
Editors: 

The Helles Institute of Me&cd Research 
Sheba M e & d  Center, Tel Hashomer, Israel 

Freaand Publishing House, Ltd. 
London md Tel Aviv 



ENVIRONMENTAL ERGONOMICS 
RECENT PROGRESS AND NEW FRONTIERS 

Editors: Y. Shapiro, D.S. Moran, Y. Epstein 

ISBN 965-294-123-9 

Copyright 0 1996 Freund Publishing House, Ltd. 

All rights reserved. No part of thts publication may be reproduced, stored in a 
retrieval system or transmitted in any form or by any means, electronic, 
electrostatic, magnetic tape, mechanical, photocopying, recording or otherwise, 
without permission in writing from the publisher. 

Freund Publishing House, Ltd. 
Suite 500, Chesham House, 150 Regent Street, 

London W1R 5FA, England 

P.O.B. 35010, Tel Aviv, Israel 



The Seventh International Conference on 
Environmental Ergonomics 

0 rganizers 

Yair Shapiro, Daniel Moran, Yoram Epstein 

Sackler Faculty of Medicine 
Heller Institute of Medical Research, Sheba Medical Center, Israel 

Program Board and Scientific Committee 

Victor Candas 
Strasburg, France 

Claire Millard 
Farnborough, UK 

John Frim Sarah Nunneley 
Toronto, Canada San Antonio (TX), USA 

Gordon Giesbrecht Kent Pandolf 
Winnipeg, (Man) Canada Natick (MA), USA 

Ralph Goldman 
Cambridge (MA), USA 

Nancy Pimental 
Natick (MA), USA 

George Havenith Ezra Sohar 
Soesterberg, the Netherlands Tel-Aviv, Israel 

Ingvar Holmer 
Slona, Sweden 

Raija Ilmarinen 
Helsinki, Finland 

Igor Mekjavic 
Burnaby (BC), Canada 

Nigel Taylor 
Wollongong, Australia 

Yutaka Tochihara 
Tokyo, Japan 

Jurgen Werner 
Bochum, Germany 





This book consists of papers from the 7th Connferernce om Ewvirsnmemdd 
Ergonomics held in Jemsdem, 27 October to 1 November 1996. Pt is not 
surprising that since 1934 seven conferences have been convened to discuss the 
various aspects of Environmental Ergonomics. In the 19th Century most of the 
population was engaged in agricdtme, using well proven methods. Industrid 
techniques were few and rather primitive. The 20th Century, particularly its latter 
half, has brought immense md unprecedented developments, which have 
catapulted hmanily into practices and environments hitherto unPcnom. 
Environmental Ergonomics attempts to enable hmm beings to adjust to new 
environments and tasks. In order not to lag behind we must increase our endeavors 
to optimize adaptation to the rapidy enlarging and diversifying fields and 
environments of activity. 

It is hoped that the present conference has contributed its share in the acceleration 
of the pace of research of Man's adjustment to his numerous new tasks. 

Ezra Sohar, M. D. 
Emeritus Professor of Medicine 
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THE BENEFICLAL EFFECTS OF HEAT ACCLIMATION AND EXERCISE 
TRAINING ON CARDIAC PERFORMANCE AND CARDIOVASCULAR 

EFFICIENCY IN STRESSFUL ENVIRONMENT 

Michal Horowitz 

Division of Physiology, Hadassah Schools of Dental Medicine and Medicine, The 
Hebrew University, Jerusalem 91 120 Israel 

INTRODUCTION 

Exposure to chronic adverse environmental conditions, or to chronic physiological 
insults changes the body responses to flirther insults. Depending on the adaptive 
requirements of each of the individual stressors, upon subjection to a multimodal 
stress, expression of an adaptation is either reinforcement or underexpression of each 
feature, A call for opposite responses, which produces adaptive “conflicts”, may 
also lead to exclusion of features fi-om the acclimatizationl acclimation repertory. 
Taken together, however, adaptations lead to a better performance under the stress. 
It is now clear that both intrinsic and extrinsic (e.g. intracellular vs extracellular) 
adjustments play key roles in the adaptation process (2). 

For example, heat acclimation and exercise training, individually, as well as in 
conjunction, improve cardiovascular performance in both normothermic and hot 
environments. This is manifested by decreased resting heart rate (2), increased 
cardiac reserves and greater peripheral blood flow and volume (2). However, while 
both stressors induce bradycardia and a larger blood volume, heat acclimation leads 
to improved cardiovascular reserves in the face of decreased metabolic rate whereas 
exercise training results in improved cardiovascular reserves coinciding with 
increased metabolic rate (3). It is difficult, therefore, to interpret whether the 
improved cardiac/cardiovascular performance obtained following the combined 
chronic stress of heat acclimation and exercise training is attributable to both or to 
either one of the individual stressors. Furthermore, since both heat acclimation and 
exercise training induce changes in the cardiac muscle and blood vessels, as well as in 
body fluids volume (4), upon cross adaptation, it is dacul t  to evaluate 1 .the relative 
importance of the intrinsic and extrinsic factors in the improvement of cardiovascular 
performance (e.g. changes in ventricular preload-namely Starliig low, vs changes in 
myocardial contractility) 2. the mode of interaction between the two stressors and 
whether there additive, interference or exclusion effects. 
The major goal of this presentation is to discuss these issues. Basedonanimal 
experimental models and data derived from human studies, emphasis will be given to 
cardiac performance. 
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INCREASED CAR0IAC EFFICIENCY - A LESSON FROM WHOLE BODY 
RESPONSES 

Although the integrative response to heat acclimatiodexercise training is well 
documented, the circulatory mechanisms leading to this complex adaptation and the 
individual impacts of each stressor are not well understood; particularly in light of 
newly accumulating evidence on the roles played by cellular processes in this 
adaptation. 

A manifestation of the outcome of heat acclimation and exercise training on cardiac 
work during exercise at various levels of heat loads in the rat model is illustrated in 
Fig. 1. It is evident that at the same work load, both exercise training and heat 
acclimation attenuated the increase in cardiac work (double product) compared to the 
untrainedtnon-acclimated rats. This suggests an increased effciency of the system. In 
the experimental paradigm employed it was hard to pinpoint whether changes in the 
myocard per se have occurred. While greater efficiency in the trained groups was 
achieved primarily by changes in heart rate, in the heat acclimated groups this effect 
was obtained by a decrease in blood pressure (decreased total peripheral resistance) 
and heart rate (3). Collectively, in this model effects of heat acclimation 
predominates. 
There are differences between rats and humans in their response to heat stredheat 
acclimation and exercise training. Nevertheless, the global stressors-induced outcome 
- increased efficiency of cardiac performance is similar for both species. For human 
subjects this was clearly demonstrated by Rowel1 et al., (5). in a group of subjects 
subjected to 14 days of heat acclimatization. Acclimatization led to a marked 
decrease in heart rate. In turn, stroke volume increased, leading to 
maintenancelincrease in cardiac output at a greater efficiency. Similar findings were 
observed by other investigators. 

It is well documented that stroke volume rises during acclimation whether or not 
plasma volume increases. This suggests ,that factors other than increased cardiac 
filling pressure are part of the adaptation repertoire. Indeed, improved intrinsic 
contractile properties have inferred in human subjects (6) as well as in some animal 
models (7) upon exercise training. Although previous reviews (2,s) stated that 
during exercise training “there is little to be gained in overall cardiac performance 
from any further increase in myocardial contractility”. The relative importance of 
these changes are not yet evaluated. Little is know about the adaptation of the 
myocard to chronic heat and exercise training. The data, mostly from animal 
experimental models, suggest that improved myocardial contractility contributes to 
cardiac efficiency. Such an adaptive feature might be of prime importance upon 
endurance training in adverse environments. 
Taken together, the newly accumulating data on exerciseheat-induced intrinsic 
changes leading to improved cardiac contractility requires reconsideration of their 
relative importance in the adaptive repertoire. 
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Figure 1.Cardiac work, expressed as the double product, in mixed groups of heat 
acclimated and exercise trained rats during 20 min of mild treadmill exercise 
(15m/min, VOz 50 d in inkg  -') at two diffeient heat loads: hotlwet: 35OC, 70%, 
R.H. hot/dry 4OoC, 20% R.H. Normothermic conditions were 24OC. 

Upper panel: Non-acclimated (NA) and heat acclimated (A) rats. 
Lower panel: Untrained (NT) and trained (T) rats. 

Group A contained both trained and untrained heat acclimated rats whereas the 
trained group T contained normothermic and heat acclimated trained rats. Likewise, 
group NA contained sedentary and trained normothermic rats whereas NT contained 
sedentary normothermic and heat acclimated rats. Data of groups A and T differed 
significantly from their matched controls, NA and NT respectively (p<0.05). Data 
were adapted from reference 3.  
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INCREASED MYOCARDIAL EFFICIENCY - A LESSON FROM 
ISOLATED HEART PREPARATIONS 

Isolated hearts and single myocyte models may be of significant value in gaining 
deeper insight into variety of mechanisms underlying training or heat acclimation 
induced improvement in cardiac function. When taken together with data derived 
from whole body studies, the gained knowledge assists us to evaluate the relative 
importance of these adaptations in the overall improved cardiovascular reserves. A 
detailed review of this aspect is beyond the scope of this article. Briefly, both heat 
acclimation or exercise training induce greater pressure generation due to improved 
handling of cytosolic Ca" required for contraction. For example, augmented peak 
calcium transients due to modulation of several sarcolemmal and sarcoplasmic 
reticulum transporting proteins take place (7,9,10). There are, however, cardinal 
differences between hearts from heat acclimated and exercise trained animals. A 
major manifestation of this dserence is different rates of pressure development and 
relaxation. Heat acclimation attenuates whereas exercise training accelerates these 
rates, due to different myosin isoenzymes profile. Heat acclimated hearts with the 
slow myosin (V,) fail to restitute pressures at high beating rates whereas exercised 
trained hearts with the fast myosin (VI) show higher energy expenditure compared to 
the heat acclaimed hearts (1 1). Despite these differences, heat acclimation, when 
combined with exercise training, produces a favorable additive effect on the 
mechanical and metabolic properties of rat hearts, compared with the effects of 
exercise training or heat acclimation alone. This is expesed by greater pressure 
generation and increased mechanical efficiency comprhed to that observed by hearts 
from heat acclimated or exercise trained animals [heart weight]/[body weight] ratio 
does not differ significantly from non-acclimated hearrts indicating that the increased 
contractile performance was not due to a greater muscle mass. It is likely that greater 
pressure generation is associated with improved handling of cytosolic Ca", yet, 
neither of these mechanisms were studied. The improved pressure generation is 
accompanied also by greater efficiency which is exemplified by a left shift of the rate 
pressure product - O2 consumption relations (1 1). Increased efficiency together with 
a wider range of pressure augmentation due to intrinsic adaptations then, appear to be 
a principal adaptation to a combined stress of heat acclimation and exercise training. 

IN SUMMARY 

Some evidence, is now available that heat acclimation in combination with exercise 
training provides beneficial additive effect in terms of improved cardiac contractility 
coincidentally with greater efficiency. This leads to increased cardiovascular 
performance and increased endurance upon hyperthermia resulted by environmental 
and metabolic heat stress. 
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PHYSIOLOGICAL CONSIDERATIONS FOR THE USE OF 
ERGOGENIC AIDS IN MILITARY SETTINGS 

I. Jacobs, D. Bell, A. Allsopp, H. Goforth, N. Murray, M. Stroud and J. Vogel 

Defence & Civil Institute of Environmental Medicine, North York, Ontario, 
Canada; The Technical Cooperation Program Subcommittee on Non-Atomic 

Military Research and Development 

INTRODUCTION 

Operational requirements for some military personnel can challenge their 
physiological capacities. The range of challenges can eventually lead to physical 
performance impairments and these impairments, and/or the physiological 
challenge itself, can cause the failure of a mission and may therefore endanger life. 
Physical performance impairments can be ameliorated by employing ''ergogenic 
aids." Such aids are pharmacological andor nutritional substances, and 
physiological procedures or strategies which induce an improvement of one or more 
physical fitness components. Ergogenic aids (EA) are not only considered to be 
effective if they improve physical performance, but also if their effect causes a 
delay, reduction, or avoidance of decrements in physical work capacity caused by 
various environments (e.g. heat, cold, altitude). 

Some EA have significant health risks associated with their use. There 
are also ethical implications which have linked EA and "cheating" in the minds of 
the public and the athletic community. There are similarities between elite 
competitive athletes and some military units in terms of the amount of time 
dedicated to physical training, and the actual demand for high levels of physical 
performance. With regard to EA, the difference between athletes and the military 
is that the "cheating" associated with the use of EA by the former, is of no 
consequence for the latter. The health risks of employing EA, however, are of 
concern to both groups, although here again there is an important difference; it is 
conceivable that health risks might be more acceptable to combat units when they 
are considered in light of the implications of mission failure. 

Competitive athletes and members of combat units share a desire for 
gaining an "edge" over their opponents, and they are therefore willing consumers of 
purported EA, frequently expending significant personal financial resources. There 
are many unsubstantiated claims about the ergogenic effects of nutritional 
supplements in particular, made by their manufacturers and distributors, which 
have created a huge commercial market. There is a significant body of scientific 
literature which documents not only the ergogenic effects of specific EA, but also 
that there are many purported EA which have no measurable performance 
enhancement effects. Most of this information has been restricted to scientificforu, 
and has not reached the public at large. 
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We were concerned about the lack of information and the misinformation 
that may prompt military personnel to purchase and use purported EA. Therefore, 
together with an international group of experts (1) we reviewed EA to evaluate 
whether or not physical performance is likely to be acutely affected by the use of a 
specific EA, and any associated health risks. In light of the rapid response 
capability that characterizes special warfare Units, a prime consideration in 
evaluating the efficacy of a purported EA was if there was a documented or likely 
"acute" effect of treatment. For the purposes of our review "acute" re€ers to the 
effect occurring within one week of treatment. For example, erythropoietin admin- 
istration will increase red blood cell content in whole blood, and affect endurance 
exercise performance, but this adaptation requires a few weeks of treatment. Thus, 
the use of erythropoietin would not be considered an acutely effective EA. 

RESULTS A N D  DISCUSSION 

Considering the number of purported EA, our review of relevant literature 
is too extensive to cite here. A table is shown below, however, in which a' summary 
judgment is made about the efficacy of purported EA. This paper is not intended to 
be an endorsement for the use of specific substances. Some of the items listed in 
the table may be controlled, restricted. illegal to possess, or require medical support 
to be employed because of associated health risks. 

aerobic power. More research required. 
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otential benefit to anaerobic 
endurance. More research 

wAimation 

Hydration 

capacity and general work tolerance in hot 
environments. 
Effective ergogenic aid of benefit to maximal 
aerobic power and aerobic capacity. More 
research needed. 

Unlikely to be effective with acute treatment. 
Hyperhydration; glycerol More research required. 
Insulin 



Vitamin E; a-tocopherol 
Vitamins; vitamin A, C, E, B I complexes, D, K I 

perceptual mechanisms. 
Unlikely to be effective with acute treatment. 
Unlikely to be effective with acute treatment. 
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SUCROSE INGESTION AND PHYSICAL PERFORMANCE 
IN A COLD ENVIRONMENT 

H. Rintamtiki, T. MSikinen and J. Oksab 

Oulu Regional Institute of Occupational Health, Aapistie 1, FIN-90220 Oulu, 
Finland. 

INTRODUCTION 

During exercise in cold conditions, increased need for and decreased consumption 
of water can produce a gradual dehydration and simultaneous diminution of physi- 
cal performance (1). Due to peripheral vasoconstriction, plasma volume is 
decreased by acute exposure to cold, too. Decreased plasma volume and physical 
performance can be restored to a certain extent by ingestion of liquids (1). 
However, the optimal composition of ingested liquids in a cold environment is still 
an open question. The aim of this study was to compare the effects of water and 
carbohydrate solution on water and carbohydrate balance, physical performance 
and thermoregulation in cold environment. 

MATERIALS AND METHODS 

Voluntary healthy young men (age 21.7 h 2.6 years (mean f SD), weight 74.2 f: 9.2 
kg, height 179 f 6 cm, n = 6)  served as test subjects. They wore winter clothing 
with thermal insulation of ca. 2.0 clo. The test subjects walked on a treadmill at -15 
"C (air velocity 2 ms-l) with a velocity of 5 km.h'l for 6 h. Each 50 min walking 
was followed by a 10 min rest. Every 30 min the subjects ingested liquid (250 ml, 
water or 5 % sucrose solution in different test series). In the beginning of each rest 
period, a maximal rebound jump test (Ergojump, Newtest, Finland) was performed. 
The jumping test was started from 90 O knee angle. 

Heart rate was measured (Sport-Tester, Polar-Electro, Finland) continuously and 
recorded at 60 s intervals. Blood pressure (Al3PM-Meditech, Medtech KFT, Buda- 
pest, Hungary) and oxygen consumption (Medikro M202, Medikro Oy, Kuopio, 
Finland) were measured at the end of each walking period . 

Skm (13 sites) and rectal (Treb, 10 cm depth) were measured PSI-400 series, 
Yellow Springs, USA) continuously and recorded (Squirrel 1200, Grant, England) 
at 60 s intervals. Mean skin temperature (Tsk) was calculated by weighing local 
skin temperatures by representative skin areas. Mean body temperature (Tb) was 
calculated by the equation: Tb = Tsk*0.35+Treb-0.65. In the calculation of body 
heat content the specific heat of the body was estimated to be 4.18 kJ.kg-l. 
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Before and after the cold exposure the test subjects and their clothing were weighed 
(Mettler ID 1 Multirange, Meltler-Toledo GmbH, Albstadt, Germany) for the calcu- 
lation of sweating and moisture accumulation into clothing. 

Blood samples were collected before the cold exposure and thereafter for hemato- 
logical analysis (Coulter T540, England) and glucose determination. Plasma and 
blood volume changes were calculated according to Dill and Costill (2). Blood glu- 
cose concentration was determined by photometric glucose dehydrogenase method. 

Thermal sensations (3), ratings of perceived exertion (RPE, 4) and sensations of 
thirst and hunger (linear 5-point scale) were recorded at the end of each work 
period. 

RESULTS 

During the exercise, blood glucose was decreased from the initial 4.62 q o 1 - l - l  to 
4.15 & 0.5 (mean & SE) and 3.50 & 0.8 mm01*1-~ (p < 0.05) in sucrose and 
water groups, respectively. Sensation of hunger was sigdicantly (p 0.05) higher 
in the water group but there was no statistically significant difference in the sensa- , 

tion of thirst. Maximal jump height was not affected by sucrose. Heart rate was ca. 
10 beatssmin-l lower in the sucrose group but blood pressure and plasma volume 
were unaffected. There was no significant difference in oxygen consumption, but 
at the end of the cold exposure, RQ was 0.86 & 0.01 and 0.77 & 0.01 (p < 
0.001) in sucrose and water groups, respectively. At the end of exercise the num- 
ber of leukocytes was significantly (p < 0.05) lower in the sucrose group (9.2 & 
1.6 .109.1-1) in comparison to water group (13.3 & 4.4 -109*l-1). 

Skin temperatures of thigh, calf and hand were ca. 1 "C, and toe temperature even 
ca. 2 "C higher (fig. 1) in the sucrose group (p < 0.05 - 0.01). Mean skin tem- 
perature was on the average 28.5 "C and the quality of the drink had no effect on 
that. Thermal sensations did not sigdicantly differ between the groups. 

CONCLUSIONS 

The ingestion of 5 % sucrose did correspond with about 25 % of total energy con- 
sumption during the experiment. The results show that sucrose ingestion helped to 
maintain a higher blood glucose level which was accompanied by weaker sensation 
of hunger, less activated immunodefence system and higher peripheral skin 
temperatures. According to Kayashima et al. (5) the leukocyte count of 9.5 - lo9 * 

1-1 could mean changes in liver function. After water ingestion the count was 
clearIy higher but after sucrose ingestion it was below the limit. Lower peripheral 
skin temperatures in the water group could be due to the increased need of energy 
conservation. 
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Figure. 1. Skin temperature of the big toe. The lines describe the mean of 6 subjects 
in the sucrose (upper line) and water groups. 
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INFLTJENCE OF MENSTRUAL CYCLE PHASE ON CARBOHYDRATE 
SUPPLEMENTATION DURING EXERCISE TO FATIGUE 

K. Mittleman, I. Rangwalla, C. Zaclier, J. Polizzi, M. Colien, J. Burgin, and 
S.P. Bailey 

Rutgers University, New Brunswick, NJ; Medical University of South Carolina, 
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INTRODUCTION 

Elevated levels of estrogen and progesterone wl~cli  cliaracterize the luteal phase of 
tlie menstrual cycle are associated with decreased inuscle glycogen and enlianced 
fi-ee fatty acid utilization during exercise (1,2). Altliougli this shift in substrate is 
beneficial during moderate intensity exercise, perforinance at lligher intensities may 
be adversely a.€€ected. Also, increased plasma fiee fatty acids @FA) may enliance 
tlie availability of tryptoplian (plasma fi-ee-tryptoplian; F-TRP) to the brain. F-TRP, 
precursor of tlie neurotransmitter serotonin (5-HT), lias been hypothesized to medi- 
ate central fatigue during prolonged exercise (3). 
Studies in men who performed cycle exercise (70% Qo,max> to exhaustion have 
sliown that fluid supplementation with carbohydrate (CHO) improved perforinance 
times (43). Davis et a]. (5) reported a reduced ratio of F-TRP to branched-chain 
amino acids @CAA; leucine, isoleucine, valine) with CHO, potentially delaying 
central fatigue. 
Since behavioral susceptibility to changes in brain 5-HT activity may be influenced 
by sex (9, the purpose of tlis study was to evaluate tlie effect of carbohydrate 
supplementation on fatigue during prolonged endurance exercise in follicular and 
luteal phases of the menstrual cycle. 

METHODS 

Nine active, eumenorrlieic females (26*7 yr; 6M8 kg; 2M3 % fat; 5 M 4  inl.kgl 
min (Qo,maX> participated in tlie study. A graded exercise test on a cycle 
ergometer (Scjiwinn Velodyne) was used to determine maximal oxygen 
consumption (Vo2max> and to quant@ the relative workrate (70% V0,max) for 
subsequent endurance trials. 
Subjects underwent 4 trials, 2 during the follicular pliase (FOL, days 1-8) and 2 
during tlie luteal phase (LUT, days 19-26) of their menstrual cycle. During each 
trial subjects received 5 inl.kgl of a beverage containing a 6% carbohydrate 
solution (CHO) or a flavored placebo (PLAC). Drinks were administered in a 
double-blind fashion using a Latin-square design. 

-1 
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Subjects ingested a standardized break€ast and reported to the laboratory 4 h 
postprandial. Core temperature pes), mean skin temperature @&, heart rates 
(HR) and mean arterial pressure (MAP) were measured at regular intervals. Ratings 
of perceived exertion (RPE) and blood samples were taken every 30 min. After 30 
min of baseline, blood was drawn then subjects cycled until fatigue. 
Data were compared between fluid treatments, menstrual cycle phases and over 
time using a repeated measures ANOVA. Sigtllficant interactions @ 5 0.05) were 
evaluated by least square means. 

RESULTS 

Exercise time to fatigue during CHO was longer than PLAC for both FOL 
(199.7H0.6 vs. 160.54~10.5 min) and LUT (181.1*13.8 vs. 161.2*13.7 min) 
phases. Fatigue was not influenced by menstrual cycle phase. 
Plasma glucose and FFA responses are shown in Figure 1. Since these data were 
not affected by menstrual cycle phase, both PLAC and CHO trials were combined. 
After the initial drink at min 30, glucose was maintained at a hgher level 
throughout the CHO trial when compared to PLAC. During PLAC, glucose was 
reduced fi-om baseline at 90 min of exercise and remained at that value until 
fatigue. A linear increase in FFA from 60 min of exercise was observed during 
PLAC. This increase was blunted during CHO. 
Figure 2 displays RER and W E  data. CHO resulted in a greater RER when 
compared to PLAC from 90 min of exercise. RPE increased linearly for both drink 
treatments over time until 2 h of exercise, however, CHO resulted in a reduced re- 
sponse at each time point. At fatigue, RPE was similar between drink treatments. 
Although Tes was higher during baseline for LTJT when compared to FOL for both 
drink treatments (36.8k0.1 vs. 36.61O.l0C), Tes at fatigue was similar for all trials 
(37,8=k0.3OC). MAP (92.8+1.3 mmHg), HR (1573~3 bpm) and Tsk (32.9kO.3"C) 
responses at fatigue were not Werent between drinks or menstrual phases. 

CONCLUSIONS 

These results indicate the beneficial effect of carbohydrate supplementation during 
prolonged cycle exercise to fatigue in women is not influenced by menstrual cycle 
phase. Women in this study responded similarly to men (5) in both prolonged time 
to fatigue as well as the blunted FFA response during carbohydrate supplementa- 
tion. The reduced RPE we observed with glucose ingestion agrees with previous 
studies during submaximal exercise in males (7). 
We did not observe menstrual phase differences in cardiorespiratory or 
psychological responses throughout prolonged exercise or at fatigue. These results 
are in contrast to Hackney et al. (2) who observed a greater respiratory exchange 
ratio for the follicular when compared to luteal phases during 1 h of submaximal 



I 
- 1  

10.0 - 1.00 - 

6 PLAC 
cno 

1.65 - 

0 30 60 90 120 150 180 210 

Time (min) 

3.70 - 

0 30 60 90 120 150 180 210 

Time (mln) 

Figure 1: Plasma glucose (left) and FFA (right) responses (mean f SEW are 
shown over the first 2'11 of ,exercise and at fatigue. No differences were 
observed for nienstqal pliase thus PLAC (open circles) and CHO (closed 
squares) trials were conibined for LUT and FOL phases. * < , ,  p < z 0.05, 
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exercise. However, others have also reported no effect of menstrual phase on 
submaximal exercise responses (8). 
The potential beneficial effect of CHO supplementation in reducing FFA and thus F- 
TRP and its contribution to "central fatigue," cannot be confirmed until analyses of 
plasma amino acids are completed. 
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INTRODUCTION 
Space flight causes cardiovascular deconditioning in humans, which is 

manifested by post-flight reduction of orthostatic tolerance and upright exercise 
capacity (1). During upright posture on Earth, blood pressures are greater in the feet 
than at heart or head levels due to gravity’s effects on columns of blood in the body 
(2). During exposure to nlicrogravity, all gravitational blood pressures disappear; and 
there is no exercise hardware currently available to provide these gravitational blood 
pressures in space. 

Musculoskeletal loss is also experienced by crew exposed to space flight (3,4). 
Presently, exercise protocols and equipinent €or astronauts in space are unresolved 
( 4 3 ,  although recent calculations suggest that all exercise in space to date has lacked 
sufficient loads to maintain preflight bone nuss (6,7). Although treadmill exercise 
with bungee cords (about 2 h per day) is the most common exercise for cosmonauts 
during long-duration Mir missions, biomeclunical loads on niusculoskeletal tissues 
of the lower body are only about 60-70% of those present on Earth (8). Theoreti- 
cally, an integrated countermeasure for extended exposure to microgravity should 
combine high loads on the musculoskeletal systeiii (6) with nomial regional 
distributions of transmural pressure across blood vessels (2) and stimulation of 
normal neuromuscular locomotor patterns. 

We have postulated that lower body negative pressure (LBNP) exercise may 
prevent bed rest- and niicrogmvity-induced deconditioning by siinulating gravity. 
Static ground reaction force (GRF) in a LBNP chamber is a product of the body 
cross-sectional area at the waist seal (Aky) and the pressure differential between the 
external ambient and intemal chamber enviroiuiients (AI?), where AP = LBNP: 

GRF = A, AP 

For the average male subject, an additional GRF of about one equivalent body weight 
(BW) is generated for each 100 mm Hg of LBNF when the negative pressure acts 
only through the cross-sectional area of the subject’s waist (9). The LBNF exercise 
concept avoids the discomfort of localized high pressures typical of bungee cord 
harness systems by distributing the net force of the air pressure uniformly over the 
entire upper surface of tlie body. By expanding the area through which the pressure 
produces force, the aniount of negative pressure required to generate one BW is 
decreased (10). For exaniple, if the waist seal area equals twice the subject’s waist 
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cross-sectional area, the negative pressure necessary to produce one BW decreases 
from 100 mm Hg to approximately 53 mm Hg. The reduced negative pressure 
required to generate one BW of force lowers the risk of excessive footward fluid 
redistribution, syncope, hernia, and petechiae associated with higher levels of LBNP. 

METHODS 
Our strategy was to develop an exercise apparatus which induces cardiovascular 

and musculoskeletal strains equal to or greater than those on Earth without the need 
for a costly centrifugation apparatus. An LBNF chamber was designed to contain a 
treadmill upon which 8 male bed rest subjects could exercise daily in supine posture 
for 40 min at cardiovascular and musculoskeletal loads up to 120% of normal loads 
during similar exercise in upright posture on Earth (Figure 1). 

A,: Cross-sectional area of body at seal 

RF, =A,*AP 
Static 
Force 

Figure 1: Reaction force @FZ) to generate body weight in supine posture equals 
the product of the cross-sectional area of the flexible waist seal (Aq) and the 
suction pressure (AP) as measured by a force plate (FP) within the LBNP 
chamber. With exercise, inertial RFZS are added to the static force. 

Eight normal male subjects were selected following a thorough medical 
examination to ensure their suitability for a safe and well-controlled study. 
Acceptable subjects were thoroughly briefed and provided informed, written consent 
before participating in this study. Subjects were randomly divided into two groups 
of four each. We undertook two 14 day bed-rest studies to investigate the mechanism 
of action and efficacy of our partial vacuum exerciser concept. These 14 day bed rest 
studies were chosen to simulate current microgravity exposures for Space Shuttle 
crew members. We examined the same 8 subjects in both 14 day bed rest (6' head- 
down tilt, HDT) studies, assigning 4 subjects to 40 minutes of supine running 
exercise per day up to 1.2 BW of footward force (approximately 60 mm Hg LBNP), 
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while the remaining 4 subjects constituted the non-exercise “control” group (Table 1). 
The interval exercise protocol was as follows: 7 min warm-up at 40% peak oxygen 
uptake, followed by 3 min at 60%, 2 min at 40%, 3 rnin at 70%, 2 rnin at 50%, 3 
min at 80%, 2 min at 60%, 3 min at SO%, 2 min at 50%, 3 min at 70%, 2 rnin at 
40%, 3 min at 60%$ and 5 min cool-down at 40% peak oxygen uptake; 40 min total. 

Three months after the first 14 day HDT study, the two groups were reversed so 
that the previous non-exercise group received the same 40 min of supine jogging per 
day up to 1.2 BW (approximately 60 mm Hg LBNP) while the previously-exercised 
group did not exercise during the 14 days of HDT (Table 1). This paired 
experimental design, where each subject is his own control, allowed for more 
powerful statistical comparisons. In addition to having the subjects act as their own 
control, both HDT sessions included a three day ambulatory control period to provide 
baseline data and a two day recovery period to monitor return of physiologic 
function. 

Table 1: Overall Schedule for Two Bed-Rest Studies 

3 Month 
Study 1 BWdL 

Subjects 
Group I NO EXERCISE 

(n=4) 

(n=4) 
Group I1 EXERCISE 

Study 2 

EXERCISE 
(n=4 

NO EXERCISE 
(n=4) 

All physiologic tests took place at the same time of day for a given subject. 
These tests were staggered so that sufficient time was allowed to complete the 
procedure. While the subjects lived in our Human Research Facility at NASA Ames 
Research Center, their diet wds controlled (approximately 2500-3000 kcal per day, 
depending on exercise level) and their body weight, fluid intake, and urine output 
were monitored. During the entire period of bed rest, all subjects remained in 6” 
HDT except during periods for showers and exercise (0.5-1.5 Nday), when they were 
horizontal (0”). Pre- and post-bedrest tests of orthostatic tolerance, soleus muscle 
strength, coordination, gait, gastrointestinal function, and maximal oxygen 
consumption were used to assess the efficacy of this exercise countermeasure. 

RESULTS 
Although subjects with LBNP exercise maintained lugher levels of fitness 

compared to those without exercise, not all performance parameters were maintained 
at pre-bedrest levels. Preliminary review of post HDT results indicate that orthostatic 
tolerance, as measured by supine LBNP tolerance, decreased as much in the exercise 
group (5.3 min less than pre-bedrest) as in the nonexercise group (5.0 min less than 
pre-bedrest) (not signikicant). However, sprint speeds were maintained in the subjects 
who exercised (5.5 m sec-1 pre-bedrest and 5.2 m sec-1 post-bedrest) but not 
maintained in the nonexercise subjects (5.5 m secl pre-bedrest and 4.6 m sec-1 
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post-bedrest) (J C 0.05). Furthermore, exercise tolerance time was maintained in 
subjects exposed to the exercise LBNP countermeasure (17.3 min pre-bedrest and 
17.2 min post-bedrest) but significantly reduced (p < 0.05) in the nonexercise group 
(17.4 min pre-bedrest and 15.6 min post-bedrest). This latter parameter may be a 
more important functional test to measure the astronauts’ ability to escape their 
landing vehicle in case of an emergency. 

CONCLUSION 
LBNP exercise improves upon current spaceborne exercise technologies by 

supporting cardiovascular and musculoskeletal fitness while reducing the duration of 
astronaut exercise sessions. 
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HEATING CAUSES A RISE IN THE CONCENTRATION OF 
INTRACELLULAR SODIUM IN HUMAN CELLS IN VITRO 

S .  L. Gaffin, M. Koratich and R.W. Hubbard 

U.S. Army Research Institute for Environmental Medicine. Environmental 
Pathophysiology Directorate. Natick MA 01760-5007. USA 

INTRODUCTION 

While the symptoms of heatstroke are well known, the pathophysiological 
changes resulting in symptoms and death are poorly understood. In particular, 
those early important subcellular alterations which ultimately lead to impaired 
whole body homeostasis and organismic heatstroke are virtually unknown. 

A rise in intracellular sodium ion concentration ([Na+]i) was predicted by 
Hubbard in his "energy depletion mechanism" of heatstroke [l] but such rises 
have not been clearly shown. In this study, we have found rises in [Na+]i at 
elevated temperatures in isolated human squamous epithelial cells, by measuring 
changes in the fluorescence of a Na+-sensitive fluorophore which had been 
introduced into those cells. 

MATERIALS AND METHODS 

Cells: Human cheek squamous epithelial cells were suspended in Hank's 
Balanced Salt Solution at pH 7.4 (HBSS), incubated for 30 min at 25OC in 5 pM 
Sodium Green, and rinsed. 

Fluorescence: Ultra-narrow flashes of low energy laser energy (488 nM) were 
directed through a microscope across the surface of a suitably labeled cell, to scan 
the cell completely (ACAS 570, Meridian Inst. Co.). Normalized average cell 
fluorescence was detected with a photomultiplier, stored within an internal 
computer and rendered into a 2-dimensional pseudo-color image, with the color 
related to normalized fluorescence intensity. Laser intensity was adjusted so that 
bleaching of the fluorophore within the cells was less than 2% after 60 scans. It is 
technically difficult to calibrate absolute fluorescence as a function of sodium 
concentration inside the cell, and only changes in normalized fluorescence are 
reported. As a conirol, the fluorescence of the acid form of Sodium Green was 
determined in saline at various temperatures. 

Cells ( ~ 1 4 )  were placed into groups to be heated from 37OC to different final 
temperatures. They were exposed to a baseline temperature of 37OC for 10 min, 
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raised to a new temperature, maintained at that new temperature for 20 min, 
cooled back to 37OC , and maintained at that temperature for 10 min. 

RESULTS 

No significant changes were seen in cell shape or size upon heating. As a control, 
addition of Na' to solutions containing the free acid form of Sodium Green, 
caused fluorescence to rise to a plateau. Unlabeled cells show very low or 
undetectable levels of fluorescence. However, labekd cells at 37OC, showed a 
strong fluorescence with a small rise in mean fluorescence over time (drift) but 
there were no significant differences among groups (Fig. 1). When the 
temperature was raised there was a transient decrease in fluorescence (p<0.05, 
Fig. 1, Arrow) followed by a large, gradual rise. At 42 and 43 OC, the slope was 
not constant but gradually increased. When heated cells were cooled to 37OC, 
the fluorescence did not fall, but at temperatures 2 43 "C, continued to rise at 
high rates. 

37°C Baseline I f 1 At Temperature Return to 37°C 

0 5 10 15 20 25 30 35 40 45 50 
I 

I I 4 4 I I 

Time (min) 

Figure 1. Fluorescence of human squamous epithelial cells in vitro 
labeled with a sodium-sensitive dye (Sodium Green), heated in one step to the 
indicated temperatures. When the cells were heated, first they showed a transient 
fall in fluorescence (Arrow) followed by a rise. Upon cooling to 37'C, the 
fluorescence did not return to baseline but increased still further. 
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I CONCLUSIONS 

In previous studies on heatstroke in animals an humans, little or no change was 
noted in plasma Na' concentrations, sugges ing that no significant change 
occurred in [Na+]i [2]. However, in attemp 'ng to show small intracellular 
changes against a background of high extracel ular [Na'], those studies utilized 
less-sensitive analytical techniques and o€ten sed indirect methods [3]. The 
ACAS system employed here expresses Na' c ncentrations through changes in 

background, and is more sensitive to local changes in Na'. 

Heating. [Na+]i depends upon a steady-state (relationship between the rates of 
Na+ influx and efflux. Hyperthermia increases the rate of Na influx. 

8 
+ 

relative fluorescence within individual cells, on h cell at a time, against a very low 

At 37OC and under normal ionic concentra L ons, Na' efflux is due almost + +  exclusively to the Na -K -ATPase pump. Its pumping rate increases with both a 
rise in temperature and a rise in [N$]i. Therefore, moderate rises in 
temperature, cause Na both to enter cells more rapidly and be pumped out more 
rapidly. If the Na' efflux is greater than its influx then [Na+]i falls. This can 
account for the initial drop in [Na+Ii upon heating (Fig. 1 , Arrow). The eventual 
elevated slope of fluorescence, however, suggests that Na+ influx rapidly 
becomes greater that its efflux. Above 44OC, the upwardly-curving slope of 
fluorescence suggests that the Na -K -ATPase pump is gradually being 
thermally inactivated. 

+ 

+ +  

Cooling. Previous studies by other groups have shown some activity of the Na+- 
K+-ATPase pump at temperatures as high as 45 OC. If this so, then upon cooling 
back to 37OC from 44OC, there should be little change in Na+ influx from its + +  baseline value. At higher temperatures, however, and if only the Na -K - 
ATPase pump had been irreversibly denatured by heat, then upon coolin back to 
37OC, the rate of rise of [Na+Ii should be much higher than its 37 C value 
because the Na+ pump is no longer functioning. Such an effect is seen in Figure 
1 at 5OoC. 

Small rises in [Na']. can lead to large rises in Ca++ influx via the Na+/Ca++ 
exchanger because the Ca" driving force depends upon the third power of 
[Na+Ii [4]. Therefore, heating can be expected to eventually activate Ca++- 
dependent pathways, possibly leading to the production of immune modulators 

8 

~ 1 .  

Energy-Depletion Model. In this model the acidosis of hyperthermia activates the 
Na -H exchanger, and, if the temperature is near the maximum rate of the 
Na K ATPase pump, then [Na+Ii would rise, as seen here. 

+- -+  - 
+ +  
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If the rise in [Na+Ii described here extends to nerve cells, then according to the 
Nernst equation, the magnitude of action potentials would be reduced. This, in 
turn, could affect physiological mechanisms, psychological function and physical 
coordination, and therefore may be a risk factor as well as be a component of the 
pathophysiology of heaststroke. High fever would be expected to show similar 
sequelae. 

+ In summary, heating caused a rise in [Na Ii in human squamous epithelial cells 
which persisted in time, and was not rapidly reversed with cooling. 

DISCLAIMERS The views, opinions, and/or findings contained in this report 
are those of the authors and should not be construed as an official Department of 
the Army position, policy, or decision, unless so designated by other official 
documentation. Citations of commercial organizations and trade names in this 
report do not constitute an official Department of the Army endorsement or 
approval of the products or services of these organizations. Approved for public 
release; distribution is unlimited. 
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24-h ECG AND BLOOD PRESSURE MONITORING IN WORKERS 
EXPOSED TO CARBON DISULPIHDE (CS2) 

E, Gadzicka, A. Bortkiewicz, C. PatczylSski 

Nofer Institute of Occupational Medicine, €AM& Poland 

INTRODUCTION 

Carbon disulphide is an industrial toxicant, a solvent commonly used in the viscose and 
rubber industries and in the chemical industry for carbon tetrachloride and ammonium 
salts production. Exposure to high CSZ concentrations (a 1000 ppm) may induce acute 
psychosis whereas the levels of ca. 5000 ppm may be &tal (1). However, long-term 
exposure to CS2 at low CoDcentratiOIls was not found to produce any specific effkts. This 
exposure leads to numerous symptoms associated with the different effects of CSZ on 
particular organs and systems; the most prevalent being vascular diseases e.g. cerebral 
atherosclerosis, ischaemic heart disease (1,2,3) nephropathy (4), retinal microaneurysms 
(5). For more than 20 years it has been known ?%at chronic expsure to CS, not only leads 
to a development of ischaemic heart disease but also worsens its prognosis. However, the 
pathomechanics of CS, e W  on the cardiovascular system has not been Mly explained 
(6). It may be brought about both by vascular changes due to impaired lipid metabolism 
and coagulation processes and by catecholamine metabolism disorders. Moreover, a direct 
toxic effed of CS2 on the myocardium may also account for that (5,6). It is asmd that 
the cardiovascular impairments resulting &om CS2 exposure may be associated with some 
functional disorders of the autonomic nervous system. The data on the fiequency of 
arterial hypertension in C&expbsed workers are ambiguous, although the opinion 
prevails that in this occupational group the fiequency may be higher than in the general 
population (3,5). Some authors report no blood pressure changes in workers exposed to 
CS2 at the concentrations of 30-95 mglm3 or increase (approx. by 5 mm Hg) only in 
diastolic pressure (7). Although proposing for people Occupationally exposed to CS2 has 
been much more favourable since new technologies were applied and the hygienic 
conditions of work improved, this population should still be regarded as a high risk group. 
In workers occupationally exposed to Cs?, the mortality rate fiom myocardial inkction 
has been f m d  to be 2-5 times as high as in the general population (3,8,9) It is not 
infrequent that myocardial inlirction is the first evident symptom of CS, effect on the 
cardiovascular system and it goes unpredicted by any abnormalities in the resting ECG. 
Therefore, the problem of proper diagnostics of the cardiovascular function in people 
exposed to CS2 gains special significance. With the above in mind we have undertaken a 
study to determine the electrophysiological methods for the screening of individuals at risk 
of cardiovascular diseases. 

MATERW, and METHODS 

The examhation was perfbrmed on a group of workers employed at the Chemical Fibres 
Plant. The studies concerned 190 workers, aged 23-67, with the period of exposure 
ranging from 5-30 years. The population under study was divided into three groups 
according to exposure duration: Group A - exposure longer than 20 years (mean 27.3 & 9) 
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- 50 workers aged 44-67 (mean 55.7 f 6), Group B - exposure kom 10 to 20 years (mean 
14.7 * 3) - 59 workers aged 30-55 (mean 41.5 f 7) and Group C - exposure fiom 5 to 10 
years (mean 7.8 2) - 81 workers aged 23-45 (mean 35.5 f 7.5). The subjects were under 
conditions of a continuous exposure to CSz, the level of which was highest in Groups A 
and B and amounted to 30-60 mg/m3. In Group C the lowest level of CS2 exposure, 
ranging fiom 10-25 mg/m3, was noted. The decreased air concentration of CS- 1 was 
attributed to the technological process modifications. All the subjects were employed 
according to a 4-shift working system with a 6-hr shift. The shifts started at 6 am., at noon 
(12 am.), at 6 pm. and at midnight (12 pm.). During a year the working time for each 
worker covered about 500 workshifts i.e. 1500 hours. 
The assessment of health status was based on an extended questionnaire (72 groups of 
questions consisting of 2-8 detailed items) completed by all workers. This questionnaire 
was oriented towards the presence and risk hctors of ischaemic heart disease, and the self 
evaluation of health status and circulatory diseases in the worker's b i l y  members. 
Responding to the questionnaire was followed by the history taking and routine physical 
examination performed by the occupational health physician. 24-hr ECG recording was 
carried out using Medilog 3000 set (oxford, England) and Crypton 2500 (Micro-Medics, 
Germany) fiom two bipolar leads, CM5 and CS 1. The study was conducted during normal 
occupational and leisure-time activities, and also during sleep, The analysed parameters 
included: abnormalities in Holter ECG (heart rhythm, conduction and repolarization 
disturbances), mean 24-h, day-time and night-time heart rate. The recordings were 
automatically analysed and verified visually. Final results included evaluation of average 
heart rate, symptoms of ischaemia, arrhythmia and conduction disturbances. The obtained 
results were related to standards adopted for Holter monitoring (IO). 
Ambulatory blood pressure monitoring was performed during everyday professional and 
other activities using Oxford Medilog ABP System. The measurements were performed 
automatically, every half hour during daily activities and every hour during sleep. 
Altogether, approximately 40 measurements were made for each subject. Mean systolic 
(J3PS) and diastolic @PD) blood pressures for the 24 hours (24-h), day-time activity 
(DAY) and night-time rest (NIGHT) were calculated, with the Staessen's standards of 
arterial blood pressure (1 1) as the reference values. Owing to limited technical capacities, 
AEP monitoring was performed in 127 subjects (80 fiom Group C, 20 fiom Group B and 
27 fkom Group A). 

RESULTS 

In all the groups more than 50% of subjects reported cardiovascular symptoms (52% in 
Group A, 72% in Group B and 52% in Group C). The presence of the typical risk factors 
of ischaemic heart disease (cholesterol level, overweight, cigarette smoking, diabetes, and 
positive Eamily history) in particular groups resembled those in the age-matched groups of 
the general Polish population (12). Arterial hypertension diagnosed by a routine method 
was reported by 11 subjects fkom Group A, 13 from Group B and 10 from Group C. ABP 
confirmed hypertension in 3 subjects fiom Group A (27%), in 2 fiom Group B (15%), and 
2 from Group C (20%). 
The mean systolic and diastolic pressures for the 24 hours, day-time and night-time were 
found to be normal in all the groups. The daily pressure pattern with the physiological 
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1 

124.7 f 13.9 

76.3 f 7.1 

127.2 f 13.7 

78.6 f 7.6 

105.6 f 11.5 

67.4 f 6.8 

night lowing of not less than 10% was also retained. Detailed data are displayed in the 
table 1. 

Table 1. Blood presure level (mm Hg) in the groups examined 

II GROUPA GROUPB GROUPC 

121.4 f 11.0 

77.6 f 6.2 

124.4 f 11.0 

80.5 f 6.9 

109.7 f 13.6 

77.6 f 6.2 

109.4 f 11.8 

64.6 f 6.2 

Abnormal 24h ECG records were fbund in 46% of subjects from Group A, 37% subjects 
from Group B and 17% subjects from Group C. In Group A, with the longest exposure 
time, the heart rhythm disturbances were most notorious, including ExV in 16 subjects, 
ExSV in 1, and both the types in 1 subject. Only in 5 subjects these disturbances could be 
detected also in the resting ECG. Four subjects revealed traits of repolarization 
disturbances which were not recorded by resting ECG. In Groups B and C, with shorter 
exposure periods, repolarization impairments dominated. in 13 subjects fiom Group B and 
8 subjects fi-m Group C. Only in 3 subjects from Group B and 1 from Group C these 
abnormalities were continned also by the resting ECG recards. Heart rhythm 
abnormalities were found in 6 subjects frm Group B (FLxV in 4 and ExSV in 1 subject) 
and 3 subjects from Group C (ExV - in 2 and ExSV in 1 subject) These did not appear in 
resting ECG records. Conduction impairments were not frequent; they were found only in 
3 subjects tiom Group A, 5 from Group B and 5 from Group C. The 24-h heart rate 
exceeded the reference values (24-h HR> 87) in 2 subjects from Group A, 8 from Group B 
and 11 from Group C. 

CONCLUSIONS 

The frequency of abnormalities in Holter 24-h ECG was found to be higher than in the 
general population and it was correlated with the duration of exposure. There was also a 
high cunsistency between the ailments reported in medical history and the pathological 
findings in Holter ECG records. No such concordance was found for Holter and resting 
ECG. Therefn-e, it s m s  advisable that in people reportiag cardiovascular symptoms the 
24-h ECG monitoring be performed even if no abnormalities have been found in resting 
ECG records. 
Elevated BP was noted only h 27 % of the subjects with long-term, in 15% with medium- 
term and in 20% of subjects with short-term exposure. Thus we attempted a conclusion 
that the high frequency of arterial hypertension diagnosed routinely in w k e n  exposed to 
CS2 may have been associated with the phenomenon of the "white coat hypertension" due 
to personality changes deriving from the neurotoxic effect of CS2. Accordingly, it is 
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essential that long-term ECG and AT3P monitorjng be applied to detect cardiovascular 
impairments and to canfirm diagnosis of arterial hypertension in workers under 
conditions of CSz exposure. 
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UTILITY OF MECHANICAL AIDS TO REDUCE THE PHYSICAL 
DEMANDS OF SHIPBOARD EMERGENCY DAMAGE-CONTROL TASKS 

D. Fotliergill. C. Shake, T. Amersoii and E. Marcinik, 
Naval Medical Research Institute, Bethesda, MD, U. S. A 

INTRODUCTION 

With the advent of woiiieii being assigned to U.S. Navy coiiibat vessels, gender 
di€€erences in eiiiergeiicy task performance have becoiiie an operational readiness 
aiid national securitlr issue. Inability of crew members to perforiii emergency 
damage-control tasks iiiay be potentially life threatening. Tragedies, such as the 
USS Stark (FFG-3 1) incident, offer vivid testimony to tlie enonnous physical 
demands placed on ship’s personnel during sustained fire-fighting optmtions. 
In order to optimize shipboard operational readiness, safety, and worker productivity 
thc objectives of the present investigation were to: 1) identifi emergency shipboard 
damage-control tasks that may benefit froin ergonomic inte~~e~i t ion,  2) develop 
ergonomic aids to reduce the physical demands of tlie selected tasks, 3) assess 
pliysiological. ps!cliopliysical aiid damage-control task perforiiiance of U. S. Navy 
men aiid woiiieii. and 4) compare damage-control task performance of subjects 
before and after ergonomic inteivmtion. 

MATERIALS aiitl METHODS 

Based 011 information from various training site and shipboard visits and interview 
data collected from damage-control personnel. tlie folloniing two tasks were 
identified for analysis. Task 1 : Extricate iii~ured/uiicoiiscious personilel (Mannequin 
drag) and. Task 2: C02 bottle estinguisher carry. 
The above tasks were choscn for evaluation because 1) task procedures were 
aiiieiiable to ergoiioiiiic intervention. 2) task administration coulo be conducted 
onboard ship with minimal impact on the ship’s crew and 3) tasks zould be easily 
aiid realistically simulated and perforruance measured accurately. 
Testing was conducted aboard the USS Eiiioiy S. Land, (AS-39) portcd at the Naval 
Station. Norfolk, Va. Twenty four feemales aiid 23 iiiales from the ship’s company 
volunteered as sub-jects. Group mean*$D age, height and body mass for the iiieii 
aiid women were 24.3M.G yrs. 175.Gd3.1 ciii, 79.52~10.8 kg (men) and 25.7rt5.8 yrs, 
lG3.2rt-7 7 cni. 70.9h13.8 kg (women). respectively. 
On separate dags each sub-ject pcrformed Tasks 1 aiid 2 under both standard and 
esperimental conditions. The order of presentation of the two tasks and of the 
standard and espcrimental conditions were counterbalanced across the subjects. 
Task 1 : Maiiiiequiii drag: Subjects were instrumented with a Uniq Heart Watch 
(Model 8799. Coiiiputcr Instmments Corp. Hempstead. NY) for teleiiietric 
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measurement of heart rate. id then dressed in a Fire Fighting Ensemble (FFE) 
including boots. coveralls. gloves. and Olygen Breathing Apparatus (OBA) 
(without tlie osygen produ ing canister or tlie face mask). Fire helmets were not 
worn. The "unconscious fir fighter'' was a 74.8 kg mannequin hilly suited in a 15.9 
kg FFE (total body mass 0.7 kg). Upon command, the subjects had 30 s to move 
the mannequin as far as i ossible along a worn "non skid" weather deck. 
Iminediately upon coni$eting the task, each subject was required to give an overall 
Rating of Perceived Eserlioii (WE) as well as provide separate WE scores for 
different body regions (2). The 10-point category-ratio scale described by Borg (1) 
was used for assessing WE.  
Each sub-ject perlormed Task 1 under two conditions: Standard - a simple "lift and 
drag" where the sub-ject crouched. lifted the mannequin by grabbing widerneath the 
arms. and iiio1,ed the mannequin by walking backwards and, Esperimental - a 
"tether drag" where the sub-ject looped a tether under the arms of the mannequin, 
placed anotlier loop over his/her shoulder and moved the mannequin by either 
walking forward or backuard 

Task 2: C 0 2  botlle estinmiisher carw: Subjects reported to the test area dressed in 
working covEralls and steel toed footwear. They were instrumented for telemetric 
heart rate measures as described above. On command, the subjects lifted a standard 
shipboard C02 fire estinguislier (23 kg) from the deck, and carried it as quickly as 
possible througli a 40 ni course. The round trip course involved traversing up and 
down two inclined ladders (55  from the horizontal with a combined vertical height 
of 5.3 in) between tlie ships decks. Subjects were not allowed to miss steps in 
ascending or descending the inclined ladders. nor were the?i allowed to run when 
crossing the decks. They wcre encouraged to walk as rapidly as possible on the 
decks. 

Subjects perrormed Task 2 under two conditions: Standard - a simple "lift and 
carry" where they crouclied. lifted tlie extinguisher. and carried it unaided tlirougli 
the prescribed route and. Experimental - a "strap-assisted carry" where they 
crouched. afised the strap to the estinguislier with a carabiner clip, placed the strap 
over tlicir head (diagonal across tlie torso), and then stood to begin the prescribed 
route. An in\.estigator demonstrated the two task conditions and each subject was 
walked through the test course before commencing tlie task. 
Task perlorniance was measured as tlie overall time to complete the route. 
Inimediatel!* upon completion or each task condition &e., within 10 s), riglit and 
lefl grip strength were measured (one trial on each hand). Subjects were then 
debricrxl and asked to give a n  o\erall RPE and an WE for the different parts of the 
uppcr bod! 
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RESULTS 

Mannequin drag, task: Table 1 shows tlie distance (111) tlie maiiiiequiii was dragged 
in 30 s by the men aiid woiiieii using the shoulder and tether drag techniques. 
Significant gender differences in performance were observed for both techniques 
(p<0.000 1). Although there was no significant diffemice in performance between 
the two drag techniques (p>O.05), a significant interaction between gender and drag 
technique was found (p<O.O5). There was a slight tendency for tlie tether drag 
technique to improve feiiiale drag distance. but decrease male perforiiiance relative 
to the shoulder drag tcchnique. However, post hoc analysis using Tukey's HSD test 
revealed that these tendencies were not statistically significant. 

Thc highcst RPE for tlie shoulder drag were reported at tlie hands (7.3), aiid lower 
back (6.0) regions. The RPE for these body locations as well as for tlie lower arms 
11 ere reduced significantly (between 47% and 67%; p<O.OOOl) using the tether drag 
technique. RPE for the other body parts were similar for the shoulder drag and 
tether drag techniques (pO.05). 
Use of the tether significantly reduced tlie overall RPE (shoulder drag technique = 
6.5 vs 4.75 for tether drag; p<O.O001). Despite the lower RPE with the tether drag, 
peak HRs were similar with the two techniques (shoulder drag technique = 9 1% of 
age predicted maximum 1icai-t rate (HRIllax ) vs 88% for tether drag; p=0.06). The 
woiiieii tended to display lower peak HRs than tlic iiieii (86% vs 93% of HR,,,; 
p<O.O5). as well as lower owrall RPE scores (4.9 vs 6.3: 1SO.05). 

C02 bottle carrv task: Table 1 shows the tinies required for tlie iiieii and woiiien to 
coiiipletc tlic C02 bottle carry task using tlie standard and strap-assisted carry. A 

TABLE 1 
Maniiequin drag and C02 bottle carry task performance. All values are meansfSD. 

MALES FEMALES 

Mannequin Drag Distance (in)* 

Shoulder Drag 26.7 f 8.3 7.8f 4.7 
Tethered Drag 23.7 f 8.1 8.3 h s. 1 

Standard Carry 39.9 f 8.5 65.7 * k4.5 
C02 Bottle Carry Time (s)* 

Strap-assisted Carry 43.0 f 7.5 65.8 f 21.6 

* Significant gender difference in performance (p<O.OOO 1). 
Significant interaction bctween gender and drag technique (p<O.05). 
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I .  significant gender difference in performaiice on this task was obsened. The average 
time taken by feiiiales was 59% longer than that taken by inales (p<O.OOOl).  Using 
the strap did not alter significantly the t h e  to complete tlie task (pN.05). 
For the standard carry the right ariii aiid right hand received the highest RPE (range 
3 to 3.6). The RPE for these body locatioiis were reduced significantly (between 
35% and 43%: p<O.OOOI) using tlie strap. However, use of the strap significantly 
increased WE for the neck region from 1.1 (very slight) to 2.6 (slight to moderate) 

Use of the strap did not affect overall RPE (standard carry = 4.5 vc 3.9 for strap- 
assisted carry: p=0.052). or peak HR (standard carry = 88% vs 90% HRllia, for 
strap-assisted carry: p>0.05). However. there was a significant 9% decrease in riglit 
handed grip strength immediately following coiiipletioii of the standard carry task 
(p<O.OO 1). Grip strength Eollowing completioii of tlie strap-assisted carry was not 
sign i fi ca ii t 1y d i &re lit from the pre-ta sk mea sureiiieiits . 

( p a  ,000 1). 

CONCLUSIONS 

I .  On average. the task performance of woiiieii was 32% (mannequin drag) and 
63% (C02 bottle estinguisher carry) that of men (includes both standard and 
esperimental conditions). 
The ergonomic interventions failed to iiiiprove task perforiiiaiice of either 
iiien or woiiieii. altliougli significant reductions in W E  for several body parts 
were observed. 

3. The tiiiie required lo utilize the mechanical aids appeared to have 
counteracted any potential performance benefits that may haw been realized 
by lowering the pli!,sical demands of the tasks. 
Reduclions i n  RPE may support a benefit to performaiice when damage- 
control tasks arc of a sustained nature. as often esperieiiced during combat 
wmirios. 

2. 

4. 
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FOREARM MUSCLE OXYGENATION DECREASES WITH LOW 
LEVELS OF VOLUNTARY CONTRACTION 

G. Murthyl, N.J. Kahan2, A.R. Hargens3, and D.M. Rempell 

1Ergonomics Program, University of California, Berkeley and San 
Francisco, CA, USA, %ports and Occupation Medical Associates, CA, 
USA, and 3NASA Ames Research Center, Moffett Field, CAY USA 

INTRODUCTION 

Repetitive motion disorders of the hand and arm are caused by repeated 
exertion of a specific muscle, tendon, or joint. Such repeated activities, 
over time, may increase local tissue fluid pressure, decrease local blood 
flow and tissue oxygenation, and cause fatigue, pain and functional 
deficits of the involved limb (1,2). Low levels (less than 20% maximum 
voluntary contraction (MVC)) of prolonged static contraction of the 
upper extremity are common in many occupational settings and may 
cause muscle dysfunction (3). A current procedure to diagnose and 
study ischemic pain and muscle dysfunction is to measure tissue fluid 
pressure by catheter insertion (4). However, due to the invasive nature 
of this technique, it has been difficult to apply to identify risk factors 
for jobs and tasks. If muscle oxygenation can be accurately measured 
noninvasively, then it may be a valuable adjunct to current methods for 
identifying tasks and tools which pose risk for muscle fatigue and 
repetitive motion disorders. The purpose of our investigation was to 
determine whether near infrared spectroscopy was sensitive enough to 
measure oxygenation of the extensor carpi radialis (ECR) muscle of the 
forearm during low level sustained isometric contraction. This muscle 
is a common site for fatigue and pain associated with sustained or 
repetitive loading (5). 

MATERIALS and METHODS 

Six healthy male volunteers (age 38 rtr 8, mean rtr SD) participated in the 
study after giving their informed written consent. All subjects were in 
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good health and had no history of upper extremity problems or 
surgeries. This investigation was approved by the Human Research 
Institutional Review Boards at the University of California at Berkeley. 
Subjects were seated, with shoulder abducted to 45" and elbow flexed to 
85". The forearm was pronated 45" and the forearm and wrist were 
supported throughout the protocol. Isometric wrist extension was 
measured with a load cell suspended from a strap wrapped around 
dorsal surface of the hand. Sustained loads were applied with weights 
hanging from the same strap, and were placed just proximal to the 
second and third metacarpalphalangeal joint. Relative levels of tissue 
oxygenation (T02) were measured noninvasively using near-infrared 
(ISOR) spectroscopy (NIM Inc., PA, USA). The NIR principle 
exploits the disparity between absorption spectra of oxy- and 
deoxyhemoglobin and myoglobin and measures continuous changes in 
T02, independent of the overall tissue perfusion. The details of the 
NIR technique are published elsewhere (6). The NIR probe was placed 
over the ECR muscle of the subject's dominant forearm and secured 
with an ace wrap. After 15 minutes of relaxation, subjects performed 3 
brief MVC consecutively. Percent MVCs were calculated from the 
highest value of these 3 MVC trials. About an hour following MVC, 
the subjects were ready to begin the protocol. During the first minute, 
while the subject was relaxed with arm and hand supported, baseline 
measurements were recorded. Next, subjects isometrically contracted 
the ECR at 5, 10, 15, and 50% MVC for 1 min. The order of the loads 
was randomized. During contraction, TO2 plateaued and a mean value 
was calculated over this stable period. A 3 min recovery period 
followed each level of contraction. At the end of the protocol, with the 
NIR probe still in place, a tourniquet was placed over the dominant 
upper arm and was inflated to 250 mmHg. With the inflated cuff, 
subjects performed active-loaded wrist extension until exhaustion. The 
minimum value of TO;! at the point of exhaustion was considered 
complete ischemia. For each level of contraction, TO2 was normalized 
to baseline (100%) and complete ischemia (0%). TO2 were analyzed 
using repeated measures ANOVA followed by Tukey's test with alpha 
set at 0.05. 
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RESULTS 

TO2 stabilized 20-50 seconds after onset of contraction. Mean TO2 
decreased to 85 2 6% (SE), 75 2 11%, 70 2 11%, and 46 -I 11% at 5, 
10, 15, and 50% MVC, respectively (Figure). Across all subjects, 
oxygenation levels at 10, 15, and 50% MVC were significantly 
(p<0.05) lower than baseline. There was no significant difference in 
TO;! between baseline and 5% MVC level. 

I I I I I I I I I I I 
0 5 10 15 20 25 30 35 40 45 50 55 

% MVC 

CONCLUSIONS 

These results demonstrate that NIR spectroscopy can detect relative 
reduction in extensor muscle oxygenation even during brief low levels of 
isometric contraction. Tissue deoxygenation during prolonged isometric 
contraction may play an important role in the development of work- 
related muscle dysfunction. Muscle ischemia and reduced muscle 
oxygenation can cause muscle fatigue and pain (7). NIR spectroscopy 
appears to be an objective technique for measuring tissue oxygenation 
changes at low levels of muscle exertion that if validated over time and 
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with repetitive motion, may be a useful method for assessing low force 
repetitive tasks. 

REFERENCES 

1. Hargens, A.R. 1986, Tissue Nutrition and Viability. New York: 

2. Rempel, D., Harrison, R. and Barnhardt, S. 1992, Work-related 
Springer-Verlag. 

cumulative trauma disorders of the upper extremity. Journal of 
the American Medical Association, 267, 83 8-842. 

isometric activity and its relation to muscle fatigue. European 
Journal of Applied Physiology 57,327-33 5 .  

4. Hargens, A., Akeson, W., Mubarak, S., Owen, C., Gershuni, D., 
Garfin, S., Lieber ,R., Danzig, L., Botte, M. and Gelberman, R. 
1989, Tissue fluid pressures: From basic research tools to 
clinical applications. Journal of Orthopaedic Research, 7, 902- 
909. 

5 .  Armstrong, T., Buckle, P., Fine, L., Hagberg, M., Jonsson, B., 
Kilbom, A., Kuorinka, I., Silverstein, B., Sjnrgaard, G. and 
Viikari-Juntura, E. 1993, A conceptual model for work-related 
neck and upper-limb musculoskeletal disorders. Scandinavian 
Journal of Work am? Environmental Health, 19,73-84. 

Greenfeld, R. and Holtom, G. 1988 Time-resolved 
spectroscopy of hemoglobin and myoglobin in resting and 
ischemic muscle. AnaZytical Biochemistry 174,698-707. 

7. Hagberg, M. 1984, Occupational musculoskeletal stress and 
disorders of the neck and shoulder: a review of possible 
pathophysiology. In: Environmental Health, Springer-Verlag. 

3.  Sjnrgaard G, Savard G, Juel C. 1988, Muscle blood flow during 

6. Chance, B., Nioka, S., Kent, J., McCully, K., Fountain, M., 

38 



BODY MASS INDEX IS ASSOCIATED WITH DIFFERENTIAL SEASONAL 
CHANGE IN AMBULATORY BLOOD PRESSURE LEVELS 

E. Kristal-Boneli, G. Harari, J. Rib& 

Occupational Health & Rehabilitation Institute, Raanana, Israel. 

INTRODUCTION 

Daytime blood pressure increases from summer to winter was found to be 
itldependently inversely associated with environmental temperature (1). Thermo- 
regulatory responses are related to the surface areahody mass quotient (2-4), with 
the thermoneutral zone of smaller individuals occurring at higher mean body 
temperatures than that of larger individuals (3). Therefore we hypothesized that tlie 
increase in blood pressure (BP) from summer to winter may be inversely associated 
with body mass index @MI) because of the increased thermoregulatory require- 
ments of leaner individuals. 

METHODS 

The study population comprised 101 healthy normotensive men aged 28-63 years, 
working in the machining departments. The study was carried out on-site, on 
regular working days, in two identical stages (summer and winter). Participants 
were examined prior to the beginning of the work day, in a temperature controlled 
room. Three BP measurements were taken using a mercury manometer while the 
subject was seated. Height and weight were measured, without shoes, and with the 
subject wearing only light industrial cloth. 24 hour ambulatory BP was monitored 
by the Accutraker 11, Stech, USA, Medical Instruments, Raleigh, NC, programmed 
to measure BP every 15 minutes during the day and every half-hour during the 
night. Body weight was measured using the Seca electronic scale. Quetelet's index 
[weight (kg)/lieight (m)2] was used as a measure of BMI. Questionnaires were used 
to gather demographic data and data about health habits. 

RESULTS 

Mean summer outdoor temperatures and indoor temperatures were 28.4k1.1 and 
27.3&2.7OC, vs. 13.153.4 and 18.3&4.2OC, in winter (p < 0.0001). Body tempera- 
tures were on tlie average higher in sununer than winter by 0.14"C (p < 0.0001). To 
explore the relationship between BMI and BP level, the population was divided 
according to quartiles of BMI (quartiles liinits were: I 24, 24-25.5, 25.6-27.5, and 
>27.5). Table 1 shows means of the differences between Winter and summer 
ambulatory BP levels. For the two seasons, men with higher BMI had higher values 

I 

39 



Table 1. Adjusted1 means winter-summer differences of ambulatory blood pressure 
levels by quartiles of BMI. 

A Casual SBP 2.0 3.3 2.8 3.6 0.07 0.5989 
BMI 124 24-25.5 25.5-27.5 > 27.5 stand.j3 P 

A 24-h SBP 5.1" 2.2"b -1.2b3" -1.8" -0.26 0.0149 
A Daytime SBP 6.2" 3.4"b -0.3 bl" -0.4" -0.26 0.0178 
A Nighttime SBP 1.4" -2.4"b -6.3 -6.4" -0.24 0.0573 
A Casual DBP 2.3 1.9 2.5 4.9 0.11 0.3225 
A 24-h DBP 2.3 3.4 2.3 3.2 0.04 0.6868 
A Daytime DBP 2.9 3.7 2.6 3.4 0.00 0.9384 
ANighttimeDBP -0.5 0.8 -0.1 1.9 0.12 0.3125 
Figures are means.' Adjusted for age, cigarette snokin& alcohol and coffee ccnsurOptim, sports advities 
and air-caaditianing status of the industrial plant. A are given m mmHg. Figures having the same letter are 
not &&tically sigwfiwntly different. 

for all the measures of BP; these trends remained after adjustment for age, cigarette 
smoking alcohol and coffee consumption, sports activities and air-conditioning 
status of the work place. In general, all the measures of BP were hgher in winter 
than in summer, although these differences were more pronounced among leaner 
subjects. The percentage of subjects with increases in 24-h SBP of more than 10 
mmHg from summer to winter in each category of BMI are shown in Figure 1 .  
More subjects with lower BMI had increases in SBP exceeding 10 mmHg from 
summer to winter than those with higher BMI. We attempted to explore the 
possible implications of the combined effects of season and BMI on subjects with 
elevated levels of BP by selecting the third of the population with highest mean 
casual BP values (more than 132 inmHg SBP) and sub-dividing them into 
categories by the median BMI (divisions by quartiles of BMI led to too few subjects 
in each category). Hourly SBP means by season and BMI category of this 
subpopulation are given in Figure 2. Daytime SBP were higher in winter than 
summer in the two groups, however, the increase was higher among subjects with 
lower BMI. 

DISCUSSION 

Consistent with studies based on casual measures of BP, our results indicate that for 
healthy subjects there is an independent positive association between all the 
measures of ambulatory blood pressure and BMI. Both casual and ambulatory BP 
measures were higher in winter than in summer. The principal novel conclusion 
from this study is that seasonal variations in ambulatory BP values are inversely 
associated with BMI. In previous studies we analyzed the role of indoor and 
outdoor temperatures in seasonal BP changes (1). Indoor temperature was inversely 
and independently associated with BP levels. This may be explained in terms of 
thermoregulation; it is well recognized that during exposure to cold, the cutaneous 
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<-24 24-25.5 25.5-27.5 >27.5 

BMI (Quetelet Index) categories 

Figure 1. Percentage of subjects who had seasonal 24-11 SBP differences over 10 
lmnHg, by BMI categories. 
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Figure 2. Hourly mean SBP by season and BMI categories. 

vasculature contracts, increasing tlie peripheral resistance, which, in turn, 
augments central blood volume and raises BP. Conversely, in heat exposure, a 
considerable amount of cardiac output is channeled to peripheral circulatioii to 
ensure heat dissipatioii froin the body, resulting in reduced central blood volume 
and lower BP. Following tlie same line of reasoning, we hypothesized that if 
thermoregulation is partially responsible for seasonal changes in BP, then leanness 
may be associated with increased seasonal cliatiges in BP because of the relatively 
higher surface for heat exchange with the surroundings in lean subjects compared 
to larger subjects. This may imply that in winter lean people dissipate body heat at 
a higher rate than fatter people and the strain imposed by a given eiivironinental 
temperature is liglier. Thus, their needs for thermoregulation may be liglier. In 
other words, tlie redistribution of blood occurring as a consequence of cold 
exposure (blood mobilization centrally froin peripheral vasculature) may be more 
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pronounced. The findings on ambulatory BP support tlus hypothesis. It can be seen 
in Figure 1 that the percentage of subjects with seasonal SBP changes up to 10 
mmHg is highest (and considerable) in the lowest BMI category. The inverse 
association between the magnitude of seasonal BP change and BMI is clearly 
overlooked in a mere inspection of casual values. Differential seasonal changes 
affects SBP, and not DBP. This may be due to Werences in regulatory 
mechanisms, and it is possible that our study underestimated the effects of BMI on 
DBP because the BMI range excluded extremely fat or lean individuals (for more 
details see reference 5). We attempted to clanfy the possible implications of our 
findmgs for a sub-population of subjects with higher blood pressure levels. Using a 
BMI of 27 as a cutoff value, it was found that in the winter the merences between 
subjects in the two BMI categories almost disappear (Fig. 2). W l e  subjects with 
high BMI had elevated BP values in both seasons, lean persons, who could be 
considered normotensives in summer, had much higher BP values in winter. 
Clearly, the diagnosis of hypertension in lean subjects may be affected by season. 
This findmg is of interest since there have been several reports of increased 
mortality rates among lean hypertensives. 

CONCLUSIONS 

We reported seasonal changes in ambulatory systolic blood pressure which were 
especially considerable among lean subjects. Epidemiological blood pressure 
studes should take into account the relationship between season, BMI and blood 
pressure. It may also be important to assess hypertension and response to anti- 
hypertensive treatment in relation to season, particularly in lean hypertensives. 
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DETERMINATION OF ADMISSIBLE WORKLOAD LEVELS FOR POSTMEN 

A. Bortkiewicz, E. Gadzicka, T. Makowiec-Dqbrowska 

Institute of Occupational Medicine, 90-950 8 Teresy st., Poland 

INTRODUCTION 

The problem of strenuous tasks among postal workers has recently become 
the subject of concern in Poland. So far no guidelines have been developed regarding 
the admissable workload levels for postmen. The existing rules and regulations 
concerning the liRing and shifting of heavy weights are general and not applicable to 
the specific tasks of the postmen's work. In Poland no studies on workload in 
postmen have been carried out up to the present. The world literature also does not 
report much on the subject. Attention is paid mainly to accidents at work and 
robberies by assault on postmen (1). The few studies on workload in postmen were 
not intended for determining admissible workload levels (2, 3, 4, 5). In order to fill 
this gap we have undertaken research into the kctors of the postmen's workload to 
evaluate their influence on the magnitude and effects of this type of work. 

MATERIALS and METHODS 

Before the study protocol was designed the mailbags of 158 postmen had 
been weighed every day during a one month period. During this one month period 
there were days when the workload was light (I), moderate (II) and heavy (III). 
Therefore, the study was conducted three times for a given subject. The field studies 
concerned observation and analysis of the postmen's tasks (this was a basis for 
calculating total worktime for each subject, duration of field work, number of floors 
in the buildings where the post is delivered, number of registered letters and postal 
money orders delivered directly to the addressee), 24-hour ECG recording, 
ambulatory blood pressure monitoring and measurements of the distance covered by 
postmen at work. 

Each subject had the following performed before the field study: subjective 
and objective medical examination, resting ECG and questionnaire study oriented 
towards the risk factors and presence of ischaemic heart disease. The subjects of the 
study were 12 postmen, aged 24-48 (mean 37.8 f 7.2) with a work history of 1-23 
years (mean 8.1 f 5.9). Among this group there were only 3 female subjects, which 
was due to the employment structure. None of the subjects had arterial hypertension 
or cardiovascular diseases. Resting ECG revealed atrio-ventricular (A-V) block Io in 
1 subject and left ventricular hypertrophy also in 1 subject. 

Holter 24-hour ECG monitoring was carried out using Oxford Medilog 
3000 system (Oxford, England). The recordings were made from two precordial 
leads CSI and CMs. During the entire period of registration the examined workers 
completed activity diaries. The recordings were evaluated automatically at a tape 
speed 60 times as fast as during the recording, verified visually and then evaluated 
according to the criteria adopted at the 3rd Holter Symposium in Vienna in 1988. 
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Heart rate during work-time (HRwork), at home (HRhome) and night-time 
(HRsleep) were also calculated. Moreover, the following parameters were calculated: 
1. Ratio of heart rate = (HRworklKRmax) * 100%. 

HRmax was calculated according to the formula: W a x  = 220-age 
2. The relative heart rate (% HR) i.e. the percentage of heart rate reserve, calculated 
according to the formula (7): 

HRwork, HRwork/HRmax and %HR parameters allow the assessment of 
cardiovascular response to work as well as the classification of workload (7). 

Blood pressure was monitored using Medilog ABP (Oxford). The 
measurements were taken automatically, every 15 min. during occupational activity, 
every half hour during leisure-time and every hour during sleep (about 60 
measurements in total). The mean systolic and diastolic blood pressures for the 24-h 
period and respective day-time and night-time activities were calculated. The 
reference values were Staessen's standards for arterial blood pressure (8). 

In order to compare the mean values of continuous variables (period of 
work, duration of field work, distance traveled at work, mailbag's weight, heart rate, 
and BP recorded on particular days of the study (I, 11, 111) analysis of variance with 
multiple comparison tests was applied. Multiple regression analysis was made, with 
total worktime, duration of field work, number of floors to be traveled and mailbag's 
weight as independent variables (i), and the parameters of cardiovascular response to 
workload (heart rate and blood pressure) as dependent variables (d). When the 
relationship was not linear, we tried to find hypothetical curves describing the 
relationship between workload parameters and strain. 

% HR = (HRwork-HRsleep)/(HRmax-HRsleep) * 100% 

]RESULTS 

The mean postmen's worktime was found to be about 9.5 hours; however, it 
varied depending on the day of the study. On the days when the workload was light 
and moderate it amounted to about 8.9 hours, whereas on the heavy workload day it 
could reach 10.5 hours. In the latter case the postmen's worktime was significantly 
longer than on all the other days and exceeded the statutory 8 hours (9.3-12.0 hours). 
The mean duration of field work amounted to 5.5 hours; on the days with light and 
moderate workload - to approx. 5 hours, while on the heavy workload day it was 
significantly longer and amounted to 6.5 hours. The mean mailbag's weight was 9.2 
kg and differed significantly according to the workload level: on the light workload 
day it was 5 kg, moderate - 9 kg, and heavy 13.6 kg. During a working day the 
postmen climbed totally fiom 14 to 350 floors, mean 66 floors. The number of floors 
traveled during field work amounted to 37 on the day with light workload, to 44 - 
with moderate workload and to 1 15 - on the day with heavy workload. 

The analysis of 24-hour ECG monitoring revealed that on the light 
workload day (I) 24-h HR was 87.6h6.3, on moderate (11) - 84.3kt8.3 and on heavy 
(III) - 93.2h8.6. The 24-h HR on the day I11 was found to be significantly higher 
(p=0.05) than on the day 11. HRwork on day I reached 92.7h7.2, day I1 - 90.4*9.4, 
and on day 111 - 97.4h10.4. The differences were not statistically significant. The 
HRhome did not vary across particular day types. It is worth noticing, however, that 
HRsleep was significantly higher after day I11 as compared to day II and I (75157.8, 
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64rt6.9, and 683~6.5 respectively). This would imply a significantly high level of 
workload, the effects of which can still be found during the night-time (see Fig.). 

Heart rate a8 an index of workload 
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In 2 subjects on day 11 and 4 on day I11 repolarization disturbances 
attributable to myocardial ischaemia were detected. Such reaction to workload 
indicates poor tolerance of the load as a result of insufficient blood supply to the 
cardiac muscle (9). 

Mean value of ratio of heart rate (HRworkERnax) on all the day types fell 
within the range of 50-60%, which proves that the occupational activities were 
highly loading for the organism. No significant differences between particular day 
types could be found. However, there were significant individual differences with 
respect to the workload tolerance. Mean value of relative heart rate (YO HR) seems to 
indicate a moderate workload in the group under study. The individual findings, 
however, differ to an even higher extent and thus the results should be interpreted 
separately for each subject. 

The mean systolic and diastolic blood pressure values for the 24-hour period 
and for particular day types fell within the standard range for long-term monitoring 
(8). The ratio between night-time and day-time blood pressures was normal (night- 
time lowering of BP >lo%). No significant differences were found with regard to the 
blood pressure values in relation to the level of workload. As revealed by the analysis 
of ABP monitoring in 1 subject the mean 24-hour blood pressure slightly exceeded 
the normal value, whereas in 4 subjects the traits of hypotension were detected. One 
of the subjects presented decreased systolic and elevated diastolic BP. 

The studies revealed that the level of workload in postmen is determined by 
many factors. However, it was found, that only two workload parameters were 
significant in the multiple regression: total worktime and duration of field work. 
Other workload parameters were not present in the multiple regression, which 
indicates that there may not be any correlation between workload parameters (i) and 
physiological indices of load (d) or that the relationship is not linear. In order to 
check the above, we tried to find hypothetical curves describing the relationship 
between workload parameters and strain. According to the shape of the curves, heart 
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rate and relative heart rate were increasing as the mailbag’s weight increased within 
the range fkom 5-13 kg. Similar reaction refers also to arterial blood pressure, both 
systolic and diastolic according the mailbag’s weight above 15 kg. The decrease in 
heart rate and blood pressure according to the increasing workload (weight of the 
mailbag’s weight above 13-15 kg) in this case was probably connected with changes 
of organization of field work during the day with heavy workload. Explanation on 
this unexpected nonlinear relationship between physiological parameters and 
workload measures among postmen’s requires further detail study. 

CONCLUSIONS 

As evidenced by the study results, one of the major determinants of 
workload in postmen is the worktime (which in many cases may exceed the 8-hour 
standard even by 50%). This indicates a need to reduce the areas covered by a single 
postman. Thus the mailbag’s weight would also decrease; presently it often exceeds 
20 kg. The introduction of special carts for carrying the post, which are commonly 
used abroad, is very difficult in Poland and does not resolve the problem of excessive 
worktime. 
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EFFECTS OF TRAINING AT ALTITUDE ON ANAEROBIC DISTANCE 
AND CRITICAL VELOCITY 

shown in Figure 2. In this form the slope 
and intercept represent W, and Pnit, 
respectively. This model, then, offers the 
opportunity to investigate both endur‘mce 
and merobic processes using a single set ; 300 - /W.. 

of two or more performance measures. 

The adequacy of the work capacity 
model to describe the relationship between 
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application of the work capacity model has also been demonstrated. Studies have 
shown P&t to be strongly associated with the work rate at which blood lactate 
begins to accumulate. W, has been associated with O2 deficit, blood pH, and 
peak blood lactate values following exhaustive, short-term exercise (see Hill (4), 
for review). 

In their studies, Moritmi and coworkers investigated the effect of decreased 
FIoZ on Pait and W, on two subjects performing cycle ergometry. They found 
decreases in FIoz to associated with decreases in P&t but little or no change in 
W,. In this paper, we attempt to extend the findings of Moritani and coworkers 
using data from a field study which includes a natural variation in FIoz. 

MATERIALS and METHODS 

Subjects in this study were 19 college track athletes, 13 male and 6 female. 
Physical characteristics are provided in Table 1. 

Table 1. Subject Physical Characteristics" 
Males (n = 13) Females (n = 6) 

Height (cm) 174.0 (k4.8) 163.2 (k4.2) 
Weight (kg) 60.7 (k6.5) 48.9 (k3.3) 
% Fat 7.7 (kO.9) 9.6 (f3.2) 

"values shown are means (k std. dev.) 

Run times for distances of 1609,3218, and 4,828 m (1,2, and 3 mi., 
respectively) were recorded at sea level (140 m) 5 days pnor to (PRE) travel to 
2440 m altitude, within 5 days of arrival at 2440 m (ALT) where the subjects 
remained for 9 weeks of aerobic training, and within 5 days of return to sea level 
(RTN). The linear form of the work capacity model was applied. Running times 
were converted to inverse time (sec-'), and running velocity was calculated from 
the time 'and distance. A least squares regression line was fitted to the 3 data 
points for each subject and each session (PRE, ALT, and RTN) with velocity as 
the dependent and time-' as the independent measure. The slope of the 
regression was used as the estimate of D, and the intercept as the estimate of 
V&t (1). 

Altitude and gender differences among the D, and V&, values were assessed 
using a mixed design 'analysis of variance (ANOVA) with session (PRE, ALT, or 
RTN) as the within-subjects factor and gender as the between-subjects factor. 
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Analyses were carried out using the MANOVA procedure of SPSS (8). Post hoc 
analyses were carried out using t-tests for correlated means. 

D, (m) 
inales (n=9): 

females (n=6): 
combined 

males: 
females: 

Vmit (msec-') 

RESULTS 

276.0 (k75.0) 208.9 (k27.8) 264.9 (k45.8) 
240.8 (rt64.3) 166.0 (k74.6) 261.3 (k51.9) 
261.9 (k70.7) 191.7 (k53.9) 263.5 (k46.5) 

4.66 (k0.38) 4.28 (k0.26) 4.79 (k0.3 1) 
3.86 (k0.26) 3.53 (k0.20) 3.96 (k0.22) 1 3.98 k0.44 4.45 20.50) 

Mean values and standard deviations for D, and V&t for each testing session 
are provided in Table 2. 

D, differed significantly as a function of session ( F z , ~ ~  = 15.59, p<O.OOl) 
with lower values at altitude than at sea level. Post-hoc analysis revealed no 
difference between the sea level D, values (ti4 PRE vs. RTN = 0.12, NS) and 
significant differences between altitude and each sea level value (ti4 PRE vs. ALT 
= 3.90, p<O.OOl; t14 ALT vs. RTN = 5.44,p<0.001). Men and women did not 
differ significantly in D, (F1,13 = 1.2, NS), and there was no gender by session 
interaction (F2.26 = 0.94, NS). V&t also differed significantly across sessions 
(F2,26 = 88.28, p<O.OOl), again with smaller values at altitude than at sea level 

However, unlike D,, there was a small, but significant increase in RTN Vht, 
relative to PRE, following the sojourn at altitude (t14 = 3.51, ~ ~ 0 . 0 1 )  suggesting a 
training effect. Gender differences were found for V&t(F1,13 = 29.71, p<O.OOl), 
but there was no gender by session interaction (F2,26 for the interaction = 0.70, 
NS) . 

(PRE VS. ALT: t14 = 8.84, p<O.OOl; ALT VS. RTN: ti4 = 14.65, p<O.OOl). 

DISCUSSION AND CONCLUSIONS 

The decreased Vmit associated with travel to altitude is consistent with the 
findings of Moritani and coworkers (6). However, in this study the FIoz at 
altitude was the equivalent of breathing 16.1% O2 at sea level, and the average, 
V&t decreased 8% (min. - max: 2.6% - 13.8%). This compares to decrease in 
Pht of 20% and 36% seen by Moritani and coworkers in their two subjects when 
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the FIo2 was decreased to 12% 02, a somewhat greater change in Pdt per unit of 
FIoz decrease in Moritani’s subjects. This apparent difference in response may 
simply be the result of comparing two small samples, but it could also reflect 
differences in performance task time (the cycle tests were all 4 minutes or less in 
the Moritani study, and on the order of 5 to 25 minutes in this study), or in the 
power measurement (VoZ for Moritani’s study, running velocity in the present 
study). These differences warrant further exploration. 

The finding of decreased D, with travel to altitude is not in direct agreement 
with the findings of Moritani and coworkers. Although 3 subjects in this study 
did show a small increase in D, with travel to altitude. While one may tend to 
think that the decrease in FIo2 associated with altitude sojourn as only affecting 
aerobic processes, it should be remembered that maximal rates of oxygen uptake 
exceed anaerobic threshold values for oxygen uptake. When one is performing 
above anaerobic threshold, a portion of the oxygen taken up is used to metabolize 
the lactate produced. A decrease in ambient O2 content may decrease the 
maximal rate of lactate metabolism and thereby decrease the anaerobic capacity. 

The work capacity model appears to provide a convenient and useful method 
of estimating changes in aerobic and anaerobic support of work with changes in 
altitude. Based on our findings, both aerobic and anaerobic capacities are 
degraded with travel to altitude. 
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HYPOHYDRATION: EFFECTS ON BODY FLUID REDISTRIBUTION, 
TEMPERATURE REGULATION & EXERCISE-HEAT TOLERANCE 

Michael N. Sawka and Scott J. Montain 

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

INTRODUCTION 

Depending on climatic conditions the relative contributions of evaporative and dry 
(radiative and conductive) heat exchange to the total heat loss will vary (1). The hotter 
the climate the greater dependence on evaporative heat loss, and thus sweating. Persons 
in the desert often have sweating rates of 0.3 to 1.2 L-h-’ while performing occupational 
activities. Persons wearing protective clothing often have sweating rates of 1 to 2 L-h” 
while performing light intensity exercise. Likewise, athletes performing high intensity 
exercise in the heat commonly have sweating rates of 1 to 2.5 L.h-’. 

During situations of high sweating rate, a principal problem is to avoid a reduction in 
total body water (hypohydration) by matching fluid consumption to sweat loss. 
Frequently, persons will hypohydrate by 2% to 8% of their body weight during situations 
of prolonged high sweat loss. If hypohydrated persons exercise in the heat, they will 
incur significant adverse effects. This paper reviews hypohydration effects on 
temperature regulation and exercise-heat performance. 

BODY WATER LOSS 

Sweat induced hypohydration will decrease plasma volume and increase plasma osmotic 
pressure in proportion to the level of fluid loss (2). Plasma volume decreases because it 
provides the precursor fluid for sweat, and osmolality increases because sweat is 
ordinarily hypotonic relative to plasma. Sodium and chloride are primarily responsible 
for the elevated plasma osmolality. It is the plasma hyperosmolality which mobilizes 
fluid from the intracellular to the extracellular space to enable plasma volume defense in 
hypohydrated subjects. Hypohydration mediated by sweating will influence each fluid 
space as a consequence of free fluid exchange. Water redistributes largely from the intra- 
and extracellular spaces of muscle and skin in order to maintain blood volume, however, 
neither brain nor liver loose significant water content (3). 

TEMPERATURE REGULATION 

Hypohydration increases core temperature responses during exercise in temperate and 
hot climates (4,5). A critical deficit of 1% of body weight elevates core temperature 
during exercise. As the magnitude of water deficit increases, there is a concomitant 
graded elevation of core temperature during exercise heat stress (6,7). The magnitude of 
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core temperature elevation ranges fiom 0.1 to 0.23" C for every percent body weight lost 
(2). In addition, data suggests that the core temperature elevation, for a given water 
deficit, may become greater with increased exercise intensity (2). 

39.0 4 
0 

ai 5 38.5 - 
.cI 

Hypohydration not only elevates core temperature responses, but it negates the core 
temperature advantages conferred by high aerobic fitness and heat acclimation. Figure 
1 illustrates the effects of hypohydration (5% body weight loss) on core temperature 
responses in the same persons when unacclimated and when heat acclimated persons (8). 
Heat acclimation lowered core temperature responses when euhydrated; however, when 
hypohydrated similar core temperature responses were observed regardless of 
acclimation state. Therefore, the core temperature penalty induced by hypohydration was 
greater in heat acclimated than unacclimated persons. 

UA & HA - 5% Hypohydration 

UA - Euhvdrated 

37.0 ' I I I I I I 

0 30 60 90 120 150 180 

Time, min 
Figure 1 Influence of hypohydration (5% of body weight) and heat acclimation on 
rectal temperature during exercise-heat stress. UA is unacclimated and HA is heat 
acclimated. 

Hypohydration impairs both dry and evaporative heat loss (or, if the air is warmer than 
the slun, dehydration aggravates dry heat gain) (5 ) .  Hypohydration delays sweating onset 
(9 , l l )  and skin vasodilitation (5).  It also reduces sweating sensitivity (10). 
Hypohydration may be associated with either reduced (9,lO) or unchanged sweating rates 
(4) at a given metabolic rate in the heat. The physiological mechanisms mediating the 
reduced dry and evaporative heat loss fiom hypohydration include both the separate and 
combined effects of plasma hyperosmolality and reduced blood volume (1 1). 
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EXERCISE-HEAT TOLERANCE 

Few investigators have documented the effects of hypohydration on human tolerance to 
submaximal exercise in the heat. Adolph & associates (12) had subjects attempt 
endurance (2 to 23 hours) walks in the desert and either allowed them to drink water ad 
libitum or had them not drink. They reported that one of fifty-nine (2%) and eleven of 
seventy soldiers (I6Yo) suffered exhaustion .from heat strain when they did or did not 
drink, respectively. In subsequent experiments, they reported that one of fifty-nine 
subjects (2%) and fifteen of seventy subjects (21%) suffered exhaustion fiom heat strain 
during an attempted eight-hour desert walk when they did and did not drink, respectively. 

Lade11 (13) had subjects attempt 140-min walks in a hot climate while ingesting different 
combinations of salt and water. They reported that exhaustion ii-om heat strain occurred 
in 9 of 12 (75'%0) experiments when receiving neither water or salt, and 3 of 41 (7'%0) 
experiments when receiving only water. Sawka and colleagues (7) had subjects attempt 
140 min walks in a desert climate when euhydrated and when hypohydrated by 3%, 5%, 
and 7% of their body weight. All eight subjects completed the euhydration and 3% 
hypohydration experiments, and seven subjects completed the 5% hypohydration 
experiments. For the 7% hypohydration experiments, six subjects discontinued after 
completing only (mean) 64 minutes. 

To determine whether hypohydration alters heat strain tolerance, Sawka and colleagues 
(14) had subjects walk to exhaustion when either euhydrated or hypohydrated (8% of 
TBW). The experiments were designed so that the combined environment (T, = 49" C, 
rh = 20%) and exercise intensity (47% Vo,max) would not allow thermal equilibrium 
and heat exhaustion would eventually occur. Hypohydration reduced tolerance time (12 1 
to 55 min), but more importantly, hypohydration reduced the core temperature that a 
person could tolerate. Heat exhaustion occurred at a core temperature -0.4" C lower 
when hypohydrated than when euhydrated. These findings suggest that hypohydration 
not only impairs exercise performance, but also reduces tolerance to heat strain. 

CONCLUSION ' 

Hypohydration increases heat strain, reduces heat tolerance and exercise performance and 
increases risk for heat injury. Hydration level is the most important factor influencing 
exercise-heat performance since hypohydration negates the thermoregulatory advantages 
of high physical fitness and heat acclimatization. 

DISCLAIMER 

1 Approved for public release; distribution is unlimited. 
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IS CORE TEMPERATURE DURING EXERCISE IN THE 
"PRESCRIPTIVE ZONE" DETERMINED BY WORK INTENSITY 

ALONE? 

Clare Franks, Frank Golden, Jean Booth and Michael Tipton. 
Robens Institute, University of Surrey, Guildford, UK. 

INTRODUCTION 

The "prescriptive zone" is defined by the range of external temperatures over which 
the deep body temperature can be stabilised during exercise (Nielsen, 1938). It is 
generally believed that the rise in deep body temperature and level at which it 
plateaus during steady state exercise within the prescriptive zone is dependent upon 
metabolic rate and independent of ambient temperature (Nielsen, 1938; Wyndham 
et al, 1952; Nielsen & Nielsen, 1962; Stolwijk et al, 1968). Furthermore, the average 
skin temperature is considered to be linearly related to the ambient temperature, and 
independent ofmetabolic rate (Nielsen & Nielsen, 1962; Stolwijk et al, 1968). 

In the present investigation the relationship between deep body and skin 
temperatures were examined during mild exercise within the prescriptive zone. 

METHODS 

The experimental protocol was approved by a local Ethical Committee, and all 
subjects gave informed written consent before participating in the study. Eight 
subjects (7 male, 1 female) exercised at an oxygen consumption (00,) of 1.2 l.min-' 
on a non-motorised treadmill in a room at 23°C until rectal (Tre) and skin (Tsk) 
temperatures plateaued for at least 15 minutes. Whilst exercising the subjects wore a 
suit designed to allow air to circulate over the torso and proximal regions oftheupper 
and lower limbs at a rate of 300 1.min.I. The air was circulated after 27 minutes of 
exercise at a temperature of either 20°C or 30°C and a water vapour pressure 
gradient of 26 and 24 mmHg respectively. In the control condition the subjects 
exercised whilst wearing thesuit without any air circulating. 
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Tre was measured using arectal thermistor inserted 15 cm beyond the anal sphincter 
and recorded every minute on a data logger (Grants Instruments Ltd, Cambridge) 
with a tolerance of 0.04"C. Tsk was calculated from the unweighted average of the 
temperatures recorded at the following 12 sites, inside and outside of the suit: right 
hand, chest, shoulder, lower back, thigh (inside and outside the suit), shin, calf, 
abdomen, shoulder, lower back and forehead. 

RESULTS 

During exercise the CO, of subjects did not differ significantly between conditions 
averaging 1.25 1.min-' with a SD of only 0.12 1.min-' across conditions. The levels at 
which Tre plateaued with different air inlet temperatures and Tsk were compared. 
When air at 20°C was blown through the suit the Tsk was lower and Tre plateau 
higher than that seen in the control condition (no cooling) in seven of the eight 
subjects. The 30°C condition showed intermediate plateau levels. Tsk increased 
above resting levels during the control condition and was either unchanged or fell in 
the20'C condition. In the 30°C condition Tsk rosein somesubjects andfell in others 
in comparison with resting levels. In none of the conditions did sweat production 
exceed 1 1.h.' andwas thereforeconsidered tobesubmaximal at all times. 

Using the least squares method of linear regression, an inverse relationship was 
identified between Tre and Tsk for six of the eight subjects w=0.8). This 
relationship produced a relatively stable mean body temperature (Tb) within these 
subjects, across conditions (Figure 1). The proportional input from Tre andTsk toTb 
varied slightly between these subjects, in all cases Tre was the greater factor 
accounting for 93% of?;bon average. 

DISCUSSION 

The results of the present study do not support the conclusion that the deep body 
temperature during mild exercise within the prescriptive zone is dependent on work 
rate only, and independent of ambient or skin temperature. 
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The higher Tre plateau seen in the 20°C compared to 30°C condition cannot be 
attributed to physical factors as gradient for convective, conductive and evaporative 
heat loss was greater in the cooler condition. The consistency of mean body 
temperature across the conditions suggest that it is this variable which most closely 
reflected the "regulated" temperature during exercise. The same relationship 
between deep body and skin temperature can be found in the literature pertaining to 
both the thermoregulatory control of skin blood flow (Savage & Brengleman, 1996) 
and microclimate cooling (Teal & Pimental, 1995) but has not been commented 
upon in thepresent context. 
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The implication for microclimate cooling is that once an individual has been 
returned to his or her prescriptivezone, additional cooling (and greater consumption 
ofthelimited power supply which may bedrivingthe system) isoflittle benefit. 
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Figure 1. Mean Tre, Tb and Tsk during the plateau period for each 
condition. Each point represents themean value for the 8 subjects. 
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ROLE OF EXTERNAL WORK IN THE CUTANEOUS VASODILATOR 
RESPONSE TO EXERCISE IN HEAT-STRESSED HUMANS 

J. Smolmder, J.M. Johnson, W.A. Kosiba, M.K. Park 

Depahnenl of Physiology, Finnish Institute of Occupational Health, Lxijaniityntie 

Department of Physiology, The University of Texas Health Science Center at San  
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1, FIN-01620 VdWtXi, Finland 

INTRODUCTION 

During dynamic exercise skin blood flow increases in linear relation to the rise in 
core temperature (Tc), modified by skin tanperahre. The skin blood flow/ T, 
relationship is also affected by "exercise-related reflexes". For example, skin blood 
flow at a given level of Tc is lower during exercise than in heat-stressed resting 
subjects (1). Also, above a certain exercise intensity the T threshold for skin 
vasodikition is increased ( 2 3 ,  whereas the gain of the response is unaffected. c: 

During exercise in a hot environment skin blood flow often reaches a plateau or 
upper limit despite of a rise in Tc (43). This upper h i t  is not represenntative of 
mlurimal vasodilation of skin, as the level is well below that typically seen with 
hyperthermia at rest. Further, local wanning of the skin will further vasodilate skin 
from the apparent upper limit (4). The upper limit is probably related to blood 
pressure regulation (6), and to a reduced active vasodilator activity instead of ;in 
increased vamxmstrictor activity (7). 

The :iim of our study was to exanine the role of work load on skin blood flow 
vasodilator response to exercise, especially on the upper limit, in heat-stressed 
humans. 

MATERIALS and METHODS 

Four young, healthy inen volunteered for the study. The experiments included 17- 
30 min exercise tests on a cycle ergometer: one with a "high" work load (100-175 
W), and one with a "low" work load (50-75 W). Skin temperature was clrunped at 
37-38 OC with a water-perfused suit (2). The suit covered the entire body with the 
exception of the head, arms, and feet. The exercise tests were followed by a 5 min 
period of very light exercise (2s W), 'and a rest period during which the suit was 
gradually cooled. Room temperature was 22-24 O C .  The study procedures followed 
the Helsinki declaration. 
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During the tests, esophageal temperature (T,), heart rate, m d  mean wterial 
pressure were continuously measured. As rin index of skin blood flow, forearm 
blood flow (FBF) was measured three times per minute by venous occlusion 
plethysmography. Forearm vascular conductance W C )  was calculated by dividing 
FBF by mean arterial pressure. 

Student's t-test for paired observations was used in the statistical analysis. 

RESULTS 

At the end of exercise at "low" work load, heart rate and T, averaged 115 & 4 
beats/min and 37.59 & 0.05 "C, respectively. At the "high" work load, the 
corresponding figures were 155 & 6 beats/min ( ~ ~ 0 . 0 1 )  and 38.33 & 0.29 "C 
(p<0.05). 

Throughout the exercise at "high" work load FBF and FVC were significantly 
lower at a given Tes as  compared to the "low" work load. At the end of exercise 
FBF was 17.7 +- 5.1 in1/100ml/min at the "low" work load and 15.0 4 3.9 
ml/100ml/min at the "high" work load. One subject's FVC/T,-relationship is h o w  
in Fig. 1, 'and the average results of FVC are shown in Fig. 2. At the "high" work 
load, an upper limit of FVC was observed in rhree subjects, 'and an attenuated rise 
in one. At the "low" work load, an upper limit of FVC was seen in two subjects, 
whereas no deviation from a linear response occurred in the other two. 
After transition to the 25 W work load 'and to rest, T, did not change significantly 
as compared to the end of exercise (Table 1). However, at the "low" work load ;i 

significant increase occurred in FVC after tr'msition to the 25 W work load, 
whereas at the "high" work load the rise did not occur until after transition to the 
rest period. 

C C)NC LUSICINS 

1. A "high" work load, as compared to the "low" work load, reduced the skin 
vasodilator response to the rising core temperame including the upper limit. 

2. Transition to 25 W work load and to rest increased the skin blood flow whde T, 
was unaltered. This increase in skin blood flow occurred later after the "high" work 
load as compared to the "low" work load. 

3. The effect of work load on the control of cutaneous circulation during exercise 
under heat stress is probably related to the maintenance of arterial pressure and 
muscle perfusion. 
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Table 1. Three minute averages of esophageal temperature (Tes) and forearm 
vascular conductance (FVC in ml.100 ml-l.min-l 100'mmHg'l) 

Variable End of the load After transi Rest after 
tion to 25 W exercise 

11 11 

T,s ("0 37.5920.05 37.6120.07 37.5720.06 
FVC 21.926.1 23.226.3" 21.225.2 

Tes ("C) 38.33~0.29 38.44~0.30 38.28k0.29 
FVC 15.124.0 16.423.7 18.824.2" 

l'h' 11 

* p c 0.05 
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INTRODUCTION 

We previously demonstrated a prolonged (65 min or longer) post-exercise 
elevated plateau of esophageal temperature (TS) (0.5-0.6 "C above pre-exercise 
values) in humans following moderate exercise at different ambient temperatures 
(1). In addition, the plateau value was equal to the threshold T, at which active 
skin vasodilation was initiated during exercise (Thdil). The post-exercise elevation 
was not of a metabolic origin as oxygen consumption returned to baseline values 
within 5-10 min of exercise termination. Skin blood flow and temperatures ('Q 
at all sites, except over the exercised muscle, also decreased back to control values 
within 10-15 min post-exercise despite the sustained increase in T,. The 
reduction of T* and skin blood flow throughout the prolonged elevated plateau in 
T, is consistent with a sustained exercise-induced increase of the active 
vasodilation threshold (2) which persists during recovery. 

The post-exercise elevations in T, and Thdil could be a function of either: a) 
some residual exercise-related factors which have thermal effects: (Le., metabolic 
factors, plasma osmolarity, central modulators and pyrogenic factors); or b) the 
significant elevation of whole body heat content itself. In a previous effort to 
address the latter mechanism we immersed subjects in warm water (42 "C) until 
T, increased to levels similar to those induced by 15 min of moderate exercise 
(3). Following exit from the warm water, T, rapidly returned to control values 
within 10 min of recovery. Therefore the post-exercise increase in T, does not 
seem to be solely a consequence of increased whole body heat content. A 
subsequent observation, that successive exercisdrecovery cycles performed at 
progressively increasing pre-exercise T, resulted in further and parallel increases 
of Thdil during exercise and the post-exercise plateau in T, (4), further supports 
an exercise-related effect on the warm thermoregulatory response of active 
cutaneous vasodilation. 

It is unclear if this exercise-related effect is limited to the warm 
thermoregulatory response of active cutaneous vasodilation or if an effect on the 
sweating response also occurs. The core temperature threshold for sweating 
(Th,) has  been reported to increase (2), decrease (5,6), or remain unchanged (7) 
from baseline during exercise, with no change reported in recovery in a protocol 
which includes a state of hyperhydration (5). Since hyperhydration may itself 
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decrease Th, (8), the present study evaluates the hypothesis that Th, decreases 
during moderate exercise but that some residual exercise-related factor(s) actually 
increases the subsequent post-exercise Th,. 

METHODS 

Four males and 3 females participated in the study. They were physically 
active but not regularly engaging in competitive athletics or following a specific 
physical exercise routine. 

Esophageal temperature was monitored as an index of core temperature. 
Skin temperature was monitored at 9 sites and the area-weighted mean was 
calculated by assigning the following regional percentages: head 6%, upper arms 
9%, forearms 996, fingers 2%, back 22%, chest 11%, abdomen 11%, anterior 
thigh 17%, posterior calf 13%. Heart rate was monitored continuously. Oxygen 
consumption was determined by an open circuit method, sweat rate was measured 
using a ventilated capsule (-5.0 x 3.5 cm) placed on the forehead, and fingertip 
blood flow was measured by a modified pulse oximeter. 

AU experimental trials were conducted in the morning. Baseline data were 
collected over 30 min at an ambient temperature (TJ of 24 "C. The subjects were 
then immersed to the clavicles in 42 "C water (Wl) until 3-5 min following 
initiation of sweating. Subjects then rested (-20-35 min) in air (T,= 24 "C) until 
T,, T* and fmger tip blood flow returned to baseline. Subjects exercised on a 
cycle ergometer (11 METS) for fdteen rnin (Ex) and then rested for 30 min. This 
time period was sufficient to ensure that T* and finger tip blood flow returned to 
baseline in all subjects (1,3,4). Subjects were immersed a second time in 42 "C 
water (W2) until 3-5 rnin following initiation of sweating. 

The sweating threshold (Thw) was defined as the onset of a sustained and 
continuous increase in sweat rate above 50 g.mJ-h' (5). In order to compare 
thresholds between conditions in which both T* and T, were changing, the 
following equation (9) was used to calculate core temperature thresholds at a 
single designated skin temperature: 

TsLin(dwignarcd) was set as the mean T* of W1 and W2 conditions (i.e. 36.5 "C) and 
P = fractional contribution of T* to the sweating response (j3 = 0.1) (10). 

Sweating thresholds for the three conditions were compared using repeated- 
measures ANOVA and Scheffk's F-test. 

Tcoro(~n~c~lat+d) = Tcs + (P/1-P)Cr*-T~idesi~plucd)); 

RESULTS 

First water immersion (Wl) 
Baseline T, and T* were 36.96 f 0.1 "C and 32.25 C 0.3 "C respectively. 

Upon immersion in 42 "C water there was a transient decrease of 0.15 "C 
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followed by a steady increase to 37.28 "C at the end of immersion (average 
immersion time was 17.2 min). On average, sweating onset occurred 9.8 min 
after immersion at T, of 37.04 4 0.1 "C (TabIe 1). Calculated T,, at the 
threshold was 37.07 & 0.1 "C. During recovery T, decreased to 37.1 1°C within 20 
min and remained constant for the last 10 rnin of recovery. Recovery Ta was not 
significantly different from baseline. T* and finger blood flow returned to 
baseline values within 15-20 min of recovery. 
Exercise (Ex) 

Upon initiation of exercise T, increased at a rate of 0.16 "C-min'l during the 
first 7.5 rnin a€terwhich T, either remained stable or 'rose only slightly reaching 
an end-exercise temperature of 38.01 k 0.2 "C. Sweating onset occurred at 
37.30 f 0.1 "C. The calculated T,, at the threshold (36.69 k 0.2"C) was lower 
than during W1 w0.05). Following exercise termination Ta decreased h m  
38.01 "C to 37.44 "C within 15 rnin with only a slight further decrease to 
37.39 "C at 30 min. This plateau was significantly higher than the pre-exercise 
value (p<0.05). TsL and finger tip blood flow returned to baseline values by the 
25 th rnin of the 30 min retovery. 
Second water immersion'(~2) 

Upon immersion in 42 "C water, T, transiently decreased by 0.07 "C 
followed by a steady increase to 37.43 +, 0.1 "C at the end of immersion (llmin). 
Sweating onset occurred 7.2 rnin after immersion at T, of 37.34 k 0.1 OC. The 
calculated T,, at the threshold (37.33 & 0.1 "C) was greater than both W1 
(pc0.05) andEx (~0.01). 

Table 1. Temperatures at sweating thresholds. 

Baseline Pre-exercise Exercise Post-exercise 
Immersion Immersion 

Mean Ta ("C) 32.259.3 36.76k 0.2 30.93k 0.3* 36.38H.2t 
Actual T, ("C) 36.96M.1 37.04+ 0.1 37.30k 0.1" 37.34M.1* 
T ~ r ~ ~ ~ l ~ W ~  ("C) 36.49fl.1 37.07+ 0.1 36.69k 0.2* 37.33kO.l*t 

(mean -f: SD. T w ~ a l c ~ ~ )  at Te36.5  "C. * > Immersion A, b Exercise, ~ ~ 0 . 0 5 )  

CONCLUSION 

Compared to pre-exercise conditions, there was a 0.38 "C decrease in Th, 
during exercise and a subsequent 0.26 "C increase during recovery. The reduced 
Th, during exercise is in agreement with previous studies (5,6). Although Lopez 
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et al. (5) found a decreased Th, during exercise, their post-exercise Th, was not 
elevated above pre-exercise values. During their study however, subjects were 
infused with 3-5 1 of fluid over 2.5 hr. Since hyperhydration itself has been 
shown to lower Th, (8), our different post-exercise results are not surprising. We 
conclude that some residual exercise-related factor(s) increase the post-exercise 
sweating threshold. 
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INTRACORPORAL HEAT LOAD 
EVOKED BY ELECTROMAGNETIC FIELDS 

Jurgen Werner and Heinrich Brinck 

Department of Biocybernetics, MA 4/59, Ruhr-University, D-44780 Boclium, 
Germany 

INTRODUCTION 

For a realistic assessment of the thermal effects of electromagnetic fields applied 
accidentally or intentionally in the course of diagnostic or therapeutic procedures it 
is necessary to take into account the external conditions influencing heat loss, the 
tionhomogeneities of the body, and the regulatory processes such as sweat 
production and blood flow distribution and redistribution, which have an essential 
impact on the temperature gradient between core and shell of the body and the 
environment and thereby on the formation of intracorporal temperature fields. An 
intricate problem is the determination of heat transfer between the blood vessels 
and the tissue. 

Former approaches avoided the explicit representation of the three-dimensional 
vascular architecture and tried to compute the heat transfer between tissue and 
blood using substitutional processes, so called "noli-vascular models", either in the 
form of distributed heat sources and silks ("bio-heat" approach, Pennes, [ 11) or by 
using an enhanced thermal conductivity index (Ksapproach, Weinbauin & Jiji, 
[2]). A one-dimensional model which comprised the local temperature in the 
arteries, in the veins and in the tissue in the direction of blood flow using three 
separate heat balance equations was proposed by Wissler [3]. The necessary heat 
transfer coefficients were computed by Baish et al. [4] in the case of closely coupled 
countercurrent vessels. Both approaches taken together represent the first approach 
based on three separate energy balances for the local temperatures of tissue, arteries 
and veins. Charny and Levin [5] presented a similar and complete one-dimensional 
"three equation model", which later on was also used to evaluate the Ksapproach. 

~ METHODS 

We developed a three-dimensional model of the thermal processes in a human 
extremity, especially within the muscle tissue, which quantifies the convective heat 
transport on the basis of a detailed simulation of a complete countercurrent vascular 
network using the relevant physical laws ("vascular" model, Brinck & Werner, [SI). 
The model computes the three-dimensional temperature profiles witlin the tissue 
and the arterial and venous temperatures of thermally significant vessels along the 
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branching countercurrent vessel network evoked by internal or external heat 
sources. The vascular geometry varies with the distance from the skin surface. The 
idealized cross-section of an extremity has a four-layer tissue structure (core- 
muscle-fat-skin) and the adequate structure of peripheral circulation. The core 
comprises the larger central vessels and the directly adjacent tissue. The central 
artery and vein form the origin for a countercurrent arterio-venous network in the 
muscle layer. The outer skin layer is provided with separate rising vessels, The 
three-dimensional heat balance equation with a convective boundary condition at 
the vessel walls is solved using local central differences (ADI-method) with a 
highly irregular grid. The grid width is small in the vicinity of the vessel 
(minimum 7 pm), while at the maximal distance it is about 2 mm. Because of 
stability problems the computational time step has to be small (A t = 0.1 s). The 
time consumption for a steady-state computation is about 30 CPU-h on a CYBER 
205 vector computer. Unfortunately, such an extremely complex vascular model, 
although delivering valuable results substantially more reliable than those of former 
non-vascular models, can hardly be used routinely, e.g. as a module for 
thermoregulatory whole body problems (Werner & Buse, [7]; Werner & Webb, [8]). 
On the other hand, the results of the vascular model confirm the assumption that 
non-vascular approaches, although very easy to use, may lead to wrong 
computations and conclusions, especially at a low perfusion rate or, worse, under 
inhomogeneous conditions (J3rinck & Werner, [9]). Therefore we computed an 
efficiency function EF, dependent on perfusion and the local coordinate of blood 
flow, which compensates for the deficiencies of the bio- heat approach, by 
multiplying the bioheat perfusion term with EF. 

RESULTS 

For an estimation of the temperature profiles induced by an external 
electromagnetic heat source we used the vascular model and compared the results 
obtained with those computed by use of non-vascular models. A human extremity 
under resting conditions (air temperature T, = 29OC, relative humidity RH = 40%, 
air velocity va = 0.2 d s )  was submitted to a heat source distributing 77275 W/m3 
homogeneously in the tissue. This means that about 75 Wlkg were absorbed. The 
hyperthermia simulation lasted 15 minutes. We used a simple control algorithm of 
blood flow assuming an initial blood flow level of 5.4 lo4 m3/sm3, which is 
augmented by a factor of 10 if tissue temperature exceeds a threshold of 42.5"C. 

The results show that it is not suBcient to analyze only mean tissue 
temperatures, as the temperature fields are very inhomogeneous. Figure 1 shows 
arterial and venous temperatures, mean tissue temperature, and the mean 
temperature in the space between countercurrent vessels as a function of depth of 
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Fig. 1. Various radial temperature profiles T in tlie extremity after 15-mnin 

application of 75 Wkg computed by tlie vascular model (see text). 

tissue at tlie end of tlie liypertliermia simulation using the complex vascular model. 
Eiglit generations of countercurrent blood vessels in tlie muscles are taken into 
account. Blood temperatures in these eight muscle "layers" are distinctly lower tlian 
mean tissue temperatures, which are between 42.2OC and 43.2"C. Tlie temperatures 
between tlie vessels are substantially lower and in spite of tlie external heat source, 
essentially influenced by blood temperatures. They are approximately equal to the 
arithmetic mean of both blood temperatures and are thereby rather low over a wide 
area, meaning that there is insuflicient heating at least between the vessels. 'Cooler' 
areas are in tlie vicinity of tlie artery. Temperatures <: 40.7"C are found in layers 
around the artery of about double vessel radius. However, it is computed that > 90% 
of tlie area lias a temperature > 42.2"C. Cooler areas, although comprising a very 
low portion of tlie tissue, are especially obvious around the vessels of tlie first 
generation and may be of essential importance for hyperthermia treatment. In the 
area of the first vessel generation we compute that 9.6% of tlie tissue is cooler tlian 
42.0"C. Tlie total area with a temperature I 42°C is about 6%. 

The dependence of t i m e  temperatures on tlie tlie depth of tissue computed by 
the vascular model may also be obtained approximately by the Baish- 
Wissler/Charny-Levin or by the EF-approach. The results of the Kcapproach are 
far beyond tlie range of such results if we apply realistic boundary con&tions 
between skin and environment. The profiles would become comparable to the other 
computations only if arterial itflux temperature were clianged. Tlie bio-heat 
approach exhibits an extremely flat profile around the chosen threshold temperature 
for blood flow control (42.5OC). As it does not take into account any local 
convective processes, sui accurate temperature profile cannot be obtained. 
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CONCLUSION 

Electromagnetic fields may evoke a high specific absorption rate and an extremely 
nonhomogeneous temperature field caused by the vicinity of vessels. We conclude 
that both the Kea and the bio-heat approach should be considered to be unsuitable 
for simulating loco-regonal variations of temperature profiles evoked by 
electromagnetic fields. On the other hand, both the Baish-Wissler/Charny-Levin- 
and the efficiency function (EF)-approach show minimal deviations from the results 
of the complex vascular model. The advantage of the efficiency factor model is that 
its implementation into whole body models is very easy, like that of the bio-heat 
approach. However, any analysis of the exact three-dimensional local temperature 
hstribution after loco-regional application of electromagnetic fields necessitates to 
take explicitly into account the vascular pattern, as in our vascular model. 

REFERENCES 

1. Pennes, H. H. 1948, Analysis of tissue and arterial blood temperatures in resting 
forearm. Journal of Applied Physiology, 1, 93-122. 

2. Weinbaum, S. and Jiji, L. M. 1985, A new simplified bioheat equation for the 
effect of blood flow on local average tissue temperature. ASME Journal of 
Biomechanical Engineering, 107, 13 1-139. 

3. Wissler, E. H. 1987, Comments on the new bioheat equation proposed by 
Weinbaurn and Jiji. ASME Journal of Biomechanical Engineering, 109, 

4. Baish, J. W., Ayyaswamy, P. S. and Forster, K. R. 1986, Small-scale 
temperature fluctuations in perfused tissue during local hyperthermia. 
ASME Journal of Biomechanical Engineering, 108,246-250. 

5.  Charny, C. K. and Levin, R. L. 1989, Bioheat transfer in a branching 
countercurrent network during hyperthermia. ASME Journal of 
Biomechanical Engineering, 11 1,263-270. 

6. Brinck, H. and Werner, J. 1994a, Estimation of the thermal effect of blood flow 
in a branching countercurrent network using a three-dimensional vascular 
model. ASME Journal of Biomechanical Engineering, 116,324-330. 

7. Werner, J. and Buse, M. 1988, Temperature profiles with respect to 
inhomogeneity and geometry of the human body. Journal of Applied 
Physiology, 65, 1110-1118. 

8. Werner, J. and Webb, P. 1993, A six-cylinder model of human 
thermoregulation for general use on personal computers. Annals  of 
Physiological Anthropology, 12, 123-134. 

9. Brinck, H. and Werner, J. 1994b, The efficiency b c t i o n  - an improvement of 
the classical bioheat approach. Journal of Applied Physiology, 77,617-1622. 

226-23 3.  

72 



THE OPTIMAL AMBIENT TEMPERATURE FOR BATHING JUDGED 
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INTRODUCTION 

By the bathing, the human body suffers physiological influences, like body 
temperature rising, metabolism increasing, blood pressure decreasing by vascular 
expansion, heart rate increasing, and others. From the published "Sudden death" 
statistics information section, the Ministry of Welfare in Japan, reveals that the number 
of deaths by drowning while bathing in the bathroom is higher than that while at sea, 
especially among the elders. This may be due to the difference in ambient temperature 
between the bathroom, the dressing room, and the living room (Kanda et al. 1995 I.) .  

Series of experiments were conducted to investigate the optimal room air 
temperatures for bathing judged fiom physiological and psychological responses. 

lVaETHODS 

1. Environmental conditions: Experiments were carried out in summer and winter 
in climate chambers, where two chambers were connected to the bathroom. The 
ambient temperature of one room was set at 25°C as a pre-room of the subjects, and 
the otlierroom was set at temperatures (Ta) of 15,19,23,27, or 3 1°C as a experimental 
room before and after taking a bath. The water temperature of the bath was kept 
constant at 41OC. Relative humidity of both rooms was set at 50%. 

2. Subiect conditions: Eight female university students participated in the experiments 
as subjects. The subjects stayed in pre-room or bathroom in bikini before and during 
bathing, and in T-shirts and short pants after bathing. In the pre-room and experimental 
room, the subjects sat on chairs and remained quiet. 

3. Measurements and time schedule: Rectal and skin temperatures at 7 points of 
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Fig 1. Time Schedule 

the subjects were measured continuously during the experiments, and mean skin 
temperature was calculated by weighmg the temperatures using the formula of Hardy- 
DuBois. Blood pressure, heart rate, thermal and comfort votes, and heart rate variability 
were also recorded every 5 or 10 minutes. 

After the subjects stayed more than 30 minutes in the pre-room in bikini, T- 
shirts and short pants, the measurement was started. Ten minutes later, they moved to 
the experimental room and were in bikini for five minutes. After that, they took a 
bath for ten minutes during which they were immersed up to their neck in a Japanese- 
style bathtub. During the bathing period the subjects were sitting quietly, then got 
dressed and remained in the experimental room for another 32 minutes. 

4. Data analvsis: Each pair of group means was compared using paired t-test or 
analysis of variance to determine the significance of the differences. The significance 
level was set at p<0.05. 

RESULTS 

1. Mean skin temperatures: Means of mean skin temperature at each Ta were 
presented in Fig.2. Mean skin temperatures in the pre-room were approximately 33"C, 
and in the experimental room before bathing, they increased or decreased because of 
the difference of Ta. During taking a bath, means became 39.5"C. After returning to 
the experimental room, the means decreased to 34°C rapidly and after thirty minutes 
of exposure, they became higher or lower again because of the Ta. 

The relationship between Ta and mean skin temperatures at each time in the 
experimental room were shown in Fig.3 At each time, significant relationships were 
observed. After bathing, the slopes became steeper with time after bathing. 

2. Rectal temperatures: Means of the rectal temperatures at each Ta were distributed 
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from 37,3"C to 37.8"C. The influence of bathing could be seen as the rise of the 
means, however, there was no significant difference between Ta or time by analysis 
of variance. 

3. Thermal sensation vote: Means of the thermal sensation vote at each Ta were 
presented in Fig.4. Before bathing, thermal sensation votes were distributed from 'I- 
3:Cold" to "+2:Warm", and then became "+3:Hot" during bathing. After returning to 
the experimental room, the change in means were influenced by Ta and decreased by 
a grade in thirty minutes. 

The relationship between Ta and thermal sensation votes at each time in the 
experimental room were shown in Fig.5. At each time, significant relationships were 

i 
75 ~ 

1 



28 

w 
.- 18 

E 
a 

a 16 

14 

Thermal 
sensation=fO 

D 

+ Acceptance= 
minimum 

/ 
4- M.S.T.=339: 

-4- M.S.T.=349: 

0 5 10 15 20 25 30 35 
Time (rnin.) 

Fig 6. Change in the optimal temperature 

observed. Same as the mean skin temperatures, the slopes became steeper with time 
after the bath. 

4. Difference between the seasons: The means of the mean skin temperatures before 
bathing in winter were lower than those in summer, and it was supposedly affected 
by the low local skin temperatures on the hand or foot. However, there were no 
significant differences in other parameters between the seasons. 

CONCLUSIONS 

Fig.6 shows the changes in optimal thermal conditions after bathing judged 
from mean skin temperature, thermal sensation vote, and acceptance of the thermal 
environment. The optimal temperature after the 5 minutes of bathing was 
approximately from 16°C to 22°C. However, the temperature changed to 23°C or 
24°C at the end of the experiments. Since distinct negative responses were not seen 
in blood pressures or heart rate variability, at this temperature, it can be concluded 
that the optimal room air temperature before and after bathing may be 23-24°C. 
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EFFECT OF HOT CONDITIONS ON VOLUNTARY CONTROL OF 
MOTOR UNIT ACTIVITY IN HuRlANS 

A.Meigal, L.Gerasimova, E.Zolotova, Y .Lupandin 

Department of Physiology, University of Petrozavodsk, Petrozavodsk, Russian 
Federation 

INTRODUCTION 

Cold ambient temperature conditions are known to af€ect muscle performance 
cliaracteristics, such as force output, power, and contraction velocity [ 11. Spectral 
and amplitude cliaracteristics of electromyogram (EMG) during muscle 
contraction are modulated by tlie cold and hot ambient temperature [2]. Voluntary 
control of single motor unit action potentials (MUAP) is a widely used method 
for investigation of fine movements. Local cold application to skin has been 
shown to be of contradictory impact on tlie effectiveness of single MUAP control 
[3]. General moderate cooling of the organism demonstrated very little effect on 
the MLJAP control, even in the state of vigorous cold slivering [4]. Tlie influence 
of hot environment conditions on fine voluntary control of single motor unit 
activity still has not been investigated. The aim of the present study was to 
investigate how effectively man recruits the ordered number of motor unit action 
potentials in hot versus temperate conditions. 

RlATERTALS and METHODS 

Six subjects were instructed to recruit tlie ordered number of MUAp:s. Tlie 
MlJAP:s were recorded with the help of electromyographical device MG440 
(Mkromed, Hungary) from the distal portion of the long head of m. triceps 
brachii, using surface bipolar electrodes (rectangular, 6 x 12 mm, interpolar 
distance 14 imn, lead). The subjects were allowed to watch tlie Mums on the 
screen, and to listen to them by loud-speaker (audio and visual biofeedback) to 
control the fulfillment of the task. 
The subjects using audio and visual biofeedback choose the most stable and large- 
amplitude MUAP during weak voluntary isometric contraction. After that they 
inhibited the activity of all the other MUAP:s, visible on the screen by changing 
tlie intensity of contraction and arm or hand position. Then the subjects were 
asked to demonstrate "operability" of the chosen MUAP by voluntary iiiodulation 
of the firing rate of tlie MUAP, and by recruitment and commencement of their 
activity. 
After that subjects performed 40 attempts to recruit the ordered number of 
MlJAP:s in each task (from 1 to 7 MUAP:s in tlie train). The effectiveness of the 
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recruitment of MuAp:s was estimated by calculating the per cent of the right 
attempts (N) in each trial. The per cent of mistakes (N-1, N+1, N-2, N+2) was 
also computed. Mean number of discharges in the attempt, mean interspike 
interval, mean firing rate of motor unit impulsing, and mean duration of the train 
were also calculated. 
The reference investigation was conducted at temperate conditions (after 30 min 
at +27OC, thermal comfort). The investigation of MUAP control in hot conditions 
(30-40 min exposure to ambient temperature +45OC) were initialized 
immediately after sweating started. 
T-tests for paired samples were used for comparison between temperate and hot 
conditions. 

RESULTS 

At temperate conditions (+27OC) after 30 min exposure mean skin temperature 
stabilized at the level of 32.3kO.5OC. The ordered number of MUAP:s was 
successfully recruited in all the tasks. Thus, from 60 to 80% of the attempts were 
correct when subjects performed the tasks from "1 MUAP" to "5 MUAP:s", but 
only from 50 to 60% attempts were correct when subjects had to recruit "6 
MUAP:s" or "7 MUAP:s" (see Table 1). The wrong attempts were distributed 
rather uniformly between the trains with the lack of MUAP:s (N-1, N-2) and with 
extra MUAP:s (Nt-1, N+2). The mean number of discharges in the train was very 
close to its ordered number (Table 2). The discharge frequency of motor units 
depended on the task: it was 6-7 imp per sec when the task was "2 MUAl?s", and 
it was 10-12 imp per sec during the task "6 MUAp:s" or "7 MUAP:s". 
After 30-40 min exposure to hot air (+45OC) mean skin temperature increased to 
37.1&OS0C, and sweating was the characteristic of this condition. Core 
temperature did not sigtllficantly change. The striking specifity of the motor unit 
activity in the heated organism was the appearance of double spike and splited 
MUAP:s at the beaming of recruitment. At least 40-50% of MUAP:s in the train 
were usually doublets. These doublets were characterized by a very short intervals 
between first and second splkes (5-20 ms), and by prolonged intervals between 
the doublets (1.5-2 times longer than in regular single discharges). The other 
peculiarity of motor unit behavior in the hot condition was that single spike 
MUAP:s which appeared at the end of the train were characterized by 20-30% 
shorter interspike intervals if compare with the single spike MUAP:s in temperate 
conditions. Accordingly, their firing rate was 2-3 imp per sec higher in 
comparison with motor unit activity in temperate conditions. This peculiar 
behavior of MUAP:s in the hot conditions puzzled subjects and made control of 
recruitment of MUAP:s extremely dif6cult, because total duration of the train 
became very difficult to be predicted. Since, the prolonged interdoublet intervals 
helped subjects to count discharges and they managed to performe the task in hot 
conditions (Tables 1 and 2). 
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Table 1 

The mean number of correct attempts (“h, kSD) during 
recruitment of the ordered number 

of motor unit action potentials 

Task Temperate Hot 
condition condition 

1 58.58k6.79 50.32-116.96 
66.92k11.27 70.00k9.5 1 2 

3 62.52k 10.55 7 1.84k3.34 
68.77k 16.63 66.28k7.16 4 

5 62.43k10.09 60.38514.16 
53.11k21.45 48.60-118.56 6 

7 50.17k25.37 45.45k19.35 

P>0.05 in all instances 

Table 2 

The mean number of motor unit action potentials (5SD) 
during recruitment of their ordered number 

in different thermal conditions 

Task Temperate Hot 
conditions conditions 

1 1.39k0.20 
2 2.05k0.04 
3 3.00 k0.06 
4 3.96k0.06 
5 5.09kO. 12 
6 5.96k0.21 
7 6.91k0.30 

1.28k0.14 

3.07k0.11 
4.02k0.08 
5.20rt0.18 
6.21+0.20* 
7.06+0.07* 

2.09k0.14 

* - P<0.05. 
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CONCLUSIONS 

1. The present investigation showed that biofeedback aided control of fine 
movements in the man, such as recruitment of single motor unit potentials, is 
highly effective both in temperate and hot conditions. The per cent of correct 
attempts was not sigmlicantly different in these two conditions. Since, there was a 
tendency in the hot condition to recruit one extra action potential in comparison 
to temperate conditions. 
2. Heating the organism influenced the pattern of motor unit activity in humans. 
First, in hot condition motor units were usually recruited in a form of doublet and 
splited discharges, and this influenced the duration of the impulsing train of a 
motor unit, because interdoublet interval was 1.5-2 times longer than the regular 
interval. Second, interspike intervals between regular single action potentials in 
hot conQtion were sigtllficantly shorter than at temperate conditions. 
3. Appearance of doublets and decrease of interspike intervals of single spike 
action potentials might be due to motoneuron properties rather than to muscle 
fiber ones. We suppose that inputs from central warm thermoreceptors can 
influence the membrane properties of spinal motoneurones. 
4. Increased motor unit firing rate is known to convert muscle contraction pattern 
from unfused to fused tetanus. It results in more economical and less heat 
productive contraction [5]. We can figure out that there is a Qstinct 
thermoregulatory purpose in doublets and shortening of single splke action 
potential interspike intervals to decrease heat production without any decrease in 
the muscle force output. 
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EFFECTS OF THE CLOTHING PRESSURE APPLIED TO THE 
SKIN ON RESTING SALIVARY SECRETION 

Kaon Ohkura, Tomoko Midorikawa-Tsurutani and Hiromi Tolcura 

' Nara Women's University, Nara, 630, Japan 

INTRODUCTION 
It has been widely recognized that the skin pressure on specified areas of the 

body could cause depression of sweating rate (1). Ohtsuki et al. have observed that 
voluntary reaction time to light stimulation was longer with increased skin pressure 
brought on by compressive sportswear than without pressure and assumed that the 
pressure could cause depression of the central processing activity (2). Also, Tokura 
et al. have shown that skin pressure due to wearing a swimsuit had inhibitory 
effects on sweating (3), and the pressure from a bodysuit could cause reduction in 
the secretion of saliva from parotid gland (4). Thus, the skin pressure could have 
some inhibitory effects on several physiological parameters and the physiological 
permissible limiting value by an obi. is known 40 gf/cm2 (5). This experiment 
aims to investigate whether the skin pressure has some effects not only on secretion 
of saliva, but also on digestive response. 

METHODS 
ExDeriment 1 Nine healthy females (aged 18 to 33 yrs) participated as subjects. 
They had standard physical characteristics; height 158.0k7.1 cm and weight 
51.2k9.2 kg. The purpose of this study and the experimental procedures were 
explained to the subjects before voluntary consent was obtained. Individuals were 
asked to eat nothing for at least one hour this experiment. 

ordinary clothing into experimental wears (one-piece with short sleeves and pauties) 
having nearly no skin pressure to the body. Then, the subjects sat in a reclining seat 
calmly throughout the experimental period for 195 min; in a state having nearly no 
skin pressure for the first 90 min, in a state having skin pressure of 40 mmHg in 
abdomen and thighs and 60 mmHg in legs for the next 60 min by the use of cuffs 
inflated by air and in a state having nearly no skin pressure by releasing air out of 
the cuffs for last 45 min. The cuffs used in this experiment were 25 cm wide and 
120 cmlong for abdomen, 25 cm wide and 90 cm long for thighs and 15 cm wide 
and 50 cm long for legs. 

Resting salivary secretion was collected every 15 min. The collection started 
at the time of 55 min after the beginning of experiment and was totally performed 
10 times (Fig. 1). During 5 min the subjects were asked to prohibit swallowing 
saliva and to spit out saliva into a beaker whose weight was measured. The resting 
salivary secretion was obtained by subtracting the weight of the beaker' from the 
weight of the beaker containing saliva. 

We also investigated digestive time for starch by the saliva in term of iodine- 
starch reaction. After saliva weight was measured, the saliva (1 ml) was blended 
with 1% solution of starch (10 ml) in another beaker, which - was kept at 37°C 

In a bioclimatic chamber (28"C, 50%RH), the subjects changed their 

I 

81 



F60 F75 F9P P15 P30 P45 P6q F' 15 F'30 F ' I 5  
I 

0 30 60 90 120 150 195 
(mid COLLECTIVE TIME OF SALIVA 

Fig. 1 Time schedule. First period consisted of 90 min with no skin pressure, 
designated control period, followed by 60 min period with the skin pressure 
by cuffs. Last period consisted of 45 min without pressure as recovery 
period. Black blocks represent the time of the resting saliva collection for 5 
min. 

in warm water controlled at 37°C. Then, the solution of saliva-starch (1 ml) was 
put on a slide glass every minute and loop1 of the solution of the iodine was 
dropped on that. If the reaction color became blue, it means the starch was not yet 
mgested by the saliva. If the reaction color remained yellow, it means the starch 
was already digested entirely by the saliva. We took photographs for each reaction 
and determined the digestive time from the pictures. 

Exueriment 2 The subjects were four healthy females (aged 18 to 22 yrs). 
Experiment 2 had the same schedule as experiment 1. The saliva obtained at 90 min 
of the control period, at 30,60 min of the pressure period and at 15, 45 min of the 
recovery period were stored immediately in a freezer. The concentration of amylase 
of the saliva was determined by a substrate method (5). 

Experiment 3 The subjects were twenty healthy females (aged 21 to 23 yrs). 
The skin pressure was circumferentially applied in the areas around bust and waist 
with flat rubber threads fastened with pins . The lengths of the rubber threads were 
15 cm shorter than those in circumference of bust and waist. After sitting calmly for 
90 min without skin pressure by clothings, the skin pressure by the rubbers was 
applied for 30 min, and then the pressure was released for the next 30 min. The 
saliva obtained at 90 min (F60), at 30 min of skin pressure (P30) and at 30 min of 
recovery (F'30) were stored immediately in a freezer. The concentration of amylase 
in the saliva was analyzed. 

RESULTS 
ExDeriment 1 Fig. 2 shows distinctly that resting salivary secretion was clearly 
inhibited by skin pressure due to the cuffs. Fig. 3 shows the average digestive time. 
As seen clearly, it tended to be longer during the skin pressure period. 
Exueriment 2 Decrease of the concentration of amylase was observed in three 
out of four subjects during the pressure period. 
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ExDenment 3 Fig. 4 shows the average concentration of amylase. It was 
significantly lower at 30 min of skin pressure than at 90 min of control, and did not 
recover at 30 min of recovery. 

CONCLUSIONS 
Resting salivary secretion and concentration of amylase was inhibited by 

skin pressure due to the cuffs. The digestive time tended to be longer during the 
period o€ increased skin pressure period. These results might suggest that the 
autonomic nervous system is depressed by the skin pressure. Therefore, these results 
are of significance for the improvement of the relationship between clothing and 
health maintenance in terms of digestive physiology. 

A .- 

I." 

F60 R 5  F9O P i 5  P30 P45 P60 F'15 F'30 F'45 

Fig. 2 Resting salivary secretion per 5 min. Mean+S.E. N=9 

O J  F90 P15 P30 P45 P60 F'15 F'30 F'45 ' 
Fig. 3 Average digestive time under the influence of no skin pressure and skin 

pressure due to the cuffs. 
Mean+S.E. N=8 
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Fig. 4 The average concentration of resting saliva amylase. 
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THE ROLE OF LOCAL SKIN TEMPERATURE IN DETERMINTNG THE 
PERCEPTION OF LOCAL AND WHOLE-BODY THERMAL STATE. 

J.D. Cotter, A. Zeyl, E. Keizer and N.A.S. Taylor 

Dept. of Biomedical Science, Univ. of Wollongong, NSW 2522, Australia. 

INTRODUCTION 
Humans have very poor natural insulation, yet possess powerful physiological and 
behavioural thermoregulatory mechanisms, which permit sustained tolerance to 
severe thermal stress. The thermal inputs which drive these responses arise from 
both internal and cutaneous thermoreceptors. Whilst behavioural thermoregulation 
depends mainly on the former source (l), it is the cutaneous afferent input which 
dominates the whole-body thermal sensation (2). Extensive literature exists on the 
nature of the interaction between cutaneous temperature alterations and thermal 
sensation, and on their contributions to thermal comfort and behaviour. However, 
other than the observation that the head has a relatively high thermal sensitivity (3) 
and drive for whole-body comfort (4), the possible differential thennosensitivity of 
the skin has not been adequately partitioned. Thus the aim of this study was to 
partition the skin for both localised cutaneous thermal sensitivity and drive for 
whole-body thermal sensation and comfort, using warming and cooling of ten 
localised skin regions. 

MATERIALS and METHODS 
Twelve habitually active males experienced three local skin temperature (Tad 
manipulations, at each of ten skin regions, using equivalent AT,,s and surface areas 
(274 cm2). A climate chamber (mean fsd; T,=35.8 f0.2"C, rh=55.2 f0.2%) 
was used in combination with a water-perfusion suit (Tmkr =36.7"C; Webb and 
Associates, Yellow Springs) to clamp the mean core (Fc= (rectal + oesophageal f 
aural)/3) and mean skin temperatures flak; area weighting of 15 non-treated sites) 
above the sweat threshold: 36.9 f0.2"C and 36.2 f0.2"C, respectively (5). 
Separate perfusion patches, consisting of a flexible grid of parallel polyvinyl tubes, 
were used to alter the T, at each of ten right-side skin regions, in balanced order: 
head (bilateral face+ forehead), lateral upper arm, lateral forearm, fingers +dorsal 
hand, chest, abdomen, lateral thigh, lateral leg and toes+dorsal foot. Using 
approximate square wave changes in patch water temperature, three ATsHs were 
applied to each region: (i) an increase of 4°C (mean of 5 thermistors) over 10 m h  
(W+40; TW,,,=48.3 f0.2"C); (ii) followed immediately by an 11°C decrease from 
this plateau over 5 min (C-lla; Twak,= 11.5 f0.2"C); and (iii) a decrease of 4°C over 
10 min (C4a; Twak,=25.9 f0.2"C). We have shown these thermal clamps to be 
effective across time, and shown the AT,,s to be isolated to the treated skin regions 
(5). Treatments (i) and (iii) were always preceded by a lo-& pre-treatment 
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baseline period (TBU=36.3 &O.l°C). Three trials of 135-190 min, were necessary 
to complete the 30 treatments per subject, with at least 5 days between trials. 

Tissue temperatures were obtained using thermistors (types 401, FF and EU YSI, 
Yellow Springs Instruments, Ohio; Edale Instruments Ltd, Cambridge, U.K.), and 
recorded at 0.2 Hz (Squirrel, 1206; Grant Instruments; U.K.). Local and whole- 
body thermal sensation (1 =unbearably cold, to 13=unbearably hot) and discomfort 
(l=comfortable, to 5=extremely uncomfortable) were obtained 60 s prior to 
treatment onset, and at 4 min post-onset. Local thermal sensation was also obtained 
at 40 s and 9.5 min post-onset. Subjects were trained in the use of these scales. 
After first expressing the local and whole-body thermal sensations and discomforts 
as difference scores (treatment minus pre-treatment baseline), and normalising for 
the concurrent absolute AT,, ( 1 AT,, I ), the main effects of treatment and region 
were examined using ANOVA for repeated measures (a =0.05). Local sensation was 
also examined for a time by region interaction. Significant differences were isolated 
using Tukey'sHSD post hoc procedure. Results are presented as means f SEM. 

RESULTS 
The mean pre-treatment baselines for local and whole-body thermal sensations were 
slightly warm-to-warm (8.58 f O.17), which were rated as comfortable-to-slightly 
uncomfortable (1.42 fO.10). The changes in thermal sensation and discomfort are 
summarised for the three treatments in Figures 1A-D. When averaged across treated 
regions, each of the three treatments (Wf4*, C,,-  and C4') induced significant and 
concordant changes in both local and whole-body thermal sensations. Similarly, local 
and whole-body discomforts were significantly increased during Wf4-, and decreased 
during C~l lo ,  but only local comfort changed during CT4' @<0.05). 

Significant inter-regional differences in local thermal sensation and discomfort were 
apparent for both W+40 and C-llo. The foot, head and hand were consistently the 
most sensitive regions (Figures 1A and IC). The head showed a significantly lower 
local thermal adaptation, in that it maintained its cool sensation more so than did the 
thigh, during the C,. treatment (p <0.05). 

The inter-regional AT,,s did not differentially affect whole-body thermal sensation 
or discomfort, except within the C-llo treatment, where head cooling induced lower 
whole-body thermal sensation and discomfort votes than did cooling the forearm, 
hand (discomfort only), calf or foot @<0.05; Figures 1B and 1D). 

DISCUSSION 
The present study is unique, in that local and whole-body thermal sensations and 
discomforts were simultaneously investigated, while ten skin regions were treated, 
with deep body and the remaining skin thermal inputs held constant. Since changes 
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Figure 1. Change (fSE) in local (A) and wholebody (B) thermal sensation, and local (C) 
and wholebody thermal discomfort @), during thermal stimulation of each of ten skin 
regions. Data were obtained 4 min after the onset of mild warming (W+4a), mild cooling (C. 
,.) and moderate cooling (C-,l.), with change scores being divided by the absolute Ta change. 
‘l’, ‘2’ and ‘3’ = significantly lower than the foot, head and hand, respectively @<0.05). 
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in whole-body discomfort require deep body temperature to be sufficiently displaced 
from thermoneutrality, whole-body t h e d  strain was damped above the sweat 
threshold, permitting T,, manipulations to affect whole-bo$ discomfort. 

Taken collectively, the present data support previous assertions that the skin has a 
relatively uniform thermal sensitivity, except for a high sensitivity at the face (3). 
Nevertheless, three trends are immediately evident. First, the hand and foot 
possessed high local sensitivities and discomforts, however, they exerted mimid  
impact upon whole-body thermal sensation or discomfort. Therefore, while these 
high local sensitivities are important to clothing design, they are presumably of 
minimal importance to behavioural thermoregulatory responses. 

Second, the head displayed this relatively high local thermal sensitivity, but also 
dominated whole-body thermal sensation and discomfort. Such regions, which 
impact upon whole-body discomfort warrant special consideration from a 
thermoregulatory perspective, since increasing whole-body discomfort will elicit 
behaviours aimed at minimising thermal strain (1,2). While this high facial them1 
sensitivity has been alluded to previously, the current data are believed to be the first 
inter-regional partitioning, obtained for relatively steady-state thermal displacements, 
during which deep body and the non-treated skin temperatures were clamped. 

Third, within treatment sites, there may exist differences in sensitivity to warming 
and cooling, such that sites which display a trend for eliciting whole-body sensation 
for cooling, are not equally warm-sensitive (e.g. back, calf and foot; Figure 1B). 
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DYNAMICS OF CARDIORESPIRATORY RESPONSES TO I!XERmE PN 
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INTRODUCTION 

At tlie onset of dynarmc exercise b lod  flow to tlie exercising inuscles increases rapidly 
due to activation of tlie sympathetic nervous system and to elevated venous return by 
muscle pumping action (1). However, exercise and liyperthennia represent coflcting 
challenges to the cardiovascular system. There is competition between the non-thermally 
induced vasoconstriction in inactive tissue, in the face of massive vasodilatahon in active 
muscle, and simultaneous attenuation of active vasodilatation by tlie effect of relaxing 
lioineothermic defence (2). Increases in internal and skin temperatures promote 
peripheral vascular pooling and transcapillary filtration reducing central venous pressure 
and tlius impairing cardiac filling. Tlie pooIed blood may, therefore, afEect the kinetics of 
the cardiovascular responses to dynarmc exercise and have some influence on kinetics of 
tlie respiratory system (3). Tlie aim of tlie present work was to test to wlmt extent an 
increased ambient temperature affects cardiorespiratory dynamics in exercising subjects. 

MATERIALS and METHODS 

Nine male University students with a mean age of 21.8 years (SD 0.7), height 169 cm 
(SD 6), andbody inass 60.4 kg (SD 8.5) volunteeredfor this study. 

The exercise was perfonned on a bicycle ergometer in the upright position at ai 
intensity of 50 % V&max for 10 min, first at ambient temperature (TJ of28 "C and, on 
the next day, at T, of 37 "C. 

Auditory canal teinperalure p d )  was measured with a probe closely located to the 
tympanic membrane. Tlie Td as wll as mean skin temperature (l'd on chest, a m  and 
thigh were measured by a tliermistor, with an accuracy of 0.1 "C. 

Stroke volume (SV), heart rate (HR) and cardiac output (Q were continuously 
detennined by an automated measuring system based on impedance cardiography (4). 
Respiratory fkequency (0, tidal volume (VT) and ininute ventilation (VE) were measured 
autoinatically breath-@-breath by a secoiid computer system. 
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RESULTS 

The higher ambient temperature caused greater increases in Td (0.50 v 0.40 "C, F0.05) 
and in Tk (0.70 v 0.22 "C, FO.01) in the exercising subjects (Fig. 1). 

Vmtilatow responses 
Exercise in both ambient temperatures caused similar increases for each of the 
ventdatory variables. However, f was sigmficantly greater during recovery from the 
exercise performed at 37 "C than at 28 "C. Acceleration off during exercise at 37 "C 
was 3.6 times greater than deceleration from the exercise (0.29 v 0.08 breath&, 
respectively). Time constants of VT and VE d d  not differ in the two ambient 
temperatures but were shorter for ON than for OFF response during exercise at 37 "C 
(50.1 v 82.2 s, F0.05 and 55.4 v 77.2 s, F0.05, respectively) (see Fig. 2). 

Cardiac responses 
No steady-state for HR was observed The further increase in HR, after 5 min of the 
exercise, could reflex c h g e s  in SV, which after a sudden increase at the beginning of 
exercise, showed a constant decrease during exercise at 28 "C and 37 "C. As a result Q 
was almost stable throughout both exercises (see Fig. 3). 

The time constant of SV for ON response was faster during exercise at 37 "C than at 
28 "C (11.2 v 15.2 s, F0.05). For a l l  measured cardiac variables deceleration was 
sigtllficantly slowr than acceleration. These data indicate that a longer time was 
necessary for recovery when exercise of the same intensity was performed at higher 
ambient temperature. 

DISCUSSION 

The present study showed that increased ambient temperature did not influence the 
kinetics of the cardiorespiratory response at the beginning of dymmc exercise but the 
lugher ambient temperature signrficantly increased the time necessaty for recovery from 
the exercise. 

The decrease in stroke volume, after a sudden increase at the beguvllng of exercise, 
is usually observed when the exercise is performed in the upright position (4). The 
decrease in SV observed in the present work might be an effect of impaired venous 
return caused by thermally induced peripheral vasodilatation. The decreased SV was 
compensated by increased HR resulting in an almost stable value of Q necessary to fulfil 
metabolic demand during the short time moderate exercise. 

The lack of temperature related differences in ventilatory responses during exercise is 
in agreement with previous data indicating that an increment of about 0.5 "C in body 
temperatures during moderate exercise does not constitute an extra stimulus to the 
respiratory system (5). However, greater f observed after exercise performed at 37 "C 
would suggest that also in humans a rudimentary thermoregulatory reaction in the form 
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1 p<O,Ol -I p <0,05 

fig. 2: 

Fig. 1: Increases in mean skin tempera- 
ture (T& and deep body tein- 
perature (Td) in response to exer- 
cise performed at ambient 
temperature of 28°C (shaded 
colwnns) and 37°C (wlGte 
colunuls). 
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Respiratoly frequency, tidal volume, and ininute ventilation during dynamic 
exercises per€ormed with the same relative intensity at two different ambient 
temperatures. Values are rneans and SD; “0.05, paired t-test. 
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of panting could be triggered in order to increase body heat loss under specdc themid 
conditions. 
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THE EFFECTS OF EXERCISE AND GENDER ON HEAT TOLERANCE 
TIME DURING PROLONGED HEAT EXPOSURE 

J.H. Heaney, M.J. Buono*, N.A. Pimental**, and J.A. Hodgdon. 

Naval Health Research Center, San Diego, CA, USA, 
San Diego State University', San Diego, CA, USA, 

Navy Clothing and Tex3ile Research Facility**, Natick, MA, USA 

INTRODUCTION 

The U.S. Navy has recently begun to increase tlie number of €emale sailors 
stationed aboard ship and personnel staffing ratios on the majority o€ suface slips 
are to be 50% male and 50% female by the year 2000. There is concern the 
Navy's current heat exposure policy may not provide tlie appropriate guidance for 
female personnel because these heat exposure standards, commonly referred to as 
the Eliysiological Beat &posure Limits or P E L  curves, were developed using 
males. It has been established that most gender differences in thermoregulation 
are negligible when males and females are evenly matched for €actors such as 
age, acclimation, body size, maximal aerobic capacity, and relative versus 
absolute workload (1,2,3). However, female sailors within the U.S. Navy 
population differ in size, fitness, and body composition from male sailors. 
Additionally, though body size was incorporated in the development of tlie PHEL 
curves, application of the PHEL curves is based on personnel performing 
shipboard tasks at an absolute work rate. We hypothesized that gender 
differences in thermoregulation would not appear at low activity levels (PHEL 1, 
PHEL 2) andor low thermal environments, but may begin to appear at a 
moderate work rate and moderate to high thermal environments. We have 
previously reported the thermoregulatory responses of males to a PHEL 3 work 
rate (43). The purpose of this study was to compare thermoregulatory responses 
between males and females to the PHEL 3 work rate which has time-weiglited- 
mean metabolic rate of 11 1.7 Warn2. 

MATERIALS and METHODS 

Upon tlie completion of an 8-day heat acclimation protocol, 26 males and 17 
females (Table 1) volunteered to perform three heat tolerance tests in an 
environmental chamber. The tluee thermal conditions were as follows: low 
environment (LOW = 43.3"C Tdb, 46°C Tg, 51% rli; medium environment (MED 
= 50.6"C Tab, 53°C Tg, 32% rli; and hot environment (HOT = 57.2"C Tdb, 60°C 
Tg, 25% rh. Each heat exposure was designed to last a maximum of 6 hours with 
tlie subjects attempting to complete a 20 min treadmill walk (80.5m/min, 
3Y0grade) followed by 40 min of seated rest each hour. End of test termination 
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criteria were established as a core temperature 2 39.5"C, heart rate 2 180 bpm for 
5 min, or volitional withdrawal. Rectal temperature (T& mean skin temperature 
(Tmk) calculated from four sites - shoulder, chest, thigh, calf, and heart rate (HR) 
were measured each minute throughout the heat exposure. Whole body sweat 
rate (WBSR) was determined from nude pre- to post-exposure weight changes, 
corrected for intake and output of fluids, and adjusted for both body surface area 
@SA, from height and weight), and the heat exposure duration or stay time 
(STYTM). Metabolic rates ( 0 0 2 )  were determined from 1.5 min Douglas Bag 
collections and sampled midway through each treadmill walk. A repeated 
measures MANOVA was used for statistical analysis of the data with the 
significance set at the .05 level. 

MALE 

RESULTS 

HEIGHT WEIGHT BSA BFAT PEAKVO2 
(cm) 0%) (m2> (%) (ml/kg/min) 

178.0 (7.6) 77.5 (7.3) 1.95 (0.11) 16.7 (4.7) 50.8 (5.0) 

Table 1 provides subject characteristics (means and standard deviations). 
Males and females differed SignLticantly on all measures except age as the mean 
age for all subjects was 23 to 24 yr. Except for weight, the mean values for these 
subjects are similar to mean values for the U.S. Navy male and female personnel. 
Navy males are typically taller in stature and heavier in body mass thereby 

resulting in a significantly higher BSA. Additionally, Navy males have a 
significantly lower percentage of body fat (BFAT) and a significantly higher 
aerobic capacity. The females in this study were approximately 7 kg heavier than 
the average Navy female. While a lower body weight would most likely reduce 
the BFAT content, it would also result in a decreased BSA producing an even 
greater BSA difference between males and females. 

FEMALE 

Table 1. Subject Characteristics 

162.2 (5.4) 67.0 (7.5) 1.71 (0.10) 31.1 (5.0) 43.9 (6.5) 

Mean (SD) responses to the heat exposures are provided in Table 2. T,,, Tmkr 
and HR data are the last min values of each heat exposure prior to exiting the 
chamber. There were significant STYTM effects for both gender and 
environment. Post hoc analysis revealed that STYTM was different between 
each environment, but male STYTM was significantly higher than female 
STYTM only at the MED environment. HR was not different between 
environments, however, male HR responses were significantly lower than female 
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LOW STYTM HR Tre 
(min) (bpm) ("C) 

MALE 206 (78) 132 (24) 38.5 (0.5) 

FEMALE 184 (38) 150 (23) 38.9 (0.4) 

MED STYTM HR Tre 
(min) (bpm) ("(3 

MALE 129 (42) 139 (19) 38.9 (0.5) 

FEMALE 94 (26) 155 (20) 38.9 (0.4) 

HOT STYTM HR Tre 
(niin) (bpm) ("C) 

MALE 77 (21) 139 (28) 38.8 (0.4) 

FEMALE 71 (6) 157 (20) 38.9 (0.4) 

HR responses within each environment. Upon the completion of tlie three heat 
exposures, end of test HR values for males were approximately 70% of their 
maximal H R  compared to 79% for female H R  values. There were no significant 
gender or environment effects for T,, and tlie average increase in Tre for males 
and females was similar, 2.O"C and 2.2"C, respectively. Tnllk was significantly 
different between environments but not between males and females. WBSR 
response for males was significantly higher than females within each 
environment and WBSR was significantly different between environments. 
Lastly, although exercising $'02 was not different between environments, male 
values were statistically lower than female values, 14.4 ml/kg/min and 16.2 
ml/kg/min, respectively. During the exercise intervals, males worked at 28% of 
their maximal aerobic capacity while females worked at 37% of their maximal 
aerobic capacity. There was no significant 00, drift within the heat exposures or 
between the environments for either males or females. 

Tmsk WBSR 
("c) (gm/m2/min) 

37.9 (0.6) 10.1 (3.8) 

38.1 (0.5) 7.4 (3.5) 

Tmk WBSR 
("c) (gm/m2/min) 

38.5 (0.6) 12.6 (2.8) 

38.4 (0.5) 10.0 (3.8) 

Tnisk W S R  
("c) (gm/m2/min) 

38.9 (0.4) 16.9 (3.5) 

38.4 (0.5) 10.7 (3.6) 

CONCLUSIONS 

Results from this study compare favorably with the physiological responses of 
males and females working at an absolute workload (36% and 29%, respectively) 
reported by Avellini et al. (6). T,, HR and W S R  responses between males and 
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females were similar in both studies. In contrast to the previous study, we did not 
observe a gender difference in Tmk, and there was a gender difference in STYTM 
at the MED environment. It was concluded that the females in this study 
experienced a greater degree of cardiovascular strain as evidenced by a lower 
STYTM, WBSR, and a higher HR response. While matching for anthropometry, 
aerobic capacity and relative work rates in a controlled research environment can 
eliminate many of these differences, males and females within the operational 
setting of the military and industrial work environments are usually very different 
in body size and aerobic capacity. More importantly, the ability to structure a 
work environment that utilizes a relative work rate design is difficult to employ. 
These findings suggest that application of the U.S. Navy's existing heat exposure 
guidelines may need to be modified in order to provide the appropriate heat 
exposure guidance for all Navy personnel. The database generated from these 
investigations could be used to develop gender-neutral heat exposure standards 
for U.S. Navy personnel. 
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THERMOREGULATORY AND CARDIOVASCULAR RESPONSES TO 
RAPID CHANGES IN ENVIRONMENTAL CONDITIONS 

D. Moran, B. Hetzeroni* and M. Horowitz* 

Heller Institute of Medical Research, Sheba Medical Center, 5262 1 Tel Hashomer; 
Sackler Faculty of Medicine Tel-Aviv University, *Department of Physiology, 

Hadassah Schools of Medicine, The Hebrew University, Jerusalem 9 1 120, Israel. 

INTRODUCTION 

The effects of exercise and environmental conditions, in either hot or cold 
climates, on physiological variables have been well investigated (1-3). When rapid 
changes in environmental conditions are induced, the sense of effort is largely 
influenced by the use of heat. Neither the effect of rapid fall in ambient 
temperature, nor tlie effect of acute, alternate exposures to heat and cold climates 
are fnlly described. This might be of importance to workers exposed to rapid 
changes in cliinate conditions. 
The purpose of this study was to esamine the effects of rapid changes in 
eiivironmental conditions on the thennoregulato~y and the cardiovascular systems. 

MATERIALS and METHODS 

Subjecfs: Eight young (23rt2 yrs.) fit  (V0zmaS= 3.89A0.2 bin) male volunteers 
participated in the study. Prior to the experiment, each subject underwent a 
complete medical esamination. Subjects were iilfornied as to tlie nature of the study 
and the potential risks of exposure to esercise in a hot climate. All subjects signed a 
form of consent. 
Protocol: Prior to esperimental esposure all subjects underwent a 5 day 
acclimatization process (4O0C, 4O%RH). Each day they walked for 100 min on a 
treadmill at a speed of 1.4 rnsec-l and 5% grade wearing shorts, T shirt and 
athletic shoes. A day after the acclimatization process, subjects were tested to 
determine their aerobic power. OxTgen uptake at maximal exercise was analyzed by 
coinputerized metabolic chart (CPK - MGC, Medical Graphic). A progressive 
treadmill running test was done at  a constant speed of 3.13 msec’’ and stepwise 
grade increments of 2% every 2 min until eshauslion. Established criteria were 
used to determine oxygen uptake (4). 
Expriinentd prutucul: Each subject was tested under tlie 4 experimental 
combinations depicted in table 1. The combinations were assigned at random to the 
subjects. The esercise bout comprised 60 niin of steady state cycling on a 
mechanical cycle ergometer (Moix.uk 18 1). During that time, rapid climatic 
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changes were induced in the following sequence: normothermia - cold - hot [NCH] 
or normothermia - hot - cold [NHC]. All tests were conducted in the climatic 
chamber, and exposure to each climate was 20 min. During all the exposures 
participants wore shorts, T shirt and athletic shoes. During esposures, heart rate 
(HR). rectal (Tre) and skin (Tsk) temperatures and blood pressure (BP) were 
monitored on line. Tre was measured from a thermistor probe (YSI 401) inserted 
lOcm beyond the anal sphincter, and Tsk was measured by skin thermistors (YSI 
409) at 3 locations (chest, arm, leg). Weighted mean skin temperature was 
calculated according to Burton (5). HRs were continuously radiotelemetered to an 
oscilloscope tachonieter (Life Scope 6, Nihon Kohden) with electrocardiogram 
chest electrodes. To determine metabolic rate and cardiac output respiratory gases 
were measured every 18 min towards the end of the esperiniental exposure. 
Expiratory gases were sampled and analyzed every 15 seconds by an automatic 
metabolic chart (CPX-MGC, Medical Graphic); a mean value of 2 min was used for 
determining VO,. Cardiac output was determined by CO, rebreatliing technique 
(6). BP was measured using an automated monitor (Paramed 9300). 
Statistical analysis was performed with JMP software. using mixed model analysis 
of variance. All values are presented as mean+SD: p values less than 0.05 were 
considered significant. 

Table 1 : Esperimenlal combinalioiis 

metabolic rate: mild (125 watt) 
moderate (200 watt) 

climatic condition: normothermia-cold-hot [NCH] 
normothermia-hot-cold rNHCl 

where: normothermia 21°C. 55%FU-I: cold 12°C. G O % F N ;  hot 41"C, 35%RH. 

RESULTS 

Heart rate (HR), skin (Tsk) and rectal temperature (Tre) in subjects subjected to 
mild and moderate work loads under the 2 climatic conibinations (NHC and NCH) 
are depicted in Fig. 1. It is evident that i n  both work loads HR and Tsk responded 
rapidly to any change in environmental conditions. These rapid changes were not 
reflected in Tre, which responded to work load rather than to environmental 
conditions. Thus, upon temperature shift from hot to cold environment, Tre 
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continued to rise despite the cold environment. In contrast, Tsk and HR decreased 
immediately after the transition to the cold climate. 
Normothermia V02 values differed by 100 ml/min from those obtained in  hot and 
cold climates. Hot climate induced V02 elevation, whereas cold climate produced 
lower V02 values compared to those obtained in normothermia. Blood pressure 
values obtained in [NHC] were significantly higher than in [NCH] (~(0.03). No 
significant difference in cardiac output (Q) was found between [NHC] and [NCH] 
at the same work load. 

DISCUSSION 

Upon changes in the climate conditions the rapid parallel changes in T,k and HR to 
the compared slow clianges in Tre may suggest that upon rapid ambient 
temperature shifts afferent peripheral thermoreceptors, and the subsequent 
vasomotor responses predominates in the control of body temperature. In contrast, 
upon changes in work load the impact of metabolic heat production was more 
pronounced. Tlie slower response of the metabolic system compared to that of the 
heat dissipation mechanisms, which depend on thermal conductivity is of 
significance to workers exposed to rapid climate changes, especially to those who 
active physically and move from hot to cool climate and aware of the 
thermoregulatory system pattern. 
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THE IMPACT OF CLOTHING ON SWEATING IN THE COLD 

R. Nielsen 

Technical University of Denmark, Institute of Energy Engineering, 
Building 402, DK-2800 Lyngby, Denmark 

INTRODUCTION 

When man enters into a positive heat balance, production and evaporation of sweat 
plays a major role in the attempt of his thermoregulatory system to restore heat 
balance. When clothing is worn, sweat will not always be able to evaporate, but 
accumulates in the clothing. The immediate evaporative cooling of the skin may be 
reduced and the ability to restore heat balance may be impaired. 

During the last four decades researchers have simulated actual working situations 
using hot plates, thermal manikins and human studies in climatic chambers in order 
to demonstrate the effect of clothing on heat exchange of man in the cold (e.g. 
Olesen and Nielsen 1983). However, knowledge about the impact of clothing on 
sweating in the cold is still insufficient. 

The purpose of the research reported in this paper was further to explore, quantify 
and describe the impact of clothing on sweating and heat loss from man in the cold. 
The importance of garment characteristics as textile material and clothing layers in 
combination with the location of sweat accumulation, of body movements, and of 
air movements have been studied. 

MATERIALS and METHODS 

Human studies: 
A: The influence of the underwear fabric material on sweat production, evaporation, 
and sweat accumulation in a two-layer clothing system (I,a =.0.25 m2-K.W') was 
studied (n=8). Five different fiber type materials (cotton (C), wool (W), poly- 
propylene (P), and two polyesters with different finish (Pol, P02)) were tested in 
the underwear. The 2-hour test comprised a twice repeated bout of 40-min bicycle 
exercise (M = 313 Waiz) followed by 20 min of rest. Environmental conditions: 
T, = 5"C, r.h. = 54%, V, = 0.3 m d .  

B: The influence of the underwear and middle layer fabric material on sweat produc- 
tion, evaporation and sweat accumulation in a three-layer clothing system (I,o, = 
0.29 m2.K.W-') was studied (n=8). Two different underwear fabrics were used: a 
100% wool (W) or a 100% polypropylene (P). The sweater was manufactured from 
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either 100% cotton (C), 100% polyester (S), or 100% wool 0. The shell clothing 
layer was made from 35 % cotton165 % polyester (M). Six different combinations of 
garments were tested: PCM, PSM, PWM, WCM, WSM and WWM. The 2-hour 
test was the same as in the first study, except M = 273 W d .  Environmental 
conditions: T, = lO"C, r.h. = 80%, V, < 0.1 ms". 

Accumulation of sweat in each garment was measured, as well as esophageal and 
skin temperature, evaporation of sweat, and total sweat production. Significant 
differences (p < 0.05) were determined using repeated-measures analysis of variance. 
Tukey's critical difference was used to locate significant differences between means. 

Manikin study: 
With a thermal manikin (Madsen 1976) the influence of underwear, middle and 
outer layer fabric material on evaporation and heat loss during drying was 
determined in various two- and three-layer clothing systems. 

Two 3-layered clothing ensembles PSM and WWC (I, = 0.31 m2.K*W-') and two 
2-layer clothing ensembles PM and WM (ItO( = 0.20 m2-K-W-') were studied. The 
underwear was made from either polypropylene (P) or wool 0. The middle 
clothing layer was manufactured from either wool (W) or polyester (S). The outer 
layer was made from either 35% cotton/65% polyester (M) or 100% cotton (C). 

Heat loss from the dressed thermal manikin was measured throughout the drying of 
clothing ensembles initially humidified witb 175 g water. The was placed 
ou a balance for recording of weight loss. Experiments were done with the manikin 
in a s h d i s g  position with or without being exposed to an air velocity of 1 md, 
or the manikin was brought to simulate waking movements with 60 steps per 
minute. Environmental conditiom: T, = PO"G, r.h. = 70%, V, < 0.1 m d .  

H u m  studies: There was a Parge inter-individual variation in the production, the 
evaporation and the accumulation of sweat. With all clothing ensembles more sweat 
accumulated on the upper part of the body compared to the lower part. 

With different 2-layered clothing ensembles there was no detectable difference in 
heat loss as illustrated by T,, tsk, wettedness and onset of sweating. However, 
underwear fiber type material significantly influenced total sweat production, 
evaporation of sweat, andjaccumulation of sweat within the clothing. Sweat 
production was lower with polyester underwear compared to other textile materials 
(PO1 < C, W, P; PO2 < W). Total evaporation of sweat was highest with 
underwear of polypropylene (P > Pol ,  P02) and wool (W > P02). 
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Sweat accumulation in the clothing at the end of the test amounted 20-32% of the 
total sweat production. Less sweat accumulated in a clothing ensemble with 
polypropylene compared to wool underwear. Most sweat accumulated in the outer 
garment. A larger percentage of the accumulated sweat was localized in the outer 
clothing layer when the underwear was constructed from synthetic (82% - 92%) 
compared to natural fibers (64%). Significantly more sweat accumulated in the 
underwear itself when made from wool or cotton fibers compared to synthetic fibers. 

With 3-layered clothing ensembles there was no detectable influence from textile 
material on sweat production and evaporation. However, sweat accumulation in the 
clothing was influenced from the textile material in both inner and middle layers. 

Accumulation of sweat in the clothing at the end of the test period amounted 19-31 % 
of sweat production. Accumulation of sweat in the undenvear was considerably 
higher with wool underwear compared to underwear with polypropylene fibers (p 
< 0.05). Sweat accumulation in the underwear was not affected by the fiber type 
material of the sweater. Sweat accumulation in the middle layer was significantly 
affected by both fiber type of the underwear (W < P) and of the fiber type of the 
sweater itself (S < C; S < W). Sweat accumulation in the outer layer was higher 
when the sweater was constructed from synthetic fibers compared to natural fibers 
(p < 0.05), whereas no effect of underwear fiber type was observed. With a 3-layer 
clothing ensembles sweat accumulation was not mainly in the outer layer, but 
distributed over a11 layers dependent on fiber type material. 

'Them1 mmipcin: Dressing a them1 d c b  with humidified clothing immediately 
increased it's heat loss. Then heat loss decreased over several hours to the steady- 
state level for the actual combination of clothmg insulation worn. Evaporation of 
water from the humidified clotKing took place in two phases: an initial fast phase 
with m almost linear evaporation rate followed by a slower curved drying out phase. 

Fiber type mateSia1 had a significant influence on evaporation from humidified 
clothing and on the percentage of drying energy consumed from the t h e m 1  
manikin. Evaporation took place at a much faster rate from ensembles manufactured 
from synthetic materials compared to ensembles manufactured from natural 
hygroscopic fibers. As a consequence drying time was much longer with WWC than 
with PSM. Totally, drying of PSM on the standing thermal manikin in still air 
consumed significantly more energy from the manikin than drying of WWC. 

The number of layers in the clothing ensemble had a major impact on both drying 
time and heat loss. Drying of a 3-layer clothing ensemble lasted 2-3 times longer 
than drying of a 2-layer clothing ensemble; regardless of the location of water. 
Initially, evaporation rate was higher with a 2-layer compared to a 3-layer clothing 
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ensemble. The percentage of energy consumed f r p  the thermal manikin with 2- and 
3-layer clothing systems was in the same ran& when the underwear was wet, 
whereas drying of the outer layer consumed more energy from the manikin with 2 
layers compared to 3 layers. 

The location of the water in the clothing did not have a major influence on the initial 
evaporation rate. With water placed in cotton outer layer of WWC, drying time was 
extended considerably. Energy consumption from the thermal manikin during drying 
of the wetted clothing was significantly higher the closer to the manikin surface, the 
water was localized - independent of textile material. 

Walking movements increased evaporation rate from the wetted clothing slightly 
regardless of where the water was placed. Energy contribution from the thermal 
manikin to drying of the outer clothing layer was increased by more than 10 %. With 
woolen clothing an increase in energy contribution from the manikin was also seen 
when water evaporated from the inner and middle layers. 

In the wind evaporation was much faster from clothing manufactured from synthetic 
materials, and more the further out in the clothing the water was placed. With the 
ensemble manufactured from natural fibers evaporation was only higher when water 
was placed in the outer layer. The manikin contributed most energy during drying 
of the inner layer. For drying of middle and outer clothing layers, wind only 
increased the energy consumed from the thermal manikin with woollcotton clothing. 

CONCLUSIONS 

In the research reported it was shown that textile material has a significant impact 
on both the amount of sweat accumulating in a clothing ensemble and on the site of 
the sweat accumulation. Drying rate and drying time of clothing wet from sweat 
were primarily determined by textile material and clothing composition, and 
secondary affecied by the location of the sweat, by external air velocity and body 
movements. The energy delivered from the skin to evaporation during drying of the 
clothing was primarily determined by the location of the sweat in the clothing, but 
textile material, external air velocity and body movements did also have an effect. 

REFERENCES 

Madsen, T.L. 1976, Thermal Manikin for Measuring the Thermal Insulation Capacity of 
Human Clothing. Paper no 48 fiom Thermal Insulation Laboratory, Technical 

' University of Denmark. 
Olesen, B.W. and Nielsen, R. 1983, Thermal insulation of clothing measured on a movable 

thermal manikin and on human subjects. Tech. rep. 7206/00/914, Tech. University 
of Denmark, Copenhagen. 

106 
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INTRODUCTION 

Many workers in artificially cold environments, e.g. cold storage, are often exposed 
to very cold environments. Work in such very cold environments has resulted in 
some medical problems: (1) It is important that the workers should keep warm in 
warm resting places after exposure to a very cold environment. The workers tend to 
remove their cold-protective clothing (especially jackets) in warm resting places 
due to the discomfort of such heavy clothing, but not much research has been 
conducted on the effect of repeated cold exposure, and the effect of cold-protective 
clothing in warm places of rest after severe cold exposures (2,3). Hence this study 
was conducted to evaluate the physiological reaction and manual performance 
during exposures in warm and cool environments after exposure to very low 
temperatures. Furthermore, this experiment was conducted to study whether it is 
desirable to remove cold-protective jackets in a warm environment after severe cold 
exposures. 

METHODS 

Eight healthy male students volunteered as the subjects. Their mean (S.D.) age, 
height and weight were 21.0 (1.7) years, 169.0 (6.2) cm and 61.1 (5.6) s, 
respectively. They wore trunks, long underpants, a long-sleeved sweat shirt, socks, 
cold-protective trousers, a cold-protective jacket, a pair of gloves and a hood. Total 
clothing weight was 3.26s, and the total insulation value estimated from this weight 
was 2.3 clo. The experimental schedule is shown in Figure 1. 

COLD COLD COLD (rnin) 
0 10  3 0  5 0  70 90 1 1 0  1 3 0  

3 9 12 2632 4 6  5 2  66 72  86 92 106 112 124  
(min) 

Fig. 1 Experimental Schedule 
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The subjects remained in a very cold room (-25T) for 20min, after which they 
were transferred into either a warm room (3OoC) or a cool room (lO°C) for 20min. 
In the warm and cool rooms, the subjects either removed their cold-protective 
jackets (condition A), or wore them continuously (condition B). Rectal temperature, 
skin temperatures at twelve sites, and heart rate were measured continuously. Blood 
pressure was measured, and thermal comfort and pain sensation were ascertained 
from the subjects before and after transfer from each room. The manual perfor- 
mance consisted of a counting task and was conducted as quickly as possible for 
15s with a manual counter. Differences between the conditions were compared by 
paired t-test, and in a statistical test a value of P < 0.05 was accepted as indicating 
signsiicance. 

RESULTS 

Figure 2 shows the time course of average fall in rectal temperature under both 
conditions. The left side indicates repeated exposures to severe cold and cool 
rooms, alternately. The right side indicates repeated exposures to severe cold and 
warm rooms, alternately. Rectal temperatures fell due to repeated exposure to the 
severe cold under both conditions. The decreases in rectal temperature under the 
cooler conditions were greater than those under the warm condition after 130min of 
the experiment. The decreases in rectal temperature under Condition B were 
sigrdicantly greater than those under Condition A after 20min of the experiment in 
the warm condition but, there were no sigmficant differences between Condition A 
and Condition B in the cool condition. 
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Fig.2 Change in rectal temperature with and without cold-protective 
jackets in a warm room (left : 1O"C, right : 30°C) . 
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Tochihara et al. (3) have reported that the decreases in rectal temperature under 
condition A were greater than those under condition B in the warm room after 
severe cold exposures. This inconsistency may be due to the fact that tliere were 
differences in clothing insulation on the lower parts of the body and differences in 
the warm room temperature. 

Mean skin temperature decreased in the very cold room and increased in the 
warm room. The increases in mean skin temperatures in the cool room were 
sigmficantly smaller than those in the warm room after repeated exposures to the 
severe cold. 

Systolic and diastolic blood pressure increased in the cold room and decreased 
in the warm room, and increased gradually with time from repeated cold exposures, 
as shown in Figure 3. At the end of the cold exposure, the average systolic blood 
pressure under Condition A was higher than that under Condition B in the cool 
condition, but there were no significant Merences between the two conditions in 
the warm condition except for the warm room after 72 minutes. 

IOoc 30°C 
150 150 

' 4 Condltion A * P<0.05 MeankSE 

140- 1 -a- ConditionB 1 

100- 100- 

Clod Clod Clod - - -  Clod 

90,- , . , . , , , I  I .  I 90, . , . , . , . , 1 , . , 

Fig. 3 Change in systolic blood pressure with and without cold-protective 
jackets in a warm room (left : l o t ,  right : 30°C) . 

0 20 40 60 80 100 120 0 20 40 60 80 100 120 
Time (min) Time (min) 

Figure 4 shows the results of the counting performance, presented as the 
percentage of the pre-exposure control values. Counting performances decreased 
with repeated cold exposures under both conditions in the warm and the cool 
conditions, respectively. The average falls in these values in the cool condition were 
higher than in the warm condition. In the cool condition, the decreases in these 
values under Condition A were significantly lower than those under Condition B. 

Comfort, thermal and pain sensations under Condition A were more severe than 
those under Condition B in the cool room after repeated severe cold exposures, but 
there were no distinct differences between both conditions in the warn room after 
repeated severe cold exposures. 
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Fig. 4 Change in manual performance with and without cold-protective 
jackets in a warm room (left : 10°C, right : 30°C) . 

CONCLUSIONS 

Rectal temperatures fell gradually due to repeated cold exposures with or without 
severe cold-protective clothing in the cool ( 10°C) environment, suggesting that 
workers should continue to wear cold-protective clothing in the cool ( I O O C )  
environment to prevent decreases in manual performance and increases in blood 
pressure and discomfort. By continually wearing cold-protective clothing, they were 
able to sustain their performance in the cool environment to the same level as in the 
warm (30°C) environment. It was recognized that the psychological responses and 
manual performance were not influenced by the presence or absence of cold- 
protective clothing in the warm (30°C) environment after repeated severe cold 
exposures. These results suggest that it is necessary for the workers to make sure to 
rewarm in the warm room outside of the cold storage and continue to wear cold- 
protective clothing in the cool room. 
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INTRODUCTION 

We previously demonstrated a prolonged (65 min or longer) post-exercise 
elevated plateau o€ esophageal temperature (TW) (0.5-0.6OC above pre-exercise 
values) following moderate exercise (1). In addition, the plateau value was equal 
to the threshold T, at which active skin vasodilation was initiated during exercise 
(Thdil). The post-exercise elevation was not of a metabolic origin as oxygen 
consumption returned to baseline values within 5-10 min of exercise termination. 
Skin blood flow and temperatures (T*) at all sites, except over the exercised 
muscle, also decreased back to control values within 10-15 min post-exercise 
despite the sustained increase in T,. The reduction of T& and skin blood flow, 
throughout the prolonged elevated plateau in T,, is consistent with a sustained 
exercise-induced increase of the active vasodilation threshold (2) which persists 
during recovery. 

The post-exercise elevation in T, and Thail are not a result of the exercise- 
induced elevation of whole body heat content. When subjects were immersed in 
42 "C water until T, increased, to levels similar to those induced by 15 min of 
moderate exercise, T, rapidly returned to control values within 10 min of 
recovery (3). 

We have recently studied the effects of moderate exercise on another warm 
thermoregulatory response (i.e., sweating). Although the sweating threshold 
decreased during exercise, it actually increased post-exercise (4). Although our 
combined data indicate that residual exercise-related factors cause a post-exercise 
increase in both the vasodilation and sweating thresholds (Le., warm responses), 
it is not known if there are parallel effects on cold thermoregulatory responses. 

This knowledge may have practical implications for the interpretation of 
thermoregulation studies in which exercise is used to manipulate core temperature 
(5,6). The present study evaluates the hypothesis that the vasoconstriction and 
shivering thresholds are increased post-exercise. 
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METHODS 

Five males and 2 females (71.4 f 2.3 Kg, 177.3 k 4.4 cm) participated in the 
study. 

Esophageal temperature was monitored as an index of core temperature. 
Skin temperature was monitored at 15 sites and the area-weighted mean was 
calculated by assigning the following regional percentages: head 6%, upper arm 
9%, forearm 6%, hand 2.5%, finger 2%, chest 9.5%, abdomen 9.5%, upper back 
9.5%, lower back 9.5%, anterior thigh 9.5%, posterior thigh 9.5%, anterior calf 
7.5%, posterior calf 6.0%, foot 4%. 

Heart rate was monitored continuously. Oxygen consumption was 
determined by an open circuit method and fingertip blood flow was measured by a 
modified pulse oximeter. 

All experimental trials were conducted in the morning. Baseline data were 
collected over 30 min at an ambient temperature (Ta of 24 "C. The subjects were 
then immersed to the clavicles in 37.6 "C water where they rested until cutaneous 
vasodilation occurred (6.5-25 min). Water-temperature was then decreased by 
6.0 "Chi' (Cl) until vasoconstriction (17-42 min) and vigorous shivering (42-91 
min) occurred. Water temperature was then gradually returned to 37.6 "C (7-25 
min). Subjects then exited the water, were towel dried, and sat in air (Ta = 24 "C) 
until T,, TgL and finger tip blood flow returned to baseline (6-22 rnin). Subjects 
then exercised on a cycle ergometer (10.5 METS) for fifteen min (Ex). They then 
rested for 30 min during which an elevated plateau in T, was established. 
Subjects were immersed a second time in 37.6 "C water where they again rested 
until cutaneous vasodilation occurred (1-30 min). Water temperature was then 
cooled gradually (6.0 "Chi') (C2) until vasoconstriction (11-47 min) and 
vigorous shivering (30-96 min) occurred. 

The vasoconstriction threshold (Th,,) was defined as a decrease in fingertip 
blood flow from a sustained elevated value. The shivering threshold (ThSh) was 
defined as a sustained 40% increase in oxygen consumption above the baseline 
level (7). In order to compare thresholds between conditions in which both Tk and 
'Hk, were changing, the following equation (7) was used to calculate core 
temperature thresholds at a single designated skin temperature: 

&in(designated) was set as the mean Ta of C1 and C2 conditions (i.e. 33.0 "C) and 
= fractional contribution of TSL to the vasoconstriction and shivering responses 

TCore(ca1culated) = Tes 4- (P/l-P)(TgL-Tsk~ddesignated)); 

<p = 0.2) (8). 
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RESULTS 

First cooling period (CI) 
Baseline T, and T J ~  were 37.05 k 0.32 "C and 31.15 f 0.41 "C respectively. 

T, during warm-water immersion (37.6 "C) remained stable (37.06 f 0.41 "C) 
while Tdr increased to 35.86 f 0.41 "C. T, and Tdr decreased at a rate of 0.23 f 
0.06 "C h i '  and 4.52 f 0.22 "C' h i '  respectively during the cooling phase (Cl). 
On average, vasoconstriction and shivering onset occurred successively at 29 and 
68 rnin following initiation of cooling. T, was 37.01 f 0.30 "C and 36.86 f 
0.24"C at vasoconstriction and shivering thresholds respectively (Table 1). 
Calculated T,, at the threshold for vasoconstriction and shivering were 37.20 f 
0.37 "C and 36.32 k 0.48 "C respectively. During the subsequent rewarming of 
the bath to 37.6OC (7-25 rnin), T, decreased subsequently to 36.67"C while T& 
increased from 29.56 f 0.30 "C to 34.77 f 0.30 "C. Within an average of 15 min 
of exiting the water bath, T, and Tk returned to near baseline (36.93 and 30.55 
"C respectively) values. 
Exercise (Ex) 

T, rose to an end-exercise value of 38.12 f 0.40 "C. Following exercise 
termination T, decreased to 37.58 "C within 20 rnin with only a slight further 
decrease to 37.52 "C after 30 min. This plateau was significantly higher than the 
pre-exercise value (p<0.05). Tdr and finger tip blood flow returned to baseline 
values within 10-15 min of the 30 min recovery period. 
Second cooling period (C2) 

Upon immersion in 37.6 "C water, T, transiently increased by 0.1 "C (-15 
min) followed by a steady decrease to 36.88 f 0.30 "C at the end of cooling (-90 
min) (C2). Vasoconstriction and shivering onset occurred successively, 30 and 66 
rnin following initiation of cooling, at T, of 37.13 f 0.23 "C and 37.04 k 0.20 "C. 
The calculated T,, at vasoconstriction (37.34 f 0.37 "C) and shivering (36.50 f 
0.37"C) thresholds in C2 were greater than during C1 (pc0.05). 

Table 1. Temperatures at vasoconstriction and shivering thresholds. 

Baseline Vasoconstriction Shivering 
Thresholds Thresholds 

Pre-Ex Post-Ex Pre-Ex Post-Ex 

Mean Tk ("C) 31.15k0.4 33.94B.5 33.88B.6 30.86f1.2 30.86k1.6 
Actual T,, ("C) 37.05B.3 37.01k0.3 37.13B.2" 36.86k0.2 37.04kO.2" 
Tmre(ealculatea ("C) 36.59B.1 37.2OkO.4 37.34B.4" 36.32kO.5 36.50kO.4" 

(mean f SD, T , ~ m ~ c ~ a t ~ ~  at T*=33.0 "C, * >first cooIing (Cl), ~ ~ 0 . 0 5 )  
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CONCLUSION 

Compared to pre-exercise values (Cl), there was a 0.14 "C and 0.18 OC 
increase in vasoconstriction and shivering thresholds respectively. The mean 
time of onset for vasoconstriction and shivering, pre- and post-exercise 
respectively were similar (29 and 30 min for vasoconstriction, 68 and 66 min for 
shivering). There was no effect of exercise on the rate of cooling in T, or T* 
during C2. The cooling rate for T, was 0.23 " C  h i '  for both conditions. The 
cooling rate for Tsk was 4.52 'Chi '  and 4.69 O C  h i '  for C1 and C2 respectively. 
These data demonstrate that a moderate exercise bout increases the subsequent 
post-exercise threshold for both cold thermoregulatory responses without a 
measurable change in core-to-skin and skin-to-environment thermal conductivity. 
We conclude that some residual exercise-related factor(s) increase the post- 
exercise vasoconsmction and shivering thresholds. 
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INTRODUCTION 

Several studies have shown that cooling decreases muscular performance (1, 2). In 
the majority of these studies the aim has been to cause such a degree of cooling that 
is severe enough to assure performance impairment. ThereTore, knowledge about 
the minimal cooling necessary to impair muscular performance seems to be 
missing. Thus, this study was designed to evaluate the degree of cooling needed to 
decrease muscular performance. For that purpose drop-jump exercise which has 
been found to be very susceptible for cooling (3) was chosen for the experimental 
setup. 

MATERIALS and METHODS 

Eight voluntary subjects were exposed to 27°C (thermoneutral reference), 2OoC, 
15°C and 10°C for 60 min, dressed in shorts and jogging shoes. Their mean (hSD) 
age was 26h4 years, height 175h8 cm, weight 72h6 kg and body fat 15*3 %. 
During the exposures skin (8 sites), rectal (Tr, 10 cm depth) (Yellow Springs 
Instruments, YSI 400 series) and muscle (Tm, m. gastrocneinius medialis, 3 cm 
depth, YSI 511) temperatures were recorded in a data logger (Squirrel 1200, Grant, 
UK). Mean skin temperature (T&) was calculated by weighing the 8 local skin 
temperatures by representative areas (4). 

After the exposures the subjects were allowed to drop from a 40 cm bench onto a 
force plate (I(lstler 9287A) and perform a maximal instantaneous rebound jump 
with as straight legs as possible (knee angle was between 150 - 170"). From the 
force plate data, average force production during shortening phase (Fconc, upward 
movement during contact) and flight time (Tf) were analysed. 

During the jump the EMG activity of 7n. Iriceps surae (agonist) and in. tibialis 
anterior (antagonist) were measured with a sample rate of 1250 Hz (Mespec 4001, 
Mega Electronics, Finland). The measured EMG signal was amplified 2000 times 
(preamplifier situated 6 cm after the measuring electrodes) and signal band 
between 20 and 500 Hz was full wave rectified and integrated (IEMG) with 13 ms 
time constant. 
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RESULTS 

The exposures to ambient temperatures of 2OoC, 15°C and 10°C sigruficantly 
decreased all measured skin and muscle temperatures. Rectal temperature was 
unaffected by the exposures (Table 1). 

The average force production during the shortening phase and consequently the 
flight times decreased already after the exposure to 20°C (Fig 1). 

Along with decreasing ambient exposure temperature the IEMG of the agonist 
muscle decreased during the shortening phase. However, opposite changes were 
found in the antagonist muscle: the LEMG increased along with decreasing ambient 
exposure temperature (Table 2). 

Table 1. Rectal (Tr), mean skin (Tsk), calf (Tc), shin (T,) and m. gastrocnemius 
medialis temperature (Tm) at the end of exposures to 27"C, 2OoC, 15°C and 10°C. 
The values are meaniSE of 8 subjects, except muscle temperature (n=6). The 
significance in relation to 27°C is denoted by * = p<0.05, ** = p<O.Ol and *** = 
p<O.OOl. 
- 

T, ("C) T,I, ("C) T, ("C) T, ("C) T, ("C) 
27OC 37.0*0.1 32.6h0.3 3 1.6h0.2 31.8i0.3 32.9iO. 5 
2O0C 37.0hO.l 28.1*0.5*** 28.9hO. I*** 28.850.3*** 32.050.8 
ljoC 37.OiO. 1 27.510.4*** 27.19=0.5*** 26.510.4*** 31.0&0.4* 
10°C 37.050.1 25.8f0.6*** 24.0*0.3*** 24.150.4*** 29.5&0,7** 

Table 2. IEMG of the agonist (m. triceps surae) and antagonist (m. tibialis 
anterior) muscles during the shortening phase after the exposures to 27"C, 20"C, 
15°C and 10°C. Explanations as in Table 1. 

m. triceps surae (pV) m. tibialis anterior (pv 
27°C 409*21 96*9 
2O0C 3 60*3 8 102h19 
15°C 333*27* 160&16** 
1 ooc 331*23* 197&20*** 
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the exposures to 27"C, 20"C, 15°C and 10°C. The significance in relation to 27°C 
is denoted by *** = p<O.OOl. 
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CONCLUSIONS 

It is concluded that the level of cooling which is needed to substantially decrease 
muscular performance is very low and most probably occurs more often than 
expected. This is important when considering that frequent cooling may be a risk 
factor for musculoskeletal disorders. Cooling may also enhance the risk for 
accidents and very easily impair athletic performance. 
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INTRODUCTION 
The benefits of inspiring warm humidified oxygen in rewarming 

hypothermic patients was initially proposed by Lloyd et al. (1,2). The enhancement 
of core temperature rewarming rate is attributed primarily to the reduction of 
respiratory heat loss, rather than to the donation of heat. The numerous studies 
evaluating this method of rewarming, have not agreed on the e€ficacy of the method 
in terms of core temperature rewarming rate (cf. 3,4). In an earlier study (4), we 
postulated that, whereas inhalation rewarming may benefit non-shivering subjects, it 
may be of limited benefit in enhancing the rate of rewarming of shivering 
hypothermic subjects. Our reasoning was that, in mildly hypothermic subjects, 
inhalation rewarming may inhibit shivering by heating the nasopharyngeal region 
and most likely the hypothalamic region. Thus, should the inhibition of endogenous 
heat production exceed the amount of heat donated exogenously by the inhalation 
rewarming device, then no benefit may be incurred in terms of rewarming rate in 
shivering subjects. 

The present study tests the hypothesis that inhalation rewarming inhibits 
shivering. 

METHODS 
Five healthy male subjects participated in the study. They completed two 

head-out immersions, separated by at least one week. The subjects were immersed in 
water at 1O"C, either inspiring room air, or warm (43°C) humidfied air (RH=lOO%). 
Immersions were terminated once core temperature attained 35"C, or decreased by 
2°C from pre-immersion values. Subjects were aware that they could request 
termination of the experiement at any time. 

Core temperature was monitored with a YSI (Yellow Springs Instruments) 
rectal thermistor (Tre) inserted 12 cm. Inspiratory minute volume was measured 
with a Dry Gas Ventilation Meter (Parkinson Cowan), and the 0 2  and C02 content 
of mixed expired gas with an Applied Electrochemistry Oxygen Analyzer and a 
Statham Godart Capnograph, respectively. 

The Tre and V 0 2  responses during normal air breathing were compared to 
the responses observed with the inhalation of warm humidified air with an ANOVA. 
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RESULTS 
Fig. 1 shows the response of one subject during immersion in water when 

inspiring either room air or warm humdified air. Inhalation of warm saturated air 
enhanced the rate of Tre cooling, and attenuated the oxygen uptake, assumed to 
reflect shivering thermogenesis. 

The magnitude of the suppression of shivering varied between subjects, as 
did the effect of the warm'humidified inhalate on the rate of Tre cooling. 
Nevertheless, a two-way analysis of variance revealed that wamn humidified air 
significantly ( ~ ~ 0 . 0 5 )  reduced Tre compared to the condition where subjects 
inspired room air, and also sigmficantly w0.05) attenuated the V 0 2  response. 

CONCLUSIONS 
Lnhalation of warm moist air significantly attenuated the shivering 

response, as reflected in the oxygen uptake, despite inducing a greater Tre cooling 
rate, and therefore presumably a greater core drive for shivering thermogenesis. 

These results have some relevance to the discussion regarding the efficacy 
of inhalation rewarming therapy. Ideally, the shivering response of mildly 
hypothermic subjects should be examined during the rewarming period, with the 
subjects inspiring either room air or warm humidified air. However, due to the 
increasing skin temperature and core temperatures, V 0 2  decreases quite early and 
rapidly in the rewarming period (5). It was therefore considered less appropriate to 
assess the effect of inspiring warm moist air on V 0 2  during the rewarming period. 
In the present study, skin temperature was clamped at a level slightly above water 
temperature, and together with the declining Tre, provided a stimulus for a 
progressive shivering response. 

A consensus regarding the efficacy of inhalation rewarming therapy 
appears, as yet, not to have been reached. Judging from the present results, our 
postulation from an earlier study (4), that it may be inappropriate to extrapolate the 
results derived with mildly hypothermic shivering subjects to severely hypothermic 
subjects, which are no longer shivering, would appear valid. Namely, in the case of 
shivering subjects, the endogeneous heat is adequate to reinstate their body heat 
content, assuming they are adequately insulated. A rewarming therapy such as 
inhalation of warm moist air, in fact, provides local heating to the hypothalamic 
region, resulting in a suppression of shivering. Should the amount of heat production 
suppressed equal or exceed the amount donated, then the therapy would not offer 
any benefit in terms of core temperature rewarming rate. 

It is important to emphasize that it is unwarranted to disqualify inhalation 
rewarming as a means of rewarming hypothermic individuals. Certainly it may be of 
limited value in shivering individuals, but its benefit in donating heat to severely or 
moderately hypothermic non-shivering patients should not be disputed. 
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INTRODUCTION 

To date, laboratory research on field treatment for hypothermia has been 
limited to mild hypothermic situations [i.e., core temperature (T,) > 33.5 "C] in 
which subjects shiver vigorously. Shivering thermogenesis is a powerful heat source 
for endogenous rewarming. Because exogenous external application of moderate 
sources of heat [i.e., electrical or portable heat packs, body-to-body contact, forced- 
air warming systems (100 W), and circulating warm water blankets or vests] warms 
the skin and inhibits shivering heat production, these methods provide little 
advantage when vigorous shivering is present (1). 

However, exogenous heat is likely crucial for victims of severe liypotlierinia in 
which shivering is impaired or absent. In such cases, invasive exogenous internal 
rewarming techniques (i.e., peritoneal lavage and extracorporeal warming) are 
preferred to stabilize and raise Tco. In the field however, these techniques are 
impractical, whereas non-invasive exogenous heat donation is practical and would 
also likely benefit the patient. 

The efficacy of non-invasive heating techniques on non-sllivering hypothermic 
subjects has not been previously investigated. For obvious ethical reasons, it is 
impossible to study different rewarming treatments at T,, 30 "C where the 
shivering response is suppressed. However, we have recently developed a human 
model for severe liypothermia (2) in which we administered meperidine to inhibit 
shivering in mildly hypotherink subjects. Under these conditions T, afterdrop 
averages 1.4 "C and reaches values as lligh as 2.5 "C (compared to -0.3 "C during 
shivering). Without the endogenous heat production of shivering T,, remains at or 
near its lowest point for the entire length of the rewarming period (Le., 150 min). 
This model could be used to study the application of non-invasive exogenous heat 
(by external and internal methods) to non-shivering hypothermic subjects. 

Therefore we evaluated T, recovery in field-like conditions (TTa = -2OOC) (3) 
while employing: 1) Endogenous Rewarming (no exogenous heat donation) 
(Control); 2) Inhalation Rewarming (Res-Q- Air, HT 1000 Inlialation Delivery 
System); and 3) Forced-Air Warming with a newly developed system that provides a 
high amount of convective heat transfer (200-280 W). 
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METHODS 

Six men and 2 women [30 k 5.2 yrs (SD), 74.3 k 6.9 Kg, 177.2 _+ 8.0 cm] of 
average fitness participated in the study. All subjects underwent medical screening 
and gave written informed consent. 

Core body temperature was monitored at the esophagus pes). Skin temperature 
and heat flux were monitored at 12 sites and the area-weighted means were 
calculated. Heart rate and blood pressure were monitored continuously. Oxygen 
consumption (Voz) was determined by an open circuit method. Intravenous access 
was obtained in the right forearm or hand using a 20-gauge intravenous catheter for 
the purpose of adrmnistering meperidine andor saline (0.9% sodium chloride). 

The new Forced-Air Warming System consisted of a mobile insulated wooden 
box (1.6 m long x 0.725 m wide by 0.33 m high) with a nylon webbing stretcher 
(2.14 m long) supported on top. With the subject lying on the stretcher, a wire 
frame (curved side-to-side) was placed over the subject. The rostral portion of the 
box was hollow and contained two electric heaters and 6 circulating fans below the 
webbed stretcher. Two more heaters and 3 fans were contained in an enclosed 
section on top of the wire frame just above the subject's chest. A down sleeping bag 
was then placed over the wire frame. The head of the subject (which was exposed to 
ambient conditions) was covered with a down hood. The system configuration 
allowed exposure to air of all anterior skin surfaces and posterior skin surfaces from 
mid thigh to the shoulders. When the heaters were used, the circulating fans were 
activated and the heaters were thermostatically controlled to maintain ambient 
temperature within the box at approximately 46-48 "C. 

Each subject was cooled on three occasions separated by at least 3 days. Trials 
were conducted at the same time of day. Baseline data were collected over 10 min at 
an ambient temperature (T,) of 22 "C. Prior to immersion the subject was dressed 
with a thin plastic body suit [this suit ensured that the subject was dry following 
water immersion] which minimized evaporative heat loss during rewarming without 
the time consuming and mechanically stimulating process of towel drymg. Using a 
mechanical hoist, the subject was transferred and immersed to the clavicles in 22 "C 
water. Water was then rapidly cooled to 9 "C withm 10 min by the adhtion of ice. 
After 15 min of immersion, the subject was infused with 1.5 rng.kg-' of meperidine 
(diluted in 10 ml of saline) injected in five 2 ml aliquots in successive 2 min periods 
(total immersion time = 25 min). The subject was then hoisted out of the water, and 
the body suit was removed. A pulse oximeter was placed on the middle finger to 
monitor arterial oxygen saturation. 

In order to control for external variables, each subject was placed in the 
rewarming box [and fitted with long thinsulate insulated boots (up to the knee) and 
mitts (up to the elbows)] for each of the 3 treatment conditions. The box was then 
transferred to a temperature controlled chamber at T, of -20 "C where either: 1) the 
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subject breathed ambient air (-20 "C) with no exogenous heat donation (Control); 2) 
tlie subject breathed warm humidified air (43 "C) (Inhalation Rewarming); or 3) the 
subject breathed ambient air (-20 "C) with tlie rewarrniiig box heating system 
activated (Forced- Air Warming). During spontaneous rewarming (Control), each 
subject required suppleineiital doses of inepiridine to maintain shivering inhibition 
(to a niaxiinuin cuinulative dose of 2.5 1ng.kg-l). Therefore tlie Control condition 
occurred first for all subjects. Thereafter, treatment order followed a balanced 
design with the meperidine dosing schedule following that established during 
Control. Rewarming duration was continued for a tnaxiinuin of 150 inin or until T, 
reached 36.8OC. 

RESULTS 

Cooling phase 
Baseline T, (-37.1 "C), Tsk (-31.5 "C) and Vq (-329 intinin-') were similar 

for each condition. Upon iininersion Vol increased to -569 mlinin-'. Following the 
five 2 inin injections of meperidine injection, Voz dropped to -361 inl.inin-l. T, at 
end-immersion (25 inin) was 36.71 f 0.39 "C, 36.76 rfr 0.39 "C, 36.68 rfr 0.39 "C in 
Control, Inhalation Rewarming and Forced-Air Warming conditions respectively. 

Rewarnzing phase 
T, continued to drop in all three conditions during tlie preparatory phase for 

rewarining (i.e., suit reinoval and transfer to rewarining box). A significantly larger 
afterdrop was measured for Control (1.40 f 0.22 "C) and Inhalation Rewarming 
(1.22 2 0.45 "C) conditions than for Forced-Air Warming (0.85 f 0.39 "C) [Table 1, 
(p<O.O5)]. This corresponded to a shorter time to reach the nadir in T, during 
Forced-Air Warming (13.1 f 5.8 inin) than for Control (77.9 rt 32.6 min) and 
Inhalation Rewarming (75.8 f 27.9 inin) (p<0.05). During Control and Inhalation 
Rewarming, T, remained near nadir levels with rewarming rate of only 0.41 f 0.39 
"Cln-' and 0.23 C 0.15 "Clir-' respectively, compared to 2.40 -t 0.99 "Clu-' for 
Forced-An Warming (p<0.05). 

Total heat loss throughout Control and Inhalation Rewarming was about 40 W. 
In comparison Forced-Air Warining provided a total heat gain of between 200 and 
280 W. After 30 inin of rewarming, Tsk during Forced-Air Warming was -35.5 "C 
(4.5 "C above baseline) wlde T,k for Control (-27.0 "C) and Inhalation Rewarming 
(-28.3 "C) were 4.5 "C and 3.2 "C below baseline respectively (p<O.OOOl). During 
tlie rewarining period, V q  decreased to levels not significantly Werent from 
baseline values for all 3 conditions. 
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Table 1. Rewarming parameters for the three experimental conditions. 

Condition Afterdrop Time to nadir Rate of rewarming 
("C) (min) ("Chi') 

Control 1.40 (0.2) 77.9 (32.6) 0.41 (0.4) 
Inhalation Rewarming 1.22 (0.5) 75.8 (27.9) 0.23 (0.2) 
Forced-Air Warming 0.85 (0.4)" 13.1 (5.8)* 2.40 (1.0)* 

(Mean Ifl SD, * indicates sigtllficant difference from Inhalation Rewarming and 
Control) 

CONCLUSION 

The small absolute decrease in T,, was dictated by the maximal cooling for 
which clinical doses of meperidine could still effectively inhlbit shwering. In our 
non-shivering mildly hypothermic subjects, T, did not increase appreciably even 
after 150 min of inhalation rewarming or spontaneous rewarming. However, when 
hypothermic subjects were placed in a forced-air warming box the rate of rewarming 
was impressive. This latter method holds considerable promise for use in field 
situations. Finally, this new human model for severe hypothermia will allow the 
study of many methods, which have previously been affected by the complicating 
factor of shivering thermogenesis. 
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INTRODUCTION 

Recently, several threshold limiting values (TLV) for works in cold environments 
have been reported (ACGIH, 1984, ISO/TR-11079, 1993, Japan Association of 
Industrial Health, 1994). In these TLV, windchill index (WCI) has been used 
extensively to estimate the cooling effect of temperature and wind. However, there is 
few physiological data from the moderate speed of wind. Therefore, the following 
experiment was conducted to investigate the effects of facial cooling on thermal 
responses of humans. 

METHODS 

The subject's face was exposed to cold air at wind speeds of 0.2,2, 4 and 6 m / s  at 
0, -5 and -10°C. Each subject was exposed to 12 conditions in total, and was tested 
only once in a day. WCI of the severest condition (-10°C and 6 d s )  was 1490 W/m2. 
Four healthy adults volunteered as subjects. They were dressed with a cold- 
protective clothing which adequately protected the whole body except the face in a 
pre-room kept at 21°C. They wore goggles for eye protection. Upon entering the 
cold chamber, the subject sat and immediately the wind was blown on hidher face 
for 10 minutes. The wind was blown through a square tunnel with a 50 cm width. 
After the cold exposure, the subjects were moved to the pre-room and rested for four 
minutes. This experiment was carried out in autumn. 

Skin temperatures at mid-point of forehead, top of cheek, top of nose and 
anterior surface of earlobe were measured with copper-constantan thermocouples 
every four seconds. They were fixed to the skin by small air permeable tape. Blood 
pressure and heart rate were obtained on the left upper arm by an automatic 
tonometer. The subjects were asked to rate on a five point scale with their 
experience of thermal sensation of face and pain sensations at forehead, cheek, nose, 
and ear. They were subsequently asked whether the environment was an acceptable 
work place. 

The experiment was terminated when the conditions were intolerable to 
the subjects. Moreover, the experiment was terminated when skin temperatures fell 
below -l°C, or if systolic blood pressure increased over 225 mmHg. 
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RESULTS 

Since the ear skin temperature of Subject C decreased below -l"C, the experiment 
was terminated after 5-min of exposure at -10°C and 6 mls. The lowest values in 
skin temperature was recorded at ear level, followed by nose, cheek and forehead. 
This order remained constant in the 12 conditions. From a two-way analysis of 
variance, it was found that effects of air temperature and air velocity on skin 
temperatures at three sites were highly sigmficant (P<O.Ol). With the ear skin 
temperature, only the effect of air velocity was significant. Although, differences 
among the air temperatures and air velocities were always sigdicant at forehead; 
there were no s i m c a n t  differences in cheek, nose and ear skin temperatures 
between 41th and 6 m/s. 

Figure 1 showed changes in systolic blood pressure for four subjects at - 
10°C with winds at 0 d s .  Although systolic blood pressure of the four subjects 
increased during the facial cooling, there were large individual differences in the 
degree of increase. There was only a 10 mmHg increase during the 10 min exposure 
for Subject A, on the other hand, there was more than a 60 mmHg increase for 
Subject D. The highest value for Subject D was 221 mmHg, this value was very 
close to the critical value. The highest values for the three subjects were obtained at 
the three-minutes exposure point, the value for Subject D was at the 7-minutes 
exposure point. 
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Fig.1 Changes in systolic blood pressure at -10°C with wind at 6 m/s 
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The highest values of the both systolic and diastolic blood pressure were 
obtained at the condition of -10°C with winds at 6 d s .  Effects of air temperature 
and air velocity on diastolic blood pressures were sigmficant. Although, there were 
similar tendency with systolic blood pressure, these effects were not significant. On 
the other hand, the lowest heart rate was obtained at the condition at -5OC with 
winds at 2 d s ,  there were no significant differences in heart rate among the 
temperatures and find velocities. 
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Pain sensation of the ear became severe more rapidly with wind exposure. 
Half of the subjects reached the 4th grade (very very painful) after three minutes of 
exposure at 10°C and 6 m/s,  and the others reached maximum after five minutes of 
exposure. Thereafter, there were small changes in pain sensation during the 
exposures. There were large variances in pain sensation among the subjects, for 
example, when Subject A voted 'very painful', Subject D had no pain. 

Figure 2 illustrated the relationships between WCI and the lowest 
forehead, cheek, nose and ear skin temperatures during 10 minutes facial cooling. 
The highest correlation coefficient was obtained at the forehead level (r=0.95), 
followed by the cheek (r=0.92), the ear (~0.78)  and the nose(~0.74). Individual 
differences in forehead, cheek, nose and ear under the condition of WCI=1490 were 
l.l"C, 2.OoC, 6.2"C and 12.7"C, respectively. 

The relationships between WCI and the severest subjective responses 
during facial cooling were lllghly si@cant (P<O.Ol) were shown in Figure 3. Even 
under conditions nearing WCI=1200, the severest subjective responses (4th Grade) 
were recorded. 

subjective responses during the wind exposures. 
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CONCLUSION 

Although sigruficant relationships between WCI and blood pressure, skin 
temperatures and subjective responses were confirmed; even in a safety range, 
evaluated from WCI, there were dangerous drops of skin temperatures and increases 
in blood pressures. Therefore, it is necessary to reconsider WCI in this range of 
thermal conditions. 
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INTRODUCTION 

The clothing insulation required to maintain thermal comfort during work in the cold 
will vary depending on the activity level. The insulation given by the clothing 
ensemble must be designed for the lowest work intensity and for rest periods when 
heat production is low. A thick clothing ensemble will reduce the dissipation of heat 
and water vapour by acting as a diffusion barrier and by absorbing sweat. During 
periods of high activity, the increased production of body heat and sweat may result 
in  a sweat accumulation on the skin and in  the underwear (Bakkevig and Nielsen, 
1995). A correlation between skin wettedness and the feeling of discomfort has been 
claimed (Winslow et al. 1937). However, it is not clear whether we can sense 
increased levels of skin wettedness. This matter is addressed in this study which 
evaluates the correlation between measured skin wettedness and subjective sensations 
of skin wetness. 

MATERIALS AND METHODS 

Six male sub-iects, aged 24-29, participated in the experiments. The experiments were 
conducted in a climatic chamber (T, = +YC) and consisted of two bouts of 40 
minutes cycle exercise to ensure sweat production followed by 20 minutes rest after 
each period of exercise. Each sub.ject conducted two tests where the work level in 
the exercise period was different, one approximated 40% of the subjects' Vo, tnax 
and the other 60% of Vo, max. The experimenlal procedure with two work levels in 
the exercise period was chosen to ensure different levels of sweat production. A two 
layer clothing system was used in which the long-legged/long-sleeved underwear 
consisted of 80% wool and 20% polypropylene and the outerwear (trousers and 
jacket) consisted of 100% polypropylene. Relative humidity and temperature were 
measured at the skin at three locations (chest, back and thigh) during the experiments 
with the use of humidity sensors from VAISALA I-IMP 130 Y-series. They were 
placed between the skin and underwear with the aid of Velcro. Local skin wettedness 
( IY)  on chest, back and thigh was calculated as 
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Psk-Pa 
Pssk - Pa 

W =  

4 -  

where Psk is the water vapour pressure at the skin surface obtained from the 
humidity sensors, Pssk is the saturated water vapour pressure at the local skin 
temperature and Pa is the water vapour pressure in the environment (Berglund et al. 
1983). General wettedness was calculated from these measurements according to the 
equation Wgen=(O.l75*Chest t 0.175*Back t 0.190*Thigh)/O.54. Subjective ratings 
on general wetness and on chest, back and thigh were collected according to a 
discrete number evaluation scale. The subjects were not informed about details in the 
experiment, like T, and type of clothing, to ensure that there was no influence on thc 
subjective evaluations. 

O m  

RESULTS 

Using a linear regression analysis, the results showed a correlation between measured 
skin wettedness and subjective ratings on general skin wetness both during work 
(r = 0.73) and rest (r = 0.71). Figure 1 shows the correlation between measured skin 
wettedness and subjective ratings on general skin wetness during work. However, 
measured skin wettedness on chest, back and thigh correlated only weakly with 
subjective ratings of local skin wetness both during work (chest, r = 0.60 back, r = 
0.63 thigh, r = 0.45) and rest (chest, r = 0.67 back, r = 0.65 thigh, r = 0.72). The 
results of the correlation between measured skin wettedness and subjective ratings 
on skin wetness on the chest during work are shown in Figure 2. 
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Correlation between general wettedness and subjective evaluation 
of general wetness during work at TR=+5"C r=0.73 (n=24). 
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Correlation between measured skin wettedness on the chest and 
subjective evaluation of skin wetness on the chest during work at 
Ta=+5"C r=0.60 (n=24). 

DISCUSSION 

The results, showing a correlation between mcasurcd skin wettedncss and subjective 
ratings on general skin wetness, indicate that the test subjects were able to 
diffcrentiale between different levels of skin wcttedness. Whether this ability is a 
result of a perception of humidity per se or an indirect perception, is not clear. It has 
been shown (Withers P. C. 1990) that certain terrestrial insecls havc receptors in the 
skin that sense the water content of the surrounding air, so-called hygroreceptors. To 
our knowledge, this has never been found in mammals. The perception of skin 
wetness could be connected to the evaporative cooling of sweat on lhe skin. The 
efficiency of sweating as a cooling mechanism depends on allowing the moisture to 
evaporate from the skin and diffuse through the clothing to the environment in the 
form of water vapour. During work in a cold environment, a thick clothing ensemble 
will reduce the dissipation of heat and water vapour (Meinander, 1985). This will 
lead to a saturation of the water vapour concentration near the skin resulting in a low 
evaporation rate. After cessation of work, when heat and sweat production is reduced, 
the evaporation of accumulated sweat might increase. The rate of sweat evaporation 
during work might therefore differ, independently of the water vapour concentration 
and sweat accumulated, from the sweal evaporation during rest. As we found a 
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correlation between measured skin wettedness and subjective ratings on general skin 
wetness both during work and rest periods, it is likely that other mechanisms than 
evaporation of sweat are responsible for the ability to differentiate between different 
levels of skin wettedness. Not surprisingly the results indicate that we are not able 
to differentiate between different levels of local skin wetness. Most likely, not only 
local areas but the whole body will be exposed to humidity during natural conditions. 
Small areas are therefore not thought to give enough relevant information for further 
processing in the brain. Sensation of local wetness is for instance not as important 
as the effect from wounds caused by burning. In such situations a selectively sensory 
input from local areas will be detrimental to survival. 

CONCLUSIONS 

These experiments show that people may be able to differentiate between different 
levels of general skin wettedness but not between different levels of local (chest, 
back and thigh) skin wettedness. However, the mechanism for differentiation is not 
known. 
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INTRODUCTION 

Research in cold physiology usually focuses on physiological responses of healthy 
normal subjects exposed to a single stressor (cold temperature) during short term 
controlled studies. In order to better understand responses to long term exposure to 
cold in the field (i.e., that may be encountered by adventurers, explorers, military 
personnel, or any workers in a cold environment) long term field measurements are 
required under conditions where various other stressors such as malnourishment, 
dehydration, sleep deprivation, exhaustion and injuries (which can affect normal 
physiological responses to thermal extremes) may also occur. Continuous long term 
measurement of basic thermal parameters in field conditions is still an unresolved 
problem. For example, measurement of heart rate and core or skin temperature may 
be simple for a few hours in a laboratory setting, but difficult during a field trial of 
several weeks in a cold climate. 

Two male subjects participated in a mid-winter 14 day (225 km) north-south 
unsupported ski trek on Lake Winnipeg (Canada). The scientific expedition had 3 
main research components. First, local (finger and hand) and whole body cold 
response tests were conducted before and after the expedition. These tests were 
designed to document adaptation to intense short term cold exposure in terms of 
resistance to frostbite and hypothermia and recovery following cold exposure. 

Second, portable data loggers were carried to make continuous measurements of 
heart rate (to estimate work intensity), skin and core temperatures. We are not aware 
of previous attempts to make similar measurements for an extended period in such 
harsh conditions. Third, various methods of estimation of energy expenditure were 
tested and compared. Full body composition analysis (done before and after the trip) 
combined with accurate dietary analysis provided one method of estimation of 
energy intake and output. Continuous heart rate data were also used to estimate 
energy output based on the heart rate to oxygen uptake relationship. Finally, isotope 
labeled water (deuterium, oxygen-18) was ingested during the trip. Isotope analysis 
of daily urine samples provided a third estimate of energy expenditure. Data for the 
latter two research components of the expedition will be discussed elsewhere. 
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METHODS 

The two male participants were 36 and 38 yrs old, 185 and 183 cm tall, weighed 78.2 

and 79.8 kg and had maximal oxygen consumption Cjozmax) values of 47.7 and 
43.2 ml-kg-1.min-l. The protocol was approved by institutional ethics committees 
and the participants gave informed consent. The study was divided into three 
segments: pre-expedition testing (3 days), traverse phase (14 days) and post- 
expedition testing (3 days). Anthropometric characteristics, aerobic capacity and 
physiological responses to the following standard cold tests were determined before 
and after the expedition 

Systemic Cold Test (whole body cooling). The objective of this test was to determine 
if the two weeks of cold exposure experienced during the traverse induced a systemic 
cold adaptation. Jk each test the subject rested nude (wearing only shorts and socks) 

for 2 h at an ambient temperature (Ta) of 10°C. Average skin temperature (Ts&J and 
heat flows were determined from heat flux transducers (Concept Engineering) at 12 

body sites. Rectal temperature (Tre), esophageal temperature (Tes), V O ~  (measured 
with an open circuit technique) and heart rate were continuously measured. 
Following the cold stress the subject was rewarmed in water (39°C) until core 
temperature reached normal values (2 36.8OC). 

Two local cooling tests of the isolated finger (Frostbite Susceptibility Test) and 
whole hand (Cold Recovery Test) were used to investigate if the two weeks of cold 
exposure induced a local cold adaptation of the hands. For each test, skin temperature 
was measured continuously on the ventral side of the tip of the middle finger with a 
fine gauge type-T thermocouple, and a thin latex glove was worn to waterproof the 
immersed finger and/or hand. Tes was also measured. At the beginning of both tests 
subjects, clothed in shirt and pants, rested in thermoneutral conditions (Ta=25"C, 
40% relative humidity) for 60 min. First, the Frostbite Susceptibility Test consisted 
of immersing the 3 phalanxes of the middle finger of one hand in 5°C water for 30 
min. A frostbite susceptibility index was then calculated (1). Second, the Cold 
Recovery Test consisted of immersing the other hand entirely in 10°C water for 30 
min. Measurements were then taken during the 30 min recovery period. This test 
provides information on how the extremities are able to recover following a cold 
stress. 

Since only two participants were studied no statistical analysis, other than the 
calculation of mean values over time, were performed. 
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RESULTS 

General. During the 14 day trek, the mean ambient temperature was -32.5"C (night 
time lows ranging from -34 to -44"C, daytime highs ranging from -21 to -36.5"C, 
and windchill factors ranging from -3 1 to -64°C). The cold and windy environment, 
combined with the desolate terrain of rugged ice on the lake (which was 80 km wide 
at the widest point and 450 km long) provided a realistic simulation of travel 
conditions in arctic regions. The two subjects (A and B respectively) decreased % 
body fat by 4 and 3.9 %, lost 3.4 and 3.0 kg of fat mass, and lost 2.2 kg or gained 0.8 
kg total body mass (Table 1). 

Table 1. Subject characteristics and responses to 14 day trek. 

Subject A Subject B 
Pre Post A(%) Pre Post A(%I 
78.2 76.0 -3 79.8 80.6 +1 
19.1 15.1 -21 15.7 11.8 -25 

Body fat mass (kg) 14.9 11.5 -23 12.5 9.5 -24 
Skinfold thickness 143.6 107.2 -25 139.5 106.1 -24 

wt (kg) 
Body fat (%) 

8 sites fmm) 

Systemic Cold Test (whole body cooling;). Due to technical difficulties, this test was 

only performed by subject A. Following the expedition (post-expedition) Tsldn was 
0.9"C higher (32.8 vs 31.9"C) during rest at a Ta of 22°C. During the 2 h of cold 

exposure (Ta=lO"C) however, Tscn was consistently lower ( ~ 2 2  vs 23.3"C). There 

was a corresponding decrease in post-expedition Voz (700 vs 880 ml.min-I) and Tes 
(37.2 vs 37.5"C). These results axe consistent with an insulative adaptation to the 
cold stress. 

- 

Cold Recovey Test (hand Cooling;). Subject A had a lower finger temperature during 
rest under thermoneutral conditions. During the 30 min of recovery from cooling the 
whole hand in 10°C water, there were no post-expedition improvements in 
rewarming as finger tip temperatures rose from 10 to 23°C. However, the remainder 
of rewarming from 23 to 33°C was much slower in the post-expedition trial. These 
results provide further evidence of insulative adaptation. Note, the finger used for 
this test had not sustained significant cold injury (see below). Subject B 
demonstrated an immediate post-expedition improvement of recovery as finger 

137 



temperatures in the post-expedition trial were 4-5°C warmer throughout recovery 
until reaching 32°C after 113 min of rewarming. 

Frostbite Susceptibility Test Cfinger cooling). The finger used for temperature 
measurements on subject A had sustained 2" frostbite at the tip. Skin temperature 
(measured just proximal to the injured finger tip) was again lower during baseline 
measurements (27°C post-expedition vs 29.C). Following the expedition, a longer 
period of finger cooling (14 min post-expedition vs 7.5 min) was required before 
cold induced vasodilation (CIVD) occurred and the amplitude of skin warming 
during CIVD was less (5.5 to 7.5"C post-expedition vs 6.0 to 1 1.0"C). The frostbite 
susceptibility index increased from average (5) before the expedition to high (3) after 
the expedition. Results for subject B however, indicate an adaptation to decreased 
frost-bite susceptibility [the rating increased from average (6) to low (8) after the 
expedition]. Following the expedition CIVD occurred sooner (4 vs 8 min) and at a 
higher finger tip temperature (8.5 vs 6.5"C), with similar maximum temperatures 
(12.5 vs 13.0"C) attained. 

CONCLUSIONS 

This study demonstrates that adaptations to cold responses can occur in as little as 2 
weeks of travel in extreme cold. Our observations of an insulative adaptation to 
whole body cooling with metabolic savings at the expense of lower core temperature, 
are in agreement with other studies (2). In a non cold-injured finger, a protective 
adaptation occurred with earlier CIVD during cold exposure and more rapid 
rewarming after cooling. In a cold-injured finger however, the CIVD response 
during cooling is delayed and there is no improvement in post-cooling recovery 
(even when measurements were made in non-injured areas of that finger). 

We wish to acknowledge the financial assistance of NSERC (Canada), Augustine 
Med. Inc., Survival Systems, META Corp., Canadian Dept. of Nat. Defense 
(D.C.I.E.M.), and the technical assistance of R. Limmer, C.E. Johnston, A.A. Chen, 
and G.P. Kenny. 
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COOLING RATE AND THRESHOLD OF METABOLIC AND HEAT 
LOSS RESPONSES BEFORE AND AFTER ADAPTATION TO COLD 
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INTRODUCTION 

It is generally believed that tlie ceiitral and peripheral thermoreceptors are the 
structures foriiiiiig tlie tlieriiioregulatory sensory network. Our previous experiments 
have demoiistrated that cold adaptation results in change in the hiictioning of the 
ceiitral and tlie peripheral sltiii receptors. Adaptation to cold result in a decrease in 
iiuiiiber of tlie liypotlialaiiiic iieuroiis sensitive in tlie range of low bmin 
temperatures. Also. in tlie range of low sltiii temperatures, decreases (2, 6 .  7). The 
dynamic response of the majority of the skin cold receptors to cooliiig also decreases 
twofold (4). Cold receptors in coiilrol animals at slo~v skin cooliiig (less than 
0.0 l"C/sec) virtually s l i o ~ ~ ~  no dynamic activity. At fast cooling, dynamic activity 
appears and increases with cooliiig rate up to a certain liiiiit at which saturation is 
reached (1. 9). The iiiiportance of the dynamic activity of tlie skin cold receptors IO 
tlie triggering of the iiietabolic response and heat loss has been demonstrated at fast 
cooliiig (3, 5. 8). Hence, to folloi~ the course of changes of tlie tlieriiioregulatoqr 
responses to fast and slonl cooliiig during cold adaptation and to attempt to relate 
tlie adaptive changes in the tliermoreceptive stnictures with the shift in  tlie thermal 
thresholds of tlie cold defense respoiises are of importance. 

MATERIALS ant1 METHODS 

For six weeks prior esperiiiieiitatioii the coiitrol rats were kept at 20-22OC. and 
the cold adapted rats at 3-5°C of aiiibieiits. The experiments were performed 011 

iiiale rats slight anaesthetized by urethane. A part of the abdomen 20-22 a n  , 
which was depilalcd,  vas cooled with a tliermode. Cooling rates ranged 0.002s to 
0.1 "C/sec. Iiitracutaiieous temperature of tlie cooled surface of tlie abdomen, r e c d  
temperature. total oqrgeii consuiiiptioii (the iiietabolic response). a id  
intracutaneous temperature of the thigh were continuously recorded. Thigh 
temperature (tlie iiieasured area was lieat isolated from the body and eiiviroiiiiieiit), 
permitted the estiniation of changes in tlie tolie o i  tlie skin vessels, i.e. heat loss. 

RESULTS 

The formation of the tlieriiioregulatory response proceeds differently for slow 
cooliiig. wlieii the theriiioreceptors slioiv no dynamic activity, than for fast cooling, 
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while dynamic activity was esliibited in both control and cold adapted rats. During 
fast cooling, tlie metabolic response was triggered before rectal temperature 
started to fall. Only <after a rectal temperature fall (by 0.3k0.14"C in control and 
O.l%tO.O5"C in cold adapted) heat loss started. During slow cooling, heat loss is 
initially reduced as a result Of the response of the skin vessels; then, only <after a 
considerably lowered rectal temperature (by 0.7hO. 15°C in control and lk0.17"C 
in cold adapted rats), nietabolic rate increases. This evidences for the iinportance 
of the dynamic activity of thernioreceptors to the sequential triggering of the 
thermal defense responses. There was a similarity between the general sequence of 
tlie development of responses to cooling with different rates in control and cold 
adapted rats. However, tlie two groups were found to differ, when their 
parameters of the thermoregulatory responses were compared. At slow cooling, the 
lower tlie cooling rate. the lower was rectal temperature and the higher was the 
skin temperature at which tlie metabolic response was triggered (Fig. 1). At fzist 
cooling. the metabolic response was triggered in the absence of changes in 
rectal temperature regardless the state of adaptation. However, Fig. 1 shows that, 
after cold adaptation. all tlie curves for the threshold temperature are shifted to 
the range of higher cooling rates. In the controls, tlie metabolic response was 
triggered wvitliout change in rectal temperature, when cooling rate exceeded 
O.O13"C/sec, after cold adaptation, cooling rate had to exceed 0.033"C/sec to 
achieve this effect. Furthermore, in all the ranges of cooling rates, the metabolic 
response after cold adaptation appeared at lower skin temperature, while in tlie 
slo\v cooling range it appeared also at a greater rectal temperature fall than before 
adaptation (Fig. 1). The threshold shifts of the thermoregulatory responses after 
cold adaptation can be explained by the functional characteristics of changes in 
both the peripheral and central thermoreceptors. At slow cooling, both the 
peripheral and central therinoreceptors are presumably involved in triggering of the 
metabolic response. A shift of tlie threshold of the response may be related to a 
decrease in the amount of hypothalamic and skin thermoreceptors functioning in 
tlie range of low brain and skin temperatures, as well as to a decrease in tlie level 
of the static activity of most cold skin receptors (2, 3. 5) .  At fast external cooling? 
the dynamic activity of the skin cold receptors seems to acquire primary 
importance. After adaptation to lorn temperatures, the dynamic activity of the bulk 
of the skin cold receptors decreases. and this is reflected in change of the 
thermoregulatory metabolic response. The dependence of the metabolic response on 
cooling rate decreases. The patterns of slow cooling in cold adapted aniinals 
spreads over a wide range of cooling rates to O.O33"C/sec. In the controls, the 
patterns of fasl cooling appeared early at 0.013"C/sec. The tliresliold of rectal 
temperatiire fall did not change significantly after adaptation to cold in tlie case of 
tlie response of the skin vessels at both types of cooling. Only at slow cooling. the 
values for threshold skin temperature Of the vascular response was lower in the 
cold adapted (32.4k0.63 "C) than in control rats (35.6hO.29OC). This may be also 
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Fig. 1. Threshold skin temperature (top) and theshold rectal temperature 
(bottom) for metabolic response in dependence on the cooling rates 
in control and cold adapted rats. (P < 0.01 for all curves.) 
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related to a decrease in the static activity Of the peripheral and ceiilral 
thermoreceptors in the range Of low temperatures. 

CONCLUSION 

The results demonstrated that at fast and slow cooliiig the triggering sequence of 
the metabolic and heat loss responses are different. This evidences the illfluelice of 
the dynamic activity of tlie cold skin receptors on the thermal thresholds of the 
metabolic and heat loss responses. An increase in the dynamic activity of the 
cold skin receptors at higher cooling rate produces a lower thermal threshold of 
tlie metabolic response and a higher threshold of heat loss response. A decrease 
in the dynamic activity of tlie skin cold receptors after adaptation to cold weakens 
the dependence of the metabolic response threshold on cooling rates. As a result, 
the patterns of slow cooling spread over a wider range of cooling rates to 
0.033Wsec in rats adapted to cold compared to not adapted (O.Ol?"C/sec). A 
rise in the thresholds of the tlieriiial defensive responses in the cold adapted rats in 
tlie slo\i cooliiig range. when the sltiii thermoreceptors are only statically active. is, 
obviously. related not only to a decrease in the activity of the skin cold receptors It 
is also related to a decrease in tlie tlieriiioseiisitivity of the hypothalamic 
iieuroiis in tlie low temperature range. thereby coiiditioiiiiig low sensitivity to cold. 
The data may evidence for the iiiiportaiit role of the peripheral thermoreceptors 
in tlie mainteiiance of adaptive reorganizations, concomitant with the role played 
by central thermoreceptors. 
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INTRODUCTION 
The benefits of inspiring humidified gas has long been recognized, and 

consequently applied, in clinical environments. Inspired gas from compressed gas 
cylinders is dry and may cause irritation and enhanced heat loss. Similarly, 
intubated patients and patients with tracheostomies, cannot benefit from the heat 
and moisture exchange that is normally present in the upper airways. Thus, a 
plethora of humidifiers and heat and moisture exchangers (HME) have been 
developed and tested. 

The possibility of humidifying and heating inspired air in subzero ambient 
conditions has also received some attention, as it may benefit personnel working in 
such environments (1,2). Whereas the HME’s for clinical use have been subject to 
much scrutiny and evaluation, similar evaluation of HME’s for subzero ambients is 
scant. 

The present study evaluated the efficiency of a prototype HME over a 
range of simulated ambient temperature conditions. 

METHODS 
Prototype HME 

The prototype heat and moisture exchanger comprises a thermally 
insulated oro-nasal mask with a cylindrical heat and moisture exchanging unit 
protruding from the centre of the mask. The heat exchanging unit contains a 
“honeycomb” aluminum structure (Goodfellow Corp., Malver, PA.), providing a 
total surface area of 478.5 cm2 for the exchange of heat and moisture between the 
inspired and expired air. 
Principle of operation 

As with most passive HME devices, the expired gas cools as it passes 
through the aluminum honyecomb structure, thus transferring heat to the aluminum 
walls. As the gas cools, water condenses and is retained in the honeycomb-shaped 
cells. On inspiration, the heat and moisture retained by these cells is transferred to 
the colder and drier gas. Thus, the HME minimizes the total loss of respiratory heat 
and moisture. 
Experimental arrangement 

A breathing simulator provided two levels of ventilation: 11.25 and 28.00 
Lair-1, simulating rest and light exercise conditions. The breathing simulator was a 
hydraulically driven piston, whose frequency and distance of travel could be 
controlled. The former simulating respiratory frequency and the latter tidal volume. 
For the purpose of this investigation, the tidal volume was kept constant at 1.5 L 
and only the frequency varied to achieve the two levels of simulated respiration. 
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The breathing simulator was connected to a valve arrangement, such that 
the expired gas was drawn through a water bath and subsequently through the 
HME. On inspiration, the gas was returned via respiratory tubing to the breathing 
simulator. The temperature of the water bath was maintained at a level ensuring 
that the expired gas was approximately 37°C and saturated with water vapour 

The HME was strapped to the head of a manikin, whose mouth was 
connected to the respiratory simulator. The entire arrangement was placed in a 
climatic chamber maintained at the desired temperature. The temperature of the 
ambient air was monitored in close proximity of the HME. 
Instrumentation 

The temperature within the oro-nasal mask of the HME was measured 
with a T-type thermocouple and recordings made at 0.9 sec. intervals with a 
Hewlett Packard Data Acquisition System (Model HP 3497A, Hewlett Packard, 
Andover, MA). At any given temperature condition, the measments were made 
over a one minute period for the two levels of ventilation. This time was found to 
be adequate to attain a steady state level of inspiredexpired temperatures. 

The HME was evaluated at ambient temperatures of -24.0 5 0.3, -13.8 & 
0.5, -3.8 k 0.3,8.2 2 0.1 and 21.7 

(-43 "C). 

0.03 "C and at two levels of ventilation. 

Analysis 

coefficient (PC) under each condition, as suggested by Johnson et al. (3), whereby: 
The efficiency of the HME was evaluated by determining the performance 

PC (%) = (Tin - Ta) / (Tex - Ta) x 100 ...( 1) 
where, 

Tin = inspired air temperature 
Tex = expired air temperature 
Ta = ambient air temperature 

RESULTS 
Results of the trial conducted at -24.0"C are presented in Fig. 1. The first 

half of the two minute period shown represents the portion of the trial during which 
ventilation was maintained at 11.25 L.min-l, whereas the latter half of the graph 
represents the period during which ventilation was elevated to 28.00 L.min-l. For 
this trial, w i h  V~l1.25L.min- l ,  expired air temperature was maintained at 34.9 2 
0.4 "C, inspired air temperature at 22.2 f. 0.2 "C. When ventilation was increased to 
28.00 L.min-l, expired temperature was 36.3 0.TC and inspired temperature 24.9 
- + 0.6"C. For this simulated ambient condition, the HME was able to elevate the 
inspired air temperature by 47.4 f. 0.6"C. The humidity in the oro-nasal mask was 
maintained near saturation throughout the trial. The efficiency of the HME for the 
conditions tested is summarized in Fig. 2. 

The performance coefficients (PC) calculated according to equation 1 for 
all conditions tested are presented in Table 1. It can be seen that the PC for the 
HME at -24.0"C was 78.4 5 0.8 and 80.6 5 0.6 % at ventilation rates of 11.25 and 
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28.00 L.min-1, respectively; at temperatures above 0°C  the PC decreased 
progressively . 
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Fig. 1: Temperature in the oro-nasal mask of the prototype HME during evaluation 
at -24°C at ventilation rates of 11.25 L.min-l (initial 60 sec. of the trace) and 28.00 
L.inin-1 (last 60 sec. of the trace). 

CONCLUSIONS 
The protoype HME is capable of effectively reducing respiratory heat loss 

in ambient conditions ranging from -20 to +20°C at ventilation rates associated 
with rest and light work conditions. 

The performance coefficients determined for the prototype HME are well 
above those reported for 17 different types of cold weather masks evaluated by 
Johnson et al. (3). The highest PC value they observed for a commercially available 
cold weather mask, which also acts as a heat and moisture exchanger, was 55%. 

Ambient I Performance Coefficients (%) 
Temperature ("C) 

VE = 11.25 VE = 28.00 

-24.0 78.4 2 0.8 80.6 & 0.6 
L.min-1 L. rn in-1 

-13.8 
-3.8 
8.2 

78.1 2 0.4 
73.1 & 0.3 
63.9 2 0.2 

86.7 & 1.2 
84.2 & 1.3 
77.9 & 2.1 

21.7 44.2 5 0.5 67.9 & 3.9 
Table 1: Performance coeficients of the prototype HME for the kange-of ambient 
temperatures and ventilation rates tested. 
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Fig. 2: Temperature within the oro-nasal mask of the prototype HME for a range of 
ambient temperatures at ventilation rates of 11.25 and 28.00 L m i d  (hatched 
bars). The solid bars indicate the temperature of the inspired air, with no HME 
employed. 
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INTRODUCTION 
In general, the study of field treatment for immersion hypothermia in 

human volunteers has been limited because ethical consideration usually limits 
the decrease of core temperature (T,) to 35 "C. Under these conditions of mild 
hypothermia, subjects shiver vigorously. Because exogenous external 
application of moderate sources of heat warms the skin and inhibits shivering 
heat production, these methods provide little advantage when Vigorous 
shivering is present (1). 

We previously used a human model for severe hypothermia in which 
mildly hypothermic subjects were given meperidine to abolish shivering (2). 
We compared the rewarming efficacy of a newly developed Forced-& 
Warming System that provided a large amount of heat transfer (almost 300 W) 
(Forced-Air Warming), inhalation of heated (43 "C) saturated air (Inhalation 
Rewarming), and spontaneous rewarming without shivering (Control) in cold 
(-20 "C) ambient conditions (3). Forced-Air Warming resulted in a decreased 
afterdrop and sixfold greater rewarming rate than Control or Inhalation 
Rewarming. Even though Inhalation Rewarming provided a warmer 
inspiratory temperature (Tinsp) by > 60 "C, it did not provide any advantage 
over spontaneous warming over 150 min while the high heat donation of 
Forced-Air Warming rewarmed the subjects to normothermia within 50 min. 

Because the Forced-Air Warming System was so effective in non-shivering 
subjects, we wished to see if the high amount of convective heat donation would 
be advantageous in vigorously shivering subjects who were cooled to lower T, 
than usually studied (Le., c 35 "C). This provided an opportunity to restudy 
Inhalation Rewarming in shivering subjects at lower T,. Momson et al. (4) 
demonstrated that the rate of rewarming was inversely related to T, at end of 
cooling. However, there were no controls in this study and it is not known if 
higher rewarming rates at lower T, demonstrate an advantage of Inhalation 
Rewarming or merely represent the higher shivering thermogenesis. 
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Therefore we evaluated T, recovery in field-like conditions (Ta = -20°C) 
(5) while employing: 1) Endogenous Rewarming (no exogenous heat donation) 
(Control); 2) Inhalation Rewarming (Res-Q-m, HT 1000 Inhalation Delivery 
System); and 3) Forced-Air Warming with a newly developed system that 
provides a high amount of convective heat transfer (200-280 w). 

METHODS 
Four males and 1 female of average fitness participated in the study. All 

subjects underwent medical screening and gave written informed consent. 
Core body temperature was monitored at the esophagus (Tes). Skin 

temperature and heat flux were monitored at 12 sites and the area-weighted 
means were calculated. Oxygen consumption we), heart rate and blood 
pressure were monitored continuously. 

The new Forced-Air Warming System consisted of a mobile insulated 
wooden box (1.6 rn long x 0.725 m wide by 0.33 m high) with a nylon webbing 
stretcher (2.14 m long) supported on top. With the subject lying on the 
stretcher, a wire frame (curved side-to-side) was placed over the subject The 
rostral portion of the box was hollow and contained two elecmc heaters and 6 
circulating fans below the webbed stretcher. Two more heaters and 3 fans were 
contained in an enclosed section on top of the wire frame just above the 
subject's chest. A down sleeping bag was then placed over the wire frame. 
The head of the subject (which was exposed to ambient conditions) was covered 
with a down hood. The system configuration allowed exposure to air of all 
anterior skin surfaces, and posterior skin surfaces from mid thigh to the 
shoulders. When the heaters were used, the circulating fans were activated and 
the heaters were thermostatically controlled to maintain ambient temperature 
within the box at approximately 46-48 "C. 

Each subject was cooled on three occasions separated by at least 3 days. 
Trials were conducted at the same time of day. Baseline data were collected 
over 10 min at an ambient temperature (TJ of 22 "C. Prior to immersion the 
subject was dressed with a thin plastic body suit. This suit ensured that the 
subject was dry following water immersion (which minimized evaporative heat 
loss during rewarming without the time consuming and mechanically 
stimulating process of towel drying). Using a mechanical hoist, the subject was 
transferred and immersed to the clavicles in 22 "C water. Water was then 
rapidly cooled to 3 "C within 15 min by the addition of ice. Average 
immersion time was 80 min. The subject was then hoisted out of the water, and 
the body suit was removed. 

In order to control for external variables, each subject was placed in the 
rewarming box (and fitted with long thinsulate insulated boots up to the knee, 
and mitts up to the elbows) for each of the 3 treatment conditions. The box was 
then transferred to a temperature controlled chamber at T, of -20 "C where 
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either: 1) the subject breathed ambient air (-20 "C) with no exogenous heat 
donation (Control); 2) the subject breathed warm humidified air (43 "C) 
(Inhalation Rewarming); or 3) the subject breathed ambient air (-20 "C) with 
the Forced-Air Warming System activated (Forced-Air Warming). Rewarming 
duration was continued for a maximum of 150 rnin or until T, reached 36.8"C. 

RESULTS 
Cooling phase 

Baseline T, (-37.01 "C), Tsk (-30.73 "C), V% (-334 mtrnin-') and 
ventilation (11.2 Lmin") were similar for each condition. T, at end-immersion 
(80 min) was 34.04 k 0.64 (SD) "C, 34.07 k 0.65 "C, 33.71 k 0.39 "C in 
Control, Inhalation Rewarming and Forced-Air Warming conditions 
respectively while V h  and ventilation increased to -1.3 Lmin-' and 31.0 Lmin- 

respectively. 

Table 1. Rewarming parameters for the three experimental conditions. 

Condition Afterdrop Afterdrop Rate of Rewarming 
Amount ("C) Length (rnin) ("Chrl) 

Control 0.60 (0.2) 18.1 (4.7) 3.1 (1.0) 
Inhalation Rewarming 0.48 (0.2) 14.1 (5.1)" 3.8 (1.0) 
Forced-Air Warming 0.69 (0.4) 16.9 (6.0) 6.1 (0.4) t 

(Mean 
Rewarming, ~ 0 . 0 5 )  

SD, * c Control and Forced-Air Warming, t > Control and Inhalation 

Rewarming phase 
The afterdrop of T, for Control (0.60 k 0.25 "C), Inhalation Rewarming 

(0.48 rt 0.19 "C) and Forced-Air Warming (0.69 +_ 0.44 "C) conditions were not 
significantly different (Table 1). This corresponded to a similar time to reach 
the nadir in T, for Control (7.1 k 2.2 rnin), Inhalation Warming (6.0 k 1.4 
min) and Forced-Air Warming (5.5 k 3.6 min) respectively. However, the 
length of the afterdrop was significantly shorter for Inhalation Rewarming 
(14.1 t 5.1 min) than Control (18.1 k4.7 min) and Forced-Air Warming (16.9 
k 6.0 min) @<0.05). Rewarming rate was much greater w0.05) during 
Forced-Air Warming (6.1 rt 0.98 "Chi') than Control and Inhalation 
Rewarming (3.1 f 0.96 and 3.8 k 0.98 "Chi '  respectively). 

Total heat loss throughout Control and Inhalation Rewarming was about 
40 W. In comparison, Forced-Air Warming provided a total heat gain of 
between 160 and 280 W. After 30 rnin of rewarming, Tdr during Forced-Air 
Warming was -34.0 "C (3.3 "C above baseline) while TJ, for Control (-25.7 
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"C) and Inhalation Rewarming (-26.2 "C) were 5.0 "C and 4.5 "C below 
baseline respectively (P<O.OOOl). In all conditions V@ was elevated during 
initial rewarming and then gradually decreased. The average V% during the 
total rewarming period was 4.0,3.8, and 2.4 times baseline values for Control, 
Inhalation Rewarming and Forced-Air Warming, respectively w0.05) .  After 
30 min of rewarming, V@ had decreased to baseline values for Forced-Air 
Warming but remained elevated (pcO.05) above baseline for the other two 
treatments. Similarly, at the end of the rewarming period ventilation remained 
elevated for Control (25.4 Lmin-') and Inhalation Rewarming (24.1 Lmin-') 
while decreasing to baseline values for Forced-Air Warming (10.7 Lmin-'). 

CONCLUSION 
Forced-Air Warming was able to rewarm subjects who were capable of 

vigorous shivering at twice the rate of shivering alone, indicating that the high 
heat transfer (160-280 W) was enough to more than make up for the inhibition 
of shivering heat production. We found that during Inhalation Rewarming the 
high ventilatory rates accompanying vigorous shivering, resulted in lower T+ 
than the non-shivering conditions of our previous study (Le., 37 vs 43 "C) (3). 
The small difference between T,, and T, may therefore help explain why 
Inhalation Rewarming did not provide any rewarming advantage over shivering 
alone. 
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INTRODUCTION 

During outdoor occupations in winter, contact with cold materials can usually 
happen. Contact with materials with high thermal conductivity induces rapid skin 
cooling in contact areas. The decrease of skin temperatures in hands and fingers 
causes the deterioration of manual performance (1). Some of the literature concerning 
finger or hand cooling are reported, for example, by Havenith et al. (2) and Chen et 
al. (3), but none reported the spontaneous rewarming of hands or fingers. The aim of 
this study was to determine hand and finger skin temperatures during rapid cooling 
by a contact with metal surface and during subsequent spontaneous rewarming while 
the whole body was exposed to the cold when subjects were normothermic or cooled. 
Furthermore, we examined the effects of cooling and spontaneous rewarming on the 
bilateral differences in skin temperatures of hands and fingers. 

METHOD 

Six young men (mean c SEM, age 25 c 1 yrs, height 178 -c 2 cm, weight 73.4 =- 
2.6 kg and body fat 14.4 c 1.1 %) were served as test subjects. They were wearing 
winter clothing with 2-layered gloves and boots with a felt liner. The mass of the 
clothing was 3.2 kg without boots (mass 2.7 kg). Each subject attended 2 kinds of 
experiments, The first one was an experiment of contact cooling. When a subject 
entered the climatic chamber at -10°C with standing position, he gripped a steel bar 
(-10°C) in one hand for the first 10 minutes. After releasing the cold bar, he 
continued to stand still with the hands held beside the body. Then, at the 30 minutes, 
he held the steel bar in the opposite hand for 5 more minutes and released. The 
subjects used about 20% of their maximal voluntary contraction to hold the bar 
(diameter 35mm), of which the surface temperature was measured near the hand. Half 
of the subjects started by holding the metal bar with their right hand and the rest 
started with their left hand. In every subject the right hand was the dominant one. 
Another experiment was conducted with subjects standing still in the cold (-10°C) for 
40 minutes without any contact (air cooling). 

Rectal temperature (Tre) and skin temperatures (15 sites) were measured continuously 
and stored (Squirrel 1200, Grant, England) every minute. The 15 sites of skin 
temperatures were: forehead, chest, back, forearm, thigh, leg, foot, and hands and 
middle fingers on both dorsal and palmar sides of both hands. Mean skin temperature 
&k) was calculated by weighting the local 8 sites by representative skin areas 
according to the equation of Mitchell and Wyndham (4). 
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RESULTS 

M e r  40 min of the cold exposure, Tre was 37.3 r 0.ll"C in air cooling and 37.3 F 

0.14'C in contact cooling and was not significantly different from those in pre- 
exposure. Tsk significantly decreased 56°C to 27.1 rt 0.40"C in air cooling and 
5.372 to 27.1 * 0.52"C in contact cooling, while there were no differences in the 
rate of the whole body cooling between the 2 kinds of experiments. 

Table 1 shows the cooling rates of hands and fingers both in air and during contact 
cooling in each period. The cooling rate of the first period in the air was about 3 
times greater than that of the second period, because Tsk in air cooling decreased to 
27.8 rt 0.47 (mean rt SEM) "C at 30 min of body cooling, and the cooling rate had 
slowed down by this time. The cooling rates of fingers in contact cooling were 
different between the first period and the second one but the rate of decreasing in 
palm skin temperature in the second period was as large as the first one. 

Table 1 Cooling rates ("C/min) in air and in contact cooling during 0 - 5 
min and 30 - 35 min. The values are means and SEM of 6 test subjects. 

First contact period 
0 - 5 min 

mean SEM mean SEM 

Second contact period 
30 - 35 min 

Cooling rate ("C/min) in air - 
Hand 0.74 
Palm 0.70 
Finger (dorsal side) 1.20 
Finger (palmar side) 0.91 

0.06** 0.21 
0.15** 0.22 
0.12** 0.37 
0.12**b 0.34 

Cooling rate ("C/min) in contact cooling 
Hand 0.56 0.11 0.10 
Palm 1.37 0.26 1.42 
Finger (dorsal side) 1.20 0.10** 0.56 

0.04 
0.03b 
0.07 
0.15a 

0.10 
0.12 
0.11 

Finger (palmar side) 1.89 0.23** 1.31 0.21 
** differs significantly (p < 0.01) from second period of cooling rate. 
a differs significantly (p < 0.05) from the cooling rate in contact cooling. 

differs significantly (p < 0.01) from the cooling rate in contact cooling. 

Contact cooling had no significant effect on skin temperatures on the dorsal side of 
hands and fingers in both periods. The rate of skin cooling was about 2 times higher 
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in normothermic subjects (first period) and was 4 - 6 times higher in cooled subjects 
(second period) compared with cooling by cold air alone. 

The result of cooling and rewarming rates in contact cooling are shown separately in 
the dominant and non-dominant hands in Table 2. The first and second contact 
cooling periods are pooled together. The cooling rate of hands and fingers showed no 
daerence between the dominant and non-dominant hand. However, the rewarming 
rate of the palm and fingers on the palmar side after the release of the steel bar tended 
to be larger in the dominant hand than that in the non-dominant hand (0.05 p c 
0.1). Finger skin temperature on the dorsal side in the dominant hand rewarmed more 
rapidly than the opposite hand. No rewarming was found on the dorsal side of fingers 
and hands in the non-dominant hand. 

Table 2 Cooling and rewarming rates (Wmin) of the dominant and the 
non-dominant hands in the experiment of contact cooling. The values are 
means and SEM of 6 test subjects. 

Dominant hand Non-dominant hand 
mean SEM mean SEM 

Cooling rate ("C/min) during contact cooling 
Hand 0.41 0.15 0.24 0.15 
Palm 1.42 0.23 1.37 0.17 

Finger (palmar side) 1.51 0.24 1.76 0.30 

Rewarming rate ("C/min) after contact cooling 

Palm 0.58 0.15 0.17 0.25 
Finger (do~sal side) 0.44 o&* -0.58 0.10 
Finger (palmar side) 1.24 0.42 0.24 0.23 
* diffeIs significantly (p c 0.05) from the non-dominant hand. 

Finger (dorsal side) 0.79 0.15 0.97 0.21 

Hand -0.32 0.09 -0.56 0.09 

CONCLUSIONS 

The results of the study indicate that the effect of contact cooling was even higher 
during the second contact cooling period in finger temperature. Skin temperatures on 
the dorsal side were not influenced in contact cooling. The dominant and the non- 
dominant hand showed different rewarming behavior after releasing the cold steel bar. 
This could be explained by functional (both neural and circulatory) differences in 
dominant and non-dominant hands shown by Treffel et al. (5). However, due to the 
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small number of test subjects further investigation is required to  confirm these 
observations. 
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INTRODUCTION 

Predictive models of human heat strain are generally developed to serve specific aims 
and objectives. In a recent review, Werner (1) suggests that human heat strain models 
may be categorized into three groups: (a) thermoregulatory models which allow us to 
explore functional physiological mechanisms (2,3,4), (b) operational models which 
predict human performance of industrial or military personnel (5,6), and (c) clinical 
models designed to predict heat illness/injury and clinical treatment (7). Many of these 
predictive models will be discussed during the oral presentation of this article. However, 
computer inodeling approaches to environmental ergonomics and the associated interests 
of this audience are probably more directly aligned to the operational models, such as 
the USARIEM Heat Strain Model, which predict physiological responses and human 
perfoiinance in the heat. 

USARIEM HEAT STRAIN MODEL DEVELOPMENT 

Over the last three decades, our Institute has developed a comprehensive USARIEM 
Heat Strain Model which has been programmed for use by hand-held calculators, 
personal and battlefield computers, and further incorporated into the development of a 
heat strain decision aid. The mathematical basis used to develop the various individual 
predictive algoritlms/equations and the predictive capabilities of our heat strain model 
have been published in detail previously (6). 

This operational model deals with several major input variables: (a) the 
predicted/preferred energy expenditure primarily associated with walking or running to 
include the external load, grade, speed and specific terrain, (b) the functional state of the 
individual in terms of being either non-heat acclimated or fully-heat acclimated, (c) the 
weather conditions to include the air temperature, solar load/sky conditions as in index 
of cloud cover, humidity and wind speed, (d) the clothing worn, and (e) if appropriate, 
the accepted level of heat casualties. In addition to predicting rectal temperature, sweat 
loss and heart rate responses given the above inputs, our model predicts the expected 
physical workhest cycle, the maximum safe physical work time, the estimated recovery 
time (sun or shade) from maximum physical work, the time into the mission, and the 
associated drinking water requirements for each specific scenario. More recent or in- 
progress refmements of this model include the development of algorithms/equations to 
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INDEPENDENT (INPUT) VARIABLES 

DEPENDENT (OUTPUT) VARIABLES 

Figure 8 .  Schematic diagram of the major input and output variables of the USARIEM 
Heat Strain Model. 

better predict the effects of (a) state of hydration (dehydration), (b) microclimate cooling 
of protective clothing, and (c) the radiantholar load. A schematic diagram of the various 
independent (input) and dependent (output) variables associated with our heat strain 
model is presented in Figure 1. 

With over three decades of development and refinement, the USARIEM Heat Strain 
Model considers a wide range of ambient temperatures fi-om 20-54"C, relative humidities 
from 10-95%, and wind speeds up to 4 m 4 .  Hundreds of clothing systems have been 
evaluated ranging from light to heavy clothing of high or low permeability. Different 
energy expenditures fi-om rest to heavy physical work have been studied and 
incorporated into our modeling capabilities. 

Individual predictive equations: Predicted energy expenditure considers walking and 
running while carrying external loads up to 50 kg at grades up to 20% and the effects of 
the specific terrain. Terrain coefficients have been established to better characterize the 
walking surface and include blacktop, brush, swamp, sand and snow. The published 
correlation coefficients (r values) between predicted and measured energy expenditure 
for our walking and running prediction equations are 0.96 and 0.95, respectively. 
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Predictive equations for the time pattern of rectal temperature, sweat loss and heart rate 
responses to physical work, environmental conditions and clothing properties have also 
been published. When compared to observations from our own and other laboratories, 
the correlation between the predicted and measured rectal temperatures is high (r = 0.83- 
0.97) as are values for sweat loss (r = 0.94-0.95) and heart rate (r = 0.97). Further 
refinements for the effects of heat acclimation on rectal temperature and heart rate 
responses showed good agreement between predicted and measured values for both 
responses (rectal temperature, r = 0.96; heart rate, r = 0.94). 

U.S. and non-U.S. military scenarios: During a field study in Australia, predicted and 
observed rectal temperature responses of 12 soldiers were compared while wearing three 
different military clothing ensembles (U.S. BDO closed, UK NBC closed and jungle 
uniform) under two different outdoor climatic conditions (-30°C, 62% rh, shade; -32OC, 
41% rh, sun). A group independent from our Institute collected these data and found 
them to be in very good agreement with predicted values. In 28 out of 30 comparisons, 
the observed responses were within f 1 standard deviation (SD) of that predicted using 
our model (6). In another study, 23 unacclimated male soldiers attempted light or heavy 
exercise in a cool (ISOC, 50% rh) or wann (3OoC, 50% rh) environment for a proposed 
300 minute exposure in Canadian Forces NBC protective clothing (8). The USAFUEM 
Heat Strain Model predicted fmal rectal temperature responses within f 1 standard error 
of measurement (SEM) from that observed in three out of the four test conditions. 
McLellan and colleagues (8) concluded: "Thus, U.S. Army guidelines for maximal 
allowable work times with minimal heat casualties, based on the Pandolf et al. model, 
can be considered to be applicable to our CF Infantry NBC protective clothing". 

NASA scenarios: More recently (9), the utility of the USARIEhd Heat Strain Model was 
shown for three NASA scenarios involving the Launch and Entry suit (LES). The LES 
was modeled during (a) pre-launchllaunch, (b) re-entry and landing, and (c) emergency 
egress after re-entry and landing mostly to evaluate the effects of heat acclimation and 
dehydration (9). During the pre-launchllaunch scenario, fmal predicted rectal 
temperatures were in good agreement with observed values depicting minimal heat strain 
(rectal temperature -3 8T).  However, dehydrated (3%)-unacclimated individuals were 
predicted to exhibit moderate levels of heat strain for this same scenario (rectal 
temperature -38.5OC). During the two other scenarios, the separate and combined 
effects of dehydration and lack of heat acclimation were more pronounced and predicted 
to produce excessive heat strain (rectal temperature >39"C). Tolerance time was 
predicted to be only six minutes during emergency egress when individuals were 
dehydrated and unacclimated to heat. 

CONCLUSIONS 

The major individual predictive equations incorporated into the USARIEM Heat Strain 
Model have been shown to provide good agreement with measured values and as 
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demonstrated for rectal temperature accurately predict responses (generally within & 1 
SD/SEM) for a wide variety of different scenarios. This model can also be used to 
predict the expected physical workhest cycle, the maximum safe physical work time, the 
estimated recovery time fiom maximal physical work and the drinking water 
requirements given the particular physical work, environmental conditions and clothing 
properties 
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INTRODUCTION 

The fingers and toes act, thermally, as heat exchange mechanisms. In comfortable 
and warm environments their function is to dissipate heat. This is achieved, 
primarily, by vasodilatation which enhances blood flow to the extremities by up to 
30 - 100 fold above the required (nutritional) level [l]. In cold environments, the 
strategy of the body is to conserve heat. This is effected by almost completely 
shutting off blood supply to the extremities. Termed vasoconstriction, this causes 
an abrupt and drastic reduction in the blood supply to the extremities. Consequently 
and as the main heat source is removed, the temperature of the extremities starts to 
fall off. 

At some time, typically 12 - 30 min. after the onset of the cold exposure, the 
temperature of the extremity may begin to rise. This phenomenon is termed "cold 
introduced vasodilatation", (CND) or "Lewis waves" [2]. It involves short periods 
of opening-closing of the cold-constricted blood vessels. The name of C N D  is well 
documented, whereas the underlying mechanisms and precise sequence of events are 
not completely understood. 

This paper describes a series of studies in which finger behavior is modeled under 
cold-sh-ess. In the first of these models the fmger is depicted as a thermally insulated 
cylinder with internal heat sources. The second is a lumped parameter model of the 
finger tip. The third model of the entire finger is quite detailed and-includes blood 
perfusion to the capillary bed, counter-current heat exchange between major blood 
vessels. 

CYLINDER WITH INTERNAL HEAT SOURCES 

The finger is depicted as a cylinder with internal heat sources which account, 
primarily, for the thermal effects of blood perfusion. A time-dependent energy 
balance is formulated for longitudinal conduction and heat exchange with the 
environment [3]. The model is solved for axial finger temperatures. Finger endurance 
times for cold exposure are also calculated. These times quantify the effects of finger 
length, diameter, extent of thermal insulation applied and environmental 
temperatures on the endurance times. 
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LUMPED-PARAMETER FINGER TIP MODEL 

The most noticeable effects of CIVD are in the tip of the finger as shown in Fig, 1. 
This suggests the separate modeling of this area. Consideration of the anatomy and 
geometry of the tip of the finger would point out to the modeling of the tip as a 
lumped-parameter semi-sphere supplied by one artery and drained by a single vein 
[4]. Blood arriving at the tip is distributed to the capillaries where it is assumed to 
equilibrate with the temperature of the tissue. 

Observation of Fig. 1, yields a certain characteristic of CIVD waves, i.e., 
temperature increases are faster than the following temperature decreases. No 
indication is given, however, to the nature of change of blood supply. This is left 
out to be determined by a comparison of the model results with the measured record 
for assumed blood flow change patterns. We have assumed 3 plausible blood flow 
patterns, namely: sinusoidal, rectangular and triangular. Of these the latter turned 
out to be the most suitable. 

Figure 2 shows a comparison of measured and calculated finger-tip temperatures for 
on assumed series of triangular waves of blood perfusion. The similarity of the two 
records is quite good but one should bear in mind that the input function, Le., blood 
perfusion, was estimated and adjusted but was not measured. We have measured 
simultaneously blood perfusion and temperatures of the finger-tip [5] and compared 
the results with those predicted by the lumped parameter model, Fig. 3. The data in 
this figure support the assumption of the triangular wave form, 

NUMERICAL MODEL OF THE ENTlRE FINGER 

This model [61 treats the finger as a cylinder wrapped around by thermal insulation. 
Four concentric tissues make up the finger model: core, muscle, fat and skin, each 
having separate thermophysicd and anatomic properties. In addition, the model 
assumes two major blood vessels in the finger - an artery and a vein. These vessels 
supply and drain the tissues and exchange heat both with the tissue and between 
them. 

The model was solved by a numerical finite differences scheme. Figure 4 shows 
variations of finger-tip temperatures for bare and gloved fingers and stiU and windy 
(15 km/hr) environments for low (nutritional) blood flow without CIVD. It is noted 
that the effect of the wind on the finger is quite pronounced and a bare finger in still 
air would be more protected than a gloved one in moderate wind. 

Another result of counter-current heat exchange is shown in Fig. 5. Accordingly, as 
the finger cools off, the diminished blood flow is shunted away from the superfkial 
to the internal regions of the finger. This provides a thermal "coupling" between the 
major blood vessels and results in a further reduction in heat loss to the 
environment. The effect of counter-current heat exchange is demonstrated in that the 
arterial and venous temperatures approach each other closer as this heat conserving 
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mechanism is activated. The net amount of heat saved in the present case, due to the 
counter-current effect, is about 14%. 

CONCLUSION 

This paper presents, briefly, 3 models which describe the energy balance of an 
extremity exposed to cold weather. All models lack, at this stage of their 
development, any intrinsic physiological mechanisms. However, under certain 
plausible assumptions, they are shown to have the capabilities to follow changes 
induced by exposure to external stimuli. Following experimental validation these 
models may become useful in predicting blood perfusion rates from measured 
temperature records. 

ACKNOWEDGEMENT 

This work was carried out at the US Army Research Institute of Environmental 
Medicine at Natick, Mass. Support of the National Research CounciI is gratefully 
acknowledged. This work was partly supported by the Belfer Chair in Mechanical 
Engineering. 

REFERENCES 

1. 

2. 

3. 

4. 

5. 

6.  

Burton, A.C. 1939, The range and variability of the blood flow in the human 
fingers and the vasomotor regulation of body temperature. Am. 
J. Physiol., 127, 437-453. 

Lewis, T. 1930, Observations upon the reactions of the vessels of the human 
skin to cold. Heart, 15, 177-208. 

Shitzer, A., Stroschein, L.A., Santee, W.r., Gonzalez, R.R. and Pandolf, 
K.B. 1991, Quantification of conservative endurance times in 
thermally insulated cold stressed digits. J .  uppl. Physiol., 71, 

Shitzer, A., Stroschein, L.A., Gonzalez, R.R. and Pandolf, K.B. 1996, 
Lumped-parameter tissue temperature - blood perfusion model 
of a cold-stressed fingertip. J. Appl. Physiol. 80 (in press). 

Shitzer, A. Stroschein, L.A., Gonzalez, R.R. and Pandolf, K.B. 1996, 
Application of a lumped-parameter heat exchange model to cold- 
induced temperature and blood flow measurements in the finger- 
tip, J. Thermal Biology, 22 (in press). 

Shitzer, A., Stroschein ,L.A., Vital, P., Gonzalez, R.R. and Pandolf, K.B. 
1994, Numerical model of the thermal behavior of an extremity 
in a cold environment including counter-current heat exchange 
between the blood vessels. US Army Research Inst. of 
Environmental Medicine, Natick, Ma. Report No. T94-10. 

2528-2535. 

165 



COMBINED FINITE ELEMENT HUMAN THERMAL MODEL 
AND FINITE DIFFERENCE CLOTHING MODEL 

Guozhi Fu and Byron W. Jones 

Mechanical Engineering Department, 302 Durland Hall, 
Kansas State University, Manhattan, KS 66506 U.S.A. 

INTRODUCTION 

Many situations where it is desired to model human thermal responses involve 
complex environmental condtions and/or complex thermal response questions. 
Addressing these situations requires a simulation model that is equally detailed. 
Several detailed thermal-physiological models of the human body have been 
developed but generally these models have not included clothing or used very 
simplified mathematical descriptions of heat and moisture transport in the clothing. 
The models developed by Lotens [l] and by Jones and Ogawa [2] both have fully 
integrated transient clothing models. These models have proven to be useful and 
accurate for a variety of applications. However, both have limits as to the level of 
detail. In particular, neither can provide three-dimensional temperature information 
for the human body. 

.MATERIALS and METHODS 

In the research reported here, a transient three-dimension finite element thermal 
model for the human body was combined with a transient quasi-two-dimensional 
model of clothing heat and moisture transfer. The human body model is based on 
the model developed previously by Smith [3]. The clothing model is based on the 
transient clothing model developed previously by Jones and Ogawa [2] .  

Smith's model consists of four parts: 1) the body tissue, 2)  the circulatory system, 3) 
the respiratory system, and 4) the thermoregulatory control system. For the body 
tissue part, the body is divided into 15 parts, head, neck, torso, right and left upper 
arm, right and left lower arm, right and left hand, right and left thigh, right and left 
calf, and right and left foot. Each part is modeled as concentric cylinders and 
divided into smaller elements for the finite element solution of the governing 
equations. Altogether, there are 576 body tissue elements in Smith's model. Each 
tissue element is one of four types, bone, muscle, sludfat, and internal organs, 
depending on its location. The circulatory system is modeled as a series of 
interconnected, branching vessels starting at the heart-lung element and returning to 
the heart-lung element. The vessels are modeled as one-dimensional fluid elements 
that lie at the edges of each tissue element and exchange heat at that location with 
the body tissue. A major artery and a major vein lie along the center of each body 
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part except for tlie head. These branch out to smaller vessels of each type along the 
edges of the tissue elements. Only veins are present in tlie axial direction at the 
inner edge of tlie skiidfat layer and there are of course no vessels on the edges 
corresponding to the skin surface. The arteries and the veins only interconnect at 
the finest level of division. There are two return paths for tlie blood. One path is to 
return through the major veins that are at the center of each body part. The other is 
to return along the superficial veins under the skiidfat layer. The vessels are allowed 
to constrict and dilate according to signals received from tlie thennoregulatory 
control system in order to generate different flow paths depending on tlie thermal 
state of the body. The circulatory system requires approximately 1500 elements in 
Smith's inodel. Tlie respiratory system is inodeled using dual interacting flow paths. 
Inspired air passes along one path from the mouth to the heart-lung node and the 
expired air passes though a separate path back to the mouth. The flow paths are 
inodeled as one-dimensional fluid eleiiients and lie along the edges of the 
appropriate elements. Tlie respiratory air exchanges lieat and moisture with the 
body tissue as it passes along these elements. At tlie heart-lung element, the air is 
saturated with moisture and is in therinal equilibriuiii with tlie tissue. The two 
passages coininunicate thermally to simulate the regeneration effect that occurs in 
reality. For the thermal control system, Siiuth considered core and skin temperature 
as tlie dominant variables in determining thennoregulatory responses. By using 
published experimental data, empirical control equations were developed for 
determining blood vessel radii, sweat rate, and shivering. 

Smith's inodel was modified in two ways for the present research [4]. Heat exchange 
between the blood and body tissue via capillary beds was added using the equations 
given by Shitzer and Eberliart [5]. This heat transfer was included in the energy 
equatioiis for the blood vessels and the tissue elements, but no attempt was made to 
inodel the fluid mechanics of the pefision blood flow. Empirical control equatioiis 
Were added to determine the perfusion rate as a hnction of body thermal state. Also 
the skin and fat tissue layers were separated. This improved the accuracy of the 
siinulation for both cold and hot conditions primarily by allowing tlie superficial 
veins to be much closer to tlie skin surface. 

The Jones and Ogawa clothing model is a quasi-two-dimensional representation of 
tlie transient, coupled heat and moisture transport. Locally, these processes are 
modeled as one-dimensional. However, the clotlung can be divided over tlie surface 
of the body into as inany independent parts as necessary to reflect local variations in 
body, clothing, and environiiiental conditions. Clothing is modeled geoinetrically as 
concentric layers around the body. Heat is transported across the intervening air 
layers by radiation and conduction and moisture is transported by diffusion. At the 
fabric, moisture may be adsorbed or condensed releasing the corresponding latent 
heat. These processes are inodeled by keeping the fiber in equilibrium with the air in 
the surrounding micro climate, both with respect to moisture content and 
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temperature. Both the thermal resistance and the evaporative resistance of the 
fabrics are include in the transport equations. Except for very thick fabrics, most of 
the thermal resistance occurs in the air layers and not the fabrics. However, all of 
the moisture-heat interactions occur in the fabrics. The moisture capacitance of the 
air was not included in the original version of this model but was added for the 
combined model. 

The skin surface is the combination point for the two models. A moisture mass 
balance equation for the skin surface is solved to determine the water vapor pressure 
at the skin. T h ~ s  equation balances the sweat generated and the moisture diffused 
through the skin with the sweat evaporated from the skin surface. If the evaporation 
rate is insuflicient to maintain a balance, sweat accumulates on the skin up to a 
maximum thickness of 35pm. Anytime there is accumulated moisture on the skin, 
the vapor pressure at the skin is equal to the saturation pressure. These calculations 
are made independently for each element of skin surface to account for local 
differences in sweat rate, clothing coverage, andor environmental conditions. 

Clothing is segmented by body part in the Jones and Ogawa model. The body parts 
are further segmented if the clothing coverage on that body part is not uniform. A 
database describing the clothing in this manner for over 40 clothing ensembles is a 
part of their model. In the combined model, it is necessary to describe the clothing 
coverage for each of the 176 skin elements. Thus each element must be assigned to 
one of the sub-segments in the clothing database. This assignment has not been 
automated and is rather tedious. Only selected ensembles have been converted in 
this manner to date. 

RESULTS 

The combined model was compared to experimental data collected in a previous 
study [6] .  The actual heat and moisture dssipated by ten subjects to the environment 
under transient conditions were measured in a human calorimeter in this study. 
Data for ten different combinations of step changes in activity, temperature, and/or 
humidity were compared to the model for a 60 minute period following the step. In 
general the model predictions and the data agree within 10% for both heat and 
moisture dissipation throughout the period. This agreement is comparable to the 
estimated accuracy of the calorimeter measurements. 

The combined model was then compared to a separate set of unpublished 
experimental skin temperature data. Twelve subjects moved from a steady state 
environment typical of room conditions to a hot (typically 45OC) or cold ( typically 
-15OC) non-uniform environment. This hot or cold environment gradually changed 
back to a more nominal environment over a period of 30-45 minutes. Skiq 
temperatures were measured on the chest, back, right and left forearm, and right and 
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left thigh. The skin temperatures predicted tllrougliout the transient period generally 
were within l0C of the average for the subjects. 

Coinputational requirements for the combined model are not trivial. It can run on 
Pentium based PC's but in excess of 32 megabytes of ineinory are required for 
efficient operation. On a HP 90001750 work station, the ratio between computation 
time and siinulation time is approxiinately one-to-one. 

CONCLUSIONS 

Computer simulation provides a powerful tool for assessing human thermal response 
andor liuinan tlierinal impact. No one inodel is likely to serve all needs and all 
applications. The sinipler coinbined models [ 1,2] provide tools that are convenient 
and quick to use and are perfectly satisfactory for iiiany applications. The combined 
human and clotlung model presented here provides an additional tool that should 
prove useful where inore detailed information is needed and justifies the increased 
coinputational requirements. 
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VALIDATION OF THE DURATION LIMITED EXFWURE INDEX 

D. Gavhed and I. HolmCr 

National Institute for Working Life, Department of Ergonomics, 
S- 17 1 84 Solna, Sweden 

INTRODUCTION 

In cold environments, appropriate assessment of workmg time limits is important 
to avoid unacceptable body cooling during work. The cold stress index, lREQ 
(insulation required index) (1,2), is based on physiological and physical models and 
predicts the required insulation for heat balance during work in the cold. The data 
in the models were collected from the relatively few published studies on 
thermophysiological responses during work in cool or cold temperatures and 
included a restricted number of conditions. A supplementary method, DLE 
(duration limited exposure), determines time limits for occupational work in cold 
conditions when the clothing insulation is not sufftcient to maintain 
thermoneutrality (2). The reduction of the body heat content is allowed to be at 
most 40 Wh-m". 
The objective of the study was to validate the DLE index at three subzero ambient 
temperatures and to examine the associated subjective and physiological effects. 

MATERllALS AND METHODS 

Ten young male subjects participated in this study. The subjects were dressed in a 
multi-layer cold-weather clothing ensemble with a basic insulation value of 2.23 clo 
(0.346 m2 "C Wl), measured on a static thermal mannequin (3). 
The experiments were performed in a climatic chamber at three ambient 
temperatures (TJ:  -6, -14 and -22 "C. The experimental conditions (combination of 
climate, thermal insulation and activity level) were calculated with IREQDLEneu 
(4) to allow work for approx. 2 h at -6 "C, 60 min at -14 "C and 40 min at -22 "C at 
a body cooling rate of at maximum 40 Wh-rn-'). The total clothing insulation value 
was reduced by 20 % to correct for the convection increase during walking (5).  
The subjects walked on a treadmill at approximately 2 km-h-'' for 90 min at -6 "C 
and until DLE was reached in the other T,. Thermistors (Fenwal Mil-TE-23648) 
were used for skin temperature measurements. Core temperature as represented by 
rectal temperature was measured with a thermistor (YSI401) inserted 10 cm beyond 
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the anal sphincter. The temperatures were recorded at 1-min intervals on a PC. 
Subjective ratings of body thermal sensation (TSZI) and tliermal sensations of hands 
(TSh) were given at 10 min intervals on a 9-point scale, according to the draft 
standard (6). Thermal acceptance was also given by the subjects. To assess the 
oxygen consumption and tlie metabolic rate, expired air was collected in Douglas 
bags during exercise and samples were analysed for C02 and 0 2  contents by gas 
analysers (AMETEK OCM-1). Mean skin temperature (T&) was calculated as an 
average from 14 points as reported by tlie autliors earlier (7). 

RESULTS AND DISCUSSION 

The VO2 and metabolic heat production rates (107, 108 and 119 W/m2, resp.) were 
similar at all temperatures. Some of our subjects had a considerably higher QO2 at 
-22 "C compared to -14 and -6 "C. Tlie rectal temperature was siinilar in all 
conditions (Figure 1). 

The i?sk is illustrated in figure 1. Tlie I; explained the greater part of the T$k level 
@<0.0001). The correlation coefficient (r) was 0.77 calculated on data at 40 min of 
tlie cold exposure. Tlie correlation coefficient calculated on individual data was 
0.84-1.0. According to those data, each degree of lowered ambient temperature 
would give a lowered Fsk by 0.1-0.2 "C. Among the body parts, the legs were the 
most influenced by the ambient temperature. Tlie fingers, nose, cheek and chin 
were the coolest parts of the body. At 40 minutes of cold exposure, the fingers were 
at average 4 "C colder at 14 "C compared with -G "C and further 7 "C lower at -22 
"C compared to at -14 "C. The finger temperature varied considerably due to cold- 
induced vasodilatation (CIVD) response in some subjects. In tlie current version of 

Rectal temperature ("C) Mean skin temperature ("C) Body thermal sensation 
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Figure 1. Tlie rectal temperature, mean skin temperature and body thermal 
sensation of dressed subjects during very light exercise at three different 
temperatures. Tlie arrows show the start of cold exposure. Continuous line: -6 "C, 
dashed line: -14 "C and dotted line: -22 "C (n=lO). 
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the DLE modei, the distribution of insulation has not been taken into account. The 
insulation of the different body parts most probably influenced the skin temperature 
results. 

The thermal sensations of the body are illustrated in figure 1. TSb ranged from 
'slightly warm' to 'very cold'. The subjects rated the hands as 'cold' to 'very cold'. 
TSb was colder in -14 and -22°C than in -6 "C (p<0.05) and similarly TSh also 
tended to be colder w0.07). The group of subjects had less acceptance the lower 
the ambient temperature at 40 min of exposure. The main part of the subjects 
accepted the exposure at least at several occasions of a day. 

At the time predicted by IREQDLE to limit the cold exposure the rectal and mean 
skin temperatures were equal at -14 and -22 "C. Thus the predictions of the heat 
balance were accurate. Selected thermal variables at DLEneu are presented in table 
1. The Tsk was slightly lower than predicted by the DLE model at -14 and -22 "C at 
DLEneu (tab. 1). The average hand temperature (dorsal+palmar/2) was above 24 
(tab. l), which is the lowest recommended hand temperature for low physiological 
strain in ISOD'R-11079 (2). 

The variation of hand temperatures among the subjects was large. Even at -6 O C  

the hand temperature of one subject was as low as 16 OC. The fingers were much 
colder than the hands (9 OC or more). The finger skin temperatures also tended to 
be lower at -22 "C. Although the hand temperature is above 24 "C, the finger 
temperature may be considerably lower and both sensory and motor function will be 
impaired. Manual function is impaired at hand and finger temperatures below 20 
"C and an important dexterity loss occurs at about 15 "C (8,9). 

Table 1. Average physiological values during walking in a cold chamber at the time 
limits predicted by DLE neutral at -14 and -22 "C and at the 'control' temperature 
-6 "C. (DLEneu at -6 "C was 2 h). 

-6 "C (90 min) -14 "C (60 min) -22 "C (40 min) 

Mean skin temperature ("C) 
Hand skin temperature ("C) 
Finger tip skin temperature ("C) 
Body thermal sensation 
Thermal sensation hands 

29.8 
26.8 
20.1 
-0.7 
-1.2 

29.3 
27.6 
18.8 
-1.2 
-1.4 

28.2 
26.4 
12.3 
-1.2 
-1.7 
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Heat balance, defined as preservation of the initial core temperature was 
maintained at all ambient temperatures at tlie time limits predicted by DLE, 
although at tlie expense of different levels of peripheral cooling. 

CONCLUSIONS 

The DLEneu predictions prevented body core cooling. However, tlie conditions 
resulted in rather low hand teniperatures and very cold tliertnal sensations at low 
ambient temperatures. The prediction models should be reconsidered to avoid too 
low extremity temperatures and impaired manual performance during work in tlie 
cold. 
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CLIMATE COOLING FOR COMFORT: 
CONVECTIVE OR RADIATIVE CHOICE 

V. Candas", C. Henmann*, B. Bothorel*, H. Sari*, M. Gonord+ 

*LPPE, C.N.R.S, 21 rue Becquerel, 67087 Strasbourg Cedex 
+EDF, D.E.R, Route de Sens, 77250 Moret-sur-Loing 

INTRODUCTION 

Many studies have shown that thermal comfort is related to mean thermal 
sensation (Fanger, 1970). In addition, it was shown that preferred skin temperatures 
are independent of clothing (Gagge et aL, 1938), but this applies only to light 
clothing (10.6 Clo). Olesen and Fanger (1973) have suspected the changes in skin 
temperatures to be detrimental to thermal comfort in heavy clothing, since in such a 
condition, the operative temperature for thermoneutrality is low and the skin 
temperatures then tend to non-uniformity, the unclothed parts being colder. 

We showed more recently (Candas et al., 1994) that even at thermoneutrality, 
the local heat losses of a thermal mannikin are fundamentally different under 
convective heating compared to radiative heating, although the average overall heat 
fluxes could be equal in both cases. 

To try to confirm the observations which we had previously made from 
conditions implying some heating (by analogy with the winter conditions), we 
decided to investigate the summer comfort conditions, implying body cooling in 
order to reach neutral thermal sensation. 

METHOD§ 

Six groups of 10 young male subjects underwent one unique exposure, while 
wearing light clothing: short-sleeve shirt, summer trousers, briefs, light socks and 
sandals. The Clo value determined by using a thermal mannikin was 0.5 Clo. 

Firstly, the subject, instrumented with local skin temperature probes, sat for 30 
minutes in a slightly warm environment (PMV = 1.2, see Table 1). He then filled in 
the first questionnaire, elaborated according to the IS0 11399 (1995) 
recommendations. This questionnaire contains items on global and local (6 body 
parts) thermal sensations (9 point-scale), associated global and local pleasantness (7 
point-scale from very unpleasant to very pleasant) and global preference (7 point- 
scale, from much cooler to much warmer). 

Subsequently, the condition was changed so as to simulate air conditioning in 
summer. The refreshment of the chamber was expressed in terms of Equivalent 
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and for a warmer one in Tf (p<O.Ol) although Teq was even slightly higher in Tf 
(26.7 "C). 

T4w 34.5 33.8 -0.7 0.1 -0.2 15 
(0.1) (0.1) (0.1) (0.2) (0.2) 

Table2: Initial (i) and final (f) of mean skin temperature (Tsk), (and SD); Tsk 
variations (ATsk); final mean values (and SD) of overall thermal sensation 
(OMV) and preference (PREF); final percentage of discomfort (DISC). 

To try to explain these observations, local skin temperatures were examined 
for each of the main body segments: head, trunk, arms, hands, legs and feet. Figure 
1 shows the results when local skin temperatures are expressed as differences to 
what was observed under the comfortable Ta condition. 
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Figure 1: Variations of local skin temperatures expressed as differences from those 
observed under the Ta condition, Percentages (>30%) of local discomfort 
are also given. 
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Temperature (Table 1) assessed from the heat flux obtained with the Heatman@ 
mannikin. The chamber environment was cooled in a linear manner from Teq = 
29.6 "C to 26.5 "C in 20 min (the changes are given in thick characters in the table). 
Each condition was then maintained constant for 2 hours during which subjects 
were given questionnaires every 30 rnin. 

Table 1: Values of ambient parameters in the 5 conditions, starting 
from an initial slightly warm climate. 

Initial and final data, corresponding respectively to the first and the mean 
values of the 2 last questionnaires, were analysed. Skin temperatures collected at the 
same time were treated using an ANOVA followed by a Dunnett's test with Ta 
condition as a control. Thermal sensations and preference assessments were 
compared to the Ta condition using a Mann-Whitney procedure. Discomfort was 
calculated from the unpleasantness ratings in the questionnaires, and compared to Ta 
values with the Chi-squarred method. 

RESULTS 
The initial thermal warm climate led to an observed thermal sensation (OMV) 

of +1.3 k0.6 (mean f SD). Table 2 reveals that initial mean skin temperature (Tski) 
in this warm condition was not different between the various subject groups before 
cooling occurred. In addition, final mean skin temperatures (Tskf) were not 
statistically different in any of the 5 climates tested. 

OMV was compared to that observed under the Ta condition (which produced 
the smallest percentage of dissatisfied) and was higher in T2w (p<O.Ol) indicating 
that cooling 2 vertical walls was not as efficient as air cooling. However, discomfort 
(DISC) was significantly higher (pcO.01) under both T2w and Tf. At the same time, 
thermal preference (PREF) for a cooler environment was expressed in T2w (pc0.05) 
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Minimal skin temperature variations were observed under both Tfc and T4w 
(right part of the figure) whereas larger changes were found under Tf and T2w (left 
part), which were both estimated as uncomfortable. 

In the Tf condition, local discomfort appeared to be concentrated on the feet, 
and was rated as unpleasantly cold in 90% of the cases. Under T2w, global 
discomfort probably originates from an opposition between warm head and cold 
legs and feet (local discomfort 230% of the cases). Tfc induced discomfort only of 
the extremities (35%). 

CONCLUSIONS 

The five conditions which were tested in this paper corresponded to 
PMV + 0.5 and should normally not generate discomfort, according to Fanger 
(1970). In fact, We observed global discomfort under two of them despite equal 
mean skin temperatures. While air conditioning at low air velocity is best 
appreciated, only homogeneous radiant cooling proved to be satisfactory. In the 
other radiative conditions, global discomfort originated from local discomfort. 
These local discomfort judgments are related to local variations of skin temperature 
or to spatial distribution changes. Until now, the usual tools such as PMV index or 
Teq cannot predict such kinds of discomfort. Therefore, we concluded that a 
computer model, taking into account the local skin temperature distribution, could 
predict the risks of discomfort. We propose the use of a revised Stolwijk model 
which includes a better assessment of all local radiant heat exchanges and predicts 
the local skin temperature changes. Our predictive model is in agreement with the 
responses of human subjects in the conditions tested. 
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COMPUTER MODELING OF PHYSIOLOGICAL 
RESPONSES: TRENDS FOR TBE FUTURE 

Jiirgen Werner 
Department of Biocybernetics, MA 4/59, 

Ruhr-University, D-44780 Bochum, Germany 

DEFTNITION AND PURPOSE OF A MODEL 

A computer model is a simplified mathematical representation of the complex 
reality. The degree of simplification and the level of complexity depend on the 
purpose of modeling. The simplest model solving the defined problem should be 
the adequate one. The purpose of a model may be: 
1. Summary or reduction of results, stabilizing the degree of truth (by way of exact 

2. Better insight into functional mechanisms, formulation and test of 

3. Extrapolation and prediction 

formulation). 

hypotheses(t0gether with an experimental program). 

- of variables not experimentally attainable 
- of physiological behavior and performance in extreme conditions. 

DESCRIPTIVE AND FUNCTIONAL MODELS 

We have to differentiate between descriptive and functional models (Fig. 1). These 
two really represent different worlds, although both deliver mathematical 
equations or diagrams. The descriptive mathematical model is nothing but an 
equivalent mathematical description of a principally known relationship, which in 
most of the cases had been determined experimentally and represented graphically. 
As the mathematical expression is mostly attained by correlation and regression 
analysis, the result, variable A as a function of variables B, C, D (in the example of 
Fig. 1: mean body temperature as a function of air temperature) is not based on 
any causal physical law nor is anything implied about functionality or causality. It 
is just another form of phenomenological description. The predictive value is 
therefore only small, in contrast to the functional model where one starts with 
mathematical equations representing well-known physical laws underlying the 
physiological processes. Usually, these are differential equations which may reveal 
new insights only after they will have been solved. For instance, we may formulate 
the heat balance for the body tissue: Heat flow, that is tissue density p, times 
specific heat c, times time derivative of temperature T, is equal to the sum of 
metabolic heat production M plus conductive heat flow (a well-known physical 
law: conductivity index h times second spatial derivative of temperature with 
respect to the local coordinate x) plus convective heat flow due to perfusion with 
blood. 

178 



At the skin surface there is a second heat balance: heat flow which, due to 
conduction, is present at the surface, may be transferred to the environment 
according to the temperature difference of skin and air. If we assume radiant 
temperature to be equal to air temperature, conduction, convection and radiation to 
or from the environment may be defined by using an overall heat transfer 
coefficient h. Evaporation E has to be taken into account separately. Many models 
simplify these equations, e.g. by neglecting the local dependcncy (i.c. thc local 
coordinale x), and by using simple substitutional processes especially for 
conduction and convection. However simple or complex this or that equation may 
be, the equations have to be solved, which is mostly done by the computer, using 
well-established numerical techniques. A very universal and generally applicable 
result, may be attained, as in the example of Fig. 1 showing the dependency of 
body temperature on the local coordinate x (within the body), on time 1, on 
metabolic heat production M, evaporation E, on air temperature and more climatic 
variables, but also on the physical parameters of the body: density, specific heat, 
conductivity, heat transfer coefficient. So it is easy to recognize that by changing 
the independent variables or the parameters, an immense predictive value of such 
functional complex models may be obtained. The reliability depends on the 
correctness of the equations and the reasonable determination or estimation of 
parameters. 

math. description 
of experimental 
resuit, mostly by 
regression 
analysis: 

1. formulation of math. equation 
of physical/physiol. processes, 
mostly differential equatlons: 

HEAT BALANCES 
tissue: 

c 

Fig.1: Descriptive and functional models (see text) 
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Of course, any model has to be validated by the comparison of different sets of 
experimental and computational results before producing predictive results. What 
is needed in the future are not only computer models, but better validated models. 

TYPES OFFUNCTIONAL MODELS IN ENVIROiWEWALERGONOMICS 

There are different types of functional models especially useful in environmental 
ergonomics: models of heat transfer processes in compartments of the body or in 
the whole body (Fig.2). A very simple one is the corehhell model: two simple 
equations for the body, one for core temperature, the other for skin temperature. 
Cylinder-models represent the complex geometry of the body by one or multiple 
cylinders. Mostly they are onedimensional, i.e. they take into account only the 
radial dependency of temperature to the skin surface. A three-dimensional model 
taking into account the true geometry of the body was &st introduced in 1988 [ 11. 
Compartmental models are used primarily for problems of heat transfer in hypo- 
and hyperthermia. These are thermal models for the arm and hand, for the finger, 
the foot, various organs, muscle tissue or the thermal transition between vessels 
and tissue. The problems of heat and mass (vapor) transfer through clothing are 
also tackled both by mathematical models and by measurements on manikins. 
Sometimes several types of mathematical models are linked together, the i h l  aim 
being to integrate thermoregulatory, circulatory and other models. 

TYPES OF FUNCTIONAL MODELS 
I 

INTEGRATION OF THERMOREGU I CIRCULATORY, RESPIRATORY etc. MODELS 

Fig.2: Types of functional models (see text) 
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WHOLE-BODY-MODELS 

1 

Milestones of thermoregulatory modeling were the 3-cylinder, 2-3 layer model of 
Stolwijk and Hardy 121 and the multi-cylinder model of Wissler [3]. Further 
attempts were e,g. the two-dimensional cylinder approach of Kutznetz [4] and the 
THERMOSIM-model [5,6], see Fig.3, which is available for use on any IBM- 
compatible personal computer and, for convenience, is embedded in a 
WlNJ3OWS-shell. From this 6-cyhder model a comparison of experhenlal and 
computational results is shown in Fig.4, The experiments were done by Savourey 
and Bittel [7]. Ten unclothed subjects were transferred from thermoneutral 
conditions very quickly to l0C air temperature with 0.8 d s  air velocity for two 
hours. The experimental and the computational results show good agreement. 

AB, va5 de, VB5 
# u 
T r 

vasomotor 
control 

I 
I I 

airtevp., humidily, velocity 

Fig.3: Scheme of the six-cylinder THERMOSIM model 

T, = 1 “C, rel. humidity 40 %, airvelocity 0.8 mls, unclothed 
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Fig. 4: Comparison of experimental and computational results (THERMOSIM) 
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Information about longitudinal temperature gradients along the central axis of the 
elements of the body is scarcely available. Fig.5. shows some predictive results 
from a three-dimensional model [SI which is based on the method of 
photogrammetry of physical (anatomical) models: head, arm, leg, and trunk 
temperature along the central axis for an ambient temperature of 40°, 30°, 20°, 
10OC. Interesting details may be recognized, e.g. lower temperature in the bony 
knee area. The dominant trend for the future of whole-bo&-models will be the use 
of modern imaging techniques, especially magnetic resonance imaging (MRI) to 
get precise mathematical phantoms of the body and its parts (VO~L-MAN' ' ) ,  
The adequate computing techniques are the finite-element methods in contrast to 
the finite-difference methods used in classical modeling. 

xi 38 

34 

3'- 

26 
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VASCULM AND NON-VASCULAR MODELS 

leg 

Present efforts insolve the attempted solution of the intricate problem of heat 
transfer from and into networks of vessels of medium diameter. Brinck and 
Werner [9] developed a three-dimensional "vascular model" (Fig.6) in which 
convective heat transfer in a human extremity was explicity quantified taking into 

Temp. ["C] ,pa head 

30 

0 ' io 
Longit. coord [cm] 

0 20 40 60 
Longit. coord [cm] 

Fig.5: Central longitudinal temperature profiles at various ambient temperatures from 

3-D model [ l ,  81 
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Fig.6: Scheme of vascular model in the extremity [9] 

account the physical details of the vascular system. The spatial pattern in the 
arterial, venous and tissue temperatures was computed. Former approaches 
avoided the explicit representation of the three-dimensional vascular architecture 
and tried to compute the heat transfer between tissue and blood using 
substitutional processes, so-called "non-vascular models", either in the form of 
distributed heat sources and sinks @io-heat approach [lo]) or by using an 
enhanced thermal conductivity index [ 1 11. For the microcirculation these models 
may be used, but generally not for vascular networks of vessels of medium 
diameter, where vascular models have to be applied. However, extremely complex 
vascular models, although delivering valuable results substantially more reliable 
than those of former non-vascular models, can hardly be used routinely, e.g. as a 
module for thermoregulatory whole-body problems. Therefore, based on the results 
of the 3-D vascular model, an efficiency function EF was computed [12] 
dependent on perfusion and tissue depth which compensates for the deficiencies of 
the bio-lieat approach by multiplying the bioheat perfusion term with EF. 

In this way, minimal deviations from the results of the complex vascular model are 
obtained by the efficiency function approach [12, 131, although its implementation 
is very easy, like that of the bio-heat approach. Future efforts are necessary to 
obtain results from vascular models based on various vessel network patterns 
present in other tissue than muscle tissue of the extremities. 
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CONCLUSION 

Computer modeling used in combination with experimental projects and making 
use of modern imaging techniques (MRI) will be an even more powem tool than 
ever before. Nevertheless, objections against modeling are always present. The 
forefathers of modeling had to face the classical objection that, in view of the 
complex and precise reality, the models were too simple and inexact. Recently one 
anonymous referee criticized: “Your model is too complex and precise in view of 
the possibilities of inexact measurements of reality”. I am thus convinced and 
conclude that the problems of reliability of good models are not greater than those 
of experimental results. However, I recommend firmly that both experimental and 
modeling research are done and the results integrated. Both techniques used in an 
integrative manner are the prerequisites of future progress in environmental 
ergonomics. 
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PREDICTION MODEL DEVELOPMENT OF TOLERANCE/ 
SURVIVAL TIMES FOR SEMI-IMMERSED COLDNET WALK 

Peter Tikuisis and Andrew J. Young 
Defence and Civil Institute of Environmental Medicine 

North York, Ontario, Canada 

Natick, Massachusetts, U.S.A. 
US. Amny Research Institute of Environmental Medicine 

INTRODUCTION 

Four soldiers died from hypothermia while participating in a vigorous training 
exercise during a swamp crossing. These soldiers (Ranger trainees) were malnourished 
and sleep-deprived, having lost about 16% of their body mass and 60% of their body 
fatness. Immersed in about 14°C water occasionally up to the neck level, casualities 
were reported after 2-3 h of entry. This incident led to a reassessment of training 
guidelines on cold weather submersion limits, in part through a modelling effort. 
Modifications to a previously-developed survival prediction model (1) were made to 
specifically include i) partial immersion, ii) wetness of the non-immersed body 
portion, iii) walking activity, and iv) fatigue. The resultant model contains two 
cylinders representing the non-immersed and immersed regions of the trunk, and one 
representing the thigh. Wetness may be due to rain and/or previous immersion. The 
suppression of shivering due to walking is taken into account and fatigue is simulated 
by reducing the individual's metabolic capacity. The following is a brief descriptive 
account of the modifications designed to predict tolerance/survival times for 
challenging cold/wet training exercises under exhaustive conditions. 

MODEL DEVELOPMENT 

The present model originated from the development of a steady state cylindrical heat 
conduction model initially derived for the prediction of survival times for cold air 
exposure. Many of its features including the correspondence between body size and 
model geometry, and the process of heat transfer between the body and the 
environment are outlined in Tikuisis (1). 

Metabolic heat production from exercise and shivering is a key component of the 
model. Heat production from walking is predicted using the formula presented by 
Pandolf et al. (2) taking into account load, walking speed, and terrain. The additional 
effort involved in displacing water is also taken into account. Heat production from 
shivering is predicted using a formula regressed from decreases in rectal (Tre) and 
mean skin (Tsk) temperatures due to cold exposure (3). It is not laown how shivering 
may be affected by fatigue; however, a check on the model's prediction against heat 
production due to shivering of Ranger trainees during a cold air test conducted at the 
end of their swamp phase without rest or nourishment indicates reasonably good 
agreement (see figure below). Suppression of shivering is assumed to decrease 
exponentially by 50 and 75% with increases in relative exercise intensities of 25 and 
50%, respectively (4). The cessation of exercise and shivering is predicted using the 
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glycogen-depletion algorithm of Wissler (5)  [see (1) for implementation]. 
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Figure: Measured (circles) and predicted (line) metabolic shivering response to cold 
mean skin temperatures for a rectal temperature range between 35.5 and 36.0°C. Data 
are from a preliminary analysis of a recent unpublished study on the impact of Ranger 
training on thermoregulatory response to a sedentary cold air (10OC) test. 

Partial immersion is simulated by introducing a second cylindrical compartment 
having the same characteristics as the first, but immersed in water instead of exposed 
to air. Heat losses are calculated for each compartment as described in Tikuisis (1) and 
these are combined according to the level of immersion to determine the body's 
overall heat debt. It is assumed that the compartments are sufficiently well-stirred in 
the deep core so that their temperatures can be equated. The calculation of the resultant 
core and surface temperatures is outlined in Tikuisis and Keefe (6). 

To account for the heat loss of the leg, only the upper portion @e., thigh) is 
considered. Its heat loss is determined using the same procedure as applied to the main 
body compartments but scaled accordingly, and it is added to the body's heat debt. Its 
surface temperature contributes to the body's mean skin temperature using a weighted 
average and a partial immersion of the thigh can be stipulated. When the main body is 
partially or fully immersed in water and at rest, the thigh's contribution to total heat 
loss diminishes with increasing level of immersion using an ad hoc formulation to 
preserve the calibration of the original model for water immersion (1). 

Wetness must be considered for the upper air-exposed compartment in the event of 
prior immersion or rain. Boutelier (7) has provided data indicating the loss of clothing 
insulation against various degrees of wetness. These data can be mathematically 
expressed by the following biphasic relationship: reduction in insulation (%) = 
0.0554*wetness if wetness < 316 gm*m-2 and 9.17 + 0.0264.wetness if greater. 
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Wetness not only reduces insulation, but it also promotes further heat loss via 
evaporation. which is estimated using the formulae outlined by Nishi (8). 

RESULT S/DIS CUSS ION 

It is not possible to present the variety of predictions that the model has been 
designed to simulate. Instead, attention will be focused on conditions that are relevant 
to the Ranger training program. The table shown below lists predicted times to 
various values of Tre for two types of trainees: lean and severely fatigued vs average 
and moderately fatigued. The former represents the leanest of those individuals 
recently engaged in the cold air test and the severely fatigued condition is 
representative of earlier Ranger training sessions when rations were less than 
presently administered. The present training conditions, however, continue to impose 
significant sleep deprivation and malnourishment. 

Table: Predicted times to decreases in rectal temperature. Assumed characteristics are 
63.9 kg, 1.77 m, 5.1% body fat for the lean individual, and 70.0 kg, 1.77 m, 11.9% 
body fat for the average individual. The respective metabolic capacities are assumed to 
be 20 and 50% of normal representing severe and moderate states of fatigue. Common 
assumed conditions are an air temperature equal to the water temperature, clothing 
with a "dry" insulation value of 1.0 clo, walking speed of 0.8 krn-h-l, a 35 kg 
carrying load, terrain factor of 1.8 (2), water current at 0.5 mw1, wind at 5 km*h-l, 
and rain (with ensuing wetness of 1000 p m - 2 ) .  
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neck 
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thigh 

neck 
mid-chest 
thigh 

neck 
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thigh 

neck 
mid-chest 
thigh 

Time (h) to Tre = 35.51 34.01 30.0"C 
lean average 

0.31 0.51 1.0 
0.41 0.71 1.4 
0.71 1.01 1.9 

0.41 0.71 1.3 
0.61 0.91 1.8 
1.11 1.51 2.7 

0.71 1.11 2.0 
1.21 1.61 2.8 
2.01 2.71 4.4 

2.01 2.71 4.2 
3.01 4.01 6.1 
4.71 6.21 9.4 

0.41 0.91 1.6 
0.61 1.21 2.1 
1.01 2.01 3.3 

0.51 1.31 2.2 
0.81 2.01 3.2 
1.11 3.41 5.2 

0.71 2.81 4.2 
1.01 4.21 6.2 
1.51 6.91 9.9 

1.31 8.61 12.0 
1.91 12.11 16.8 
4.01 17.61 24.3 

An overview of the predictions suggests that the current recommended submersion 
limits (9) are conservative for very cold water and liberal for moderately cold water 
especially for mid-chest immersions without rain (not shown). An important 
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consideration is that the present model does a take into account respiratory distress 
from sudden immersion in very cold water nor the possible loss of mobility and 
dexterity, which might explain the rationale behind the cold water submersion limits. 

The prediction of a longer time to Tre = 355°C for the lean YS average individual for 
moderately cold water immersion is a consequence of a higher heat production due to 
lower body fatness (3); however, note that the average individual has much longer 
predicted times to Tre = 34 and 30°C since their metabolic capacity is not as quickly 
exhausted. The results presented above are subject to change following a more 
rigorous analysis of the recent Ranger cold air test. In the interim, the model should 
suffice as a reasonable decision aid considering that subject conditions and model 
parameters were purposely chosen to yield conservative estimates. 
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ASSESSMENT OF SOLAR RADIATION ABSORBED BY MAN 
BASED ON SIMPLE METEOROLOGICAL PARAiiETERS 

Krzysztof Blazejczyk 
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INTRODUCTION 

Solar radiation is a very important factor influencing human heat balance outdoors. 
Many different methods are in use for calculation of its value, measured in the 
horizontal plane, for the reference person (1). The most realistic values of absorbed 
solar radiation are obtained assuming an ellipsoid as an analogue model of man (2). 
However, in practical applications there is still a problem concerning the actual 
input data of solar radiation 

The aim of the paper is to present a simplified method for the estimation of solar 
radiation absorbed by nude man. The method bases on the simple meteorological 
(amount and type of a cloud cover) as well as astronomical (Sun altitude) 
parameters. 

MATERIALS and METHODS 

Solar radiation data were collected during numerous climatological investigations 
carried out in various cloud scenarios as well as in different climatic zones and 
seasons. Solar altitudes (h) ranged from 5 to 85". All data were gathered into three 
groups depending on cloud coverage. Solar radiation intensity, measured in the 
horizontal plane, was recalculated for the intensity of solar radiation absorbed by 
nude, standing man (R') with the use of the following formula (2): 

R' = 0.7 [cot h (0.25-0.001 h Kdir + 0.36 Kdif+ (0.49-0.005 h) Krefl, (W/m2) 

Kdir, Kdif, Kref represent intensity of solar radiation: direct, diffuse and reflected 
(in w/m2>. 
The calculations were made using the human heat balance model MENEX (3). 

RESULTS 

The R' values, calculated with the use of above formula, were correlated with Sun 
altitude. The functions describing relationships between R' and h values have 
different runs depending on the type and amount of cloud cover (Fig. 1). 
Correlation coefficients vary fi-om 0.85 to 0.94, and the regression equations have 
the following forms: 
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Fig. 1 Relationships between Sun altitude (h) and solar radiation absorbed by nude 
man (R') in different cloud scenarios: 

a - clear sky (no clouds) or CirruslAltocumulus (covering up to 90% o€ the sky) or 
AliostratuslCumulus (covering up to 50% of the sky), b - CumuluslAltostratus 

(covering 5 1-90% of the sky) or StratocumulusIStratus~irnbostratus (covering up 
to 70% of the sky), c - others clouds scenarios 
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R* = (In h - l.l)/0.015, 

- for the clear sky or Cirrus and Altocumulus clouds (covering up to 90% of the 
sky) as well as for Altostratus and Cumulus clouds (covering up to 50% of the sky), 

R* = exp(0.05 h + 2.34) 

- for Cumulus and Altostratus clouds (covering 51-90% of the sky) as well as for 
Stratocumulus, Stratus and Nimbostratus clouds (covering up to 70% of the sky), 

R' = 2.21 h - 6.8 

- for others clouds scenarios. 

R* values estimated with the use of above regression equations were compared 
with R' values calculated for an ellipsoid model of man (Fig. 2 ) .  
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Fig. 2 Relationships between calculated (R') and estimated (R*) values of solar 
radiation absorbed by nude man; 

1 - regression line, 2 - line of identity 
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Figure 2 shows the great similarity between calculated and estimated values of solar 
radiation absorbed by nude man, The correlation coefficient between compared 
values is 0.92 (for n=75, p=0.05). The slope of the regression line and the identity 
line are very similar. The data of solar radiation and cloud cover taken for above 
comparison represent various Sun altitudes (0-85') and different climatic zones 
(tropical, subtropical , temperate, polar). 

CONCLUSIONS 

Because of lligli correlation coefficient between R' and R" values it seems that 
regression equations of R* can be recommended for the calculations of absorbed 
solar radiation. They can be applied in studies of human heal balance outdoors in 
various climatic zones. 

The accuracy of present method as well as its ease of data collection afford 
possibilities for its wider use in human heat balance models in outdoor conditions. 
The clothing factor is needed in adaptations of this method for various models. 
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THE ESTIMATION OF HEAT TOLERANCE BY A NEW CUMULATIVE 
HEAT STRAIN INDEX 

A. Frank, D. Moran, Y. Epstein, M. Belokopytov and Y. Shapiro 
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Sackler Faculty of Medicine, Tel-Aviv University, Department of Physiology, Israel 

INTRODUCTION 

Heat tolerance is evaluated during exposure to heat by the usage of various 
physiological parameters and indices (1). Previously, the Cumulative Heat Strain 
Index (CHSI), which is based on principles of physiological cost (3,4), was proved 
to be a sensitive criterion for comparing the physiological strain under various 
climatic conditions and exercise intensities ( 2 ) .  The aim of the present study was to 
test the hypothesis that this index is effective also in characterizing individual heat 
tolerance of subjects preselected for their medical history of heat disorders. 

MATEFUALS and METHODS 

Subjects: Fifty-one male subjects nith medical history of heat related disorders 
were tested. The anthropometric data of the subjects (mean hSD) were: age 
19.6E2.3 years, height 177k7 cm, mass 73.6k9.5 kg, body surface area 1.90M.13 
m2, and body mass to body surface area ratio (BIWBSA) 38.4k2.5 kg/m2. None of 
the subjects was under any medication treatment. All subjects were carefully 
instructed about the procedures, and gave their written consent to be tested in this 
study. 
Experimental conditions: The subjects, dressed in shorts, socks, and sneakers, 
exercised for two hours on a treadmill (walking 5 kndh, 2% grade, V02=lL 
O,/min) in a climatic chamber (40 "C, 40 % rh, air velocity 1 nds). The exercise 
was preceded by 5 minutes of rest while the initial values of T, and HR were 
measured. During the test the subjects were allowed to drink tap water ad libitum. 
i\4easuremenfs: T, was measured by YSI (series 400) thermistor probe inserted ten 
cm beyond the anal sphincter. Heart beats were accumulated through bipolar chest 
leads using Polar belt electrodes (Polar CIC, Inc., USA). T, and HR were on-line 
accumulated and processed eveq minute by the Alma 1000 System (Alma, Israel). 
Evaporative sweat loss was estimated from changes in nude weight, adjusted for 
water intake and urine (not corrected for respiratory weight loss). 
Calcttlatio/7s nncl sfntisficnl a/dy.si.s: The CHSI was calculated as the product of 
cardiac strain and the area under the hyperthermic cune as follows: 
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where: hb - heart beats; - initial heart rate (bpm); T, - rectal temperature, T, - 
initial rectal temperature ("C) and t - time in minutes elapsed from the first 
measurement. The CHSI was calculated for the first 60 minutes (CHSI,,) of the test 
and for the entire exposure (CHSI12,). 

The results are presented as mean f SD. The cluster analysis was performed for 
subdivision of the subjects according to their tolerance to heat. 

before the exercise 
after 60 min 
afler 120 min 

RESULTS 

T, CC) HR (bpm) Sweating (L) 
37.1GM.27 85.9 1f15.59 
37.85kO.30 121.87f16.55 
37.98k0.30 124.98517.89 1.62-LO.48 

All the subjects tolerated the exercise-heat test. The mean values of the 
measured parameters are presented in table 1 and the dynamics of changes in T, 
and HR are shown in fig. 1. 

0 20 40 G O  80 100 120 140 
Time (min) 

Fig. 1. The dynamics of changes in T, and J3R 

The changes in T, (AT,) after an hour and two hours were 0.73M.25 "C and 
0.94kO.35 "C, respectively.. The changes in the m a n  HR (AHR) after GO and 120 
min were 53.52k4.40 bpin, and 6 1.22k16.66 bpm, respectii*ely. The main increase 
in HR took place at onset of exercise. High variability in T, and HR was observed. 
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The individual changes in Tr and HR after the first hour highly correlated with 
those after two hours of exercise (Fig. 2). 
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Fig. 2. The relation between the changes in Tr and HR after Goad 120 ninof exercise. 

The average sweat loss was 1.6233.47 L (0.84M.25 L/m2 of BSA), and the 
mean sweat rate (SR) was 1-W mL/min. 

Mean CHSI values for GO and 120 min were 65.7k32.2 and 403.0k224.7 units, 
respectively. The analysis of CHSI,, and CHSI,,, proved high correlation between 
these values (r2=0.78; P<O.OOI). 

Cluster analysis according to CHSI,, revealed a statistically proi.ed subdivision 
of the tested subjects into two groups, indicating a lower and higher tolerance to 
the exercise-heat stress (Fig. 3,4). The average value of CHSI for the more tolerant 
group was CHS16,=46 vs. CHS16,=102 for the less tolerant group. The 
categorization of a subject into one of the 2 subdivision after the 1st hour remained 
valid also after 120 mill (CHS1120=251 vs. CHS11,,=G27.2). The differences 
behveen the groups were significant already after the first hour (p<O.01) which 
makes it possible to evaluate the subject’s heat tolerance by exposing them to heat 
only for lhour. Cluster analysis, applied for Tr and HR could not categorize the 
subjects systematically into the two distinctive groups. 
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Fig. 4. The relation between CHSI,, and CHSI,,,. 

CONCLUSIONS 

The CHSI might be a better predictor for heat tolerance than the reliance on 
changes in T, and HR. It is suggested that the CHSI can allow the estiniation of 
heat tolerance during early stages of the heat tolerance test. Therefore, it could 
sene as a useful tool for tlie quantitative estiniation of heat tolerance in sub-jects at 
risk for heat related disturbances. 
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EFFECTOR MECHANISMS IN PREDICTING HEART RATE RESPONSE 
TO VARIOUS METABOLIC RATES, ENVIRONMENTS AND CLOTHING 

D. Moran, Y. Epstein, A. Laor and Y. Shapiro 

Heller Institute of Medical Research, Sheba Medical center, Tel-Hashomer 52621. 
Department of Physiology, Sackler Faculty of Medicine, Tel-Aviv University, Israel. 

INTRODUCTION 

Heart rate response to different metabolic rates and environmental heat stress has 
been a subject for intensive studies. These studies primarily focused on 
investigating basic physiological mechanisms of heat exchange and 
thermoregulation. Some of the studies have also been aimed to describe in 
mathematical terms the response of heart rate to exercise and heat stress (1-3). The 
intra-relationship of various factors within the cardiovascular system and their 
cross dependence under exercise-heat-stress were not thoroughly investigated. The 
aim of the present study was to express in mathematical terms the relationships 
between the various components of the physiological effectors under exercise-heat 
stress. 

MATERIALS and METHODS 

Subjects Twenty healthy young (20 .59 .8  yrs), fit (VOa=3.9&O. 1; Ismin-'), 
acclimated male volunteers, participated in the study. All subjects were medically 
screened prior to their participation and signed a form of consent. 
Measurements and calculations Data were obtained from a total of 36 experimental 
exposures which consisted of various combinations of metabolic rate, climatic 
conditions and clothing (table 1). During each exposure that lasted 30 min heart 
rate (HR), blood pressure (BP), cardiac output (Q), oxygen consumption (VO,) and 
skin temperature Crpk) were recorded. Heart rates, using ECG chest electrodes, were 
continuously radio-telemetered to an oscilloscope tachometer (Life scope 6; Nihon 
Kohden) were recorded every 5 min. Skin temperature was measured every 5 min 
by skin thermistors (YSI 409) at 3 locations (chest, arm, leg). Metabolic rate and 
cardiac output were measured towards the end of the experimental exposure. 
Expiratory gases were sampled and analyzed every 15 seconds by an automatic 
metabolic chart (CPX - MGC; Medical Graphic); a mean value of 2 min was used 
for determining VOZ. Cardiac output was determined by the COz rebreathing 
techniques. Blood pressure was measured using an automated monitor every 15 min 
(Paramed 9000). 
Models that describe heat balance relations between the various physiological 
variables underlay the present model. The required evaporation for thermal 
equilibrium for indoor exposures and maximal evaporation capacity (E-) 
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Table 1: The experimental combinations 
Condition Exposure 

Metabolic rate: Rest ( 4 0 0  W) 
Mild work (=300 W) 
Moderate work ( 4 5 0  W) 

Climatic condition: 
indoor Comfort (20°C, 20% RH) 

Hotldry (40°C, 35% RH) 
Hot/wet (3SoC, 75% RH) 

outdoor Solar radiation ( ~ 9 0 0  W/m2) 

Clothing: Shorts only (clO4.35, i,,,/clo=0.94) 
Cotton BDU (clO4.99, i,,,/clo=O.75) 
Nylon suit (~104.70, i,,,/clo=O.OS> 

were calculated as suggested by Givoni and Goldman (4)’. For outdoor exposures 
E- was transformed according to Shapiro et al. (5). 
Total peripheral resistance (TPR) was calculated from mean arterial blood pressure 
(MAP) and cardiac output (Q) as follows: TpR=8O(MAP-Q-’ ); dynes-sec-cm”. 
Statistical analysis A stepwise regression was applied to determine which of the 
physiological parameters are significant in characterizing HR response. Statistical 
calculations were performed using the SAS 6.04 software. Linear models were 
fitted by the least square method (REG procedure). Nonlinear models were fitted by 
the NLIN procedure which also makes use of the least square method. All values 
are presented as mean t SEM. p values less than 0.01 were considered significant. 

RESULTS 

The only physiological variables which have been found significant in determining 
HR were TPR V02-, V02 and Q. The following relationship between these 
variables and HR could be expressed as follows: 

HR= -6~.5+99(V02NO~+0.00009TPR2+12.94Q-0.29Q2 ; bpm 

This model correlated well with the observations (R4.72 p<O.OOOl), which 
without a trend around the line of identity as 

The validity of the model was confirmed by applying a 
a different study containing over 180 measurements 

and predicted values was R4.73 pCO.0001 

could be applied to V02, TPR, and 
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VOz= V 0 w r + H r + c ( 0 . 0 0 0 5 5 ~ + 1 2 5 . 3 ~  0.88 0.001 

TF’R=1490.6-0.795V02 -1.074VO2-+0.0005 1(VO2d2 0.68 0.001 

Q=6.79+o.019v02+o.0217vo~-o.oooo1(vo~2- 
-(3.44+0.0028V02,-) 0.79 0.001 

VOzm-V02 at normothermia (range: 300-500 watt). 
I& - dry heat exchange (4). 
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Figure 1. Predicted vs. measured heart rate response [a], and validation of the 
suggested model [b]; database compiled from Sagiv et a1 (6). 

CONCLUSIONS 

A previous mathematical model to predict HR used independent variables: climate 
and metabolic rate (3), while the present model is based on a cybernetic approach 
consisting of physiological parameters that are related to the cardiovascular system 
(VOzmax, TPR, Q,). Exercise and climate have a profound effect in determining the 
system’s function (figure 2). This enables to express the physiological parameters 
(VOz, TPR, Q) by biophysical parmeters concerning heat load and heat dissipation 
(Ereq, Emax), The implementation of Ere¶, and E, into those parameters express the 
contribution of environmental condition on heat absorption and heat dissipation. 
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Figure 2. Effector mechanism in the cardiovascular system dynamics (modified 
from Rothe (7)). 
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INDIVIDUAL EQUIPMENT DESIGN AND ERGONOMICS 
Functional Analysis and Function Hierarchization 

S. ETIENNE*, G. NIAGNAuD**, P. GIRY* 
* French Forces Institute of Naval Medicine, BP 61 0, 83 800 Toulon-Naval 

(France) 
**French NBC Study Ceiiler, 91 71 0, Vert le Petit (France) 

New individual equipment design begins with analysis of the need in order to 
determine equipment’s relationslips wit11 its outerspace (including the user 
himself), transform these relationships into functions, determine their nature 
(service, strain, etc.. .). The characterization of the techilical functions must be 
performed in agreement with pliysiological functions concerned by the equipment. 
This leads to need in lierarchization, i.e. classification accordmg to importance. If 
tllis is not done, requirements of the technical specifications may generate 
functional confiicts, inconsistents with user’s efficiency and health. 

We propose an approach which allows to solve such conflicts for the design of a 
new clieinical protective mask. Its aim is to go far further than simple classical 
Human Factor approach and to formalize implicated functions l~erarchization, 
thus simpliing dimensioiuling and integration of design teclmical factors. 

In tlis paper, we will take chemical warfare protective equipment as examples. 

I N D ~ U A L  PROTECTIVE E O ~ M E N T  ERGONOMICS AND FUNCTIONALITIES 
Individual protective equipment is designed for preservation of the whole body 

against a hazard. They can be designed as one-piece full equipment, separate parts 
(mask, gloves, shoes, suit) to be assembled, or subpart to be integrated in the 
working suit. Global functionality inust be in agreement with man’s activities 
during work situation, exposed to the hazard (physical, chemical, biological) he 
has to be protected against. These may alter health and decrease perforinance. The 
equipment is then an interface, passive or active. It becomes a strain, mainly when 
the operative functionality has not been considered from the design phase through 
a l~erarchized functional analysis. A function may be defined by the action of one 
or several elements working towards a final common goal: For instance, a inask 
which must ctallow breathing during sleep)). Functional analysis inust remain 
independent of the technical ways to solve the problem. Referring to solutions may 
lead to omit some of the functioiialities involved in the need. The functions of a 
product may be classified in two groups: 

Main hnctions (({product functions)) for the equipment, ({ergonomic 
functions)) for the user). They comply with a part of the user’s need (in the 
example of a protective mask guarantee face protection, breathing, sight, etc. ..). 
They are qualified through their description of objective need (employment 
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functions, usually measurable), subjective need (estimated function, usually un- 
measurable: easiness to dress), interactions and adaptations to outerspace elements 
(strain functions). 

Technical functions: (((Product)) function for the equipment, ((Human Factor)) 
for the user): they allow performance of the main functions. For the mask, to allow 
breathing and airway protection must be done through filtration by canister 
(protection), permeability to air (breathing) and lowering of air flow resistance in 
all parts (breathing). They correspond to technical solutions, linked to the 
manufacturer’s savoir-faire. They may not be visible for the user. A product’s or 
complex system’s technical functions may be use functions of a part. Each 
identified criterion is associated with an ((appreciation level )): the goal to be 
reached. Each level has a limit of acceptance, with a (( margm )) around nominal 
value. 

HlERARCRIZATION OF THE FUNCTION 
It allows, from the design phase, an evaluation of the order of importance 

between functions. Its is referred to an unvariant by one of the conceptors: 
temporal, technical, emergency, etc. Inclusion in an equipment of a function which 
ranks N must not penalize any function of higher priority (rank <N). 
For the protective mask, Medical Officer will choose temporal hierarchization 
linked to vital functions: to protect breathing, vision, phonation, nutrition. He is 
interested in the functions of the mask which will become successively a strain and 
susceptible to lead to health disorders. Fighter chooses an operational 
hierarchization focused around the efficiency of the user: to allow visual detection, 
communications, forced-waking, use of firing aids, etc.. . Designer will hierarchize 
functions according to acceptance criteria, factory and costs strains. Ergonomist 
takes into account all these specific hierarchizations, and tries to build up an 
integrated, concatenated and coherent functional system. 

Dimensional hierarchization 
The value to be taken into account for dimensioning is the one whch leads to 

the higher demand. For breathmg: physical exercise ventilation may reach 120 
Vmin, speaking, drinking, performing apnea need to spend the least time for 
inhalation and thus to reach maximum inspiratory flow 10 l/s within 0.5 s (600 
l/rnin.). 

Temporal Hierarchhation 
Its aim is to evidence the progressively limiting role of some functions, 

according to the scheduled use duration. If duration is less than an apnea, there is 
no need for a breathing system. When duration may become longer (> 30 s.) then 
the equipment must include a breathing system. Thermal exchanges become 
limiting only when heat storage is too high (not before 30 min). If activity is to last 
some hours, there may be a need for urination, which will cause not only 
discomfort, but also operational limitation. 
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During an experiment performed in Djibouti, it has been proved that some 
subjects wearing chemical protective equipment do not drink due to conflict 
between breathing and drillking. Absorption of 100 1111 of water within 30 seconds 
(NATO requirement) is almost impossible after vigorous exercise. People have to 
inanage the conflict between restoring oxygen debt (increased ventilation), 
increased inspiratory workload (due to air flow resistances) and performing an 
apnea after full exhalation (water absorption). Such a temporal hierarchization 
cannot solve all difficulties 

Functional Hierarchization 
It allows, as soon as a design pltase is started, to obtain an estiniation of the 

Functional liierarchization may be scheduled in four steps: 
rank of the main and technical functions. 

1. list the systemic functions required from the equipment, 
2. for every identified teclmical function, analyze related physiologic, 

sensory and cognitive ones, 
3. luerarclcze as a function of utilization, 
4. identlfy and hierarchize involved subpart ergonomic fumtions. 

For instance, let us consider the (( mobility )) function of a fighter. It is 
teclmically qualified as a part of the equipped fighter’s activity. During a mission, 
it may be very limited (rest) or full sized (movement). 

Table 1 : Hierarchization criteria for ((Mobility)) 
@gAter dressed with clianical protective equipment). 

Identification of related pliysiological, sensory and cognitive functions allows to 
quote, without any rank: motricity, nutrition, vision, breathing, sudation, 
somesthesia, cognition, and so on. Table 1 is one of the functional hierarchization 
steps, dealing with mobility, which details the utilized criteria. 
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Specific relationships link each subpart of the equipment to a (( Human Factor )) 
technical function. For instance, out coming hierarchization for the mask seems to 
follow the same steps than ergonomic function ((mobiliw). In fact, motricity, the 
rank of which is high in ergonomic functions, is not directly involved in the 
subpart <<ma&). 
Therefore, for a given (( Human Factor )) technical function of a main ergonomic 
function, all subparts are not concerned, ranks for each subpart are not identical 
and interactions between subparts are not taken into account. 
This leads to define a finer analysis of functional interactions, in order to link the 
hierarchized functions. Combination of ergonomic function hierarchizations allows 
to take into account the whole scope of human factors functions and ranks, but it is 
not sufficient, because it does not quahfy nor &mension interactions. 

The functional hierarchization method allows identification of the needs linked 
to an equipment and its subparts. It may be sufficient in some circumstances 
(upgrading of a specific subpart). It does not take into account functions 
interactions between subparts. Such a linkage may be evidenced by a special step 
named (( Operative Concatenation D. It is not compulsory, but remains more often 
necessary. Full description is beyond the scope of the present paper. 

CONCLUSION 
Laboratory and field experiments evidenced the limits of equipment designed 

without identification of operational functionalities, function hierarchization 
(physiological, sensory and cognitive) participating in their technical design and 
interactions estimation (function dependence or independence). 

This led us to elaborate a functional hierarchization method for protective 
equipment design. It is based on available techniques, mostly applied in research 
departments, both R & D (functional analysis) and scientsc (statistical analysis of 
interdependences), Applied from the project beginning, its aim is to improve 
identification and dimensioning of human factor functions involved in the 
equipment’s requirements for the required activities to be performed. 
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THE EFB’ECT OF BITNESS ON PERFORMANCE IN A 
HOT ENVIRONMENT WEARING NORMAL CLOTHING AND WHEN 
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INTRODUCTION 

The pliysiological adaptions associated with increased levels of physical fitness are 
synonymous with the adaptions to a hoot environment (acclimatisation) (1). These adaptions 
result in an increased capacity to work in tlie heat as indicated by a lower rate o€ rise in core 
temperature and a reduced heart rate €or set work rates and environmental conditions. When 
protective clothing is worn, evaporation of sweat is impeded, reducing heat loss, tlis may 
compromise performance regardless of fitness status. When wearing chemical protective 
clothing, soldiers performing simulated military duties in tlie Singapore hot season, found 
that neither acclimatisation nor fitness prevented heat exhaustion (2). If individuals do not 
adequately rehydrate, fitter subjects may dehydrate at a faster rate tlian iheir less fit 
colleagues, putting their cardiovascular system under greater stress, possibly reducing 
performance and increasing their risk of developing heat illness. Even mild dehydration 
(2% loss of body weight), is reported to impair exercise (3) and mental performance (4). 

This study was undertaken to examine any physiological performance differences between 
two groups of subjects, deemed “very fit” and of “average fitness” when exercising in the 
heat, wearing permeable and semi-penneable clothing. 

METHOD 

Ten male subjects participated in the study. Subjects had their maximal oxygen uptake 
(V0,max) measured running on a treadmill, using an incremental protocol to volitional 
exhaustion. Five of tlie subjects Were very fit (VF), the remaining five were of average 
fitness (AI?). 

For tlie trial the subjects undertook a stepping exercise (step rate: 12 steps/ minute, on and 
off a 22.5cm high box), performed on two occasions, separated by 7 days. The tliemal 
environment of tlie climber in which tlie subjects stepped was: 40°C dry bulb, 30°C wet 
bulb (50% relative liumidity), WBGT index of 33°C. On one occasion the subjects wore 
normal Royal Navy working rig WG), this consisted of shirt, trousers, underpants, socks 
and leather DMS boots. On tlie other occasion tliey wore nuclear, biological and chemical 
(NBC) protective clothing, which consisted of charcoal lined dungarees and smock, a 
respirator, rubber gloves with cotton liners and leather boots with rubber overboots, 
beneailithis was worn WRG. A balanced cross-over experimental design was used. ;; 



The subjects stepped in the environmental chamber until either: aural temperature reached 
38.5"C; heart rate reachedthe subjects measured maximum (from the VO, max test) minus 
10 beats.&'; request of the subject, medical or project officer or 180 minutes had 
elapsed. Subjects then sat h the chamber for a thuty minute recovery period. 

Aural temperature (T,,J, skin temperature (T,) and electrocadograph were monitored 
continuously and recorded. Expired air samples, collected in Douglas bags at 15 minute 
intervals during the first hour of stepping and thereafter at 30 minute intervals were 
analysed and oxygen consumption calculated. At thirty minute intervals, blood lactate was 
determined ffom 5OpL samples of blood taken from a fmger tip and subjects rated their 
thermal discomfort, tiredness and skin wettedness. Water was provided at room temperature 
to drink ad libitum, the weight of water consumed was recorded. Sweat production and 
evaporationraies were calculated from changes in nude and dressed body weight. Rates of 
rise and f d  (recovery) of heart rate, T, and T, , rates of sweat production and evaporation, 
oxygen consumption, lactate concentration and subjective measurements were analysed 
across garment and fitness conditions using ANOVA. 

RESULTS 

The average V0,max per kilogram lean body mass of the VF subjects was 74.7 (range: 
71.2 - 85.2) ml.kgLBM.mid, that of the AF subjects was 59.7 (55.1 - 62.5) 
ml.kgLBM.&'. Non-paramehc statistics indicated that there were no differences between 
the two groups in terms of age, height, body weight and percentage body fat and that the 
only difference was in their fitness levels. 

AU five VF subjects stepped for 180 minutes when wearing WRG. Two subjects in the AF 
group also stepped for this length of time, one subject stopped prior to this time because 
h s  T, rose to 38.5"C, the other two because of discomfort; mean stepping time was 144 
minutes. In NBC clothing, average stepping times for the VF and AF groups were 54 and 
45 minutes respectively, all subjects except one in the VF group (who stopped because of 
discomfort) stopped because their Tau had reached 38.5"C. 

When wearing WRG, during stepping and recoveq mean Tau and T, for the AF group were 
significantly (P<O.O5) hgher than those of the VF group. When wearing NI3C clothmg 
mean T, and T, were the same for both groups. Mean Tau are presented on Figure 1. Mean 
heart rates of the AF group were approximately 30-35 beats per minute higher than those 
of the VF group during stepping and recovery in both clothing ensembles. There were no 
differences in mean oxygen consumption between the two groups during stepping and 
recovew. Mean lactate concentration of the AF group was si&icantly (P<0.05) hgher 
than that of the VF group during stepping when wearing WRG, there were no Merences 
between the two groups when wearing NBC clothing. 

When wearing NBC clothing, the mean sweat production rate of the VF subjects was 3 1.6 
ml.md', this was signLficantly hgher (P~0.05) than the 17.2 ml.miri' of the AF subjects; 
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when wearing WRG Uie sweat rates of the two groups were similar (mean rate o€ 14.7 
ml.mid). There was a strong positive relationslip between fitness and sweat rate when 
wearing NBC cloiling, lhere was no relationslip when wearing WRG, U ~ s  is demonstrated 
on Figure 2. 

The average rate of sweat evaporation for tlie 10 subjects was 11.6 ml.miri' when wearing 
WRG and 6.2 mnl.miri' in NBC clotling, this dserence was sigtllficant (P<0.05). When 
wearing WRG, an average o€ 81% o€ Uie sweat produced by Uie 10 subjects was 
evaporated, in NBC clolhing, 22% was evaporated by Uie VF group and 34% by the AF 
group. The average fluid deficit €or the VF group when wearing NBC clothing was 
significantly (W0.05) greater Uianlhat of tlie AF group (22.5 ml.miri' compared to 13.4 
ml.min-'), Uis was despite tlie greater drinking rate of the VF group (mean value of 9.1 
inl,m.i~i-~ compared to 3.8 ml.min" for Uie AI; group).When wearing WRG, tlie VI? and AF 
groups had average fluid deficits of0.8 and 3.4 ml.rniri' respectively, Uieir corresponding 
drinking rates were 15.1 and 10.0 ml.&'. 

The tliermal discomfort and tiredness scores for the two groups when wearing WRG were 
significantly daerent (N0.05); here were increases in the average values €or botli 
variables with time for the AF group, whereas Uie average values €or Uie VF group 
remained relatively constant. No differences were found between tlie two groups when 
wearing WRG for wettedness, with wetledness increasing with time for both groups. When 
wearing NBC clotling, there were no differences between tlie two groups, with scores of 
botli groups increasing with time on all tlu-ee variables. 

CONCLUSIONS 

Fitness increases work capacity, and is physiologically and subjectively beneficial when 
working in a hot environment and wearing permeable clotling. When working, wearing 
NBC semi-permeable protective clothing in a hot environment, tlie thermal load is so high, 
and the ability to dissipate heat so poor, Uiat even very fit subjects are unable to 
thermoregulate. 

Wien working in hot environments wearing NBC clotling dehydration occurred because 
fluid lost as sweat was not replaced by drinking. The problems associated with drinking 
whilst wearing a respirator probably contribute to Uis  dehydration. Fitter subjects 
dehydrated more quickly in these conditions than subjects of average fitness because of 
their greater sweat production rate. Although in this experiment the physiological 
perfonnance of the two groups of subjects did not dif€er, it is conceivable that in a situation 
requiring work of longer duration, greater intensity or repeated bouts, that Uie performance 
of fitter individuals may be compromised to a greater extent than tliat of their less fit 
colleagues. Tlis assumes however, that the rates o€ sweating observed in tlie present 
experiments are maintained. 
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THE EFFECT OF AIR PERMEABILITY OF CHEMICAL PROTECTIVE 
CLOTHING MATERIAL ON CLOTHING VAPOUR RESISTANCE 

George Havenith, Renate Vuister, and Leo Wammes 

TNO Human Factors Research Institute, Soesterberg, The Netherlands 

INTRODUCTION 

One of the major problems associated with Chemical Wadare Protective Clothing 
(CW) is the additional heat load created by the garments. For CW-overgarments, 
research has been focused in the direction of reducing material thickness and thus 
heat and vapour resistance. Even though the thickness and the heat and vapour 
resistance of NE3C clothing materials has been reduced by over 50% over the past 
decade, this has not resulted in major improvements in terms of heat strain for the 
wearer. The cause for this lack of effect is that the thickness and heathapour 
resistance of the complete clothing assembly is not only determined by the outer 
material layers, but is a factor of all clothing layers, including all enclosed and 
adjacent air layers. This total thickness, as well as the total heat and vapour 
resistance is hardly affected by a reduction in thickness of a single layer of the 
package. 

A different approach, which so far has received only minimal attention, is the 
increase in air permeability of the garment materials. Such an increase could result 
in improved ventilation of the clothing micro-climate (especially during movement 
and in wind) and thus in reduced heat and vapou resistance. An obvious fear, 
which has limited interest in this approach, is the reduction in chemical protection, 
concomitant with increasing air permeability. Thus the first question to be 
answered was whether air permeability of common CW protective garments could 
be improved, while sustaining appropriate levels of chemical protection. 

Research on the effect of increased air permeability on CW-protection by TNO- 
PML has shown that for some types of CW-materials protection can be maintained 
at higher levels of air permeability than presently used. This opened the floor for 
investigations on the relation between air permeability and clothing heat and 
vapou resistance. 

The present study was designed to study the effect of differences in air permeability 
of otherwise identical CW clothing materials on clothing vapour resistance, while 
the wearer performs different movements (standing still, walking) at different 
levels of air movement. 
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METHODS 

Ventilation rate under the clothing was studied using a trace gas diffusion 
technique (Lotens and Havenith, 1988, Havenith et al, 1990). With this method, 
diluted argon is injected at the skin at numerous locations distributed over the body 
(except head, hands, feet). At similar locations, gas samples of the clothing 
microclimate air are taken. Both injected and sampled gasses are analyzed for their 
argon concentration using a mass spectrometer. The dilution factor of the gas in the 
clothing microclimate at the skin is a measure of clothing microclimate ventilation, 
and can be used to calculate clothing vapour resistance (Lotens and Havenith, 
1988, Havenith et al, 1990). 
These measurements were performed on three Werent CW protective fuits with a 
variety of air permeability &=low air permeability: 0.15 ems- mnH2O-'; 
M=m~dium air permeability 1.89 cm.s" ~ I I ~ H ~ O - ~ ,  H=high air permeability 4.87 
cm.s mmH20-'). The suits were very closely matched for stif€ness and vapour 
permeabilities (measured on fabric samples) of the materials used and had identical 
designs. Only the outermost layer differed in air permeability. The suits used were 
typical overgarment CW suits and were worn over underwear and a standard Dutch 
combat suit. Three subjects wore all suits, in all combinations of wind (O., 0.5, 1.4, 
5.0 rn.s') and movement (walking speeds: O., 0.5, 1.4 mes''). Measurements were 
analysed for the effects of air permeability, wind and waking speed on vapour 
resistance using the statistical package SYSTAT. 

RESULTS 

The results of the measurements are presented in Figure 1. For zero walking 
speed, we can observe that in this standing situation for all levels of air movement, 
a difference in vapour resistance related to the suits air permeability exists. Further, 
from this figure it is evident that both wind and movement had a vast effect on the 
vapow resistance of the clothing ensemble. In the absence of wind, walking 
decreases vapour resistance (la), but also eliminates the differences between the 
suits which were present while standing still. This is also the case for the low (0.5 
rns-') wind speed. At the higher wind speeds, the suits are separated for both 
standing and walking, according to their air permeabilities. 

DISCUSSION 

In the absence of wind and movement a difference in air permeability between suits 
resulted in a difference in vapour permeability. As the suits used were identical in 
thickness (same underwear, same baffle dress, same foam layer), as well as stiffness 
(same foam layer) and only differed in the air permeability of the outermost fabric 
layer, this was not completely expected. Differences were expected for conditions in 
which air movement through the fabric would play a major role. Differences were 
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Figure 1, Vapour resistance of three CW protective suits, differing in outer layer air 
permeability, in relation to walking speed and wind speed. 
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significant however and were consistent with the differences in air permeability of 
the suits. Differences were larger than would be expected based on the static vapour 
resistance difference between materials. Thus even while standing still, with no 
wind, sufficient air movement through the garments must have been present to 
result in the observed effect. 
When subjects start to walk, the initial difference in vapour resistance disappears. 
The pumping effect which takes place under the garment apparently is not affected 
by the air permeability of the outer garment. Low wind speeds (0.5 m.s')do reduce 
vapour resistance as expected (Havenith et al, ,l990), but do not interact with air 
permeability. At higher wind speeds (>1.4 m s- ) a significant difference in vapour 
resistance, inversely related to air permeability starts to show. Thus the penetration 
of the garments by wind is affected by outer layer air permeability. At high wind 
speeds, the additional effect of movement more or less disappears. Apparently, 
microclimate air layers are disturbed in such a manner that the additional pumping 
effect due to movement does not add to the disturbance. 
Considering the results, it is possible to answer the question as to whether an 
increase in air permeability of CW protective garments (with sufficient 
protection!), may have an effect on the wearer's heat strain by an effect on the 
clothing heat and vapour resistance. A substantial decrease in vapour resistance for 
the resting situation as well as for wind exposure was observed. Considering the 
relation between heat and vapour resistance, present in permeable materials 
(Havenith et al, 1990), also a reduction in clothing heat resistance may be expected. 
Combining these two, and looking at the magnitude of the reduction in vapour 
resistance, a considerable reduction in heat strain is thus indeed expected when air 
permeability is increased while other material characteristics remain equal. 

1. Havenith, G., Heus, R., Lotens, W.A. (1990). Clothing ventilation, vapour 
resistance and permeability index: changes due to posture, movement and 
wind. Ergonomics, 33 (S), 989-1005. 

2. Lotens, W.A., and G. Havenith (1988). Ventilation of rainwear determined by a 
trace gas method. In: Environmental Ergonomics. Mekjavics, Bannister, 
Momson Eds., Taylor and Francis, Philadelphia, p. 162-175. 
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Influence of Hydration Status and Fluid Replacement on Cardiovascular 
Response During Uncompensable Heat Stress 

Stephen S. Cheung and Tom M. McLellan 

Defence and Civil Institute of Environmental Medicine, Human Protection and 
Performance Section, P.O. Box 2000, North York, Ont. M3M-3B9, Canada 

and 
Graduate Department of Community Health, University of Toronto, Toronto, Ontario 

M5S-lA8, Canada 

INTRODUCTION 

m e  purpose of the present study was to investigate the influence of manipulating 
hydration status both before and during heat exposure on cardiovascular responses in 
an environment of uncompensable heat stress. Subjects exercised in a hot 
environment while wearing the Canadian Forces nuclear, biological, and chemical 
(MC)  protective clothing ensemble at either a light or a heavy intensity and in 
either a euhydrated or a hypohydrated (-2.5%) state. To investigate the effects of 
rehydration during exercise in an uncompensable heat stress environment, subjects 
exercising in the euhydrated state either underwent a rehydration program or 
refrained from drinking. It was hypothesized that hypohydration will significantly 
impair the cardiovascular response to exercise in an uncornpensable heat stress 
environment by decreasing the blood volume and cardiac output. Fluid ingestion 
during exercise was expected to attenuate decreases in cardiac output only during the 
later stages of light exercise, when tolerance time is long enough for the ingested 
fluid to empty from the digestive system and have an effect on the body fluid 
compartments. 

METHODS 

Eight healthy and active males participated. Descriptive characteristics were: age 
29.3 zk 6.4 y, VO, max 56.5 k 4.4 ml.kg-' .min-' , and body fatness 12.4 & 2.8 %. 
On seven separate occasions, each subject performed a heat stress test (HST) exercise 
session on a motorized treadmill in a hot (40 "C, 30% relative humidity) 
environment while wearing the Canadian Forces M C  protective clothing ensemble. 
The first session was used as a familiarization trial and the results were discarded. A 
minimum of 72 h separated experimental trials. 

217 



Responses to the HST's were tested while manipulating the subjects' level of 
hydration. On the afternoons before the HST's, subjects exercised in the heat until 
they dehydrated by 2.5-3% of body weight. Following this protocol, subjects were 
either rehydrated to baseline body weight overnight (EU) or maintained the 2.5% 
decrease in body weight overnight (H>. A minimum of 15 h elapsed between the end 
of the dehydration protocol and the HST. During EU sessions, the effects of 
rehydration during exercise in the NBC clothing were tested by the presence (F, 200 
and 250 mL each 15 min for light and heavy exercise, respectively) or absence (M;) 

of water. Subjects undergoing H trials were tested only in the F condition. Subjects 
were tested at EUF, EU/NF, and H/F conditions while exercising at light 
(3.5km.h", 0% grade, VO,= 0.9 L.min-') and heavy (4.8km.h-', 4% grade, 
VO,= 1.4 L'min-') intensities. The order in which the different conditions were 
presented were randomized. Stroke volume and cardiac output were obtained by 
impedance cardiography every 15 min during the HST using the methods outlined by 
Kubicek et al. (1). 6-8 s samples were obtained during an end-expiratory breath 
hold with the subjects straddling the treadmill in order to minimize motion and 
respiratory artifacts. 

RESULTS 

Subjects undergoing WF trials maintained an average overnight weight loss of 2.2% 
body weight prior to both light and heavy exercise. During light exercise, heart rate 
was significantly higher for H/F (118.8 It 14.2 b.min-*) compared with EU/F trials 
(107.8 k 10.6 b .  min-') after 30 minutes and remained elevated for the remainder of 
the exercise. Rehydration during exercise did not elicit a significantly lower heart 
rate in the EU trials. During heavy exercise, higher heart rates were found after 10 
minutes of walking for H/F (122.0 jr 10.6 b.min-') compared with either EU/F 
(116.9 11.6 b.min-') or E U W  (118.1 k 11.2 b.min-') and remained higher for 
the duration of the exercise. After 30 minutes, heart rates for EU/NF (142.8 +_ 12.8 
b .min") were significantly higher compared to EUF (137.0 +_ 12.2 b.min-'). 
Stroke volume decreased over the course of exercise for all hydration conditions and 
exercise intensities. During light exercise, stroke volumes were lower for WF 
(average of 55.0 mL) compared to both EU/F and E U W  (averages of 64.2 and 63.0 
mL, respectively). At heavy work rates, EU/F stroke volumes (average of 72.7 mL) 
were higher than EUMF and WF (averages of 64.9 and 60.6 mL, respectively). The 
decrease in stroke volume during WF was compensated by the increase in heart rate, 
such that cardiac output was not different among the trials for either light or heavy 
exercise (Fig. 1). 
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Figure 1: Changes in cardiac output during light (top) and heavy (bottom) exercise. 
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DISCUSSION 

Hypohydration placed an additional strain on the cardiovascular system during 
exercise in the NBC clothing. During both light and heavy exercise, HR was 
significantly higher while hypohydrated than while euhydrated and given fluid 
replacement over the course of the HST. Heart rate was increased during 
hypohydration in order to compensate for the decreased stroke volume which 
reflected, presumably, a decreased blood volume and end-diastolic ventricular 
volume (2). During exercise in the heat, Sawka et ul. (3) has reported an increase in 
heart rate of 4 beats. min-' for each percentage increase in hypohydration. In the 
present experiment, stroke volume was significantly decreased by hypohydration 
during both light and heavy exercise. However, the elevated HR response was 
successful in maintaining a similar cardiac output during both EU/F and H/F 
conditions. The decreased stroke volume during hypohydration may lead to 
peripheral vasoconstriction and a decreased sweating response, due to competition 
between metabolic and thermoregulatory demands for blood flow and the need to 
maintain central blood volume (4). During exercise without adequate fluid 
replacement, progressive dehydration decreased blood volume and cardiac output. 
This was accompanied by increased systemic and cutaneous vascular resistance 
despite significant hyperthermia, demonstrating that peripheral blood flow 
participated in systemic vasoconstriction during exercise and heat stress (2). In 
summary, hypohydration resulted in a decrease in stroke volume while exercising in 
an environment of uncompensable heat stress. Heart rate increased with 
hypohydration, and the increase was sufficient to maintain a similar cardiac output 
during exercise. 
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PROTECTIVE CLOTHING IN TRANSPORT OF LIQUID CHEMICALS 

H. Meinander and H. Laamaaanen 
VTT Chemical Technology, P.O. Box 1402, FIN-33101 Tampere, Finland 

INTRODUCTION 

Drivers of tank lorries for transport of liquid chemicals participate in the filling and 
draining operations, and they are transiently exposed to splashes of the chemicals. 
For that part of their work they need protective clothing with some degree of barrier 
properties, whereas most of the time when they are only exposed to the cabin or 
outdoor environment, normal clothing is sufficient. The variety of chemicals that 
are handled is large, and their health risk and penetration properties vary. As the 
exposure is temporary and in most cases local and relatively small, true chemical 
protective clolhing is not considered to be necessary, except in very special cases, 
e.g. phenol. Generally reusable clothing is preferred over disposable clothing, and 
coated fabrics are avoided due to comfort problems. 

The objective of this project is to develop protective clothing for drivers to match 
the requirements defined by the work and enviromnentai conditions. Both the 
material properties and the garment design are considered, with a special emphasis 
on the chemical protective clothing worn in the filling and draining operations. The 
electrostatic properties are regarded as a safety factor when handling explosive 
liquids and are, in any case, a comfort factor. The constancy of the properties as a 
function of wear and care treatments is important. 

MATERIALS AND METHODS 

Test fabrics and chemicals 
The fabrics for the material tests were received from the textile and clothing 
industry partners of the project. The fabrics are listed in table 1. 

Tests were done on original €abrics as well as after different washing treatments. 
Both laboratory and commercial laundry treatments were performed, and the 
influence of rinsing agents, fluorocarbon aftertreatment and different thermal after- 
treatments were studied. 

For the penetration tests, 7 frequently transported chemicals were chosen to 
represent the total variety of about 200 items. The test chemicals were: sulphuric 
acid (approx. 95 %), lye (51 %), hydrochloric acid (31 %), methanol (100 %), 
white spirit (100 %), formic acid (100 %) and diesel petrol. 
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Table 1. Test materials, penetration indices P and repellency indices R for diesel; 
original and washed fabrics, warp direction 

Test of resistance to penetration of chemicals. EN 368 /1/ 
The test apparatus is shown in figure 1 and the principle is: A measured volume of 
the test liquid is applied in the form of a fine stream or jet onto the surface of the 
clothing material resting in an inclined gutter. Measurement of the respective 
proportions of the applied liquid which penetrate the specimen and are repelled by 
its surface indicate the potential of the material for use in the field of application. 

The indices of penetration (P) and repellency (R) are calculated as 

M ,  .loo 

w P =  

where M, is the mass of test liquid deposited on the absorbent paper/film 
combination, M, is the mass of test liquid discharged on the specimen, and M, is 
the mass of test liquid collected in the beaker. 

Test of electrostatic properties, surface resistivitv. EN 1149-1 /2/ 
The specimen is placed on an insulating base plate and electrode assembly is rested 
on the specimen. A DC potential (normally 100 V) is applied to the electrode 
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assembly and the resistance Rs of the fabric is measured in a. The specimens are 
conditioned for at least 24 hours and the test is performed in an atmosphere of (23 
f 1) "C and (25 f 5) % RH. 

Wear trials 
Two materials with good chemical repellency were chosen for the wear trials and 
protective coveralls were produced in a design that considered both the subjective 
desires of the drivers and the protection requirements. 6 drivers used the coveralls 
during a winter-spring-summer period to get subjective feedback of the garments 
under different environmental and work conditions. 

RESULTS 
Penetration of chemicals 
The penetration and repellency indices for diesel petrol of all tested fabrics as 
originally received and after repeated washings are presented in table 1. Generally 
the polyester fabrics (samples no. 1, 2, 3, 4, 5, 7 and 12) have reasonably good 
repellency values. Polyamide (no. 6) is destroyed by some of the chemicals and 
therefore out of question for this purpose. The coated fabrics (no. 8, 9 and 10) all 
have good repellency, but are not accepted due to comfort reasons. The polyester 
fabric with a grid of carbon fibre yams (no. 11) has a relatively poor repellency, as 
have also the fabrics with a cellulose fibre content (no. 13, 14, 15 and 16). The 
influence of washing on the chemical penetration properties was very small. 

Methanol showed the highest penetration index and the lowest repellency index of 
all test chemicals, as can be seen in table 2 which shows the R indices of sample 5 
for all test chemicals. Generally the polyester fabrics have a reasonably good 
repellency to all chemicals both as originally received and after repeated washing. 
The flourocarbon f i s h  is however essential to provide the chemical resistance. 

Table 2. Sample no. 5 ,  repellency indices R for the different chemicals 

1 
Electrostatic properties 
In order to be classified as an electrostatic dissipative fabric according to EN 1149- 
1 /2/, the surface resistance shall be less than 5x10'' a. None of the tested fabrics 
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reached this value either in the original or in the washed state. The 100 7% synthetic 
fabrics showed very high, in some cases extremely high, values whereas the coated 
and the cellulose fibre blend fabrics were on a lower level. 

Table 3. Surface resistance Rs of the 
fabrics, fabric front side 

5,3x10" 1,lxlO" I) 

5,3x10" 3,OxlO" 

*) voltage 500 V 
I )  10 x washed, commercial laundry 

A - A A W  

Figure 1. Apparatus for testing chemical 
resistance of fabrics. l=gutter, &protective 
film, 3=fdter paper, 4=test specimen, 5=clips, 
6=hypodermic needle, 7=weighing bottle 

CQNCLUSIQNS 

The fluorocarbon finish is essential to provide chemical resistance to the fabrics. If 
totally removed due to repeated washings (corresponding to the d i s h e d  fabric in 
table 2), a resistance can be achieved by a fluorocarbon aftertreatment. Normal 
washing with or without rinsing agent does not have a notable influence on the 
resistance properties. 

None of the tested fabrics combined a good chemical resistance with a low 
electrostatic resistance. 
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PERI-NATAL ENVIRONMENT AND PHYSIOLOGICAL RESPONSE TO 
WORK IN ENC~SULATING PROTECTIVE CLOTHING IN MILD AND 

HOT TEMPERATURES 

Phillip Bishop, Paul Reneau, Joe Sinitli, and Min Qi Wang 

The University of Alabama, Box 8703 12, Tuscaloosa, AL 35487-03 12, USA 

INTRODUCTION 

Plasticity of liunan pliysiology is such that there is still inuch adaptability even after 
birth. For example, it is believed that nutrient intake in the first months after birth 
may have life-long impact on adipocyte numbers, which in contrast, is believed to be 
fixed in adulthood (1). Likewise brain plasticity after birth is widely accepted (2). 
Huinans, even of siinilar size, body coinposition and physical fitness, evidence a 
wide variability of pliysiological response to work in the same environmental 
conditions (3,4). It is possible that tlus variability in heat tolerance could be 
explained in part by knowing the ambient environmental conditions iinmediately 
after birth, considering possible environmental controls such as air conditioning. It 
was liypotliesized that pliysiological adaptations to tlie environment slioitly after 
birth iniglit affect tolerance to work in protective clotlung (PC) in hot environments 
as an adult. 

METHODS 

Healthy malFs (11=26) wearing Saranex 23P protective clotlung, worked continuously 
at 177 W/in (300 KcaVliour, VQ of 1 Wmin) by walking for 15 inin at 1.34 irdsec 
(3 mph) followed by 5 min of arm curls with 14.6 kg of weight, in WBGT's of 18 
(Tdb=21, Td=17) and 26°C (Td,,=31, Td=23, Tbg=34), until rectal temperature (Tre), 
or heart rate (HR), reached a priori liinits (38°C or witlun 10 beats of measured 
maximal I-IR) or they were unable to continue. Rectal temperature was monitored 
with a computer data system, and lieart rate with a watch-type heart rate monitor. 
After removing the upper part of tlie PC, subjects recovered in tlie same environment 
and then repeated work until they were unable/unwilliiig to continue or 8 hours total 
experiment time elapsed. Data for the first bout of work (Le. until a terminating 
criterion was reached) and tlie total work time were examined in separate analyses. 

Birth environment data were collected via questionnaire. Birth history 
inforination was made quantitative by utilizing tlie following procedures. Subjects 
were given a score of 1- if they were born in northern climates such as Canada, MN, 
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WI, ME, MT, ND, NH, VT, England, or 2- if born in moderate clime (middle tier 
states: NC, VA, WV, CA), Northern India, or 3- if born in South TX, GA, AL, FL, 
HI, TN, SC, MS, LS, AR, AZ, NM, or Southern India. Subjects were scored 3 for no 
air conditioning and 1 if it was present. Subjects were scored based on birth month, 
with June through Aug scored as 3, April or May or Sept or Oct scored as 2; and all 
others scored as 1 (all participants were from the northern hemisphere). A 
composite score was derived by multiplying together the three other measures 
yielding a possible score of 27. Since this was an exploratory study without 
precedent, scores were arbitrarily assigned such that the highest individual and 
composite scores were attained for those with the hghest theoretical potential for 
heat exposure at birth. 

RESULTS 

Twenty-six subjects provided complete data. Subject's mean e standard deviation) 
characteristics were: age of 24 years @4.5), height of 180 e 7 )  cm; weight of 76 
(511) Kg, and maximal oxygen uptake of 49 e8) mlikghin. Of these, 23% 
reported birth in a northern climate, 19% in a middle climate and 58% in a southern 
climate. Availability of air conditioning was reported by 73% of the subjects. Birth 
month was June through August for 31% of the subjects and April, May or 
September, October for another 3 1%. When these three independent measures were 
multiplied, 8% scored 1 or 2, 23% scored 3,46% scored 6, and 23% scored 9. 

The mean duration of the first walk time @e. until a subject reached a stop 
criterion) at WBGT=1S0C was 61 min and mean total work time was 241 (lt61) min. 
At 26OC WBGT, the mean first walk duration was 40 min and total walk time was 
11 8 e 4 7 )  min. 

Correlations between birth history scores and physiological responses were only 
sigmficant (K.10) for correlations between birth location and change in mTsk 
(1=.36), and presence of air conditioning and change in Tre (1=.36) and change in 
mTsk (1=.44) . PreQctions of first bout (until initial stopping criterion reached), 
and total walk time from the independent variables are shown in Table 1. 

CONCLUSIONS 

In previous work (Eiishop et al., paper in this publication) we examined the 
preQction of work tolerance in the same work and environmental paradigm using 
physiological responses obtained f y m  a brief bout of work in PC. In that study we 
were only able to prehct with an R of 24% or less. It appears we can account for, in 
some cases, more variance simply by having subjects report their peri-natal hstory. 
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Table 1. Equations predicting first cycle and total work time form peri- 
natal bjrh history at two WBGTs, n=26. 

WBGT = 18 Work rate = 177 W/m2 
First Cycle work time prediction 

Variable 
Location 
A/C 
Montli 
Combination 
Intercept 

Beta 
-24 
-19 
-24 
10 

137 

Total work time prediction 
Variable Beta 
Location -108 
A/C -132 
Month -128 
combination 48 
Intercept 674 

WBGT = 26 Work rate = 177 W/m2 
First Cycle work time prediction 

Variable 
Location 
A/C 
Montli 
Combination 
Intercept 

Beta 
-19 
-24 
-23 
9 
116 

Total work time prediction 
Variable Beta 
Location -52 
A/C -74 
Montli -75 

Intercept 345 
Combinafion 27 

R2 (adj) 

11 (-6) 

R2 (adj) 

32 (19) 

R2 (adj) 

32 (20) 

R2 (a@) 

24 (10) 

cv 

39 

cv 

23 

cv 

38 

cv 

38 

Adjusted R2 is shown as (adj). CV is coefficient of variation. 
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This was our first attempt to examine these variables, and our sample scored 
relatively low on peri-natal heat exposure (our highest score was 9 out of a possible 
score of 27). This greatly constrained the variance on the dependent variables 
whch generally results in low predictive ability. The weightings among the 
variables were equated, and there are undoubtedly better ways to combine these 
scores. Individual variables seem to do better than the combination. The presence of 
air conditioning in the homes of most of our subjects may have greatly hampered our 
ability to determine the role of peri-natal climate on PC tolerance. We believe these 
results warrant further study particularly in populations who would not be routinely 
exposed to extreme environmental controls such as air conditioning at birth. We 
have observed that Middle Eastern subjects seem to show a greater heat tolerance 
than matched controls of Northern European descent (unpublished observations). 
The findings of t h s  study seem to support that possibility. 

PC offers an atypical heat stress. It is atypical because the micro-environment of 
impermeable PC becomes saturated with water vapor from sweat and continued 
sweating does not allow further evaporation. Therefore the major cooling 
mechanism for work in hot environments is virtually negated. Given the findings in 
the present study, further research on the impact of peri-natal circumstances on heat 
strain in hot macro-environments would be of value. 

In view of our very constrained variance (independent variable extended to one 
third the range), it seems reasonable to expect that a better sample may yield 
substantially better results. In retrospect, the amount of variance accounted for by 
such a limited variance in the independent variable, was surprising. At this point, it 
seems advisable to continue investigation of this hypothesis utilizing subjects with a 
greater variability in peri-natal history. 
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MANUAL PEFWORMANCE WHILE WEARING NBC CLOTHING IN 
COLD 

S. Rissanen (l), R. Imamura (2) and H. Rintamiiki ( l )  
(1) Oulu Regional Institute of Occupational Health, Laboratory of Physiology, 

Aapistie 1, FN-90220 Oulu, Finland, 
(2) Osaka Kyoiku University, 4-698- 1 Asalugaoka, Kashiwara, Osaka, 582 Japan. 

INTRODUCTION 

Manual performance is a combination of good tactile sensitivity, hand dexterity, 
muscle strength and motor co-ordination. Most o€ these variables are negatively 
affected by cooling (1,2). Also the use of gloves impairs manual performance (3). 

When NBC (nuclear, biological and chemical) protective clothing is used hands are 
usually covered by cotton-rubber gloves. The gloves enable to handle various tools. 
In cold climate hand and finger skin temperatures are reported to decrease to very 
low levels when gloves are used with NBC clothing (4). 

The purpose of this study was to examine the effects of whole body cold exposure 
(-10 "C) on manual performance while cotton-rubber gloves were used together 
with NBC protective clothing. 

MATERIALS and METHODS 

Six healthy men partisipated as subjects. Their age was 25 f 1.0 years (mean f SE), 
height 178 f 2.0 cm, weight 73.4 f 2.6 kg and body fat 14.4 f 1.1 %. The subjects 
were dressed in NJ3C protective clothing (activated charcoal) and underwear with 
long sleeves and legs. Socks, rubber boots with felt lining and a full-face mask were 
also used. Hands were covered by thin cotton gloves and rubber overgloves. 

Each subject was exposed to three different conditions: 1) standing at 20 "C for 40 
minutes, 2) standing in the cold (Ta: -10 "C) for 40 minutes and 3) standing in the 
cold (Ta: -10 "C) for 10 minutes followed by 30 minutes walking on a treadmill (5 
km/h). Manual tasks were performed after each condition at the exposure 
temperature. 

Six dif€erent manual tasks were performed after each exposure while wearing 
gloves. The tests were a peg-board, magazine loading, bolt and nut, ball picking 
and a hand grip test. In the peg-board test 48 pegs were turned 180". In the 
magazine loading test 25 blank cartridges were loaded one by one into the 
magazine. In the bolt and nut test the subjects completed three sets of bolts and nuts 
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using only fingers without turning the wrist. In the ball picking test subjects picked 
up 20 lead balls (diameter 11 mm) one by one from one plate to another. After 
completing this they reversed the process until all 20 ball were again on the 
original plate. Ball picking test was performed both seeing and without seeing the 
balls. The time needed to complete the tasks was recorded in every test. The 
maximal isometric strength of the hand was determined by a hand grip 
dynamometer (Newtest, Finland). All tasks were also performed with bare hands at 
20 "C without wearing NBC clothing and the full-face mask. All subjects 
performed the tasks by their dominant right hand. 

Rectal (Tre) and skin (15 sites) temperatures (YSI-400 series, Yellow Springs 
Instruments, USA) were measured continuously and stored in a data logger 
(Squirrel1 1200, Grant, UK) every minute during the experiments. The nine 
measuring sites of skin temperatures were: forehead, chest, lower back, forearm, 
hand, middle finger, thigh, shin, and foot. Mean skin temperature (Tsk) was 
calculated by weighting the local 8 sites by representative areas. Rectal and skin 
temperatures were not measured during the bare hand tests at 20 "C. 

The results were analyzed by the paired t-test and by the Pearson correlation test. 

RESULTS 

Tre and Tsk were unchanged during rest at 20 "C (37.3 * 0.1 and 32.5 f 0.2 "C, 
respectively). After rest at -10 "C Tre, was unchanged (37.3 f 0.1 "C) but Tsk 
decreased to 27.1 -f 0.4 "C. After exercise at -10 "C, Tre and Tsk were 37.9 f 0.1 
and 28.2 f 0.3 "C, respectively, being sigdicantly higher than those after rest at 
-10 "C. 

During rest at -10 "C finger skin temperature (Tf) decreased to (mean f SE) 10.7 f 
1.0 "C. After exercise at -10 "C and rest at 20 "C Tf was 19.6 f 4.0 and 34.3 f 0.2 
"C, respectively. Hand skin temperatures were 20.1 =t 0.7, 20.6 % 2.8 and 34.5 f 0.2 
"C, after the rest at -10 "C, the exercise at -10 "C and the rest at 20 "C, 
respectively. 

The results of the manual performance are presented in table 1. Time spent to 
complete the bolt and nut test, the magazine loading and the peg-board test after 
rest at -10 "C increased by 50 YO @<0.01), 39 % (p<0.05) and 30 % @<0,05), 
respectively as compated to the rest at 20 "C. Ball picking tests and hand grip 
strength were not affected by cold. After exercise at -10 "C the cold-induced 
deterioration is still seen, but only the bolt and nut test showed sigdicant 
difference in comparison to 20 "C. Without gloves the performance was 
significantly better in all tests except in peg-board and magazine loading than with 
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gloves at 20 "C. The time to complete the ball picking test without seeing was 
significantly longer than when seeing was allowed. 

Manual performance was directly related with finger skin temperature in bolt and 
nut test (fig. l), peg-board and magazine loading tests (r = -0.90, r = -0.77 and r = 
-0.72, respectively, p< 0.01). 

Table 1. Manual performance in different tests. Gloves were used in all tests except 
at 20 "C Bare hands. Mean f SE, n = 6. 

-10 "C -10 "C 20 "C 20 "C 
Rest Exercise Rest Bare hands 

Peg-board (s) 79.8 f 5.0* 74.1 f 5.2 61.4 f 2.7 58.4 f 1.3 
Bolt and nut (s) 57.5f3.0* 55.1f3.5" 38.3f2.5 33.3f1.9" 
Magazine loading (s) 89.7 f 10.6* 80.4 f 8.7 64.6 f 4.1 54.9 f 2.9* 
Ball picking, seeing (s) 39.7 f 0.9 39.6 f 2.2 37.2 f 1.3 32.4 f 1.0 
Ball picking, not seeing 64.6 f 1.3 66.6 f: 4.3 58.9 f 3.3 48.6 f 1.1" 
Hand grip strength (kg) 47.5 f 1.8 46.9 f 1.8 47.3 f 1.8 57.4 f 2.1" 
*differs signxficantly from 20 "C Rest 
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Fig. 1. Relationship between finger skin temperature and manual performance in 
the bolt and nut test. 
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CONCLUSIONS 

Results show that the cold exposure in NBC protective clothing decreased finger 
skin temperature to the level where manual performance is generally considered to 
decrease. Individual variation in finger and hand skin temperature was, however, 
rather wide. The measurements in this study showed that cooling impaired 
sigzllficantly only those tasks, which required fine motor skills or finger dexterity. 
Gloves themselves decreased performance especially in tasks which were related to 
tactile sensitivity and finger dexterity. Although exercise in cold increased deep 
body and mean skin temperatures, hands and fingers were still rather cold, 
Nevertheless, only bolt and nut test, which required finger dexterity, showed 
signrficant deterioration after exercise in the cold in comparison to rest at 20 “C. In 
the present study cooling was not enough to decrease hand grip strength. 
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IMPROVEMENT OF THERMOPHYSIOLOGICAL STRAIN IN SUBJECTS 
WEARING PROTECTIVE GARMENTS FOR SPRAYING PESTICIDE 
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INTRODUCTION 

Pesticide is required to keep a steady harvest in modern agriculture. An 
orchardist wears special protective clothing such as pesticide- proof clothing, 
protective mask, rubber gloves and boots to protect his body 6 m  pesticide.But, 
some workers dislike wearing the usual protective clothing, since it is made of 
air and water impermeable fabrics, and heat and water dissipation is highly 
restricted. We studied materials of protective clothes , gloves 2 ,  and 
boots 3,  for pesticide. Furthermore , we studied the effects of cooling the 
head *) and upper torso 5, by frozen gel strips on the physiological responses 
in the subjects wearing protective clothing. In our present paper we compared 
thermoregulatory responses and subjective sensation between usual protective 
clothes and our newly designed protective clothes. 

MATERIALS and MXTHODS 

Six healthy female students served as subjects. They gave written informed 
consent before the beginning of the experiments. Each subject participated in 
two sessions: one with usual clothes ( A ) and the other with newly designed 
clothes ( B ) having cooling system for the head and chest. Protective clothing 
A was composed of ready nylon clothing, protective mask, polyurethane gloves 
and rubber boots. In protective clothing A, the cooling system was not used. 
Protective clothing B was composed of cotton pesticide- proof clothes, 
protective mask, special gloves consisting of two parts: polyurethane around the 
hand, Goretex ( laminated fabric ) around the forearm, and special boots 
consisting of two parts: rubber around foots and ankle and Goretex around the 
leg. Furthermore, the head and chest were cooled by frozen gel strips fixed in 
the cap and undershirts. Both clothing was resistant to the peneration of 
pesticide. Figure 1 shows both clothing ensembles A and B. The experiment 
was carried out in a climatic chamber at 28 "C , 60 % RH in summer. Rectal 
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and skin temperatures on the forehead, chest, back, hand, forearm, thigh, leg, 
and foot were measured using thermistor thermometers. Temperatures and 
heart rate were recorded every 1 min during the experimental period. Local 
sweat rates on bilateral forearm areas were recorded continuously. Subjects 
voted the subjective ratings a t  the end of each rest and exercise. After T 
r e became a steady state, the subjects were requested to don the 
protective clothing ensemble. After subjects rested for 15 min in a chair, they 
repeated three times workhest schedules of 15 min exercise on a bicycle 
ergometer ( 50W) followed by 5 min rest. For head and chest cooling, five 
frozen gel strips ( total 55g ) were put on the head and one of an another kind 
of frozen gel strips ( 74g ) put on the chest just before the first exercise bout. 
The differences in mean values between A and B were analyzed by Studeut's 
paired t-test. A p value less than 0.05 was considered statistically significant. 

A B 

Fig. 1 Two types of protective clothing. Right: newly designed type B. 
Left typical type A. 

RESULTS 
Figure 2 shows a typical record of forearm sweat rate in a subject N. F. in 
both conditions. The sweat rate increased subject 
started to  exercise and fell down immediately when she took a rest. Sweat rate 
increased less in B than in A . Figure 3 shows a typical record of heart rate in a 
subject N. F. in two conditions. Heart rate fell while resting and rose during 
exercising in two conditions. Higher increase of heart rate was observed in A 
during 2nd and 3rd exercise. Figure 4 shows a typical record of T r e  in a 
subject N. F. in two conditions. T r e continued to rise gradually throughout the 
experimental peiiod. The increase of T r e  was inhibited more effectively in B. 
Figure 5 shows a typical record of comfort sens'ation in a subject N. F. As seen 
in the figure, rating seemed to be improved in B. 

quickly as soon as the 
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Fig. 5 Comfort sensation during rest and exercise under the influence of 
two types of protective clothing in a subject N.F. 

There were significant differences between A and B in rectal temperature, 
heart rate, local sweat rate, skin temperatures and thermal sansations. 

CONCLUSIONS 

Protective clothing B reduced thermal strain with improved thermal sensation 
during exercise and 
recovery at warm environment. 
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EFFECT OF NBC PROTECTIVE GLOVES ON MANUAL 
PERFORMANCE AND DEXTERITY 

LABORA TORY AND OPERATIONAL COMPARATIVE TESTS 
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* French NBC Study Center (CEB), 91 71 0, Vert le Petit (France) 
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INTRODUCTION 

Tllrough operational ergonomics experimentation conducted under extreme 
situations, the degradation of manual performance due to the wearing of NBC 
gloves is demonstrated. Nobody can be sure that the perfect glove could be designed 
(3). Nevertheless, taking into account new tecluologies used for the improvement 
of modern NBC permeable suits studies of a new generation of NBC gloves are on- 
going. The present study had the following double objective: 

- to measure the loss of performance on physiological parameters such as 
manual dexterity and tactile sensibility, for soldiers equipped with Meren t  types of 
NBC protective gloves (in-service or prototypes). 

- to evaluate and validate a psychophysical method to measure the variations of 
tactile sensibility. 

METHODS 

Several tests were carried out on a series of volunteer military subjects. They 
used successively under a random sequence: an in-service glove compared with a 
cliarcoal foam layer covered with a leather glove, a prototype built with charcoal 
cloth, textile outerlayer and leather palm. The perforinances reached with these 
different types of gloves were compared with those obtained with the naked hand in 
two successive situations: 

- in a laboratory setup (15 subjects): The subjects executed tests on tactile 
vibrometer (global sensibility index on 7 frequencies) and standardised NATO tests 
(2) Minnesota, OConnor, Washer tests 

- in a field study setup with a combat group fioin the Infantry Laboratory (10 
subjects). 
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A rather exhaustive series of technical actions was processed during some 
operational activities (handling of weapons, radio and optical equipment). This 
experiment allows on one hand to venfy, in an environment representative of an 
operational activity, that the level of degradation of manual performance observed 
in the laboratory is the same as the one observed in the field and on the other hand 
to evaluate the effect of this degradation on the operational capacity of a combat 
group. 

The statistical interpretation of the results was by ANOVA. When effects were 
found by ANOVA, two by two comparisons between gloves were performed by the 
Fisher LSD method. 

RESULTS 

The results of the tactile sensibility test are given with reference to the naked 
hand. A global index usually used to evaluate tactile sensibility loss in 111 people 
was calculated for each type of glove. Table 1 presents the results obtained for all 
subjects and the associated statistical level. Results show a non-statistically 
signrficant difference between naked hand and leather palm glove modalities. 
Tactile decrease was sigtllficant with the other gloves. 

Table 1 
In service gloves 
Textile gloves 
Leather palm gloves 

loss 1.5 db (signrficant at 95 %) 
loss 2.0 db (signrficant at 99 %) 
loss 0.8 db (non sigtllficant with reference to the 
naked hand) 

The results of the NATO TEST show dif€erences of time for the realization of 
the tests with the Werent gloves in comparison with the naked hand. 

Figure 1 shows the effect of each tested glove on the time performance to realize 
the Minnesota test. Clearly, we can see differences for the time to perform the test 
for all the gloves in comparison with naked hands. The GC time decrement is more 
significant than the other two that are not statistically different. 
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Figure: Time performance decreasing : gloves versus naked 

Differences between gloves are not the same from one test to another. The 
analysis of handling performance is well evidenced by the Washer test as presented 
in Figure 2. Handling decrement corresponds to mistakes or non realized actions 
during the test. The difference from the naked hand is less important than for the 
time criterion. The textile glove is the worst due to the specific characteristics of the 
external material mainly in taking thin objects. 

Figure 2 : Handling performance decreasing : gloves versus naked hand 
(Washer Test - p < .025) 

__-___-_--_--__--__-____c______I 

---__----_-.___-----_---_------- ’ 
decrement 

The results obtained in the field study give the same classification of 
performance between the different types of gloves. 

Finally in all cases GD and naked hand scores are the closest even in the tactile 
sensibility test. An excellent consistency was found between this test and the 
Washer test. Tactile variations can be tested With a tactile vibrometer which 
permits the choice of specifically adapted materials to design the glove. 

GC : in service g10ves / a> : textile glows I GD : leather palm g~ovcs 

CONCLUSION 

The degradation in hand performance is very important With classical NBC 
protection gloves. The present prototypes open some interesting ways for new 
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DETERMINING TOLERANCE TIME IN ENCAPSULATED ROOMS - 
PHYSIOLOGICAL CONSIDERATIONS 

D. Moran"), A. Cohen ('), S. Ashkenazy"), D. Albukrek") , I. Tur-Kaspa@) . 

Institute of Military Physiology1, NBC Medical Branch2, IDF Medical Corps, Israel 

Heat stress and quality of air are the main environmental factors which are 
considered to determine tolerance time in encapsulated shelters. During the Gulf 
war the entire population of Israel were enforced by the Civil Defence Authorities 
to use CW protective masks and to stay in totally encapsulated rooms which were 
considered impermeable to chemical agents. During the Gulf war which took place 
in the winter season no limitations were anticipated to rise regarding heat stress. 
From theoretical considerations, however, based on metabolic rate, tolerance time 
in the encapsulated rooms was predicted to be approximately 60 min/m3 (1). 
Nevertheless, data accumulated from studies during the 2nd WW indicate that 
people can endure several hours in an e r a  of 0.18-0.22 m2/person (2). The 
discrepance between the literature and the theoretical considerations was the basis 
of the present study. It was conducted to define the tolerance time in an 
encapsulated room by considering both factors: heat stress and air quality. 

MATERIALS and METHODS 

Subiects: 35 young motivated soldiers gave their informed consent to participate in 
this study. 28 participants were female soldiers (age 19fl  yrs, weight 54.5f1.5kg 
AD 1.63M.02m2) and 7 were male soldiers (age 19f1.2, weight 63.2f3.lkgY A,, 
1.64M.02m2). All participants were medically examined and were healthy for the 
last 2 weeks prior testing. 
Environment: The study was cartied out in the inner part of the coastal area of 
Israel during the summer season ("a=30.6M.4"C; rh=40.9f4.9%). 
The encapsulated room's area was 8.4 m2 and its volume 22.2 m3. 

Experimental setutx Seven subjects were tested each day. Exposure started at 11:OO 
AM after initial measurements were taken (HR, Tsk, weight). The participants were 
instructed to stay in the sealed room as long as they could endure while wearing a 
CW protective mask. They could watch TV programs, read, or play quite group 
games. Tolerance time was determined by the time the room had to be opend for 
one of the following reasons: a) one of the subjects wished to terminated his 
participation, b) 0, or CO, concentrations reached safety limits (0,<17%; 
C0,>34), c) after 6hrs, which was set to be the maximal exposure time for this 
study. Taking off the mak during the exposure was permitted; tolerance time with 
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mask was recorded. Chemical toilets were located inside the room. During one day 
a fan was installed inside the room. 

A medical technician was attending inside the sealed room and was counted as 
one of the test subjects. The technician was responsible for all measurements taken 
during the exposure. A physician was attending outside the room and was in close 
touch with the participants by a closed video circuit. 
Measurements: Environmental parameters: ambient temperature and relative 
humidity were recorded every 30 min. by an electronic temperature/humidity 
recorder (Testoterm 452) inside the room and outside it. Heat stress was 
determined by the discomfort index according to Sohar et al. (3). Inspiratory air 
quality (C02,02  concentrations) was recorded every 30 min in close vicinity to the 
subject's month-nose area by an oxymeter Oatex). Heart rate was monitored every 
30 min by a pulse oxymeter monitor (Datex). Chest skin temperature was recorded 
by a termistor (YSI-401) every 30 min. Fluid balance was calculated from 
differences in weight which were taken (*log) immediately prior and after 
exposure. Fluid consumption was ad lib. 

RESULTS 

Environmental Conditions: The climatic conditions which prevailed during the 5 
days of the study are depicted in fig 1 (meankSEM); ambient temperature was 
30.6M.4"C and relative humidity was 40.9*4.9%; heat load was 26 DI units, which 
is considered as a moderate heat load (3). The environmental conditions which 
developed inside the sealed room are summarized in fig. 1. 

Fig  1 :  C h a n g e s  in env ironmenta l  c o n d i t i o n s  outs ide  
and ins ide  the sealed room 
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Temperature was slightly above the ambient temperature (+0.7"C); relative 
humidity reached within 30 min maximal levels of 90k2%. Heat load was 
accumulating and already after 30 min it was considered as heavy heat load (>28 
units). 
Air aualitv: Inspiratory oxygen concentration was steadily decreasing 
concomitantly with a rise in CO, (fig 2). Linear regression lines (14.99; p<O.OOl) 

- 21.0 

- 20.0 

g 
0" 

- 19.0 

- 18.0 

could be adapted for the changes in Oz and COZ concentrations as follows (t=time 
in minutes): 

[OZ]=20.9-0.01~t [C02]=0. 164-0.0065 .t 
Accordingly, safety limits calculated from these regression lines (02<17% 
C02>3%) were reached within 5.5-7h. 

Fig 2: Changes in 0 2  and C02 concentration in the sealed room 
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Tolerance time: Mean tolerance time was 240fi5 min. Only during the exposure in 
which the fan was operating tolerance time was 360min. The reason for 
terminating the exposure was subjective discomfort (315 days) and 0, 
concentrations less than 17% (215 days). 
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The time during which the subject tolerated the protective mask was significantly 
shorter. The time elapsed until the 1st subject took off the mask was 20min; mean 
tolerance time with a mask was 170MO min. 
Phvsiolo~cal Variables: No significant changes were observed in HR during the 
exposures which was in the range of 82-86 bpm. This reflects a relatively low 
metabolic rate of the sbjects. In fact the calculated VO, was about 375f13nVmin. 
Skin temperature was in the range of 35.2-355°C. Noteworthy, on day 5 when a 
fan was operated skin temperature was in the range of 34.5-351°C. 

Since the subject were able to drink ad lib; no dramatic levels of dehydration 
could be observed. 

CONCLUSIONS 

The subjects who participated in this study are not a typical population and 
therefore the results are not reflecting the responses of the entire population. 
Nevertheless, it can be concluded that: 
1. The overall tolerance time was 34h, but the participants tolerated the masks for 

a much shorter period. 
2. Tolerance time based on changes in air quality is probably higher than is 

expected according to the prediction model of Givoni which results from a low 
energy expenditure. 

3. At least for the young healthy motivated population heavy heat load, though very 
discomfort, is not necessarily a limiting factor, as long as exposure is at rest and 
hydration level is adequate. 

4. A fan positioned inside sealed room may be a helpful tool to increase tolerance 
time. 
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PREDICTION OF WORK TOLERANCE TIME USING 
PSYCHOLOGICAL ASSESSMENT TESTS 

J. M. Cook 

Medical Countermeasures, Chemical and Biological Defence Sector, Protection 
and Life Sciences Division, Defence Evaluation Researcli Agency, Porton Down, 

Salisbury, SP4 OJQ, UK 

INTRODUCTION 

Tlie ability to predict an individual's work tolerance time (WTT) is a topic of great 
interest to researchers in inany fields. This study was performed to see if it was 
possible to predict, using standard psychological tests, WTT on a treadmill for 
subjects exercising in clieinical protective clotling (CPC) or standard UK military 
coinbat clotling (control, C). The CPC comprised a two piece garment worn over 
combat clotling, a respirator, and protective rubber overboots and gloves. 

Spielberger's State-Trait Anxiety Inventory (STAI) (1) has been used as a tool 
by Morgan and Raven (2) for predicting respiratory distress in subjects exercising 
while wearing industrial respirators. It has been suggested that individuals wlio 
have ligli trait anxiety scores are more likely to experience respiratory distress and 
other performance lowering effects while performing hard physical work in CPC 
than individuals wlio score in the normal range for this trait. 

Morgan (3) proposed that the personality factor of neuroticism (N) is closely 
related to tlie iidierited degree of lability of the autonoinic nervous system; while 
tlie extraversion (E) factor is closely related to tlie degree of excitation and 
inhibition present in the central nervous system. In tlis work, tlie STAI and 
Eysenck Personality Inventory @PI) (4), were assessed to find out if they could be 
used to predict WTT or tlie decrease in perforinance caused by wearing CPC. Tlie 
STAI gwes ratings of nonnal daily anxiety levels, tlie EPI gives rating of levels of 
N and E and has a built-in lie scale. 

METHODS 

Eighteen male subjects (mean kSD, age 29.7 rt4.0 yrs, height 1.77 k0.06 m, 
weiglit 79.2 k6.4 kg) participated in this study wlich had been approved by an 
independent etlics committee. Eacli person twice performed a modified Balke- 
Ware (5) exercise test on a treadmill, walking for as long as tliey were able or until 
they had completed 28 minutes, whichever occurred first. Tlie tests were 

I 
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performed on two separate days separated by a minimum of 24 hours. The 
treadmill maximum gradient was 22% and subjects who reached this gradient 
continued at the same slope until completing 28 minutes. Half of the participants 
wore CPC for their first test and the remainder wore C. Exercise tests were 
carried out at an ambient temperature of 21° C dry bulb, with a relative humidity 
of 50%. 

Before performing the exercise tests subjects completed the STAl and one of 
the two EPI forms, the second EPI form was completed after the second treadmill 
walk. The STAI form presents lists of statements to be rated by subjects according 
to how well they described their current feelings. The inventory differentiates 
"state" or feeling at the moment, from "trait" or feelings generally. The EPI 
questionnaire measures two of the main personality dimensions; the factors of 
extraversiodintroversion and neuroticisdstability. It is available as two matched 
forms, Form A and Form B each containing 57 questions. Half the subjects who 
wore CPC for their first treadmill test completed Form A before starting the test, 
with the remaining half completing Form B. At the end of the second exercise test 
each subject filled in the complementary form. None of the forms were scored 
until the exercise tests were complete. 

Test Scoring The STAI had a total of 40 statements on each questionnaire, 20 
statements each with four possible responses made up form Y-1 which indicated 
the subject's state; on the reverse of the page a further 20 statements, again each 
with 4 possible responses, made up form Y-2 which indicated the subject's trait. 
Each STAI response option had a weighted score of 1 to 4. To obtain scores for 
the S-anxiety and T-anxiety scales the weighted scores were added for the twenty 
items that made up each scale. The combined scores for each scale can vary from 
a minimum of 20 to a maximum of 80. Normal values for the scales were taken 
from those published in the test manual (1). The EPI had a total of 57 questions 
on each form. The maximum possible score for E and N was 48 each for the two 
parts of the form combined, the remaining questions gave a lie rating for the scale. 
The normal standardsation scores (3) for the EPI have a subgroup of results for 
military subjects, these standards were used for analysis of this work. 

Relationships between the total WTT (ie endurance time) and the STAI or EPI 
scores were investigated using Pearson Correlation analysis. Data are presented as 
mean (+SD) and Pearson product moment correlation, r with level of probability, 
p; statistical sigtllficance was accepted at p < 0.05. 
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RESULTS 

The participating subjects had low scores for both state and trait anxiety, these 
were significantly below the mean values published by Spielberger, suggesting that 
the testing was not perceived as stressful. Measured scores were state 24.7 (2C4. 1), 
trait 28.1 (k7.1); Spielberger mean values are state 35.72 (k10.4) and trait 34.89 
(k9.19). The scores for the EPI showed that tlie group had low scores for N and 
above average scores for ratings of E. In this work tlie score for N was 16.6 
(k7.1), for E 32.1 (k7.0); Eysenck mean values are N 20.8 (k9.2), E 27.9 (2C7.2). 

There was no statistically significant relationship between WTT in C or CPC 
and the state or trait scores froin the STAI, nor was there any relationship between 
the WTTs and the score for N froin the EPI. However, there was a relationship 
between E froin the EPI and the WTT in both C and CPC (r = -0.6, p = 0.009 for 
C and r = -0.6 p = 0.008 for CPC). Taking the time difference between WTT in 
each clothing condition and regressing it against the E scores, indicated that there 
was a trend for the E score to be predictive of the time difference, but that this 
trend was not statistically significant (r = -0.4, p = 0.09). 

CONCLUSIONS 

This study did not show any relationship between state and trait anxiety levels, or 
level of neuroticism, and the ability to perforin the steadily increasing level of 
work in the graded exercise test. While the STAI has previously been used 
successfully to predict reduced work performance caused by respiratory distress (2) 
it does not have any ability to predict WTT in this exercise test. 

The relationship between WTT and E in this work shows that those with the 
highest E scores had shorter working times in both C and CPC. This does not 
agree with Morgan (3) who states that extraverted subjects perceive the same 
intensity of exercise to be less strenuous than introverted subjects; but only at 

where discoinfort or pain is encountered during work. The results of this work do 

were able to "turn in on themselves" and thus ignore any discomfort and work for 
longer. 

This study has shown that under these specific exercise conditions the 
extraversion personality score in the Eysenck Personality Inventory can be related 
to work tolerance times in combat or chemical protective clothing. Further 
investigation is required to assess if t l ~ s  relationship holds for different work rates 
and exercise modes. 

I higher work loads. He suggests that tlie influence of personality would be greatest 

not fit in with Morgan's theory; an alternative is that the more introverted subjects 
I 

I 

! 
I 
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Graphs of WTT-C and WIT-CPC vs STAI scares 
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EFFECTS OF BEHAVIORAL THERMOREGULATION 
ON DYNAMIC THERMAL RESPONSES 

S.Y. Suli and K. Hong 

Department of Clothing and Textiles, Chungnam National Univ. 
220 Goong-dong Yusung-goo, Taejon, 305-764, Korea 

INTRODUCTION 

Effects of the way of wearing clothes on physiological responses have been a 
subject of a behavioral regulation. Much of the earlier researches, however, 
involves physiological accliniatization produced by continous long-term exposure 
to cold environment. Since acclimatization is a continuum of many small counter 
balanced changes, acute physiological response in a dynamic mode would give 
the complementary information along with steady-state physiological responses(1). 
Most workers in a cold storage room esperience changing environmental 
conditions, for esample, moving €rom a cold working environment to a warm pause 
room within a time scale of 5 - 30mins(2). It has been also pointed out that there 
has been comparatively little research regarding the negative effect on comfort 
under moderately cold conditions where sinal1 differences in thermal response due 
to behavioral thermoregulation would not be masked due to severe environment. 

Jeong and Tokura(3) disclosed that esposing tlie extremities of the sedentary 
subject wearing a single layer of garments to tlie cool environment(l0 "C) induce 
a rise in core temperature. More considerations are necessary for the moderately 
cold room workers in the following aspects: 1) cooler but dynamic working 
conditions 2) possibility of wearing additional clothing items. Therefore the 
objective of this paper is to esamine the €allowing questions: 1)Are there any short- 
term physiological changes throughout the wearing phases as seen in Fig. 1 in the 
moderately cold but dynamic working conditions (20 "C -5 "C -20 "C) compared 
with the previous paper(3)? 2) What is the effect of insulating items over a short 
innerwear when tlie total clothing weight of the four kinds of clothing ensemble is 
controlled to be tlie same each other as shown in Fig.21 

MATERIALS AND METHODS 

Eight healthy male subjects, aged 18-25 years, were dressed in eight different types 
of clothes, i.e. combinations of innenvear (100 % colton double knit, long or short 
type), outenvear( PET/COT 65/35, twill) and insulation items such as hood, vest, 
hat, gloves or socks (100% cotton, knit). Total insulation value was estimated by 
program cloiiim version 3.01 (Loten, W.A. & Havenitli, G., 1992) for tlie tested 
ensemble. It was ranged €ram 0.3 clo for the short innenvear(S) to 1.0 clo for the 
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I 
Fig. 1. Esperimental clothing for the test 

throughout wearing phases . 
Fig .2. Esperimental clothing for the test 

of effects of the various items. 
(Condition: equal clothing weight) 

most insulating assembly (LMO). The weight difference between long and short 
undcnvear was matched to a vest(V) or h o o d 0  or gloves-socks-hat(M), so that the 
total clothing weight of L, SV, SH or SM was controlled to be the same. 
Environmental chamber I was adjusted to 20 "C, 60 _+5% RH, 0.14 d s e c  and 
adjoining chamber I1 was set at 5 "C, 60 15% RH, 0.2dsec as a cold room. Rectal 
temperature was measured every 2-3 mins during the test protocol, which is rest 
(20mins, 20 "C)-rest (20 mins, 5 "C )-esercise(l5 mins, 5 "C , moderate work load 
using a bicycle ergonieter)-rest(20 niins, 20 "C ). Skin temperature data collected 
using T-type thermocouples connected to a data logger every min. Mean skin 
temperature of 10 sites were calculated (4). Blood pressure, heart rate and 
subjective voting were measured. All experiment were conducted according to the 
randomized complete block design. 

RESULTS 

1.Effects of estremity esposure throughout the wearing phases on rectal 
temperature: Rectal temperature was relatively kept higher in short innerwear(S) 
than in long innenvear(L) under the normal room temperature. Rectal temperature 
of S, however, becomes equal to that of L in the moderately cold condition(Fig.3). 
If the subjects wore gloves, socks, and hat with short innenvear, exposing only 
forearm and calf(SM), rectal temperature was maintained to be higher than LM 
both in 20 "C and 5 "C chamber at rest state(Fig.4). Additive wearing of outerwear 
over the long and short innenvear with miscellaneous insulating items diminishes 
the effects of extremity esposure on rectal temperature, hence, the rectal 
temperature of LMO was higher than that of SMO throughout the experiment, 

2. Effects of the insulating items with equal clothing weight : The rectal 
teinperature in the case of L was kept to be the lowest both in 20 "C and 5 "C 
chamber at rest state. Higher rectal temperature in the case of short underwear 
with miscellaneous items on extreniities(SM) or hood(SH) indicates that 
vasoconstriction is still occurring at the exposed forearm and calf(Fig.5). 
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Fig. 3. Effects of extremity exposure 
.( S vs. L) on rectal temperature. 

Fig. 4. Effects of forearm and calf esposure 
(SM vs. LM) on rectal temperature. 

Moreover, heat loss from extreme peripherals and the head is reduced due to the 
covering of those parts. It is also noted that in the moderately cold 
conditions the rectal temperature of short innenvear with vest(SV) was statistically 
the same as that of long inncnvcar, Le. undcr the condition of controlled total 
clothing wight, covering the torso with vest over short innenvear was not enough 
to keep the rectal temperature higher than long innenvear. However, rectal 
temperature of SM was statistically higher than that of SV or L. 

3.Changcs in rcctal tcmpcrature in dynamic conditions: The clianges in rectal 
tcniperalure were different depcnding on the kind of thernial load. Rectal 
temperature decreased more steeply for the case of exposed estremities (S, SV, SM) 
than L when the subjects moved from the condition of 20 "C to 5 "C. When the 
subjects exercised in the cold room, however, the rectal temperature showed 
slower increase in the case of S, SV and, SM than L or SH. When subjects 
entered 20 "C chamber after exercise in the cold room, rectal temperature of S, SV, 
SM decreased sharply compared with that of L. 

4. Skin tcmpcraturc & other rcsponses : Generally, the mean skin temperature of 
SV and SM was the highest excluding the case of wearing outenvear(tab1e l), 
eventhough the rectal temperature of SV and that of SM were in the diirerent 
range as stated earlier. Espccially, at 20 "C chamber, during the beginning 20 
mins of the esperiment, pulse and dia. blood pressure of SM were higher than 
that of SV. Psychologically, SM at the initial 20 "C was felt warmer than SV. As 
for the skin temperature of the extremities, skin temperature of upperarni and thigh 
was noteworthy. Upper arm and thigh skin temperature of SM or SV were higher 
than that of L, eventhough forearm and calf are exposed and vasoconstriction is 
still effective in the esposed area. Slight compensation effect was found at the tip 
of finger and toe. Skin temperature of toe and fingertip in the case of S was higher 
than other clothes. 
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Table 1. Means of weighted mean skin 
temperaure at 5 "C conditions. 

5 "C rest 
Means Clothes Means Clothes 

5 "C esercise 

I * N  

3.5 m 
Time, min 

Fig. 5 .  Effects of the distrubution of the clothing 
items with the equal clothing weight. 

27.68 a 
27.38 a 
26.44 b 
26.42 b 
26.40 b 
26.01 c 
25.92 c 
25.78 d 

SMO 25.68a 
LMO 25.56a 
SM 24.42b 
SV 24.37 b 
LM 24.11 c 
L 23.53 d 
SH 23.27e 
S 23.18 e 

SMO 
LMO 
SV 
SM 
LM 
SH 
L 
S 

~ 

* means with the same letters 
are significantly diKerent 

C 0 N C L U S IO N 

A rise in rectal temperature due to short-term esposure of the estremities in S was 
observed only for limited temperature range. Esposing forearni and calf only (SM) 
\vas more effcctive than S at 5 "C. Rectal tenipcrature of SM was higher than 
LM even in 5 "C , which reflects that both vasoconstriction at the esposed area and 
reduced heat loss from hand and feet seemed to be beneficiary at this temperature. 
Wearing a short innenvear with hood (SH) induced a relatively high and stable 
rectal temperature throughout the dynamic changes in environmental temperature 
and work load, which is a relatively difrerent response compared with other 
clothing ensemble. Further study on the effect of esposing extremities on 
physiological response is necessary across the wider range of temperature. 
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CARDIAC STRAIN IN TWO CONSECUTIVE EXPOSURES TO HEAVY 
WORK WITH FIRE-PROTECTIVE EQUIPMENT IN THE HEAT 
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(1) Finnish Institute of Occupational Health and University of Kuopio, Box 93, FIN- 
70701 Kuopio, Finland; (2) Finnish Institute of Occupational Health, Laajaniityntie 
1, FIN-0 1620 Vantaa, Finland; (3) Institiit fur Arbeitsphysiologie, Ardeystrasse 67, 

4600 Dortmund-1, Germany 

INTRODUCTION 

Fire-fighting and rescue operations such as smoke-diving are often strenuous and 
carried out in a hostile environment which requires the use of protective clothing and 
equipment. A multilayer turnout suit designated to fulfil the European standard, EN 
469 (1) provides a good protection against fire, thermal radiation and chemicals. On 
the other hand, the suit is heavy when used over standardised (Nordic) clothing and 
with a self-contained breathing apparatus (SCBA). The recent study of Louhevaara 
et al. (2) indicated that this type of fire-protective clothing system and SCBA (total 
weight: 26 kg) increased submaximal cardiorespiratory responses as well as 
decreased the maximal power output, on average, 25 % in a thermoneutral 
environment. Few reports are available about the effects of this fire-protective 
clothing system and SCBA on physical work performance in the heat (3, 4), and no 
information can be found on the effects in repeated combined exposures to heavy 
dynamic work and heat. 

The aim of this study was to investigate cardiac responses in two consecutive 
exposures simulating physically and thermally demanding smoke-diving tasks with 
the European standard based turnout suit used over standardised (Nordic) clothing 
and with SCBA. 

MATERIAL and METHODS 

The subjects were 12 male experienced fire fighters with the mean age of 32 years 
(range: 26-46 years). The mean (range) of their weight, height, body fat, maximal 
oxygen consumption (V02max) and maximal heart rate (HRmax) was 86 (69-101) 
kg, 180 (174-187) cm, 14 (10-20) %, 46.9 (33.4-73.3) ml/min/kg, and 186 (168-194) 
beatdmin, respectively. 

After the medical examination and maximal exercise test on a treadmill the subjects 
performed two consecutive tests (15 min + 15 min) simulating demanding smoke- 
diving. Both tests included the same exposure to heavy dynamic work (treadmill 
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walk, speed: 4.5 km/h, angle: 2", estimated V02 with fie-protective equipment: 25 
mI/min/kg), to hot dry environment and to the use of fire-protective clothing 
(Nordic) system and SCBA having a total weight of 25.9 kg with thermal insulation 
of 1.85 clo (2). In the tests the environmental characteristics were the following: 
ambient temperature (Tal: 50 "C, radiant heat: 1000 W/m2, relative humidity: 20 %, 
and air velocity: <0.3 d s .  The consecutive tests were repeated with four 
combinations of the length of recovery and Ta during recovery between the tests 
(WO, 30/0, 15/20, and 30 mid20 "C). Cardiac (HR, systolic blood pressure, SBP, 
and the rating of perceived exertion, WE) and thermal responses were registered in 
the tests. SBP was measured before the tests and 3-4 minutes after the tests in a 
sitting position. The criteria for the interruption of the tests were exceeding the level 
of 90 % of the individual HRmax or 39 "C in rectal temperature. 

The statistical significance of the differences in the cardiac responses and work 
performance in the four test combinations was tested by two-way analysis of 
variance with repeated measures. 

RESULTS 

Three subjects passed all tests without interruptions. Seven second tests were 
interrupted when the preceding recovery time was short (15 min) and warm (20 "C). 
The mean incomplete performance time was 1300 s. The length and Ta during the 
rest pauses between the tests did not affect significantly the number of interruptions 
in the second test but they affected endurance times significantly (p<O.OOl)(Table 2). 

Table 2. Number of the interruptions and the mean incomplete performance time in 
the second tests after the different combinations of the length of recovery and 
ambient temperature (T,) during the rest pauses between the tests. 

Number of interruptionsa Mean incomplete 
(n) performance timeb (s) 

Length(min) 15 30 15 30 

Ta 20 7 5 1300 648 
("C) 0 5 4 948 367 

a p=0.899, p<O.OOl 

At the end of the second test following the 15 mid20 "C rest pause HR was 72212 
beatshin associated with W E  of 1621. SBP was 134+17 M g .  For t e tests 
combinations of 1510, 3010, and 30 mid20 "C the corresponding values were 17129 
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beatshin, 1721 and 128214 mmHg, 162+.15 beatshin, 16k1 and 137218 mmHg, 
and 170213 beatshin, 16+1 and 135549 mmHg, respectively. The length and Ta of 
the rest pauss between the tests affected significantly (p<0.05) HR (Fig. 1). 
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Figure 1. Mean heart rate (HR) of the 12 subjects in the experiments. R=Rest, 
Al=First test (15 min), P=Rest pause (15 or 30 min), A2=Second test (15 min), and 
E=Recovery period (30 min). The measurements were interrupted when the subjects 
walked from the thermal chamber to the recovery chamber and vice versa. 
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The interruptions of the tests were always due to M over 90 96 of the individual 
maximum. The length of the preceding rest pause or its Ta had no significant effects 
on SBP and RPE of the second test. 

CONCLUSIONS 

The cardiac strain in the present consecutive multi-exposures was too heavy for 
about the half of the subjects who were experienced fire fighters with an average or 
good VO2max. In actual fire-fighting and rescue situations, repeated exposures 
consisting of heavy dynamic work, hot environment and the use of the Nordic type of 
fire-protective clothing system and SCBA should be avoided or sufficient time for 
recovery should be given. All possible means should be considered to reduce the 
weight of protective clothing and SCBA so that the balance between a fire fighter's 
physiological strain and safety could be optimised. 
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IECS: SUCCESSFUL IMPLEMENTATION OF 
THE LAYERING PRINCIPLE 

John Frim 
Defence and Civil Institute of Environmental Medicine 

North York, Ontario, CANADA M3M 3B9 

INTRODUCTION 

The layering principle has long been touted as the way to dress for work in the cold. 
In theory, multiple layers of clothing should allow for adjustment of insulation by 
the addition or removal of layers as needed to match thermoregulatory requirements 
under changing weather conditions and/or levels of activity. Failure to adjust 
insulation could lead to excess sweating and moisture buildup in the clothing with a 
reduction in effective insulation. 

Until recently, achieving a practical layering system has been difficult. This is 
mainly because many clothing designs rely on the outer layer of fabric as the only 
protection against the elements of wind, rain, snow, etc.; hence, this layer must 
always be worn, and it is the underlayers that are added or removed as required. 
This creates a multi-step undressinghedressing situation, with the result that users 
may choose not to fuss with the clothing but rather to stay dressed in a less than 
optimum amount of insulation (perhaps too little, more likely too much). 

The Improved Environmental Clothing System (IECS) is a new concept in cold 
weather clothing for the Canadian Forces (CF) designed to cover the temperature 
range from +1O"C to -40°C. It comprises only three clothing layers, and it is the 
outer layer that is added or removed to operationally adjust the level of insulation. 
The key to this system is the incorporation of a water vapour permeable moisture 
barrier (Goretex@) into both the outer and middle layers. The middle layer is worn at 
all times, so when the outer layer is removed, as during strenuous activity, the 
middle layer still provides protection against the elements. The inner layer is worn 
only during extremely cold weather when the middle layer by itself would be 
insufficient insulation even during moderate-to-strenuous activity. 

The IECS was tested against the current in-service clothing systems in a climatic 
chamber using both intermittent work (Work) and continuous rest (Rest) protocols 
in both high (HI) and low (LO) wind conditions at -10°C and -40°C. Space 
limitations only permit the -10°C results to be described in detail. 

MATERIALS and METHODS 

Twelve military subjects participated in this study. Eight were used in each of the 
two test series (-10°C and -4O"C), with four subjects participating in both series. 

Three clothing systems were compared in each series: at -10°C the new temperate 
(NT) configuration of IECS was compared to the current temperate (CT) and 
current cold (CC) systems; at -40°C the current cold (CC) configuration was 
compared to light parka (LP) and heavy parka (Hp) versions of IECS, which 
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differed only in the quantity of insulation. As would be done operationally, the IECS 
outer parka was donned and doffed for the rest and work phases of the intermittent 
Work protocol, while the parka of the current clothing was simply opened and 
closed for ventilation. 

Physiological measurements included rectal temperature (Tie), 12-point skin 
temperature and heat flux which yielded mean skin temperature (MST) and mean 
heat flux (MHF), heart rate (HR), and nude weight change as a measure of body 
fluid loss (FLOSS) by sweat. Subjects periodically provided subjective ratings of 
thermal comfort for whole body, head, hands, feet, arms and legs on a 13 point 
comfort scale. 

Statistical analyses involved a repeated measures analysis of variance (ANOVA 
repeated, 3 within factors). Attention was focused on the main effect of clothing and 
on interaction effects in which clothing was a factor; the effects of wind and 
activity, either singly or in combination, were not considered extensively. 

For the -10°C series, all subjects completed 150 min of exposure under all 
conditions. The final time point data are, therefore, directly comparable and are 
probably good integrated measures of the performance of the clothing systems under 
the various test conditions. However, since not all subjects were able to complete 
the -40°C tests, the "final" data from this series represent physiological responses 
after various times of exposure and may not be directly comparable. 

RESULTS 
The T,, responses over time were quite dependent upon the test conditions. TI, was 
elevated during the Work protocol compared with Rest irrespective of the clothing 
worn, and very definite increases in T, (about 0.5"C) were observed during the first 
40-min work phase. During the resting phases of the Work protocol, T,, dropped by 
0.2-0.3"C, only to climb again with commencement of the next activity session. 

The data for the LO and HI wind conditions were qualitatively similar, the major 
difference being that T,, values at the end of the exposure during HI wind were 
slightly lower than in the LO wind condition. The least difference between wind 
conditions occurred with ensemble NT, suggesting that the new clothing with its 
Goretex@ membrane is very effective at stopping wind. 

Perhaps the most important observation is that the IECS NT clothing ensemble 
usually gave responses that were intermediate between CC (which may have been 
too insulative) and CT (which may have provided insufficient insulation) during the 
Work protocol. During Rest, ensemble NT appeared to maintain T,, better in the 
long term than the other two configurations of the current in-service clothing 
system. 

MST followed a rather expected pattern over time. During Rest, MST decreased 
along a smooth exponential-like curve, reaching lower values with HI wind 
compared with LO wind. Also as expected, skin temperatures decreased most with 
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ensemble CT. During Work, a similar overall cooling trend for MST was observed, 
but with superimposed undulations which followed the workhest intervals of the 
Work protocol. Keeping the CC parka on (albeit open) definitely kept skin 
temperatures warmer (perhaps too warm) than donning and doffing the NT parka. 
However, since all subjects tolerated 150 min of the test, ensemble NT was 
probably warm enough. 

The final mean skin temperature (MSTf) clothing by activity interaction plot 
(p<O.Ol) is shown in Figure 1. Ensemble CT was clearly unable to maintain warm 
skin temperatures, especially during Work. Whereas there was no difference 
between ensembles CC and NT during Rest, there was a clear difference during 
Work. As to which response is more desirable, the FLOSS data indicated 58% more 
sweat loss during Work with ensemble CC compared to ensemble NT. 

In general, thermal comfort declined over time. Overall mean scores at 150 min 
were approximately 6.8 for the head, 6.0 for the whole body, 5.4 for the hands, and 
5.3 for the feet. The influence of activity could clearly be seen in that during Rest 
the declines were quite smooth whereas during Work the ratings undulated in 
response to the cyclic activity. In the majority of cases, the NT ensemble comfort 
scores were between those of ensembles CC and CT. 

Figure 2 shows the clothing by activity interaction for whole body comfort. For 
ensemble NT the whole body rating remained quite steady between Work and Rest, 
whereas CC showed too much warmth during Work. This is consistent with the 
MST and FLOSS data presented previously. 

Most subjects were not able to tolerate 150 min at -4O”C, especially not with HI 
wind. It is noteworthy, however, that the longest durations were obtained with the 
IECS. Surprisingly, little difference was noted between the two levels of insulation. 

CONCLUSIONS 
As a general summary of the thermal comfort results, subjects preferred the IECS 
over the current clothing systems. It allowed simple adjustments to the insulation 
levels to accommodate various activity levels, and its insensitivity to wind, probably 
due to the Goretex@ membrane, demonstrates a superior garment system. 

Based on physical, physiological and subjective data, the IECS clothing system 
performed “better” than the current in-service clothing. Follow-on field trials and in- 
service use have confirmed the benefits and user acceptance of this new clothing 
system. Employing modern clothing materials, the IECS finally brings the layering 
principle into practice. 
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PROTECTION FROM GLOVE AGAINST CONTACT COOLING 

Fang Chen, H&an Nilsson, Ingvar Holm& 

Department of Ergonomics, National Institute for Working Life, Solna, Sweden 

INTRODUCTION 

When work is performed in a cold environment, usually gloves are required and 
provided. The selection of appropriate gloves depends on several factors such as the 
actual temperature, glove type, performance and type of work. The thermal 
protection provided by the gloves should comprise the protection from both 
convective cold and contact cold. Recently, several reports about hand contact with 
different cold surfaces with or without gloves have appeared in the literature (1, 2). 
None of the reports have described the local thermal responses of the gloved hand 
in contact with a cold surface. The European standard EN 5 11 provides tests and 
classification of resistance to convective and contact cooling, respectively. 
However, the basis for classification levels has been poorly validated in studies of 
human thermal reactions using gloves in the cold. 

The present study investigated the skin temperature change of the protected hand in 
contact with different cold metal surfaces. Five different gloves were compared 
regarding their thermal protection against cold contact. 

METHODS 

A mini hot plate (MHP) (3) was used to test the contact themal resistance of the 
gloves and a heated full scale thermal hand (TH) (4) was used to test the convective 
thermal resistance of the gloves. 

Five different kinds of working gloves were chosen. Glove A was made of 100% 
cotton in a single layer. Glove B was made of grain from pig and half lined on the 
palm side and some cotton materials on the back of the glove between the leather. 
Glove C was knitted with 100% wool in a single layer. Glove D was made of grain 
ffom sheep with an artificial fur liner as the insulation layer. Glove E was made of 
grain from pig with an artificial fur liner as the insulation layer. Table 1 gives the 
resistance values against convective and contact cooling of the five gloves. The 
performance level in the table indicates the classification according to EN 5 1 1. 
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Glove I Weight I Contact resistance Convective resistance 

A 

Seven subjects (4 females and 3 males) volunteered for the experiments. A printed 
instruction was given to the subjects and they had the right to withdraw whenever 
they wanted. Skin temperature was measured at the finger pad of the index finger 
in the contact area (Tcont) with a small, fast responding thermocouple. The local 
cold exposure was conducted in a small chamber which was placed in a laboratory 
at room temperature. The air was cooled by liquid carbon dioxide evaporation in 
the chamber. The air temperature in the chamber could be maintained with a 
precision of *l°C. An 11 cm aluminium cube was put inside the small chamber 
and its temperature was equivalent to the air temperature. The aluminium surface 
temperature and the air temperature beside the cube were measured simultaneously. 
All the temperatures were recorded with thermocouples (J type). 

(g) m2 "C/W Perf. level m2 "C/w Perf level 
9.1 0.021 0 0.050 0 

After recording all the temperatures for one minute, the subject was asked to insert 
his or her left hand into the small chamber and press the metal cube surface with 
the index finger. The temperatures were recorded once per second, progressively 
slowing down to 1 record in 8 seconds. The aluminium cube was put on a balance 
to control the contact pressure. The cold exposure was stopped under the following 
circumstances: 1) when the subject felt very cold, very much pain, or felt tired; 
2) when the skin temperature on the finger reached 0 "C, or 3) after 15 minutes of 
contact. 

B 
C 
D 
E 

The experiment was a three-factorial design. The three factors were glove (A, B, C,  
D, E); cube surface temperature (T, at -7, -14 and -21 "C) and contact pressure 
(0.98, 5.8 and 9.8 N), The multiple ANOVA analysis was performed using the skin 
temperature of the contact area (Tcont) after 1, 5 and 10 minutes of cold exposure. 

70.9 0.043 1 0.113 1 
39.8 0.046 1 0.080 0 
142.2 0.052 2 0.167 2 
93.2 0.084 2 0.182 2 
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RESULTS AND DISCUSSION 

Gloves, T,, and Pressure had significant effects on Tcont at 1, 5 and 10 minutes 
(pC0.05). Significant interactions between Glove and T,,, and between Glove and 
Pressure were found for T,, at 1 minute. The multiple range test of variance was 
used to specify the painvise comparisons between means for the different levels of 
each factor. Table 2 shows the differences between the factor levels. 

Table 2. The significant differences between the factor levels for all the dependent 
variables. 

Dependent variables Gloves T,, ("C) Pressure (N) 
Tcont 1 min A, B, C, DE* -2 1 0.98 
Tcont 5 min A, BC*, DE*, -2 1 0.98 
Tcont 10 min A, BC*, DE* -2 1 0.98 

Dt** A, BC*, DE* -7 0.98 
e.g.: BC* and DE* means that there was no significant differences between glove B 
and C, or D and E, but both of them differed significantly from the others. 
** Dt represents the duration of contact. 

The analysis indicated that under all the conditions, glove A was very different 
from the others (poor protection). Glove B and C had quite similar capacity for 
protection against cold contact, as well as D and E. The contact pressure of 5.8 and 
9.8 N had no significantly different effect on the cold contact. The contact skin 
temperature was significantly higher with pressure of 0.98 N than with other two 
pressures. This indicated that a contact pressure higher than a certain level (might 
be lower than 5.8 N), did not increase the contact cooling. Touching -21OC metal 
swface with gloved hand, the skin temperature decreased significantly. There was 
no significant difference of the skin temperature decreasing between touching -7°C 
and -14°C metal surfaces. 

The results showed that glove A provided poor protection at -7 "C. Almost in all 
the subjects, the contact skin temperature reached below 12 OC. Such a level is 
reported to impair the tactile sensitivity and manual dexterity (5, 6) .  Some of the 
subjects even ran the risk of frostnip injury (skin temperature was lower than 
1 "C) (1). The glove A should not be used in a cold environment below -7 "C. 
Similarly, the gloves B and C provided poor protection from -7 to -14 OC. In many 
of the subjects the contact skin temperature reached below 12 "C within 9 minutes 
of contact with a pressure higher than 5.8 N. The results indicated that glove B and 
C can be used in a cold environment at -7 to -14 "C, if work time is shorter than 5 
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minutes. Gloves D and E provide protection down to -14 "C. At -21 OC, the contact 
skin temperatures of most subjects decreased below 12 OC within 15 minutes. 

CONCLUSION 

Glove type, pressure and temperature significantly aected the cooling of the 
finger. Results from wear trials indicated good agreement with the ranking 
achieved by the gloves in technical tests. More glove types and more wear 
conditions are needed to fully verify the relevance of the EN 511 classification 
system. 
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PHYSIOLOGICAL RESPONSES OF WOMEN AND MEN TO 
EXERCISEINDUCED HEAT STRESS IN FIREFIGHTING GEAR 

Denise L. Smith and Timothy S. Manning 

Department of Physical Education 
Skidmore College, Saratoga Springs, N.Y., USA 

INTRODUCTION 

Firefiglithg involves performing strenuous physical work in heavy (approx. 20 kg), 
protective clotling. The combination of exercise, tlie weight, insulative properties, and 
low moisture vapor penneability of tlie gear, and the external heat load places a 
considerable physiological stress on tlie body. Because of its central role in metabolism 
and tliennoregulation, tlie cardiovascular system is largely responsible for meeting tlie 
deinands of the physical activity and tlie thennal stress. During firefigliting, a 
competition for blood flow ensues between tlie inetaboficdly active muscles and the 
body's heat dissipating ineclianisins. If the cardiovascular system Gls to meet these 
competing demands, heat stress injuries inay occur. 

Although it is well recognized that lieat stress places a considerable load on the 
body, tliere are relatively few studies that have doclllnented tlie inagnitude of the 
pltysiological stress of perfonning work in firefighting gear. Fewr studes have 
investigated tlie differences between the pliysiological responses of inen and women 
while perfonning work in firefigliting gear, despite tlie dranatic increase in the nwnber 
of women in the fire service. Therefore, tlie purpose of this study was to describe the 
effects of exercise-induced heat stress in firefigliting gear on selected physiological 
variables in healthy young women and men. 

METHODS 

Subjects were 15 healthy volunteers (N=7 men, N=8 women) between tlie ages of 17 
and 37 years. All subjects provided written infonned consent and completed a liealtli 
history questionnaire prior to testing. The protocol w a s  approved by tlie Human 
Subject's Review Board. All subjects were fiee of all known cardiovascular disease. The 
men were sigt~cantly heavier (75.9 +_ 9.7 vs 61.8 t 5.7 kg) and taller (178.9 2 8.2 vs 
168.3 i 8.8 cin), and had a lliglier inaxiinal oxygen mwnpt ion  (56.7 & 12.3 vs 44.9 & 
2.9 inl/kg/inin) tlm tl ie woineii wlio parhcipated in this study. 

A repeated measures witl~ subject design was utilized. Subjects perfonned 20 
minutes of stepping exercise on a Stairmaster (Model 4000) in two different clothing 
conditions; mnely a control condition and a gear condition. 011 separate days subjects 
wore: (a) cotton shorts and T-slirt (control condition), and (b) fiefighting turn-out gear 
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(bunker pants, coat, boots, helmet, hood and gloves). The order of testing was 
randomized. All testing was conducted in a thermoneutral laboratory. 

prior to the testing days, subjects performed a maximal, incremental work test on a 
motor driven treadmdl until volitional fatigue. The maximal oxygen consumption 
(VQmax) values obtained during the initial testing served as a descriptor of each 
subject's fitness level, and allowed the investigators to express each participant's 
submaximal workload on a relative basis. All subjects were familiarized with the 
stairstepping machine and the exercise protocol during the initial laboratory visit. 

The testing protocol included a 4 minute pre-exercise period (resting), 20 minutes of 
submaximal stepping exercise and 10 minutes of recovery. Oxygen consumption was 
measured each minute via indirect spirometry. Heart rate was measured every minute 
using a 12 lead ECG (Qumton 750) which was interfaced with an automated blood 
pressure machine ( w i t o n  410) that recorded blood pressure every four minutes. 
Rectal temperature was recorded each minute throughout testing using a rectal 
thermistor PSI, Model 511) inserted 10 cm beyond the external sphincter. The probe 
was connected to a YSI telethermometer (Model 4000) and displayed digitally. Peak 
acceleration, peak velocity and stroke distance of blood in the ascending aorta was 
measured using continuous w e  ultrasound (Exerdop; -ton Instruments). A 
transducer, placed in the suprasternal notch ofthe subject and pointed down towards the 
ascending aorta, measured the frequency shift of the continuous w e  between the wand 
and the blood being ejected from the heart. Psychological measurements were obtained 
throughout the testing to assess thermal distress and rating of perceived exertion. 
Perce@ons of thermal sendons were measured every four minutes using a scale 
developed by Young et al. (1987) with verbal anchors ranging from unbearably cold to 
unbearably hot. Ratings of perceived exertion @?E) were measured every four minutes 
during the 20 minutes of exercise using the 6-20 Borg scale @erg 1985). 

RESULTS 

All subjects completed the 20 minutes of stepping exercise in bath conditions. Table 1 
presents the values obtained during the control trial and during the ftrefighting turnout 
gear trial. The oxygen consumption, expressed relative to body weight (ml/kg/min), did 
not vary sigtvficantly between the sexes for either the control or gear trial. However, 
because the women had a lower VQmax, they were working at a sigtllficantly higher 
percentage of VQmax than the men for both conditions. 

Heart rate, oxygen consumption, thermal diskess and ratings of perceived exertion 
were higher for both sexes when the exercise was performed in the turnout gear. 
Additionally, the women had a higher systolic blood pressure when the work was 
performed in the gear condition. Rectal temperature at the end of exercise was not 
sigtllficantly different between trials. None of the Doppler variables (peak acceleration, 
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Table 1 End-exercise values for botli sexes under botli conditions. (Mean h 1s.d.) 
MEN WOMEN 

Control Gear Control Gear 
HR @Pm) 133.7 (19.7) 168.4 (27.2)' 151.1 (11.5) 178.4 (9.9)' 
vo2 (mykg/min) 24.2 (3.2) 29.1 (5.4)" 23 (1.5) 28 (1.9)" 
VOz (% of max) 43.6 (5.7) 52.5 (10.3)"b 51.4 (4.32 62.7 (5.8)qb 
SBP (imnHg) 171.5 (13.6) 178.5 (12.7) 153.8 (8.8) 169.4 (9.6)a 
DBP (inmHg) 69.6 (10.5) 70.3 (12) 78.1 (12.7) 79.9 (12.6) 
Tc (C) 37.7 (0.5) 37.8 (0.5) 37.8 (0.3) 37.9 (0.3) 
PkA (cmlsls) 38.3 (8.4) 48.4 (16.4) 36.8 (17.6) 48 (14.5) 
PkV ( c d s )  1.2 (.2) 1.2 (0.1) 1.04 (.3) 1.2 (0.3) 

TD 5.25 (.3) 6.8 (0.6)" 5.1(0.7) 6.7 (0.5)' 
3 RPE 15 1.3)" 12.3 (1.6 14.8 (1.5 ' 
' p< .05; Control vs. Gear 

p < .OS; Men vs. Women 

TvI (cm) 12.9 (2.5) 10.6 (2.4) 9.68 (3.2) 11.2 (1.9) 

b 

peak velocity, thnevelocity integrals) were sigtllficantly Werent at tlie end of the gear 
trial compared to tlie control trials. However, peak acceleration was approximately 25% 
higher following tlie gear trial for both men and women. The titne-velocity integral, on 
tlie otlier lmd, was approximately 18% lower at the end of exercise in tlie gear trial for 
the men and approximately 16% higher at the end of exercise in the gear trial for tlie 
women. The Wure of rectal tempralure to increase sigtllscantly is likely related to tlie 
relatively light workload and tlie short duration of tlie exercise task 

Despite tlie fix$ tlmt women were working at a lugher percentage of VQmax, tliere 
mere no signrficant dif€erences between the sexes for heart rate, oxygen coflsumption 
(tnVkg/min), blood pressure, rectal temperature, Doppler variables or psycliological 
variables at tlie end of exercise in tlie gear condition. Despite tlie lack of statistical 
simcance, tlie heart rates at tlie end of exercise was 17 bpm ligher for women tlm 
for men at the completion of tlie exercise in tlie control condition and 10 bpm higher 
tlm tlie men's at tlie end of tlie gear trial. 

DISCUSSION 

Heart rate and oxygen consumption are greater when exercise is performed in 
fiefighting gear than when tlie same exercise is performed in shorts and a T-sl&. This 
is due to tlie weight, insulative properties and low moisture vapor permeability of the 
clotling. Furthermore, tlie ratings of tliermal distress and ratings of perceived exertion 
mimic tlie pliysiological variables (Smitli et al, 1995). The results of tlzis study suggest 
tlmt when men and women per€onn the same absolute submaximal workload for short 
periods in firefigliting gear they respond in a similar manner. This is consistent with 
otlier data that suggests tlmt men and women of similar fitness respond to exercise in 
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hot environments in the same way. In fact, the slightly higher heart rates seen in the 
female subjects in this study are most likely related to the k t  that they had a lower 
VOgnax and were therefore working at a higher percentage of V Q m .  It should be 
noted that the exercise duration was short and that greater merences may be evident 
following prolonged exercise. 

It is interesting to note the different trends in the male and female response for the 
time-velocity integral. Assuming that aortic diameter is unchanged throughout the 
testing protocol, changes in the time-velocity integral parallel changes in stroke volume 
(SV = cross-sectional area of aorta times TVI). The trend for stroke volume to be lower 
at the end of the gear trial in males is consistent with published data that suggests that 
stroke volume is lower when exercise is performed in a hot environment versus a 
themoneutral environment (Rowell, 1974). The trend for stroke volume to be higher at 
the completion of the gear trial in females is more diflicult to explain. It is possible that 
this findmg is related to an earlier and more profuse sweating in males (Avellini et al, 
1980). A greater sweat loss could cause a reduction in lee-ventricular end diastolic 
volume, thereby leading to a decrease in stroke volume (Coyle & Montain, 1993). Ths 
trend warrants further investigation. 
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INSULATION VALUES FOR COLD WEATHER CLOTHING 
UNDER STATIC AND DYNAMIC CONDITIONS 

Elizabeth A. McCullough and Chi1 Soon Kim 

Institute for Environmental Research, Kansas State University, 
Manhattan, KS 66506 USA 

INTRODUCTION 

Insulation values for indoor clothing that were measured with a stationary, 
standing manikin are available in the literature [I] and in IS0 and AS- 
standards [2,3]. Little data are available, however, for clothing ensembles 
designed for use in cold environments. In addition, the reduction in insulation 
during movement (Le., dynamic or resultant insulation) has not been documented 
for a wide range of cold weather clothing [4]. Equations for predicting the 
decrease in insulation due to movement that were developed from a large data base 
of indoor clothing [5]  are not valid for cold weather clothing because the outdoor 
garments have more fabric layers, thicker layers, and more body coverage. 

The purpose of this study was 1) to develop a large, representative data base of 
static (standing) and dynamic (walking) clothing insulation values for different 
types of clothing designed for use in cold environments, 2) to determine the change 
in insulation due to walking, and 3) to deyelop regression equations for predicting 
static insulation and dynamic insulation from selected clothing variables. In 
addition, static insulation was used to predict dynamic insulation directly. 

MATERIALS AND METHODS 

Thirty different clothing ensembles designed for use in cold environments were 
selected for study. These included ski wear, hunting gear, work clothing, 
functional garments, and “everyday” outdoor clothing for men and women. Some 
ensembles were tested with all of their closures secured; others were tested with 
selected zippers, drawstrings, etc. open to maximize pumping. 

The number of garment layers were counted and their thicknesses were measured 
for four parts of the body: torso (i.e., chest and back), arms, thighs, and calves. 
Each garment was counted as one layer if it covered more than 80% of the body 
part. Garment layers were counted--not individual €abric layers. However, 
detachable coat and pant liners were counted as separate garment layers. Thickness 
(mm) was measured with a compressometer according to ASTM D 1777 [GI under 
a 7.6 cm diameter presser foot and very light pressure (0.117 Wa). The thicknesses 
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of garments constructed nith fibefil or down were measured with a pendulum 
vernier height gauge under no pressure. 

The insulation values for the clothing ensembles were measured with a thermal 
manikin in an environmental chamber according to ASTM F 1291 [6] .  The air 
temperature was 14 C and the air velocity <0.15 m/s.  The manikin had 18 body 
segments with independent measurement and control. Its surface area was 1.82 
m2, and its mean skin temperature was controlled at 33.2 C. When the standing 
manikin reached steady-state conditions, a stationary test was conducted for 30 
minutes. After approximately 10 minutes of walking at 90 steps per minute, a 10 
minute dynamic test was conducted. 

Thus, total insulation (I,) was measured under both static and dynamic conditions. 
Intrinsic clothing insulation (Ic]) was determined by subtracting I, / fcl from I, for 
each ensemble. The clothing area factor (fcl) for each ensemble was estimated [ 1,2], 
and the resistance of the air layer around the nude manikin (Ia) was measured 
while he was standing (0.68 clo) and walking (0.49 clo). The percent change in 
insulation was obtained by dividing the absolute change in insulation by the static 
insulation value and multiplying by 100. 

Step-wise multiple regression analyses were conducted to predict the static 
insulation value and dynamic insulation value from the number and thickness of 
garment layers on different parts of the body. Linear regression analyses were also 
used to predict the dynamic insulation value from the static insulation value, 
These regression equations are applicable to ensembles with static intrinsic 
clothing insulation values (Icl) ranging from 1 to 4 clo and with ensemble weights 
without footwear ranging from about 1 to 4 kg. 

RESULTS 

According to this study, the total static insulation values for cold weather clothing 
ensembles ranged from 1.51 clo to 4.12 clo, and the intrinsic static insulation 
values ranged from 1.10 clo to 3.67 clo. 

Dynamic insulation values for cold weather clothing were lower than the static 
insulation values due to an increase in convective heat transfer within the clothing 
systems during movement. The total dynamic insulation values ranged from 0.85 
clo to 3.54 clo, whereas the intrinsic dynamic insulation ranged from 0.53 clo to 
3.21 clo. 

The decrease in total insulation due to walking at 90 stepshin varied from 14 to 
46 %. The decrease in intrinsic insulation due to walking at 90 stepdmin varied 
from 12 to 51%. In summary, cold weather clothing ensembles provided higher 
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levels of static and dynamic insulation than indoor clothing ensembles [SI. 
However, the pumping effect or change in insulation due to walking was lower on 
average for cold weather clothing--probably because of fewer and smaller garment 
openings. 

The number and thickness of garnient layers on the arms and calves were good 
predictors of static insulation (R‘ = 0.87 for I,,) and dynamic insulation (R2 = 0.90 
for IC,), The arms and calves were better predictors than the chest and thighs 
because the number of layers varied more on these parts (e.g., exposed calves and 
covered thighs in a women’s ensemble). Thus, people who are unable to use a 
thermal manikin can estimate the static insulation value by ICL-STATIC (clo) = 
0.0198 x Arm Thickness (mm) + 0.0149 x Calf Thickness (mm) + 0.191 x 
Number of Garment Lagers on Arm + 0.242 P Number of Garment Layers on 
Calf + 0.556 and dynamic insulation by ICL-DYNAMIC (clo) = 0.0170 x Arm 
Thickness (mm) + 0.0187 x Calf Thickness (mm) + 0.101 x Number of 
Garment Lagers on Arm + 0.212 x Number of Garment Layers on Calf + 
0.347. The regression equation for predicting dynamic insulation values from 
standing insulation values was excellent because it accounted for 95% of the 
variance in dynamic insulation. Thus, people who do not have access to a movable 
manikin can estimate dynamic insulation values using the following equations: 
IT-DYNAMIC (clo) = 0.893 x IT-STATIC (clo) - 0.393 or ICL-DYNAMIC 
(CLO) = 0.883 x ICL-STATIC (c~o) - 0.290. 

Therefore, both the standing and dynamic insulation provided by cold weather 
clothing ensembles can be estimated with confidence from the number and 
thickness of garment layers on the arms and calves. No manikin is needed. 
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HEAT AND MOISTURE TRANSFER OF MULTI-LAYER FABRICS 

Pau-Lin Chen (1)Roger L. Barker (1) and Itzhak Shalev ( 2 )  

(1)College of Textiles, North Carolina State University, Raleigh, NC, USA 
(2)Shenkar College of Textile Technology and Fashion , Ramat-Gan, Israel 

INTRODUCTION 

Fire fighters often experience sudden changes in esertion, ambient temperature andor 
%RH. This transient phase is important in the sense that the wearer becomes most 
aware of clothing comfort during these times. This research studied parameters which 
affect transient heat and moisture transfer through fire fighter's clothing assemblies. 
Fiber type, fabric structure and product design may all affect the rates of transfer, thus 
limiting comfortable accommodation to variations in climate or activity. Structural fire 
fighter's protective clothing, called turnout gear, is a multilayer construction consisting 
of a fire-retardant outer shell, a water vapor barrier and a thermal liner. The resulting 
high thermal resistance also implies retention of body heat and moisture. 

Sweating hot plate or diffusion cell methods are available to determine steady-state 
heatlmoisture transfer of materials. However, non-steady-state measurements can be 
more informative regarding the thermostatic action of clothing in buffering the body 
against sudden change in environment or activity 

RESEARCH OBJECTIVES AND APPROACH 

A model of transient heat and moisture transfer through clothing was developed. The 
model was verified using an experimental method specially developed for this research. 

Theoreticd Model 
The model assumes heat and vapor sources below the fabric assembly. An 8 mm air 
space represents the microclimate between the skin and the first layer. Layer 1-3 are the 
fabric layers representing the clothing system. It is assumed that the governing 
phenomena of transfer below layer 3 are moisture diffusion through inter yarn spaces 
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and heat conduction through yarns/solids. At the outer surface, convection dominates. 

Physical quantities are defined as follows. 
T(x,t) 
C(x,t) 
qo(t) 
%(t) 
Ta = ambient temperature, C Ha 
c a  = ambient concentration, kg/cu m. Ca = f(Ta,Ha) 
Material constants related to the fabric assembly are as follows. 
Hc = convective heat transfer coefficient, W/sq. m. C 
He = convective mass transfer coefficient, m/s 
S = specific heat of the fabric Jkg C Sa = specific heat of the still air Jkg C 
K = thermal cond. of fabric, W/m C Ka = thermal cond. of still air, W/rn C 
D = mass diffusivity of fabric, sq. m/s D, = mass diffisivity of air, sq. m/s 
d = thickness of fabric, rn P = density of the fabric, kg/cu. m. 
E = porosity of fabric T = tortuosity of the fabric ( FED,/D) 
t = time, s ?L = distance, m 

= temperature distribution of system at time t (sec) and position x (m), C 
= conc. distribution of system at timet (sec) and position x (m), kg/cu. rn. 
= heat flux at the interface flowing from heat source ,W/sq. m. 
= mass flux at the interface flowing from moisture source , kg/sq. m. s 

= ambient relative humidity, %RH 

Moisture Diffusion Equation 
The partial differential equation and appropriate boundary and initial conditions for the 
determination of distribution of concentration C(x,t) in the system are given as: 

Boundary conditions: 
Z O ( X  t )  

1) -DO - IX=O = mo(t) x=o (3 1 as 

Initial conditions: 
1) c k ( X , o )  = c k  

Heat Conduction Equation 
The partial differential equation and appropriate boundary and initial conditions for the 
determination of distribution of temperature T(x,t) in the system are given as: 

Boundary conditions: 

4 lx=0 = qo(t) ac 1) -KO 
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Initial conditions: 
1) Tk(x,o) = Tk k=O, 1,2,3 (1 1) 

There are a total of six elements of different thermal properties in the model consisting 
of 3 fabric layers and 3 air layers. They constitute 12 heat and moisture diffusion 
equations. The analytical solutions are di&cult to derive, hence, the finite difference 
method is implemented to solve the onedimension, timedependent diffusion equations. 
The time step of 9.6 seconds and the largest value of Ax chosen, give a stability criterion 
r (I== aAtl(Ax)2) bigger than 0.5. Hence the fully implicit scheme given below is used. 

where 
Ti =temperature or concentration at node m and time i, C or kg/m3 
a = the& diffusivity or m s i o n  coefficient, m2/s 
At = time step, s Ax = distance between two nodes, m 

To determine the node temperature T i ,  a simultaneous solution of all the equations for 
the nodes at each time step is calculated. 

RESULTS 
Some of the measured fabric properties used in the heat and moisture diffusion 
equations are listed in Table 1. Detailed description of these properties and their test 
methods are given in [l]. Diffusion coefficient (Dfab) and thermal diffusivity (a) of the 
fabrics are the two main parameters that control heat and moisture transfer through 
them. Wide ranges of thermal diffusivities and diffusion coefficients seen in Table 1, 
result in different rates of heat and moisture transfer for each 3 layer combination. 

Model Verification 
From the incident heat and moisture flux and using the formula given by Olesen and 
Dukes-Dobos, the heat transfer coefficient (Hc) is calculated for air velocity of 50 cdsec 
to be 6.1 W/m2 C. From the Lewis relationship one can readily find mass transfer 
coefficient (Hm) equal to 0.0069 d s .  The mean and standard deviation of differences 
between theoretical and observed values of temperature and relative humidity at all 
different locations were calculated and are described in [ 11. The low diffusion coefficient 
of MB4 makes it impermeable to moisture diffusion. Therefore, the microclimate above 
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Table 1. Diffusion properties of specimens 

Specimen x I O - ~ ~  kg/m3 m2/s W/mC kT/m3 C m2/s % 
Thermal Liner 
TL1 5.38 62.63 7.04 0.050 95.39 5.24 97.70 
TL6 2.76 86.54 4.53 0.050 258.17 1.94 93.79 
Moisture Barrier 
MBl 0.57 213.45 0.71 0.037 1049.86 0.35 85.96 
MB4 0.38 920.58 0.01 0.062 3626.29 0.17 40.12 
Outer Shell 
o s 2  0.69 297.99 0.55 0.047 1388.41 0.34 79.94 
OS3 0.71 341.76 1.23 0.050 1494.63 0.34 73.86 

MI34 shows low relative humidity while that below gains moisture resulting in higher 
relative humidity. The theoretical model assumes moisture diffusion in the upward 
direction and an impermeable moisture barrier like MB4 obstructs this flow of moisture. 
This is evident from the larger deviation of predicted values from measured values of 
%RH for all the microclimates. Table 2 compares the mean difference and standard 
deviation of predicted %RH values from measured %RH values for two moisture 
barriers. 

The range of difference for a l l  27 assemblies tested between predicted and measured 
values of temperature is -0.37 to 0.42 C and that of %RH is -3.74 to 2.99 %RH. 
Corresponding ranges for standard deviation are 0.10 to 0.35 C for temperature and 0.48 
to 4.12 %RH for relative humidity 

Table 2. Mean difference and standard deviation of difference in o/aRH for the model 

(d). at.5 (p). (Dfay (K) (PCP) (a) (E) 
gUcm2 x 10 x 10-7 

Moisture barrier Mean difference Standard deviation 
MB1 
MB4 

-0.04 
-0.54 

0.88 
1.76 

CONCLUSIONS 

The model developed predicts momentary temperature and relative humidity of the 
microclimates between fabric layers as observed using the experimental method 
developed for this research for measurement of heat and moisture transfer under 
transient conditions. 
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THE EFJOCCTS OF BLACK AND WHITE GARMENTS ON 
THERMOREGULATION UNDER WARM CONDITIONS WITH SUN 

RADIATION 
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INTRODUCTION 

Tlie various aspects of clothing (construction, materials, color, exposed area etc.) 
are dependent upon tlie total heat gain and loss in the hot and warin outdoor 
conditions. Adolph (1938) found that the total mass loss was more during sitting in 
the sun compared to sitting in the shade (1). Clothing color seemed also to be 
important for therinoregulation under tlie radiant conditions (2). Nielsen (1990) 
compared human pliysiological responses during exposure to solar radiation, while 
wearing either black or white garments made of either cotton or polyester, and 
reported luglier clotliiiig surface temperatures and sweat rate when black cotton 
garments were worn compared to white cotton garments (3). Her experiments 
demonstrated the importance of clothing color on tlierinopliysiological responses. 
Although several studies have exainiiied tlie effects of animal fur color in outdoor 
conditions (4), few have systematically examined tlie effect of clothing color, where 
tlie garments are constructed of identical materials, on tl~er~nophysiologicd 
responses in humans. 

The aim of this study was to find which garment (black or white 
garments which were made of 100 % cotton and of same type) was recoininended 
tlierniopliysiologically during exposure to intense artificial solar radiation. 

MATERIALS and METHODS 

Subjects: Eiglit woineii subjects participated in tlie present experiment (24.5 & 2.2 
years, 159.6 I 1.9 cin in height, 54.10 f 3.30 kg in body weight aid 1.51 f 0.05 
cni in body surface area). For a given subject, experiments were conducted at the 
same time of day (9:OO - 12:0011, 13:OO - 16:00h, 16:OO - 19:OOIi) and at tlie same 
phase of the menstrual cycle to avoid circadian and inenstrual effects on body 
temperature. 
Experinientul gurntents: Garineiits of two colors (black or white) were used in this 
experiment. They consisted of a T-shirt with long sleeves and long trousers of tlie 
same size, which covered same body area. Tlie inaterial was 100 % cotton. Tlie 
physical properties of these fabrics including some cliaracteristics against sun 
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radiation (radiant reflectance, radiant absorbance and radiant penetration) were 
measured. 
Artificial sun: The artificial solar radiation maintained in a climatic chamber was 
adjusted to simulate outdoor conditions of a typical Japanese summer. This solar 
machine (2 x 1.5 m) was constructed with 11 lamps on two large panels, which had 
similar wave length as natural sunlight. Radiant intensity emitted on the subject 
was maintained constant, by adjusting the intensity of the radiation so that globe 
temperature was maintained constant. This source of artificial solar radiation was 
placed 1.2 m in front of the subject. 
Measurements: Rectal temperature (Tre) was measured using a thermistor probe 
(Takara Thermistor, Japan) inserted 12 cm beyond the anal sphmcter. Skin 
temperature (TsQ was measured with thermistors attached to 8 sites; forehead, 
chest, back, forearm, hand, thigh, leg and foot. Local sweat rate from the center of 
both forearms was continuously recorded by capacitance hygrometry. An acrylic 
capsule covering 8 cm of skin surface was ventilated with dry nitrogen gas at a 
constant flow rate (1.5 1 .min"). The humidity of the effluent gas from the capsule 
was measured with a hghly sensitive hygrometer (Visala, HMP-35A). The 
capacitance hygrometer was calibrated by two saturated salt solutions, LiCl and 
K2SO4, at a constant temperature before every experiment. Average clothing 
surface temperature was determined from temperature measurements obtained from 
two sites (upper chest and lower chest). Subject's mass was recorded on a balance 
(Sartorius, Germany; accuracy h lg) at 5 inin intervals during the experiment, thus 
allowing the estimation of total sweat loss. 
Experimental protocol: Prior to the onset of the experiment, the condition of the 
climatic chamber was maintained at 27OC, 50% R.H. and 0.45 insec' for a 
minimum of 1 hr. Once instrumented, the subjects entered the chamber, wearing 
only underpants and a brassiere, and remained seated on the balance for a 
minimum of 30 min, so that their physiological responses during exposure to a 
thermoneutral environment could be recorded. Thereafter, the subjects donned the 
experimental garments, sun glasses and hat. Two thermistors were also attached to 
the chest portions of the garments worn, to assess the clothing surface temperature. 
Once suited, the subject resumed the seated position for an additional 10 min in 
thermoneutral environment. Following this 10 min period during which the 
subjects were clothed in the experimental garment in a thermoneutral environment, 
the artificial solar radiation was initiated. During the period of exposure to the 
artificial solar radiation, globe temperature and air temperature in close proximity 
of the subject were measured continuously. Ambient temperature increased to 32°C 
and relative humidity to 60% within 10 min of the start of the artificial solar 
radiation. Globe temperature rose progressively attaining 43°C by the end of the 

2 

280 



experiment. Subjects were exposed to the artificial solar radiation for a total of 60 
min. All variables were recorded at 6s intervals by a computer. 
Calculation and statistical analysis: A repeated-measures analysis of variances 
(ANOVA) was used to examine tlie differences in tlie responses of tlie measured 
variables between tlie two conditions. 

RESULTS 

Upon initiation of tlie artificial solar radiation, average Tre decreased in tlie 
first 10 min and thereafter increased progressively, attaining 37.44 f 0.07"C in the 
white garment condition and 37.42 h 0.08"C in the black garment condition, there 
being no signdicant difference in tlie Tre response between tlie two conditions. 
Similarly there was no si@cant difference in tlie average Tsk response between 
the two conditions. With tlie exception of foot temperature, all other skin 
temperature sites monitored had similar responses in both conditions. Foot skin 
temperature was significantly liglier in tlie white compared to tlie black garment 
condition (F=8.51, p<0.05). 

Average local sweat rate from both forearms was si@caitly lriglier in tlie 
white compared to the black garment condition (F=16.67, p<O.Ol). The loss of 
body mass was 142.62~ 4.2 g in tlie white and 133.0 ?C 6.0 g in tlie black garment 
condition. The cumulative decrease of whole body mass in tlie wliit'e was greater 
than tlie black garment. p=4.29, p<O. 10). 

The average garment surface temperature increased immediately upon 
onset of the artificial solar radiation and attained significantly higher values in the 
black compared to the white garment condition (F=15.67, p<O.Ol). 

DISCUSSION 

The observations of liiglier mass loss and foot skin temperature in tlie wlite 
compared to the black garment condition suggest that both radiant heat load and 
activation of the vasoinotor center were greater in the wlite compared to the black 
garment condition. What pliysiological mechanisms iniglit be responsible for these 
different responses between tlie white and black garments? 

The characteristics of these €abrics against radiant heat were as follows: 
tliougli the radiant reflectance was clearly higher in tlie white than in tlie black, tlie 
radiant penetration was sinaller in the black than in the white. Radiant absorbance 
was greater in the black than iii tlie white. It should be noticed that inore radiant 
lieat could penetrate tllrougli the white clothing (3,5). 

These findings suggest that the black clothing niiglit play an important 
role as a thermal barrier against radiation by absorbing radiant heat, resulting in 
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the sigruficantly higher clothing surface temperature compared to the white 
clothing. And then, the conclusion could follow that higher clothing surface 
temperature in the black clothing has ,physiological sigmficance, because dry heat 
loss might occur more effectively from the surface to surrounding air, and further, 
radiant heat gain from surrounding to clothing surface could be reduced more 
effectively. Similar considerations were made for desert animals (6). The finding of 
a smaller heat load in the black compared to the whte garment condition in the 
present study, could be due to three factors: the greater absorption of heat into 
clothing, higher clothing surface temperature and more effective blocking of 
radmnt penetration. 

The skin temperatures at all sites should be expected to be higher in the 
white, if the radmnt penetration to the skm surface through clothing was greater in 
the white. However, it was not the case except for the foot temperature. The higher 
sweat rate in the whte might have cooled down the skin in the white garments. 
Furthermore, the higher clothing surface temperatures in the black might have 
caused the skin temperatures to be higher by conductance. These might be 
responsible for the identical skin temperatures between the white and the black. 

Thus, it is concluded that the selection of black clothing color could be of 
physiological sigmficance for the reduction of heat strain in warm ambient 
conditions under intense sun radiation. 
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INTRODUCTION 
Efficient, safe work performance depends on workers maintaining their thermal 
balance and comfort, and according to Ramsey (1) the temperature range for 
optimal work performance is rather narrow. Cold wind penetrating a clothing 
ensemble lowers the temperature in the ensemble and reduces skin temperature. Lf 
this causes a subjective sensation of discomfort it may be disadvantageous. In a 
slaughterhouse the indoor climate is regulated to optimize meat quality and 
production staff are exposed to moderately cold, windy conditions. In the work 
situation employees usually wear a non-windproof, single-layer cotton outer 
garment. Introducing a windproof lining in the clothing ensemble may increase 
thermal comfort. However, an extra layer in the ensemble may affect sweat 
transportation from the body, which is undesirable if the sweat accumulates in the 
underwear. To avoid this problem a semipermeable membrane lining could be 
introduced. The purpose of this sludy was to evaluate the effects of a windproof 
semipermeable membrane lining on thermoregulatory responses, thermal comfort 
and sensations of temperature and humidity. Work and rest periods were scheduled 
under moderate cold, windy conditions. 

MATERIALS and METHODS 
Work intensity for slaughterhouse employees was registered together with 
environmental conditions. These conditions were then simulated in a climatic 
chamber, in which room temperature was maintained at t2"C and wind velocity at 
1.7 m/s. Six male subjects (age 25+4 years, weight 74+8 kg and height 178+7 cm) 
volunteered for the study, which comprised two bouts of 30 minutes of walking on a 
treadmill (35% of maximal aerobic work capacity), each followed by 15 minutes of 
rest. The subjects performed two experiments (A and B) in randomized order. In 
both they were dressed in long-armed pullover and longjohns underwear (UllfrottB 
200g), an outer garment (single-layer cotton), gloves and a cap. In experiment B a 
semipermeable membrane lining (jacket) was placed between the underwear and 
the outer garment. Wind penetration and water-vapour permeability of the 
membrane were 0.0 l/min/20cm2 and 27.2 g/m2/h, respectively. Skin temperatures 
were measured every minute and mean skin temperature (MST) was calculated 
using the equation MST= (0.21 x Tforehead)+(O.l x Tc,,,,t)+(O.ll x Tback)t(0.17 x 

I 

i 

Tstomach)+(O.12 x Tuppar arm)+(o.OG X Tlower arm)+(O-l5 X Tfiont 1hi&(O-08 x Tfiont 1,) (2, 
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modified). The relative humidity (rh) and temperature between underwear and 
membrane were measured at the chest by use of humidity and temperature sensors 
(3E GmbH, Entwicklung Elektronischer Einrichtungen, Miinchen, Germany). On 
the bases of these recordings water-vapour pressure (wvp) was calculated. Sweat 
production was determined from the total change in body weight. Clothing was 
weighed before and after each experiment in order to determine amount of moisture 
accumulated in each layer. Every 15 minutes during the experiments a 
questionnaire was used to obtain information about subjective ratings of thermal 
comfort and sensations of temperature and humidity (3). 

The dirference in response when wearing a semipermeable membrane lining or not 
was assessed by a one-way ANOVA for repeated measures (referred to as time) of 
changes in skin temperatures, MST, rh, wvp and subjective evaluation, for every 15 
rnin (three-point moving average, minute 14-16 and so on). An ANOVA was 
calculated from the data of the naked body and clothing weight. A contrast test was 
used as a post hoc test to locate significant differences between means during the 
experimental period. All differences reported are significant at the ~ ~ 0 . 0 5  level and 
results are presented as means k s.d. 

RESULTS 
Skin temperatures: From minute 15 and throughout the remainder of the 
experimental period the MST of subjects who were using the clothing ensemble 
including the semipermeable membrane lining (B) was higher than that of subjects 
wearing the ensemble without such a lining (A) (Fig. 1). At the end of the 
experiment, MST was 1.2k0.7"C lower during experiment A compared to B. 
Measurements started five minutes after entering the climatic chamber, and the 
overall fall in MST without the semipermeable membrane lining was 2.9+0.3"C 
from start to end. The equivalent reduction using the semipermeable membrane 
lining was 2.0+0.4"C. Upper and lower arm temperatures at the end of the 
experiment were 2.320.9"C and 1.8c1.1"C lower when no semipermeable 
membrane lining was used. Temperatures at the chest and back did not differ using 
the two clothing ensembles. 

Moisture accumulationhransportation: Work intensity during the two periods was 
equivalent to 35% of the subject's maximal aerobic work capacity and resulted in an 
average sweat production of 258+78 g. No differences in sweat accumulation were 
registered in individual clothing layers of the two groups. Total sweat accumulation 
in the clothing ensemble expressed as a percentage of produced sweat was 
15.3k5.5 % (41i-22 g). The amounts of sweat in the outer garment and underwear 
were 3.7k1.2 % (9k3 g) and 1.651.2 % (554 g), respectively. The remaining sweat 
was in the socks, shoes, gloves and cap. Wvp measured at the chest, outside the 
underwear, increased during the working periods and from minute 15 and 
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throughout the experimental period it was higher using the semipermeable 
membrane lining. At the end of the two working periods wvp was 4-5 mbar higher 
using the semipermeable membrane lining (11.7-12.2 mbar) compared to using no 
such lining (6.7-8.2 mbar). Rh increased during the working periods, and average 
values at the end of the periods were about 50%. However, there were no 
differences between the two experimental conditions. Temperature measured at the 
same location as wvp and rh was lower when no semipermeable membrane lining 
was used. At the end of the experiment the temperature was 4.5'C lower without 
such a lining in the clothing ensemble. 

Subjective evaluation: Subjective sensations of skin wetness did not differ between 
conditions and the subjects stated that these were close to "normal dry" throughout 
the experiments. The subjects reported the clothing ensemble as being almost 
completely windproo€ using the semipermeable membrane lining. Without the 
lining, the clothing ensemble was reported as being less windproof. The sensation 
o€ temperature in the clothing ensemble with the semipermeable membrane lining 
was reported as "neutral or warmer" during the work periods. Without the lining 
the subjects reported "neutral or colder". Thermal comfort was not affected by 
including the semipermeable mcmbrane lining in the clothing ensemble. 

DISCUSSION 
Neither during the first working period (min 0 to 30), nor the second (min 45 to 
75), was heat production great enough to compensate for the initial decrease in 
MST. However, including a semipermeable membrane lining in the clothing 
ensemble reduced the decrease in MST during the experimental period and 
demonstrated the insulatinglwindproof effect of the membrane. Using the lining 
increased the wvp, a result that may be explained by increased resistance to water- 
vapour transportation through the extra layer in the clothing ensemble. However, 
some of the increase may be explained by a decrease in wind penetration through 
the clothing ensemble (shown by the increased clothing temperature) because the 
movement of air through the clothing ensemble contributes to moisture 
transportation ("pumping effect1!). On the basis of the wvp results in this study, 
with only 1.5 hour exposure periods and low work loads it is possible that a longer 
experimental period (a normal working day is 7-8 hours) or an increased work load 
would have resulted in di€ferences in sweat accumulation in the underwear between 
the two conditions. Increased sweat accumulation may affect the subjective 
evaluations of thermal comfort and sensations of temperature and humidity in the 
clothing ensemble. Further studies are therefore needed to determine the effects of 
higher work loads and longer experimental periods on the response of the 
membrane to moisture transportation. 

285 



33.0 

32.0 

28.0 

27.0 

a 31.0 
v 

5 30.0 
Q) 

29.0 

-- 
* * * * * * 
I I I I I I I I I I 

--c MST, with membrane (n=6) 
4 MST, without membrane (n=6) 

CONCLUSIONS 
Using a semipermeable membrane lining had a positive effect on skin temperatures 
and did not affect sweat accumulation in the underwear. The higher mean skin 
temperatures and the subjective reports of windproofness demonstrate that the 
semipermeable membrane lining provided a thermal aid which may be beneficial 
for workers exposed to moderately cold and windy conditions. 
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STUDY OF THE STYLE OF NIGHT CLOTHES 
WITH SPECIAL REFERENCE TO BODY MOVEMENTS 

AS AN INDICATOR OF COMFORT 

KUSUNOKI Mikie 

Yasuda Junior College, 6-13-1 Yasuhigashi, Asaminami-ku, 
Hiroshima-city, 73 1-01, Japan 

INTRODUCTION 

Man spends about one third of his life in bed, so it is important for us to pay 
close attention to the surfaces of sleeping materials. When studying those 
materials, it is necessary to consider both the physical properties of the 
materials as well as psychological factors such as the comfort of the sleeper. 
Previously, the author reported that an indicator of comfort was gained by 
recording body movements during sleep. The three parameters of body 
movements, i.e., frequency of body movements per hour (FB), mean rest 
period time (MR), and maximum rest period time (MAR), are the best 
parameters to use as an indicator of comfort. This study was designed to 
investigate whether the style of night clothing affects sleep quality. Two 
different styles of night clothes such as pajamas and negligee were tested 
measuring body movements during sleep as an indicator of comfort. 

MATERIALS and METHODS 

Eight healthy female students, aged 19-20 years, volunteered as subjects. 
AU the experiments were conducted in the luteal phase of the menstrual 
cycle. Two different styles of night clothing such as pajamas and negligee 
were tested. These clothes were made of the same fibers and fabrics, and 
were made by the same company. In Experiment 1, four students 
volunteered as subjects. The photographs were being taken in order to 
observe the sleeping figure. Each of subject retired to her bed at home 
before O:OO, and had her photograph taken every 10 min. from 0:OO to 6:OO 
during the experimental period. Pajamas were used on the first night, a 
negligee on the second night, and were alternated each night so that each 
subject was recorded for one week. A questionnaire about the subjective 
sleep depth was filled in after awakening at 6:OO. Photographs on the fifth 
and sixth days were used for this analysis and the sleeping figure of each 
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period was confirmed. After analysis ofsthe photographs, each subject had 
other experiments conducted. That is, each subject reformed her own 
sleeping figure on an experimental bed, and variations of a single point of 
hem line on the night clothes were measured. In Experiment 2, another 
four students volunteered as subjects. Body movements during sleep of 
each subject were recorded. The style of night clothing was used as the 
dependent variable and the three parameters were used as the independent 
variables. The experiment was conducted under the experimental design 
of a simple paired t-test. In order to test the difference between two 
categories (pajamas and negligee) in relation to the dependent variable, the 
results were analyzed by ANOVA. 

Subject 
s1 
s 2  
s 3  

RESULTS 

Pajama (an) Negligee (cm) Sipf icance  
0 . 1 4 1  4.03 11.41k 6.34 p<O.OOl 
2.30 15.11 39.89k 13.88 p<O.OOl 
7.51 k 3.72 9.30f 9.02 n.s. 

1. Experiment 1 
Various sleeping figures were observed in the photographs. Table 1 
shows the comparison of hems’ variations during sleep between the pajamas 
and negligee. Except for one subject, there were differences in the 
variations between the pajamas and negligee. The data for pajamas shows 
the variations are small. It is desired that the variations be small because 
the thermal conditions between human body and bed clothes do not change 
widely and constant conditions are maintained. The subjective evaluation 
on the two styles of night clothes suggests that pajamas are the most 
comfortable (pcO.05). 

Table 1. Comparison of hem’s variations during sleep 
between pajamas and negllgee 
Data are meankS.D. (N=37). 

s 4  I 4.30k6.96 ] 12.22k  10.54 1 p<O.OOl 

2. Experiment 2 
Table 2 shows the relation between the style of night clothes and three 
parameters. The mean of FB for pajamas was recorded at 3 .00k1.46 
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movements and 3.73 k 2.20 movements for negligee, therefore FB increased 
from pajamas to negligee. The mean of MR for pajamas was recorded at 
25.042 11.75 'min. and 22.67 k 14.53 min. for negligee, therefore MR 
decreased from pajamas to negligee. The mean of MAR for pajamas was 
recorded at 109.34 k 47.63 min. and 98.71 k 46.12 min. for negligee, 
therefore MAR decreased from pajamas to negligee. Although there were 
no significant differences in the three parameters, the sensory evaluation 
indicated pajamas were more comfortable ( ~ ~ 0 . 0 5 ) .  

Frequency of body 
movements per hour 
(movement) 
Mean rest period time 
(min.) 
Maximum rest period 
time (min.) 

Table 2. Comparison of three parameters of body movements 
during sleep between the pajamas and negligee 

Data are mean? S.D. (N=5). 

Pajama Negligee Significance 

3.00? 1.46 3.73f 2.20 n.s. 

25.04k 11.75 22.67k 14.53 n s .  

109.34k 47.63 98.71 k 46.12 n s .  

DISCUSSION 

It is interesting to consider the relation between the style of night clothes and 
comfort. In Japan, the typical styles of night clothes are pajamas, negligee, 
and kimono. In survey research, more than 79% of the 18-50 age-status 
subjects and 58% of the 51+ age-status subjects wore pajamas. 68%-79% 
of the subjects thought that there was some relation between the style of 
night clothes and the quality of sleep. Subjective assessment for the most 
comfortable night clothing was pajamas. In experiments, the comfort of 
pajamas was thought to be more than negligee. The reason pajamas 
showed a higher quality is that the variations of hem line of pajamas are 
small and the thermal conditions are good. 

CONCLUSIONS 

This study was conducted in order to evaluate the style of night clothes by 
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using three parameters under the experimental design of Latin square. 
Two styles of night clothes were tested, pajamas and negligee. These clothes 
were made of the same fibers and fabrics. 
The results obtained were as follows; 
1) The objective evaluation on three parameters suggests that pajamas are 
the most comfortable, though differences were not significant. 
2) The subjective evaluation on two styles of night clothes was that pajamas 
was the most comfortable. 
3) It was clear that the style of night clothes affects the comfort of sleep. 
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EMPIRICAL PREDICTION OF PHYSIOLOGICGL RESPONSE TO 
PROLONGED WORK IN ENCAPSULATING PROTECTIVE CLOTHIbiG 

P. Bishop, P. Reneau, P. Ray, andM. Wang 

The University of Alabama, Box 8703 12, Tuscaloosa, AL 35487-03 12, USA 

INTRODUCTION 

Workers wearing protective clothing (PC) required to perforin physical labor in 
hazardous eiivironinents at temperatures greater than 21°C (70'F) incur a risk of 
heat-injury, and a reduced work capacity (1,2,3,4). Current prediction methods, 
although useful in inany applications, do not provide sufficient accuracy for 
individualized prediction, The use of group mean predictions such as the American 
Conference of Goveriunent Industrial Hygienists (ACGIH) Tlu-eshold Limit Values 
(TLVs) puts some personnel at risk, while at the same time other workers are 
under-utilized (3) and this presents two major disadvantages: 1) Individuals are too 
tnuch constrained by the very conservative Iiinits needed for protection of almost all 
workers, such that their individual productivity is substantially reduced, 2) Because 
productivity is so compromised, and because some managers undoubtedly consider 
the TLVs to be overly conservative, it can reasonably be presumed that the TLVs are 
violated frequently. Since there are no alternative resources for inanaging persoiinel 
in this situation, the net result can be increased, rather than decreased risk to 
workers. 

The purpose of this study was to develop a technique for predicting physical work 
capacity of individuals in these situations, based upon field measurements gathered 
in a short-term work task performed in protective clothing in a inild ambient 
enviromneiit (Le. bench stepping in PC at room temperature). This research was 
built upon recent work done in our laboratory (5) as well as earlier work of Kenny et 
al. (6), and Slivartz et al. (7). 

MATERIALS AND METHODS 

Fifty unaccliinatized young fit males performed a VOzinax test, then perforined two 
identical bench stepping tests wearing PC (one-piece Saranex suit with respirator 
PVC shoe covers and gloves) on a 40 cin bench at a inetronoine paced rate of 24 
steps/inin in an environinent of WBGT=18OC. 

Work VOz, rectal (Tre) and mean skin temperatures (inTsk) (S), and qualitative 
ratings of coinfort (modified froin 9), and Rating of Perceived Exertion (RPE) (1 0) 
were ineasured during the bench-stepping. 
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Subjects then performed the foilowing in counterbalanced order: 
1) Continuous work at 177 W/m (300 Kcal/hr, VOz of 1 Wmin, at WBGT= 18OC 

@e. room temperature), referred to as W1.0 
2) 30 min work at 2352W/m ( 400 KcaVhr, VOZ of 1.33 L/min) succeeyd by 30 

min rest 35 W/m (60 Kcal, time weighted avg of 135 W/m) all at 
WBGT=18"C referred to as W 1 . 3  

3) Same as #1 in WJ3GT=26OCY referred to as 26/1.0 
4) Same as #2 in WBGT of 26OC, referred to as 26A.3. 

All rest was performed with the gloves and gas protective mask removed an$ 
PC removed to the waist. Resting metabolic rate was assumed to be 35 W/m . 
Work consisted of 15 min of walking at 1.34 d s e c  (3 mph) followed by 5 min of 
arm curls with 14.6 kg of weight, with this work sequence repeated until the 
specified time limit. 

Subjects were stopped by investigators E 1) rectal temperature (Tre) exceeded 
38OC, or 2) heart rate (HR) was within 10 beats of measured maximal heart rate, or 
3) subject evidenced symptoms of heat injury or extreme fatigue. Subjects were 
able to stop work at any time. When Tre fell below 37.5"CY and HR and subject 
felt rested, work resumed. Subjects were allowed water ad libitum during both 
exercise and rest. Work continued for 8 hours total time including donning the 
PC, or subject refusal to continue. Total work time (TWT) was total number of 
minutes worked. Rest time was the time sitting quietly in the same environment 
with the mask and gloves removed and the upper half of the protective coveralls 
pulled down to the waist. 

RESULTS 

Equations were derived as shown in Table I. The variance in work time accounted 
for by easily measured variables was much lower than was seen in pilot work in 
military PC (5). 

CONCLUSIONS 

In summary, it does not appear that our bench step field test of work tolerance in 
PC permits highly accurate predictions of performance. However, this approach 
could be broadly useful in determining which workers are most at risk, and which 
are most suited for work in warm environments in PC. Despite objections to 
screening workers for particular jobs, it would be reasonable from both the safety 
and productivity perspectives, to attempt to classify workers as tolerant to PC use in 
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Table 1. Regression equations for best prediction of total work time for each work 
and environmental condition for all subjects (n=50). 

Variable Beta R2(ADJ.) syx C.V. 
Weight (1nil-I) (%) 

WGT=18 "C/ Work rate= 1.0 Umin 
Intercept 179 
Bench 1 time 2.7 
Bench 1 Comfrathg 16.6 

Bench 1 HR2 -1.8 (Heart rate at 2 min) 
Bench 1 HR5 1.4 (Heart rate at 5 min) 

Bench 1 WE -8.4 

wr 1.5 .26(. 13) 51 21 

WBGT=18 "C/ Work rate= 1.3 Ymin 
Intercept 3 12 
Bench 1 time 0.8 
Bench 1 RPE 1.0 
Bench 1 HR2 -0.9 
HT 0.4 
WT -2.9 .13(.02) 43 23 

WGT=26 "C/ Work rate= 1.0 Umin 
Intercept 87 
Bench 1 time 2. I 
Bench 1 Coinfrathg 12.5 
Bench 1 H R O  
HT 0.6 .18(.09) 37 36 

-0.2 (Heart rate at 0 min) 

WBGT=26 "C/ Work rate= 1.3 Umin 
Intercept 33 1 
Bench 1 time 0.35 
Bench 1 WE -9.1 
Bench 1 H R O  -1.7 
Bench 1 HR2 1 .o 
I€r 1.1 
AGE -3.8 .29(. 18) 43 35 

ADJ. is the R2 adjusted for variable number and sample size (1 l), Syx is the 
standard error of prediction and C.V. is the mficient  of variation , 
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heat or intolerant to this work. Such classifications might be very useful in safely 
increasing productivity. 
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THERMAL RESPONSES TO CONSECUTIVE STRENUOUS FIRE- 
FIGHTING AND RESCUE TASKS IN THE HEAT 

R. Ilmarinen l ,  V. Louhevaara l ,  B. Griefahn and C. Kunemund 
Finnish Institute of Occupational Health, Vantaa, Finland 

Institute for Occupational Physiology at the University of Dortmund, Germany 

INTRODUCTION 

Increased cardiorespiratory and thermal strain and a risk of exhaustion and heat- 
related disorders in simulated fire-fighting and rescue tasks in thermoneutral 
conditions have been well documented (1-4). It is likely that in actual fire-fighting 
repeated enterings into the smoke (smoke-diving) jeopardise fire fighters' health, 
because in extreme thermal conditions the risk of lethal heat stroke increases (5). 

The purpose of the present study was to investigate the effects of 1) the length of 
recovery time between smoke-divings and 2) the air temperature during recovery, on 
thermal strain in fire fighters in two consecutive strenuous tests simulating fire- 
fighting and rescue tasks in the heat. 

MATERIALS and METHODS 

Subjects: Twelve medically screened experienced professional maIe fire fighters 
aged 24-46 years (Table 1) volunteered as subjects, and they signed an informed 
conset before the experiments, which were conducted according to the principles of 
the Declaration of Helsinki (6). 

Protective equipiizerit system consisted of a brand-new two-piece multilayer turnout 
suit fulfilling EN 469: 1994 (7), cotton underwear with long sleeves and legs, a 
polyester fleece sweat shirt and trousers, leather safety boots without a liner, leather 
gloves, a woollen underhood, helmet, a tool belt and a self-contained breathing 
apparatus (SCBA) manufactured by Drager with one air container and a full face- 
mask. The total mass of the protective equipment system averaged 25.9 kg and the 
measured thermal insulation Icl of the protective c!othing system was 1.85 clo. 

Procedure: Thermal strain was assessed in two consecutive tests simulating 
strenuous fire-fighting and rescue tasks in the heat. Both tests involved the same 
heavy dynamic work (estimated 902 : 25 ml/min.kg), hot dry environment (Ta : 
5 0 T ,  P : 1000 W/m2, RH: 20 %, va: c 0.3 d s ) ,  and the use of protective equipment 
system. The consecutive tests (15+15 min) were repeated with four combinations of 
the length of recovery and Ta (va: < 0.2 d s )  during recovery between the tests 
(15/0=SC, 15/20=SW, 30/0=LC, and 30 min / 20°C=LW). The tests were preceded 
by a 10-min rest period and followed by a 30-min recovery in a neutral climate, 
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during which water drinking ad libitum was allowed. The minimum time interval 
between the test days was at least one day. 

Age, Height, Weight, 
years cm kg 

Mean 32.1 180.2 85.6 
Range 26-46 174-187 69-101 

Table 1. Physical characteristics of the subjects 

Body Fat, Anll, TO2max, 
% m2 ml/kg.min 
14.3 2.1 46.9 
10-20 1.9-2.2 33.4-73.3 

Physiological measurements: Rectal temperature (Tre) at the depth of 10 cm (YSI 
401) and skin temperature (Tsk) at neck, scapula, hand, and shin (YSI 427) were 
continuously monitored on a video screen and averaged for every consecutive 
minute. Sweat production was determined from the changes in body weight ( Sauter 
E 1200), corrected for fluid intake and accounting for the amount of sweat absorbed 
into the clothing. Subjective evaluations of thermal comfort and thermal sensation 
modified from IS0 10551 (S), as well as skin wettedness (scale 1-5) were requested 
at the end of the work and rest periods. The criteria for termination of the test was: 
1) HR 90 % of HRmax, 2) Tre 239.0"C, 3) any individual Tsk 245"C, 4) objective 
signs of severe discomfort or fatigue or 5 )  subjective feelings of exhaustion. 

Statistics: Means f S D  and ranges were used for the description of the data. The 
statistical differences between the test conditions were calculated using the t-test for 
dependent and independent samples, two-way analysis of variance with repeated 
measurements, and the Wilcoxon-test. The 0.05 level of probability was accepted as 
significant. 

RESULTS 

Only 7 subjects completed the second test followed by the 15-min recovery at SC 
and 5 at SW, 8 at LC and 7 at LW, respectively. All terminations were because of 
HR over 90 % of HRmax. All four recovery combinations were too short for 
sufficient body cooling; Tre during the second test period was therefore significantly 
(p<O.OOl) higher than during the first one (Figure 1). The average Tre increase was 
significantly affected by the length (p<O.OOl) and Ta (p<0.05) of the recovery 
periods. At the end of the second test followed by SC, mean Tre was 38.2+0.4"C, 
37.9+0.3"C for LC, 38.3+0.3"C for SW, and 38.1&0.3"C for LW, respectively. The 
corresponding values for mean skin temperature were 38.4+0.5"C, 37.8r0.5"C 
38.5+0.5"C, and 38.3+0.5"C and they were significantly affected by the length 
(peO.01) and Ta (pcO.01) of the recovery periods. On the contrary, the length and/or 
Ta of the recovery periods did not significantly affect mean sweat production, which 
was 1118k199gforSCand 1095+262forLC, 1149+220forSW,and 11032 
218 g for LW, respectively. Neither was significant benefit reported for the length 
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and/or Ta of the recovery periods in the subjective evaluations on average. The 
second test was perceived as 'very hot' and 'very uncomfortable' in all four test 
combinations. 
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CONCLUSIONS 

Our results indicate that when the actual fire-fighting or rescue tasks involve 
repeated exposure to strenuous dynamic work and the use of heavy protective 
clothing and SCBA, a prolonged recovery period and preferably in a cool 
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environment is necessary, especially during warm seasons to prevent intolerable heat 
strain and exhaustion. 
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THE CONTRIBUTION OF MILITARY FLIGHT BOOTS TO THE 
DEVELOPMENT OF NON-FREEZING COLD INJURY 

Thomas L. Endrusick 

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

INTRODUCTION 

Footwear worn by U.S. military aircrew personnel provides inadequate levels of 
protection from a prolonged cold and wet exposure when compared with that wore 
by ground-based, combat troops. On June 2, 1995, a U.S. Air Force F-16 C aircraft 
\vas shot down by a mobile SA-6 surface-to-air missile over Bosnia-Herzegovina 
while conducting a routine NATO reconnaissance mission. The pilot survived the 
missile blast and ejected safely, hiding during the day and moving by night, 
surviving on bugs, ants and rainwater. The pilot spent a total of six days evading 
capture and mas eventually rescued during a daring mission into tlie rugged terrain 
of northwestern Bosnia. While on the ground, the pilot was unable to dry his 
standard-issue flight boots and socks, which had become progressively wetter due to 
his traverse of tlie mountainous terrain combined with periodic rainfall. 

After returning to the U.S. the following week, the pilot experienced such pain in his 
feet that lie was unable to walk. The pilot mas hospitalized, diagnosed with a 
moderate case of non-freezing cold injury (NFCI) to the feet (immersion foot), and 
confined to a wheelchair for ten days. Overall, the pilot required sixqeen days of 
medical care before military doctors would allow him to return to limited duty. 

This study includes a biophysical evaluation of the same type of boots worn by the 
downed pilot in Bosnia along wit11 other standard-issue aircrew footwear and how 
they could contribute to the development of NFCI when worn in a wetted condition 
for an extended period. For comparison purposes, a series of new commercial 
aircrew boots utilizing improved leathers, vapor-permeable membranes, micro 
fibrous insulations and insulating socks was also evaluated. 

MATERIALS and METHODS 

All footwear was evaluated for thermal insulation properties using an automated, 
heated foot model (1). The model calculated a total insulation value, I, (m2*&W') 
of the complete boot system and a regional insulation value, I, for each of tlie 29 
thermally-isolated sections of tlie model. All footwear was tested in a new, dry 
condition P R Y )  and then after 18 hours of upright placement in approximately 6 to 
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7 cm of water (WET). The water level was adjusted for each boot so that the welt 
stitching, a major area of water ingression, was completely immersed. The DRY 
evaluation is useful only as a reference point and would represent the conditions 
before an individual donned the boot and sock. Wearing tightly-laced, leather boots 
over thick woolen socks can quickly cause an increase in foot sweat production (2), 
which effectively reduces the protective capabilities of the footwear. The WET 
evaluation represents a worst-case scenario where the boot is exposed to the extreme 
conditions of a cold and wet environment for an extended period. All fmtwear 
components were weighed on an electronic balance pre- and post-WET to calculate 
any changes due to absorption of water. The following is a description of the test 
footwear systems: 

CONTROL. Standard Flyer's Boot (MIL-B-21408), Addison Shoe Co., 
stock no. 84014, with uninsulated leather upper and integrated safety toe, over 
insulating insole and Standard Cushion Sole Sock (8440-00-960-2505). 

1. Royer Cosmos boot, stock no. 552687X with leather upper, Thinsulatea 
(micro fibrous polyester) insulation, integrated safety toe, over insulating insole, 
removable Gore-Tex@ (micro porous polytetrafluoroethylene) liner, Insulating Sock 
(MIL-S-405,75% wool/25% cotton), and wicking sock (70% Themax@ hollow-core 
polyester/30% nylon). 

2. Ranger Firewalker boot, stock no. 3032A with fire-retardant leather 
upper, Thinsulate insulation, SympatexB (hydrophilic polyester)/Kevlar@ (ballistic- 
proof nylon)/Nomex@ (aramid Fiber) lining, integrated safety toe, over insulating 
insole, Insulating Sock, and ivicking sock. This boot passes all National Fire 
Protection Association Standards. 

3. Ranger Firewalker boot, stock no. 3031A was constructed the same as 
the Ranger no. 3032A except for the elimination of the integral Thinsulate insulation 
in the lining. A removable Cambrelle!Thinsulate lining was utilized to provide 
insulation. 

RESULTS 

Table 1. shows that the standard boot and sock combination worn by most U.S. 
military aircrew personnel had a DRY It of 0.16 and was reduced by a full 38% to 
0.10 as a result of WET. Similar losses occurred in Ir at foot model regions such as 
the toes, sole, and heel where an extended cold-wet exposure can cause a more 
severe injury to the human foot. Even when enhanced with commercial waterproof 
and insulating socks, this boot only measured 0.25 DRY with a reduction of 24% to 
0.19 when WET. 
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In comparison, the three newly-developed commercial flight boots using improved 
leathers, integrated waterprooflbreathable membranes, and micro fibrous insulations 
over various insulating socks had a range of DRY It from 0.33 to 0.37. Reductions 
in I, due to WET averaged 6%. 

Table 1. Total thermal insulation values (I,, m2=K*W-’) of all test systems as a result 
of DRY and WET. The loss of insulation due to WET (YO) is also presented in the 
results. 

Boot It DRY I, WET % change 

Standard 0.16 0.10 -3 8 

1. 

2. 

0.37 

0.33 

0.35 

0.3 1 

-5 

-G 

3. 0.35 0.33 -G 

Table 2. shows that the current-issue boot experienced a substantial increase in boot 
weight as a result of WET when compared with the other test footwear. In addition, 
a measurable amount of water was poured out of this boot post-WET. Boot numbers 
2 and 3 which employed the hydrophilic polyester, mterproofireathable membranes 
were especially effective in minimizing water absorption. The negligible weight 
increases after immersion indicate the use of advanced, waterproof leathers in these 
two boots. 

Table 2. Pre- and Post WET weights (kg) of each test boot. The increase in boot 
weight (%) and the presence of any sensible water in the boot post-WET is included 
in the results. 

Boot pre-WET (kg) Post-WET (kg) Interior wet? 

Standard 1.04 1.32 (+27%) Yes 

1. 

2. 

3. 

1.29 

1.30 

1.23 

1.42 (+lo%) 

1.34 (+3%) 

1.25 (+2%) 

No 

No 

No 

301 



CONCLUSIONS and RECOMMENDATIONS 

These results show that current military aircrew footwear allows significant moisture 
ingression to interior insulating layers causing large reductions in thermal 
insulation. Even short-term use of these boots in a wetted condition could predispose 
personnel to NFCI with the potential for permanent impairment. A study using 
infrared thermography to measure passive rewarming of Argentine soldiers who 
were diagnosed with NFCI after the Falkland Island Conflict showed that these 
individuals may be at constant risk for further injury when exposed to the 
appropriate cold and wet environmental conditions (3). 

It is recommended that U.S. military aircrew personnel be issued new protective 
footwear systems that witill protide improved environmental protection capabilities. 
The use of any one of the above commercial footwear systems incorporating state-of- 
the-art insulating and moisture protective materials could help reduce the incidence 
of NFCI to aircrew personnel during emergency operations in cold-wet 
environments. 

DISCLAIMER 

The views, opinions, and/or findings contained in this paper are those of the author 
and should not be construed as an official Department of the Army position, 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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2 

INTRODUCTION 

A substantial function of clothing is to achieve a state of thermal balance . Tlie 
process of keeping warm depends on certain interactions. The body, the 
environment, textile materials, and clothing forms all work together to create a 
thermal situation. Tlie thermal transportation of the textile material is an important 
factor. The property of moisture absorption is one of the other key factors, since 
sweat evaporation induces heat loss and accompanying thermal discomfort. 
Although the thermal and water transport properties of textiles have been 
extensively studied ( 1-5 ) , the performance of textiles on the microclimate 
environment which is between the body and clothing is not well understood. The 
aim of this study was to investigate the effects of the jackets made from varied 
nonwoven interlinings on the microclimate environment. 

EXPERIMENT 

Three different thermal bonded nonwoven fabrics made from (a) fine denier 
polypropylene fibre (0.001 denier) 65%/ polyester hollow fibre (6 denier) 35% 
(FPP/HPET), (b) polyester hollow fibre (15 denier) 50%/polyester fibre (3 denier) 
50% ( HPETPET ) , and (c) heat-regenerating polyester fibre (3 denier) 70%/ 
polyester hollow fibre (6 denier) 30% (RPET/HPET) were prepared as interlinings 
of the experimental jackets. Here, different pressures were used for the FPP/HPET 
lionwoven fabric consolidation. One was with a pressure (FPP/HPETW) and 
another one was without a pressure (FPP/HPET). The facing fabric made from 
polyester fibre (1.0 denier ) with 114 enddinch and 104 picks/inch of the jackets 
was a regular twill-woven fabric. The lining fabric made from rayon fibre (0.7 
denier) with 108 enddinch and 90 pickshnch of the jackets was a simple plain- 
woven fabric. The experimental materials used are shown in Table 1. 
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Table 1 The experimental materials used 

The air permeability of the material was measured by the Textest FX 3300 Air 
permeability Tester. The water vapor permeability was tested in accordance with 
JIS L1096. The thermal resistance was measured by the kawabata Thermal Lab0 II 
system. For details of the experiment refer to reference ( 6 3 . 

For the understanding of the effect of the jackets on the microclimate environment 
in cold and wet weather, three healthy young males, after a repeatability evaluation, 
volunteered as subjects. The temperature deviation of the replication test was in the 
range of 0.3 "C and the absolute humidity deviation was in the range of k 
0.3g/cm3. In each trial a two-layer clothing system, an inner long -sleeved cotton 
/polyester underwear layer and an outer experimental jacket layer, was used. 
Subject wore the underwear inside a climatic chamber for a 30 
minutes' conditioning. After that, subject wore an experimental jacket outside the 
underwear for the test. Each test consisted of a 20 minutes sedentary exposure with 
a 500 w halogen lamp, which was 100 cm away fkom the back of the body, and 
then 10 minutes without an exposure. Subject sat on a chair without moving during 
the test. The climatic chamber was in a wet and cold environment at a temperature 
of 15 "C, a relative humidity of 70%, and a air movement of 0.25 m/s. 

RESULTS 

The ability of the thermal and water transmission of clothing which relates to the 
volumetric and geometric configuration of the fabric. The thickness,, bulk density, 
air permeability, water vapor permeability, and thermal resistance properties of the 
experimental materials are shown in Table 2. For the neglect of the fabric thickness 
effect, a unit of thermal resistance per thickness (clo/min) was used here (see Table 
2). Although the thickness and bulk density of B1 and B2 interlinings were lower 
than those of B3 and B4 interlinings, the thermal resistance values of B1 and B2 
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interlinings were quiet higher than those of B3 and B4 interlinings. This 
phenomenon can be' observed in the experimental jackets. The ability of the jacket 
to keep warm, therefore, was influenced by the performance of the interlining. 

*code refers to Table 1 

The temperature (Tl) and the relative humidity between the underwear and the 
experimental jacket and the skin temperature (T2) of the body back were recorded 
during the test. The T1 values of D1, D2, and D3 jacket systems had no significant 
difference. However, the TI value of D4 jacket system was higher than that of the 
other three jacket systems. The difference was about 3 - 5 "C. Typical T1 temper- 
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ature history during the tests is shown in Figure 1. The effect of the fibre type of 
the jacket at T2 temperature ( the body back skin temperture ) is similar to T1 
temperature. The difference was about 0.5 "C. The effect of fibre type of the 
interlinings on the relative humidity was not significant in this test method. 

CONCLUSIONS 

The property of keeping warm of interlining was a key factor in the thermal 
performance of the jacket. The effect of the fibre type of the interlining on the 
thermal property was significant. The thickness of the nonwoven fabric could not 
be a decisive factor for the thermal resistance property. However, the air content 
of the fabric could affect the thermal property. The nonwoven fabric made from 
fine denier polypropylene fibre and polyester hollow fibre had a higher thermal 
resistance property. On the other hand, the nonwoven fabric made from heat- 
regenerating polyester fibre and polyester hollow fibre had a higher heat absorption 
property. Therefore, the fabric made from heat-regenerating fibre could be a right 
selection in a cold environment. 

REFERENCES 

( 1 3 Branson D.H., Abusamra L., Hoener C., and Rice S., 1988 ,Tex. Res. J., 
166. 

( 2 ) Fuzek J.F., 1981,Ind. Eng, Chem. Prod Res. Dev., 20, 154. 
[ 3 ) Gagge A.P., Stolwijk J.A.J., Hardy J.D., 1967, Envion, Res, 1. 
[ 4 3 Gagge A.P., Stolwijk J.A.J., and Saltin B., 1969, Enviorn, Res., 2, 209 
[ 5 ) Gwosdow A.R., Stevens J.C., Berglund L.G., and Stolwijk J.A.J., 1986, 

Tex. Res. J., 56,14. 
( 6 3 Yang S.T., Shyr T.W. 3ou C.H., and Yao S.C., 1995, Proceedings of The 

3rd Asian Textile Conference, Vol.1, 206. 

306 



Section 7 - Marine Physiology 





MANNED EVALUATION OF UNDERWATER BREATHING APPARATUS 

L. A. Gay, T.G. Anthony, M.J. Gilbert and M.A. Evans 

Defence Research Agency (Alverstolce), Gosport, Hampshire, UK, PO 12 2DU 

INTRODUCTION 

UK commercial diving operations have to comply with the Health and Safety at 
Work Act 1974 and the Diving Operations at Work Regulations (DOWR) (1). It is 
Government policy that, where possible, military diving should also comply with 
the DOWR. It is thereby inferred that diving equipment will meet unmanned 
performance guidelines such as those developed jointly by the Norwegian 
Petroleum Directorate (NPD) and tlie UK Department of Energy (DEn) (2). 

Since 1994 the European Community (EC) directive for Personal Protective 
Equipment has required that all respiratory protective equipment used in diving 
(except that designed and manufactured specifically for use by the armed forces) 
should also meet an approved standard - indicated by a CE mark. At present an 
approved European Standard (EN 250) (3) exists for open-circuit Self Contained 
Underwater Breathing Apparatus (SCUBA). This includes basic ergonomics tests, 
but, like the NDP/DEn guidelines, does not cover manned performance testing. 

Over several years, this laboratory has evaluated a wide range of civilian and 
military diving equipments. This expertise is being used to develop guidelines for 
manned performance evaluation - especially ergonomics and performance. This 
paper highlights the need for sucli evaluations, particularly in more complex 
equipment, and outlines current evaluation techniques. 

CURRENT TRENDS 

Technological developments and safety features - such as secondary breathing 
systems (to meet the DOWR requirement for an emergency reserve supply of 
breathing gas) - can greatly reduce the risks of diving. In modem semi-closed 
circuit sets that use electronics to monitor and control the oxygen partial pressure 
(PO,) in, or supplied to the breathing loop, safety to life information is conveyed to 
the diver via a mask mounted red-green indicator. Other information about tlie 
equipment and dive status (e.g. depth, battery state) are typically available from a 
hand-held alphanumeric display. Electronic PO2 control should increase safety by 
reducing the rislc of hypoxia or hyperoxia and by enabling decompression tables to 
be optimised. 
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However, a manned evaluation of 3 such sets identified a number of problems. For 
example, PO2 control systems did not always behave as specified and failures 
occurred which could have been life threatening in operational use. One set had 
more than 12 user operated controls some of which were difficult to access. An 
unquantified risk factor is the use of red-green indicators. 

MANNED EVALUATION PROCEDURES 

Test Subjects 
All subjects must be informed volunteers with a satisfactory medical history. They 
are medically examined and certified fit to undertake the test procedures. Where 
possible, subjects are from the user population and should be familiar with the type 
of equipment under test. For novel or complex equipment, subjects must receive 
adequate training with at least one training dive. For equipment using alphanumeric 
visual displays and colour indicators, subjects should meet a minimum standard of 
visual acuity and colour perception. 

Anthropometric data are obtained for the interpretation of data relating to fit, 
comfort and harness adjustment (4). Subjects' ability to reach over the head and up 
the back may also be required: such movements are frequently needed to reach 
controls and don ,I doff equipment. Subjects should, as far as possible, span the 5th 
to 95th percentile of the user group. No anthropometric criteria are given in EN 250. 

Ergonomic Assessment 
The first part of the manned assessment is a formal ergonomic evaluation in the dry 
and in enclosed shallow water under controlled conditions (e.g. a diving tank). Tests 
are normally carried out at 15 OC, which is suitable for light work in thick and thin 
clothing assemblies and equivalent to maximum UK sea temperatures. Other water 
temperatures can be set for equipment designed for more extreme climates. 
Subjects carry out tasks and set manoeuvres appropriate to the equipment, with and 
without gloves and in the dark (as required) to mimic zero visibility. Activities are 
recorded on video-tape. They include: 

donning I doffing the equipment on land and in water 
movement, particularly of the head and arms 
harness fit, comfort, ease and adequacy of adjustment, security of fastenings 
ability to achieve and maintain positive, neutral and negative buoyancy 
routine in water activities e.g. clearing ears, clearing a flooded face mask 
access to and use of controls 
ability to locate, read and interpret visual displays and indicators 
clarity and field of vision adequate for task and unimpeded by bubbles 
the accessibility and adequacy of futing points for ancillary equipment 
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- emergency procedures such as the ability to ditch weights and the activation and 
use of emergency breathing systems 

- use of tlie equipment as a standby set, buddy drills 
- use of a buoyancy compensator 

EN 250 prescribes 5 subjects for the ergonomic assessment for SCUBA. We 
recommend 8 for complex equipment. If each diver performs 2 dives as in EN 250, 
assessment will take 1 - 2 days. Each subject completes a questionnaire post-dive. 

Shallow water assessment should be mandatory for new or prototype equipment 
where reliability is uncertain and our experience is that unpredicted safety-to-life 
problems can occur even after extensive unmanned testing. 

Maimed Performance Tests 
The second part of the manned assessment consists of simulated wet dives in the 
controlled conditions of an hyperbaric chamber to the maximum operational depth 
of tlie equipment. Equipment is evaluated during all phases of the dive. Performance 
is measured during graded work on an underwater ergometer. Test posture should 
reflect equipment design, especially hydrostatic effects, and use. The aim is to 
extend the unmanned evaluation which makes no allowance for variability in subject 
physiology and behaviour or for subject-equipment interaction. 

A minimum of 4 subjects is recommended. Instrumentation includes heart rate, skin 
and rectal temperatures, and Respiratory Inductive Pletliysinography (RIP) for 
respiratory volume. Equipment instrumentation includes inspired PO2 and inert: gas 
content for POz control, PCO, in the canister effluent for canister endurance, 
inspired gas temperature, end-tidal and end-inspired PCO, and respiratory pressure 
at the mouth. Since RIP tends to overestimate ventilation, an independent measure 
of ventilation is obtained whenever practicable (e.g. using a pressure drop method). 

The measurement of manned Work of Breathing (WoB) - the area enclosed by a 
respiratory pressure-volume loop - is a new technique developed in this laboratory 
(5). Preliminary work suggests that NPD/DEn unmanned performance criteria can 
normally be applied to manned WoB. Manned WoB is also a valuable tool for real- 
time diagnosis of under or overinflation of a counterlung, operation of relief valves 
and failure to switch fully from a primary to an emergency breathing system. 

Because of subject variability, manned performance is assessed on overall 
pliysiological and subjective response during underwater work but within pre-set 
limits for safety. For example, to reduce tlie risk of COz poisoning, end-tidal PCO, 
should not exceed 8.5 kPa for more than 5 consecutive breaths. Manned tests have 
shown that some semi-closed circuit sets cannot meet this C02 limit during work on 
oxy-nitrogen mixtures at depths (40 - 50 msw) within the equipment specification. 
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Manned tests on a free flow helmet have found that the noise of the breathing gas 
was so great that, for comfort and communication, divers reduced the flow to half 
that recommended. This allowed inspired PCOz to exceed 2 kPa due to inadequate 
helmet ventilation. The preferred limit is 1 kPa. 

Operational User Trials 
The final part of manned assessment consists of user trials to the full operational 
envelope of the equipment. Endurance swims at operational workrates should be 
conducted on swimming sets to identify problems such as postural strain, collapse 
of hoses and excessive drag. Poor harness, equipment design or fit can cause undue 
rotational moments which are exacerbated by wave action. Rotational moments 
reduce swimming efficiency and may cause back and neck ache. Video recording is 
used to aid diagnosis. For closed or semi-closed circuit sets the workrate can be 
estimated by gravimetric analysis of soda-lime (6).  

CONCLUSION 

Diving equipment must undergo satisfactory manned as well as unmanned 
evaluation to reduce the risk to the end user. Standards have lagged behind EC 
legislation and technological developments. The three part assessment described in 
this paper is proposed as a framework for a manned :valuation standard that will 
complement existing guidelines and standards. 
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INTRODUCTION 

A large percentage of drowning victims (51% of males between the ages of 20 and 
89 years in an Australian study) have alcohol in their blood stream (Plueckhahn, 
1984). However, it is not clear whether alcohol increases the chances of drowning 
by: (i) altering the physiological responses to immersion; (ii) increasing the 
likelihood of an accident occurring; (iii) causing confusion and lack of co- 
ordination on immersion; or (iv) a combination of these factors. 

Whilst the effect of alcohol on long-term cooling has been investigated (Keatinge 
and Evans, 1960), little is known of its effect on the initial responses 
(hyperventilation and tachycardia) to immersion in cold water; this is despite the 
fact that they are now regarded by some, as themost dangerous responses associated 
with cold immersion (Tipton, 1989). Martin et al. (1 977) investigated the effect of 
alcohol on a 20 minute immersion in water at 13T .  They found no difference in the 
ventilatory response measured over one minute periods, with and without alcohol. 
In the present study, the hypothesis that moderate levels of alcohol would attenuate 
the initial response was tested by a detailed examination of its effect on subjects 
immersedin water at 15°C. 

METHODS 

The experimental protocol was approved by a local Ethical Committee, and all 
subjects gave informed written consent before participating in the study. Sixteen 
subjects (15 male, 1 female) underwent two immersions, the order of which was 
counter-balanced and separated by at least 48 hours. The immersions were 

313 



performed at the same time of day to reduce any circadian effects. One hour before 
entering the water, subjects drank either 3.68 ml.kg body water'' of 40% proofvodka 
or water, both ofwhich weremixed with 6.15 ml.kg body water.' oforangecordial. 

Subjects were seated on a chair and lowered into stirred water at 0.2 m.s" to the level 
of the laryngeal prominence for threeminutes. Respiratory rate (fR) and inspiratory 
volume (Vi> were measured using a pneumotachograph placed on the inspiratory 
side of a mouthpiece. Heart rate was monitored continuously throughout the 
immersions with a 3-lead ECG. In eight of the subjects, rectal and mean skin 
temperature (Tsk: calculated from the unweighted mean of forehead, chest, thigh 
and hand temperatures) were also monitored. Blood alcohol concentration PAC)  
at 60 min prior, and 2 min prior to the immersion was estimated using a breath 
alcohol meter (Lion Instruments plc, Wales). Within-subject data were analysed 
using a repeated measures analysis of variance. 

RESULTS 

On immersion, BAC averaged 105 mg. 100ml" (range 80 to 130 mg. lOGml-l) after 
alcohol consumption, and zero in thecontrol condition. 

Analysis of the ventilatory responses showed that alcohol consumption reduced f, 
by 1 1% and by 9% in the first and second 10 second periods of immersion (P<O.O5; 
n=16; Figure 1). No significant differences were found at other times. Owing to 
technical difficulties, vi was obtained from only 12 subjects and during the first 10 
seconds of immersion was found to be increased after alcohol consumption by 17% 
from 54 Lmin" to 62 Lmin-' (P<O.O5) compared to the control condition. No 
significant differences were found at other times. Tidal volume was unaltered 
between the two conditions. When the f, data were restricted to the 12 subjects in 
which Vi was obtained, the reduction in f, after alcohol consumption was not found 
to be statistically significant. 

Heart rate both before and during the immersions was similar in both conditions. 
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Figure 1. Effect of alcohol on f, during immersion in water at 15°C (n=16). 
Each bar represents the mean f, over 10 second periods, The start of the 
immersion is indicatedby the arrow (IMM). 

Neither the rectal nor skin temperatures differed between conditions just prior to 
immersion. The Tsk followed the same profile in both conditions falling by 8.2"C 
after threeminutes of immersion. 

DISCUSSION 

Respiratory frequency is thought to give a better indication ofrespiratory drive than 
+,on cold water immersion (Tipton et al., 1991). Thehypothesis that alcohol should 
attenuate the initial responses to cold water immersion is based on the fact that it is 
a pharmacological depressant. In the present study, whilst moderate levels of 
intoxication had a tendency to attenuatef, during the first 20 seconds of immersion, 
this reduction was small. Given this, it is concluded that moderate alcohol 
consumption is unlikely to prevent or facilitate drowning by altering the initial 
responses significantly on immersion. It may, however, increase the chance of 
accidental immersion, or decrease co-ordination and swimming proficiency when 
in the water. 
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INTRODUCTION 

The use of human subjects for the evaluation of the thermal performance 
of immersion clothing has been previously criticized based on ethical, 
methodological and financial considerations. For these reasons, the use 
of thermal manikins is becoming an accepted alternative. 

The objective of the present study was to investigate the differences in 
the thermal insulation of a dry immersion suit system when tested on 
human subjects and a thermal manikm during water immersion in calm 
or wavy conditions. 

MATERIALS AND METHODS 

Subjects. Six healthy male subjects participated in the study (see 1 for 
details). The protocol was approved by Institutional Ethics Committees 
and written informed consent was obtained from the subjects. The tests 
were carried out at the Institute for Marine Dynamics in St-John's, 
Newfoundland. 

Thermal manikin. Parallel to the human tests, the immersion suit was 
also tested using a Thermal Instrumented Manikin (TIM, CORD Group 
Limited, Dartmouth, Nova Scotia) immersed in the same water 
conditions and at the same time without interfering with the subject or 
changing the wave pattern. The probe locations (except for the location 
of the HFTs that were fixed on the pile garment of the manikin instead 
of the skin as it was for the humans to avoid applying a large correction 
factor to the heat flow values; see 2) and the clothing were the same as 
for the human subjects (see 1 for details). The aluminum skin of the 
manikin was maintained constant and uniform at 25°C during the tests. 
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Measurements. The sensors arrangement allows the calculation of the 
thermal insulation for every suit layers (Rpile, Rsuit, Rwater/air 
boundary layer; see 1). The total suit system resistance for the whole 
body was measured for both the humans (Rtotal-H), and the manikin 
(Rtotal_M) as follows: Rtotal = Rpile + Rsuit + Rwatedair, where the 
three components of the suit system represents a resistance system in 
series (see 2 for details). A second estimation of total suit insulation 
was measured on the manikin by using the temperature gradient between 
the aluminum skin and the water, and the total power provided to all 
segment's heaters of the manikin as an index of heat loss (Rtotal-Cord). 

Procedures. The wave heights were chosen randomly and varied 
between 0 and 70 cm (WHO to WH70) by steps of 10 cm. A single 
wave height was used per day, only one subject was tested at any time, 
and each subject was tested at the same time of the day. Each subject's 
immersion last 60 minutes, whle the thermal manikin stayed in water 
for the full day of testing. An additional immersion test was performed 
on calm water while the subjects and manikin were immersed up to the 
neck in a vertical posture (VO) and all the air was purged from the suit. 
During the wave tests, the manikin was placed in the standard manikin 
immersion frame and positioned into the water. Buoyancy was added to 
the immersion frame until an anticipated survivor floatation position was 
achieved. 

RESULTS 

All the data presented are averages from the last 15 minutes of the 1 hr 
immersion when thermal steady state was achieved. On average, the 
water temperature was 15.95 f 0.02 "C and the air tenperature 16.60 k 
0.3 1 "C during the trials with no differences between wave conditions. 

Buoyancy of the human subjects and manikin. A significant portion of 
the subject and manikin body surface area was not immersed in water 
during the wave tests because of the buoyancy provided by the life vest 
in addition to the air trapped inside the immersion suit. It was estimated 
from video recordings that about 30-40% of the subjects' body surface 
area was exposed to air during the wave tests, while only 10-20% of the 
manikin surface area was exposed to air. 

Insulation of the dry immersion suits. The results showed that wave 
motion decreased Rtotal-H by 14% (1.35 k 0.34 Clo at 0 cm to 1.16 k 
0.53 Clo at 70 cm), Rtotul-M by 17% (0.78 f 0.01 Clo at 0 cm to 0.65 
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f 0.01 Clo at 70 cm), and Rtotul-CORD by 36% (0.70 f 0.01 Clo at 0 
crn to 0.45 f 0.01 Clo at 70 an). In the vertical position test, Rtotal-M 
(0.60 k 0.01 Clo) was not different from Rtotal-CORD (0.58 5 0.01 
Clo), but both were lower than Rtotal-H (0.85 k 0.02 Clo). From 0 to 
70 cm wave conditions, Rtotal-H were on average 45% higher than 
Rtotul-M and 57% higher than Rtotal-CORD (see Fig. 1). 
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Figure I. Effect of wave height and vertical immersion posture on the total thermal 
resistance (Rtotal) of the suit system worn by tlie human subjects and the thermal 
manikin during immersion in 16°C water. *, ", +: significantly difSerent ( p  c 0.05) 
from the 0 cm wave height condition. 

I 
I 

1 

319 



DISCUSSION 

Despite a similar effect of wave motion on suit system insulation 
between human subjects and manikin (14 and 17% decrement, 
respectively), the Rtotul were on average 51% lower when measured on 
the manikin compared to human subjects for the same water conditions 
and suit system. The discrepancy can largely be explained by the 
difference in buoyancy and amount of trapped air into the suit between 
the manikin and human subjects. The larger portion of the human's 
body surface area exposed to air during the immersion trials (30 to 40%) 
probably contributed in providing a larger overall suit system insulation 
when compared to the 10 to 20% surface area in contact with air in the 
case of the manikin. This is supported by closer Rtotal values between 
humans and manikin during the VO condition. 

The decrement of Rtotal-CORD by 36% from WHO to WH70 contrasts 
with the 14 and 17% decrement observed for Rtotul-H and Rtotul-M, 
respectively. Furthermore Rtotul-CORD were on average 21 % lower 
than the Rtotul-M values. Two factors 'might have contributed to this 
discrepancy: the use of the extremities in the calculation of the suit 
insulation, and the use of Twuter for the calculation of Rtotul for every 
sites on the manikin. It was observed that the heat loss from the 
extremities of the manikin were more affected by the wave motions 
when compared to the rest of the body. This effect was not present in 
humans since the extremities were vasoconstricted during cold water 
immersion. This will exaggerate the effect of wave motion on suit 
insulation for the manikin in addition to decrease the overall Rtotul . 

It was concluded that to improve the correlation between human and 
manikin, the manikin should reflect more closely the thermal physiology 
of humans and its flotation characteristics. 
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NON-UNIFORM INSULATION IN IMMERSION PROTECTION 
CLOTHING: EFFECT ON BODY HEAT LOSS 
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INTRODUCTION 

Standards for the thermal insulation to be provided by immersion protective 
clothing specify a level of iiieaii insulation derived from individual body segment 
conductance measureinelits from manikin tests. When this mean is used in con- 
junction with a model to derive predicted survival times in water, the accuracy of 
heat loss estimates relies on the assumption that the body has a uniform surface 
temperature. As this is not generally the case, errors in heat loss estimates inay 
occur for clothing with regional variation in thermal conductance. Previous studies 
have shown that insulation of the upper body is relatively more effective at retain- 
ing body heat than a similar amount of insulation over the lower body. In order to 
assess whether these findings are relevant to aircrew protective clothing, assem- 
blies with undergarments having either uniform or lion-uniform insulation over 
the upper and lower body regions were tested on huinan subjects iiiunersed in cold 
water. In order to compare results, estimates df heat loss were also measured using 
the same clothing assemblies tested on a manikin. 

I METHODS 

Subjects were 6 males aged between 23 and 27 years and weighing between 62.4 , 
l and 78.7 (mean 71.2) kg. They comprised 2 groups, ‘lean’ and ‘medium fat’, 

based on mean weighted skinfold thickness for the 10th and 50th percentile levels 
as defined in an anthropometric survey of aircrew. 

, 
I 

Clothing assemblies (A,B,C) with 3 different undergarments affording either uiu- 
form (A), high upper (B) or high lower (C) body insulation were tested. These 
comprised a long thermal protective undergarment (assembly A), 2 woollen pullo- 
vers (assembly B) and 2 pairs of acrilaii pile drawers (assembly C). The overall 
immersed insulation of the 3 different undergarments, determined by manikin ex- 
periments, were approximately the same (-0.G clo). Additional garments common 
to all 3 assemblies were a long-sleeved cotton vest and long cotton drawers (worn 
under the extra undergarments), aircrew socks, a commercial one-piece dry im- 

I 

~ 

1 
I , inersioii suit, a coverall, chest and leg anti-G garinelits proposed for aircrew for the 
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new Eurofighter aircraft, lifejacket, neoprene mittens, helmet and boots. 

Underclothing was weighed before and after immersion of the subject so that an 
estimate of any water leakage into the immersion suit could be made. After 
dressing the subject rested at the poolside for 30 minutes before entering the water 
with life-jacket inflated. A flotation angle of 45" was maintained by placing the 
subject's feet beneath a horizontal bar mounted across the pool. During the 2 hour 
(or less) immersion the water was at 8°C (range over all immersions, 8.0-8.5"C; 
mean S.l°C) and did not vary more than 0.1"C for each immersion. The water was 
agitated by bubbling compressed air at 75 1.min-I through a distribution network 
secured to the floor of the pool. Air temperature above the pool over all  immer- 
sions ranged from 15.2 to 17.6 (mean 16.3)OC and vaned from 0.3 to 1.3 (mean 
0.75)"C for each immersion. 

Skin heat flow and temperature at 15 body sites and rectal temperature were meas- 
ured at 1 minute intervals. Douglas bag expirate samples for the measurement of 
metabolic rate were taken ten minutes before, and at 15 minute intervals for 5 
minutes during immersion. 

RESULTS 

A large amount of water leakage into assembly C occurred for 1 subject and was 
caused by a puncture in the rear of the neck seal causing wetting of the subject's 
back. For another subject, urine leakage into the immersion suit was known to 
occur with all  three immersions. For the other 14 immersions water leakage 
ranged from 24-200 (mean 69) ml. Immersion times of less than 120 min oc- 
curred on three occasions; for one subject wearing assembly B after 93 min and for 
a second subject wearing assembly A after 60 min and assembly B after 95 min. 

Analysis of variance was carried out on the data for metabolic rate, skin and rectal 
temperature and for heat flow. Average metabolic rate over the immersion period 
for assemblies A, B, and C were 112, 86 and 112 W.m-', respectively. Average 
metabolic rate while wearing assembly B was lower than for the other two as- 
semblies (pc0.05). The change in rectal temperature during immersion ranged 
from +0.29 to -1.35 (mean -0.68) "C for assembly A, from -0.29 to -2.17 (mean - 
1.02) "C for assembly B and from -0.10 to -1.10 (mean -0.55) "C. Clothing as- 
sembly or body 'fatness' had no effect on the fall in rectal temperature during im- 
mersion. 

Mean area-weighted skin temperatures of the upper and lower regions of the body 
were calculated using the temperatures recorded by the thermistor probes incorpo- 
rated into the heat flow discs (Table 1). Data recorded at 15 minute intervals after 
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initial immersion were used for analysis. The area weighting factors applied to 
each ineasureineiit site were based on area estimates of body segmeiits according to 
Dubois. For the upper body area these were 0.771n’ (10th percentile) and 0.83m2 
(50th percentile). For the lower body area these were 0.81m2 (10th percentile) and 
0.87in2 (50th percentile). The upper body comprised hands, arms, chest, back, 
abdomen and 50% of the buttock area. The lower body comprised 50% of the 
buttock area, legs and feet. The head region was not included in any calculation. 
These combinations of segnieiits were chosen to accord as far as possible with the 
delineation of insulation of the asyinmetric clothing asseinblies, B and C. 

Assembly 

A 
I3 
C 

Mean 

Table 1. Mean skin temperature (“C) and heat flow (watts) for each cloth- 

Heat flow (watts) 
upper body lower body whole body 

186 170 356 
147 220 3 67 
272 113 3 85 
202 168 3 69 

There was a n  effect of clothing asseinbly on the mean skin temperature for area- 
weighted regions of the upper and lower body regions and on heat flow in these 
two regions @<0.05), though whole body meail skin temperature and heat flow 
did not differentiate between assemblies. 

Regioiial heat flows equivalent to the body areas described above were derived 
from ineasuremeiits on a thermal manikin (TIM3, Cord Group Ltd, Dartmouth, 
Canada) but corrected for the different mean temperature gradients across the 
clothing recorded during the actual subject exposures (Table 2). Heat flow meas- 
ures derived for the manikin were higher than those estimated from heat flow disc 
ineasurenieiits recorded during subject immersions. 

Table 2.Heat flow (watts) iiieasiirenieiits for each assembly and body area 
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DISCUSSION 

Previous studies involving both thermal modelling’ and human experimentation’ 
have shown that insulation of the upper body is relatively more effective a t  retain- 
ing body heat than a similar amount of insulation over the lower body. Though, in 
the present study, heat losses over the upper torso were less than those over the 
lower body, they were not significantly different. One possible explanation for this 
was the observed reduction in metabolic rate due to suppression of the stimulus for 
shivering when the upper body was insulated. Another possibility to account for 
differences between studies was related to the movement of subjects in the water 
giving rise to a variance in the regional hydrostatic compression of clothing and, 
hence, of clothing insulation levels. However, since this degree of variation is 
likely to occur in real immersion emergencies, it is considered that any difference 
found experimentally, would be of little practical significance at the levels of insu- 
lation and environmental conditions tested. 

The disparity between heat flow estimates based on disc measurement and manikin 
tests may relate to an approximate 15% underreading with heat flow discs under 
the experimental conditions used in this study3. Additionally, there was greater 
compression-related reduction in clothing insulation with the manikin compared 
with subjects, particularly in the torso region, though the associated errors are not 
considered to have invalidated the regional comparisons of heat flow. Work to 
consider further the source of these discrepancies is required. 
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PILOT SUITS - COLD PROTECTION IN A WET ENVIRONMENT 
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INTRODUCTION 

In Germany about 1.100 port, river and sea pilots are on duty. Most boardiiigs are 
made from small pilot ships, except in the ports and some very seldom cases when 
the pilots approach by helicopter. During tlie very often =cult boarding under 
rougli weather coiiditions in tlie North and Baltic Sea, accidents with a fall into 
cold water with annual mean temperatures between 9 and 10 OC inay occur. A short 
time ago we liad cases of drowning in t l is  working field [3]. 

MATERIALS AND METHODS 

Discussions with pilot associatiotis and tlie federal pilot clianiber were followed by 
discussions with lifejacket and protective clothing producers to find out what miglit 
be useful and available on tlie market. 21 cold protectiodweather protection suits 
were collected together with several different lifejackets of EN standard 150 and 
275 Newton [l], [2]. 

Voyages on pilot ships, tenders and cargo ships were made to study tlie piloting 
procedures. A questionnaire with 27 questions was sent to 330 pilots working in tlie 
River Elbe area. An iininersible iiianikin (RAMM 11) was dressed with different 
coilfigurations of protective clothing and equipped with different lifejackets. After 
tlis tlie manikin was exposed to a free footward fall into tlie water froin a heiglit of 
one metre above the surface, equipped with an electronic measurement device 
(notebook computer incl. optoelectronic sensors). It was measured how long it took 
to get mouth and nose free of the water after falling into it. 

The same measurement equipment was used in the wave pool of the German Navy, 
Neustadt, where the manikin, incl. lifejacket and different protective clotlies, was 
exposed to waves of 80 cin to 100 ciii heiglit. Time and frequency of nose or mouth 
flooding, caused by tlie waves, was measured. 13 pilots, dressed with different 
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protective clothes, from uninsulated trousers with jackets to uninsulated water-proof 
overalls up to insulated overalls, were exposed to a cold water pool with water 
temperatures between 7.5 and 8OC. These tests were carried out in accordance with 
IMO Regulations, except the water temperature. The following temperatures were 
measured: air, water and the person’s hand, foot, loin and rectal temperature. The 
data were collected every twenty seconds by Hewlett Packard equipment connected 
to Yellow Springs sensors. The Hamburg Chamber of Medicine’s review board 
(ethic commission) approved of these measurements. 

RESULTS 

56.4% of the questionnaires were returned, e.g. by the River Elbe Pilot Association. 
The majority of these pilots (95%) preferred to wear protective clothmg. 5% 
thought that would not be necesssary. 52% favoured insulated and 43% non- 
insulated cold protection clothing. These data can only be an example of all the 
answers. 

The flooding test (Fig. l), of one suit type and 8 Merent life jackets as an example, 
shows a flooding time of about 4% to 33% of the whole trial time of 10 minutes if 
the manilun was equipped with a 150 N lifejacket. The 275 N lifejackets were 
much better, the level was between 0.1% and 7% of the trial time. 

The uprighting showed nearly the same relation between 150 and 275 N, except 
one lifejacket which performed badly. The data shown in Fig. 2 as an example 
present an uprighting time of 15 to 94 seconds with 150 N lifejackets and 4.7 to 97 
seconds with the 275 N jackets. The last one whch worked very badly was a 
prototype and did not appear on the market after our results were shown to the 
producer. 

[yo] [%of tnal time] 
A I 

*>*>‘gg. ............... ........____......._.__.. . ..... .._ .......__.._ 1 ,.< 

150 N 275 N 

ElSerie 2 

WSerie3 
E4Serie 4 

Fig. 1 : Flooding Pilot Suit / Life Jackets (1 50 and 275 N buoyancy) 

326 



time in seconds to upright 
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Fig. 2: 
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150 N 275 N 

Uprighting Pilot Suit / Life Jackets (1 50 and 275 N buoyancy) 

Fig. 3: 

Immersion time (Minutes) 

Rectal Temperatures Pilot Suits / 7.5"C Cold Water Trials 

Cold tests with different clothing were carried out in a cold water pool. During 
these trials 13 pilots had to be dressed with different clothing and had to enter the 
pool for a period of at least 30 minutes with wet insulated and 60 minutes with dry 
non-insulated suits. During that time the temperature measuring took place. 
Because of the bulkiness of insulated overalls the pilots rejected this sort of 
equipment and tried to favour somewhat insulated jackets with uninsulated 
trousers. Fig. 3 shows the measured mean values. In all trials the pilots dressed 
with lion watertight jacket and trousefi stayed at least 30 minutes in the water with 
a inaxitnuin heat loss of the core temperature of about 0.2"C. Some of them stayed 
a bit longer in the water as is to be seen on the graph. Because the pilots rejected 
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the fully insulated overall, because of its bulkiness, we could not measure this 
equipment in cold water but we could measure dry non-insulated overalls which 
were worn by 4 test persons with their standard underwear plus trousers and one 
pullover. As can be seen on the graph they were able to stay at least 60 minutes 
with a heat loss lower than 0.2"C. Some of them stayed nearly 80 minutes with a 
core temperature loss of not more than 0.5OC. 

The wearing tests which took place in nearly every pilot station with all different 
combinations of clothing showed that most pilots would prefer uninsulated trousers 
with an insulated jacket and would not be willing to wear overalls. 

CONCLUSIONS 

Our finQngs show that lifejackets used together with weather protection or cold 
protection suits should be at least in consensus with the EN 275 standard and 
should be well shaped. Suflicient cold protection for a survival time of between 1 
and 2 hours in our latitudes makes a water-tight overall, which need not be 
insulated, necessary. Uninsulated trousers with jackets, the latter might be 
insulated, are not fully sufficient. If such clothes are to be worn, the jacket at least 
has to be equipped with a neoprene protection in the loin area connected with a 
beaver tail neoprene part to prevent the lower body parts from quick water 
exchange with cold water. 
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MAXIMAL WORK CAPACITY ON MOVING PLATFORMS 

Ronald Heus and Alexander H. Wertheim 

TNO Human Factors Research Institute, Soesterberg, The Netherlands 

INTRODUCTION 

In the scientific literature some general atlention has been given to the 
phenomenon of Motion Induced Fatigue (MIF; Colwell, 1989). However, only few 
attempts have been made to investigate the actual energy expenditure by the human 
body during work in a moving environment or to study fatigue in relation to the 
relative work load, expressed as percentage of maximal workload or as percentage 
of maximal oxygen consumption. The results of these studies showed only a minor 
increase in oxygen consumption during simulated ship movements, while the 
subjects looked rather fatigued (Crossland, 1994; Wertheim et a l  1995). This was 
surprising, as the work loads used (< 30% Vozmax) were well below the standard 
for acceptable 8 hour work level, Le. 40% Vozmax (Evans et al, 1980; brand I% 
Rodahl, 1986). 
In this respect these studies seemed to suggest that expressing workload as a 
percentage of the VOzmax measured before the experiments is possibly misleading, 
when judging fatigue. In an attempt to understand this finding, it was hypothesized 
that maximum work capacity in a moving environment might be less than in a 
stationary environment (Wertheim et al, 1995). If that is correct, Voz during work 
inside the moving Ship Motion Simulator (SMS) should not have been expressed as 
a percentage of maximum capacity as measured before the experi-ments, but as that 
measured in the moving SMS. 
A reduction of maximum work performance could be expected from restrictions 
imposed on the body stemming from additional muscular activity required for 
maintaining one's balance. But to the extent that oxygen consumption reflects 
muscular exertion, a reduction of maximal performance would not automatically 
imply a decrease of maximum oxygen consumption. If no reduction in maximum 
oxygen consumption is observed together with a decrease of maximum perfor- 
mance, a decrease of efficiency of work would be implied. 
The present experiment was designed to answer the following questions by 
performing maximal tests in both the stationary and the moving SMS: is it a 
reduction of maximum power or a reduction of efficiency or both, which underlies 
the fatigueing effects of working on a moving platform? 
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MATERIALS AND METHODS 

Experiments: In balanced order a graded exercise test (GXT) on a cycle ergometer 
(Lode Excalibur) was performed by subjects inside a moving or stationary SMS, 
until1 exhaustion was reached. Both experimental sessions were separated by 
approximately a week, to prevent physical fatigue affects from one session to 
another. A complete GXT lasted for approximately 15-20 minutes. Dependent 
variables were maximum power, maximum oxygen consumption (Vozmax), 
metabolism and efficiency. The efficiency was calculated as the quotient of power 
and metabolism. Metabolism was calculated from averaged Vo2 and Vcoz 
according to IS0 8996 (1990). 
In addition, also heart rate was measured, and an attempt was made to measure 
blood lactate levels. 
Ship Motion Simulator (SMS): The SMS consists of a large cabin, placed on top 
of a hydraulic cylinder system. The cabin can move with three degrees of freedom: 
vertical motion, pitch and roll. The experimental design consisted of a movement 
condition and a stationary control condition. In the movement condition the SMS 
moved according to a profile of a small boat on a calm sea (Wertheim et al, 1996a). 
Subjects: Eight physically fit subjects (four men and four women) participated in 
this study. Subjects had been screened medically and found healthy. Data from one 
male subject had to be rejected, as during his debriefing after participation in a 
follow-up experiment he confessed to suffer from exercise induced asthma. All 
subjects gave their written informed consent and the study was approved by the 
ethical committee of the Institute. 
Statistics: All data were analyzed with the statistical software Statistica for 
Windows (Statsoft Inc.) with a p-value<O.O5 as the significance level. 

RESULTS 

On average the maximum power reached in the maximal tests was lower in the 
moving SMS (301W) than in the stationary SMS (311W), but the difference just 
failed to reach sigxficance @=.07), because one subject showed an effect in the 
opposite direction. 
The efficiency during the GXT showed no sigruficant differences between the 
moving (24.7%) and stationary (24.5%) conditions. 
Vozmax, defined as the bghest V02 of the successive one-minute periods of the 
GXT, was sigmficantly lower in the moving SMS than in the stationary SMS (Fig. 
1). 
Maximum heart rates (HR) were always observed to o m  during the highest power 
step completed in each of the maximal tests, but no systematic differences were 
observed between the stationary and moving SMS conditions. Also no systematic 
differences in lactate level were observed between the moving and the stationary 
SMS conditions. 

. 
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Fig. 1: Mean VOzmax (k sd) in the moving and stationary SMS 
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for maintaining one’s balance besides the normal task are not exclusively based on 
oxygen consumption, but also to some extent on the anaerobic metabolism. 
However, no significant change in blood lactate was observed in the moving as 
compared to the stationary SMS. Thus a clear explanation for a lower V02max in a 
moving environment is not yet available. 
In conclusion then, even though the phenomenon cannot easily be explained, the 
fact remains that maximum work capacity (V02max) on a bicycle ergometer is 
reduced on a moving platform. This concomittant increase, due to movement, in 
relative workload for a fixed task is the most likely cause for the observed MIF. A 
valid predictor of MU? should be obtained if VOZ in the moving SMS is expressed 
as a percentage of the V02ma.x as determined in the moving SMS. What remains to 
be done in a follow-up experiment, is to quat@ MIF in terms of loss of working 
time (Bink, 1962) due to platform motion. 
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THE EFFECT OF STANDARD WAVE CONDITIONS ON 
DRY SUIT INSULATION WHEN MEASURED ON 

HUMANS 

M.B. Ducharme, C.J. Brooks 

Defence and Civil Institute of Environmental Medicine 
North York, Ontario, Canada, M3M 3B9 

INTRODUCTION 

Testing of immersion suits is commonly conducted in calm or 
circulatory water. Several investigators have argued that this is an 
unrealistic test for a suit that is designed to protect a human from 
hypothermia in open ocean conditions. In support of this argument, 
Steinman et al. (1) and Romet et al.(2) reported a significant reduction 
of suit insulation in turbulent water when compared to still water by an 
average of about 30% when measured on humans. Such differences 
were found for loose-fitting wet suits but were not investigated for dry 
suits. Recently, Sowood et al. (3) reported a reduction of dry suit 
insulation by about 30% in turbulent water (wave height of 60 cm) 
compared to still water when tested on a thermal manikin. 

The objectives of the study were 1) to investigate the effect of standard 
wave conditions on dry immersion suit insulation when tested on 
humans, 2) to define which components of the suit system were 
affected by the waves and 3) which body parts were the most and least 
affected. 

MATERIALS AND METHODS 

Subjects. Six healthy male subjects with an average age of 25.0 k 1.7 
years (mean f SEM), height of 179 A 1 cm, weight of 76.5 k 1.6 kg 
and body fat of 15.9 t- 1.9 % participated in the study. The protocol 
was approved by Institutional Ethics Committees and written informed 

'consent was obtained from the subjects. The tests were carried out at 
the Institute for Marine Dynamics in St-John's, Newfoundland. 

i 

Measurements. Rectal temperature (Tre) was measured by using a 
thermistor inserted 15 cm into the rectum, heart rate (HR) was recorded 
from a three point leads system, skin temperature (Tsk) and skin heat 
flux (Hsk) were measured by using recalibrated heat flux transducers 
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fixed on 12 sites based on the Hardy and Dubois modified 12 points 
system (4). Two other set of 12 thermistors were fixed on the surface 
of the pile gament and on the outside surface of the immersion suit for 
the same sites on the body. The thermistor arrangement creates a 
system of three layers (components of the suit system) capable of 
measuring the insulation of the pile garment (Rpile in Clo), the suit 
(Rsuit in Clo), and the water/& layer (Rwatdair in Clo) for every sites 
as follows: Rpile = (AT1Hsk) / 0.155, Rsuit = (AT2/Hsk) / 0.155, and 
Rwatedair = (AT f l s k )  I 0.155 where ATi("C) = Tsk - Tpile, AT2 ("C) 
= Tpile - Tsuit, AT3 ("C) = Tsuit - Twatedair, Hsk is the heat flow in W 

m-2 measured by the HFTs, and 0.155 is the conversion factor from 
"C m2 W-1 to Clo. The 12 body sites represents a resistance system 
in parallel (see 5 for details). The total suit system resistance for the 
whole body was measured by Rtotal = Rpile + Rsuit + Rwatedair, 
where the three component represents a resistance system in series. 

Procedures. Before the immersion, the subject was instrumented with 
the sensors and then dressed with a one-piece Helly Hansen pile 
undergarment, a set of Helly Hansen pile socks, an uninsulated 
nylon/butyl Typhon Ranger dry immersion suit, neoprene mitts and 
hood, and an inflatable twin lobe life vest. The subject entered the 
water and its feet were hooked with flexible positioning cable to ensure 
a constant positioning relative to the wave propagation while 
maintaining freedom of movement. The wave heights were chosen 
randomly and varied between 0 and 70 cm ( W H O  to WH70) by steps of 
10 cm. A single wave height was used per day, only one subject was 
tested at any time, and each subject was tested at the same time of the 
day. Each immersion last 60 minutes. 

RESULTS 

All the data presented are averages from the last 15 minutes of the 1 hr 
immersion when thermal steady state was achieved. On average, the 
water temperature was 15.95 & 0.02 "C and the air temperature 16.68 +_ 

0.3 1 "C during the trials with no differences between wave conditions. 

Physiological parameters. On average HR did not change significantly 
(p > 0.05) with the wave conditions, although it increased to 59 k 4 
beats e min-1 for WH70 as compared to 55 4 3 beats min-1 for W H O .  
Tre decreased significantly during the hour of immersion by 0.24 k 
O.O2"C, but was not affected by the wave condition, averaging 37.16 k 
0.04"C and 37.15 k 0.04"C for the WHO and WH70 conditions 
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respectively. Although mean Tsk decreased on average by 0.82 k 
-0.26"C duriiig the hour of immersion, it was not affected by the wave 
conditions, being on average 29.83 k 0.11"C. Mean Hsk was not 
different between WH20 and WH50 inclusively (average of 78.48 k 
2.53 W m-2), but was significantly higher than WHO and WHlO 
(average of 73.15 k 1.92 W m-2), and lower than WH60 and WH70 
(average of 84.93 k 1.93 W m-2). From WHO to WH70, the skin 
heat loss increased significantly for the head, trunk and proximal limbs 
by 71.1 -I- 8.0, 14.5 +_ 6.8 and 9.2 3. 4.2 W m-2 respectively, while it 
did not changed for the distal limbs. 

Insulation of the system components. No difference was found for 
conditions between WHO and WH70 inclusively for Rpile (average of 
0.81 3.0.03 Clo) and Rsuit (average of 0.32 3. 0.01 Clo). Rwatedair 
was significantly higher for WHO (0.24 -t- 0.03 Clo) and WHlO (0.17 +_ 

0.02 Clo) and significantly lower for WH70 (0.06 k 0.01 Clo) 
compared to the other wave conditions. No difference was observed 
for conditions between WH20 and WH60 inclusively (average of 0.09 
-t- 0.01 Clo). Rtotal did not change significantly for conditions between 
WHO and WH50 inclusively (average of 1.28 k 0.04 Clo), except 
between W H O  (1.35 3. 0.03 Clo) and WH30 (1 2 2  _+ 0.03 Clo). Values 
of Rtotal were not different between WH60 (1.16 2 0.02 Clo) and 
WH70 (1.16 k 0.02 Clo) conditions but these values were about 14% 
lower than Rtotal at WHO (1.35 3. 0.03 Clo) and WH10 (1.33 k 0.04 
Clo). The total insulation of the suit system was most affected by the 
wave conditions for the head segment where Rtotal decreased by an 
average of 0.86 k 0.06 Clo (57.8 k 6.4% decrease in insulation) from 
WHO to WH70 compared to the trunk and proximal limb segments 
where the decrease in Rtotal was respectively 0.54 2 0.13 (32.0 k 6.8% 
decrease in insulation) and 0.21 1: 0.09 Clo (16.0 k 5.8% decrease in 
insulation). No change was observed in Rtotal between WHO and 
WH70 for the distal limb segments. 

DISCUSSION 

The physiological results from the present study are in agreement with 
those of Steinman et al. (1). The present study shows that the total 
thermal resistance of the diy suit system decreased by 14% from still 
water condition to 70 cm wave height when tested on humans. This 
effect is smaller than the reported 25-36% decrement when the same suit 
system is tested on a thermal manikin (5; 6). Sowood et al. (3) 
suggested that part of the decrement observed in suit thermal resistance 
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could be attributed to the effect of the water movement over the manikin 
surface. Our study shows that Rwaterhir was the only suit system 
component that was significantly affected by the wave motion. 

Vasoconstriction minimized the increase of the skin heat loss for the 
proximal limbs and abolished it for the distal limbs during the wave 
motion. On the other hand, because of the weak vasoconstriction 
capacity of the skin of the head, head heat loss doubled from WHO to 
WH70 condition, mainly due to water splashing occurring during wave 
breaks at WH70. These vasomotor changes were mainly responsible 
for the large decrement in suit thermal resistance at the head and trunk, 
while suit thermal resistance decreased by only 16% for the proximal 
limbs and did not changed significantly for the distal limbs. These 
results suggest that to optimize the survival time during immersion in 
turbulent water, further development of dry immersion suit should 
focus on improving the thermal protection at the head and trunk, and not 
at the limbs. 
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Use of Filtered Ambient Air to Reduce Heat Stress in NBC Protection Clothing 

Wulf von Restorff, Stefan Dyballa, Karl J. Glitz 
Ergonomics Division 

Ernst-Rodenwaldt-Institut, POBox 7340, D-56065 Koblenz, Gemany 

INTRODUCTION 

Army personnel who decontaminate both weapon systems and personnel have to 
wear completely tight protective suits (PS) including a gas-mask, rubber overboots 
and rubber gloves [I]. This results in three groups of stressors: a- thermoregulation 
is impeded by total water impermeability; b- physical workload of the job and the 
weight of the PS; c- additional stressors such as reduced vision, communication and 
manual dexterity as well as psychological and respiratory loads [S, 7, 91. Several 
means of assisting heat dissipation from the body have already been studied. They 
include ice vests [2], microclimate cooling systems [7] and air conditioning by 
umbilical cords [3]. The present paper describes the effect of venting the German PS 
and the mask using filtered ambient air. 

METHODS 

Eight healthy informed consenting male volunteers whose anthropometric data are 
given in table I volunteered to participate after having signed an informed consent 
form. After a thorough medical examination they underwent VO,,, evaluation on a 
motor driven treadmill. During the investigations they wore the German NBC PS 
with or without ventilation. It consists of a two piece butyl-rubber suit with a over- 
lapping part rolled up around the waist as air seal, rubber overboots, rubber gloves, 
and the German NBC-protective mask. All subjects were experienced in wearing the 
ensemble and working in it. The ventilation, the effects of which were to be studied, 
is provided by a battery driven motor and fan carried in a pouch on the soldier's 
back. Ambient air is drawn through two standard filter canisters (120 Vmin) and 
blown into the suit at two sites in the back at kidney height. Air leaves the suit via 
four outlet valves (opening pressure 8 cm H20) at both upper arms and legs. 
Approximately one third of the filtered air (depending on resistances) is guided into 
the face mask to provide breathing air at low resistance. For control conditions the 
subjects wore the German battle dress uniform (BDU) to which the weight of the PS 
(13,35 kg) was added using small sand bags. 
Heart rate (chest leads, Sirecust 401A EKG monitor, Siemens) was monitored 
together with measurements of microclimate temperatures and humidities (Vaisala, 
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HMP 31 UT) at midscapular and midsternal areas as well as rectal (YSI 401D) and 
skin (YSI 409A) temperatures. The latter were averaged according to Ramanathan 
[8]. The outlet valve of the NBC-mask was connected to an open spirometric system 
(EOS, Jaeger, Witrzburg) to measure V02 and VC02 (STPD). Every five minutes 
during the experiments the subjective sensations of heat, sweat and overall stress 
were to be estimated by the subjects using a seven steps scale. 
Ambient temperatures were set at 2 5 O ,  35" and 40°C, respectively, in random order. 
Ambient humidity varied since PS is watertight. The subjects marched on a motor 
driven treadmill at 5 kmh at zero incline for 45 min or until volitional exhaustion 
on four separate days, under four different conditions each (table 11). The 
experiment was stopped at HR above 170 min-l, rectal temperature above 38,O "C 
or as other major complaints occurred. All data are given as means f SE. The 
statistical probability was accepted at the .05 level using multivariate ANOVA and 
the one sided Students t-tests. 

Table I: Anthropometric data of the volunteers for this study 

RESULTS and DISCUSSION 

Oxygen consumption during the VOzmaw evaluation showed an almost ideal identity 
to the values predicted by the formula of Pandolf et al. [6]  (y = 1.087~ + .772 and y 
= 1 . 0 5 6 ~  - .188). Thus it could be used to calculate the extra cost of wearing the PS. 
Oxygen consumption at rest (standing) was 5.4 f 0.2 ml/min*kg (Meani SD). 
Wearing BDU plus weights in 25 O C augments V02 by 1 ml/kg*min, while wearing 
the PS at 25 O C unventilated, at 25 O C ventilated and 35 O C ventilated caused rises 
in VOz above predicted values by 3.2 ml/min*kg, 2.7 ml/min*kg, and 4.5 
ml/min*kg, respectively. 
Endurance times until volitional fatigue are given in table 11. Over all 75% of the 
experiments had to be ended early. At the lower temperatures the causes were 
respiratory difficulties and nausea, while at the higher temperatures heart rate ceiling 
(170 min-I) led to a premature stop in 31% of the subjects. Trectal remained constant 
for 15 min in all subjects, thereafter it rose almost linearly with time depending on 
Tambient (0.005 "C/min at control conditions and up to 0.032 "C/min at 35°C TmbienJ. 
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Heart rate limit (170 min-') was reached in less than 25% of the tests thus the use of 
maximum heart rate as a criterion is difficult. Therefor the time until HR had risen 
to 140 min-l (table 11) was calculated. Assuming a heart rate of 140 min-l to be the 
limit for useful continuous work the ventilation of the PS expands the time for 
useful work by 20 min at 25 OC and by 5 miri at 35 "C. 
Volitional fatigue occured at heart rates higher than 140 min-', the beneficial effect 
of ventilation, however, at 35 "C is comparably short: id est 3 min (table II), while at 
25 "C the subjects in the non-ventilated suit marched 7 min longer. The difference is 
rather small and physiologically insignificant. Thus the NBC PS cannot be used 
under high climatic stress conditions. 

Table 11: Time to HR = 140 min-* and to volitional fatigue (four subjects each, nt = 
condition not tested. statisticallv different (a) from BDU. (b) from no vent) 

It: 30°C I I I nt I nt I 28min T ambien I I 

T ambient: 35 "C I I1 
T ambient: 40 ' 

I 36min i 15 min (a) i 20 min (a) I( 

I 
Subjectively perceived sensations of heat, sweat and exertion showed a clear cut 
difference between control and NBC-protective conditions as well as between 
Tmbient < 35 "C and higher values. At high ambient heat differences in self perceived 

I heat stress between the conditions were no longer observable. 

I CONCLUSIONS 

Heart rate measurements and self perceived sensations of heat, sweating and 
I exertion document a small effect of suit ventilation with ambient air in a completely 

tight NBC-protective garment under the condition of very high external workload. 
I 
I 

I 

I 
1 

I 

Further steps will include training of crew in order to optimise their movements in 
the suit and additionally reduction of external work load or reorganisation of 
workhest schedules, cooling of the ventilating air, and changes in air flow in the 
suit. I 
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AUTOMATIC MULTI-LOOP CONTROL OF COOLING GARMENTS 

Martin Hexamer, Xiaojiang Xu and Jurgen Werner 

Abt. Biokybernetik MA 4/59, Rulir-Universitat, 44780 Boclium, Germany 

INTRODUCTION 

In order to contribute to the optimization of construction and use of liquid cooling 
garments (LCG), several studies were undertaken to develop a concept for an 
automatically controlled multi-loop cooling system. 

MATERIALS and METHODS 

I )  Physiological Measureiiients 
As tlie rnetliods for tlie physiological measuremenls are described in detail 

elsewhere (1) only a brief summary is given here. Skin temperatures were sensed 
witli thermocouples at ten sites. Mean skin temperature was tlien calculated with 
weighting coefficients according to tlie HardyDuBois-formula (2). In tlie case of 
tlie multi-loop experiments a local mean skin temperature of each cooling 
compartment was calculated as the average of the local skin temperatures. Rectal 
temperature was measured 10 cm behind tlie anal sphincter (thermocouple; Ellab, 
Denmark). An open mask system was used to determine the standardized oxygen 
consumption and carbon dioxide production and finally tlie metabolic rate (STPD: 
standard iemperature pressure and dry). Exercise was performed on an electrically 
iraked cycle-ergometer. Metabolic heat production (MHP) was calculated as the 
difference between metabolic rate and exercise rate. With scaled turn-switches the 
subjects could indicate their thermal sensation and their thermal comfort 
independently for each cooling compartment. Heart rate was measured optically 
with an earclip registering tlie light transmission fluctuations due to tlie pulsatile 
nature of blood Row. 

2) Tlie Cooling Suits aiid Their Operation 
2.1) The Oiie-(7oiiipurtJ~ieiit Multi-Loop Cooliiig Suit 

The one-compartment LCG (LC-Dover) was of the same type as used by tlie 
NASA during tlie Apollo nussions (3). The suit covers the whole body excluding 
head, hands and feet. Tlie cooling tubes (PVC, 9 lm, 1.6mm/3.21n1n innedouter 
diameter) are woven in a wide-meshed nylon layer. Tlie starting point of tlie 
cooling loops is a manifold on the waist where tlie main stream is distributed into 
tlie small heat-exchange hbes. From diere tlie cool water is led over tlie trunk 
towards the extremities and nearly the same way back to tlie outlet manifold. 
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2.2) The Three-Compartment Multi-Loop Cooling Suit 
The three-compartment LCG was a modified 'Webb-suit' with the diamond 

flow pattern (4). The modification was a subdivision of the original one-compart- 
ment suit in three independently perfbsable parts (arms, trunk and legs). In both 
cases, an insulating overall was worn to protect the LCG from the environment. 

2.3) Operation of the LCGs 
Water flow to the LCG was supplied by a temperature control system located 

outside the climatic chamber. Temperature sensors were placed in the water stream 
just in front of the inlet manifolds (Tw) and behind the outlet manifolds (Two). 
Volume flow of water (V) in each compartment was sensed by means of a flow rate 
transmitter. Flow rate was approximately 1.8 lmin-' in the one-compartment LCG 
and 1.2 lmin-' in each compartment of the three-compartment LCG. Heat removal 
rate (PSut) was then calculated ( p, c: density and specific heat of water): 

P,,,~ = P . c - V ( T ~ ~  - T ~ )  (1) 
Flow rate was constant throughout all experiments, whle inlet temperature 

was changed by the closed-loop control algorithm. All experiments were carried out 
in a climatic chamber. Ambient conditions were 35OC, 40% relative hwnidity and a 
wind speed of 0.05 ms-I. These conditions were considered to represent an average 
microclimate in the air layer between a LCG and an outer protective garment. 

RESULTS 

1 

Fig. 1 Three-compartment cooling system with closed-loop control via the objective 
thermal state. (TwSet: setpoint of inlet temperature of the cooling units). 
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A long-lasting design process resulted in a tliree-compartment cooling system 
(fig. 1) with an independent cooling control of tlie legs, the trunk and tlie arms. A 
basic part of our automatic cooling control was a controller €or mean skin 
temperature. Tlie controller included both a proportional and an integral path, 
attempting to compensate all load errors in tlus control loop with the feature of a 
close match between the setpoint and the actual value of mean skin temperature 
(TSKW.set and TSKW,act). This was proven in an experimental series With the one- 
compaWnent'LCG where four subjects had to work at tliree different exercise rates 
(rest, 75W, 125W) and a fixed TSmaset of 32°C. By changing TWI and thereby Psuit, 
all load errors had been compensated especially by the integral part of the 
controller. The result was a close match between the setpoint and tlie actual skin 
temperature. However, these experiments pointed out that only one setpoint for 
different levels of exercise could not satisfy entirely, since the gap between heat 
production and heat removal of the suit increased witli an increasing work rate . 

As heart rate (HR) is a good indicator of metabolic rate, this parameter was 
taken to adapt tlie setpoint of a skin temperature controller to tlie level of work rate: 

At rest, when heart rate was about 60 Inin-', tlie setpoint for skin temperature was 
Tsbrest (=34"C). Cooling intensity is influenced by km, which should be adapted to 
the physical fitness. Here km was O.l"C-min, so that tlie setpoint was lowered by 
1°C per 10 min-' increase of heart rate. To reduce the risk of vasoconstriction at the 
onset of cooling, a smoothed version HR'(t) (time constant = 10 min) of the original 
heart rate HR(t) was used in tlie calculation. The calculated skin temperatures in 
the experiments were about 3 1°C for tlie lower exercise level (75 W) and 29°C for 
the higher level (125 W). Compared to tlie experiments with a fixed setpoint, the 
heat removal rate was increased in all cases (n=4) wit11 the result of lower sweating 
and less discomfort. However, it became obvious from these experiments that with 
the one-compartment LCG some regions of tlie body were overcooled while others 
were undercooled. Ignoring local cooling requirements resulted in great differences 
of local skin temperatures (fig. 2), which can be avoided if different regions are 
cooled independently 

Therefore we took these experiments as the basis of a multi-loop automatic 
control (fig. 1). Each compartment of tlie multi-loop cooling suit was provided with 
an own controller will1 its local skin temperature as tlie controlled variable. Tlie 
setpoints of these local controllers were all adapted to exercise rate according to eq. 
2, the only difference being different values for kmlocal (arms,trunk: 0.02..0.035; 
legs: 0.05..0.08) and Ts~ , r e s f~oca~  (mns,trunk: 34..35"C; legs: 32°C). From the 
following experiments it became obvious that this multi-loop cooling concept 
exhibited a closer match to the pliysiological requirements as the thermal sensation 
was more homogenous (slightly cool, neutral, slightly warm) and a higher comfort 
level was attained (trunk: 1.72~3.3 % uncomfortable; legs: 0 % uncomfortable). 

Tskm,set (t> = Tskwes t  - km. . ( m'(t) - 60 min-') (2) 
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These effects were accompanied by the small levels of thermal sweating (body 
weight loss: 0.145=t0.035 kgh) which had been due to the high Psuit p0.7 M W ) .  

0 30 60 90 120 150 180 t[mlnl 

Fig. 2 Skin temperature gradient underneath the one-compartment suit. 

CONCLUSIONS 

Heat removal rate should be adapted to the local requirements of the working 
body by means of an independent multi-loop cooling control. This will result in a 
more physiological profile of local skin temperatures such leading to a higher 
comfort level. Additionally smaller body weight losses can be attained diminishing 
the risc of an early dehydration. These positive effects are the justification for the 
higher technical expendhue. 
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REDUCING HEAT STRAIN WITH ICE-VESTS OR HAND IMMERSION 

J. R. House 

Environmental Medicine Unit, Institute of Naval Medicine, Gosport, PO 12 2DL, UK 

INTRODUCTION 

Ice-vests are waistcoats that contain packs of fiozen gel, which when worn increase heat 
loss from the body by conduction. Previous studies have demonstrated that ice-vests 
can reduce heat strain during work in hot environments (1-4). The ice-vests were found 
to attenuate the rise in rectal temperature during work, but did not cause rectal 
temperature to fall during subsequent rest periods. An ice-vests therefore may not be 
the best method of overcoming heat strain when worldrest schedules are employed. 
Hand immersion in cool water uses the similar principle of convective heat loss utilising 
the rich perfusion of blood in the hands (particularly via arterio-venous anastomoses). 
Previous studies have demonstrated that when body temperature is elevated, up to 200 
watts of heat can be dissipated by immersing the hands in cold water (5) ,  greater than 
cooling powers measured for ice-vests (6,7). 

This study was undertaken to quantify and compare the cooling benefits of three ice- 
vests and hand immersion in 20°C water for personnel undergoing work-rest cycles. 

METHOD 

Ten male subjects participated in the study. Subjects exercised, wearing thermally 
restrictive clothing, in an environmental chamber (40°C dry bulb, 29.5"C wet bulb, 50% 
rh) on five occasions. The exercise consisted of stepping to and from a 22.5 cm box 
(rate: 12 complete steps per minute) for 30 minutes, followed by 30 minutes of seated 
rest which was repeated once. There were 5 experimental conditions: control; ice-vest 
(Steele) (Steele Inc, USA); ice-vest (ILC) (Dover Inc, USA); ice-vest (LSSI) (LSSI Inc, 
USA), and; hand immersion in 20°C water (Hand). The ice-vests were worn throughout 
both the work and rest periods, hand immersion was undertaken during rest periods 
only. A balanced randomized order design was used. Aural (Ta), rectal (TJ, and mean 
skin (T,) temperatures and heart rate (Mi> were monitored continuously and recorded. 
Water was provided at room temperature to drink ad libitum. Sweat production and 
evaporation rates were calculated from changes in nude and dressed body weights, 
corrected for water intake. Variables were analysed across conditions using ANOVA. 

RESULTS 

All subjects completed both work and rest periods in the ice-vest and hand immersion 
conditions. In the control condition, 4 subjects were stopped during the second work 
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period: 3 on reaching the T, limit of 38.5"C; 1 with a HR limit of 210-age. A fifth 
subject stopped during the second rest period feeling unwell. 
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There were no significant differences in T,, TI, T, or HR between conditions at the end 
of the first work period. At the end of the first rest period T, and TI were significantly 
lower in the hand and ice-vest conditions compared to the control (P<0.05). There were 
no differences in T, or HR. 

At the end of the second work period T, and TI were significantly lower in the Steele 
and ILC conditions compared to the control (PK0.05). For the Hand and LSSI 
conditions only TI was significantly lower than the control (P<0.05). Both T, and HR 
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were significantly lower in the ice-vest conditions compared to the control (P<0.05) 
whereas the Hand condition was not significantly different from any other condition. 

At the end of the second rest period T,, T,, T, and HR were significantly lower in the 
Hand and ice-vest conditions compared to the Control (Pc0.05). 

There were no significant differences measured between the three different ice-vests at 
any time point. T, in the Hand condition was significantly lower than the LSSI at the 
end of the second rest period (P<0.05). 

Significantly more sweat was produced in the control condition than in the 3 ice-vest 
conditions (P<0.05). Sweat production for the Hand condition did not significantly 
differ from any of the other conditions. Sweat evaporation was similar in all conditions. 
Water intake was significantly higher in the control condition than the Hand and ILC 
conditions (Pc0.05) and slightly higher than in the Steele and LSSI conditions (P<O.l). 

CONCLUSIONS 

For personnel working in these conditions following a workhest schedule, any of the 
ice-vests or hand immersion in 20°C water would provide a significant benefit in the 
reduction of heat strain. 

Until personnel become sufficiently hot the ice-vests did not reduce heat strain. This has 
been observed previously, in a number of studies where no significant effect on rectal 
temperatures were seen until 20 to 60 minutes of work had been completed (1-4), 
probably because of peripheral vasoconstriciton until core temperature rose sufficiently. 

Hand immersion also requires peripheral blood flow to be maintained. Since hand 
immersion was not attempted until body temperature was elevated (at the end of each 
work period) then this requirement for blood flow was hlfilled during both rest periods. 
During the second rest period, the reduction in heat strain was greater using hand 
immersion compared to the ice-vests, albeit from a slightly higher aural temperature. 

Sweat evaporation was always limited to a rate of around 350mW because of the 
clothing. Therefore the lower sweat production rates measured in all but the control 
condition were an advantage to hydration status without affecting evaporative cooling. 

In these conditions, an ice-vest would not provide significant benefit during a single 
short work period. If work periods were longer or continuous then the ice-vest would 
significantly reduce heat strain. If a workhest schedule was used then hand immersion 
in cool water during rest periods would also significantly reduce heat strain and is a 
suitable alternative to wearing an ice-vest. Indeed, intermittent cooling during sufficient 
rest periods has been shown to increase work capacity and reduce heat strain (8). 
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Aural temperature, is thought to accurately represent brain temperature and responds 
rapidly to changes (9). Rectal temperature has been considered too slow to reflect rapid 
changes in body heat storage and has been shown to lag aural temperature (1 0). This 
pattern was seen in this study with changes in rectal temperature appearing ’damped’ 
compared to changes in aural temperature although both measures were similar and 
never in conflict. Measurement of aural temperature illustrates that ice-vests allow 
greater cooling during rest periods than has been previously demonstrated. 
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IMPACT OF ACTIVITY LEVEL AND THERMAL SENSATION ON 
HUMAN RESPONSE TO AIR MOVEMENTS 

J. Toftum 
Department of Energy Engineering 
Technical University of Denmark 

INTRODUCTION 

The influence of thermal parameters (air velocity, air velocity fluctuations, and air 
temperature) on draught disconlfort has been studied extensively in office 
environments with sedentary, thermally neutral subjects. However, in  cool 
industrial spaces the occupants perform physical work, and they often feel cool or 
cold during working hours. In cool industrial spaces, in which draught often causes 
discomfort problems, the influence of thermal parameters, activitJr level, and 
thermal sensation on human perception of draught has been studied only briefly. 
Thus, the purpose of this study was to investigate the impact of activity level and 
thermal sensation on human sensitivity to draught for persons performing physical 
work in a cool environment. 

MATERIALS AND METHODS 

Two separate studies were carried out. In the first experimental series (study l), 
conducted with t h e d y  neutral subjects, two different workloads were employed, 
corresponding to the metabolic rates 104 W-rn-’ (s.d. 20 Warn-’ ) and 129 W-m” 
(s.d. 19 W-rn-’ ). These experiments were conducted at air temperatures of 11, 14, 
17 and 20°C. At each temperature level, the clothing insulation was adjusted to the 
activity level to attain a neutral thermal sensation. 

In the second series of experiments (study 2), two different levels of thermal 
sensation were aimed at at each temperature level (11°C and 17°C). The planned 
thermal sensations corresponded to  -0.5 (between slightly cool and neutral) and -1 
(slightly cool) on a 7-point thermal sensation scale. In these experiments, the 
subjects performed work at one workload corresponding to a metabolic rate of 76 
Wm-’ (s.d. 10 W-rn-’ ). 

In both experimental series ten male subjects participated. During the experiments, 
the subjects worked with their azms on a braked ergometer placed on a table. An 
additional experiment was conducted with sedentary subjects at 20°C. After 45 
minutes of adaptation to the experimental conditions, the subjects, in five consecu- 
tive 15-minute periods, were exposed to stepwise increased mean air velocities 0.05 
msd, 0.10 nvs-’ , 0.20 ms-], 0.30 ms-’ and 0.40 ms-’ directed towards their rear. 
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At each level of air velocity, a subject was asked three times to assess whether he 
had sensed an air movement during the last fwe minutes and, fso, whether the air 
movement was uncomfortable and where it was felt. 

RESULTS 

Study 1: In Figure 1, the percentage of subjects dissatisfied due to draught as a 
function of the mean air velocity is shown at Merent activity levels. Only data for 
20°C are included in the chart, but similar images were seen at the other 
temperature levels applied. 

% 100 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 1 '.. Low activity '- High activity Sedentary I 
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Figure I. Percentage of dissatisfied subjects due to draught versus mean air velocity 
at sedentary, low (104 Wmrn-') and high (129 W-m-') activity levels at 20°C. 

Under identical environmental conditions, the percentage of dissatisfied due to 
draught decreased, the higher the activity level. Thus, at high activity levels, people 
are less sensitive to draught than at low activity levels, provided the thermal state of 
their body is the same. 

Study 2: Figurs 2 shows the percentage of subjects dissatisfied due to draught as a 
h c t i o n  of the mean air velocity at two disiinct levels of thermal sensation at 11°C. 
More subjects felt draught at a cool thermal sensation than at a w m e r  sensation. 
At 17"C, though, the difference in percentage dissatisfied between the two levels of 
thermal sensation was less clear. The results indicate that when a person is feeling 
cool in general, a local cooling of the skin is perceived to be more uncomfortable. 
These findings may explain why persons working in cool or cold environments 
often complain of draught, even at low air velocities. No signhicant effect of the air 
temperature on the number of draught complaints was observed in neither study 1 
or study 2, presumably because the influence of the air temperature was masked by 
the differences in clothing insulation adapted to the air temperature and the 
workload. 
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Figure 2. Percentage of dissatisfied subjects due to draught at two levels of thermal 
sensation (-0.5 and -1) versus mean air velocity. 

The results of study 1 and study 2 may be elucidated as shown in Figure 3. Air 
movements determine the amplitude and frequency of skin temperature fluctuations 
and the local skin temperature, both of which are registered by the cutaneous 
themoreceptors. The activity level influences the internal body temperature and the 
preferred skin temperature (l), and also the thermal state of the body. The thennal 
state of the body is registered by the central thermoreceptors, and the integrated 
impulse signals from both central and peripheral thermoreceptors are decisive for 
the overall and local thermal comfort and discomfort. Considering the rise in 
internal body temperature which accompanies physical work, and taking into 
account that internal temperature is more important for thermoregulation than skin 
temperature, this result seem reasonable. Consequently, during physical activity, 
the impact of impulses fiom the peripheral thermoreceptors in the skin on 
perceived discomfort is probably suppressed at the expense of the impulses fiom the 
central thermoreceptors. Although the increase in internal temperature is presumed 
to be rather modest in the present experiments, it proved sufEicient to reduce the 
subjects’ sensitivity to draught. The results also correspond well with the fact that 
people with a high metabolic rate feel comfortable when their skin temperature is 
lower than at sedentary activity (1). A high frequency of impulse signals from the 
cutaneous themoreceptors constitutes a warning signal of an upcoming cooling of 
the body that may threaten the body’s thermoregulation. Due to this, when a person 
is feeling cool and a local convective cooling of the skin occurs, the influence of the 
impulse signals fiom the cutaneous thermoreceptors on the comfort experience will 
be intensified and thus cause increased discomfort. 

The thermal conditions in industrial spaces have most often been evaluated with 
respect to the occupants’ health. In contrast, it is the comfort conditions which are 
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considered to be most important in office environments. In moderately cool 
industrial spaces, no environmentally related health risk for the employees exists, 
but typically complaints of discomfort due to draught and cold are numerous. As 
only a few investigations have studied the requirements for thermal comfort in 
moderately cool industrial environments, there is a further need to develop 
evaluation methods for such “grey-zone” environments. 

CONCLUSIONS 

Working at a high activity level resulted in fewer dissatisfied due to draught com- 
pared with a lower activity level, whereas a cool thermal sensation increased hu- 
man sensitivity to draught. Especially the latter result may explain why persons 
working in cool environments often complain of draught even in spite of low air 
velocities. 
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A THERMAL MANIKIN TEST METHOD FOR EVALUATING THE 
PERFORMANCE OF LIQUID CIRCULATING COOLING GARMENTS 

Walter B. Teal, Jr., P.E. 

Navy Clothing & Textile Research Facility, PO Box 59, Natick, MA, USA 

INTRODUCTION 

Microclimate cooling systems (MCS) utilizing a circulating liquid to transfer heat 
from the skin surface to some type of heat sink have been and are being developed to 
alleviate heat stress. The coininon component in such systems is a liquid cooling 
garment (LCG). Fundamental heat transfer theory dictates that the performance of 
LCGs will be dependent on a variety of factors including (but not limited to), both the 
flow rate and temperature of the circulating fluid. Thermal manikins (TM) have been 
used to evaluate the perfonnance of LCGs, but these tests have failed to look at the 
effect of flow rate (except over a fairly narrow range), and have generally not 
attempted to derive descriptive equations for predicting LCG performance (1-4). In 
this study, a TM test method has been developed for evaluating the perfonnance of 
LCGs which accounts for both fluid temperature and flow rate, and results in a 
descriptive model for predicting LCG performance. 

MATERIALS and METHODS 

The method uses a fully wetted thermal manikin maintained at the same temperature 
as the environment (35OC, 50% rh). Fluid flow rate, the temperature of the fluid 
entering and exiting the LCG, and the power required by the TM are monitored 
continuously. The TM is allowed to come to equilibrium with the LCG in place, but 
without fluid flow. Fluid flow is then initiated at a predetennined rate and inlet 
temperature, and the TM again comes to equilibrium. The difference between the 
TM power without fluid flow and with fluid flow is calculated, and this becomes the 
net cooling power of the LCG at that particular flow rate and inlet temperature. This 
test is conducted in duplicate at six different combinations of flow rate and inlet 
temperature. 

The results of these tests are used to derive a prediction model of the form: 

Q=a+bF+cF2+dT+eFT+fF2T 

Where Q is the cooling rate, F is flow rate, T is the inlet temperature, and lower case 
a through f are constants specific to the ensemble (combination of LCG and the 
overgarment). The matrix of six TM tests is used to generate six simultaneous 
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equations which are solved to determine a through f. Once a through f are 
determined, the cooling rate, Q, can be predicted for any combination of flow rate, F, 
and inlet temperature, T. 

To test this approach, a typical LCG was evaluated on the TM. The LCG was a 
whole body (torso, arms, and legs) garment manufactured by Exotemp Systems, Inc. 
of Ontario, Canada. The LCG was worn under the Toxicological Agent Protective 
(TAP) suit worn by US military Explosive Ordnance Disposal personnel. The TAP 
suit is an impermeable, butyl rubber, completely encapsulating garment. The LCG 
flow rates used were nominally 4.5, 7.0, and 9.7 gallons per hour (gph). The inlet 
temperatures used were nominally 50 and 70 degrees Fahrenheit. Combining the 
flow rates and temperatures results in a matrix of six test conditions, which were run 
in duplicate. A prediction model was developed as described above, and the 
predicted cooling rates were compared to the actual cooling rates obtained from the 
test. 

RESULTS 

The actual flow rates and inlet temperatures used during the tests, and the resulting 
cooling rates achieved are shown in Table 1. Note that the flow rates and 
temperatures in Table 1 do not exactly match the nominal set points described above. 
This is due to the lack of automated feedback control on the 'cool water supply 
system. The actual flow rates and inlet temperatures measured during the test, and 
not the nominal set points, were used when deriving the prediction model. 

The equation for predicting the performance of the Exotemp whole body LCG, when 
worn under the TAP suit in a 95 degree F environment is: 

Q=608.3 - 1.872(F)+3 .477(F2)-4. 874(T)-0.477(F)(T)+O .OO 1 (F2)(T) 

Where the predicted cooling rate (Q) is in watts, flow (F) is in gph, and inlet 
temperature (T) is in degrees Fahrenheit. The predicted rates are shown in Table 1 
for comparison with the actual cooling rates. 

From Table 1 it is clear that the model provides very accurate predictions of cooling 
rate as measured on the Thermal Manikin. The predicted cooling rate never differs 
from the actual cooling rate by more than 2%. 

It is now possible to use this model for estimating LCG performance. For example, if 
a cooling system using the Exotemp LCG under the TAP suit is used with an ice 
based cooling system that typically provides 40 degree F water at 5 gph, then the 
approximate cooling rate in a 95 degree F environment would be 397 watts. 
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Table 1. Thermal Manikin Test Results 
Actual and Predicted Cooling Rates 

Exotemp Shirt and Pants Under the TAP Garment 

Flow rate Temperature Actual Predicted 
kPh) (degrees F) Cooling Cooling 

(watts) (watts) 

4.56 69.98 184 181 
4.46 70.08 179 181 
4.52 47.90 330 336 
4.5 1 48.01 340 335 
7.00 70.13 196 195 
7.01 69.87 197 197 
7.03 48.75 371 370 
6.97 47.26 3 78 3 80 
9.69 69.68 26 1 265 
9.71 69.86 267 264 
9.69 53.3 1 41 1 418 
9.63 53.62 419 413 

The equation may also be used to determine the flow rate required to achieve a 
particular cooling rate with a known cooling system. For example, if a portable vapor 
compression type system that typically provides 65 degree F water is to be used for 
cooling, and a cooling rate of 250 watts is desired, the necessary flow rate would be 
7.76 gph. (This is calculated by substituting 65 for T and 250 for Q in the prediction 
equation, and solving for F.) 

It is important to note that there are some limitations in the use of this test method and 
the prediction model. The prediction model demonstrated here only applies to the 
Exotemp whole body LCG when worn under the TAP suit in a 95 degree F 
environment. The test matrix must be repeated for every LCG/overgarment 
combination. If performance at environmental temperatures significantly different 
than 95 degrees F are to be predicted, then a more complex model incorporating 
environmental temperature as a variable must be developed, and a larger test matrix 
must be executed. 

CONCLUSIONS 

A test method has been developed for evaluating the performance of LCGs on a 
Thermal Manikin, A matrix of three flow rates and two inlet temperatures are tested, 
and the results used to develop a prediction model. The prediction model shows 
excellent agreement with experimental results, but is limited to the ensemble and 
environment in which the test was conducted. 
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PERSONAL COOLING GARMENT PERFORMANCE: A PARAMETRIC 
STUDY 

John Frim, Robert D. Michas, Brad Cain 
Defence and Civil Institute of Environmental Medicine 

North York, Ontario, CANADA M3M 3B9 

INTRODUCTION 

Personal cooling systems (PCSs) are finally becoming an operational reality in 
military operations. This is especially so following the successful use of the 
Exotemp CD-2 system by Canadian Forces Sea King helicopter pilots during the 
1990 Persian Gulf War (1). Although PCSs have been widely used in many non- 
military settings and situations (2-5), this was, to the best of our knowledge, the 
first time ever that personal cooling was used in aircraft during actual combat. This 
first-use clearly demonstrated that PCSs can reduce thermal physiological strain, 
enhance comfort and performance of air crew, and extend mission duration. 

Soldier systems designers are now looking to the future when possibly even foot 
soldiers will be wearing portable PCSs to alleviate the thermal stress of advanced 
protective clothing systems. However, such systems will not become a reality unless 
the efficiency can be improved to reduce the weight and bulk of the system. 

Heat transfer considerations suggest that the efficiency of a refrigeration unit can be 
greatly improved by raising the temperature of the cooling fluid closer to ambient 
temperature. Since this would reduce the thermal gradient between the skin and the 
cooling fluid, body heat removal would be compromised. However, it was 
postulated, based on simple mass flow and heat capacity principles, that a 
compensatory increase in the fluid circulation rate might restore the heat removal to 
the desired level. 

To test if this would indeed be the case, we conducted a parametric study of the 
Exotemp garment using the CORD thermal manikin in Dartmouth, Nova Scotia. 
The aim of the study was to establish the relationships between fluid inlet 
temperature, flow rate, and heat removal. The effect of tubing length was also 
examined. 

MATERIALS and METHODS 

Three cooling vests with approximately 20,37 and 50 m of tubing were constructed 
by Exotemp specifically for this study. The vests were identical in size and general 
pattern of the tubing layout. The different tubing lengths were accommodated by 
varying the number of vertical traverses in each flow loop, which essentially altered 
the spacing between tubes. The cooling vests were placed directly onto the 
aluminum skin of the manikin and were covered by an exterior garment 
representative of a helicopter flight ensemble. 

Three flow rates (nominally 200, 500 and 1000 ml/min) and three fluid inlet 
temperatures (nominally 5, 15 and 25°C) were used with each vest while the 
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ambient temperature and surface temperature of the manikin were held constant (21 
and 34"C, respectively). Cooling fluid (water) for the vest was provided from a 
refrigerated bath via a variable speed pump. Tests were conducted by holding the 
coolant supply temperature constant while the flow rate was adjusted to the desired 
level. After the three flow rate tests were complete, the coolant supply temperature 
was readjusted and the three flow rates were run again. For each new test setting, 
the system was run for at least 1 h to permit a steady state heat exchange to be 
attained. All tests with a single vest were completed in one day. 

Ambient and fluid inlet/outlet temperatures were scanned continuously and 
averaged over 1-min intervals by a Hewlett-Packard data acquisition system, while 
manikin temperatures and heat exchanges were measured by the manikin control 
system. To simplify analyses, the data from the final 10 min of each flow rate 
setting test for each variable were averaged to represent the value under that test 
condition. Vest heat exchange was calculated from the manikin data as well as from 
the mass flow rate of the cooling fluid, its heat capacity and its temperature rise. 

To better visualize the relationships of the variables, two models of heat transfer 
were developed from first principles. For simplicity, the garment was treated as a 
single tube heat exchanger, with heat exchange occurring between the garment and 
the manikin on one side, and the garment and helicopter flight ensemblehnbient air 
on the other. Heat transfer at any point along the tube was a function of the 
temperature gradient between the fluid and the effective environment. Manikin 
power was modeled as heat transfer to the cooling fluid and to the ambient 
environment. 

RESULTS 
The original plan was to plot the manikin and vest heat removals against either fluid 
flow rate or inlet temperature as families of curves in which the other variable was 
constant. However, technical difficulties precluded obtaining exactly the same 
settings of fluid flow rate and garment inlet temperature between tests. Conditions 
were, however, adequately stable at any setting to yield nine data points for each 
garment. 

The final equation derived for heat loss from the manikin was 

where kl and k2 are constants incorporating various heat transfer coefficients, F is 
fluid flow rate, L is tube length, T, is manikin surface temperature, Ti,, is coolant 
inlet temperature, and f i ~  is manikin heat loss at zero flow (measured to be 20 W). 

Rather than deriving the values of the various heat transfer coefficients from first 
principles, the models were fitted to the data obtained,in this study using the nine 
data points For a given vest. Due to problems with the quality of the calorimetric 
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data, the model fit with the manikin measurements was better, and the figure below 
shows the manikin model results as a wire frame surface plot. The values of r2 for 
the 20,37 and 50 m vests were 0.98,0.97 and 0.99, respectively. 

The most striking feature of the model is that heat removal is steeply dependent 
upon fluid flow rate only at lower flow rates, and it quickly becomes essentially 
independent o i  flow rate at higher flows. Closer inspection of the graph also shows 
that the dependence of heat removal on fluid flow rate extends to fairly high flow 
rates only when the inlet temperature is low. For the 20 m vest shown in the figure, 
flow rates greater than 300 mL,/min have only a marginal effect on heat removal. 
The model results are qualitatively similar for the 37 and 50 m vests, the main 
difference being that heat removal remains sensitive to higher values of flow as the 
tubing length increases. 

Inlet Temperature 
(“C) 
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CONCLUSIONS 

This study shows that proportional compensatory increases in fluid flow rate to 
overcome reduced temperature gradients between the garment and the body may not 
restore body heat removals to desired levels. Information of this type is essential in 
the design and optimization of future personal cooling systems where bulk and 
weight must be reduced. This study demonstrates that effective PCSs must be 
designed as a system rather than as two independent units coupled by a tubing 
umbilical. 
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INTRODUCTION 

Although several papers are available concerned with the effects of clothing on 
thermophysiological responses and subjective sensations in the cold (Vokac et al. 
1976, HolmBr 1985, Nielsen et al. 1988, Nielsen and Endrusick 1990, Bakkevig and 
Nielsen 1994), the physiological si@icance of clothing material for metabolic heat 
production has not been understood systematically so far. 

MATERIALS and METHODS 

Experimental garments: Two layers of cotton underwear with a two-piece long- 
sleeved shirt and long-legged trousers (C) and two layers of polypropylene 
underwear with a two-piece long-sleeved shirt and long-legged trousers (P) were 
used. Two different sizes of underwear fitting the body shape of the subjects were 
provided. Furthermore, the subjects put on a two-piece ski wear as outer clothing, 
two pairs of socks, cap and gloves, respectively. Two Werent sizes of ski suit were 
also put on. 

The physical properties of fabrics are given in Table 1. The total clo values of 
our experimental clothing ensembles, measured by a thermal manikin, were 2.42 in 
C and 2.47 in P. The clothing was stabilized in the environmental conditions 
(Ta=24*l°C, 3055% R.H.) before each experiment. 

Table 1. Physical properties of underwear fabrics. 
Weight Thickness Density Moisture 

Fabrics wale, course regain 
(g .rn=L) (mm) (no Inch-’) (%I 

Cotton 242.2 1.83 29,24 6.8 
Polypropylene 138.3 1.81 30,23 0.5 

Subjects: Eight adult females participated in this study. The subjects were 22.1*0.9 
years in age (means+&E), 163.3k1.6 cm in height, 57.2k3.1 kg in weight and 
1.56h0.04 m2 in body surface area (as calculated by the equation of Fujimoto et al. 
1968). The experimental procedure was explained to the subjects, and each subject 
carried out pre-test. All subjects provided their voluntary informed consent before 
participating in the experiment. 
Measurements: The rectal temperature (Tre) was recorded by a thermistor probe 
(TAKARA Thermistor, accuracy; kO.Ol°C) inserted 12 cm beyond the anal 
sphincter. Skin temperatures (Tsk) were measured with thermistors (TAKARA 
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Thermistor, accuracy; AO. 1°C) taped at eight sites: forehead, forearm, hand, chest, 
back, thigh, leg and foot. Clothing microclimates (temperature and humidity) of the 
innermost layer, middle layer and the outermost layer at the back levels were 
measured by thermistors and humidity sensors (Vaisala, HMP-35A, accuracy; *3% 
R.H.). Clothing surface temperature at the back level was t$en by a thermal video 
system (TVS-8100, AVIO, Japan, accuracy; *0.4%) in one subject. The pulse rate 
was measured every 30 s. 

Before the experimental sessions, the maximal oxygen uptake (V02max) was 
measured on a cycle ergometer (Ergociser, model EC-1500 Cateye Co. Japan). The 
intensity of exercise used in this study was 65% of V02mw. The weight of 
garments was measured at the beginning and at the end of the experimental 
protocol. Body mass loss was measured continuously by a balance (Sartorius, 
accuracy; f 1 g, Germany). Metabolic heat production by the open circuit method 
was measured by an Aeromonitor (AE-280, Minato Med. Sci. Japan) during the last 
30 min. 

Thermal sensation, clothing sensation, skin sensation and shiveringhweating 
sensation for whole body were answered every 5 min. 
Experimental protocol: The test was carried out in a climatic chamber at a Ta of 
2°C and an air velocity of 0.26 m?rl. The experimental garments were kept in the 
antechamber at a Ta of 24fl°C, 30k5 % R.H. at least for 2 h before the experiment 
began. The subjects wore the experimental garments in the antechamber. 
Thermistor sensor for rectum was inserted by the subjects and thermistors for skin 
temperature were taped. Each piece of experimental clothing was weighed and then 
put on the subjects. The temperature and humidity sensors for clothing 
microclimate of each layer were taped at the chest and back level. After dressing, 
the subject was asked to rest in a chair. 

After the rectal temperature had been stabilized, the subject entered a climatic 
chamber for the experiment. The subject sat on the chair mounted on a balance. 
Then, the measurements were recorded. After 10 min, the subject exercised on a 
cycle ergometer at an intensity of 65% maximal oxygen uptake for 30 min and 
followed by 60 min recovery. After 30 min from the recovery start, the mask for the 
measurements of the oxygen uptake (VO~)  and carbon dioxide (Vcoz) output was 
put on. After the whole experiment of 100 min, the subject exited the climatic 
chamber, took off her clothes and their weight was measured again in the 
antechamber. 
Calculations and statistical analysis: Mean skin temperature (Tsd was calculated 
by the following modification of the Hardy-DuBois equation: Tsk = 0.07 Thead + 

Tfook Mean body temperature (Tb) was calculated by the equation: T b =  0.6 Tre + 

Metabolic heat production (M) was calculated according to the following 
equation: M=2 1.13(0.23R+O.77)Vo~(60/l3SA), where, M: metabolic heat 
production (W), V02: total volume of oxygen consumed, where the volume was 
adjusted to STPD. Vcoz: total volume of carbon dioxide production, where the 
volume was adjusted to STPD, R: respiratory quotient. 

The statistical significance between the means was assessed using repeated- 
measures analysis of variances (ANOVA) and separately for the two periods of the 

0.14 T-+ 0.05 Thmd + 0.18 Tched + 0.17 Tback 4- 0.19 Tfib 0.13 Tleg + 0.07 

0.4 Tsk. 
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exercise and recovery. Data obtained every 5 min during exercise and 10 min 
during the recovery for Trey Tsk, Tb, clothing microclimate temperatures and 
humidities were used in the statistical analysis, and every 5 min €or metabolic heat 
production (the last 30 min). A Student's t-test for paired comparison was used for 
the weight changes in garments, total body mass loss and evaporative body mass 
loss. A p-value less than 0.05 was regarded as statistically significant, and that 
with O.O5<p<O. 1 differences was referred to as a tendency in the data. 

RESULTS 

Trey Tsk and T b  were not significantly different between the two types of underwear 
during exercise and recovery. However, the fall of Tre tended to be greater in P 
underwear condition during recovery; 0.83rt0.08 for C and 0.97rt0.05 for P. 

Skin temperatures on the back and chest did not differ between C underwear 
and P underwear. Clothing microclimate temperatures of innermost at the back 
level were significantly higher in C underwear than in P underwear during the 
exercise (F=45.69, p<O.Ol) and recovery (F=17.05, pcO.01). Clothing microclimate 
temperature of innermost at the chest level was sigmlicantly higher (F=10.74, 
p<O.Ol) in C underwear than in P underwear during the exercise, but it was not 
significantly different during the recovery. Clothing microclimate temperature of 
outermost at back leveI was not significantly @erent between the two types of 
underwear during the exercise and recovery. 

Clothing surface temperatures were higher in P during exercise and recovery. 
These mean values were 16.0"C and 15.0"C in C, and 17.2"C and 15.8"C in P at 25 
min after the exercise and at 55 min after the recovery, respectively. 

The humidity of each layer quickly increased with the onset of sweating (about 
10 min of exercise), the increase continued till the stop of exercise, and it gradually 
decreased during the recovery. The absolute humidity of innermost layer between 
skin and underwear was not significantly different during exercise, but it was 
si&icantly higher (F=9.05, p<O.Ol) in C underwear during recovery. The absolute 
humidity of middle layer between underwear and outer wear was significantly 
higher (F=19.61, ~€0.01) in P underwear during the exercise, but it was 
sigmficantly higher (F=4.19, p<0.05) in C underwear during the recovery. The 
absolute humidity of outermost layer inside ski wear was sigmficantly higher 
(F=20.52, p<O.Ol ) in P underwear during the exercise, but it was not significantly 
different during the recovery. 

The whole body mass losses by evaporation during exercise and recovery tended 
to be greater in P underwear than in C underwear. 

The changes in underwear weight between the beginning and the end of 
experiment tended to be greater in C underwear than in P underwear. However, the 
weight change of ski wear was not significantly different. Total body mass loss 
during the experimental periods was not significantly different. 

Metabolic heat production for last 30 min during recovery was compared 
between C underwear and P underwear in a subject (Fig.1). As seen in the figure, 
metabolic heat production was higher in P underwear than in C underwear during 
the last 30 min recovery. 
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There was no signiIicant difference in thermal sensation of whole body between 
the two kinds of underwear condition throughout the exercise and recovery. 
Sweating sensation of whole body was significantly higher (F=l1.33, p<O.Ol) in P 
underwear than in C underwear during exercise, but shivering sensation of whole 
body was not significantly different during the recovery. The degree of skin 
wettedness sensation was significantly higher (F=4.50, p<0.05) in P during the 
exercise, but it was not significantly different between C and P underwear during 
the recovery. The degree of clothing wettedness sensation was not significantly 
different between underwear conditions throughout the exercise and recovery. 

Fig. 1. 

..... polypropylene 

70 80 90 100 
Time (min) 

A comparison of metabolic heat production between C and P underwear 
during the last 30 min recovey. Solid line: C. Dashed line: P. 

CONCLUSIONS 

It was concluded that two kinds of underwear with different properties to moisture 
could influence differently not only clothing microclimate, but also physiological 
parameters like metabolic heat production under the severe exercise and its 
recovery in the cold, and the underwear with high absorbancy is better in reducing 
heat loss from human body into surrounding air. 
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STANDARDIZED AND PRACTICE ORIENTED TESTS; COMFORT AND 
PROTECTION OF CLOTHING: TWO CONTRADICTIONS IN ONE ? 
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INTRODUCTION 

Test methods and apparatus which are supposed to be standardized have to fulfil 
strict requirements concerning reproducibility and repeatability. In order to achieve 
these requirements the test parameters have lo be fixed in a way which in most cases 
makes it very difficult to correlate the results to the practical use of the product 
tested. On the other hand, if test methods and equipment are developed for research 
purposes, care has to be taken that they are as much practice oriented as possible in 
order to make predictions which correlate with reality. EMPA as a laboratory which 
carries out standardized material tests as well as research work has to cope with these 
contradicting requirements. 

Protective clothing is intended to protect the wearer against external hazards. This 
means that the clothing has to have a very low permeability for hazardous influences 
(heat, chemicals etc.). Clothing comfort, on the other hand, aims at the thermo- 
physiological balance of the human body. This means that the body should.have the 
possibility to get rid if the metabolic heat produced even at a high workload. This is 
done by thermal conduction and convection as well as by evaporation of sweat. This 
means that the clothing has to be permeable to heat and to water vapour. So, we have 
another contradiction between the demands of protection and comfort.. 

EMPA has developed in the last years, based on standardized methods, a range of 
new test equipment (sweating arm, sweating torso etc.) which allows measurements 
under conditions near to practice. Several research projects (breathable rainwear, 
comfort and protection etc.) have been carried out or are still in progress in the two 
fields comfort and protection. In the following it is shown how EMPA tries to over- 
come the contradictory and competing requirements and to come to a synthesis be- 
tween research and standardization as well as between comfort and protection. 

STANDARDIZED TESTS 

Two representatives of the standardized test methods, one in the field of protection 
and one related to comfort, shall be described shortly: 

The protective property of clothing materials against radiant heat can be measured 
according to IS0 6942 / EN 366. The test device consists of a radiation source able 
to produce a heat flux density up to 80 kW/m2 and a calorimeter which allows the 
measurement of the heat flux. The results of this test are the transmission factor 
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and two threshold times. The threshold times correspond approximately to the time 
spaces until pain sensation and second degree burn respectively occur. 
The comfort properties of clothing materials, i.e. thermal and water vapour resis- 
tance, can be assessed with a sweating guarded hot plate according to IS0 11092 I 
EN 31092. The thermal resistance of the material is determined by measuring the 
heating power of the plate which is needed to keep a given temperature difference 
between the plate and the air. For the measurement of the water vapour resistance 
the porous plate is fed with destilled water which evaporates at the surface and 
simulates the sweating. The heating power of the plate is only used for the evapo- 
ration of the water - the measurement is done under isothermal conditions - and is 
therefore a measure for the water vapour permeability of the material under test. 

These two test methods are qualified as standardized material tests because they 
provide reasonably repeatable and reproducible results. On the other hand they have 
several drawbacks compared with real life conditions: 

The geometrical conditions do not correspond at all to reality. Normally the dif- 
ferent layers of the clothing are not lying flat on each other; there are air gaps 
between them which constitute additional thermal and water vapour resistances. 
When measuring the protection against radiative heat the humidity in the materi- 
als play an important role on the heat transmission [ 1, 21. 
Another very important effect, the so called pumping effect, cannot be assessed 
by the skin model. It is the transport of air containing heat and humidity through 
the openings of the clothing, caused by the movement of the wearer. 
A simultarieous assessment of protective and comfort properties, which is neces- 
sary because they are dependent of each other, is not possible. 

EQUIPMENT DEVELOPED BY EMPA 

There is quite a variety of test equipment developed during the last years by which 
EMPA tried to overcome the above mentioned drawbacks of the standardized test 
methods [3, 4, 51. As one representative of these the sweating torso will be described 

in short (for more details see [4]). 

PTFE 0.1 mm epidermis 

pdydylylano 2.0 mm dermis 
polyamIda 5.0 mm la1 layer 

The torso, which is shown schemati- 
cally in figure 1, is a cylinder with 
the dimensions of a human trunk. It 
consists of three parts, the measuring 
part (cylinder) in the middle and two 
guards at the ends. The cylinder is 
constructed with different material 
layers which have been chosen to 
correspond in thickness and thermal 
properties to the layers of the human 
body. The cylinder is heated electri- 
cally by heating foils. The tempera- 

slumlnium 10.0 mm core 

alar wilh propeller core 

Figure 1 : Cut view of the sweating torso 
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ture of every layer can be measured at any time. The guards at both ends are kept at 
the same temperature as the cylinder in order to avoid any heat loss of the cylinder 
through conduction towards the ends. The sweating of the torso is achieved by 
sweating nozzles evenly distributed on the cylinder surface. During the measure- 
ments the cylinder is covered with a cotton fabric which distributes the water €ed 
through the nozzles evenly over the surface of the cylinder. On top of this fabric a 
foil or membrane is mounted to prevent liquid water from passing to the outside 
while letting water vapour pass through. 

For the measurements the torso is covered by the test object (piece of clothing, 
sleeping bag, material sample etc.). There are two possible ways how the torso can 
be operated. It can be run at a constant temperature of cylinder and guards. In this 
case the heating power of the cylinder is measured and the thermal and water vapour 
resistances of the test object are calculated thereof. The second way of operation is at 
constant heating power corresponding to the metabolic heat production of a human 
body. For this way of operation it is essential that the thermal and geometric proper- 
ties of the cylinder are similar to those of a human body. Only then it is possible to 
analyse transient processes. It is then possible to follow, at a constant rate o i  sweat- 
ing, the decay or increase of the core temperature. 

With the torso already some measurements have been made. An evaluation of 
sleeping bags showed a good correlation to practice tests with test subjects and al- 
lowed to determine the lower limiting temperature of use of the sleeping bags [4]. At 
the moment a radiative heat source is under construction with which it will be possi- 
ble to assess simultaneously the comfort and the heat protective properties of cloth- 
ing. So, when looking at the drawbacks of the standardized test methods listed 
above, one may see that the points No 1, 2 and 4 could be eliminated with the torso. 
For the assessment of the pumping effect according to point No 3, EMPA has con- 
structed a sweating and moving arm which has been described elsewhere [3]. On the 
other hand, the sweating torso is, at least for the time being, not qualified to be stan- 
dardized. Too many parameters are free and therefore too many different types of 
results may be obtained with this apparatus. But this, on the other side, is very ad- 
vantageous for research work 

RESEARCH PROJECTS 

Two years ago EMPA has finished the ARES research project [6] in which the com- 
fort and rain protective properties of breathable rainwear were studied. In order to 
have a representative survey on the products on the market, 36 different rain jackets 
have been tested according to 18 different test methods. Based on the results the 
tested products could be classed with different fields of application: leisure, sport, 
work and outdoor. Another research project which is still in progress, FOKUS, deals 
quite generally with comfort and protection, but focusing mainly on heat protection 
(industrial, fire-fighter etc.). A part of this work, dealing with the influence of ageing 
on comfort and protection, has recently been presented at a symposium [7]. A third 
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project which is in progress, a continuation of the ARES project, is looking specially 
at the products from the outdoor sector. In all these research projects, oftourse, the 
new pieces of equipment developed by EMPA are used. 

CONCLUSION 

The development of test equipment and methods for research projects which are 
closer to reality, leads from the well defined and reproducible standardized test 
methods to more complex concepts of testing. These have more degrees of freedom 
in order to adapt the test to the situation to be simulated. The outcome of the re- 
search work done with this equipment will lead to a knowledge which parameters are 
essential for the classification of products. Only then it will be possible to standard- 
ize these, primarily research oriented test methods. So, the contradiction between 
standardized and practice oriented tests still stays, but it is clear that both have to 
coexist and that they do influence and improve each other. 

The other contradiction between protection and comfort, too, cannot be resolved. 
But the research work done with practice related test methods and equipment will, 
together with a very careful risk assessment at the workplace'of the users, help to 
collect the knowledge necessary for the development of protective clothing with 
sufficient protection combined with the maximum achievable comfort. 
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INTRODUCTION 

Non-invasive temperature mapping of the human body is a desirable technique for 
many problems in physiology, clinical medicine and ergonomics, such as the 
question of selective brain cooling, the application of hyperthermia and the 
verification of thermal models. For this purpose the use of magnetic resonance 
imaging (MRI) has been proposed. 

MRI is based on electromagnetic signals which are evoked by high frequency pulses 
applied to the body causing the nuclear spin of the protons to precess with a certain 
resonance frequency, when placed in an homogeneous magnetic field, and then to 
relax again. The signal depends on the following three complex parameters defined 
in magnetic resonance imaging [ 11 : the proton density, the longitudinal (spin-lattice) 
relaxation time (T,) and the transverse (spin-spin) relaxation time (Tz). Different 
tissues are mainly characterized by different values of T, and T,. Specific pulse 
sequences acquire images with certain contrast properties. T1-weighted images can 
be acquired by short repetition times (TR) between the pulses whereas long echo 
times (TE) between pulse and signal acquisition result in T,-weighted images. 
Mainly T, and the proton resonance frequency vary with temperature, and both 
parameters have been used to measure temperature in living human muscle [2, 31. 
The molecular diffusion coefficient, which is also temperature dependent, can be 
measured by specialized sequences [4]. A disadvantage of methods using these 
parameters is the necessary post-processing procedure, which includes subtraction of 
images causing problems due to bulk tissue movements. 

Another temperature dependent parameter is the equilibrium magnetization (M,,), 
equivalent to the spin density or proton density. In our study, the use of proton 
density weighted MRI sequences for measuring temperature changes has been 
evaluated both in vitro and in vivo. 

MATERIALS AND METHODS 

All MR measurements were performed with a 1.5 T system (Magnetom 63 SP MR, 
Siemens). The probes were positioned within the head coil of the MR system. The 
same attenuation was used for all imaging procedures of each experiment. For 
reference temperature measurements a Luxtron Fluoroptic Thermometer Model 3 100 
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with a four sensor probe (type SMM) was used. This fiberoptic system allows 
temperature measurement during MRI procedure without any mutual interference. 

In vitro experiments: 

A piece of bovine muscle tissue (diameter approx. 10 cm) was first homogenously 
warmed in a water bath. It was then cooled from the surface using a system of small 
parallel tubes with a continous flow of temperate water. Four temperature sensor 
probes were implanted into the tissue at varying depths. During the cooling 
procedure, images were acquired every 5 min (spin-echo-sequence, TR = 900 ms, 
TE = 15 ms or 40 ms, FOV 120 mm, 256*256, slice 10 mm). The signal intensities 
of four regions of interest (5.5 mm2), one near the tip of each sensor, were evaluated. 

In vivo experiments: 

The in vivo experiments were performed on four volunteers (2 females, and 2 males). 
The water perfused tubing system was wrapped around the right calf, covering a skin 
area of about 350 cm2, corresponding to a leg length of 10 cm. The skin temperature 
was set by changing the temperature of the water pumped through the tubes. Skin 
temperature T,,,,. under the tube system was measured using a single sensor probe 
attached to the slun and isolated against the tubes. Images (TR = 1200 ms, TE = 10 
ms, FOV 150 mm or 180 mm, 256*256, slice thickness 10 mm, acquisition time 
5: 11, orientation transverse) were continously taken. 

RESULTS 

In the in vitro experiments, signal intensity of the muscle sample was higher at lower 
reference temperatures (TRef). The signal intensity was highly correlated (r > 0.95) 
with the reciprocal value of the absolute temperature (1I(TRpf + 273.15)). Different 
locations of the sample at the same temperature had approximately the same signal 
intensity. The best accuracy obtained was 5 0.7 "C. 

Fig. 1 shows the signal intensity of selected points within the leg and the skin 
temperature during an in vivo experiment. During cooling the signal intensity in the 
peripheral muscle tissue rose (m2 and m3), rewarming resulted in a lower signal 
intensity. No change was observed in the most central point (ml). Regarding the 
relationship of the signal intensity of the subcutaneous fat or the tibial bone marrow 
and the skin temperature, the signal intensity was also clearly higher at lower skin 
temperatures. These changes were observed in all in vivo experiments. The images 
had a good spatial resolution. The signal to noise ratio (tissuehackground signal) 
was 37:l. 
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Fig. 1: Skin temperature (Tskin) and signal intensity (S) of selected points in 
subcutaneous fat (fat), tibial bone marrow (bone) and muscle (ml, m2, m3) and 
during an in vivo experiment. 

CONCLUSIONS 

Both the in vivo and the in vitro experiments demonstrated that the signal intensity of 
musculature generated by the sequences which were used for this study is higher for 
lower tissue temperatures. The sequences used in this study can be considered as 
proton-density-weighted, as the long TR minimize TI-weighting, very short TE 
minimize T2-weighting. The proton density as measured by MRI corresponds to the 
thermal equilibrium magnetization M,, which is inversely related to the temperature. 
This means that the equilibrium magnetization and therefore the measured proton 
density is expected to be lower for higher temperatures. 

The signal intensities at the same tissue temperatures vary in the different 
experiments, depending on imaging parameters and the amplification of the MRI 
scanner. This variation makes it difficult if not impossible to obtain calibration 
curves in vitro, which could then be transferred to in vivo measurements. 

In the in vivo experiments, there was a larger rise of signal intensity in the more 
peripheral muscle tissue during cooling. Assuming that the larger change of signal 
intensity corresponds to a greater fall of tissue temperature, this means that cooling 
the skin has a greater influence on the peripheral compared to the more central 
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muscle tissue temperature. No statement can be made regarding the magnitude of 
temperature changes or the absolute temperature within the tissue without invasive 
measurements. However, to localize a temperature change or to compare temperature 
changes in a homogeneous muscle tissue invasive measurements are not necessary. A 
comparison of temperature changes in different tissue types is not possible. 

The type of sequences used in this study produces images which visualize 
temperature differences, at least in the muscle. Post-processing is simplified to a 
large extent. No calculations involving multiple images are necessary. Therefore, the 
presented method is less sensitive to problems with motion than other methods such 
as use of diffusion coefficient based techniques. The only artefacts observed here are 
motion artefacts caused by blood flow and the chemical shift at the subcutaneous fat, 
which do not hamper the evaluation. The signal to noise ratio is relatively high. The 
main disadvantage of this type of sequence is the acquisition time. This might be 
overcome by faster imaging techniques. Measuring tissue temperature with proton 
density weighted sequences is a promising and robust method, but more in vitro and 
in vivo studies are necessary. 

However, MRI temperature measurement in general has some disadvantages. During 
the imaging procedure, the subjects must be placed in a narrow tube, where no 
metallic objects are allowed because of the strong magnetic field, and they must not 
move. These conditions restrict the general use of this technique for physiological 
purposes. 
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A MODIFIED HOT PLATE FOR 
GLOVE CONTACT INSULATION MEASUREMENT 

Haan Nilsson, Fang Chen, Ingvar Holm& 

National Institute for Working Life, Department of Ergonomics, 
Solna, Sweden 

INTRODUCTION 

According to the new European Standard EN 511:1993 the protection by gIoves 
against contact cold is tested in accordance with IS0 5085-1:1989 (BS 4745: 1986). 
Samples are taken from the palm of the hand of one pair of gloves (two samples in 
total). The sample should be 330 mm in diameter. This is not compatible with EN 
5 1 1, which requires the sample to be taken from ready-made gloves ! A compromise 
may be the use of samples from several gloves to "cover" the test area or to use 
materials from the production line. Both ways may introduce significant errors. In 
order to make the measurements with a sample from an ordinary glove and even 
without destroying the glove, a new hot plate of minimal size has been developed. 
The construction of the new instrument is based on the requirements in EN 511 (and 
IS0  5085:l). The new mini hot plate (MHP) measures the thermal resistance of a 
glove with constant temperature over the palm area as suggested in EN 51 1. 

MATERIALS AND METHODS 

Figure 1 shows the mini hot plate in the measuring set-up with some gloves in the 

palm side (pressure 6.9 Wa). The stand is for ambient temperature measurements. 
I background. The MHP is inside the glove and the required weight is on top of the 
I 

Resistance of the handwear is determined by measuring the power required to 
maintain a constant temperature gradient between the surface of the heated MHP 
and the surface of the tested glove. The surface of the MHP is heated so as to 
provide a uniform surface temperature. In order to do so the surface of the MHP is 
divided into zones (measuring zone and guard zones) which are densely covered by 
resistance wires. The surface temperature of each zone is measured by other 
resistance wires covered and separated from the heating wires by a thin layer of 
plastic. A computer serves as a regulation and acquisition unit for the system. 

The dimensions of the mini hot plate (MHP) are 2 x 5 ~ 7  cm. The measuring zone is 
shielded by two guarding zones, which are heated to the same temperature as the 
measuring zone to prevent axial and radial heat transfer. The MHP is made of plastic i 
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foam with a density of 0.2 kg/dm3. Power to the plate is measured so that it gives an 
accurate average over the period of the test. The accuracy of the power measurement 
is within 2% of the reading for the average power for the test period. The MHP is 
heated by a low voltage DC-power supply. The power supply is stabilised and 
provides a constant voltage output better than kO.l%. The setpoint for mean surface 
temperature is usually set to 34 "C. The sensor wires allow for a representative 
measure of mean surface temperature over all zones. Local deviations from the 
controlled mean skin temperature do not exceed kO.1 "C. The temperature at the 
surface of the glove is measured by a flat temperature sensor (Swema N3606). The 
sensor is mounted to an aluminium distance that keeps the lead weight away from 
the measurement area. This construction gives a faster measurement procedure. 

The test apparatus consists of the MHP with measuring and regulation equipment, 
the weight and a climatic chamber that can provide uniform climatic conditions. The 
test glove is fitted to the MHP. The ambient temperature is set sufficiently low to 
minimise the relative error of the regulation. Mean radiant temperature is less than 
0.5 O C  different from mean air temperature. The air velocity is kept at 0.2k0.1 m/s 
and the relative humidity is 60-15 %. Turbulence intensity is less than 30 % (one 
standard deviation of mean air velocity). 

Thermal resistance is the resistance to dry heat transfer due to convection, radiation 
and conduction. The resistance to dry heat loss from the mini hot plate (Rcontact) 
defines the resistance provided by the handwear but not the air layer above the 
surface. The average of two independent measurements is used to designate the 
resistance value of the glove. 

When the power consumption (Qmp) has equilibrated measurements are taken as 
the average value for a period of 10 minutes. The thermal resistance is calculated by 

where TMHP is the surface temperature of the mini hot plate in O C ,  TSurfag is the 
glove surface temperature in "C, and QMHP is the power consumption of the mini 
hot plate in W/m2. 

The contact resistance of 63 different gloves on the Swedish market were measured. 
The measurement took place in a climate chamber where the air temperature was 
kept constant at 23k0.2 "C with relative humidity of 65k5 %. All the gloves were 
stored inside the chamber for at least 7 days before the measurement took place, All 
the measurements were taken on the palm of the left hand of the gloves. At least two 
measurements were made on each of the glove on two different days. The TMHP 
was set at a constant value of 34.0"C. The Tsurfmg was recorded. 
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Figure 1. The mini hot plate (MHP) in the measuring set-up with some gloves in the 
background. The mini hot plate (MHP) is inside the glove and the weight is on top 
of the palm side. The stand is for ambient temperature measurements. 
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Figure 2. The relationship between the glove surface temperature and the thermal 
resistance of contact, 

379 



RESULTS AND DISCUSSION 

The mean thermal resistance value for all 63 glove measurements (double 
determinations) was 0.050 m20C/W. The SD for the mean difference between double 
determinations was 0.0020 m2"C/W. This corresponds to an error of 4 % of the 
mean. This level is acceptable for a method based on double determinations as 
required in the standard. If the difference exceeds 4 % a third measurement is taken. 

As a consequence of the different thermal resistance the surface temperature of the 
sample will change. A plot of Tsurfag versus thermal insulation of the gloves is 
shown in figure 2. 

The present method appears to present a feasible solution to the problem of 
measuring contact thermal resistance of gloves. The present version of the standard 
(EN511) requires the sample to be taken from the palm of the glove. With the 
suggested method (IS0 5085) several gloves need to be cut up in order to provide 
the required sample size. Also, the physical arrangement of the individual pieces 
from the palm of the glove on the hot plate is not properly defined. A possible 
alternative would be to prepare the sample from staple ware. However, this may 
differ from the actual layering in the final glove construction. Both problems may be 
circumvented by the present method, which measures directly on the intact glove. 
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EFFECT OF MAXIMAL EXERCISE ON THE AUTONOMIC CONTROL 
OF HEART RATE DURING ORTHOSTATIC STRESS 

J.E. Davis, W.R. Pourcho, and C.M. Thomas 

Dept. of Exercise and Health Science, Alma College, Alma, Michigan, 48801 USA 

JNTRODUCTION 

Hypotension is a commonly observed phenomenon after acute maximal 
exercise. In some instances this can lead to liglitheadedness and even syncope (1). 
The mechanism underlying this phenomenon has yet to be determined, Some 
studies have suggested that the baroreflex mechanism is altered and point to 
decreases in peripheral vascular resistance after a single bout of maximal exercise 
(2). It is possible that changes in the control of heart rate after exercise in some 
way contribute to the hypotension. 

One non-invasive way of determining autonomic input on the control of heart 
rate is the assessment of beat to beat changes in heart rate dynamics (3). By 
quantifying heart rate dynamics with spectral analysis, sympathetic and 
parasympathetic control of cardiac function can be assessed (4). This technique has 
been used to investigate alterations in cardiovascular control for a wide variety of 
environmental stresses including altitude (5) and bed rest (6) .  

In this study, spectral analysis was used to examine the effects of a maximal 
bout of aerobic exercise on the autonomic nervous system's control of heart rate 
during an orthostatic challenge. We hypothesized that the maximal exercise would 
reduce orthostatic tolerance and alter the autonomic control of heart rate. Altered 
autonomic functioning may help to explain syncopal episodes following exercise. 

MATERIALS and METHODS 

Subjects: Five healthy subjects participated in the study. All subjects were of 
average fitness level with a mean age of 20.8 9 .20. Each subject gave informed 
consent after receiving a complete description of the procedures and potential risks 
of the study. 
Experimental Protocol: Each subject participated in two orthostatic tolerance tests, 
a control test (C) with no prior exercise and a test following a Bruce maximal 
graded exercise test (GXT). Lower body negative pressure (LBNP) was used to 
determine orthostatic tolerance. A progressive LBNP protocol began with a 5 
minute pre-test period with the subject supine in a specially designed LBNP box 
without negative pressure. 
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Pressure began at -20 mmHg and increased by -10 mmHg every 3 minutes to 
the onset of presyncopal symptoms. At the onset of these symptoms the negative 
pressure was terminated and an eight minute post-test followed with the subject 
supine in the LBNP box. Orthostatic tolerance is expressed as a cumulative stress 
index (sum of minutes at each stage x pressure For each stage). 

Heart rate was determined with a standard 3-lead electrocardiograph using a 
Biopacq Mp-100 data acquisition system (Goleta, CA). A time series of heart rate 
was then determined for further analysis. One non-invasive way of examining the 
autonomic control of cardiac function is through the use of power spectral analysis 
of heart rate fluctuations (3,4). Spectral analysis in this study included a fast 
Fourier transformation of the time series plot into a power spectrum. Integration of 
the area under the curve in the high frequency band, low frequency band, and total 
spectrum was performed to q u a n m  the area in each frequency domain. In order 
to quantify the influences of both branches of the autonomic nervous system, the 
integrated area under the curve is recorded for three areas: the PH, PL, and the total 
power. Oscillations in the high frequency (PH) band (.15 to .50 Hz) of the power 
spectrum are influenced by parasympathetic (PNS) input to the heart, and 
oscillations in the low frequency (PL) band (0 to .15 Hz) are influenced by both PNS 
and sympathetic (SNS) (3,4). The ratio of the integrated power of PLPH 
corresponds to the SNS input to the heart; the ratio of integrated power of PHP~ 
(total area of the spectrum) corresponds to the PNS input to the heart. 

A one-way analysis of variance for repeated measures was used to determine 
statistical significance. Post-hoc analyses were performed using a Scheffe's test. 
The .05 level was established as the criterion for acceptance. All data in subsequent 
displays are expressed as mean & SE. 

RESULTS 

Orthostah'c Tolerance: There was a sipficant (P<0.05) decrease in orthostatic 
tolerance after maximal exercise (GXT) compared to the control test. Tolerance, in 
cumulative stress units, decreased from 844.7 (k92.2 mm. min) in the control 
condition to 706.0 (k46.7 mm.min) following the graded exercise test. 
Heart Rate: Heart rate SignLficantly increased (W0.05) during LBNP in both tests 
(Figure 1). In addition, heart rates were higher before and at each stage of the 
LBNP following the graded exercise test as compared to the control LBNP. Heart 
rate decreased below resting level after LBNP for both the control and post-graded 
exercise conditions. 
PJPH Rah'o: The PJPH ratio results are shown in Figure 2. PJPH ratio was 
signrficantly greater (P<0.05) at the start of the LBNP after the graded exercise test 
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Figure 1. Heart rate as a function ofLBW Figure 2. P&'H ratio as a function of 
stage for the control and post-GXT LBNP stage for the control and post-GXT 
condition. Values expressed are means k 1 condition. Values expressed are means f 
SE. * indicates a significant difference 1SE. * indicates a significant difference 
from control (P<0.05). from control (p<O.05). 

(12.41k3.18) as compared to the control test (6.36f1.49). This is indicative of 
greater sympathetic influence on resting heart rate after exercise. The PL/pH ratio 
increased during both LBNP tests. However, the PI/PH was s i m c a n t l y  greater 
during LBNP after the graded exercise test than the control condition through the 
-30 mmHg stage of LBNP. This reflects greater sympathetic activity during lower 
levels of LBNP after graded maximal exercise. 
PHPT ratio: The PHPT ratio was lower (PC0.05) at the start of the GXT LBNP test 
(.110f.040) as compared to the C test (.164-1.039) and remained depressed until the 
-30 mmHg stage of LBNP (Figure 3). This indicates that parasympathetic activity 
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at rest and during low levels of LBNP is reduced after maximal exercise relative to 
the control condition. During the post-test the C LBNP produced a higher PHPT 
ratio (.273f.056) than the GXT LBNP (. 137k.028). 

CONCLUSIONS 

The major finding of this study is that the autonomic control of heart rate 
during orthostatic stress is altered after maximal aerobic exercise. We found higher 
heart rates after maximal exercise at rest and during a progressive LBNP test. 
These higher heart rates are a result of greater sympathetic and less 
parasympathetic stimulation of the heart. Sympathetic nervous system input on the 
heart after maximal exercise was greater and parasympathetic input was reduced 
relative to a control lower body negative pressure at lower levels of LBNP(230 
m g ) .  

It is possible that the altered heart rates and control mechanisms after exercise 
are a result of changes in baroreceptor function. Halliwell et al. (2) have reported 
augmented heart rate gain after moderate intensity exercise. They proposed that 
this restrains post-exercise hypotension and partially offsets the enhanced 
vasodilation observed after exercise. It also is possible that the altered autonomic 
control of heart rate observed in this study in some way contributes to the syncopal 
episodes that have been observed following maximal exercise. 

REFERENCES 

1. Holhausen, L.M., Noakes, T.D., JSroning, B., DeKlerk, M., Roberts, M., 
Emsley, R. 1994, Clinical and biochemical characteristics of collapsed 
ultramarathon runners. Med. Sci. Sports. Exerc. 26: 1095-1101. 

2. Halliwell, J.R., Taylor, J.A., Hartwig, T.D. and Eckberg, D.L. 1996, Augmented 
baroreflex heart rate gain after moderate-intensity, dynamic exercise. Am. J. 
Physiol. 270 (Reg. Int. Comp. Physiol. 39): R420-R426. 

3.  Akselrod, S., Gordon, D., Ubel, F.A., Shannon, D.C., Barger, A.C. and Cohen, 
R.J. 1981, Power Spectrum Analysis of Heart Rate Fluctuation: A 
Quantitative Probe of Beat-to-Beat Cardiovascular Control. Science 213: 
220-222. 

4. Pomeranz, B., Macaulay, R.J., Caudill, M.A., Kutz, I., Adam, D., Gordon, D., 
Kilborn, K.M., Barger, A.C., Shannon, D.C., Cohen, R.J. and Benson, H. 
Assessment of autonomic function in humans by heart rate spectral analysis. 
Am. J. Physiol248 (Heart Circ. Physiol. 17): H151-Hl53. 

5. Hughson, R.L., Yamamoto, R.E., McCullough, J.R., Sutton, J.R. and Reeves, 
J.T. 1994, Sympathetic and Parasympathetic indicators of heart rate control 
at altitude studied by spectral analysis. J. Appl. Physiol. 77(6): 2537-2542. 

6. Goldberger, A.L., Mietus, J.E., Rigney, D.R., Wood, M.L. and Fortney, S.M. 
1994, Effects of head-down bed rest on complex heart rate variability, 
response to LBNP testing. J. Appl. Physiol. 77(6): 2863-2869. 

3 84 



INDIVIDUAL PARAMETERS INFLTJENCING TOLERANCE TIME OF 
MINE RESCUE TEAM MEMBERS IN THE HEAT 

i 

B. Kampmann('), G. Bresser(2), C. Piekarski(1) 

A heat tolerance test was performed according to [7]: (30 minutes walking on a 
treadmill [external load 70 W] at tdb = 39 'C; twb = 37 OC; clothing: shorts) that 
should be used to predict the strain during a climatic exposure. Only one subject had 
to quit the HTT before its nominal length of 30 minutes. 
After a resting phase of 1.5 hours at the same day a climatic exposure was 
performed at tdb = 32 "C and t.$, = 27 "C with treadmill work on alternating levels 
of slope and velocity. During this test a self contained breathing apparatus (SCBA; 
14.1 kg) and a flame proof garment (7.0 kg) were worn. 
During the exposures an ECG was recorded to estimate heart rate and rectal 
temperature was monitored continuously. Body weight was measured before and 
after each exposure. The subjects were informed that they could request termination 

(1) Institut f?ir Arbeitswissenschaften der Ruhrkohle AG, D-4436 1 Dortmund 
(2) Hauptstelle fiir das Grubenrettungswesen, D-44649 Herne, F.R. Germany 

INTRODUCTION 

The maximum exposure time for mine rescue teams working in hot climatic 
conditions has been fixed in time tables [3] for the German mining industry. As a 
common finding in the rescue service physical fitness and heat tolerance are not 
strongly correlated. Several working groups have attempted to identify individual 
parameters (anthropometric data, physical fitness etc.) that influence a subject's 
reaction to heat stress (e.g. [4], [5]). The study presented here shows a practical 
approach to estimate the influence of anthropometric data, physical fitness and strain 
parameters at the end of a heat tolerance test (m for all mine rescue team 
members of a mine in order to get criteria that allow a ranking with respect to heat 
tolerance and then eventually may be applied to new candidates of mine rescue 
teams. 

! MATERIALS and METHODS 
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RESULTS 

The anthropometric data of the subjects are given in Table 1. The fitness score has a 
mean value (i std. dev.) of 109 k 21 (values above 100 are classified as ''good'', 
values above 125 as "very good"). At the end of the HTT heart rate was 143 f 26 
min-1, rectal temperature ammounted to 38.1 f 0.3 OC and mass loss during HTT 
was 0.85 * 0.43 kg. 
The mean time of the climatic exposure was 55 minutes. The data was analysed 
using a "survival analysis with covariates" (BMDP 2L [l]), as used previously for 
analysis of climatic exposure [2]. Assuming a Weibull distribution Table 2 gives the 
results of the analysis: neither age, nor Broca-Index (body mass fig) devided by 
(body height (cm) - 100); assumed to show overweight) nor heart rate at the end of 
the HTT showed significant influence on the exposure time. Only fitness score and 
rectal temperature at the end of the HTT showed significant influences. The analysis 
of only these two variables revealed that the coefficients differed by a factor of 83: 
accordingly, an increase of the fitness score by 10 % corresponds to a decrease of 
rectal temperature at the end of HTT 2 0.13 "C within the model. As it is not easy 
for a well trained subject to increase his fitness by 10 %, with respect to the span of 
rectal temperatures at the end of I-I'rT physical fitness only has little influence on the 
tolerance time under climatic strain in our study. Fig. 1 gives exposure times for the 
climatic exposure as a function of rectal temperature at the end of HTT, the data 
pints being marked according to the fitness score of the subjects. 

Table 1: Anthropometric data of 52 mine rescue team members. 

body height 1 rn 

body mass I kg 

Broca-Index / YO 

I BMllkglrn2 

mean value standard deviation minimum 2 
1.79 I 0.06 1 1.65 

83.0 1 9.4 I 65.8 

105.7 1 

maximum1 
47.6 1 

1.93 I 
111.3 

138.4 
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I 

80 7 

70 - 

60 - 

50 - 

40 - 

30 - 

Table 2 Survival analysis with covariates, assuming a Weibull distribution 
(BMDP 2L). 
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at the end of the HTT, marked according to the individual fitness score. 
Fig. 1: Break off time of the climatic exposure as a function of rectal temperature 

3 87 

I 



CONCLUSIONS 

Age and Broca-Index do not show any significant influence on the tolerance time in 
the heat and also physical fitness only shows little influence on the tolerance time in 
the heat in our study. Body temperature at the end of the HTT is not an adequate 
criterium to predict tolerance time during our climatic exposure: 50 % of the 
individuals classified as "non heat tolerant" on the basis of the HTT (rectal tempera- 
ture above 38.0 "C at the end of HTT) are exceeding the target exposure time of 50 
minutes (according to [3]) during the climatic exposure, i.e. they are predicted false 
negative. 
Finally, the intraindividual variation of body temperature during HTT on different 
days was quite high, as validated on 4 subjects (also cf. [6]). So the heat tolerance 
test was decided not to be used during the recruitment of new members of the mine 
rescue teams in the Ruhr valley mining district. 
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THEORETICAL MAXIMA FOR CLOTHING INSULATION VALUES 

could equally apply to effective (Iclu) and total (IT) garment insulation or similar 
measures performed on ensembles. Figure l a  represents the defined situation for Icli 

M S Neale"), W R Withey(2), C Mishan(2) and K C Parsons(') 
( I )  Department of Human Sciences, Loughborough University, LE1 1 3TU, TJK 

(2) Centre for Human Sciences, D E W ,  Farnborough, GU14 6TD, TJK 

the total surface area of the body; and Figure lb  the actual situation - the effect of 
the garment is felt over the hands alone. I, represents the thermal insulation of the 
air, f,,i the clothing area factor, AD the DuBois surface area, &, the surface area 

INTRODUCTION 
The thermal insulation of clothing (garments and ensembles) is usually measured 
with heated thermal The method involves fully heating a manikin to 
thermal equilibrium; first nude and then clothed. Measurements of the total heat 
loss from the manikin at known and fixed 'skin' temperature and environmental 
conditions are used to evaluate clothing insulation (intrinsic, eflective or total) 
expressed in clo units (1 clo = 0.155 m2.'C.WaE-'). By definition the clo unit 
describes the effect of clothing in insulating the whole surface area of the human 
body rather than its impact on the area of the body it covers. 

Inspection of documented thermal insulation  value^("^'^) reveals that clothing 
covering identical'areas of the body often have similar measured clo values, even 
though the specific fabric insulation may be very different. This suggests that 
increasing fabric insulation beyond certain limits has little, if any, effect on 
measured clothing insulation, which reaches a fixed upper limit - a maximum - 
which is independent of clothing design, material type, clothing area factor or 
thickness, but which is highly dependent on the surface area of the body covered by 
the clothing. If such maxima do occur this could highlight possible limitations in 
the use of clothing insulation values measured on a fully-heated manikin. 
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Ac 
f 

A0 

(14 (1b) 
Figure 1 Electrical analogy of the fully-heated manikin method of 
measuring garment thermal insulation: (la) by definition represents the 
situation in which garment insulation affects the whole s d a c e  area of the m-, 
(lb) the actual situation &I which the garment insulation affects only the area of the 
manikin it covers. Symbols are explalned in the text. 

air adjacent to the skin) and fclcov the clothing area factor specific to the area of the 
manikin that is covered. The total insulation (IT1 and  IT,^ of the circuits in Figure 1 
are: 

' a  
'c/cov + - 

fclcov 

Both circuits in Figure 1 represent the same thermal system with Wering 
conceptual approaches (ITI equals 1 ~ ~ ~ " ) .  Hence combining equations l a  and lb: 

-- Ia (2) 
A D  

' a  ' a  
'CICOV + - 

f c l  cov 

'c/i = 
AD - Acov &j 

Acov + 

Equation 2 characterises how ICli alters with changes in the area of the body covered, 
the insulation of the clothing with trapped and external air layers, and the clothing 
area factors of the whole surface area of the body and that of the surface area of the 
body covered. Assuming I, = 0.62 ~10 '~ '  and fcf') and fclcov are defined by the 
following equations: 
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an iterative solution of equations 2, 3 and 4 can be used to investigate the 
characteristics of Icli for variations in Ic~cov and the percentage surface area of the 
body covered (Figure 2). This shows 
that as Iclcov increases ICli rises 
asymptotically to maxima dependent 
on the surface area of the body 
covered. When the manikin is 100 % 
covered with clothing a linear 
relationship exists between Icli and 
Ic~c,v. The asymptotes of Icli represent 
maximum measurable values which 
occur whenever the manikin is not 
100 % covered. Evidence to support 
these findings is provided by Zhu et 
at3) who observed similar 
phenomena in both theoretical and 
experimental studies. The values of Figure 2 Relationship b d ~ e e n  garment 
the asymptotes are obtained by intrinsic insulation and clothing fabric 
letting Iclcov in equation 2 approach insulation for different surface areas of 
an infinite value. Under such the heated manikin covered by clothing 
circumstances fcli equals 1 as no heat 
will escape from the surface of the clothing. Hence, equation 2 reduces to: 

3.00 

250 

- 
" - ; 200 

E .- 1.00 

2 
1.50 .- In 

c 

a, 5 0.50 
a 

0.00 
0.00 0.60 1.20 1.80 2.40 3.00 

Clothing fabric insulation ICICOV (in d o  units) 

Equation 5 shows that maximum measurable clothing insulation values are highly 
dependent on the area of the manikin uncovered and on the insulation of the air 
layer surrounding these regions, but not on the fabric insulation of the clothing. 

I IMPLICATIONS OF THEORETICAL MAXIMA 

I The theory does not question the fully-heated manikin method for assessing the 

I 
~ example: 
I 

impact of clothing insulation on the wearer. However the existence of these maxima 
does have many implications on the practical use of the measured values. For 

1. Clothing insulation values (clo) are used to indicate the expected impact of a 
garment or ensemble on heat or cold strain in the user. However it is possible for 
two similar garments or ensembles to have identical insulation values, but have very 
different effects on the local thermal responses of the wearer. 
2. Measured garment insulation is often used in regression equations to estimate the 
expected thermal insulation of a clothing ensemble. The equations used are usually 

i 

I 
I relationship should be considered. 
, linear. However the results from this study and others(3) indicate that a non-linear 
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3. The maxima impose restrictions on other equations used to estimate the effect of 
clothing on thermal balance. For example, estimates of fcl (equation 3) will reach 
limits which would not be present in practice. 
4. Computer-based models of heat and cold strain in clothed subjects often require 
input of clothing insulation values to modify the thermal balance of nude subjects. 
Due to measured maxima the use of the clo unit to describe clothing insulation is 
inadequate- for quantifying comprehensively the insulation of clothing for use in 
computer models which will make inaccurate predictions. 
5 .  Thermal indices such as REQ6 predict the intrinsic clothing insulation without 
considering the maxima or the distribution of the clothing over the body. It is 
therefore possible for this index to make estimations of required clothing insulations 
beyond limits demonstrated in our analysis. 
6. Icli is used to compare the results of measurements made by different researchers 
on the same clothing items. However, where measured clothing insulation values 
are close to the masima, esperimenters will obtain the Same results irrespective of 
the accuracy of their experimental protocols or the design or fit of the clothing on 
the manikin. 

ALTERNATIVE METHOD 
To overcome these limitations it is recommended that garment insulation should be 
measured on segmental thermal manikins which are heated only in those regions 
that are covered by clothing. The heated segment must be thermally isolated to 
prevent heat from travelling to adjacent, unclothed, regions of the manikin. Such 
measurements will not give intrinsic, effective or total insulation values as they 
relate only to the surface area of the manikin that is covered. However the measured 
values can be converted into clo units by multiplying by the fraction of the total 
surface area of the manikin that is covered. 
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EFFECTS OF VENTILATION ON ENSEMBLE 
THERMAL PROPERTIES 

i 

U. Danielsson and U. Bergh 

National Defence Research Establishment, S-172 90 Stockholm, Sweden 

INTRODUCTION 

It is known that physical activity affects the thermal properties of an ensemble by 
reducing the external air layer thickness and by developing an internal forced 
convection, both increasing the convection heat and mass transfer. The importance of 
these mechanisms has led to a more frequent use of e.g. walking manikins. Data 
from this type of measurement describe well the impact of the clothing on the dry 
heat transfer. Also the evaporative heat transfer can be sufficiently well quantified 
when the major routes for the evaporative and the dry heat transfer are similar. But if 
the ensemble is ventilated and the material layers are less permeable to water vapour 
then a non-sweating walking manikin may not give a relevant description of the 
evaporative heat loss. The reason is that the vapour transfer through the openings 
relative to that through the material layers can be significant different from the 
corresponding transfer of heat. The purpose of this paper was to discuss in general 
terms the effect of ventilation on the thermal conditions in clothing air layers and 
illustrate the importance of ventilation to the mass transfer in two very different 
types of chemical warfare ensembles. 

MATERIALS and METHODS 

For a forced air flow between e.g. two garment layers the convective heat flow rate 
from one layer to the air (fluid), 0, can be expressed as 

where 01 is the convective heat transfer coefficient (cf. h), A is the surface area and 
Ts and Tf are the surface and air (fluid) temperatures. Tf can be calculated from 

where as and ac l  (not necessarily the same) are the convective heat transfer 
coefficients at e.g. the skin and the nearest clothing surface, As and Acl are the skin 
and the clothing surface areas, V is the ventilation rate, Ta is the surrounding air 
temperature. The clothing vapour concentration and the mass transfer can be 
expressed analogously (the effect of e.g. water leakage on the insulation value of an 
immersion suit can also be estimated). If the clothing is tight-fitting and the 
apertures are closed then Tf=(Ts+Tcl)/2. But as such conditions are rare, it can be 
assumed that Tf # Tm where Tm is the mean value of the temperatures of the two 
opposite surfaces. Consequently the convection coefficient, hc, commonly defined 
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from the temperature and the heat flux at the inner surface and the temperature at the 
opposite surface, will not correctly describe the convective heat and mass transfer 
from one layer to another. Generally if Tf > Ta, then hc / as > 0,s and the 
magnitude of the ratio will depend on the fit and ventilation rate. The internal 
convection coefficient and air-layer temperature were measured on one subject 
walking on a treadmill in calm air wearing a combat uniform (jacket and trousers) 
with the apertures open at the ankle, waist, wrist and neck. The air temperature was 
around 14 "C. The influence of ventilation on the evaporative heat transfer was 
studied on five subjects by comparing a permeable, fully closed NBC-suit with an 
impermeable 2-piece CW-liquid protective suit worn over a combat uniform. The dry 
heat transfer was measured with heat flux discs and thermocouples and the mass 
transfer was measured with rh-sensors and continuous whole-body weighing during 
walking on a treadmill at a speed of 0,8 d s .  The metabolic rate was about 6OOW 
and the climate was 22°C 30% rh. 

RESULTS 

Table 1. The regional and the whole-body air layer temperatures, Tf ["C], compared 
with the corresponding mean temperatures, Tm ["C] when wearing the combat 
uniform (jacket and trousers) with open apertures. The walking velocities were 0,9, 
1,4 and 1,9 m/s. 

Part of 0,9 m / s  1,4 d s  1,9 m/s 
the body Tm Tf Tm Tf Tm Tf 

leg 27,6 26,l 27,4 26,2 27,8 2 6 4  
trud 28,l 26,O 28,O 26,2 28,l 261  
arm 25,7 25,7 25,6 26,O 25,4 25,8 

Average 27,5 25,9 27,3 26,l 27,5 261 

The table shows that the fluid temperature, Tf, differed considerably from Tm. The 
difference, about 1,4 "C for the whole body or 15% of (Ts-Tcl), represents the 
combined effect of air exchange and surface enlargement. The difference between Tf 
and Tm was greater at the trunk than at the leg. This was probably because of a 
greater ventilation of the jacket than the trousers, an effect partly due to differences in 
the aperture area (1). At the arm, the relation between Tf and Tm was reversed 
compared with the other parts. The reason is that, especially at the upper arm, the air 
is exchanged with that coming from the warmer trunk region, not with the cooler 
ambient air, hence Tf > Tm. This re-distribution of air can be of importance for the 
thermal properties of an ensemble. Deviations between Tf and Tm influence the hc/a 
ratio. Table 2 shows the results at the various parts of the body when the combat 
uniform is worn. 
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Table 2. Regional and whole-body hc-values compared with the corresponding a- 
values [W/(m2K)]. The walking speeds were 0,9, 1,4 and 1,9 m / ~ .  The combat 
uniform (jacket and trousers) was worn with the apertures open. 

Part of 0,9 m/s 1,4 m l s  1,9 m / s  
the body h c a  h c a  J k a  

leg 9,0 13,7 11,O 17,4 12,4 19,O 
trunk 7,9 10,2 9,8 13,O 11,4 15,l 
arm 5,5 11,3 6,9 14,5 7,9 17,7 

Average 7,9 11,8 9,8 15,O 11,3 17,2 

The whole-body hcla ratios were 0,67, 0,65 and 0,66 at 0,9, 1,4 and 1,9 m/s 
respectively. The ratio would have been about 0,5 at no air exchange and if the 
clothing had been skin-tight. The expected hc/a for the uniform is around 0,60 with 
no ventilation, and 0,66 for an air exchange of 2 I/s. From the change in Tf and a 
due to ventilation and activity rate the water vapour and heat resistance values were 
calculated for two ensembles (Fig 1). The skin was assumed to be completely wet 
with a temperature of 35°C. The ambient climate was 20°C and 50%. The figure 
indicates that a greater air exchange results in a greater reduction of the resistance 
values and that the most significant change refers to the vapour resistance. The figure 
also suggests that the thicker (or denser) a material is the greater relative importance 
the ventilation should have. 

Fig. 1 (left panel). Estimated effect of ventilation rate and type of ensemble, shirt 
and trousers (thin), combat uniform (thick), on the change in intrinsic heat 
resistance, hi, and vapour resistance, &I, while walking at 0,9 m/s in calm air. The 
results were compared with no ventilation. Fig. 2 (right panel). The evaporative heat 
transfer from the fully closed, permeable NBC-suit and the impermeable CW-suit 
worn over a combat uniform, when walking 0,8 m l s  on a treadmill in calm air. 
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The ventilation in a conventional, permeable NBC-suit worn in a fully protection 
mode is negligible. Then the water vapour is transported from the skin through the 
material layers to the environment by diffusion. In the CW-suit, the water vapour is 
transferred from the skin to outside the uniform by ventilation and diffusion. The 
ventilation rate is roughly 1 Us at a walking speed of 0,9 m/s in still .air when 
wearing ensembles similar to a uniform (2). So, this avenue was responsible for 
about 30% of the evaporative heat transfer from the skin. From the outside of the 
uniform, the vapour was transported to the environment entirely by ventilation as 
the liquid protection is impermeable. The continuous weighing, relative humidity 
and temperature measurements showed that the ventilation rate was 3 3  Us. This 
resulted in a lower total vapour resistance value than that of the thin, permeable 
NBC-suit. The insulation values of the two ensembles were similar. But because of 
the ventilation of the CW-suit less amount of water was trapped by condensation in 
combat uniform than in the NBC-suit. This resulted in a more rapidly increasing 
evaporation rate in the CW-suit and initially, a greater dry heat transfer. Fig. 2 
shows that the impermeable CW-suit was as good as or even slightly better than the 
thin permeable NBC-suit because of the ventilation. As the heat production was the 
same in the two ensembles the slight difference in evaporation rate and dry heat 
transfer was also mirrored by physiological measurements. Fig. 2 (right panel) 
shows that the ventilation of the combat uniform was responsible for roughly 30% 
of the total mass transfer. This result is rather similar to that predicted as Fig. 1 
suggests that a ventilation rate of 1 Us should reduce the vapour resistance by 25- 
30% in this type of outfit. 

CONCLUSIONS 

The ventilation affects the air layer temperature and vapour concentration. This effect 
changes the convection coefficient as it has previously been defined in clothing 
physics. So in models accounting for ventilation through apertures (as well as 
through air-permeable materials), the convection coefficient must be defined by the 
properties of the air (fluid) and those at the surfaces. The effective vapour resistance 
of the ensemble may be greatly overestimated if the ventilation is not considered. 
These effects were illustrated experimentally. We found that an impermeable CW- 
suit worn over a combat uniform allowing air exchange with the ambient air could 
be as good as or even slightly better than a conventional, light, permeable NBC-suit 
in respect of heat dissipation and physiological load. The consequence is that 
predictions of heat load and hence, time to heat exhaustion should become more 
accurate if the effects of ventilation are adequately considered. 
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EFFECTS OF THE DISTRIBUTION OF SKIN TEMPERATURES ON THE 
THERMAL nVSULATION OF CLOTHING 

Mika Takaliashi-Nislimura('), Shin-ichi Tanabe@ and Yae Hasebe") 
(1) The National Institute of Public Health, Tokyo, Japan 

(2) Oclianomizu University, Tokyo, Japan 

INTRODUCTION 

Comprehensive databases concerning thermal insulation of clothing have been 
published with thermal manikins by several authors. Since thermal manikins have 
several body segments, the skin temperature for each segment must be set 
separately. However, it is not known how the distribution of skin temperatures 
af€ects the thermal insulation of clothing. If the effect is significantly large, the 
comparison among the data from different researchers will make no sense. 

EXPERIMENTAL METHOD 

Experiments were carried out during April, 1994. Relative humidity was kept at 
50% and air velocity was under 0.15ids in the climatic chamber. Thermal 
manikin was exposed with a standing posture. This manikin is thermally divided 
into 19 parts. The skin temperature of each body part was controlled with electric 
heated wire. Skin temperature and surface area of each body part are shown in 

temperature) was kept at 28OC. The differences between the set skin temperature 
I Table 1. In the setting of the skin temperature, the ambient temperature (operative 

and the measured for Cases A (like a distribution of human body temperature), B 
(lower extremities), C (non-heated head and extremities), and D (uniform) were 

I 
l 

I 
I 

within 10.3"C for all body parts. Table 2 shows clothing ensembles. 

I 
I EQUATIONS FOR CALCULATION 

I The thermal insulation was calculated with the following equations. 
Ia = (ts, n - to) / 0.155Qa 
It = (ts, cl - to) / 0.155Qt 
Icl = It - Ia / fcl 
fcl = 1 + 0.31~1 (McCullougli 1985) 
where, 
Ia The thermal insulation of nude skin surface (clo) 
IC1 : The basic thermal insulation of clotling (clo) 

...( 1) 

...( 2) 

...( 3) 

...( 4) 1 
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It 
Qa 
Q t :  
fcl 
to 
ts, cl : 
ts, n : 

Skiwear ensemble 

Winter ensemble 

The total thermal insulation of clothing 
Heat loss from the nude thermal manikin 
Heat loss from the dressed thermal manikin 
Clothing area factor 
Operative temperature 
Skin temperature of the dressed thermal manikin 
Skin temperature of the nude thermal manikin 

ski outfit, long-sleeve shirts, bra, shorts, socks, gloves 

ski outfit, long-sleeve shirts, bra, shorts 

~ 

note:- shows non-heated. R = Right; L = Left. 

Table 2. Clothing ensembles 
~ 

Nude I no insulation 
Trousers ensemble 1 long-sleeve shirts, bra, shorts, socks 
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RESULTS OF THE EXPERIMENT 

Nude 
Trousers ensemble 

Ski ensemble 
Winter ensemble 

Tlie measurement of the insulation was carried out under the condition of the 
operative temperature between 14 and 30°C. Tlie tlierinal insulation of whole body 
was almost the same in tlus temperature range. The tliennal insulation of nude 
skin surface and the total tliennal insulation of clotliing are shown in Table 3. The 
effect of the skin temperature distribution on these values of tliennal insulation for 
tlie whole body was relatively small. 

Ia 0.67 0.66 0.64 0.67 
1.22 1.26 1.34 1.21 

It 1.95 2.02 2.49 1.96 
2.43 1.78 

Table 3. Thermal insulation of nude skin surf&ce and total thermal 

Trousers ensemble 
Ski ensemble 

Winter ensemble 

insulation of clothing. 
Mean Value of Thermal Insulation (do) 

CaseA I CaseB I  case^ I Case D 

Case A Case B Case C Case D 
0.66 0.72 0.85 0.63 
1.48 1.57 2.07 1.49 
\ 2.06 1.30 

The head was not clothed, tlie hands were not clotlied or only with gloves, and the 
feet were clothed only with socks. For that reason, the values of thermal insulation 
at these parts were smaller than those of others. The total thermal insulation of tlie 
whole body for Case C was lugliest among all distributions, because the values of 
thernial insulation at the head, the hands and tlie feet were not included in the total 
therinal insulation for the whole body. Basic thermal insulation of clothing is 
shown in Table 4. Tlie differences of basic thermal insulation of clothing for whole 
body among Cases A, B, and D were within 0. lclo. 

Table 4. Basic thermal insulation. 
I The Basic Thermal Insulation of Clothing (clo) 
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CONCLUSIONS 

1) The total thermal insulation of nude skin surface was not aBected by skin 
temperature distributions in the temperature range of this report. 
2) It was difficult to measure precisely the thermal insulation of clothing in Case C. 

REFERENCE 

McCullough, E. A., Jones, B. W., and Huck, J., A Comprehensive Data Base for 
Estimating Clothing Insulation, ASHRAE transactions, 91 (2), 29-47 (1985) 

400 



APPLICATION OF A COMPACT THERMAL CONTROL SYSTEM 
IN ADVERSE ENVIRONMENTS 

Yasu Tai Chen 

USAF Armstrong Laboratory 
Brooks AFB Texas 78235 USA 

INTRODUCTION 

Conditioned air is utilized to maintain coinfort for humans living in an enclosed 
space or to create an advantageous environment for production or commercial 
processes. The use of air conditioning has also made it possible for people to exist 
in adverse climate environments (1). The air conditioner (AK) is an 
environmental control system that has changed our life style, as well as improved 
our living, working, and entertaining standard. Advanced industrial and medical 
processes can not be accomplished without this technology. Air conditioner 
systems are designed to produce cool air by circulating approximately 80% of the 
return air while introducing 20% ambient air froin the local environment. Thus, 
A/C systems cannot function as primarily designed when the surrounding ambient 
air is contaminated or polluted. 

m e n  people wear chemical protective garments and work in hot lmmrdous areas, 
such as in the military and industry, thermal stress is always a critical problem 
(2,3). During the past decade, scientists at the USAF Armstrong Laboratory have 
investigated and developed various cooling systems (4,5,6,7) wlich provide cool 
liquid or air to maintain thermal equilibrium, increase work performance, and 
extend work time. However, when people are required to remain in such 
environments without wearing protective garments, a survival shelter must be 
provided to protect them from harmful cliemicals or contaminants. 

Based on the present living standard and advanced technology for const cting a 
survival shelter (8), a compact thermal control system (CTCS) needs to be 
developed and integrated into this shelter to keep it cool, clean, and protected. A 
complete and coinfortable shelter can be furnished to protect humans from thermal 
stress as well as liarinful chemical substances. The CTCS is a portable, self- 
powered, and filtered air conditioning system built with a gasoline/diesel engine, 
operational control, and chemical-agent-removal filter. It can supply pressurized 
cool, clean, and dry air to a shelter and maintain it free of toxic substances. This 
paper describes tlie application of a CTCS to create a protected and comfortable 
facility for people to work and rest in when they must be located in a hot and 
contaminated environment. 

a 
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MATERIALS and METHODS 

In the current study, a concept of the CTCS was developed to be integrated with a 
survival shelter to provide comfort in hazardous environments. The CTCS was 
modified from an existing Portable Multiman Air Cooling System (PMACS) (6)  
which was designed, fabricated, and tested at the USAF Armstrong Laboratory 
Brooks AFB, Texas. The PMACS has been identified as US. Au Force Invention 
No. 19,871 and U.S. Patent No. 5,386,823. The PMACS was originally designed 
to provide cool, clean and dry air to people who wear chemical protective garments 
and work in a hot contaminated environment. 

The integrated PMACS was composed of three major parts: 1) cooling: 
compressor, condenser, evaporator, remote thermostat; 2) power: 10 hp 
gasolinekliesel, engme or electrical motor; 3) air distributor: vacuudpressure 
blower, U.S. Army M-48 filter, air speed control. The ten hp engine provided 
adequate power to drive the compressor, condensing fan, vacuum blower, and 
alternator. For chamber testing, an electrical prototype of the PMACS was built 
for proof of concept since it was difficult to test a gasoline/diesel engme unit in a 
sealed thermal chamber. A vacuudpressure blower pumped 100 cubic feet per 
minute (cfin) [2,832 liters per minute (Urn)] of air through a U.S. Army M-48 
filter, an air vest, and an MCTJ-2P mask with a C-2 filter, which together created 
up to 11 inches of water resistance. 

Since the vacuum blower was equipped with a speed control, air volume was 
adjustable. Also, the remote thermostat was used to control air temperature to 
meet each user’s requirement and application. Hot ambient air was pumped 
through a double-layer cooling coil in the evaporator which removed water from 
the air. During testing of the PMACS, it was noted that the unit operated in 
consistent on-off cycles. The “off’ cycle time was the same in all environmental 
temperatures. However, the hotter the chamber, the longer the unit functioned in 
the “on” cycle in order to cool the air to the selected temperature. The PMACS 
had five outlets and each one supplied 20 cfm of air, 17 cfm to the body and 3 cfm 
to the face. Azr pumped into the b o d y a d k e  tb~szg?? :kc S r  v& zi& inask m s  
clean, cool, and dry (15-20°C, 35-50% RH). 

The seven military subjects wore the Army air vest over a cotton T-shirt, under the 
battle dress uniform. Then, they put on the military chemical defense ensemble 
(2.5 do)  including jacket, pants, rubber glovers, with cotton liners, and an MCU- 
2P mask with a hood and C-2 filter. The physical task used for all test procedures 
consisted of walking on a treadmill at 4.8 W h  up a 5% grade. Subjects worked 
in a thermally controlled chamber under hot conditions (40.5”C dry bulb 
temperature, 80% relative humidity) until they reached a core temperature of 
38.5”C. Then, the subjects rested until their core temperature decreased to 38°C 
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while using tlie PMACS hooked to an air vest to cool tlie body aiid face. Core and 
niean skin temperatures, along with heart rate were continuously monitored and 
recorded During tlie cooliiig period, subjects were allowed to drink water tlirougli 
a drinking tube without taking off tlie mask. All subjects completed tliree 
workhest cycles. They felt cool and comfortable during tlie rest period. Tlie 
preliminary data froin thermal chamber testing with liunan subjects indicated that 
use of the PMACS in a 40.5"C/105"F dry bulb and 80% RH environment could 
effectively reduce body temperature aiid extend work time. 

RESULTS and DISCUSSION 

Tlie CTCS development applied the concept of PMACS to generate and pump 
cool, clean, and dry air into the shelter and to constantly maintain it pressurized 
and decontaminated. The design was introduced and developed on the basis of the 
PMACS concept that 100 percent ambient air is pressurized, decontaminated, then, 
cooled and dried before it is pumped into tlie shelter or an enclosed space. 

To employ this technology in a survival shelter, t\ie CTCS must be equipped with a 
25 horse power engine, 3-ton (36,000 BTUH) A/C compressor, 3-stage adjustable 
centrifugal blower, and two U.S. Army KMU-450 blower-filters. Larger 
components are required if higher cooling capacity is specified. The centrifugal 
blower brings in as niuch liot ambient air as tlie system needs through tlie 
chemical-removal filter and a multi-layer evaporator. Tlis process will generate 
1,200 cfni of clean, cool air at 12 inches water pressure in tlie whole system. 

Buffers are installed on the wall and entrance door of tlie shelter to balance 
pressure and inaiiitaiii air pressurization in tlie shelter at a safe but coinfortable 
level. It would result in a positive pressure within the shelter of 1 to 2 inches 
water. Air pressure in tlie shelter is varied depending on tlie enviroiiinental 
conditions. Test results ( 6 )  indicated that tlie PMACS can be operated in a liot 
environment (40.5"C/105"F, 80% RH) and provide adequate cool, clean air to cool 
people working in that environment. The testing process utilized for the PMACS 
can be used to test tlie CTCS to verify its cooling capacity and function. 

Since tlie CTCS is equipped with mechanical components larger than those used 
for the PMACS, tlie CTCS should produce proportionally more cool air. Air 
pumped froin the CTCS into the shelter or enclosure can be chemically-filtered, 
dried, and cooled down to 10°C/50"F dry bulb and 30% relative humidity. 
Therefore, eiigiiieering design revealed that tlie CTCS generates an adequate 
amount of clean air for a shelter to continuously maintain it cool and pressurized. 
No polluted air will penetrate into tlie shelter, and clean indoor air can be 
controlled and conditioned as necessary (10-25"C, 30-50% RH). 
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CONCLUSIONS 

With modifications, the PMACS technology can be applied to a system capable of 
servicing any size room or enclosed space, with no need for persons to attach 
individually to the system. Such a use of the PMACS technology has been 
successfully demonstrated with a multiman shelter by the CTCS design. In 
addition, the CTCS could be transported by military or commercial vehicles to any 
contaminated area as easily as PMACS. 

Since the CTCS is a portable, compact, and self-powered environmental control 
system, the technology of integrating a CTCS into a survival shelter could be 
developed for use in a hot hazardous environment. Also, if an adequate gasoline or 
diesel engine is applied in the CTCS, no additional outside utility source would be 
required for the survival shelter, nor for the cooling system. Thus, the CTCS can 
supply cool and clean air at positive pressure to make a survival shelter function as 
a completely secure facility. This technical concept creates a protected and 
comfortable shelter for ’people to work efficiently and rest safely without the 
encumbrance of protective garments while located in an adverse environment. 
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THE TOLERANCE INTERVAL WITH REGARD TO DIBTERENT 
ENVIRONMENTAL CONDITIONS 

Danilo JakSiC 

University of Ljubljana, Slovenia 

INTRODUCTION 

The system human being - clothing - environment is very unstable by its nature. A 
human being changes his or her activities and their intensity often. From this 
reason, changes in quantity of heat emission appear. Under certain circumstances 
extreme perspiration may take place. Part of sweat remains in clothing, changing its 
performance. Thermoisolation value decreases and convenience of clothing 
diminishes. The environment is unstable by itself, also. Paying regard to the air as 
the component of the environment only, a temperature, humidity (precipitation) and 
wind velocity are of the greatest interest. All three parameters influence changes of 
a thermoisolation value of clothing and velocity of heat emission to environment, 
respectively. 

MATERTALS and METHODS 

The equation (1) defines thermal resistance of warmth conductivity through layers 
of Clothing, Rc: 

where: d - thiclcness of i layers of clothing; hi- coefficient of thermal conductivity; d 
- total thickness of clothing; h - average mean of coefficients of thermal 
conductivity of all layers of clothing. 

A layer of stable air exists at a clothing surface, that provides resistance to heat 
conductivity R. The value of R, that depends on wind velocity, is calculated by the 
equation’ : 

R = 0.0429/(0.4 + 2(v)’.’) 

Where: v - wind velocity m/s. 
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Thermal resistance is expressed in mZ.h."C/kJ. Coefficient of thermal conductivity, 
h is expressed in kJ/m.h."C, respectively. Total thermal resistance Rs is sum of 
thermal resistance RC and Ra 

Coefficient of thermal conductivity h is a function of temperature, humidity and 
wind velocity. In case of water proof and gas permeable clothing (protecting 
clothing, with layer for poisonous gases absorption), coefficient of thermal 
conductivity is calculated by the equation': 

h =k(l + kiT + kzW) + bcyVd (4) 

Taking into consideration equations (l), (2) and (4), the equation (3) (valid for plain 
surface) is transformed to': 

R = ad/(ho(l + kiT + kzW) + bcyVd) + 0.0429/(0.4 + ~.O(V)'.~) (5) 

where: k - coefficient of thermal conductivity at 0 "C; kl and kz coefficients that 
have value of approximately O.O025/"C and 0,04 /% humidity clothing, T- 
temperature, "C; W - percentage of humidity in clothing; a = b = 1 (in the 
observation); c - specific heat of air, kl/kg."C; y - specific air density, kg/m3; V - 
velocity of air flow through clothing at the defined wind velocity, m3/m2.h; v - wind 
velocity, m/s. 

Velocity of warming up or cooling down of a human body depends on average 
specific heat of a body. Its value is approximately 3.5 kJ/kg."C. The augmentation 
of warmth in an organism as well as pulling it out is calculated by the equation: 

where: y - specific body heat, kJ/kg."C; TI - normal average body temperature, 
approximately, 36.5 "C; Tz - actual average body temperature, "C. 

The equation (6) points out that value of AQ in the process of cooling down is 
negative Ti > T2 (body emits more heat into environment than produces it). In the 
case of warming up, its value is positive: Ti < Tz (body is accumulating heat). If 
equilibrium is established at the level of comfort temperature, when no 
disequilibrium in heat exchange exists (T2 = Ti and AQ = 0). 
In a process of cooling down body produces certain amount of Q1, and emits into 
environment heat Qz, respectively. Yet, Qz > QI. Actual heat deficit AQ, kJ/mz.h, 
is calculated by the equations: 
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AQ = QI - Q2 = (TI - T2)/Rsi - (TI - T2)/Rs2 (7) 

AQ = (Ti - T2)*(1/Rs1 - 1/Rs2) (8) 

where: 
TI - temperature at skin surface, "C; Tz - temperature of environment, "C; Rs i  - total 
resistance to heat conductivity through clothing needed to keep organism in a stage 
of comfort, m2.1i.oC/kJ; Rs2 - actual total resistance of clothing to heat conductivity, 
m2.h.0C/kJ. 

At average body temperature 29,2 "C (stage of overcooling), taking in account the 
start body temperature 36.3 "C, specific heat, y = 3.5 kJ/kg. "C, and mass of an 
subject G = 70 kg., heat debalance Qc of 1.789kJ, is calculated by the equation: 

Qc = AT*y*G (9) 

Heat loss Qc takes place in a defined period of time. Its duration depends on skin 
surface from which heat is conducted into environment through, thermoisolation 
value of clothing, thremoisolation value of body superficiality which increased along 
with the decreasing temperature of superficiality and depends on temperature 
difference at skin surface. 

To define the exact time period of cooling down or warming up, the functional 
relation between changes of thermoisolation value of body superficiality and 
decreasing temperature at skin surface has to be known. As temperature difference, 
i.e., value DT decreases along with decreasing temperature at skin surface, a 

I process of cooling is slowed down. 

Under the presumption of constant velocity of heat emission into environment 
(equation 9) during the cooling process, the minimal time interval of cooling is 
defined. Still, actual time interval is longer due to decreasing temperature at skin 
surface and increasing thermoisolation value of body superficiality. Heat debalance 
AQ*S*t in lcJ is equal to heat Qc. S is skin surface (1.8 m2) and t, time interval in 
minutes. The shortest tolerance interval is calculated by the equation: 

I t = 6O*Qc/(1.8*AQ) (10) 

Interval of warming up may be calculated by similar procedure, only that presumed 
circumstances are opposite. Body is accumulating heat and warms up. Coefficient of 
heat conductivity increases up to the highest value, clothing is wetting with sweat 
and its coefficient of heat conductivity increases, sweat evaporates and surplus heat 
is used in the process of evaporation. The process of warming up to critical 
temperature is slowed down, respectively. 

1 
l 

407 



RESULTS 

Table 1 shows minimal tolerance intervals in case of the hard working individual 
producing 1050 kJ/m2.h at different wind velocities in clothing, having resistance of 
heat conductivity 0.044 m2.h.0C/kJ. 

Table 1. Tolerance intervals according to temperature of environment and wind 

Legend of the columms: T("C) - temperature of environment, tvw=xrn/@n) - time of 
tolerance in minutes by different wind velocity. 

Underlined numbers mark limits between stage of warming up and cooling down. 
Time period of warming up is widened for 20 minutes, Le., time that is needed to 
increase average body temperature from 36.5 "C up to 39.0 "C. 

CONCLUSIONS 

Methodology that is based on theory of thermoisolation makes calculation of exact 
values of parameters influencing clothing thermoisolation value under defined 
conditions possible. It allows pure laboratory experiment, without human being 
involved. It is also cost effective, as neither expensive climate chamber nor 
mannequin are needed. 
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MODIFICATION OF 4 THERMAL MANIKIN FOR 
DETERMINATION OF WATER VAPOUR PERMEABILITY 

OF AIRCREW CLOTHING ASSEMBLIES 

C Higenbottam 

Centre for Human Sciences, 
Defence Evaluation and Research Agency, 
Farnborough, Hampshire, United Kingdom 

INTRODUCTION 

Military aircrew are routinely required to wear complex clothing assemblies designed 
both to maintain operational effectiveness and provide personal protection during 
combat, emergency egress, amd post-egress survival on land and sea. Inevitably, such 
clothing will tend to increase the risk of thermal strain, particularly in hot climates and 
despite the provision of cockpit environmental conditioning. In some situations 
personal conditioning may even be required to maintain aircrew thermal comfort. 

In studying the impact of the thermal environment on aircrew perfokance it is 
desirable to employ a standard thermal index. However, to facilitate its use the thermal 
properties of any clothing must be known. Data on thermal insulation of aircrew 
assemblies are available, for instance from manikii studies at this Centre. However, 
comparable water vapour permeability data are currently not available. 

This paper describes the development of a technique to measure permeability of 
standard aircrew clothing assemblies. The approach adopted uses an anthropometric 
manikii, which avoids some of the problems associated with other methods such as 
human trials (subjective variability) and regression of 'skin model' determinations 
(complexity of garment fabric sampling). 

MATERIALS and METHODS 

Figure 1 shows a schematic of the hardware employed. A thermal manikin (TIM 3, 
Cord Group Ltd, Canada)' is covered in hygroscopic fabric (Nortene horticultural 
capillary matting). The head is excluded, and the hands are covered with cotton gloves. 
Annular manifolds are provided at the neck and forearms to ensure a controlled flow 
of water through the matting under the influence of gravity. The manikin is suspended 
vertically on a fiame over a water supply reservoir covered with an impermeable lid. 
The whole assembly is mounted on a precision weighing machine (KC300, Mettler) 
situated in an environmental chamber (Tdb=27'C, RH=15%, Vw=0.8ms-'). The manikin 
is also dressed in a closely conforming water vapour permeable coverall (Musto, UK) 
to prevent water wicking out into any clothing under test. Drain tubes incorporated into 
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Figure 1 Schematic of sweating manikin 

the hands and feet of the coverall feed through a small hole in the reservoir lid. This 
arrangement is designed to maintain a fully wetted surface regardless of evaporation 
rate, but avoid any extraneous water losses. The water supply is provided by a 
miniature pump which recirculates water from the reservoir to the capillary matting 
manifolds. Flow rate is adjusted to 0.06l.min-' using a rotameter. The temperature of 
the wetted surface is measured by means of 24 type K thermocouples distributed over 
one half of the symmetrical manikin. Surface area estimates are made by caliper 
measurements in conjunction with the known surface area of the nude manikin. 

In order to determine mean evaporative resistance' &) of a clothing assembly, initial 
tests are performed both with the wetted suface exposed and with the liquid barrier suit 
fitted, during which the rate of evaporating mass loss, m(t) is computed by continuous 
weighing over an equilibrium period of 2 hours. The procedure is then repeated with 
the manikii dressed in the assembly under test. Boundary layer resistance &), barrier 
suit resistance (RJ and total resistance (RT) are computed fiom the data using the 
relationship: 

R =A@,-p&/h.m(t) 

where ps is the wetted surface saturated vapour pressure at measured mean 
temperature, pa is the ambient vapour pressure, A is the surface area and h is the latent 
heat of vaporisation. Intrinsic clothing resistance is then given by: 

fcl = clothed area factor. 
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RESULTS 

Uniformity of surface wetting was assessed by thermal imaging of the manikin. In 
order to confm stability and repeatability of the mass estimations and exclude tlie 
possibilty of unaccounted water losses, 2 hour test runs were made both with a dry 
manikin and with the manikin sweating but covered with an impermeable bag. Dry test 
weighings were stable to within k2g. Extraneous losses during sweating tests with tlie 
impermeable bag were less than 4g. 

The mean temperature of the wetted surface was typically 20°C (sd=&l"C, n=24). This 
suggests that uniform saturation was being achieved, and indicates that estimation of 
mean surface vapour pressure can be made within practically useful confidence limits. 

Figure 2 is a graph df the progressive mass loss during a test with no clothing (liquid 
water barrier only), the uniform slope of which confirms that a saturated surface Was 
satisfactorily maintained. 

At the time of publication some test results were as follows: 
& = 0.005; % = 0.01 1; kl (typical aircrew clothing assembly) = 0.04 kPa.m2.W'. 
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Figure 2 Unclothed evaporative loss (n=1) 
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CONCLUSIONS 

The sweating manikin was developed to overcome the difficulty of maintaining a hlly 
wetted surface after dressing. This is particularly important for complex military 
clothing assemblies where dressing may take many minutes to complete, in which case 
it may be impossible to ensure that an initial ‘one-shot’ wetting of the surface will 
guarantee the surface remains saturated for long enough to achieve equilibrium. This is 
very important, since an accurate estimate of vapour pressure gradient is essential. 

The results of initial verification tests indicate that this device will be a useful tool for 
thermal assessment of clothing assemblies. 
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VASCULAR FLTJID VOLUMES DURING POSTURAL, THERMAL AND 
EXERCISE STRESS: METHODOLOGICAL COMPARISONS. 

G.J. Maw', I.L. Mackenzie', D.A.M. Come? and N.A.S. Taylor' 

'Department of Biomedical Science, University of Wollongong, NSW 2522, and 
'Haematology Department, Illawarra Regional Hospital, NSW 2500, Australia. 

INTRODUCTION 
Direct blood volume measurement, in clinical settings, involves the dilution of 
radiolabelled erythrocytes and albumin, to measure red cell (RCV) and plasma (PV) 
volumes. Evan's blue dye dilution is also used to quantify PV (1). However, neither 
PV technique permits reliable serial measurement, since both label albumin, which 
readily leaves the vascular space (2). Consequently, acute PV changes are often 
quantified indirectly, using mixed-venous haematocrit (Hct,) and haemoglobin ([Hb]) 
changes (3). Chronic PV changes may be tracked by referencing these changes to 
a directly measured, control PV (1). To avoid problems associated with albumin 
loss, we use radioiodinated serum fibrinogen (RISF) to measure PV (4). In this 
paper, we compare RCV and PV changes measured using RISF, withvalues derived 
from Hct, and [Hb] variations, during postural, thermal and exercise stresses. 

MATERIALS and METHODS 
Eight males (26.0 f3.8 y; 79.4 f8.3 kg) were testedin 3 resting postures (30 min 
each), and during cycling (50% maximal, temperate work rate) under 3 ambient 
conditions (balanced order). (i) Temperate (ambient temperature (T3 22.0 f 1 .O"C, 
relative humidity (rh) 52.0 f6.0%): seated, supine and standing postures, in a 
balanced order, and separated by, and finishing with, 30 min seated rest; 50 min 
cycling. (ii) Hot (Tu 36.2 f0.7"C, rh 44.0 53.0%): 30 min seated; 50 min cycling. 
(iii) Cool (Tu 14.4 f1.6"C, rh 74.0 f9.0%): 30 min seated; 50 min cycling. In 
conditions (ii) and (iii), subjects were returned to temperate conditions between rest 
and exercise exposures, while mahtahing a constant posture. 

Ten-ml blood samples were collected at 10-min intervals (cycling), or at 15 and 30 
min (all other exposures). Vascular fluid volumes were measured using 
radiochromated erythrocytes (8 pCi NaslCr) and RISF (2 pCi lUI) dilution (4), with 
blood volume (BV) the sum of RCV and PV. Whole-body haematocrit (HctJ was 
taken as the ratio of RCV to BV. Relative vascular volume changes (ABV, ARCV, 
and APV) were calculated, and compared with indirectly determined volume changes 
using Hct, and [Hb] (Coulter Electronics, S-Plus IV; after 3). Volume differences 
were compared using ANOVA (Tukey'~,, post hoc). Data are reported as means 
with standard errors of the means. 
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RESULTS 
Basal seated RCV, PV and BV averaged 2627 (f80), 3673 (+121) and 6348 
(f 184) d respectively. The corresponding Hct$ was 0.418 (&0.007), compared to 
Hct, of 0.446 (f0.003): basal f-ratio (Hct,,,:HctJ was 0.939 (f0.015). During 
supine rest, BV expanded (+ 89 f 82 ml), primarily due to a PV increase (+ 52 f70 
d), while both BV and PV contracted during upright rest (-406 f89 ml and -233 
f64 ml). The relative changes in BV, RCV and PV were not significantly different 
between techniques (Table l), and the f-ratio remained consistent across postures 
(p = 0.09). 

Table 1: Red cell (ARCV), plasma (APV) and blood volume changes (ABV). 

Task Method Condition ARCV I APV ABV I 

I I -0.6% I -7.3% I -4.3% 
A = radionuclide dilution; B = Hct, and [Hb]. 

The seated heat exposure, increased BV and PV (+ 124 + 150 and + 108 f 123 ml), 
in contrast to decreases observed in the cool (-302 +76 and -205 f60 ml). The 
between-method vascular volume changes (Table 1) were again non-significant, and 
the f-ratio remained constant across air temperatures 0, = 0.55). 

Exercise produced similar BV and RCV changes between methods, regardless of T, 
or duration @=0.48 andp=O.82). Both BV and RCV decreased during the first 20 
min (-534 (f 169: hot), -136 (f98: temperate) and -297 (f66: cool) ml, for BV; 
-114 f62, -76 f55 and -75 f37 ml respectively for RCV). ABV averaged -7.7%, 
-1.9% and -5.0%, while ARCV averaged -3.3%, -2.5% and -2.7%, respectively. 
The Corresponding indirect ABVs were -7.3%, -2.4% and -3.6%, while ARCVs 
averaged -0.6%, -0.4% and +0.1%. In contrast, indirect APVs significantly 
exceeded directly measured APVs during the initial 10 min in all environments 

414 



@=0.02; Figure 1A). PV decreased -356 (f128: hot), -110 (f46: temperate) and 
-243 (542: cool) ml during this time, equating to losses of -9.4%, -3.0% and 
-7.3 %. The indirect APVs were in the same direction, but were larger: -11.8 %, - 
6.3 % and -9.096, respectively. This methodological discrepancy coincided with an 
f-ratio change, which, when averaged across air temperatures, decreased to 0.916 
(fO.019) after 10 min @=0.01), then recovered towards baseline (Figure 1B). 
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Figure 1: Changes in plasma volume (PV: lA), averaged across hot, temperate and cool conditions 
(radionuclide dilution versus mixed-venous haematocrit Wcb) and haemoglobin concentration ([Hb])), 
and thef-ratio (1B) when cycling in hot (36"C), temperate (22°C) and cool (14°C) conditions (normalised 
to pre-exercise level: # = significant difference between methods, * = different from time zero). 

DISCUSSION 
The current observations confirm the dependence of vascular volumes on posture, 
T, and exercise state. Vascular volume changes with posture were considered to 
reflect hydrostatic pressure modification in dependent vascular beds. Changes in Hct, 
and p] closely tracked directly measured variations in PV and BV, indicating the 
indirect method provides a valid means for determining vascular fluid shifts under 
these conditions. 

Vascular volumes decreased during cool stress and increased in the heat. These 
changes were dominated by plasma shifts, and were probably related to changes in 
capillary hydrostatic pressure, which increases during cold stress (cutaneous 
venoconstriction), and decreases in the heat, when venodilation enables an influx of 
interstitial fluid (5). Irrespective of transcapillary fluid exchange, the resultant Hct, 
and [Hb] changes provided valid determinations of vascular fluid changes during 
mild thermal stress at rest. 

Regardless of T,, cycling apparently increased capillary filtration, drawing plasma 
across capillary membranes. At exercise onset, Hct, changes exaggerated this 
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filtration, producing a greater apparent reduction in PV than observed using RISF 
(Figure 1A). This discrepancy could be attributed to the Coulter counter method, 
which, in the presence of appreciable cell dehydration, has been ohown to 
underestimate red cell haemoglobin concentration, relative to that obtained from 
spun samples (6). While direct [Hb] determination and centrifugation would 
eliminate this possibility, we contend that the reduction in cell water content required 
to invalidate this method (- 40%; 6), would not have occurred within the first 10 
min, across the three environments. Indeed, RCV decrements during the first 20 min 
were less than 3 % . Therefore, we ascribe this methodological variance to concurrent 
changes in the relationship between Hct, and Hct, Cf-ratio; Figure 1B). This 
disparity leads to uncertainty regarding the validity of indirect APV measurement 
during the initial period of cycling, regardless of air temperature. It is possible that 
cycling transiently changed blood flow dynamics, with axial erythrocyte flow 
increasing more than plasma flow, artificially increasing Hcf, such that acute Hct, 
changes no longer reflected Hcf. As such differences were not apparent during 
postural and resting thermal stress, this trend was possibly exercise-dependent. Thus, 
while Hct, and [Hb] changes do not reflect true APV at cycling onset, they do 
provide valid indices of fluid shifts during acute postural or thermal stress, and 
during prolonged cycling. 
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CHANGES IN HEART RATE VARIABILITY AS A RESULT OF TEN 
DAYS OF EXERCISE-HEAT EXPOSURE 

A. Frank, Y. Shapiro, M. Belokopytov, D. Moran and Y. Epstein 

Heller Institute of ,Medical Research, Sheba Medical Center, 5262 1 Tel Hashomer, 
Sackler Faculty of Medicine, Tel-Aviv University, Department of Physiology, Israel 

INTRODUCTION 

Study of heart rate variability (HRV), by means of power spectral analysis of RR 
interval fluctuations, may serve as a reliable noninvasive method for the assessment 
of the autonomic cardiovascular regulation and sympatho-vagal interaction (1,2). It 
has been shown that a single bout of exercise in hot environment activates the 
sympathetic autonomic tone (3). The dynamics of changes in the components of the 
autonomic nervous regulation has not been elucidated. It was the aim of the present 
study to examine the changes in the sympatho-vagal balance during repeated 
exposures to exercise in heat. 

MATERIALS and METHODS 

Subjects: Eight healthy male subjects underwent ten consecutive days of repeated 
exercise-heat exposures. Anthropometric data of the subjects (mean *SD) were: age 
23.4&0.9 years, height 172.34~7.8 cm, mass 71.0&9.3 kg, body surface area @SA) 
1.8&0.1 m2, and body mass to body surface area ratio (BM/BSA) 38.52t2.4 kg/m2. 
None of the subjects was under any medication treatment. All subjects were 
carefully instructed about the procedures, and gave their written consent to be 
tested in this study. 
Protocol: The subjects, dressed in shorts, socks, and snickers, were exposed for 130 
min to heat (40 OC, 40 % rh, air velocity 1 m/s) according to the following protocol: 
5 min of rest and two bouts of mild exercise (walking on a treadmill 5 km/h, 2% 
grade, V02=IL 02/min) separated by 10 min of rest. The subjects were allowed to 
drink tap water ad libitum. 
Measurements: Heart beats (HB) were accumulated through bipolar chest leads 
using Polar belt electrodes (Polar CIC, Inc., USA) by the Alma 1000 System 
(Alma, Israel). RR intervals were on-line processed by a specially developed 
software from HB data. 
Calculations and statistical analysis: Time and frequency domain of 256 RR 
intervals toward the end of the second bout of exercise on the first and tenth days 
were analyzed. The heart rate variability (HRV) was evaluated by standard 
deviation and the difference between maximal (RR,,,=) and minimal (RRmm) 
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intervals in the sample. The frequency domain analysis was performed by the fast 
Fourier transformation after subtracting the linear trend. RR intervals were time 
equidistant transformed, using an IPFM algorithm (2). Power spectral density 
(PSD) was calculated for frequencies in the band 0-0.5 Hz and the total PSD area 
(TPSDA) was estimated. TPSDA was divided into low - O<f<0.15 Hz (LO) and 
high - 0.15<f<0.5 Hz (HI) frequency bands (4). The ratio LOkII and their 
percentage of TPSDA were obtained. The results are presented as mean f SD. 
Paired t-test mas applied to detect significant difference between the experimental 
conditions. 

' 

RESULTS 

All of the parameters of HRV on the tenth day of exposures were statistically 
different (p<O.OOl) from those, recorded on.the 1st day (Tab.l, Fig. 1). 

Table 1. The values ( X iSD) of the measured parameters 

SD (msec) 7.87*3.02 

~ - R E t 1 1 n  36.50k 13.64 

TPSDA (msec'Hz-') 4.17-13.09 

0.84M.66 

10th day P 
116.62k6.09 <0.001 

517.37527.17 <0.001 

16.32k6.3 5 <0.001 

93.13k43.06 <0.001 

The rise in SD and mM-RR,,,h values demonstrate an increase in HRV on the 
10th day compared to the 1st day of exposure. This increase was matched with a 
larger TPSDA (Fig.2) and a distinct shift of PSD towards the lower frequency band 
(Fig. 3). This shift suggests a higher sympathetic activity in spite of a decrease in 
HR on the 10th day of exposure in all the subjects. 

Both LO and HI components rose significantly during ten days of exposure to 
heat (LO: from 1.97*2.26 to 18.85k17.78 msec2/Hz (p<O.01); HI: from 2.251.08 to 
7.35zk5.81 msec'/Hz (p<O.O5)), but the effect of the LO band on TPSDA was 
greater than that of the HI band. 
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Fig. 1. Typical changes in HR variability parameters in one of the subjects. 
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CONCLUSIONS 

It is generally considered that ten days of repetitive exercise-heat exposures 
induce heat acclimation which is manifested by a lower increase in core 
temperature and HR during the exposure. In the present study a decrease in final 
HR on the 10th day of exercise-heat exposures was concomitant with an increase in 
HRV. Although a decrease in HR may suggest a higher parasympathetic drive, the 
increase in HRV suggests a paradoxical increase in the sympathetic component of 
the sympatho-vagal balance of autonomic nervous regulation. It is suggested that 
ten days of exercise-heat exposure does not eliminate the stressful effect of such an 
exposure, in spite of relative improvement in physiological state. 
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THERMAL MONITORING SYSTEM 
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INTRODUCTION 
The inability to measure deep body temperature simply and 

accurately has prevented many potentially informative field studies. A 
requirement of an ongoing investigation was the ability to monitor the thermal 
status of saturation divers during their sojoqn at 200 msw, while exposed to 
the helium-oxygen environment in the  hyperbaric chamber and bell, and 
during their daily excursions in water. Due to the unavailability of suitable 
monitoring equipment commercially, we designed and constructed a thermal 
monitoring device that would meet the requirements for this and other related 
projects. 

METHODS 
The minimum requirement of the project was to monitor core 

temperature and skin temperature, as well as the temperature of the water 
perfusing the diving suit. The ability to monitor either heart rate or interbeat 
interval (R-R interval) was also added as a function. 

The thermal monitoring device (TMD) comprises several 
components (Fig. l), which are described below. 

Core temperature 
The method of monitoring core temperature with a radio pill (1,2,3) 

was utilized in the present device. The pill contains a blocking oscillator near- 
field transmitter powered by a battery. The pill dimensions are 15mm (length) 
x 6mm (dia.). The electronic circuit is encapsulated in a medical grade epoxy 
(Hysol), normally used for implantable devices. 

Skin and water temperature 
The TDM had to be simple to use and require minimal diver 

intervention. It is for this reason that we excluded the use of sensors attached 
to the skin; there need to be prepared, attached to the skin and data logger. 
Instead, two YSI temperature sensors (Yellow Springs Instruments) are 
incorporated in the walls of the small data logger, which is worn next to the 
skin of the subject, to receive the transmission fiom the radio pill. When the 

421 



logger is strapped to the torso, the sensor in contact with the skin will reflect 
skin temperature, whilst of that on the opposing side yields information 
regarding the temperature of the water perfusing the suit. 

Heart rate and R-R interval 
ECG is recorded from two leads incorporated into a chest band 

(Polar). Testing of the first prototype, which transmitted heart rate or R-R 
interval data by radio frequency, revealed occasional interference between the 
radio pill and heart rate data. The solution was to redesign the circuitry of the 
logger, and to have the option of recording ECG with leads connected to the 
logger. 

Data logger 
A commercially available physiological data logger (Mini-Mitter 

Co., Inc.) was modified for the purpose of the present study. The logger has 
four input channels, two of which are dedicated to monitoring skin and water 
temperature. An AM receiver unit was incorporated into the logger to receive 
the pulses emitted by the radio pill; these are converted to TTL pulses, which 
are then sampled by one channel of the data logger. The logger essentially 
counts the TTL pulses in a pre-set time interval and stores the information in 
the random access memory. The fourth channel of the logger is reserved for 
monitoring ECG. Depending on the sampling protocol, the logger may store 
heart rate or R-R interval. 

In addition to the four channels, the TMD allows the user to record 
time markers. This is achieved in the present prototype by placing a magnet in 
close proximity to one of the walls of the logger. 

The data accepted by the logger are stored for later retrieval in 256K 
of memory. 

PC interface and sofmare 
The TMD is connected to a PC to establish proper functioning of the 

logger and to initiate the sampling protocol. Once the data collection is 
complete, a software package (Mini-Mitter Co., Inc.) allows retrieval and 
graphing of the data. 

RESULTS 
The prototype TMD was successfully evaluated in a field trial. The 

initial prototype was placed in a pressure resistant vessel. A subsequent 
version has been packaged in epoxy (Lackwerke Peters GmbH + CoKg) and 
is undergoing hydrostatic tests and trials in hyperbaric helium-oxygen 
environments to obtain clearance for use during saturation diving. Its 
dimensions are 14cm x 6.5cm x 4cm. 
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TEMPERATURE SENSOR 

I] 
Fig. I :  Schematic diagram of Thermal Monitoring Device 

CONCLUSIONS 
The earlier developments of diver thermal monitoring equipment by 

the Defence and Civil Institute of Environmen$al Medicine (DCIEM) for field 
use, have regrettably not culminated in a system which would be of practical 
use for the working diver. The advances in electronic and computer 
hardware/software have enabled us to develop an accurate yet simple device 
which may be used in hyperbaric conditions. 
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HEAT BALANCE REGULATION DURING EXERCISE: CJRCADIANITY 
AND SEASONKLITY 

M. Torii (l)  and T. Miyabayashi (2) 
( 1) Laboratory for Environmental Bioregulation, Faculty of Engineering, Kyushu 
Institute of Technology, Kitakyusliu, Japan (2) Exercise Physiology Laboratory, 

Kumamoto Junior College, Kumamoto, Japan 

INTRODUCTION 

Recent reviews of the literature on thermoregulation during exercise including the 
regulation of thermal sweating have been made by many scientists [see (1) for 
Jessen's review]. Human body temperature is determined by the balance between 
heat accumulation, whether generated by physical activity (metabolic heat 
prrliiction.) or gained from the environment (environmental heat), and heat 
dissipation. Heat storage is, thus, the result of either excessive heat accumulation 
or reduced ability to dissipate body heat. In human exercise-thermoregulation, 
there exist physiological variables affected by his internal and environmental 
factors (2-6). The purpose of the present study is to investigate heat balance during 
exercise under controIling seasonal and circadian variations. 

GENERAL METHODS AND PROCEDURES 

All subjects were untrained males who had not participated in any regular physical 
conditioning for at least several years preceding the experiment, and had not been 
heat acclimated (Table 1). No muscular work was performed for 24 h before any 
test. In the morning on an experimental day, the subjects conducted cycle exercise 
without taking breakfast, and in the case of the experiments in the evening on an- 
other day kept no kaloric intake six to eight hours after taking lunch (usual foods) 
at 1300-1400 h. 
All experiments were carried out in a climatic chamber whose environmental 
temperature (T,) was maintained at 26, 30 or 40°C and relative humidity (rh) at a 
constant from 45 % to 55 %. Wind velocity in the climatic chamber was controlled 
at about 0.8 ms-l. The subjects performed bicycle (Monark) exercise at various 
work intensities. The bicycle ergometer was placed on a Potter bed scale. Sweat 
rate (SR), rectal (Tre) and skin temperatures and oxygen uptake (V02) were 
measured simultaneously. The SR was monitored continuously using a bed scale 
(J. A. Potter, Model 33B) with an automatic electronic weight change indicator. In 
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experiment 11 heart rate (HR) was recorded by electrocardiography with a telemeter 
system (Model 270 and 1418, San-ei Sottki). In order to estimate metabolic heat 
production (M), oxygen consumption was determined by Douglas bag technic at 
rest and during exercise and recwery. The Tre and four or seven skin temperatures 
were recorded spontaneously every minute by a copper-constantan thermocouple 
recording system (AM-300, Ohkura Co.). Mean skin temperature (Tsk) and mean 
body temperature (Tb) were calculated from Ramanathan's or Hardy-DuBois' 
method and Stolwijk-Hardy's method, respectively. The thermoequilibrium under 
the different phases of energy expenditure was calculated by following equation (7): 

where: H = total heat production; M F metabolic rate; W = external work; E = 
evaporative heat loss; Eres = evaporatihn due to respiratory tract; R+C = radiative 
and convective heat loss; S = heat storage of the body. 

H = M -  W = E  +'Eres (R -t C) * S  (W-rd-2) 

EXPERIMENT I 

Procedures 
We undertook the exercise tests at four Merent  energy expenditures (rest, 40%, 
60% and 80%V02max) in the hot season (August) and the cold season (February). 
Subjects arrived at the laboratory abetween 8:OO and 8:30 am, and rested at least 30 
min on a chair at a natural room temperature (28°C) in the hot season or at a 
warmed room temperature (30°C) in the cold season. Succsessively, they exercised 
by a bicycle ergometer for 20 min after sitting on it for 10 min in both seasons. 

Results and Discussion 
E at the various work loads in summer and winter were not significantly merent. 
At 40°C the results were similar to those above (three-way ANOVA, F [l, 
32]=1.688, P0.2057). Tre had a control value of 37.17*0.09"C and 37.07A0.09 
"C at 30"C, and 37.23M.03 and 37.2OA0.12"C at 40°C in summer and winter, 
respectively. Tre did not change during the 20 min of exercise at 40%V02,, at 
30 and 40°C in either season. At 30°C at a work load of 80%V02max, Tre 
increased (un paired t-test, P<0.05) reaching values of 37.833=0.17"C in summer 
and 37.92 AO.1O"C in winter. At 40°C at a work load of 80%V02max, T,, 
increased (P<0.05) reaching values of 37.79M. 12°C in summer and 37.90&0.12"C 
in winter. There was no significant dif5erence in Tre at any work loads in summer 
or winter. In the resting condition at 3OoC, TskS were 33.03M.16"C (meankSEM, 
n=12) and 34.05h0.09"C (n=12) in winter and summer at 3OoC, respectively. 
There were significant differences between Tsk in winter and summer (P<O.Ol). 
Conversely, Tsk at 40°C was significantly different in winter (35.78*0.ll0C, n=12) 
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in comparison with summer (35.13*0.1 l"C, n=12). In either case, E and the level 
of Tsk were dependent on the Ta, and E and Tre were dependent on the work loads 
(Fig. 1). 

EXPERIMENT II 

Procedures 
We undertook the exercise tests at two different work intensities (30% and 
60%Vo2m,) in the morning rise (0900 -) and evening fall (2000 -) phases of the 
human body temperature. After sitting on a chair for 30 min at the condition of 
thermoneutrality (26"C), subjects conducted a bicycle exercise for 40 min in an Ta 
of 26°C with a rh of 55%. The four experiments were carried out form October to 
early November, with the order randomized. 

Results and Discussion 
Figure 2 shows a typical example of the time courses of SR, Tre and Tsk, V02 and 
HR during exercise at two different work intensities at 0900 and 2000. SR during 
exercise, at 38% V O Z ~ ~ ,  was at all stages higher at 2000 than 0900. At 65% 
V02max exercise, SR was same level at 0900 in comparison with 2000. Tre at be- 
fore exercise was slightly higher at 0900 than 2000. At 65% V O Z ~ ~ ,  HR of exer- 
cising men in the evening was finally higher than that in the later morning. V02, 
however, increased in proportion to work loads, not to time of day. 
At all stages, the values of A4 and H showed no signifcant difference between 
morning and evening. As shown in Fig. 3, E during exercise at 30%V02mm 
(left), was significantly higher at 2000 than 0900. At GO% V02max exercise 
(right), E was not significantly different, except for 20 min after the onset of 
exercise at 0900 in comparison with 2000. At all phases of the two test periods, E 
during exercise at G0%V022,, was significantly higher than at 30%V02,, 
(one-way ANOVA, F [l, 18]=73.65, p-O.0001). 
As Tb was plotted against E during exercise, positive correlations were observed 
(Fig. 4). The regression equations and correlation coefficients (r ) were presented 
into the Figure 4. Analysis co-variance revealed a significant difference of the 
slope between the regression lines at 0900 and 2000 at the lower work intensity. 
This rightward shift indicated that there was an increased mean body temperature 
threshold for E in the evening. In resting conditions, Tb in the evening were 
significantly higher (paired t-test, P < 0.001) in comparison with that in the later 
morning. 
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CONCLUSION 

From Experiment I: The work loads were 40, 60 and 80% of the individual's 
V02max throughout the year. Thus, assuming that metabolic heat production, for 
a constant work load, is at least at the same level for each season, the elevations in 
the core temperature and S in summer may be considered to be similar to that in 
winter. We have previously investigated seasonal change of thermal responses by 
means of a mild thermal stimulation (30°C for 30 min) before a moderate exercise 
in winter (7, 8). It was found that the thermal stimulation helped evaporative 
cooling response more in winter than in summer, showing the enhancement of 
sweating sensitivity in winter. Because there was no seasonal change of heat 
balance in exercising humans, in the cold season the evaporative cooling response 
due to skin sweating is activated to "summer type". 
From Experiment 11: The results of this study indicate that the circadian control of 
thermoregulatory response to exercise may be modulated by the work loads in the 
later morning and the evening. These observations are in good agreement with the 
results from the previous reports (9-11). Evaporative cooling response in 
exercising men could be enhanced more in the evening than in the later morning. 
There is the circadian variation of evaporative cooling response, "evening-higher 
and morning-lower". 
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FOUL WEATHER CLOTHING STUDIED WITH 
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(2) The National Institute for Working Life, S o h ,  Sweden 

INTRODUCTION 

Choosing protective clothing against foul weather is often dil3cult because 
protection and comfort requirements are in conflict. Depending on the situation 
where the protective clothing is used, it should give protection against chemical, 
mechanical, heat, cold or other environmental hazards, while it should also provide 
thermal comfort. Foul weather clothing must be watertight but in pliysicdly 
stressing situations it should allow moisture to be transported in vapour form to the 
ambient air. 

Both material properties <and the design of the gcument have an impact 011 

breathability. The amount of heat mid water vapour transnlission can be adjusted by 
ventilation through the openings of the garment. Movements and wind speed have 
an influence on the ventilation effect. 

In this study six different foul weather clothing ensembles were compared. The 
effect of ventilation on thermal insulation was determined in different conditions. 

MATERZALS AND METHODS 

In this study the sweating thermal manikin Coppelius add the walking nia~uk~n 
Tore were used to measure the properties of the following foul weather clothing 
ensembles, both clothes open and closed: 

1. Jacket without a hood, trousers, PVC, Finland 
2. Jacket with a hood, trousers, PU, Finland 
3.  Jacket with a hood, trousers, PVC, China 
4. Jacket with a hood, trousers, Gore-Tex" fabrics, Sweden 
5. Jacket with a hood, trousers with shoulder straps, PVC, Finland 
6 .  Finnish Army chemical and foul weather protective combination, 

jacket with a hood, trousers, Finland. 
Ensembles 1 to 5 were evaluated in conjunction with long underwear as specified 
by standard prEN 342, whereas ensemble 6 was evaluated with absorbent carbon 
underwear. Standard prEN 342 specifies requirements and test methods for 
perform,ance of clothing for protection against cold. 
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I 

Tlie sweating inaiiikiii Coppelius is based on tlie dry Uiermal manikin Tore, to 
wlucli mi additional sweating inechausni has beeii added. The basic idea is that it 
produces lieat and moisture in a way siinilar to the liuinan body. The main features 
of Coppelius are: 

1. 18 individually coiltrolled body sections, electrically heated 
2. Coiitiiiuous sweating fioiii body sur€ace (escept head, hands and 

feet) 
3. Anatomic body dimensions, size C50 
4. Prosthetic joints in shoulders, elbows, lups aiid knees. 

Tlie cross section of a sweat glaud is shown in figure 1 and the test set up with 
Coppelius in the climatic cliainber in figure 2. 

The test parameters can be chosen as follows: 
1. Sweating level 0...300 g/iii2*li (normally constant over the sweating surface) 
2. hiibient temperature a id  liuinidity (-50 ... +70"C, 15 ... 95 % RH) 
3. Skin temperature (norinally coiistaiit +33"C over tlie surface) 
4. Test time (nornially 3 li for sweating and 2 11 for dry tests). 

In this study, the siinultaiieous heat a id  water vapour traiisniissioii through 
clotlung systems 1 - 5 were determined under two different ambient conditions: 
20°C / 40 % RH and 20°C / S5 % RH with the sweating iiiaiiikiii Coppelius. 
Clotling system 6 was tested only under ambient conditions 20°C / 85 % RH. Each 
clotliing combination was tested wider two different sweating levels: 0 and 
200 g/mn2*li. In addition, clothing system 6 was evaluated at the sweating level of 
100 g/m2*li. 

Tlie measurements gave tlie followiiig iilformatioii under each test condition: 
- heat supply H [W/m2] required to keep tlie ina&in's skin 

teiiiperature constant at +33 "C 
- tliermal iiisulation IT (dry measurements) or (sweating 

measureinelits [in'-"C/W] 
- water vapour perineability Me a s  % of supplied water 
- tlie regulatory effects of sweating on heat loss: H, (evaporative part) and 

H, (wetting part) [W/in2]. 
The test time for dry measurements was 1.5 liours, while sweating ineasureineiits 
were intended to be carried out in 3 hours. However, due to tlie substantial 
condensation during Uie sweating, tlie measurements were tenniiiated when the 
condensed water started to drop onto tlie floor which in all cases, escept for 
clotlung system 6 ,  happened before the 3-hour test time was completed. Two 
parallel measurements were made for each clotlung/test condition coinbination. 
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$t .. L 
*I,$ d 

Figure I .  C’ross section of a sweat gland (I =water siipp!v, 2=plastic sl~ell, 
3 heating wire, 4=isolation, 5- metal layer, 6=ttiechanicnl protection, 7=non- 
woven material, H=inicroporous membrane, 9=protective net) 

water 
supply 

manikin fi con t ro l  

Figure 2. Test conjiguration with the manikin in the climatic chamber. 
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Witli tlie walkiiig inxikin Tore, the effect of wind speed and walking speed on 
heat supply a i d  tliennal insulation were detennined wider ambient conditions 20°C 
/ 40 % RH. Wind speeds were 0, 0.5 a id  1.0 ids  and walking speeds 0, 0.37. 0.80 
a id  1.20 m/s, respectively, The following equations were used for calculatiiig Uie 
test results: 

t,-ta 
total tlieriiial insulation (dry) IT= H [ln'*"c/w1 (1) 

corrected tlierinal insulatioii (sweating) 

heat of evaporation 

heat loss due to wetting 

water vapour permeability 

t d a  
 IT^^^ = H - He [1ii'*"C/W] (2) 

He = 'p in, [W/m'] 

H, = H - H* - H, [W/~ii'] 

(3) 

(4) 

Me = 111, 0 100 [%] (5) 

where t, is tlie skin temperature, t, is tlie ambient temperature, H is tlie iiieasured 
heat supply, 'p is tlie specific heat of evaporation (=0,684 Woldg),, in, is Uie 
measured mount  of evaporated water (g/ni'*li), in, is tlie supplied amount of water 
i.e. sweating level (g/m2*h), and H* is the measured heat supply in the equivalent 
dry test. 

RESULTS 

The effect of sweating on heat supply is shown in figure 3. Under ambient 
conditions 20°C / S5 % RH, sweating increased heat supply H fro111 5s  % to 128 YO 
compared with the corresponding values in dry measurements. 

The influence of sweating on the heat supply depends on two different euects. The 
evaporating water binds heat, which is trmismitted witli tlie water vapour to the 
unbieiit air. Tlus ca i  be regarded as tlie desired, positive effect of sweating. On the 
otlier harid, tlie condensation of water in tlie clothing layers causes an iiicrease in 
the conductive heat transfer tluougli tlie clotling. This wetting causes discoinforl 
a id  tlie so called "post esercise chill" as heat production,decreases. In figure 4, tlie 
illfluelice of sweating on heat loss is divided into the evaporative (He) and tlie 
wetting @Iw) parts. In the case of tlie breathable Gore-Tes ensemble (sample 4) the 
evaporative part is dominant in all measurements, whereas in tlie case of the 
ensemble 3 tlie wetting part is doininant. In tlie case of eiiseiiibles 1, 2 a i d  5, the 
evaporative p la t  is doininant uuder ambient conditions 20°C / 40 % RH, when 
measured with the clothes open. When relative hinudity is increased .from 10 YO to 
85 % a idor  clothes are closed, tlie wetting part becoiiies dominant. In tlie case of 
enseiiible 6 (measured under ambient conditions 20°C / 85 %), tlie evaporative part 
is doininant when measured clothes open, but clothes closed, tlie wetting part 
beconies doininant. 
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Figure 3. The eflect of sweating on heat supp[v (ambient conditions 2O"C'/ 
85 % M). 

1 0 g/m*h, c] 0 g/m*h, open 200 g/rn'h, 
closed closed open 

Fi,qure 4. The regulatory eflect ojsweating on heat supply in &fierent conditions. 
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When wind speed increased from 0 to 1.0 ids, tlie decrease in tliennal ilisulatioii 
was 22 to 32 %, but when wind speed increased from 0.5 to 1.0 ids, the change 
was oidy marginal (Table 1). Therm1 insulation was also decreased when walking 
speed increased from 0 to 1.20 nds. The drop was between 26 a i d  46 %. 

open 
4. closed 

open 
5. closed 

open 
6. closed 

open 

0,270 30 40 
0.248 29 35 
0,282 31 37 
0.287 22 28 26 34 39 
0.278 23 29 21 35 38 
0,324 28 27 31 37 -I6 
0,3 17 29 32 30 38 46 

CONCLUSIONS 

There was no sigI3ic;uit dBerence in heat supply between the measurements with 
open a id  closed garments. The amount of heat and water vapour transiilission can 
be adjusted effectively by ventilation through the openings of the garinelit only to a 
certain point. When the sweating level mid relative liunidity of tlie ambient air is 
increased, thermal comfort is soon lost due to heavy condensation. The effect of 
wind was relatively small, between 22 a id  32 YO. Increased walking speed, 
however, substantially increased heat loss. 

In sweating measurements witli Coppelius, tlie heat transmitted with the water 
vapour to tlie ambient air (breatliability) was significantly higher in the case of tlie 
Gore-Tes ensemble (saniple 4) conipared witli corresponding values for otlier 
samples. Thus, ensemble 4 was the most fiuictional foul weather clothing solution 
in the measured conditions. 
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On the other hiuid, dry maiilun measurements with Tore showed that there is no 
sigmfkant difference in tliennal insulation between different ensembles escept for 
the army clothing system (sample 6 )  which provided slightly better insulation tlm 
the others. The Werence, however, diuinishes when the w&ig speed is 
increased from 0 to 1.20 ids. In other words, ventilation by movement is most 
effective in the case of ensemble 6 .  

REFERENCES 

/1/ Holmbr, I. a id  Nilsson, H., ”Heated manduns as a tool for evaluating 
clothing”, Annals of Industrial Hygiene, (in press), 1994. 

/2/ Meinander, H., ”Detennination of clothing comfort properties with the 
sweating thermal i~ianikiii”, Proceedings of The Fifth Inteniational 
Conference on Environmental Ergonomics, Maastricht, TNO Institute for 
Perception, Soesterberg, The Netherlands, 1992, pp. 40 - 41. 

/3/ prEN 342. Protective clothing against cold. CEN European Coininittee for 
St<mdardization, November 1993, 12 p. 

440 



Author Index 

Albukrek, D. 
Allsopp, A. 
Amerson, T. 
Anthony, T.G. 
Ashkenazy, S. 

Bailey, S.P. 
Bakkevig, M.K. 
Ballad, R.E. 
Barker, R.L. 
Bell, D. 
Belokopytov, M. 
Benum, B. 
Bergh, U. 
Bishop, P. 
Blazejczyk 
Bo&, W.L. 
Booth, J. 
Bortkiewicz, A. 
Bothorel, B. 
Bradley, C. 
Bresser, G. 
Brinck, H. 
Bnstow, G.K. 
Brooks, C.J. 
Bugat, R. 
Buono, M.J. 
Burgh, J. 

Cain, B. 
candas, v. 
Chen, A.A. 
Chen, F. 
Chen, P.-L. 
Chen, Y.T. 
Cheung, S.S. 
Cohen, A. 
Cohen, M. 

241 
8 

31 
309 
24 1 

15 
131 
19 

275 
8 

194,417 
283 
393 

225,291 
190 
19 
57 

27,43 
174 
321 
385 
69 

123,147 
317,333 

237 
93 
15 

359 
174 

65,111 
263,377 

275 
40 1 
217 
24 1 

15 

Comer, D.A.M. 413 
Cook, J.M. 24 5 
Cotter, J.D. 85 

Danielsson, U. 393 
Davies, N. J. 209 
Davis, J.E. 381 
Duchanne, M.B. 123, 135, 147 

317,333 
Dyballa, S. 339 

Eiken, 0. 143 
Endrusick, T.L. 299 
Enomoto-Koshimizu, H. 73,107 
Epstein, Y. 194,198,417 
Ertl, A.C. 19 
Etienne, S. 205,237 
Evans, M.A. 309 

Fortney, S.M. 19 
Fothergill, D. 31 
Frank, A. 194,417 
Franks, C. 57,313 
Frim, J. 259,359 
Fu, G. 166 

Gadzicka, E. 27,43 
Gaffin, S.L. 23 
Gavlied, D. 127, 170 
Gay, L.A. 309 
Gerasimova, L. 77 
Gider, F. 42 1 
Giesbrecht, G.G. 65, 111, 123, 135, 147 
Gilbert, M. J. 309 
Glitz, K. J. 339 
Goforth, H. 8 
Goheen, M.S.L. 123 
Golden, F. 57,313,421 



Gonord, M. 
Griefahn, B. 
Grucza, R. 
Gotoh, J. 

1 74 
255,295 

89 
363 

Ha, M. 279,363 
Hampton, I. 313 
Harari, G. 39 
Hargens, A.R. 19,35 
Hasebe, Y.  397 
Havenith, G. 213 
Hayashi, C. 233 
Heaney, J.H. 93 
Herrmann, C. 1 74 
Hemnann, R. 325 
Hetzeroni, B. 97 
Heus, R. 329 
Hexamer, M. 343 
Higenbottam, C. 321,409 
Hodgdon, J. 47,93 
Holmer, I. 127, 170,263,363,377,434 
Hong, K. 251 
Horowitz, M. 3,97 
House, J.R. 347 
Hubbard, R.W. 23 
Hutchinson, K.J. 19 

Ilmarinen, R. 
Jmamura, R. 

Jacobs, I. 
JakEiC, D. 
Johnson, J.M. 
Johnston, C.E. 
Jones, B.W. 
JOU, C.-H. 

Kahan, N. J. 
Kampmann, B. 
Karlsson, E. 
Kato, M. 

255,295 
151,229 

8 
405 
61 

65,111,123, 147 
166 
303 

3s 
385 
127 
279 

Keizer, E. 
Kenny, G.P. 
Kim, C.S. 
Koratich, M. 
Kosiba, W.A. 
Kozyreva, T.V. 
Kristal-Boneh, E. 
Kiinemund, C. 
Kusonoki, M. 

Laamanen, H. 
Laor, A. 
Louhevaara, V. 
Low, A. 
Lupandin, Y. 

85 
65,111, 123, 147 

271 
23 
61 

139 
39 

255,295 
287 

Mackenzie, I.L. 
Magnaud, G. 
Makowiec-Dabrowska, T. 
Manning, T.S. 
Marcinik, E. 
Maw, G. J. 
McCullough, E.A. 
McLellan, T.M. 
Meigal, A. 
Meinander, H. 
Mekjavi6, LB. 
Michas, R.D. 
Midorikawa-Tsurutani, T. 
Mietzsch, E. 
Mishan, C. 
Mittleman, K. 
Miyabayashi, T. 

Montain, S.J. 
Moran, D. 
Murray, N. 
Murthy, G. 
M&i.nen, T. 

Miyamoto, Y .  

Nakazono, Y. 

221,434 
198 

255,295 
325 
77 

413 
205,237 

43 
267 
31 

413 
271 
217 
77 

221,434 
119, 143,421 

359 
81 

373 
389 
15 

427 
89 
53 

97,194,198,241,417 
8 

35 
12 

89 



i 

Neale, M.S. 
Nicolaou, G. 
Nielson, R. 
Nilsson, H. 

Ohkura, K. 
Ohlsson, G. 
Oksa, J. 
Ozaki, H. 

Palczynski, C. 
Pandolf, K.B. 
Park, M.K. 
Parsons, K.C. 
Phsche, A. 
PBlicand, J.-Y. 
Piekarski, C. 
Pimental, N.A. 
Polizzi, J. 
Potter, P. 
Pourcho, W.R. 
htcha, L. 

Rangwalla, I. 
Ray, P. 
Rempel, D.M. 
Reneau, P. 
Ribak, J. 
Rintam&i, H. 
Rissanen, S. 

Sandsund, M. 
Sari, H. 
Sawka, M.N. 
Shake, C. 
Shalev, I. 
Shapiro, Y. 
Shitzer, A. 

Smith, D.L. 
Smith, J. 
Smolander, J. 

Shy, T.-W. 

389 
111,147 

103 
263,377 

81 
127 

12,115 
73,107 

27 
157 
61 

389 
283 
237 
385 
93 
15 

317 
381 
19 

15 
29 1 

35 
225,291 

39 
12,115,151,229 

115,151,229 

283 
174 

53 
31 

275 
194,198,417 

161 
303 
267 
225 
61 

Storaas, G. 
Stroud, M. 
Sucec, A.A. 
Suh, S.Y. 

Takahashi-Nisl6muray M. 
Tanabe, S.-I. 
Taylor, N.A.S. 
Teal, W.B. Jr 
Thoden, J.S. 
Thomas, C.M. 
Tikuisis, P. 
Tipton, M. 
Tochihara, Y. 
T o h ,  J. 
Tokura, H. 
Tokutra, H. 
Todsi6, M. 
Tom, M. 
Tur-Kaspa, I. 

Vickers, R.R. Jr. 
Vogel, J. 
Volla, T.T. 
von RestorfT, W. 
Vuister, R. 

Wammes, L. 
Wang, M. 
Wang, M,Q. 

Wm&janville, B. 
Watenpaugh, D.E. 
Werner, J. 
Wertheim, A.H. 
William, J.M. 
Windle, C.M. 
Withey, W.R. 

Wmg, T.-P. 

xu, x. 
Yao, s.-c. 

131 
8 

47 
25 1 

397 
3 97 

85,413 
355 

65,111 
381 
186 

57,313,421 
73,107,127 

35 1 
8 1,279,363 

233 
42 1 
427 
24 1 

47 
8 

283 
339 
213 

213 
291 
225 
303 
237 

19 
69,178,343,373 

329 
19 

209 
389 

343 

303 



young, A. J. 

Zacher, C. 
Zeyl, A. 
Z k e r l i ,  T. 
Zdotova, E. 

186 

15 
85 

369 
77 



Subject Index 
acclimation 
air conditioning 
air permeability 
air quality 
air movement 
afier drop 
altitude 
automatic control 

biomechanics 
blood flow 
blood pressure 
blood volume 
body mass index 
boots 
breathing apparatus 

1, 135,139,417,427 
175,401 

103,213,351,405,434 
213 
24 1 
147 
47 

381 

35, 43 
161 

27,39,127 
413 

39 
299 
309 

carbohydrates 12,5 
cardiovascular 1, 19,27,89, 97, 199,217,381,417 
climate 191,39 
clothing 81,103, 166,251,259,267,271,279,283,287,291,295,303,317,321, 

333,347,363,369,389,393,397,405,409,434 
clothing air layer 103,259,275 
cold exposure 107,111,123,135,147,171,229,325 
cold induced vasodilatation (CIVD) 161,317 
cold injury 299 
cold stress 97,161,171,263,271 
cold tolerance 135 
cold weather 107,119,127,131,151,187 
colour of garment 279 
COmfOrt 283,287,295,351 
cooling 115,139,151,263 
cooling garment 263 

dehydration 
diving 
discomfort 
dry suit 

electromagnetic fields 

53,217 
309,405,421 

31,175,241,245,343,359 
325,333 

69 



energy expenditure 
environment 
environmental ergonomics 
ergonomics 
ergonomic aids 
exercise 
exercise test 

fatigue 
fre fighting 
fluid replacement 
footwear 
forced-air heating 

gas mask 
gender 

hand comfort 
hand immersion 
hand wear 
head cooling 
heart rate 
heat 
heat exchange 
heat load 
heat loss 
heat strain 
heat strain index 
heat stress 

heat stroke 
heat tolerance 
hot plate 
hypertension 
hyperthermia 
hypothermia 

ice vest 
immersion 
immersion suit 
inhalation 
insulation 

1, 19,53,65, 89, 93, 111, 13 267,29 

329 
1,241,401,40S 

179 
43,205,237 

8 
339,343,381,417,427 

15,31,229 

15,35 
255,267,295 

161 
299 

123,143,147 

205 
31,47, 93,267 

151,161 
347 

15 1,237,263,377 
233 

199,381,417,421 
209 

161,427 
69,77,89, 191,255,287,295,385 

103,139 
157,195,255,267,295,347 

1,195 
23,61,93,97,157,175,179,187,191,217,225, 

267,339,347,355,418 
23 
93 

377 
27,39 

23,171 
119,123,147,313,325 

347 
73 

317,325 
119,123,143,147 

259,271,275,299,303,317,333,377,389,397 



insulation values 27 1 

liquid cooling garment 343,355,359 

manikin 
measurements 
menstrual cycle 
metabolism 
metabolic rate 
microclimate 
microclimate cooling 
microgravity 
model 
moist-wm air 
moisture absorption 
motion sickness 
moving platform 
MRI 
muscular performance 

NBC 
neurological performance 

occupational medicine 
orthostatic intolerance 

perception 
performance 
permeability 
permeability index 
physical fitness 
physiological strain 
posture 
prediction 
protective clothing 

respiration 
respiratory heat exchange 
rewarming 

sea sickness 
seasonal differences 

103,317,355,389,409,434 
299,369,377,409,413 

15 
15,23,35,47, 135, 199,313,321, 329 

139,199 
241,291,303,363,401 

233,339,343,347,355,359 
19 

157,161,166,179,187,191,195,389 
119,123, 147 

303 
329 
329 
374 

77,115 

205,209,213,217,221,229,233,237,241,245,339,393,401 
77 

27,43 
381 

8, 12,31,73,85, 107,229,245 
47,53,77, 115,209,237 

275,283,303,409 
245 

19,209 
12,19,195,233,245,343,359 

43 
157,161,179,191,195,291 

205,209,213,217,221,225,229,233,245,291,339 

143 
143 

123,147, 151 

329 
39,427 



semi permeable garments 
semipermeable membrane 
shelters 
shivering 
skin blood flow 
skin wettedness 
skin temperature 
sleeping bagsfgear 
sodiudpotassium pump 
solar radiation 
space missions 
sweat 
sweating 
sweat evaporation 
sweat onset 

temperature measurement 
temperature profiles 
thermal balance 
thermal comfort 
thermal homeostasis 
thermal properties 
thermal resistance 
thermal response 
thermal sensation 
thermal stress. 
thermoregulation 
thermoregulation behavior 
tolerance 
tolerance time 

underwear 

vapor resistance 
vasoconstriction 
vasodilatation 
ventilation 

water immersion 
wet-suit 
windchill index 
workload 
work productivity 

209 
283 

241,401 
111,119,123,147 

61 
131 

12,57,85,127,151,171,175,317,321,397 
287 
23 

191,279 
19 

131,157 
65, 103,434 

103 
65 

374,42 1 
397 

53,57,143,321 
175,195,343,347 

57 
393 
393 

157,161,171,187,195 
85,351 

413 
53,65,111,251,421 

251 
385,405 

157,171,187,225,241,401 

363 

213,393 
111 
61 

339,393 

187,313,321,325,333 
325,421 

127 
15,43,57,61,65,93,97,255,291,351,413 

8 


	Author Index

