J f ,  I c , + 1 4 / f 1  I,, 

- 1 - - 1 F =  

the basic clothing insulation value in m-2"C.W, hcl is the clothing conductance 
and fCl is the clothing area factor. It is clear fiom this equation that F,, will pick 

(6) 
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up changes to both I, and Itot as a result of increased air velocities. The clothing 
area factor is determined by 
Ll = 1 + 1.97 *Icl (with IC! in m2.OC.W-1) (7) 
Insulation Corrections 

Havenith, et al. suggested sets of equations for correcting a static, standing 
insulation value (Ist) for the effect of posture, walking speed (w) and wind (v). 
The corrected value (Icom) used in the determination of dry heat loss was deter- 
mined by 

Ice, - 100 - (12.3 + 12.5 Is t )  * w 
1st 94.9 + 29.7. II$ 

Nilsson and Holm& recently published a similar formula, 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 
value) of this formula 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. 

Figure 1 shows the combined effect of wind and walking speed for the insu- 
lation range (0.7 to 3.5 clo), walking speed (0 to 1.2 ms") and wind speed (0.2 
to 1.0 m-s-'). 

/I----- 

Wind (msecl) - ; 

Figure 1. Fractional change in total insulation as function of wind 
and "walk speed" (8). 
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The two data sets were merged except for two winter ensembles and equa- 
tions 10 and l l were derived and proposed for inclusion in the revised IS0 7933. 

= e(0.126-0.899.v+0.246.v2 -0.313~+0.097~~ ) 
undressed (IO) 

1st  

zcorr - e(0.043-0..398~v+0.066~v2 -0.378~+0.094~~ ) 
dressed (11) 

1st 

CONCLUSIONS 

Available information on dynamic effects on clothing heat transfer indicates 
significant effects of wind and walking. Present methods in IS0 7730 and IS0 
7933 do not account for this in an accurate way. It is suggested that the dynam- 
ic effects are handled by two new equations that correct the static total insulation 
value (as provided by IS0 9920) for given values of wind and walking speed. 
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INTRODUCTION 
In heat stress standards, as IS0 7933, two problems arise in relation to input 

values for evaporative resistance. The first 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, IS0  7933 and 9920 refer to two methods for the determination of 
evaporative resistance of clothing ensembles (RT): (1) the use of Fpcl, a reduction 
factor for evaporative heat loss with clothing compared to the nude person and 
(2) the use of im, ‘the permeability index of clothing, which provides a relation- 
ship between evaporative and dry heat resistance of clothing 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 FqcIi 

IS0  7933 suggests the use of Fpc, as a reduction factor for latent heat exchange: 

where he is the evaporative heat transfer coefficient, given by 

( w.m-%l?a-1) 

h, = convective heat transfer coefficient and 
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with IC1 = intrjnsic clothing insulation and f,, = clothing surface area factor 
Usually in the application of IS0 7933, I,, is derived fi-om a list with basic 

clothing insulation values, derived in a standing, no wind condition, without a 
correction for movement or wind. In Table 1, some example calculations are pre- 
sented, which show the relationship between Fpcl and RT on one hand and wind 
speed (vJ on the other. 

Table 1. Determination ofF,1 and RTaccording to IS0 7933, 
with wind as changing parameter. 

0.2 4.54 
0.5 6.10 
2.0 13.19 
4.0 19.99 

0.16 1.3 5.0 0.431 75.8 0.031 
0.16 1.3 5.0 0.355 101.9 0.028 
0.16 1.3 5.0 0.194 2202 0.023 
0.16 1.3 5.0 0.134 333.8 0.022 

Table 1 shows that an increase in wind speed results in a decreasing FPc1, 
which, according to the textual definition of Fpcl (a reduction factor for evapora- 
tive heat loss), is contrary to expectations. Only due to the sharp increase in he, 
the value for RT decreases with wind. Taking the general Fpcl definition: 

one can understand that Fpcl 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 Icl. Using this corrected Icl 
instead of a constant one in equation 3 should improve predictions of RT. 

As was expected, using the corrected I,,, Fpcl increases compared to that 
using a constant IC,. This is illustrated in Table 2. For the calculations with a con- 
stant Icl, a decrease in RT of 29% at 4 m-s-1 wind is observed (Table 1). For a 
decreased I,, (29%; A Itot 42%), the decrease in RT amounts to 48%. Though this 
is substantially more than in the current practical use of IS0 7933, it is still less 
than observed by bHavenith et al. (2). 
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Table 2. Determination of F,,I and RT according to IS0 7933, 
with wind and Id as changing parameters . 

0.2 4.54 0.14 1.3 5.0 0.45 75.8 0.029 
0.5 6.10. 0.13 1.3 5.0 0.40 101.9 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 

Amroach throuph I, 
In IS0 9920 the derivation of RT using the permeability index im is described 

IS0 9920 also provides im values for typical clothing configurations, with a 
rule of thumb im of 0.38 for one- or two-layer permeable garments. Using this 
approach for the determination of RT in IS0 7933, the change in clothing insu- 
lation would directly be reflected in the change in RT: a change in the total cloth- 
ing insulation (Itot = Icl f Idfcl) 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 such a relation. Their data indicate that im, as used here, is not a 
constant value but will increase in movement and wind conditions. Though im 
values obviously differ between garments or ensembles, reanalysis of Havenith 
et al.'s data showed that when im was expressed relative to the value measured 

suit type 1 + 1 + imperm. coverall 
X I+ coverall 

, 0 trouserslsweater 

00 20 40 60 80 loo 
Reduction ltOt (%) 

Figure 1. Relationship between the reduction in vapor resistance RT and 
. that in heat resistance (Itot) 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 

+ I+ irnperm. coverall 
X I+coverall 
0 trouserslsweater 

0.0 
0 20 40 60 80 100 

delta I,,,, {%) 

Figure 2. Relationship between Im, expressed relative to the reference 
at no wind, standing and the change in heat resistance. 

eral correction of clothing ensembles’ vapor resistance for effects of movement 
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 of the 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 permeability 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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INTRODUCTION 

IS0 7933: 1989 "Hot environments-Analytical determination and inter- 
pretation of thermal stress using calculation of required sweat rate"(1) provides 
an analytical method for the assessment of heat stress in industry based on the 
human heat balance equation. The aim of this project was to validate IS0 7933, 
Alarm DLE (Duration Limited Exposure) and SW, (predicted sweat rate) iagainst 
the observed physiological responses of subjects wearkg clothing in a hot, 
humid environment. The Alarm criteria are meant to protect all the workers 
from an "excessive increase in core temperature" (above 38OC). 

MATERIALS AND METHODS 

Six samples of 8 healthy male subjects (mean f SD; age 26 f 3 years, 
weight 74.56 f 6.82 kg, height 1.75 * 0.05 m) participated in 6 validity experi- 
ments (1 to 6) where responses to hot environments were compared with re- 
sponses predicted according to the analysis presented in IS0 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 estimat.ed at 0.8 clo using IS0 9920 (2). Subject weights--semi-nude 
and clothed, pre- and post-experimentation and at 15-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 15 complete (up/together/down/together) steps per minute. 
Metabolic rate was estimated using the American College of Sports Medicine (3) 
equation for VOz while stepping (Fig. l), and units were converted to Wm-2. At 
25 minutes, Douglas Bag samples were taken. 

VOZ (ml - kg'' min" ) = [steps min-' x 0.35 ml kg-' step.'] 

+[m*step-' xsteps-min" x1.33x1.8 ml-kg-' sm-l] 

Figure 1. ACSM equation for estimating Oz 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 fiom the environment), 4-point mean skin temperature (chest, 
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upper arm, thigh, calf) and an upper back site were also measured. Heart rate 
was recorded using a Polar Sports Tester heart rate monitor. A priori predictions 
of the subject’s physiological responses were obtained using IS0 7933 by input- 
ting the desired environmental measures, the clo value and the estimated meta- 
bolic rate. They were then corrected using the actual environmental measures 
for each experiment to obtain SW, 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 of this dif- 
ference in relation to the predictions made by IS0 7933 was also investigated. 
Table 1 , shows the data input to the SW,, model and the resultant interpretations. 

Table 1:Input data and theresultant interpretations ofIS0 7933. 

Experiment 1 2 3 4 5 6 

Airtanperature (“C) 35 35 40 40 45 45 
Relative humidity (%) 60 59 63 62 40 41 

Airvelocity(rnd) 0.22 0.28 0.07 0.08 0.08 0.09 
MetabolicRate(EstimatedMean) 193 177 173 153 152 87 

Metabolic Rate (Measured Mean) Is8 161 142 135 97 

Inputs (means of each experiment): 

Radiant ternperatubure (“C) 35 35 39 39 45 44 

(W-rn’) 

W m 3  
Mean Radiant Temperature (“C) 35 34 39 39 45 44 

Partial VaporPressure (kpa) 3.382 3.325 4.535 4.510 3.822 3.865 
Body area faction exposed 0.77 0.77 0.77 0.77 0.77 0.77 

Clothinginsulation(c1o) 0.8 0.8 0.8 0.8 0.8 0.8 
Interprefations -Estimated Met Rate as Input 

SW,(gh‘’) 374.1 377.2 228 225.7 355.2 302.6 
DLE-Alann-Unacclimatized (min) 33 40 23 27 29 63 

Interprefations -Measured MetRateas Input 
SW, (g-h-I) 370.1 224.0 222.1 348.6 308.8 

DLE-Alarm-Unacclimatized (min) 50 25 29 32 55 
Mean Observed Sweat Rate (g. h”) 832.4 803.6 1108 900.1 781.4 6902 
Mean Observed time to reach38OC * ** 40 43 42 51 
* Only 2 snbjects reacheda coretemperatureof38”C: 67min and47min 
** On& I subjettreachtdacoretempera&reof3SaC: 73mn 

Predicted Sweat Rate (SW,) vs. Observed Sweat Rate fSW& 
Fig. 2 shows the comparison of the SW,, 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 fiom each ex-per- 
iment. The dotted horizontal line represents the maximum sweat rate (SWmax) 
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2500 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 SW,. 
Duration Limited ExDosure OLE) 

R m  
Fig. 4 shows the comparison of 

the Alarm 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 min, with the >75 min scale on the Y Axis indicating that 38°C was not 
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Figure 2. Comparison of swp 
the swo (corrected to 
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Predicted Sweat Rate (glh) Predicted Sweat Rate (gfh) 

Figure 3. Sc graphs showing the correlation be-tween SWo and SWp 
for estimated metabolic rate (left) and measured metabolic rate (right) 

achieved within the experimental time limit. The error bars again show the min- 
imum 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 
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Although there was a 
significant difference between 
the SWp fiom estimated and 

Figure 4. Comparison of Alarm DLE 
and observed time to reach 38°C 
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measured metabolic rate inputs, when compared with observed sweat rate val- 
ues, these differences were small (Fig. 2). However, the differences between the 

:= a181 

f 25 
n 
0 15 

15 25 35 45 55 65 75 15 2i 35 45 5 65 75 
' OE(mins) DLE (mins) 

Figure 5. Scatter graphs of Alarm DLE for estimated meta-bolic rate (left) 
and measured metabolic rate (right) and ob-served time to reach 38°C 

metabolic rate inputs had a significant impact on the predicted DLEs (Fig. 4). 
This is contrary to expectation, since the interdependence of the sweating and 
heat storage would suggest that the model should show representative changes 
in both predictions. It would seem therefore that the SWp values are being con- 
strained, not by the work rate, but by the SW- values (Fig. 2). The SWms 
value is 520g-h-1 and appears to be more representative of the minimum SWo 
than the maximum SW, across all experiments. 

The change in direction of the prediction of DLEs, for Experiments 1 to 5 
with that of Experiment 6 (Table 1 and Fig. 4), seems to suggest that the model 
is over sensitive to changes in metabolic rate at the lower end of the scale when 
predicting DLE for subjects in an environmentally driven zone. 

Fig. 3 shows that there is a weak correlation between both SW, and SWo 
and that the relationship is negative, which is incorrect. Fig. 5 showed a poor 
correlation between the DLEs for both metabolic rate inputs. 

The minimum values for observed time to reach a core temperature of 38°C 
are closest to the DLEs in Experiments 3 and 6, while in Experiments 1 and 2 the 
minimum values are much greater than the DLE values. In Experiments 5 and 6, 
however, the minimum values are actually below the DLE times. Therefore, 
although in the frst 4 experiments the subjects are all protected by the Alarm 
DLE predictions, the removal of subjects in conditions such as those found in 
Experiments 1 and 2 would be premature and if applied in industry may lead to a 
reduction in productivity. However if the DLEs were applied for Experiments 5 
and 6, the subject's health would be at risk. Not only were the minimum observed 
times below the DLE limit but so was the mean observed time. 

CONCLUSIONS 

The SWm, values are not valid when applied to clothed subjects since the 
SW, significantly exceeds the SW,, values. Since SWp is obtained fiom 
SW,,, the SW, is not a valid predictor of the SWo. IS0 7933 SWres model is 
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not a valid predictor of DLEs and SW, for people wearing protective clothing in 
warm humid environments. 
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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 occurring 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 of this experiment is to investigate the safety range of 
room temperatures for bathing, judged fiom physiological and subjective responses. 
METHODS 

Subjects. Twelve male students were subjects in the experiment. Their 
mean (SD) age, height and weight were 22.0 (kl.0) years, 170.1 (h4.3) cm and 
56.8 (ic3.6) kg, respectively. 

Procedure. The time schedule of the experiment is shown in Figure 1. 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 to 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 stayedthere for 6 min. The 
subjects moved to the bathroom and bathed for 8 min, immersed to the neck in a 
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Skin temp. 
Heart rate & Blood pressure 0 0 0 0 0 0  ‘0 
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Figure 1. Time schedule. 



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 conditions on separate days, and all 
the experiments for each subject were conducted at the same time of day. The 
experiments were carried out during autumn. 

Measurements. Skin temperatures were measured with thermistors every 
minute. The skin sites monitored were forehead (Tl), abdomen ('El), forearm 
(T3), hand (T4), thigh (T5), leg (T6) and foot (T7). Mean skin temperature ( T 3  
was calculated according to the formula of Hardy and DuBois: Tsk = 
0.07T1+0.35T2+0.14T3+0.05T4+0.19T5+0.13T6+0.07T7. Heart rate (HR) and 
blood pressure were obtained on the right upper arm ltkom an automatic tonome- 
ter. Thermal sensation (+4: very hot, +3: hat, +2: warm, 1-1: slightly warm, 0: 
neutral, -1: slightly cool, -2: cool, -3: cold, -4: very cold) and acceptance of the 
thermal environment (1: acceptable, 2: not acceptable) were also measured dur- 
ing the experiments. 

Analysis. Measurements were analyzed by paired t-test. The significance 
level was set at P C 0.05. 
RESULTS 

Mean skin temperature. Figure 2 shows changes in Tsk before, during and 
after bathing. Each value shows the average for 12 subjects. In the pre-room, 
Tsk was almost 34OC under the 7 thermal conditions. Although Tsk during 
bathing depended on the water temperature (4OoC), Tsk in the test room differed 
significantly fiom the room temperature. 

Blood pressure and heart rate. Figure 3 shows changes in systolic blood 
pressure (SBP). One minute after entering the test room, SBP at 5"C, 10°C and 
15°C increased simcantly;  on the other hand, SBP at 35OC decreased. There 
were no distinct changes in SBP at 2OoC, 25OC and 3OOC. Under every thermal 
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Figure 2. Changes in mean skin temperature 
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condition, SBP decreased during immersion. 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 of bathing, but there 
were no distinct changes in HR under other conditions. 

-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 almost ‘‘neutral.” Thermal sensations during bathing were “warm” 
except at 35’C; it was “very hot” at 35OC. In the test room, except when bathing, 
most of the 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 of dissatisfaction (PDQ and room temperature 
were calculated before and after bathing. There were significant quadratic 
curves. According to these regression equations for PDI, the mbimum 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). 

-10 -5 0 5 10 15 20 
Time (min.) 

Figure 4. Changes in thermal sensation 
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DISCUSSION 

’I 

Figure 5. Safety range and opthum temperature in dressing 
room and bath room 

Many field and experimental studies (e.g., [3]) reported that thermal comfort 
under uniform themal conditions was obtained when Tsk was between 33°C and 
34°C. There were significant linear relationships between Tsk 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 27OC, 
respectively (Figure 5). 

There were large changes in blood pressure due to bathing. However, the 
degree of these 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 of 20°C to 30°C. 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. 

I J 

There were significant linear relationships between thermal sensation and 
room temperature. Neutral thermal sensations were obtained at 26OC before and 
after bathing. The safety ranges of bathroom temperature, judged fiom thermal 
sensations (“slightly cool” to “slightly warm”) and the acceptance of the thermal 
environment (80% of the 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 fiom 22OC to 30°C. Optimum room temperature is 
probably f?om 24°C to 26°C. However, these results came fkom the young; fur- 
ther research is needed for the elderly. 
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INTRODUCTION 
1 Shivering is a well-recognized mechanism for the maintenance of core 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 T,, 
afterdrop and attenuation of the rate of rewarming (1). 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. 

Iampietro et al. (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 VO,. These values are currently used in 
mathematical models of shiverkg metabolism (3). However, they have limita- 
tions in their applicability to maximal shivering responses: the experiments were 
only 30 min long; the greatest cold stress was only -7°C air: and no measure- 
ments of skin temperature (Tsk) or T,, were obtained. 

The purpose of the study was to develop a protocol to elicit maximal shiv- 
ering intensity in humans and to determine which factors may be used to consis- 
tently predict this shivering response. Based on the parabolic relationship 
between shivering intensity and Tsk, with a maximal response at a Tsk of about 
20°C (4), we hypothesized that the combination of low T,, (- 35°C) and a Tsk of 
20°C would 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*9 kg; body fat = 21.3 *5% 
and VOzmax = 51.8 -+lo ml.kgl.min-1) after they gave informed consent. Core 
temperature was measured in the esophagus (T,J. Tsk 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 (V02,3 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 (T,) was then lowered to 8°C over 15 min by 
adding ice. After 60 to 70 min of immersion, T, was then raised at 0.8"C/rnin 
to 20°C. T, was maintained at this temperature until shivering metabolism con- 
sistently decreased and T,, increased. Subjects were then transferred to 40°C 
water for rewarming. The trial was terminated when T,, reached 37.0"C. 

The maximal observed shivering response was determined and expressed in 
absolute (Absolute Shiv,,) and relative (Relative Shiv,,) terms. A stepwise 
regression was then performed, using height, weight, percent body fat, body 
mass index, absolute VO,,, and relative V02,, as predictors for Absolute 
Shivm, and Relative Shiv,,. A best-fit equation was then developed for pre- 
dicting maximal shivering. 
RESULTS 

The average prewarming VO, reached a value of 14.4 f 5.9 ml.02-kg-hnin-1. 
Relative Shiv,, reached an average value of 21.5 f 4.6 ml.02.kg-*.min-1. This 
value corresponded to 4 1.5% of VO,,, and 4.7 times resting baseline values. In 
all subjects, shivering was rapidly extinguished with a return of VO, 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 @MI) was 3 SDs above the group mean and his V02,, was 2 
SDs below the group mean. Although percent fat was significantly correlated to 
Absolute Shiv,,,.the best-fit formula for predictions included VOzm, and BMI 
values as follows: 

Relative Shiv- = 0.339 (Relative VO,,,) - 0.95 1 @MI) + 26.2 (1) 
(adjusted 9 = 0.726, SEE = 2.195, P = 0.0003); and 

Absolute Shiv- = 0.331 (Absolute VO,,,) - 0.056 @MI> + 1.6 (2) 
(adjusted 13 = 0.727, SEE = 0.156, P = 0.0004). 
DISCUSSION 

In the present protocol, the peak observed shivering metabolism in mildly 
hypothermic human subjects reached an average of 4.7 times the resting meta- 
bolic rate and peaked at 21.5 f 0.5 ml O2-kg1-min-1. The unique feature of this 
protocol is that the high shivering metabolism at a significantly decreased core 
temperature was increased further when Tsk was increased to -2OOC. Because 
other factors, such as rate of change in Tsk, also affect shivering intensity, the 
maximum possible shivering intensity may not have been reached. It is under- 
standable that both prediction equations include VOzmax measures and BMI. 
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Greater aerobic capacity would indicate greater shivering capacity, while the 
negative correlation between BMI and maximal shivering intensity is consistent 
with the inverse relationship between shivering intensity and body fatness at a 
given skin temperature (6). 
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INTRODUCTION 
The response to external cooling is largely dependent on the skin thermore- 

ceptors. It is known that the activities of the skin cold receptors are s, static and 
dynamic. The functional significance of the two types of activity remains an 
open question. It is known that the cold receptors show hardly, if any, dynamic 
activity during cooling at a rate lower than 0.01-0,02"C~sec whereas, at higher 
cooling rates, they begin to exhibit dynamic activity which increases with cool- 
ing rate (1). An attempt is made here to elucidate the specificity of the forma- 
tion of the cold defense responses, sympathetic system activation and the trace 
effects of two types of external cooling: slow, when skin thermoreceptors show 
no dynamic activity and rapid, when they show it. 
MATERLALS AND METHODS 

Urethane anesthetized Wistar rats (1 .O g-kg-1) were cooled in the area of the 
abdomen (25 cm2 ) with a thermostat. At the first 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 13°C. Then, rats were warmed 
and, after recovery of all the resting parameters repeatedly cooled at a high cool- 
ing rate. Intracutaneous temperature of the cooled surface of the abdomen, rec- 
tal temperature, total oxygen consumption (the metabolic response), 
Intracutaneous temperature of the thigh were continuously recorded. Thigh tem- 
perature allowed us to estimate the changes in the tone of the skin vessels, i.e. 
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 fiom the femoral artery three times fiom each slowly or rapidly cooled 
animal: 1) before cooling, 2) at a rectal temperature decreased by 05°C and 3) 
by 3°C. Animals were given Ringer solution ( 0.5 ml), i.v., after each blood sam- 
pling as fluid replacement. 
RESULTS ' 

Resting parameters were 36.8&0.24"C for rectal temperature, 34.03Z0.33"C 
for thigh and 36.83Z0.26"C for abdomen skin temperatures, 20.4k1.2 ml-min kg 
1 for oxygen consumption. 

At the first rapid cooling, the metabolic response was triggered before rec- 
tal temperature started to fall (Figure 1). Later, after fall in a rectal temperature, 
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Metabolic Heat loss Metabolic Heat loss 
response response response response 

- Latency, sec 45*4,5 256~433  Latency, sec 110*29.7* 23Ort34.0 
Skin temp. 

Skin temp. threshold, "C 3.2k0.20 7.1t0.89 
Rectal temp. threshold, "C 4.6*Q.32* 7.2k0.42 

Rectal temp. threshold, "C 0.1k0.03' 0.6k0.14 
threshold, "C 0.4+0.07* 0.6k0.1 

Metabolic Heat loss 
response response 

Latency, sec 908616" 515a17.3" 
Skin temp. 
threshold, "C 3.4k0.31 2.2k0.18" 
Rectal temp. 
threshold, O C  0.9k0.16" 03k0.01* 

Metabolic Heat loss 
response response 

Latency, sec 46~12.0 113&9.8* 
Skin temp. 
threshold, "C 2.8k0.43 4.8k0.23' 
Rectal temp. 
threshold, "C O.lm0.03 0.2&53* 

Fig.1. Latency and threshold temperatures for the metabolic (total oxygen consumption) and heat loss (skin blood flow) 
responses to the first rapid (top) and slow (bottom) cooling and to the repeated rapid cooling. Means are values f SE. *- 
significant differences compared to the values a t  the first rapid cooling, PqO.05, Student's test. 



heat loss started. Conversely, at slow cooling, heat loss is reduced first as a result 
of the response of the skin vessels, then, on the background of a considerably 
lowered rectal temperature, metabolic rate increases. 

Temperature thresholds of the cold defense responses to test repeated cool- 
ing depended on the type of preceding cooling, slow or rapid (Fig. 1). Rapid cool- 
ing in contrast the slow one resulted in the increase of the temperature thresholds 
for the metabolic response to repeated cooling. Slow cooling had no effect on 
the development of the metabolic response, but decreased the thresholds of blood 
vessel response to repeated cooling. 

The resting mean values for catecholamine concentration in plasma were 
0.620.079 ngml for NA and 1.090.203 ngml for A. A decrease in rectal tem- 
perature by 0.5"C at rapid cooling produced a 2.6-fold increase in NA and a 2.8- 
fold in A 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, the increase in plasma NA was virtually the same at both cool- 
ing rates and only plasma A increased greater after deep rapid than slow cooling. 

I Rapid cooling I T 
600 

Resting values Decrease In rectal temperature, "C 
By 0.5 "C By 3 "C 

600 2 

500 
I slow cooling 

I (0 - Noradrenaiine] 
2 -Adrenaline 400 1 =, 

S 

300 

200 

100 

0 
Resting values Decrease in rectal temperature, "C 

By 0.5 "C By 3 bC 
I Figure 2. Changes in noradrenalhe and adrenaline values in arterial plasma 

produced by rapid and slow cooling of rats. Bars denote the standard errors of 
means. *- significant differences compared to resting values. PC0.05. 

32 1 



CONCLUSIONS 
Thus, we demonstrated the importance of the cooling rate in the formation 

of the 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 formation 
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 external cold stimulus and, furthermore, 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 of the skin cold receptors may change the 
development of the thermoregulatory 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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INTRODUCTION 

Since thermal tolerance impacts upon worker performance and health, the 
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 
T, measurement is rare. For industrial and military applications, direct T, mea- 
surement may not be practical, or even possible. Consequently, surrogate indices 
of thermal strain have been sought. Cliiical devices have been developed to 
evaluate T, from surface measurements (see l), and similar approaches have 
been used for field applications, attempting to exteriorize T, (2), both with vary- 
ing degrees of success. While skin temperatures (Tsk) are quite variable, it is fea- 
sible some shell tissues may approach T,, if environmental influences are mini- 
mized. The current project re-evaluated this possibility, using an insulated Tsk in 
exercising, clothed, men and women. 

Six pre-experimental factors were considered the T, of the chosen site 
must, in its uninsulated state, be inherently stable and closely approximate T,; 
since Tsk is influenced by subcutaneous adipose and skin blood flow, sites should 
not be located over large fat deposits, but, if practical, 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 Tsks 
are more homogenous under hotter conditions, 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 T, 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; 15T, 28"C, 40"C), continuously cycling at 25%, 39% and 57% of peak 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, insulation -0.035 m-2*K-W-1) and performed a 2-stage exer- 
cise-rest protocol. (2% grade waWrun-rest). Stage one elevated T, to -38°C 
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(5 rnin at 3 km*hr', 1 k m W  increase every 10 min), followed by seated rest to 
lower Tc to -37.5"C. Stage two continued exercise-induced T, elevation to 
-39°C (5 min at 4 km-hrl, 5 min at 5 km-hrl, 1 km.hr* increase every 10 min), 
followed by 15 rnin 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 al l  subjects 
provided i d o m e d  consent. 

Core temperature was measured at the esophagus (Tes), rectum (Tr& and 
auditory canal @dale 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, over jugular vein, spin- 
ous process (T2-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 cm * 4 cm, 8 mm thick) and cottonwool (4 
cm * 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 &om mass change. Cardiac ftequency (fc) 
was measured at 5-s intervals (PE4000, Polar Electro SportsTester, 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, T, would be 
derived using predictive equation@), obtained fiom linear modeling of the labo- 
ratory-derived Tc and insulated skin temperature (Tsk-insul) relationships. For this 
reason, the accuracy of such Tc predictions was evaluated using linear regression 
analyses (least squares, best fit) across all conditions. 

RESULTS AND DISCUSSION 

Unclothed trials. Cool exposure (15°C) resulted in a mean Tes change from 
37.02 "C to 37.57"C, with poor, and generally unacceptable ( ~ 0 . 7 9 )  correlations 
between T,, and insulated Tsk. This was due to Tsk reductions during the first 30 
rnin of the cool exposure. In the temperate state (28"C), mean Tes rose O.5O0C, 
while Tre increased by 0.83"C, and the relationship between T,, and jugular Tkqhd 
was strong (r = 0.97). For trials at 40°C, with T, progressively rising (ATa = 
1.5S°C), jugular Tsk-insul started warmer and tracked T, changes more rapidly. 
Esophageal temperature could be predicted fiom the average change in both 
jugular and spinal Tsk-insul, with a standard error of the estimate of 0.06"C (r = 
0.99): at 40 "C: Tes = (Tsk-insul - 7.688 "C) / 0.791. 

Thus, 95% of the actual T,, fell within 0.12"C of the value predicted using 
the surrogate Tc index. However, these data related to continuous exercise, dur- 
ing which Tc climbed progressively. They tell us little concerning the effective- 
ness of surrogate measures in intermittently exercising, clothed subjects, where 
T, may be rising or falling. 
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Clothed trials. Subjects exercised for 95.6 min (23.0) and rested 28.2 min 
(10.2), with trials averaging 124 min (23.0). When analyzed across conditions, T,,, 
fc and treadmill speed peaked in the following ways: stage one-38.1"C (0.2), 
159.6 b-min-1 (8.3), 8.4 km.hrl (1.6); and stage two--39.2"C (0.3), 183.7 b-min- 
1 (8.6), 9.4 lan411-1 (1.6), respectively. Terminal mass change averaged 1.68 kg 
(0.70), and final effort sense (RPE) was 17.4 (1.8: very hard). Thus, this protocol 
induced signifcant thermal strain, under conditions ranging from slow walking to 
running and approached maximal tolerable exercise for the imposed conditions. 

Following thermal equilibration, Tsk-insul at each site increased with T,, and 
tracked resting and recovery falls in T,,. While temperatures were offset by as 
much as 2°C in the temperate state, they converged in the heat, particularly when 
T,, approached 39"C, making these indices more useful for detecting the onset of 
heat strain, though less effective in the thennoneutral range. Close inspection of 
rest and recovery data showed that T,, decreased almost immediately when exer- 
cise was terminated, due to the rapid reduction in heat production. However, Tsk-insul 
rose transiently, before also decreasing. This continued rise was due to delayed 
heat flux, and the peaks in T,, and Tsk-insul were out of phase at this time. When 
exercise resumed, the T,, to Tsk-insul association returned to its previous relation- 
ship. That is, within individuals, the link between T,, and Tsldn-insul may be ade- 
quately described by a single linear function, for both continuous and discontin- 
uous exercise. 

The Tsk-insul site showing the poorest relationship with T,, across conditions, 
was the ventral wrist, followed by the jugular Tsk-insul. The latter may be attrib- 
utable as much to the difficulty of ensuring constant skin attachment, as it was to 
the facility of the site. The poor relationship with the wrist Tsk-insul was a func- 
tion of the time taken for T, exteriorization. That is, even under hot conditions, 
skin temperature is not uniform, with more distal sites generally being cooler and 
approximating T, only after an elevation in both T, and TkS. Notwithstanding a 
temperature offset between the forehead and spinal sites, both sites appeared 
equally capable of tracking T,,. However, fiom 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-insul and T,,, when T,, is increasing, data for the exercise 
periods were extracted. Esophageal temperature was regressed against Tsk-insul 
withii each condition (Table l), for all subjects simultaneously, yielding the fol- 
lowing predictions: 

at 25°C: T,, = 20.01"C + 0.49 * spinal Tskin-hsu,; 
at 33°C: T,, = 3.87"C + 0.91 * spinal Ts~n-jnsul; and 
at 40°C: T,, = 9.1 1°C + 0.76 * spinal Ts~n-insul. 
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Table 1: Correlation matrixforT,,,,, andT,inclothed subjects 

T, Condition Jugular - wrist Forehead S&& 

All 

T6 40°C 0.85 0.9 0 0.94 0.9 1 
Tac 0.8 9 0.9 2 0.95 0.94 
Tre 0.74 0.9 3 0.85 0.86 
T6 0.8 2 0.8 1 0.89 0.8 6 
Tac 0.8 8 0.8 4 0.91 0.8 9 
T re 0.8 0 0.8 9 0.85 0.8 5 

Several points are noted. First, the insulation procedure largely, but not 
completely, removed the influence of air temperature. Second, a non-insulated 
Tsk is of little value in predicting T,, trends. Third, the correlation between Tsk- 

ind and T,, is site dependent, particularly under cooler environments. Fourth, the 
Tsk-* relationship with T, was somewhat dependent upon air temperature. 
Fifth, the error of predicting T,, is largely influenced by the Tsk-insul variability 
between subjects. Finally, previous groups have focused upon the relationship 
between skin and T,,, yet in > 50% of the current comparisons at 33°C and 40"C, 
Tsk-insd (spine and forehead) provided an equivalent or better prediction of TeS 
than did T,, on its own. 
CONCLUSIONS 

It may be concluded that surrogate indices of Tc do exist, which, when insu- 
lated from environmental influences, may be used to predict changes in Tes 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 and/or 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 and/or 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 play a role in this adaptation. 

It has been reported that women and men tolerate exercise in the heat simi- 
larly if the body size and differences in oxygen consumption capacity are exclud- 
ed. Although, recent studies concerning the endothelial function of blood ves- 
sels reveal that tkie peripheral circulatory regulation may partly be different in 
women and men. There are an increasing number of female 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. 

1 

I 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 of 65% and 
air velocity of 0.3 ms-I. The work rate was 1 10 W for men and 75 W for women. 
Water was consumed ad libitum. Heart rate (HR) and rectal temperature (TJ 
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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Table 1.Physical characteristics of study groups. 
~ ~ ~ ~~~~ ~ -~ ~ 

Women Men 
Mean Range Mean Range 

(&SEM) (k SEM) 
Age, YWS 24.1 (21.1) 21 - 31 23.6 (41.4) 18 - 29 
Height, cm 163.8 (S.0) ,152- 172 187.5 (k2.8) 172-196 
Weight, kg 56.1 (k1.9) 43.7 - 68.9 76.5 (k4.1) 63 - 98 
4,, m-' 1.60 (8.03) 1.37 - 1.76 1.96 (io.07) 1.75 - 2.3 1 
Body fat, % 22.6 (f1.15) 16.2-31.6 13.1 (S.72) 9.4 - 15.2 
BMI 21.3 (io.62) 18.9-25.3 23.2(S.58) 21.3-25.5 
VO,max,Umin* 2.53 (39.14) 1.79 - 3.48 3.56 (M.32) 2.63 - 5,4 
VO@l/kgmin-'* 45.0W.4) .33.6-59.9 46.5(43.1) 35.6-63.5 
HRmax, bpm 194 (k1.39) 188 - 205 193 (k1.6) 186 - 199 

* evaluatedby 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 T,, > 39.5OC. 

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 of exercise, the mean T,, 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 T,, over 39°C. Two other women had symptoms just before the 
scheduled 60 min; one of them had a fall in SBP and the other had T,, > 39°C. 
Three men terminated the exercise between 40 and 50 min. One man had a fall 
in SBP and suffered nausea. The other 2 men had feeIings of exhaustion and loss 
of power in exercising muscles. 

One woman had minor symptoms some days after the exercise, but she 
recovered filly. 

DISCUSSION 
The thermal response in men and women during exercise in the heat was 

similar. This result is consistent with reports ftom previous studies (3). During 
the exercise, HR increased in both study groups and was almost maximal at the 
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Table 2. The main results of circulatory and 
thermoregulatory measurements during a heat tolerance test. 

Women Men 
Mean (&SEh$ MeanFSE2Y) 

HR, rest 

HR, end of exercise 

SBP, rest 

SBP, end of exercise 

DBP, rest 

DBP, end of exercise 

Tr rest 

Tr end of exercise 

Sweat produced 

(bPm) 

(bpm) 

(mnm) 

(mmHg) 

(mHg)  

(mHg)  

(“C) 

(“C) 

(€9 
Water deficit 

Range 
86.6 (k 4.3) 

170.6 (f 5.5) 

122.7 (33.2) 

133.3 (4 7.6) 
88- 170 

73.5 (5~3.1) 
60-90 

61.8 (k3.8) 
50 - 88 

62- 105 

145 - 193 

108 - 138 

372 (fO.l) 
36.4 - 37.6 

38.5 (k 0.16) 

500 (f 40) 

0.86 (f 0.07) 

37.6 - 39.1 

250 - 680 

Range 
78.6 (&3.2) 

64- 89 
173.4 (k 6.2) 

148 - 197 
133.4 (k3.9 

120 - 150 
154.8 (k 6.2) 

130 - 178 
76.5 (k 1.6) 

68.1 (‘t 3.3) 
70- 80 

55 - 80 
37.1 (k 0.09) 
36.8 - 37.4 

38.5 (k 0.17) 

1205 (f232) 

1.52 (kO.29) 

(37.8- 39.3) 

630 - 2990 

P-value 
0.156 

0.743 

0.056 

0.039 

0.414 

0.224 

0.403 

0.8 19 

0.019 

0.056 
0.4 - 1.13 0.63 - 2.99 (%I 

end of exercise. The significantly higher SBP in men may be due 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 vasodilatory 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 heat in spite of similar H R  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 of men 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 stimess may expose them to 
syncopelike disorders. These differences must be taken into account in risk 
analyses of working in the hot environment. 

~ 
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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 @) by repetitive endogenous 
heat load via muscular endurance training (e.g., on an ergometer). 

This project aimed at a comparative quantification of the adaptational phys- 
iological responses to the processes induced by treatment (A) and (B). The 
extent and the time course of the 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 @) to the mechanical power to be achieved on the ergometer. 

By this, an inGrease of 1°C for mean body temperature (Tb = 0.87 T,, + 0.13 
Tsk) 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 fiom a neutral environment, the temperature of the climatic cham- 
ber was increased every 30 min by 5"C, and a temperature of T, = 45°C (RH 20 
%, wind speed 0.2 ms) 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 of the 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 subjects 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 T, 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 t h e  course of Tb of the first 
series. One half of the 6 male subjects started with series (A), the other half with 
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chambertemp. series @)* In mean body temp. 

[“CI -52.0 the temporal integral of 
the deviations of Tb from 
the value recorded at 

37.0. neutral initial conditions 
was equal in series (A) 
and @). Measurements 
consisted of 10 skin tem- 
peratures, core tempera- 

-27.0 ture (rectal and radio 
pill), sweat production 

Figure 1. Mean body temperature and chamber tern- using 2 sweat collection 
perature in an experiment with exogenous load. capsules and by weigh- 

ing the subjects, O2 con- 
sumption and CO; production by respiratory gas analysis, heart rate, blood pres- 
sure, skin perfusion by Laser-Doppler-flowmeter and analysis of venous blood 
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Figure 2. Mean body temperature and mechanical 
power in an experiment with endogenous load. 

(before the heat toler- 
ance tests: protein and 
electrolyte content and 
hematocrit) and sweat. 
The subjects did not take 
part in any sports or 
sauna, before or during 
the period of the experi- 
ments and attempted to 
avoid increased body 
temperature, heart rate 
and blood pressure, 
while at home during the 
period of the study. 

RESULTS , 

The prominent adaptive heat adjustments were a significant reduction of mean 
body temperature Tb revealed in the heat tolerance test before and after series (A) 
and @), 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 of a stronger effect of the endogenous load occurred 

Sweat production was significantly enhanced after both acclimation proce- 
dures (Figure 4); again significant differences between the procedures could not 
be detected. 

The effect of increased sweating rate should be primarily due to the 
decrease of the sweating threshold, an effect that was statistically significant only 
in series (l3). 
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decrease of mean body temp. [“C] 
neutral warm neutral warm 

0 

-0.1 

-0.2 

-0.3 

-0.4 J n=6 
Figure 3. Decrease of mean body temperature ’ 
after exogenous and endogenous acclimation 
(white bars: neutral phase; shaded bars: heat 
phase of heat stress test) 

Also, heart rate was 
significantly reduced after 
both series in the heat 
stress phase (Figure 5), 
with a significantly greater 
effect by ergometer train- 
ing. A uniform tendency of a 
decreased shivering thresh- 
old was obvious in both 
series. Also, the tendencies 
of increasing skin perh- 
sion, blood electrolytes 
and decreasing hematocrit 
and sweat electrolytes after 
acclimation procedures 
were not significant. 

sweat production [glh] 

200 

150 

I00 

50 

0 

before after before afler acclimation 

exog. accl. endog. accl. 
n=6 n = 5  

Figure 4. Sweat production after exo- 
genous and endogenous acclimation 
(white bars: before; hatched bars: after 
acclimation. 

changes of heart rate [bpm] 
4 1 neutral warm neutral warm 

T 

0 

-4 

-8 

Jexog. accl.1 endog. accl. 
-12 n = 6  n = 5  

Figure 5. Changes of heart rate 
after exogenous and endogenous 
acclimation (white bars: neutral 
phase; shaded bars: heat phase of 
heat stress test). 

CONCLUSIONS 
The results suggest that the temporal integral of the deviations of mean body 

regarded as the essential indicator for the acclimation stimulus. With an equiv- 
alent value of thi’s 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. 

I 

I 

temperature fiom the value recorded at neutral, initial conditions should be 
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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 of work rate, clothing and environmental conditions and results 
in a rise in deep-body and skin temperatures. 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. 

I METHODS 
I 

I 
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% of body weight. The experiment was approved by the local 

Subjects. The anthropometric details of the 8 male subjects were as fol- 

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 of Woodcock Moisture Permeability 
Index (im) to total clothing insulation (IT) = 0.44 (airspeed = 1.1 ms-1). 
Chemical protective clothing: multi-layered, charcoal-impregnated garments, 
covering the torso, head, arms and legs, plus respirator, rubber gloves and boots; 

I 

I -  
~ Ethics Committee. 
j 

I lows: mean age 26.0 (1 standard deviation = 3.1) years; height 1.76 (0.08) m; 
1 

I total weight (includes combat clothing) = 8.8 (0.3) kg; ratio of i, to IT = 0.17 
~ - (airspeed = 1.1 ms-1). 

Environmental conditions. Dry-bulb temperature = globe temperature = 
35OC; relative humidity = 50%; airspeed = 1.1 ms-1; wet-bulb globe temperature 

Exercise. Treadmill walk at 4.8 km-h-1, 0% incline, for 100 min maximum 
~ (WBGT) index = 29°C. 

(mean measured oxygen consumption was about 1 Lmin-1, 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 (EP %) was calculat- 
ed ffom 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 of 39.OoC 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 experimental conditions described 
above. Subjects were weighed at 15-min intervals and were removed ftom the 
chamber when they had lost 2.5% of their starting body weight. “Hydrated” sub- 
jects only were rehydrated to their starting body weight by drinking water imme- 
diately (i.e., 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 1 shows that when the subjects wore combat 

clothing alone, rectal temperature rose to steady-state values. Jn hydrated subjects 
this plateau value was 37.8 (0.39)”C, but in hypohydrated subjects the heat swab 
was significantly greater, with a mean rectal temperature of 38.4 (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 

8 e 
f T 3a.5 

c E 
P 

=., B 37.5 

0” 

n 
Q a, 

36.5 
0 10 20 30 40 50 60 70 80 90 100 110 120 

Elapsed time (minutes) 

Figure 1. The effects of 2.5% hypohydration on exercise rectal temperature. 
CH = Combat clothingldehydrated; 
CD(*) = Combat clothinghypohydrated; 
NBCH 
NBCD(.) = Combat clothing + chemical protective clothinghypohydrated 

= Combat clothing + chemical protective clothing/dehydrated; 
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Figure 2. The effects of 2.5% hypohydration on exercise mean skin 
temperature 

CH = Combat clothinghydrated; 
CD(*) = Combat clothinghypohydrated; 
NBCH 
NBCD(*) = Combat clothing + chemical protective clothinghypohydrated 

= Combat clothing + chemical protective clothinghydrated; 

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 of the 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. The respons- 
es after this initial rise depended on the type of clothing worn. The mean skin 
temperature of the 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 of the 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 100-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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Table 1. The effect of 2.5% hypohydration on water loss and evaporative cooling 
during exercise 

~~~~ 

Mean water Mean water Mean E/P 
produced (P) evaporated (E) 

p.hour-' g - h o d  "/. 
Combat clothing 

hydrated 1 140 (240) 730 (90) 66 (10) 

Combat clothing-+ chemical protective clothing 
hydrated 1220 (380) 390 (120) 31 (14) 

0 hmohvdrated 950 (410) 280 (100) 34 14) 

0 hypohydrated 1060 (240) 710 (150) 67 (8) 

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 of short duration, moderate hypo- 
hydration does not impair thermoregulation when clothing of a 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. Similar results have been reported by Cheung and McLellan (1) 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 fmd- 
ings imply that when setting safe work times for workers who may become hypo- 
hydrated, both cardiovascular strain and thermal strain must be considered. 

REFERENCE 

1. Cheung, S.S. and McLellan, T.M. 1998, Muence of hydration status and fluid 
replacement on heat tolerance while wearing NBC protective clothing, 
European Journal of Applied Physiology, 77, 139-148. 

0 British Crown Copyright 1998/DERA. 
Published with the permission of the Controller of Her Britannic 

Majesty's Stationery Office. 

Funded by Technology Group 5 (Human Sciences and Synthetic Environments) 
of the UK Ministry of Defence Corporate Research Programme. 

340 



TISSUE TEMPERATURE PROFILE IN THE QUADRICEPS MUSCLE 
DURING BILATERAL ISOLATED KNEE EXTENSIONS 

G.P. Kennyl, M.B. Ducharme3, M.L. Reardon', W. Zaleski2 and F.D. Reardon' 

University of Ottawa, 1Faculty of Health Sciences and ZFaculty of Medicine, 
Ottawa, Canada, K1N 6N5 

3Defence and Civil Institute of Environmental Medicine, 
Toronto, Canada, M3M 3B9 

INTRODUCTION 

A number of studies have investigated the effect of thermal stress on the 
temperature profile of muscle 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% VOz,,) performed 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 the post-exercise period. Their data demonstrates that post- 
exercise esophageal and muscle temperatures decreased progressively during 
recovery to pre-exercise resting values withiin 10 to 15 min (except following 
intense exercise at 30C). 

In contrast, we have previously shown that esophageal temperature remains 
elevated by -0.5"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@) 
of local tissue heat balance following different conditions of exercise. 

More recently, evaluation of tissue temperature transients during thermal 
stress at rest under steady state (1) and transient (2) conditions have demonstrat- 
ed the significant role of the 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 thermal stability of tissue. We have recently demonstrated that single-knee 
extension produces an increase in the resting contralateral muscle temperature 
comparable to esophageal temperature suggesting that convective heat transfer 
by the blood to inactive tissue may significantly affect the rate of change in 
esophageal temperature (T,J 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 thermal stability following exercise. 
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METHOD 

Subiect Selection 

active, although none engaged in daily or intensive training programs. 
Instrumentation 

T,, was monitored as an index of core temperature. Skin heat flux and tem- 
perature (Tshvg) were measured fiom 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 fiom measurements of expired minute volume and 
inspired and mixed-inspired gas concentrations sampled fiom a mixing box. 
Forearm blood flow was measured by laser-Doppler flowmetry. 

Muscle temperature (TmJ 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 and45 mm (i.e., Tmulo, 
Tmd5 and Tmurl0) 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. 
ExDerimental Protocol 

Subjects were required to perform an incremental isotonic test on the KIN- 
COM isokinetic apparatus (angular velocity of 59.sec-1) to determine their max- 
imal oxygen consumption during bilateral-knee extension. The results of the test 
were used to establish the work level for the experimental trial. 

Experimental trials were conducted in the morning. 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 of 30 min. 
Subjects then performed 15 min of bilateral-knee extensions against a dynamic 
resistance corresponding to 60% of maximal oxygen consumption. Exercise was 
followed by 60 rnin of seated rest. 
Analvsis of Results 

Statistical analyses for T,,, T,, and TsKavg were performed by ANOVA 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 hO.l°C and 31.93 k0.3"C, respectively. 
Resting muscle temperature was significantly lower than esophageal temperature 
(i.e., 36.56 lt0.1,36.54 hO.l and 36.28 hO.1"C for Tmulo, Tmd5 and Tmu40, respec- 
tively) (Figure 1). Following the onset of exercise, T,, remained stable for the ini- 
tial -5 min of exercise after which it increased at a rate of 0.05"C.mi11-~ that was sig- 
niscantly reduced in the final 5 min (P < 0.05). In contrast, Tmu increased at a rate 

Six males and 1 female participated in the study. They were physically 

342 



++ esophageal -8- muscle lOmm -9- muscle 25mm -A- muscle 4Omm 

Post-exerciserecovery 

38.5 

36'0 ' -5 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 
Time (min) 

Figure 1. Mean (iSE) esophageal and muscle (non-exercising leg) temperatures 
during baseline resting, exercise and post exercise recovery (n=6) 

of 0.21"Cmin-1 during the initial 5 min and was subsequently reduced for the dura- 
tion of exercise (0.07"Cmin-l). The decrease in the rate of Tmu increase paralleled 
the attenuation of T,, during the late stages of exercise. TsKavg increased continu- 
ously following initiation of exercise to an end-exercise value of 32.92"C that was 
significantly elevated above baseline rest (P < 0.05). The increase in TsKavg was 
paralleled by an increase in heat loss (Figure 2). Exercise resulted in a T,, increase 
of 0.51"C (37.42"C) above pre-exercise rest (P < 0.05). Muscle temperature 
increased by 1.71"C (38.27"C), 1.66"C (3820°C) and 1.68"C (37.96"C) for Tmulo, 
Tma5 and Tmu40, respectively (I' < 0.05). T,, decreasedrapidly (-0.034"Cmin-1) dur- 
ing the initial 10 min of recovery to an elevated value of 0.2"C abave baseline rest. 
This was followed by a more gradual decrease of T,, (-0.002"C-min-9 for the dura- 

-8. Thigh heat loss +rWhole-hody heat loss-8- S k i  temperaturn 

Time (min) 

Figure 2. Mean (iSE) heat flux of the inactive thigh and whole body and average 
skin temperature during baseline rest, exercise and post-exercise resting (n4) 
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tion of recovery. Tmu decreased rapidly during the initial 30 min of recovery 
(-0.04OC- min-1) and was reduced for the duration of recovery (-0.OlOC. min-1). 
TsKavg decreased to baseline resting values within -20 to 25 min of recovery. 

CONCLUSION 
These data demonstrate that the rate of tissue heat production, by bilateral- 

h e e  extensions, was sufficient to result in a significant increase in Te, above pre- 
exercise resting. Previous studies have shown that the rate of temperature 
increase in muscle during exercise is paralleled by a subsequent change in T,, (5). 
Of interest, however, is the post-exercise change in both esophageal and muscle 
rates of temperature change. In the present study, Tes achieved an elevated value, 
4 2 ° C  above baseline rest at about the same time muscle temperature demon- 
strated a significant reduction in the rate of temperature decrease. The rate of heat 
loss (for the whole body and thigh) remained elevated above baseline resting for 
the N1 duration of recovery that paralleled the sustained elevation in muscle tem- 
perature. Despite employing a single muscle group (Le., quadriceps) during exer- 
cise (as compared to treadmill running), we demonstrated a sustained post-exer- 
cise elevation of Tes 4 2 ° C  above baseline rest. Thus, more intense exercise 
would likely result in an increase in the magnitude of the post-exercise Tey These 
results show that the transfer of residual heat fiom previously active musculature 
may contribute to the sustained elevation in post-exercise T,. 
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INTRODUCTION 
Exposure to electromagpetic fields (EMF) from man-made sources is 

almost permanent. Theoretically, it is possible that this exposure may induce 
some harmhl effects in humans (1). Research on the biological effects of EMF 
is associated with 2 main frequency ranges: extremely low frequency (ELF, 
50-60 Hz) and radio-fiequency (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 confm 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 hypertension) (4). Our data revealed more fiequent 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 (I) consisted of 71 workers at 4 AM broadcast stations, which operated at 
frequencies up to 1503 kHz. The main sources of EMF in the AM broadcast sta- 
tions were the transmitting antennas (half-wave dipole), radio transmitters and 
feeders (which conduct radio signals i?om the transmitter to the antenna). 
Exposed group 01) 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 
(110 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 (1 10 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 of a 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 highly inac- 
cessible locations and the radiation beams run high above the ground, the work- 
ers of the radio link stations are fkee fkom exposure to EMF. Table 1 shows the 
characteristics of the groups examined. 

Table 1. Characteristics of the grouus examined . 

Groups 

No. of workers 
Age Oms) 
Perid of 
employment (years) 
BMI' (kg.m-2) 26 d 
No ofsmokers(>lO 33(47%) 
ciglday) 
No. of subjects 59 (83%)* 
repoaing alcohol 
consumpti on (not 
less than Umonth) 
EMFexposure: . 
Frequency 738-1 503 k k  

Broadcast 
Stations 0 

71 
46.9 213.1 * 
18.6 +121 

Emax 
Bmax 
Edose 

50-550[V/m] 
negligible 

5C-260 [(V/m)h] 

Exuosed 
Radio - 

services (II) 
40 

36.9 411.5 
12.5k9.5 

2 5 6  

15(38%) 

2(5%)* 

150-170 
m 

2-55 [V/m] 
negligible 
irregular 
exposure 

Substations 
m 
63 

39.2 k9.9 
14.9 k103 

26J 
21(33%) 

18(29%)* 

50 M 

Non-exuosed 
Radio Link 
Stations (0) 

42 
40.7 &9.2* 
12.9 k4.0 

25d 
16(38%) 

26(65%)* 

0 

4.3-6.7 [kV/m] 0 
26.1-37.3 [my 0 

0.2-15.2 0 
[(kV/m)hl 

Bdose negligible negligible 1.4-3 8.9 [mTh] 0 

'BMI = body mass index; 
* Significantdifferencebetween exposed andnon-exposed group(p ~0.05). 

Exposure evaluation. For each worker, the exposure to EMF was assessed 
by maximum values of the electric field strength (Em&, the magnetic flux den- 
sity (Elma) and doses per workshift (ED,,, and BD,,,). For measurements, the 
HOLADAY Industries (USA) measuring set and MEH-la 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 was recorded using a Medea system (Gliwice; Poland). The results 
were evaluated using generally adopted standards. In addition, a 24-h ECG 
recording was performed using Medilog 3000 (Oxford, England) from 2 bipolar 
leads, CM5 and CSI. The results obtained were then compared to the interna- 
tional standards for HoIter ECG 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 performed during professional and other activj- 
ties using Oxford Medilog ABP System. The results were related to the 
Staessen’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 normal distributions) or 
non-parametric Mann-Whitney test (for other distributions). Mean values were 
compared using analysis of variance with multiple comparison tests. Fisher 
exact probability test was used to compare the frequencies of ECG and blood 
pressure abnormalities in each group. Logistic regression was utilized to inves- 
tigate the relationship between the probability of abnormalities and variables 
such as age, number of cigarettes smoked, amount of consumed alcohol, dura- 
tion of work and exposure levels. 

RESULTS 
The data from the medical examinations and interview indicated that the 

test groups were similar with respect to the level of physical fitness and dietary 
habits. They differed in the age of workers, number of cigarettes 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 abnormalities in resting ECG. 
Significant differences between group I and the other groups were found for 
abnormalities present in one of the recordings (resting andor Holter) (Table 2). 

In groups 11 and 111, the abnormalities in 24-h and/or resting ECG were also 
more fiequent 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 impairments were dominant for the other 2 groups. 
Blood pressure monitoring revealed increased frequency of elevated BP in group 
I11 (38%) vs. the non-exposed group (23%). The difference between groups 111 
and 0 was statistically significant (p = 0.04). 

The risk analyses revealed that the probability (odds ratio) for abnormali- 
ties in resting and/or 24-h ECG was 6.6 for group I, 2.0 for group 11 and 1.4 for 
group 111 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 111. The increase was mostly due to an elevated systolic blood pressure 
at night (odds ratio = 12.5). 
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Table 2. The percentage of subjects in each group with,ECG and BP abnormalities 

Percentage of subjects withECG abnormalities 
.A: E: Aandlor B ABP 

restinn ECG Holter monitor 
Groups 

I 34 56 * 83* 6 
II 30 32.5 55 20 
ID; 29 40 48 38 * 
0 26 31 40 23 

p value ns P=O:(n P=O.Ool P = 0.04 

*Dif€ers significantly fromGroup 0 value,p values indicatedin lastrow. 

DISCUSSION AND CONCLUSIONS 
Our findings indicate that electrocardiographic abnormalities are more fie- 

quent in workers exposed to radio-frequency EMF than in non-exposed workers 
or in workers exposed to 50 Hz EMF. The changes in resting andor 24-h ECG 
records varied in type and influence on cardiac function-fiom impairments of 
ventricular conduction to dangerous heart rhythm disturbances. On the other 
hand, an increase .in BP was found using the ABP method in the substation work- 
ers exposed to 50 Hz EMF compared with the non-exposed subjects and work- 
ers exposed to other EMF frequencies. Our results suggest that the fiequency of 
electromagnetic fields determines the type of the observed cardiovascular dis- 
turbances, but further research is required. 
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THE EFFECT OF SINGLE LEG KNEE EXTENSIONS ON THE CON- 
TRALATERAL QUADRICEPS MUSCLE TEMPERATURE 

G.P. Kennyl, M.B. Ducharme3, M.L. Reardon2, W. Zaleskiz and F.D. Reardonl 

University of Ottawa, IFaculty of Health Sciences and 2Faculty of Medicine, 
Ottawa, Canada, K1N 6N5 and 3Defence and Civil Institute of Environmental 

Medicine, Toronto, Canada, M3M 3B9. 

@ 

INTRODUCTION 
We have previously shown that esophageal temperature remains elevated by 

4.5OC for at least 65 min after exercise (8). In a subsequent study, we demon- 
strated that successive exercisehecovery cycles performed at progressively 
increasing pre-exercise esophageal temperature levels resulted in further and par- 
allel increases of the esophageal temperature threshold for cutaneous vasodilation 
during exercise and the post-exercise elevation in esophageal temperature (4). 

In recent studies, the exercise-related effect on the post-exercise threshold 
of cold (i.e., vasoconstriction and shivering) (5) and warm (i.e., cutaneous 
vasodilation and sweating) (6) thermoregulatory responses were evaluated. 
Results indicated that exercise exerts a residual effect on thermal responses by 
increasing (-0.3 to 0.5OC) the post-exercise resting threshold for cold and warm 
thermal responses. This residual effect is not a result of the exercise-induced 
elevation of whole body heat content (3), but most likely due to exercise-related 
factors such as cardiovascular (either central or peripheral), metabolic, endocrine 
or neurochemical (i.e., interleukin-1, a-interferon, dopamine, etc.) changes dur- 
ing exercise that alter hypothalamic temperature regulation (7). 

However, recent evidence favors a baroreceptor-mediated influence, in that 
a post-exercise hypotensive effect has been observed following acute bouts of 
exercise likely due to a persisting peripheral tissue vasodilation (1). It has been 
suggested that the resultant peripheral vasodilation following exercise may cause 
a pooling of the 'warmed blood, thus entrapping the residual heat of muscle, 
thereby temporarily increasing local tissue heat content. This may result in a 
time-dependent transfer of the residual heat of muscle to the core. 

It has been demonstrated that local tissue heat content is mainly determined 
by convective heat transfer with blood (2). Therefore, in the absence of an 
increased heat loss response (Le., cutaneous vasodilation and sweating) (5,6), 
core temperature would remain elevated as long as the heat content of muscle 
remains higher than that of the core and/or the post-exercise hypotensive effect 
is removed. This study was designed to evaluate the role of nonactive tissue in 
the retention and dissipation of heat during and following intense isolated mus- 
cle activity. 
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METHODS 
Subject Selection. Five males and 1 female participated in the study. They were 

physically active, although none engaged in daily or intensive training programs. 
Instrumentation. Esophageal temperature (Ted was monitored as an index 

of core temperature. Skin heat flux and temperature (TsKavg) were measured 
fiom 12 sites by combined thermal flux transducerhhermistors and the area- 
weighted mean was calculated. Heart rate was monitored continuously. Oxygen 
consumption was determined continuously by an open-circuit method fiom 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 (Le., Tmul0, 
T,,, and Tmu40) fiom 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 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 of the test were 
used to establish the work level for the experimental trial. 

Experimental trials were conducted in the morning. Following the insertion 
of the intramuscular probe (i.e., in the non-exercising leg), subjects rested in a 
semi-recumbent position for 60 rnin in an ambient condition of 22OC. During this 
period, the subject was instrumented appropriately and then remained seated for 
a minimum period of 30 min. Subjects then performed 15 min of one-legged right 
knee extensions against a dynamic resistance corresponding to 60% of maximal 
oxygen consumption. Exercise was followed by 60 min of seated rest. 

Analysis of Results. Statistical analyses, for T,,, TsKavg and T,, were per- 
formed by ANOVA for repeated measures to compare values for baseline (aver- 
age of final 5 rnin), end-exercise and at 10-min intervals post-exercise. Data are 
presented as means f SE. 

RESULTS 
Baseline T,, and TSKavg were 37.03 f 0.1 "C and 31.81 * 0.3 "C respective- 

ly. Resting muscle temperature was significantly lower than esophageal tem- 
perature (Le., 36.60 f 0.1, 36.58 f 0.1 and 36.45 st 0.1"C for Tmulo, Tmd5 and 
Tmu40, respectively) (Figure 1). Following the onset of exercise, both Tes and 
Tmu increased for the duration of exercise. Tskavg demonstrated a slight 
decrease at the onset of exercise followed by a gradual increase, -5 min into 
exercise, to an end-of-exercise value of 32.18"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 of 0.27"C and 0.37OC, respec- 
tively, above pre-exercise rest (p < 0.05). Muscle temperature (TmJ increased 

352 



r 

+++ esophngcal -8- muscle 10- 4- muscle25mm -A- musde4Omm 

37*61 Rest I Exercise I Posbewemke mvw 
37.4- 

p 371- 
v 

I4 
3i.o- 

s 
+ 36.8- E 

36.6- 

36.4- 
I 
I 

I I 
-5 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 

Time (min) 

Figure 1. Mean (ItSE) esophageal and muscle (non-exercising leg) tempera- 
tures during baseline resting, exercise and post-exercise recovery (n = 6). 
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Figure 2. Mean (rtSE) heat flux of the inactive thigh and whole body and 
average skin temperature during baseline rest, exercise and post-exercise rest- 
ing (n = 6). 

0.22, 0.14 and O.ll°C for Tmulo, Tmu25 and Tmu40, respectively (P < 0.05). T,, 
continued to increase for -2 rnin following cessation of exercise after which Tes 
decrease to baseline values within -20 min. In contrast, T,, continued to 
increase for -10 rnin post-exercise reaching a peak value of 36.86 k 0.1, 36.78 
f 0.1 and 36.62 st 0.2"C for Tmulo, Tmu25 and Tmu40, respectively (P .c 0.05). 
p i l e  Tes decreased to baseline values within -20 rnin of end-exercise, T,, 
reached pre-exercise resting values following -40 rnin of recovery. 
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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 of esophageal temperature and a 
subsequent increase in the contralateral &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 of post-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 
of recovery, in contrast to the decrease of esophageal temperature and rate of heat 
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 normal resting temperatures. 
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INTRODUCTION 
Low fiequency 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 
of LFS: super tankers, military sonar, oceanographic research systems, oil explo- 
ration, drilling platforms, underwater construction and blasting, earthquakes, as 
well as whale songs. As part of an environmental impact statement for low fie- 
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 
determine 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 dE3 re. 1 p a  (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 boundaries 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 of well-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 surface. An uncontrolled ascent increases the 
likelihood of arterial gas embolism (AGE), pulmonary over-inflation syndrome, 
decompression illness (DCI) 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. 

355 



Sound Variables 
The transmission of sound 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 (a) referenced to 1 pPa. To compare SPL measured in ah- 
(normally referenced to 20 p a )  with that measured in water, it is necessary to add 
26 dB (20 log 20) to the 20 pPa referenced value. Regardless of fiequency, 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. LFS includes fiequencies below 1 my which coincides with 
the resonant fiequencies 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 
fkequencies than the constituent pure tones. Depending on their bandwidth and 
pulse repetition frequency, sweep tones increase the likelihood of matching the 
resonant fiequency 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). 

Duration. Short sound durations at high SPLs are important for damage 
thresholds of gas-filled voids (6). Mathematical models of bubble growth impli- 
cate long sound durations at high SPLs in the generation of rectified diffusion in 
supersaturated 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 (1). 

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 wavefkont 
will be uniform oyer the diver’s body. For LFS, the far field can be defined as 
beginning at a distance fiom the sound source equal to twice the maximum 
dimension of the 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-s 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 Freauencv Sound Exoeriments 

The choice of dive 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 of the fie- 
quency of interest. Sources of background 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 designed anechoic underwater sound testing facili- 
ties (e.g., TRANSDEC; Point Loma, CA) that have contoured sides and sound 
traps that simulate an infinite expanse of water. 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 of sci- 
entific and dive support. Furthermore, open water LFS studies require calculat- 
ing the transmission loss of sound to ensure that sound beyond the dive site does 
not have significant impact on the environment. 

Diver Safe@ 

The choice of dive depth for experiments on LFS needs to balance issues 
of sound 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 1 m maximizes diver safety. At this depth the spatial deviation in SPL over 
the diver’s body is less than 1.3 dB for frequencies between 100 and 500 Hz (8). 
Suspending a diver at a depth of 1 m essentially eliminates the possibility of 
barotrauma and DCI caused by an uncontrolled ascent. If dives exceed a 1-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 shutting off the power to the 
sound transducer should SPLs exceed predetermined limits. 

Electrical safety is a significant 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 of LFS might independently affect physiological 

and psychological responses and must be clearly defined Obtaining valid scien- 
tific data for development of LFS exposure limits requires understanding the 
impact of the dive site on the sound field. Suggestions for ensuring subject safety 
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are provided that take into account the inherent risk of the diving environment, as 
well as, the potential aversive nature and possible physiological effects of LFS. 
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INTRODUCTION 
A large number of deaths from accidents at home have still been observed 

in Japan, and about two-thirds of the 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 of the 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) females in Fukuoka Prefecture, Japan. All of the 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 (RTlO, Tabai Espec Co. Japan). Water temperature of the 
bath was measured by the subjects using a thermometer while W i g  a bath. The 
clothes worn just before taking a bath were recorded in the living room, and the 
clo values of their clothes were estimated (3). Thermal sensations were voted in 
the living room just before taking a bath and in the dressing room after taking off 
the clothes. The bathing habits, such as times of bathing 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 seasons. 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, signif- 
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)OC in the elderly and 16.1 (4.5)”C in the young, respec- 
tively. Some cases with air temperatures at 10°C 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 15°C or below in the dressing room after tak- 
ing off their clothes. 
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Figure 1. Room temperatures in h v h g  room (le@ and dressing 
room (right) in the three seasons. Values are means L SD. 

Figure 2 shows the insulation of clothing worn in the living room just 
before taking a bath. Clothing insulation was signiscantly higher for the elder- 
ly in winter compared with the young. In autumn and summer, there were no sig- 
nificant merences between the groups. 

Figure 3 shows the relationships between living room temperature and 
clothing insulation. Significant linear relations were found for both the elderly 
(r = -0.82, P C 0.01) and the young (r = -0.79, P < 0.01). 
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Figure 2. Clothing insulation 
in the three. seasons. 
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Figure 3. Relationships bctwam 
h v h g  room temperatures and 
clothing mslulalion . 

Figure 4 presents the temperature of bath in the three seasons. The mean 
(SD) of water temperature were 39.0 (3.2)”C for the elderly and 40.0 (1.4)OC for 
the young in summer, 4 1.1 (2.1)”C for the elderly and 40.5 (1.6)”C 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 but not between the groups. 

Figure 5 shows the relationship between the water temperature of bath and 
the air temperature in the dressing room. Although, there were significant linear 
relationships between them in both groups, no signifcant difference was found 
in the regression lines between the groups. A regression equation for the pooled 
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data was calculated as Y = -0.12X+43.5 (r = -0.33, P 
temperature of bath in "C; X is room temperature in dressing room in "C. 
DISCUSSION 

The room temperatures were around 30°C in summer and 15°C in winter 
(Figurel), which is quite different fiom the standards or recommendations for 
thermal environmental conditions for occupancy (4). In this survey, all houses 
were equipped with air conditioner andor heater in the living room. However, 
they were used for very short duration, Le., mealtimes. As a result, the indoor 
temperature did not reach the standards. Tochihara and Ohnaka ( 5 )  surveyed the 
thermal conditions in Tokyo and reported that the average (SD) room tempera- 
tures at 7:OO PM of the houses of the elderly and the young were 15.6 (4.8)'C 
and 18.1 (3.9)OC, respectively. They were similar to those in this study and 
lower by 4 to 5°C than those in USA (6). 

The elderly dressed warmer than the young in winter (Figure 2), and there 
was a significant difference in the relationship between living room temperature 
and clothing insulation (Figure3). The lower room temperature in the houses of 
the elderly and use of warmer clothing under cool conditions were also reported 
by Tochihara and Ohnaka (5). Elderly Japanese prefer to wear warmer clothes 
rather than warming their rooms. 

In this survey, there were no air conditioners or heaters in the dressing 
rooms. The room temperatures in the dressing rooms were lower than those in 
the living rooms (Figure 1). Some elderly did not feel cold at 15°C and below 
after taking off their clothes in the dressing room. The reason heaters are not 
installed in the bathrooms might be not only economic but the result of a dimin- 
ished sensitivity to cold found in elderly persons (7). 

It is well known that Japanese prefer hotter baths than Americans or 
Europeans. In this study, the temperature of baths varied fiom about 39°C in 
summer to 42°C in winter (Figure 4). Significant relationships were found 

0.01), where Y is water 
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between water temperature of bath and air temperature in the dressing room 
(Figure 5). Higher water temperature during showering was preferred when 
body temperature 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 warmer bath water in winter create a 
steep temperature gradient that requires instant cardiovascular adjustments. This 
may increase the risk of adverse health effects and accidents among the elderly. 
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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 findings indicate that the exposed people may develop neurovege- 
tative dysfunctions as well as abnormalities of arterial blood pressure (hypo- and 
hypertension) (1,2). Other results do not provide evidence for the adverse effect 
of EMF 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 method. Ambulatory blood 
pressure (ABP) monitoring has been advocated as a tool to study pathophysiolo- 
gy of blood pressure regulation and as an aid in the diagnosis and treatment of 
hypertension. Human arterial blood pressure shows physiological dayhight and 
short-term fluctuations (6). Circadian profile of blood pressure is one of the most 
important indicators of blood pressure regulation (7,8). 

MATERIALS AND METHODS 

Subjects. The groups under study consisted of technical personnel, aged 22 
to 67, with the period of work ranging fkom 1 to 42 years, who were qualified by 
the occupational health practitioners as fit for work at permissible EMF levels. 

The examinations were carried out in the following manner: 
63 workers at 4 Substations: exposed group. Substations are the element 
of a power system in which electric power is distributed and/or trans- 
formed. The substations under study work with high and extra high volt- 
age (110 kV to 400 kV). 
42 workers at 4 Radio Link Stations (RZS) :  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 with respect to the level of physical 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 intewiew 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. Characteristics of the groups examined 

Number 
Age (years) 
Employment (years) 
BMI’ 
No. of smokers (more than 
10 cigarettes a day) 
No. of subjects reporting alcohol 
consumption (not less than once a 

%fk%&posure: - frequency [Hz] 
-Gx FV/mI 
-Bm [mTl 
-Edme [(kV/m)hl 

Subst ati ons: 
exuosed grow 

63 
39.2+ 9.9 
14.9i 10.3 
26 +4 
21 (33%) 

18 (29%)’ 

50 
4.3 6.7 
26.1 -37.3 
0.2 -15.2 

Radio Link Stations 
flus): control proup 

42 
40.7 -c 2.2 
12.9 & 4.0 
25 +4 
16 (38%) 

26 (65%)* 

‘BMI, body mass index =body masdheigh? (kg/m2);2Differs significantly between 
groups (P =0.0006) 

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 Q systolic (BPS) and 
diastolic (BPD) blood pressure and heart rate (HR) for 24 h (OVERALL), day- 
time activity (DAY) and night-time rest (NIGHT) were calculated with the 
Staessen’s standards of arterial blood pressure as reference values (9). The day- 
night ratios were determined for systolic and diastolic blood pressure 
(BPSDlBPSN, BPDDBPDN) and for heart rate (HRD/HRN). The normal val- 
ues of BP and HR ratios are 1.1 or more. The subjects with BP ratio lower than 
1.1 are called non-deepers (subjects without physiological decrease in blood 
pressure, systolic andor 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 (Elmax). For measurements, the MF,H-la m 
(Technical University; Wroclaw, Poland) was applied. Then, ftom the field’s 
measurements and timing of work 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-Whitney 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 ftequencies of blood 
pressure abnormalities in each group and logistic regression model for estimat- 
ing the probabilitjl 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% of the subjects fiom group I and 23% of the subjects from group 11, 
BPS andor BPD exceeded the upper limits of the normal range. The difference 

T a b  2. Blood pressure and heartrat e in the groups examined 

Statistical 
Significance 

Parameters ExposedGroup ControlGrouu 

BPSD 132.0-c 14.1 1Z.7f 121 0.032 
BPSD(H) 158.3 f 14.7 151.3-1 15.5 0.046 
BPSD(L) 1W.3 f 14.4 100.2-c 128 ns 
BPDD 79.4 f 8.9 75.8 f 9.8 ns 
BPDDO 105.0f 13.8 103.0-cl6.1 ns 
BPDDQ 55.5 f 10.7 54.1 k9.9 ns 

BPSO(H) * 158.7-c 14.8 152.7 -c 16.4 ns 
BPSOQ 95.2+ 15.8 88.5 f 13.3 0.040 
BPDO 77.6 -I 9.3 73.2 f 9.3 0.041 
BPD0U-D 
BPDOO 5 1.5 f 9.2 49.4 -c 7.3 
HR-0- - _ _  - _ _  _ _ _ _ _  _ -  _ _ _  --78:7-*9:6- - - -  _ _ _  --s2:1; &9:1___- - _ -  - -  -_  - ns - -- - - - - --_ - - 
BPSN 117.3-1 17.6 106.7-c 12.2 0.002 
BPSNO 135.1 zk 20.8 126.4f 14.3 0.030 
BPSN(L) 99.2f 19.3 87.6 zk 11.3 0.001 
BPDN 682f 11.9 62.5 f 7.4 0.01 
BPDNO 81.3 2 12.4 78.72 10.0 ns 
BPDN(L) 5 5.2 f 9.8 50.8 f 7.4 0.028 

BPSDBPSN 1.14 f O . 1  1.18 f O . 1  ns 
BPDDmPDN 1.18 zko.1 1.22 20.1 ns 

-.URD _ _ - _ _ _ - _ - _ _ _ - - L _ _ _  81,3&15):3 - - - - -__ - -  Ui8-&8L9 - - - - - - - - - -  zI:Q1_1_ - - - - - - - - -  
BPSO 129.2-+ 14.0 122.0-c 11.9 0.014 

105.0f 13.8 103.0-c 16.2 ns 
ns 

- -w- - - - - - - - - - - - - - - - - - - 67A-i 9A - - - - - - - 65.441_Q,1-- - - - - - - - - - - -m- - - - - - - - - - - 

HRDIHRN 1.22 k0.l 1.34 kO.1 0.007 

between groups was statistically significant (P = 0.04). The percentage of work- 
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 (BPSDW 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 of the 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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trols (higher me& 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-50 & electromagnetic fields, blood pressure control should be 
supplemented by 24-h blood pressure monitoring. 
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INTRODUCTION 
Changes in barometric pressure may be related to how people feel and how 

they perform. It is known that a decrease in the partial pressure of oxygen 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 hyperbaria 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 
being or performance of routine 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 purpose of this 
study, therefore, was to examine the effects of very mild hyperbaria (0.5 psi; 20 
mmHg) on the profile of mood states (POMS) and performance on a computer- 
ized reaction time test (RTT) in young, healthy subjects. 
MATERIALS AND METHODS 

Thirteen subjects (5 males and 8 females) participated in this study. All 
participants read and signed an informed consent form, describing 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 mmHg) con- 
ditions, Testing order was counter-balanced with the tests administered 24 or 48 
hours apart. Subjects were familiarized with the RTT prior to testing. 
Temperature and relative humidity (RH) 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 of the 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 RTT, 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 of responses in each of four categories-hits, corrects rejec- 
tions, misses, and false alarms-and provided a reaction time for each category 
of response. The POMS questionnaire is a 65-question index used to determine 
the mood state ofan individual in five different categories (5). These categories 
are tension, vigor, confibion, anger, depression, and fatigue. Separate repeated 
measure analyses of variance (ANOVA) were performed for each of the depen- 
dent variables. A significance level of P< 0.05 was adopted for all statistical tests. 
RESULTS 

Ambient temperature did not differ between conditions (203°C and 20.3 
"C for normobaric and hyperbaric, respectively). However, there was a signifi- 
cant condition effect for RH, (RJ3 = 46.9% and 54.7% for normobaric and hyper- 
bark, respectively). 

There were no significant main effects for HI2 (Figure 1). 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 (FO.18). 

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 

Figure 1. Heart Rate Response in Normobaric 
vs. Hyperbaric Conditions (mean f SE) 

trend for the n-mber of cor- 
rect responses to be greater 
in the normobaric condition 
(P = 0.10). Conversely, when 
averaged across all response 
categories there was a tenden- 
cy for reaction time (Figure 
2b) to be faster under hyper- 
baric conditions than under 
normobaric 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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DISCUSSION 
The small, but non-significant decrease in HR observed during the hyper- 

baric condition is 'consistent with previously published research (2) and suggests 
that the difference in R.H between the two conditions did not negate the effects 
of hyperbaria. When considered in aggregate, there were no significant differ- 
ences in the number of responses or in reaction time for the RTT, although there 
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 normo- 
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 of the 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 normal 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 M e r  investigation. 
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JNTRODUCTION 
Military requirements demand a boot that is comfortable, durable, and 

enhances the locomotor capabilities of the soldier (1). At Marine Corps Recruit 
Depot (h4CRD), 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 of most of these 
training-related complaints are below the knee, a further look into the role of 
footwear in the development of musculoskeletal injuries was warranted. The 
objective of this research was to evaluate the biomechanical properties of current 
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 cushioning and 

material characteristics of military and commercial footwear, and biomechanical 
tests to evaluate the human subjective biomechanical performance of the 
footwear. At theconclusion of the biomechanical tests, a brief survey address- 
ing comfort parameters was administered to each subject. 
Phvsical 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 @stem, 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, and percentage energy return. 
Peak g describes the ability of the item tested to sense the shock that is applied 
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to it Peak force i s  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. 

Subiect 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 N903 13 boot. Two prototype boots with jungle boot uppers, / 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 runuing 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 subject. 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, rearfoot motion, 
pronation time, and pronation velocity. Peak impulse loading is an indication of 
the shock absorbency characteristics of the footwear in relation to the human foot 
and lower leg. A lower value indicates better shock absorbency. Questionnaire. 
After each subject’s biomecbanical test, a brief survey addressing comfort para- 
meters was administered immediately after testing. Comfort level was rated on a 
scale fiom 1 (extremely uncomfortable) to 5 (extremely comfortable). 
RESULTS AND DISCUSSION 

Data derived fiom the boot impact tests revealed that all of the commer- 
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 boot. The great- 
est stability was achieved with the Damer Acadia boot, the leather combat boot, 
and the Bates Lite boot. The jungle boot improved markedly in each of the sub- 
ject test parameters with the addition of the polyurethane sole (polyurethane pro- 
totype boot). 
Phvsical Tests 
Impact tests that measured peak g at the heel of the footwear revealed that the 
Bates Lite and Northlake boots had values that were approximately half those of 
the military boots (see Figure 1). 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 activiw when compared with the other footwear tested. 

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 of force at the heel (2722 N). Theoretically, 
the boot that absorbs a greater magnitude of this force will transfer more shock 

1 -  to the body. 

I 
I 

Figure 2. Heel peak force. 
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Subiect 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 of shock absorption and stability was 
the Bates Lite boot. This boot also scored the highest comfort level subjective rat- 
ing, followed by the Asia nmning shoe and the polyurethane prototype boot. 

66.0 

84.0 

620 

Figure 3. Peak impulse loading (10-subject average). 

CONCLUSIONS 
Data derived fiom the boot impact tests revealed that all of the cornmercial- 

ly available boots tested superior to the standard-issue jungle and leather combat 
boots. Our findings suggest that currently available boots offer superior features 
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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w 
INTRODUCTION 

The purpose of this paper is to describe the CYBOR-system, a biophysical 
simulation device that is used to simulate the dry and wet heat flows in human 
body segments @e., heat amount and perspiration rate) by controlling tempera- 
ture and humidity in phantoms with permeable surface and adapted body shapes. 

MATERIALS AND METHODS 
CYBOR Concept 

In contrast to comparable devices, the humidity output of the CYBOR-sys- 
tem is derived entirely from water vapor. When determining the interaction 
between dummy and clothing with respect to humid heat transfer properties, the 
state of the induced humidity (liquid or vaporous) is of low importance. 

The purpose of sweat production, with respect to thermal physiology, is the 
efficient loss of heat by evaporation. If this is not possible due to the water vapor 
transport properties of the clothing (e.g., high transmission impedance Re) or 
partial pressure gradients (e.g., tropic environs), the sweat will stay as liquid on 
the surface of the skin. This results in an uncomfortable feeling, the clothing sys- 
tem will be overloaded, and wet spots will appear (condensation). 

The main advantage of determining the microclimate of the phantom by 
means of vaporous water can be seen in the applicability of simple thermody- 
namical algorithms. In contrast to devices working with liquid water, the diffi- 
cult determination of the evaporated amount by weighting is not necessary; it 
must be guaranteed, however, that condensation inside the dummy and the 
boundary layer to.the clothing is avoided. 
Therrnodvnarnic Modeling 

Figure 1 shows the thermodynamic balancing concept of heat and mass 
transports for the CYBOR-dummies with the corresponding sensor devices for 
measurement of air volume, temperature and relative humidity on the input and 
output sides of the system. 

Based on the theory that the conditioned air is a mixture of two idealized 
gases @e., dry air and water vapor), enthalpies and mass streams can be calcu- 
lated as proportions of the gas amounts. Of particular interest are: (1) total 
stream enthalpy h [WJ, which corresponds to the total heat amount, (2) dry 
stream enthalpy hd [WJ, which corresponds to the dry heat amount, and (3) wet 
mass flow liz h [mgs-11, which corresponds to the perspiration ratio. 
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Input output, 

Measurement of Measurement of - dry/wet enthalpy - dry/wet mass flow 
- dry/wet enthalpy - drylwet mass flow 

Measurement of: - electrical heat energy input 
-humidity input 
-temperature at boundary layer - humidity at boundary layer 

Calculation of -total enthalpy difference - dry enthalpy difference - wet mass flow difference 

Figure 1. CYBOR heat and mass transport thermodynamics. 

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: (1) total heat gained or lost, h; (2) dry heat gained or lost, hd; 
and (3) humidity gained or lost, f i  h. 

Figure 2. Microclimate conditions in shoes during wearing tests. 

376 



TESTS AND RESULTS 
To evaluate the correlation of results from wearing tests and CYBOR-simu- 

lation tests, the following test procedure was designed: 
During hundreds of wearing 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 CYBOR-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 l). 

T ("c) 
A m  h(mg6') 

A h a m  

Table 1. Set point and measured values of wearing and simulation test . 

10 -c5 22 -I- 2.5 30+2 36+2 
1.0 50.7 3.5 + 2  4.0 k 2 7.0 + 1 
3 +  1.0 4 k1.5 7k2.0 ' IO+ 1.0 

Evironmental temperature ("0 
Me aswern ents - 16 0 16 32 

RH ('Yo) I 605~19 60 + 23 75 If: 16 84 + 14 

For example, at an environmental temperature of 16OC 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 m h are deter- 
mined to be 7 + 2 = 9 W and 4 + 2 = 6 mgs, respectively. The total heat amount 
is calculated to be 23 W. 

To validate the determined dry and wet energies, arevised test procedure has 
been chosen wherein the values of hd and li2 h were used as set points for the 
CYBOR-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. n;e resuIts 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 li2 h) to clothing systems. Thus, 
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 of dry and wet heat flows are detemined by an adaptive fuzzy controller. 
The controller algorithm is based on thermophysiological facts like the depen- 
dence of sweat gland activity on the skin temperature or the influence of the skin 
temperature on the possible amount of heat discharge. In addition to these ther- 

I 
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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 

en. - environs , 
work , 
clothing 

0 *hD heat 

e a  
4 

Figure 3. Neuro-fuzzy-concept of CYBOR-process-control 

CYBOR-simulation, either the mathematical relations among aU 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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Section 14. 

SAFETY: IN HAZARDOUS ENVIRONMENTS 
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INTRODUCTION 
Pilots of high performance aircraft are exposed to high levels of positive 

acceleration (+GJ. 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 +G,-stress 
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 definitively linked with a “predisposition to G-LOC.” In a 1986 
survey, 12% of Navy 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 pilot/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 supportlprotection. This system is called the Smart Aircrew Integrated 
Life Support System (SAILSS). SAILSS will optimize aircrew performance 
while they are exposed to G,, altitude, temperature and dehydration stresses. 
“Smart” refers to the use of biofeedback, which optimizes life support equipment 
function to the individual aircrew’s physiologic and cognitive state. The ulti- 
mate SAILSS design will assess aircrew status through unobtrusive physiologic 
sensors mounted in the helmet, mask and garments, by monitoring respiratory 
activity, electrocardiogram (ECG) and electroencephalogram (EEG). The 
SAILSS 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, SAILSS informs other vehicle systems so that a safe 
escape (ejection), avoidance (missile) or recovery of the aircraft is initiated. This 
interface of the various vehicle systems with SAILSS will result in a unified 
weapon system that maintains the pilot “in-the-loop.” Evaluation of the prelim- 
inary design of SAILSS was performed in the Veridian Inc. human centrifuge 
located at Warminster, PA, USA. 
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METHODS 
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 (1) and SECNAVINST 3900.39B. 

The components of the preliminary design of SAILSS system are as fol- 
lows: host laptop computer, BiologTM signal conditioning system, physiologic 
sensors, VME data acquisition and control system and NormalAir Garret LTD 
Breathing Regulation Anti-G (BRAG) Electronic Control Unit. BiologTM col- 
lects and processes physiologic signals 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 of the g-suit 
or other life support equipment. The biofeedkack control process occurs in real- 
time to enhance pilot performance throughout a mission. 

Objectives were to determine if the preliminary design of SAILSS could 
collect clear physiologic signals under +G, 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 
Table 1. Test Factors. command. The subjec- 

tive measurement was 
Label Name Leve Is loss of peripheral vision 

SUITYPE G-Suit 5~ STD, NCE as a result of +Gz stress. 
MAXG Maximum G 5,6,7,9 The test matrix included 
ONRATE OnsetRate GOR ROR 5 factors (Table 1). 

Subjects wore either the M P " E  ExposureType GORROR, 
Navy Combat Edge SACM 
Ensemble (NCE) or the 
standard g-suit CSU- 

CONTY PE BRAG control GSTD, 

13BP (STD) and per- Type GBIOF 

formed anti-G Straining 
Maneuvers (AGSM) as 

required. G profiles consisted of gradual (0.1 G-s-1, GOR) and rapid (3 s rise to 
plateau) onset rate runs (ROR). G exposures were as follows: ROR runs to 4-5, 
7 and 9 G,, each lasting 10 s; GOR runs to +5 and 7 G,; and Gillingham 
Simulated Aerial Combat Maneuver (SACM) runs consisting of continuous 
ROR exposures to varying levels of G. SACM G levels ranged from +2 to 6 G, 
with 4 s plateaus at G level. The centrifuge returned to a +1.25 G, resting plateau 
after each exposure. Control of the g-valve included the following: standard con- 
trol {(G-1)*1.5 psi} (GSTD); and biofeedback control based on changes in BP 
(GBIOF). Biofeedback control runs were conducted only during NCE exposures. 
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The g-suit inflation and positive pressure 
breathing (PBG) schedules were limited 
to the standard parameters of NCE. 

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 of i days (6 
runs per each centrifuge insertion). Four Figure 1. Acceleration profile. 

healthy, physically qualified male sub- 
jects participated in the study (weight: 77.1 i11.5 kg; height: 174.0 &5.3 cm; 
age: 33.5 i3.8 years and eye-heart distance: 27.7 i1.3 cm). All but one was 
experienced in centrifuge testing. 

RESULTS 
The preliminary SAILSS design collected clear physiologic signals under 

+G, stress. The clarity of these signals was consistent with typical centrifuge run 
data, including the effects of AGSM 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 H, 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 +G, exposure. From top to bottom 
trace: G level, G valve command fiom 
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 infrslred plethys- 
mograph, though the signal 
strength was low and suscepti- 
ble to head motion artifact and 
required careful alignment of the 
source and detectors. The mask 
cavity pressure signal provided a 
good measure of AGSM 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 STD 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 of equipment such as g-valves, 
g-suits or 0, 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 hisher requirements. SAlLSS  provides the means 
to “match” the capabilities of the pilot to the aircraft’s structural envelope by not 
only taking into account the physiology of the weapon system but incorporating 
this information with the status of the aircraft and arriving 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 of G-LOC in-flight, the g-suit 
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 of their 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 of the preliminary design of SAILSS has proven the system to 
be a viable option in addressing the psychophysiologic and most principal aspect 
of the weapon system-the pilot. SAILSS also offers an opportunity to integrate 
the aircraft, the cockpit and its commander into a unified weapon system. 
REFEmNCES 
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INTRODUCTION 
Excessive ship motions in rough weather impair the fighting ability of a 

warship; these motions will degrade the crew's ability to operate ships' systems. 
Manual tasks requiring balance and coordination are most likely affected by 
severe motions. It has long been recognized that quantiQing the seakeeping per- 
formance of new and innovative ship designs is difficult because of the inabili- 
ty to quantify ship motion effects on human performance. Models have been 
developed that predict the rate at which crewmembers will slide or lose their bal- 
ance as a function of the ship motions. These events are called Motion Induced 
Interruptions (MJIs). Baitis and Applebee introduced the concept of MIIs (as a 
function of the lateral acceleration in the plane of the deck) as an approach for 
quantifying ship motion effects on personnel (1). 
MOTION INDUCED INTERRUPTIONS 

The definition of an MI1 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 postural adjustment 
in order to remain upright. MIIs 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 of MIIs in a given motion environment for simple standing 
tasks. The fill formulation of the equations are given by Graham et al. (3) and 
shown here as a tip (in a standing person) will occur if 

where f i 3  is the vertical acceleration, D2 is the lateral acceleration, g is the 

acceleration due to gravity, q4 is the instantaneous roll angle, f i ,  is the instan- 

taneous roll acceleration, h is the height of the subjects' center of gravity fiom 

the deck and 1 is half the subjects' base of support. is known as the theo- 

retical tipping coefficient. This tipping coefficient essentially defines the accel- 
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eration thresholds above which an MII 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 MIIs as they 
occur. This procedure will also yield empirically derived tipping coefficients, 
which can be substituted for the theoretical tipping coefficients in the MII 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 MI experiments were performed using the Large Motion Simulator 
(L,MS) 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 MII model. In 
each MII experiment, every volunteer was asked to perform a simple task rou- 
tine lasting about 15 min. This was then repeated 3 more times (setting a total 
of 1 h per condition). The task routine was the 5 tasks listed in Table 1. 

The 1st experiment used motion profiles that were representative of the 

Table 1. Empirical tipping coefficients 

Task Average empirical Theoretical f. 
1. Standing icing stem 
2. Weapon loadingtask 
3. Standing icing stem, arms aloft 
4. Walking on treadmill 
5. Standing icing starboard 
Au tasks 

h h 
0.27 0 0.250 
0.200 
0.292 0.250 
0.27 3 
0.182 0.1 50 
0.243 

United States FFGS (OLIVER HAZARD PERRY class frigate) and the 2nd 
experiment used profiles representative of a Royal Navy Type 23 (DUKE class 
fiigate). For the US FFGS, 2 time histories were taken fiom a simulation of the 
unstabilized ship in a mid-sea state 5. For the RN frigate, 2 time histories were 
taken fkom a simulation of the unstabilized ship in high-sea state 5 and 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 foam from breaking waves, blown in streaks along the direc- 
tion of the wind). The motion profiles were random in their nature and appeared 
"shiplike" to the subjects. Moreover, they were representative ofthe real ship, 
resulting in little or no loss of fidelity fkom the point of view of validating the 
MII model. 

~ 

386 



DISCUSSION 
Table 1 shows the average empirical tipping coefficients obtained fi-om 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 theoreticaI, 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 aim of these experiments is 
to establish a sufficiently large database to quantify this variability. The empir- 
ical tipping coefficients found fiom both the FFG8 and I 2 3  experiments, for 
each subject, task and motion condition were used in the MII model described 
earlier to predict MI1 rates. 

Figure 1 shows that the model is generally good at predicting Mu[s per min 
for all tasks for both ship types. However, the model generally underpredicts at 
high MII rates. Very high levels of association between actual and predicted 
number of MIIs 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 MI1 rate, which would provide a closer correlation with the model pre- 
dictions, yet, testing this hypothesis would be costly. 

A task specific MI1 model (rather than the generic one presented here) based 
upon measured empirical tipping coefficients for each task may be feasible pro- 

Mvll Mlllnin 

Figure 1. Predicted vs. Actual MIIS 
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vided that the acceleration thresholds for that task have been determined empir- 
ically. Therefore, if a specific task was of interest, experiments would be per- 
formed using a representation of that task in a simulator. 
CONCLUSIONS 

The MII 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 of the person's center of gravity, the theoretical tip- 
ping coefficient, is a key term in evaluating the probability of a MII occurring. 
The experiments described here have illustrated the difference between taking a 
theoretical tipping coefficient found fiom the geometrical representation in the 
model and fiom human studies that yield so-called empirical tipping coefficients. 

The authors' recommend that the average empirical tipping coefficients 
shown in Table 1 be used when predicting MU 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 
predominant 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 
should 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 fiom the relative 
importance of the representative task @e., mission criticality). Another approach 
could use the time taken to complete a representative task as a proportion of the 
time taken to complete the whole, complex task. 
REFERENCES 
1. Baitis, A.E., Applebee, T.R. and McNamara, T.M. 1984, Human factors con- 

siderations applied to operations of the FFG-8 and the LAMPS MKIII, 
Naval Engineers Journal, 97(4). 

2. Graham, R. 1990, Motion induced interruptions as ship operability criteria, 
Naval Engineers Journal, 102(2). 

3. Graham, R., Baitis, A.E. and Meyers, W.G. 1992, On the development of sea- 
keeping criteria, Naval Engineers Journal. 

ACKNOWLEDGEMENT 

The authors acknowledge the UK MOD Procurement Executive, Carderock 
Division, Naval Surface Warfare Center, USA, Defence Research Establishment 
Atlantic, Canada for jointly funding the MII experiments. The authors thank the 
collaborative efforts of the ABCD working group on human performance at sea 
for their cooperation and guidance on performing the experiments. 

0 British Crown Copyright 1998 DER4. Published with the permission of the 
Controller of Her Britannic Majesty's Stationary Office. 

388 



USING A SWATH VESSEL AS A PASSENGER 
T W S F E R  CRAFT: SHIP MOTION EFFECTS ON 

HUMAN PERFORMANCE AND SAFETY 
W. Powell’, K. Rich’, P. Crossland2 and D. Granshaw2 

The Institute of Naval Medicine, Gosport, UK 
2The Defence Evaluation and Research Agency, Haslar, Gosport, UK 

5Y 

INTRODUCTION 
Two “Small Waterplane Area Twin Hull” ships (SWATHS) were procured 

by the UK Ministry of Defence to be used in support of Royal 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 l i i i t  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 of ship transfers at sea. The task requires that, in a few min- 
utes, teams of up to 30 personnel transfer to and from the craft across a hydrauli- 
cally adjusted gangway fitted aft on the upper deck. The outboard end of the 
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 of passenger safety dur- 
ing the transfer operation. The aim of this work was to perform an experiment 
using simulations of the SWATH to assess the suitability of using this type of 
craft to transfer passengers and to supplement data obtained from previous 
experiments (1). 

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 performed 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 1 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 of the 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 the frequency at which a crewmember will slide or lose 
their balance have been developed (2,3). These events have been called motion- 
induced interruptions (MIIs). During the experiment, the occurrence of MIIs 



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 required 
to complete the tasks. 
RESULTS AND DISCUSSION 

The results of the experiment closely matched theoretical predictions of 
human performance. It was expected that motion sickness (in terms of incidence 
of vomiting) would not present a problem. During the experiment only 2 subjects 
reported motion sickness symptoms, and those were low level feelings of nausea. 
No one vomited. It was also hypothesised that subjects with a high threshold of 
tolerance to acceleration (i.e., experienced sailors) would not experience problems 
with postural 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 of MIIs) 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 of standing and walking athwartships, the safe- 
ty of passengers may be compromised. 

Table 1.Number of MIIs uermin* 

Task High-Sea State 3 Mid-Sea State 4 
Mean SD Mean SD 

1. Standing facing aft 1.2 1.1 0.6 0.8 
2. Loading ’ 2.7 2.6 2 9 3.4 
3. Standing with arms aloft 1.9 1.8 1.5 1.3 
4. Walking on treadmill 1.4 1.4 0.8 1 .o 
5. Standing facing athwartships 5.7 3.4 5.3 3.3 
6. Psychomotor 1 .o 1.1 0.8 0.4 

*(mean and standarddeviation --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 andor safety provisions these 
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personnel may be exposed to a high risk of injury; however, it is not possible to 
quantify this risk. The presence of learning effects between conditions demon- 
strates the potential usefulness of familiarization training for personnel intending 
to use the SWATH. 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 from spray, causing 
deck wetting and reduced visibility in “moderate” seas (around the levels in 
which these vessels operate). Much of this is due to waves slamming against the 
side of the windward strut following the emergence of part of the lower hull. 
Alleviation of this would require large and impractical changes to the undenva- 
ter hulls. However, the spray problem may have a bearing on the best way to 
operate these vessels when alongside receiving ships. 

These experiments have provided more data for validating the human per- 
formance models currently under development. These data present the first 
opportunity to validate the MI1 model in a motion environment that creates suf- 
ficiently large forces from more than one principal direction. 
CONCLUSIONS AND RECOMMENDATIONS 

The motion profiles driving 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 of subjects tri- 
aled also necessitates that care should be taken when translating the data 
obtained from the experimental scenario to “real life.” 

Within 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 improve the safety and effectiveness of the transfer task are 
recommended: 

. 

a familiarization training routine for the safe and effective use of the 
gangway should be implemented; 
the amount of time spent standing should be reduced to a minimum. 
To improve safety, passengers should remain seated until their disem- 
barkation is imminent. Additionally, personnel embarking should be 
seated as soon as possible; 
the amount of time spent standing 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. If nec- 
essary, luggage should be transferred separately; 
the number of personnel 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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the gangway should be supervised such that an unobscured view of the 
gangway is possible at all times; 
during the transfer operation, careful thought should be given to the ves- 
sel heading in relation to the direction of the waves to minimize poten- 
tial problems of deck wetness and reduced visibility due to spray. 
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INTRODUCTION 
Thermal comfort is based on the thennosensory estimates of people 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 (1) predicting the risk of discomfort originating fi-om changes in 
the local skin temperature distribution (2). To check whether this model could 
also predict, with good accuracy, the discomfort risk under thermal transients, we 
carried out experiments in which subjects were exposed to climates leading them 
progressively fro? 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 informed 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,d was calculated fiom 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 thermal transients. The protocols (see 
Table 1 below for ambient parameters) were as follows: (1) for P1 and P2, after 
30 minutes of a 21°C uniform climate bredicted mean vote: Ph4Y = -l), the 
thermal environment was linearly increased to PMSJ = +0.5 in either 30 (Pl) or 
60 (P2) minutes; (2) for P3 and P4, after 30 minutes of the P W  = 1-0.5 climate, 

Table 1. Ambient Conditions 

Condition PM V =- I Conditions PMV = +OS 

start of P1 -.P2 
End ofP3-P4 

P1 -P3 P2 - P4 

I Ta = 28.5T 
Tflocr = Twalls = 21°C 

Ta = Tflocs = 27,l"C 
Twalls = 21°C I 

Ta =Tr = 2 1 T  

Air velocity = 0.12m.s-' ; Dewpoint temperature= 14°C i 
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the thermal environment was linearly decreased to PMV = - 1 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 thermal change by convection (only T, was modified) or an indoor solar effect 
(resulting in a change in floor temperature associated with an air thermal rise). 
RESULTS 

Left upper part of Figure 1 shows the Tsk as a function of t h e .  Tsk showed 
the same pattern under both positive and negative thermal changes. However Tsk 
decreased faster under P3 since Tsk was found lower at mh 75. Tsk decreased 
more (-2OC) during negative transients than it increased (+0.5T) during the 
positive ones, for the same PMV. This is mainly due to lesser increases in the 
skin temperatures of the lower part of the body (legs and feet). Right upper part 
of the figure shows the changes with time in the whole-body thermosensory 
judgements. In opposition to what was observed on Tsk, the thermal votes asso- 
ciated with negative transients did not differ, whereas they did differ during the 
positive thermal 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 of the figure illustrates the results of the variation in the per- 
centages of dissatisfied people. Considering a threshold of 300/., as necessary for 

Time (trin) 

Figure 1. Top: mean skin temperatures and average whole body thermal 
sensations (both with SEM). Bottom: percentages of dissatisfied 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. 

Right 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 fiom fiont 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 P W  of - 1 corresponding to 
a whole-body cool thermal sensation provokes discomfort, while a slightly warm 
PMV of +OS 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 fiom a unique judgement (which can sometimes be altered for some 
unknown reason), while local unpleasantness estimates are obtained fiom many 
possible answers proposed to the subjects (in our case, 13 zones represented on 
a human-lie shape). However, the same threshold value of 30% 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 of likely dissatisfaction, based on an integration of the ther- 
mal changes in all local body segments. It takes into account the following:- the 
Tsk changes; the large-body segments thermal state (hand, torso, back, arm, 
hands, legs and feet); the thermal differences between the extremities, as well as 
the thermal state of these extremities (head, hands and feet); and the differences 
between right and left side and/or upper and lower part andor 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 of Figure 2, below, shows the prediction of the Tsk under the 4 thermal 
conditions; the right part illustrates what is called the discomfort risk (IN) result- 
ing fiom 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 fiom the computer model are in good agreement with 
those found during the experiments. No discomfort is predicted during and after 
the positive ramp (P1 and P2) and no discomfort was observed in reality. In 
opposition to this, both negative transients towards PMV = -1 should induce 
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discomfort: underthe 30 rnin 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 rnin 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 fiom thermal imbalance, it can also be the result ofthe local variations 
fiom a theoretical thermal distribution required for comfort. Our computer 
model, based on negative effects of changes in the optimal skin temperature dis- 
tribution, appears as a good tool for predicting these discomfort risks, even dur- 
ing or after thermal transients. 
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INTRODUCTION 
A new computer modeling tool, the Integrated Performance Modeling 

Environment @ME) focuses on simulation of humans in different environ- 
ments. The IPME was developed in support of the 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 studies 
supporting the Combined Operational Effectiveness and Investment Appraisal 
studies for proposed weapon systems. 

To introduce the capability and capacity of the IPME, a simplistic exemplar 
model of a Naval Anti-Air Warfare Center (AAWC) operation was formulated 
to demonstrate how human performance in adverse or harsh environmental con- 
ditions can be modeled. The exemplar will study 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 simulations 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 
Ph4X has 5 component models and a measurement suite that can be used for 
blocked design of experiments. These models focus on the human and depict the 
(1) task network-procedures the human performs in support of a goal, (2) oper- 
ator model4escribes each operator in a crew, (3) environment model-the 
environment in which the crew operates, (4) performance-shaping model-a set 
of performance 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 (1) developed 
by CHS. The algorithm is a performance-based prediction not dependent upon 
specific interface knowledge like that required in multiple resource theory. 

Results f romm IPME simulation include built-in data collections as well 
as analyst-defined measurements. Multiple analyst-defined 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 Ph4E human performance models support a variety- 
of simulation analyses such as studying relationships among system entities, 
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events and processes; helping with k c t i o n  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. 1) into a process (task net- 
work with queues) or sets of humadsystem processes (multiple network hierar- 
chy). Operators' can be assigned to tasks dynamically through conditional 
expressions or statically through functional assignment. For our exemplar 
model, we created a simple network representing a tracking procedure for the 
AAWC radar operator. 

Figure I. 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, or 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 operators 
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 

400 



as mental aptitude, experience and training. States are those human characteris- 
tics that do change as a Eunction 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 opera- 
tor’s comfort level as a function of Sea State (which is defined in the environ- 
ment model). 

The environment model allows the user to define physical conditions to 
which the operator will be exposed. The lPh4E supports placing each individual 
operator into same or different work zones where each work zone has it’s own 
unique environment. Environment element relationships between the physical 
environment and each work zone can then be established through mathematical 
expressions. Our exemplar model uses a quantification of the physical Sea State 
that is used in the operator model to effect operator comfort. 

The performance-shaping model uses environmental 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 of these behaviors contributes to * 
the task. Then, in the performance-shaping model, the user can create mathe- 
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 of all tasks con- 
taining the atomic behavior ‘fine continuous motor skills’ was degraded based on 
a simple algorithm as a function of operator comfort. Error probability for tasks 
containing atomic behaviors ‘spatial’ and ‘VerbaVnumeric cognitive ability’ were 
also degraded. This degradation resulted in additional missed tracks. 
Algorithms of this type are generally taken fiom literature or developed from 
empirical studies. The concept is complicated the application is powerful. 

The external models interface supports integration of other simulations 
through an inter-simulation protocol that allows sharing simulation state vari- 
ables between simulators existing on the same platform or connected across a 
network. These external simulations can be other PhlE models or specialized 
models utilizing @e protocol. Our exemplar does not use any external simula- 
tors but there are times when multiple work centers are modeled and interactions 
between these work centers need to be studied. 

The resulting combination of the component models formulates a time- 
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 of radar tracks missed by an operator as a function 
of sea conditions and the operator’s susceptibility to seasickness. We used 
IPME’ s measurement suite to construct a blocked design and varied the Sea State 
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and the operator’s trait describing the susceptibility to seasickness and collected 
data on the measure of performance. To represent expected human variability, 
each experimental condition was set up to execute multiple times. Once the 
blocked experiment information 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 resulting performance in terms of missed tracks. The experiment can be 
further expanded to multiple blocks of different operator susceptibility levels. 

Extension of the IPMEYs modeling and simulation application in other situ- 
ations or environments is easily imagined. The focus of the study 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 run again. The resulting data will provide a clear contrast 
between performance in different environments with the same control descrip- 
tion of the operators and their procedures. The interchange of component mod- 
els within EMS is  referred to as plug-n-play modeling. 

The IPME is available for Silicon Graphicsm and IntelTM Linux platforms. 
CONCLUSION 

lPME 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 of the simulation models and helps the prac- 
titioner answer the tough questions when many stressor effects need evaluation. 
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INTRODUCTION 
One of the important problems related to thermal processes in the human 

head is clarification of the process of brain temperature regulation. The question 
concerns how human brain temperature is held practically constant in hot envi- 
ronments 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 environments. 

MATERIALS 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 of passive and active systems. Using a traditional structure, the human 
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, 
including brain metabolic heat production, heat transfer by blood, heat conduc- 

c Xmbr  X aTbJat = M b r  - K X (Tbr- Ts) 

- W b r X k b X P b X C b X ( T b r - T b ) -  Eres 

c XMS x JTdt  = Ms +K X (Tbr - Ts) - ws X k b  X p b  XCb X (Ts- Tb)  

(2) 
tion to head skin, respiratory evaporation, evaporation from head skin and 
heat exchange with the environment 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 tissue, r = density, m = mass, c = 
heat capacity; subscripts: br = brain, b = blood, s = head skin. 

+ hcX As (Ts -Te) - h r x  As (Ts -Te) - Eres 

I 
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Table 1. Initial data of model. Air temperature 29"C, velocity 6cm.min-', relative 
humidity 20%, clothing 0.3 clo. 

M A M W K E, 

Brain 4.74 - 12.42 48 1 4.5 
Skin 0.82 0.15 0.12 1.6 1 4.5 

Head (kg) (m') (kCd*h-') &h') (kCd.h'*oc-') Kb (kcd-h-') 

2.63 

Initial data of equation 1 are given in Table 1. 
RESULTS AND DISCUSSION 

1. Modeling of passive system. The significance of heat transfer via blood 
flow and evaporation from the upper respiratory tract on brain temperature 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 temperature. Modeling was performed for neutral and hot air environ- 
ments. The results of modeling 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- 
perature depends on both heat transfer by brain blood flow as well as on evapo- 
ration fiom 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 -0.26OC 
fiom increased evaporation and by -0.32"C fiom increased heat flow via blood. 
Blood temperature was decreased by -0.16OC and -O.O5OC, respectively. In a hot 
environment it is evident that changes in respiratory evaporation cannot com- 
pensate the initial rise of brain temperature in a passive system from 36.74"C to 
38.94"C. The effect of an increase in respiratory evaporation on brain tempera- 
ture was -0.29OC but only -0.lO"C 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 

with 
E 10 (kCd.h-') Initial Temperature 

Wlth 
Kb =2 

T, = 29°C 
Brain 36.74 3 6.48 36.42 
Blood 36.65 36.49 36.60 

Brain 38.94 3 8.65 38.84 
Blood 38.87 3 8.68 38.80 

'Temperatures in "c. 

TA = 40°C 



Blood temperature was decreased by -0.19"C with the rise of evaporation and by 
-0.07"C with the 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 simulated the dynamics of a closed-loop system in a hot environ- 
ment. The dynamics of thermoregulation after a step-change of air temperature 
fiom 29°C to 40°C are shown in Figure 1. In these conditions, skin vasodilata- 
tion and sweating take place. It can be seen that at steady-state the final brain 
temperature was 36.83"C; i.e., it increased by only 0.09"C from its initial 
36.74"C. It is important to notice that cooling of the brain was begun only after 
switching on skin evaporation (see Figure 1). Blood temperature was regulated 
to 36.79"C fiom an initial 36.65"C; Le., 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 of 43 L h  and 120 kcal-h, 
respectively, provided temperature homeostasis. 

4 v c  
2sc AIR TEMFERATURE 

I I 
I 12 24 35 41 51 72 14 I E  t,min 

I 12 24 35 41 51 72 a4 36 t,mio 

Figure 1. Dynamics of thermo- 
regulation in hot environment. 

Further analyses involving 
blood temperature should be done, 
as it is the key parameter in brain 
temperature 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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CONCLUSIONS 
The predominant regulatory mechanism of brain cooling is heat removal by 

blood flow. In a hot environment the thermoregulatory system increases the 
delivery of blood to the skin where intensive evaporation of sweat occurs, result- 
ing in blood cooling. This facilitates the transfer of heat by blood flow in the 
brain. Respiratory evaporation is a factor in thermoregulation and its value does 
affect brain temperature. However, its infIuence is felt only if arterial blood tem- 
perature is maintained through skin vasodilatation and sweating. 
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INTRODUCTION 
Local cooling of extremities is often the limiting factor during cold exposure. 

Lotens (1,2) has presented a model for prediction of foot 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 of the footwear. 

The purpose of this study was to validate predictions with the model using 
actual measurements on subjects exposed to cold environments. Values for 
footwear insulation were obtained ftom 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-"C-W-I and for soles 
0.3 11 m2-"CW-1, 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 -10.7OC. 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 of recov- 
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 fiom 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 of the computer program input data for the prediction model was esti- 
mated fi-om available data: average foot volume, 0.0014 m3; area of uppers, 
0.040 m2; area of sole, 0.021 m2; rectal temperature, 37OC; 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. 

407 



RESULTS AND DISCUSSION 
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 change. 

Figure 1 shows the predicted and measured temperature curves. Tne corre- 
lation coefficient between predicted and measured values was 0.95. Measured and 

Figure 1. Calculated (Tskfoot (WAL)) and measured 
(Tefoot) foot skin temperatures at environmental tem- 
perature of -10.7OC. Tskfoot (WAL) WW is calculated 
with estimated ksulation reduction for sweating and 
walking. 

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 0.20 
(sole) m2.OC.W-I (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 ftom 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 Holm& (5,6). They showed 
that the insulation of the sole 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 minimal. 

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 HolmQ (6), then the 
paired t-test did not show significant differences any more (Tigure l), while r = 
96. This is a similar correlation that Lotens got during the validation tests (7). It 
shows that the curve patterns are similar andthe 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 T~,fo0t'' is the actual regression 
between measured and calculated values. 

sion between mea- 
sured and calculated 
€oot 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 of local points, 
especially toes, which are usually critical for exposure length and/or comfort. 

CONCLUSIONS 
We conclude the following: Considering the disagreement in the insulation 

values, the Lotens' foot model gives reasonable prediction of foot skin tempera- 
ture values. The use of insulation values fiom 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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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 of the follow- 
ing: the mechanisms for, and amounts of, bodybrain 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 fiom 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 fiom 10 to 20 min of total 
cerebral ischemia in rats (3). An additional mechanism for cold protection fiom 
anoxia involves decreased glutamate and hydroxyl radical production. As he-  
versible brain darhage 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 of brain cooling basically depends on external heat exchange, inter- 
nal heat exchange and local brain metabolic heat production. The aim of the pre- 
sent work is to develop a model to estimate the contributions of the different 
avenues of brain cooling during cold water submersion. 

METHODS 

Geometrical Rewesentation 
The head is represented simplistically by a hemisphere consisting of the 

brain and uniformly thick layers of bone and soft surface tissue. Boundary 1 rep- 
resents the soft tissues @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. 



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 (“C), 1 is heat conductivity (W.m-1.OC-l), M is metabolic 
heat production (W-m-I), Q is blood flow to brain [m-~~s-~~m-~(tissue)],pc is heat 
capacity (KJ-m-l-°C-I), Tb is carotid blood temperature (“C), and is time (s). 
Arterial blood flow and temperature will vary with submersion time (defined 
further below). 
ASSUmDtiOnS for Submersion 

Circulation. Blood circulation eventually arrests during submersion. Fainer 
et al. (4) studied 160 mongrel dogs during fiesh 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 QlO during the first 2 min but is 
then reduced to zero over the next 1 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 
ftom 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 of systemic arte- 
rial blood temperature, causing core, as well as brain, cooling. This effect is 
taken into account by the changing T,. Conn et al. (5 )  showed that dogs breathed 
water for several minutes during submersion in 4°C water. Under this condition, 
carotid artery blood temperature decreased exponentially by 8°C 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 2OC for all cases. 
Condition 1: Effect of conductive cooling at Boundary 1, Boundary 2 insulated, 
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without circulation or ventilati'on. Condition 2: Effect of conductive cooling at 
Boundary 1 and Boundary 2 (without circulation). Condition 3: Effect of con- 
ductive cooling at Boundary 1 and ckculatory cooling via the lung (Boundary 2 
insulated, circulation intact). Condition 4: Effect of conductive cooling of 
Boundary 1, 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 ad an average brain temperature over time or 
the 2-D temperature distributions within the brain hemisphere at different times. 
Averave - Brain Temnerature 

The pre-cooling average temperature is 37.0"C and temperatures after 5 min 
submersion are as follows: 36.7"C for Condition 1, 35.1"C 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 333°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 1 is slow. This can be explained by the low 
heat conductivity of human tissue. The results of Condition 2 show that added 
conductive coolir;g through Boundary 2 enhances brain cooling, but it is still too 
slow to meet the required brain cooling of 3OC 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 l), and after conductive 
cooling at both Boundaries 1 and 2 (Condition 2). After 5 min of cooling, )he 
temperature of the brain surface is reduced by conductive cooling through 
Boundary 1, but the deep part of the brain is still not cooled. In Condition 2, the 
temperature at Boundary 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 a]. (5). 

CONCLUSIONS 

The simulation indicates that conductive heat loss either through the skull 
surface or through the upper airways is minimal. However, the ventilation of 
cold water has the potential to provide substantial brain cooling through circula- 
tory cooling. When 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 conductively 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 
advantage by cooling the brain cortex peripherally and the brain stem centrally 
via the upper airway. 
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