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PREFACE:
Welcome colleagues to the 13th International Conference on Environmental Ergonomics (ICEE).
It is a pleasure to welcome you to Boston, Massachusetts.
The conference is divided into thirteen sessions, each comprising oral and poster presentations.
We have four keynote presentations and one mini-symposium. The sessions are:
Thermal Protective Clothing
NBC and First Responder Ensembles
Indices of Thermal Stress and Strain
Cold Environments
Cooling Systems
Fluids and Hydration
Thermal Manikins
Thermal Modelling
Methods
Thermal Control
Physiology and Performance
Hypoxic Environments
Cognition, Perception and Comfort
We would like to thank our partners and sponsors this year: W.L. Gore and Associates, the U.S.
Army Research Institute of Environmental Medicine / U.S. Army Medical Research &
Materiel Command and Measurement Technology NorthWest. Their sponsorship has
ensured a successful meeting. We would also like to thank our exhibitor, Humanikin. Many
special thanks to the New England Chapter of the American College of Sports Medicine
(Dino Costanzo & Donna Murphy) for all the administrative support that they have given. This
conference would not have been possible without their hard work. Thank you also to the Session
Chairpersons for all their hard work and dedication to the ICEE.
We hope that you have a wonderful meeting and have a chance to see all that Boston has to offer.
John W. Castellani
Thomas L. Endrusick
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International Conferences on Environmental Ergonomics
Proceedings from the following conferences can be obtained from the International Society for
Environmental Ergonomics: http://www.environmental-ergonomics.org/
1984 Cardiff, UK
Organisers: Neil Thomas and Igor B. Mekjavic
1986 Whistler, British Columbia, Canada
Organisers: Igor B. Mekjavic and Naoshi Kakitsuba
Abstracts published in Annals Physiological Anthropology Vo1. 5(3)
Selected papers published as: Environmental Ergonomics
Editors: I.B.Mekjavic, E.W. Banister and J.B. Morrison,
ISBN 0-85066-400-4
Publisher: Taylor & Francis, London, 1988.
1988 Helsinki, Finland and Viking Ferry Line
Organisers: Raija Ilmarinen and Arvid Påsche
Selected papers published in: Scand. J. Work Envrion. & Health. Vol 15 (Suppl. 1) 1989.
Proceedings of the 3rd International Conference on Environmental Ergonomics.
1990 Austin, Texas, USA.
Organisers: Eugene H. Wissler and Sarah A. Nunneley.
Proceedings of the 4th International Conference on Environmental Ergonomics.
1992 Maastricht, The Netherlands
Organisers: Wouter A. Lotens and George Havenith
Proceedings of the 5th International Conference on Environmental Ergonomics.
Editors: W.A. Lotens and G. Havenith.
ISBN 90-6743-227-X
Publisher: TNO-Intstitute of Perception, The Netherlands, 1992.
1994 Montebello, Quebec, Canada
Organisers: John Frim, Michel B. Ducharme and Peter Tikuisis
Proceedings of the 6th International Conference on Environmental Ergonomics.
Editors: J. Frim, M.B Ducharme and P. Tikuisis.
ISBN 0-662-21650-4
Publisher: Defense & Civil Inst. of Envrionmental Med., Canada.
1996 Jerusalem, Israel.
Organisers: Yair Shapiro, Daniel S. Moran and Yoram Epstein
Proceedings: Environmental Ergonomics: Recent Progress and New Frontiers.
Editors: Y. Shapiro, D.S. Moran and Y. Epstein.
ISBN 965-294-123-9
Publisher: Freund Publishing House, Tel Aviv.
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1998 San Diego, California, USA.
Organisers: James A. Hodgdon and Jay H. Heaney
Proceedings published in: Environmental Ergonomics VIII
Editors: J.A. Hodgdon, J.H. Heaney and M.J. Buono.
ISBN 0-9666953-1-3. San Diego, 1999.
2000 Dortmund, Germany.
Organisers: Jürgen Werner and Martin Hexamer
Proceedings published as: Environmental Ergonomics IX.
Editors: J. Werner and M. Hexamer.
ISBN 3-8265-7648-9
Publisher: Shaker Verlag, Aachen, 2000.
2002 Fukuoka, Japan.
Organisers: Yutaka Tochihara and Tadakatsu Ohnaka
Proceedings published as: Environmental Ergonomics X.
Also published as: Environmental Ergonomics. The ergonomic of human comfort, health
and performance in the thermal environment.
Editors: Y. Tochihara and T. Ohnaka.
ISBN 4-9901358-0-6
Publisher: Elsevier, Amsterdam, 2005.
2005 Ystad, Sweden.
Organisers: Ingvar Holmér, Kalev Kuklane and Chuansi Gao
Environmental Ergonomics XI. Proceedings of the 11th International Conference on
Environmental Ergonomics.
Editors: I. Holmér, K. Kuklane and C. Gao.
ISBN 91-631-7062-0
Publisher: Lund University, Lund, Sweden, 2005.
2007 Piran, Slovenia.
Organisers: Igor B. Mekjavic, Rado Pisot and Nigel A.S. Taylor
Environmental Ergonomics XII. Proceedings of the 12th International Conference on
Environmental Ergonomics.
Editors: I.B. Mekjavic, S.N. Kounalakis and N.A.S. Taylor
ISBN 978-961-90545-1-2
Publisher: Biomed d.o.o., Ljubljana 2007.
2009 Boston, USA
Organisers: John W. Castellani and Thomas L. Endrusick
Environmental Ergonomics XIII. Proceedings of the 13th International Conference on
Environmental Ergonomics.
ISBN 978-1-74128-178-1 (CD ROM) and ISBN 978-1-74128-179-8 (online)
Publisher: University of Wollongong, Australia, 2009.
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Future International Conferences on Environmental Ergonomics
2011 Nafplio, Greece
Organisers: Maria Koskolu and Nickos Geladas
Date: June 2011
Web site: http://www.planica.eu/icee2011/
Email: icee2011@planica.eu

2013 Queenstown, New Zealand
Organiser: Jim D. Cotter, University of Otago, New Zealand
Date: February 2013
Email: jim.cotter@otago.ac.nz
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Conference Partners and Sponsors:
Platinum Conference Partners

NEW ENGLAND CHAPTER

Bronze Conference Sponsor
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INTELLIGENT TEXTILES FOR CHEMICAL BIOLOGICAL
PROTECTIVE CLOTHING
Eugene Wilusz
US Army Natick Soldier RDE Center
Natick, MA 01760 USA
For many years chemical biological (CB) protective clothing used by the military has relied on
activated carbon as an integral component of the textile system. The carbon does an excellent
job as an adsorbent for hazardous chemicals. In an effort to develop CB clothing which is lighter
weight, more comfortable, and mission friendly, materials research has been ongoing to reduce
the quantity of carbon used or even eliminate it altogether. During the past several years
membranes have been developed that have the potential to form the basis of the next generation
of protective clothing. Membranes for this purpose can be of two types – microporous or
nonporous. Microporous membranes can be used in conjunction with a carbon layer.
Nonporous membranes can be used without any carbon or with a minimal amount. Among the
many challenges is the need for the membrane to serve as a barrier to hazardous chemicals while
still allowing a significant degree of moisture vapor transport. It is essential that the
permselectivity of the membrane be optimized. Several approaches to this optimization have
been examined, and two are particularly promising. Ion implantation has been used. In addition,
monolayers and bilayers of cyclic molecules of controlled pore size have been applied to the
surface to regulate diffusion into the membrane. Both techniques have led to prototype
membranes with improved permselectivities. Ensembles fabricated from nonporous membranes
face the issue of being susceptible to compromise at the interfaces in the clothing system because
of pumping action. Carefully designed closure systems are needed to overcome this concern.
Research is also underway to develop filter fabrics and to incorporate catalytsts and
antimicrobial treatments into these textile systems eventually leading to self-detoxifying CB
protective clothing. Additional research is focusing on developing fabrics with controllable,
variable permeability. Such fabrics will ideally respond to an external stimulus, act as a barrier
in the presence of a threat, and otherwise serve as a breathable and comfortable fabric. Chemical
and biological sensors are being developed for incorporation into CB fabrics. Personal cooling
fabrics are also being developed.
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EVAPORATIVE COOLING IN PROTECTIVE CLOTHING:
EFFICIENCY IN RELATION TO DISTANCE FROM SKIN

George. Havenith1), Peter Bröde2), Victor Candas2), Emiel den Hartog2), Ingvar Holmér2), Kalev
Kuklane2), Harriet Meinander2), Wolfgang Nocker2) Mark Richards2)and Xiaoxin Wang1)
1)
Environmental Ergonomics Research Group, Department of Human Sciences,
Loughborough University, Loughborough, LE11 3TU, UK.
2)
THERMPROTECT network
Contact person: G.Havenith@lboro.ac.uk
INTRODUCTION
Evaporation of moisture, usually sweat, is essential for the maintenance of heat balance under
most conditions when personal protective clothing is worn. Evaporation provides cooling where
otherwise body heat losses would not be able to match metabolic heat generation (7). The energy
equivalent of evaporating water or sweat from the skin is deemed only to be dependent on the
temperature at which it takes place (5) (with skin temperature ranging typically from 30-36ºC),
but otherwise not influenced by factors such as clothing. When moisture evaporates from the
skin in a person wearing clothing and travels towards the environment, it may be sorbed and
subsequently desorbed by textile fibers (3), it may condensate in outer layers if these are colder
than the skin (12, 8, 4) and subsequently evaporate again, it may be ventilated from the clothing
microclimate through openings in the clothing or may finally diffuse through the outer clothing
layer. Each of the phase changes mentioned will cause heat to be released or absorbed (8).
Most thermophysiological and clothing-related research on exchanges of heat and mass between
humans and their thermal environment is based on heat balance analysis (6). This analyses the
various avenues for heat generation and heat transfer: Metabolic rate (M), Radiation (R),
Convection (C), Conduction (K), Evaporation (EVAP), Respiratory heat losses (RESP) and
finally Heat Storage (S) in the body. Most of these parameters can be determined directly,
whereas DRY heat loss (R+C+K) is normally calculated as the balance of all other heat gains
and losses (DRY=M-EVAP-RESP-S). The latter is often done in clothing research, where the
DRY value is used to calculate the thermal insulation of the clothing, and EVAP to calculate the
clothing vapor resistance. It should be noted that any errors made in the determination of one of
the heat balance parameters will end up cumulated in the value for DRY. Only when DRY can
be measured directly, can this be avoided.
The method used to determine EVAP is to weigh the change of the (clothed) person‘s mass per
unit of time, corrected for respiratory moisture loss and metabolic mass losses. From the weight
loss per unit of time, it is possible to calculate the equivalent heat loss, which is the energy
required for evaporation of that quantity of moisture. The value commonly used is 2430 Joules
per gram of moisture evaporated. Hence evaporative heat loss is determined as
massloss
massloss ( g )
EVAP (W )
heat of evaporation
2430( J g 1) (1)
time
time (s)
As mentioned above the mass loss is taken by either continuously weighing the nude or clothed
person, or, due to technical difficulties of weighing an active person continuously, by weighing
the person before and after a test and from the weight difference calculate the mean mass loss per
unit of test time.
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All such calculations assume that the evaporative efficiency, i.e. the heat actually lost by
evaporation of a certain mass of water is equal to the evaporative heat loss potential (mass loss
(in g) * 2430 J/g). It has been questioned whether this is the case when (protective) clothing is
worn, especially when this clothing hampers the evaporation of sweat and where sorption and
desorption or condensation or evaporation within the clothing takes place. As shown by Havenith
et al. (8) and Broede et al. (2) the heat for evaporation is not always fully taken from the body,
and cooling efficiency of sweat was shown to be dependent of vapor resistance of clothing and
interacted with temperature. In their study, they generated the ‗sweat‘ at the skin. Some of this
may have wicked into the base layer or even further, which may have contributed to the findings.
The present study was designed in an attempt to specifically look into the effect of moisture
wicking away from the skin before evaporating. The hypothesis is that when the locus of
evaporation is further from the skin, the evaporative cooling efficiency (i.e. the heat actually
taken from the body) will be reduced.
For this purpose an experiment was performed where moisture was introduced at different
distances (layers) from the skin, and the cooling efficiency was measured. The most extreme
case being spraying the clothing from the outside (avoiding dripping) which is also relevant to
cooling off of workers wearing encapsulating protective clothing. As such an investigation is not
possible on human subjects with sufficient precision, a thermal manikin was used.
METHODS
In order to discriminate between and determine all heat exchanges, measurements were made
using a thermal manikin (‗Newton‘) (8). This manikin has 32 independent zones in which heat
input or temperature can be controlled and measured. With a dry skin, the skin temperature of the
manikin controlled at 34ºC, and a fixed environmental temperature the measured heat loss can be
used to calculate dry heat resistance of the clothing worn. This measurement is described
extensively in ISO15831:2004 and ASTM F1291-05 (11, 1). All heat resistances were calculated
using the ‗parallel method‘ as described in the standards (10). To allow measurements with wet
skin, the manikin was covered with a cotton stretch ‗skin‘, which was wetted and acted as a
‗sweating skin layer‘. Alternatively, moisture was introduced in different layers, further away
from the skin to look at the evaporation as if all the moisture had wicked to this location. Tests
were performed with the following configurations:
1: nude manikin, wet skin,
2: manikin with wet skin under a cotton, polyester or polypropylene base layer and a
permeable/semipermeable/impermeable outer layer of similar thickness and heat resistance (8),
3: permeable/semipermeable/impermeable outer layer as 2, but now with moisture (600g)
introduced in cotton base layer instead of at skin,
4: moisture introduced at outer surface of Permeable and Impermeable outer garment. This was
done with a: no base layer; b: 1 base layer; c: 2 base layers, which changed the distance of the
evaporation locus in relation to the skin.
Apart from heat losses, also the weight change of the clothed, wet manikin was determined by
continuous weighing of the whole setup. The whole manikin setup was placed on an accurate
balance (Sartorius 150, with a resolution of 1 g; absolute accuracy to ±10g). This setup enabled
the amount of water evaporated from the clothing system and thus the real evaporative heat loss
and real evaporative heat resistance to be determined (8).
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All results presented in this paper are calculated for the clothed area only, excluding data from
the head, hands and feet. Results will be presented lumped over the different underwear types.
Table 1, Heat and Vapor transfer properties of materials used determined according to
EN31092/ISO 11092. Air permeability was determined according to EN ISO 9237: 1995 (9)
Air
Rct
Ret
imt
permeability
Code
Description
l/(m2s)
(m2
(m2
n.d.
K/W)
Pa/W)
Underwear
CO
Gnägi
Cotton
0.024
4.2
0.34
PES
Helly
Polyester
0.029
3.4
0.51
Hansen
PP
Lifa Active Polypropylene
0.026
3.7
0.42
Outer layer
PERM O2 (blue
inside)

SEMI

O1

IMP

PVC

Inner surface: PTFE
membrane
Outer surface:
hydrophilic
Inner surface:
hydrophobic coating
Outer surface: PTFE
membrane

1.02

0.025

5.6

0.25

1.98

0.023

18.6

0.07

0.24

0.007

-

Experimental conditions
The main part of the testing for this experiment was performed at 20ºC, with 40% rh (vapor
pressure 1 kPa). The manikin was placed in front of three fans, mounted in a vertical line,
producing a reference wind speed of 0.5 m/s. From the data obtained, ‗Apparent Evaporative
Heat Loss‘ is calculated as:
Apparent Evaporative Heat Loss=Total Heat Loss Wet Manikin - Dry Heat Loss
(1)
Then, the ‗Apparent Evaporative Cooling Efficiency‘ was calculated as the Apparent
Evaporative Heat Loss of the wet manikin divided by the ‗Evaporative Cooling Potential‘
(weight loss * 2430 J/g/time) of the same condition (8).
Apparent wet heat loss of wet manikin
Apparent Evaporative Cooling Efficiency
Evaporative Cooling Potential
(2)
RESULTS
The results for the nude manikin and the various configurations with semipermeable clothing, as
measured at 20ºC, are presented in Fig. 1. As expected the value for evaporation of the nude
manikin is very close to 1, implying that here virtually all of the heat of evaporation is actually
taken from the body. The same appears to be true for the clothed manikin with a wet skin in this
climate. However, when the locus of evaporation is fully moved to the underwear (base layer) it
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Evaporative Cooling Efficiency

is evident that the cooling efficiency is reduced substantially. I.e. only a part of the energy for
evaporation is taken from the body. The rest appears to be taken from the environment. In the
more extreme case of the evaporation taking place from the outer surface of the clothing, the
effect gets even stronger, and if in addition more base layers are worn, pushing the evaporation
locus further and further from the skin the energy taken from the body drops to 20% of the total
energy required for the evaporation.

1.2
1.0

0.8
0.6
0.4

0.2
0.0

nude
wet skin

wet skin
wet uw wet outer wet outer wet outer
under PPE under PPE
no BL
1 BL
2BL

Fig. 1, Evaporative Cooling Efficiency measured for different evaporation loci.

CONCLUSIONS
After showing in earlier papers (2, 8, 13, 14) that the amount of energy taken from the body for
the evaporation of a given quantity of sweat is dependent on the clothing permeability and on the
ambient temperature, the present experiments have clearly demonstrated that this ‗evaporative
cooling efficiency‘ is also dependent on the location where the evaporation takes place in terms
of its distance to the skin. A dramatic fall of cooling efficiency takes place when moisture is
wicked away from the skin before it evaporated. Though the wicking may also have a positive
effect when the skin is not fully wet (different from this test) by increasing the surface area of
evaporation, there may be situations where it will lower the cooling power. Where both skin and
clothing are wetted, no risk of dehydration is present, and a large amount of ventilation takes
place in the clothing, having the extra evaporation from the fabric may also be beneficial. In
encapsulated clothing however where the microenvironment may be close to become saturated,
and only a small fraction of produced sweat may evaporate, it would be best if this evaporates
directly from the skin and is not wicked further out.
The experiments have also demonstrated that spraying clothing from the outside with water will
have a cooling efficiency of about 20 to 40% for the amount of evaporated water. In this
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condition, if a surplus of water is sprayed on to cool the person, additional conductive cooling
will take place where this water is cooler than the person‘s clothing.
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INTRODUCTION
It is clear that the static thermal properties of a clothing ensemble will change with
environmental and usage conditions. (Havenith et al 2008) An attempt to address the move from
static to dynamic (or resultant conditions) has been addressed by Holmer and Havenith with
colleagues (Holmer et al 1999, Havenith et al 1999) and codified in ISO9920 (2007). The
prescribed reductions in total static insulation and evaporative resistance were based on empirical
evidence from several participating laboratories.
The apparent total evaporative resistance (Re,T,a) was proposed by Caravello et al (2008) to
represent the measured evaporative resistance from wear trials based on a progressive heat stress
protocol. This method did not attempt to parse out individual pathways for heat exchange
(Havenith et al 2008) nor did it try to generalize to other conditions. It is, however, a useful tool
to explore the relative differences among ensembles under similar conditions using wear trials
and to judge the effects of different experimental conditions such has levels of humidity and
metabolic rate (and associated movement).
Clothing Adjustment Factors (CAF) have come into use via the ACGIH® TLV® for Heat Stress
and Strain (2009). CAF is an adjustment to the measured wet bulb globe temperature (WBGT)
index for an environment to account for clothing effects as they differ from cotton work clothes.
Caravello et al (2008) suggested a relationship between CAF and Re,T,a based on five clothing
ensembles under limited trial conditions (moderate metabolic rate and 50% relative humidity).
The purpose of the current paper was (1) to expand the range of experimental conditions (relative
humidity and metabolic rate) for the five ensembles reported by Caravello et al (2008) for the
examination of Re,T,a and (2) revisit the relationship between CAF and Re,T,a based on an
expanded data set.
METHODS
The data used for this paper were developed from three different studies, which used similar
methods to estimate CAF (Bernard et al 2005, 2008) and Re,T,a (Caravello et al 2008). The base
ensemble worn under all test ensembles was cotton tee shirt, gym shorts, briefs, socks and
athletic shoes. All participants were acclimated to hot, dry conditions at a metabolic rate of 160
W m-2 while wearing the base ensemble. All of the trials within a study were in a partially
balanced design to avoid ordering effects. All protocols were approved by the local IRB and
informed consent was obtained following university practice. The differences in the studies are
presented in this section.
Relative Humidity Protocol
Five different clothing ensembles over the base ensemble were evaluated. The ensembles
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included work clothes (135 g m-2 cotton shirt and 270 g m-2 cotton pants), cotton coveralls (305 g
m-2) and three limited-use protective clothing ensembles: particle-barrier ensembles (Tyvek®
1424 or 1427), water-barrier, vapor-permeable ensembles (NexGen® LS 417), and vapor-barrier
ensembles (Tychem QC®, polyethylene-coated Tyvek®). The limited-use coveralls had a
zippered closure in the front and elastic cuffs at the arms and legs; and they did not include a
hood.
There were 14 participants who wore each ensemble at three levels of relative humidity (20%,
50%, and 70%, called R2, R5 and R7). The metabolic rate was moderate (155 W m-2) and called
M2. (Bernard et al 2005)
Metabolic Rate Protocol
For the metabolic rate protocol, there were three metabolic rates (114, 176, and 250 W m-2,
called M1, M2, and M3) at one relative humidity (50%, R5). There were 15 participants who
wore each of the five ensembles described above at the three levels of metabolic rate. (Bernard et
al 2008)
Porosity Study
Six test suits, designated as P00, P01, P02, P05, P10, and P20, were fabricated from a fabric with
a selectively permeable Hytrel film laminated between two nonwoven layers that had
perforations to affect porosity of 0, 1, 2, 5, 10 and 20% of the surface area. (Bernard et al 2009)
In addition, there were standard cotton work clothes (as above) and a Saratoga Hammer
chemical protective overgarments (jacket with integral hood and pants). Six acclimated
participants wore work clothes, Saratoga Hammer, and prototype garments P00, P01, P02, and
P05. Four participants also wore P10 and P20.
RESULTS
The Relative Humidity and Metabolic Rate Protocols were designed to have a common exposure
pair of R5 and M2. The data for these conditions were not statistically different and thus they
were pooled together. Within protocol data analysis was a mixed general linear model with two
fixed effects (clothing ensemble and either humidity level or metabolic rate level) with an
interaction term and participants treated as a random effect. In both protocols, Re,T,a was the
dependent variable.
Relative Humidity Protocol
The relationship between Re,T,a and relative humidity level for each ensemble is shown in Figure
1. There were significant differences for Re,T,a related to ensemble and relative humidity as well
as the interaction term. The strong interaction influence came from the drop in Re,T,a for the
vapor barrier ensemble with increasing humidity. While Re,T,a was generally higher at R2 for the
other ensembles, R5 and R7 were about the same. For Re,T,a by ensemble, there were no
significant differences for work clothes, cotton coveralls and Tyvek. NexGen and vapor barrier
were different from the others and each other.

26

Proceedings of the 13th International Conference on Environmental Ergonomics, Boston (USA), August 2-7, 2009

0.050

WC
CC
Tyvek
NexGen
VB

0.045

Apparent Total Re

0.040
0.035
0.030
0.025
0.020
0.015
0.010
0.005
0.000
R2
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Metabolic Rate Protocol
The relationship between Re,T,a and metabolic rate level for each ensemble is shown in Figure 2.
There were significant differences for Re,T,a related to ensemble and metabolic rate as well as the
interaction term. The strong interaction influence came from the drop in Re,T,a for the vapor
barrier ensemble at M3. Re,T,a was generally higher at M1 and dropped slowly through M2 to M3
for the other ensembles. For Re,T,a by ensemble, there were no significant differences for work
clothes, cotton coveralls and Tyvek. NexGen and vapor barrier were different from the others
and each other.
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Apparent Total Evaporative Resistance and Clothing Adjustment Factor
From the relative humidity and metabolic rate protocols, there were six baseline critical WBGTs
for work clothes and the CAF for the four other ensembles was determined for each of the three
relative humidities and three metabolic rates. The result was 24 pairs of CAF and Re,T,a. In a
similar manner, 7 more pairs were available from the porosity study. The relationship between
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Re,T,a and CAF is shown in Figure 3. While relative humidity, metabolic rate and porosity were
potential effect modifiers, there was no apparent effect on the relationship.
12.0
CAF = 346 Re,T,a - 4.5

10.0

r2 = 0.92
8.0
6.0
4.0
2.0
0.0
-2.0
0

0.01

0.02

0.03

0.04

0.05

Apparent Total Evaporative Resistance

Figure 3. Clothing Adjustment Factor (CAF) [°C-WBGT] as a function of apparent total
evaporative resistance (Re,T,a) [m2 kPa W-1].
CONCLUSIONS
As seen in Figure 1, relative humidity level clearly affected the apparent total evaporative
resistance for the vapor barrier ensemble with lesser effects for the other ensembles. At the
lower relative humidity (hot dry conditions), Re,T,a was higher than the moderate and warm
humid conditions. While there is not direct evidenced of a heat pipe effect, an
evaporation/condensation cycle was more easily established in the R5 and R7 conditions that
would make the overall evaporative resistance appear to be lower (Havenith et al 2008). With
the higher temperatures associated with the hot dry conditions (R2), it was less likely that
condensation could occur at the inner surface of the clothing. Because the difference in Re,T,a can
be substantial with ensembles of high evaporative resistance, air temperature and humidity may
be additional candidates for adjusting static evaporative resistance values for actual wear
conditions as suggested for air speed and walking speed (Havenith et al 1999).
Re,T,a was also affected by metabolic rate (see Figure 2). There was no surprise in this general
finding, but the change was greater for greater levels of Re,T,a. With the higher values of Re,T,a,
the role of convective heat transfer through openings in the clothing may account for the drop in
apparent evaporative resistance. While the usual adjustments for evaporative resistance include
air and walking speed (Havenith et al 1999), some consideration to the overall level of
evaporative resistance as an effect modifier may be appropriate.
Clothing Adjustment Factors (CAFs) are used for a limited number of clothing ensembles in
WBGT-based exposure assessment methods (ACGIH 2009, Bernard et al 2005). Because these
are empirically determined from wear trials, a predictive method based on evaporative resistance
can be used to generalize CAF to an unlimited range of ensembles. To this end, the relationship
between Re,T,a and CAF was explored in Figure 3. Across the experimental conditions of relative
humidity, metabolic rate and ensembles, the relationship appeared to be consistent and linear.
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The line is similar to one posited earlier by Caravello et al (2008) using some of the same data
for one relative humidity and metabolic rate level.
In summary, there was a consistent linear relationship between Re,T,a and CAF that can be used to
predict a CAF for an estimated resultant total evaporative resistance based on static evaporative
resistance adjusted for the usage conditions. In addition, there was some suggestion that the
determination of resultant total evaporative resistance might include air temperature and
humidity as well as the metabolic rate.
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INTRODUCTION
Management of heat stress is a critical issue for those wearing clothing as a barrier to chemical
agents for extended periods. One accepted design for protective apparel for such extended-wear
is a relatively porous substrate fabric containing an activated charcoal adsorbent (Harrison et al,
2004). Another design uses selectively permeable membranes (SPMs) that are non-porous but
effectively pass moisture by diffusion while rejecting transport of many toxic agents (Allmaras,
2007). A third approach is an adaptive barrier structure that is porous in the absence of chemical
threats but becomes non-porous upon warning of the presence of a toxic agent (Trentacosta and
Kapur, 2005). An unresolved issue in extended-wear protective apparel design is the relative
importance of through-thickness convection versus diffusive permeability of water vapor in the
capacity to support evaporative cooling.
For performance studies on alternative clothing ensembles, two approaches can be taken. A
common approach is to create conditions of uncompensable heat stress by fixing the
environmental conditions to one or more typical environments at a fixed metabolic rate. The
average safe exposure time represents the ensemble performance. An alternative approach used
in this study is to determine the critical environment at the upper limit of compensable heat stress
following a progressive exposure protocol. Based on the critical environment, an estimation of
the total apparent evaporative resistance (Re,T,a) (Caravello et al 2008) and the critical Wet Bulb
Globe Temperature (WBGTcrit) (Bernard et al 2005, 2008) can be determined. Both Re,T,a and
WBGTcrit are useful indices for the comparison of the evaporative cooling capacity of clothing
ensembles.
METHODS
Materials
Six test suits, designated as P00, P01, P02, P05, P10, and P20, were fabricated from DuPont
Acturel , a selectively permeable Hytrel film laminated between two nonwoven layers. The
test suit design included a hood and elastic closures at all apertures including the wrists, ankles,
and face. Porosity was incorporated into the suits with panels of Acturel that had been
punched at different densities. P01, P02, P05 and P10 achieved overall nominal open areas of
1.1, 2.2, 4.9, and 9.4%. P00 was also fabricated with panels that were not perforated, and was
representative of the performance of the non-porous SPM. P20 had an open area of 18%, where
the perforations covered the entire coverall.
Standard cotton work clothes (shirt and pants) were included in the test as a negative control and
Saratoga Hammer chemical protective overgarments (jacket with integral hood and pants)
were included as representative of air permeable, activated carbon filled protective apparel. The
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base ensemble worn under all test ensembles was cotton tee shirt, gym shorts, briefs, socks and
athletic shoes.
Participants
Six adult males participated in the wear tests. The average and standard deviation of their
physical characteristics are provided in Table 1. The study protocol was approved by the
Institutional Review Board. A written informed consent was obtained prior to enrollment in the
study. Each participant was examined by a physician and approved for participation.
Prior to beginning the experimental trials to determine critical conditions, participants underwent
a 5-day acclimatization to dry heat that involved walking on a treadmill at a metabolic rate of
approximately 160 W m-2 in a climatic chamber at 50 C and 20% relative humidity (rh) for two
hours while wearing the base ensemble.
Table 1. Participant characteristics and ensemble trials completed.
ID
Age Height Weight
Body
Ensembles and Number of Trials
2
(yrs)
(cm)
(kg)
SA (m )
S1
S2
S3
S4
S5
S6

40
23
26
20
20
21

178
173
196
183
185
170

69.1
52.3
77.3
86.4
83.6
70.5

1.90
1.60
2.10
2.10
2.08
1.82

WC

S

P00

P01

P02

P05

P10

P20

2
2
2
2
2
2

1
1
1
1
1
1

1
1
1
2
1
1

1
1
1
1
1
1

1
1
1
1
1
1

1
1
1
1
---

1
2
1
1
---

1
1
1
1
---

Progressive Heat Stress Protocol
Heat stress trials were conducted in a climatic chamber. A treadmill was used to control
participants work rate at a moderate level of 160 W m-2. Air movement was nominal at 0.5 m s-1.
Typically, the dry bulb temperature (Tdb) was set at 34°C (but the starting point was adjusted
lower for ensembles with suspected high evaporative resistance) and rh at 50%. Once the
participant reached thermal equilibrium (no change in rectal temperature and heart rate for at
least 15 minutes.), Tdb was increased 0.8°C every 5 minutes. During trials, participants were
allowed to drink water or a commercial fluid replacement beverage (Gatorade®) at will.
Core temperature, heart rate and ambient conditions were monitored continuously and recorded
every 5 minutes. Trials were scheduled to last 120 minutes unless one of the following criteria
was met: (1) a clear rise in rectal temperature (Tre) associated with a loss of thermal equilibrium
(typically 0.1 °C increase per 5 min for 15 min), (2) Tre reached 39 °C, (3) a sustained heart rate
greater than 90% of the age-predicted maximum heart rate, or (4) participant wished to stop.
The inflection point marked the transition from thermal balance to the loss of thermal balance,
where core temperature continued to rise. The chamber conditions five minutes before the noted
increase in core temperature was taken as the critical condition. One investigator noted the
critical condition, and a second investigator reviewed the decisions.

31

Proceedings of the 13th International Conference on Environmental Ergonomics, Boston (USA), August 2-7, 2009

RESULTS
There were no differences among ensembles for metabolic rate by body surface area, which
indicated that metabolic rate would not systematically effect the outcome for WBGTcrit and the
other environmental factors at the critical conditions used to estimate Re,T,a. There were
significant differences in WBGTcrit and Re,T,a., where Saratoga Hammer and P00 were
associated with the least support of evaporative cooling and different from the other ensembles
(see Table 2).
Table 2. Results of multiple comparison tests based on least squares means for the eight
ensembles for WBGTcrit and Re,T,a. Horizontal lines represent no significant difference based on
Tukey's HSD. Clothing Adjustment Factor (CAF) provided for WBGTcrit data.
WBGTcrit
P02
P20
P05
WC
P10
P01
S
P00
[°C]
34.7
34.6
34.3
33.9
33.6
33.0
31.2
30.6
(CAF)
(-0.8) (-0.7) (-0.4)
(0)
(0.3)
(0.9)
(2.7)
(3.3)
-----------------------------------------------------------------------------------------------------Re,T,a.
P05
P20
P02
WC
P10
P01
P00
S
[kPa m2 W-1]
0.014 0.014 0.014 0.014 0.015 0.016 0.021 0.023
----------------------------------------------------------------------------------Figures 1 and 2 illustrate the relationship between WBGTcrit and the convective and diffusive
permeabilities, respectively.
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Figure 1. Mean WBGTcrit vs. convective permeability. Solid line is linear regression of P00, P01,
P02, S and WC response. Dotted line is average of P02, P05, P10, and P20 response to reflect a
flat response at high convective permeability like the semi-clothed suggested by Gonzalez et al
(2006).
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Figure 2. Mean WBGTcrit vs. diffusive permeability. Solid line is linear regression of P00, P01,
and P02 response. Dotted line is average of P02, P05, P10, and P20 again assuming a flat
response similar to semi-clothed as shown in Figure 2.
CONCLUSIONS
In the context of WBGTcrit, the P02 through P20 ensembles were similar to work clothes. With
the inability to distinguish between P01 and Saratoga or between Saratoga and P00, there is some
room to argue for progressive effects from no porosity to modest porosity with no further gains
in WBGTcrit for increases in porosity beyond 1% (P01). The clothing adjustment factor for the
Saratoga Hammer ensemble was about 3 °C-WBGT, which was similar to the microporous
ensemble NexGen and was much less than 8°C-WBGT a vapor barrier ensemble at 50% relative
humidity (Bernard et al 2005).
In the analysis of the apparent total evaporative resistance in Table 2, the inability to distinguish
among the prototype ensembles with porosity is similar to that for the critical WBGT. P02, P05
and P20 occupy the lower end of the range of evaporative resistance; followed by Work Clothes,
P10 and P01. It was clear that the P00 and Saratoga were different from the others but not from
each other. These data further supported the notion that once there is some opportunity for
convective transfer through the fabric (presence of porosity) there were not significant or
important gains in the ability to support sweat evaporation.
Figure 1 illustrates the mean WBGTcrit vs. convective permeability for the various ensembles.
Mean WBGTcrit showed a strong correlation (r2=0.88) with convective permeability for
ensembles P00, P01, P02, Saratoga Hammer (S) and Work Clothes (WC). At convective
permeability above a nominal 1000 L/min cm2 bar, WBGTcrit appeared to level off suggesting
that ensembles with permeability above this value respond equivalently to the so-called semiclothed ensemble described by Gonzalez et al (2006). The Gonzalez critical convective
permeability data indicated that the semi-clothed critical condition would be achieved at a
nominal permeability of 2000 L/min cm2 bar in reasonably good agreement with our finding of
1000 L/min cm2 bar.
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In Figure 2, mean WBGTcrit vs. diffusive permeability for the various ensembles is shown.
Based on the response to convective permeability just described above, it was not surprising that
WBGTcrit correlated with diffusive permeability for the P00, P01 and P02 ensembles and then
appeared to level off at higher permeability. Unlike the response to convective permeability in
Figure 4, it was clear that the Saratoga Hammer ensemble WBGTcrit response was outside the
PXX ensemble series response to diffusive permeability. Although the Saratoga Hammer
ensemble has relatively high diffusive permeability, it has very low convective permeability only about 20% of the level achieved with the P01 ensemble. This was likely a consequence of
the long path length characteristic of this compound fabric structure. Consistent with the
Gonzalez et al (2006) results, convective permeability explained the cooling capacity better than
diffusive permeability. Specifically, measuring the diffusive permeability of a fabric or garment
will underestimate the level of heat stress that is actually experienced.
Clothing with lower porosity had relatively higher values of total apparent evaporative resistance
and lower critical WBGT. In conclusion, porosity and the associated convective permeability
were more predictive of the capacity of an ensemble to support evaporative cooling than
diffusive permeability. The upper limit of convective permeability at a moderate rate of work
before there are diminishing returns was about 1000 L/min cm2 bar.
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INTRODUCTION
The central focus of this project is the removal of sweat from the skin, and the enhancement of
evaporative cooling and thermal comfort for individuals working in hot-dry conditions when
wearing military clothing and body armour. This sweat removal can occur either through
evaporation, or wicking from the skin surface and through the clothing layers (Lotens and
Wammes, 1993; Yasuda et al., 1994), with evaporation eventually occurring from surfaces
further away from the skin. Both processes remove body heat, but the former is more efficient.
Working in a hot climate can result in substantial elevations in body core temperature. This
change will impact upon temperature and blood pressure regulation, and will also have a
significant impact upon thermal comfort. In addition, thermal discomfort will be significantly
influenced by the accumulation of moisture on the skin surface. When clothing is added,
evaporation at the skin surface is impaired, with this reduction being a function of the properties
of the fabric used in the clothing. Thus, less permeable fabrics restrict water vapour movement
through a garment, and thereby reduce heat loss via the evaporation of sweat. Furthermore, the
number of clothing layers worn by a person working in the heat will also dramatically affect the
ability of the body to lose heat (Vogt et al., 1983; Lottens and Wammes, 1993; Bouskill et al.,
2003).
The aim of this study was to assess the effect of added clothing layers, and also the effect of
differences in textile composition that may modify sweat removal from the skin surface, on
physiological and perceived strain when working and wearing body armour in a hot-dry
environment.
METHODS
Eight healthy, physically active males participated in this study. Subjects completed five trials
(140 min) with two consecutive forcing function phases. Phase one of each trial consisted of
walking on a treadmill at 4 km.h-1 (0% gradient) for 120 min. During phase two, subjects
completed a 20-min alternating running-walking protocol, consisting of 2 min running at 10
km.h-1 (0% gradient), followed by 2 min walking at 4 km.h-1 (0% gradient). A fan was set in
front of each subject to produce a constant wind velocity (4 km.h-1). Trials differed only in the
clothing that was worn.
Subjects wore a standard disruptive pattern (camouflage) combat uniform (75% cotton, 25%
polyester; insulation 0.29 m2K.W-1), with combat body armour and helmet (total mass: 7.2 kg) ,
but the garment (t-shirt) worn under the camouflaged shirt was altered to provide five different
ensembles: no t-shirt (ensemble A); 100% cotton t-shirt (ensemble B); 100% merino woollen t-
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shirt (ensemble C); 100% polyester t-shirt (ensemble D); hybrid shirt constructed using a torso
segment (100% merino wool) in combination with a camouflaged shirt collar and long sleeves
(75% cotton, 25% polyester; ensemble E).
Testing was conducted at the same time of day in hot-dry conditions (41.2ºC (SD 0.2), 29.8%
(SD 4.1) relative humidity) using fully hydrated subjects, with the trial sequence balanced across
subjects to remove order effects. Physiological and psychophysical measures included: heart rate,
body core (auditory canal) and skin temperatures (8 sites), clothing water vapour pressures,
sweat rate, perceived exertion, thermal sensation, thermal discomfort and clothing discomfort.
RESULTS AND DISCUSSION
The mean heart rate ranged from 67.8 b.min-1 (pre-exposure, temperate baseline) through to
169.9 b.min-1 (phase two). The average peak heart rates were > 85% of the age-predicted
maximal heart rate for these subjects, and confirmed the extent of the cardiovascular strain
imposed by the protocol. However, heart rates did not differ significantly among the ensembles
(P>0.05; Figure 1), and were remarkably consistent at each point of measurement. This
consistency was also observed for the thermal data, with terminal core and skin temperatures not
differing significantly among trials (P>0.05).
The number and thickness of the trapped air layers within different ensembles dictates dry heat
transfer, and one would normally consider that an ensemble with fewer clothing layers would be
the least stressful. However, this expectation was not realised, with variations in the clothing
worn on the torso failing to have a significant effect upon core temperature (P>0.05). Indeed, the
combination of the hot-dry environment, the metabolic heat production, and the clothing and
body armour worn elevated physiological strain to the extent that neither the addition of a torso
undergarment (ensembles B-D), nor its removal (ensembles A and E), had any significant impact
upon core temperature (P>0.05).
Skin temperatures reflect local metabolism, the blood-borne (convective) delivery of heat from
the body core and local heat transfers. Mean skin temperatures did not differ among the
ensembles (P>0.05). Therefore, one can assume that none of the ensembles elicited either
favourable or unfavourable interactions with either the core-skin or the skin-air thermal gradients,
or with the skin-air water vapour pressure gradients. Thus, regardless of the characteristics of the
fabrics used to manufacture the torso undergarments, or even the presence of an undergarment,
dry and evaporative heat transfers remained equivalent across trials.
From serial measures of water vapour pressure within the layers of these ensembles, one can
evaluate the ability of each ensemble to permit the transmission of water vapour through to the
external environment. Two microclimates were investigated at each of two locations (upper chest
and back). For each torso clothing configuration, the water vapour pressure at the chest
decreased when moving away from the skin and into the first clothing layer. Thus, a positive
water vapour pressure gradient existed for all ensembles. These gradients favoured evaporation
and the transmission of water vapour through the first clothing layer of each ensemble. Whilst
one might predict that garments made of artificial (wicking) fibres would promote the
establishment of a more favourable water vapour pressure gradient, none of the betweenensemble comparisons were statistically different (P>0.05). Thus, no evaporative advantage (or
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disadvantage) was bestowed upon the wearer during the current trials by these different
undergarment configurations, even though the climatic conditions were most favourable to the
evaporation of sweat.

Figure 1: Heart rate responses during treadmill exercise in hot-dry conditions whilst
wearing a combat uniform and body armour: 120 min at 4 km.h-1 (upper Figure); then
20 min with 2 min at 10 km.h-1 and 2 min at 4 km.h-1 (lower Figure). Five different
ensembles were used: A (no t-shirt); B (cotton t-shirt); C (woollen t-shirt); D (polyester
t-shirt); E (hybrid shirt). Data are means with standard errors of the means. Arrows
indicate drinking.
Sweat secretion rates did not differ significantly among ensembles (P>0.05), and equivalent
amounts of sweat were either retained within the clothing (P>0.05), or transmitted via
evaporation to the external air (P>0.05). Subjective ratings of perceived exertion, thermal
sensation, thermal and clothing discomfort did not reveal significant differences among any of
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the five ensembles evaluated (P>0.05). Full details of this experiment are reported elsewhere
(van den Heuvel et al., 2008).
CONCLUSIONS
Under the current experimental conditions, neither the addition of a torso undergarment
(ensembles B-D), nor its removal (ensemble A and E) had any significant impact upon either
physiological or subjective indices of strain. It was concluded that this state resulted from the
high thermal load associated with this experiment. That is, when individuals are wearing wholebody clothing and body armour, whilst working in hot conditions, there is no benefit to be gained
by wearing a torso undergarment, regardless of claims made by manufacturers.
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INTRODUCTION
Clothing has two primary affects upon workers. First, it modifies the ease with which thermal
energy (heat) is transferred between the body and the environment by providing the body with a
layer of insulation. This can be advantageous in a thermally dangerous environment (e.g. fire
fighting, cold-water immersion), but disadvantageous during strenuous exercise where a
significant amount of metabolic heat is produced (Gonzales, 1988). Second, it affects moisture
evaporation from the skin surface, and this has a critical impact upon both thermal comfort and
body temperature regulation (Candas, 2002). When clothing is worn, evaporation at the skin
surface will be reduced, and the extent of this reduction is a function of the properties of the
fabric used to manufacture the garment. Thus, less permeable fabrics allow less water vapour to
pass through a garment. Some fabrics are designed to allow water vapour, but not water droplets
to pass, while others are designed to protect the wearer from chemical, biological and
radiological agents, and are almost impermeable. Ensembles made from minimally permeable
fabrics are the focus of this project.
Some personal protective ensembles are totally encapsulating and completely impermeable, and
work tolerance time in such clothing can become a simple function of the metabolic heat
production (work rate) of that individual. While new generation fabrics used in some chemical,
biological and radiological (CBR) protective clothing enable some air and moisture penetration,
these ensembles will dramatically reduce the capacity of individuals to sustain high work rates in
the heat, or even extended moderate workloads in more temperate conditions (Montain et al.,
1994; Caldwell et al., 2007). Indeed, such ensembles, when worn during moderate work
intensities, can place an unrealistic physiological burden on personnel.
Within the current geopolitical climate, a wide range of emergency service personnel are being
provided with CBR ensembles, and a need exists to evaluate the physiological impact of this
protective equipment upon the wearer under operational conditions. Accordingly, the aim of this
project was to study thermal strain in people performing light-moderate work in temperate-warm
environmental conditions, while wearing each of three different CBR protective ensembles.
METHODS
Eight healthy, physically active adult males participated in this study. Subjects completed three
trials in total, and these differed only in the type of CBR protective ensemble that was worn:
ensemble A (CBCS, Melba Industries, Australia); ensemble B (SWAT, Paul Boye, France);
ensemble C (CR1, Remploy Frontline, UK). Subjects wore the same t-shirt and shorts under
ensembles A and B, but a special (thermal) undergarment (long-sleeved shirt and long pants) was
worn as part of ensemble C. Each ensemble was tested with subjects using a standard respirator
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mask, gloves and over boots, representing the high-threat (MOPP4) state. Over each ensemble,
subjects also wore torso body armour (but without hard armour plates) and standard military
webbing (Figure 1).

Figure 1: The chemical, biological and radiological protective ensembles.
Within each experiment, subjects exercised on a treadmill at each of two speeds: walking for one
hour at 3 km.h-1 (0% gradient), and walking for 30 min at 6 km.h-1 (3% gradient), with 10 min of
seated rest between. Air velocity matched walking speed to ensure comparable convective
cooling to that encountered in the field. Subjects consumed water at 4 mL.kg-1 every 30 min. All
testing was conducted at the same time of day in temperate conditions (29.3°C (±0.3), 56.0%
(±0.7) relative humidity), using fully hydrated subjects, with the trial sequence balanced across
subjects to remove order effects. For details see: van den Heuvel et al. (2007).
Data were collected for core temperature (rectal), skin temperatures (forehead, right scapula,
right chest, right upper arm, left forearm, left dorsal hand, right anterior thigh and left posterior
calf), heart rate, sweat rate (whole-body mass changes), and psychological state (perceived
exertion, thermal sensation, thermal discomfort and clothing discomfort). In addition, local water
vapour pressures were derived from local clothing temperatures and relative humidities inside
the clothing layers (upper arm and thigh segments).
RESULTS AND DISCUSSION
For most indices, ensemble C was associated with the greatest elevation in physiological strain,
with the least stressful being ensemble A. This pattern was significantly evident for each of the
following indices (P<0.05): core temperature, mean skin temperature, microclimate water vapour
pressure, heart rate, sweat rate and exercise tolerance times. Due to the standardisation
procedures currently employed, one may assume that these differences in physiological strain
could largely be ascribed to variations in the characteristics of the clothing ensembles evaluated
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during this experimental series. Significant differences were also evident for thermal sensation
and thermal discomfort (P<0.05).
Mean skin temperatures reflect the thermal energy content of cutaneous tissues close to the skin
surface, and also heat trapped between the skin and clothing. Since skin temperatures modify the
ability of the body to dissipate heat, and also have a powerful influence on thermal discomfort,
these data form an essential part of any quantification of thermal strain in individuals wearing
protective ensembles. Greater mean skin temperatures were observed when wearing ensemble C
relative to both protective ensembles A and B (Figure 2; P<0.05), and the net result of this was
that heat loss from the body core was impeded. Indeed, ensemble C was associated with a
greatest elevation in core temperature (Figure 3; P<0.05), such that the longer these trials
continued, the greater the difference became between these protective ensembles (P<0.05). Thus,
one may assume that the greater skin temperatures observed when wearing the protective
ensemble C were the combined result of a higher skin blood flow, driven by a greater core
temperature, and a greater heat trapping within that ensemble.

Figure 2: Mean skin temperatures during steady-state work in a temperate
environment whilst wearing three different CBR ensembles. Broken lines indicate
times where subjects terminated a trial prematurely. Data are means with standard
errors of the means.
In hot environments, evaporative cooling is the principal avenue for body heat dissipation, and
for this to occur, an adequate water vapour pressure gradient must be present. When individuals
were wearing personal protective clothing, the water vapour pressure of the microclimate next to
the skin, and within clothing layers, dictated the evaporation of sweat. Naturally, one would
expect there to be a minimal transmission of water vapour within CBR ensembles, but betweenensemble differences in the water vapour pressure gradient will impact upon thermal strain. For
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the skin-to-undergarment space (first microclimate), the ensemble A displayed significantly
lower water vapour pressure than either of the other two ensembles (P<0.05). These differences
were also evident within the next microclimate space (undergarment to inner surface of the CBR
ensemble), but these vapour pressures were generally more uniform. Consequently, subjects lost
significantly more sweat, relative to protective ensemble A, when wearing either of the other
ensembles (P<0.05).

Figure 3: Rectal temperatures during steady-state work in a temperate
environment whilst wearing three CBR ensembles. Broken lines indicate times
where subjects terminated a trial prematurely. Data are means with standard errors
of the means.
Cardiovascular strain was consistent with the thermal pattern, with subjects terminating exercise
with average heart rates of 168 b.min-1 (ensemble A), 173 b.min-1 (ensemble B) and 182 b.min-1
(ensemble C). These heart rates were a function of the combined influences of the exercise
intensity, the overall thermal load of the environment and differences in the characteristics of the
ensembles. As a result, only 93% of subjects completed the experiment when wearing CBR
ensemble C, > 98% completed testing in ensemble B, and 100% were able to complete the
protocol when wearing the protective ensemble A.
CONCLUSIONS
From these observations, it may be concluded that CBR ensemble C, when worn during lightmoderate exercise in warm and humid conditions in the MOPP4 state, places the wearer under
the greatest physiological strain. This ensemble, possibly because of its extra clothing layer,
possessed the highest inherent clothing insulation, and therefore greater thermal protection for
the wearer. However, this extra layer also impedes water vapour transmission. In warm-humid
conditions, this is a distinct disadvantage, and one must ask whether this extra clothing layer is
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actually necessary, unless it is integral to the chemical, biological and radiological protection that
is provided. Conversely, ensemble A had the least physiological impact under the current
experimental conditions.
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INTRODUCTION
Individuals working in hot environments experience an increase in body core temperature due to
the combined influences of physical activity, which elevates metabolic heat production, and
external heat sources, which impede heat loss. Since dry heat exchanges are dependent upon
thermal gradients, then hotter environments restrict heat dissipation, particularly when the air
temperature approaches and exceeds that of the skin. Heat loss will now become progressively
more reliant upon the evaporation of sweat, which is also gradient dependent.
The thermal protective clothing worn by firefighters represents a significant impost upon body
temperature regulation, and this occurs via two primary avenues. First, clothing modifies the ease
with which heat is transferred between the body and the environment. It does this by providing
thermal insulation (trapped air), which can be advantageous in thermally dangerous
environments, but disadvantageous when individuals are working hard and producing a
significant amount of metabolic heat. Second, the vapour (moisture) permeability of the garment
is important (Goldman, 1994). This is the ability of the fabric to allow water vapour to pass
through, thereby facilitating evaporation at the skin surface. Clothing impedes evaporation, and
this has a critical impact upon thermal comfort and body temperature regulation (Candas, 2002).
The impact of these influences is a function of the properties of the fabrics used to manufacture
the complete ensemble. Some fabrics are designed to allow water vapour, but not water droplets
to pass through, while others are completely impermeable, and have been designed to protect the
user from chemical, biological and radiological agents.
Recently, Australian manufacturers have started to incorporate moisture barriers within some
forms of thermal protective clothing. The logic behind the use of these barriers has been two-fold.
Such barriers were first thought to reduce the risk of steam burns in firefighters, and it was also
assumed that vapour-permeable barriers would facilitate the evaporation of sweat from the skin
surface by facilitating water vapour transfer down a water-vapour gradient. In the first instance,
it was been assumed by some, perhaps incorrectly, that steam (scald) burns originated from
super-heated, external moisture penetrating the ensemble. A moisture barrier will help prevent
water penetration, and may have some protective function, if in fact such penetration played a
causal role in steam burns. It has also been assumed that vapour-permeable, but moisture
impermeable fabrics may enhance the evaporation and removal of sweat. However, at an
external air temperature of 35oC, and a water vapour pressure of 5.06 kPa (relative humidity
90% ), there will be a 90% reduction in water vapour transfer through a vapour permeable fabric.
Since the physiological and psychological consequences of heat strain are well established, it is
in the best interests of firefighters to be provided with protective clothing that not only affords
optimal thermal protection, but also facilitates the greatest loss of metabolically generated heat.
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The current project was designed to evaluate the physiological consequences of these problems,
but within a controlled-laboratory environment, whilst focussing upon variations in physiological
strain that may exist whilst wearing different protective ensembles, with and without moisture
barriers, during work-simulated exercise and recovery periods.
METHODS
This project involved intermittent, steady-state and incremental exercise (total: 120 min) within a
climate chamber (30.5oC (±0.6), 38.1% humidity (±1.4)). Subjects performed work simulations,
with seated rest, to replicate the metabolic demands of activities typically encountered during fire
fighting (weighted box stepping, treadmill dummy drag, treadmill walking carrying hose,
incremental treadmill walk/run to 85% maximal). Eight subjects performed nine separate work
simulations (72 trials) wearing two types of garments: thermal protective ensembles (six options:
Table 1, Figure 1) and station (duty) wear (three options: Figure 2; Kerry et al., 2009).
Table 1: General specifications of the thermal protective clothing.
Ensemble

1

2

3

4

5

6

Fabric description
Outer shell: PBI Gold
Thermal liner: not applicable
Moisture barrier: Gore Airlock
Inner liner: Nomex comfort
Outer shell: Nomex Delta C
Thermal liner: Sontara * 2
Moisture barrier: not applicable
Inner liner: Nomex/FR viscose
Outer shell: Nomex Advanced
Thermal liner: not applicable
Moisture barrier: Gore Fireblocker
Inner liner: Nomex comfort
Outer shell: Nomex IIID
Thermal liner: not applicable
Moisture barrier: Gore Airlock
Inner liner: Nomex comfort
Outer shell: Kermel Roano
Thermal liner: Sontara * 2
Moisture barrier: not applicable
Inner liner: Nomex comfort
Outer shell: Nomex IIID
Thermal liner: Sontara * 2
Moisture barrier: not applicable
Inner liner: Nomex comfort

Heat transfer
HTI24 (sec)

Heat transfer
T2 (sec)

19

24.9

17

22.0

19

23.9

21

25.7

Not tested

Not tested

18

24.4

The thermal protective and duty wear ensembles were selected so that the textile assemblies were
typical of those worn by members of six different Australian State fire brigades. These
ensembles were then assembled by a single manufacturer to fit each subject, and to match the
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configuration and design specifications of the NSW Fire Brigades, but using the textile assembly
and layer specifications of the other State brigades. Each ensemble was then cleaned five times
before being used. Duty wear was not worn when the personal protective ensembles were tested,
and the duty wear trials were completed without the personal protective ensembles.

Figure 1: Six thermal protective
ensembles (left): options one, three
and four have moisture barriers.

Figure 2: Duty or daily station wear
clothing (below).

This design provided separate evaluations of the different ensemble components, which could
then be combined to provide the best combination for field use. In every trial, the standard-issue
helmet (1.18 kg), flash hood and gloves were worn. Self-contained breathing apparatus, with an
empty cylinder, was also worn (total mass: 14.26 kg). The mask of the breathing apparatus was
used, but was disconnected from the cylinder, thus avoiding the complication of changing and recharging air cylinders. Trials were conducted in a fully balanced order across subjects, such that
no two subjects were tested wearing ensembles in the same sequence.
RESULTS AND DISCUSSION
The protocol required subjects to exercise at an average oxygen consumption of 1.61 L.min-1.
The average maximal core temperature across all trials was 37.8oC (highest: 38.9oC), with the
mean core temperature change being 1.36oC, and an average maximal heart rate of 131.0 b.min-1.
This corresponded to 67% of the age-predicted maximal heart rate for these subjects. On average,
and across all trials, these subjects lost 1.06 kg of sweat (0.56 L.h-1).
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Differences among the duty wear ensembles were not significant, and are not reported here.
However, a number of statistically significant, between-ensemble differences were observed
among the thermal protective ensembles, both within and across the physiological and
psychophysical indices investigated. These outcomes are summarised in Table 2.
Of the twenty-three occasions where statistically significant differences were identified, the
ensembles that included moisture barriers (one, three, four) were inferior to those that had no
moisture barrier in twenty-two instances. Thus, such ensembles were associated with a more
adverse psychophysiological impact upon the wearer. We have previously demonstrated this to
be the case in another experiment in which these moisture barriers formed an integral part of the
protective ensemble (van den Heuvel et al., 2007). Furthermore, and with only one statistically
significant exception, the ensembles containing moisture barriers did not differ from one another.
Table 2: Statistical summary. Significantly superior ensembles are indicated with
―S‖; significantly inferior ensembles are shown using ―x‖. Subscript numbers
indicate ensemble option codes (1-6) for which differences were statistically
significant. Since several analyses were completed for each variable (peak, whole
trial, during work, during recovery, terminal), rows can contain more than one entry.
Personal protective ensembles
Variable

Option 1

Core temperature

x5
x5
x2

Option 2

Option 3

Option 4

x5
x5,6
S1,3,5

S1,3
S3
S1
x2
x6

x2
x5
x5
x6

Skin temperature

S3
S5

S3

x5
x6

S4
S3
S3

x5
x6

S1
S1
x5
x6

S2
S2
x5
x6
x5

Sweat loss

S3

x2

Sweat evaporation

S3

x2
x4

Thermal sensation

Option 6

S3
S3
x5

Heart rate

Option 5

S3

S3
S3
S3

S3

x2
x4

Thermal Discomfort
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Conversely, the ensembles without moisture barriers (options two, five, six) were significantly
superior on twenty-two occasions. The vast majority of these differences occurred between the
ensembles with and without moisture barriers, and the following points relate to these
observations. Ensemble five was found to be statistically superior on twelve occasions, with this
occurring seven times with respect to option six, and four times relative to option two. Option six
had one occasion where it performed statistically better than options two and five. Option two
was statistically superior to option five only once.
On the basis of core temperatures measured during each trial, two protective ensembles stood out
as being statistically superior (options five and six), whilst two other ensembles were statistically
inferior (options one and three). From observations of mean skin temperature, mean body
temperature and heart rate, ensemble option five was found to be statistically superior on twelve
occasions, with this occurring seven times for option six and four times for option two. Thermal
protective ensemble option three was associated with statistically greater sweat loss (relative to
option two), and moisture accumulation within the clothing (relative to options two and four).
Finally, for thermal sensation, ensemble option three performed statistically poorer than option
two, while for thermal discomfort, option four performed statistically poorer than option five.
CONCLUSIONS
On the basis of these observations, it was recommended that thermal protective ensembles five,
six and two (in that order) be considered least likely to adversely affect the psychophysiological
status of firefighters during operational use. Conversely, it was considered that ensemble option
three would place firefighters under significantly greater strain.
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INTRODUCTION
The ‗Universal Thermal Climate Index‘ (UTCI) (Jendritzky et al. 2007) ultimately aims at
developing a one-dimensional quantity, which adequately reflects the human physiological
reaction to the multi-dimensionally defined actual thermal condition. The human reaction is
simulated by a multi-node model of human thermoregulation (Fiala et al. 2001, 2007), which is
augmented by a clothing model. As illustrated in Figure 1, the index value will be calculated
from the multivariate dynamic output of that model.
Expressing the index value in terms of an equivalent temperature constitutes a commonly applied
concept (Richards and Havenith 2007, Parsons 2003). As operationalised in UTCI, the
equivalent temperature (ET) is defined as the air temperature (Ta) of the reference condition
causing the same model response as the actual condition. For applying this definition both the
reference condition and the model response have to be identified.
The left panel of Figure 2 illustrates the derivation of ET for an actual climatic condition. The
offset to air temperature (Ta) is found by comparing the actual model response to the response
under reference conditions. As demonstrated in the right panel of Figure 2, it can be deduced
from the definition that ET equals air temperature under reference conditions.
For explicitly performing these comparisons, the multivariate dynamic model response has to be
condensed into a one-dimensional representation, which may be termed as response index.
As details on the clothing model and on the reference conditions are provided elsewhere, this
paper focuses on the statistical treatment applied to the model response for implementing the
calculation of the UTCI equivalent temperature (ET).
METHODS
Simulation runs of the physiological model generated two sets of data with values of twelve
output variables after simulated exposure times of 30, 60, 90 and 120 min:
Grid data (N = 104692) with the output of the physiological model for conditions defined
over a grid of meteorological input variables, for which ET values will be required. The
climatic parameters were defined as:
o Air temperature: -50 °C ≤ Ta ≤ +50 °C (1 K increment)
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o Mean radiant temperature: -30 °C ≤ Tr – Ta ≤ +70 °C (5 K increment),
o Wind speed (10 m above ground level):
va = 0.5, 0.8, 1.2, 1.8, 2.7, 4.0, 6.0, 9.0, 13.5, 20.2, 30.3 m/s,
o Humidity:
rh=5, 50, 100% (Ta ≤ 0 °C),
rh=5, …(6 steps)…, 100% or max. vapour pressure = 5 kPa (Ta > 0 °C)
Reference data (N = 926) containing the results of simulation runs for the reference
conditions with air temperature covering the expected range of ET predictions. The
climatic parameters were defined as:
o Air temperature: -110 °C ≤ Ta ≤ +75 °C (0.2 K increment)
o Mean radiant temperature: Tr = Ta,
o Wind speed (10 m above ground level): va = 0.5 m/s,
o Humidity: rh=50% (Ta ≤ 29 °C), vapour pressure = 2 kPa (Ta > 29 °C)

Figure 1: Scheme for the climatic assessment by UTCI calculated from the dynamic output of a
thermophysiological model augmented by a clothing model.
Two steps of multivariate analyses were applied to the grid data. Hierarchical cluster analyses
were used to identify a subset of the 48 physiological variables (12 quantities at 4 time points),
which shall characterize the model response adequately. Then a one dimensional response index
representing the model response was calculated by principal component analysis on this subset.
Eventually, ET was computed by determining the air temperature of the reference data with the
same value of the response index as the grid data under consideration as illustrated in Figure 2.
RESULTS
The hierarchical cluster analyses, which had shown similar outcomes in an earlier version of the
reference dataset (Bröde et al. 2009, Kampmann et al. 2008), revealed that the dynamic model
response was sufficiently represented by the values after 30 and 120 min of 7 parameters of
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thermal strain: rectal, mean skin and face temperatures, sweat rate, skin wettedness, skin blood
flow, shivering.

Figure 2: Concept of deriving the equivalent temperature (ET) in the general case (left) and for
an actual condition coinciding with the reference (right panel).

Figure 3: Correlation coefficients of the single physiological variables after 30 and 120 min with
the one dimensional response index calculated by principal component analysis.
The first principal component calculated from these variables accounted for approximately two
thirds of the total variation and was applied as a response index in the subsequent calculations of
ET.
From the correlation coefficients of the single variables with the response index (Figure 3), it can
be deduced that an increase in rectal and skin temperatures, skin blood flow, sweat rate and skin
wettedness also increases the response index value, while an increase in shivering (as well as a
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decrease in rectal and skin temperatures and blood flow) is associated with a decrease of the
response index.
Therefore the response index may be interpreted as an integrated characteristic value of thermal
strain with high values pointing to heat strain, whereas low values indicate cold strain.
As different combinations of values of the single variables may lead to identical values of the
response index, climatic conditions with the identical ET have, by definition, the same value of
the response index, but may yield non-unique values for single variables like rectal or mean skin
temperature. However, due to the high correlation of the single variables with the response index,
this variation was limited, as indicated in Figure 4 for the rectal temperature after 2h.
Furthermore, the median response to ET was in good agreement with the values obtained for the
reference conditions (Figure 4).

Figure 4: Box-Plots with joined medians derived with ET rounded to 2 K wide bins for the rectal
temperatures (Tre) after 2h. The whiskers mark the 5th and 95th percentile, respectively. Values
for the reference conditions are plotted as the red broken line.
CONCLUSIONS
The projection of the multivariate dynamic response of the physiological model into a one
dimensional integrated characteristic value of thermal strain allowed for the calculation of UTCI
equivalent temperatures over a wide range of relevant combinations of the meteorological
parameters.
The good agreement of the median response of single variables to ET with the values obtained
for the reference conditions suggests that the assessment or categorization of climatic situations
into conditions of heat or cold stress can be based on the responses to the reference conditions.
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First results of sensitivity analyses performed within this action indicate that UTCI ET reflects
the expected effects of wind, heat radiation and humidity.
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INTRODUCTION
The physiological strain resulting from thermal stress is influenced by six major variables: by the
climatic parameters air temperature, humidity, wind velocity and thermal radiation as well as by
the energy expenditure of a person and by the thermal properties of the clothing (thermal
insulation, water vapour permeability), and is moreover modified by acclimatization status,
hydration status, body posture, etc. (Kampmann 2000).
Accordingly an analysis should consider a six-dimensional space of input parameters for each of
the predicted strain variables – in practice this will fail due to a lack of experimental data that
show evenly distributed parameters for all six dimensions. In order to describe at least the mutual
influence of air temperature and air humidity (i.e. at least for two input parameters) equivalence
lines within the psychrometric diagram represent a well developed instrument of the systematic
investigation of climatic effects on humans (e.g. Houghten & Yagloglou 1923).
Wenzel (1976) conducted series of exposures where only air temperature and humidity were
varied and all other stress parameters (i.e. air velocity, thermal radiation, energy expenditure and
clothing insulation) were fixed in order to determine equivalence lines of equal strain. Ilmarinen
(1978) continued to record such series for varied levels of work intensity and different clothing
insulations. We took the data from Ilmarinen‘s thesis (1978) for an evaluation of the predictions
of the Predicted Heat Strain model (PHS, ISO 7933, 2004; Malchaire et al., 2001) and for
comparing the heat strain resulting from different combinations of air temperature and humidity
with the assessment performed by the Wet Bulb Globe Temperature (WBGT, ISO 7243, 1989).
The comparisons will not only be made for single data points but for a range of different values
of temperature and humidity by means of equivalence lines. This allows to estimate the mutual
influence of air temperature and humidity simultaneously as well as to diminish the problem of
intra-individual variation of physiological strain by using regression approximations for
complete series of exposures.
This may recall a method to compare assessment scales and thermoregulatory models to
physiological data. We demonstrate the procedure for PHS and WBGT.
METHODS
The following analysis is based on the experimental series of Ilmarinen (1978). Energy
expenditure was 135 W/m2 (walking on a treadmill at the level; 4 km/h); radiant temperature
equalled air temperature; air velocity was va = 0.3 m/s. For three subjects there were series of
exposures with as well Icl = 0.1 clo as Icl = 0.7 clo, each comprising 12 to 15 exposures with
different values of air temperature (ta) and vapour pressure (pa). These six series of exposures
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were chosen for analysis, comprising a total of 81 exposures. For the rectal temperatures (Tre)
and sweat rates (SR), mean values during the third hour of exposure were taken for analysis.

Figure 1: Body temperature of a single subject (Icl = 0.1 clo) depending on air temperature and
humidity. - As the exposures were done within a 5 °C grid of ta, the respective lines are given
explicitly.
Regression surfaces were calculated for each of the six series of exposures and for the strain
parameters considered (one result for Tre is given in Fig. 1). A computer program (Kampmann
2000) allowed to calculate lines of equivalent strain and to plot these lines within a
psychrometric chart. For the comparison with the predictions of models (e.g. PHS) the regression
planes of all three subjects included in the analysis were averaged linearly for the corresponding
strain parameters (the resulting lines for Tre is given in Fig. 2).
This procedure was preferred to the calculation of a single regression surface using the data
points of all subjects, because the non-linear response of the strain parameters looks different for
the different subjects, and so the regression procedure may smooth out the nonlinearity of the
stress-strain response. The usability of the aggregated diagram is restricted to the area covered by
exposures of all three subjects, as indicated in Fig. 2.
For a comparison with the PHS index predictions of strain parameters were calculated using
available software (Mehnert et al., 2002). Air temperature was increased between 20 and 50 °C
with an increment of 1 K and relative humidity in steps of 5 % between 0% and 100 % to
maximally 5 kPa water vapour pressure.
As for the experimental data, mean radiant temperature equalled air temperature, and air velocity
was set to va = 0.3 m/s. Simulations were carried out with clothing thermal insulation values of
0.1 and 0.7 clo, respectively. The person was assumed to be acclimated with the energy
expenditure being 135 W/m2 corresponding to walking with 1.1 m/s.
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Figure 2: Equivalence lines for Tre averaged for three subjects with single exposures marked.
Rectal temperatures (Tre) and sweat rates (SR) predicted by PHS after 3h of exposure time were
smoothed over the grid of air temperature and humidity values (LOESS) and the resulting
contour lines were compared to the equivalence lines derived from the empirical data.
The equivalence lines for Tre from the empirical data with Icl = 0.7 clo were further compared to
the WBGT values obtained for the different combinations of air temperature and vapour pressure.
For acclimated persons and a metabolic rate of 135 W/m2, a limit value of WBGT = 28 °C is
proposed (ISO 7243, 1989), assuming a reference clothing insulation of Icl = 0.6 clo.
RESULTS
In Fig. 3 the predictions of sweat rates by PHS look excellent for Icl = 0.1 clo at least for pa
below 3 kPa and quite well for Icl = 0.7 clo (less than 200 g/h deviation within the whole range).
This may be due to the fact that PHS was developed from SWreq (Required Sweat Rate - Index),
taking in to account evaporation efficiency at different conditions etc. (cf. Malchaire et al., 2001).
Body temperature was kept constant to 37.4 °C within PHS unless a thermoregulatory
equilibrium no longer could be maintained. So the equivalence lines in Fig. 4 look shifted to the
right, giving thermal strain approximately 0.4 °C too low.
In case of WBGT, the equivalence lines of physiological data and WBGT show a comparable
slope (e.g. for WBGT = 28 °C or 30 °C) in humid conditions (Fig. 5), but the lines seem to be
shifted to the left (i.e. safe!) side as for the WBGT, Tre = 38 °C is a limit criteria. For the given
conditions the limit line of WBGT = 28 °C applies. Here the index overestimates Tre by 0.5 °C
in humid conditions and by 0.4 °C in dry climatic conditions.
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Figure 3: Lines of equivalent sweat rates (SR) from experimental data and predicted by PHS
after 3h exposure to combinations of air temperature (ta) and vapour pressure (pa) for two
clothing conditions.

Figure 4: Lines of equivalent rectal temperatures (Tre) from experimental data and predicted by
PHS after 3h exposure to combinations of air temperature (ta) and vapour pressure (pa) for two
clothing conditions.
CONCLUSIONS
The method recalled to take physiological data as a benchmark for assessment scales and models
of thermoregulation concerning the mutual impact of temperature and humidity. Its usability
depends on characteristics of the available data like number of subjects and range of stress
parameters. It would be desirable to enlarge such databases in order to enable validation studies
also for more than two parameters. This would provide for a valuable contribution to the validity
of newly developed models of thermoregulation and of heat or cold strain.
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Figure 5: Lines of equivalent rectal temperatures (Tre) from experimental data with Icl = 0.7 clo
and for WBGT limit criteria.
REFERENCES
1.
2.

3.
4.

5.

6.

7.

8.

Houghten, F.C., Yagloglou, C.P., 1923. Determining lines of equal comfort. Transactions of the American
Society of Heating and Ventilating Engineers, 29, 163–176.
Ilmarinen, R., 1978. Einflüsse verschiedener Bekleidung auf einige physiologische Größen des Menschen
bei Körperarbeit in unterschiedlich erhöhter Umgebungstemperatur und Luftfeuchtigkeit. Dissertation
Deutsche Sporthochschule Köln.
ISO 7243, 1989. Hot Environments; Estimation of the Heat Stress on Working Man, Based on the WBGTIndex (Wet Bulb Globe Temperature). International Organisation for Standardisation, Geneva.
ISO 7933, 2004. Ergonomics of the Thermal Environment - Analytical Determination and Interpretation of
Heat Stress Using Calculation of the Predicted Heat Strain. International Organisation for Standardisation,
Geneva.
Kampmann B., 2000. Zur Physiologie der Arbeit in warmem Klima. Ergebnisse aus Laboruntersuchungen
und aus Feldstudien im Steinkohlenbergbau. Habilitationsschrift zur Erlangung der Venia Legendi im Fach
Arbeitsphysiologie des Fachbereiches Sicherheitstechnik an der Bergischen Universität –
Gesamthochschule Wuppertal, 287
(http://elpub.bib.uni-wuppertal.de/edocs/dokumente/fb14/habi2000/kampmann)
Malchaire, J., Piette, A., Kampmann, B., Mehnert, P., Gebhardt, H., Havenith, G., den Hartog, E.A.,
Holmér, I., Parsons, K., Alfano, G., Griefahn, B., 2001. Development and Validation of the Predicted Heat
Strain Model. Ann Occup Hyg 45, 123-135.
Mehnert, P., Bröde, P., Griefahn, B., 2002. Gender-Related Difference in Sweat Loss and Its Impact on
Exposure Limits to Heat Stress. International Journal of Industrial Ergonomics 29, 343-351.
Wenzel, H.G., 1976. Physiologically equivalent combinations of elevated environmental temperature and
air humidity. In: R. Hemp and F.H. Lancaster (Eds.): International Mine Ventilation Congress.
Proceedings. Johannesburg, Republic of South Africa, 15.-19.9.1975, The Mine Ventilation Society of
South Africa, Johannesburg, pp. 255-259.

58

Proceedings of the 13th International Conference on Environmental Ergonomics, Boston (USA), August 2-7, 2009

THERMAL BALANCE IMPLICATIONS OF WATER REPELLENT
TREATMENTS ON MILITARY UNIFORM FABRICS
Phil Gibson
U.S. Army Natick Soldier Research, Development and Engineering Center
Natick, Massachusetts 01760-5020, USA
Contact person: Phillip.Gibson@us.army.mil
INTRODUCTION
Several durable water-repellent (DWR) treatments based on nanotechnology approaches were
evaluated on fabrics used for the Advanced Combat Uniform (ACU) and the Battle Dress
Uniform (BDU). Soldiers‘ duty and combat uniforms can be made water-resistant and retain the
same air permeability and ―breathability‖ properties as the untreated wicking fabric. Several
questions arose as a result of this work. What are the physiological implications of changing the
BDU fabric from a wicking fabric to a non-wicking fabric? Will the fabric still be comfortable
when a soldier is sweating heavily? Will liquid sweat now remain on the skin underneath the
fabric, and is this bad or good?
Following a separate field trial using combat uniforms with and without a DWR treatment, it was
found that these treatments decreased the comfort of the uniform in hot and humid environments.
The differences between the comfort of the standard control uniforms and those treated with the
DWR treatments were not due to intrinsic differences in the air permeability or the water vapor
diffusion resistance (breathability) of the fabric. The non-wicking behavior of the fabric was
responsible for perceived comfort differences, per comments from the field trial, and by
subsequent coupled physiological/fabric modeling. This is consistent with previous studies that
have examined the effect of water repellent treatments on cotton fabrics [1-3].
FABRIC PROPERTIES
Three different fabric treatments were selected for application to the Battle Dress Uniform
(BDU) fabric, which is a 50% nylon / 50% cotton blend fabric that has been used in the army
combat uniform. For proprietary reasons, the treatments are only identified as given as the ―Blue
(DWR 1),‖ ―Red (DWR 2),‖ and ―Green (DWR 3).‖ The U.S. Army‘s chemical protective
Battle Dress Overgarment (BDO) uses the BDU fabric treated with an oil and water-repellent
finish (Quarpel treatment), and this fabric was used as the ―DWR Control‖ to compare the
effectiveness of the three nanotechnology water-repellent treatments. For some of the laboratory
tests, a variety of commercial fabrics incorporating various DWR treatments were included to
help in the comparison of the performance of the Red, Blue, and Green treatments. The standard
comparison fabrics included an expanded polytetrafluoroethylene microporous membrane, the
Joint Services Lightweight Integrated Suit Technology (JSLIST) shell fabric with and without
the standard Quarpel treatment, JSLIST with a nanotech DWR, and several varieties of
commercially-available ―soft-shell‖ fabrics (Schoeller Textiles and Nextec [4]) that incorporate
differential wicking and durable water-repellent finishes. Typical water repellency of some of
these fabrics is shown in Figure 1(a).
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Figure 1. (a) Water droplets on test fabrics. (b) Laundering affects hydrostatic head of four
water-repellent fabric treatments. Fabric shrinkage after laundering can increase hydrostatic head
due to smaller fabric pores.
Fabric testing included measurements of the relevant transport properties of water vapor
diffusion and air permeability, as well as material characteristics such as water entry pressure
(resistance to liquid penetration), liquid spray repellency, and fabric pore size [5-8]. Figure 1(b)
shows that two of the water-repellent treatments had good durability to laundering (an important
issue for soldier duty uniforms). None of the water-repellent treatments significantly affected the
breathability, air flow resistance, or pore size of the control fabric. Detailed test results, and
information on the experimental methods are available in an open access government technical
report [9].
PHYSIOLOGICAL MODELING
Following the laboratory characterization of the effectiveness of these DWR treatments, a field
trial was conducted to determine the usefulness of making soldiers combat and duty uniforms
water-repellent. The question of ―What are the physiological implications of changing the BDU
fabric from a wicking fabric to a non-wicking fabric?‖ was answered when soldiers found that
they disliked the treated uniforms in a hot and humid environment due to the lack of wicking of
sweat from their bodies out through the clothing.
A physiological model of an exercising human [10] was combined with a fabric model that
accounts for heat transfer, sorption, diffusion, and liquid water transport through the fabric
structure [11], for the case of the wicking versus the nonwicking BDU fabric [12].
For the wicking fabric (untreated BDU fabric), the model assumes very high liquid permeability
and capillary pressure, which cause any liquid sweat at the skin surface to be quickly distributed
within the free porosity of the fabric. This allows comparison of two different clothing materials
that are identical in all their properties except that one material will wick sweat away from the
skin surface, while the other does not allow wicking through its structure. For the nonwicking
case, the liquid sweat remains on the skin, but it is allowed to evaporate based on the local skin
temperature, vapor pressure, and local relative humidity gradient.
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For the wicking fabric, when liquid sweat is present, wicking effects quickly overwhelm any of
the other transport properties (such as diffusion), due to the evaporation of liquid water within
the clothing, and the increase in thermal conductivity of the porous textile matrix due to the
liquid water that builds up within the clothing layers. An example is shown in Figure 2 for the
case of a wicking versus a nonwicking fabric, when a human goes from a light work rate (20
Watt/m²) to a heavy work rate (200 Watt/m²) for 1 hour, and then back to a light work rate.
Environmental conditions in both cases are air temperature of 30°C and relative humidity of 65%.
Details of the modeling approach are in reference 12.

The fabric properties are based on the 50/50
nylon/cotton temperate BDU fabric
- twill weave
- 0.255 kg/m² areal density
- 550 kg/m³ bulk density
- 4.6 x 10-4 m thickness
Environmental conditions in both cases are air
temperature of 30°C and relative humidity of
65%.

Figure 2. Comparison of a wicking versus a nonwicking fabric (other properties identical)
during changes in human work rate.
The model run in Figure 2 shows that there are some differences in the two fabrics, particularly
in the skin temperature and in the fabric temperature. The wicking fabric becomes soggy after a
while (from the point indicated as ―Liquid Accumulation Begins‖), and takes some time to dry
out. The nonwicking fabric doesn‘t soak up water, so the temperatures of the fabric and of the
skin remain higher. Perhaps the nonwicking fabric in this case will feel less comfortable, due to
the large differences in calculated skin temperatures between the wicking and nonwicking cases.
However, the important physiological parameter for heat stress (core temperature) remains
nearly identical, indicating little difference in heat strain potential between the two fabrics.
DIFFERENTIAL TREATMENTS
An additional five finish variations were supplied for the advanced combat uniform (ACU)
fabric. One of the DWR treatments allows great flexibility in ―tailoring‖ the treatment to various
levels on the outer and inner surfaces of fabrics. The treatments provided a gradation of wicking
properties on the inner fabric face, and various levels of water repellency on the outer fabric face.
The addition of wicking properties to a water-repellent fabric should provide more comfort in hot
and humid environments. These variable treatments helped mitigate the shortcomings of the
fabric that was fully treated for water-repellency on both the inner and outer faces. Water drops
were applied to either the outer or inner face of fabric (not at the same time). For the inner face,
the drop was allowed to spread, and then the wet zone was shown by shining a light through the
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fabric, as shown in Figure 3. The finish variations examined are listed below in Figure 3(a)
alongside the images of the fabrics.
Treatment (2)
Moderate Water Repellent on Outer Face,
Good Wicking Finish on Inner Face

(a)

(b)

Figure 3. (a) Water drop on inner/outer faces of fabrics with differential treatments.
(b) Wet fabric on inside doesn‘t affect repellency on outside.
The fabrics that have the differential treatments retain their water repellency on the outer face,
even if the inner face has a wicking finish and is wet. As shown in Figure 3b, a drop is applied
to the inner fabric face and allowed to spread, and then a drop is applied to the outer face. The
first picture shows the fabric backlit to show the extent of wicking/spreading on the inner face,
and the second picture shows the same fabric with the lighting changed to better show the water
droplet on the outer fabric face.
Drying Experiments on Differential DWR Treatments
Water was applied to the inner surface (body side) of the DWR differential-treated fabrics as
shown in Figure 4(a). The fabric was conditioned in a flow cell, and then 0.1 g of water was
applied to the surface. Dry air at 30°C flowed past the outer surface of the fabric. A water
concentration detector (capacitance-type thin film polymer sensor) monitored the water vapor
concentration of the exiting gas stream. The experimental setup was nearly identical to that
described in Reference 8. The vapor flux over time was calculated from the gas flow,
temperature, and water vapor concentration of the gas stream leaving the test cell.
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The drying time and vapor flux are related to spreading of liquid on the surface and through the
fabric thickness. As shown in Figure 4(b), the drying time was significantly hindered by the
presence of a water repellent finish on the inner surface of the fabric.

Vapor flux (g/minute)

0.008
0.006

Moderate repellency on outside,
good wicking inside
Good repellency on outside,
moderate wicking on inside

0.004

Full repellency
on both sides

0.002
0

(a)

Untreated fabric (wicking both sides)
Stretch-woven commercial outerwear

(b)

Expanded porous
PTFE membrane

0

50

100

150

200
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Figure 4. (a) Test configuration for drying experiments. The water was applied to the ―body‖
side or inner face of the fabric that would be oriented to the sweating skin surface in a garment.
(b) Drying curves for differential DWR fabric treatments – note superior performance of
commercial stretch-woven fabric (Schoeller Dynamic).
CONCLUSIONS
The standard Battle Dress Uniform (BDU) fabric can be modified with very effective waterrepellent treatments. Soldiers‘ duty and combat uniforms can be made water-resistant and retain
the same air permeability and ―breathability‖ properties as the untreated wicking fabric.
Following a separate field trial using combat uniforms with and without a DWR treatment, it was
found that these treatments decreased the comfort of the uniform in hot environments. The
differences between the comfort of the control uniform and those treated with the DWR
treatments are probably not due to intrinsic differences in the air permeability or the water vapor
diffusion resistance (breathability) of the fabric. It is more likely that the non-wicking behavior
of the fabric was responsible for perceived comfort differences, per comments from the field trial,
and by analysis of wicking/comfort properties contained in this report. Some of the DWR
treatments are available as coatings on just one side of the fabric. The outer layer of the fabric
can be made water-repellent, while the inner surface retains its wicking characteristics. Based on
comments from the field trial, and modeling results, such asymmetric treatments would improve
the comfort of DWR treatments on military duty uniforms as compared to full water-repellency
on both sides of the fabric.
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INTRODUCTION
Foundation garment is one of lingerie for body shaping such as corsets, girdles and waisternippers. Women show high interests in the functional role of the foundation garments to shape
the body more ideal by redistributing the body fat now. However, at the same time people often
complain against the uncomfortable feeling caused by the excessive negative pressure generated
by the foundation garments. Many studies have demonstrated that the pressure has negative
physiological effects on the body [1-3], we also give a complete research between clothing
pressure and physiological variables[4].
On the other hand, Subjective assessment is also very important for the assessment of clothing
comfort, which is a complex synthesis of many kinds of psychological and physiological
response, many studied have focused on the subjective wearing sensation[5-7].But the subjective
pressure sensation of foundation garment has not yet been clarified, therefore we developed a
wearing experimental procedure and investigated the relationship between the overall subjective
pressure sensation and different positions pressure sensation using factor analysis. This can give
a suggestion for the design of these garments, such as the position of strong whale bone.
METHODS
Test samples and sizes
Some test sample was supported by the Beijing Aimer Lingerie Co., Ltd., there are eight corsets
and eight girdles sample all together for the experimental, and all the foundation garment have
different structures and more than 3 sizes, they are shown as Figure 1. The size and materials
used for foundation garment are shown in Table 1.
Subjects
The subjects of this study were 18 healthy female graduates within the age range of 21-26 years
old. They are all about 161cm with the standard deviation 4.17 chosen among 300 students. We
sifted 42 female graduates at first and took their body measurements through 3d body scanner,
and 15 students were finally invited as experiment samples for their body measurements and
wearing habit. Details of physical consititutions are given in Table 2, which were gotten
respectively by the Martin instruments only with non-elasticity underwear and nude upper body.
Experimental method
The experiments were conduced in an artificial climate chamber where the temperature was
controlled at 27±1.4℃ and the relative humidity at 32±2%. To minimize the effects of menstrual
cycles and circadian rhythm, the experiment was carried out during the early follicular phase of
each woman, and several garments were tested at the same time for each woman on each day.
In the experiment, we selected suited size clothing to the subjects according to their body
measurements. Each subject entered the chamber 30 minutes or more so that she could become
accustomed to the experimental environment. We asked subjects about pressure sensation at 15
positions on the torso and the shaping effect at several parts. The pressure sensation and the
shaping effect are evaluated from -2-2 five-grade psychological scale, as shown in Figure 2.
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Fig. 1 Structures of the foundation garment
Table 1 Size and Material Used for Garment
Sample
ID
A

Knitted tructure

Main fabric content (%)

Power-net

Ny84% U 16%

B

Tricot

Ny58% U 23% C19%

C

Tricot

D

Power-net

Garment size
70C 75B 80B

Sample
ID
E

Knitted
tructure
Power-net

Main fabric content
(%)
P40% Ny48% U12%

Garment size
70B 75B 80B 80C

75B 75C 80B 85B

F

Tricot

Ny86% U 14%

70B 75B 80C

Ny87% U 13%

75B 75C 80B 85B

G

Power-net

Ny83% U 17%

70B 75B 80C

Ny10% U10%

70B 75B 80B 80C

H

Tricot

Ny90% U 10%

70B 75B 80C

U: polyurethane，Ny: polyamide，C: cotton P: polyester

Table 2 Physical Constitutions of Subjects

Bust girth
Underbust girth
Waist girth
Abdomen girth
Hip girth
Height
body weight
BMI*

Min
81.50
69.60
64.50
75.10
86.10
154.90
47.75
18.72

Max
96.70
81.00
84.50
94.70
109.30
171.00
73.30
27.29

Mean
85.99
74.63
71.23
83.80
94.89
161.30
56.16
21.56

Std.
4.57
3.04
4.96
5.02
5.89
4.17
6.64
2.18

Fig. 2 Psychological scale for pressure sensation and shaping effect evaluation

RESULTS
Pressure sensation evaluation and shape beauty assessment with the time

66

Proceedings of the 13th International Conference on Environmental Ergonomics, Boston (USA), August 2-7, 2009

1-Under bust area
2-Outer bust area
3-Wire pressure
4-Underarm（side）
5-Back
6-Strap
7-Stomach circumference
8-Waist circumference
9-Abdomen circumference
10-Hip point
11-Under hip point
12-Upper thigh
circumference
13-Leg circumference
Fig. 2 the position of pressure sensation evaluation

In the subjective experimental, we designed an experimental for the pressure sensation and shape
beauty evaluation from short time and long time conditions. The position of subject evaluation
was 13 parts on the body shown as Fig. 2.Each subject entered the chamber 30 minutes or more
before the start of the experimental so that she could become accustomed to the environment,
and then take on the experimental foundation garment. The short time evaluation was tested after
taking clothing 30 minutes, and the long time evaluation was tested after 4 hours, the subjects
can leave chamber during the long time test and back again at the fixed time.
The pressure sensation evaluation was changed with time during the experimental, as shown in
Fig. 3. In the short time test, the pressure sensation evaluations were most in the -2-0, because
we selected suited size to the subjects, the foundation garment inevitably give negative pressure
to the body, but at the back, under hip point, and leg circumference positions, the pressure
sensation is small. After subjects with the clothing after 4 hours, we found most pressure
evaluations were lower, because they were accustomed to the negative pressure at most parts of
the body, especially at the bust area, most female feel little pressure because they feel bra
pressure in the daily life. But at the stomach circumference, subjects felt more strong pressure
than in short time test. At the leg circumference of girdle, subjects felt loose after a long time.
The shape beauty assessments were also surveyed in the experimental. The beauty assessments
of most parts were changed during the long time test, but the waist, abdomen and hip shape
evaluation was lower than during short time test, because subjects accustomed to the pressure
and elasticity of clothing material will release a little ease.
The analysis between the whole pressure sensation and the body parts of corsets
We designed an experimental for investigating the whole pressure sensation and the body parts.
The whole subjective pressure sensation and 15 parts of the body with different corsets were
asked. We obtained factor matrices using KMO& Bartlett‘s Test and principal factor solutions,
which constitute the proportion of the test variance ascribed to the action of the common factors.
Using factor analysis, three factors were extracted from fifteen components. After rotating the
factor axes the structure of the test relations was more clearly indicated. The results of factor
matrices rotated by the Varimax method are shown in Tab.3, the three factors obtained were
sufficient to describe the data. The side waist, front waist, back waist, side area at the bust line
(below the armpits), side area at stomach circumference could be explained by common factor
(FactorⅠ), named the Factor of pressure sensation at waist position. the Factor Ⅱ named the
Factor of pressure sensation at bustwire and back position is constituted by the outer bust, side
bust, middle position between bust points, wire pressure, and back. The Factor Ⅲ named the
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beauty
assessment
long time
beauty
assessment

the upper void of cup
strap in the skin

Waist circumference
Underarm pressure
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waist shape beauty

hip point

abdomen shape beauty

under hip point
upper thigh circumference

hip push up

leg circumference

tight sensation at leg

Fig. 3 the pressure sensation assessment
changed with time

Fig. 4 the beauty assessment changed with time

Factor of pressure sensation at near waist position is constituted by the outer bust, side bust,
middle position between bust points, wire pressure, and back.
Tab.4 shows the correlation coefficients between the Whole pressure sensation and the parts of
the body, we find that the Whole pressure sensation has significant correlation with FactorⅠand
Factor Ⅲ. So we concluded that the whole pressure sensation has a significant correlation with
the pressure at waist position and near waist position. Liner regression analysis showed that
variables for the pressure sensation at waist position (X1) and the pressure sensation at near waist
position (X3) are good predictors for the whole pressure sensation assessment (Y). Regression
equation is Y= -0.807+0.499 X1+ 0.187X3.
Table 3 Rotated Component Matrix
Component
1

2

3

Side waist(at waistline)

.904

.097

.360

Front waist

.840

.283

.407

Back waist

.834

.130

.459

Side area at the bust line (below the armpits)

.755

.580

-.115

Side area at stomach circumference

.658

.152

.578

Outer bust

.108

.912

-.010

Side bust

.301

.904

-8.747E-05

Middle area between bust points

.099

.877

.316

Wire pressure

.124

.875

.302

Back

.319

.629

.459

Front area at abdomen circumference

.100

-.034

.924

Back area at stomach circumference

.500

.319

.708

Front area at stomach circumference

.525

.281

.696

Side area at abdomen circumference

.515

.202

.690

Back area at abdomen circumference

.464

.361

.690

CONCLUSIONS
In this study, the whole wearing comfort of pressure sensation and different parts of body were
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researched, the main conclusion shown as follows:
1. The wearing pressure sensation and the beauty assessment can be changed with time.
2. The whole wearing comfort of pressure sensation has a significant correlation with the 15
parts of the body pressure sensation.
3. The 15 parts of the body pressure sensation can be described by three factors, they are the
Factor of pressure sensation at waist position (Factor 1), the Factor of pressure sensation at
bustwire and back position (Factor 2, and the Factor of pressure sensation at near waist position
(Factor 3).
4. From the correlation coefficients and step regression analysis, we can conclude the whole
wearing comfort of pressure sensation has a significant correlation with two factors of the three,
we can give the Regression equation is Y= -0.807+0.499 X1+ 0.187X3. This showed that the
whole pressure sensation assessment (Y) has significant correlation with variables for the
pressure sensation at waist position (X1) and the pressure sensation at near waist position (X3).
This can give suggestions for the design of garments, such as the position of strong whale bone.
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INTRODUCTION
A considerable amount of work has been done on thermal and moisture transfer through
multilayer clothing combination using a temperature and water-vapor gradient, and the effect of
condensation has also been analysed in different studies. These studies claimed that water vapor
transmission is assisted by temperature due to the interaction occurring between heat and water
vapor transport through clothing systems. Moreover, the assessment of water vapor transport
through hydrophilic polymers is highly influenced by the test conditions [1] .It was found that,
in non-isothermal test, the clothing systems incorporating hydrophilic polymers, especially
those being determined as low transmission rates in the isothermal tests, are improved to
greater amounts than those incorporating micro porous polymers [2] . Some experimental
results further point out that the water vapor transfer rate of porous polyurethane laminated
fabric was greater under isothermal conditions whilst the water vapor transfer rate of
hydrophilic laminated fabrics was greater under non-isothermal conditions, especially when a
fabric contains more condensation [3]. However, with the use of hot plate and sweating arm
system, an EMPA study showed the hydrophilicity and condensation have little effect on
effective water vapor resistance of multilayer textile combination in 20℃ but become larger
with decreasing outside temperature [4].
To investigate if the difference between the microstructure of PTFE and the hydrophilicity of
PU affects the comfort properties of leisure wearing especially in mild and cool temperature, a
series of tests to analyse the parameters of comfort properties were conducted.
METHODS
In this study, water vapor resistance testing (Ret), EMPA sweating torso wearing trial
simulation, and subjective wearing trials were carried out. Ret test based on ISO 11092 [5] was
measured by hotplate system P156SGHP8-2 manufactured by MTNW Inc.. Normally, the Ret
of breathable waterproof fabric is determined by the layer itself without including other layers.
In wear trial, breathable waterproof outwear will be evaluated together with underwears for
thermal comfort reason. Table 1 lists the summary specification of clothing material for the
study.

Code
A
B
C
D

Table 1. Clothing materials.
Sample description
100% 75D Polyester interlock wicking enhanced underwear
100% 75D/144F*75D/36F Polyester wicking enhanced and one side brush
fleece thermal wear
3-layered breathable waterproof outwear with PTFE membrane
3-layered breathable waterproof outwear with hydrophilic PU membrane
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During EMPA Sweating Torso simulation, 2 pieces and 3 pieces garments were selected for the
experiments under the climate condition of 25℃/ 80% R.H. and 10℃/ 50% R.H. respectively.
They are described in Table 2. The difference between the two clothing systems is that there
was a fleece thermal wear added in the middle of the clothing system at the temperature of
10℃.
Table 2. Clothing systems at the temperature of 25°C and 10℃.
No.
25°C condition
10°C condition
1
A+C
A+B+C
2
A+D
A+B+D
In Sweating Torso wearing test, temperature variation of the Torso surface and weight variation
of fabric which was put on the Torso surface can be determined through three phases of
protocols. Phase one is the acclimation phase which proceeded at a constant surface
temperature of 35°C without sweating for 60 minutes to facilitate Torso to an equilibrium state.
Phase two is activity phase simulating a human in metabolism 500W and sweat rate 400 ml/hr.
Phase three is regarded as the recovering phase simulating a human in metabolism of 100W
without sweating. The temperature variation in the sweating phase was used to demonstrate the
efficiency of the heat loss caused by water vapor penetrating clothing system. The fabric weight
course in this phase also illustrate the residual sweat water in the sample combination which
could not evaporate. In general, the amount of residual moisture in the sample should be as low
as possible, in order to avoid after-cooling effect in recovery phase.
For the purpose of confirming the experiment of Torso laboratory test, a subjective wearing
trial at 10°C condition also was conducted. Six healthy male volunteers wore the same clothing
system as that put on Torso at 10°C condition, and participated in the experiment. Each
volunteer in either PTFE outwear with thermal fleece middle layer and polyester underwear,
expressed as (A+B+C), or hydrophilic PU outwear with same middle and under wears,
expressed as (A+B+D) clothing system, performed the same test protocol where there were
involved in 15 minutes of acclimation (phase one), 60 minutes of 5 km/h walking (phase two)
and 20 minutes return to original state (phase three). Volunteers dressed in the same shoes and
trousers for both tests. Skin temperatures on 7 body parts and micro climate between underwear
and thermal liner on 3 locations were continuously recorded by MSR 145 data logger
(www.msr.ch) during the test protocol. The weights of clothing at the beginning and in the end
of the protocol were also scaled to analyse condensation. The test subjects were also inquired at
every 10 minutes during the protocol to rate the subjective wearing comfort.
RESULTS
Table 3. The result of Ret and Torso wear trial.
Samples Ret(m Pa/W)
C
5.4
ISO 11092 Ret test (35°C, 40%)
D
9.5
Samples T10(°C)
T60(°C) Residual Wt. (g) Drying time 25°C, 80% Torso test
(min.)
A+C
-0.31
-0.58
17.4
14
A+D
-0.20
-0.76
14.3
13
2
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A+B+C
A+B+D

-0.83
-0.82

-2.58
-3.10

29.6
27.7

32
32

10°C, 50% Torso test

Note1: T10, T60: the Torso surface temperature drop at the 10th and 60th minute respectively during the
activity phase (Phase two)
Note2: Residual weight: the weight increase of clothing layers on the Torso at the end of activity phase
(Phase two) .
Note3: Drying time in recovery phase (Phase three): the time when the total weight of Torso and
clothing put on, returns to the value of the acclimation phase.

Table 3 displays the test result of Ret and Torso wear trial in which the Ret value of the PTFElaminated fabric (C) is lower than that of the hydrophilic PU-laminated fabric (D). The result
shows the PTFE-laminated fabric seems to have better water vapor permeability than the
hydrophilic PU-laminated fabric.
With regard to the Torso experiment, the temperature decreased about 0.31℃ for (A+C)
clothing system, which is higher than that of (A+D) clothing system at the 10th minute in the
activity phase, but at the end of the experiment, (A+C) combination dropped to 0.58℃, which
is slightly lower than 0.76℃ of (A+D) clothing combination. Moreover, (A+D) clothing system
evaporated about 85% of the released sweat water amount, which is somewhat similar to that of
(A+C) clothing system (83%). In the recovery phase, the drying time of (A+C) clothing system
was 14 minutes, which makes no much difference to (A+D) clothing system (13 minutes). In
terms of the result at the climate of 10°C /50%R.H., it seems to have the same tendency as that
of 25°C/80%R.H., the temperature drop of (A+B+C) clothing system was 2.58℃ , which is
lower than 3.10℃ of (A+B+D) combination at the end of the activity phase. The weight of
(A+B+C) clothing system increased by 29.6 g, which is more than that of (A+B+D) clothing
system (27.7g). However, both (A+B+C) and (A+B+D) clothing systems had the same drying
time (32 minutes). Therefore, the finding suggests that the outer wear D, which is hydrophiliclaminated fabric, appeared to have a more efficient evaporative cooling and lower residual
water content at the end of the activity phase. It is thought that the better water vapor transport
mechanism occurred under non-isothermal condition for hydrophilic laminated fabrics [2].
Mean value of skin temperature of 7 locations and 6 volunteer

Mean value of the Skin humidity (6 location)

32.00
90.00

31.50

time in min.

time (min)

Figure 1. The mean value of skin temperature and humidity.
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Figure 2. The mean value of microclimate temperature and humidity.
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Figure 3. The result of clothing condensation and subjective comfort feeling.
Figures 1, 2, and 3 display the results of subjective wearing trail respectively. Figure 1 and
Figure 2 show that (A+B+C) clothing system had a slightly lower relative humidity on the skin
and in the micro climate. In terms of skin temperature, (A+B+C) clothing system in walking
phase also was a bit lower than (A+B+D) one. However, there is only a marginal difference on
4 locations (shoulder humidity, lower arm humidity, clavicle microclimate temperature and
spine microclimate humidity) for (A+B+C) clothing system. Figure 3 shows the condensation
weights of different layers at the end of the scenario and subjective comfort feeling during the
scenario. The (A+B+C) system seemed to bring slightly more condensation effect and a little
bit better comfort feeling than the (A+B+D) clothing system. Nevertheless, the difference of the
both observations was not very significant due to the enormous variations of the sweating rate
among test subjects. This might suggest that the wear comfort with PTFE outwear made no
much difference from that with hydrophilic PU outwear when they had the same middle and
under wears. In terms of the subjective comfort feeling test, the thermal perception seems to be
a dominant factor. The (A+B+D) clothing system had a better comfort feeling while the
ensemble garments showed a higher skin temperature. Sample (A+B+C) has a better water
vapour permeation and the evaporation cooling is stronger in phase 3. As more residual water is
evaporating in the rest phase as colder is the temperature perception. Sample (A+B+D) has
lower water vapour permeation will cool not so strong and the volunteers feels slightly warmer.
Therefore, even though hydrophilic PU outwear (D) had a poorer breathable property, it
demonstrated a better comfort feeling.
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CONCLUSIONS
In this study, three kinds of experiments, Ret, EMPA Sweating Torso, and subjective wear trials,
were conducted to characterize the comfort properties of PTFE laminated and hydrophilic PU
laminated fabrics and garments. The results of water vapor resistance, so called Ret, revealed
that the PTFE laminated outwear had better water vapor permeability than that of hydrophilic
PU laminated outwear. In the non-isothermal state, the hydrophilic PU laminated outwear was
found to have a slightly better sweat management than that of PTFE laminated outwear. The
phenomenon could be attributed to the fact that the hydrophilic PU membrane tended to have a
better liquid water transport to outwear from the underwear than the PTFE membrane. However,
in subjective wear trial, both PTFE and Hydrophilic PU samples exhibited similar thermal
comfort and no significant difference was observed. The PTFE laminated outwear seemed to
have a better water vapor permeability, leading to a lower skin temperature and relative
humidity in the microclimate. This might be due to the fact that some air trapped in the wearing
condition which hindered the water to move and spread among the layers of the garments
except the shoulder. As the temperature perception tended to dominate the subjective comfort
feeling in the test, the test subjects in the hydrophilic PU laminated outwear felt more
comfortable due to a higher skin temperature.
ACKNOWLEDGEMENT
The authors would like to acknowledge the financial support provided for this study by the
Department of Industrial Technology, Ministry of Economic Affairs of the R.O.C. Government.
REFERENCES
[1].

A. Mukhopadhyay, V.K. Midha, A Review on Designing the Waterproof Breathable fabrics Part I:
Fundamental Principles and Designing Aspects of Breathable, J. of Industrial Textile 37(3)225-262(2008)
[2].
J.C. Gretton, D.B. Brook, H.M. Dyson, S.C. Harlock, Moisture Vapor Transport Through Water proof
Breathable Fabrics and Clothing Systems Under a Temperature Gradient, Textile Res. J. 68(12), 936-941(1998)
[3].
Y.J. Ren, J.E. Ruckman Water Vapor Transfer in Wet Waterproof Breathable Fabrics, Journal of Industrial
Textile 32(3), 165-175(2004)
[4].
R.M. Rossi, R. Gross, H. May, Water Vapor Transfer and Condensation Effects in Multilayer Textile
Combinations, Textile Res. J. 74(1), 1-6(2004)
[5].
ISO 11092, Textiles-Physiological Effects-Measurement of Thermal and Water-Vapour Resistance under
Steady-State Conditions (Sweating Guarded-Hotplate Test), International Organization for Standardization
(1993).

74

Proceedings of the 13th International Conference on Environmental Ergonomics, Boston (USA), August 2-7, 2009

THERMAL, CARDIOVASCULAR, PERFORMANCE, &
ANTHROPOMORPHIC EVALUATION OF THE AMERICAN FOOTBALL
UNIFORM
Lawrence E. Armstrong, Evan C. Johnson, Douglas J. Casa, Matthew S. Ganio, Brendon
McDermott., Linda Yamamoto, Rebecca M. Lopez, Holly Emmanuel
University of Connecticut, Dept. of Kinesiology, Human Performance Laboratory
Storrs, CT 06269-1110
Contact person: lawrence.armstrong@uconn.edu
INTRODUCTION
Military,1 occupational,2 and athletic uniforms increase the risk of exertional heat exhaustion and
heatstroke.3 Specifically, the protective equipment and clothing worn during an American
Football (AF) contest establishes a microclimate above the skin surface that reduces heat
dissipation to the environment via radiation, convection and evaporation.4 The helmet and pads,
for example, cover approximately 50 per cent of the skin surface area whereas other clothing
covers an additional 20 per cent. Although 20 exertional heatstroke deaths occurred among high
school and collegiate athletes in the United States between 2000 – 2007,5 few investigations have
evaluated the AF uniform systematically in exercising humans. This, coupled with improvements
of uniform synthetic materials, leaves us knowing little about the physiological and performance
effects of wearing today‘s uniform. 6,7 Indeed, only two laboratory studies 6,8 provide
information about this matter. But, because exercise intensity was not controlled in these studies,
the comparison of different uniforms is difficult. Therefore, the purpose of the present
investigation was to evaluate the differential effects of two uniform configurations (versus
control clothing) on physiological responses and exercise performance in a hot environment.
METHODS
This study was approved by the university Institutional Review Board for Human Studies. All
subjects gave written informed consent at the conclusion of a briefing which described the
procedures, risks and benefits of participation. Subjects could withdraw from testing at any time
without repercussion or bias. Healthy male test subjects had > 3 y previous high school or
college AF experience as a lineman, and were not highly trained, heat acclimatized, or
competing in AF at the time of this investigation. Their personal characteristics were: age, 23.8 +
4.3 y; body mass, 117.41 + 12.59 kg; height, 183.9 + 6.3 cm; body fat, 30.1 + 5.5 %; skin surface
area, 2.4 + 0.10 m2; mass-to-surface area ratio, 48.4 + 2.3 kg·m-2.
Familiarization Session. Subjects visited the Human Performance Laboratory at least 3
days prior to their first experimental test day. This preliminary visit required about 1 hour, during
which height, weight, and age were recorded. Subjects received instructions regarding safe box
lifting techniques and practiced these movements. They then completed 5 min of repetitive box
lifting (RBL), 5 min of seated recovery, and 10 min of treadmill walking, while wearing all
instruments that would be worn during experiments. No blood was collected on this day.
Experimental Protocol. The clothing and equipment items worn during the three
experimental conditions included one of the following: control clothing (CON; compression
shorts, athletic shorts, socks, sneakers), a partial AF uniform (PART; compression shorts, socks,
sneakers, gloves, t-shirt, game jersey, game pants, knee pads, and thigh pads), a full AF uniform
(FULL; compression shorts, socks, sneakers, gloves, t-shirt, game jersey, game pants, knee pads,
thigh pads, helmet, and shoulder pads). Three to seven days elapsed between experiments.
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Subjects performed only light exercise during the 24 hours prior to experiments. Subjects were
paid for the preliminary laboratory visit, each experiment, and received a monetary bonus if they
completed all visits successfully.
A 24-hour food and fluid diary was kept prior to the first experimental test session, and
this diet (including fluids) was replicated on the day before the subsequent two experiments. On
the morning of each experiment, subjects did not eat until they consumed a controlled meal, then
relaxed and stretched for 1 hour after eating. To aid in achieving euhydration, participants
consumed 592 ml (20 oz) of water prior to going to bed the night before testing, as well as 592
ml of water on the morning of testing. Subjects did not participate if they were dehydrated (urine
specific gravity > 1.028) or had a fever (first rectal temperature [Tre] reading > 37.8°C). Before
each test session, body weight was measured on a digital scale (+ 50 g). Heart rate and Tre were
monitored every 5 min during exercise, to ensure test subject safety.
The exercise protocol consisted of 10 min of repetitive box lifting (RBL), 10 min of
seated recovery, followed by up to 60 min of treadmill walking. RBL consisted of lifting a 20.4
kg (45 lb) metal box with handles; the rate of box lifting (10 lifts·min-1) was identical in all
experiments. Finally, subjects walked briskly on a treadmill (5.6 km·h-1, 5% grade) until either
60 min or one of the following termination criteria was reached: signs and symptoms of heat
illness appeared; or subjects elected to stop volitionally when exhausted; or Tre rose to 40°C or
higher. Subjects consumed no fluid during laboratory experiments.
A 7-ml blood sample was drawn prior to exercise from an antecubital vein by a trained
phlebotomist, using sterile technique. Another 7-ml blood sample was drawn when exercise
stopped. Blood was analyzed for hematocrit in triplicate, hemoglobin in duplicate, blood glucose
and lactate in duplicate, and plasma osmolality in duplicate.
The following measurements were taken before, during and at the end of exercise: blood
pressure (BP) using an aneroid sphygmomanometer and stethoscope; Tre via rectal thermister;
forearm and posterior neck skin temperature with an infrared temperature scanner placed against
the skin; and heart rate via telemetry. Relative humidity inside the uniform was measured with a
hand-held meter, by placing the wand sensor under the jersey and t-shirt of the exercising
individual, in the lumbar region, without making contact with the skin.
Statistical Analyses. Treatment effects were evaluated using a randomized, cross-over
design. Data were analyzed using a two-way repeated measures (uniform x time) analysis of
variance (ANOVA) and are reported as mean + standard deviation (SD). A Bonferroni correction
with post-hoc t-tests were used to determine pair-wise differences among uniform type and time.
In the event of significant F values (p<.05), post hoc analysis was done via the Neuman-Keuls
test. The magnitude of the effect size was calculated. Also, to evaluate relationships between key
outcome variables and subject characteristics, linear regression analysis was performed.
RESULTS
The present investigation was the first to evaluate different AF uniform configurations in a hot
environment within a controlled, randomized, counter-balanced experimental design (n = 10).
The environmental conditions during all laboratory experiments were similar (33.0°C, 4849 %rh). The entering body weight and urine specific gravity of test subjects were statistically
similar across days, indicating that they began all experiments in a similar state of hydration.
The relative humidity (%rh) near the skin surface varied among the three clothing
conditions. The mean value for CON was 47 + 4 %rh throughout the entire experiment; the
values for PART ranged from 75 + 9 to 89 + 4 %rh; and FULL ranged from 69 + 11 to 90 +
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5 %rh. CON was significantly different (p<.000001) from PART and FULL at all time
points; %rh for PART and FULL were statistically similar.
Although all subjects completed at least 15 min of treadmill exercise, a different number
of subjects completed exercise in each experimental condition (i.e., 60 min treadmill walking,
after 10 min RBL and 10 min seated recovery). Seven subjects completed the entire 80-min
protocol during CON, three during PART, but only one completed FULL. During 19 out of 30
experiments, test subjects halted their own exercise due to volitional exhaustion.
Figure 1 (below) presents time to exhaustion for CON, PART and FULL.

A main effect of uniform type on skin temperature was detected at the end of treadmill
exercise. On the back of the neck, FULL (35.6 + 1.0°C) was greater (p<.001) than CON (34.5 +
1.1°C), and PART (35.3 + 1.0°C) was greater (p<.05) than CON. On the forearm, the skin
temperature for FULL (35.2 + 0.6°C) was greater (p<.05) than CON (34.5 + 1.0°C).
Mean whole body sweat rate (pre-exercise versus post-exercise) was lowest during CON
(1.24 + 0.16 L·h-1); this value was different (p<.001 to .0001) from PART (1.86 + 0.25 L·h-1) and
FULL (2.05 + 0.34 L·h-1), but PART and FULL were statistically similar. The total sweat losses
during experiments, expressed as a percentage of body weight, were minor (CON, -1.0%; PART,
-2.0%; FULL, -2.0%).
The final heart rate was measured at the point of exhaustion, at a different exercise
duration for each uniform condition, and at near-maximal heart rates; final heart rate for CON
(164 + 14 beats·min-1) was less (p<.025) than during PART (178 + 8 beats·min-1; d = 0.92) and
FULL (180 + 13 beats·min-1; d = 1.41); PART and FULL were not different at any time point.
Systolic and diastolic blood pressures (n = 9) for three phases of the experimental
protocol indicated a main effect of time (p=.0002 to .0007), in comparisons of Pre-RBL versus
IP RBL (effect size d = 0.37 to 0.98) as well as Pre-RBL versus IP Treadmill Walking (d = 1.33
to 1.41). A main effect of time (p=.0001 to .0002) was detected for systolic blood pressure, when
IP-RBL was compared to IP Treadmill Walking (d = 1.38). Although the blood pressure
comparisons among clothing types were statistically similar at all time points, a between-uniform
trend (main effect, p=.09) was detected for systolic pressure.
Hematologic variables were analyzed in samples collected before RBL and immediately
after the end of treadmill walking. No between-uniform differences were found for plasma
lactate, glucose, osmolality, or percent change of plasma volume.
Subjects began RBL with similar Tre: CON, 37.2 + 0.1°C; PART, 37.2 + 0.1°C; FULL,
37.2 + 0.1°C. At the end of treadmill exercise, subjects experienced similar elevated final Tre
when wearing a uniform (PART, 39.2 + 0.6°C; FULL, 39.2 + 0.5°C). Final Tre was lower
(p<.05) for CON (38.8 + 0.5°C) than for PART (d = 0.86) and FULL (d = 1.04). Thus, elevated
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Tre coincided with earlier exhaustion in FULL and PART (versus CON). However, because the
starting Tre was similar in all conditions, linear regression analysis showed that the initial Tre
(pre-RBL) was not correlated with total exercise time for the CON, PART and FULL conditions
(R2 = 0.01 to 0.02, p=.68 to 0.78).
Table 1 (below) presents data regarding the change of Tre and the rate of Tre increase; the
duration of total heat exposure was different for each uniform type (see Fig. 1).
Trial

Mean rectal
Mean rectal temperature rise
Mean rectal temperature
-1
temperature
(°C·min ) during the entire
rise (°C·min-1)
increase (°C)
experiment (rest + exercise)
during treadmill exercise
CON
1.81 + 0.40
0.026 + 0.008
0.037 + 0.015
PART
2.36 + 0.24
0.034 + 0.006 ‡
0.052 + 0.012
FULL
2.37 + 0.45
0.042 + 0.010 †
0.071 + 0.032 †
†, significantly greater than CON and PART (P<.05 to .0005; d=0.79 to 1.10);
‡, significantly greater than CON (P<.0005 to .05; d=1.13 to 1.77).

Figures 2 and 3 (above) illustrate the results of two linear regression analyses (n = 10).
These relationships involve (a) Tre increase (°C; entire exercise-heat protocol) versus lean body
mass (LBM) while wearing FULL (solid squares), PART (solid circles), and CON (open circles);
and (b) total fat mass (kg), measured via DEXA scan, versus treadmill exercise time. The former
variables (Fig. 2) were strongly positively correlated during FULL (R2 = 0.71, p<.005),
indicating that the Tre (°C) increased in proportion to lean body mass (kg), but not during PART
(R2 = 0.25, p=.15) or CON (R2 = 0.01, p=.95). The latter variables (Fig. 3) were strongly and
negatively correlated (n = 10) during CON (R2 = -0.90, p<.00005) and PART (R2 = -0.69,
p<.005) but not during FULL (R2 = -0.36, p>.05).
CONCLUSIONS
1. Only one subject completed the entire prescribed 60-min of brisk treadmill walking during
FULL; in comparison, three subjects completed PART and seven completed CON.
2. a) Exhaustion occurred during FULL and PART at the same mean final Tre (39.2°C),
although subjects exercised for different durations (FULL, 36.2 ± 13.2; PART, 43.0 ± 15.6;
CON, 51.7 ± 13.4 min). These data support the existence of a critical internal temperature as
a possible mechanism for exhaustion.
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4.
5.

6.

b) The mean final heart rates also were similar during FULL (180 + 13 beats·min-1) and
PART (178 + 8 beats·min-1), but both were significantly greater than (p < .05) than CON
(164 + 14 beats·min-1; d = 0.92, 1.41, respectively).
c) Both systolic and diastolic hypotension developed throughout exercise (all clothing
conditions, main effect of time).
d) Thus, critical internal temperature, near-maximal heart rate, and hypotension existed
concurrently with exhaustion during uncompensable (FULL) or nearly-uncompensable
(PART) heat stress.
Mean sweat rate and heart rate during CON were significantly different from both PART and
FULL (p<.05 to .0005; effect size d=0.42 to 1.41, respectively); no treatment differences
were detected for blood lactate, glucose, osmolality, and plasma volume change.
FULL (versus PART) resulted in a faster rate of Tre increase (p<.0005, d=0.79), decreased
treadmill exercise time (p<.005, d=0.48), and fewer completed exercise bouts.
A significant correlation coefficient existed between (a) Tre increase and lean body mass
during FULL (R2=0.71, p<.005), and between (b) treadmill exercise time versus total fat
mass (kg) during both CON (R2= - 0.90, p=.00005) and PART (R2= - 0.69, p=.005).
These findings support sports medicine guidelines 4,9 that limit use of a helmet and shoulder
pads during the initial days of heat exposure, to reduce the risk of exertional heat illness.
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INTRODUCTION
Australian soldiers typically wear a 100% cotton t-shirt underneath their disruptive pattern
combat uniform (DPCU). When working in hot environments it has been questioned whether
removing the t-shirt would improve a soldier‘s heat loss capacity. Furthermore, in recent years
there has been an emergence of tight-fitting polyester t-shirts and manufacturers claim that these
garments will cool the body by wicking sweat away from the skin. Wickwire et al [1] found
wearing a tight-fitting synthetic t-shirt, under protective body armour, had no effect on body heat
loss. This is not surprising, as no evaporative heat loss can occur through the body armour. If,
however, a polyester t-shirt is combined with a more permeable over-garment (i.e. combat
uniform) a greater cooling effect may be possible. Therefore, the aim of this study was to
determine whether i) wearing a t-shirt underneath DPCU reduces body heat loss and ii) wearing
a tight-fitting polyester t-shirt improves body heat loss.
METHODS
Nine healthy, fit males (age 23.3±2.55 yrs; height 1.84±0.07 m; 81.9±7.21 kg) volunteered to
participate in a treadmill-based test in 34.2 ±0.5ºC and 62.3 ±3.1% RH. Following 10 min of
baseline data collection, participants completed a walk-run protocol (walk: 6 km.hr-1 for 2 min;
run: 10 km.hr-1 for 4 min) for 40 min. Participants completed three trials, wearing a different
clothing configuration in each trial. For all trials, participants wore their own runners and socks,
a pair of tight-fitting polyester shorts and a set of DPCU trousers and long-sleeve shirt (75%
cotton, 25% polyester). In addition, they either wore a tight-fitting polyester t-shirt (PS), a 100%
cotton t-shirt (TS), or no t-shirt (NS) under their long-sleeve DPCU shirt. The order of t-shirt
worn was balanced across participants.
Trials were conducted at the same time of the day and volunteers were fully hydrated (USG
<1.020). Body core temperature (Tc) was measured using the telemetric pill. Skin temperature
(Tsk) was measured at six sites and heart rate (HR) was measured continuously. Psychophysical
measures included: rating of perceived exertion (RPE); thermal comfort (TC); thermal sensation
(TS); skin wettedness (SW) and clothing comfort (CC). A two-factor (t-shirt and time) design,
repeated measures ANOVA was used for within-subject comparisons. Data is presented as
means (± standard deviation).
RESULTS AND DISCUSSION
At the commencement of exercise, after 10 min of rest in the hot-humid environment, Tc, Tsk and
HR were equivalent between trials. Tc consistently increased after 3 min of exercise until the end
of the trial under all three conditions reaching 39.17±0.34˚C, 39.11±0.43˚C and 39.18±0.38˚C
for the NS, TS and PS trials respectively. Tsk rapidly increased upon entering the chamber with a

80

Proceedings of the 13th International Conference on Environmental Ergonomics, Boston (USA), August 2-7, 2009

further smaller rise during the initial stages of exercise. The effect of the varied metabolic heat
production between the running and walking phases of the exercise protocol was evident with
corresponding fluctuations in Tsk. HR increased on entering the chamber, although the rate of
increase was much higher once exercise commenced. At the end of the 40-min exercise bout HR
was 185.4 ±13.7 beats.min-1; 187.1 ±5.4 beats.min-1; 188.2 ±8.9 beats.min-1 for NS, TS and PS
respectively. However, there were no significant differences (P>0.05) in Tc, Tsk or HR between
the three t-shirt conditions (Table 1). Considering the pronounced heat production combined
with the limited avenues for heat loss in the hot-humid environment it is not entirely surprising
that there were no observed between-trial difference for Tc and Tsk. A small difference in
evaporative heat loss induced by removing a clothing layer or an alternate textile would be
difficult to isolate in this current scenario.
Table 1: Mean physiological data during the 40-min walk: run protocol. Three
conditions were assessed: no shirt (NS), cotton t-shirt (TS) and tight-fitting polyester
t-shirt (PS).
NS
TS
PS
Tc (°C)
Tsk (°C)
HR (beats.min-1)

38.20 (±0.64)
35.77 (±0.44)
157.2 (±26.9)

38.05 (±0.70)
35.94 (±0.46)
158.1 (±26.2)

38.17 (±0.65)
35.80 (±0.47)
160.6 (±24.7)

The final rating of perceived exertion values reached a rating of somewhat hard under all
conditions. By the end of all trials, participants felt ‗warm‘ to ‗hot‘ and were ‗slightly
uncomfortable‘ to ‗uncomfortable‘ with this thermal sensation. Furthermore, skin wettedness
reached ‗wet‘ and participant‘s felt the clothing to be ‗slightly uncomfortable‘. There were no
significant differences between the three conditions for any of the psychophysical measurements
(P>0.05; Table 2).
Table 2: Psychophysiological ratings immediately prior to completion of the 40-min walk: run
protocol. Three conditions were assessed: no shirt (NS), cotton t-shirt (TS) and a tight-fitting
polyester t-shirt (PS). Five psychophysical indices: rating of perceived exertion (RPE), thermal
comfort (TC), thermal sensation (TS), skin wettedness (SW) and clothing comfort (CC).
Scale
NS
TS
PS
6 to 20 (very, very light to
12.9 (±2.4) 13.4 (±1.6) 12.1 (±2.1)
RPE
very, very hard)
1 to 5 (comfortable to
2.8 (±0.9)
2.8 (±0.9) 2.6 (±1.1)
TC
extremely uncomfortable)
1 to 13 (unbearably cold to
9.9 (±0.6)
9.8 (±0.8) 10.3 (±0.7)
TS
unbearably hot)
SW

0 to 10 (dry to dripping wet)

7.9 (±1.8)

7.7 (±1.5)

7.2 (±1.8)

CC

0 to 10 (very comfortable to
extremely uncomfortable)

5.8 (±2.7)

5.6 (±2.1)

5.3 (±2.1)
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CONCLUSIONS
In the current experimental scenario, where volunteers conducted high intensity work in a hothumid environment, the removal of the t-shirt or the substitution of the 100% cotton with the
tight-fitting polyester t-shirt did not provide any benefit to physiological or perceived strain
indices. Consequently the manufacturers‘ claims that tight-fitting polyester t-shirt can improve
thermoregulation by exacerbating heat loss cannot be substantiated.
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AND VAPOR RESISTANCE
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Abstract: In this study, ventilation of clothing microenvironment, thermal insulation and vapor
resistance of two jackets made of different materials were measured locally at front, back, side
and arm by using an articulated thermal manikin in a controlled climate chamber (29±1°C,
40±10%RH). The various conditions of microenvironment ventilation were created by making
the manikin stand and walk, combined with three wind speeds of <0.15, 0.4 and 2.0m/s
respectively. The analysis of the measurement results showed that clothing ventilation affected
vapor resistance more than it did thermal insulation. The effects of ventilation also varied
because of different ways of ventilation arising: penetration through the fabric was proven to be
the most effective way in vapor diffusion although it does not seem helpful for heat diffusion.
Keywords: clothing ventilation, heat transfer coefficient, vapor diffusion
INTRODUCTION
Clothing ventilation has been considered as a major pathway for heat and vapor transfer.
Clothing materials, body posture, movement and wind are all influential on the ventilation of the
microenvironment. Some study was carried to investigate the effect of material air permeability
on ventilation (Ueda and Havenith 2002). Many efforts were made to predicting convective heat
transfer coefficient from change of posture, movement and wind, based on the data in a reference
condition like standing with no wind. The evaporative heat transfer coefficient or permeability
index was then obtained through Lewis relation. However, the Lewis relation was proven not to
be correct for many windy conditions. Since heat diffusion is the combination of convection and
radiation, Havenith et al. tried to separate the convective and radiative heat resistance, and
proposed a new vapor permeability index based on the convective heat resistance (Havenith,
Heus et al. 1990), which was said to remain constant as the ventilation changed with movement
and wind. However, as reported, the predicted values of im were lower than actual values. Some
recent study showed that Lewis relation may not hold in low wind situation(Qian and Fan 2006).
Here, the difference of the effect of penetration through fabric on heat and vapor transfer may
need to be taken into consideration.
To investigate the effect of clothing ventilation (arising in different ways) on heat and vapor
transfer, in this study, the local ventilation of the clothing microenvironment, thermal insulation
and vapor resistance were measured by using an articulated thermal manikin. The various
conditions of microenvironment ventilation were created by choosing garments of different
materials, making the manikin stand and walk, combined with change of ambient air movement
respectively.
METHODS
Clothing ensembles
Tops: To investigate the effect of materials on ventilation, two jackets of same style but made of
different materials were used for the study. Jacket A was made of a waterproof and air
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impermeable material and jacket B was made of a normal textile material and thus air permeable.
A long sleeve T-shirt and a jean were used as underwear and bottom for the two jackets.
Measurement of clothing microenvironment ventilation
Trace gas diffusion method was used to measure the ventilation on the body surface and argon
was used as the trace gas (Lotens and Havenith 1988). A distribution tubing system was placed
underneath the T-shirt to obtain as even as possible distribution of argon over the upper body
surface, the sampling tubing system was placed similarly to the distribution one. To measure the
local ventilation, additional single sampling tubes were also placed on the torso front, back, side
and arm respectively.
Measurement of clothing thermal insulation and vapor resistance
The whole thermal insulation It and vapor resistance Re, and the local ones at torso, front, back
and arm for the two jackets were obtained by using an articulated thermal manikin, Newton
(Measurement Technology Northwest) according to ISO 9920:2007. The manikin skin
temperature was set as 35°C. The ambient temperature and relative humidity were set as 29±1ºC
and 40±10%.
Body movement and wind
To investigate the influence of movement of the body and the surrounding air, the manikin was
set into two states: standing still and walking at a speed of 45±1steps/min. A wind channel was
used to create the forward wind and the wind speed was set as 0.4, and 2.0m/s respectively.
Together with the no wind (<0.2m/s), there were three conditions of air movement.
RESULTS
In Fig. 2, where 1 through 6 denote the conditions of standing and walking without wind, in wind
of 0.4 and 2.0m/s respectively, the ventilation (VA and VB), heat transfer coefficients(htA, and htB),
and the evaporative heat transfer coefficients(heA and heB) for jackets A and B are shown. The
increases of V, ht, and he due to walking, wind and material difference are listed in Table 1.
Microenvironment ventilation V
The clothing ventilation usually arises in three ways: by permeation through fabric, by natural
convection through openings, or by the pumping or bellow effects resulting from body
movements forcing air around clothing in or out through openings such as collars, cuffs, bottoms
and other vents. Fig. 2(a) and (b) show the whole ventilation and the local ventilation at the side,
front torso, back and arm. Obviously, the ventilation at each local place is different, maybe
because of the different local air pressure fluctuations due to differences in thickness of the gap
between the manikin surface and the clothing.
When there is no wind, the manikin stands still, the ventilation is the lowest among all the
tests for the two jackets because only permeation through the fabric and natural convection take
place. Since the two jackets are of same style, there should be little difference in natural
convection through openings. Therefore, the big difference of ventilation (up to 76%) between
the two jackets must result from the different air permeability of the two materials. However, as
ventilation increases with walking and wind, this difference decreases.
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Figure 2 Ventilation, heat and evaporative heat transfer coefficients of two jackets
Table 1 Increase of V, ht, and he due to walking, wind and material difference(%)
1:Stand/no 2:Walk/no
3:Stand
4:Walk
5:Stand
6:Walk
wind
wind
/0.4m/s
/0.4m/s
/2.0m/s
/2.0m/s
∆VA
0
172.7
53.2
232.4
827.8
878.3
∆htA
0
39.3
15
53.3
100
119
∆heA
0
90.1
80.9
102.2
236.1
270.8
∆VB
0
147.7
29.2
140.8
297.2
338.8
∆htB
0
37.5
12.8
41.9
83.3
91.3
∆heB
0
56.5
37.4
78.2
131.5
146.7
(VB-VA)/VA
75.7
73.3
71.2
66.5
43.4
45.9
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(htB-htA)/ htA
(heB-heA)/heA

4.3
70.8

3
64.5

2.5
61.6

-3.3
66.9

-4.3
57.6

-9.5
56.1

For the manikin walking without wind, the ventilation increased by 173% for A and 148% for
B, confirming the strong effect of pumping. For the lower wind of 0.4m/s, ventilation for the
standing manikin increased by 53%(A) (29%, B) from the no wind condition, which was not
comparable with the increase resulting from walking at all. However, when the wind speed was
as high as 2.0m/s, the ventilation increased up to 828% for jacket A (132%, B) from the no wind
condition, and the ventilation increase due to walking was small. This indicated that the forced
convection by the high wind was the major way of ventilation while the pumping effect of
movement seemed no longer to have significant effect on ventilation. So, an interaction of these
two effects was present.
Moreover, for both jackets, the side and front ventilation of standing were obviously higher
than the respective ones of walking although the whole ventilation of standing was lower than
that of walking as expected. This could be considered that as the forward wind blowing air to the
back, the arms‘ swing may break the blowing and reduce the forced ventilation.
Heat transfer coefficient ht
As shown in Fig. 2(c) and (d), the heat transfer coefficient ht (the inverse of the total thermal
insulation It) increased as the wind speed increasing and body walking. However, compared with
the high speed wind of 2.0m/s, the effect of natural convection and pumping was less. Moreover,
values of ht shown in Fig. 2(c) were close to the respective ones in Fig. 2(d), indicating that the
different air permeability of the jacket materials had no significant effect on heat loss.
Usually, there are three ways for manikin‘s heat loss: radiation, convection and conduction.
When the manikin stands still without wind, the major way of heat loss is radiation, heat loss of
natural convection and conduction through fabric is very little. The increases of ht due to wind
15% for A and 13% for B were lower than those resulting from pumping effect. However, when
the wind speed is very high, heat diffusion due to the forced convection comes to be as much as
that of radiation because the increase was up to 132%. In addition, for two jackets, the value of
the heat transfer coefficient at front of manikin standing in the wind of 2.0m/s was higher than
that when walking in the same wind. This was consistent with the ventilation results, confirming
further that the ventilation resulting from forced convection is another major way for heat loss.
Evaporative heat transfer coefficient he
Fig. 2(e) and (f) show the evaporative heat transfer coefficient he (the inverse of the vapor
resistance). For jacket A, which was made of waterproof material and was supposed to be poor
of vapor permeability, he of the manikin standing without wind was very low because vapor
diffusion occurred only through the natural convection through openings. On the contrary, he for
jacket B under the same situation was more than three times higher, showing that vapor
penetration through fabrics in this condition played a far greater role in vapor transfer than
natural convection (Havenith, Heus et al. 1990).
For both jackets, both walking and low wind enhanced vapor diffusion to similar extent, the
increases agreed with the respective ventilation increases, proving the effect of pumping and
enhanced surrounding convection in vapor diffusion. As the wind speed increasing, the pumping
effect on vapor diffusion reduced. As shown in Table 1, the increase of he was up to 270%, far
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higher than that of ht which was up to 119% although the increase of he was not proportional to
the increase of V either.
In general, difference of he between two jackets, which was up to 71%(stand without wind),
was much greater than that of ht, which was lower than 10%. It confirmed that ventilation from
penetration through fabrics plays a main role in vapor diffusion than it does in heat loss.
Moreover, as show in Table 1, the difference of V between the two jackets under same condition
was consistent with that of he indicating that no matter how the movement and wind change the
ventilation and vapor resistance, the penetration through fabric and its effect on vapor transfer
seems to keep constant.
CONCLUSIONS
In this study, to investigate the effect of clothing ventilation on heat and vapor diffusion,
ventilation of clothing microenvironment, thermal insulation and vapor resistance were measured
on two jackets made of different materials worn on an articulated thermal manikin respectively.
It was confirmed that clothing ventilation affects more on vapor resistance than it does on
thermal insulation. Moreover, the effects of ventilation on heat and vapor diffusion varied
because of different ways of ventilation arising, penetration through fabric was proved to be the
most effective way in vapor diffusion although it seemed not helpful for heat diffusion.
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INTRODUCTION
Modern fibre and textile materials and miniaturized electronic components make the
implementation of smart garments that enhance the functionality of the ordinary clothing
possible. One of the typical smart garments used in the cold condition is the electrically heated
vest (EHV). The main functions of an EHV are heating the torso part of the human body and
helping the human torso body against the cold stresses in cold environments. The heating
elements can be metallic heating wires, graphite elements, electrically conductive rubber,
neutralized textile fabrics, positive temperature coefficient polymers or a system of water heaters
[1, 2]. However, these heating elements might limit the human activity to some extent. Recently,
a kind of new carbon polymer heating element was successfully developed and launched in the
market. The carbon polymer heating elements are slim, light and washable, and most important,
there is no limitation on the human movement.
Previous studies [3-5] have proved that the heating efficiency and heating power are the two
most important parameters that should be considered during the EHV design process. In this
article, we studied the effects of air velocity and clothing combination on the heating efficiency
in the cold environment by a thermal manikin. The temperature distribution on the EHV was
measured by an infrared thermal camera. In addition, the theoretical results were finally analyzed
and some suggestions for the usability of the EHV were finally projected.
METHODS
Clothing ensemble tested
A pair of military uniforms, knit cotton underwear, an EHV, a pair of thick polyamide stockings,
a pair of sports shoes and a pair of thick gloves was used in the tests. The details of these
garments are described in Table 1. Three clothing combinations were chosen: E+U+M, U+E+M
and U+M+E (the three codes in the clothing combination stand for an inner layer + a middle
layer + an outer layer), where EHV was worn as inner, middle, and outer layer respectively.
Six strips of the carbon polymer heating elements were applied to the front and back sacks of a
woven vest. The size of the heating element strip is 155 ×52 ×0.82 mm, and the weight is about
16 g. The total heating area accounts for about 8.5 % of the total torso surface area. The locations
of the heating elements inside the vest are shown in Fig. 1. A nine-volt power box was used as
the main power for this EHV. The heating current can be easily obtained from the Liquid Crystal
Display (LCD) on the power box.
Thermal manikin
A Swedish 17-section standing thermal manikin Tore was used in the tests. Tore is made of
plastic with a metal frame inside to support body parts and for joints [6]. It has the size of an
average Swedish male of the 1980s. Its height is 170 cm, chest and waist circumference 94 cm
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and 88 cm respectively, with total heated body area of 1.774 m2. Tore weighs 33 kg and that
makes it easy to handle. The whole thermal manikin system was placed in a climatic chamber,
where various environmental conditions can be simulated. With this manikin, the heating power
to keep constant skin surface temperature of each zone and the temperatures are controlled and
recorded continuously by the system program.
Table 1 Details of the clothing ensembles
Clothing ensemble
Descriptions
Knit underwear
(code: U)

Color: darkolivegreen
weight: 624 g
material: cotton

Color: black
weight: 514 g
material: polyester

EHV
(code: E)

Weight : 1854 g
material: Nomex®

Military uniform
(code: M)

Fig.1 The locations of the carbon polymer heating elements inside the sacks of an EHV.
Test procedures
The thermal manikin skin surface temperature was set at 34 ºC to simulate the human body in the
comfortable condition. All the tests were conducted at an air temperature of 4.5 ºC and the
relative humidity is 85 %. For the air velocity, three levels were chosen: 0.22 ±0.02 m/s, 0.44
±0.02 m/s and 0.66 ±0.02 m/s. A FLIR T200 infrared thermal camera was used to measure the
surface temperature of the EHV in the clothing ensemble.
The area weighted heat losses of the typical three-layer clothing ensemble can be directly
obtained by the test report system for the thermal manikin Tore. The heating output power for
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the EHV can be calculated by the heating voltage and current from the power box. Then the
heating efficiency of an EHV is defined as [7]

HLarea
Pk

Eq. 1

where, HLarea is the area weighted heat loss from the torso part (for thermal manikin Tore, it has
4 zones, including the chest, abdomen, back and buttocks) of the thermal manikin (W); P is the
output power of the power box (W) to the heating elements; k is the energy convert rate of the
heating element (%), for the carbon polymer heating element used in the experiment, the convert
rate is set to 90 %.
RESULTS
The torso heat losses at various air velocities and clothing combinations were directly obtained
by the manikin system program. A current of 1.45 A was observed from the power box. The
heating power of the EHV was 13. 05 W accordingly. Then the heating efficiencies of the EHV
can be easily calculated, the results are shown in Fig. 2. The statistical regression curves were
also drawn according to the final heating efficiency results.
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Fig.2 Effect of the air velocity on the torso heating efficiency.
It can be easily seen that the relationship between the air velocity and heating efficiency of
different clothing combinations is linear within the tested short air velocity interval. The
maximal heating efficiency at 0.22 m/s was much higher than the values obtained at higher air
speed, e.g. 0.44 m/s and 0.66 m/s. This can be explained by higher air velocity makes more heat
from the EHV dissipated to the environment.
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The maximum theoretical heating efficiencies of the EHV in the clothing combinations
E+U+M, U+E+M and U+M+E calculated according to above regression equations (assuming the
air velocity is 0 m/s) are 78.6 %, 64.3 % and 52.9 % respectively. It can be deduced from Fig. 3
that the EHV has the best heating efficiency when it was served as an inner layer in the threelayer clothing ensemble. As expected, the EHV has the lowest heating efficiency when served as
an outer layer. This is due to layers outside of the EHV provide an efficient thermal insulation to
avoid losing too much heat from the EHV to the environments. Hence, it is suggested that the
EHV should be worn as an inner or middle layer to make heating the human body more effective.
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Fig.3 Effect of the clothing combinations on the torso heating efficiency.
Infrared thermography
The thermogram images were analyzed by the FLIR® Researcher Program. Fig. 4 shows the
representative thermogram images of the EHV at its front and back views for the clothing
combination E+U+M. In Fig. 4 (a), the highest temperatures of the EHV outer layer material
above two heating element strips are 24 and 25.5 ºC respectively. Fig. 4 (b) presents the back
side temperature distribution of the EHV. It can be seen that the highest temperatures above the
three heating elements are 26.5, 24.8 and 26.5 ºC respectively. The temperature at the part
without heating element is much lower, e.g. the point temperature on the upper back is 14.2 ºC,
and the maximum temperature on the front area of the EHV is 32.2 ºC. Consequently, the EHV
is especially suitable for the wearers in light activities (normally below 2.0 Met) [8].
CONCLUSIONS
This study presents a novel method based on a thermal manikin to investigate the effect of air
velocity and clothing combinations on the heating efficiency of an EHV in a cold environment.
The result showed that the air velocity can linearly decrease the heating efficiency. It was also
found that the EHV has the highest heating efficiency when it was served as the inner layer in the
three-layer clothing ensemble. However, the EHV might not be suitable to be worn as an inner
layer due to that the woven vest might affect the wearing comfort. Moreover, the initial intention
of making these EHVs is to protect human upper body by wearing them as an additional garment
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piece over the underwear or jacket. Hence, the EHV can be recommended to be worn as a middle
layer not only because of the consideration of thermal comfort but also for saving energy and
making the heating more effective.

(a)
(b)
Fig. 4. Infrared thermographs of the EHV in the clothing combination E+U+M. (a) the front side;
(b) the back side.
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INTRODUCTION
Underground miners traditionally work in harsh environments containing dust and noxious gases.
Depending on the type of mining, workers also need to be protected against cuts and scrapes
from the rock and metal, which rusts over time, and contact with various fluids, oils etc., used by
mechanized mining equipment. In Canada, miners have typically worn coveralls, possibly over
full undergarments, to protect them thermally from cold conditions and the physical environment.
However, with increasing depth and mechanization, there is concern that the increasing risk of
heat exposure may compound the deleterious effect of these conditions and further subject the
workers to increased risk of heat stress. Performing work in a warm or hot environment is in
general more thermally stressful than performing the same task in a neutral environment. Body
heat storage of an individual is a consequence of an imbalance between the rates of heat
production and total heat loss (dry and evaporative). As ambient temperature increases dry heat
loss diminishes to point where the body absorbs heat from the environment. Under such
circumstances, the only avenue of heat loss is via evaporation (primarily of sweat). While sweat
rate and ambient humidity are of course the crucial parameters that determine the rate of
evaporative heat loss for an individual, another primary influence is the insulative properties of
the clothing ensemble worn.
Clothing acts as a resistance to heat and moisture transfer between the skin surface and the
ambient environment (4). As such it can protect against extreme heat from external radiant
sources but in parallel it also restricts the loss of excess heat produced by the body during work.
The nature of this barrier for vapour transport from the body to the environment is determined by
the physical properties of the materials that the clothing is composed of (3) and the interaction of
these clothing properties with the environmental parameters, such as changes in air temperature
or wind speed; and the personal parameters, such as body movement and size. Recently, there
have been trends in the mining industry towards the use of ―sports‖ undergarments with
enhanced wicking properties instead of more traditional undergarments and also away from
coveralls to other types of work-wear without knowing the consequences to the worker. The
move towards the ―sports‘ undergarment is the result of users reporting increased comfort.
However, recent anecdotal evidence suggest that wearing a multi-layered system such as the
―sports‖ undergarments under the standard mining clothing ensemble may in fact have a
deleterious effect on the miner by compromising heat loss and therefore core temperature
regulation (2). In order to ascertain the potential heat stress risk of an individual working in a
hot environment an understanding of the complex dynamic behavior of the human-clothing
system under simulated work conditions is required.
The following study was conducted to determine the physiological responses as well as changes
in body heat content, as measured by whole-body direct calorimetry, during exercise in the heat
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while wearing different mining clothing ensembles. In this initial study, a high constant work
rate and hot environment were used to maximize the evaporative heat loss potential through the
clothing system. Future studies will explore the intermittent variable work rates and more
temperate humid conditions observed in the mines.
METHODS
Following approval of the experimental protocol from the University of Ottawa Research Ethics
Committee and obtaining written informed consent, 8 healthy non-smoking males participants
volunteered to participate in the study. Mean characteristics of these participants were: Age,
20±3 years; Height, 1.76±0.06 m; Weight, 78.2±9.8 kg; Body fat, 15.7±8.8%; Body surface area,
1.96±0.14 m2; Maximal oxygen consumption (VO2max), 56.0±7.7 mL/kg/min).
All participants who volunteered were required to participant in six separate laboratory testing
days (1 screening visit and 5 experimental testing sessions). On testing day 1, body adiposity
and VO2max were measured. Maximal oxygen consumption was measured during a progressive
treadmill running protocol. The hydrostatic weighing technique was used to determine body
density. Calculation of the percentage of body fat was based on the Siri equation (7). Also,
during this session, the subjects were familiarized with all procedures to be performed during the
investigation period.
During the 5 experimental testing sessions, the calorimeter experimental exercise protocol was
performed while wearing either: 1) Control, no clothing with exception of single-layers shorts; 2)
Mine gear only, standard mining coverall (65% polyester, 35% cotton) typical of that worn by
miners in Canada; 3) Undergarment only, a "sports" type sweat wicking two-piece undergarment
(93% polyester, 7% spandex); 4) Mine Gear + Undergarment, a combined condition of the
standard coverall and two-piece undergarment; and, 5) Work pant + Undergarment top, a
standard work underpant (65% polyester, 35% cotton) with a "sports" type sweat wicking longsleeve top (93% polyester, 7% spandex). In the latter four tests, the clothing ensembles also
consisted of the miner‘s typical personal protective or other equipment including a hard-hat with
ear-muffs, safety glasses, gloves and a belt. Due to medical concerns, the standard leather safety
boots, worn over socks, was replaced by close-toed shoes. Of note, for the Work pant +
Undergarment top conditions, data was collected for only 5 of the 8 subjects.
For each experimental session, the modified Snellen direct air calorimeter (6) was employed for
the purpose of measuring the rate of evaporative and dry heat loss for the measurement of rate of
total heat loss. The rate of metabolic heat production was measured using simultaneous indirect
calorimetry. The rate of metabolic heat production was calculated as the difference between the
minute-average values for VO2 and the respiratory exchange ratio and the external work rate (5).
The change in body heat content was calculated as the difference between the rate of heat
production and rate of heat loss.
All calorimeter trials were performed at the same time of day. Participants were asked to arrive
at the laboratory after eating a small breakfast (i.e. dry toast and juice), but consuming no tea or
coffee that morning, and also avoiding any major thermal stimuli on their way to the laboratory.
Participants were also asked to not drink alcohol or exercise for 24 h prior to experimentation.
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Following instrumentation, the participant entered the calorimeter regulated to an ambient air
temperature of 40ºC and 15% relative humidity. The participant, seated in the semi-recumbent
position, rested for a 30-min habituation period while a steady-state baseline resting condition
was achieved. Subsequently, the participant performed 60 minutes of semi-recumbent cycling at
a constant rate of metabolic heat production of ~400 W which is considered the onset of a
―heavy‖ work demand according to the ACGIH screening criterion, 2001 (1). Subjects then
remained seated resting for 60 minutes.
A two-way analysis of variance (ANOVA) with repeated measures was performed to analyze the
whole-body heat loss responses using the repeated factors clothing and exercise time (2, 5, 8, 12,
15, 30, 45, 60 min). Paired sample t-tests were used to perform pair-wise post-hoc comparisons
and changes in body heat content. Significance was assumed for p< 0.05.
RESULTS
As depicted in Figure 1, the average metabolic heat production during exercise was kept constant
for all trials at 403 ± 13 W. During exercise, there was a main effect of clothing on total body
heat loss (p=0.010). The rate of total body heat loss for the Control, Undergarment only, and
Work pant + Undergarment top conditions were greater than the Mine gear only and Mine gear +
Undergarment conditions respectively. For the recovery period, the rate of decay was greater for
the Control and Undergarment only condition relative to the other three clothing conditions.
The mean changes in body heat content during the 60 minute exercise period and 60 minute
recovery period are presented in Figure 2. The change in body heat content during the 60-min
work period were similar between the both the Undergarment only, Work pant + Undergarment
top only relative to the semi-nude Control condition. The change in body heat content for the
Mine gear only (p=0.045) and Mine gear + Undergarment (p=0.018) were significantly greater
than Control.

-

Figure 1. Average metabolic heat production (-- --) for all conditions combined and mean rate
of total heat loss for the Control (o), Mine gear only (□), Undergarment only (∆), Mine gear +
Undergarment (◊), and Work pant + Undergarment top (x)
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During the recovery period, the change in body heat content were greater for the Mine gear only
(p=0.008), Mine gear + Undergarment (p=0.026) and Work pant + Undergarment top (p=0.001).
Similarly, no differences in residual heat storage was measured at the end of the experimental
session (i.e., as measured by the change in body heat content during exercise minus the change in
body heat content during recovery).
Figure 2. Mean changes in body heat content during and following exercise
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CONCLUSIONS
The results show that ―sports‖ undergarments with enhanced wicking properties do not
compromise whole-body heat loss during and following exercise in the heat when compared to
semi-nude Control. Similarly, when the undergarment top only is worn in combination with
standard mining work pants only, the responses were similar to those measured in the semi-nude
Control and Undergarment only conditions. However, when the ―sports‖ undergarment is worn
under clothing such as mining coveralls, the ―sports‖ undergarment appears to have a detrimental
effect on whole-body heat loss resulting in a significantly greater storage of heat during exercise.
These results suggest that while ―wicking‖ type undergarments by themselves are not detrimental
compared to the semi-nude Control condition of basic shorts, workers should not wear ―sports‖
undergarment under standard work clothing ensembles as this may increase the risk of heatrelated injuries.
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THE NOVEL SINGLE-SECTOR HUMAN SIMULATOR TO STUDY
CLOTHING EFFECTS ON PHYSIOLOGICAL RESPONSE
Agnes Psikuta and René Rossi
Laboratory of Protection and Physiology, Empa, Swiss Federal Laboratories for Materials
Testing & Research, Lerchenfeld strasse 5, 9014 St. Gallen, Switzerland
Contact person: agnes.psikuta@gmail.com
INTRODUCTION
Many human activities in outdoor and indoor spaces often require additional protection against
adverse effects of the ambient environment (e.g. equipment, clothing, sleeping bag). One of the
methods to provide an efficient barrier for excessive heat exchange and/or pollution is wearing
protective clothing, which properties should ensure protection of both health and comfort of a
wearer.
To meet this demand, the number of international standards and devices to measure clothing
properties has been developed (EN13537 2002; ISO15831 2004; ASTMF1291-05 2005;
ASTMF2370-05 2005; ISO9920 2007). Others were designed to test properties of textiles alone
at steady state (ISO11092 1993; ASTMF1868-02 2002; ASTME96/E96M-05 2005) and, to some
extend, dynamic conditions (ASTMF2298-03 2003; ASTMD7024-04 2004). These standards,
however, are insufficient to evaluate the dynamic properties of ensembles in wearing conditions
and to predict its physiological effects on a wearer. Effectively, human subject tests are
performed (ISO9886 2004), however, only when the health safety of an individual is guaranteed.
In this study, a recently developed single-sector thermophysiological human simulator (Psikuta,
Richards et al. 2008) was used to determine the physiological response for the actual clothing
and environmental conditions as well as the dynamic characteristics of clothing.
METHODS
The single-sector thermophysiological human simulator was validated using experiments in
which the clothing worn to demonstrate usefulness of this tool for determination of humanclothing-environment interactions and clothing characteristics (Psikuta, Richards et al. 2008)
(ref). In general, it predicted accurately the skin and the core temperatures as showed by the rootmean-square deviations (Barlow 1989) (the average differences between the simulations and the
corresponding human experiments) that were lower than 1°C and 0.36°C respectively.
In this study, two clothing samples were chosen and measured using the single-sector human
simulator. Both samples consisted of two layers: cotton underwear of tight fit and an outer layer
made of either a permeable or an impermeable textile with loose fit. To mimic the air layer
between clothing layers, a spacer with thickness of 1cm was used. The thermal insulation of the
clothing samples was measured at steady state using the thermal cylinder (at constant surface
temperature of 35°C, ambient temperature of 20°C, relative humidity of 50% and air velocity
below 0.2m/s). The thermal insulation was calculated from temperature gradient between the
cylinder surface and the environment, and the power input to the cylinder. The evaporative
resistance of the sample with permeable outer layer was calculated from the thermal insulation
according to ISO9920 (p. 7.3). The parameters of the clothing samples are listed in table 1.
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Table 1. The thermal and evaporative resistance and clothing area factor measured on the
thermal cylinder.
clothing sample
cotton underwear, 1cm air
gap, permeable layer
cotton underwear, 1cm air
gap, impermeable layer

thermal
resistance
clo

evaporative
resistance
m2Pa/W

clothing
area factor
-

1.63 ±0.04

37.3

1.07

1.43 ±0.01

100

1.07

The single- sector thermophysiological simulator was used to simulate a work-and-rest scenario
at cool and hot conditions. The environmental conditions in the climatic chamber during this
exposure were as follows: ambient temperature and relative humidity of 10°C and 80% or 34°C
and 30%, and air velocity below 0.2m/s. The scenario of the simulation consisted of two hours of
an active phase at 4.5met followed by a resting phase at 1.2met for 30 minutes. At the beginning
of each test, a thermo-neutral state was simulated for a person wearing the tested clothing. This
transition lay within the simulation zone of the human simulator described by Psikuta et al.
(2008).
RESULTS
Four simulations were run for combinations of two clothing samples (with permeable and
impermeable outer layer) and two environmental temperatures (10 and 34°C). Since the Fiala
model has been proven to be an accurate prediction tool for situations, when clothing is not worn
(Fiala, Lomas et al. 2001; Psikuta 2009), it was used as a reference for the mean skin and rectal
temperatures predicted by the human simulator. This model is also capable of simulating
clothing worn but only in a simplified way. That means that only thermal and evaporative
resistances are used to calculate heat and vapour flow through the clothing for given temperature
and partial pressure gradient across the clothing sample. The results obtained from simulations
using the Fiala model with its simple clothing model (continuous and dashed lines) and using the
human simulator which measured the actual effects of clothing occurring at given scenarios
(squares and diamonds) are compared in figure 1.
The tests performed using the thermophysiological human simulator provided information on the
thermophysiological state of a person, such as body core temperature, skin temperature, skin
blood flow, sweat rate, for the given scenario and the actual clothing. These data can provide a
useful insight into the thermophysiological response of the simulated average person and can be
interpreted in terms of thermal sensation and health safety.
The body core temperatures obtained from the human simulator were predicted as accurately as
these simulated using the Fiala model for all conditions tested (rmsd < 0.21°C). The mean skin
temperatures predicted using human simulator and the Fiala model for ambient temperature of
10°C differed noticeably, whereas predictions for the environment at 34°C matched very well
(rmsd < 0.20°C). The differences in mean skin temperatures can be explained by the distinct
approaches to the simulation of the clothing that were used in this experiment.
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Figure 1. Mean skin and rectal temperatures simulated using the single-sector
thermophysiological simulator (THS) and the Fiala model (FM) for the clothing samples with
either permeable (perm) or impermeable (imp) outer layer, and the environmental temperature of
either 10 or 34°C.
When the clothing with permeable outer layer was used at 10°C with the long period at high
activity level followed by resting phase, the skin temperature predicted by the human simulator
(perm 10 THS in figure 1) decreased faster than this predicted by the Fiala model (perm 10 FM
in figure 1). The most plausible explanation of this effect could be moisture retention within the
clothing layers during the first active phase and its evaporation with a certain delay in the second
rest phase. The Fiala model does not account for the moisture retention within the clothing as it
uses only the basic clothing parameters as inputs. Thus, the phenomena of moisture retention and
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delayed evaporation could not be simulated properly. On the other hand, the human simulator
measured directly the post-exercising cooling effect present in the rest phase under these
conditions.
When the clothing with impermeable outer layer was used at 10°C during exercise promoting
sweating, the mean skin temperature predicted by the human simulator (imp 10 THS in figure 1)
was lower than this predicted using the Fiala model (imp 10 FM in figure 1). This decrease,
which was measured in the actual clothing, resulted the most probably from the occurring ―heat
pipe‖ effect described by Havenith et al. (Havenith, Richards et al. 2008). They reported that the
apparent evaporative heat loss of manikin (that is an increase in heat loss from the wet manikin
as compared to the heat loss from the dry manikin at the same temperature) can be higher than
the evaporative heat loss deducted from the mass loss. That means that the sweat evaporated
from the skin condensates on the inside of the outer clothing layer and this heat of condensation
is released at the clothing surface without the moisture leaving the clothing. They also reported
that for impermeable outer clothing layer at 10°C the cooling effect can be by up to four times
greater than this resulting from mass loss of the manikin at steady-state. In practice, however,
sweating develops dynamically, i.e. increases in the active phase and reduces in the resting phase
rather than remains at steady-state for a prolonged period of time. This fact makes the
physiological effect of such additional cooling difficult to estimate using only steady-state
clothing characteristic. Yet the human simulator was capable of determining these effects as it
measured actual heat flow through the clothing in real-time. Specifically, the human simulator
predicted a decrease of mean skin temperature by 1°C after two hours of active phase at 4.5met
(with sweating beginning in 25th minute) at 10°C and for the similar impermeable clothing as in
the experiment of Havenith et al.
CONCLUSIONS
The single-sector physiological simulator has been shown to provide complementary data on the
physiological response of an average person to the given environmental conditions, activity level,
clothing worn and initial condition prior to the actual exposure. Analysis of these data provided a
much more complete picture of the actual clothing performance than a single steady-state
thermal and evaporative resistance values as demonstrated on the examples of the moisture
retention within the clothing and the extra cooling due to the ―heat pipe‖ effect in the
impermeable clothing.
Time saving testing, repeatability of the physiological response measurement and the ability of
testing in unsafe for human conditions are major advantages of this human simulator. The
intended application of this device is to measure thermophysical properties and physiological
effects of a broad range of clothing and sleeping systems, including multi-layer ensembles,
sleeping bags, mattresses and blankets over a wide range of climatic conditions.
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INTRODUCTION
Studies were conducted to determine the impact of a prototype firefighter turnout suit with
deployable CBRN features on ergonomic functionality in structural fire fighting. This aspect of
evaluation was considered to be an important performance factor in view of firefighter
expectation for CBRN protection incorporated into a turnout ensemble that would primarily
function in conventional structural fire fighting operations. The CBRN prototype turnout suit
consists of a uniquely designed jacket and pants system with a CB protective hood integrated
into the jacket collar.
The turnout system is fitted with deployable innovative interface and closure systems to provide
resistance to chemical vapor infiltration into the suit. It incorporates constructional features
designed to provide enhanced ergonomic function in fire fighting and greater range of body
motion in wear. Ergonomic features constructed into the jacket include full-length expansion
pleats on the outer jacket to provide unrestricted movement with or without an SCBA. Pleats
and darts in the outer and inner jacket sleeve provide extra length when reaching. Curved sleeves
in the turnout jacket follow the natural shape of the arm to provide decreased resistance when
working.
Systematically designed laboratory based human subject wear trials indicated no significant
effects related to deploying the CBRN features of the prototype turnout suit on firefighter heat
stress and wear comfort [1]. This paper will focus on the effects of these CBRN features on
firefighter ergonomic performance evaluated in laboratory based and field wear evaluations.
Priority was placed on assessing the effects of CB prototype design features on the ability of the
suit design to function in routine fire fighting operations.
METHODS
Laboratory Studies of Ergonomic Function: Specially designed controlled laboratory tests were
used to evaluate the ergonomic function of a CB prototype, configured both with and without
deployable CB closure features in place during the test. The ergonomic protocols used were
adapted from procedures specified in ASTM F 1154 and a Candidate Physical Aptitude Test
(CPAT) used by fire departments in the U.S. for firefighter assessments [2, 3].
The laboratory test protocol, summarized in Table 1, involved the participation of eight male
firefighters from the City of Raleigh Fire Department. The ergonomic regiment was designed to
simulate common fire fighting activities in a controlled setting.
The ergonomic data enabled useful performance comparisons between the CBRN prototype
design and a conventionally configured turnout. Donning and doffing times of the undeployed
CB prototype were only slightly slower when compared to the control turnout (Table 2) while
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the deployed prototype showed an increase in these times due to additional activities required to
engage the chemical resistance features built into the suit. A difference is also observed in the
perceived ease of getting into and out of the CBRN prototype, as compared to the conventional
turnout suit. These differences can be expected to decrease, however, with increased firefighter
familiarity with the CBRN turnout and its deployable features.

Figure 1. CB Prototype

Figure 2. Laboratory Evaluation of Ergonomic Function of CB Turnout.
Results of evaluator assessments of functionality, while performing job related exercises and
tasks show most of the tasks are judged to be more difficult while wearing the deployed CB
garment (Table 3). The control turnout is slightly favored when compared to the undeployed CB
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suit. Regardless, the slight advantage of one garment over another is not large for any of the
activities performed.

Field Evaluations: Characterizing firefighter response to CB turnout designs when deployed in
field settings was an important part of this research. This was accomplished using short duration
field exercises conducted at selected firefighter training facilities. Exercises were carried out at
three different major metropolitan fire departments including the Fire Department of New York
(FDNY), Fairfax County Fire and Rescue (FCFR), and the Philadelphia Fire Department (PFD).
These evaluations were not extended field trials. The objective was to obtain firefighter response
to the CB features incorporated into the prototype turnout with respect to their perceived utility
of a turnout suit to be used for both routine firefighter activities and in escape and rescue
activities in a CB incident.
Evaluation protocols enabled CB design features to be evaluated by professional firefighters
while wearing prototype turnout suits along with a full complement of structural fire fighting
gear, including appropriate SCBA equipment, hood, boots and gloves. Evaluations occurred as
firefighter participants performed prescribed regiments of physical activity routines tailored for
each fire department test site.
Regiments used at FCFR and PFD were based on activities called for by the CPAT routines
employed by the individual fire departments. These activities permitted various evaluations,
including assessment of the turnout impact on walking, carrying heavy objects, dummy dragging
and hose, hammer and ladder work. For example, FDNY activities included climbing, forced
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door entry using a Halligan tool and axe, operation of a saw, hose and Hurst tool, dummy drag,
and exiting and descending from a window.
Evaluations of the CB turnout design were based on obtaining qualitative descriptions of the
perceived or the potential effects of the test turnout system on task performance, wear comfort,
and on practicality for use in structural fire fighting or for deployment in escape and rescue. In
addition, systematically designed questionnaires were used to obtain quantitative data in these
same critical categories of performance. Summary of the quantitative results on performance
ratings are shown in Table 4.
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CONCLUSIONS
These studies show that the CB turnout deployable design features can be expected to have
minimal negative impact on factors related to performing the physical tasks typically associated
with structural fire fighting operations. The CB suit design received generally high marks for
comfort, ease of motion and deployment, and can be donned in only slightly longer time
compared to a conventional turnout system. These results indicate that the deployable CB suit
design concepts can be accepted by firefighters for use as structural fire fighting gear.
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INTRODUCTION
Previous studies have shown that medical staff wearing nuclear, biological and chemical (NBC)
protective clothing is able to perform adequately the most essential lifesaving tasks although
significantly longer time to complete the procedures is needed in comparison to unprotected state
(Arad et al. 1993, Bergenstadt et al. 1999). Difficulties which potentially compromised the
performance are e.g., impaired manual dexterity due to the cumbersome gloves (Garner et al.
2004, King and Frelin 1984), limited visual field due to the respirator and hood (Coates et al.
2000) and movement restrictions (Garner et al. 2004). Excessive respiratory load, accumulation
of sweat and reduced speech intelligibility due to the mask may also diminish performance
(Krueger 2001). Most of the previous studies have been focused on the success of the medical
procedures in warm environment without aspects on thermal or physiological strain. In northern
countries also the effects of cold weather conditions have to be taken into consideration when
emergency aid is required (Rissanen and Rintamäki 1997).
The purpose of this study was to investigate the impact of fully encapsulating NBC protective
clothing on the ability to perform basic lifesaving tasks in warm and cold environments after a
pre-exercise period.
METHODS
Eleven male volunteers (age 26.9 ± 7.3 yrs) with first aid skills performed three experimental
sessions in random order. The subjects walked on a treadmill at 5 km·h-1 for 20 min (preexercise). Immediately after that the subjects moved over to the training doll and performed the
lifesaving tasks at ambient temperatures of 21 °C and -5 °C. The subjects were wearing Finnish
Defence Forces combat uniform at 21 °C (U) and the current Finnish Defence Forces NBC
protective clothing at 21 °C (W) and at -5 °C (C). The clothing ensemble in U included short
pants, t-shirt, combat uniform, socks, and rubber boots. The clothing ensemble in W included
short pants, socks, impregnated activated charcoal middle wear, impermeable one-piece overall
garment (polyethene coated), rubber boots, cotton gloves, rubber gloves, and a respirator. For
ensemble C an additional pair of long underwear was worn under the NBC middle wear. Mean
(±SD) weights of the clothing ensembles, including boots, were 4349 (± 76) g, 6063 (± 59) g and
6835 (± 152) g for U, W and C, respectively.
The lifesaving tasks were ventilation assistance (VA) and connecting an intravenous line to a
training hand (IV). VA was performed with a mask and a ventilating bag (Ambu, Laerdal) for 6
min on a training doll (Resusci Anne, SkillReporter, Laerdal Medical AS, Norway). Performance
time and the number of attempts required were recorded by investigator and the tidal volume of
ventilation, number of successful breaths, and success rate were recorded by the training device.
After the ventilation an oxygen mask was positioned on the doll's face.
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IV consisted of connecting a bag of infusion solution to a training hand and an intravenous
training arm (Laerdal IV trainer arm and hand, Laerdal Medical AS, Norway) using the
connecting tubing. All items were on a tray in sterile packages on the floor. The skin was to be
cleaned first with a moist non-woven viscose sponge pad (5x5 cm) before inserting a cannula.
The cannula could be fixed to the skin either by using tape or special i.v. cannula dressing. The
filled and air-free connecting tubing was to be fixed to the cannula. The performance time and
number of attempts required were recorded.
Rectal (Tre) and skin temperatures were continuously recorded and saved into a data logger
(SmartReaderPlus8, ACR Systems, Canada) at 1-min intervals. Heart rate (HR) was recorded by
a heart rate monitor (Polar S610i™, Polar Electro Oy, Finland) and saved at 1-min intervals.
Blood pressure (BP) was measured four times during the experiments: before the donning of the
clothing, after pre-exercise, and after the VA and IV tasks by an ambulatory blood pressure
monitor (ABPM-04, Meditech Ltd., Hungary).
RESULTS
All the subjects succeeded in completing the lifesaving tasks in three sets of conditions. However,
due to the protective clothing, the number of breaths per min in VA increased significantly
(increase of 19-25 %), as did the ventilation volume (24-36 %) (Table 1). Success rate decreased
by 5-16 % due to the protective clothing. Time needed for a successful completion of the IV was
17 % and 38 % longer for W and C (p<0.05), respectively, in comparison with U. Cold further
(by 5-35 %) impaired performance (Table 1).
Table 1. Number of breaths per min, total volume and success rate during VA, time to apply
oxygen mask and time to complete IV task for the three trials. Mean ± SE, n=11.
U
W
C
Number of breaths
12.9 ± 1.8
15.4 ± 2.8*
16.1 ± 2.3*
%change
19
25 (5)
Total volume, (ml·min-1)
7358 ± 1059
9117 ± 1566
9975 ± 1619*
%change
24
36 (9)
Success rate in VA, (%)
65 ± 31
56 ± 40
62 ± 40
%change
16
5 (-)
Time for O2 mask, (s)
10.8 ± 1.6
14.5 ± 1.3*
19.6 ± 3.7*
%change
34
81 (35)
Time for IV line, (s)
188 ± 20
221 ± 21
259 ± 23*
%change
17
38 (17)
Change in % for each variable from U for W and C and from W for C in parenthesis. * p<0.05 in
comparison to U.
Rectal temperature increased to significantly higher level during pre-exercise for C (37.7 ±
0.1 °C) in comparison to U and W (37.4 ± 0.1 °C), while Tsk and finger temperatures were
significantly higher for W (Figure 1). Increase of HR was marked for W and C during the
lifesavings tasks (Figure 2).
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Figure 1. Mean skin temperature and finger temperature during pre-exercise and lifesaving tasks
during the three trials. *** p < 0.001 between all trials at the end of pre-exercise, VA and IV.
Mean ± SE, n=11.
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Figure 2. Mean heart rate during pre-exercise and lifesaving tasks for the three trials. a indicates
p<0.001 between U and W at the end of pre-exercise, VA and IV, b indicates p<0.05 between U
and C and c indicates p<0.001 between W and C at the end of IV. Mean ± SE, n=11.
Blood pressure increased significantly during the pre-exercise and lifesaving tasks compared to
the rest value measured before the experiments (Figure 3). During IV systolic and diastolic BP
dropped by 14.8 and 6.5 mmHg for W, respectively.
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Figure 3. Increase of systolic and diastolic blood pressure at the end of pre-exercise, VA and IV
from the rest value. Mean ± SE, n=11. * - *** p < 0.05 - 0.001 in comparison to the rest value, #
p< 0.05 between W and C.
DISCUSSION
The results show that both the ventilation assistance and the IV line connection could be
completed while wearing NBC clothing in warm and cold environment. However, there was a
tendency towards a hastened VA (increased number of breaths per min) when NBC clothing was
worn, especially in the cold. One reason for the difficulty to maintain correct ventilation
frequency could be the loss in tactile sensitivity. On the other hand, according to distraction
effect, discomfort caused by cold could momentary switch off attention from the primary task
and lead to impaired performance (Vaughan 1977).
Increase of core and surface temperatures as well as heart rate indicated increased thermal and
physiological strain of the subjects while wearing protective clothing. Physiological load and
discomfort due to encapsulation and thermal strain probably impeded concentration and may
have altered, in addition to the loss of tactile sensitivity, the frequency of ventilation of the VA
task. Development of heat strain at the end of the lifesaving procedures was also seen as a drop
in systolic and diastolic BP when protective clothing was used in the warm environment. Some
of the subjects felt dizziness during and after the IV task. Increasing of heart rate especially
during the skill demanding IV task also indicated that protective clothing with mask and gloves
resulted in a greater effort when performing the task compared to non-protective state.
Cold environment further increased the performance times in our study. Time needed for
completion the IV increased being 17 % longer for C than for W. Reasons for longer
performance times in the cold may be that plastic tubes, bags, and tapes became stiffer due to
cooling and more difficult to handle than in a warm environment. Moreover, decreased finger
and hand temperatures impair tactile and dexterity performance of the hands.
CONCLUSIONS
Wearing of chemical protective clothing impairs the ability to perform lifesaving procedures (by
16-34 %) in warm conditions. Cold exposure further decreases performance by 5-35 %. In warm
condition, heat strain plays a significant role during the performance, even during a relatively
short and easy first aid study protocol. In mild cold conditions, heat strain is negligible but
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stiffness of medical equipment and protective clothing due to cooling may deteriorate the
performance of the lifesaving tasks.
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INTRODUCTION
Uncompensable heat stress (UHS) occurs when the rate of evaporation required from the body‘s
surface to maintain thermal equilibrium exceeds the evaporative capacity of the environment
(Cheung et al., 2000). The resultant thermal strain is associated with reduced physical and
cognitive performance and comfort as well as deterioration of job specific tasks (Taylor and
Orlansky, 1993). UHS can occur when wearing a range of protective equipment and is
determined by, amongst other factors, body surface coverage, characteristics of the garment
(thermal insulation and evaporative resistance), metabolic rate and ambient conditions (Hanson,
1999). The rate of onset of thermal strain can be reduced by increasing the capacity for heat
storage (e.g. pre-cooling; Marino, 2002 and increasing fitness; Selkirk and McLellan, 2001) or
by reducing the rate of heat storage (e.g. cooling systems; Thake and Price, 2007 and altering
work to rest ratios; McLellan et al., 1993). Heat acclimation is a further method commonly used
to reduce thermal strain and its use has been investigated in various modes of personal protective
equipment (PPE; for review see Cheung et al., 2000). However the modes PPE that have been
examined weigh substantially less than an explosives ordnance disposal (EOD) suit and usually
fully encapsulate the wearer, unlike the partial coverage of the EOD suit. Furthermore the effect
of acclimation is usually only investigated at hot ambient temperatures. Therefore the aim of this
study was to evaluate the impact of acclimation on physiological and perceptual strain during
activities representative of EOD operations, with and without wearing an EOD suit, in moderate
(20°) compared to hot (40°C) conditions.
METHODS
With local ethical committee approval six non heat acclimated participants (5 male and 1 female;
age 22±3 yrs; body mass 79.5±12.1 kg; stature 176.2±5.3 cm) were recruited. Four experimental
visits took place prior to 6 acclimation sessions (PRE) and were repeated thereafter (POST) to
enable a pre to post acclimation comparison to be made between each condition. Acclimation
consisted of six one hour treadmill walks (4 km hr-1 whilst wearing a 37 kg large EOD suit
(Ergotec 4010, NP Aerospace, UK) with the duel integral fans turned off in 22±1 C; 47±5%
relative humidity (RH). These six sessions were completed over 9 days in a 2 day on 1 day off
pattern. Pre and post acclimation trials were conducted over an eight day period and consisted of
temperate (20 C) and hot (40 C) conditions whilst wearing the same EOD suit with the fan
system turned on (delivering 200 and 100 L min-1 of ambient air to the wearers back and head
respectively) and, on a separate occasion, when only wearing a cotton trousers and T-shirt (No
suit condition; NoS). To reduce the risk of participant fatigue the trial order was fixed for
clothing ensemble with participants conducting NoS trials on the first and third visits and EOD
trials on the second and fourth visits. Ambient temperature was applied using a cross-over type
design.
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Within each experimental trial participants undertook a modified 66 min activity
sequence, composed of 4 × 16 min 30 sec cycles, representative of EOD operations (Thake and
Price, 2007) within a 3 m × 5 m enclosed area. In brief each cycle consisted of 3 min treadmill
walking (4 km hr-1); 2 min manual activity (moving 1.25 kg weights between two shelves 27 cm
and 64 cm above the floor whilst kneeling); 2 min crawling and searching activity (forward and
back along a 2.40 m ladder with 11 equally spaced rungs interspersed with ‗searching‘ by
moving the head twice left and right at each end of the ladder); 3 min unloaded arm ergometry
(60 rev min-1); 5 min seated rest. Manual activity and crawling and searching activity work rates
were controlled by asking participants to move on the beat of a metronome (30 beat min-1; Seiko
DM-20, Japan). Each physical activity was separated by a 30 sec transfer period.
Heart rate (HR; Polar Vantage, Finland), rectal temperature (Tc), mean skin temperature
(Tsk; Grant Instruments, Cambridge, UK) and respiratory gas analysis (Cosmed K4b2, HaB
Direct, UK) were monitored continuously and recorded in the last 30 sec of each component of
the activity cycle. Sweat rate was estimated from pre to post trial changes in nude body mass on
each visit. Heat storage was calculated according to Havenith et al., (1995). Physiological strain
index (PhSI) was calculated from normalised increases in HR and Tc that are described, with
equal weighting, on a 0 (no strain) to 10 very high strain) scale (Tikuisis et al., 2002). Rating of
perceived exertion (RPE; 6-20 scale), thermal sensation (TS) and thermal comfort (TC; 9 point
0-8 scale) were sought during the arm ergometry stage of the protocol. A perceptual based strain
index (PeSI) was calculated from normalised increases in RPE and TS that are described, with
equal weighting, on a 0 (no strain) to 10 very high strain) scale (Tikuisis et al., 2002).
Data were analysed using a general linear model analysis of variance (ANOVA) that
incorporated main effects for condition (20 C NoS; 20 C EOD; 40 C NoS; 40 C EOD),
acclimation (pre to post), time and condition × acclimation interaction. Where appropriate
significant main effects were investigated using Tukey post hoc tests.
RESULTS
Acclimation increased tolerance time from 53:48±11.59 to 60:10±09:34 (min:sec) in 40°C EOD
trials (two participants completed four activity cycles in PRE trials in comparison to four doing
so in POST trials). Whereas both PRE and POST 20°C EOD, 20°C and 40°C NoS trials where
completed by all six participants.
EOD trials
Acclimation (change from PRE to POST measurements) reduced Tc, heat storage, HR, oxygen
consumption ( O2), PhSI, RPE, TS and PeSI and improved TC when the EOD suit was worn,
with the magnitude of change being greater in the 20°C compared to the 40°C EOD trials (see
Table 1 for changes and levels of significance). Tsk was only reduced in the 20°C EOD (36.6±0.5
to 36.1±0.1°C vs. 37.9±0.6 to 38.1±0.5°C in 40°C EOD). Sweat rate did not change PRE to
POST acclimation in either EOD condition (20°C EOD 0.7±0.3 to 0.6±0.2 L hr-1 vs. 40°C EOD
1.0±0.3 to 1.2±0.5 L hr-1). Reductions in absolute values for Tc and HR across the 20°C (Tc
37.9±0.4 to 37.5±0.2°C; HR 120±16 to 92±15 bt min-1at cycle 4) compared to 40°C (Tc 38.5±0.3
to 38.2±0.3°C; HR 151±16 to 141±15 bt min-1at cycle 4) EOD trials are reflected by the
difference in the PhSI between conditions PRE to POST acclimation (Figure 1). In 20°C EOD
PhSI remains relatively constant POST compared to a steady rate of increase over the four
activity cycles in PRE, indicating that acclimation may have shifted participants from
experiencing UHS to being able to maintain thermal balance, a situation of compensable heat
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stress. PhSI was reduced POST compared to PRE acclimation in the 40°C EOD trial, however
PhSI did continue to rise after acclimation indicating a situation of UHS, albeit lower than at an
equivalent stage of the protocol PRE acclimation.
Table 1: PRE to POST acclimation changes in selected variables (±SD) during arm ergometry
(except Tc and Tsk and heat storage taken at rest) in the fourth activity cycle within each
condition. n=6 except n=2 for 40 EOD (participants completing both Pre and Post trials). Arrows
indicate reduction ↓, increase ↑ and no change ↔. Main effect for condition *P≤0.001; PRE to
POST acclimation within each condition #P≤0.05, δP≤0.01, φP≤0.001.
Variable

20 No Suit

20 EOD

40 No Suit

40 EOD

Rectal Temp. (°C)*

↓0.26±0.23φ

↓0.59±0.41φ

↔0.01±0.22#

↓0.08±0.14δ

Mean Skin Temp. (°C)*

↓0.61±0.8 φ

↓0.42±0.45φ

↔(0.01±0.12)

↔(-0.22±0.00)

↔(-0.06±0.91)

↓1.20±0.96φ

↓0.27±1.29φ

↓0.33±0.19#

↓12±7φ

↓29±33φ

↓9±10δ

↓6±2φ

↓0.08±0.13#

↓ 0.29±0.63φ

↓0.26±0.22φ

↓0.06±0.60δ

PhSI*

↓0.6±0.6φ

↓ 2.9±0.4φ

↔(0.0±0.5)

↓1.3±1.2φ

RPE Overall*

↓1.3±2.2δ

↓3.5±2.4φ

↔(1.5±3.6)

↓3.5±2.1φ

Thermal Sensation*

↓0.7±0.8φ

↓2.0±0.9φ

↓0.7±0.8#

↓1.0±0.0φ

Thermal Comfort*

↑0.7±0.8#

↑2.1±1.0φ

↑1.0±1.3φ

↑1.0±0.0φ

PeSI*

↓0.9±1.1φ

↓2.6±1.2)φ

↓1.0±1.8#

↓1.9±0.8φ

Heat Storage (J·g-1)*
HR (bt·min-1)*
O2 (L·min-1)*

The benefit of acclimation was more evident after 33 min (2 activity cycles) were the PRE
compared to POST acclimation PhSI responses diverge in both 20°C and 40°C EOD conditions
(Figure 1). Concurrently PeSI was reduced POST acclimation in both 20°C and 40°C EOD trials
due to the reduction in RPE and TS. The largest PRE and POST acclimation difference in PeSI
was evident in the final activity cycle of the 20°C EOD trial. PeSI values were in excess of PhSI
values both PRE and POST acclimation.
No suit trials
Acclimation also reduced HR, O2, RPE, TS and PeSI and improved TC in 20°C and 40°C NoS
trials (see Table 1 for changes and levels of significance). In addition T c, Tsk and PhSI were
lower POST acclimation at 20°C but not at 40°C. However a small reduction in PeSI was evident
at 40°C post acclimation and could be related to the reduction in heat storage also observed in
this condition. No difference in sweat rate was observed PRE to POST acclimation.
To summarise, acclimation resulted in reductions of physiological and/or perceptual
strain indexes across all trials. Although benefits were evident whilst wearing the EOD suit in
40°C the largest improvement in both physiological and perceptual strain was evident when
wearing the EOD suit in 20°C.
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Figure 1: PhSI (during last 30 sec of each activity) and PeSI (during arm ergometry) PRE and POST acclimation
(±SD) in 20°C and 40°C whilst wearing an EOD suit. PRE to POST difference P≤0.001.

CONCLUSIONS
Six one hour treadmill walks (4 km∙hr-1) conducted at room temperature ( 20°C, 45% RH) when
wearing the EOD suit with the integral fans turned off induced positive physiological and
perceptual adaptations evident when conducting EOD related activities whilst wearing the suit
with the integral fan system turned on in both temperate (20 C) and hot (40 C) conditions. In
accord the PhSI and PeSI were able to differentiate between EOD related activity conducted at
20°C and 40°C, as well as detect PRE compared to POST acclimation differences under the
same conditions. PeSI values tended to be higher than PhSI in the same condition and may be
partly explained by the achievable core temperature prior to fatigue being less than 39.5 C, as
used in the PhSI formulae, in this non endurance trained population (Selkirk and McLellan,
2001). The improvement in both physiological and perceptual responses was not as pronounced
in 40 C compared to 20 C in the EOD suit. A key factor being that the ambient air temperature,
that being vented through the EOD suit via the fan system, was in excess of skin temperature in
the hotter condition, therefore contributing to heat storage and a situation of UHS. Whereas the
known physiological adaptations due to acclimation (Cheung et al., 2000) were able to improve
thermal balance in the cooler (20 C) ambient condition whilst wearing the EOD suit with the fan
system turned on, giving rise to a post acclimation compensable heat stress situation. It is
however likely that habituation to working in the EOD suit also impacted on movement economy,
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as partly evidenced by reduced POST acclimation O2. Thus habituation to wearing an EOD suit
is a confounding variable in evaluating the effect of acclimation per se in improving thermal
tolerance in this hitherto naive participant group. These data indicate that acclimation may yet
prove to be a useful countermeasure against thermoregulatory strain in some UHS situations,
particularly when ambient temperature is lower than skin surface temperature.
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INTRODUCTION
Firefighters experience a high number of injuries and fatalities due to cardiovascular events and
heat stress (Houser et al., 2004). On the assumption that firefighters may eventually be called, as
first responders, to an event involving chemical or biological hazards, the Technical Support
Working Group (TSWG) funded a proposal by the International Association of Fire Fighters
(IAFF) to develop a prototype structural fire fighting ensemble with additional chemical and
biological (CB) hazard protection. The prototype was designed to protect against chemical and
biological hazards through improvements in the moisture barrier, innovative boots-to-pants and
glove-to-sleeve interfaces, and vapour-tight-zippers. Unfortunately, these innovations could
potentially lead to even greater heat stress to the wearer (Slepicka and Rogers, 2005). However,
the prototype ensemble (PE) also incorporates a novel feature to both improve chemical and
biological hazard protection as well as provide a reduction in thermal stress. This feature
consists of a rubber hose assembly that provides a connection between the self-contained
breathing apparatus (SCBA) respirator regulator exhaust valve and the turnout gear jacket that
streams exhaust gases directly into the upper part of the turnout gear jacket. NPPTL was asked to
evaluate the cardiovascular and thermoregulatory responses to the prototype ensemble with
additional chemical and biological hazard protection, which included a hose assembly to reroute
expired SCBA air into the jacket for possible cooling purposes. The purpose of the study was to
evaluate the physiological responses in subjects wearing either a standard ensemble (SE) or the
PE.
METHODS
Ten healthy non-smoking subjects (7 male and 3 female) were recruited to participate in this
study (Table 1). Each subject was briefed on the nature and requirements of the testing and gave
both oral and written informed consent. The experimental protocol was reviewed and approved
by the NIOSH Human Subject Review Board. Testing was conducted in an environmental
chamber at 22 ºC and 50% RH.
Table 1: Anthropmetric characteristics of the subject pool.
SUBJECT

GENDER

AGE

1
2
3
4
5

F
F
M
M
M

32
28
25
21
25

HEIGHT
(cm)
157
173
168
175
183.5

WEIGHT
(kg)
53
73
72
68
92.1
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BODY
SURFACE
1.55
1.87
1.82
1.83
2.14

BODY
FAT %
13.9
21.3
14.7
13.1
18.2

BMI
22.1
24.7
24.6
21.8
25.2
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6
7
8
9
10
MEAN
SD

M
F
M
M
M

38
20
21
21
22
25.3
5.9

173
165
183
173
185
173.6
8.8

88
52.3
80.2
68.2
84.5
73.1
13.5

2.02
1.56
2.02
1.81
2.08
1.87
0.20

17.6
9.54
9.94
8.06
7.45
13.4
4.7

29.2
19.2
23.9
22.7
24.6
23.8
2.6

Four sessions were carried out in order to examine the physiological responses of human
subjects while wearing a standard ensemble (SE test average between two identical tests)
compared to a prototype ensemble (PE with hose and PE without hose) while exercising at ~50%
.

relative aerobic capacity ( V O2max) on a treadmill. Full description of the materials used in this
investigation (SE, PE, and SCBA) can be found on Coca et al. 2008. Core body temp (rectal),
mean skin temp (Tsk), sweat rate (measured as loss of body weight during testing), and duration
of exercise time (endurance time) were measured during the sessions. A repeated measures
analysis of variance (ANOVA) with significance set at p < 0.05 was used to determine
differences for rectal temperature, skin temperatures, sweat rate, and endurance time.
RESULTS
Rectal Temperature
The rectal temperature of subjects wearing either the PE or SE increased (p < 0.01) during 20
min of treadmill exercise in an environmental chamber. There was no significant difference in
baseline rectal temperatures prior to treadmill exercise between subjects wearing the SE (37.04 ±
0.30 °C), the PE with hose (37.13 ± 0.25 °C) and PE without hose (37.05 ± 0.26 °C). After 20
.

minutes of exercise at 50% V O2max, there was no significant differences in rectal temperature
between subjects wearing the SE (37.52 ± 0.36 °C), the PE with hose (37.66 ± 0.31 °C), and the
PE without hose (37.53 ± 0.31 °C). As expected, rectal temperature continued to increase during
the 5 minute post-exercise recovery period. However, rectal temperature was not significantly
different between SE (37.99 ± 0.34 °C), PE with hose (38.01 ± 0.29 °C), and PE without hose
(37.91 ± 0.30 °C).
Mean Skin Temperature (Tsk)
After 20 min of treadmill exercise, the increase in subject mean Tsk was greater (p < 0.01) while
wearing the PE with hose and PE without hose compared to the SE. This suggests that the PE
imposed a greater overall thermal stress on the wearer compared to the SE. Mean Tsk increased
(p < 0.01) in all subjects wearing either the PE or SE during 20 min of treadmill exercise in an
environmental chamber. There were significant differences (p < 0.01) in baseline average Tsk
between the subjects wearing SE (30.35 ± 1.53 °C), subjects wearing PE with hose (31.26 ±
0.72 °C), and subjects wearing PE without hose (32.16 ± 1.00 °C). At the end of the 20 minute
bout of treadmill exercise, there were significant differences (p < 0.01) in Tsk between subjects
wearing the SE (35.52 ± 0.51 °C), subjects wearing the PE with hose (36.53 ± 0.44 °C), and
subjects wearing the PE without hose (36.38 ± 0.49 °C).
Sweat Rate
All subjects lost weight due to sweating during the treadmill exercise testing while wearing
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either the PE or SE during treadmill exercise in an environmental chamber. The loss of nude
body weight averaged between 0.45-0.95 kg. This translates into an average sweat loss of 0.450.95 L over the 20 minute treadmill exercise test. Thus, the average sweat rate for subjects
wearing the SE was 22.39 ± 9.8 g/min, 31.79 ± 13.9 g/min for subjects wearing the PE with hose,
and 27.24 ± 10.4 g/min for subjects wearing the PE without hose. Although sweat loss tended to
be greater in subjects wearing PE with hose, the results did not reach significance (p = 0.16).
There were not significant differences in sweat rate per unit time between subjects wearing SE,
PE with hose, or PE without hose.
Endurance Time
Overall endurance time (Figure 1) varied between subject based on their overall fitness and body
size. However, each subject exercised for at least 20 minutes. However, overall endurance time
in subjects wearing the SE (28.58 ± 7.4 min) was significantly longer (p < 0.05) than subjects
wearing either the PE with hose (23.65 ± 3.9 min) or the PE without hose (25.4 ± 6.6 min).
Time to completion
(n=10)
40
b,c
a
a

Time (min)

30

20

10

0
SE

PE with hose

PE without hose

Average time to completion

Fig. 1: Time to completion for subjects wearing either the PE or SE during treadmill exercise in
an environmental chamber. *There was a significant difference between the standard ensemble
(SE) and the prototype ensemble (p < 0.05). Superscripts indicate statistically significant
differences (p<0.05) between tests; SE = a; PE with hose = b; PE without hose = c.
DISCUSSION
―Core‖ temperature data suggest that there is no difference in the thermal stress imposed on the
subject between the PE (with or without hose) and the SE. Mean Tsk suggest that the subjects
wearing the PE with exhalation hose attached to the jacket experienced an elevated thermal stress
compared to subjects wearing the PE without the hose or wearing the SE.
There was a trend toward an increase in sweat rate in the PE compared to the SE; however, the
differences did not reach statistical significance. Subjects‘ time to completion wearing the PE
with the exhaust hose was significantly less (p < 0.05) than the time to completion of the subjects
wearing the SE. Subjects wearing the SE exercised on the treadmill an average of 5 min longer
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than while wearing the PE with the exhaust hose attached and an average of 3 minutes longer
than while wearing the PE without the exhaust hose attached.
CONCLUSIONS
Our study data indicate that the increased encapsulation modifications incorporated into a
prototype fire fighter ensemble to enhance chemical and biological hazard protection do not
result in a significant elevation in core temperature over that of the standard ensemble at 50% of
maximal work rate while wearing a SCBA. This dampening effect on anticipated greater core
temperatures of the prototype fire fighter ensemble is arrived at by an increase in the
physiological burden to the wearer as manifested by associated increases in sweat rate, and skin
temperatures, as well as a decrement in endurance times. However, the additional chemical and
biological hazard protection offered by the PE still allows the wearer to exercise for at least 20
minutes which is the practical duration of an SCBA while fighting a structural fire.
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INTRODUCTION
In the area of personal protection against chemical and biological (CB) agents there is a strong
focus on testing the materials against the relevant threats. The testing programs in this area are
elaborate and are aimed to guarantee that the material protects according to specifications. This
ensures that the protective clothing and respiratory protection that is out on the market consist of
the best material for that purpose. However, protective clothing and respiratory protective
devices in practice are worn as a system that is a 3D structure that is subject to different
environmental conditions, movement and mechanical tear and wear. In the last few years test
methods at system level (Whole System Tests [WST] or Battlefield Protection factor [BFPF]),
have been developed to address these issues and provide information on the protective
performance of clothing and gasmasks, in addition to the protection of the materials. These tests
provide crucial insight in the design of protective equipment and its effect on overall protection
to the wearer. Ergonomics testing of CB protective equipment has always been performed
separately from the protection tests. Most recent developments are aimed at integrating
ergonomics type tests in to WST protection to be able to evaluate the protective performance of
CB protective equipment and respiratory protection in operational environments. In this
development the WSTs should reflect relevant practical working conditions and possibly should
extend to actual measurement of protection at the working place. In this paper the developments
and challenges on these types of tests will be addressed.
METHODS
The combined protective and ergonomics testing of CB protective equipment is based on the
WST methods that are available. These tests can roughly be grouped into two groups, respiratory
protection and skin protection.
Respiratory Protection
In the area of respiratory protection the WST method that has been developed is the ― Battle
Field Protection Factor‖ test. Basically in this test the level of protection of a respiratory
protective device can be measured on a person during various (working) activities. The basic
system consists of two Portacounts, portable particle counters, which are carried in a backpack,
measuring the number of particles inside the mask and in the environment. The Portacounts
determine the concentration of small size particles by sampling the air. The protection factor
(PF) is determined by:

PF

concentration in  environment
.
concentration under  mask

(1)

Both concentrations are determined every second, the sampling inside the mask is taken via the
drinking tube (of soms via zelf gemaakte connectie als er geen drinkfaciliteit aanwezig is); the
system has no impact on breathing resistances.
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When tests with human subjects are performed for the military a ‗Standardized Military
Protocol‘ (SMP) is used, see Table 1. This SMP consists of relevant practical tasks that can be
tested in the lab according to EN standards, with additional tests that are relevant to practical
working conditions in the field. Each activity is followed by a brief rest period.
Table 1: The Standard Military Protocol (SMP)
#
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

Activity
Duration in minutes
Rest
2
Nodding ‗Yes‘
1
Rest
1
Shaking ‗No‘
1
Rest
1
Walking (approx. 3.5 km/hr)
2
Rest
1
‗Digging‘
2
Rest
1
Crawling on hands and knees
1
Rest
1
Running (approx. 5 km/hr)
2
Rest
2
Taking cover (3 times)
1
Rest
1
‗Tiger crawl‘
1
Rest
2
Jumping (3 times)
1
Rest
1
Carry water
1
Rest
1
Lifting weights (3 times)
1

Skin Protection
In the past the protective performance of the Dutch NBC protective clothing against
Vapor has been studied using an articulated manikin. Separately the ergonomics tests were
performed on human subjects. These tests lacked information on the protective performance of
the clothing during working conditions under an actual challenge. In other words: the
performance and protection should be measured simultaneously. For this a method is under
development
The manikin test on skin protection focused on the protection against vapors, using a simulant
for a chemical warfare agent: Methyl Salycilate (MeS). As currently no valid (on line) detectors/
sensors exist for MeS at these low concentrations, the vapor needs to be collected under the
clothing with passive adsorbing dosimeters, filled with Tenax (PAD‘s or ―Natick‖ samplers).
The basics of the method are the same as that with the manikin, a test chamber is filled with the
MeS vapor and the subjects can perform activities in the chamber. A number of protocols exist
on this Man-In-Simulate-Test (MIST) setup. A very relevant issue in this test is the movements
and activities that need to be carried out by the subjects. In the basic test the subjects only need
123

Proceedings of the 13th International Conference on Environmental Ergonomics, Boston (USA), August 2-7, 2009

to walk. In more elaborate tests other movements, more challenging to the suit, are used [TOP-02-22]. In the current setup of the MIST protocol only the protection of the suit during the entire
procedure can be measured. Unlike the Battle Field Protection Factor in respiratory protection it
is not yet possible to measure the protection on line and per activity.
RESULTS
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Figure 1: The number of particles per cm3 under the mask, measured during a SMP. Data reproduced
from internal test report, TNO, 2006.
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Figure 2: The protection factor of the same mask as in figure 1, computed from the same data. Data
reproduced from internal test report, TNO, 2006. Note the Logarithmic scale of the y-axis.
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Skin Protection
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Figure 3: To standardized dose normalized penetration of MeS through the tested suit, wind speed 1 m/s.
Data reproduced from internal test report, TNO, 2006.

Figure 4: Effect of using MeS during the test on the heart rate during sitting („Zitten‟) and Walking
(„Lopen‟). Data reproduced from internal test report, TNO, 2006.

DISCUSSION
The need for measurements of protection during relevant conditions, similar to working, is
shown in the results of Figure 2.It is shown that the protection drastically drops during different
types of movement. This shows the relevance of these types of tests during relevant activities.
Although in the US there exists the requirement to fit the respiratory device at the working place,
measuring the level of protection during actual working activities is of additional value.
The current system allows the protection to be measured during many activities, but has been
limited to gasmasks, possibly with a blower. Recently, this system has been adapted to determine
the Field Protection Factor with SCBA systems. This requires extra particle filters as the air from
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the air bottles contains particles and the pressure valve systems also tend to generate particles
which would be counted as leaks if not taken properly into account.
Overall the current system allows for very high protection factors in practice to be determined,
however if one wants to determine protection factors of 100.000 up to a million or even more,
workplace protection factors should be obtained in a confined space like a tent or room in a
building in which high levels of particle concentrations can be generated.
The WST and MIST setups do allow the protection of clothing systems to be determined on
humans while wearing the clothing system. This is a big step forward compared to testing
clothing materials only. The experience with the tests has been that the results from human
subject tests tend to be more reliable than those from the manikin. This is most probably due to
the fact that the clothing can be fitted much better to humans than to a manikin. In testing the
protection any leaks greatly affect the results, and the clothing can be closed much tighter to the
human skin than to a manikin, reducing leakage and improve reproducibility. Therefore,
currently human subject tests are considered more useful than the manikin tests. Improving
standard methods of donning and doffing clothing may improve on these results, but the
variation between different clothing systems and their closures may remain a complicating factor.
Activity protocols are not always standardized internationally, and protocols that do exist, such
as the SMP, are not always relevant for other groups wearing protective clothing.
A useful new development would be to allow the determination of the protection factor during
different activities, per activity, similar to the respiratory protection. TNO is working on the
development of such a system, but no data are available yet. Complicating factor here is the
absence of reliable, selective and sensitive MeS detectors or sensors, forcing the use of sample
collection tubes. Also, the current test determines the protection against a relatively specific
challenge as a simulant for distilled mustard (HD) as chemical warfare agent. The test does not
provide information on protection against aerosols. A separate test set-up for a WST on aerosols
is now available.
The use of MeS does not induce extra physiological load and is safe. Combined testing at system
level of protection, ergonomics and physiological load provides better insight in the protection of
workers at their working place. Additionally the tests should be improved to allow protection
testing during separate activities. Also standardized activity protocols should be further
developed to use subsets of these activities for testing protective suits for a wide range of
applications, such as military, police, fire fighters and many different workers in industry.
Developing these tests and testing protective systems accordingly contributes to improving
health and safety at the working place.
REFERENCE
Test Operations Procedure (TOP) 10-2-022, Man/Manikin In Simulant Testing (MIST)
(Chemical Testing of Protective-Clothing Ensembles), U.S. Army Test and Evaluation Command (TECOM),
Aberdeen Proving Ground (APG), Maryland, 30 April 1992.
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CONTRIBUTION OF INDIVIDUAL COMPONENTS OF THE SLOVENE
ARMED FORCES DESERT ENSEMBLE TO OVERALL HEAT STRAIN
1

Igor B. Mekjavic1, Bostjan Simunic2, Daniela Zavec Pavlinic3, Ola Eiken4 & Victor Candas5
Jozef Stefan Institute & 3Biomed d.o.o., Ljubljana; 2University of Primorska, Koper, Slovenia;
4
FOI, Stockholm, Sweden; 5C.N.R.S. Strasbourg, France

Purpose: The participation of Slovene Armed Forces (SAF) personnel in peace-keeping
missions in various regions of the world has necessitated the introduction of garment ensembles
capable of protecting personnel exposed to the ambient conditions of these regions. The aim of
the study was to assess the contribution of each component of the SAF desert ensemble to overall
heat strain in simulated desert conditions. This would provide information regarding the
adequacy of individual components, as well as the complete garment ensemble. Methods: Nine
healthy male subjects participated in the study. Their average (SD) age, height, mass and percent
body fat was 21.7 (2.5) yrs, 177.6 (5.3) cm, 70.5 (6.9) kg, and 12.0 (3.7)%, respectively. Each
subject completed 5 trials (T1 to T5) comprising a one hour step test in simulated desert
conditions : ambient temperature at 46.1 (0.2)°C and relative humidity at 20.3 (1.5)%. During the
trials, subjects wore different combinations of the desert ensemble, so that the resultant strain
could be determined of wearing the garment ensemble with (T5) or without (T1) the NBC
(nuclear, biological, chemical) outer layer. In Trials 3 and 4, the tests were carried out without
helmet (T3) or without bullet proof vest (T4), , and in Trial 2 without both helmet and vest.
During each trial, the subjects wore a knapsack, the weight of which was adjusted to ensure that
the same absolute work rate was conducted in all trials. We monitored rectal (Tre) and skin (Tsk:
average of arm, chest, thigh calf sites) temperatures, heart rate (HR) and subjective ratings of
thermal comfort. Trials were terminated at the request of the subject, or in the event that Tre
attained 39°C. The thermal and evaporative resistances were also determined with a thermal
manikin. Results: The average duration of T5 was significantly shorter than the other trials.
There were no significant differences between the responses observed in trials 1 to 4. Despite the
shorter duration of T5, the observed responses (Tre, Tsk, HR, thermal comfort) were
significantly higher than in trials 1 to 4. The duration of the trials was inversely proportional to
the evaporative resistances of the garment combinations determined with a thermal manikin.
Trials

T1

T2

T3

T4

T5

Ensemble
Knapsack, kg
Duration, min
Completed trials, N
Tsk, °C
Tre, °C
HR, beatsmin-1

Complete
20
47.7(11.5)
3
38.2 (0.1)
38.9 (0.1)
151 (24)

- helmet & vest
28.7
49.0 (7.1)
1
38.2 (0.5)
39.0 (0.1)
151 (14)

- helmet
21.7
51.7 (9.7)
4
38.5 (0.1)
38.9 (0.1)
148 (18)

- vest
27
48.7 (8.6)
2
38.4 (0.3)
38.8 (0.1)
148 (22)

+ NBC
20
34.8 (6.8)
0
39.1 (0.1)
39.0 (0.1)
165 (22)

Conclusions: With the exception of the NBC layer (T5), there was no significant added
contribution of either the helmet (T3), bullet proof vest (T4), or a combination of both (T2) to the
overall observed thermal strain under the conditions of the tests. Of main concern in future
development of desert garment ensembles is the NBC outer layer.
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1
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INTRODUCTION
During recent years increasing attention has been paid to the health impacts of global climate
change. Global climate change primarily means that the average global temperature increases
1.8-4.0 C (average increase 3.0 C) until 2100 (IPCC, 2007) depending on actions to limit
greenhouse gas emissions. Increasing temperature means more occupational exposure to heat.
OCCUPATIONAL HEAT EXPOSURE GUIDELINES AND STANDARDS
To protect workers from the effects of heat exposure various heat stress indices, guidelines and
standards have been developed. The most commonly used is the Wet Bulb Globe Temperature
(WBGT) index developed by the US Army many decades ago (Ramsey and Bernard, 2000).
This index takes into account air temperature, radiant temperature, humidity and air movement
and is the basis for time limitations of work at different metabolic rates (Figure 1).
The figure shows the basic principle used in all heat guidelines: work intensity or the work/rest
time ratio has to be reduced as the heat exposure increases in order to protect the worker. The
NIOSH recommendations (NIOSH, 1986) were followed by a standard from the International
Standards Organization (ISO, 1989), which had omitted the ―ceiling limit‖ (all work to be
stopped) and was made less restrictive at the lower metabolic heat levels. Whichever assessment
of the WBGT values is used, it is striking how narrow the WBGT range is between the heat
exposure level that is acceptable for continuous workplace exposure (e.g. 26 C at 250 W/m2 ;
Figure 1) and a work/rest time ratio of 15 min/hour (31 C at 250 W/m2 ; Figure 1).
The WBGT is an empirical index and does not account for all climate factors in a physically
correct way. It also applies only to workers in cotton shirt and trousers. More advanced indices
are based on the human heat balance equation and applies generally to all kinds of exposures
(Malchaire et al, 1999, 2000). One such index is the Predicted Heat Strain Index (PHS)
(Malchaire et al., 2001) that now replaces Required Sweat rate as International standard (ISO
7933, 2002).

CLIMATE CHANGE WILL INCREASE HEAT STRESS IN MANY COUNTRIES
The areas around the planet that are expected to get the highest temperature increases due to
global climate change are mainly inland areas within the large continents with an increase of 1-3
C until 2020 and 3-5 C until 2080 (IPCC, 2007). In these areas the maximum temperatures
during the hottest part of the year are already close to 40 C and increasing over time
(documented by Kjellstrom and Lemke, to be published). An additional 3-5 C will make heavy
work (e.g. in agriculture and construction work) very difficult during the hottest periods.
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Figure 1. Recommended heat exposure limits (active work time during an exposure hour) for an
acclimatized worker at different WBGT levels and metabolic heat levels (work intensity)
(modified from ISO 7243).
A formula developed by the Australian Bureau of Meteorology (ABOM, 2007) makes it possible
to calculate approximately the WBGT for typical outdoor work exposure situations with calm air
movements. It includes air temperature and humidity and makes assumptions of radiated heat.
We used this formula with daily data for Delhi (Figure 2) and found that during the hotter
months (May to August) the average WBGT during daylight hours constantly exceeds 30 C,
and often exceeds 35 C. Such high WBGT levels are signs of extreme heat stress (Figure 1).
Additional calculations of PHS for such extreme climatic condition predict increases in rectal
temperature beyond 38 °C. This is the level that is recommended in both ISO 7243 and ISO 7933
not to be exceeded in average in the exposed population. In addition the calculated sweat rates
approaches 1 to 1,5 l/h ending up in an accumulated water loss of up to 10 during an 8 hour shift.
Modelling by the Intergovernmental Panel on Climate Change (IPCC, 2007) forecasts substantial
increases of future annual average temperatures (and in many places also increases of humidity)
in areas populated by billions of people, and it is likely that for many workers the WBGT index
levels will also increase. The eventual occupational impacts of such increasing heat exposure are
dependent on clothing, radiated heat and workplace wind speed, but it is most likely that global
climate change is a threat to safe, comfortable and productive thermal working environments for
a significant part of the global population.
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Figure 2. The calculated daily average WBGT during daylight hours (WBGT-work) each day
during 2006 in Delhi (Kjellstrom and Lemke, to be published)

OCCUPATIONAL HEAT STRESS AND WORKER PRODUCTIVITY
Heat affects human behavior and performance in many ways (Ramsey, 1995). The relationship
between occupational heat exposure and productivity was pointed out already in 1974 by
Axelsson (1974) and was further commented upon by Holmer (1996), but very little research has
been carried out aiming at quantifying this relationship in work situations where workers are
―self-paced‖ (the slowing down of work as a defense mechanism in severe heat exposure is
labeled ―autonomous adaptation‖ by climate change researchers). Productivity has also been
analyzed for indoor climates in relation to air conditioning needs (Parsons, 2003). The first
report on this issue in the context of global climate change (Kjellstrom, 2000) likened the heat
effect on work output to the ―disability‖ caused by defined diseases, and concluded that this
effect may contribute to disability in a population to a greater degree than most diseases.
This impact of human function and health is the ―forgotten‖ effect of global climate change. It
will be of particular importance in tropical developing countries where climate change during
this century will be most prominent. It is likely to have a significant impact on the productivity
of many workers, unless effective adaptive measures reducing the occupational heat stress are
implemented. This may be practically and economically possible for indoor environments, but is
much more difficult, if not impossible, for outdoor environments. The eventual result is that it
will be more difficult to achieve economic and social development in the affected countries.
REFERENCES
ABOM (2007) About the WBGT and Apparent temperature indices. Australian Bureau of Meteorology, Melbourne,
Australia. Available free on the web:
Axelsson O (1974) Influence of heat exposure on productivity. Work, Environ, Health; 11, 94-99.
Holmer I (1996) Assessment and prevention of heat stress at work. UFA Bulletin No. 4, National Institute of
Working Life, Stockholm, Sweden.
ISO 7243 (1989) Hot environments - Estimation of the heat stress on working man, based on the WBGT-index (wet
bulb globe temperature).
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INTRODUCTION
It is generally accepted that the world‘s climate is changing and it is causing an increase in
minimum and maximum temperatures and an increase in the number of extreme events such as
heat waves, heavy rain and droughts. There is a requirement for a valid and reliable index to
represent weather conditions to which people are exposed so that the physiological strain and
hence possible health effects on people can be anticipated.
Fanger (1970) produced the Predicted Mean Vote (PMV) for assessing thermal comfort and it
has been widely used (ISO 7730). The PMV is an index which predicts the thermal sensation of
people based on the seven-point scale(+3 hot, +2 warm, +1 slightly warm, 0 neutral, -1 slightly
cool, -2 cool, -3 cold). For the evaluation of the thermal environment, it is important to know
human responses to various thermal conditions as well as to know the diversity of human
responses. The aim of this study was to evaluate the PMV thermal comfort index when applied
to predicting the thermal sensations of people outdoors.
METHODS
Four group experiments were conducted in the U.K. to determine human responses to outside
condition, one for each season of the year. There were September 2007(Group A), December
2007(Group B), March 2008(Group C) and June 2008(Group D).
Environmental measurement
Environmental conditions were recorded around the subjects. Air temperature and humidity were
measured using a whirling hygrometer. In addition, dry and wet bulb temperatures were
measured using shielded thermistors and black globe temperature was measured at the same
place as the dry and wet bulb temperatures were measured in the sun. Radiation levels were
measured using a Skye pyranometer SP 1110. Air velocity was measured using a B&K
anemometer and an Oregon weather station WMR 928 NX. All measurements were taken at
1.2m above the ground. Clothing worn varied with conditions and all items were a white cotton
short sleeved shirt or a white cotton/polyester long sleeved shirt or a grey cotton/polyester sweat
shirt, blue jeans, underwear, socks and trainers. 0.59clo consisted of a short sleeved shirt, blue
jeans, underwear, socks and trainers. 1.07clo consisted of a long sleeved shirt. a sweat shirt, blue
jeans, underwear, socks and trainers and 1.13clo consisted of a short sleeved and a long sleeved
shirts, a sweat shirt, blue jeans, underwear, socks and trainers.
Physiological measurement
The subject was weighed minimally clothed before and after the ‗exposure‘ using Mettler 1D1
Multi-range Digital Dynamic Scales, and the difference of weights was considered as sweat
production (Parsons, 2003). Aural temperature was measured during the exposure using
thermistors. Heart rate was measured using a Polar sports tester.
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Subjective measurement
A subjective questionnaire was completed by the subjects every ten minutes for Group A and B
and every five minutes for Group C and D throughout the 60 minute exposure. The ISO 11-point
thermal sensation scale was used (ISO 10551). Subjects gave ratings of thermal sensation,
comfort, stickiness, preference, pleasantness, acceptance, satisfaction and Borg‘s Rate of
Perceived Exertions (Borg‘s RPE, Borg(1998)).
Male students were involved as participants in this study(Table 1).
Table 1. Physical characteristic of participants [mean (SD)]
Group
A (n=10)
B (n=8)
C (n=10)
D (n=10)
*

Age
26(3.37)
21(0.99)
24(2.57)
27(10.04)

Height(m)
1.78(0.048)
1.79(0.03)
1.78(0.076)
1.72(0.07)

Weight(Kg)
74.7(8.55)
72.1(3.95)
75.3(6.28)
68.4(8.48)

BSA*(m2)
1.92(0.115)
1.90(0.051)
1.93(0.114)
1.80(0.110)

: BSA means Body Surface Area(m2)

Procedures
Body weight was measured(participants wearing only underwear). Aural thermistors and heart
rate monitors were fitted. Their fully clothed body were weighed before a step test. The
participants exercised for 60 minutes in an open space facing the sun, performing a step test in
time to a metronome set at a rate of 80bpm on a vertical rise of 100mm which can be estimated
as providing a heat production of 204Wm-2 (ACSM, 2006). The subject was advised to alter the
choice of lead foot periodically to avoid unequal leg strain. Every minute the subjects‘
physiological measurements and the environmental parameters were recorded. And a subjective
questionnaire was completed every five or ten minutes. At the end of the experiment, subjects‘
shorts only and clothed weights were measured. Participants in Group A started at the same time
but participants in Group B, C, and D started differently with approx. five minutes intervals
between participants. This allowed measurements of their body weight just before and after
60mins exposures.
RESULTS
Environmental measurements
The range of environmental conditions for the four group experiments are shown in Table 2. All
participants of Group A were exposed to the same environment but participants of Group B, C,
and D were exposed to slightly different environmental conditions. There were various
environmental conditions from warm to cool environments between groups, and 6 ºC to 25 ºC
for air temperature, 13 ºC to 57 ºC for mean radiant temperature, 0.8 m/s to 2.5 m/s for wind
speed, 106 Wm-2 to 898 Wm-2 for solar radiation, and 0.59 clo to 1.13 clo for clothing.
Physiological measurements
The range of final physiological responses for four group experiments are shown in Table 3.
Internal body temperature was different among participants in Group A but no difference in
Group D which had warm environmental condition. In respect of heart rate, it was varied
between participants for all groups although they conducted the same activity. Sweat production
was high in warm environmental conditions and low in cool environmental conditions as
expected.
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Table 2. Range of mean environmental conditions over 60mins [mean (SD)]
Air temperature, ta(ºC)
Mean radiant temperature, tr(ºC)
Air velocity, v(ms-1)
Relative humidity, ø(%)
Solar radiation(Wm-2)
Clothing(clo*)

Group A
24.7(1.12)
49.5(8.3)
0.84(0.393)
61(5.16)
446(169.14)
0.59

Group B
6.1 ~ 7.1
13.2 ~ 25.9
0.86 ~ 1.39
67 ~ 71
106 ~ 149
1.13

Group C
13.6 ~ 13.9
37.1 ~ 49.2
2.14 ~ 2.47
62 ~ 67
340 ~ 490
1.07

Group D
20.5 ~ 20.8
56.3 ~ 57
1.5 ~ 1.65
53 ~ 54
850 ~ 898
0.59

* clo is a unit which gives an estimate of clothing insulation on human body. For example, 0clo is for a nude person, 1.0clo the insulation
of a ‗typical business suit‘ etc.

Table 3. Final physiological data after 60mins [mean (SD)]
Aural temperature, tau(ºC)
Heart rate (bpm)
Sweat evaporated (gh-1)

Group A
37.3(0.28)
105(21.53)
471(77.16)

Group B
35.5 ~ 36.9
74 ~ 113
66 ~ 101

Group C
35.6 ~ 37.9
70 ~ 133
125 ~ 233

Group D
37(0.21)
91(9.11)
238(73.35)

Subjective measurements
The range of final subjective responses for four group experiments are shown in Table 4. Final
subjective responses between participants within groups were different. Group A and D showed
higher than ‗slightly warm‘ for thermal sensation and no ‗not uncomfortable‘ for comfort. A few
participants voted unacceptable and dissatisfied for the thermal environment in each group.
Table 4. Final subjective data after 60mins [mean (SD)]
Group A

Group B

Group C

Group D

Sensation

2.5(0.76)

-1 ~ 2

-2 ~ 3

2(0.82)

Comfort

2.5(0.53)

1~2

1~3

2.1(0.37)

Stickiness

2.8(0.63)

1~2

1~3

2.4(0.75)

Preference

-1.5(0.69)

-1 ~ 1

-2 ~ 1

-1.2(0.67)

Pleasantness

-1.38(0.49)

-1 ~ 1

-1 ~ 1

-0.3(1.14)

Borg‘s RPE

11(3.13)

6 ~ 11

6~ 16

9.6(2.12)

Scale point
-2 cool, -1 slightly cool,
2 warm, 3 hot
1 not uncomfortable,
2 slightly uncomfortable,
3 uncomfortable
1 not sticky,
2 slightly sticky, 3 sticky
1 slightly warmer,
-1 slightly cooler, -2 cooler
-1 slightly unpleasant,
1 slightly pleasant
6 no exertion at all,
9 very light, 11 light,
17 very hard

Analysis of PMV and actual thermal sensation
The range of PMV and measured thermal sensation votes are shown in Figure 1. For outdoor
weather conditions, the PMV index was increased to include +4 very hot and +5 extremely hot.
For Group A the PMV values varied between 3.3 ~ 4.2 which meant around ‗hot‘ to ‗very hot‘
for 60minutes. Participants in Group B and C were exposed to slightly different environmental
conditions, and Group B showed the PMV range of -0.2 ~ 0.8 which meant around ‗neutral‘ and
‗slightly warm‘. Group C had the PMV range of 0.2 ~ 2.2 which meant around ‗neutral‘ to
‗warm‘. In the case of Group D, the environmental conditions among participants were not
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significantly different(p<0.05) and the PMV range was 2.7 ~ 3.6 which meant around ‗hot‘ and
‗very hot‘. On the other hand, the results of thermal sensation votes had wider ranges than the
range of PMV. The range of sensation of Group A was -1 ~ 3 which meant around ‗slightly cool‘
to ‗hot‘ for 60minutes. The thermal sensation of Group B was -2.8 ~ 2 which meant around
‗cold‘ to ‗warm‘. The result of sensation in Group C was -2 ~ 3 which meant around ‗cool‘ to
‗hot‘. Group D showed the range of -1 ~ 3 which meant around ‗slightly cool‘ and ‗hot‘.
Group B

Group A
Extremely hot 5

Extremely hot

5

Very hot 4

Very hot

4

Hot 3
Warm 2
Slightly warm 1
Neutral 0

Hot

3

Warm

2

Slightly warm

1

Neutral

0

Slightly cool -1
Cool -2

Slightly cool -1
Cool -2

Cold -3

Cold -3

Very cold -4
Extremely cold -5

Very cold -4
Extremely cold -5

-3

-3

-2

-1

0

1

2

3

4

-2

-1

0

5

1

2

3

4

5

PMV

PMV

Group D

Group C
Extremely hot

5

Very hot

4

Extremely hot

Hot 3

Hot 3
Warm 2
Slightly warm

5

Very hot 4
Warm 2
Slightly warm 1

1

Neutral 0

Neutral 0

Slightly cool -1
Cool -2

Slightly cool -1
Cool -2

Cold -3

Cold -3

Very cold -4

Very cold -4

Extremely cold -5

Extremely cold -5

-3

-3

-2

-1

0

1

2

3

4

5

-2

-1

0

1

2

3

4

5

PMV

PMV

Fig. 1 Scatter plot of the measured thermal sensation and PMV by groups.
The correlation between the actual thermal sensation and PMV is shown in Figure 2. Spearman
correlation was r=0.515 and the relationship was significant at the 0.01 level. The PMV values
showed narrower range than the measured thermal sensation for all groups and the PMV had
higher values than actual thermal sensation for all groups. Olesen and Parsons (2002) also
pointed out the lack of validity of the PMV.

Fig. 2 Spearman correlations between the measured thermal sensation and PMV for four groups.
CONCLUSIONS
Group A in September, 2007(ta : 25°C)
1. The PMV values were higher than the actual thermal sensation.
2. The PMV range was 3(hot) to 4(very hot) but the range of the actual thermal sensation was
-1(slightly cool) to 3(hot).
Group B in December, 2007(ta : approx. 7°C)
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3. The PMV values were similar to the actual thermal sensation.
4. The PMV range was 0(neutral) to 1(slightly warm) but the range of the actual thermal
sensation was -3(cold) to 2(warm).
Group C in March, 2008(ta : approx. 14°C)
5. The PMV values were higher than the actual thermal sensation.
6. The PMV range was 0(neutral) to 2(warm) but the range of the actual thermal sensation was
-2(cool) to 3(hot).
Group D in June, 2008(ta : approx. 21°C)
7. The PMV values were higher than the actual thermal sensation.
8. The PMV range was 2.7(hot) to 3.6(very hot) but the range of the actual thermal sensation
was -1(slightly cool) to 3(hot).
Overall, the PMV values were higher than the actual thermal sensation for all seasons, and the
PMV range was 0(neutral) to 4(very hot) but the range of the actual thermal sensation was 3(cold) to 3(hot).
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INTRODUCTION
The Predicted Heat Strain (PHS) was proposed by Malchaire et al (2002) and validated against
laboratory and field data (Machaire et al 2001) as part of the EU BIOMED II project. The result
of the effort was an update to ISO7933 (2004). One useful purpose of PHS is to examine the
pattern of heat strain that results from steady and time varying heat stress exposures. Alternative
controls can be simulated on a desktop evaluation. A second use of the PHS is to limit acute heat
stress exposures to the time it takes to reach a predicted physiological limit (either rectal
temperature or dehydration).
Japan National Institute of Occupational Safety and Health and University of South Florida
undertook several changes to PHS, mainly to account for clothing effects following the guidance
of ISO9920 (2007). The purpose of this paper was to compare the predicted exposure limit from
PHS and the modified PHS (called here PHSm) to observed data from trials designed to last from
about 30 to 110 minutes (Bernard and Ashley 2009). From these comparisons, the ability of PHS
and PHSm to limit acute exposures can be assessed.
METHODS
Twelve adults participated in the time-limited heat stress exposures. Prior to beginning the
experimental trials to determine critical WBGT, they underwent a 5-day acclimatization to dry
heat. Participants wore a base ensemble of shorts, tee-shirt (or sports bra for women), socks and
shoes.
Three different clothing ensembles over the base ensemble were evaluated: work clothes (135 g
m-2 cotton shirt and 270 g m-2 cotton pants), water-barrier, vapor-permeable ensemble
(NexGen® LS 417), and vapor-barrier ensemble (Tychem QC®, polyethylene-coated Tyvek®).
The limited-use coveralls had a zippered closure in the front and elastic cuffs at the arms and
legs; and they did not include a hood.
Each participant walked on a treadmill at a moderate rate of work (190 W m-2) at five levels of
heat stress. The 15 combinations of clothing and heat stress level (see Table 1) were completed
in random order. During trials, participants were allowed to drink at will. Core (rectal)
temperature, heart rate and ambient conditions were monitored continuously and recorded every
5 minutes. The time at which Tre reached 38 °C (t@38) was noted. The safe exposure time (SET)
was taken as the time at which the first of the following conditions was satisfied: (1) Tre reached
38.5 °C, (2) a sustained heart rate greater than 85% of the age-predicted maximum heart rate, or
(3) participant wished to stop. Only trials in which t@38 was reached and trials that ended before
120 min were used to evaluate validity for t@38 and SET.
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Table 1. Combinations of Clothing Ensemble and Target Levels of WBGT [°C] at 50% Relative
Humidity
Heat Stress Level
Ensemble
HL1
HL2
HL3
HL4
HL5
Work Clothes
36
37
38
40
44
NexGen
33
34
36
38
41
Tychem QC
29
30
32
34
38
The experimental conditions for each trial were used as the heat stress conditions for the PHS
and PHSm. These included dry bulb and radiant temperatures, ambient water vapor pressure, air
speed, metabolic rate, walking speed, and intrinsic clothing insulation and estimated im from
previous data as well as participant height and weight. The PHS and PHSm times were taken as
the time at which predicted rectal temperature reached 38 °C. When walking speed was used, the
wind direction was considered omni-directional. A second evaluation was performed in which
the effective walking speed based on metabolic rate was used.
For comparison, t@38 and SET were compared to PHS and PHSm times. The outcomes were
classified in three categories. On-Time (OT) was a condition in which the actual time (either
t@38 or SET) occurred within a window that was plus or minus 10% of the predicted time (i.e.,
PHS or PHSm time). An early predicted time (E) was the outcome in which the predicted time
plus 10% was earlier than the observed time. A late predicted time (L) occurred when the
predicted time minus 10% was greater than the observed time.
RESULTS
There were 8 comparison groups based on observed time at two levels (t@38 and SET),
predicted time by two methods (PHS and PHSm), and the use of walking speed at two levels
(Yes and No). The experimental trials were not designed to have True Negatives, and thus
sensitivity and specificity were not evaluated. The distribution of trials among Early, On-Time
and Late was determined and provided in Table 2. If a broad view of protection including overprotection is taken, then protective accuracy can be computed as the ratio of the On-Time plus
the Early over the total observations. These values were generally high but driven by the large
number of Early observations.
For each factor in Table 2, there were trends worth noting. Using the actual walking speed to one
estimated from metabolic rate led to fewer Early classifications within each of the four
combinations of observed and predicted time. For t@38 and PHS with actual walking speed, the
distribution was somewhat balanced; and it shifted to Early for PHSm and for estimated walking
speed. For SET, there was a general movement to Early regardless of the predicted time or
walking speed method.
Table 2. Classification of outcomes for the eight comparison groups.
Early
On-Time
Late
Total
Actual Vwalk
t@38 v. PHS
55
28
71
154
t@38 v. PHSm
123
17
14
154
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SET v. PHS
SET v. PHSm

t@38 v. PHS
t@38 v. PHSm
SET v. PHS
SET v. PHSm

92
157

23
8

53
3

168
168

121
134
158
164

Estimated Vwalk
22
11
15
5
8
2
3
1

154
154
168
168

Figures 1 and 2 illustrate the relationships between individually observed safe exposure times
(SETs) and individually determined predicted times when walking speed was used. As expected
from Table 2, there was a trend for the predicted times to be less than the observed times (to the
right and below of the identity line). This effect was greater for PHSm than PHS. The trial
protocol called for stopping at 120 min and represented greater than 120 min.
120
PHS

PHS Time [min]

90

60

30

0
0

30

60

90

120

Safe Exposure Time [min]

Figure 1. Predicted time from PHS compared to the observed safe exposure time.
120
PHSm

PHSm Time [min]

90

60

30

0
0

30

60

90

120

Safe Exposure Time [min]

Figure 2. Predicted time from PHSm compared to the observed safe exposure time.
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CONCLUSIONS
Comparing t@38 with PHS including walking speed was the approach most in line with the
original intent of PHS. That is, (1) PHS used walking speed to adjust for the dynamic effects of
work on clothing factors and the metabolic estimation was offered as an alternative and (2) it was
validated in its ability to predict a mean rectal temperature response (Malchaire et al 2001). This
comparison supported the original validation with a roughly balanced set of outcomes among
Early, On-Time and Late.
The validity study also showed that the 95% confidence interval included 38.5 °C; and was up to
38.7 °C (see Fig 2 and 4 of Malchaire et al 2001). This fact means that most rectal temperatures
will be less than 38.7 °C when the model predicts 38 °C. For this reason, a comparison to the
observed safe exposure time at 38.5 °C (or elevated heart rate or fatigue) was appropriate. While
PHS was indicative of the mean response, it was not protective when used as a method to limit
heat stress exposures in a prescriptive fashion. When using the SET value, there were a large
number of Late outcomes (53 of 168 or 32%).
The lower predicted times of PHSm were not intended but an outcome of updating the methods
to adjust static values of insulation and evaporative resistance to dynamic (resultant) values. The
result was fewer Late outcomes (3 of 168 or 2%) but more Early ones (157 of 168 or 93%). The
protective accuracy was generally high for PHSm, but this was driven by a high number of Early
trials. That means that PHSm was overly protective in 93% of the trials.
Overall, the use of PHS or PHSm for prescribing acute exposures appeared to be limited. Where
PHS had significant risk of Late outcomes pointing out the risk for over-exposures, PHSm was
characterized by a large number of Early outcomes, which may reduce the utility for exposure
planning.
It was clear from the data that substituting a metabolic rate for actual walking speed led to a
systematic lowering of the predicted times. This may be an area for further investigation.
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INTRODUCTION
The Predicted Heat Strain (PHS) is a rational model for heat stress exposure assessment. It was
proposed by Malchaire et al. (2001) and was adopted by the International Organization for
Standardization (ISO) as ISO7933 in 2004. The key predictions of the PHS are rectal
temperature (Tre) and sweat rate. These predictions were validated for laboratory and field trials
as part of the BIOMED II project (Malchaire et al 2002). A time limit for an exposure is
provided based on Tre reaching 38 °C or a cumulative sweat loss limit that is based on
acclimation state and percent of population.
Important factors in the determination of the time limit include environmental conditions,
metabolic demands, and clothing. Since the publication of PHS and ISO7933, the ISO has
published a standard for clothing that includes adjustments for insulation and evaporative
resistance based on wind speed, walking speed, and walking direction (ISO9920-2007). These
adjustments differ from those used in ISO7933. One purpose of the effort reported in this paper
was to include the clothing adjustments (called resultant insulation and evaporative resistance in
ISO9920) in the PHS model.
A further change in the model was added to better account for recovery. Specifically, there were
conditions under which Tre would not return to an appropriate baseline. That is, it would remain
elevated above the metabolically-driven equilibrium temperature when the environment would
allow it to return to the expected baseline. In addition, there were some circumstances in which
the Tre would find a level below the metabolic equilibrium temperature.
This paper describes two major and one minor modifications to the PHS model and discusses
some of the implications of the changes.
METHODS
The first step was to change the PHS methods for estimating the dynamic insulation and
evaporative resistance, called resultant values in ISO9920. The methods differed in the way a
correction factor was computed to adjust the static value to a dynamic (resultant) value. In
ISO7933, the correction factor for evaporative resistance (CFre) was calculated by using the
correction factor for total insulation (CFi) divided by the correction factor for clothing
permeability index. In ISO9920, the CFre is based on either the CFi or a function of wind and
walking speeds. For this paper, the CFre was based on CFi.
We compared the CFi and CFre estimated by ISO7933 and ISO9920. Because both air velocity
and walking velocity were included in the formula for CFi, we calculated the independent effects
of air velocity and walking velocity to the CFi and CFre. Because the formula for CFi changes
for clothing less than 0.6 clo, CFi and CFre were compared at 0.3 clo and 1.0 clo.

141

Proceedings of the 13th International Conference on Environmental Ergonomics, Boston (USA), August 2-7, 2009

There were times when the core temperature did not return to the equilibrium level associated
with the metabolic rate. While the amount of heat loss needed to reduce the core temperature was
computed and factored into the model, this was not sufficient to bring the core temperature all
the way down (and sometimes it was too much and the core temperature was reduced below the
equilibrium value for the metabolic rate). To account for this discrepancy, two steps were taken.
The first was to assess the elevation of the current core temperature above the equilibrium value.
If Ereq was less than zero and there was still a core temperature elevation, the required sweat rate
(SWreq) was adjusted proportionately to the difference. To fine tune the outcome, Ep and SWp
were set to zero when the equilibrium core temperature was reached.
Finally, as a minor modification, posture adjustments to the available surface area for convection
and maximum evaporative cooling were instituted for sitting (0.7) and squatting (0.9). It was
assumed that there was no conduction across the surfaces in contact with the body during sitting.
After changing the PHS code to compute CFi and CFre by either method, the code was verified
using the standard test conditions in ISO7933. Values for final Tre, water loss, Dlim tre, Dlimloss50,
Dlimloss95 by PHS model (ISO7933) and PHSm (PHS with the changes). We also calculated Dlim tre
by PHS model and PHSm using trial conditions used for high heat stress exposure conditions
(safe exposure times less than 120 min) for 142 trials (Bernard and Ashley 2009).
An Excel workbook with a VBA macro was used to compute PHS and PHSm.
RESULTS
The first step in the PHS modification process was to examine the differences between CFi and
CFre as specified by ISO7933 and ISO9920 as a function of air speed, walking speed, and
clothing level. Fig. 1 illustrates the comparison.
CFi was not substantially different for either method, and decreased with air and walking speed.
CFre by ISO9920 was larger than ISO7933, and the difference increased with either air or
walking speed. As a note, the difference in methods for estimating CFre in ISO9920 was less
than 5% over the same conditions.
The outcomes by PHS and PHSm were compared using the standard test conditions in ISO7933
(Table 1). The calculation time limit was 480min. PHSm showed higher Final Tre than PHS. The
temperature difference between PHS and PHSm increased when the final Tre increased.
Maximum allowable exposure time for heat storage (Dlim tre) was shorter in PHSm than PHS. In
example 3 and 7, PHS did not have limitation but PHSm had limitation time of 117 min and 196
min respectively.
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Fig. 1. Correction factors for Icl and Ret calculated by ISO7933 and ISO9920.
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Table 1. Differences in outcomes for standard test conditions
Parameters
Acclimatized
Posture
ta(° C)
Pa(kPa)
tr(° C)

1
Yes
Standing
40
2.5
40

2
Yes
Standing
35
4.0
35

3
Yes
Standing
30
3.0
50

4
No
Standing
28
3.0
58

5
No
Standing
35
3.0
35

6
No
Standing
34
3.0
34

7
Yes
Standing
40
3.0
40

8
Yes
Standing
40
3.0
40

va(m/s)
M(W/m2)
Icl(clo)
θ(degree)
Walk speed
(m/s)

0.3
150
0.5
0

0.3
150
0.5
0

0.3
150
0.5
0

0.3
150
0.5
0

0.3
206
0.5
0

0.3
150
1.0
0

0.3
150
0.4
0

0.3
150
0.4
90

0

0

0

0

0

0

0

1

Output
PHS PHSm PHS PHSm PHS PHSm PHS PHSm PHS PHSm PHS PHSm PHS PHSm PHS PHSm
Final tre(° C)
37.5 37.7 39.8
41 37.7
39 41.2 42.5 39.2 41.3
41 42.5 37.5 38.4 37.6 37.6
Water loss(g) 6174 7209 6938 6973 7167 7206 5807 5807 7252 7371 5551 5642 6691 7215 5386 5541
Dlim tre (min)
480
480
74
56
480
117
57
44
69
45
67
54
480
196
480
480
Dlimloss 50 (min)

439

378

385

382

380

377

466

466

371

360

480

479

406

377

480

480

Dlimloss 95 (min)

297

257

256

256

258

255

314

314

246

237

317

314

275

255

339

329

To compare the differences of Dlim tre calculated by PHS and PHSm, 142 experimental conditions
from a previous study were used. Dlim tre was longer in PHS than in PHSm (Fig. 2). When the
Dlim tre was below 20 min, PHS and PHSm were about the same value. As Dlim tre increased, the
difference became larger.

X=Y

Fig. 2. Differences in predicted time limit by PHS and PHSm based on experimental trials for
short term exposures.
To illustrate the code changes for recovery to the equilibrium core temperature, Tre time course
for an exposure and recovery by PHS, PHSm, PHSce (core equilibrium included in PHS), PHSmce
(core equilibrium included in PHSm) (see Fig. 3). The faster rate of rise was expected for PHSm.
The recovery to different levels from the different levels of rectal temperature without the code
adjustment was also expected.
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Fig. 3. Recovery of Tre calculated by four variations of the PHS model.
CONCLUSIONS
By introducing the dynamic correction factor of clothing insulation and evaporative resistance of
ISO9920 (PHSm) into ISO7933 (PHS), there was little change in the total dynamic (resultant)
insulation, but the total dynamic evaporative resistance was higher for PHSm. Thus the predicted
heat strain was greater in PHSm than PHS. This trend was seen both in the test scenerios
published in ISO7933 and from a set of experimental data.
After the elevation of current core temperature above equilibrium temperature was used to adjust
predicted sweat rate, Tre returned to the equilibrium temperature as intended.
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INTRODUCTION
The fact that about one third of the primary energy production in developed countries is
consumed by heating, ventilating and air conditioning of non-industrial and residential buildings
initiated extensive development of new HVAC systems that allow indoor climate control with
reduced energy demand. Some of these systems are associated with moderate drifts of indoor
temperatures, also during the building occupancy period. Allowing indoor temperatures to drift
rather than to keep them steady, which is common practice in most air-conditioned buildings,
may be a feasible means to reduce the building energy demand. The results of previous research
suggest that slow temperature ramps up to ±0.5 K/h (23-27ºC) have no influence on the width of
the comfort zone as established under steady-state conditions [1, 2]. Berglund and Gonzalez [1]
also concluded that temperature limits for 80% acceptability of the thermal environment,
particularly the upper limit, defined by ASHRAE Standard 55 [3] might be conservative in case
of drifting temperatures. Knudsen et al. [4] addressed the possibility to use the PMV/PPD model
[5] to predict thermal sensation during temperature ramps up to ±5 K/h. Although previous
studies conducted in the climate chambers examined a large range of temperature ramps, their
focus was mostly on establishing temperature limits for acceptable thermal comfort. The
objective of this project was to extend the knowledge on the effect of moderate operative
temperature drifts to cover not only on human thermal comfort, but also on the intensity of SBS
symptoms and perceived air quality.
METHODS
Fifty two healthy subjects (mean age: 23.7±4.4 [yrs]; mean height: 176.6±9.4 [cm]; mean
weight: 74.7±11.9 [kg]; 50% female), recruited college students, were seated in a climatic
chamber and exposed to different conditions during two related experimental series; see Table 1.
The climate chamber (5 m wide, 6 m long and 2.5 m high) was developed to control accurately
the thermal environment [6]. Ventilation system provided approx. 170 L/s of fresh air (air change
rate 9 h-1). That corresponds to about 28 L/s per person when considering 6 persons seated in the
chamber at the time. Air and operative temperatures, which were identical during all exposures,
air velocity and air humidity was measured continuously at the centre of the chamber at 0.6 m
above the floor. The water vapour pressure 1.53 kPa (corresponding to 50% RH at 24ºC) was
kept constant during all exposures.
In both experimental series, subjects were divided into groups of six. Each group came to an
experimental session on the same week-day. Each group experienced one condition a week. The
order of the conditions was randomized (Latin Square Design). Subjects were seated at separate
workstations consisting of a desk, a chair and a PC. Each session started with an acclimatization
period (30 min.). Two times per hour, subjects filled in a questionnaire that included a 7-point
thermal sensation interval scale, scales to assess the acceptability of the thermal environment and
perceived air quality, a scale to assess odour intensity (Figure 1a) and Visual Analogue Scales
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(VAS) to assess the intensity of selected specific and general SBS symptoms [7]. A scale to
assess self-estimated performance was also included in the questionnaire. Subjects‘ performance
was measured by simulated office work tasks but these results are not included in this paper.
Both questionnaires and office work tasks were presented to subjects in an Internet browser [8].
Subjects wore their own clothing during all experimental sessions. Clothing composition was
determined during pre-sessions in which subjects were exposed to constant operative
temperature 24.4 and 21.4ºC (50% RH, 2 hours) for experiment 1 and 2 respectively. They were
also allowed to move around the chamber casually, so that their metabolic rate was
approximately 1.2 met.
The percentage of subjects dissatisfied with their thermal condition was determined by
calculating the percentage of votes that were placed in ―negative‖ part of the thermal
acceptability scale (from ―just unacceptable‖ to ―clearly unacceptable‖) for each vote.
RESULTS
Results of the thermal sensation and acceptability are presented.
Thermal sensation
Comparison of the mean thermal sensation from conditions with constant temperature (24.4 and
21.4ºC) to data from the same temperature level reached by ramps is depicted in Figure 1b. The
analysis showed, that mean thermal sensations differed significantly only in case of comparison
to +1.2 K/h ramp at both temperature levels.
Linear relation between thermal sensation and operative temperature was observed in all studied
ramps. The data obtained in experiment 1 are depicted in Figure 2a. Analysis with Linear Mixed
Effects model showed that an intercept and slope of the linear relation did not differ significantly
for +2.4, +1.2 and +4.8 K/h ramps. For these ramps, subjects perceived operative temperature the
same way regardless the ramp they were exposed to. Common linear fit for +2.4, +1.2 and +4.8
K/h ramp is indicated by dash line in Figure 2a. The development of thermal sensation was
different in +0.6 K/h ramp (Figure 2a – solid line), where thermal sensation for the same level of
operative temperature was higher. This difference tended to be larger for higher temperatures.
Analysis showed significant difference in both slope and intercept (p<0.001) when +0.6 K/h
ramp was compared to +2.4, +1.2 and +4.8 K/h ramps.
Figure 2b presents linear relation between operative temperature and mean thermal sensation in
experiment 2. Analysis of the data showed no significant difference in both slope and intercept of
the regression line for +0.6 and +1.2 K/h ramp. Common linear fit for +0.6 and +1.2 K/h ramp is
indicated by dash line. In case of decreasing ramps, the thermal sensation changed with
temperature significantly faster than in increasing ramps. Solid line in Figure 2b represents linear
fit for -0.6 K/h ramp data. Its slope is significantly different (p<0.0001) from the one of the line
representing increasing ramps (+0.6 and +1.2 K/h). The slope of -1.2 K/h ramp differed both
from the slope of increasing ramps (p<0.05) and the slope -0.6 K/h ramp (p<0.01).
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Figure 1. a) Interval and acceptability scales; b) Comparison of mean thermal sensation at the
level of thermal neutrality reached by temperature ramps to data from exposure to constant
temperature, vertical bars indicate ± SD

a)
b)
Figure 2. Mean thermal sensation votes as a function of operative temperature: a) experiment 1 22-26.8ºC, 0.5 clo, b) experiment 2 - 17.8-25ºC, 0.7 clo.

Acceptability of air quality and intensity of odour
The results from exposures to constant temperature indicated that subjects needed approximately
120-150 minutes to adapt their olfactory senses to the pollution level in the climatic chamber.
During exposure to temperature ramps, acceptability of air quality was linearly dependent on
operative temperature. This relationship was statistically significant for +0.6 K/h ramp in
experiment 1 and -1.2 K/h ramp in experiment 2 (Figure 3). The results seem to be in agreement
with results obtained by Fang et al. [9]. The effect of adaptation observed in steady state
conditions couldn‘t be studied in case of temperature ramps as acceptability of air quality was
affected both by changing temperature (enthalpy) and different initial temperature level. No
significant change in intensity of odour was observed in experiment 1 and 2. Overall means were
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0.8 ± 0.6 and 0.7 ± 0.5 for experiment 1 and experiment 2 respectively, which corresponds to a
little bit less than ―slight odour‖ category on the scale.
1

acceptability of air quality [-]

To

0.5

R2 = 0.7
2

R = 0.7

To

0

+0.6 K/h, 0.5 clo
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Linear (+0.6 K/h, 0.5 clo)
Linear (-1.2 K/h, 0.7 clo)

-1
18

19
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To [ºC]

Figure 3. Acceptability of air quality as function of operative temperature; arrows indicate
direction of the temperature ramp
DISCUSSION
Subjects dressed in summer clothing (approx. 0.5 clo) immediately perceived operative
temperature ramps +2.4 K/h, +1.2 K/h and +4.8 K/h in range 22-26.8ºC. The perception of
thermal environment was the same regardless the experienced ramp. Temperature ramp +0.6 K/h
was recognized with about 3 hours delay. Afterwards, the same operative temperature was
perceived as warmer, than in case of steeper ramps. However, higher thermal sensation was not
accompanied with higher dissatisfaction with the environment. During exposure to +0.6 K/h
ramp at lower temperatures (19-23.8ºC, 0.7 clo) subjects did not perceive given operative
temperature differently from +1.2 K/h ramp. This results suggest that not temperature ramp itself,
but rather combination of temperature level above 24.4ºC and time of the exposure influenced
thermal sensation of the subjects. Although the design of the experiment did not allowed to
separate the effect of rising temperature and the time effect, the fact that subjects spent 8 hours in
the climatic chamber could bring on fatigue that consequently influenced the thermal sensation.
The results of the present study seem not to be in conflict with findings of the previous research
[1]. Subjects did not distinguish slow temperature increase +0.6 K/h for the first 3 to 4 hours of
the exposure. However, as the exposure continued, linear relation between thermal sensation and
temperature was observed. Higher level of clothing insulation seemed to enlarge the delay period
for flat ramps (+0.6 K/h) and even introduce it for steeper ramps (+1.2 K/h).
Comparison of the percentage dissatisfied with thermal environment obtained in the present
study to the prediction by PMV/PPD model did not consistently show that acceptability range
specified by current standards [3, 5] could be extended when subjects were exposed to
temperature ramps. In +4.8K/h ramp percentage of dissatisfied increased faster than predicted by
the model. On the other hand, subjects accepted slightly warm environment during +0.6 K/h
ramp more than the model would predict. The data from ±1.2, +2.4 and -0.6 K/h ramps followed

149

Proceedings of the 13th International Conference on Environmental Ergonomics, Boston (USA), August 2-7, 2009

quite well relationship given by PMV/PPD model. Rather high percentage of dissatisfied in
exposure to constant temperature 24.4ºC can not be fully explained. It is possible that as thermal
acceptability data were not adjusted for higher initial metabolic rate, higher dissatisfaction in the
beginning of the ramp influenced the mean value.
Observed relationship between acceptability of air quality and operative temperature (respective
enthalpy of the air) suggests that in case of insufficient ventilation, temperature increase can
cause further degradation of perceived air quality. Poor air quality may, in the end, result in
increased intensity of SBS symptoms, decrease overall comfort and productivity of the occupants.
CONCLUSIONS
Linear relationship between mean thermal sensation and operative temperature was observed in
all studied ramps. Flat ramps (±0.6 K/h) were realized by sedentary subjects with 3 to 4 hours
delay (depending on the level of clothing).
Relationship between mean thermal sensation and percentage of thermally dissatisfied subjects
was in fairly good agreement with prediction by PMV/PPD model. In general the results do not
indicate that it would be possible to extend the comfort zone specified in current standards.
Adaptation to indoor air quality occurred after approx. 2 hours in exposure to steady temperature.
Linear relationship between acceptability of air quality and temperature (enthalpy) was observed
in temperature ramps.
Increasing operative temperature had a slight but significant negative effect on general SBS
symptoms like intensity of headache, well feeling or fatigue. The same stands also for self
evaluated concentration ability and performance.
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INTRODUCTION
Artificial thermal conditions are maintained within comfortable range by air conditioning system.
Outdoor temperatures in winter thus cause stress to the body, not only as feelings of discomfort,
but also as elevated blood pressure and hypothermia, particularly in the elderly. In addition, the
comfortable range of room temperatures in winter induces a decrease in basal metabolic rate
(Maeda et al. 2005), causing a substantial increase in shivering thermogenesis (Maeda et al.
2007) on exposure to cold. Comfortable thermal conditions thus cause a reduction in cold
tolerance. Maintenance and improvement of cold tolerance is thus needed in modern populations.
There were many studies that examined relationships between physical endurance training and
whole-body cold tolerance, as evaluated by thermogenic ability and suppression of heat loss in
the cold, but little agreement has been reached regarding mechanisms of improving cold
tolerance. Previous studies have reported that cold-induced thremogenesis and heat loss were
greater in individuals with high maximum oxygen uptake than in those with low maximum
oxygen uptake (Bittel et al. 1988). Conversely, our previous study confirmed positive
relationships between maximum oxygen consumption and peripheral vasoconstriction in cold,
and negative relationships between basal metabolic rate and shivering thermogenesis in cold
(Maeda et al. 2007), suggesting that physical training leads to improved suppression of heat loss
and potentiality of thermogenesis.
With regard to mechanisms for improving the ability to suppress heat loss, vascular function
might be affected by physical training. Many studies have examined the effects of exercise
training on vascular endothelial function in patients with diabetes (Fuchsjager-Mayrl et al. 2002)
and other diseases, revealing improvements in endothelial function with exercise training.
However, no study has estimated relationships between whole-body cold tolerance and vascular
function. The purposes of this study were to clarify relationships among vascular function,
physical fitness and peripheral vasoconstriction during cold exposure, and to demonstrate the
involvement of vascular function in improvement of cold tolerance by physical fitness.
METHODS
Subjects comprised 21healthy Japanese males volunteer who underwent whole-body cold
exposure testing, and measurement of physical fitness and vascular function. The Ethics
Committee of Fukushima Medical University approved the study protocols. Each subject
received a complete explanation of the experimental test procedure prior to providing consent to
participate in the study.
Cold exposure testing involved supine rest at 28°C for 60 min, decreasing temperature to 10°C
for about 30-min, and remaining at 10°C for 60 min. Relative humidity was set at 50%. Rectal
and skin temperatures of the forehead, abdomen, forearm, back of the hand, thigh, shin, and
instep, skin blood flow on_ the index finger of left hand, and oxygen consumption were measured.
Mean skin temperature (Tms) was calculated from these 7 points on the body using an equation
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by Hardy and DuBois (1938). Oxygen• consumption (VO2) was used as an index of shivering
thermogenesis, and rate of change of VO2 was calculated as the value at 90 min divided by the
baseline value (0 min). Decrease in blood flow was used as an index of skin vasoconstriction.
Subjects wore a short-sleeved cotton T-shirt and short cotton pants (about 0.3 clo).
Individual vascular function and aerobic physical fitness were measured the day after the cold
exposure test. With regard to measurement of vascular function, blood flow at the left forearm
was measured by strain gauge plethysmography before and after cuff inflation of 200 mmHg for
5 min. Endothelium-dependent vasodilation at reactive hyperemia was estimated using this
methodology. Endothelium-dependent vasodilation is related to vascular endothelial function,
but can co-instantaneously estimate flexibility of blood vessels. That is to say, the more flexible
a blood vessel was, the greater the increase in blood flow. We used blood flow just after cuff
release and mean value for 1 min after
cuff release as an index of flexibility of blood vessels.
•
Maximum oxygen consumption (VO2max) was used as a directly index of aerobic physical fitness,
and was measured during physical exercise on a bicycle ergometer with continuously
incremental work load (+20 W/min). The test was terminated on self-determined exhaustion or
when the subject could no longer maintain a 50 rpm cadence, despite encouragement by the
investigator.
RESULTS
Figure 1 shows temporal changes in mean skin temperature, finger blood flow, and oxygen
consumption. Mean skin temperature (Figure 1A) and finger blood flow decreased (Figure 1B),
and oxygen consumption (Figure 1C) increased with decreasing temperature and exposure to
10 °C. Figure 2 shows the relationships between vasoconstriction during cold exposure and
aerobic physical fitness, and vascular function. A positive relationship between vascular function
and degree of peripheral vasoconstriction as estimated by differences in mean finger blood flow
at 28 °C and minimum value at 10 °C• (ΔBFfinger) was found (Figuer 2B), although no
relationship was identified between VO2max and ΔBFfinger (Figuer 2A). Figure 3 shows a
relationship
between aerobic physical fitness and vascular function. A positive correlation existed
•
between VO2max and vascular function (Figure 3).
CONCLUSIONS
It is well known that peripheral vasoconstriction is important for thermoregulation, especially for
suppressing heat loss, in a cold environment and high ability of peripheral vasoconstriction
enables regulation of body temperature without increasing metabolic thermogenesis which is the
second stage of the thermoregulation after the vasoconstriction. The present study indicated the
relationship between vascular function and peripheral vasoconstriction during cold exposure,
suggesting that flexible blood vessels
displayed strong contractility during cold exposure. Given
•
the result of a correlation between VO2max and vascular endothelial function, flexibility of blood
vessels was improved by aerobic physical training, supporting the results of previous studies
(Fuchsjager-Mayrl et al. 2002).
In conclusion, this study showed that exercise training leads to improved flexibility and
responsiveness of blood vessels, thus improving vasoconstrictive capacity and cold tolerance.
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Figure 1 Temporal changes in mean skin temperature (panel A), finger blood flow
(B), and oxygen consumption (C).

Figure 2 Relationships between finger blood flow in a cold and aerobic physical fitness(A),
and vascular function (B).
VO2max means maximum oxygen uptake. BFforearm means blood flow on forearm at reactive
hyperemia. ΔBFfinger means differences in finger blood flow at 28 °C and 10 °C, which is an
index of vasoconstriction during cold exposure.
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Figure 3 Relationship between aerobic
physical fitness and vascular function.
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INTRODUCTION
Previous studies have reported about the changes in thermoregulatory responses due to cold
adaptation, and several types of cold adaptation (insulative, metabolic and hypothermic
adaptation) have been described (Bittel, 1987; Tipton et al., 2008). The differences in cold
exposure and physical characteristics have been considered as the factors affecting different
types of adaptation. However it has remained uncertain that the relationship between the cold
adaptation type and factors affecting adaptation.
Besides the whole body cold adaptation, there have been studies about peripheral cold
adaptation as a cold induced vasodilatation (CIVD) in finger immersed in cold water. It was
generally found that the cold adapted subjects had a more pronounced CIVD responses (Daanen,
2003; Geurts et al., 2006). It is considered that further investigation was needed to clarify the
relationship between the changes in CIVD responses and whole body thermoregulatory
responses after a cold acclimation. There is a possibility that the CIVD response might be one of
the cold acclimation parameters affecting the thermoregulatory responses related to cold
acclimation types.
This study investigated the effects of 4 weeks repetitive mild cold water immersion on the
thermoregulatory responses during immersion and CIVD responses during finger cold water
immersion. Additionally, another purpose was to clarify the factors affecting the different cold
acclimation types.
METHODS
Experimental procedure
Seven healthy male subjects (age: 21.3±0.8 years, height: 171.8±6.6 cm, weight: 61.4±8.0
kg, %fat: 12.8±3.6%, surface area: 1.72±0.13 m2) took part in this study and offered written
informed consent. Surface area (SA) was estimated from height and weight (DuBois and DuBois,
1916).
Subjects with ordinary swimming trunks were immersed to chest level repeatedly in 26°C
water for 60 min, three days/week, for four weeks. At the first (pre) and last (post) exposure of
this cold acclimation period, subjects underwent an immersion test measuring their
thermoregulatory responses. Additionally, they underwent a finger cold immersion test
measuring their cold induced vasodilatation (CIVD) at pre and post acclimation period.
Immersion test
After the 10 min rest in air (27°C, 50%RH) measuring baseline data for each measurement,
subjects were immersed to their chest level in 26°C water for 60 min. They did not immerse their
head, upper trunk and upper extremities. During the experiment, rectal temperature (Tre) and
eight local skin temperatures were measured using thermistor sensors (LT-ST08; Nikkiso-Therm
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Co. Ltd., Japan). The thermistor probe for Tre was inserted 13cm from the anal sphincter. These
temperature data were recorded by a data logger (LT-8A; Gram Corporation, Japan) every two
sec. These data were averaged over one min. The mean skin temperature ( Tsk ) was estimated
from a modified Hardy and DuBois‘ equation (1938).
Expired gases were continuously assessed using an automatic respiromonitor (AE-300S;
Minato Medical Science Co. Ltd., Japan) every five sec. Values of the oxygen uptake ( VO2 ) and
respiratory exchange ratio (RER) were averaged every five min. Metabolic heat production (M)
was calculated from VO2 and RER.
Skin blood flow on the forearm (LDF) was measured by laser Doppler flowmetry (FLO-C1
OMEGAWAVE, INC., Japan) during experiments. The LDF was then divided by mean blood
pressure (MBP) to yield the cutaneous vascular conductance (CVC). Data of LDF and CVC were
indicated as the percentage of the baseline value.
CIVD test
After the ten min rest in air (27°C, 50%RH), subjects immersed their right middle finger up to
the second joint into 5°C water for 30 min. A skin temperature sensor was attached to the palmar
side of the distal phalanx. Finger skin temperature (Tfing) was recorded every two sec. The
following parameters derived from Tfing were analyzed according to the previous definition
(Daanen, 2003).
The minimum temperature (Tmin) is defined as the lowest Tfing just before CIVD starts. The
onset time (tonset) is the time from finger immersion until Tmin. The maximum temperature (Tmax)
is the highest Tfing during CIVD. The peak time (tpeak) is the time from finger immersion until
Tmax. The time interval between tonset and tpeak is defined as Δtpeak. The amplitude is the difference
between Tmin and Tmax. The mean Tfing averaged from tonset to the end of immersion is defined as
CIVDindex (Takano et al., 1989).
Statistical analyses
Comparisons of datasets were performed using a repeated two-way (acclimation x time) analysis
of variance and further tested using a paired t-test at various time points between experimental
conditions. Statistical significance was set at p < 0.05.
RESULTS
Thermoregulatory responses during immersion
Tre decreased on average around 1.0°C over 60 min immersions in pre and post acclimation, and
no difference was observed between the two conditions. A significant main effect of acclimation
was observed in Tsk , and significantly lower in the post condition compared to pre acclimation
(p< 0.05).
A significant main effect of acclimation was observed in %LDF, and significantly lower in the
post condition compared to pre acclimation (p < 0.05, Figure 1). A similar main effect was
observed in %CVC, and significantly lower in the post acclimation condition compared to pre
acclimation (p < 0.05).
No significant difference was observed in metabolic heat production (M/SA) between pre and
post acclimation.
A composite diagram of pre-post acclimation difference in mean M/SA and in mean %LDF
averaged during 60 min immersion are shown in Figure 2. All subjects showed lower
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mean %LDF in the post condition compared to pre acclimation, which indicated the insulative
cold acclimation. Some subjects also showed higher mean M/SA in the post condition compared
to pre acclimation, indicating the metabolic cold acclimation.
A significant negative correlation was observed between pre-post difference in mean M/SA and
averaged Tre at 60 min immersion during cold acclimation period (r = -0.77, p < 0.05); subjects
indicating lower Tre at 60 min showed larger increase in M/SA. And a correlation tendency was
observed between pre-post difference in mean M/SA and subject‘s SA/weight (r = 0.71, p =
0.08); subjects with larger SA/weight showed larger increase in M/SA.
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CIVD responses
CIVD parameters are presented in Table 1. Tmax, amplitude and CIVDindex were significantly
lower in post condition compared to pre acclimation (p < 0.01). These results indicated a blunted
CIVD response and an enhanced vasoconstriction after cold acclimation.
Table 1 CIVD parameters at pre and post cold immersion training
pre
post
t-test
mean
SD mean
SD
p
Tmin
(°C)
7.6
1.4
6.5
1.0
0.14
tonset
(sec) 208.3
44.8 254.3 31.3
0.05
Tmax
(°C)
14.7
2.5
11.0
2.3 <0.01
tpeak
(sec) 528.9 129.7 509.4 94.7
0.74
Amplitude (°C)
7.1
2.0
4.6
1.7 <0.01
Δtpeak
(sec) 320.6 101.1 255.1 69.9
0.17
CIVDindex (°C)
12.3
0.8
9.1
1.1 <0.01
CONCLUSIONS
This study investigated the effects of four weeks repetitive mild cold water immersion on the
thermoregulatory responses during immersion and CIVD responses. Subjects showed lower Tsk
and %LDF in post acclimation compared to pre acclimation, while no difference was observed in
M/SA. From these results, it was considered that most of the subjects showed insulative type cold
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acclimation. While a significant negative correlation was observed between pre-post differences
in mean M/SA and averaged Tre at 60 min immersion during cold acclimation period. The
decrease of Tre during cold acclimation period might be related to the metabolic cold acclimation.
Blunted CIVD responses were observed after cold acclimation.
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INTRODUCTION
Immersion in cool water (< 30ºC) may lead to hypothermia, regardless of the individual‘s
activity status (Choi et al., 1996). At 27ºC room air, spread of menthol on the skin surface
stimulates cold-sensitive afferent pathways (Hensel and Zotterman 1951, Shafer et al., 1986),
provoking local cutaneous vasoconstriction and body heat conservation, at rest (Tajino et al.,
2007). However, it is still unknown whether application of menthol could protect body heat
content during prolonged immersion in cool water. The purpose of the present study was to
investigate the effect of skin surface menthol application on rectal temperature response during
60-min immersion in 24ºC water preceded by exercise. It was hypothesized that menthol
application before exercise would slow rectal temperature decrease during immersion
in 24ºC,
•
mainly through more peripheral vasoconstriction, higher oxygen consumption ( V O2) and faster
start of shivering thermogenesis.
METHODS
•
Fourteen healthy male subjects (age: 21.4±2.7 years, maximal oxygen uptake ( V O2max):
44.9±5.0 ml·kg-1·min-1 and body fat: 9.9±2.8 %) participated in this study. Two experiments, one
with (MEN) and one without (CON) menthol application were conducted following random and
counterbalanced order. Each experiment was performed at the same time of day, at least 3 hours
after a light meal. After the subjects emptied their bladder, their body mass was measured
(Bilance Salus, Milano) and a thermistor (Yellow Springs, USA) was placed in the rectum, at a
depth of 13-15 cm from the sphincter. Moreover, thermistors (Yellow Springs, USA) were
placed on forearm and fingertip and secured with adhesive tape.
Τhe experimental protocol consisted of cycling (Lode, Groningen, Holland) at 50% of individual
maximum heart rate (HRmax= 220-age) so long as to reach 38ºC in rectal temperature (Tre) and
was immediately followed by whole body immersion in stirring water of 24ºC; this temperature
difference (38-24ºC) was expected to allow faster thermoregulatory responses during immersion.
In MEN condition, exercise was preceded by application of 4.6 gr menthol per 100 ml of water
on the skin all over the body. During immersion, Tre,• vasoconstriction index (derived by the
proximal distal skin temperature gradient; Tskdiff:), V O2 (MedGraphics, CPX-D, USA),
shivering (electromyographic activity) and HR (Polar S-810, Finland) were measured. In
addition, thermal sensation (0: very cold - 7: hot) was reported every 5 minutes. All experiments
were conducted at similar environmental conditions of temperature (25.0±1.0oC) and relative
humidity (46.2±4.3%).
RESULTS
In MEN condition, all subjects felt colder than in CON condition (Table 1) and. Tre reduction
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was significantly smaller from 15th to 60th min of immersion (Fig. 1) Moreover, the proximal
distal skin temperature gradient showed a significant condition x time interaction (p<0.001) and
it was higher in MEN, from the 45th to 60th min of immersion (Fig. 2).
•

•

Table 1. Oxygen consumption ( V O2), ventilation ( V E), heart rate (HR), shivering threshold and thermal sensation
during immersion in menthol (MEN) and control (CON) condition. Values are means ± SD.

Menthol

Control

p value

511±135

441±120

0.00

20.2±12.13
73±9
-0.25±0.29
2.15±1.18

13.4±4.81
68±9
-0.62±0.32
3.44±1.61

•

V O2 (ml·min-1)
•

V E (l. min-1)
HR (beats.min-1)
Shivering threshold (ºC)
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Fig. 1. ΔΤre (changes from last exercise values) decrease during 60-min immersion in
control (CON) and menthol (MEN) condition. Values are means ± SD. * Significant
differences between conditions, p≤0.01.
•

•

In addition, V O2, V E and HR during
• immersion were greater in MEN condition (Table 1). On
the contrary, the initiation of rise in V O2 (considered as an index of non shivering
thermogenesis occurred at smaller drop of Tre in MEN than in CON condition (Fig. 3).
Shivering initiated at smaller drop of Τre (ΔΤre) in MEN than in CON condition (Table 1).
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Fig. 2. Changes in forearm-fingertip difference (ΔΤskdiff), during 60-min immersion
in control (CON) and menthol (MEN) condition. Values are means ± SD. * Significant
differences between conditions, p ≤ 0.05.
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Fig.3. Drop at Tre at which initiation of systematic rise in V O2 occurred ( V O2 threshold)
during 60-min immersion in control (CON) and menthol (MEN) condition. Values are means ±
SD. * Significant differences between conditions, p≤0.01.
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CONCLUSION
Skin surface menthol application seems to induce a deceleration of Tre decrease during 60-min
immersion in cool water of 24ºC. The smaller drop in rectal temperature after menthol
application is probably the outcome of more vasoconstriction, higher non-shivering
thermogenesis and earlier onset of shivering thermogenesis.
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INTRODUCTION:
There is little existing evidence that examines the combined effects of sleep deprivation
and cold exposure on hormonal levels in humans. In particular there is a dearth of information
about the affects of sleep deprivation and acute cold exposure on the hormone leptin. Leptin is a
16kDa adipokine hormone that plays an important role in appetite regulation and also serves as
in indicator of energy stores in humans. Simon et al. (1998) demonstrated that in seven male
subjects leptin levels were highest during nighttime sleep and reached a nadir in the afternoon
while awake. During noctural sleep deprivation of the same subjects Simon et al. demonstrated
an increase in leptin levels during the night followed by a subsequent low point in the early
morning hours. Simon et al. also demonstrated that leptin levels were associated with
fluctuations in body temperature. Leptin and sleep deprivation have also been linked to obesity
in both children and adults. Cappucino et al. (2008) reported in a meta-analysis that lack of sleep
or short sleep duration caused an increase in the hormone ghrelin that subsequently lead to a
decrease in circulation leptin, which stimulated appetite. Though there is no empirical finding
that examines the affects of acute cold exposure on serum leptin levels, though acute cold
exposure has been shown to influence other hormone levels. In an experiment that investigated
both sleep deprivation and acute cold exposure Caine-Bish et al. (2005) reported a main effect
for time for the hormone norepinephrine. This study involved 33 hours of sleep deprivation and
and acute exposure to 12 degree Celsius air for a period of 180 minutes. The authors concluded
that the included stressors might not have been adequate to elicit a differential response by
treatment. Lappäluoto et al. (2008) demonstated 2 to 3 fold increases in norepinephrine levels
during chronically administered acute cold exposure bouts. It would appear that sleep
deprivation is a modulator of serum hormone levels, and that acute cold exposure as an added
stressor has the potential to further alter levels of circulating hormones. The purpose of the
present investigation will be to describe the combined effects of these two stressors, sleep
deprivation and acute cold exposure, on the appetite regulating hormone leptin.
METHODS:
Volunteers consisted of apparently healthy college aged males (n=8, age
22.8yrs±1.7, %BF 16.7±4.8, VO2 Max 43.8±7.9). A within-subjects design was conducted over
the course of 2 trials each of 3 sequential days in length. There was at least a one-week wash-out
period between trials. Participants were randomly assigned to an order of treatment, 53 hours of
sleep deprivation (SDEP) vs. control (CON), between each of the two trials. Each of the three
sequential days of testing involved a morning data collection period with three separate
conditions: Baseline (BASE), Acute Cold Exposure (ACE) and Recovery (REC). ACE
consisted of exposure to 10 degree Celsius air for a two-hour period with limited clothing (shorts,
gloves). During day 1 and day 3 blood was collected by a certified phlebotomist from the
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antecubital space during baseline, at the beginning and end of ACE and again at the end of REC.
Analysis was performed for serum concentrations of Leptin during each of the conditions.
Rectal Core Temperature (Tre) was recorded during all morning data collection periods.
RESULTS:
Data analysis via Generalized Estimation Equations for serum leptin revealed significant
main effects for Condition (p=0.039, Table 1) and Day (p=0.007, Table 2) was well as a
significant interaction effect for Condition by Day (p<0.001, Fig 2) and a three-way interaction
Treatment by Condition by Day (p=0.030, Fig 3). Generalized estimation equation analysis also
revealed a significant Treatment by Day interaction for Tre (p<0.001) (Fig 1)
Table 1: Serum Leptin (ng/ml) by Condition (BASE, ACE,
REC)
BASE

9333.38±2601.89

ACE

8008.62±2207.77

REC
6437.57±1543.78
Table 1: Serum Leptin Level in ng/ml by condition (Baseline, Acute
Cold Exposure, Recovery). Significant main effect for Condition
(p=0.039).

Table 2: Serum Leptin (ng/ml) by Day (Day 1 vs. Day 3)
Day 1

7036.61±1746.83

Day 3
8726.68±2213.58
Table 2: Serum Leptin Level in ng/ml by Day (Day 1 vs. Day 3).
Significant main effect for Day (p<0.001).
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CONCLUSIONS:
These data suggest that the combination of sleep deprivation and cold exposure stress the
body and elicit an increase in serum leptin levels. This might be in part due to the increase in
core temperature (Tre) that was noted under these conditions and the previously reported to
relate to circulating leptin (Simon et al. 1998). Another explanation might involve the body‘s
defense of core temperature under both sleep deprivation and cold stress. Under conditions of
great stress a physiological response curbing appetite and relying on stored energy might prove
to be beneficial. The energy that would be devoted toward digestion might instead be used in the
maintenance of core temperature. Nevertheless, the results suggest that the combination of these
two stressors promotes increases serum leptin levels and thus a probable curbing of appetite.
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This finding is of value, especially to soldiers in the field who are probable candidates for both
stressors. For these individuals curbing of appetite could lead to weight loss and even possible
lethargy which could negatively impact performance in the field.
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INTRODUCTION
Both cognitive and manual performance are altered in extreme environments.1, 2 In
particular, cold ambients decrease manual dexterity via decreasing finger and/or forearm
temperature.3, 4 Cognitive function, on the other hand, has received variable results depending on
the mode and duration of cooling, as well as the testing criteria.5-7
It is well documented that interval (INT) and continuous (CONT) exercise result in
different patterns of blood flow and heat exchange in both heat8 and cold.9 Exercise can improve
finger temperature10, 11 and manual dexterity12, 13 in the cold, but the type of exercise (interval vs.
continuous cycling, matched for energy expenditure) has never been evaluated under this
paradigm. Thus, we sought to evaluate how mode of exercise affects body temperature, manual
dexterity, and executive function in 5°C air.
METHODS
Fourteen right-handed, apparently healthy males (21 ± .5 years) volunteered for the
current investigation. They were of average fitness (45 ± 5 ml/kg/min) and body fat (14 ± 4 %)
Volunteers reported to the laboratory on four occasions. The first two visits elicited
anthropometric and fitness parameters for each person. During these initial sessions, volunteers
practiced the performance tests a minimum of four times to minimize any learning effect. The
Purdue Pegboard (dominant hand task and bimanual task) was chosen to measure manual
dexterity and the Stroop Color Word Test (SCWT) was chosen to measure executive function.
Both versions of the Purdue Pegboard (PP) assess fine motor manipulation. Volunteers were
asked to rapidly and sequentially place small cylindrical pegs into the board for 30 seconds.
Both the PP and SCWT tests are reliable and valid and have been used in similar studies.5, 13-17
Following the familiarization sessions, volunteers underwent two trials: interval (INT) or
continuous (CONT), separated by at least 72 hours. Participants completed both conditions, in
random order. Volunteers arrived at the laboratory, voided, and inserted a rectal thermistor (YSI401) 13 cm beyond the anal sphincter. They were outfitted with skin thermistors on the chest,
tricep, thigh, calf, forearm, and distal fourth finger as previously described.13, 18 The hand
remained bare but the volunteers were dressed in a polypropylene crewneck shirt and trousers,
socks, and cold weather boots. Following a baseline period in thermoneutral air, the volunteers
entered the 5°C environmental chamber and were seated for 90 minutes in mesh-nylon chairs.
They then completed 30 minutes of either INT or CONT exercise on a Monark cycle ergometer,
matched for 50% of their maximal oxygen consumption. The interval session consisted of ten
bouts of 90 seconds of pedalling at 60 revolutions per minute, followed by 90 seconds of static
rest. During the continuous session, volunteers pedalled at 60 revolutions per minute for all 30
minutes. To ensure equal caloric expenditure between conditions, expired air samples were
assessed. Following the exercise bout, volunteers were seated for the remaining 60 minutes. The
details of the methodology and data collection are listed below.
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RESULTS
A 2 (condition) by 10 (time) repeated measures analysis of variance was also conducted
for the bimanual PP task. There was a strong trend toward significance for condition (p=.057) as
well as a significant main effect for time (p=.000) and a significant condition by time interaction
(p=.006). Subsequent post-hoc analysis via paired samples t-tests revealed significant
performance differences following interval and continuous exercise. In particular, statistical
significance was achieved at the following time points: REC-1 (p=.002), REC-2 (p=.018), and
REC-4 (p=.007). A trend towards significance was noted at REC-3 (p=.132).
A 2 (condition) by 10 (time) repeated measures analysis of variance was conducted for
the dominant (right hand only) PP. There was no main effect for condition (p=.244). However,
there was a significant main effect for time (p=.000) as well as a condition by time interaction
(p=.005). Subsequent post-hoc analysis via paired samples t-tests revealed better performance
with continuous exercise than interval exercise during the recovery period (REC-2; p=.012).
There were also trends toward significance at REC-3 and REC-4 time points (p=.124 and p=.066,
respectively).

For the left ring finger, a main effect was found for group (p=.014) and time (p=.000) as
well as a significant group by time interaction (p=.000). Subsequent post-hoc analysis via paired
samples t-tests revealed that continuous exercise resulted in significantly warmer finger
temperatures at EX-4 (p=.044; power=.533) and REC-1 (p=.021; power=.486). Trends toward
significance were found at EX-3 (p=.181), EX-5 (p=.074), EX-6 (p=.062), REC-2 (p=.058) and
REC-3 (p=.058).
For the right ring finger, a main effect was found for group (p=.046) and time (p=.000) as
well as a significant group by time interaction (p=.000). Subsequent post-hoc analysis via paired
samples t-tests revealed that continuous exercise resulted in significantly greater finger
temperatures at EX-5 (p=.029), EX-6 (p=.020), REC-1 (p=.016; power=.667), REC-2 (p=.005;
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power=.708), and REC-3 (p=.001). A trend towards significance was also found at EX-4
(p=.061).

A 2 (condition) by 4 (time) repeated measures analysis of variance was conducted for the
SCWT interference score. There was no main effect for condition (p=.647) or time (p=.117),
and there was no group by time interaction (p=.117).

A 2 (condition) by 20 (time) repeated measures analysis of variance was conducted for all
body temperature sites. For core temperature, a main effect for condition was not found (p=.540).
However, a main effect for time was expected and achieved (p=.000) but no condition by time
interaction was found (p=.965)
The other skin temperature sites (chest, tricep, thigh, calf, and forearm) all displayed a
main effect for time (p=.000) but no main effects for condition (p>.16) or condition by time
interaction (p>.24). A significant correlation was also found between average skin temperature
and average dominant (right hand) PP scores over time (r=.754 for CONT and r=.740). This is
in line with previous work.3,4
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CONCLUSIONS
These data suggest that continuous exercise is more efficient at increasing finger
temperature, and thus manual dexterity in the cold. Further, bimanual dexterity is significantly
elevated throughout the hour recovery period from continuous exercise compared to recovery
from interval exercise. Although manual performance eventually returns to pre-exercise levels,
we suggest that continuous cycling can increase finger temperature to a point where performance
is aided immediately post-exercise. It is important to note that core temperature and mean skin
temperature were not different between conditions, and finger temperature was the strongest
predictor of dexterity performance (r=.75), which is in agreement with previous work.9, 20 It is
hypothesized that central hemodynamics may be altered following continuous cycling and this
may cause the increase in finger temperature (and thus enhanced PP performance). This
information is important to both the military and civilian populations who must perform both
fine and gross motor tasks in cold ambients.
Rapid cognitive processing assessed via the Stroop Test does not seem to be altered in the
cold, relative to room temperature performance. In other words, neither the mechanism of
arousal or distraction was present. Ishizuka et al (2007) reported similar results using the cold
pressor test.5 However, in the current investigation, there was a nonsignificant trend (p=.117)
such that interval cycling may result in more efficient and rapid processing. The SCWT has
been likened to vigilance tests in which a large cognitive demand is required for a brief period of
time.21 During INT, the increased anaerobic demand as well as the starting and stopping could
have increased brain chemicals and thus broke the monotonous cycle and increased processing
speed relative to continuous cycling. This mechanism could be studied further.
In conclusion, CONT is significantly better at increasing manual dexterity in the cold
because it is results in greater finger temperatures compared to INT. However, INT seems to be
superior in increasing cognitive performance under the same conditions.
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INTRODUCTION
Non-freezing cold injury (NFCI) is a debilitating condition that can result in lifelong cold
sensitivity, pain and sweating in the injured part, usually the feet (Francis and Golden, 1985). It
is the most common form of non-combative related injury to afflict military forces operating in
temperate and arctic environments. It is also common, at least in a mild form, in those
participating in outdoor pursuits in cold/wet environments. The incidence of military personnel
attending the Cold Injuries Clinic at the Institute of Naval Medicine, UK has increased 5 fold
over the last 8 years (Oakley, 2009). Whilst this could be due to increased clinical awareness of
NFCI, it could also reflect the increased recruitment of personnel of African and Caribbean
origin in whom there may be an increased susceptibility to NFCI (Oakley, 2009).
One of the assessments used to determine the degree of NFCI is a cold sensitivity test (CST).
Following an hour resting in 30°C air, the limb (usually foot, enclosed in a plastic bag to keep
the skin dry) is immersed in water at 15°C for 2 min followed by spontaneous rewarming in
30°C air (Francis & Oakley 1996). The grading of cold sensitivity is based on the temperature of
the coldest toe prior to immersion and 5 min post immersion, measured using infrared
thermography. Previous studies have found that in a small population (n=6) of uninjured
―normal‖ individuals, the response to the CST can be variable but this variability can be reduced
by elevating core temperature slightly (0.2 to 0.3°C) by gentle exercise prior to the CST (Eglin
et al, 2007). The exercise also increased the proportion of the uninjured individuals showing the
expected ―normal‖ response to the CST. This may be due to the removal of any confounding
influence of central vasoconstrictor drive, leaving the peripheral response to the cold challenge
as the primary determinant of the test result.
Whilst a slight elevation of core temperature appears to improve the sensitivity and
reproducibility of the CST in ―normal‖, uninjured individuals (Eglin et al. 2007), the effect on
patients with NFCI has not been examined. Furthermore, the CST is just one of the factors used
to determine the degree of NFCI; thermal sensitivity and clinical assessment can also be
undertaken. Thus, the results of a CST may not necessarily correlate with an independent clinical
assessment. The aim of this study was to establish the responses of patients with NFCI to the
CST with and without prior exercise, and to compare the resulting cold sensitivity grading with
the NFCI classification determined by an independent clinical assessment.
METHODS
Ten patients (7 Afro-Caribbean males, 2 Caucasian males, 1 Afro-Caribbean female, mean age
28 ± 4 y) with previously diagnosed NFCI participated gave their informed written consent. Each
participant undertook two CSTs of their injured limb (foot or foot and hand), one in the morning
and one in the afternoon. The order of the CSTs was counter-balanced. The participants refrained
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from caffeine and smoking for 3 hours prior to testing. The assessment was approved by a
research ethics committee within the University of Portsmouth.
On arrival the participants, wearing trousers and a long sleeved top, entered a waiting room
controlled at 30 ± 0.5°C at the level of the feet. Having removed their socks and shoes, they sat
at rest for 72 ± 26 min in the REST condition, and for 34 ± 14 min in the EXERCISE condition.
They then walked 15 m wearing slippers to another climatic chamber controlled at 30 ± 0.5°C. In
the REST condition the participants sat for a further 10 min prior to the CST. In the EXERCISE
condition they performed light-moderate exercise for up to 12 min prior to the CST. The exercise
consisted of either stepping at 22 steps.min-1 on a 20 cm step for 7-10 min (3 participants) or
exercising on a cycle ergometer for 12 min at 71 ± 23 W. The intensity and duration of exercise
varied between participants due to varying fitness levels and peripheral neural pain experienced
on exercising, but aimed to elevate core temperature slightly (Eglin et al. 2007) and resulted in
the onset of sweating in all participants. Following the rest or exercise period a Laser Doppler
probe (MoorLab System, Moor Instruments, UK) was placed on the pad of the great toe of both
feet using double sided tape to measure skin blood flow (SkBF). Two minutes of resting data
were collected before commencing the CST.
During the CST, the injured foot was placed in a plastic bag and immersed to the level of the
mid-malleoli for 2 min in stirred water at 15 ± 0.2°C. The foot was then taken out of the water,
the bag removed and the subject remained resting in a recumbent position on a couch for 10-15
min to allow spontaneous rewarming. Five participants (3 Afro-Caribbean males, 2 Caucasian
males) also had a CST on their hand (immersion to the level of the wrist) following the CST on
their foot. The same procedure as with the foot was conducted, with no further rest or exercise
carried out between the tests.
Skin temperature (Tsk) of the toe/finger pads of the immersed foot/hand were measured using a
FLIR Systems A320G thermographic camera pointed at the soles of both feet/palm of both hands.
Infra-red images were captured at 1 Hz to a remote computer and Tsk were later analysed prior to
rest/exercise, prior to immersion and every minute during rewarming. SkBF was recorded
throughout the CST and minute averages were calculated for 2 min prior to immersion, during
immersion and throughout the rewarming period. A biological zero Doppler measurement was
taken on completion of each CST by manually compressing the arterial flow to the great toe/
thumb.
The grading of cold sensitivity was determined from the Tsk prior to immersion and following
spontaneous rewarming at 5, 10 and 15 min post immersion according to the criteria used in the
Cold Injuries Clinic conducted at the Institute of Naval Medicine, UK (Francis & Oakley, 1996;
Eglin et al. 2007).
A clinical NFCI assessment of each participant was undertaken in the waiting room (30°C) by a
clinician with 30 years experience of NFCI. The participants were interviewed to ascertain a
detailed history (the circumstances leading to their NFCI, a description of the symptoms at the
time of injury and the current condition/complaint). A physical examination was conducted to
determine the appearance, trophic changes, degree of hyperhidrosis, peripheral pulse, capillary
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filling, sensation and gait of the injured limb. The severity of NFCI was based on the findings
from the history and examination and was derived independently of the results from the CSTs.
Tsk and SkBF data were analysed using Shapiro-Wilks test of Normality. Tsk of the finger pads
prior to the foot CST and hand CST were compared using a Wilcoxon Signed-Ranks Test. A
Pearson‘s correlation coefficient was used to investigate any relationship between participants
change in great toe/thumb Tsk and change in SkBF following the cold challenge. Statistical
significance was taken at the 5% level (P<0.05).
RESULTS
On average, the patients were assessed 3.5 years (range 1 to 9.3 years) after the original injury.
Typically the injury occurred as a result of prolonged (5 days to 3 weeks) exposure to
cold/freezing and often wet conditions.
Feet
The clinical assessment of the degree of NFCI in the feet was different to the gradings obtained
from the CSTs in all but two cases (CICP1 in REST and CICP7 in EXERCISE; Table 1). In four
cases the EXERCISE CST gradings were closer to that of the clinical NFCI assessment, two of
the REST CSTs were closer and the other 4 were the same (Table 1).
In 5 out of 10 of the assessments on the foot, the EXERCISE CST resulted in a milder cold
sensitivity grading than the REST CST, 4 were found to be the same and one resulted in a more
severe grading (Table 1).
Table 1. The NFCI classification for the foot based on the clinical assessment and the gradings
from the REST and EXERCISE CSTs.
Participant Clinical assessment
CICP1
Moderate
CICP2
Moderate
CICP3
Mild
CICP4
Moderate
CICP5
Moderate
CICP6
Mild/Moderate
CICP7
Moderate
CICP8
Mild/Moderate
CICP9
Mild/Moderate
CICP10
Mild

REST CST
Moderate
Severe
Normal/Mild
Normal-Mild
Severe
Moderate/Severe
Normal
Normal
Normal/Borderline
Moderate/Severe

EXERCISE CST
Normal/Mild
Severe
Normal/Mild
Moderate
Moderate – Moderate/Severe
Moderate – Moderate/Severe
Normal
Normal
Normal
Mild/Moderate

In the REST CST, the change in great toe SkBF (measured in LDU) and Tsk were correlated
(r=0.898, P<0.001) over 0 to 10 min following the cold challenge, but not between 0 and 5 min
or 5 and 10 min. In the EXERCISE CST a correlation was found between change in SkBF and
Tsk over 0 to 5 min (r= 0.732; P=0.016) and 5-10 min (r=0.926; P<0.001) following the cold
challenge.
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Hands
The Tsk of the finger and thumb pads prior to the foot CST and the hand CST were similar
(REST: 33.4 ± 4.2°C v 34.3 ± 3.9°C; EXERCISE: 35.5 ± 2.1°C v 36.3 ± 1.2°C; n=5; P>0.05)
indicating that performing a CST on the foot did not alter starting Tsk on the hand. One
participant obtained the same NFCI classification/cold sensitivity grading of the hands from all
three methods of assessment (Table 2). The EXERCISE CST resulted in a milder (2/5) or the
same cold sensitivity grading for the hands as the REST CST (Table 2).
Table 2. The NFCI classification for the hand based on the clinical assessment and the gradings
from REST and EXERCISE CSTs.
Participant
CICP5
CICP6
CICP7
CICP8
CICP9

Clinical assessment
Normal
Mild/Moderate
Normal
Mild/Moderate
Mild/Moderate

REST CST
Moderate
Moderate – Moderate/Severe
Normal
Normal
Normal

EXERCISE CST
Mild
Normal
Normal
Normal
Normal

Change in thumb SkBF and change in Tsk were not correlated following the cold challenge in
either CST.
CONCLUSIONS
The aim of this study was to compare two methods of assessing cold sensitivity (the REST and
EXERCISE CSTs) and to investigate how these CSTs compared with an independent clinical
assessment of patients previously diagnosed with NFCI. The EXERCISE CST appeared to result
in a cold sensitivity grading closer to the clinical NFCI assessment than the REST CST.
However, the grading of cold sensitivity using either CST was not totally consistent with the
NFCI classification; this might be expected as the CST assessment is specific to cold sensitivity
and the NFCI assessment is a more global investigation normally (but not in the present study)
incorporating cold sensitivity as only one consideration.
There are other explanations for the disparity between the results of the CSTs and the clinical
assessment. In the CST it is assumed that the higher the starting Tsk and the greater the amount of
rewarming of Tsk following cooling, the less severe the cold injury. Therefore if Tsk is low prior
to immersion (<32°C) and does not rewarm to 25°C within 5 min the cold sensitivity grading
will be ―Severe‖. From a clinical perspective severe NFCI classification is made if there is a
history of very severe exposure, blistering, gangrene, tissue loss, and/or permanent residual
severe neurological damage. Thus, unless the individual has experienced these severe symptoms
they will not be clinically classified as ―Severe‖ regardless of their cold sensitivity, i.e. cold
sensitivity is treated as a complication of cold injury that may vary between individuals but not
always be related to the degree of the original NFCI.
In the present study, it was found that the CST sometimes resulted in a lower grading of cold
sensitivity than the clinical assessment of NFCI (Table 1 and 2). The clinical assessment took
into account the history of subjective cold sensitivity of the individual in their home or work
environment and the impact this had on their daily routine/employability. In contrast, the CST is
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conducted in an ambient temperature of 30°C; it is not attempting to test responses to a ―normal‖
office or home environment that are closer to 21°C. Thus, being found to be ―normal‖ at the
higher ambient temperatures of the current CST does not mean an individual will have a
―normal‖ response at home or work at the lower temperatures. The ambient temperature in the
CST is maintained at 30°C (and mild exercise undertaken in the EXERCISE condition) to
promote vasodilation prior to the cold stimulus. If a cooler ambient temperature was used,
rewarming of the foot following the cold water immersion would take considerably longer and
thus be impractical as a clinical test. (In the REST condition 5 participants‘ foot Tsk failed to
reach 32°C by the end of the rewarming phase even in an ambient temperature of 30°C). Also,
lowering the ambient temperature would not necessarily help isolate what should be a local
injury, as a low mean skin temperature will promote a general vasoconstrictor drive (Wyss et al,
1974). The above highlights the very great need to obtain values for ―normal‖ (uninjured)
individuals tested using the CST. In addition, it seems clear from the tests undertaken to date that
these values should be obtained for different ethnic groups.
A relationship was found between change in SkBF and change in Tsk during the CSTs conducted
on the feet. This suggests that between individuals increases in SkBF of the great toe are
associated with an increase in Tsk. In the hands no such relationship was observed as in 3 out of 5
of the CSTs SkBF was maintained throughout the test whilst Tsk altered.
The results of this interim analysis suggest that the EXERCISE CST tends to result in a less
severe grading for cold sensitivity than the RESTING CST. Furthermore, the EXERCISE CST
seems to more often approximate the clinical assessment of NFCI than the RESTING CST (ratio
of 2:1). As it stands, and with the classification currently employed, the CST is a useful tool for
quantifying the degree of residual cold sensitivity following cold injury, its sensitivity is such
that it is most effective at differentiating between the more serious degrees of cold sensitivity.
Further testing and refinement should lead to the development of this diagnostic tool.
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INTRODUCTION
Non-freezing cold injury (NFCI) is a clinical condition characterised by damage to peripheral
tissues, usually the extremities, as a result of prolonged exposure to cold and wet conditions
usually, but not always, just above freezing point (Montgomery et al., 1954). The clinical
progression of NFCI was first characterised by Ungley (Ungley et al., 1945); early symptoms
include a period of intense vasoconstriction with ischaemia to affected tissues.
On removal from the cold environment the affected area is hyperaemic with swelling,
impairment of microcirculation and slowed capillary refilling. Initial numbness is often replaced
by pain which may be severe and often resistant to even the strongest analgesics. Pain is also a
common symptom in later, or chronic, stages of the condition. Lasting sequelae include coldsensitivity, hyperhidrosis (excessive sweating) and lasting nerve damage (Francis & Oakley,
1996). In extreme cases extensive tissue necrosis and onset of gangrene may necessitate
amputation of the affected limb.
Despite the potentially severe consequences of NFCI, the largest number of reported cases is of a
mild form, which does not exhibit the more severe symptoms. Because of difficulties in
diagnosing this milder form of NFCI, individuals so afflicted may unknowingly return to a cold
environment prematurely, thereby running the risk of a relapse, which will usually exacerbate the
overall level of injury (Francis & Golden, 1985). Therefore, a reproducible model of mild forms
of NFCI would be of substantial clinical benefit to possible future diagnosis and prevention of
long-term cold injury.
Previous in vitro studies have identified the isolated, perfused rat tail as a suitable preparation for
in vitro measurement of vascular responses to pharmacological agents (Francis & Oakley, 1997).
Subsequent attempts to develop a suitable in vivo model of rat tail, in unaesthetised animals,
proved unsuccessful (Golden et al, 2003). The aim of the present study was to investigate the
pharmacology and pathophysiology of NFCI in the isolated, perfused rat tail in vitro, with a view
to identifying the mechanisms underlying the condition.
METHODS
Male Wistar rats (250-300g) were killed by rising concentration of CO2, followed by cervical
dislocation in accordance with Schedule 1 of the Animals (Scientific Procedures) Act 1986. The
caudal artery was exposed through an incision in the upper portion of the tail, and immediately
cannulated using a 18-gauge venflon® intravenous catheter and perfused with Krebs solution
maintained at 37 C, and aerated with a 95% O2 / 5% CO2 mixture at a constant rate of 2.5ml
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min-1 using a peristaltic pump. An initial equilibration period of 30 min was allowed before
commencement of experiments. Drugs were injected in a volume of 10 l or 30 l into the
perfusate through a rubber injection port close to the cannulation site. Alterations in perfusion
pressure were recorded with a pressure transducer (Harvard®), and displayed on a Biopac MP150
acquisition system (Biopac Systems®). For experiments involving vasodilator responses the
perfusion pressure of the vascular bed was increased by a 6 M phenylephrine infusion via a
constant rate infusion pump (Harvard®).
Polymerase chain reaction (PCR) analysis of eNOS and iNOS mRNA expression. Total RNA
was isolated from a 10cm length of caudal artery using the GenElute Mammalian RNA Miniprep
kit (Sigma®). Concentration and purity were determined by measuring absorbance at 260 and
280 nm following treatment with DNase I (Sigma) to remove contaminating genomic DNA.
cDNA was reverse transcribed from 2 g of total RNA using Moloney murine leukaemia virus
reverse transcriptase (Sigma). PCR amplifications were carried out in 50 l reaction volumes
comprising 2 l cDNA template, 25 l master mix (Promega), gene-specific forward and reverse
primers for (1) eNOS and GAPDH or (2) iNOS and GAPDH. PCR products were subjected to
agarose gel electrophoresis (2 % agarose gel/ 1X TBE/ 125 V/ 30 min). Bands were visualized
by ethidium bromide fluorescence under ultraviolet light. Densitometry was then carried out
using SYNGENE software, to quantitate the relative amounts of each NOS gene with the internal
control, GAPDH (an invariably expressed housekeeping gene).
Immunolocalisation of endothelial NOS (eNOS). Frozen sections of caudal artery of 30 m
thickness were mounted on glass slides, fixed with 4% formaldehyde and stained with rabbit
anti-eNOS antibody (Sigma®) for 24 h at 4 C in a humidified environment. Secondary antibody,
Alexa Fluor 488 goat anti-rabbit (Invitrogen® Molecular Probes) was applied for 30 min, along
with a nuclear stain (propidium iodide, 3 g/ml), and slides were washed and mounted with
Vectashield mounting medium (Vector®). Sections were viewed using a Zeiss® 510 Meta
confocal laser scanning microscope using laser wavelengths of 488 and 543nm.
Analysis of results. Increases in perfusion pressure produced by constricting agents are expressed
as mm Hg. Decreases in perfusion pressure produced by dilating agents are expressed as percent
decrease in phenylephrine-induced tone in mm Hg, normalised to a 300nmol bolus dose of
papaverine. All data shown are mean S.E.M. For statistical analysis, either 2-way analysis of
variance (ANOVA) with repeated measures, or a paired t-test was used, followed by a
Bonferroni post-hoc test. P values of less than 0.05 were considered significant.
RESULTS
Vasoconstrictor responses to the 1 agonist phenylephrine (PE) were significantly augmented
following 5 C cold immersions for between 30 minutes and 2 hours relative to time-matched,
dry perfused preparations (Figure 1). Vasoconstrictor responses were not affected by a 30-minute
cold immersion. Specific nitric oxide synthase (NOS) inhibition with 300µM L-NAME elicited a
significant leftward shift in vasoconstriction to PE, which was subsequently shown to be
abolished by prior cold water immersion, suggesting endothelial damage following cold water
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immersion. The leftward shift in PE responses to L-NAME was partially restored by pretreatment with the Rho kinase inhibitor fasudil (3 M).
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B. Response to 5ºC immersion
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Figure 1. Effect of a 120-minute cold (5ºC) water immersion on PE-induced increases in
perfusion pressure. Part A shows the time-matched control group (n=3). The maximum values
(mm Hg) did not change over time (259.95 75.98 vs. 232.22 37.55; p>0.05, ns). Part B shows
the response to cold immersion (n=4). Cold did not significantly affect maximum values (115.25
27.18 vs. 153.12 30.06; p>0.05, ns). Part C shows control data expressed as % maximum
response (n=3). PE slope and pED50 values did not change over time (pED50 = 7.85 0.09 vs.
7.95 0.19; p>0.05, ns; nH = 1.08 0.10 vs. 1.24 0.10; p>0.05, ns). Part D shows cold
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immersion did not affect PE slope or pED50 values (n=4) (pED50 = 7.70
p<0.05*; nH = 1.05 0.08 vs. 1.16 0.27; p>0.05, ns).

0.15 vs. 8.30

0.11;

In the presence of L-NAME, cold water immersion unmasked a depressor effect on
vasoconstrictor reactivity to PE, possibly due to a direct inhibitory effect of cold immersion on
vascular smooth muscle contractility. Ischaemia per se decreased contractile activity of vascular
smooth muscle to PE, while cold ischaemia seems to afford some protection to vascular smooth
muscle, such as is the case in cold organ preservation.
In preparations preconstricted with 6 M PE, a 1 hour cold water immersion significantly
attenuated vasodilation to acetylcholine (ACh), histamine (HA), bradykinin, and calcium
ionophore A23187 relative to a standard vasodilator response to a 300nmol dose of the directly
acting vasodilator papaverine. Conversely, vasodilator responses to the nitric oxide (NO) donor
sodium nitroprusside were augmented following cold immersion, and in response to NOS
inhibition with L-NAME (300µM), possibly suggesting that any defect in NO signalling may
relate to the synthesis rather than utilisation of NO. Vasodilation to ACh and HA were confirmed
to be at least partially endothelium-dependent, with responses being significantly attenuated
following NOS inhibition and endothelial denudation with distilled water. Remaining
vasodilation to ACh and HA may indicate a NO-independent component.
Cold water immersion for 1 hour was associated with a significant increase in rat tail artery
mRNA expression of NOS III. NOS III mRNA expression was also increased following
rewarming. However, NOS II mRNA expression was not significantly affected following cold
immersion, or by subsequent rewarming. Cold immersion significantly increased mRNA levels
of COX-1, HO-2, and the 2A adrenoceptor subtype relative to time-matched room temperature
controls. With regard to the additional role of HO-1 as a heat shock protein, HO-1 mRNA
expression was found to be decreased by cold water immersion, with expression being
significantly increased on rewarming. This suggests possible initiation of the heat shock response
by a relative heat stress following cold immersion. Furthermore, indirect immunofluorescence
studies showed a reduction in fluorescent staining for NOS III following a 1 hour cold
immersion, while staining for vWF showed an apparent redistribution of vWF from the
cytoplasm to the cell surface membrane following cold immersion.
CONCLUSIONS
Previous studies have suggested that acute cold exposure such as a 1-hour cold-water immersion
is sufficient to cause damage to the vascular endothelium (Endrich et al., 1982; Svanes, 1964).
The present data suggest that acute cold water immersion is associated with a loss of NOdependent endothelial function, with endothelial activation/inflammation in the in vitro perfused
rat tail preparation. Cold water immersion also appears to produce a defect in vascular smooth
muscle contractility. Furthermore, cold-induced activation of the Rho kinase pathway may play a
role in mediating cold-induced vascular injury, such as in the case of acute NFCI.
It is concluded that Rho kinase may present a novel pharmacological target for the prevention of
cold-induced endothelial dysfunction, such as occurs in NFCI.
The present study also validates the cold-immersed, perfused rat tail preparation as a suitable
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model for the in vitro study of NFCI and other vascular conditions.
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INTRODUCTION
People with high blood pressure have the decreased pulse transit time (PTT) which represents
blood vessel stiffness. Blood pressure and PTT are parameters which are related to vascular
compliance. The decreased blood pressure reduces fatigue of arteries or aortic stiffness, and
therefore it is positively associated with recovery of vascular compliance (Mackey et al., 2002).
Blood pressure generally increases when humans are exposed in cold environments or dressed
lightly in a cold season. However, it is well-known that blood pressure decreases after cold
acclimation and/or acclimatization to continuous exposures in cold conditions (Glaser, Whittow,
1957). Given this fact, the hypothesis can be proposed that people could promote vessel
functions through cold acclimation and/or acclimatization if low temperature inside clothing is
made and maintained lastingly in cold - for example, blood pressure in the same cold conditions
increase less than before acclimation and/or acclimatization.
This study was conducted to investigate effects of wear habit dressed lightly in a cold season on
vascular compliance. Nowadays, adult diseases such as obesity, hypertension, arteriosclerosis
and diabetes mellitus, etc. are closely correlated with hemodynamic responses such as blood
pressure and PTT, etc. Therefore, the results of this study are expected to be of help to prove that
clothing can contribute to prevention and treatment of disease.
METHODS
The wear training in this study means that people dress lightly to feel little cold. Twenty two
healthy, non-smoking male volunteers were recruited and they were subdivided into two groups:
light clothing group (LG) and control group (CG). The LG consisted of 10 subjects (age
23.3±1.8yr, height 1.76±0.0m, body weight 72.0±11kg, BSA 1.87±0.1m2) and CG consisted of
10 subjects (Age 22.8±1.9 yr, Height 1.73±0.0m, Body weight 65.78±5kg, BSA 1.78±0.0m2).
They provided written and informed consent before participating in this protocol. Flow chart of
the study process showed in Fig. 1.
1. Wear training method
Comfort zone of each participant was investigated through measurement of the temperature
inside clothing at the chest area during one day before starting wear training. LG dressed lightly
to feel little cool or cold; that is, temperature inside clothing of them was lowered than before
wear training, but CG dressed as usual to feel comfortable during wear training of one month.
Through these periods, to confirm whether wear training is practical or not, temperature inside
clothing was measured during two days every week in both groups. Temperature inside clothing
was always measured except when taking a shower and doing intensive exercises. Clothing
weight and clothing number were measured three times during wear training.
2. Measurement of blood pressure and PTT in a cold environment
Blood pressure and PTT were measured in a cold environment at the before, during and after
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wear training. All tests were conducted for one hour in a climatic chamber of 10.4±1.0℃ and
35.5±4%RH. Both Systolic and diastolic blood pressure were measured at 30-minute intervals
with sphygmomanometer (BP3AG1, Microlife, Switzerland). Pulse pressure (PP) defined as the
difference between systolic blood pressure (SBP) and diastolic blood pressure (DBP) means that
the higher it was, the stiffer blood vessel was. PTT at the hand for investigating vascular
compliance was measured at 10-minute intervals (PWV 3.0, KM tec, Korea). The unit of PTT in
his study was ‗millisecond (ms)‘ and the higher it was, the better vascular compliance was.

Fig. 1. Flow chart showing the study process

3. Data analysis
SPSS 12.0 package was used and the values are given as means±SD. Analysis of variance
(ANOVA) and covariance (ANCOVA) were used to assess the significance of differences in
measurement period and between groups.

RESULTS
1. Temperature inside clothing in daily life both before and during wear training
Temperature inside clothing in daily life before wear training was 32.60±0.8℃ in LG and
32.97±0.7℃ in CG, and did not show a significant difference between them (p<.01, Table 1).
Temperature inside clothing in daily life during wear training was lower by 1.6℃ than before
training in LG.
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Table 1. Temperature inside clothing in daily life both before and during wear training
Temperature inside clothing (℃)
LG
CG
t-value
p-value
b
Before wear training
32.60±0.8
32.97±0.7
-1.092
0.290
a
1 week
31.13±1.1
33.44±0.7
-8.110
0.000
2 week
31.11±1.3a
33.09±0.8
-5.878
0.000
During
a
3 week
30.75±1.6
33.39±0.5
-7.081
0.000
wear training
a
4 week
30.90±1.3
33.43±0.6
-8.134
0.000
Mean
30.98±1.3
33.34±0.6
-14.544
0.000
F-value
4.843
1.614
p-value
0.001
0.178
Superscripts means group divided by ANOVA and Duncan‘s post hoc test (a<b).
2. Temperature inside clothing during sleep both before and during wear training
Temperature inside clothing during sleep before wear training was 34.03±0.4℃ in LG and
34.06±0.3℃ in CG (p<.01), and did not show a significant difference between them (Table 2).
However, temperature inside clothing in sleep time during wear training was lower by 0.7℃ than
before training in LG.
Table 2. Temperature inside clothing during sleep both before and during wear training
Temperature inside clothing (℃)
LG
CG
t-value
p-value
b
Before wear training
34.03±0.4
34.06±0.3
-0.185
0.855
ab
1 week
33.71±0.7
34.51±0.5
-4.123
0.000
2 week
33.02±1.1b
34.44±0.6
-5.140
0.000
During wear
b
3 week
33.16±1.1
34.26±0.6
-4.013
0.000
training
ab
4 week
33.27±1.0
34.33±0.8
-3.362
0.002
Mean
33.31±1.0
34.39±0.6
-8.192
0.000
F-value
3.921
1.190
p-value
0.005
0.321
Superscripts means group divided by ANOVA and Duncan‘s post hoc test (a<b<c).

3. Total clothing weight and total clothing number during wear training
Upper, lower and total clothing weight were lower in LG than in CG, at 187.2±101.8g/m2,
372.3±86.8g/m2, 547.2±136.2g/m2 vs. 686.2±350.7g/m2, 372.3±73.9g/m2, 1,058±386.1g/m2,
respectively (p<.01, Table 3). In the case of LG, upper and total clothing weight were,
respectively, 3.9 times and 1.9 times less than that of CG, and lower clothing weight did not
differed between two groups.
Upper, lower and total clothing number were lower in LG than in CG (p<.01), at 1.43±0.7,
2.0±0, 3.43±0.6 vs. 2.53±0.6, 2.0±0, 4.53±0.6, respectively (Table 3). In the case of LG, upper
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and total clothing numbers were, respectively, 1.8 times and 1.3 times less than that of CG, and
lower clothing number was same in both.
Table 3. Total clothing weight and total clothing number during wear training
LG
CG
t-value
1~2
week
635.4±159.0
1,206.5±277.4
Total
2~3 week
523.2±73.7
988.2±390.5
clothing
weight
3~4 week
485.6±132.3
972.2±470.9
(g/m2)
Mean
547.2±136.2
1,058.5±386.1 -6.712
Before
4.60±0.52
4.70±0.46
wear training
Total
1~2 week
3.67±0.71
4.80±0.63
clothing
2~3 week
3.30±0.48
4.50±0.53
number
3~4 week
3.33±0.49
4.30±0.67
Mean
3.43±0.6
4.53±0.6
-7.108

p-value

0.000
-

0.000

4. Blood pressure and pulse wave velocity in a cold environment
SBP and PP did not differed significantly but those in LG were decreased in during and after
than in before wear training and those in CG were increased. DBP in both before and after wear
training did not differed significantly in both LG and CG. After wear training, both SBP and PP
in LG were lower than those in CG (p<.05), and DBP did not differed between two groups
(Table 4).
PTT showed a significant difference in LG according to the measurement period (p<.05) and
did not show a significant difference in CG. PTT was increased in LG after wear training and
differed significantly between two groups during and after wear training (p<.05) (Table 5).
Table 4. Blood pressure and pulse pressure in a cold environment (unit: mmHg)
F-value
LG
CG
Before
125.1±12
124.6±9
Systolic
During
124.7±8
125.6±9
0.501
blood pressure
After
124.7±7
128.0±8
6.260
Before
79.2±8
82.7±6
Diastolic
During
82.7±5
81.7±8
0.842
blood pressure
After
80.5±6
82.0±6
0.070
Before
46.0±8
42.9±8
Pulse pressure
During
42.0±7
43.9±8
2.235
After
43.1±6
46.0±8
5.823

p-value
0.482
0.016
0.363
0.793
0.141
0.019

CONCLUSIONS
People adjusted upper clothing number to dress lightly in this study. LG with by 1.6℃ low
temperature inside clothing indicated the decreased SBP and PP, and showed a positive result in
PTT as an index for representing vascular compliance, so it represented a consistent result in
blood pressure and PTT. These mean that people making a living of maintaining low temperature
inside clothing are acclimatized and could tolerate in the same cold condition without increasing
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blood pressure, unlike before wear training. Through these results, it has been confirmed that
wear training for dressing lightly in a cold season positively affects hemodynamic responses
such as blood pressure and PTT because frequent exposure in a cold condition gives
opportunities for displaying the physiological function and improves blood vessels. These results
mean that wear habit is closely correlated with health. However, further study should be
performed about wear training period and cold stimulus intensity using clothing for applying to
people with various ages and diseases, etc.
Table 5. Pulse transit time in a cold environment (unit: ms)
F-value
p-value
LG
CG
a
Before wear training
222.80±20
212.69±46
ab
During wear training
230.72±33
213.00±39
5.392
0.022
After wear training
238.27±43b
217.55±28
8.621
0.004
F-value
3.442
0.352
p-value
0.034
0.703
Superscripts means group divided by ANOVA and Duncan‘s post hoc test (a<b).
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FACE PROTECTION DURING COLD AIR EXPOSURE LIMITS FINGER
COOLING AND IMPROVES THERMAL COMFORT
Catherine O‟Brien and Ingrid V. Sils
U.S. Army Research Institute of Environmental Medicine, Kansas Street, Natick, USA
Contact person: kate.obrien@us.army.mil
INTRODUCTION
When people dress for cold weather the face is often left exposed to the cold, despite adequate
insulation over the rest of the body. Facial protection may be neglected for practical reasons,
such as difficulty accommodating a balaclava under other headwear, or for personal reasons,
such as not liking the appearance, but it also may be overlooked because facial skin temperatures
are better maintained than most other regions of the body (7) and face cooling may be better
tolerated due to familiarization. However, facial cooling causes a reflex vasoconstriction that
reduces extremity blood flow (4-6). This reduced blood flow may contribute to the decreased
hand and finger temperatures which are associated with degraded manual performance and
increased risk of peripheral cold injury during cold exposure (1).
The purpose of this study was to test the hypothesis that limiting the degree of facial cooling
during whole-body cold air exposure by wearing a balaclava and goggles would reduce the
stimulus for extremity vasoconstriction, resulting in higher extremity temperatures, compared to
a bare face. This hypothesis was tested under conditions likely to cause reductions in extremity
temperatures while limiting risk of frostbite when the face is exposed.
METHODS
Ten men participated in this study which was approved by the Institute Scientific and Human
Use Review Committees. Each person volunteered after being informed of the purpose,
experimental procedures, and known risks of the study. Investigators adhered to Army
Regulation 70-25 and U.S. Army Medical Research and Materiel Command Regulation 70-25 on
the Use of Volunteers in Research. The participants were 22.3±2.5 years old; 177.6±6.9 cm in
height; had a body mass of 82.4±17.9 kg; and body fat 18.6±3.6 %.
Each volunteer completed two cold air exposure trials (-15ºC, 3 m/s wind speed): one wearing a
balaclava and goggles to protect the face from direct cooling, and another with the balaclava
pulled down off the face and no goggles to expose the face to cold wind. The volunteers were
dressed in cold-weather clothing with an insulation value of about 3 clo. Volunteers stood facing
into the wind for 60 min. Core (esophageal or rectal) and skin (arm, chest, thigh, calf, cheek,
hand, foot, finger) temperatures were measured every 10 seconds. Mean weighted skin
temperature was based on arm, chest, thigh and calf temperatures. At 15 min volunteers
removed mitts and, while wearing thin gloves, performed a Purdue Pegboard (PP) task that
requires fine dexterity. Data analysis for PP used the combined score of the average of peg
placements (right hand, left hand, both hands) plus the score for assembly. They then put their
mitts back on until 30 min, at which time they removed the mitts to perform a Minnesota Rate of
Manipulation (MRM) task that requires gross hand dexterity. Data analysis for MRM used the
combined score of the average of four times for placing blocks plus the time for turning blocks.
They put their mitts back on once more until 50 min, at which time they completed the PP task
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immediately followed by the MRM task. This timeline is shown in Figure 1. Before beginning
each dexterity task volunteers were asked to rate their thermal sensation and thermal comfort.
Before the experimental trials, volunteers practiced both dexterity tests 5-6 times in temperate
conditions while wearing the thin gloves.

Enter Cold
Chamber
(-15°C, 3 m/s
wind)

15
min

30
min

P
P

MR
M

50
min
P
P

MR
M

Minnesota
Rate of
Manipulation
(MRM) task

Purdue Pegboard
(PP) task
Figure 1. Timeline of cold exposure and dexterity tasks.
RESULTS
The clothing configurations on the two trials are shown in Figure 2, along with the skin
temperatures after 50 min cold air exposure. All temperatures fell (p<0.05) during cold exposure.
Cheek and hand temperatures were lower (p<0.05) on CON, compared to BAL. Thermal
sensation (TS) and thermal comfort (TC) scales are shown in Figure 3, along with data for each
trial at 15 min and 50 min cold exposure. Both TS and TC were better (p<0.05) during BAL
(cool; slightly uncomfortable) than during CON (cold; uncomfortable).
THERMAL COMFORT (TC)
THERMAL SENSATION (TS)
0.0 UNBEARABLY COLD
0.5
1.0 VERY COLD
1.5
2.0 COLD
2.5
3.0 COOL
3.5
4.0 COMFORTABLE

1.
2.
3.
4.

COMFORTABLE
SLIGHTLY UNCOMFORTABLE
UNCOMFORTABLE
VERY UNCOMFORTABLE

15 min
CON
BAL
50 min
CON
BAL
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TS

TC

3.0±1.2
3.4±1.1*

2.0±0.5
1.6±0.5*

1.9±0.9
2.4±1.2*

2.7±0.7
2.0±0.5*
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Temperatures, °C
After 50 min

Balaclava Trial

-15°C
3 m/s wind

Control Trial

Temperatures, °C
After 50 min

Cheek*
25.6±2.6

Cheek
8.6±2.6

Mean Weighted
31.0±0.6

Mean Weighted
30.6±0.6

Hand*
23.4±2.7

Hand
21.3±2.1

Finger
15.0±3.5

Finger
13.1±1.1

Foot
21.4±2.6

Foot
21.3±1.9
* indicates significant difference compared to Control

Figure 2: Clothing configurations for the Balaclava and Control trials, and skin temperatures
after 50 min cold exposure.
Finger temperatures during cold air exposure are shown in Figure 4. In the first 15 min of cold
air exposure as participants stood still facing the wind, finger temperature decreased less
(p<0.05) when wearing the balaclava (2.6°C), compared to the bare face (4.9°C). The difference
between trials became the greatest after 30 min cold exposure when finger temperatures on BAL
were 4.1°C warmer than CON. However, at the end of the trial, and after removing mitts to
complete back-to-back dexterity tasks, finger temperatures were similar on both trials.
Manual dexterity on the PP fine dexterity task was poorer (p<0.05) after 50 min cold exposure
(15±3 units), compared to both the final practice (with gloves, but no cold exposure; 20±3 units)
and 15 min cold exposure (18±3 units), but there were no differences between trials. There was
no statistically significant difference in performance on the MRM task due to cold exposure
(100±11 sec during practice; 108±13 sec at 30 min cold exposure; 113±2 sec at ~55 min cold
exposure), nor was there any difference between trials.
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Finger Temperatures During Cold Air Exposure
40
35

Temperature, °C

30
25
20

*

*

15
10
5
0
Initial

15 min

PP

30 min

MRM

50 min PP-MRM

Figure 4. Finger temperatures during cold air exposure. PP: finger temperature at the end of the
Purdue Pegboard task (4-5 min); MRM: finger temperature at the end of the Minnesota Rate of
Manipulation task (7-8 min); PP-MRM: finger temperature at the end of both tasks combined
(12-15 min). Dashed lines are drawn at temperatures associated with discomfort (20°C);
impaired manual dexterity (15°C); and loss of tactile sensitivity (8°C).
CONCLUSIONS
Wearing a balaclava and goggles to protect the face from direct cooling was effective for
blunting the fall in finger temperatures during 30 min cold air exposure at -15°C with 3 m·s-1
wind speed. Thermal sensation and thermal comfort were also better when wearing the
balaclava, compared to a bare face. However, repeatedly removing mitts to perform manual
dexterity tasks ultimately eliminated the initial difference in finger temperatures afforded by the
balaclava. This explains why the higher overall finger temperatures on the BAL trial were not
associated with better manual dexterity. At the time of the initial Purdue Pegboard test, finger
temperatures on both trials were above the 15ºC skin temperature at which manual dexterity
degrades (2), and performance was no different than baseline measurements made at a normal
room temperature while wearing gloves. At the time of the second Purdue Pegboard test, finger
temperatures on both trials had fallen well below 15°C, and performance on that task was
degraded on both trials. Performance on the Minnesota Rate of Manipulation task did not
significantly change during cold exposure, most likely because it requires gross manual dexterity,
and hand temperatures were above 20°C even at the end of cold exposure.
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In both conditions, mean skin temperature fell to 31°C, a skin temperature associated with reflex
vasoconstriction and with thermal discomfort, even when the face is not cooled (3). Indeed,
finger temperatures decreased even when subjects wore the balaclava, although at a slower rate
(0.17°C·min-1), compared to the control trial (0.33°C·min-1). If subjects had not experienced
local cooling when they removed their mitts to perform dexterity tasks, these rates of cooling
may have persisted. In that case, by the end of the 60 min cold exposure finger temperature
would be 23.0°C with the balaclava and 13.8°C with a bare face. This would be an important
difference in finger skin temperatures, both for thermal comfort and for manual dexterity.
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TOLERANCE FOR INTERMITTENT EXERCISE IN MILITARY
CLOTHING IS IMPROVED BY WEARING A VENTILATED VEST IN
HOT, DRY CONDITIONS
Martin J. Barwood, Phillip S. Newton, & Michael J. Tipton
Department of Sport and Exercise Science, University of Portsmouth, Portsmouth, U.K.
Contact person: martin.barwood@port.ac.uk
INTRODUCTION
There has been much recent research interest in microclimate cooling for individuals working in
hot climates whilst wearing protective clothing (Bomalaski et al. 1995; Chen et al. 1997;
Cheuvront et al. 2003; Chinevere et al. 2008). Attempts have been made to develop cooling
garments that augment convective (air cooled garments), conductive (liquid cooled garments)
and evaporative cooling. The purpose of such garments is to delay any heat-related deterioration
in physical and cognitive performance and prevent the onset of heat illness. Military personnel
(e.g. infantry) and some occupational groups (e.g. emergency services) are particularly
vulnerable to heat illness due to the requirement to work whilst wearing protective clothing that
impedes heat loss. This requirement creates the need for cooling garments that should form an
integrated part of the overall protective clothing assembly.
Relatively few laboratory-based studies have tested the efficacy of microclimate ventilation in air
temperatures above 43°C because of the risk of heat gain through forced convection and an
increased risk of burning. Additionally, the test protocols used have often been short (e.g. 80
minutes, Hadid et al. 2009; 120 minutes, Verniuew et al. 2008) despite the intended use of
garments for longer durations. For example, soldiers deployed with an armoured vehicle require
a minimum of 6 h of effective use without battery replenishment. Shorter duration studies can
demonstrate the short-term efficacy of microclimate ventilation but do little to inform about the
longer term operational significance of using such a garment. A further methodological
consideration is that shorter studies can be misleading by being insufficient to allow the clothing
assembly to equilibrate in terms of garment temperature and moisture content. Garments like
body armour can act as a large heat sink in the early stages of a test if not pre-acclimated to the
test environment, and the thermal profile of individuals will alter as the clothing system
equilibrates.
For reasons related to battery life, the availability of a suitable heat sink, logistic and operating
restrictions (i.e. noise), the tendency has been towards the use of convective/evaporative rather
than conductive cooling. The aim of this study was to determine the efficacy of a ventilated vest
during long duration exposure to hot, dry conditions. This study tested the hypothesis that the
ventilated vest garment would extend exercise time and remain effective during rest and exercise
for up to 6 h in hot (45°C), dry (10% RH) ambient conditions.
METHODS
Participants: The study protocol was approved in advance by the University of Portsmouth
Ethics committee and the participants gave their written informed consent to participate. Eight
healthy males volunteered and were tested (mean [s.d]; Age 19 [1.5] yrs; height 1.78 [.07]m;
mass 78.91 [12.35] kg; surface area 1.90 [0.16]m2(9); body fat 15.6 [1.7]%; (10).
Procedure: Following a 10 day acclimation programme in the same conditions as the main study,
each participant completed two 6 h exposures to hot (45°C) dry (10% RH) conditions in a
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climatic chamber on separate days. During one of the trials they wore a ventilated vest blowing
ambient air over the torso (VEST). The other trial served as a control (NOVEST). Throughout
the 6 h exposures the clothing worn comprised: t-shirt, desert shirt, combat trousers, socks,
training shoes, ballistic vest with two inserts, combat helmet and personal load carriage
equipment [PLCE; 19.09kg]). In the VEST condition the ventilated vest was worn in addition to
the items listed above and was worn on top of the UBACS tropical desert shirt and beneath the
ballistic vest. The total weight of the assembly in the VEST condition approximated 29.3kg and
in the NOVEST condition approximated 28kg. A cross-over experimental design was used and
all trials commenced at a similar time of day (~0800).
On each day and following instrumentation and dressing, the participants entered the climatic
chamber and commenced walking (exercise) on the treadmill at 5km.h-1 at a 2% incline.
Exercise/rest cycles were based upon deep body temperature thresholds. Upon reaching a Trec of
38.5°C the participant ceased exercise and was seated on a chair on the treadmill. The participant
remained seated until Trec had fallen to 38°C they then recommenced exercise. Cycles of exercise
and rest were recorded and continued in this manner until 6 h of test time had been completed or
volitional withdrawal. The participants were free to stop for any reason, such as soreness in the
shoulders due to the load carriage or blisters from walking. The reason and duration of these
stops were recorded. Due to the duration of the test, each participant was provided with food in
the form of snack bars at approximately 90 minute intervals.
Vest Condition: The VEST comprised a pump that distributed ambient air around the torso
through a series of vented ducts woven into the vest across the front and back of the garment
covering approximately 33% of the body surface. To ensure the pump maintained consistent
performance, checks of pump power supply (volts), pressure (pa) and air flow (L∙s-1) were
recorded at the start and end of each trial and subsequently confirmed consistent pump
performance.
Measurements: Exercise/rest periods were noted (minutes) and the ratio of exercise to rest was
calculated. Cool tap water (19°C) was consumed ad libitum throughout the study and was
recorded using digital weighing scales. Fluid intake and pre and post trial naked and clothed
body weights were used to estimate sweat production. Deep body temperature was measured
with a calibrated rectal thermistor (Tre) inserted 15cm beyond the anal sphincter. Skin
temperature (Tsk) was measured using thermistors attached to the skin by tape at four sites: chest,
arm, thigh and calf. Tre and Tsk were recorded each minute on a data logger. Subjective responses
were recorded during the 6 h trials at baseline, every 15 minutes during exercise and every 5
minutes during rest. Thermal comfort for the torso (TCtorso) and then the whole body (TC) using
a 20cm sliding scale where: very comfortable (20cm), comfortable (16cm), just comfortable
(12cm), just uncomfortable (10.5cm), uncomfortable (4cm), very uncomfortable (0cm).
Calculations: Mean skin temperature (Tmsk) was calculated according to the formula: Tmsk = 0.3
(Tchest + Tarm) + 0.2 (Tthigh + Tcalf)
(Ramanathan 1964)
Mean body temperature (Tb): Tb = 0.8Tre + 0.2Tmsk (Colin et al. 1971)
Stored heat (S) was calculated for each exercise and rest period: S

=

(ΔTb x 3.48 x mass)/t

The average specific heat of body tissues was assumed as 3.48kJ.kg.-1°C.-1 (Pembrey 1898). Any
absolute error compared with partitional calorimetry (Vallerand et al. 1992) was assumed equal
between trials.
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Data Analyses: Data were assessed for normality of distribution using a Kolmogorov-Smirnov
test. Due to the difference in exercise and rest completed in each condition, data were averaged
for each of the following: exercise performance (% of time spent exercising against total
exposure time), exercise/rest ratio, ΔTsk, ΔTrec and ΔTb (°C∙hr-1) heating (exercise; Watts) and
cooling rate (rest; Watts) and perceptual measures (TC, TCtorso) during rest and exercise. Site
specific Tsk (chest & back) and heart rate were averaged across the total exposure time. These
variables, and the overall sweat responses (Produced [L]; Evaporated [L; %]) were compared
using paired samples t-tests. For all statistical tests the α level was set at 0.05. Data are presented
as mean [SD].
RESULTS
Significant performance data are summarised in Table 1.
Table 1. Performance, thermal and perceptual indicators of exercise and rest periods in the
NOVEST and VEST conditions. * denotes significant difference between conditions.
NOVEST

VEST

Mean

SD

Mean

SD

p value

Exercise Time (min)

138

[38]

179

[56]

0.065

Rest Time (min)

151

[74]

91

[56]

0.085

Percentage Exercise

51

[16]

69

[12]

0.028*

ΔTb Exercise (°C.hr-1)

1.64

[0.34]

1.26

[0.37]

0.001*

ΔTb Rest (°C.hr-1)

-1.06

[0.20]

-2.07

[0.66]

0.001*

ΔTrec Exercise (°C.hr-1)

1.41

[0.28]

1.19

[0.37]

0.132

ΔTrec Rest (°C.hr-1)

-1.00

[0.26]

-1.69

[0.71]

0.048*

Average Tchest (°C)

37.55

[0.51]

35.33

[1.00]

0.002*

Average Tback (°C)

36.85

[0.83]

35.84

[0.88]

0.041*

TCrest Torso

8

[3]

10

[4]

0.053

Stops due to Trec >38.5°C

3

[2]

1

[2]

0.006*

The amount of exercise and consequently rest completed whilst wearing the VEST approached a
greater and lesser amount respectively in the VEST condition (see Table 1). Not all participants
completed the whole 6 h exposure (NOVEST: 4 completed; VEST: 3 completed), but 18% more
exercise was performed in the VEST vs. NOVEST condition (as a percentage of total exposure
time NOVEST: 289 [96] min; VEST 270 [97] min). The difference in total exercise time
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between conditions was 41 minutes (23%) in favour of the VEST condition. The ratio of exercise
to rest was 1 [1] in the NOVEST condition and 3 [2] in the VEST condition.
Using change in Tb as the measure of heat storage (ΔTb), the rate of heat gain during exercise and
heat loss during rest was significantly lower and greater in the VEST condition respectively.
Estimated heat storage was 28W lower during exercise but the rate of cooling was 73W greater
during rest between exercise bouts. This difference was not reflected in the quantity of sweat
produced (NOVEST: 3.57 [0.44]L, VEST: 3.75 [1.19]L; p = 0.816) and evaporated (NOVEST
2.94 [0.47]L & 83 [12]%, VEST 3.38 [1.22]L & 89 [8]%; p = 0.386). An example of a typical
exercise/rest profile in the NOVEST and VEST conditions is displayed in Figure 1.

Fig 1. Rectal temperature response (Y1 axis) and exercise/rest cycle (Y2 axis) during the
NOVEST and VEST condition over time (X axis) in one participant. The quantity (minutes) of
exercise (grey bars) and rest (black bars) completed in each exercise/rest bout is printed at the
top of the highest bar. T and O denote the reasons for stopping exercise due to temperature (Trec
>38.5°C) or other reasons respectively. Anomalous Trec data have been removed from the figure.
TC did not differ significantly between conditions either during rest (TCrest: NOVEST: 8 [3];
VEST 9 [3], p = 0.420) or exercise (TCexercise: NOVEST: 7 [1]; VEST 6 [1], p = 0.809). TCtorso
during rest approached being significantly lower (improved comfort) in the VEST condition.
CONCLUSIONS
This study demonstrated the efficacy of a ventilated vest cooling garment in temperature
conditions that exceed mean skin temperature in exercising participants. At no point did skin
temperature, measured at five separate sites across the body, approach the ambient temperature
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conditions. Furthermore, the skin temperatures reached did not induce irritation or burning. As a
consequence of wearing the ventilated vest, participants exercised for significantly longer and
reached the experimental cut-off for rectal temperature significantly less frequently thereby
reducing their risk of heat-illness. This was facilitated by the evaporation of sweat on the torso
producing, an average, significantly lower skin temperatures throughout the 6 h experiment.
These beneficial effects could only be discerned when the duration of exposure exceeded 90
minutes before which the ‗heat sink‘ potential of the clothing was substantial (figure 1).
The lower skin temperatures experienced by the participants in the ventilated vest condition
markedly improved their thermal comfort rating. These findings are consistent with those listed
in other studies utilising ventilated ambient air cooling (Chinevere et al. 2008; Hadid et al. 2009;
Muza et al. 1988). It is clear from the present study that, when the evaporative heat loss potential
of the environment is high (dry conditions), the ambient temperature threshold for adding heat to
the body lies in excess of 45°C. Shapiro et al (1982) noted a risk of skin burning and added
thermal strain in hot (49°C) dry (20%RH) conditions with a radiative component (Tglobe: 68°C)
where heat loss due to ventilated cooling was negligible. This implies that the upper limit for the
potential thermal benefit from ventilated cooling is closer to 49°C. The results, continue to
suggest that a ventilated vest may reduce thermal load and potentially enhance exercise time in
certain real-world military and civilian environments.
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NBC SUIT VENTILATION ALLEVIATES THE PHYSIOLOGICAL
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A. Hadid, Y. Fuks, T. Erlich, R. Yanovich, Y. Heled, N. Azriel, D.S. Moran
Heller Institute of Medical Research, Sheba Medical Center, 52621 Tel-Hashomer, Israel
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INTRODUCTION
Environmental heat load combined with physical exertion induces a thermal stress that might be
above the compensable level, and thus, may lead to an excessive rise in body core temperature [1,
2]. This is further exacerbated by wearing NBC protective garments, which limit to a great extent
heat dissipation by sweat evaporation [1]. To prevent the excessive rise in body temperature,
work–rest cycles were defined, with emphasis on providing enough time for the body core to
cool. Researchers have also searched for effective auxiliary methods to enhance heat dissipation,
including liquid or air active cooling systems [3-8], ice vest [9-11], water spraying [12], PCM
vest [13], and extremities immersion in chilled water [11, 14-16]. Although these methods may
deliver sufficient cooling power to reduce the heat strain, it is noteworthy, however, that many of
the cooling systems are cumbersome and heavy. A new Cooling System (CS) was developed that
is based on a blower that supplies ~300 L/min of filtered environmental air. The blower and
filters are carried by an especially designed carriage straps that are worn under the NBC garment,
and include a manifold that directs the air to the torso and lower extremities areas. The aim of
this study was to evaluate the effect of the CS on the physiological strain while wearing NBC
suit and exercising in heat load.
METHODS
Twelve healthy volunteers participated in this study. In the first part, all the volunteers performed
a 6-day acclimation protocol that consisted of 2 hours of walking on a treadmill at 5 km/hr and
2% inclination in heat load conditions (40oC with 40% relative humidity). In the second part, all
the participants were exposed to 4 different combinations of climate (35oC with 40% relative
humidity (RH) (35/40) and 30oC and 60% RH (30/60)) and cooling. Each exposure was 125 min:
after 5 min of sitting, the participants performed 2 segments of 45 min walk on a treadmill (5
km/hr, 2% inclination) followed by 15 minutes of rest, wearing an impermeable NBC protective
suit with and without the ventilation system (COOL and NOCOOL). Eleven participants
completed the 2 planned exposures for climate condition 35/40 and only 8 completed the 2
planned exposures for climate condition 30/60. Throughout the exposures the following
physiological variables have been monitored: core temperature (Trec), 3-sites skin temperature
(Tsk), and heart rate (HR). In addition, the subjects were asked to rate their perceived exertion
(RPE). Weighted mean skin temperature ( Tsk ), Physiological Strain Index (PSI), Sweat rate
(msw) and heat storage rate at the first walking bout (S) were calculated. Environmental
conditions were monitored continuously.
RESULTS
The results indicate that the use of ventilation system substantially reduced the physiological
strain in comparison to the exposures without the system. For 35/40 condition, tolerance time
was increased twofold for COOL vs. NOCOOL: 119 vs. 61 min and for 30/60 125 vs. 109 min.
The utilization of the CS reduced the physiological strain in all the variables as depicted by table
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1 and Fig. 1. The ratings of perceived exertion were significantly different for COOL vs.
NOCOOL only for 30/60 climate condition at the 115th minute.
Table 1. Mean±SD of the physiological strain reduction as depicted by the following variables:
Trec, Tsk , HR and PSI at the 45 min time point, S1 for the first work cycle and msw for the
whole exposure, for COOL vs. NOCOOL at two climate conditions: 35oC with 40% RH and
30oC with 60% RH. All the differences are statistically significant (p<0.05).
Trec
( C)

( C)

HR
(bpm)

35/40

0.60±0.14

1.5±0.48

26±12

30/60

0.36±0.18

1.0±0.35

18±10

Tsk

o

o

PSI
(%)

S
(Watt)

msw
(%)

78

32

45

39%

2.5

2.5
***

30/60 COOL
30/60 NOCOOL

2.0

2.0

Trec (oC)

Trec (oC)

**
1.5

*
^^
^

1.0

1.5
** ***

*
1.0
.5

.5
35/40 COOL
35/40 NOCOOL

0.0
0

20

40

60

80

100

0.0
0

120

20

40
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80

100

120

Time (min)

Time (min)

Figure 1. Mean Trec of the subjects during the 35/40 climate condition (n=11), and during the
30/60 climate condition (n=8) with and without the cooling vest (COOL and NOCOOL).
For 35/40 * n=10, ** n=5, *** n=3, n=10, n=9. For 30/60 * n=7, ** n=6.
CONCLUSIONS
The cooling system that was tested in this study was highly effective in reducing the
physiological strain while working in heat load. The CS was found to be more effective under
35/40 than 30/60 climate condition, since environmental humidity has high effect on cooling
effectiveness in this method of personal ventilation. The CS carriage system allows carrying its
weight in an efficient way, so its contribution to the metabolic rate is very low compared to its
contribution for heat dissipation. The utilization of such system, may allow to substantially
prolong the work cycles while reducing the risk for heat injury. The main implications, other
than the reduction of the thermal and cardiovascular strain, are mainly in the sweat rate. The
reduction of more than 30% of the sweat rate obtained in this study may save a few litres of
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water a day for each worker from the amount of water required to maintain fluid balance.
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EVALUATION OF PERSONAL COOLING SYSTEMS FOR SOLDIERS
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INTRODUCTION
According to body heat balance theory (ASHRAE, 2005), thermal comfort is achieved
when the amount of heat produced by the body is approximately equal to the amount of heat lost
to the environment. In extremely hot environments and/or at high activity levels, the only way
the body can lose excess heat is by the evaporation of sweat from the body surface. The rate of
evaporative cooling is dependent upon the vapor pressure gradient between the skin surface and
the environment and the rate of air movement around the body and between clothing layers.
Unfortunately, protective clothing such as body armor and helmets can inhibit the evaporation of
sweat. In addition, the weight, rigidness, and design of protective garments may increase the
energy cost associated with wearing them during activity. Consequently, soldiers operating in hot
environments often experience heat stress symptoms that affect performance on extended
operations. To mitigate these problems, the U. S. Army has been searching for new
technological advances in personal cooling systems (PCS) that have been developed by
manufacturers in the private sector. The cooling effectiveness of some of these PCS has been
quantified using a sweating thermal manikin (Xu et al., 2005). The purpose of this study was to
evaluate the cooling effectiveness of selected personal cooling systems using a sweating manikin
and human subjects (soldiers) under hot desert conditions.
METHODS
A number of PCS were selected for manikin evaluation based on work completed in the
first phase of this project and directives from military personnel. Nine of these PCS were also
evaluated on human subjects, and their data are included in this paper. The PCS represented
three types: 1) ambient air systems which circulate air under the body armor, 2) phase change
materials which absorb body heat for a limited time, and 3) refrigeration systems that circulate
chilled water through tubes in a vest. (See Table 1.) Each PCS was evaluated as part of the basic
military ensemble which consisted of the Army lightweight desert combat uniform (DCU) with
belt, underwear briefs, T-shirt, Kevlar® helmet with internal pads, interceptor body armor, socks,
and athletic shoes.
Manikin Tests. Procedures given in ASTM F 2371 ―Measuring the Heat Removal Rate of
Personal Cooling Systems Using a Sweating Heated Manikin,‖ (ASTM, 2006) were followed.
The manikin (1.80 m² surface area, 177.2 cm height) has 20 independently heated thermal zones
equipped with ports for continuous sweating. Power cables, measurement cables, fluid supply
tubes, and fluid return tubes connect to his face. The system is computer operated.
The manikin‘s skin temperature was controlled at 35ºC, and his skin surface was
saturated with water. The environmental conditions for the sweating manikin tests were:
ambient air temperature, 35ºC and air velocity, 0.3 m/s. All PCS were tested at 40% relative
humidity – the condition specified in the standard. However, ambient air circulation systems
were also tested under drier, desert conditions of 26% relative humidity to see if their
performance improved. First a baseline test was conducted on each ensemble with the PCS
turned off. In the case of phase change materials, a ―used‖ component of the PCS was tested.
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As soon as steady-state conditions had been reached, a 30 minute test was run. The average
power level to the manikin was recorded.
Next the ―heat difference‖ program was opened on the manikin‘s computer, and the PCS
was turned on. This program quantified the cooling rate of the PCS by subtracting the average
power level during the baseline test from the power used to keep the manikin‘s skin temperature
at 35°C when the PCS was turned on. Data were collected for two hours. Three replications of
the tests were conducted.
Human Subject Tests. The procedures in ASTM F 2300, Standard Test Method for
Measuring the Performance of Personal Cooling Systems Using Physiological Testing (ASTM,
2006) were followed except that the environmental conditions were hotter. Groups of four
subjects – two in the morning and two in the afternoon – evaluated three personal cooling
systems and the baseline condition without a PCS over a seven-day period (including three days
for heat familiarization). The design of the experiment was a 4 x 4 Latin square design where
subjects and test days serve as blocks. Each subject wore all four PCS treatments in a different
order. The Latin square design was repeated two more times for a total of 12 test subjects in a
three-week session. This design for a three-week session was conducted three times in so that
nine PCS could be evaluated with 36 subjects.
The volunteer subjects were male soldiers from Ft. Riley, Kansas that met the selection
criteria. The subjects were Caucasian, African American, Asian, and Hispanic; they ranged in
age from 19-38 years, height from 1.70-1.95 m, and weight from 65-100 kg. The environmental
conditions in the test chamber were: air temperature, 40 C; relative humidity, 20%; air velocity,
2 m/s (4.5 mph), and mean radiant temperature, 54.4 C (to simulate a solar load).
Each group of four subjects exercised on treadmills in the environmental chamber for
three days prior to the collection of data to familiarize themselves with the hot conditions and the
experimental protocol. Then they wore three PCS and the ensemble with no PCS in a random
order during the next four days. Each subject walked on the treadmill for two hours at a predetermined speed and 1% incline that would result in a metabolic heat production of 350-360 W
at the beginning of the experiment. A nurse monitored the subjects constantly inside the chamber
and an engineer monitored the soldiers‘ physiological responses and environmental conditions
with the data acquisition system. The following dependent variables were measured:
exposure time (duration of test if the subject was removed prior to two hours)
core temperature measured continuously with a rectal sensor
mean skin temperature measured continuously with thermocouples taped to the skin in
seven locations
oxygen consumption measured periodically with the met cart
metabolic rate measured periodically with the met cart
whole body sweat rate measured by weighing the subjects before and after the
experiment (accounting for water input and urine output)
heart rate measured every minute with a Polar™ S810i heart rate strap and watch
soldiers‘ perceptions of comfort and their opinions about each PCS.
The soldiers were removed from the experiment early if they reached any of the removal
criteria, and the time was recorded. The subjects‘ clothing and instrumentation was cleaned
between test sessions.
RESULTS
Manikin Tests. We calculated the cooling rate two ways: 1) the time the system was
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drawing 50 W or more of power, as the standard specified, and 2) the average cooling rate over
two hours – even though this is somewhat meaningless if a system did not cool for very long.
Table 1 provides a description of the PCS by type and a summary of the data collected.
Table 1. Cooling Effectiveness of Personal Cooling Systems Measured with a Sweating Manikin
120 Minute Test
Personal cooling system
(worn over T-shirt under DCU
shirt unless indicated) a

RH
(%)

Cooling
effectiveness (W) b

Power level
at 120 min.
(W)

50 Watt Cut-off Test
Time to
Cooling
50 W
effectivecut-off
ness (W) c
(min)

Ambient air systems which circulate air under the body armor, increasing the evaporation rate
1. ClimaTech Safety ForcedAIR
Vest (worn over DCU shirt)
2. ClimaTech Safety ForcedAIR
Vest
3. Prototype Active Cooling
System (worn over DCU shirt)
4. Global Secure Safety Products
Body Ventilation System

40
26
40
26
40
26
40
26

69.5
88.3
109.5
195.3
29.6
37.5
119.7
134.1

69.6
87.7
109.9
195.9
29.1
37.8
118.1
135.2

Never achieved 50
Watts.

Phase change materials which absorb body heat for a limited time
5. Prototype Passive Self-charging
Device
6. First Line Technology Cooling
Vest

40

13.6

7.8

40

25.2

13.9

Never achieved 50
Watts.
61.2

6.3

Refrigeration systems that circulate chilled water through tubes in a vest
8. Aspen Thermal Personal
Cooling System - low setting
40
124.2
124.1
with chilled water at 21.1°C
9. Aspen Thermal Personal
Cooling System - high setting
40
147.0
148.0
With chilled water at 15.6°C
a
PCS #12 (Foster Miller Compact Vapor Cooling System) was not available for manikin testing.
b
Time-average of the power input to the manikin from the start of the test until the completion of
120 minutes of testing.
c
Time-average of the power input to the manikin from the start of the test until the power level
decreased to 50 Watts.
Ambient air circulation systems (#1 – 4) that work by blowing air between the body
armor and the clothing layers increase convective and evaporative heat losses. Three of the four
ambient air flow systems provided more than 50 W of cooling for two hours. At the dry 26%
relative humidity condition, these systems provided more evaporative cooling than they did at
40%. This result was expected since the vapor pressure gradient between the skin surface and the
air was higher at the lower humidity condition. The ForcedAir vest worn over the T-shirt (#2)
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provided the highest amount of cooling in the study – 195 W at 26% humidity. However, it is
unlikely that a soldier would experience the same amount of heat removal due to evaporation
because a human would not experience continuous sweating from a 100% saturated skin surface
like the manikin does during a test. The results also confirmed that ambient air systems provide
more evaporative cooling when they are worn close to the body surface (#2) as opposed to over
other garments (#1).
None of the phase change systems (#5 and #6) provided 50 W of cooling for two hours.
A new prototype system (#5) developed for the military never even achieved 50 W of cooling.
The refrigeration systems that circulate chilled water through tubes in a vest provided
high amounts of cooling to the body for two hours. The Aspen Thermal Cooling System on the
high cooling setting (#9) circulated water at 15.6°C and provided 147 W of cooling. The system
on the low cooling setting (#8) circulated water at 21.1°C and provided 124 W of cooling.
Human Subject Tests. Most of the soldiers were able to complete the two-hour test
session. Six soldiers reached the 39°C cut off for rectal temperature prior to 120 minutes –
usually when wearing the baseline ensemble. The metabolic rates of the soldiers increased
slightly as they walked for two hours, so they were between 350-400 W at the end of the
experiment. The final values for the dependent variables were taken at 120 minutes or when the
subject met one of the removal criteria and the experiment was stopped. Analysis of variance and
Tukey post hoc comparison tests were used to determine the effect of PCS type on the
physiological responses of the soldiers. (See Table 2.) Prior to analysis, data were normalized
based on the subjects‘ responses wearing the basic military ensemble with no PCS.
Core temperature is the most important variable to consider when evaluating the
effectiveness of PCS. The four ambient air circulation systems only decreased body core
temperature 0.1-0.2°C. However, they significantly lowered the subjects‘ heart rates and skin
temperature under the body armor as compared to wearing no PCS. All of these PCS except #3,
significantly lowered oxygen consumption as well. In addition, the soldiers were able to perceive
differences in their comfort while wearing the air circulation systems.
The two phase change systems provided some initial cooling, but the soldiers‘
perceptions and physiological responses indicated that the cooling was not sufficient to offer any
significant improvement over the baseline condition of wearing no PCS at all.
The refrigeration systems were the most effective in cooling the body. All three of these
systems significantly reduced the subjects‘ heart rates, oxygen consumption, sweat rates, and
skin temperatures under the body armor. The Aspen water-circulating cooling system also
provided enough sustained cooling to significantly lower body core temperature 0.3°C.
CONCLUSIONS
The manikin tests indicated that three of the four air circulation systems and the
refrigeration systems provided the highest amount of evaporative cooling. However, the human
subject evaluation indicated that only the Aspen system (PCS #8 and 9) significantly lowered
body core temperature (as compared to not using a PCS). The ambient air circulation systems
(except for PCS #3) and the other refrigeration system (PCS #12 CVCS) significantly improved
other physiological responses, but not core temperature. Some of the soldiers could perceive
differences in their comfort while wearing these systems. Therefore, we recommend that the
refrigeration systems (#8 or #9 and #12) and air circulation systems (#2 and #4) be studied on
soldiers in the field where an ergonomic evaluation is conducted in addition to measuring the
soldiers‘ physiological and subjective responses.
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Table 2. Physiological Responses of Soldiers Wearing Personal Cooling Systems as Compared
to Wearing No PCS
Personal cooling systems
(worn over T-shirt under DCU
shirt unless indicated)
0. Baseline ensemble, no PCS

Final core
temperature (°C)

Oxygen
consumption
(ml/kg/min)

Final heart
rate
(bpm)

Final torso
skin temperature (°C)

38.4

11.6

123.3

37.4

1. ClimaTech Safety ForcedAIR
38.3
11.0*
115.0*
35.9*
Vest (worn over DCU shirt)
2. ClimaTech Safety ForcedAIR
38.2
11.2*
114.9*
36.4*
Vest
3. Prototype Active Cooling
38.4
11.4
122.7*
36.4*
System (worn over DCU shirt)
4. Global Secure Safety Products
38.2
11.1*
112.4*
35.7*
Body Ventilation System
5. Prototype Passive Self38.4
11.5
120.4
37.0
Charging Device
6. First Line Technology
38.4
11.1*
117.6
37.1
Cooling Vest
8. Aspen Thermal Personal
Cooling System - low setting
38.1*
10.8*
110.6*
32.1*
with chilled water at 21.1°C
9. Aspen Thermal Personal
Cooling System - high setting
38.1*
10.6*
105.0*
29.1*
with chilled water at 15.6°C
12. Foster Miller Compact
38.3
11.2*
113.1*
35.2*
Vapor Cooling System
* Indicates that the responses of the subjects wearing a PCS were significantly different from
their responses when not wearing a PCS; p < 0.05.
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INTRODUCTION
Negative body fluid - dehydration, even as low as 2%, results in a decline of cognitive
and physical abilities [1]. Significant dehydration is a risk factor for serious heat illness [2]. On
the other hand, exertional hyponatremia, which is a decrease of sodium levels below 135 mEq/l,
might develop from activities lasting more than 8 hours [3]. Deterioration rate depends on
absolute sodium level and the decrement rate. When plasma sodium level rapidly decreases and
is below 125 mEq/l [4] it can become life threatening due to cerebral edema.
Evaluation of hydration status is based on indirect hematological and biological indices
[5]. The hematological indices - hemoglobin and hematocrit - do not indicate the whole body
hydration status, but rather only the plasma hydration status [6]. The three most valid indices for
dehydration (> 2% body mass) are plasma osmolality [6, 7], urine osmolality and urine specific
gravity [5, 7]. Plasma osmolality above 290 mosm/kg indicates negative hydration status [5].
Specific gravity above 1.02 indicates dehydration of 2% and specific gravity above 1.03
indicates dehydration of 5% [8]. Urine osmolality above 700 mosm/kg indicates negative
hydration status [5, 9] and urine osmolality above 900 mosm/kg indicates dehydration of more
then 1.9% [6].
In order to avoid dehydration or hyponatremia, special fluid intake guidelines have been
issued by the Israeli Defense Forces (IDF). The aim of this study was to assess hydration status
in soldiers performing physical activity and consuming water according to these guidelines.
METHODS
Subjects
The participants in this study were 15 healthy and fit males, ages 20.2±1.2, height 178±6
cm, weight 76.6±10.2 kg with 15.3±2.4% body fat. They were briefed on the nature and purpose
of the study, including medical risks. All participants provided written informed consent to
participate in the study, which was approved by the Human Subjects Research Review Board
and the Human Use Committees of the Sheba Medical Center and the IDF Medical Corps
institutional review board of the IDF.
Study protocol
Each subject underwent 3 marches of 24km, 29km, and 37km while carrying load of
approximately 45% of his body weight. Terrain data and climate data were constantly monitored
during marches by a GPS monitor and a temperature-humidity monitor (KESTREL) (Table 1).
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March
(n)

Length
(km)

Duration
(h:min)

AVG Climate
conditions
(ºC/RH%)

Heat Load
(Discomfort
Index)

A (11)
B (6)
C (8)

24
29
37

5:30
5:45
7:00

25.0 / 72
20.8 / 80
17.4 / 65

23.1
19.6
15.4

Table 1: – The climate conditions, duration, and length of the 3 different marches.
Blood samples were drawn from an antecubital vein, before and after each march, while
the subjects were in a sitting position. During the marches fluid intake and urine output were
monitored (±10g). Prior to and immediately after the march each participant‘s nude weight was
measured (±10g).
RESULTS
Hydration status
During the first march the average weight loss, representing the total fluid loss, was
1.33% of nude body weight. This was associated with normal values of urine specific gravity and
Ur/Cr ratio (Table 2). During the second and the third marches the average weight loss was
2.27% of nude body weight. This very mild negative hydration status was not indicated by
average urine specific gravity (Table 2). Plasma osmolality was not analyzed due to technical
laboratory error.
March

A

B

C

1150±240
1210±80
1050±220
Fluid intake (g/hr)
900-1250
800-1100
800-1100
*Fluid recommended (g/hr)
160±70
340±130
450±180
Urination (ml/hr)
1.33
2.27
2.25
Dehydration (%)
1.018±0.012 1.013±0.009 1.009±0.007
**SG (urine)
134.9±2.8
135.6±2.8
134.1±2.3
**Na (mEq/l)
*The range accounts for inter-individual differences
**values are from the end of the march
Table 2: Fluid balance, blood and urine analysis of the subjects from the 3 different
marches.
Hyponatremia
During the first march 6 of 11 subjects (55%) had sodium levels of less then 135 mEq/l.
During the second march 3 of 6 subjects (50%) had sodium levels of less then 135 mEq/l, and
during the third march 6 of 8 subjects (75%) had sodium levels of less then 135 mEq/l. The mild
hyponatremia events can be explained by the combination of sodium loss through sweat and no
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sodium intake, mainly in the last march that lasted 7 hours. To note, in none of the subjects were
sodium levels less than 130 mEq/l and all subjects were asymptomatic.
CONCLUSIONS
In general, hydration status for the participants was within the expected normal range
during the 3 marches. Therefore, the amount of fluid intake according to the IDF guidelines
appropriately matches this activity in comfort climate conditions and mild heat load.
IDF recommendations for marches include sodium intake by diet every 2 hours.
Unfortunately, this was not implemented in these marches and was probably the reason for the
mild hyponatermia diagnosed in more than 50% of the subjects.
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SWEATING AND SKIN BLOOD FLOW CHANGES DURING
PROGRESSIVE DEHYDRATION.
Christiano A. Machado-Moreira, Joanne N. Caldwell, Anne M.J. van den Heuvel, Pete Kerry,
Gregory E. Peoples and Nigel A.S. Taylor
School of Health Sciences, University of Wollongong, Wollongong, Australia
Contact person: nigel_taylor@uow.edu.au
INTRODUCTION
Cutaneous vasodilatation is essential for the convective delivery of heat from the body core to
the periphery, whilst the evaporation of sweat dissipates this heat from the skin surface. Both of
these physiological mechanisms must continue to function optimally for effective body
temperature regulation to be sustained when exercising in the heat.
Unfortunately, in situations of protracted and high sweat secretion, the body water content will
become progressively reduced, and the blood volume slowly declines. This is well tolerated
within healthy individuals. However, the regulation of blood pressure has a higher homeostatic
priority than does temperature regulation, since low pressures cannot support adequate tissue
perfusion, and will eventually result in cell damage, regardless of tissue temperature. Therefore,
a chronotropically and inotropically mediated increase in cardiac output ensues, simultaneously
with an elevation in total peripheral resistance. Vasoconstriction is initially directed towards the
visceral structures, but as the body water deficit becomes greater, constriction can also be
expected within the cutaneous vascular beds to ensure that blood pressure is not compromised.
When this occurs, sweating may also be impaired, and an undesirable elevation in body heat
storage can result.
Previous research has established the existence of these physiological mechanisms. Indeed,
reduced sweating and skin blood flow have been observed across a range of dehydration levels,
accompanied by significant increments in body core temperature and heart rate (Sawka et al.,
1985; Montain and Coyle, 1992). However, these observations are based upon inter-investigation
comparisons, or on data from experiments in which physiological responses from dehydrated
individuals were examined across hydration states evaluated on different days, rather than during
a single experimental exposure. In the current study, subjects were progressively dehydrated to a
7% water deficit, in 1% increments, within one experiment, and skin blood flow and sweat rates
were evaluated across these dehydration levels.
METHODS
Dehydration was gradually induced in ten healthy and physically active young males, using
intermittent (upright) cycling in hot-humid conditions maintained at 35.6oC (±0.4) and 56.0%
humidity (±1.0), in which the black globe temperature averaged 35.6oC (±0.3) and wind velocity
was less than 0.05 m.s-1. Subjects wore only shorts and running shoes. Tests were conducted at
approximately the same time of day for each person, using fully-hydrated subjects: preexperimental mean urine specific gravity across these trials was 1.006 (SD 0.006). The average
total trial duration (excluding data collection phases at each target (~10 min)) was 5.27 h.
Water deficits were determined from body mass changes, and the dehydration states were
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secured with precision, and within 0.06% of the targets. Two local sweat rates, forearm skin
blood flow, arterial blood pressure, body core temperature (auditory canal) and heart rate were
measured at baseline, and then at each 1% dehydration target, during either steady-state cycling
(5 min at 40% peak work rate) or seated rest immediately thereafter. Furthermore, whole-body
sweat rates and forearm vascular conductance were computed for each dehydration target.
Sweat rates from the forehead and over the scapula were evaluated for 2 min during steady-state
cycling. These data were collected at 1-s intervals using ventilated sweat capsules connected to a
sweat monitor system (Clinical Engineering Solutions, NSW, Australia). Forearm blood flow
data were measured during seated rest (2 min) using venous-occlusion plethysmography (EC 4
Plethysmograph, D.E. Hokanson, Inc, U.S.A.), with a mercury-in-silastic strain gauge placed
around the largest circumference of the forearm. It was assumed that changes in blood flow
under these conditions would reflect changes in the cutaneous component only (Johnson and
Rowell, 1975). Data were sampled at 20 Hz using an eight channel, 12-bit analog-to-digital
converter (Computer Boards Inc., PPIO-A18, Mansfield, U.S.A.). Body core temperature, heart
rate and arterial blood pressure were also measured during rest. One-way Analysis of Variance
was used to evaluate differences in all physiological variables throughout the trial (baseline and
dehydration states). Tukeys HSD post hoc tests were used to isolate sources of significant
differences, with alpha set at the 0.05 level.
RESULTS
Data from baseline, 1%, 3%, 6% and 7% dehydration are summarised in Table 1. During the
dehydration protocol, all physiological variables differed significantly from the baseline state.
Furthermore, body core temperature and heart rate increased, and sweat rates (whole-body and
forehead) decreased as the individuals became more dehydrated (P < 0.05). However, the
variations in forearm blood flow and vascular conductance, and the changes in sweating from the
upper back (scapula) region did not attain statistical significance (P >0.05).
DISCUSSION
In this study, it seems that during an extended-duration dehydration protocol (> 5 h),
physiological adjustments initially occurred to match the increased thermoregulatory demand
dictated by exercise-induced hyperthermia. However, as the pressure, volume and osmolarity
regulation of the blood gradually became more critical with increments in water deficit,
mechanisms to facilitate pressure and body-fluid homeostasis would be activated. Indeed, the
reduced sweating response at the highest dehydration levels, despite a significantly increased
thermal strain, is consistent with such a homeostatic priority, and these observations are in
agreement with previous research (Sawka et al., 1985).
On the other hand, scapula sweat rate, forearm blood flow and vascular conductance did not vary
significantly throughout the trial, even when subjects had lost 6-7% of their body mass. Some
have previously reported that whole-body sweat rate remains constant, even during dehydration
up to 4% (Montain and Coyle, 1992), so it is highly likely that some regions will experience a
reduction in sweat secretion, whilst in others, this will be maintained. However, the
cardiovascular observations appear to indicate that blood pressure regulation was not excessively
challenged, and could be successfully defended by elevating cardiac output and central
vasoconstriction, despite the progressive fluid loss over >5 h. Indeed, isosmotic hypovolaemia
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has been observed in subjects dehydrated to 3%, with a pronounced increment in plasma
osmolality occurring only when these individuals reached 7% dehydration (Sawka et al., 1985),
so it is possible that electrolyte homeostasis was not adversely affected.
Table 1: Physiological variables at baseline, 1%, 3%, 6% and 7% dehydration. Data
are means with standard errors of the means. * significantly different from baseline
(P<0.05); † significantly different from 1% dehydration (P<0.05); ‡ significantly
different from 3% dehydration (P<0.05); § 6% versus 1%: 0.05<P<0.10.
Variable
Baseline 1%*
3%*
6%*
7%*
Core temperature
36.52
37.52
37.92
38.25
38.46
(oC)
(0.10)
(0.10)
(0.10)
(0.12) †
(0.23) †
Heart rate
63
94
114
115
124
-1
(beats.min )
(3.2)
(5.6)
(5.7) †
(5.4) †
(4.1) †
Forearm blood flow
2.00
8.58
10.77
8.84
8.58
-1
-1
(mL.100 mL .min )
(0.17)
(0.63)
(1.12)
(1.17)
(0.91)
Forearm vascular
1.93
9.67
12.68
10.49
9.65
conductance (mL.100
(0.08)
(0.64)
(1.47)
(0.96)
(1.01)
mL-1.min-1.mmHg-1)
Forehead sweat rate
0.20
4.76
4.38
3.71
3.39
(mg.cm-2.min-1)
(0.02)
(0.30)
(0.27)
(0.26) § (N=8) (0.34) † (N=7)
Scapula sweat rate
0.12
2.41
2.46
2.24
2.08
(mg.cm-2.min-1)
(0.03)
(0.47)
(0.52)
(0.30) (N=9)
(0.24) (N=7)
Whole-body sweat rate
17.25
22.24
12.45
11.82
----(mL.min-1)
(1.39)
(1.51)
(1.32) ‡
(1.09) ‡
It is possible, of course, that the failure to observe statistically significant differences for some of
these physiological responses was due to the intrinsic inter-subject variability usually observed
for skin blood flow and sweating, together with methodological artefacts that may have further
increased this variability. However, it is also possible that regional differences in the sweating
response existed as dehydration progressed. For instance, secretion from some skin sites may be
better maintained, while that from other regions is suppressed by dehydration. The net result of
these regional differences may be reduced whole-body sweating, but not an omnipresent
reduction. Finally, since the current dehydration experiment was actually the third trial in a series
of experiments involving exercise- and heat-induced dehydration (Taylor et al., 2009), it is
possible that these subjects had adapted to some extent to these experimental conditions, and
were better able to defend mean body temperature, blood pressure, and its volume and osmolality.
Our thermal data are consistent with this possibility, since all subjects had to exercise harder to
achieve the same target core temperatures in this third trial, whilst at the same time producing
greater sweat flows.
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CARDIAC ELECTROPHYSIOLOGY DURING PROGRESSIVE AND
CONTROLLED DEHYDRATION: INFERENCES FROM ECG ANALYSIS
DURING STEADY-STATE EXERCISE AND RECOVERY
Gregory E. Peoples, Marc A. Brown, Anne M.J. van den Heuvel, Pete Kerry, and
Nigel A.S. Taylor
School of Health Sciences, University of Wollongong, Wollongong, Australia
Contact person: nigel_taylor@uow.edu.au
INTRODUCTION
When fluid intake is insufficient to match sweat losses, dehydration develops. It is well
established that dehydration impacts unfavourably upon cardiovascular function, including
cardiac output and peripheral blood flow (Gonzalez-Alonso et al., 1998). However, the
limitations of cardiac electrophysiology in the dehydrated state are not known. In light of
possible electrolyte imbalances, particularly when water deficit moves towards 7% of total body
mass, it is worth considering the possibility of adverse conduction changes, as reflected within
the electrocardiogram (ECG), may accompany electrolyte loss. In addition, the ECG can also be
employed to investigate other cardiac limitations, such as myocardial ischaemia. Thus, in this
project, set amongst a large dehydration study, basic cardiac conduction measures, and indicators
of myocardial ischaemia (ST segment) were evaluated across a wide range of dehydration levels
(1-7% water deficit).
METHODS
Nine physically active men were progressively dehydrated to a 7% water deficit. This was
achieved using the controlled-hyperthermia (isothermal clamping) technique in hot (35.6oC
(±0.4)) and humid conditions (56.0% relative humidity) by attempting to elevate and clamp the
core temperature of each subject at approximately 38.5oC (Taylor et al., 2009). The black globe
temperature averaged 35.6oC (±0.3) and wind velocity was <0.05 m.s-1. Subjects wore only
shorts and running shoes. Tests were conducted at approximately the same time of day for each
person, using fully-hydrated subjects. The pre-experimental mean urine specific gravity across
all trials was 1.006 (SD 0.005).
Prior to commencing heat exposure, data were collected while subjects rested (seated) in a
thermoneutral laboratory (baseline). Hydration state was determined from the change in body
mass, with data collected at the attainment of each 1% dehydration target. Just prior to reaching
the target, steady-state cycling was performed at 40% of the maximal work rate for 5 min,
followed by a 2-min recovery. Subjects were connected to a 12-lead electrocardiograph (Norav
1200, Norav Medical, Yokneam, Israel) during both of these phases. The ECG patterns were
analysed using Norav 1200 software. Specifically, R-R time (ms), heart rate (b.min-1), QRS
interval (ms), QT interval (ms) and ST segment displacement (mm) were calculated from Lead II.
Exercise data were analysed between the fourth and fifth minutes. Recovery data were analysed
2 min after ceasing exercise. Venous blood samples were collected prior to each trial, and again
on reaching each dehydration target, but while subjects were in recovery, and with no change in
posture. These samples were immediately analysed (ABL77 blood gas / electrolyte, Radiometer
Pacific, Melbourne, Australia). A wide range of other physiological data were collected prior to
each trial, and again on reaching each dehydration target. Some of these observations are
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reported in other communications to this meeting (Machado-Moreira et al. 2009, Taylor et al.,
2009).
RESULTS
The pre-experimental standardisation procedures ensured that every subject presented in a
euhydrated state (urine specific gravity: <1.021). Baseline data confirmed that the cardiovascular,
thermal and body mass status of all subjects were successfully standardised at a physiologically
normal basal state. The dehydration targets were secured with precision, and were achieved to
within 0.06%.
Progressive dehydration sequentially increased haematocrit (baseline: 45.9% (±1.1); 7%: 50.4%
(±1.5)), plasma potassium concentration (baseline: 3.9 mmol.L-1 (±0.1); 7%: 4.9 mmol.L-1 (±0.1))
and plasma sodium concentration (baseline: 138 mmol.L-1 (±0.4); 7%: 142 mmol.L-1 (±0.8); all
P<0.05). Heart rate during both the exercise (1%: 135 b.min-1 (±4); 7%: 160 b.min-1 (±3)) and
recovery conditions (1%: 109 b.min-1 (±6); 7%: 134 b.min-1 (±3)) increased by 25 b.min-1 at the
7% dehydration target (P<0.05).
There was no change in ventricular depolarisation (QRS) time during exercise (1%: 101 ms (±4);
7%: 100 ms (±4)) or recovery (1%: 95 ms (±7); 7%: 86 ms (±5)). Equally, ventricular
repolarisation (QT) time was not significantly reduced. Exercising ST segment was elevated with
successive dehydration targets to 5%, and then plateaued through to 7% (Figure 1). An overall
elevation of 1.1 mm from rest was observed from 5-7% water deficit. During recovery, the ST
segment remained elevated from 1-3% dehydration. However, from 4-7% there was a trend for it
to return towards baseline (4%: 1.81 mm (±0.22); 5%: 1.67 mm (±0.29); 6%: 1.57 mm (±0.32);
7%: 1.43 mm (±0.4)).

ST segment (mm)

*
3.0
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2.6
2.4
2.2
2.0
1.8
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1.4
1.2
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0.8
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3
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7

Water deficit (% mass change)
Figure 1: Exercising (●) and recovery (○) ST segment displacement (mm) measured
at baseline, and then at each dehydration target. Data are means with standard errors
of the means. * exercise ST segment differed from baseline (P<0.05).
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CONCLUSIONS
The current project provided an evaluation of basic cardiac electrophysiology in the context of
controlled and progressive dehydration to a 7% water deficit. Despite significantly increased
blood sodium and potassium concentrations, there was no evidence that cardiac
electrophysiology was impaired. In addition, there was also no clinical evidence of limited
myocardial perfusion, with resulting myocardial ischaemia, since there was only a minor ST
segment elevation across 1-7% water deficit.
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INTRODUCTION
Many types of personal cooling equipment are available for those experiencing heat strain. A
relatively simple cooling device is a cooling vest (CV) in which a frozen substance (usually
sealed within bags) is placed within pockets of a cooling waistcoat. Traditionally, ice, or a frozen
water based solution, is used as the coolant, and thus the ‗ice-vest‘ melts at 0°C (CV0). If a CV0
contained 1kg of ice at minus 18°C and was worn until the ice had melted and the water
temperature increased to 20°C, then it would absorb 456kJ of heat, (calculated from the specific
heat capacity of ice, water and the latent heat of fusion of water). Sixty-four percent of the heat
absorbed in this process (334kJ) occurs as the ice melts and 36% of the heat energy (122kJ) is
absorbed due to the 38°C increase in temperature.
In recent years other substances have been used as coolants in CVs, such as long-chain alkanes
(e.g. hexa- and tetra-decane). These compounds are frozen and provide the majority of their
cooling benefit, like ice, at the point at which they melt. The main advantage of an alkane-based
CV (CVA) is that, if it melts at 20°C, then it can be re-frozen by cooling below 20°C and thus a
freezer is not required. Another reported advantage is that a substance which melts at 20°C may
cause less peripheral vasoconstriction than a CV0. This advantage is widely reported by
manufacturers of CVA systems as contributing to a greater cooling power compared to a CV0,
although no evidence has been cited in support of this.
Although it might be expected that vasoconstriction would occur when the skin is cooled by
contact with ice, this might not occur when hyperthermic; The maintenance of skin blood flow
despite local skin cooling is the basis of an efficient conductive cooling technique, although even
without good skin blood flow a conductive pathway through the tissues will eventually be
established with prolonged cooling. Accordingly, there may be no physiological advantage to
wearing CVA in place of a CV0. Indeed, as the latent heat of fusion and the specific heat capacity
of long-chain alkane compounds are lower than those of water/ice the combined physical cooling
power of a CVA may be reduced by 40 % to 45 % per kg compared to a CV0 of the same mass.
This study was conducted to measure the cooling effect of four CV which melt at 0°C, 10°C,
20°C and 30°C compared to a no-cooling control condition (control).
It was hypothesised that none of the cooling vests would cause vasoconstriction, and
subsequently that the CV0 would afford the greatest physiological cooling benefit, having the
greatest physical cooling capacity per kg of coolant compared to CVA.
METHODS
The protocol was approved by the Ministry of Defence (Navy) Personnel Research Ethics
Committee. On each of five different days, ten medically-fit volunteer participants, who had
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given their written informed consent, undertook a light stepping exercise (12 steps.min-1, 22.5
cm) for 45 minutes, and then rested for 45 minutes. The experiment was conducted in a
controlled climate (40°C dry bulb, 29.5 °C wet bulb) and the participants wore fire-fighting
clothing over polyester/cotton work trousers and a cotton T-shirt. The participants undertook the
five conditions, each on a different day in a balanced randomised order to assess the different CV
types (CV0, CV10, CV20 and CV30) with a mass of 2.4kg and initially frozen to minus 18°C.
Rectal temperature (Tre) was monitored using a thermistor self-inserted to 15 cm beyond the anal
sphincter. Mean skin temperature (Tmsk) was estimated from skin temperature (Tsk) recorded by
four thermistors, at the shin, thigh, upper arm and chest according to Ramanathan (1964). Mean
body temperature (Tb) was calculated from 0.8Tre + 0.2Tmsk (Colin et al., 1971). Body cooling
power was calculated from body mass and changes in Tb and an assumed body specific heat
capacity of 3.47 kJ.kg-1. Heart rate (HR) was monitored continuously using a 3-lead
electrocardiogram (Diascope, SW Vickers, UK). Skin blood flow (SkBF) was estimated using
laser Doppler flowmetry (LDF) (MoorLab, Moor Instruments Ltd, UK) recorded digitally
(PowerLab, ADInstruments Ltd, UK). In each experiment a LDF probe was attached to the left
chest of each subject adjacent to the chest Tsk thermistor, but ensuring that its position was
underneath one of the CV cooling packs (where worn). Subjects were also requested to report
their order of preference for the five conditions.
RESULTS
Figure 1 shows the change in Tre during the exercise and resting recovery period.

Figure 1. Mean rectal temperature when wearing different cooling vests whilst stepping
and during resting recovery (n=10).
At the end of the experiment all vest types had mostly, or completely, melted. Repeated
measures analysis of variance (ANOVA) showed that at the end of the work period Tre was
lower in the CV0 condition compared to the control (P<0.05). Tre for the other cooling vests
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(CV30, CV20 and CV10) was intermediated to the CV0 and control conditions, and not
significantly different from either, although there was a tendency for the vests to be closer to the
CV0 condition than the control (P<0.07). Following recovery Tre was lower for all vest
conditions compared to the control (P<0.05). Additionally, Tre was lower in the CV0, CV10, and
CV20 conditions compared to the CV30 (P<0.05).
During exercise Tb rose at similar rates in the CON, CV30 and CV20 conditions, but this rise was
attenuated in the CV10 and CV0 conditions (P<0.05). During resting recovery the rate of change
of Tb was lower in all vest conditions compared to CON (P<0.05). Also, Tb fell at a faster rate in
CV10 and CV0 compared to CV30 and CV20 (P<0.01). Differences in the change of body heat
storage between the vest and control conditions show that the CV10 provided 29W of cooling
during stepping, and the CV0 40W of cooling. During the rest periods the vests afforded cooling
benefits of 29W (CV30), 55W (CV20), 66W (CV10) and 69W (CV0). The CV0 and CV10
conditions attenuated the rise in heat storage and cooled more during recovery than the CV20 and
CV30 conditions (P<0.05).
Figure 2 shows SkBF during the exercise and recovery periods.
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Figure 2. Mean abdomen laser Doppler skin blood flow when wearing different cooling
vests (n=10).
There were no significant differences in SkBF 10 minutes pre-exercise prior to the cooling vests
being donned. There was obvious disruption to SkBF in the 5 minutes prior to exercise as the
vests were donned. At the start of exercise, SkBF was not significantly different in any of the
vest conditions compared to the control. In all conditions, SkBF was greater at the end of the
work period compared to the start (P<0.05), and lower at the end of rest compared to the start of
recovery (P<0.05). There were no significant differences in SkBF across conditions detected at
any time.
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HR was similar between conditions at the start of the exercise period. At the end of the stepping
exercise HR was lower in the CV20 and CV0 conditions compared to the control (P<0.05), with
an indication that HR was also lower in the CV10 (P<0.06). HR was not reduced when wearing
the CV30. After 5 minutes of recovery, and throughout the remainder of the rest period, HR was
lower in all vest conditions compared to the control (P<0.05). After 15 minutes of rest, and
thereafter, HR was lower in CV0 compared to CV30. After 25 minutes of rest, and thereafter HR,
was lower in the CV0 compared to the CV20. At the end of the rest period, HR was lower in the
CV0 compared to all other vest conditions.
Subjectively, all vests were preferred to the control (P<0.005), and the CV10 was the preferred
vest (P<0.001). Subjects reported that the CV0 was ―too cold‖, and in this condition cold-induced
erythema was commonly observed.
CONCLUSIONS
The data presented support our hypotheses, that no vasoconstriction occurred on donning any
types of the cooling vests, and that the CV0 afforded greater physiological cooling than the other
CVA. However, the physiological cooling benefits attained wearing the CV10 was closer to that
of the CV0 than to the CV20 and CV30. As subjects reported that the CV0 felt too cold, and that
erythema was observed at the end of this condition, it would seem preferable to use the CV10
rather than the CV0.
Calculations using the thermophysical properties of the coolants show that the CV0 has the
greatest cooling potential (1194kJ) compared to the CV10 (732kJ), CV20 (753kJ) and CV30
(789kJ), if the vests were initially frozen to minus 18°C and increased in temperature to 30°C.
Why CV0 and CV10 afford similar cooling powers distinct from that of the CV20 and CV30 must
be due to other factors, such as cooling gradients and SkBF. Cooling will occur by direct
conduction through the tissues and also by mass transfer through the circulation; although no
statistically significant differences in SkBF were detected between conditions, possibly because
of the inherent variability of SkBF. Figure 2 indicates that SkBF throughout the experiment may
have been generally lower with a lower vest melting temperature. However, even if SkBF was
actually lower with the colder vests, and thus mass transfer cooling reduced, a compensatory
increase of conductive tissue cooling was likely due to the greater cooling gradient between skin
and core temperatures.
In summary, the greatest cooling power occurred with cooling vests melting at 0°C and 10°C
with a subjective preference for 10°C as 0°C was perceived as too cold.
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INTRODUCTION
The occupational exposure to extreme thermal environments, either hot or cold, represents an
issue that should be duly considered due to the very significant number of workers involved. In
Portugal, probably because of its mild climate, this reality often neglected in the past is being
overcome during the most recent years, as a result of the efforts of a few research teams that are
giving a growing attention to these topics.
This work is dedicated to the study of cold thermal environments in Portuguese food distribution
industrial units. The occupational cold exposure was first characterised by Oliveira et al (2008)
in a large study that has quantified the typical thermal conditions of six activity sectors and
where it is shown that the number of people working in the cold is much more important than it
was initially predicted. From this representative survey, the food distribution sector is addressed
in this paper due to its increasing importance in both economic and social terms.
In order to characterise the level of cold exposure a set of measurements were realized in 5
industries, corresponding to 26 workplaces. The method proposed by ISO 11079 (2007) based on
the evaluation of the required clothing insulation to maintain the thermal balance of the body was
adopted. To achieve a more complete knowledge in studies of human thermal environments, the
assessment strategies should also consider methodologies focused on subjective analysis.
Therefore, the characterisation of the population (gender, age, medical background, subjective
judgements about the protective clothing and the thermal environment) and the work conditions
(individual protection equipment, physical requirements of the activity, existence or not of rest
periods, etc), are relevant issues that should be taken into account. Thus, as a complement to the
field evaluations, a questionnaire consisting of 24 questions was developed and used for an
extensive evaluation of the working conditions in cold environments.
METHODS
The Required Clothing Insulation Index (IREQ), developed by Holmér (1984) and adopted by
ISO as an International Standard (2007), was considered in this work to assess the level of
thermal stress. This index is mainly supported by measurements of the physical parameters [air
and mean radiant temperatures (ta and tr), air velocity (va) and humidity (rh)] and the estimation
of individual parameters [metabolic rate (M) and thermal insulation of clothing (Icl)] and
provides a method to evaluate the thermal stress in cold thermal environments. In addition, two
levels of physiological strain (IREQneutral and IREQminimal) defined in terms of mean skin
temperature, skin wettedness and change in body heat content are also considered.
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The clothing insulation required to maintain thermal equilibrium is calculated by satisfying
the following equations, which are derived from the human heat balance equations:

t sk tcl
M W Eres Cres E
M W Eres Cres E R C
IREQ

(1)
(2)

where t sk and t cl are the mean skin temperature and the mean clothing surface temperature [ºC],
M is the metabolic rate [Wm-2], W is the effective mechanical work [Wm-2], Eres, Cres, E, R and C
are the heat exchanges by respiratory evaporation and convection, by evaporation, radiation and
convection at the human body surface [Wm-2], respectively.
The experiments were realised in 5 food distribution units. The measurements of the physical
and individual parameters needed to calculate the IREQ index took place from January to March
and a total of 26 workplaces were evaluated, namely 6 freezing chambers, 8 refrigeration
chambers and 12 free-floating or controlled air temperature manufacturing workplaces.
From a complementary perspective, the aim of the subjective survey is to provide a global
picture of the actual working conditions in Portugal. Therefore, the questionnaire was distributed
in food industrial units - large and medium size supermarkets -, across 17 out of 18 provinces of
Portugal. The collected sample comes from 61 units and a total of 1575 workers valid responses.
Due to the sample size and the large amount of data, the questionnaires were submitted to an
electronic optical reading.
The questionnaire is divided in two parts. The first one consists in a very simple characterisation
of the worker through 3 questions where the gender, the age and the clinical history are assessed.
This last issue is based on ISO 12894 (2001) which lists the health effects, both physiological
changes and disorders that may arise whenever cold or hot exposures are considered. The second
part is divided in two sections, which have a total of 24 questions. The first section consists of
multiple choice questions, while the second is based on a 10-degree judgement scale. This 10degree scale comprises 2 central points and two times 4 degrees increasing intensity. In this
second part, beyond the identification of some parameters related to the workplace, a more
detailed assessment of the personal protective clothing and of the thermal environment is
foreseen. For the latter, ISO 10551 (1995) was taken into account. The statistical analysis was
done with the Statistical Package for the Social Sciences (SPSS) software.
RESULTS
The relationships between the resultant clothing insulation, Iclr, and the required clothing
insulation, IREQ, for both neutral and minimal criteria are shown in Figure 1 for all workplaces
under analysis. If the selected clothing ensemble provides adequate insulation, then
IREQminimal≤Iclr≤IREQneutral and the points that characterize this condition are located between the
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IREQminimal and IREQneutral lines. On the other hand, if the available clothing ensemble (Iclr)
provides more or less insulation than required, then the points that characterize these conditions
are located above the IREQneutral line or below the IREQminimal line, respectively.
Ordering the values of IREQminimal increasingly, it is possible to group the characteristic
workplaces mentioned before. Accordingly, the encircled zone on the left refers to
manufacturing workplaces, the refrigerating chambers are typically positioned in the centre and
the freezing chambers are placed to the right. It must be underlined that the encircled zones are
only representative since different types of workplaces can indeed be located within each
particular zone. The freezing chambers represent the most severe case since in all of these
workplaces the protection provided by the available clothing ensemble is insufficient (Iclr <
IREQminimal). The manufacturing workplaces show an opposite situation since the selected
clothing ensemble widely provides too much insulation (Iclr>IREQneutral). The refrigerating
chambers show results in the three possible situations. From a global point of view it can be
stated that the recommended pattern, represented by results in the clothing regulatory zone
(IREQminimal ≤ Iclr ≤ IREQneutral), corresponds to only 12% of the workplaces.
2,5
Manufacturing workplaces

FOOD DISTRIBUTION

Refrigeration chambers
Freezing chambers
IREQneutral

2,0

IREQneutral, IREQmin, Iclr [clo ]
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0,0

Workplace

Figure 1 Values of the required clothing insulation (IREQneutral, IREQminimal) and resultant clothing insulation (Iclr).

The results of the statistical analysis of 1575 questionnaires obtained all over Portugal main land
are presented and discussed next. The discussion of the entire questionnaire is not possible in this
paper due to size limitations and can be found elsewhere (Oliveira, 2006). Therefore, a group of
8 questions considered representative of the different parts and sections of the questionnaire was
selected for analysis.
Figure 2 shows that there are no workers with more than 55 years old. In addition, 93,7% of the
workers have less than 45 years old and 63,1% less than 35. This activity sector is thus
characterised by a young population. The distribution of the workforce by gender (vd. Figure 3)
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shows that the majority of workers are women (78,1%). The length in the activity is classified
into 6 different categories. Figure 4 shows that 56,3% of the workers remain in the same
occupation for less than 5 years and 84,1% for less than 10 years. The highest percentage
corresponds to the 5 to 10 years class and the lowest fit in the class of more than 20 years in the
same type of activity.
Age [years]

Gender
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Figure 9 Is the thermal environment of the workplace tolerable?

Figure 5 identifies the protective clothing available and shows that the majority of the
respondents states that the waistcoat (59,6%) and the coat (47,3%) are the most common
protective garments, followed by the gloves (28,8%).
Figures 6 to 9 are directed to the characterization of the personal thermal state and to the
assessment of the thermal environment, namely in terms of the thermal perception and personal
tolerance. Figure 6 shows that the results of the individual judgements in terms of the feeling of
cold are distributed across the scale. In this case 53,7% of the votes are in the 1 to 5 range and
45,8% between 6 and 10. The highest percentage corresponds to level 5 with 20,4%. On the
other hand, Figure 7 shows that the results are equally distributed (50,2% and 49,8% respectively
in the 1 to 5 and 6 to 10 ranges) but the middle levels have the highest percentages which
indicates that the workers are acclimatised to the cold. Once again, level 5 presents the highest
percentage of the votes with 23,6%. Figure 8 assesses the thermal perception of the work
environment. It shows 41,7% of the results in the range 1 to 5 and 57,4% in the 6 to 10 range.
Figures 6 and 8 highlight a behaviour that was put in evidence during the field evaluations. In
fact, the sensation of cold was reported, however the workers have the perception that the
thermal environment is even colder. Figure 9 refers to the personal tolerance and shows that the
majority of the votes (57,4%) are located in the 6 to 10 range, suggesting that this workers
tolerate quite well the thermal environment of the workplace but there is still a significant
minority (42,6%) who doesn‘t.
CONCLUSIONS
The present results demonstrate that a significant percentage of the workers are repeatedly
exposed to extreme conditions and that the clothing ensembles worn by the workers are
inadequate. Actually, only about 12% of the workplaces have an estimated Iclr value in the area
between the IREQminimal and the IREQneutral, where the selected clothing ensemble provides
sufficient insulation. Therefore, a careful selection of the clothing is recommended in order to
adapt it according to the activity and to the work environment.
The discussion of the questionnaire presented in this paper is restricted to a few questions. The
analysis is thus limited, but it clearly shows that the subjective assessments can play an important
role as a complement to field measurements. In fact, the information that can be made available
through individual inquires to the workers can indeed be of great significance and may enable
relevant statistical analysis. However, it should be noted that this kind of questionnaires
describes the working conditions as perceived by the respondents.
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INTRODUCTION
Perioperative mild hypothermia is associated with adverse outcomes, including cardiac events,
coagulopathy, surgical-wound infections, and prolonged hospitalization [1]. Therefore,
normothermia should be preserved during the perioperative period with convective-air warming
[1]. At the moment, the optimal forced-air warming technique is under discussion. In a
laboratory study with a copper-manikin, Braeuer and colleagues have shown relevant differences
between forced-air warming systems measuring heat flux with 16 heat flux transducers and
surface temperatures with 16 thermocouples [2]. Despite 16 measuring points this method cannot
give a complete and direct depiction of the whole temperature distribution of the blankets.
Here we show for the first time in a laboratory study a comparison of two convective-warming
devices with an infrared-camera.
METHODS
We compared the following two forced-air warming systems:
1. Bair Hugger® Model 750 Warming Unit and full under-body blanket model 635 (Arizant
Healthcare Inc.).
2. WarmTouch™ Patient Warming System and CareQuilt™ full body blanket (Tyco Medical
Inc.).
The measurements were performed in the laboratory-rooms of Continental-Regensburg by a
certified engineer.
Both warming-blowers were connected to the corresponding blanket and temperature control
was set to the highest step. Then we accomplish a warming period for 20 minutes before starting
the infrared investigations.
A FLIR infrared-camera (FLIR Agema Thermovision D900 IR camera, FLIR Systems GmbH,
60437 Frankfurt, Germany) was used for high-definition digital IR images of the surface
temperatures of both blankets. All images were electronically stored and processed using the
image analysis software ThermaCAM Researcher™ 2.9 (FLIR Systems).
RESULTS AND CONCLUSIONS
The aim of this infrared-investigation was to obtain more insight in the warming characteristics
of convective warming. The infrared pictures show an inhomogeneity with both devices.
Interestingly, the power of the blower does not automatically allow a prediction about the
warming effectivity. Braeuer and colleagues have shown a higher heat transfer of Bair Hugger®
750 (41.5 °C, 26.2 L·sec–1, 623 W ) compared with WarmTouch™ (43.1 °C, 14.5 L·sec–1, 342
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W; Nozzle temperature (°C), Air flow (L·sec–1) Heat flow (W)). Our results show, that not the
power of the blower but the construction of the blanket is critical for the temperature distribution.

The infrared depiction of convective warming (acclimatization period for 20 min) with Bair
Hugger® Model 750 Warming Unit and full under-body blanket model 635 shows an
inhomogen distribution of the temperature. Only the left side of the blanket, where the nozzle
(red area) blows heat into the blanket, is warmed. The right side shows no effective warming.

Also an inhomogeneity is seen with the second device. The infrared depiction of convective
warming (acclimatization period for 20 min) with WarmTouch™ Patient Warming System and
CareQuilt™ full body blanket (Tyco Medical Inc.) shows an effective warming in the area of
the lower part of the body. The nozzle (white/red area) blows heat into the blanket near by the
lower legs. The upper part of the body shows no effective warming.
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INTRODUCTION
Outdoors activities, such as cross-country skiing, may expose the human body to severe thermal
stress during training and competitive events in the winter season. Cooling affects all aspects of
muscular performance (1), and cold has a profound effect on the functional properties of skeletal
muscle. When exercise intensity is high enough to maintain core temperature, but skin cooling is
still present, a change in muscle temperature is also likely, and this may reduce mechanical
efficiency and thus increase the total energy cost (2, 3). The physiological alterations from cold
exposure may lead to earlier onset of fatigue, producing negative effects on endurance time to
exhaustion (4, 5).
Low air resistance is important in many athletic events where speed is crucial (6), including
cross-country skiing. This has led to clothing becoming thinner and more tight-fitting, such as
the cross-country ski-suits used by competition skiers. Cold and windy ambient conditions can
affect physical performance and result in impaired skiing performance (7). Few studies have
measured thermoregulatory responses in cross-country skiers during training and competition.
The objective of this study was to investigate thermoregulatory responses in well-trained crosscountry skiers wearing racing suits during a field study that simulated a 10 km cross-country
skiing race. We hypothesised that exposure to cold and convective heat loss due to body
movement would reduce the subjects skin temperatures, and predicted that the front surface of
the body, which is exposed to the highest wind speeds, would have the greatest fall in
temperature.
METHODS
Subjects. Eight healthy male cross-country skiers (age 26 ± 2 yr; height 181 ± 5 cm; weight 74 ±
5 kg) with a maximum oxygen uptake (VO2max) of 71.8 ± 5.7 ml · kg-1 · min-1 volunteered for
this study. The study was approved by the Regional Committee for Medical Research Ethics,
Central Norway and the Norwegian Data Inspectorate.
Weather conditions. The field tests were performed in Norway on five different days in January
to March 2009. On these days, the ambient temperature measured at the start/finish area of the
race ranged between -3.2° C and -8.3° C, relative humidity was 50-75% and wind speed 0.2-3.4
m · s-1.
Protocol. Before the simulated ski race the subjects met at the laboratory and were fitted with
thermistors (YSI, Yellow Springs Instruments, ± 0.15° C) for measurements of rectal- and skin
temperatures every second minute. Skin temperatures were measured at six sites (forehead,
chest, back, upper arm, front and back thigh). Mean skin temperature (MST) was calculated
according to Teichner et al (8).
The subjects dressed in clothing consisting of a long-armed pullover and long underwear trousers
worn under a cross-country skiing suit, together with gloves and head gear. An extra pair of
trousers and a jacket were worn during the warm-up period. The subjects brought their own
shoes and skis.
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They were then taken to the cross-country stadium where an individual warm-up period
commenced immediately; this was followed by a 10 km ski race. Five subjects used the classic
and three subjects the skating technique during the test. Individual variations in technique and
performance meant that the time to finish ranged from 24 to 34 minutes. Heart rate (fc ) was
measured continuously during the tests (Polar Electro OY, Kempele, Finland).
Before start, after the warming up period and at the end of the test, the subjects were asked to
rate their subjective evaluation of thermal sensation on an 11-point scale (extremely cold to
extremely hot)(9).
In order to determine the subjects‘ maximal oxygen uptake (VO2max) and maximal heart rate
(fcmax) a laboratory test consisting of running on a motor-driven treadmill (Woodway) at 6°
(10.5%) uphill gradient was also performed. After a warm-up period a test was performed with
stepwise increments in exercise intensity until the subject was exhausted and the VO2max was
reached.
Data analysis. The time used on the simulated ski race differed among the participants. Most of
the results are therefore presented as individual data using descriptive statistics. Mean values and
standard deviations are presented for some group data. A paired t-test was used to compare the
lowest individual skin temperatures during the race. In three subjects the rectal probes fell out
during the ski race. Rectal temperatures are therefore presented for only five of the subjects.
RESULTS
The results for one subject showing all individual temperatures, MST and rectal temperature
during the warm-up and the test period are presented in Figure 1. The same subjects‘ fc is
presented in Figure 2. During the laboratory test this subjects fcmax was measured at 206 beats ·
min-1, which means that the work load during the race was approximately 89%. For the whole
group the exercise intensities represented 88 ± 3% (range 83-94%) of the subjects‘ fcmax.
During the warm-up period, when the subjects were wearing extra trousers and a jacket, the MST
remained stable. During the tests, when they wore only the cross-country ski-suit the MST
declined 6.3 ± 2.0°C; from 28.3 ± 1.2°C at the end of the warm-up period to 22.1 ± 1.9°C at the
end of the race. The lowest individual temperatures measured were on the forehead, front thigh
and chest, while the highest temperatures were measured at the back and upper arm (Table 1).
Significantly lower temperatures were measured on the chest and front of the thigh than on the
back and back thigh, respectively.
The core temperature, measured as rectal temperature, rose with increasing exercise intensity,
rising by 1.6° C from 37.1 ± 0.2° C at the start of the warm-up period to 38.7 ± 0.3°C at the end
of the test (n=5).
Test persons subjective evaluations of thermal sensation of the body were neutral before the start
of the warm-up and increased to slightly warm after the warming up period and close to warm at
the end of the test.
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Figure 1. Rectal and skin temperatures for one subject during the warm-up and test periods.
Ambient temperature at the start/finish area was -8.3°C.

200

Heart rate (beats · min-1)

180

160

140

120

100

80
Warming up

Test period

60
0

10

20

30

40

50

60

70

Time (minutes)

Figure 2. Heart rate shown for one subject (same subject as in Fig. 1) during the warm-up and
test periods. Ambient temperature at the start/finish area was -8.3°C.
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Table 1. Lowest skin temperatures measured in each subject during the test (n=8).
Test subject Forehead Chest

Back

Upper arm Front thigh Back thigh

1

18.6

23.7

24.7

21.2

18.3

20.7

2

18.7

21.3

29.3

24.3

21.2

21.6

3

15.0

20.2

21.9

23.3

16.4

17.6

4

21.6

17.3

24.7

25.8

22.5

24.1

5

13.4

20.9

24.5

25.0

18.8

20.8

6

20.2

22.4

22.5

25.9

21.4

24.3

7

20.0

19.9

26.9

25.9

22.1

23.6

8
Mean ±
SD

17.4
18.1
2.8

19.4
20.6
1.9

21.0
24.4
2.7

20.5
24.0
2.1

18.3
19.9
2.3

20.0
21.6
2.3

DISCUSSION
During the tests the subjects were working at a mean of 88% of their fcmax which increased the
heat production and caused a rise in the rectal temperature. Although core temperature rose, all
skin temperatures fell. At two of the six skin sites the mean temperatures were lower than 20° C,
with the lowest temperature measured on the forehead which in some subjects was partly
uncovered during the ski race due to movement of the cap. However, all the skin temperatures
were lower than those usually measured in a neutral state (28-32°C)(10). The significantly lower
temperatures on the chest and front thigh compared with the back and back thigh reflect a
considerable heat loss from the front surface of the body and a higher rate of convective heat loss
due to the high racing speed. Low skin temperatures and a high core temperature produced
subjective evaluations of the thermal state of the body that were closer to neutral than the low
skin temperatures might have suggested.
It is well established that cooling affects muscular performance (1, 5), but to what extent
performance deteriorates will vary, depending on the type, duration and intensity of cold
exposure (11). This study of cross-country skiers wearing racing suits demonstrated that skin
temperatures fell during the 24-34-minute exercise period. The MST in this study was also lower
than that recorded in the study of Oksa et al. (12), which led to a deterioration of muscular
performance. The least degree of cooling which is sufficient to degrade muscular performance
has not been identified (1). However, it has been shown that relatively slight cooling may be
sufficient to significantly decrease muscular performance and its components (12), and it has
been suggested that skin cooling alone may be sufficient to cause a decrease in the force
production of a muscle (13). Other studies have shown that time to exhaustion is affected by
ambient temperature, and was significantly shorter in subjects exercising on a bicycle at -20 than
at 20° C (11). Running on a treadmill at -15° C also reduced time to exhaustion compared to
23°C in cross-country skiers (5).
Aerobic performance at various ambient temperatures has also been studied by several authors.
An optimal range of temperatures of 3-11°C for moderate-intensity exercise has been reported
(14, 15). However, none of these studies involved cross-country skiers operating at high intensity
and wearing cross-country ski-suits.
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CONCLUSIONS
This study demonstrated that cold exposure (-3 to -8°C) reduced skin temperature during a
simulated cross-country skiing race in spite of increased heat production. The clothing used did
not prevent skin cooling, especially on the front of the body, which was particularly exposed to
cold and wind because of the high speeds involved during the race. The cross-country ski-race
suit should be improved in order to provide sufficient thermal protection during competition in a
cold environment. Further investigations must also focus on limiting values for cold and wind
exposure, related to physical performance in cross-country skiers.
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INTRODUCTION
A large number of people work or travel over the cold ocean waters of Canada‘s coastline every
day. Due to the risk of becoming accidentally immersed in water, an immersion suit is often
required by federal regulations to be readily available to people to help improve their chances of
survival. Current Transport Canada (TC) regulations require immersion suits to be carried on
board all small capacity vessels in a sufficient quantity so that every person has one. Offshore oil
installations follow a similar policy. The immersion suits are usually a one-piece suit system that
provides thermal protection and may provide buoyancy to the wearer (7).
There currently exists a knowledge gap on how wind and waves affect an immersed human,
compared to the calm water pool that is often used for testing (7). Previous work carried out by
Hayes et al (1985) found that wave motion did not significantly increase the rate of body cooling
when compared to calm conditions (3). Later work conducted by Steinman et al (1987) examined
the effects of rough seas on the thermal performance of anti-exposure garments, and found that
mean rectal temperature and back skin temperature decreased significantly with loose fitting wet
suit garments in rough water, compared to calm (5). The authors concluded that immersions in
rough seas may be associated with much lower survival times than those expected in calm water
(5).
Tipton et al (1995) also examined the effect of deteriorating weather conditions on survival time
(6). Participants who wore a well fitting, uninsulated dry suit experienced a 30% reduction in
predicted survival time in relatively mild weather conditions compared to calm water; with
estimated survival time dropping to 4.8 hours from 6.8 (6).
Ducharme and Brooks examined the effects of varying wave heights on dry suit insulation (1).
The participants wore uninsulated dry immersion suits with a one piece undergarment. Wave
conditions did not affect mean rectal temperature, and mean skin temperature was only affected
when participants performed immersions up to their neck in a vertical position (1). However,
skin heat flow did show a significant increase with increasing wave height (1).
Our own previous work examined the effects of wind and waves on human thermal responses
during one hour immersions (4). The environmental condition consisting of wind and waves
caused a significant increase in mean heat flow, and significant decrease in mean body
temperature, compared to calm water conditions (4). Based on the results from this work, in the
present study we investigated the effects of varying wind and wave conditions, compared to calm,
on human thermoregulatory responses during the course of three hour immersions. Our null
hypothesis was that wind and waves would not cause a significantly greater drop in deep body
temperature compared to that seen in calm conditions.
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METHODS
The study received full ethical approval from the National Research Council‘s Research Ethics
Board (REB). Each participant provided written, informed consent before participating.
Twelve healthy males volunteered for the experiment. Body fat percentage was estimated
through two methods: using a bio-electrical impedance and skin fold thickness using the method
of Durnin & Womersly (2). All participants were asked to refrain from consuming alcohol the
night before an experimental trial, and caffeine at least 3 hours before the start of an experiment.
All experiment trials were conducted in the Offshore Engineering Basin (OEB) at the National
Research Council of Canada‘s Institute for Ocean Technology (NRC-IOT), located in St. John‘s,
Newfoundland, Canada.
Participants performed three, 3-hour immersions in the following environmental conditions:
Calm water, Weather 1, and Weather 2. The environmental characteristics of each immersion
condition are given in Table 1. The waves used in each environmental condition consisted of
irregular, 20-minute Joint North Sea Wave Analysis Project (JONSWAP) spectrums generated
from data collected from a wave buoy deployed off the south west coast of Newfoundland,
Canada. The wave spectrum was truncated to a maximum height of 0.67m due to mechanical
limitations in the OEB.
Table 1. Environmental characteristics of the three immersion conditions.
Calm
Weather 1
0
0.34
Maximum wave height
(m)
0
3.5
Wind speed (m·s-1)
11.14 (0.24)
10.93 (0.41)
Mean Water
Temperature (SD) (°C)
17.17 (0.51)
17.36 (0.40)
Mean Air
Temperature (SD) (°C)

Weather 2
0.67
4.6
10.85 (0.32)
17.34 (0.42)

Upon arriving at NRC-IOT, participants were instrumented and changed into the standardized
test clothing assembly of: wool socks, cotton pants, cotton undershirt, and cotton over shirt; a
White‘s Marine Abandonment Suit. This clothing ensemble was based on the CGSB testing
standards (7).
Skin temperature and heat flow were measured at 12 different sites on the body using heat flow
sensors (Concept Engineering, Old Saybrook, Connecticut, USA). The sensors were connected
to self-contained data loggers (ACR Data Systems, Surrey, British Columbia, Canada) that
measured and recorded all 12 sensors, once every 8 seconds. Deep temperature was measured
once every 20 seconds using gastro-intestinal pills (HQ Inc., Palmetto, Florida, USA). Heart rate
was measured once every 20 seconds using a polar heart rate monitor (Polar, Lake Success, New
York, USA), with the values recorded by the CorTemp data recorder. Oxygen consumption and
carbon dioxide production was measured once every 15 seconds using the Cardio Coach CO2
(KORR Medical Technologies, Salt Lake City, UT, USA).
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Participants entered the water carefully via steps and were loosely tethered in place by the ankle.
They were told to relax during the immersions and were able to watch videos.
Analysis of variance (ANOVA) was performed on all collected results. Tamahrene T2 post hoc
tests were performed to determine significance. Alpha was set at 0.05.
RESULTS
All of the participants completed their immersions. Change in deep body temperature over the
last 30 minutes of the each immersion was examined and is presented in Figure 1.
Change in Core Body Temperature (°C)

0.20
0.15
0.10
0.05
0.00
-0.05
-0.10
-0.15
-0.20
-0.25
Cal
m

Weather 1

Weather 2

Immersion Condition

Figure 1. Mean (SD) Change in deep body temperature (°C) over the last 30 minutes of
immersion (n = 12).
Across all immersion conditions, there were no significant changes in deep body temperature.
Participant‘s deep body temperature rose 0.02°C during the final 30 minutes in the calm
immersion, 0.03°C in Weather 1, and dropped 0.04°C in Weather 2.
Mean oxygen consumption over the last 30 minutes of the immersion is presented in Table 2.
Table 2. Mean VO2 and SD during the last 30 minutes of immersion (n = 12).
Mean (SD) VO2 (mL·min-1)
Calm
325.41 (54)
Weather 1
332.74 (108)
Weather 2
365.83 (80)
There were no significant differences in oxygen consumption during the final 30 minutes of the
immersion.
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Mean heat flow during the final 30 minutes of the immersion, measured from all sites sampled
except the forehead is presented in Figure 2.
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Heat Flow (W·m-2)
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Weather 1

Weather 2

Immersion Condition

Figure 2. Mean (SD) heat flow over the last 30 minutes of the immersion (* = P <0.05. ** = P <
0.001, n =12).
A significant difference was observed in heat flow during the last 30 minutes of the immersions.
CONCLUSIONS
The present study examined the influence of wind and waves on the thermal responses of clothed
individuals immersed in cold water. Initial analysis of the results confirm the findings of Hayes
et al. (1985) and Ducharme & Brooks (1998), and suggest that the quality of the protective
clothing provided may have been sufficient to make the immersions a fairly innocuous
challenge: metabolic rate, heat flux and change in deep body temperature all remained relatively
low. Heat flow did increase significantly from Calm conditions to the Weather immersions, but
only by a small amount (~7 W·m-2). This result is in agreement with our previous work (4), but
the heat flow measured here in Weather 2 (67 W·m-2) during the last 30 minutes of a three hour
immersion is, as might be expected, lower (approximately 27% less) than that observed at the
end of the one hour immersion in our previous work (92 W·m-2) in the same environmental
conditions.
In these circumstances it is unsurprising that differences were not seen between conditions; the
level of stress imposed was insufficient to reveal such differences. It is possible that the
provision of good quality immersion protective clothing moved participants back into the
―prescriptive (thermoregulatory) zone‖ and they were able to thermoregulate by small changes in
cutaneous blood flow; it is unlikely that heat flux transducers will have detected these small
regional alterations.
We support our null hypothesis that an immersion condition consisting of wind and waves will
not cause a greater drop in deep body temperature compared to a calm one. Whilst it is clear that
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the addition of wind and waves will increase the cooling capability of the environment; in
situations such as those that pertained in the present study, where individuals are well protected,
the increase in cooling capability of the environment may not translate into lower deep body
temperatures. Hence, the importance of considering the physiological as well as the physical in
situations where a thermoregulatory system is active.
It is concluded that in situations similar to those of the present study, the prediction of survival
time may not need to be adjusted for the presence of wind and waves.
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INTRODUCTION
A significant number of military personnel suffer from exertional heat illness, with some extreme
cases resulting in death. These illnesses may occur without warning, they are often characterised
by a rapid onset and can occur even in experienced personnel. Various field treatments for
hyperthermia have been developed, and one of particular interest is the use of cold-water
immersion. Not surprisingly, immersion in ice-cold water (0-2oC) has been shown to be an
effective means of rapidly reducing body core temperature (Proulx et al., 2003, 2006).
However, some researchers have raised both physiological and ethical concerns regarding this
practise, suggesting instead that more conservative and warmer immersion temperatures may be
advisable, and indeed even more practical for field application (Taylor et al., 2008). Such
extensive cooling will elicit dramatic reductions in whole-body skin blood flow. This impedes
the convective delivery (mass flow) of heat from the deep tissues, and also conductive heat loss
to the water by increasing transcutaneous insulation. Furthermore, the sudden immersion in cold
water has long been known to precipitate powerful cold-shock responses, and even death (Tipton,
1989). Indeed, it is the rate at which the skin temperature changes that dictates the intensity of
this cold shock, so the sudden skin temperature reduction experienced when a profoundly
hyperthermic individual is suddenly immersed in ice-cold water will evoke very powerful
afferent and whole-body sympathetic outflow. Not surprisingly, this practise is not recommended
by the current laboratory, except for very serious cases in which a viable peripheral circulation is
absent.
Instead, a more conservative water-immersion temperature is advised, since warmer
temperatures not only reduce the risk of cold shock, but also satisfy the pragmatic issue of
availability within the field. Warmer water temperatures (~26oC) are unlikely to induce a
powerful sympathetic response, and sudden cutaneous vasoconstriction should be avoided. As a
consequence, a greater skin blood flow will ensure the substantial movement of central body heat
to the skin surface, and thereby facilitate rapid heat loss.
We have previously shown that warm-water immersion (26oC) of profoundly hyperthermic
individuals enabled core cooling to be achieved just 45 s slower than in water 12oC cooler
(Taylor et al., 2008). However, the vascular responses of the skin were not measured in this
experiment. Therefore, data were lacking to categorically establish the physiological mechanism
that would account for this outcome. Accordingly, the aim of this project was to re-evaluate the
effectiveness of two different water-immersion temperatures (14oC and 26oC) on body core
cooling from a profoundly hyperthermic state, whilst simultaneously quantifying the cutaneous
vascular responses. The former temperature was used by Proulx et al. (2003, 2006), while the
latter is an approximation of the temperature of water that may be available in the field in hot

238

Proceedings of the 13th International Conference on Environmental Ergonomics, Boston (USA), August 2-7, 2009

climatic regions. It was hypothesised that cold-water immersion would elicit a powerful
cutaneous vasoconstriction, and this would be less evident during temperate-water immersion.
METHODS
Eight males participated in this study. Subjects were healthy, physically active adults, each of
whom was screened to eliminate those with a history of cardiovascular, respiratory or
thermoregulatory problems. In addition, subjects were screened using an exercise test (PWC170),
to ensure a sample that was homogenous for aerobic fitness; predicted mean maximal aerobic
power was 58.53 mL.kg-1.min-1 (SD 9.9). Each subject completed four whole-body, waterimmersion trials; two at 14oC, and two at 26oC. Trials A (26oC) and B (14oC) occurred from a
thermoneutral state, while trials C (26oC) and D (14oC) were preceded by whole-body heating
(exercise in the heat). Thus, the four trials differed in the pre-immersion heating protocol
(heating or no heating), and in the form of post-exercise cooling that was provided (14oC or
26oC). Trials were administered in a balanced order across subjects. Immersion was in the
horizontal plane (supine), with the subject‘s head raised sufficiently to enable total immersion
without a breathing impediment (Figure 1).

Figure 1: An immersed subject during whole-body cooling.
For trials A and B, immersion followed a 5-min thermoneutral data collection period. For trials C
and D, subjects were first heated to achieve an oesophageal temperature of 39.5oC. This was
achieved using a combination of exercise (metabolic heat) and exogenous heat (climate chamber
(36oC, 50% relative humidity) and water-perfusion garment (40oC)). The exercise protocol
followed a four-phase pattern, with three target core temperatures (38.5oC, 39.0oC, 39.5oC)
dictating the work rates chosen. The final stage of exercise was of a relatively low intensity
(intermittent work and rest), and was designed to clamp the core temperature for 10 min, thereby
ensuring a more uniform heat distribution within the body tissues prior to cooling. Within each
exercise phase, the work durations were retained (30, 30, 20, 10 min), but the work rate was
varied to achieve the target core temperature. That is, the two targets were core temperature and
time. If the target core temperature was exceeded, the work ceased. If the target was achieved
early, the work rate was reduced to hold the target core temperature until the next stage began.
The work rates used in the first trial were then replicated within the subsequent exercise heating
trial. Following heating, subjects were transferred (wheelchair) to the immersion facility adjacent
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to the chamber, positioned onto a litter (Figure 1) and equipped with skin blood flow apparatus.
Immersion commenced 6.34 min (SD 0.92) after heating ceased.
Forearm blood flow was determined using venous-occlusion plethysmography (EC 4
Plethysmorgraph, D.E. Hokanson, Inc., U.S.A.). Blood flow to the hand was occluded by placing
a cuff around the left wrist (inflated to 160 mmHg), while venous return was occluded using a
second cuff placed proximal to the left elbow, and inflated to a pressure of 50 mmHg. Forearm
arterial flow was approximated from changes in forearm circumference, measured using a
mercury-filled strain gauge placed around the forearm. Data were collected continuously (20 Hz)
immediately prior to, and during the entire immersion. The wrist cuff was deflated every 10 min.
It was assumed that changes in blood flow under these conditions would reflect changes in the
cutaneous component only (Johnson and Rowell, 1975). Other physiological measurements
included body core and skin temperatures, heart rate and psychophysical responses. Betweentrial comparisons were performed using two-way Analysis of Variance. Sources of significant
differences were isolated using Tukey‘s HSD statistic.
RESULTS AND DISCUSSION
Core temperatures following the thermoneutral and heating phases averaged 37.0oC (±0.1) and
39.4oC (±0.1), respectively. Just prior to immersion, these temperatures were 37.0oC (±0.1) and
38.5oC (±0.1), respectively. The time taken to reach a core temperature of 37.5oC in trial C was
2.56 min (±0.64), for trial D this was 1.66 min (±0.57). Forearm blood flow responses for all
trials are shown in Figure 2.

Figure 2: Forearm blood flow immediately prior to, and during the first 5 min of
cold-water (14oC) and warm-water immersions (26oC) following prior heating or
thermoneutral rest. Data are means with standard errors of the means. * signifies
significant difference between treatments.
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For each of the water immersions, forearm blood flow decreased significantly relative to the preimmersion baselines (Figure 2; P<0.05). However, when these immersions followed
thermoneutral rest (trials A and B), these blood flow reductions did not differ significantly
between the two water temperatures (P>0.05). That is, it appeared that the cutaneous vascular
responses were attributable to changes in local tissue temperature, with a slight hydrostatic
component, and the 12oC difference in water temperature did not modify the strength of this
vasoconstrictor response.
When immersion followed exercise- and heat-induced hyperthermia, the thermal state of the core
prior to immersion modulated cutaneous vasoconstriction. During trials C and D, significant
vasoconstriction was observed for each immersion temperature, relative to the pre-immersion
baselines (Figure 2; P<0.05). However, significantly more powerful vasoconstriction was
evident within the cooler water (P<0.05), even though core temperatures did not differ
significantly between these trials prior to immersion (P>0.05). This difference must be entirely
attributable local thermal influences, either via local thermal effects on vasomotor tone (Pérgola
et al., 1993) or through a reflex elevation in sympathetic activation (Kregel et al., 1992).
CONCLUSIONS
In this study, a more powerful reduction in forearm blood flow was observed in hyperthermic
individuals over the first 5 min of immersion in 14oC water, when compared to water at 26oC.
This more powerful vasoconstrictor response will reduce convective heat delivery (mass flow)
from the body core to the periphery, as well as suppressing conductive heat loss through the skin.
These observations explain why minimal differences in cooling rate have been observed when
profoundly hyperthermic individuals were immersed at these water temperatures (Taylor et al.,
2008). Therefore, it is recommended that hyperthermic patients with a viable cutaneous
circulation be cooled in water at a less stressful temperature (24-26oC), and not in either ice-cold
or cold water as others have recommended (Proulx et al., 2003, 2006; Casa et al., 2007).
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INTRODUCTION
Many major sporting events occur in environments that would be regarded as thermally stressful
from the perspective of heat. This trend continued at the recent summer Olympics in Beijing,
which were held when climatic conditions were typically 31°C, 70%RH, giving a risk of heat
illness that is moderate to high. At the extreme, heat stroke is a serious medical condition
resulting in collapse. Less severe heat strain increases the cardiovascular load associated with
exercise, diminishes the drive to exercise, compromises muscle and hepatic blood flow, increases
muscle glycogen utilisation and results in slower performance times, and earlier fatigue (Rowell
et al. 1966). Therefore, during competition it is important to delay the onset of heat strain and to
enhance body cooling during rest periods in sports which have defined breaks.
It is generally accepted that the optimal cooling strategy in hyperthermic persons is whole body
cold water immersion (CWI) (Smith 2005). However, this is not logistically feasible when
breaks between halves or events are short. Techniques for achieving artificial cooling typically
utilise smaller body surface areas than that covered during CWI and include: ice vests or phase
change garments (PCG; Duffield et al 2003), jackets or caps (conductive cooling) (Armstrong et
al. 1995); air cooled garments (ACG) or fans (convective/evaporative cooling; Chinevere et al.
2008), hand immersion (HI: conductive cooling; House et al. 2003) and liquid-cooled garments
(LCG, conductive cooling).
The present experiment was designed to assess the effectiveness of different cooling techniques
at rest following exercise. The cooling periods were similar to those experienced in halftime
breaks or intervals. A wide range of cooling techniques commercially available at the time were
examined and deployed as per the manufacturers‘ instructions. Each was tested with and without
the presence of face-fanning. It was hypothesised that all of the cooling methods would result in
faster cooling than that measured in a natural (passive) cooling control condition, with hand
immersion being the most effective based on evidence from military based studies. It was also
hypothesised that the addition of face fanning would improve thermal comfort.
METHODS
Participants: The protocol was approved by the University of Portsmouth Ethics Committee.
Having provided written informed consent and having completed a medical examination, nine
males (age 22 [3]years; height 1.80 [0.04]m; mass 69.80 [7.10]kg; surface area 1.90 [0.10]m2;
sum of skinfolds 34.0 [14.0] mm; body fat 14.4 [4.4]%) volunteered to participate.
Procedure: The study used a within participant repeated measures design in which participants
completed self-paced exercise on a treadmill in hot (31.20 [0.20]°C) and humid (70 [1.90]% RH)
conditions until they reached a rectal temperature of 38.5°C. They then received one of five postexercise cooling techniques or completed a control condition for 15-minutes (COOL 1). At the
end of COOL1 participants recommenced self-paced exercise until their deep body temperature
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again reached 38.5°C. They then completed a 30-minute period of post-exercise cooling using
the same cooling intervention as COOL1, but with (COOL 2A 0-15 minutes) and without
(COOL 2B 15-30 minutes) the addition of face fanning. The order of exposure to cooling
manipulations was counter-balanced using a Latin Square and the treatment conditions were as
follows:
Control Condition (CON): Each participant sat and rested and did not receive any active cooling.
Hand Immersion (HI): Each participant rested and immersed their hands into a water bath filled
with cool tap water (~17°C) to the level of the wrist (radial notch). Water temperature (Tw)
during HI was 17.80 [0.70]°C in COOL 1, 16.40 [0.50]°C in COOL 2A and 16.40 [0.50]°C in
COOL 2B.
Phase Change Garment (PCG): Each participant donned a vest-styled garment containing two
cooling packs inserted into the front and rear of the vest. At temperatures above 10°C the
contents of the panel inserts (long chain alkanes) melt and extract heat (211.7 kJ.kg-1), via
conduction. The surface area covered by the PCG was ~0.40m2.
Air cooled garment (ACG): Each participant donned a torso-covering vest secured in place using
Velcro straps. During cooling both fans, situated front and back, were switched on
simultaneously distributing ambient air around the vest at a rate of 180 L∙min-1 through a spacer
mesh integrated vented system to the torso. The surface area covered by the ACG was ~0.34m2.
Liquid Cooled Garment (LCG): Participants donned a vest secured in place by a zip at the front
of the garment. At the start of the cooling period the battery operated cooling system was
switched on and pumped saline (~500mL) cooled by an ice pack around a series (24 tubes, 12
parallel channels) of inter-connected tubes. When saline temperature of >12.3°C is reached the
thermostat directs the circulating saline through the ice pack. The surface area covered by the
LCG was ~0.40m2.
Whole body fanning (WBF): Participants were seated in front of fan blowing ambient air at a
speed of 3.5 to 3.80 m.s-1 onto the torso, arms and legs of the participant. Throughout all
conditions, including CON, the head of the participant was isolated from the fan airflow by a
flexible mat.
Face Fanning: Air was directed at the face only at a speed of 2-2.5m.s-1. The face fan was
switched off at the start of COOL 2B; a perceptual measure was taken 1-minute after the fan was
switched off. At the end of the second cooling bout (COOL 2B; 15-30 minutes) participants left
the environmental chamber and were cooled by seated tepid showering.
Measurements: Fluid was consumed ad libitum throughout the study and was recorded using
digital weighing scales. Fluid intake and pre and post naked and clothed body weights were used
to estimate sweat production. Deep body temperature was measured with a calibrated rectal
thermistor (Tre) inserted 15cm beyond the anal sphincter. Skin temperature (Tsk) was measured
using thermistors attached to the skin by tape at four sites: chest, arm, thigh and calf
(Ramanathan 1964). Tre and Tsk were recorded each minute on a data logger. Skin blood flow
(SkBf) was measured using laser Doppler flowmetry probes attached to the index finger of the
right hand. Perceptual measures of thermal comfort (TC) were taken every 5 minutes using a
perceptual scale ranging from Very Uncomfortable (0cm); Uncomfortable; Just Uncomfortable;
Just Comfortable, Comfortable; Very Comfortable (20cm).
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Calculations: Mean skin temperature (Tmsk) was calculated according to the formula: Tmsk = 0.3
(Tchest + Tarm) + 0.2 (Tthigh + Tcalf)
(Ramanathan 1964)
Mean body temperature (Tb): Tb = 0.8Tre + 0.2Tmsk (Colin et al. 1971)
Stored heat (S) was calculated for each 15 minute cooling period: S = (ΔTb x 3.48 x mass)/t
The average specific heat of body tissues was assumed as 3.48kJ.kg.-1°C.-1 (Pembrey 1898)
Data Analyses: Multivariate Analysis of Variance (MANOVA) with repeated measures was used
to examine for differences between cooling manipulations in rate of temperature change, cooling
power, SkBf, sweat responses and TC within and between COOL1, COOL 2A and COOL 2B.
Assumptions of sphericity were checked using Mauchley‘s test and adjustments were made
accordingly (Greenhouse-Geisser).The presence of statistically significant effects were
determined using a post-hoc pairwise comparisons procedure. TC was also examined before, 1
minute following and 5 minutes following the switching off of the face fan (RM-ANOVA). The
alpha level for all statistical tests was set at 0.05. Data are presented as mean [s.d]. P>0.05
denotes no significant difference. The observed power, where the chance of type II error is equal
to 1- β, is reported following each significant finding denoted by β.
RESULTS
During exercise period 1 the average rate of rise in Tre was 5.33°C∙h-1 (N = 54); all participants
had reached a Tre of 38.5°C by the 25th minute of exercise. Differences between cooling
manipulations based on Tre, heat loss and SkBf are summarised in figures 1, 2 and 3 respectively.
Statistical findings are presented in the following format, WBF>CON and indicates cooling
power of WBF is greater than (>) CON. Only the significant effects are reported.
There were no significant differences in sweat produced or fluid consumed between conditions
(P>0.05), the average across all conditions was: fluid consumed 792 [262]mL and sweat
produced 1001 [210]mL. Sweat evaporated differed significantly between conditions (P = 0.008;
β = 0.888) showing that significantly more sweat was evaporated in the WBF (90.40 [6.00]%)
than the CON only (73.90 [11.00]%); ACG (82.20 [4.00]%; LCG (84.00 [6.00]%; HI (83.00
[6.00]%); PCG (82.80 [5.00]%).
No significant differences were evident between individual cooling conditions in mean TC rating
in COOL 2A (face fanning) versus COOL 1. Mean ratings were COOL 1: 10.8 [0.8] - just
comfortable; COOL 2A 12.2 [0.6] - just comfortable to comfortable; COOL 2B 13.4 [0.6] - just
comfortable to comfortable; differences between COOL 1 (no face fanning) and COOL 2A (face
fanning) neared significance (P = 0.077). After switching off the fan, participants reported being
more comfortable (P = 0.003; β = 0.978) in the HI and PCG conditions than in the CON.
Between cooling periods Tre (P = 0.001; β = 0.999),Tmsk (P = 0.002; β = 0.951) and Tb (P =
0.002; β = 0.950) reduced at a faster rate in COOL 2A (with face fanning) than in either COOL 1
or COOL 2B.
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Fig 1. Mean Tre changes across conditions during COOL 1, 2A and 2B (n=9).

Fig 2. Mean cooling power of each cooling intervention in COOL 1, COOL 2A and 2B (n=9);
(*) denotes greater cooling power in COOL 1 and COOL 2A (†).
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Fig 3. SkBf across conditions in the last 5 minutes of COOL 1, 2A and 2B (n= 9).
CONCLUSIONS
This study examined the efficacy of five post-exercise cooling techniques in conditions that pose
a significant risk of heat-illness during exercise, in participants wearing athletic clothing and for
a duration similar to that allocated between sporting events or halves; the findings could be
applied to a variety of sports. The data show the most effective form of cooling was body
fanning. Phase change chemical blended inserts were effective in cooling the skin, but had a less
substantial effect upon deep body temperature. The remainder of the cooling interventions
examined in this study were generally statistically indistinguishable from the control condition.
When the drop in rectal temperature was examined, hand immersion closely reflected the cooling
power of body fanning providing only partial support for the experimental hypothesis. It is
concluded that when time for cooling is short, those techniques that enhance physiological
cooling mechanisms (WBF & HI) produce rapid initial drops in body temperature.
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OPTIMIZATION OF LIQUID MICROCLIMATE COOLING SYSTEMS:
IMPORTANCE OF SKIN TEMPERATURE
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U.S. Army Research Institute of Environmental Medicine, Natick, MA 01760
Contact person: samuel.n.cheuvront@us.army.mil
INTRODUCTION
Personal protective equipment (PPE) markedly increases heat strain, reduces work performance,
and increases the incidence of heat casualties. Microclimate cooling (MCC) technologies have
been successfully used to alleviate heat strain and sustain performance (Pandolf et al., 1995)
(Figure 1) in mounted soldiers, but cooling limitations, power and weight restrictions do not
currently make this technology applicable to dismounted soldiers. Not only does the provision
of substantial MCC require a large power supply, but conventional (i.e., continuous) MCC
approaches can result in constriction of the cutaneous vasculature. Overcooling increases tissue
insulation (It), decreases convective heat transfer from the body core, and reduces the MCC
garment – to – skin (Tsk) gradient, thus theoretically reducing MCC operating efficiency
(Cheuvront et al., 2003). This is particularly true when the thermal demands of the wearer are
not constant. Automated control of MCC garments using various biofeedback signals have been
investigated (Nyberg et al., 2001) for their potential to improve the practicality of MCC relative
to changing needs in real-time, but no comparison of an automated approach to simpler and more
conventional solutions for reducing heat strain had been attempted.
A series of studies (Cheuvront et al., 2003; Xu et al., 2004; Stephenson et al., 2007; Vernieuw et
al., 2007) were undertaken to compare the bio-thermal responses to automated and nonautomated MCC solutions for reducing heat strain. Particular interest was in understanding the
potential for automated MCC to reduce the combined power and size of MCC systems for the
dismounted soldier. The purposes of this research were to 1) use a variety of intermittent cooling
paradigms in humans combined with modelling simulations to determine the optimal Tsk for
maximizing thermoregulatory efficiency, and 2) examine the potential power savings associated
with using biofeedback to maintain an optimal Tsk temperature range.
METHODS
Two human studies were conducted using the same facilities and test equipment. In study one
(Cheuvront et al., 2003), 5 male soldiers exercised moderately (~500W) in a warm environment
(30°C, 30%rh) while wearing PPE (clo: 2.1; im/clo: .32) over a water-perfused (21ºC) liquid
MCC garment covering the head, chest, back, and legs (72% of body surface area, BSA). All
four body regions were independently controlled. A matrix of six randomized trials was
conducted in which conventional MCC (continuous perfusion, CP), no MCC (NC), or 4 trials of
intermittent and regional (IR1-4) MCC was provided. IR1-4 was time-activated and on:off cooling
ratios and the % BSA cooled were systematically varied. Additional metabolic rates and inlet
water temperatures were later modelled for additional insight (Xu et al., 2004). In study two
(Stephenson et al., 207; Vernieuw et al., 2007), 8 male soldiers were subjected to the same
conditions as study one, but only three trials were performed to include CP, IR2 (2 min on: 2 min
off, 72% BSA), and skin temperature feedback (STF, 72% BSA) using a Tsk range of 33 – 35°C.
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Heart rate (HR), body core (Tc), mean Tsk, and ratings of thermal comfort (TC) were measured at
regular intervals.
RESULTS
In study one, all IR1-4 paradigms significantly reduced physiological strain compared with NC
(P<0.05) and were similar to CP (P>0.05). In CP, Tsk was lowered to ~32°C and tissue
insulation (It) increased (Figure 2A). In NC, Tsk rose quickly to 36ºC and HR increased
exponentially (Figure 2B). In IR1-4, Tsk fluctuated between 33 – 35ºC (Figure 3), which
improved theoretical thermoregulatory efficiency (> 100%) by maintaining heat flux similar to
CP over a smaller average BSA (Cheuvront et al., 2003) (Figure 2A). The variety of time
activated on:off ratios made little difference to the results and suggested an optimal Tsk range of
33 – 35°C (Figure 2A/B). Modelling different options for metabolic rate and coolant inlet
temperature (Xu et al., 2004), it became clear that the complexity of situational cooling needs
would require a bio-engineering feedback approach. In study two, IR2 and STF again reduced
physiological strain (Stephenson et al., 2007) and TC (Vernieuw et al., 2007) similar to CP
(P>0.05), but the power required for STF was lowest (122±18 W), followed by IR2 (169±16 W),
and CP (224±15 W) (P<0.05, successive) (Figure 4) (Stephenson et al., 2007).

Figure 1. Relationship between MCC and endurance times at selected metabolic rates and
wearing NBC protective clothing in a desert environment. From: Pandolf et al., 1995.
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CONCLUSIONS
STF as a methodology for maintaining Tsk within the narrow range of 33 – 35ºC (European
Patent no.: 1708586; U.S. Patent Pending) reduces heat strain similarly to constant cooling
paradigms, improves thermoregulatory efficiency, and decreases MCC power requirements.
The vasomotor response to a Tsk range 33 – 35°C appears optimal for simultaneously minimizing
physiological strain while maximizing power efficiency at the MCC – Tsk interface. This
potential breakthrough has direct application for the dismounted soldier, Objective Force Warrior,
and Homeland Defense.
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EFFECT OF A PERSONAL AMBIENT VENTILATION SYSTEM ON
PHYSIOLOGICAL STRAIN DURING HEAT STRESS WEARING BODYARMOUR
A. Hadid, Y. Fuks, T. Erlich, R. Yanovich, Y. Heled, N. Azriel, D.S. Moran
Heller Institute of Medical Research, Sheba Medical Center, 52621 Tel-Hashomer, Israel
Contact person: amir.hadid@sheba.health.gov.il
INTRODUCTION
The use of ballistic protective gear (e.g. ceramic vest or body armour) in heat load conditions
during physical activities increase the need of a reduction in the physiological strain by auxiliary
devices. Various methods for cooling have been studied, including liquid or air cooling systems
[1-6], ice vest [7-9], water spraying [10], PCM vest [11], and extremities immersion in chilled
water [9, 12-14]. Although these methods may deliver sufficient cooling power to reduce the
heat strain, they are not suitable for use in field operations, where power source is required, and
long duration (>6 h) of effective cooling is necessary. Thus, in the recent years, there has been a
need for a lightweight, low energy consuming cooling system that would be suitable for a long
term use in the battlefield and that would maintain the soldier‘s performance. In 2006, a new
cooling vest (CV) was tested that is based on environmental air ventilation along the torso,
thereby enhancing sweat evaporation [15]. The CV was able to attenuate the physiological strain
levels during exercise. However, a few improvements were suggested and implemented in order
to achieve a more substantial cooling effect. In the current study, which is a continuation of the
study conducted in 2006, the effect of the improved CV was examined and evaluated.
METHODS
Twelve healthy volunteers participated in the study. In the first part, the volunteers performed a
6-day acclimatization protocol that included 2 hours of walking on a treadmill at 5 km/hr and 2%
inclination in heat load conditions (40oC with 40% relative humidity). In the second part, 10 of
the 12 volunteers completed all of the 4 planned exposures that included exercise under two
climate conditions, 40oC with 30% humidity (40/30) and 30oC with 70% humidity (30/70) with
the ventilation system (COOL) and without it (NOCOOL). The CV was worn over a polyester Tshirt, and under the BDU and the light body armour vest. Each exposure lasted 125 minutes:
after 5 min. of sitting, the subjects performed 2 segments of 50 min. walk on a treadmill (5km/hr,
5% inclination) followed by 10 minutes of rest. Throughout the exposures the following
physiological data have been monitored: core temperature (Trec), 3-sites skin temperature (Tsk),
and heart rate (HR). In addition, the participants were asked to rate their perceived exertion
(RPE). Weighted mean skin temperature ( Tsk ), Physiological Strain Index (PSI), Sweat rate
(msw) and heat storage rate at the first walking bout (S1) were calculated. Environmental
conditions were monitored continuously.
RESULTS
The results indicate that the use of CV reduced the physiological strain in comparison to the
exposures without the system. Under both conditions, 40/30 and 30/70, the CV reduced the rise
of the body temperature, Trec (Trec115-Trec0), in 0.37±0.23oC and 0.21±0.22oC, respectively, for
COOL vs. NOCOOL (p<0.001). Utilization of the CV resulted in a moderated rise of
Tsk (p<0.001) and HR (p<0.01). S1 was reduced by 36% (p<0.005) and 12% (NS), msw was
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reduced by 21% and 23% (p<0.005), and the PSI value at the 115th min was reduced by 31% and
16% (p<0.005) (Fig. 1) for 40/30 and 30/70, respectively, for COOL compared to NOCOOL.
The ratings of perceived exertion were not significantly different for COOL vs. NOCOOL.
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Figure 1. Mean PSI of the subjects during the 40/30 climate condition (n=10), and during the
30/70 climate condition (n=9) with and without the cooling vest (COOL and NOCOOL).
* denotes subject attrition.
CONCLUSIONS
The ventilation system that was tested in this study was effective in reducing the physiological
strain while exercising in heat load. The CV was found to be more effective under 40/30 than
30/70 climate condition, since relative humidity has higher effect on cooling effectiveness in this
method of personal ventilation. Thus, utilization of this CV will be more substantial for desert
area operations. The main implications, other than reduction of the thermal and cardiovascular
strain, are mainly in the sweat rate. Reduction of more than 20% of the sweat rate obtained in
this study may save about 2 litres of water a day for each soldier from the amount of water
required to maintain fluid balance.
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INTRODUCTION
In the heat, a positive body heat storage and the associated increase in core body temperature
elicit the reflex physiological thermoregulatory mechanisms of sweating and cutaneous
vasodilation in order to enhance heat dissipation. However under circumstances where these
mechanisms cannot facilitate a sufficiently high rate of heat loss, core body temperature
continually rises, and if left unchecked may lead to heat illness and eventually death. The
conditions under which a catastrophic increase in core body temperature may occur are
determined by a complex interaction between ambient environmental conditions (i.e. air
temperature, radiant temperature, relative humidity and air velocity) and personal parameters (i.e.
metabolic activity and clothing).
For occupational tasks associated with physical activity, the heat stress risk is potentially greater
since the elevated level of metabolism requires a greater amount of heat to be dissipated in order
for heat balance to be possible. This scenario is further confounded by the insulative effects of
clothing ensembles (ranging from coveralls to semi-permeable or impermeable protective
clothing) that are often required for a particular job. Even occupational tasks that have a
relatively low level of activity and/or clothing insulation present a significant heat stress risk if
they are performed under hot environmental conditions. Examples of Canadian industries that
require workers to operate under such conditions include mining sites, iron and steel foundries,
brick-firing and ceramic plants, glass products facilities, electrical utilities (particularly boiler
rooms), chemical plants, smelters, bakeries and steam tunnels. Other than high ambient air
temperatures, such environments also often present sources of high radiant heat and high
humidity. Indeed, under ambient air temperature conditions, above typical mean skin
temperature (~34ºC), the negative dry heat transfer gradient causes the body to absorb heat from
the environment. Therefore, the only avenue for heat dissipation is via the evaporation of sweat,
and under conditions of high ambient humidity the reduced driving force for evaporative heat
loss presents a high heat stress risk
Many Canadian workers routinely perform their work tasks under hot environmental conditions.
Of particular note, in certain regions of the world, the mining industry can be forced to give up
valuable resources deep beneath the earth surface due to the high temperature of the deep-mining
environment (3, 4). As a matter of fact, the temperature of a deep mine increases with mine depth
(5). Consequently, deep mining will eventually reach the threshold where the cost of circulating
air, the currently most widely adopted means of mitigating high environmental temperatures
along with refrigeration to pre-condition deep-mine air, overwhelms the potential gain.
Body heat balance control is ultimately dependant on the microclimate, i.e., the temperature and
humidity of the micro-environment surrounding the body surface. Consequently, microclimate
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cooling system that improve the environment immediate in the vicinity or at the skin
environment interface of the worker are therefore a potentially more cost-effective strategy than
the removal of heat via bulk ventilation or the use of mine-wide refrigeration. For industries like
the Canadian mining industry, this could represent significant cost savings. In this study we
evaluated the effects of a commercial cooling vest unit on the thermoregulatory response during
work performed in the heat in individuals wearing mining protective gear. The vest tested
employed a phase change principle whereby liquid packets when pre-chilled become solid, these
packets then return to a liquid phase as they absorb heat while the vest is being worn.
METHODS
Following approval of the experimental protocol from the University of Ottawa Research Ethics
Committee and obtaining written informed consent, 8 healthy non-smoking males participants
volunteered to participate in the study. Mean characteristics of these participants were: Age,
19±2 years; Height, 1.75±0.07 m; Weight, 76.3±12.1 kg; Body fat, 15.3±11.5%; Body surface
area, 1.92±0.17 m2; Maximal oxygen consumption (VO2max), 56.8±9.1 ml/kg/min.
All participants were required to participant in 4 separate laboratory testing days (1 screening
visit and 3 experimental testing sessions). On testing day 1, body adiposity and VO2max were
measured. Maximal oxygen consumption was measured during a progressive treadmill running
protocol. The hydrostatic weighing technique was used to determine body density. Calculation
of the percentage of body fat was based on the Siri equation (8) Also, during this session, the
subjects were familiarized with all procedures to be performed during the investigation period.
During the 5 experimental testing sessions, the calorimeter experimental exercise protocol was
performed while wearing either: 1) Control, no clothing with exception of single-layers shorts; 2)
Mine gear only, standard mining coverall (65% polyester, 35% cotton) as typically worn by
miners in Canada; and 3) Mine gear + Cooling Vest; CM2000 cooling vest manufactured by
ClimaTech). In latter 2 tests the clothing ensembles also consisted of the miner‘s typical personal
protective or other equipment including a hard-hat with ear-muffs, gloves and socks with closetoed shoes.
The presentation of the experimental trials was balanced between participants so that the effect
of order was avoided. Testing days were separated by a minimum of 72 h. All trials were
performed at the same time of day. Participants were asked to arrive at the laboratory after eating
a small breakfast (i.e. dry toast and juice), but consuming no tea or coffee that morning, and also
avoiding any major thermal stimuli on their way to the laboratory. Participants were also asked
to not drink alcohol or exercise for 24 h prior to experimentation. On arrival to the laboratory
subjects were instrumented and subsequent entered a temperature controlled chamber maintained
at an air temperature of 40°C and 15% relative humidity. Subjects remained resting for 30 min
(habituation period) in the upright seated posture. They then were required to cycle for 60
minutes at a constant rate of heat production of ~400W which is considered the onset of a
―heavy‖ work demand according to the ACGIH screening criterion, 2001 (1). This was then
followed by 60 minutes of recovery to determine the effects on post-exercise recovery.
Esophageal temperature was measured using a thermocouple temperature probe (Mon-a-therm
General Purpose, Mallinckrodt Medical, MO, USA) inserted through a nostril, into the
esophagus, estimated to be positioned at the level of the heart (7). Rectal temperature was
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measured using a paediatric thermocouple probe (Mon-a-therm General Purpose Temperature
Probe, Mallinckrodt Medical, St-Louis, MO, USA) inserted to a minimum of 12 cm past the
sphincter. Skin temperature was measured at 9 points over the body surface using 0.3 mm
diameter T-type (copper/constantan) thermocouples integrated into heat-flow sensors (Concept
Engineering, Old Saybrook, CT, USA). Participants were asked to subjectively rate their
thermal sensation using an ASHRAE 7-point scale ranging from neutral (0) to extremely hot (7)
throughout the trials.
A two-way analysis of variance (ANOVA) with repeated measures was performed to analyze the
whole-body heat loss responses using the repeated factors clothing and time (exercise and
recovery: 2, 5, 8, 10, 12, 15, 30, 45, 60 min). Paired sample t-tests were used to perform pairwise post-hoc comparisons. Significance was assumed for p< 0.05.
RESULTS
During exercise there was a significant increase in esophageal temperature from baseline
(p<0.001) across all conditions. There was also a trend (0.05<p<0.10) for the esophageal
temperature to be different between conditions (p=0.086). The esophageal temperature for the
Control condition was significantly lower as compared to both the Mine Gear only and the Mine
Gear + Cooling Vest conditions for between 30 min and end of exercise. We observed a lower
esophageal temperature for the Mine Gear + Cooling Vest condition from 40 min to the end of
exercise as compared to the Mine Gear only. During recovery there was a significant decrease in
esophageal temperature from the end of exercise (p<0.001) across all conditions. Recovery
esophageal temperatures were significantly different between the three conditions (p=0.042) with
the Control condition being significantly lower than the Mine Gear only for the entire recovery
period. Further, the Control condition was significantly lower than the Cooling Vest at 5 to 15
min of recovery (Figure 1).
Rectal temperature was not significantly different between conditions during exercise (p=0.437).
However, it is noteworthy that during exercise rectal temperature of the Mine Gear + Cooling
Vest condition tended to be lower than the other conditions. In the recovery period, rectal
temperature for the Control condition was significantly higher than the Cooling Vest condition
for the last 30 min of the recovery period. Also, the Mine Gear + Cooling Vest condition was
significantly lower than the Mine Gear only condition during the entire recovery period (Figure
2).
There were no significant differences in mean skin temperature response during and following
exercise. The change in heart rate from baseline was significantly different between conditions
during exercise (p=0.018) and recovery (p=0.003). During exercise, heart rate for the Control
and Mine Gear + Cooling Vest conditions were significantly lower than the Mine Gear only
condition from 40 min to the end of exercise. No differences were observed between the Control
and Mine Gear + Cooling Vest. During recovery, heart rate for the Control and Mine Gear +
Cooling Vest conditions were significantly lower than the Mine Gear only condition for the
entire recovery period. No differences were observed between the Control and Mine Gear +
Cooling Vest during recovery.
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Figure 1. Change in esophageal temperature during exercise and post-exercise recovery.
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Figure 2. Change in rectal temperature during exercise and post-exercise recovery
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The subjective thermal sensation response was significantly lower during the first 30 minutes of
exercise for the Cooling Vest condition (1.6±1.1) than the Control condition (2.8±0.8) (p=0.035).
Thermal sensation during exercise with the Mine Gear + Cooling Vest was significantly lower
(1.8±1.3) as compared to the Mine Gear only condition (3.8±1.3) (p=0.002). There was a trend
for the Control condition to be lower than the Mine Gear only condition during exercise
(p=0.054) but not recovery (p=0.311).
CONCLUSION
We show that the use of a commercially available phase change cooling vest (CM2000 cooling
vest manufactured by ClimaTech) worn under standard mining clothing during work performed
in the heat has a beneficial effect on the level of thermal and cardiovascular strain experienced
by the worker. While there is empirical evidence suggesting that microclimate cooling can
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significantly increase the rate of heat loss and therefore improve body heat balance control (2, 6),
this is the first study to demonstrate the benefits of a commercial cooling vest in attenuating the
rate of core temperature increase using a moderate work intensity comparable of the work
intensity that could be demanded by certain mining tasks. Microclimate cooling system may
therefore be an appropriate countermeasure or control measures which can be implemented to
reduce the effects of heat exposure during work performed in arduous mining conditions.
Further studies are required to examine the benefits of phase change cooling vest during more
intense work and under different combinations of ambient air temperature and humidity. In
summary, the use of cooling vests could be employed in array of work conditions and
workplaces (iron and steel foundries, brick-firing and ceramic plants, chemical plants, bakeries
and others) to reduce the risk of heat-related injuries.
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INTRODUCTION
When exposed to extremely hot environments combined with physical work and thick protective
clothes such as fire fighting and military drills, human body may suffer thermal physiological
strain resulting in reduced working performance, and increased risk of heat illness since the only
way of heat dissipation from the body by evaporation is severely resisted by the multi-layer
clothing (Holmér et al 2006). One of the measures to reduce such adverse effects and increase
work performance is to use personal cooling equipment to improve the microclimate around
human body.
Passive cooling systems apply phase change materials (PCM), e.g., ice, frozen gel, salt, wax, etc.
(Bennett et al 1995, Webster et al 2005, Carter et al 2007, Reinertsen et al 2008, Choi et al 2008,
Chou et al 2008) in the vest and clothing. Using passive methods are more flexible and
convenient to carry out tasks. Microcapsules of PCMs in clothing have been reported to provide
a small, temporal heating/cooling effect during environmental transients between warm and cold
chambers (Shim et al 2001). Frozen gel was tested by Pimental et al (1992), Bennett et al (1995),
and Choi et al (2008) as being effective in reducing thermal strain. Gelled coolants in ice vests
were studied by Webster et al (2005) worn prior to and after exercise in the heat (37 °C and 50%
RH) as being able to enhance endurance and reduce heat strain of athletes. Ice and frozen gel
vests need a cold environment for storage and transport. The usage of salt vests, on the other
hand, is more practical.
Our previous studies have shown that PCM (mainly sodium sulphate, melting at 28 °C) cooling
vest have effects both on manikins and on subjects (Gao et al, 2007, Gao et al, 2009). However,
Carter et al (2007) has reported that the similar vest does not have cooling effects on core, mean
skin, and even local scapular skin temperatures during and at the end of fire fighting. Many
factors affect the cooling rate and cooling efficiency of a PCM cooling device. The effects of
different skin temperature and temperature gradient (between skin temperature and PCM melting
temperature) might have been the factors that are accountable for the insufficient cooling effects
(Gao et al, 2009). The majority of the simulated environment in previous studies on the cooling
effect of personal cooling equipment in heat was at about 30-37 °C (e.g. Bennett eat al 1995,
Webster et al 2005, Choi et al 2008, Chou et al 2008). However, the cooling effect of salt based
PCM vests in a more extremely hot environment has only been recently studied by Carter et al
(2007) at air temperature 170 °C in a firehouse, and found no effect on heat strain. Little research
has been carried out on the effects of temperature gradient on the PCM cooling effectiveness on
subjects.
The objective of this study was to investigate if the effect of temperature gradient on the cooling
rate of PCM vests at two melting temperatures (24 and 28 °C) observed on the thermal manikin
could be validated on human subjects in extreme heat.
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METHODS
PCM cooling vests
The cooling vest is made of polyester and separate pockets containing 21 PCM packs. The PCMs
are patented products. The main ingredients are salt mixtures including sodium sulphate and
water (sodium sulphate decahydrate Na2SO4·10H2O known as Glauber's salt), and additives. In
this study, PCMs tested were with two melting temperatures 24, and 28 °C, which are also
referred to as vest24 and vest28, representing two levels of latent heat of fusion 108.0, and 126.0
J/g respectively. Before and after the tests, the vests were kept at 20 °C overnight for solidifying
and preparing for re-use. The weight of PCM in the vests was 1734 and 1743 g respectively. The
total weight of the vest was about two kilograms.
Clothing
Clothing and equipment worn by the subjects were Swedish RB90 fire fighting ensembles. These
include T-shirt, briefs, RB90 underwear and outerwear, socks, safety boots, gloves, and
equipment (pulse belt and watch, skin and rectal temperature sensors, helmet, mask, selfcontained breathing apparatus). The cooling vest was worn between T-shirt and RB90 underwear.
Total weight of clothes and equipment (with vest) was 22 kg. Thermal insulation without the vest
was 2.78 clo (0.431 m2 ºC/W).
Subjects
Six healthy male fire fighting trainees volunteered to participate in the study. A briefing was
given and a written consent was obtained before they participated in the experiments. Their
average age was (mean SD) 29.8 8.1 years old, height 1.78 0.05 m, weight 79.7 9.8 kg. Each
subject performed each test condition (control, vest24 and vest28) on a separate day. They were
asked not to drink alcohol 24 hours before the experiment, not to smoke, eat and drink tea or
coffee for at least 2 hours before the experiment. The test order was fully randomized. One of the
subjects did an extra baseline test at 20 ºC with all other variables being kept the same. The same
subject also did a two-bout test at 55 ºC with 35 min resting at 20 ºC in-between to simulate a
different fire fighting scenario, and to check if rectal temperature can be recovered before the 2nd
bout and if the rectal temperature still increases during the 2nd resting period as observed in
previous studies (Holmér et al, 2006, Gao et al, 2007).
Experimental procedure
The procedure followed the study by Holmér et al (2006). The rectal temperature (Trec) sensor
was inserted by the subjects at a depth of 10 cm behind the anal sphincter. Skin temperature (Tsk)
sensors were taped on forehead and left side chest, scapula, forearm, thigh and calf. After
preparation, the subject cycled on a cycle ergometer at 50 W for 20 minutes at room temperature
to simulate preparation work and to warm up before smoke diving. Trec and Tsk were recorded by
a Labview program at 15 seconds interval. After cycling, the subject was equipped with
compressed air apparatus and gloves, and entered the climatic chamber (Ta=55 °C, RH=30%,
Pa=4 725 Pa, and a=0.4 m/s), and walked on the treadmill (5 km/h). Mean skin temperature
( Tsk ) was calculated according to modified equation ( Tsk = 0.07Tforehead + 0.175(Tscapula + Tchest) +
0.19 (Tforearm + Tthigh) + 0.2Tcalf). Mean torso temperature was calculated according to formula
(Ttorso= 0.5Tchest + 0.5Tscapula).
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Criteria to terminate the heat exposure were when: 1) 30 minutes of heat exposure was reached,
2) subjects felt the condition was intolerable and wanted to quit, 3) Trec reached 39.0 °C, 4) test
leader decided to terminate the exposure based on the observation of the subject. After the
exposure the subject was sitting and resting on a chair simulating real work situations until the
rectal temperature started dropping.
RESULTS
Local cooling effect on torso skin temperature
The alleviation of the local skin (torso) temperature increase is most effective as shown in Figure
1. When the ambient air temperature was 55 °C, the torso (chest and scapula) temperature
reached 39.8 °C at the end of the test without the cooling vest, whilst it was 36.8 and 37.1 °C
when worn the vest28 and 24 respectively. The torso temperature was about 3 °C lower at the
termination of the tests with vests than that without vest. The difference among the three
conditions is statistically significant (F=16.6, p 0.01). The cooling effect of vest24 is stronger
than that of vest28, which largely mirrors and validates the results observed on the manikin tests
(Gao et al, 2009). Without the vests, the torso temperature increased linearly and sharply with the
time of the exposure and exercise in the extreme heat. With the vests, however, the temperature
increase was significantly attenuated throughout the whole period, so that at the termination of
the exposure, torso temperature stayed at the same level as in the baseline test at 20 °C (Fig. 1).
There are also pre-cooling effects on the torso as shown in Fig. 1 in the preparation period (about
5-10 minutes), which can be clearly seen when comparing with baseline level at 20 °C. Frozen
gel vests (807 g) have shown to reduce abdomen skin temperature to 1 °C during two hours
simulated red pepper harvest work at WBGT 33 °C and relative humidity 65% (Choi et al 2008).
However, it is surprising to notice that the study by Carter et al (2007) did not show significant
alleviations of core, mean skin, and local scapular skin temperature using similar PCM vests
during and at the end of simulated fire fighting, although there was a trend of local temperature
reduction, which might be explained by the fact that, in this study, the heat stress was higher, the
total exposure time was longer and skin temperature rise was greater at the end of heat exposure.
As a result, the temperature gradient between subject‘s skin and PCM melting temperature was
greater and therefore more effective.
Rectal temperature increase and recovery
The rectal temperature changes at the end of heat exposure were not statistically significant
among the three conditions (F=2.18, p 0.05). However, after the termination of the heat
exposure and physical activity, Trec was still increasing for 10 13 minutes during resting and
recovery phase in the room temperature environment. The peak rise without the cooling vests
compared to the start of cycling reached up to 2.5 °C, then gradually dropping. The average peak
rectal temperature without the cooling vests reached about 39.7 °C, whilst with vests reached
about 39.3 °C during recovery. The peak rectal temperature during recovery was statistically
different among the three conditions (F=6.06, p=0.01). Nevertheless it was not significantly
different between the two conditions with the cooling vests.
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Figure 1. The cooling effects of the vest28 and 24 on the torso (chest and scapula) skin
temperature and the torso skin temperature in the baseline test at 20 °C.
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Figure 2. Chest, scapula, mean skin and rectal temperatures in the two-bout test
Two-bout test
The chest, scapula, mean skin and rectal temperatures in the two-bout test of one subject are
shown in Fig. 2. The subject wore vest24 in the 1st exposure and the vest with 13 packs of
PCM24 and 8 packs of PCM28 in the 2nd exposure. The chest and scapula skin temperature
increases were attenuated by the vest and therefore were lower than the mean skin temperature.
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After the 1st resting period (about 35 min), both mean skin (35.2 °C) and rectal temperature
(38.8 °C) were not fully recovered to the level at the start (32.9 and 37.1 °C respectively). The
peak rectal temperature during the 2nd resting period was even higher than that in the 1st resting
period. Caution should be taken when planning a second bout in fire fighting. Further studies
with more subjects are needed.
CONCLUSIONS
The PCM vest with lower melting temperature (24 °C) has stronger and faster cooling effect on
the torso than that with higher melting temperature (28 °C). Vest24 produced more effective
local cooling due to a higher temperature gradient. However, the cooling duration is shorter,
which is determined by PCM mass and the total latent heat. In order to achieve a more effective
cooling effect, temperature gradient is more critical than mass and total latent heat when
choosing a personal PCM cooling product.
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INTRODUCTION
Overexertion and thermal stress are among the most common causes of injuries and deaths
amongst firefighters. In 2004, the RAND Science and Technology Policy Institute (Houser et al.
2004) reported that firefighters experience an annual average of 3200 injuries due to thermal
stress, of which half were moderate or severe in nature. The thermal stress faced by a firefighter
results from a myriad of sources, including the environment, work, and their protective
equipment. The protective qualities of firefighter ensembles (FE) include a significant level of
thermal insulation that serves to trap endogenously-generated heat from the high output of work
required while on duty. In addition to wearing restrictive clothing, the firefighter must also carry
the additional weight of a self-contained breathing apparatus (SCBA), communication equipment,
and personal firefighting equipment. This additional equipment weighs as much as 21-22 kg,
which further increases the wearer's heat stress. SCBA used by firefighters have different
duration time. The common practice is to refer to cylinders as the expected duration of use 30minute, 45-minute, and 60-minute. However, these cylinders will last less time depending on
work level, and experience of user. The 30-minute cylinder has been the standard in the U.S. fire
service and it will last an average firefighter actively fighting a structural fire about 15-18
minutes (Gagliano et al., 2008).
In order to enhance firefighters‘ safety and work performance, this study evaluates different
cooling mechanisms designed to reduce heat stress, in order to identify the optimal system with
regard to efficiency (more work time, better performance) and safety (lower core temperature
(Tcore), lower heart rate (HR); less cardiovascular stress). The purpose of this study was to
evaluate five cooling strategies based on exploiting the conductive/convective mechanisms of
body cooling. Our hypothesis was that any cooling (garments and/or ventilation) would provide a
source of heat loss to the wearer thus reducing core temperature and allowing increased total
exercise time.
METHODS
Six healthy subjects participated in this investigation (three of the subjects were ﬁreﬁghters
and the rest had experience wearing protective equipment). All were nonsmokers and not taking
medications. Screening measures included a physical examination, and a maximal graded
exercise treadmill test. The study protocol was approved by the NIOSH Human Subjects Review
Board, and both oral and written consent were obtained from all subjects.
This study used a prototype firefighter ensemble (PFE) designed to improve protection
against chemical and biological hazards with the following additions (Fig. 1):
• vapor penetration-resistant front zipper closure on the jacket;
• integrated hood with face piece gasket;
• booties incorporated into the pants; magnetic gauntlet glove/sleeve interfaces;
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•

re-routing of exhaled gases through a rubber hose from the SCBA respirator to
the anterior right side of the jacket to enhance chemical/biological protection
(through positive pressure effects preventing inward leakage) and cooling
(through enhanced convection).

Figure 1. PFE new design features: booties, gloves, integrated hood, and hose.
Each subject completed six exercise sessions using the same PFE garment under random
conditions with five different cooling sessions and one control session without cooling (CS). The
five cooling sessions were conducted wearing various cooling strategies, as follows:
1) a shortened whole body cooling garment (SCG) (Fig. 2);
2) SCG plus air ventilation (AV) from the PFE hose (SCG+AV);
3) a top cooling garment (TCG) (Fig. 3);
4) TCG plus AV (TCG+AV);
5) only AV from the PFE hose (AV).
Each session consisted of 3 stages of 15 min exercise on a treadmill at 75% VO2max with 10
min rest between stages while Tcore (Fig. 4) and HR were measured. Tcore was measured with a
rectal probe inserted 12 cm (4600 Precision Thermometer; YSI Temperature, Dayton, OH); HR
was measured with a S410 Polar heart rate monitor. Each session was completed in an
environmental chamber operating at 35°C and 50% RH. Subjects were randomly assigned to
sessions. Comparisons were made (Table 1) for the different cooling sessions and control at the
end of the exercise using repeated measures analysis of variance (ANOVA) with each of the
parameters (HR, Tcore, total exercise time).

Figure 2. SCG cooling garment body surface covered details.
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Figure 3. TCG cooling garments body surface covered details.
RESULTS
Results from this study showed that total exercise time for the CS was 13.4 and 14.9 min
shorter than SCG and SCG+AV (p≤ 0.05), respectively. Tcore and HR were lower for SCG and
SCG+AV than for CS (p≤ 0.05). The other three conditions (TCG, TCG+AV, and only AV)
were not significantly different from CS. Figure 4 shows an individual Tcore dynamic for the six
sessions. It can be observed that time was longer for SCG and SCG+AV with a lower Tcore. It can
also be observed how the cooling provided by the SCG and SCG+AV reduces Tcore during the
rest time between exercise stages while Tcore continues increasing during rest for CS.
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Figure 4. Tcore dynamic during the six sessions of the study for one of the test subjects.
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Table 1. Mean (SD) of HR, Tcore, and Total Exercise Time for the Different Sessions.
Parameters
(mean/SD)
/
Cooling used
Max. Heart Rate,
BPM
Max.
Core
Temperature, ºC
Total
Exercise
Time, min

CS

AV

TCG

TCG+AV

SCG

SCG+AV

180.8 (7.8)

179.2 (6.5)

179 (8.9)

178.8 (8.6)

171.7 (12.6)

172.7 (12.1)

38.29 (0.3)

38.07 (0.4)

38.25 (0.4)

38.17 (0.2)

38.01 (0.2)

37.95 (0.4)

24.9 (2.8)

21.4 (2.7)

25.8 (4.3)

25.3 (3.9)

38.3 (8.3)

39.8 (4.6)

DISCUSSION
To increase the protection against external chemical and biological hazards, the PFE
incorporates new design features. While these features provide additional protection to the
wearer, the prototype design further encapsulates the wearer such that essentially all routes of
heat exchange between the body and the external environment are blocked. Use of cooling
garments allows the wearer to work longer and safer (lower Tcore) even in such an encapsulated
environment.
Tcore indicated that the maximal internal temperature was lower (p < 0.05) while wearing the
SCG or SCG+AV. A lower average Tcore with either the SCG or the SCG+AV might reduce
some of the health and safety problems that firefighters encounter.
HR was also lower during extended time for SCG and SCG+AV suggesting that the
cardiovascular system was less affected by the heat and the strenuous exercise.
CONCLUSIONS
The results of this research suggest that a shortened whole body cooling garment (SCG) with
or without the additional ventilation system (AV) can be helpful in reducing thermal stress and
the risk of heat-related injuries. This study also suggests that the SCG with or without the AV
can prolong the time that firefighters are able to exercise at specific workloads, thus increasing
their work performance. In addition, air ventilation (convective heat loss) through the hose
seems to augment the effect of the cooling garments to reduce core temperatures and decrease
heat stress. However, the hose system used for convective heat loss does not show any
improvement by itself and even decreases the total exercise time.
REFERENCES
Houser AN, Jackson BA, Bartis JT, Peterson DJ (2004). Emergency responder injuries and Fatalities: An analysis
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INTRODUCTION
Cooling prior the exercise (pre-cooling) can counteract the negative effects of heat stress on
endurance exercise performance (1). Among other methods, pre-cooling is provided by the
application of cooling vests. Cooling vests, however, demonstrate some disadvantages. Firstly,
they are generally not tailored to the participants, are bulky and heavy. The lack of optimal fit
can result in decreased heat transfer efficiency between the body and the cooling garment.
Furthermore, bulkiness and heaviness can increase the energy cost, during warming-up with a
cooling vest. Secondly, the vests based on ice packs or frozen gels (ice-vests) are reported to
cause thermal discomfort (2). To overcome these disadvantages a cooling-shirt was, developed.
The cooling-shirt compared to an ice-vest provides moderate intensity of pre-cooling.
An ice vest reported to cause skin vasoconstriction (3). It is likely that vasoconstriction reduces
cooling efficiency, defined as the ratio between the body core cooling and cooling provided by a
cooling garment. In principle, vasoconstriction will increase the skin insulation and prevent the
exchange of heat between the body core and the cooling garment. Thus, we suggest that
providing a moderate intensity of pre-cooling, such as with the cooling-shirt, could avoid
vasoconstriction and promote the cooling efficiency. Furthermore, certain approaches of precooling are reported to initiate thermogenesis (4). Nevertheless, the effect of wearing an ice-vest
on thermogenesis has not yet been studied. We assume if pre-cooling with an ice-vest initiates
thermogenesis, this effect should be avoided with application of moderate intensity of precooling.
The present study thus aimed at investigating whether moderate intensity of pre-cooling avoids
cutaneous vasoconstriction and possible thermogenesis. Specifically, two cooling systems i) a
cooling-shirt providing moderate pre-cooling and ii) an ice-vest providing strong pre-cooling are
being investigated. Furthermore, we evaluated the effect of these two intensities of pre-cooling
on subsequent exercise performance in hot and humid conditions.
METHODS
Eight healthy males participated in the present study (age 27 ± 4 years, height 171.4 ± 4.3 cm,
body mass 72.5 ± 5.2 kg and peak oxygen consumption 57.1 ± 4.7 mL·min-1·kg-1). The
experimental procedures were verbally explained, and written informed consent was obtained
from all participants prior to the study. The Ethical Cantonal Committee of St. Gallen,
Switzerland approved the study.
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A repeated measures design in which the participant served as his own control was applied. In
two of three experimental trials, pre-cooling was applied during the pre-exercise session with i) a
prototype cooling-shirt providing moderate pre-cooling (MC) and, ii) an ice-vest providing
strong pre-cooling (SC). In the third experimental trial, the participants wore a conventional
sport shirt, which served as a control condition (CON). Each experimental trial was divided into
two consecutive sessions; a pre-exercise and an exercise session. The pre-exercise session lasted
45 min. Whereas, the exercise session was terminated when one of the following criteria was met
i) cycling for 60 min, ii) a rectal temperature exceeding 40.0 °C or, iii) participants voluntarily
terminating the exercise.
The cooling power of the cooling-shirt and ice-vest was 19.0 ± 4.5 W/m2 and 48.2 ± 9.0 W/m2 ,
respectively (5). Specifically, the prototype cooling-shirt was designed in a shape of a vest and
was tailored to fit each participant individually.
In all experimental trials, the participants were first asked to insert a rectal probe. After putting
on cycling shorts, shoes and socks the skin temperature thermistors were placed on eight body
sites according to ISO 9886 standard (6). An additional thermistor was placed on the finger tip of
a right middle finger. Skin blood flow was measured with laser-Doppler on the nine locations
contra-laterally to the skin temperature sensors.Dependently on the experimental trial, during the
pre-exercise session the participants wore a sport shirt or the cooling garment. During the
exercise session the participants on all conditions wore the sport shirt. The exercise was
performed in climatic chamber (29.3 ± 0.2 ºC; 79.7 ± 3.4%) and consisted out of i) 5 min warmup, during which the subject cycled at a power output corresponding to 50% peak oxygen
consumption and ii) subsequent submaximal cycling at 65%.
The rectal temperature (Tre) was recorded every second. The rate of increase of Tre during the
exercise session was determined from each data-set individually through an iterative procedure.
Skin temperatures, obtained from eight body locations every second, were used to calculate
weighted mean skin temperature (Tsk) (6). The Tre and Tsk were furthermore used to calculate the
mean body temperature (Tb) (7). The change in the heat storage (S) during the pre-exercise and
exercise sessions was calculated according to Burton (8) as S(Wm-2)= ΔTb·m·CE·AD-1·t-1.
Where, ΔTb (°C) represents the difference in Tb between the start and the end of either the preexercise or exercise session. Metabolic heat production (M) was calculated for the pre-exercise
session according to the ISO8996 (9) as M(Wm-2) = EE·VO2·AD-1. Skin blood flow was
measured during two periods, at the start and end of the pre-exercise session. The skin blood
flow value prior to the pre-exercise session was considered as a baseline and set to 100%, while
the later skin blood flow value was expressed as the difference.
For the statistical analysis, SPSS 14.0 for Windows was used, and the statistical significance
level was set at p < 0.05. All values are reported as averages ± one standard deviation.
RESULTS
Application of MC and SC showed significant effects on the skin blood flow when compared to
CON. However, the effect of MC and SC was in general not significantly different. In more
detail, when compared with CON, the application of MC and SC significantly reduced skin

270

Proceedings of the 13th International Conference on Environmental Ergonomics, Boston (USA), August 2-7, 2009

blood flow on the back, the chest and the finger. SC in addition decreased the skin blood flow at
the shoulder.
A decrease in Tsk of 1.49 ± 0.25 °C (p<0.001) was observed over the 45 min in MC and of 2.70 ±
0.65 °C (p<0.001) in SC. As presented in Fig. 1 the decrease in MC and SC differed significantly
from each other from the 25th min onward. For CON, no significant decrease in Tsk was observed.
Furthermore, as presented in Fig. 2 Tre decreased significantly (p<0.001) with 0.21 ± 0.06 °C
over the 45 min during CON. Conversely, no significant changes for MC (0.05 ± 0.14°C) or SC
(0.14 ± 0.17°C) were observed through the pre-exercise session.

Fig. 1. Weighted mean skin temperature (Tsk)
for no pre-cooling (CON), moderate precooling (MC), and strong pre-cooling (SC)
during the pre-exercise session. An asterisk
( ) denotes a significant difference between
MC and SC.

Fig. 2. Rectal temperature (Tre) for no precooling (CON), moderate pre-cooling (MC),
and strong pre-cooling (SC) during the preexercise session. An asterisk ( ) denotes a
significantly decreased Tre between the
beginning and the end of the CON trial.

Application of the cooling garments coincided with a decrease in heat storage by 8.42 ± 5.93
W·m-2 (p=0.006) in MC and by 25.51 ± 8.48 W·m-2 (p<0.001) in SC. The decrease differed
significantly between MC and SC. In contrast, heat storage in CON did not change significantly.
Oxygen consumption was during the pre-exercise session with 33 ± 17 ml·min-1 (p=0.001) in
MC and with 56 ± 13 ml·min-1 (p<0.001) in SC significantly higher than in CON. Similarly,
carbon dioxide production was in MC significantly higher by 43 ± 11 ml·min-1 (p<0.001) and in
SC by 61 ± 8 ml·min-1 (p<0.001) than in CON. Increased oxygen consumption and carbon
dioxide production in MC and SC coincided with higher metabolic heat production when
compared with CON. In particular, this amounted to 5.82 ± 2.76 W/m2 (p=0.056) higher
metabolic heat production in MC and to 6.38 ± 2.68 W/m2 (p=0.009) in SC.
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At the start of exercise session Tre did not differ significantly among the conditions. During the
session Tre increased with 2.17 ± 0.53 °C in CON, with 2.20 ± 0.64 °C in MC and with 2.26 ±
0.64 °C in SC, this increase did not differ significantly among the conditions. However, when
taking into account the duration of the exercise, the rate of increase in Tre was in SC the lowest
among the conditions. Tre at the end of the exercise was similar (p>0.05) among the conditions.
Only two participants managed to perform 60 min cycling in all conditions. Two other
participants managed to complete the full 60 min exercise in SC, but not in CON and MC. With
the two latter conditions, their exercise time was 46:26 ± 04:12 min and 53:10 ± 02:10 min,
respectively. The remaining four participants cycled for 36:44 ± 09:20 min, 39:16 ± 06:02 min
and 41:15 ± 07:02 min, respectively for CON, MC and SC.
DISCUSSION AND CONCLUSION
Similar decreases in SkBF were observed for MC, compared to SC. This indicates that
application of moderate intensity of pre-cooling, similar to strong intensity, caused
vasoconstriction. Such response furthermore explains the lack of difference in cooling efficiency
between the MC and SC. Namely, heat extracted from the body divided by the cooling power of
the cooling-shirt accounted for 44 ± 28%, whereas for the ice-vest 55 ± 18%, which was not
significantly different. Hence, application of the cooling-shirt and thereby moderate pre-cooling
did not promote the cooling efficiency. It thus appears that the efficiency of the heat exchange
between the body core and the cooling garment is not likely to be promoted with decreased
cooling intensity, as long as vasoconstriction is provoked.
Significant increase in metabolic energy production of 6% in SC (6.4 ± 2.7 W·m -2) and the
tendency towards a significant increase of 4% in MC (5.8 ± 2.8 W·m-2; p=0.056), compared to
CON was observed. Nevertheless, despite heat production evidently increased during SC, this
did not exceed the amount of heat extracted. Specifically, when taking into consideration the heat
produced during the pre-exercise session, heat storage decreased by 5.7 ± 94 W·m-2 for MC, and
by 23.2 ± 10.9 W·m-2 for SC compared to CON. Therefore, application of both MC and SC,
achieved pre-cooling, as the amount of heat extracted exceeds the amount of heat produced.
Moreover, SC represented an advantageous means of pre-cooling, as evident in larger decrease
of the body heat content, even though it initiated metabolic heat production.
During the exercise session 6 out of 8 participants, thus excluding the two who cycled 60 min on
all occasions, exercised longer in MC and SC than in CON. And in 5 out of these 6 participants,
longer exercising times were observed in SC than in MC. In particular, 6% longer exercise time
was observed for MC (p=0.046) and 11% for SC (p=0.028) compared to CON. Furthermore,
prolonged time to exhaustion after application of the ice-vest coincided with significant decrease
in rate of Tre. It therefore appears that our pre-cooling method created a heat sink that persisted
through the exercise and affected the rate of Tre increase.
In conclusion, the goal of the present study was to investigate whether moderate pre-cooling
avoids vasoconstriction and promote cooling efficiency. The results showed that decreasing the
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intensity of pre-cooling does not avoid vasoconstriction. In fact, moderate pre-cooling similarly
as strong pre-cooling cause vasoconstriction, whereas strong pre-cooling in addition initiate
metabolic heat production. Nevertheless, the initiated metabolic heat production did not fully
counteract the heat extracted by the pre-cooling. Strong pre-cooling compared with no or
moderate pre-cooling created the largest heat sink and decreased the rate of body core
temperature increase during the exercise. This resulted in the greatest improvement in time to
exhaustion.
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INTRODUCTION
The mining industry is a significant contributor to the gross domestic product in Australia, with
over 150 mine sites in Queensland alone. Queensland is also commonly referred to as the
sunshine state and is known for its hot and humid summer days. Air temperature commonly
exceeds 35 °C in the summer months with humidity above 50 %. Such climatic conditions
impose significant heat stress on mine workers in addition to the metabolic cost of manual labour
and the requirement to wear protective clothing. Health and safety concerns of work in the heat
include reduced work capacity, increased risk of accident and injury, dehydration, and the
development of heat illness. A substantial amount of research has focused on heat stress in
underground mines, however, little attention has been given to surface mining operations.
An underground mine in Australia recorded 106 cases of heat exhaustion in a 12 month period 6.
To the author‘s knowledge, only one study has reported heat illness among surface mine workers,
and found a higher incidence among this population compared to underground workers 4.
However it was speculated that commonly not all cases of heat exhaustion were reported to the
Mine Safety and Health Administration. With the possibility of a higher incidence of heat illness
among surface miners, the purpose of part A of this study was to investigate if surface mine
workers had experienced symptoms of heat illness. Whilst experiencing symptoms of heat illness
may not indicate actual cases of heat illness, it does suggest a high degree of heat strain and that
the physiological systems of the body may be struggling to meet the demands of
thermoregulation. The purpose of part B of this study was to monitor heat strain (core body
temperature, heart rate, and hydration status) among a sample of surface mine workers.
METHODS
Part A:
Ninety-one surface mine workers across three mine sites completed a heat stress questionnaire.
Participants were asked to indicate if they had experienced symptoms of heat illness during work
in the past 12 months and, if experienced, how often each symptom occurred (once or more than
once). Self-report age, height, weight, and time spent in recreational physical activity per week
(> 150 minutes (sufficient), < 150 minutes (insufficient), no exercise (sedentary)) information
were also collected. A urine colour chart 1 was provided and participants indicated their average
urine colour during work, which was used to estimate hydration status (colours 1 and 2 - well
hydrated, colours 3 and 4 - minimal dehydration, colours ≥ 5 - significant dehydration) 2.
Independent samples t-test and Pearson chi-square were used in statistical analysis.
Part B:
A job category identified as high risk was sampled in Part B. Fifteen blast crew personnel (14
male and 1 female) at a surface mine site in Queensland gave their written consent to participate

274

Proceedings of the 13th International Conference on Environmental Ergonomics, Boston (USA), August 2-7, 2009

in this ethically approved study. Each participant had their heart rate, core body temperature, and
hydration status monitored during a 12-hour day-shift. Air temperature, relative humidity and
apparent temperature were recorded every 30 minutes (Kestrel 4000, Kestrel Weather, Australia).
Prior to the start of their shift a urine sample was collected and height and weight were measured.
Heart rate was monitored by telemetry (Polar S625x, Polar, Kempele, Finland) and core body
temperature by an ingestible temperature sensor (CorTemp, HQ inc, Palmetto FL, USA). All
temperature sensors were calibrated following previously published procedures 7 and linear
regression was used to correct raw data. Participants swallowed the sensors the night before, at
least eight hours before monitoring commenced. Heart rate and core body temperature were
recorded at one minute intervals. A urine sample was collected approximately half-way into the
shift, and another immediately post-shift. Hydration status was assessed by measuring urine
specific gravity (USG) (PAL-10s, ATAGO, Tokyo, Japan), with values ≥ 1.020 indicating
dehydration 2. Non-exercise predicted VO2max was estimated from age, BMI, gender, and
recreational physical activity 11. Repeated measures ANOVA with pairwise comparisons was
used to assess for differences in dependent variables across three time intervals (6 – 10am, 10 –
2pm, and 2 – 6pm).
RESULTS
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Figure 1: Percentage of workers experiencing each symptom of heat illness.

Part A:
Figure one presents the percentage of respondents experiencing each symptom of heat illness.
Eighty-seven percent reported experiencing at least one symptom of heat illness in the past 12
months, with an average of 4.2 ± 3.5 symptoms per worker. Eighty-one percent of symptoms
were reported to have been experienced more than once. Due to the high proportion of workers
experiencing symptoms of heat illness, it was not feasible to classify workers as either
symptomatic or asymptomatic. Instead, workers reporting four out of the eight heat exhaustion
symptoms (headache through to irritability), and / or three out of seven of the heat stroke
symptoms (hot and dry skin through to convulsions), were classed as moderate heat illness, those
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not meeting this criteria were allocated to minor heat illness. Heat illness classification was not
significantly related to age (minor: 37.0 ± 10.2, moderate: 33.6 ± 7.5, t = 1.56, p = 0.112) or BMI
(minor: 28.1 ± 3.6, moderate: 27.6 ± 4.2, t = 0.527, p = 0.599). Heat illness classification was not
related to time spent in recreational physical activity (minor: sedentary = 37 %, insufficient =
47 %, sufficient = 16 %; moderate: sedentary = 46 %, insufficient = 39 %, sufficient 15 %;
Pearson chi-square 0.67, p = 0.715), but was related to hydration status (minor: well hydrated =
34 %, minimal dehydration = 60 %, significant dehydration = 6.0 %; moderate: well hydrated =
16 %, minimal dehydration = 64 %, significant dehydration = 20 %; Pearson chi-square 5.74, p =
0.057). Compared to well-hydrated workers, the relative risk of experiencing moderate
symptoms of heat illness was 1.9 for minimal dehydration, and 3.7 for significantly dehydrated
workers.
Table 1: Core temperature, heart rate, and urine specific gravity during the shift.
6 am - 10 am
10 am - 2 pm

2 pm - 6 pm

Average Core
Temperature (°C)

Mean ± SD
Range

37.37 ± 0.20
37.14 - 37.54

37.42 ± 0.17
37.04 - 37.62

37.57 ± 0.19 *
37.27 - 37.89

Maximum Core
Temperature (°C)

Mean ± SD
Range

37.75 ± 0.20
37.32 - 37.99

37.80 ± 0.20
37.39 - 38.19

37.94 ± 0.24 *
37.50 - 38.44

Average Heart
Rate (bpm)

Mean ± SD
Range

85.7 ± 14.2
60.7 - 114.6

85.8 ± 15.5
59.8 - 120.3

87.1 ± 14.5
63.4 - 120.1

Maximum Heart
Rate (bpm)

Mean ± SD
Range

118.7 ± 18.6
79.0 - 145.0

120.4 ± 21.5
81.0 - 157.0

121.5 ± 20.9
90.0 - 157.0

Urine Specific
Gravity a

Mean ± SD
Range

1.023 ± 0.007
1.008 - 1.031

1.023 ± 0.007
1.007 - 1.029

1.024 ± 0.007
1.011 - 1.033

a

6 - 10 am urine samples collected pre-shift, 2 - 6 pm post-shift; * Significantly different from 6 10am and 10 - 2pm (p < 0.05).

Part B:
The 15 blast crew who participated were 36.7 ± 9.7 years of age, had a BMI of 31.0 ± 4.5 kg/m2,
and a VO2max of 36.3 ± 7.2 ml/kg/min. Over the whole shift, average mean and maximum core
body temperature was 37.46 ± 0.14 °C and 38.00 ± 0.20 °C respectively. The average change in
core temperature over the course of the shift was 1.05 ± 0.22 °C. Average mean and maximum
heart rate was 86.0 ± 14.5 bpm and 126.9 ± 19.9 bpm respectively. Table 1 presents core body
temperature, heart rate, and urine specific gravity during the shift, split into three time intervals.
Core body temperature was significantly associated with time interval (average mean: F = 10.1, p
= 0.001; average maximum F = 4.1, p = 0.030). Heart rate was not associated with time interval
(average mean: F = 1.1, p = 0.353; average maximum F = 0.6, p = 0.566). Average USG values
during the shift are also presented in table 1. A total of twelve urine samples were collected preshift, 8 mid-shift, and 8 post-shift, only five participants collected a sample at all three time
points – allowing for statistical analysis. USG was not associated with shift time interval (F = 0.9,
p = 0.435). Mean USG was ≥ 1.020 for 83 %, 88%, and 88 % of pre, mid, and post-shift urine
samples respectively. Climatic conditions changed significantly over the three time intervals (air
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temperature F = 74.7, p = 0.000; relative humidity F = 108.5, p = 0.000, apparent temperature F
= 24.0, p = 0.001) (table 2). Seventy-three percent of workers noted feeling thirsty during work,
60 % felt tired, 33 % weakness, 26 % light-headed, and 20 % for both cramps and nausea.
Table 2: Average and maximum climatic conditions across the shift.
6am - 10am
10am - 2pm
Avg.
Max.
Avg.
Max.
Air Temperature (°C)
Relative Humidity (%)
Apparent Temperature (°C)

28.6
52.1
29.7

33.0
82.9
35.1

33.9 *
28.3 *
33.9 *

37.9
44.6
38.7

2 pm - 6pm
Avg.
Max.
35.5 *
24.0 *#
35.1 *

40.6
56.3
41.0

Avg. = average of mean values for each shift; Max. = maximum value recorded across all
shifts; * Significantly different from 6 - 10am (p<0.05); # Significantly different from 10 - 2
pm (p<0.05).

CONCLUSIONS
Over 80 % of surface mine workers experienced symptoms of heat illness in a 12 month period,
and the majority experienced symptoms on more than one occasion. The most commonly
reported symptoms were fatigue, headache, perception of a high body temperature, and muscle
cramp. Experiencing moderate symptoms of heat illness was not associated with age, BMI, or
time spent in recreational physical activity. This is in contrast to previous research suggesting
higher BMI 5 and lower aerobic fitness 10 to be risk factors for heat illness. A possible reason for
this is that actual cases of heat illness (exhaustion or stroke) were not reported here, as in
previous research. Workers in the forestry industry who reported symptoms of heat illness were
significantly younger than those who did not 9. Whilst those classified into the moderate heat
illness category tended to be younger in the present study, the difference was insignificant.
Experiencing symptoms of heat illness was associated with hydration status, with those reporting
minimal or significant dehydration tending to report more symptoms. This finding coincides with
research showing dehydration to be a risk factor for heat exhaustion 6, and highlights a possible
health and safety concern for surface mine workers.
The primary causes of heat illness are an excessive rise in core body temperature, becoming
dehydrated, or a combination of both. Therefore these variables were monitored during a normal
12-hour shift for surface mine workers. Climatic conditions and work intensity were conducive
to heat stress. The apparent temperature index of heat stress, accounting for both air temperature
and humidity, showed a level of heat stress recommending ―extreme caution‖ (AP ≥ 32 °C) in
the later time intervals of the shift. Heart rate data shows a light intensity of physical work for
most of the shift, with short periods of moderate work, indicated by the higher maximum heart
rates.
The Australian Institute of Occupational Hygienists recommends that core body temperature
should not exceed 38.5 °C for medically selected and acclimatised personnel 3. This limit was
not exceeded by any of the workers studied. However, the average 1.05 °C change in core body
temperature across the duration of the shift indicates that work in this environment does provide
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a challenge to thermoregulation. Access to air-conditioned break rooms was likely beneficial in
keeping core body temperature within safe limits.
The most concerning finding of this investigation was that over 80 % of workers began work in a
dehydrated state, and remained dehydrated for the duration of the shift. Dehydration is a concern
as it decreases work capacity, and increases heat strain, the risk of accident and injury, and the
risk of heat illness 8. Symptoms of heat illness experienced during work were likely the result of
dehydration, particularly because the most common symptom was thirst.
In conclusion, a large proportion of surface mine workers experience symptoms of heat illness.
These are likely the result of poor hydration among the workforce. Strategies to improve
hydration practices should be developed and implemented to reduce the risk of experiencing heat
illness. In addition, further research is needed to document actual cases of heat illness.
Acknowledgement: This research received support from Downer EDI Mining as part of the
Enhancing Workforce Health program.
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HYDRATION STATE: IS IT WORTH THE SPIT?

Nigel A.S. Taylor1, Anne M.J. van den Heuvel1, Pete Kerry1, Sheena McGhee1, Christiano A.
Machado-Moreira1, Marc A. Brown1, Mark J. Patterson2 and Gregory E. Peoples1
1
School of Health Sciences, University of Wollongong, Wollongong, Australia
2
Defence Science and Technology Organisation, Melbourne, Australia
Contact person: nigel_taylor@uow.edu.au
INTRODUCTION
Water represents ~60% of the body mass, ranging from 40-80% across individuals. In sedentary
people, about 5-10% of this water is turned over daily, with urine flows averaging ~1.5 L.day-1
for normally hydrated individuals. However, when working in stressful environments for
extended durations, particularly when wearing personal protective equipment, fluid losses via
sweat secretion are dramatically elevated, and can approach 8-16 L.day-1. Indeed, during a
moderate exercise-heat stress, whole-body sweat rates typically range between 1-1.5 L.h-1, and
sustained and undefended fluid loss at this rate significantly impacts upon body water content,
resulting in a 1% body-water loss for every 30-40 min of steady-state sweating without fluid
replacement.
These dehydration rates are well tolerated within healthy, low-risk individuals who commence
such exposures when appropriately hydrated, particularly when dehydration is transient (1-6 h).
In fact, the thirst mechanism is not activated until one incurs a water deficit of ~2%, and deficits
of up to 4% are often observed across many sports, with losses in excess of 5% frequently
observed in highly motivated individuals. Even within the general community, one routinely sees
people with water deficits up to 3-4%.
Whilst there is also little doubt that transient, and less extensive dehydration (<10%) is well
tolerated, though unpleasant, in healthy, low-risk individuals, protracted and extensive
dehydration can be detrimental, since it impairs cardiovascular and renal functions, and elicits a
wide range of symptoms, including weakness and lassitude, nausea and general malaise. Indeed,
it can be lethal, and the implementation of early warning strategies to identify its onset is deemed
to be essential for some physically demanding jobs.
Of the methods developed to assess hydration state (Taylor et al., 2009b), one of the most
practical indices for use with large groups of people wearing protective clothing, centres around
the use of saliva osmolality (concentration). Unfortunately, the efficacy of this technique has
only been evaluated at hydration levels representing water deficits up to 3% (Walsh et al., 2004a,
2004b). Thus, in this project, the validity and sensitivity of this method was evaluated across a
wide range of dehydration levels (1-7% water deficit) across 36 trials.
METHODS
Twelve physically active men participated in three trials, presented in the following order: 7%
dehydration, 3% dehydration with partial rehydration, and 7% repeated dehydration. In each trial,
subjects performed intermittent cycling in hot-humid conditions maintained at 35.6oC (±0.4) and
56.0% humidity (±1.0), in which the black globe temperature averaged 35.6oC (±0.3) and wind
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velocity was less than 0.05 m.s-1. Subjects wore only shorts and running shoes. Tests were
conducted at approximately the same time of day for each person, using fully-hydrated subjects:
pre-experimental mean urine specific gravity across all trials was 1.006 (SD 0.005).
The objective of this project was to gradually dehydrate subjects to both a 3% and a 7%
reduction in body mass (water deficit). This was achieved using the controlled-hyperthermia
(isothermal clamping) technique in hot-humid conditions to elevate and clamp the core
temperature of each subject at approximately 38.5oC.
Hydration state was determined from the change in body mass, with physiological responses and
body-fluid samples collected at the attainment of each 1% dehydration target. An isotonic mouth
rinse, drink (50 mL (trials 1 and 3) or 60% of the previous mass loss (partial rehydration trial)),
and food (banana and biscuit: total mass: 90 g) were provided after reaching each of these targets.
Sublingual, parotid and expectorated saliva samples were collected prior to each trial, on
reaching each of the dehydration targets, and during recovery (with partial rehydration). Saliva
osmolality was measured from 20-µL samples using a freezing-point osmometer (Fiske One-Ten
Osmometer, Fiske Associates, Norwood, MA, U.S.A.), as low saliva volumes were obtained
towards the end of the 7% dehydration trials.
RESULTS AND DISCUSSION
The pre-experimental standardisation procedures ensured that every subject presented in a
euhydrated state (urine specific gravity: 1.013-1.021), and for >80% of the trials, subjects
presented in a well-hydrated condition (<1.013). Prior to commencing each trial, data were
collected while subjects rested (seated) in a thermoneutral laboratory, and these data confirmed
that the cardiovascular, thermal and body mass status of all subjects were successfully
standardised at a physiologically normal basal state.
The total trial durations (excluding data collection phases at each target (~10 min) and the 30min controlled recovery) were 6.15 h (trial 1: 7%), 2.37 h (trial 2: 3%) and 5.27 h (trial 3: 7%).
The dehydration targets were secured with precision. When averaged across all trials, these
hydration states were achieved to within <0.10% of the actual target (trial 1: 0.098%; trial 2:
0.078%; trial 3: 0.056%).
At first glance, the mean relationship between expectorated saliva osmolality and water deficit
appeared to be both strong and reproducible (Figure 1), apparently verifying the observations of
Walsh et al. (2004a, 2004b). However, more thorough interrogation of these data revealed
considerable variability about this relationship. For instance, within individuals, these
relationships were robust, but due to the variability of basal saliva osmolality, and more
particularly with its change as dehydration progressed (i.e. its gain), the application of mean
prediction models to the current data sets resulted in less convincing predictive precision.
Twelve prediction models were used to describe these data sets. The model with the lowest mean
coefficient of variation, when separately applied to data from each trial, was that developed using
data points collected across all three dehydration trials. The overall sensitivity of this model was
about 85%. However, this success was only possible if the dehydration thresholds (confidence
intervals) were set to a confidence width of one standard deviation.
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Figure 1: Expectorated saliva osmolality during three dehydration trials. Rec 1
and Rec 2 are recovery points 15 and 30 min after completing each trial. Data
are means with standard errors of the means at each dehydration target.

When the efficacy of this predictive index was evaluated for field application by classifying data
into one of three coloured hydration bands, using the same prediction model: green band: <3%;
amber band: 3-6%, red band: >6% dehydrated. Approximately ~77% of individuals who were
truly <3% dehydrated were correctly identified, while <50% of those within either of the two
more important hydration bands were correctly identified (Table 1).
False negative classifications may have serious health implications, since such individuals
incorrectly appear as though they are better hydrated. The current data showed that ~25% of the
current subjects would have received a false negative classification when they were actually
within the 3-6% hydration band (Table 1). More than 55% of subjects who were actually >6%
dehydrated received a false negative outcome (Table 1). Such a high number of false negative
classifications is unacceptable. Furthermore, the prediction model had an unacceptably low
sensitivity, or probability of correctly identifying dehydrated individuals.
CONCLUSIONS
The current project provided a comprehensive evaluation of saliva osmolality as an index of
hydration state (Taylor et al., 2009a). From this assessment, it is concluded that, while
expectorated saliva osmolalities tracked changes in water deficit within individuals, the intersubject osmolality variability was such that, at present, the technique lacked the sensitivity
necessary for its further development and wider application for field use.
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Table 1: Classification (hydration) bands (<3% (green); 3-6% (amber); >6%
dehydration (red)). Data are numbers within each band with percentages in
parenthesis, expressed relative to those within each classification (upper row).
Parameter

Green light

Amber light

Red light

Number classified

125

78

19

True positives

96 (76.8%)

37 (47.4%)

8 (42.1%)

True negatives

non-existent

96

37

False positives

29 (30.2%)

20 (25.6%)

non-existent

False negatives

non-existent

21 (26.9%)

11 (57.9%)

Sensitivity

not computed

63.8%

42.1%

Specificity

not computed

82.8%

not computed
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INTRODUCTION
Dehydration is a common problem during military exercise in cold due to several reasons, which
increase the needs and/or decrease the consumption of fluids. As a consequence of dehydration
physical performance, especially endurance, is decreased in a similar way as in warm
environment (Rintamäki et al. 1995). Eventually dehydration may lead to total loss of
performance and causes an immediate need for evacuation. However, strong cooling of the body
counteracts the effects of dehydration on performance (Cheuvront et al. 2005), probably by
causing a strong redistribution of circulation into central parts of the body.
Proper maintenance of fluid balance is equally important in cold as in hot environments. The
quality of the drink may be of importance especially if nutrition is impaired. Stressors like heat,
cold, exercise and malnutrition are known to affect immune function, e.g., leukocyte counts
(Walsh and Whitham 2006). This study was carried out to examine, if the energy content of the
drink has any effect on leukocyte counts during exercise in cold.
METHODS
The effect of a 5 % saccharose solution on blood cell counts during a 6 h walking with an
intensity of ca. 45 % of VO2max was studied. Water was used as a control drink. The test
subjects (8 healthy young men, age 22 ± 2 years (mean ± SD), height 180 ± 4 cm, mass 73 ± 8
kg), wearing three layer military winter clothing with thermal insulation of ca. 2.2 clo, were
walking 5 km/h for 6 hours at -20 °C (wind velocity was 1 m/s). After every 50 min walking
they rested for 10 min. Every 30 min, the test subjects ingested 250 ml water or 5 % saccharose
solution (12.5 g saccharose; total amount 150 g). There was two weeks interval between water
and saccharose measurements, which were performed in a random order. For leucocyte and
glucose assessments, blood samples were drawn from the antecubital vein before and after the
exercise and 24 h after the end of exercise. After every walking period the test subjects had
possibility to urinate.
Skin (7 sites) and rectal temperatures were measured continuously and stored at 1 min intervals
(YSI-400 series thermistors, Squirrel 1200 datalogger, Grant, England). Mean skin temperature
(Tsk) was calculated as an area-weighted mean. Thermal sensations (ISO 10551) were recorded
at the end of each exercise period. Body mass was measured before and after exercise (Mettler
ID1 Multirange, Mettler-Toledo GmbH, Albstadt, Germany; 1 g accuracy).
RESULTS
Rectal temperature was increased by work by ca. 0.6 °C. Tsk decreased during the first 60 min to
ca. 29.5 °C and increased slowly to ca. 30.3 °C in both groups. Hand temperature decreased
during the first 150 min to ca. 19 °C in both groups. At the end of the measurement, hand
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temperature was 17.8 ± 1.9 °C and 21.7 ± 1.9 °C in water and saccharose measurements,
respectively. General and local thermal sensations were usually neutral, the thermal sensations of
face were slightly cool and fingers were slightly cool - cool.
Blood glucose concentration decreased (not significantly) during the exercise in the water group,
while saccharose kept the glucose level unchanged (Table 1). The circulating leukocyte count
was increased by 100 % (p<0.01) in the water group immediately after exercise, while in the
saccharose group the corresponding increase was 35 % (p<0.05). The leukocytosis was due to
the increase in the granulocyte count. The lymphocyte count was nearly unchanged (Table 2).
However, the relative amount of lymphocyte subsets was changed: the amount of CD4 and CD8
cells (T-helper and T-suppressor cells) was decreased especially in water measurements while
the amount of B-cells was nearly unchanged (Table 3). The leukocyte count was recovered 24 h
after the exercise while the proportion of CD4 and CD8 cells was still slightly lowered especially
in the water group.
Table 1. Blood glucose concentration (mmol/l) (mean ± SE, n = 8).
Drink
Water
Saccharose

Before exercise
3.6 ± 0.2
3.7 ± 0.3

After exercise
3.0 ± 0.1
3.6 ± 0.2

24 h after exercise
3.8 ± 0.3
3.3 ± 0.3

Table 2. Total number of leukocytes and number and relative proportion of lymphocytes (mean ±
SE, n = 8).

Leukocytes
(*109/l)

Drink
Before exercise
Water
5.8 ± 0.6
Saccharose
6.0 ± 0.8

After exercise
11.6 ± 2.0
8.1 ± 1.6

24 h after exercise
6.2 ± 0.7
6.2 ± 0.8

Lymphocytes Water
(*109/l)
Saccharose

2.3 ± 0.3
2.2 ± 0.2

2.5 ± 0.2
2.1 ± 0.3

2.0 ± 0.3
2.1 ± 0.2

Lymphocytes Water
(%)
Saccharose

39.7 ± 3.2
37.3 ± 3.1

23.9 ± 2.7
29.1 ± 3.3

33.8 ± 3.7
34.6 ± 3.7
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Table 3. Relative proportions of lymphocyte subsets (% from mononuclear cells): CD4 (Thelper), CD8 (T-suppressor) and CD21 (B-cells). The values are medians, n = 8.

CD4
(%)

Drink
Before exercise
Water
25.4
Saccharose
27.8

After exercise
13.4
19.9

24 h after exercise
15.3
19.8

CD8
(%)

Water
Saccharose

21.0
17.5

8.3
14.0

8.1
16.7

CD21
(%)

Water
Saccharose

6.2
5.8

5.6
6.4

5.8
5,4

CONCLUSIONS
In this study the stressors affecting leukocyte counts were both exercise and cold. Obviously the
role of exercise is superior to cold, as the level of cooling (heat dept ca. 3.5 kJ/kg) denotes
uncomfortable cold strain, but not performance decrement (Lotens 1988). Heat production by
exercise and adequate clothing helped to keep good heat balance in spite of cold environment.
On the other hand, the experimental conditions were well comparable to exercise in winter.
The results show that moderate amount of saccharose, corresponding to ca. 25 % of total energy
consumption, ingested during prolonged exercise was able inhibit the development of
leukocytosis. Leukocytosis was mainly due to the increase in the number of granulocytes, most
probably neutrophils. Moreover, the proportion of T-cells (CD4 and CD8) was decreased
especially in the water group. The effects of saccharose could be explained by a slightly lower
energy dept and/or by direct effects on hormonal or metabolic responses.
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INTRODUCTION
From a clinical perspective, hydration state is typically evaluated from changes in the osmolality
(concentration) of blood. The assumption of this measurement is that altered intra- and
extracellular body-fluid volumes will be reflected within the blood, since water freely moves
across cellular membranes and capillary walls, as dictated by osmotic gradients. Thus, a loss of
body fluid through sweating is eventually borne equally by all body-fluid compartments (Maw et
al., 1998), and one could therefore expect changes in plasma osmolality to be related to bodywater deficits. Since humans also regulate the volume and osmolality of the intravascular fluid
compartment, and since both of these regulatory mechanisms involve the modulation of renal
function, then one could anticipate that the electrolyte composition and flow of urine, and
therefore its osmolality, specific gravity and colour, would also reflect body-water deficits.
Indeed, the change in urine colour has become the most widely practised method for assessing
hydration state in the field (Armstrong et al., 1994), although a gold standard for evaluating
hydration state does not exist (Shirreffs, 2000).
Since the current laboratory recently completed a series of experiments involving progressive
dehydration, including 12 trials to a 3% water deficit and 24 trials to a water deficit of 7%
(Machado-Moreira et al., 2009; Peoples et al., 2009; Taylor et al., 2009a, 2009b), an opportunity
became available in which the inter-relationship of these different hydration indices could be
evaluated under controlled laboratory conditions, and across a wide range of controlled and
known hydration states. In this paper, four indices of hydration state are evaluated across 36
trials in which subjects were progressively dehydrated. The validity and sensitivity of the saliva
osmolality method has been reported in a parallel communication (Taylor et al., 2009b). Herein
are described subsequent modifications to serum and urine osmolality, urine specific gravity and
urine colour, and how changes in these variables reflect sequential reductions in hydration state,
as reflected by changes in body mass.
METHODS
Twelve physically active men performed intermittent cycling in hot-humid conditions: 35.6oC
(±0.4) and 56.0% humidity (±1.0). Each participated in three trials wearing only shorts and
running shoes: 7% dehydration, 3% dehydration with partial rehydration, and 7% repeated
dehydration. All tests were conducted at approximately the same time of day for each person,
using fully-hydrated subjects. For the day preceding each trial, subjects were provided with 30
mL.kg-1 of isotonic drink, to be consumed between 0600 h and 1800 h. For the night prior to
each trial, subjects were instructed to drink 15 mL.kg-1 of additional water before retiring, in the
morning they were required to drink 500 mL of fluid (in any form) with breakfast, and on
presentation, they drank a supplementary water volume (10 mL.kg-1). Accordingly, every subject
presented with a urine specific gravity <1.021. Since the objective of this project was to
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gradually dehydrate subjects to both a 3% and a 7% water deficit using intermittent exercise in
the heat, the controlled-hyperthermia (isothermal clamping) technique was used to elevate and
clamp core temperature at ~38.5oC. An isotonic mouth rinse and drink (50 mL (trials 1 and 3) or
60% of the previous mass loss (partial rehydration trial)), and food (banana and biscuit: total
mass: 90 g) were provided after reaching each of these targets.
Dehydration targets were determined from changes in body mass, with blood and urine samples
collected to evaluate hydration state. Blood samples were obtained at baseline, at each 1%
dehydration target and during recovery. Samples were taken from an indwelling cannula
(regularly flushed with saline) positioned in a superficial forearm vein, and collected into serum
vacutainers (Starstedt Aktiengesellschaft and Company, Numbrecht, Germany). Following
separation, serum samples were centrifuged at 1,500 g for 15 min and transferred to Eppendorf
tubes. Urine specimens were obtained at baseline, 3% and 7% dehydration, and following
recovery. Urine specific gravity was measured from fresh specimens (Clinical Refractometer,
Model 140, Shibuya Optical, Tokyo, Japan), and these samples were also evaluated for colour
(Armstrong et al., 1994). All serum and urine samples were then frozen (-80oC). Osmolalities
were measured using a freezing-point osmometer (Model 3250 Advanced Osmometer, Advanced
Instruments Inc., Norwood, MA, U.S.A.) after completing the entire experiment.
RESULTS AND DISCUSSION
During the 7% trials, the current subjects, who had an average pre-experimental body mass of
76.18 kg (SD 9.09), lost 5.28 kg (SD 0.54), and this represented a mean mass reduction of 6.93%.
The lower than expected mass change resulted from five trial terminations (out of 24) at the 6%
target, due to heat exhaustion or muscle cramps. Baseline measures of serum osmolality
averaged 286.1 mOsmol.kg-1 H2O (SD 4.2, coefficient of variation (CV) 1.8%), and the
corresponding values for urine osmolality were 250.6 mOsmol.kg-1 H2O (SD 177.5, CV 61.6%),
urine specific gravity 1.006 (SD 0.006, CV 0.4%) and urine colour 1.4 (SD 0.64, CV 33.4%).
Each of the four hydration indices tracked changes in body mass. However, due to the inherent
variability within some of these indices, there was a considerable range in the reliability with
which one may be able to predict changes in hydration state. This variability is illustrated within
Table 1, and in Figures 1 and 2.
Table 1: Peak values for each dehydration index averaged across the two 7% trials.
Parameter

Serum
osmolality

Urine
osmolality

Urine specific
gravity

Urine colour

Mean

299.0

569.7

1.024

5.1

Standard deviation

1.6

75.5

0.003

0.5

Coefficient of variation

0.5%

13.3%

0.3%

9.5%

Base-to-peak change

32

1005

0.075

6
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Figure 1: Changes in urine colour and urine specific gravity relative to
decrements in body mass. Data are 132 and 135 points (respectively) for 12
subjects across one 3%, and two 7% dehydration trials.

Figure 2: Changes in urine and serum osmolality relative to decrements in
body mass. Data are 135 and 304 points (respectively) for 12 subjects across
one 3%, and two 7% dehydration trials.
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As dehydration progressed, the coefficients of variation for these indices became smaller (Table
1). However, at any given dehydration state, there still existed considerable inter-subject
variation (Figures 1 and 2). For example, urine osmolality has been suggested to be the urinary
index of choice within the laboratory (Shirreffs, 2000), yet across all three trials, the average
minimal-maximal osmolality range across subjects was 488.1 mOsmol.kg-1 H2O, when derived
using the 17 possible sampling points across the three trials. This value represents 86% of the
peak value observed at a 7% water deficit. Urine colour was also quite variable, and this measure
is sensitive to greater experimental error and to influences other than altered hydration state (e.g.
diet and medication). Finally, serum osmolality had a mean minimal-maximal osmolality range
of 14.7 mOsmol.kg-1 H2O across the 26 sampling points. This represented just 5% of the peak
observed at the 7% dehydration state. However, since plasma volume and osmolality are
regulated, it is not necessarily correct to assume that osmolality will invariably reflect changes in
whole-body hydration state.
CONCLUSIONS
It is concluded that, while some indices (e.g. urine osmolality) will certainly permit one to track
serial changes in hydration state, single point determinations offer very little information
pertaining the hydration of an individual without reference to some pre-experimental baseline.
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INTRODUCTION
Work in protective clothing often causes wetting of the inner layers due to accumulated sweat,
especially when impermeable garments are worn against biological and chemical hazards
(Havenith, 2002; Holmér, 2006) or when the user is exposed to radiant heat load outdoors and at
industrial workplaces (Müller & Hettinger, 1995).
The transfer of heat radiation through clothing (Bröde et al., 2005; Clark & Cena, 1978; Lotens
& Pieters, 1995) and the effects of moisture in different clothing layers (Bröde et al., 2008a;
Havenith et al., 2008; Richards et al., 2008) have been studied separately. Also models
predicting the heat gain from radiation (den Hartog et al., 2007; Lotens & Pieters, 1995) or the
heat loss with wet clothing (Wissler & Havenith, 2009) have been formulated.
The drying of clothing materials by infrared radiation was studied in textile research (McFarland
et al., 1999; Paul & Wilhelm, 1948) and changes in heat loss during the drying of wet clothing
have been reported occasionally (Nielsen et al., 1992). Though fire-fighting scenarios have been
tested with wet materials irradiated at several kW/m2 (Keiser & Rossi, 2008), less is known on
the interaction of heat radiation with wet clothing on the human heat exchange.
This paper presents a thermal manikin study which aimed at the interaction of wet inner clothing
layers with long wave thermal radiation on the heat transfer through protective clothing in
relation to the vapour permeability of the outer garment.
METHODS
The electrically heated thermal manikin TORE (Kuklane et al., 2006) was operated with its
surface temperature controlled at 34 °C inside a climatic chamber at IfADo (Bröde et al., 2008b).
The manikin was mounted in a standing position statically, i.e. without movement of the
extremities inside a frame that was put onto a balance. This allowed for continuous recordings of
the heat loss and the amount of vapour evaporating to the environment.
To ensure proper operation of the manikins‘ heating mechanism under radiant load the tests were
carried out at a low air temperature (ta) of 5 °C with 50% relative humidity and air velocity of
0.5 m/s. Two conditions of frontally applied infrared radiation (IR) with incident powers of 626
and 693 W/m2, corresponding to mean radiant temperatures (tr) of 41.3 °C (MEDIUM) and
50.0 °C (HIGH), respectively, were compared to a reference condition with tr=ta (NoRad).
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Equally sized, uniformly designed no-pocket coveralls were purpose-built and possessed a waist
band, which was tightened, and were sealed by a zipper at the front and Velcro® fasteners at
ankles, wrists and along the front up to the collar. The following outer materials were used: black
cotton (COT), a dark-blue coloured hydrophobic layer with inner PTFE membrane (PERM),
black aramid (Nomex®, NOM), NOM with inside laminate (LAM) and a PVC rainwear (IMP).
Water vapour resistance values varied between infinity (IMP) and 3.6 m2Pa/W (COT), further
details of the garments‘ characteristics are provided elsewhere (Bröde et al., 2008b).
Experiments were carried out with the exposure period fixed to 70 min using as underwear a
woollen coverall (Ullfrotté Orginal overall 400 g/m2) in either DRY condition or pre-wetted by
800 g water (WET).
The heat loss (HL, W/m2) of the covered body area, i.e. excluding head, hands and feet, was
determined as area weighted average from the recordings of the individual body zones according
to the parallel method (ISO 15831, 2004) averaged over the final 10 min of exposure. The rate of
evaporation (EVAP, g/h) was calculated from the continuously recorded mass loss over the final
20 min of exposure. For the WET condition, the amount of water released from the underwear,
as well as that absorbed by the outer layer and that transferred to the environment, respectively,
were obtained by weighing the single pieces of clothing before and after the experiment. Results
for each condition are presented as averages from two replicated measurements.
The heat gain (HG, W/m2) from MEDIUM and HIGH radiation for the DRY and WET
conditions, respectively, was computed as heat loss difference to the NoRad condition:
HGir,u = HLNoRad,u - HLir,u , with ir = (MEDIUM, HIGH) and u = (DRY, WET).
For the WET conditions, the change in the rate of evaporation due to radiation was calculated in
a similar way as:
ΔEVAPir = EVAPir – EVAPNoRad.
For expressing the modifying influence of WET underwear on the effect of IR, the change in
heat gain from IR for the WET compared to the DRY condition was computed as:
ΔHGir = HGir,WET – HGir,DRY.
RESULTS AND DISCUSSION
A decrease in whole body heat loss, i.e. heat gain for the conditions with radiant heat stress
compared to the reference was observed (Figure 1). This heat gain increased with radiation
intensity and was very similar for the different outer garments when the underwear was dry. This
confirms earlier results obtained with different inner layers (Bröde et al., 2005) and can be
attributed to the similar emissivity values varying between 0.88 and 0.93 for the different
coveralls in the long wave range of the spectrum (Bröde et al., 2008b).
Heat loss always increased with WET underwear compared to DRY clothing for all IR levels and
outer materials (Figure 1), and the rate of evaporation was always higher with radiant load than
under NoRad. However, wetting the underclothing caused differential effects with respect to the
outer material.
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Figure 1: Heat loss under DRY and WET conditions and rate of evaporation for different outer
layers related to the intensity of IR expressed as tr-ta.
With IMP the heat loss increased less with WET clothing than for the other materials. As the
increase in conductive heat loss is expected to be less than 10%, this may be mainly determined
by the reduced evaporation particularly with regard to the extra heat loss occurring due to cycles
of evaporation and condensation inside the clothing (Bröde et al., 2008a; Havenith et al., 2008).

Figure 2: The effect of wet underwear on the heat gain from IR (ΔHG) related to the effect of IR
on evaporation (ΔEVAP) on a log scale. Open and closed symbols mark HIGH and MEDIUM
radiant load, respectively.
Figure 1 also shows that the decrease in heat loss, i.e. heat gain from IR with WET underwear
was steeper for IMP compared to the other materials, and also for LAM compared to COT,
PERM and NOM. These observations corresponded to a limited increase in the rate of
evaporation with the intensity of IR for IMP and LAM.
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This aspect is further developed in Figure 2, which illustrates that the effect of WET clothing on
the heat gain from IR (ΔHG) was highly correlated with the impact of IR on evaporation
(ΔEVAP) plotted on a logarithmic scale. For the highly permeable outer materials the increased
rate of evaporation was associated with a decreased heat gain from IR compared to DRY. For
IMP the heat gain increased with WET underwear whereas LAM showed similar heat gain from
IR in DRY and WET conditions with a moderately increased rate of evaporation.
Figure 3 presents the change in clothing weight after the WET experiments. Interestingly, IMP
showed a decrease in underwear weight loss with increasing IR intensity, although evaporation
slightly increased, whereas with all other materials the underwear released more water under
radiant load. This suggests the occurrence of vapour recondensation at the underwear surface.

Figure 3: Amount of water released from the underwear, and the fractions absorbed by the
different coveralls and lost to the environment after 70 min of exposure to different levels of IR.
CONCLUSIONS
The results point to distinct avenues of heat exchange acting in opposite directions with wet
underwear under radiant heat load. On the one hand an increased evaporative heat loss dominates
with permeable clothing. On the other hand more heat from IR might be absorbed by the wet
material, especially when it is hydrophobic (McFarland et al., 1999), and processes transferring
heat to the body by the recondensation of moisture at inner layers of the clothing become
apparent with impermeable garments.
The noticeable spread in the observed responses to radiant heat with wet clothing suggests that
these effects should be considered when modelling the heat exchange in protective clothing.
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INTRODUCTION
The U.S. Army Aeromedical Research Laboratory (USAARL) and the U.S. Department of
Energy‘s National Renewable Energy Laboratory (NREL) used NREL‘s thermal manikin,
controlled by a human thermal physiological model, to assess various hypothermia blankets.
These blankets are important during medical transport because environmental conditions,
coupled with a patient‘s traumatic injury, can often lead to physiological thermal imbalance.
High wind and low air temperatures during a medical evacuation can lead to excessive heat loss
from the patient, resulting in hypothermia. This condition can complicate the treatment of the
patient upon arrival at the hospital.
NREL‘s thermal comfort tools consist of the thermal comfort manikin (ADAM, for ADvanced
Automotive Manikin), a physiological model, and a psychological model linked together to
assess comfort in a transient, nonhomogeneous environment (1, 2). In the integrated human
thermal comfort system, ADAM is controlled by a finite-element physiological model of the
human body.
The thermal manikin is a surface sensor that measures the rate of heat loss at 120 independently
controlled zones. The skin heat transfer rates are sent to the physiological model, which
computes the skin and internal temperature distribution and surface sweat rates. This
information is then sent back to the manikin, which generates the prescribed skin temperatures,
surface sweat rates, and breathing rates. As the model steps forward in time, this loop provides a
transient measurement tool. The psychological comfort model uses temperature data from the
physiological model to predict local and global thermal comfort as a function of local skin and
core temperatures and their rates of change.
METHODS
Testing was conducted in NREL‘s Manikin Environmental Chamber in Golden, Colorado. The
test conditions were 15ºC air temperature and 50% to 60% relative humidity. Three portable
fans provided 7 mph airflow over the manikin.
Four hypothermia blanket configurations were tested in conjunction with a stretcher: (1) wool
army blanket (heat retention), (2) electric heating blanket, (3) radiant heating blanket, and (4)
chemical heating blanket. The Army blanket was a standard-issue brown rectangular blanket.
The electric heating blanket consisted of a lightweight inner wrap and an outer shell blanket
containing heating elements. The radiant heating blanket used resistive carbon fiber technology
with a microprocessor-controlled temperature regulation system. The radiant blanket contained
five woven carbon fiber warming panels, each measuring 9 by 14 inches, designed to distribute
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heat evenly from the shoulders to below the feet. The chemical heating blanket system consisted
of a sheet next to the patient, a thin blanket containing the chemical, and an outer radiation shield.
The sheet was a regular bed sheet placed between the manikin and the chemical blanket to
protect the skin from excessive temperature. The chemical blanket layer had six pouches
measuring 7 by 10 inches containing the chemical material that generated heat when exposed to
air. The outer shield was 88 by 93 inches and had a reflective inner surface to reflect body heat
back to the patient. Thermocouples were secured to the chemical blanket layer to assess
potential hot spots.
The manikin was placed on an actual medical evacuation stretcher made of a mesh material and a
frame that allowed air flow under the patient. The manikin was unclothed under the thermal
blankets, and the manikin‘s uncovered head extended beyond the edge of the blanket. Figure 1
shows ADAM testing the wool Army blanket. Figure 2 shows the electric and radiant heating
blankets, and Figure 3 shows the chemical blanket.

Figure 1. Test of a Wool Army Blanket Using the Thermal Manikin

Figure 2. Electric and Radiant Heating Blankets
During the first part of the test, the steady-state heat loss from the manikin was measured at
constant skin temperatures of 34ºC and 40ºC for each blanket configuration. We found that a
skin temperature of 34ºC was not hot enough for active blanket configurations. When the zone
skin temperature exceeded 34ºC, the heater turned off and there was no longer active control for
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that zone. Therefore, we had to increase to a skin control temperature of 40ºC for the steadystate tests to increase the number of segments with active control.

Figure 3. IR Image of the Chemical Blanket and Photo of the Outer Radiation Shield
Immediately after the steady-state constant skin temperature test, the manikin was controlled
with the physiological model, and the metabolic rate was set at 95 W. The test was run until a
steady-state core temperature was attained. Key outputs of skin and core temperature were
compared for each blanket configuration. The core temperature was defined as a volume
average temperature of the brain. This was useful for a run-to-run comparison, but it should not
be used to define the onset of hypothermia. A different definition of core temperature would
produce a different result. The average skin temperature was defined as an average of 16 skin
temperatures distributed around the body.
RESULTS
The constant skin temperature steady-state results are shown in Figure 4. When wrapped in a
wool blanket, the manikin measured a 205.5 W/m2 heat loss. The test of the electric blanket
resulted in a higher heat loss, and that of the radiant blanket produced a lower heat loss. The
heat loss result for the chemical blanket was significantly lower, at 79.5 W/m2. This finding was
mainly due to the outer radiation shield of the chemical heating blanket system. Tests performed
without having the radiation shield well wrapped and without the radiation shield altogether
USAARL Test with ADAM, Tair=15 C, Tskin = 40 C
yielded higher heat losses.
o

o

300
263.3

Heat Loss from ADAM (W/m2)
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Figure 4. Steady-State Heat Loss with 40°C Skin Temperature
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Controlling the manikin with the physiological model yielded results that were similar to those of
the constant skin temperature tests. Figure 5 shows that the wool blanket produced a manikin
core temperature of 33.9°C. The test of the electric blanket resulted in the lowest core
temperature, and that of the chemical blanket produced the highest core temperature of 35.4°C.
The skin temperatures were consistent with the core temperature results, except for the electric
blanket. In that case, the average skin temperature was warmer than the wool blanket, while the
core temperature was cooler. The chest and leg temperatures were warmer, but there was greater
heat loss and lower skin temperatures on the manikin‘s sides and back. The average skin
temperature calculation was constrained to 16 points and missed these cool spots. The manikin
with physiological model control responded to the environment with higher fidelity and
measured a lower core temperature.
The
blanket
resulted in the warmest skin
USAARL
Testchemical
with ADAM, Tair=15
C, Modeltest
Control
temperatures, although this blanket produced hot spots up to 70ºC on the surface of the blanket.
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Figure 5. Average Skin and Core Temperatures during Physiological Model Control
For the wool, electric, and radiant blanket tests, placing a wool blanket between the manikin and
stretcher significantly reduced heat loss (Figure 6). For the wool blanket case, placing a wool
blanket under the manikin resulted in a 30% reduction in heat loss, to 144.4 W/m2. This was a
better result than those for the regular electric and radiant blankets. The chemical blanket was
not impacted by placing the wool blanket underneath it because it was already well wrapped and
insulated because of the radiation shield. Placing a radiation shield around a wool blanket with
wool underneath resulted in an additional 30% drop in heat loss, from 144.4 to 101.8 W/m2.
CONCLUSIONS
The thermal manikin was successfully used to assess thermal blankets. The chemical blanket
showed the best thermal performance, specifically, the lowest heat loss and the highest skin and
core temperatures. Care providers should not place a chemical heating blanket directly on the
patient‘s skin, however. The electric blanket showed the highest heat loss and coolest core
temperature. Placing a wool blanket between the manikin and the stretcher significantly reduced
heat loss when the wool, electric, and radiant blankets were used. Wrapping a radiation shield
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around a conventional wool blanket and using a wool blanket underneath the patient further
reduced heat loss.
USAARL Test with ADAM, Tair=15oC, Tskin = 40oC
300
263.3

Manikin directly on stretcher
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Manikin on wool blanket on stretcher
205.5

200

150

182.0

144.4
125.5
106.4

100
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Chemical/radiation
shield with double sheet

Figure 6. Impact on Heat Loss of Placing a Wool Blanket under the Manikin
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INTRODUCTION
The Laboratory for Engineered Human Protection (LEHP) has developed prototype garments for
the purpose of improving comfort while protecting warfighters. This paper examines the
difference in thermal resistance to dry heat loss of three LEHP designed garments. The effect of
garment design has been investigated previously (McCullough, et al., 1983). The garment design
was driven by fabric characteristics (stretch versus non-stretch) and therefore resulted in two
designs, one having a closer or tight fit to the body (Design T) and the second having a loose fit
(Design L). One comparison is made between designs T and L, produced from the same stretch
material referred to here as Material A. A second comparison is performed between garments
made from Material A and a non-stretch material (Material B) in same garment design L. Our
goal is to understand effects of fabric characteristics on thermal resistance.
METHODS
Two fabrics were selected for this study, one exhibiting a high degree of stretch (Material A) and
the second a non-stretch fabric (Material B). One-piece ―union suit‖ type garments were
produced from each fabric. Since each fabric exhibited different mechanical properties,
measured using the Kawabata Evaluation System (Kawabata, 1982), particularly extension under
tensile load (EMT), bending rigidity (B), bending hysteresis (2HB), shear rigidity (G), and shear
hysteresis (2HG and 2HG5) (Table I), the garment design was driven by the fabric properties.
The Material A garment (garment 1) resulted in a close, or tight fit to the body (Design T), and
the non-stretch Material B resulted in a loose fit garment (Design L, garment 2). A third garment
was produced from Material A using Design L (garment 3) to investigate the thermal resistance
properties of the same fabric using the loose garment design. (Table II)
Thermal insulation of each garment was determined using a male form thermal manikin having
34 independently heated zones. (‗Newton‖, MTNW, Seattle, WA, USA). All zones were heated
to 35 C. Testing was performed in an environmental chamber set to 23 +0.5 C and 50+5%RH
with a wind speed of .4m/s. (ASTM F 1291 -05). 100% cotton underwear (jockey style briefs
and crew neck T-shirt) and cotton athletic socks were placed under each garment for testing.
Three replicate measurements were made on each garment, undressing and redressing the
manikin between each test. Nude manikin tests were conducted in the same environmental
conditions to determine the insulation of the boundary air layer surrounding the manikin.
The total clothing insulation, IT, was calculated using the parallel method in m2 °C W-1 as
suggested by Virgilio et al. (2008) and Havenith et al. (2005):
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IT

1

,

Eq. (1)

A
H
i
i
A T
sk
,i T
a

where Ta is the air temperature in °C, Tsk,i is the mean skin temperature of segment i of the
manikin in °C, Hi is the local heat flux of segment in W m-2, Ai is the surface area segment i in
m2, and A is the total surface area of the manikin in m2.
Table I Mechanical Properties of Material A and B.

The intrinsic clothing insulation, Icl (m2 °C W-1), is then calculated as the following:

Icl IT

Ia
fcl

Eq. (2)

where fcl is the dimensionless clothing area factor, Ia is the thermal resistance of the air layer on
the surface of the nude manikin in m2 °C W-1 (McCullough 2001).
Various methods have been proposed to be used in determining the clothing area factor. Most of
the methods involve taking high-resolution photographs of the garment (McCullough et al.,
1985) or using a 3D body scanning system (McCullough et al., 2005). An empirical expression
relating fcl and Icl was also proposed by McCullough et al. (1985) as the following:
Eq. (3)
f
1
0
.
3
I
cl
cl
Note that equation (2) and (3) must be solved iteratively to obtain fcl. Although this technique
produces fcl with a relative large error (Al-ajmi et al., 2008), it has been demonstrated that the
impact of an error in fcl on Icl is relatively small (Al-ajmi et al., 2008; Havenith, 2005).
RESULTS
The thermal insulation values of garments are listed above in Table II. Our results indicate that
the measured thermal insulation value for garment 1 is 13% lower than that of garment 2 and the
intrinsic clothing insulation for garment 1 is 20% lower than that of garment 2. This finding is in
agreement with the fact that the loose fit design L garment increases the surface area, thus
increasing the total insulation as well as intrinsic clothing insulation. The increase in surface area
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is also reflected in the clothing area factor in which the fcl value for garment 1 is 5% lower than
for garment 2.
Table II Thermal insulation values of garments in units of (clo) and m2 °C W-1
Garment
Code

Material

1

Ia

Garment
Design

f cl

A

T

2

A

3

B

I cl
2

clo

m °C W

1.23

0.465

L

1.29

L

1.33

-1

IT
2

clo

m °C W

0.072

0.764

0.465

0.072

0.465

0.072

-1

2

clo

m °C W

0.118

1.14

0.177

0.952

0.148

1.31

0.204

1.101

0.171

1.45

0.225

-1

Further examination of the data shows that although garment 2 and 3 were constructed using the
same loose fit design L, the measured thermal insulation values are quite different between the
two garments. The IT value for garment 3 is 10% higher than that of garment 2 and the intrinsic
clothing insulation value for garment 3 is 15% higher than that of garment 2. In addition, the
clothing area factor for garment 3 is 3% higher than that of garment 2.
It is expected that garment 2 and 3 have different measured thermal insulation values since they
are made of two different materials. However, it is not surprising to see the clothing area factor
of garment 2 and 3 differ. One characteristic of material A is that the fabric incorporates easy
stretch with lower bending and shear rigidity as compared to material B. As a result, garment 2
lies closer to the body than garment 1, thus producing a fit that has less surface area than garment
3.
CONCLUSIONS
We have concluded from our results that the thermal resistance of a garment is determined by
both the material from which it is fabricated and the design of the garment. We have found that
by altering the design of the garment, one can alter the thermal resistance and vice versa.
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INTRODUCTION
The assessment of the thermal insulation of clothing is of great significance whenever the study
of human thermal environments is foreseen. Several standards address the measurement
specifications of the thermal resistance by means of a thermal manikin. In most of the standards
and research studies priority has been given to the study and evaluation of the thermal insulation
in a static condition, i. e. with the manikin standing still. The evaluation of the dynamic
insulation has thus deserved less attention, despite of its recent growing interest.
The study of the thermal insulation of clothing in a dynamic condition is a very complex
challenge. The clothing, garments and ensembles, have openings which make possible air
exchanges with the environment. Although this effect is always present, when movement occurs
the heat transfer by convection between the skin surface and the clothing and within the clothing
is significantly increased and the insulation is changed. This phenomenon is usually called
―Pumping Effect‖. In addition, the body posture, the activity level, the air velocity, the
accumulation of sweat, the compression, thickness, the number of layers and the fit of the
clothing may also change the thermal insulation significantly.
However, the determination of these several influences either combined or even separately, is
very difficult, thus being still considered in some actual standards in a very simple way. The
development of thermal manikins capable of assuming different body postures and of simulating
walking movements represents an important contribution in obtaining realistic thermal insulation
values, as they allow a more correct assessment of the heat transfer when the dynamic
phenomena are to be analysed. As a consequence and since the thermal insulation values
obtained in the static standardized posture have indeed a limited relevance, this issue represents
an important area of research within the scientific community, which now deserves the attention
of several research teams. The present work is aimed to perform a comparative analysis between
the results obtained in both static and dynamic conditions for which an original mechanism
capable of simulating realistic walking movements was developed. The measurements were done
with 9 clothing ensembles and the results are presented and discussed for the basic, effective and
total clothing insulations.
METHODS
To calculate the thermal resistances of a given ensemble or garment several expressions and
definitions are proposed in the literature and the clothing insulation can be presented in terms of
the total clothing insulation (IT), the effective clothing insulation (Icle for ensembles and Iclu for
garments) and the intrinsic or basic clothing insulation (Icl for ensembles and Icli for garments)
(ISO 9920 2007). The total clothing insulation, IT, i.e., the insulation from the skin surface to the
environment, including the effect of the increased surface area (fcl) and the resistance at the
surface of the clothed body, the effective clothing insulation, Icle, consisting of the difference
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between IT and Ia, and the intrinsic or basic clothing insulation, Icl, defined as the insulation from
the skin to the clothing surface, are calculated by the equations:

IT

t sk to
;
Q s

I cle IT

Ia ;

I cl

IT

Ia
[m2.ºC/W]
f cl

where t sk [ºC] and Q s [W/m2] are the mean skin temperature and the sensible heat flux obtained
by area weighing, Ia is the thermal insulation of the air layer [m2.ºC/W] and to is the operative
temperature [ºC]. The fcl factor is calculated according to the following expression (McCullough
et al., 1985):
[m2.ºC/W]
f cl 1 1,97 I cl
To calculate the equivalent thermal resistance of the whole body three calculation methods are
actually in use, which are called Global, Serial and Parallel and defined by the following
equations:
f i Tsk,i To
;
f i Q s,i

Global IT
Parallel

1
IT

fi

Q s,i
Tsk,i To

fi

1
IT ,i

; Serial IT

fi
i

Tsk,i To
Q s,i

fi

IT ,i

i

where fi represents the relationship between the surface area of segment i of the manikin, Ai, and
the total surface area of the manikin A (fi=Ai/A). A detailed analysis and interpretation of these
three thermal insulation calculation methods can be found in Oliveira et al. (2008).
To support the present analysis 9 typical ensembles used by Portuguese workers often exposed to
cold environments were tested. The measurements took place in a climate chamber (CC) at the
Laboratory of Industrial Aerodynamics (LAI). The thermal manikin used in this study has 16
independent parts controlled by a computer according to the relation between dry heat losses and
skin temperature of the human body for conditions close to thermal comfort (Madsen, 1976).
RESULTS
In the next paragraphs, the results obtained for the effective (Icle), the basic (Icl) and total (IT)
thermal insulations are presented. The detailed results of the limits of the thermal insulation
values, calculated with the three methods for both postures, are presented in Table 1. For the
static posture and if we restrict our comments to the IT values, the total clothing insulation ranged
between 1.64 and 3.31 clo with the serial method, 1.44 and 2,29 clo with the global method and
1.38 and 2.12 clo with the parallel method. For the dynamic condition, the corresponding values
varied from 1.56 to 3.04 clo, from 1.32 to 1.99 clo and from 1.25 to 1.83 clo, respectively for the
serial, global and parallel methods. As it might be expected, the static posture always leads to
the highest thermal insulation values.
Considering the total thermal insulation (IT), Table 1 shows that the mean value of the relative
differences between the static and dynamic conditions [(static-dynamic) / static] is 5.5% for the
serial method, 9.8% for the global and 10.9% for the parallel method. The corresponding values
for Icl are 5.0, 9.7 and 11.2% and for Icle are 4.8, 7.9 and 9.5%, respectively for the serial, global
and parallel methods. Looking at the results obtained with the global method, the analysis of the
highest and lowest values show that for Icle the maximum and minimum reductions were 13.3
and 3.8%. For Icl the maximum reduction was equal to 14.6% and the minimum was 5.6%. For IT
the decrease in insulation due to the walking movements varied from 13.4 and 7.1%.
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Table 1 Calculation methods: thermal insulation limits, mean relative differences and standard deviations (SD).

Thermal
Method

Serial

Global

Parallel

Insulation
(clo)
IT
Icl
Icle
IT
Icl
Icle
IT
Icl
Icle

Static

static-dynamic
static

Dynamic

1.64 — 3.31
1.02 — 2.88
0.83 — 2.51
1.44 — 2.29
0.79 — 1.78
0.64 — 1.50
1.38 — 2.12
0.73 — 1.59
0.59 — 1.34

Mean ± SD

1.56 — 3.04
0.98 — 2.64
0.81 — 2.32
1.32 — 1.99
0.73 — 1.52
0.60 — 1.30
1.25 — 1.83
0.66 — 1.34
0.54 — 1.14

5.5 ± 3.7
5.0 ± 4.6
4.8 ± 3.9
9.8 ± 2.4
9.7 ± 3.6
7.9 ± 3.9
10.9 ± 3.4
11.2 ± 3.9
9.5 ± 4.2

Range
0.7 — 12.0
0.5 — 13.4
1.2 — 12.3
7.1 — 13.4
5.6 — 14.6
3.8 — 13.3
8.4 — 14.9
7.2 — 17.7
5.5 — 16.3

Based on the present experimental results of IT, Figure 1 shows the linear correlations for each of
the calculation methods which are valid for a walking speed of 45 steps per minute, for an air
speed lower than 0.15 m/s and in the defined thermal insulation ranges.
4.0

IT Dynamic [clo]

3.5

Serial

IT Dynamic = 0,858 x IT + 0,225

r² = 0,95

Global

IT Dynamic = 0,760 x IT + 0,267

r² = 0,97

Parallel

IT Dynamic = 0,738 x IT + 0,270

r² = 0,97

3.0
2.5
2.0
1.5
1.0

1.0

1.5

2.0

2.5
IT [clo]

3.0

3.5

4.0

Figure 1 Relation between static (IT) and dynamic (IT dynamic) insulation values obtained.
From a complementary point of view, the present results were compared to others proposed in
the literature to correct the static clothing insulation values. It should be underlined that
whenever the thermal comfort regulation mode of the body parts of a thermal manikin is used, as
in the present study, all the analysis must be based on the results obtained with the global method.
Thus, in the case of the static IT values, the equations proposed by Nilsson and Holmér (1997),
Holmér et al. (1999) and Nilsson et al. (2000), are compared with the present results showing
that the mean relative error is +8.2% for Nilsson et al. (2000) and -3.8 and -5.9%, respectively
for Nilsson and Holmér (1997) and Holmér et al. (1999).
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Nilsson and Holmér (1997)

ITdinâmico

Holmér et al. (1999)

ITdinâmico

Nilsson et al. (2000),

ITdinâmico

IT
IT
IT

e
e
e

0.335 va 0.214 ws

0.043 0.398 va 0.066 va2 0.378 ws 0.094 ws2

0.15 va 0.22 ws

0.5

Adopting the same approach followed by Havenith and Nilsson (2004), an equation based on a
wider sample was derived, gathering the results from studies similar to the present research,
namely those obtained by Havenith et al. (1990) and Kim and McCullough (2000). The previous
analysis was then repeated in three different steps. Figure 2 shows the present results, namely IT
values calculated with the global method, gathered with the ones obtained by Havenith et al.
(1990) for a walking speed of 0.3 m/s. The correlation based on these results is:
(r2 = 0.96)
ITDynamic 0.871 IT 0.039
If the same present results are gathered with those obtained by Kim e McCullough (2000) the
correlation, also not shown in Figure 2, turns into the next equation:
(r2 = 0.84)
ITDynamic 0.812 IT 0.115
5.0

5,0

Present results (45 steps/min)
Present results (45 steps/min)

ITDynamic = 0,760 x IT + 0,267

4,0

Kim & McCullough, 2000 (90 steps/min)
Havenith et al, 1990 (0,3 m/s; +/- 27 steps/min)
Havenith et al, 1990 (0,9 m/s; +/- 80 steps/min)

2

r = 0,97

4.0

2

r = 0,95

IT Dynamic [clo]

I T Dynamic [clo ]

Kim & McCullough, 2000 (90 steps/min)

ITDynamic = 0,890 x IT - 0,393

Havenith et al, 1990 (0,3 m/s; +/- steps/min)

3,0

ITDynamic = 0,838 x IT + 0,039

r2 = 0,96

2,0

3.0

2.0

1,0

1.0

0,0

0.0

ITDynamic = 0,787 x IT - 0,049
0,0

1,0

2,0
3,0
I T [clo ]

4,0

0.0

5,0

1.0

2.0

3.0

r2 = 0,85
4.0

5.0

IT [clo]

Figure 2 Relation between static (IT) and dynamic (IT
dynamic) clothing insulation values.

Figure 3 Relation between static (IT) and dynamic (IT
dynamic) clothing insulation values.

Finally, Figure 3 shows the correlation based on the whole sample which is:

ITDynamic

0.787 IT 0.049

(r2 = 0.85)

Figure 2 shows that for similar walking speeds, like those considered in the present work and by
Havenith et al. (1990), the correlation obtained is high. On the other hand, when the walking
speed differs significantly (45 steps/min in the present study and 90 steps/min used by Kim and
McCullough 2000), this effect is clearly shown. In addition, the values at higher walking speeds
are more spread, showing that higher uncertainties might be expected. Therefore, whenever
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possible, we should always look for correlations based on experimental conditions similar to the
actual, instead of equations spanning a wider range of conditions. In fact, in this case, a careful
use of the correlations is highly recommended. The same conclusions, not shown here, can be
outlined in the case of the Icl values.
CONCLUSIONS
In the present paper thermal insulation data, obtained both in a static and dynamic condition with
a manikin operating under the thermal comfort regulation mode, were gathered through
measurements with cold protective ensembles. The comparison between the static and dynamic
thermal insulation results has shown that the latter always corresponds to lower values, which
confirms that an effective reduction in the thermal insulation should always be expected in the
presence of any kind of movement. The mean relative differences [(static-dynamic) / static] for
the serial method present the lower values, while the highest correspond to the parallel method.
In addition, it is important to notice that the dynamic tests presents the higher mean relative
differences between the calculation methods. The comparison between the experimental results
obtained in this work and other correlations available in the literature has shown a good
agreement and the prediction that best fits the present results is the one proposed by Nilsson and
Holmér (1997). New equations are proposed to obtain dynamic insulation values from the static
standardized posture, on the basis of the present results but also taking into account other studies.
Finally, it is argued that in order to predict dynamic insulation values, instead of using a wide set
of experimental results, preference should be given to those equations that are as close as
possible to the prevailing conditions, at least as far as the walking speed is concerned.
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INTRODUCTION
Apart from thermal insulation, moisture permeability or evaporative resistance is the most
important factor in determining the thermal comfort of clothing. This is the case not only for
outdoor clothing, but also for quilts, beddings and sleeping bags. This is because, although
people normally don‘t produce sensible perspiration during sleeping, the insensible perspiration
may be accumulated in the sleeping bag over a long period of time, resulting severe discomfort
associated with the dampness and the significant reduction in the thermal insulation of the wet
sleeping bags (Lotens and Havenith 1995, Lotens et al 1995).
Although efforts (Camenzind et al, 2001; Havenith 2004) have been made to evaluate the
moisture permeability or evaporative resistance of the sleeping bags, accurate and reproducible
methods for the direct measurement are still not available. Therefore, in the international
standard (EN 13537) the evaporative resistance is only estimated from the moisture permeability
index of the materials used for constructing the sleeping bags. The accuracy of such estimation is
questionable. In this paper, we report on a supine sweating fabric manikin system for directly
measuring the evaporative resistance of sleeping bags.
METHODS
Figure 1 shows the novel supine sweating fabric manikin under testing. The manikin had a statue
of 1.70 meter, a total surface area of 1.79m2, and a body weight of about 70kg, similar to those of
a medium size male adult. Unlike those copper or plastic thermal manikins, the softness of our
manikin body and its similar weight to a male adult creates a highly realistic compression to the
sleeping bag under tests.
To simulate perspiration, the manikin was covered with a breathable fabric skin made of a three
layer laminated fabric consisting of an outer nylon fabric, an inner polyester lining fabric and an
intermediate PTFE membrane, similar to the breathable fabric used for the standing fabric
manikin-Walter (Fan et al, 2002). The perspiration rate of the manikin was measured in real time
by a siphon system (Wu and Fan 2006).

Figure 1

Supine sweating fabric manikin
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The total thermal insulation of sleeping bag is determined by (Fan and Chen 2002):
As (Ts Ta )
(ºC m2/W)
(1)
Rc
Hd
Where, Rc is the total thermal insulation of sleeping bag in ºC m2/W; As is the total area of
manikin in m2; Ta is the environment temperature in ºC; Ts is the mean skin temperature of
manikin in ºC; Hd is the dry heat loss of the manikin in watts.
The total evaporative resistance of sleeping bag is determined by (Fan and Chen 2002):

Re

As ( pss

pas RHa )
He

Res (Pa m2/W)

(2)

Where, Re is total moisture vapor resistance of the clothing ensemble in square meter Pa m2/W;
is the
pss is the saturated moisture vapor pressure at skin temperature in Pascal (Pa); pas
saturated moisture vapor pressure at environment temperature in Pascal (Pa); RHa is the relative
humidity of the environment in Percentage (%); Res is the moisture vapor resistance of the skin
in Pa m2/W. The moisture permeability index is calculated by:

im

Rc
0.0165 Rt

60.6

Rc
Rt

(3)

Where , im is the moisture permeability index of sleeping bag.
Measurement of total thermal insulation of sleeping bags in non-isothermal condition
To measure the thermal insulation of the sleeping bags, tests were conducted in a climate
chamber with the air temperature of 12 ºC ±0.3, the wind of 0.3±0.1 meter per second and the
relative humidity of 50% ± 3%. The difference between the air and radiant temperature was less
than 0.1 ºC. The wind was uniform and parallel, generated by nine axial fans.
Figure 2 shows the position of the manikin in the chamber. A fabric skin of little vapor
permeability was used when measuring the total thermal insulation of the sleeping bags. The
perspiration rate of the supine manikin in nude under the above described testing condition was
about 16 grams per hour, which simulates the insensible perspiration of a man while sleeping.
The mean skin temperature of the supine manikin was maintained at 35 ºC and the resulting heat
loss was measured. Twenty two temperature sensors were attached on the fabric skin for
measuring the local skin temperatures from which an area weighted mean skin temperature can
be calculated.
Air flow direction

Figure 2
Manikin position
Measurement of total evaporative resistance of sleeping bags in isothermal condition
The total evaporative resistance of the sleeping bags or the nude manikin, tests were measured
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under the isothermal condition (viz. both the air temperature of the climatic chamber and the
mean skin temperature of manikin were set at 35 ºC) so as to prevent condensation taking place
within the sleeping bag under testing. During the testing, the wind velocity and relative humidity
in the chamber were controlled at 0.3±0.1 m/s and of 50% ± 3%, respectively. The wall radiant
temperature was measured to be less than 0.1 ºC from the air temperature.
When testing the evaporative resistance, a highly breathable fabric skin was used to simulate
gaseous perspiration. The perspiration rate of the manikin in nude under the described isothermal
condition was 136 grams per hour. All tests were repeated for four times. Each test lasted over
24 hours. Samples: The specifications of eleven samples tested are listed as Table 1. All samples
were hung in the climate chamber for over 24 hours before testing. The samples were shaken for
1 minute for expansion just before testing.
RESULTS AND DISCUSSION
The test results of total thermal insulation, evaporative resistances and permeability indices are
also listed in Table 1. For total thermal insulation test, the coefficient of variance of each sample
are lower than 3%. For evaporative resistance tests, the coefficients of variance of the tested
samples are less than 5%. The reproducibility is high in comparison with those reported in the
literature (Meinander 2003) and the acceptable levels in ASTM F1720-06 and EN 13537 2002
Table 1 Specifications and test results of sleeping bags
Sample

Filling

Size
(cmxcm)

Weight
(g)

Nude (supine)

Mean Rc
(ºC m2/W)

CV of Rc
(%)

Mean Re
(Pa m2/W)

CV of Re

im

0.13

0.68

46.5

3.29

0.169

(%)

1

Goose Down

210 x 75

599.4

0.37

2.60

137.9

2.46

0.164

2

Goose Down

210 x 75

824.0

0.45

0.77

167.1

2.00

0.162

3

Goose Down

210 x 75

1034.2

0.51

2.27

169.7

5.06

0.181

4

Goose Down

198 x 77

1073.2

0.49

1.38

208.7

5.57

0.142

5

Goose Down

215 x 75

764.8

0.39

1.46

176.7

2.79

0.134

6

Goose Down

215 x 75

825.8

0.42

0.92

203.8

3.63

0.125

7

Polyester

210 x 80

843.2

0.37

1.58

158.7

3.63

0.142

8

Polyester

212 x 80

1462.3

0.49

1.13

191.9

1.18

0.154

9

Polyester

230 x 80

1388.2

0.46

0.95

169.4

4.81

0.166

10

Polyester

215 x 80

1382.6

0.47

1.64

179.6

2.23

0.160

11

Polyester

215 x 75

906.4

0.38

1.53

120.6

1.76

0.192

McCllough (1989) reported that the average im value for indoor clothing is around 0.4 based the
tests of 22 clothing ensembles. Havenith (1999) and ISO 9920 reported that the average im value
of outdoor 1 to 2 layer clothing was around 0.38. However, our results indicate that the im of
sleeping bags tested by the supine sweating thermal manikin are between 0.125 and 0.192. In
supine posture, a large area of manikin skin is directly compressed by the supporting
impermeable wooden ground, so the evaporative resistances of sleeping bags are substantially
higher than those expected from the test results at the standing posture.
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Evaporative resistance verses total thermal insulation of sleeping bags
Figure 3 plots the total evaporative resistance against the total thermal insulation. As can been
seen, the relationship between them is relatively weak (r2=0.3688, P<0.05). Sleeping bags with
similar total thermal insulation can have substantial differences in evaporative resistances. The
evaporative resistance of sleeping bags cannot simply be predicted from the thermal insulation
values, it is essential to directly measure the evaporative resistance by using supine perspiring
manikins.
Relationship between Re and Rc of sleeping bags
0.60

Rc (ºC m2/W)

0.50
0.40
0.30
0.20

y = 0.0012x + 0.234
2

0.10

R = 0.3688
P<0.05

0.00
0.00

Figure 3

100.00
200.00
2
Re (Pa m /W)

300.00

Evaporative resistance (Re) vs total thermal insulation (Rc)

CONCLUSIONS
From the testing of eleven sleeping bags, it can be concluded that the measurement of thermal
insulation and evaporative resistances of sleeping bags using our novel supine sweating manikin
is reproducible. The study further showed that the moisture permeability index of sleeping bags
are between 0.125 and 0.192, much smaller than those of clothing worn at the upright position,
because the impermeable supporting ground creates additional evaporative resistance.
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INTEGRATING AN ACTIVE PHYSIOLOGICAL AND COMFORT
MODEL TO THE NEWTON SWEATING THERMAL MANIKIN
Richard Burke1, Allen Curran2, Mark Hepokoski2
1) Measurement Technology NorthWest, Inc (MTNW), Seattle, WA, USA
2) ThermoAnalytics Inc., (TAI), Calumet, MI, USA
Contact: rick@mtnw-usa.com

INTRODUCTION
Well established methods exist to characterize the thermal and water vapor resistance of
garments using thermal manikins and numerous computational models are currently in use to
predict physiological state and perceived thermal comfort. Recent work has been undertaken to
integrate these manikins and models into a single simulation tool that can generate accurate
physiological response and provide local and global discomfort data in a wide range of
environmental exposures.
This paper presents the method by which a multi-segmental human thermoregulation model was
integrated with a physical thermal manikin. The thermoregulation model had previously been
adapted to calculate tissue temperatures for a human body described by a surface mesh [3]. The
surface-mesh based model is referred to as a ―pure virtual thermal manikin‖ and the integration
of this pure virtual thermal manikin with a physical thermal manikin instrument is referred to as
a ―hybrid thermal manikin.‖
Although the surface mesh used by the pure virtual thermal manikin is well-suited to the
calculation and application of non-uniform boundary conditions (solar loading, radiation,
conduction and convection), the accuracy with which local clothing insulation values, convection
coefficients and contact resistances can be measured/estimated subsequently limits the accuracy
of comfort predictions. A clothed, hybrid thermal manikin placed in situ allows for a more
accurate prediction of human thermal comfort by eliminating the need to provide boundary
conditions to a virtual thermal manikin simulation. Instead, the actual heat loss from the physical
thermal manikin (as its surface temperatures are controlled to be the same as human skin
temperature would be in the same thermal environment) are incorporated into the virtual thermal
manikin calculations.
It is hypothesized that the combination of a rapid thermal response thermal manikin with a
physiological model dynamically compensating for the physical manikin‘s non-human
thermophysical properties will improve control stability and performance.
METHODS
The base elements in this work are drawn from existing commercial products. The Newton
sweating thermal manikin from Measurement Technology Northwest (MTNW) is widely used
for garment and environmental heat loss evaluation. For this study, a manikin segmented into 26
regions, Figure 1, was used.
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Figure 1 – Newton Thermal Manikin
The human thermoregulation model is based on RadTherm, a finite difference thermal analysis
program developed by ThermoAnalytics, Inc. RadTherm resolves steady state and transient heat
transfer solutions including radiation, conduction, and convection, and includes a Thermal
Comfort model based which predicts human thermoregulatory response, thermal sensation, and
thermal comfort for complex and asymmetric environments.
Physiological response is based on the Fiala model [1,2]. Respiratory heat loss is calculated
from air temperature and relative humidity and is then subtracted from the whole-body energy
balance performed by the thermoregulation model. Heat loss due to sweating can be accounted
for in a similar manner, or by passing sweat rates to the physical thermal manikin if it supports
weating capability. Thermal sensation and comfort are calculated from the predicted body core
temperature and measured skin temperatures using the Berkeley Comfort Model [4].
An incremental course of action was developed to integrate, refine, and validate the manikinmodel system. A thermal manikin simulator device was built by MTNW for development
testing, which included 26 independently controlled heaters corresponding to a 26-zone Newton
manikin. By varying the calibration constants and heater voltage of the simulator, the individual
zones could be adjusted to mimic a thermal manikin.
Figure 2 illustrates the intended data flow of the system. The manikin provides the boundary
layer interface to the clothing and environment and generates metabolic heating levels as
requested by the regulation model. ThermDAC manikin control software was customized to
include a dynamic data stream for communication with the external model. Manikin skin
temperature, heat flux, and current sweat rate were output in the data stream, along with ambient
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temperature and relative humidity. RadTherm analysis software was modified to include a
corresponding interface layer for the manikin data stream. A compatibility model was built
within RadTherm to map the 26 Newton manikin zones to corresponding nodes in the Human
Comfort Module.

Configuration
- Region-Node Mapping
- Newton Thermophysical Properties

Environment Thermal Exchange
- Convection
- Conduction
- Radiation
- Sweating Latent Energy
- Garment Effects

User Inputs
- Metabolism
- Respiration volume and frequency
- Simulation time-step

Newton Thermal Manikin

RadThem Simulation Software

ThermDAC Software
Manikin regulation
Graphical displays
Data logging
User interface

Skin Temperature
Ambient Temp and RH

Heat Flux Setpoint
Perspiration Rate

Skin temperature
Surface heat flux

Tissue heat transfer
Circulatory mass transfer
Regional metabolic Qgen
Sweating control functions
Respiratory heat transfer

Core temperature
Local and global comfort

Figure 2 – Manikin-Model Data Stream
Initial work by TAI and MTNW focused on developing a data exchange protocol and optimizing
the compatibility model to achieve stable regulation of the simulator. The sweating coefficients
and respiration heat transfer were set to zero in the model to reduce the complexity of initial
integration. The desired outcome of this preliminary work was to obtain stable convergence of
the hybrid simulator system under model regulation that correlated well with the pure model
results. Although the simulation was not representative of actual human conditions, replicating
the output of a pure model-based system with a combined model-physical system supported the
viability of this method.
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Following successful thermoregulation of the manikin simulator, the resulting model was applied
to the actual 26 zone Newton manikin. This work included characterizing Newton's
thermophysical properties and adapting the simulator-based configuration to the actual manikin.
Preliminary convergence studies were performed in uncontrolled room air conditions, followed
by homogenous controlled environment experiments to determine steady state surface
temperature distributions.
RESULTS
The stability of the system was excellent, producing no oscillation during stabilization or at
steady state. Stabilization of the simulator occurred within 20 minutes, and the full manikin
converged to a final state within 4 hours due to its increased thermal mass. The agreement on
steady state skin temperature between the pure virtual system and the hybrid simulator was
excellent at a metabolic rate of 0.8 met, and fair at 2.0 met.
The hybrid thermal manikin converged with a similar temperature distribution as the pure virtual
scenario and manikin simulator, but all values were offset above the reference scenario. This
mismatch indicates some discrepancy between the experiments, either in the boundary layer
definition for the manikin or environmental parameters of the simulation.
Figure 3 illustrates the steady state temperature distribution of the pure virtual simulation, and
the two physical systems, manikin simulator and thermal manikin, all operating at a 0.8 met heat
generation rate in a 25 degree C environment.
Comparison of Pure Virtual Manikin with Simulator and Hybrid Manikin
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Figure 3 – Steady-state skin temperature distribution for model-only and hybrid devices
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The final temperature of the upper arms is not realistic for both simulation and virtual manikin,
being artificially low in relation to the rest of the body. The Fiala model includes 2 segments
that are not present as isolated zones in the 26-zone manikin: the neck and the shoulders. The
neck was simulated pure-virtually, i.e., only in RadTherm, while the model shoulder nodes were
mapped to the upper arms. Based on the initial results, it is now believed that the shoulders
should be emulated pure-virtually as well and that the upper and lower arms of the manikin both
should be mapped to the physiological model‘s arm segment.
CONCLUSIONS
A project to integrate a physical thermal manikin with a virtual thermoregulatory model has been
initiated and initial proof-of-concept study is completed. The feasibility of controlling a physical
device with a thermoregulatory model has been demonstrated. Ongoing work is planned in the
future, and will include:
- Refine the manikin-model combination for better agreement with pure simulation over a
range of metabolic rates.
- Adjust the manikin-model mapping for the upper arms and shoulders to address the
current artificially low skin temperatures.
- Enable existing perspiration and respiration functions in physiological model and validate
the hybrid thermal manikin system against steady-state human subject tests
- Additional physiological validation work in transient environments
- Apply the existing UC Berkeley comfort algorithms once adequate physiological
response has been achieved.
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INTRODUCTION
Thermal stress becomes larger in the baby than in the adult, when they are exposed in a cold
environment (Belghazi et al., 2005). This is because heat exchange in the baby is larger than in
the adult due to the larger ratio of body surface area to body mass. Heat transfer from the body is
also one of important factors to determine the level of the body heat exchange. Therefore,
distribution of heat transfer coefficient in the adult has been well investigated through
experiments using human subjects and thermal manikins in terms of effects of posture (e.g.,
Nishi and Gagge, 1970) or body shape (e.g., Kuklane et al., 2004). On the other hand, heat
transfer property in the baby has been less discussed experimentally because of ethical matters.
Therefore, in order to assess heat transfer property from the baby‘s body, we have developed a
baby thermal manikin, which can simulate not only its shape but also heat energy production as
same as baby aged in 6 months (Fukazawa et al., 2005). In this study, we aimed to obtain
fundamental data about heat transfer property in the baby to contribute for thermal physiology
and comfort in the baby.
METHODS
Heat transfer from the body surface was investigated employing two types of thermal manikins;
one of which is shaped female adult with height of about 168 cm (hereafter, Adult) and the other
one is shaped baby aged in 6 month with height of 65 cm (hereafter, Baby). The adult thermal
manikin consists of 20 segments with flexible joints, while the baby one consists of 8 segments
with fixed joints. In the study, both the manikins‘ body surfaces were coordinated into 5
locations of head, front and back torso, and upper and lower limb, because there is a difference in
segmented number between the employed Adult and the Baby thermal manikins. Table 1 shows
that each local surface area and its ratio to the whole body.
Table 1 Surface areas of the adult and baby thermal manikins
2
Local body area ratio (%)
Body surface area (m
)
Location
Adult
Baby
Adult
Baby
Whole body
1.459
0.311
100.0
100.0
Head
0.106
0.058
7.3
18.7
Front torso
0.195
0.049
13.4
15.8
Back torso
0.240
0.033
16.4
10.5
Upper limb
0.326
0.056
22.3
18.1
Lower limb
0.592
0.115
40.6
36.9
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The measurement was conducted in a climate chamber, whose condition was regulated at 25.0 ±
0.1 °C and 50.0 ± 0.2 %RH with an air velocity of 0.2 ± 0.1 m·s-1. Wall temperature inside of the
climate chamber was also equal to the environmental one. In order to eliminate radiative heat
transfer between the two manikins, the measurement using each manikin was performed in
different session. A standing posture facing to the stream was employed in the study to compare
the heat transfer due to body size, especially height. During the experiment, surface temperatures
in all the segments were constantly maintained at 34 °C in both the Adult and the Baby. The
temperatures of the surface and environment and given heat energy to the manikin were
continuously recorded in a PC during the whole period of the measurement.
When wall temperature (Tr in K) is equal to the environmental one, released heat flux (q in W·m2
) from the body surface can be expressed the following equations by;

q h(Tsk Te )
h hc hr

(1)
(2)

where
h: overall heat transfer coefficient (W·m-2K-1)
hr: radiative heat transfer coefficient (W·m-2K-1)
hc: convective heat transfer coefficient (W·m-2K-1)
Tsk: surface temperature (K)
Te: environmental temperature (K).
In the present study, Tr and Te were kept at the same level. Thus, h can be simply calculated
through Eq 1 using the obtained data. In addition, according to ASHRAE (1997), hr can be
obtained from Eq 3,

hr

4

Ar Tsk Te
AD
2

3

.

(3)

where
ε: emissivity (-)
σ: Stefan-Boltzmann constant (5.67x10-8 W·m-2K-4)
Ar: effective radiation area in the body (m2)
AD: body surface area (m2)
In order to obtain hr for both the standing thermal manikins, employed ratio of effective radiative
body surface area (Ar/AD) and ε in Eq 3 were 0.87 and 0.95, respectively, which were quoted
from Yang et al‘s paper (2004).
Student‘s t-test is employed for comparison the heat transfer coefficients in the whole body and
in each location between the Baby and the Adult manikins. A significance of 0.10 is used to
establish a statistical difference in the study.
RESULTS AND DISCUSSION
Radiant heat transfer coefficients (hr) in the whole body are 5.23 ± 0.00 W·m-2K-2 for the Adult
and 5.09 ± 0.02 W·m-2K-2 for the Baby. These values are almost the same. According to the
statistical analysis of t-test, a significant difference is, however, seen between the two manikins
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Figure 1 Convective (hc) and over-all heat transfer coefficients (h) in the whole body and
the individual location for the Baby and the Adult manikins. Symbols of ** and † indicate
significant differences of t-test results between the manikins less than significances of
0.01 and 0.10, respectively.

due to quite small standard deviation in each manikin (p < 0.001). The radiant heat transfer
coefficient in each location is almost the same of the whole body.
Convective heat transfer coefficients (hc) of the whole body and the individual location are
shown in Figure 1 (left). The coefficient in the whole body for the Adult shows 3.9 W·m-2K-2,
while that for the Baby indicates 6.2 W·m-2K-2. According to statistical analysis, there is a strong
tendency to be large in hc for the Baby compare to the Adult due to significance less than 0.10 (†
in Figure 1). No differences are observed between the Adult and the Baby in the local hcs of the
front torso and the lower limb. On the other hand, similar results in the h are obtained in the local
hcs of the head, the torso back, and the upper limb with high significancies (p < 0.01, ** in
Figure 1).
Overall heat transfer coefficient in the whole body and in each location, h, can be obtained by
sum of hr and hc as expressed as Eq 2. Therefore, same results of statistical analysis are obtained
in the h of the whole body and of the individual locations as seen in Figure 1 (right).
When the Adult and the Baby manikins can be considered as cylinders, whose diameters are 0.28
m and 0.16 m, respectively. If the thickness of the boundary air layer formed on surface is small
enough compared with the diameter of the manikin, the heat transfer of the whole body can be
discussed using the same relations used for vertical flat plates (Holman, 1997). In that case,
Rayleigh numbers (Ra, dimensionless) become 6.4x104 for the Adult and 2.9x103 for the Baby
using the following Eq.

Ra

g L3 Tsk Te
2

Pr

(4)

where
g: acceleration of gravity (9.8 m·s-2)
β: volume coefficient of expansion (K-1)
L: height of the manikin (m)
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ν: kinematic viscosity of air (m2·s-1)
Pr: Prandtl number of air (dimensionless)
Therefore, the hc of the whole body can be expressed by the relation using Nusselt number (Nu,
dimensionless) and the Ra as:
(5)
Nu 0.59Ra0.25 ,

hc

Nu
L

(6)

where
λ: thermal conductivity of air (W·m-1K-1).
Through the Eq 4, the Ra increases the 3rd power of the manikin‘s height. Therefore, the Nu
increases with the height to the power of 0.75. Accordingly, the convective heat transfer
coefficient becomes large with the height to the power of -0.25. This is the reason why the hc in
the whole body showed a larger value in the Baby compared to the one in the Adult.
In the case of the present study, the hc of the Baby can be estimated to be 1.3 times larger than
that of the Adult, because of their height difference. However, the resulted ratio through the
experiment for the Baby showed 1.6 times larger than for the Adult. This difference between the
theoretical and experimental values would be due to an effect of uneven body shape.
The Adult wore a wig on the head in all the measurements, while the Baby did not. That was the
reason why the hc in the head of the Adult showed remarkably smaller value than that of the
Baby. Accordingly, this result reflected in the h in the head.
No difference was seen in the hc in the front torso between the Adult and the Baby, even though
the thickness of the boundary air layer increases with height. This was because, for the Adult, the
boundary air layer separated from the body surface at the chest because of the breasts.
CONCLUSIONS
The present study showed that difference in the convective heat transfer coefficient between the
Adult and the Baby. The convective heat transfer of the Adult was smaller than that of the Baby.
This difference was mainly due to difference in Ra, because the boundary air layer over the
surface of the manikin becomes thicker with increasing the height.
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INTRODUCTION
Work has been conducted for over 50 years with the aim of estimating the survival time of
individuals accidentally immersed in water. This work has included the mathematical modelling
of responses obtained from laboratory experiments and accidental immersions. The difficulty of
producing an accurate prediction, given the range of environmental conditions and factors that
can influence survival time, is reflected in the statement in a UK Health & Safety Report in 1996
that, ―there is still a need to define a realistic estimate of probable survival times for people
immersed in the North Sea‖ (Robertson & Simpson, 1995).
The US Coast Guard (USCG) Research and Development Centre (R&DC) was tasked by the
USCG Office of Search and Rescue (CG-534) to facilitating new approaches that would improve
the quality of the existing survival prediction capability (Turner et al, 2009). This involved
reviewing the results of laboratory studies and accidents that related to survival in water. A few
relevant studies in this field include those by Molnar (1946), Keatinge (1969), Hayward (1975),
Golden (1976), Nunnely and Wissler (1980), Allan (1983), Lee and Lee (1989) and Oakley and
Pethybridge (1997). The classic study of Molnar (1945) involved plotting a scatter graph of
recorded immersion times of US Navy shipwreck survivors and the respective water
temperatures between April 1942 and 9th April 1945. Molnar drew a curve above the plotted
points. This curve ―represents a limit of tolerance that few men can exceed and many cannot
approach‖.
With regard to current advice for search and rescue organisations, it is accepted that predicting
survival time is not an exact science. To cover themselves, SAR co-ordinators must extend the
search times beyond that which they can ―reasonably expect‖ anyone to survive. As a general
rule it is considered prudent for the recommended search times to be in the region of at least 3-6
times the predicted 50% survival times (Golden & Tipton, 2002). Currently the US Coast Guard
has a survival prediction model in place called the Cold Exposure Survival Model (CESM).
Feedback from the operational users has indicated that there are not enough cases below 15°C in
the CESM data set; the upper prediction times are limited to 36 hours, leaving the controller to
add varying ‗safety margins‘ to the given survival time predictions.
The USCG identified the UK National Immersion Incident Survey (UKNIIS) as the largest cold
water data set worldwide. The survey collects information about the physical attributes of the
immersion victim (e.g. sex), the surrounding conditions (e.g. water temperature) and the rescue
(e.g. the duration of immersion before the rescue of the victim). The Institute of Naval Medicine
are the custodians of the survey and the data were last reported upon in 1997 (Oakley &
Pethybridge, 1997). Since 1997 the UKNIIS has been extended by continuing data collection.
The aim of the current project was to update the UKNIIS and see if could provide a more
definitive prediction of maximum survival time in cold water.
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METHODS
The data (up to 1997; 993 cases) were coded and entered on an Excel spreadsheet. An additional
600 subsequent cases were in paper form and transferred onto the same spreadsheet. The whole
spreadsheet was given a new coding format. The complete UKNIIS was analysed to find firstly,
the most significant factors involved in cold water immersion survivability, and secondly,
develop a model to predict the median survival time in cold water, using the most significant
variables. ‗Median survival time‘ was defined as the time that 50% of people would be expected
to survive.
RESULTS
The five most significant variables for predicting survival time were found to be: age of victim;
clothing of victim at time of accident; whether a personal flotation device (PFD/Lifejacket) was
worn; water temperature; and water area (i.e. inland, coastal, inshore and offshore). The Weibull
exponential distribution was used to develop the survival time predictions. There are thirty one
permutations of the five variables, for this reason thirty one equations were developed. The
single variable equations are:
Water temperature;

t 2.23e0.1099*WaterTemp
Age;

t 20.06e

0.04*Age

Water area;

t 2.44e0*x1

0.56*x2 1.44*x3 0.37*x4

where x1 - x4 are the different categories of water area, listed above
Clothing;

t 54.08e0*x1

0.14*x2 2.78*x3

where x1 = wetsuit, x2 = dry suit, and x3 = other
PFD;

t 3.63e0*x1

2.09*x2

where x1 = no PFD worn, and x2 = PFD worn.
Figure 1 presents the UKNIIS as a scatter plot with those recovered alive and dead identified.
In Figure 2 the longest survival times across the temperature range are joined by a line depicting
the ―upper observed survival time‖.
Figure 3 presents the same plot with the regression line and confidence intervals through the
upper observed survival time and the equation for the upper confidence interval which could be
used as the ―maximum search time‖ (Max search time = 5.7e0.1Temp).
Finally, Figure 4 also includes the Molnar and CESM curves.

324

Proceedings of the 13th International Conference on Environmental Ergonomics, Boston (USA), August 2-7, 2009

Figure 1. A scatter plot of the cases, with the result for each case differentiated.

Figure 2. The same plot as Figure 1, with a line through the highest survival times.

Figure 3. The same plot, with a regression line and upper and lower confidence levels plotted.
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Figure 4. On the same plot, the Molnar and CESM curves have been plotted alongside the
UKNIIS data.
Figure 4 shows that the calculated maximum survival time (5.7e0.1Temp) is higher than any
prediction given before, where survival and consequent search times have been calculated using
the CESM model and/or using curves such as that of Molnar with an added ‗safety margin‘ of a
multiple of the predicted survival time. This maximum search time derived from the present
study (Figures 3 & 4) incorporates this safety margin.
CONCLUSIONS
On the basis of the UKNIIS, an equation has been identified for the prediction of maximum
survival time (5.7e0.1Temp) that appears to embrace the earlier times predicted by both existing
models (CESM) and incident-based survival time with an arbitrarily added ―safety margin‖.
The data obtained from this project will be included in a larger prediction tool being developed
by the USCG (Turner et al, 2009).
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INTRODUCTION
Modern combat operations in a chemically contaminated environment were first experienced
during World War I. Among all combatants on the European Western Front alone from 19151918, chemical weapons such as phosgene, chlorine, and mustard gases accounted for
approximately 1.3 million casualties and 91,000 deaths (1). During the more recent Iran-Iraq
conflict from 1980-1988, Iraq employed the limited use of several types of chemical warfare
agents on both civilian and military targets (2). To protect injured soldiers on a contaminated
battlefield, the U.S. Army has been utilizing a Chemical Protective Patient Wrap (CPPW) since
1986. Several biophysical and physiological evaluations were conducted to assess the added
thermal burden imposed when fully encapsulated in the CPPW in various environmental
conditions. Cadarette, et al (3) found that military test volunteers could not complete a 2 hr
encapsulation in two prototype CPPW at 49˚C/17% RH. In that test, the two CPPW designs
afforded adequate human O2 and CO2 exchange, but resulted in gradually elevated core
temperatures. In a later study, Stephenson, et al (4) found that volunteers could tolerate a full 6
hr encapsulation at 24˚C/20% RH in a new prototype CPPW that used protective textiles with
lower air permeability values. This current study used a thermal manikin and a predictive model
to investigate the biophysical properties and predicted tolerance times of a simulated patient to
encapsulation in a hot, dry environment on three CPPW.
METHODS
A sweating, thermal manikin (TM) was used to quantify the thermal insulation (clo) and
moisture permeability index (im) of the current-issue and two prototype CPPW which
incorporated new protective materials and active ventilation capabilities (Figure 1). The currentissue CPPW has an impermeable bottom material with a laminated, permeable top material. The
two prototypes have a similar construction but with newer laminated and non-laminated top
materials. Prototypes were tested with and without a battery powered fan that provided positivepressure, filtered, ambient air to the interior of the CPPW. TM testing was done in accordance
with applicable ASTM standards with additional testing at two higher wind speeds to provide
necessary model input. TM results were used to derive the evaporative cooling potential (im/clo)
of the CPPW and predict a safe tolerance time (min) using a mathematical model (5). Among
other physiological responses, the model predicts core temperature over time as a function of
metabolic heat production, anthropometry, environmental conditions, and the resistive
characteristics of the protective material layers surrounding the individual. Tolerance time was
based on a body core temperature (Tc) limit of 38.5˚C, representing the point where
approximately 25% heat casualties can occur (6). Tolerance times were predicted for the current
and two prototype CPPW with ventilation on and off when occupied by a patient in midday sun
and complete shade at 48.9˚C and 20% RH.
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Figure 1. Photographs showing the thermal manikin (left), the CPPW ventilation system (right),
and the fully-closed CPPW (center).
RESULTS
Figure 2 shows that both prototypes had a 5% lower average thermal resistance (clo) value than
the current CPPW when tested with a non-operational ventilating fan at 0.5 m∙s-1 wind speed.
This difference increased to an average of 9% when the fan was operating. These differences
were similar when measured at the two higher wind speeds of 1.4, and 2.4 m∙s-1.
Figure 3 shows that the current-issue CPPW and both prototypes, when not actively ventilated
(i.e., fan ―off‖) did not differ greatly in im/clo (range=0.095 to 0.120) when tested at three wind
speeds. However, when the two prototypes were tested with an operational ventilating fan under
the same conditions, im/clo was increased by an average of 24%.
Table 1 summarizes predicted tolerance times based on the Tc limit of 38.5˚C of the three CPPW
in mid-day sun and shaded desert conditions. When placed in mid-day sun, neither of the
prototype CPPW provided any tolerance time advantage over the current-issue CPPW with the
Tc limit reached on average at 66 min. Simply placing the CPPW in full shade increased the
tolerance time across all test configurations to an average of 173 min. Finally, when placing
either prototype CPPW in a shaded desert environment of 48.9˚C and 20% RH, active ventilation
increased tolerance times a further 23%, to an average of 222 min compared to the current-issue
CPPW.
Figure 2. Total thermal resistance (clo) of the current, laminated and non-laminated (fan ―off‖
and ―on‖) prototype CPPW at different wind speeds using a supine thermal manikin.
Figure 3. Evaporative cooling potential (im/clo) of the current, laminated and non-laminated
(fan ―off‖ and ―on‖) prototype CPPW at different wind speeds using a supine thermal manikin.
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Figure 3. Evaporative cooling potential (im/clo) of the current, laminated and non-laminated
(fan ―off‖ and ―on‖) prototype CPPW at different wind speeds using a supine thermal
manikin.
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Table 1. Predicted tolerance time (min) during patient occupation of all CPPW test
configurations in sun and shade conditions at 48.9˚C and 20% RH.
CPPW

Mid-day sun

Complete shade

Current-Issue
No Ventilation Capability

66

178

Prototype, Non-Laminated,
Fan Off

64

177

Prototype, Non-Laminated,
Fan On

68

223

Prototype, Laminated,
Fan Off

62

164

Prototype, Laminated,
Fan On

68

220

CONCLUSIONS
The results from this study show that any of these CPPW, utilizing low-permeability materials
intended to block chemical agent ingression, would impose a high restriction on evaporative
cooling of an encapsulated patient. The im/clo values are comparatively low and suggest that
minimal evaporative exchange with the environment would occur. The use of a positivepressure ventilating fan reduced thermal resistance around the TM, while increasing the sweat
evaporation potential as well as the predicted tolerance time of a simulated battlefield patient in a
shaded desert environment. Combat medical personnel should be trained to place an occupied
CPPW in complete shade whenever possible. Individual CPPW should also be clearly marked
with this instruction as well as a warning of the potential for heat injury if patients are
encapsulated for an extended period of time.
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The opinions or assertions contained herein are the private views of the author(s) and are not to
be construed as official or as reflecting the views of the Army or the Department of Defense.
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.
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INTRODUCTION
The effectiveness of any technique that maybe used to detect differences within or between
individuals on separate occasions is dependant upon its reliability. Repeated heart rate variability
(HRV) measures are performed in clinical settings to predict mortality of patients (Kleiger et al.,
1987) and the general population (Kleiger et al., 1991). In addition, HRV provides an index of
autonomic balance; sympathetic and parasympathetic activity (Akselrod et al., 1981) and can be
used to monitor autonomic activity during exposures to different environmental conditions
(Hughson et al., 1994, Westerlund et al., 2006). For these reasons, the reliability of HRV
measures is important if valid conclusions are to be derived from its use.
Numerous studies have investigated HRV in both healthy and diseased human populations,
(approximately 500-600 published articles a year) (Pinna et al., 2007) but there is a paucity of
data on the reliability of HRV measurement. From the published evidence, several conclusions
have been reached (Pinna et al., 2007): firstly, measures of HRV taken during rest maybe more
reliable than those made during interventions such as tilt or cold pressor testing. Secondly,
healthy subjects provided more reliable HRV data than clinical populations. Consequently,
normative values of HRV measures may depend upon the population tested and postures or
activities being performed during data recording. Studies have performed repeated measures of
HRV on healthy subjects at rest and during cold pressor tests (Jauregui-Renaud et al., 2001), it
was concluded that HRV measurements, although reproducible, have large differences between
and with-in subjects. The author recommended that measures of HRV should not be used as the
sole measure of autonomic response.
The aim of this study was to establish the reliability of HRV as a non-invasive measure of
autonomic nervous function at rest and during light recumbent cycling exercise. It was
hypothesised that measures of HRV would not differ between repeated recordings when at rest
and during moderate recumbent cycling (H0).
METHODS
Following receipt of ethical approval, eight males gave their written informed consent to
participate. Their average (SD) age, height, mass and sum of 8 skinfolds were: 19 (1) years, 1.81
(0.08) m, 83.2 (8.0) kg and 75.2 (18.1) mm. Each participant was familiarised with the
surroundings and equipment used during the study. The study consisted of two test sessions
separated by 96 hours. Ten-minutes prior to the start of the experimental session the participants
were instrumented with ECG electrodes and leads (HME, UK). This phase was followed by four
periods of ten-minutes during which the following postures and exercise work rates were
adopted by participants:
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1. Supine rest with collection of expired air measurements, subjects wore the respiratory
mask for all subsequent measurement periods. (Supine)
2. Paced breathing whilst in a supine posture (Paced),
3. Unloaded recumbent cycling (Unloaded Cycling),
4. Loaded recumbent cycling at 100 Watts (100 W of Cycling).
All conditions were performed in a balanced order on the same day; each condition was
separated by a recovery period during which fc and
recovered to baseline values. During the
paced condition, participants were asked to voluntarily control their respiratory frequency (fR) in
time to an audible signal (SQ50, Seiko, China) (paced breathing at 10 breaths.min-1, 0.17 Hz),
throughout the other conditions they breathed spontaneously.
The participants performed the experimental sessions clothed in shorts, a t-shirt and trainers.
Ambient temperature (Ta; °C) was monitored via wet and dry bulb thermometers and maintained
at 23 .8 (0.7) °C and relative humidity (RH, %) at 38.1 (4.1) % for the experimental sessions.
Data Analysis
During each testing session ambient data were recorded and subjects were instrumented with a 3lead ECG (Lifepulse HME, UK) for analysis of HRV, and an oro-nasal mask for the collection of
expired air measurements (VT, fR,). The gas concentrations and volume were measured using a
gas analyser (Hi-tech Instruments Limited, Bedfordshire, UK), and pneumotach (Hans Rudolph,
US). All of these systems were recorded through a Powerlab data acquisition system (AD
Instruments, Australia). The was calculated from the product of fR and VT, and the
was
computed using , FEO2 and FECO2.
The ECG waveform was analysed using HRV analysis software (KubiosHRV version 2.0,
Biosignal Analysis and Medical Imaging Group, University of Kulpio, Finland) to provide time
(R-R interval and SDNN (standard deviation of N-N intervals) and frequency domain (LF power,
HF power, LF:HF ratio and total power) measures of HRV following the parameters
recommended by The Task Force of the European Society of Cardiology and the North
American Society of Pacing Electrophysiology (1996). The last five minute portion of each ten
minute condition was analysed using Fast Fourier Transforms. The frequency domain HRV
measures were presented in log transformed terms using the natural logarithm (Ln). The log
transformation of the raw HRV values was recommended due to the heteroscadastic nature of the
measurement (Bland and Altman, 1996).
Statistical Analysis
A one-way repeated measures ANOVA was used to investigate between conditions differences
in time and frequency domain measures of HRV. Significant differences were examined posthoc by a Tukey test. Statistical significance was accepted at P<0.05 with data presented as means
(SD). The reliability of the measures was calculated using the technical error of measurement
coefficient of variation calculated at a percentage (TEM CV%) described by Hopkins (2000).
RESULTS
Reliability of Measures of HRV
No significant differences in any of the measures of HRV were observed between the first and
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second experimental days (Table 1). However, the reliability of the measure cannot be
determined from tests of statistical difference. When a reliability statistic (CV) was utilised for
time domain measures of HRV (R-R interval) the CVs between the first and second
measurements were small to moderate (Table 1). This suggests that these measures were
reproducible. In contrast, frequency domain measures of total power, HF (ms2) and LF:HF ratio
show large variations in values between the first and second measurement. Normalising or log
transforming the raw data reduced the CVs (Table 2).
Table 1. Mean (SD) of time and frequency domain measures of HRV and respiratory variables
during supine rest, during paced breathing in a supine position, seated unloaded cycling and 100
W of cycling, n=8
Supine
Day 1
Day 2

Paced
Day 1

Day 2

Unloaded
Day 1
Day 2

Day 1

100 W
Day 2

R-R
870(130)
920(142)
879(85)
953(87)
724(110)
766(173)
503(52)*
509(57)*
interval
(ms)
Total
1717(1292) 1614(1323) 1656(789)
2804(2040) 512(471)
495(484)
18(13)a
30(27)a
power
(ms2)
Ln Total
7.2(0.8)
7.1(0.9)
7.3(0.6)
7.6(0.8)
5.7(1.3)
5.7(1.2)
2.6(0.8)*ab 2.7(1.3)*ab
Power
2
822(581)
133(117)
124(57)
3(2)*
5(4)*
HF (ms ) 814(732) 1077(1048) 975(593)
6.3(0.9)
6.4(1.2)
6.7(0.6)
6.7(0.6)
4.5(1.1)
4.7(0.6)
0.9(0.9)*
1.3(1.0)*
Ln HF
LF:HF
0.8(0.3)
1.1(0.8)
0.6(0.6)
0.5(0.3)
3.8(2.1)*
2.1(1.8)*
2.8(1.2)*
2.8(1.2)*
ratio
Key * Different from Supine P<0.05, a Different to Paced P<0.05, b Different to Paced P<0.05
Table 2. Coefficients of variation (%) for time and frequency domain measures of HRV and
respiratory variables during supine rest, during paced breathing in a supine position, seated
unloaded cycling and 100 W of cycling

R-R interval(ms)
HF (ms2)
Ln HF(ms2)
HF (nu)
Total power
Ln Total Power
LF:HF ratio

Supine Paced Unloaded 100 W
13.5
9.1
12.3
3.6
297.4 87.0
120.4
196.3
32.0
9.2
11.6
17.4
63.1 20.3
62.8
36.6
120.0 62.3
129.0
158.1
11.7
6.6
14.4
16.8
188.3 55.2
107.9
96.2

The Effect of Condition on Measures of HRV
Statistically significant reductions in R-R interval, HF(ms2) and Ln HF were observed between
cycling at 100 W and supine conditions; the values for paced and unloaded cycling conditions
were not different to those seen the supine condition. Whereas the total power (ms2) was found
to be greater during the paced breathing condition in comparison to 100 W of cycling. However,
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significantly larger values of log transformed total power were observed during the supine, paced
and unloaded conditions in comparison to 100 W of cycling exercise. Finally, in both the
unloaded cycling and 100 W of cycling, the LF:HF ratio was significantly larger than during the
supine or during paced breathing conditions.
DISCUSSION
The primary aim of this study was to establish if repeated measurements HRV were reliable at
rest and during moderate recumbent cycling. No significant differences between the two trial
days were observed for any of the measures of HRV (Table 1). Cycling at 100 W resulted in a
withdrawal of parasympathetic activity (indicated by a decline in HF power variables) in
comparison to the supine condition. The paced breathing condition resulted in the greatest
parasympathetic activity (indicated by elevated total power and HF power). This agrees with the
findings of previous studies (Hirsch and Bishop, 1981, Blain et al., 2005).
Statistical tests of difference establish the probability that a change in a measure is not due to
chance. They do not indicate the reliability of the data, for this a measure of reliability is required,
such as the CV. Coefficients of variation for the raw frequency domain measures of total power,
HF (ms2) power and LF:HF ratio were large in all conditions, indicating poor reliability.
However, normalised values reduced the CV, and further reductions in the CVs were found when
the raw data were log transformed, which suggests that log transformed measures of HRV had
moderate reliability. Consequently, HRV should not be used as a single measure for determining
autonomic activity; other methods of monitoring autonomic function should be employed to
confirm the log transformed HRV data. Therefore, this study supports the findings of JaureguiRenaud and colleagues (2001).
The smallest CVs in the present study were found during the paced breathing condition (6.687%) (which also resulted in the greatest level of parasympathetic activity). Similar CV values to
those observed in this study have been previously reported, from 25-139% for time domain and
45-114% for frequency domain measures (Ponikowski et al., 1996, Lord et al., 2001). However,
smaller CVs were found by Sinnerich et al. (1998) when subjects were familiarised with the
study, this increased familiarity with the protocol and allows any learning effects to occur prior
to the measurement phase of the study, thus resulting in more reliable results. In addition, smaller
CVs were also found when R-R interval editing was carried out both automatically and reviewed
manually by a skilled operator. Both of these processes were performed in this study.
During the exercising conditions, the lowest CVs were observed during unloaded cycling, with
CVs of the R-R interval further declining during the 100 W of exercise as parasympathetic
withdrawal occurs (indicated by a reduction in Ln HF), Whereas CV values for frequency
domain measures were larger during 100 w of cycling than during the unloaded cycling
condition. The frequency domain signals during the 100 W of exercise were small in comparison
to the other conditions, therefore small biological variations in either the first or second trial
would have resulted in the larger CVs.
It is concluded that CVs of raw frequency domain measures of HRV have poor reliability during
rest and exercise when recordings are separated by 96 hours. However, log transformation of raw
frequency domain measures of HRV reduces the CVs. Therefore, the hypothesis can be accepted,
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as R-R interval and log transformed frequency domain measures of HRV had moderate
reliability between repeated measurements. However, it is recommended that an additional
measure of autonomic activity should be used to corroborate the findings of the HRV data.
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DETERMINATION OF FOOTWEAR AREA FACTORS
Xiaojiang Xu, Laurie Blanchard, Thomas Endrusick
US Army Research Institute of Environmental Medicine, 42 Kansas St, Natick, MA 01760
Contact person: xiaojiang.xu@us.army.mil
INTRODUCTION
The thermal resistance measured on a thermal manikin is the total resistance which
includes the intrinsic resistance and air layer resistance. The intrinsic resistance is often required
for analysis of heat transfer through clothing and mathematical simulation of thermoregulation in
clothed humans, but is not directly determined through manikin measurement. The intrinsic
resistance can be calculated from the total resistance and the air layer resistance if the area factor
(Fcl) is known. The Fcl is the ratio of clothing surface area to manikin surface area. It can be
measured by the photographic method as is recommended by ISO 9920, or by a 3D scanning
method (2,3). From a heat transfer point of view, the Fcl is inversely proportional to the ratio of
the heat flux on the manikin surface to the heat flux on the clothing surface. Therefore, it may be
possible to estimate the Fcl from the heat flux ratio.
While a clothing database provides information on Fcl for various clothing ensembles (4),
no Fcl information for footwear is available. The purpose of this study was to determine the Fcl
of five footwear systems by the photographic method and to determine whether the Fcl can be
measured from the ratio of heat flux.
METHODS
Heat flux method
In steady state, the heat leaving the manikin foot surface is equal to the heat leaving the footwear
surface, and this can be described by the equation:
where A1 is the manikin surface area in m2, H1 is the heat flux in W/m2 on the manikin surface,
A2 is the footwear surface area and H2 is the heat flux on the footwear surface. This equation can
be further rewritten as:

H1 is measured during the process of the manikin test. Thus, the Fcl can be determined if H2 is
also measured.
Five footwear systems were tested on a thermal foot manikin (Northwest Measurement
Technology, Seattle). The heat fluxes on the footwear surface at seven sites were measured at the
same time for Fcl calculation, as shown in Figure 1. The seven locations were: left and right side
of the foot, 5 cm above ankle; left and right side of foot at top of arch; heel; above toes; and
below toes. The heat flow data were collected using 1" diameter heat flow sensor disks with
integral thermistors manufactured by Concept Engineering (Old Saybrook, CT). Agilent Visual
Engineering Environment (VEE) software (Santa Clara, CA) running on a Windows based PC
provided an interactive graphical programming environment for measurement and analysis.
Measurement hardware included Agilent 34970A Data Acquisition Control Unit and Agilent
34901A Multiplexer. The heat fluxes were sampled and recorded every 10 seconds. The manikin
test procedure was the same as our regular method for measuring the thermal resistance of
footwear (1). The foot manikin surface temperature was maintained at 35°C while climatic
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chamber conditions were set at 15°C, relative humidity of 40% and wind speed of 0.3 m/s. After
the thermal foot manikin was dressed and turned on, it took 1-2 hours to reach steady state. The
manikin measurement data and heat flux data over 30 min steady state period was used to
calculate thermal resistance and the Fcl.

Figure 1. Heat flux sensors and footwear
Photographic method
Details of the photographic method for clothing ensembles are described in the paper by
McCullough et al (3). As the focus of the present study is footwear, the method was slightly
modified. A digital camera was positioned on a tripod at the same horizontal level as the foot
manikin, and the photographs of the foot manikin and footwear were taken from three azimuth
angles of 0°, 45°, and 90°. As shown in the Figure 2, the foot manikin/footwear was rotated from
the front view, to the 45° view, to the profile view when the pictures were taken. After the
photographs were printed on the same type of paper, the projected areas of the clothed and nude
manikin were cut out and then the cut pictures were weighed on an analytical balance (Sartorius,
model ME215). The weight ratio of clothed manikin to nude manikin is considered the Fcl.

Figure 2. Foot manikin/footwear from front view (left), 45° view (middle)
and profile view (right)
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Footwear
Five footwear systems used in the study are listed in the Table 1:
Table 1. Footwear Description
Boot Name
Description
Hot Weather Combat Boot
30 cm high, uninsulated leather boot
Wellco Modular Boot System
Multi-climate footwear system
Belleville Modular Boot System
Multi-climate footwear system
Intermediate Cold Wet Boot
30 cm high, insulated leather boot
Cold-Wet VB Boot
25 cm high, rubber vapor-barrier boot
RESULTS AND DISCUSSION
The area factors determined by the heat flux method and photographic method, as well as
thermal resistances are listed in Table 2. The Fcl-hf are the Fcl determined by the heat flux
method, the Fcl-3 are the Fcl determined by the weight of all three pictures, Fcl-2 are the Fcl
determined by the weight of two pictures (angle 45° and 90°), and the Fcl-1 are the Fcl
determined by the weight of the front picture (angle 0°). R is the thermal resistance in clo.
Table 2. Area factors and thermal resistances
Boot Name
Fcl-hf
Fcl-1
Fcl-2
Hot Weather Combat Boot
1.69
1.62
1.42
Wellco Modular Boot System
1.77
1.86
1.47
Belleville Modular Boot System
1.56
1.85
1.73
Intermediate Cold Wet Boot
2.16
1.87
1.61
Cold-Wet VB Boot
2.43
1.94
1.70

Fcl-3
1.49
1.61
1.77
1.71
1.78

R (clo)
0.88
1.01
1.11
1.35
1.38

In general, area factors increase as the thermal resistances increase. This is consistent
with area factors of clothing ensembles (3). However, the Fcl determined by various methods
differ from each other. The photographic method is a proven method and recommended in ISO
9920. Thus, the Fcl-3 is considered accurate and ranges from 1.49 to 1.78. The photographic
method requires 6 pictures from two horizontal positions for clothing evaluation. However, only
three pictures were taken in this study, as the size of footwear was much smaller in comparison
with clothing ensemble. The Fcl-2 was close to the Fcl-3, but the Fcl-1 was higher than both the
Fcl-3 and Fcl-2. The differences among Fcl-1, Fcl-2 and Fcl-3 indicated that one photograph
appears not enough for determining footwear Fcl, although a previous study demonstrated that
one photograph from the front is adaptive for determining the Fcl of clothing ensembles (3).
Fcl-hf results were significantly higher than Fcl determined by the photographic method.
The HF method was simple and theoretically correct. HF measurement could be integrated into
the existing data acquisition system of the foot manikin. However, the challenge was how to
measure heat fluxes accurately. Differences between heat fluxes at different locations could be as
much as two fold higher. The heat flux results were easily influenced by the environmental
conditions. The heat flux sensor itself has thermal resistance and might affect the accuracy of
measured heat fluxes.
CONCLUSION
The area factors of five footwear systems were determined by the traditional photographic
method and newly developed heat flux method. The heat flux method was simple and

340

Proceedings of the 13th International Conference on Environmental Ergonomics, Boston (USA), August 2-7, 2009

theoretically correct, but requires further work to make it practical.
DISCLAIMER
We thank Mr. Michael Blaha for weighing the cut photographs. Approved for public release;
distribution is unlimited. The opinions or assertions contained herein are the private views of the
author(s) and are not to be construed as official or reflecting the views of the Army or the
Department of Defense. Any citations of commercial organizations and trade names in this report
do not constitute an official Department of the Army endorsement of approval of the products or
services of these organizations.
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INFORMATION TECHNOLOGY FOR PREDICTION OF HUMAN STATE
DURING EXERCISE
I. Yermakova, K. Dukchnovskaya, N.Ivanushkina, N. Nikolaienko
International Centre for Information Technologies and Systems UNESCO,
Technical University “KPI”, Ukraine, Kiev
Contact person: irena.yermakova@gmail.com
INTRODUCTION
The theoretical prediction of human functional state during exercise in the extreme
conditions of environment refers to the actual tasks Information technologies refer to the most
effective methods, that predict behavior of physiological systems .It makes possible to know
consequences and to make necessary preventative actions. Information technologies were
developed on the basement of the mathematical models describing interaction of man with
environment [1]. They allow getting not only qualitative but quantitative estimations of
physiological processes in human organism during exercise. It is possible to model practically
uncountable numbers of the variants and combinations, which characterize human physical
activity, clothing and environment.
METHODS
The information technologies based on the complex of the mathematical models that
describe dynamical variations in the physiological processes of the human organism during
exercise, variations of the environment and clothing. The mathematical description of the
multycompartmental models is the system of differential and algebraic equations that describes
energetic processes in the human organism. The order of the system of equations depends on the
approximation of the human organism that takes place in the model.
Heat balance equation for working skeletal muscles includes heat production, heat transfer
by blood flows and heat conduction between internal organs and skin.

cij mij

dTij
dt

Mij aij -1

ij -1

Tij Tij -1
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ij

Tij 1 - Tij
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Skin blood flow:
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Es
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Sweat evaporation:
Heart rate during exercise:

20 Tb 661 0.1 1.16 M .
Where T – temperature, t – time, c – specific heat, M – exercise, – coefficient of the heat
conduction, – density, m – weight, a –surface, W – blood flow, E – evaporation from skin,
Vb – blood volume, v – ventilation, Wb – cardiac output, S – sensitivity of the center thermal
regulation, r –specific heat evaporation, f – heat rate; indexes: i, j – number of cylinder, b –
f

blood, е – environment, in и ex – inspired and expired air, hy – brain, s – skin, * – initial value.
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Environment

Analysis

Clothing
Prediction

Physical
exercise

Man

Results
processing

Model

Fig.1. Block-scheme of Information technology
for prediction of human state during exercise.
Information technology includes characteristics of environment, clothing, physical activity
and man (fig.1). The model allows imitating different kinds of physical activity power and
duration of exercise. The database of fabrics contains thermal isolation, material thickness,
evaporative resistance and coefficient of the permeability. Environment is presented via
temperature, humidity and air velocity. Technology allows correcting thermal sensitivity of the
central and peripheral nervous systems for the modeling adaptive human properties.
Start
Input: man, environment, clothing
Mathematical description: system of
differential equations
Modeling: solution of differential
equations
Analysis of the results and prediction
of human state
Presentation of results as graphs,
tables and patterns
Finish
Fig.2. The algorithm of the computer experiment.
In fig.2 it is shown the algorithm of the information technology. The technologies are
connected with Web to search for demanding data.
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RESULTS
Information technology allows watching dynamic changes of temperatures, heat flows,
heart rate, heart output, organ blood flows, metabolic rate in skeletal muscles, sweat rate,
dripping and evaporative sweat rate, total water losses and many other physiological values
during exercise.
In fig.3 it is shown fragment of information technology for input of environment and
exercise characteristics for the computer experiment. Man is running: during 30 minutes exercise
power is 500 W, than it decreases to 300 W. Exercise duration is 1.5 hours. Air temperature is
30°C, humidity is 50%, wind speed 0.3 m/sec, man wears tracksuit (shorts and T-shirt).

Fig.3 Form for information technology input initial data.
There are some results of the computer experiment in fig.4: heart rate, blood flow in active
muscles, sweat rate and temperatures. Physical activity as a rule goes with functional boost of
human body temperature that evokes efficient responses of physiological systems
There is the variation of the heart rate from 74 beats/min to 142 beats/min at the first phase
of exercise and lowering to 110 beats/min at the final phase (fig.4a). To get necessary oxygen to
the active muscles heart output increases practically proportionally to the power of physical
exercise. The blood flow in skeletal muscle is equal 150 l/h in the first phase and 90 l/h in the
second phase (fig.4b). The sweat evaporation increases deeply to 520 g/h under the start exercise
(500 W). In the second phase (300 W), it decreases to 300 g/h integrally at the all experiment
water losses are not more than 2% from body weight. It means there is no danger to dehydration
of organism (fig.4c) [3, 4, 5]. The dynamic increase of blood, muscles and skin temperatures are
shown in fig.4d. The temperatures variations depend on power and duration exercise.
Prediction of human state in this experiment allows concluding there are no danger hazards
for human organism. Circulatory and fluid-and-electrolyte systems appeared effective and didn‘t
out of tolerance of human functional reserves. It‘s became available because of conditions for
skin evaporation. In this case air humidity and clothes properties had promoted for the heat

344

Proceedings of the 13th International Conference on Environmental Ergonomics, Boston (USA), August 2-7, 2009

withdrawal through sweat evaporation into environment. Exactly evaporation allowed to take
away surpluses of metabolic heat and to prevent overheating of organism.
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Fig.4. Results of computer experiment under 500 W (from 0÷0.5 hour) and 300 W (from
0.5÷1.5 hour): a - heart rate, b – blood flow in skeletal muscles, c – sweat rate, d - temperatures.
Thus, by means of technology it was possible to estimate quantitatively control responses
of an organism during physical activity. Comparison with experiments in man showed model
validation [4].
CONCLUSIONS
The model allows to predict dynamics of a human functional state during physical activity
in different conditions of environment and wearing various clothing. Modeling maybe useful for
choice of available power and duration of exercise in definite environment and for choice of

345

Proceedings of the 13th International Conference on Environmental Ergonomics, Boston (USA), August 2-7, 2009

comfortable clothing. The model can be used for the analysis extremely dangerous situations and
taking correct decisions.
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PORTABLE PROTECTIVE DOG ENCLOSURE AND ITS THERMAL
EFFECTS ON THE ANIMAL
Berglund, L., Endrusick, T., Yokota, M. and Santee, W.
US Army Research Institute for Environmental Medicine Natick, MA 01760 USA
Contact person: larry.g.berglund@us.army.mil
INTRODUCTION
Working dogs and their handlers may need protection from toxic environments during
transportation, temporary housing and field work. Portable chem-bio protective (CBP) kennel
covers and tents are being designed and becoming available for use. While affording protection
from toxic air, the CBP may cause overheating of the dog due to the added insulation of the CBP
enclosure. The overheating potential was assessed through systematic measurements of the heat
transfer properties of the enclosure and the prediction of their effect on the dog‘s thermophysiological responses by computer modeling.
METHODS
Chemical-biological protective (CBP) enclosure The enclosure (Figure 1) was tested in a
climatic chamber to quantify its heat and vapor transfer properties. The tent shelter was on a
table in the chamber with a dog cage (Vari Kennel) inside to support the cover. A sweating
thermal human manikin head (MTNW) was the heat and moisture source to represent the dog.
Air flow in the chamber was horizontal and temperature and humidity were controlled precisely.

Figure 1. Schematic of protective cover.
The flow of dry heat (Qk_dry) from within the kennel (k) to the surrounding ambient (a)
environment can be expressed as:
Qk_dry = (Tk-Ta)/(Rdk-a)
[W]
1
Where Tk and Ta are the air temperatures inside and outside of the kennel and Rdk-a is the
thermal resistance to dry heat flow from the kennel to the ambient. Similarly the heat (Qk_evap)
transferred by water vapor (p) from inside sources to the outside can be expressed as:
Qk_evap=(Pk-Pa)/(Rpk-a)
[W]
2
where Pk and Pa are the water vapor pressures inside and outside of the kennel cover, and Rpk-a
is the resistance to vapor heat flow from within the kennel to the outside. The dry and vapor heat
are transported mainly by diffusion/mixing mechanisms and thus are relatable through the Lewis
analogy (ASHRAE, 2005). The dimensionless vapor permeability metric (im) of the cover is
calculated as the ratio of dry to vapor heat resistances: imk-a = (Rdk-a)/(LR*(Rpk-a)) where LR
= 2.2 °C/Torr is the Lewis relation. Values of im range from 0 for impermeable materials to 1.
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Dog model Belgian Shepherds and similar working dogs are the focus here. An adult is about
35 kg and about 1.2 m long not including tail. For modeling purposes the Belgian Shepherd is
somewhat like a small human with fur. However their thermoregulatory system, though similar
to the human, relies on panting for evaporative cooling from tongue, nose, throat and respiratory
surfaces rather than eccrine sweating of the skin.
This dog model evolved from Gagge (1986), Kraning (1997) and Yokota (2006) human
thermo-physiological models with added or modified physiological mechanisms for the dog. The
model (Figure 2) represents the animal as two concentric lumped parameter physiological
compartments (core and skin) surrounded by fur. The fur was modeled like clothing and the
kennel cover was modeled as a passive compartment surrounding the dog.
The core generates all the metabolic energy and has a uniform temperature Tc. The core
losses heat to the skin by passive conduction through the tissues and by actively controlling the
flow of warm core blood to the skin for cooling. It also loses heat directly to the immediate
surroundings by respiration which includes panting.
Protective cover
Ta, RH, V

Tk, RHk,Vk
Qdiff
Tsk, Wsk
Qres

Tc, M, Wc

Qdry
Qk_evap
Qk_dry

Figure 2. Schematic of dog model in covered kennel
Physiological control mechanisms
The skin blood flow and shivering controls of the human models are proportional to
deviations in core and skin temperature (Tsk) from their respective set point temperatures (Tcset,
Tskset). These human model controls are used for the dog but their body temperatures in neutral
conditions are about 1.5°C higher than those of the human (Kanno, 1982; Refinetti, 2003). The
computer model allows the user to adjust the set points by adding an increment (dTset) to the
human (TTC = 36.8°C) set points (Tcset = TTC+dTset). dTset is the same for both skin and core.
Panting, which the dog uses in place of sweating, is different from any human heat loss
mechanism. The literature indicates that panting is approximately a three position on-off
respiratory mechanism with two levels of air flow depending on body temperatures (Goldberg,
1981). When panting, the breathing rate increases to the approximate natural elastic frequency of
the respiratory system (Hemingway, 1961; Crawford, 1962; Meyer, 1989). Analysis of literature
data generated the following expressions for panting pulmonary ventilation (PantVent1, 2):
PantVent1= (0.0137∙Wt + 0.4457)∙Wt and PantVent2=1.5∙PantVent1 [L/min]
3
where Wt is dog‘s weight (kg). The dog model‘s panting control inputs are similar to those of the
human model‘s sweat control, adjusted for the dog‘s set-point temperatures, to start, stop, and
adjust panting levels. PantVent1 starts when compartment temperatures exceed the set-points by
0.1°C and goes to the higher panting level when temperatures rise another 0.1°C. The heat loss
by respiration or panting depends on the difference in energy content between exhaled and
inhaled (i) air. Data in the literature indicates that thermal and moisture ventilation
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effectivenesses (EffrT and EffrP) are about 0.82 and 0.84 respectively enabling the exhaled
temperature (Tex) and vapor pressure (Pex) to be estimated.
Tex = Ti + EffrT∙(Tc-Ti) and Pex = Pi + EffrP∙(Ps(Tex)-Pi)
4
If the dog‘s exhaled air was at core temperature and saturated the ventilation effectivenesses for
temperature and moisture would both be 1. Further, the dog‘s higher Tc enhances its respiratory
heat loss potential.
The model quantifies metabolism with the dimensionless met unit (met = actual
metabolism/resting metabolism), where resting or basal metabolism (ASHRAE, 2005) in W is
BasalM = 3.5∙Wt0.75. Walking is in the 2 to 3 met range depending on speed. In the kennel
metabolism is estimated to be in the 1 to 2 met range.
The thermal insulation of the dog‘s fur depends on its thickness (Folk, 1974; Hammel, 1955;
Schmidt-Nielsen, 1979). The model estimates the dry heat resistance of fur in m2∙°C/W as Rdf =
0.155∙3.19/(thick/25.4) where thick is the fur thickness in mm on the back. The energy resistance
to vapor flow through the fur (Rpf ) in m2Torr/W is estimated by the Lewis relation using a
vapor permeability value (ipcl=0.45) common for woven fabrics as Rpf=Rdf/(LR∙ipcl) .
Energy balances on each compartment enable the rate of energy and temperature gain of the
compartment to be determined. The energy balance for the core compartment is:
met∙BasalM/BSA= qres_pant + qkc + qskbf +Wc/BSA∙Cc ∙dTc/dt
5
where qres_pant is the heat loss from normal respiration or panting, qkc is heat loss by
conduction through body tissue to the skin, qskbf is heat loss from core by blood flow to the skin.
The last term is the rate of energy storage in the core where Cc is specific heat (W h/(kg °C)) of
core and BSA is body surface area(Cowgill,1927). BSA = 0.0002268∙Wt0.667∙Lgth in m2 where
Lgth (m) is dog length from nose to beginning of tail. The rate of compartment temperature
changes dTc/dt and dTsk/dt is step-wise integrated over small time steps (Δt) to find the core
(Tc2) and skin temperature (Tsk2) after the time step as Tc2 = Tc1+[dTc/dt]1 Δt and Tsk2 = Tsk1+
[dTsk/dt]1 Δt . By this stepping process the time responses of Tc, Tsk and related physiological
can be rationally predicted. Energy balances on the kennel results in a similar step wise
integration of kennel‘s inside temperature (Tk) and vapor pressure (Pk).
RESULTS
CBP enclosure Heat transfer measurements were made with chamber environments of 20, 25
and 30°C and 50%RH, air speed 0.4 m/s, with the kennel cover‘s ventilation exhaust fan on and
off and the head dry and sweating with a skin temperature of 33°C (Table 1).
Table 1. Average heat transfer properties for the protective cover.
Fan
Rdk-a (°C/W) Rpk-a (Torr/W) imk-a
on
0.1083
0.336
0.2174
off
0.1299
0.272
0.2171
The ventilation air flows measured with the tent door sealed and open were 6.33 and 7.06
L/min or opening the door with the fan running only increases flow by about 12%. These values
and the imk-a values imply that when fan is off or disabled some ventilation will occur.
Simulation
The CBP cover‘s thermal and moisture properties were used with the dog model
to simulate a dog‘s responses to various conditions and activities. Simulated responses of the
dog going through a sequence of intermittent resting and moving about activities outside and
inside the kennel with fan-on and fan-off are displayed in Figures 3 a,b.
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Figure 3a. Transient responses with outside conditions of 25°C, 50 %RH and 0.4 m/s wind.

Figure 3b. Transient responses with outside conditions of 40°C, 50 %RH and 0.4m/s wind.

Figure 4. Simulated quasi steady state responses of resting Belgian shepherd, wind 0.4m/s
Quasi steady Tc responses to constant conditions (Figure 4) indicates reducing humidity from
50 %RH to a dryer (9°C dew point) level and also reducing fur thickness from thick (10mm) to
thin (5mm) can lower Tc, particularly for Ta>35°C. Further activities above resting can
substantially increase Tc for Ta>25°C and shorten safe stay times (Table 2).
CONCLUSIONS
The measured CBP cover properties were used together with a thermo-physiological dog
model to estimate a dog‘s responses to being caged under the protective cover in a variety of
conditions. The simulated responses indicate that with 35°C 50%RH outside conditions, a
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Belgian Shepherd would not experience heat related illnesses if quietly resting in the CBP kennel.
But if restless and moving about in the kennel, a 30°C 50%RH outside condition could cause the
dog‘s core temperature (Tc) to exceed 40.5°C after about 4 hours. Tc>40.5°C is a level where
heat related illness can begin to occur with heat stroke at Tc>=43.4°C (Bynum, 1977). The
model is simple in comparison to the real dog and the results should be used as a guide.
Table 2. Safe Stay Times (SST) for Tc<=40.5°C

dry

humid

Outside environment
Ta
RH
Tdp
20
49
9
25
50
13
30
50
18.5
35
50
23
40
50
27.5
20
49
9
25
36
9
30
27
9
35
20
9
40
16
9

SST (min): Resting - 1 met
outside
fan on
fan off
>720
>720
>720
>720
>720
>720
>720
>720
>720
>720
>720
>720
>720
>720
>720
>720
>720
>720
>720
>720
>720
>720
>720
>720
>720
>720
>720
>720
>720
>720

SST(min): Standing & moving-2 met
outside
fan on
fan off
>720
>720
>720
>720
>720
>720
>720
459
327
384
141
132
95
87
81
>720
>720
>720
>720
>720
>720
>720
>720
>720
>720
393
304
533
175
163
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INTRODUCTION
Heating and refrigerating systems are designed to achieve an appropriate thermal physiological
state of the human body. In order to predict the thermal physiological state of the human body in
an evaluated environment, Zhu et al. 2008 developed a method of coupled analysis of
computational fluid dynamics (CFD), human thermal model (Sakoi et al. 2006), and radiation
such as that measured using the Monte Carlo method (Omori et al. 2004). In addition to Sakoi et
al.‘s human thermal model, there exist many human thermal models (e.g., Stolwijk 1971) that
can be used in similar coupled analyses. Despite the similar models used in the CFD and
radiation analysis, the predicted thermal physiological state differs with the human thermal
model used in the coupled analysis. Moreover, due to the influence of heat transfer among the
body parts by blood flow, the difference among the multi-segmental human thermal models
becomes clear.
The local thermal physiological state is an important factor for thermal comfort in a nonuniform
thermal environment (e.g., Zhang et al. 2004). Despite the differences in the predicted results of
the local thermal physiological state among models, all human thermal models determine the
local thermal physiological state by a common mechanism, i.e., heat balances in the body tissues.
In order to obtain effective results from the coupled analysis of CFD and radiation for all human
thermal models, in this study, we propose a rational method to define the following in a
nonuniform thermal environment: (a) equivalent local air temperatures (Ta.i), (b) equivalent local
vapor pressures (Pa.i), (c) local convective heat transfer coefficients (hc.i), and (d) local latent heat
transfer coefficient (he.i). These parameters can be commonly used as inputs for all human
thermal models. However, since environmental nonuniformity makes it difficult to determine Ta.i
and Pa.i, thus far, it has been difficult to define reasonable values of Ta.i, Pa.i, hc.i, and he.i. This is
a novel study to identify the abovementioned parameters in a nonuniform thermal environment
by CFD; however, it was difficult to determine the values of Ta.i and Pa.i among these.
METHODS
It is possible to obtain local convective and latent heat fluxes by means of CFD when the local
outer surface temperatures (Ts.i) and vapor pressures (Ps.i) are specified for a local part i in an
environment. In order to define Ta.i, Pa.i, hc.i, and he.i of the environment, we carry out various
analyses of the environment using a few combinations of Ts.i and Ps.i. We obtain the local
convective heat flux (Qc.i1) and local evaporative (latent) heat flux (Qe.i1) in one CFD analysis by
using Ts.i1 and Ps.i1 as the boundary conditions of the human body surface. Similarly, we obtain
the values of Qc.i2 and Qe.i2 for Ts.i2 and Ps.i2 in other analyses. The difference between the values
of Ts.i1 and Ts.i2 and those of Qc.i1 and Qc.i2 can be substituted in Eq. (1) to determine the local
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convective heat transfer coefficient (hc.i). Here, hc.i is the difference in the convective heat
transfer rate caused by a 1ºC variation in Ts.i in the environment.
Qc.i1 Qc.i2
hc.i
(1)
Tsk.i1 Tsk.i2
The equivalent local air temperature (Ta.i) can be determined from the obtained values of hc.i,
Qc.i1, Qc.i2, Ts.i1, and Ts.i2 as shown in Eq. (2). For a fixed value for hc.i that can be determined for
the environment, Ta.i is the local air temperature that results in Qc.i1 and Qc.i2 for Ts.i1 and Ts.i2,
respectively.
Tsk.i1 Qc.i2 Tsk.i2 Qc.i1
Qc.i1
Qc.i2
Ta.i
Tsk.i1
Tsk.i2
(2)
Qc.i2 Qc.i1
hc.i
hc.i
Similarly, he.i and Pa.i are defined by Eqs. (3) and (4), respectively. Here, he.i is the difference in
the latent heat transfer rate caused by a difference of 1 kPa in Ps.i in the environment, and Pa.i is
the local vapor pressure that results in Qe.i1 and Qe.i2 for Ps.i1 and Ps.i2, respectively, when the
fixed he.i can be determined for the environment.
Qe.i1 Qe.i2
he.i
(3)
Psk.i1 Psk.i2

Ps.i1 Qe.i2 Ps.i2 Qe.i1
Qe.i1
Qe.i2
Ps.i1
Ps.i2
(4)
Qe.i2 Qe.i1
he.i
he.i
Our concept for calculating Ta.i, Pa.i, hc.i, and he.i is similar to that using an experimental thermal
manikin (Kohri et al. 1995) for calculating the local combined heat transfer coefficients and local
operative temperatures.
For the application of our concept, we estimated Ta.i, Pa.i, hc.i, and he.i in an asymmetric radiant
field from the front and back (Zhu et al. 2008) of a human subject. Fig. 1 shows the field to be
analyzed. We asked a human subject wearing only shorts to get into the sitting posture. Air at 28
ºC and 40% RH flowed into the field from the floor at a uniform velocity of 0.05 m/s. The air
outlet was provided on the upper part of the four walls and the ceiling. Expect for the inlet (floor),
outlet, and radiant panels, the environmental boundary was set to be adiabatic. The temperatures
of the front and back radiant panels were set to 14 ºC and 42 ºC, respectively.
Pa.i

Table 1 Boundary settings of human body surface
No.
1
2
3
4
Tsk.i [°C]
33.3
33.3
33.8
33.8
Psk.i [kPa]
2.046† 3.683
2.046 3.683†
†
2.046 kPa corresponds to 40% RH at 33.3 °C, and
3.683 kPa corresponds to 70% RH at 33.8 °C.

Fig.1 Field to be analyzed

Table 2 Combinations of boundary conditions for
human body for identifying Ta.i, Pa.i, hc.i, and he.i
Descriptions in Combinations of Variables to
Figs. 4–6
―No.‖ in Table 1 be identified
Cases 1 and 2
Tsk 33.3
Pa.i and he.i
Cases 3 and 4
Tsk 33.8
Pa.i and he.i
Cases
1
and
3
Psk 40 RH
Ta.i and hc.i
Cases 2 and 4
Psk 70 RH
Ta.i and hc.i
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Radiation
QR.i= – QC.i – QW.i – QG.i

n

C ji Tj4

QR.i

Ti 4

Ai

j 1

n

Qc.i

QR.i

C ji Tj

4

Ai

Ti

4

j 1

Solid surface temp. Ti (i = 1 ~ n)
No

Yes
Human body?

Qc.i

Ts.i
Qc.i + QR.i

C F D
Ts.i, Ps.i

Pa.j (at the center of the first cell j)
he.j (between body surface and the first cell j)

Human body
of coupled analysis

Tsk.i, Psk.i , Esk.i

Fig. 2 Cells around human body model
For the CFD analysis, we used commercial software (Star-CD) and estimated the heat and mass
fluxes using a low-Re-number k-ε turbulence model (Lien et al. 1996) with the SIMPLE
algorithm and the monotone advection and reconstruction scheme (MARS, a second-order
scheme) (van Leer 1979) for convection terms. For the radiation analysis, we used the Monte
Carlo method incorporating the symmetrization proposed by Omori et al. 2004. Table 1 shows
the boundary conditions for a human body surface. We carried out four analyses corresponding
to the boundary conditions listed in Table 1. In order to consider the effect of the shorts and the
hair on the human body, we added local effective resistances with heat and vapour transfers on
the head, waist, and thighs of the subject.
As shown in Fig. 2, the first three cell layers over the surface of the human body had prismshaped fluid cells, while the rest of the flow field was filled with tetrahedral meshes. In the
analyses, 14,632 triangular surface meshes and 285,199 spatial cells were used. Fig. 3 shows the
flowchart of the coupled analysis. The CFD outputted the convective heat flux (Qc.i) for each
surface and the vapor pressure (Pa.j) at the center of the first cell and the latent heat transfer
coefficients (he.j) between Pa.j and the skin surface. The radiation analysis outputted solid surface
temperatures of the surfaces (except for the human body) to the CFD. Despite our using the fixed
Tsk.i and Psk.i (listed in Table 1) in the current analysis, when Tsk.i, Psk.i, and local latent heat flux
(Esk.i) were analyzed using a human thermal model (results of which are present in the section
RESULTS), we input Qc.i, Pa.j, and he.j obtained from the CFD analysis and the radiative heat
transfer rate (QR.i) obtained from the radiation analysis into the human thermal model. Thereon,
Tsk.i and Psk.i, and Esk.i, Ts.i, and Ps.i were calculated using the human thermal model and
transferred to the CFD. Through these analyses, we obtained steady Qc.i and Qe.i. Table 2 lists
combinations of Tsk.i and Psk.i to identify the objective values (Ta.i, Pa.i, hc.i, and he.i). In order to
separate the influences of the sensible heat transfer and latent heat transfer, we identified Ta.i and
hc.i from the results obtained at the same Psk.i. Further, we also identified Pa.i and he.i from the
results obtained at the same Tsk.i.
RESULTS
Fig. 4 and Fig 5 show the identified Ta.i, Pa.i, hc.i, and he.i. Both the combination of Psk40 RH
(listed in Table 2) and that of Psk70 RH resulted in similar distributions in Ta.i, and hc.i. Similarly,
both the combination of Tsk 33.3 and that of Tsk 33.8 resulted in similar distributions in Pa.i, and
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h c .i (P sk 40RH)
T a .i (P sk 40RH)

30.0
29.0
28.0
27.0
26.0
25.0
h c .i (P sk 70RH) 24.0
T a .i (P sk 70RH) 23.0
22.0

Face
Head
F neck
B neck
R chest
L chest
R back
L back
R abdomen
L abdomen
R pelvis
L pelvis
F R upper arm
F R forearm
B R forearm
R hand
F L upper arm
B L upper arm
F L forearm
B L forearm
L hand
F R thigh
B R thigh
F R leg
B R leg
R foot
F L thigh
B L thigh
F L leg
B L leg
L foot

12.0
10.0
8.0
6.0
4.0
2.0
0.0

Local equivalent
temperature Ta .i [°C]

Local convective heat transfer a
coefficient hc .i [W/m2°C]

he.i. Since there exists a similarity rule between convective heat transfer and latent heat transfer,
hc.i and he.i have similar distributions for the body parts. The distribution of Ta.i was due to the
environmental nonuniformity. Ta.i on the front side of the legs and forearms tended to be lower
than that on the back side. Fig. 6 shows a comparison of the distribution of Tsk.i obtained from the
coupled analysis of CFD radiation analyses and our human thermal model (Sakoi et al. 2006)
with that obtained from the same human thermal model and the identified Ta.i, Pa.i, hc.i, he.i, local
radiative heat transfer coefficients, and local mean radiant temperatures that were determined in
the same manner. Since similar distributions were obtained, we concluded that sufficient
accuracy was achieved for the predicted local physiological states obtained from the identified
Ta.i, Pa.i, hc.i, he.i, and a human thermal model as compared to those calculated by the coupled
analysis of CFD and radiation analyses and the same human thermal model.
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B R upper arm

Fig. 5 Identified Pa.i and he.i

Local equivalent vapor
pressure Pa .i [kPa]

h e .i (T sk 33.8)
P a .i (T sk 33.8)

1.70
1.65
1.60
1.55
1.50
1.45
1.40
1.35
1.30

B R upper arm

h e .i (T sk 33.3)
P a .i (T sk 33.3)

Face
Head
F neck
B neck
R chest
L chest
R back
L back
R abdomen
L abdomen
R pelvis
L pelvis
F R upper arm
F R forearm
B R forearm
R hand
F L upper arm
B L upper arm
F L forearm
B L forearm
L hand
F R thigh
B R thigh
F R leg
B R leg
R foot
F L thigh
B L thigh
F L leg
B L leg
L foot

Local latent heat transfer a
coefficient he .i [W/m2kPa]

Fig. 4 Identified Ta.i and hc.i
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Local convective heat
flux Qc .i [W/m2]

T sk 33.3·P sk 40RH T sk 33.3·P sk 70RH T sk 33.8·P sk 40RH T sk 33.8·P sk 70RH
T sk .i
T sk .i
T sk .i
T sk .i
Q c .i
Q c .i
Q c .i
Q c .i
35
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33.5
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32.5
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0
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B R forearm
R hand
F L upper arm
B L upper arm
F L forearm
B L forearm
L hand
F R thigh
B R thigh
F R leg
B R leg
R foot
F L thigh
B L thigh
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L foot

Local skin temperature
Tsk .i [°C]

Coupled
T sk .i
Q c .i

B R upper arm

Fig. 6 Comparison of Tsk.i and Cc.i between coupled analysis and analysis using Ta.i, Pa.i, hc.i, he.i
CONCLUSIONS
In this study, we proposed a method to define local equivalent air temperature (Ta.i), local
equivalent vapor pressure (Pa.i), local convective heat transfer coefficient (hc.i), and local vapor
transfer coefficient (he.i) by numerical simulation. Our method can be used to rationally
determine these parameters even in a nonuniform thermal environment. Since the obtained
parameters can be used as inputs to many human thermal models, our method has the advantage
that it can analyze the distribution of thermal physiological states of different human thermal
models from limited results of coupled CFD and radiation analyses.
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INTRODUCTION
Estimates of survival time are required to optimize planning and execution of search and
rescue operations and to improve the likelihood of a successful outcome. For accidental
immersion, survival times are often represented in tables or curves as a function of water
temperature, e.g. Molnar survival curve (2). Such one-dimensional representations can be
misleading as tables and plots are often over simplified. Using tables to estimate survival time in
different situations often requires interpolation between discrete values to fit a given set of
conditions. Curves provide a continuous analog representation of survival information, but
require a graphic interpretation. A better alternative is to use a mathematical model of human
thermoregulation. Mathematical models allow input of more specific information relative to a
given incident and thus predict survival times that more accurately reflect the physiological state
of victims. The purpose of this research effort was to develop a Probability of Survival Decision
Aid (PSDA) that predicts survival time for hypothermia and dehydration during prolonged
exposure to a wide range of air and water conditions at sea.
METHOD
Many factors combine to determine the survival time of victims in the water or on the water
surface. The present modeling effort focuses on the contributions of hypothermia and
dehydration to survival. Other risk factors, e.g., cold shock, swim failure, injury, and starvation,
cannot be ascertained without in-situ observers or reports and may be unique to a specific event,
and are thus beyond the scope of the present modeling effort.
PSDA consists of (a) a Six Cylinder Thermoregulatory Model (SCTM), (b) an empirical water
loss equation developed from physiological data, and (c) a windows desktop application that that
manages inputs, runs the model, and displays the outputs (5). SCTM combines first principles of
the biophysics of heat exchange with a realistic approximation of human physiology, and is
applicable to exposure to both air and water immersion under warm and cold conditions. The
empirical water loss model is based on the measured water loss of test volunteers in rafts (1) and
serves as a secondary or supplemental prediction of water loss.
A critical concern in developing a modeling application is the translation of a mathematical
formulation into a useful tool. The design of the desktop application is thus a critical element in
the development of a search and rescue application. Our desktop application allows users to
easily access the PSDA model by selecting or entering inputs for ten basic parameters. These ten
parameters are: air temperature, water temperature, relative humidity, wind speed, gender, height,
weight, percent body fat, immersion state, and clothing type. Real time unit conversions are also
available for all parameters. When anthropometric factors are unknown, pull down menus allow
users to select different descriptive categories such as medium, tall, light and lean etc. Based on
this information, the SCTM calculates the size and layer thickness of each cylinder (6). As the
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desktop application runs SCTM and the empirical dehydration model, it is then updated to
display predictions for the cold functional time (i.e., when core temperature reaches 34°C), cold
survival time (i.e., when the core temperature reaches 30°C), dehydration survival time (i.e.,
when water loss reaches 20% of body weight), and the empirical dehydration survival time.
RESULT AND DISCUSSION
PSDA was validated using historical survival data, reported cases for accidental water
immersions, and limited data for channel swimmers (2-4). For ten immersion victims whose
height and weight are known, the predicted survival time for each victim was either very close to
or greater than the observed survival time. PSDA predicts survival times out to 120 hours. An
experienced diver wore a wetsuit and survived 75 hours of immersion in 16°C water; PSDA
predicted his cold functional time of 72.3 hours and cold survival time of 81.3 hours.
To account for human variability, anthropomorphic data from US Army was used to generate
sample populations of 100 individuals. PSDA was run with these 100 sets of inputs. In 0°C
water, survival times ranged from 1.2 to 3.8 hours, which appeared to be consistent with events
during the Titanic shipwreck, as there were virtually no survivors after ~2 hours. Survival times
ranged from 1.7 to 12.4 hr in 5°C water, from 2.1 to 19.0 hr in10°C water, and from 2.6 to 33 hr
in 15°C water. This demonstrates an advantage of PSDA over commonly used tables or curves
that do not provide information based on individual differences.
The predictive capability of PSDA is limited, however, by the supporting data. To expand the
applications of PSDA, more detailed physiological data from case histories and controlled
studies are needed.
CONCLUSION
PSDA calculates the survival time of a victim in the water or floating in an emergency craft with
reasonable accuracy and can be used for mission planning and organization. The desktop
application provides access to the model, enabling search and rescue personnel to determine
estimates of survival time which assists the search and rescue planning process.
DISCLAIMER
Approved for public release; distribution is unlimited. The opinions or assertions contained
herein are the private views of the author(s) and are not to be construed as official or reflecting
the views of the Army or the Department of Defense.
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INTRODUCTION
Mathematical human thermal models serve important functions, both theoretical and
practical. They allow one to describe complex interactions between basic physiological
functions, such as vasomotor responses to thermal stress and exercise, sweating, and shivering.
They also allow one to evaluate in a rational manner the effect of clothing properties, exercise,
and ambient conditions on human performance.
The purpose of this paper is to describe a model developed recently by the author.
Although It is similar to previously developed models, it differs in several important ways. It
probably resembles most closely the model developed in 1999 by Fiala, et al. (3, 4), in that both
models represent the human form as a set of right-circular cylinders in which physical properties
and temperature vary as functions of radial and angular position and time. Both models take as
their starting points the heat conduction equation proposed by Pennes in 1948 (8). Since
longitudinal conduction of heat is neglected in both models, transport of heat between major
elements is effected only by arterial and venous blood flow. The two models differ in the way
they treat heat conduction in the -direction, which is probably not significant, and in the way
they define physiological functions, which could be significant. The models also differ in the
way clothing and ambient conditions are described.
Human thermal models like those developed by Fiala, et al. and the author are complex
computer programs that typically involve over 4,000 lines of code. While that number is small
compared to the millions of lines of code involved in computer games and Windows, it is still
large enough to permit significant differences between programs. Since various aspects of
human thermal models may interact in ways that are not intuitively obvious, it can be worthwhile
to compare the properties of independently constructed models.
METHODS
Human geometry is represented by the set of 21 right-circular shown in Fig. 1 – two for
the head, three for the torso, and four for each arm and leg. Superimposed on each element is a
two-dimensional (r, ) grid with 15 radial nodes and 12 angular nodes as represented in Fig. 2.
Six additional cylindrical shells external to the body are available to model clothing. An
alternating direction implicit method is used to generate numerical solutions for the transient heat
conduction equation.
Associated with each node are the tissue temperature, density, specific heat, thermal conductivity,
metabolic rate, and blood perfusion rate. Mass and energy balances for arterial and venous
streams are defined for each element. Environmental conditions are specified at each skin node
in terms of the thickness, thermal conductivity and water permeability of the garment covering
clothed areas, and the temperature and heat transfer coefficient of ambient air. This approach
allows one to describe human anatomical and physiological features with reasonable accuracy
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while still computing with good speed. A six-hour real-time simulation requires less than two
minutes on a 1.8 GHz processor.
Figure 2. Twelve angular
positions at which
temperatures are computed.
Not shown some of the15
radial nodes located along
the radius vectors
1
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Figure 1. Twenty-one element human thermal model.
An important difference between this model and other models is that physiological
control functions (for example, control of skin blood flow) are defined in terms of the results of
stand-alone physiological studies, and not simply to achieve good agreement between computed
and measured responses to exercise and thermal stress. For example, one of the more complex
aspects of human thermal regulation is control of skin blood flow, which has been studied
extensively by physiologists for at least 70 years.
A comprehensive review of those studies yielded a control algorithm that defines local
skin blood flow in terms of central blood temperature, local and mean skin temperature, posture,
and intensity of exercise (11). A similar approach was used to define control functions for
sweating and shivering, although, unfortunately, the amount of empirical information available is
not as extensive as for skin blood flow. The perfusion rate of active muscle is defined in terms
of metabolic requirements; vasoconstriction is assumed to occur in resting muscle during
exposure to cold.
A somewhat unique aspect of the model is that assignment of regional subcutaneous fat
thickness is based on NMR data for men and women reported by Hayes, et al. (5), instead of on
thicknesses measured with calipers. Several studies have shown that caliper measurements
typically underestimate the true fat thickness by as much as 50 percent (6). That difference can
be significant when the model is used to analyze human behavior in the cold.
Clothing properties defined individually for the 12 angular sectors on each major element change
as sweat accumulates in the garment. In addition, the models accounts for enhanced heat loss
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owing to condensation within a garment that has a relatively impervious outer shell, when the
ambient temperature is low (12).
A new algorithm has been developed for computing regional heat transfer coefficients
during exercise. That algorithm defines a characteristic velocity for free walking, treadmill
walking, and cycling, and then defines regional velocities (for example, the velocity of the thigh
or upper arm) in terms of the characteristic velocity. Those relationships were derived primarily
from the data of Nishi and Gagge (7) who computed velocities from the rate of sublimation of
naphthalene spheres. Relationships between regional velocities and convective heat transfer
coefficients were based on the manikin studies of deDear, et al. (1), and Qian and Fan (2, 9).
RESULTS
The model has been validated by comparing computed results with experimental data
reported by various investigators. Observations made in the Pierce Foundation chamber at Yale
University are particularly valuable because continuous measurement of subject weight provided
a complete record of the whole-body evaporative cooling rate (10). Shown in Figs.3 and 4 are
esophageal and mean skin temperatures during cycling at 25, 50, and 75 percent of the subjects‘
maximal rate of oxygen consumption. Results for two ambient temperatures, 10 and 30 oC, are
shown. Computed temperatures for 20 oC (not shown) and 30 oC were in good agreement
with measured values. Computed mean skin temperatures for 10 oC were significantly lower
than measured values during the two higher intensities of exercise. An analysis of computed
results indicates that the discrepancy is attributable to strong evaporative cooling driven by
elevated central temperature, even though the skin temperature is low. The fact that computed
and measured rates of whole-body evaporative cooling are comparable suggests that the problem
is excessive cutaneous vasoconstriction, not excessive sweating. However, that is an open
question to be investigated further.
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Figure 3. Measured (●, ■) and computed (○, □) esophageal and mean skin temperatures for a
lightly clothed subject during cycling exercise in 10 oC ambient air. Horizontal bars indicate
periods of exercise.
CONCLUSIONS
Like any human thermal model, the model described in this paper needs to be validated for
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specific applications by comparing computed values with corresponding measured values before
it is used analyze new conditions. Nevertheless, when used properly, our new model can be used
to analyze human response to exercise and thermal stress under various conditions.
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Figure 4. Measured (●, ■) and computed (○, □) esophageal and mean skin temperatures for a
lightly clothed subject during cycling exercise in 30 oC ambient air.
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OF WHOLE BODY TEMPERATURES
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Masashi Kuramae1)
1) Hokkaido University, Sapporo, Japan 2) NTT Facilities, Tokyo, Japan
3) TOTO Ltd., Kitakyushu, Japan
Contact person: yokoyama@eng.hokudai.ac.jp
INTRODUCTION
We have developed a computer program for the numerical analysis of thermal conditions of all
segments and blood circulatory systems in the human body. The advantages of the present
program were larger numbers of blood temperature variables and the controlling outputs of
thermoregulation model expressing local characteristics as compared to the previous models.
The present paper describes a mathematical model of thermal reception and integration
mechanism, which combined with our prediction computer program of whole body temperature,
and two application results of physiological and psychological reaction under the thermal
transients : (1) ramp (27.5→14.5℃) and (2) step (29→17.5→29℃) change of ambient
temperature (in (1) also changing subject‘s clothes). The calculated results agree well with the
experimental results of body temperature and thermal sensation.
PREDICTION SYSTEM OF WHOLE BODY TEMPERATURES
Firstly we presented an anatomical and physiological model expressing local characteristics of
each segment of the human body, which fitted to the average Japanese male subject (Yokoyama,
1993). In the model each segment is concentric cylindrical shape, which consists of internal
multi-layers. For the prediction of body temperatures and heat fluxes in the human body a
solving procedure of heat transfer equation of each segment in the human body is required. For
saving computing time we developed an algorithm for heat transfer equation of each segment in
the human body (Yokoyama et al., 1997).
The algorithm is perfectly adequate for the present concentric cylindrical model for the
segment. Using the present algorithm we showed several examples of calculated body
temperatures and heat fluxes under the assumption that the arterial blood temperature entering to
a segment is known. The present program also included a subroutine of calculation of
thermoregulatory responses (Yokoyama et al., 2000a; 200b). Figure 1 shows the flowchart for
the present computer program (Yokoyama et al., 2007). Figure 2 shows the outline of the present
prediction system.
MATHEMATICAL MODEL OF THERMAL RECEPTION AND INTEGRATION
According to the previous neuroanatomy and neurophysiology including fMRI and PET
research results we introduced a mathematical model of thermal reception and integration
mechanism. Table 1 summarizes the reports concerning evoked activity regions with thermal
stimuli.
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Figure 3 shows a neural network model for thermal sensation vote (TSV). We also introduced a
neural network model for thermal comfort vote (TCV). The weight coefficients between units
were tuned by the error back propagation method (Rumelhart et al., 1986; Chauvin and
Rumelhart, 1995). The teacher‘s data sets were provided from our previous experimental
researches (Yokoyama et al., 2002).
These models were combined with our computer prediction computer program of whole body
temperatures.
Input anatomic data
(1) ANATOMY1
(2) ANATOMY2

Mesh
(3) MESH

Initial and process setting
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Figure 1 Flowchart for the present computer program.
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COMPARISON OF EXPERIMENTAL AND CALCULATED RESULTS
By using a new computer program thermal physiological and psychological responses at
transient state were simulated. The subject was a Japanese healthy male (163cm; 53kg) rested at
Ta 27.5℃ and RH 50% and wore heavy suits. After 20 min the room temperature was cooled
down to 14.5℃ during 30min. The calculated and experimental results of body temperatures are
shown in Figure 4. Figure 5 shows the calculated and experimental results of thermal sensation
votes. In Figure 5. ―+1‖, ―0‖, and ―-3‖ correspond ―slightly warm‖, ―neutral‖ and ―cold‖
sensation, respectively. These calculated results suggested the validity of the present thermal
physiological and psychological prediction based on thermoregulation model expressing local
characteristics of each segment.
The next case is a simulation of the step-wise change of transient state. The subject was an
American health male (190cm; 84.8kg) rested at Ta 29℃ and RH 40% and was exposed cold
environmental condition (Ta17.5℃; RH 35%) during 120min. After then the subjects stayed at
Ta 29℃ and RH 40% (Gagge et al., 1967).
Figure 6 shows the calculated and experimental results of the tympanic and mean skin
temperature. Calculated values of both tympanic and mean skin temperature reproduced
measured values accurately. In Figure 7 the calculated and experimental values of TSV (Thermal
Sensation Vote) are shown. The scores were the same in Figure 5. These calculated results also
suggested the validity of the present thermal and psychological prediction system based on
thermoregulation model expressing local characteristics of each segment and mathematical
model of thermal reception and integration process with neural network.
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INTRODUCTION
The U.S. Coast Guard (USCG) is responsible for maritime search and rescue (SAR) operations
within its area of responsibility. During the five-year period from 2004 to 2008, the U. S. Coast
Guard (USCG) conducted, on average, more than 28,000 Search and Rescue (SAR) cases and
rescued more than 5,300 people annually. These statistics do not include the USCG‘s response to
Hurricane Katrina, in which it rescued 33,544 people alone. Not all cases are successful, and the
USCG Search and Rescue (SAR) Mission Coordinator (SMC) must at some point consider
whether to continue or suspend the search, ―Active Search Suspended Pending Further
Developments‖ (ACTSUS). This decision is a critical juncture for the victim, their families, and
the USCG.
Predictions of the survivor‘s deteriorating physiological condition and future survival time are
essential to the SAR planner during the search. The SMC uses these predictions to optimize the
search resources, and for consideration along with other aspects of the search to make the
ACTSUS decision. The survivors addressed here include victims who are either immersed (e.g.,
treading water) or afloat in emergency craft (e.g., life raft, surf board) on the ocean. The ultimate
goal is to provide improved decision support on the survival aspect of the search and rescue case
picture so that the SMC and senior SAR staff can make informed decisions based upon the best
information available during this critical time.
The USCG Research and Development Center (R&DC) was tasked by the USCG Office of
Search and Rescue (CG-534), with facilitating new approaches that would improve the quality
on the existing survival prediction capability.
METHODS
The R&DC‘s goal was to incorporate the best available guidance tools into a product that
would meet the information needs of operational users. In March 2006 a group of technical
experts from universities and government research laboratories at a two-day workshop to explore
current scientific understanding of human survival in the marine environment. The workshop
discussed the processes affecting survival (hypothermia, heat exposure, fatigue, circadian
rhythms, etc.) and recommended a roadmap for the R&DC. The recommendation of the
workshop was that with current scientific knowledge, the R&DC should pursue a model
framework that factored victim core hypothermia and dehydration. The R&DC tasked the U.S.
Army Research Institute of Environmental Medicine (USARIEM) Biomedical Modeling
Division with adapting an existing physiological model to calculate the influences of
environmental conditions (e.g. temperatures, turbulence) and victim properties (e.g. height,
weight, and clothing) on survival. The USARIEM Probability of Survival Decision Aid (PSDA) 1
simulates the heat and water balances of potential victims. Victim survival is based on the time
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required for the modeled body core temperature or weight loss due to dehydration to reach
critical values (25o C and 20%, respectively). These values are considered to be protective of
human life in that they represent levels that most survivors would not reach.
The two-day workshop also concluded that any improvement in knowledge was impeded by a
general lack of case data involving victim immersion and survival. Familiarization with the UK
National Immersion Incident Survey (UKNIIS)2, which documents the survival of immersed
victims in the UK and recommended that the UKNIIS be further analyzed. The R&DC
contracted the University of Portsmouth, UK to digitize the UKNIIS, which was in paper form,
and to develop an Empirical Survival Model from relationship in the data set. The Empirical
Survival Model3 model employed a statistical approach (based on reliability theory of aging and
longevity) to create an empirical model of victim survival probability, a family of equations
based on the Weibull distribution that estimate victim survival probability with elapsed time as
functions of the victim‘s description, the surrounding water temperature, and other variables. The
curves also provide estimates of survival probability for the general population during the first
hour.
We used the UKNIIS data in combination with USCG case data to develop a maximum survival
time guideline for victims in the water. The R&DC then added data from USCG SAR cases and
the open literature to expand the temperature range of the data available for analysis. The
purpose of the guideline was to provide information on the longest expectation of victim survival
as a function of ambient water temperature. We examined approximately 400 incidents in which
the victim had survived immersion for more than an hour, focusing on a small set of cases with
the longest survival times that spanned a range of water temperatures between 2º C and 29º C.
We found that the longest survival times reasonably fit an exponential function of ambient water
temperature. We developed a functional relationship based on the upper 95% confidence interval
of this relationship to account for the variability seen in the cases. The result, called the
Maximum Observed Immersed [victim] Survival Time (MOIST), is based on all known data for
surviving immersion incident victims, and is functionally equivalent to the classic Molnar curve4,
which has long served as the basis for survival time guidance.
The R&DC‘s final task was to propose requirements and functionality for new a USCG Decision
tool for survival guidance, and conditions for its use. The R&DC developed operational
requirements for the features and functionality of the survival guidance following USCG
guidance. The process incorporated a review of existing USCG operational policies regarding
search suspension followed by interviews of SAR controllers at several district and area
command centers to identify how they interpreted policy and the existing tool in their decisionmaking. The requirements were refined during two additional workshops. The first workshop
involved a review of the products‘ technical suitability for their intended use that involved
external physiology reviewers and USCG operational medicine staff. At the second workshop, a
strawman proposal for the functionality of the new system was presented to USCG operational
watchstanders and SAR Program staff. The R&DC and its technical support contractor, Science
Applications International Corporation (SAIC) then refined final recommendations for guidance
tool requirements and developed a final recommendation for the functionality of the guidance,
which is presently being implemented into an application with a graphical user interface (GUI)
by the Office of Search and Rescue.
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RESULTS
The system recommended by the R&DC uses the USARIEM PSDA model as its central element
to predict long-term survival as a function of victim core body temperature and dehydration. The
University of Portsmouth Empirical Survival Model is factored into the probability of survival at
temperatures below 15 ºC (59 ºF) during the first hour of immersion. The R&DC MOIST is
intended to provide guidance at water temperatures above approximately 15°C (59 ºF) where the
PSDA model may predict that the victim has reached thermal equilibrium with the environment
without reaching either a fatal core temperature (at <120 hours) or a fatal dehydration level (at
<240 hours).
Ease of use and functionality were considered to be important to the success of the system. The
key features that we sought were the ability to input descriptions for multiple victims in a short
period of time to keep the SAR planners‘ focus on the search. Our solution uses the GUI to select
whether (1) individuals, (2) groups, or (3) pre-set mass casualty scenarios are being considered.
From these three group types, the software the software will develop a larger pool of (~ 100)
victims whose features (height, weight, sex) are randomly varied around those in the group
selected. The SAR planner may also select multiple clothing or immersion (e.g. treading water
vs. in a survival raft) scenarios to consider simultaneously. In this case, the initial pool of 100
victims would then be dressed in each of the clothing or immersion scenarios.
A graphical mockup of the GUI in development is show in Figure 1. Its features include the
following:
Times referenced to Greenwich Mean Time (Z).
The time (origin of the graph) referenced to the estimated start time of the incident.
A sliding vertical line or bar representing the present time that may be moved into the
future or past to describe future or past conditions.
An area depicting the time range when the victim‘s condition is deteriorating for each
immersion (e.g. neck, partial, dry) scenario. The deterioration time will start when the
core temperatures of individuals in the group drop to the 34 °C (93 °F) threshold.
A depiction of night and day periods.
Environmental data automatically ingested from the USCG Environmental Data Server
(EDS) as a default option to represent the ambient environment. The parameters will
include SST, air temperature, relative humidity, wind speed, and wave information.
A vertical time bar to prompt the user that next of kin notification may be appropriate.
Summaries of victim group survival probabilities for each clothing and immersion
combination; alternately, the software will provide the user with the option of selecting a
subset of curves to display.
A vertical time bar associated with the MOIST. Reference to this time will state that it
represents the time beyond which the recovery of survivors has not recorded in the past.
CONCLUSIONS
The R&DC Survival of distressed Mariners Project has developed new information and models
that incrementally improve our understanding and the decision process for immersed and
stranded victims. The guidance uses a combination of models and analyses to provide what we
believe are the best available science. These tools are contained in a GUI that is easy to use and
will provide SAR planners with the flexibility to examine multiple scenarios concurrently.
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This system is designed to be compatible with the Coast Guard‘s Search and Rescue Optimal
Planning System (SAROPS). The inclusion of this victim survival module into SAROPS is
expected to improve the USCG‘s success at finding survivors. This guidance is recommended for
incorporation into SAROPS as time and resources permit.
This study raises issues regarding victim survival that remain to be addressed:
The lack of information on the human element in SAR cases, primarily of the
physiological impacts of exposure and the outcomes of SAR cases represented the principal
obstacle to our ability to improve the CG‘s survival guidance tool. We recommend that the
Office of Search and Rescue address the information gaps by implementing processes to
collect victim exposure time and victim outcome, victim medical condition at time of
rescue, with concurrent environmental data. This information should be collected as
circumstances permit, in a manner that does not interfere with care provided by the
responders. This information should be collected and recorded before the victim is delivered
to other responders by the CG. The USCG should also seek to set up agreements and
protocols with other countries for the sharing of case data.
Significant uncertainty exists regarding the conditions that may be used to represent the
set point for maritime death due to hypothermia. Is a setpoint of 25o C too low? Should death
be calculated in a manner similar akin to dosage as a time below a higher core temperature?
Does death occur with Loss of conscious in the maritime survival environment?
Little information exists to support the assumption that death occurs at the 20% loss of
body mass.
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EFFECTS OF PHYSICAL CHARACTERISTICS ON PREDICTED HEAT
CASUALTY RATE
Miyo Yokota and Xiaojiang Xu
U.S. Army Research Institute of Environmental Medicine (USARIEM), Natick, MA, USA
Contact person: Miyo.Yokota@us.army.mil
INTRODUCTION
Human thermal regulatory models have been increasingly utilized to examining and anticipating
physiological responses of deployed Soldiers and workers under various stressful situations. The
benefits of using these computer models include assessment of thermal strains without the risk
and cost, and time of related human experiments. Traditional thermal modeling represents the
average physiological responses for all individuals in a given population (Gagge et al.,
1986;Stolwijk, 1970). However, most populations consist of workers with diverse body sizes
and composition (Bathalon et al., 2004) and consequently the physiological responses of some
individuals within the population may differ from the average responses. The purpose of this
study is to demonstrate how anthropometric variability affects physiological responses of
individuals and ultimately, heat casualty rates using Monte Carlo (MC) method and a
thermoregulatory model. We used a variable dependent (VD) MC approach, which simulates
individual variability with realistic human dimensions (Yokota et al., 2009), and a six-cylinder
thermoregulatory model (SCTM) that provides individual tolerance times in thermal stressful
conditions using a core temperature (Tc) as an indicator of heat strain level (Xu and Werner,
1997).
METHODS
A simulated sample of one hundred subjects was generated based on the VD-MC method
(Yokota et al., 2009). VD-MC was developed from the correlation matrix shown in Table 1 and
mean xˉ and standard deviation (SD) of height (177 ± 7 cm), weight (81 ± 12 kg) and body fat
(BF) (17 ± 6 %) from a U.S. Army male anthropometric database (Bathalon et al., 2004).
Table 1. Correlation coefficient between height (cm), weight (kg) and body fat (%) from 2004
U.S. Army male database
Height Weight Body fat
Height
1
Weight
0.5*
1
Body fat
-0.03
0.7*
1
*statistical difference at p < 0.05
The principal component (PC) analysis was used to classify samples into primary somatic forms.
The analysis provides the best representations of multivariate data in simple dimensions by
transforming linear orthogonal axes (eigenvectors) and maximizing variation (eigenvalues) of the
data (Tatsuoka, 1988). The ellipse that represents data within 25% from the centroid (0,0
coordinate) was classified as the ―medium‖ somatic form. Individuals outside of the ellipse on
PC dimensions are identified with ―extreme individuals‖ and further classified into somatic
forms based on eigenvectors (or multivariate anthropometric patterns).
The anthropometric values (i.e., height, weight, %BF) identified with somatic forms were
applied to the SCTM model. The SCTM models combine the application of the first principles
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of biophysical heat exchange with a realistic approximation of human physiology. It is applicable
to cold, warm/heat, and water immersion conditions (Xu and Werner, 1997). SCTM takes into
account physiological mechanisms, including metabolic heat production, sweating heat loss,
respiratory heat loss, and blood circulation. It is able to predict both core and regional
temperatures, and evaporative water loss through the skin and lungs, which can then be used to
estimate dehydration. SCTM inputs include individual characteristics (i.e., height, weight, %BF)
and metabolic cost, as well as environmental (i.e., air temperature (Ta), relative humidity (RH),
and wind velocity) and clothing (i.e., clothing insulation, moisture permeability index) properties
for each of the six cylinders (Xu and Werner, 1997).
The simulated heat stress conditions were for subjects, wearing battle dress uniform,
walking at 1.34 ms-1 for 400 min while carrying different loads (0, 30kg) in three different
environment (Ta: 25ºC, 30ºC, 35ºC, all at 50%RH). Heat tolerance time (i.e., the time to reach
Tc of 39.5ºC) for different heat stress conditions was estimated. Heat tolerance times were
compared by operational conditions and somatic groups using Analysis of Variance (ANOVA)
(p = 0.05).
RESULTS
Principal component analysis (PCA): Figure 1 displays the PCA result of individuals
simulated by VD-MC. The first PC (X axis) represents 59% of total variability and corresponds
to all positive loadings of variables indicating overall body size. The second PC represents 34%
of the total variation and corresponds with dichotomous loadings between high loadings on
height and % BF and a low loading on weight. Overall, five somatic forms including ―tall-fat
(TF),‖ ―tall-lean (TL),‖ ―short-fat (SF),‖ ―short-lean (SL),‖ and ―medium‖ (MED) were
identified in PCA. Some overlap between extreme and MED groups can be explained with two
reasons: 1) the anthropometric values are similar between extreme and MED groups; or 2) 7% of
total variability, which was not included in this two-dimensional PC graph (Figure 1), may
distort the locations of some individuals.
Thermal modeling and heat tolerance time: The descriptive summary of anthropometric
variables in each somatic group identified in PCA is displayed in Table 2. Simulations of 400
min exposures to heat stress were run and the predicted heat tolerance times (Tc <39.5ºC) were
compared by environmental, operational conditions and somatic forms. Figure 2 indicates the
distribution of heat tolerance times by different Ta (25, 30, 35ºC) and load carriage (0, 30kg).
Heat tolerance times of individuals in 25 ºC without load carriage were 400 min for all somatic
forms. Overall, xˉ and SD of tolerance time were reduced when heat stress (i.e., Ta, load
carriage) was increased (p < 0.05). For instance, xˉ (± SD) tolerance times in 30 and 35 ºC
without load carriage were 270 (± 89) min and 108 (± 12) min, respectively. xˉ (± SD) tolerance
times in 30 and 35 ºC with 30kg load carriage reduced to 81 (± 5) min and 62 (± 3) min,
respectively.
Figure 3 displays an example of differences in heat tolerance time between somatic forms
in different load carriage when Ta is controlled (i.e., 30ºC/0 kg, 30ºC/30 kg) (p < 0.05). Lean
groups (i.e., SL, TL) could be active longer than fat individuals (SF, TF) without load carriage.
Conversely, individuals with heavy body weight (i.e., TF, TL, SF) could work longer than SL
individuals when they were carrying heavy loads and working in the heat (p < 0.05).
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Figure 1. Principal component analysis of individuals simulated by variable independent Monte
Carlo simulation. It represents 93% of total variability. TF: tall-fat; TL: tall-lean; SF: short-fat:
SL: short-lean; MED: medium. The dotted ellipse represents 25% of the sample (n=100) from
the centroid (0,0). The dotted axes separate extreme somatic forms.
Table 2. Descriptive summary of anthropometric variables by extreme somatic forms
Somatic group
short-fat
short-lean
tall-fat
tall-lean
medium

2

2

Height (cm) Weight (kg) Body Fat (%) BMI (kg/m ) BSA (m )
168.6 ± 2.7 79.2 ± 8.2
22 ± 3
28 ± 2
1.89 ± 0.10
171.9 ± 3.6 64.8 ± 8.3
11 ± 4
22 ± 3
1.77 ± 0.09
180.9 ± 5.2 94.8 ± 6.1
22 ± 3
29 ± 2
2.13 ± 0.09
182.7 ± 3.9 79.5 ± 7.6
13 ± 4
23 ± 3
2.00 ± 0.08
175.4 ± 3.3 79.0 ± 4.2
17 ± 2
26 ± 2
1.94 ± 0.06

BMI: body mass index; BSA: body surface area; Mean ± Standard deviation
DISCUSSION
Our simulation results showed that the risk of becoming heat casualty was dependent on not only
operational and environmental heat stress but also individual body size and composition. The
model simulations indicated that xˉ and individual variability of heat tolerance time were reduced
when Ta and load carriage were increased. Individuals simulated using VD-MC and PCA were
classified into five somatic forms (i.e., TF, TL, SF, SL, MED). Predicted results showed that fat
groups, whose Tc were higher than lean groups, were more vulnerable to heat stress when Ta is a
primarily heat stress factor. This appears to be consistent with observation that body mass index
(BMI) is related to an increase rate of exertional heat illness during military basic training
(Gardner et al., 1996;Wallace et al., 2006), as BMI of fat individuals were higher than lean
individuals. Lean individuals, having low %BF and higher body surface area (BSA) per mass,
can dissipate heat more readily than fat individuals because of lower passive thermal resistance
between the core and skin.
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Figure 2. The box plot summary of predicted heat tolerance time by different air temperature
(25, 30, 35ºC) and load carriage (0, 30 kg).
272min
MED

244 min

SF

30C/0kg

SL

367 min (mean)

181 min

TF

312 min

TL

82 min
MED

80 min
SF

30C/30kg

74 min

SL

84 min
TF

83 min

TL
0

100

200
300
heat tolerance time (min)

400

Figure 3. The comparison of predicted heat tolerance time between different somatic forms (SF:
short-fat; SL: short-lean, TF: tall-fat, TL: tall-lean, MED: Medium) by two conditions (30ºC/0 kg,
30ºC/30 kg). The number adjacent to each box plot indicates the mean tolerance time.
In addition, the model Tc predictions are partially associated with metabolic heat production per
BSA (w/m2). For a given environmental and exercise condition without any load carriage, lean
individuals, producing less w/m2, could lower their Tc than fat individuals.
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In contrast, when heat strain is triggered by higher Ta and heavier loads, individual with
heavy body weight could be active longer than individuals with light body weight. Carrying
heavy loads during exercise increased the physiological strain on individuals with light body
weight by producing more w/m2 than those with heavy body weight. For instance, w/m2 of
subjects, carrying 40kg load and walking at 1.34 ms-1 are 191 w/m2 for a short-lean individual
(height: 171 cm; weight: 64 kg; BSA: 1.75 m2) and 178 w/m2 for tall-fat individual (height: 190
cm; weight: 104 kg, BSA: 2.32 m2), respectively.
As the current version of SCTM does not identify individual differences in physiological
responses to heat stress (e.g., vasodilation and sweating), the predicted differences were mainly
due to differences in somatic form. The approach used in this study allows us to identify, based
on somatic form, who is or is not susceptible to thermal stress in certain environmental and
activity conditions, ultimately assisting the reduction and prevention of thermal related injuries,
illness and performance decrement. It is also useful for developing survival guideline and
strategic planning for search and rescue operations in extreme environment (e.g., sea, mountain).
Finally, the method is applicable to both military and civilian occupational populations (e.g.,
firefighters, coal miners) at the risk of exposure to environmental extremes.
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INTRODUCTION
There are a few simulation programs known for the thermoregulation of humans. Bussmann [1]
has shown that the thermoregulation of preterm newborns cared in incubators can be simulated in
a relatively simple model. This model uses a three compartment model (head, core and
periphery) including the variation of the metabolism and blood flow depending on the
temperature difference between set and afferent body temperature; however there is no validation
known (Fig. 1).
Xu [2] has developed an 8-cylinder model for adults in which each compartment can be exposed
to different ambient conditions. Simulation models of newborns are known from Dane [3] and
Ultmann [4], however both models have not been validated. Fiala [5] developed a
multisegmental, multi-layered representation of the human body with spatial subdivisions which
includes a detailed representation of the anatomic, thermophysical and thermophysiological
properties of the human body; however it can be shown that general functions of the
thermoregulation can be described also with very simple models and the results can be produced
very fast online. This allows using such programs simultaneously for prognosis of the
temperature profile.
METHODS
The three compartment model of Bussmann [1], which was primarily developed for newborn
babies, was used. Additionally the insulation of the body by blankets (patients) or by clothing
(fire fighters) was included. Furthermore the thickness of fat within the tissue was implemented
which has an enormous impact on the insulation. The heat loss by evaporation (insensible water
loss and sweat) has also been included in the thermo model of the fabric. During anaesthesia, the
patient's blood flow between periphery and core increases and the metabolic rate decreases due
to the applied anesthesiological drugs. On the other hand, fire fighters work very hard and
increase their muscular heat production to a very high level. This has been implemented in the
thermoregulation model.
a) For the validation of the patient model the rectal temperature of 40 patients was measured [6]
and compared to the simulated core temperature. Additionally peripheral temperature was
measured on the lower leg of the patient and compared with the simulated temperature of the
peripheral compartment. The measurement started in the ward and continued during surgery until
the patient was transferred back to the recovery room. 20 patients were cared by actively warmed
blankets (forced air devices) and 20 patients were kept warm by insulation blankets.
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Fig.1: Block model of the thermoregulation with three compartments (head, core and periphery)
and the blood flow (BF) between the compartments, which is controlled by the set and afferent
body temperature. The metabolism can vary between minimum (Pmeta) and maximum (Max),
also controlled by the set and afferent body temperature.
b) For the validation of the fire fighter model the rectal temperature of 20 subjects was measured
[7]. To stabilize the temperatures and provide baseline recordings of rectal, nasopharyngeal, and
skin temperatures as well as heart rates, the subjects first rested, seated, at a room temperature of
24.3 ± 0.7°C and relative humidity of 25.7 ± 6.1% outside the climatic chamber for 30 min. The
subjects were then moved to the climatic chamber where they performed a work/rest schedule.
The total experimental time at 25°C was 145 min, (other results at 10°C and at 40°C are not
shown here). Thermal (rectal, skin temperatures) and cardiovascular recordings were collected
continuously before, during, and after the different experimental setups from 25% to 55%
maximal intensity work load at different environmental temperatures. Other parameters such as
oxygen uptake, body weight loss, sweat accumulation in the different clothing layers, and fluid
intake were taken into consideration in establishing the physical status of the test subject during
the experiments and for safety reasons. However, in view of the limited space available, these
data will not be reported in the present paper.
To compare simulated and actual temperature measurements, Bland-Altman analysis was used.
RESULTS
a) Overall more than 277 measurement pairs were obtained (every 5 min) in the clinical study.
Limits of agreement < ± 0.5 °C were defined a priori as clinically acceptable. The limits of
agreement between core temperature and simulated temperature were ± 0.56 °C (Fig. 3) for all
patients. The limits of agreement of the study group treated with forced air were within 0.5°C (0.47°C to 0.67°C). The limits of agreement of the study group treated with warm blankets were
slightly above 0.5°C (-0.61 °C to 0.67 °C). Still, 99.54% of the results from the forced air group
and 96.48% of the results from the warm blanket group were within the limits of ±0.5 °C.
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Fig. 2: Example of the measurements of a patient with the real (lines) and simulated (dotted
lines) core (above lines) and peripheral temperatures (bottom lines). The body temperatures drop
during surgery and are kept stable during first recovery

Fig. 3: Bland Altman plot of all 40 patients kept warm by blankets or a forced air devices with a
mean of 0.04°C (dotted line in the middle) and a standard deviation of 0.28°C. The correlation
within the Bland Altman plot is r= 0.09. The limits of agreement (+ 2 SD/ - 2 SD) are plotted as
dotted lines.
b) Overall more than 186 measurement pairs were obtained (every 5 min). The limits of
agreement of the fire fighter study (Fig. 5) were -0.58°C to 0.61°C. Still, 93.86 % of the results
were within the limits of ±0.5 °C. Another important criterion was whether the temperature
differences between the two procedures in the Bland-Altman diagram [6] correlate: which they
should not do. The correlation results in a value of r=-0.19, bias of measurements did not appear
to change systematically with the mean core temperature.
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Fig. 4: Diagram with the real and simulated core and peripheral temperature (mean of all 20
subjects). The body temperatures rises during 3 times load periods and decreases during resting
periods

Fig. 5: Bland Altman plot of 20 subjects (fire fighters) with a mean of 0.01 °C (line in the
middle) and a standard deviation of 0.30 °C. The correlation within the Bland Altman plot is r=
0.20. The limits of agreement (+ 2 SD: 0.61/ - 2 SD: -0.58) are plotted as dotted lines.

The fire fighters were also tested at ambient temperatures of 10°C and 40 °C. The validation
between real and simulated core temperature had a standard deviation of SD=0.21 °C at 10 °C
and SD=0.30 °C at 40 °C.
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It is interesting that comparison between different core temperature measurements [8, 9] results
in a standard deviation between 0.34 and 0.41 °C. Better accuracy can not really be expected by
a simulation model.
CONCLUSIONS
The software was able to simulate patient's body temperature satisfyingly accurate. The software
can be used to pre-calculate body temperatures of patients before surgery and sensitize
anesthesiologists for upcoming problems regarding hypothermia.
The software was able to simulate a fire fighter‘s body temperature satisfyingly accurate. The
software can be used to pre-calculate body temperature of fire fighters before their mission and
can also be used to optimize the equipment including clothing.
It was shown that general functions of the thermoregulation can be described with very simple
three compartment models and the results can be produced immediately online. This allows the
use of such programs perioperatively or during a firefighter`s mission for the prognosis of the
temperature profile.
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Introduction. Heat flow transducers (HFTs) are small sensors typically used on humans to
measure dry heat loss from the skin or from clothing. The validity of this instrument to estimate
dry heat loss has been demonstrated (1, 2). However, the sensitivity of the instrument to measure
evaporative heat loss during cold wet exposures has not been investigated. To which extend the
instrument can estimate accurately the total skin heat loss (from dry and wet origin) during cold
wet exposures is not known. The objective of the present study was to validate the use of HFTs
for the estimation of the total skin heat loss from clothed subjects exposed to cold wet conditions
with the direct calorimetric method. It was hypothesised that the evaporative component of the
total skin heat loss will be underestimated when compared to the total skin heat loss as measured
from the direct calorimetric technique.
Methods. Ten subjects (5 males, 5 females; age: 27 ± 6 years; height: 171.9 ± 6.2 cm; weight:
74.2 ± 9.8 kg; surface area: 1.87 ± 0.14 m2; body fat: 25 ± 9%) participated in the study. All
subjects were informed of the details of the protocol, signed a volunteer consent form and
participated in a familiarization session before their participation. The experimental protocol
was approved by the Human Research Ethic Committee at the University of Ottawa.
The Snellen air calorimeter (direct calorimetry; 3), currently housed at the University of Ottawa,
was used to estimate the total heat loss from subjects exposed to cold wet environments and was
compared to the HFT method. During the trial, each subject was exposed to an ambient
temperature of 7°C with 83% rh for a period of 120 min. During the first 30 min of exposure,
the subjects were rested on a chair in the climatic chamber outside the Snellen air calorimeter in
order to remove the heat stored in the shell of the body and thus decreasing the skin temperature.
During the remaining 90 min, the subjects were sitting on a chair inside the Snellen air
calorimeter maintained at the same ambient conditions. After 30 min in the calorimeter, when
steady-state in the calorimeter was obtained (called the DRY period), the subjects were sprayed
with 1 l of water to their clothing and were resting for another 60 min (called the WET period).
The temperature of the sprayed water was the same as the air temperature of the calorimeter. At
the end of the spraying, the clothing was saturated with water without dripping.
The subjects were dressed with the following clothing: cotton shorts, cotton t-shirt, one-piece
cotton coverall, and cotton socks, in addition to neoprene gloves and boots and an inflated
lifevest (the lifevest was required to duplicate the conditions used in another study). The
following parameters were measured continuously during the trials: rectal temperature with a
rectal thermistor inserted 15 cm into the rectum (Mon-a-therm General Purpose Temperature
Probe, Mallinckrodt Medical, St-Louis, MO, USA); heat loss from the skin and skin
temperatures with 13 HFTs incorporating thermistors (model FR025-TH44033-F35, Concept
Engineering, Old Saybrook, CT, USA) and positioned on the skin according to the modified
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Hardy & DuBois locations (4); dry and wet skin heat losses by direct calorimetry using the
Snellen air calorimeter; and metabolic rate. Respiratory heat loss was estimated using a model
using the ventilation rate, air temperature and rh data recorded during the trial (5).
The metabolic rate was measured with the open circuit technique using expired gas samples
drawn from a 6 l fluted mixing box yielding an accuracy of ±0.25% for rate of metabolic heat
production. Expired gas was analyzed using electrochemical gas analyzers (AMETEK model S3A/1 and CD 3A, Applied Electrochemistry, Pittsburgh, PA, USA) calibrated before each trial
using gas mixtures of 4% CO2, 17% O2, balance N2. The turbine ventilometer was calibrated
using a 3 l syringe. The Snellen whole-body air calorimeter was employed for the purpose of
measuring whole-body changes in evaporative and dry heat loss, yielding an accuracy of ± 2.3 W
for the measurement of rate of total heat loss (3).
The calorimeter was previously calibrated for rate of dry heat loss using a humanoid manikin
heat source made of constant power zone heater cable (5.905 kΩ•m-1, Easy Heat ZH8-1CBR,
New Castle, IN, USA); and for rate of evaporative heat loss using a precision tubing pump
(Cole-Palmer, Masterflex 7550-30; Pump head 77200-50) delivering 5 ml•min-1 (±0.01 ml•min1
) of water to a heated 1200 W hotplate.
Paired t-tests were performed to test the differences between the heat losses during the DRY and
WET periods inside the calorimeter. Significance was assumed for p< 0.05. The results are
expressed as mean ± SD.
Results. The mean skin and rectal temperatures of the subjects at the start of the exposure (Tsk:
30.1 ± 1.4°C; Tre: 37.7 ± 0.5°C) were significantly decreased at the end of the DRY (Tsk: 29.5 ±
1.4°C; Tre: 37.1 ± 0.5°C) and WET periods (Tsk: 26.2 ± 1.2°C; Tre: 36.7 ± 0.6°C) inside the
calorimeter. At the end of the DRY period, the body heat storage decreased by an average of
233 ± 83 kJ, and by an additional 194 ± 139 kJ by the end of the WET period, as measured by
direct calorimetry. The metabolic rate of the subjects averaged 124 ± 39 W during the DRY
period, and 143 ± 49 W during the WET period.
Table 1 shows that at the end of the DRY period inside the calorimeter when 88% of the total
body heat loss was dry, there was no significant difference (p ≤ 0.05) between the total skin heat
loss (excluding the respiratory heat loss) as measured by direct calorimetry (170 ± 23 W) as
compared to the total skin heat loss as measured by HFTs (165 ± 25 W). At the end of the WET
period inside the calorimeter when only 59% of the total body heat loss was dry, there was no
significant difference (p ≤ 0.05) between the total skin heat loss (excluding the respiratory heat
loss) as measured by direct calorimetry (175 ± 30 W) as compared to the total skin heat loss as
measured by HFTs (196 ± 32 W).
Table 1. Avenues of body heat losses as estimated by the direct calorimetric method using the
Snellen Air Calorimeter and by heat flow transducers during exposure to a cold environment.
End of DRY period
Respiratory heat loss (W)*
Dry heat loss (W)

Direct Calorimetry

Heat Flow Transducers

20 ± 5
166 ± 24
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Wet heat loss (W)**
Total body heat loss (W)
Skin heat loss (W)***

23 ± 4
189 ± 26
170 ± 23

165 ± 25

End of WET period
Respiratory heat loss (W)*
Dry heat loss (W)
Wet heat loss (W)**
Total body heat loss (W)
Skin heat loss (W)***

21 ± 6
115 ± 21
82 ± 14
196 ± 32
175 ± 30

196 ± 32

* Respiratory heat loss was estimated by the model of Cain et al., 1990; ** Wet heat loss = Evaporative heat losses
from the skin and the respiratory track; *** Skin heat loss = Total body heat loss – Respiratory heat loss.

Conclusions. We show that the use of HFTs for the measurement of the total skin heat loss from
dressed human subjects exposed to a cold wet environment is a valid method. HFTs could
measure the dry and wet heat lost components of the total skin heat loss with an accuracy
comparable to the direct calorimetric method. Our hypothesis was rejected.
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INTRODUCTION
Under microgravity conditions astronauts/cosmonauts can experience substantial thermal
discomfort, especially during extravehicular activities (Nicogossian et al. 1994). Since gravity is
the driving force of convective heat transfer, even in highly thermally controlled space stations
thermoregulation can be impaired and induce thermal discomfort. In turn, both physical and
cognitive functioning can be negatively affected. Furthermore, continuous measurements of core
body temperature would also promote fast and straightforward assessment of circadian rhythm,
as core body temperature is tightly regulated by the suprachiasmatic nucleus. Given that it has
been suggested that astronauts and cosmonauts might also suffer from desynchronization of the
circadian system, monitoring of the circadian rhythm is crucial for promoting performance and
health during space missions. Hence, a straightforward global indicator to continuously
determine core body temperature in astronauts/cosmonauts would be very useful for monitoring
health and improving physical and cognitive performance.
Very recently, we therefore presented a new method called Double Sensor, combining a
skin surface temperature sensor with a heat flux sensor, to achieve this goal under various
physical and environmental conditions (Gunga et al., 2005; 2008; 2009). Based on this
experience we decided to use the Double Sensor during long-term bed-rest to establish whether
rectal temperature recordings in humans could be replaced by a non-invasive skin temperature
sensor combined with a heat flux sensor (Double Sensor) located at the forehead to monitor
circadian core body temperature changes. This technology would be particularly useful for
exploring changes in circadian rhythm during long-term mirco-g exposure and was therefore
evaluated as part of the 2nd Berlin BedRest Study (BBR2-2) in 2007/2008.
METHODS
Data collection of the present validation study was limited to the control group of the BBR2-2
(no training intervention). Rectal and Double Sensor temperature recordings were obtained for a
period of 36 h during 6-degree head-down tilt bed-rest. In order to analyse circadian rhythms for
a period of 24 h, data were extracted at consecutive 30-min intervals between 19:30 h and 19:00
h the following evening. Based on an inclusion-threshold of 90% of data availability for a 24-h
period, complete data were obtained for a total sample of seven subjects. All procedures were
approved by the ethics committee of the Charité University Hospital Berlin and each participant
gave their written consent after all procedures had explained to them.
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Rectal temperature (TREC) was recorded at a depth of 50 mm past the anal sphincter using
4-mm NTC-thermal sensors (YSI 400 compatible, BlueTemp® products, bluepoint medical
GmbH & Co. KG, Selmsdorf, Germany). Data were collected at a frequency of 2 Hz, stored into
flash memory systems (data logger, Heally-Sat Koralewski Industrie Elektronik, Hambühren,
Germany), and subsequently transferred to a personal computer.
Temperature recordings employing the Double Sensor (TDS) were performed at the
forehead on the vertical line above the eye directly underneath the hairline. Details of the
underlying biophysical model are given in Gunga et al. (2008). In contrast to similar
methodological attempts in the past (Smith et al., 1980; Taylor et al., 1998), the heat flux sensor
principle of the Double Sensor (Patent Draegerwerk No. DE 100 38 247, DE 101 39 705, 2003)
has been miniaturized and used without extra heating, and has been specially sealed.
Data collection and handling were performed in accordance with rectal temperature
processing. All statistical analyses were performed using the SPSS software (Version 16.00,
SPSS Inc., Chicago, Illinois, USA). Measurements > 38.5 °C and < 36.0 °C were considered as
artefacts and deleted from further analysis. Additionally, the remaining data was examined for
outliers by identifying cases more distant than > 1.5 interquartil ranges from the 75th and 25th
quartile. Agreement between methods was assessed by concordance correlation coefficients
(CCC) and Bland-Altman plots. Limits within ±0.5 °C were defined a priori as clinically
acceptable. Cosinor analysis was performend within subjects for each temperature sensor to
quantify circadian rhythm. Wilcoxon signed rank tests were employed to test fitting parameters
and goodness-of-fit indices between the two temperature recoding techniques for significant
differences. Finally, bias and limits of agreement were reported for the fitted cosine curve
parameters to compare the random error component between methods.
RESULTS
Subject characteristics (n = 7) are given in Table 1.
Table 1 Descriptive subject characteristics (means SD).
Age
(years)
31.9 ± 8.0

Height
(m)
1.79 ± 0.04

Body mass
(kg)
80.8 ± 5.6

BMI
(kg/m2)
25.3 ± 2.0

TREC
(°C)
36.82 0.37

TDS
(°C)
36.91 0.45*

TR, rectal temperature; TDS, Double Sensor temperature; * Significantly different from from
TREC (P < 0.001).
Temperature recordings from the Double Sensor were moderately related to rectal temperature
measurements (r = 0.704, P < 0.001). The corresponding scatter plot is given in Fig. 1 A. A
number of data points (n = 19) exceeding the lower 95% confidence interval deserved closer
inspection (grey-shaded data points). It was found that this scatter was predominantly caused by
single subject during the interval between 23:30 h and 09:00 h. Given the better association for
the subject‘s remaining data, it can be speculated that the rectal probe might not have been
correctly fixed in its original position. Deleting the data cloud increased the correlation
coefficient to r = 0.803; P < 0.001). Similar findings were observed for CCC, which increased
from its initial level of 0.678 to 0.773.
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Fig. 1 (A) Scatter plot of rectal and Double Sensor temperature recordings. TREC, rectal
temperature. TDS, Double Sensor temperature. (B) Bland-Altman plot of the difference between
the methods against the mean of methods. TREC, rectal temperature. TDS, Double Sensor
temperature. The solid line indicates the bias between methods and dashed lines are 95% limits
of agreement ( 1.96 SD). Proportional error is indicated by a significant relationship between
differences and means of methods. Extreme values are grey-shaded. Reported statistics are based
on all data shown (Gunga et al. 2009).
Agreement between methods is indicated in Fig. 1 B. There was a slight (0.08 0.32 °C), but
significant difference between TREC and TDS (P < 0.001). 95% of the differences were located
between 0.72 °C and +0.55 °C. Omission of the apparent extreme values indicated above, 90%
of the data were within limits of 0.5 °C, and 73% within limits of 0.25 °C.
Visual inspection revealed that the Double Sensor underestimated rectal temperature at
lower temperatures and overestimated rectal temperature at higher temperatures. This
proportional error was also confirmed by linear regression analysis (r = 0.248, P < 0.001).
Recalculation of the limits of agreement after data deletion of the apparent artefacts (grey-shaded
data points) according to Fig. 1 A reduced the upper bound to +0.49 °C and the lower bound to
0.57 °C. Graphical inspection of time series data for each individual subject revealed distinctive
circadian patterns. This rhythm was confirmed by cosinor analysis as amplitudes were
significantly different from 0 for all subjects (P < 0.001). Fig. 2 shows cosinor analysis for an
individual subject for both rectal and Double Sensor recordings.
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Fig. 2 Scatter plot and regression lines obtained from cosinor analysis for
rectal (black dots, dotted line) and Double Sensor (white dots, solid line)
temperature data as a function of time from a single subject (Gunga et al.
2009).
The high degree of visual agreement between measurements indicated in Fig. 2 was also
confirmed by parameters of the fitted cosine curves (y(t) = 36.63 + 0.53 cos(t + 20.68); R =
0.979 and y(t) = 36.63 + 0.50 cos(t + 20.46); R = 0.962 for rectal and Double Sensor data,
respectively). This finding was also observed in the total group. Comparison of curve
characteristics between rectal and Double Sensor recordings for the total group is given in Table
2. When circadian temperature profiles were quantified by mesor, acrophase, and amplitude, no
significant difference were found between rectal and Double Sensor temperature recodings (P =
0.310 to 0.866).
Table 2 Cosinor analysis for rectal and Double Sensor temperature recordings (mean ± SD).
Mesor (°C)
Acrophase (rad)
Amplitude (°C)
a

Rectal
36.79 ± 0.13
5.55 ± 0.21
0.48 ± 0.07

Double Sensor
36.90 ± 0.24
5.51 ± 0.22
0.49 ± 0.08

Bias
0.11
0.04
0.01

LoAa
0.67 to 0.45
0.31 to 0.39
0.21 to 0.19

P
0.310
0.735
0.866

LoA, limits of agreement (bias ± 1.96 SD).

Further information about the degree of agreement between methods is provided by the limits of
agreement. Of particular interest is the random error component for acrophase and amplitude. As
indicated in Table 2, individual differences for amplitude range between 0.21 °C and 0.19 °C.
More importantly, differences in acrophase were as low as about 1 h (1.18 h to 1.49 h). Finally, it
should be noted though that Double Sensor recordings were characterized by higher variation
compared to rectal temperature measurements, yielding a poorer model fit. This was also
statistically confirmed by a significantly greater amount of total variance accounted for by the

389

Proceedings of the 13th International Conference on Environmental Ergonomics, Boston (USA), August 2-7, 2009

rectal cosine curve model (0.93 vs. 0.79, P < 0.05) and significantly lower residual summed
squares (0.48 vs. 1.69, P < 0.05) compared to the Double Sensor fitted cosine curve.
CONCLUSIONS
Given the number of drawbacks of present technological advances for monitoring core body
temperature – under rest and exercise – there is a great demand for developing an easy-to-operate
and non-invasive technology to measure core body temperature in humans. In the present study
we evaluated a new skin temperature and heat flux measurement device, called the Double
Sensor to monitor core body temperature changes during 24 h 6°-head-down tilt bed-rest.
Though 95% of individual differences between the methods ranged between 0.72 °C and
+0.55 °C, it should be noted that 85% (i.e. 90% after omission of apparent extreme values) of the
differences were located within the a priori defined limits of 0.5 °C. In this regard it seems
noteworthy that rectal temperature recordings themselves are not without error. Furthermore, it
was found that circadian core temperature profiles could be well approximated by the Double
Sensor. These results confirm the findings from our previous study where we validated the
Double Sensor during treadmill exercise (Gunga et al., 2008) with limits of agreement ranging
between 0.90 °C and +1.06 °C. Furthermore, there were no significant mean differences for
cosine curve fitted parameters (P = 0.310 to 0.866) and differences in amplitude and acrophase
for an individual were as low as about 0.2 °C and 1 h, respectively. Thus, in spite of relative
marked variability for single ‗spot checks‘, we therefore suggest that the Double Sensor placed at
the forehead seems to be a valuable approach for monitoring 24-h core body temperature
changes (circadian rhythm) during long-term 6°-head-down tilt bed-rest.
In conclusion, the knowledge and technological development gained from the study could
promote applications of continuous core body temperature measurements in clinical,
occupational, sports and environmental medicine on earth and in space. The Double Sensor
device might be an effective, non-invasive and easy-to-operate technology to gain fundamental
insights into cardio-circulatory regulation, thermoregulation, and circadian rhythms in humans
and we suggest further studies to fully reveal the underlying potential of the technique by
improving its technology and testing it in various subject cohorts and diverse settings under
different conditions.
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INTRODUCTION
It is easy to obtain accurate core temperature measurements from several locations of the human
body with relatively invasive methods. Three standard core-temperature measurement sites are
the pulmonary artery, nasopharynx and the distal oesophagus. None of these sites is easy to use
in neonates and sedated critical patients undergoing regional anaesthesia. Also for fire fighters
during their mission these invasive methods are not appropriate. Yet adequate core temperature
monitoring is clearly indicated in these focus groups because both groups are prone to hypo- or
hyperthermia respectively.
A new non-invasive thermometer (―Double Sensor‖) [1] has been developed combining two
sensors separated by a known thermal resistance that is capable of continuously monitoring the
core temperature of humans. This measuring device was to be validated within the scope of
clinical studies of neonates in warming therapy devices [2], of adults perioperatively [3] and a
laboratory study of fire fighters under physiological strain on walk mills [4] to show the range
of accurate core temperature monitoring and the system's limitations.
METHODS
a) In a first study the measurements of 80 neonates with the device under test positioned on
the abdomen were compared to rectal temperatures [2].
b) In a second study the measurements of 68 adult patients during surgery [3] the device
under test positioned on the forehead was compared to oesophageal temperatures. For
reference, we also evaluated the accuracy of a simple forehead skin temperature, adjusted
upwards by 2°C.
c) And in a third study the measurements of 20 subjects under physiological strains in three
different ambient conditions the device under test positioned on the vertex was compared
to rectal temperatures.
RESULTS
a) The comparison of both measuring methods on neonates less than 2500 g revealed a standard
deviation of SD = 0.15 °C for neonates (Fig. 1). The CCC (Concordance Correlation Coefficient
[5]) was 0.90, i.e. the Double Sensor applied on the abdomen correlated very well with the rectal
temperature. The mean bias was only -0.01 °C and could therefore be disregarded. Another
important criterion was whether the temperature differences between the two procedures in the
Bland-Altman diagram [6] correlated. The correlation resulted in a value of r=-0.22, i.e. a slight
systematic dependency could be possible. However, there are not sufficient measuring values
present at low body temperatures to be able to evaluate this more accurately.

391

Proceedings of the 13th International Conference on Environmental Ergonomics, Boston (USA), August 2-7, 2009

Fig.1: Bland-Altman plot comparing the rectal temperature measurements with the
Double Sensor, placed on the abdomen on 80 neonates cared in incubators with a
standard deviation of SD=0.15 °C, a mean bias of 0.01 °C and CCC=0.90.
b) Overall more than 1287 measurement pairs were obtained (every 5 min) in the clinical study.
Limits of agreement of ± 0.5 °C were defined a priori as clinically acceptable. The limits of
agreement between core temperature and simulated temperature were -0.51°C to 0.66°C (Fig. 2)
for all patients. The CCC (Concordance Correlation Coefficient [5]) was 0.90, i.e. the Double
Sensor applied on the forehead correlates very well with the esophageal temperature. The mean
bias was only -0.08 °C and can therefore be disregarded. The correlation in the Bland-Altman
diagram results in a value of r=-0.18; bias of measurements did not appear to change
systematically with the mean core temperature.

Fig. 2: Bland-Altman plot comparing the oesophageal temperature measurements with the
Double Sensor, placed on the forehead of 68 patients perioperatively and in critical care units
with a standard deviation of SD=0.29 °C, a mean bias of 0.08 °C and a CCC=0.90.
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Forehead skin temperature was also recorded from the skin temperature probe of the Double
Sensor. As in previous studies [9, 10] a 2°C offset was added to approximate core temperature to
account for skin temperature being less than core temperature. We included the analysis of the
forehead temperature + 2 °C in the present study primarily to show, that the Double Sensor
thermometer markedly outperforms a simple forehead thermometer with a fixed correction like
e.g. a liquid crystal thermometer.

Fig. 3: Bland-Altman plot comparing the forehead and double-sensor temperature
measurements (n = 1287). The x-axis is the average of the two measurements. The yaxis is the bias that is the difference of the two measurements
(oesophageal – Double-Sensor).
Bias: -0.56°C; limits of agreement ranging from -2.1 to + 0.98°C.
Bland-Altman analysis of the forehead-skin derived core temperature (i.e. measured value +2°C;
fig. 3) resulted in a bias of -0.56°C, limits of agreement ranging from -2.1 to +0.98°C, which
significantly exceeded bias of the double-sensor thermometer (p < 0.01, F test).

c) The comparison of both measuring methods on subjects under physiological strain on a walk
mill under different ambient conditions reveals in a standard deviation of SD=0.37 °C. The
sensor was applied on the vertex. The subjects wore helmet and protective clothing for fire
fighters. The CCC rose with rising ambient temperatures (all working periods: 10 °C: 0.41;
25 °C: 0.78 and 40 °C: 0.76)
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Fig. 3: Bland Altman plot comparing the rectal temperature measurements with the
Double Sensor, placed on the vertex on 20 probands placed within the helmet on the
vertex under physiological strain at an ambient temperature of 25 °C with a standard
deviation of SD=0.37 °C, a mean bias of -0.09 °C and a CCC=0.78
CONCLUSIONS
It has been demonstrated in clinical studies with adults [7], [8] that the temperatures between two
central body organs can be measured with an accuracy of SD=0.36 °C to SD= 0.42 °C. Greater
accuracy cannot really be expected for a non-invasive measuring procedure.
a) The Double Sensor was capable of measuring the near-to-core temperature of neonates in
incubators, continuously, sufficiently accurate, and in a non-invasive manner. It provides an
interesting and practical alternative to invasive rectal measurement or other common measuring
procedures. Non-invasive measurement with the Double Sensor is thus a very good alternative to
invasive rectal temperature measurement. In neonates the non-invasive Double Sensor was
sufficiently accurate to replace a rectal thermometer in routine clinical practice.
b) The Double Sensor proved sufficiently accurate to replace a distal esophageal thermometer for
routine clinical use in perioperative and critical care patients. This non-invasive sensor, which is
easy to use, can facilitate temperature measurements in sedated patients or patients having
regional anesthesia. Furthermore, the Double Sensor was significantly more accurate than
adjusted forehead skin-surface temperatures.
c) In particular for strenuous physical activity during heat exposure, the Double Sensor appears
to be a reasonably reliable method to assess heat strain and can well applied in occupations in
which individuals are exposed to thermally challenging environments. This new sensor system
cannot completely replace rectal or radio pill core temperature recordings. As outlined above,
both techniques have their limitations. For people who have to wear helmets routinely as part of
their work equipment (fire fighters, military, sportsmen), the Double Sensor seems to be a
reasonable method to monitor reliably in real-time core temperatures.
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LOW-DOSE ASPIRIN AND CLOPIDOGREL ATTENUATE REFLEX
CUTANEOUS VASODILATION IN MIDDLE AGED SKIN
Lacy A. Holowatz, John Jennings, and W. Larry Kenney
Department of Kinesiology and Graduate Physiology Program, The Pennsylvania State
University, University Park, PA 16802
Lacy A. Holowatz: lma191@psu.edu
INTRODUCTION
We recently demonstrated that chronic low-dose aspirin therapy (81mg daily) consistently and
significantly attenuates reflex cutaneous vasodilation (VD) in middle-aged (58±3 years) human
skin1; however the precise mechanisms underlying this response are unclear. Full expression of
thermoregulatory reflex cutaneous VD is dependent on nitric oxide synthase- (NOS) 2, 3 and
cyclooxygenase- (COX) mediated second messenger mechanisms which contribute
independently to the rise in skin blood flow during hyperthermia4. Low-dose aspirin therapy is
increasingly recommended in middle-aged and elderly populations for atherothrombotic disease
prevention5. Aspirin is an irreversible inhibitor of platelet and vascular cyclooxygenase (COX) I
and II. At low doses (81mg daily) aspirin acetylates platelet COX-1 in the presystemic (portal)
circulation6 inhibiting platelet production of the potent aggregating agent and vasoconstrictor
thromboxane A2 (TXA2) for the life of the platelet (~10 days), whereas vascular endothelial cells
re-synthesize COX in a matter of hours maintaining the ability to produce COX-dependent
vasodilators.
There are several putative mechanisms that may underlie reduced reflex cutaneous VD in
subjects taking low-dose aspirin including: 1) low-dose aspirin may inhibit COX isoforms in
platelets and cutaneous vascular tissue, thus blocking a key enzyme involved in reflex VD4, and
2) platelet activation during hyperthermia may release substances that directly stimulate
cutaneous VD pathways contributing to reflex cutaneous VD. Therefore, the purpose of this
study was to examine the role of vascular COX and platelet activation in attenuated reflex
cutaneous VD. We hypothesized that specific platelet ADP-receptor inhibition (clopidogrel)
would not attenuate reflex cutaneous VD but that COX-1 inhibition with low-dose aspirin would
attenuate reflex cutaneous VD through COX, rather than NOS-dependent mechanisms.
METHODS
Subjects. Studies were performed on 6 subjects at enrollment and then in a double blinded
fashion after 7 days of 81 mg aspirin and/or 75mg clopidogrel with a two week washout period
between drugs. Subjects underwent a complete medical screening, including a physiciansupervised graded exercise test to evaluate the existence of underlying cardiovascular disease,
blood chemistry, coagulation study (PT and PTT), lipid profile evaluation, resting
electrocardiogram, and physical examination. No subjects were previously taking low-dose
aspirin or clopidogrel.
Instrumentation and Measurements. Subjects were instrumented with four intradermal
microdialysis fibers (MD2000, Bioanalytical Systems) in the skin on the left ventral forearm as
previously described7. MD sites were perfused with 1) 10.0 mM NG-nitro-L-arginine methyl
ester (L-NAME) to inhibit NO production by NOS, 2) 10.0 mM ketorolac to inhibit COX
isoforms8, and 3) lactated Ringer solution to serve as a control.
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Skin blood flow (cutaneous red blood cell flux) was measured with an integrated laser-Doppler
flowmeter probe placed in a local heater maintained at 33°C on the skin directly above each MD
membrane. After baseline thermoneutral measurements whole body heating (water-perfused suit)
was conducted as previously described9 to increase body core temperature by 1.0°C. Cutaneous
vascular conductance (CVC) was calculated as flux divided by mean arterial pressure and
normalized to a percentage of CVCmax (%CVCmax: 28mM sodium nitroprusside + local heating
to 43°C). %CVCmax data were averaged for baseline and every 0.1°C rise in Tor.
Statistical Analyses. A three-way mixed models analysis of variance (ANOVA) with repeated
measures was conducted to determine 1) differences between systemic drug treatments (ASA
and Plavix) across the rise in body core temperature, and 2) differences between localized MD
drug treatment across the rise in body core temperature. The level of significance was set at α =
0.05. Values are presented as means ± SEM.
RESULTS
Skin blood flow at thermoneutrual baseline and at the plateau with a 1.0°C rise in body core
temperature is illustrated in Figure 1 for all MD treatment sites. Localized COX-inhibition
augmented baseline %CVC max in all trials (p<0.001). During baseline and systemic aspirin
treatments NOS- inhibition attenuated reflex VD at the plateau (p<0.001), however there was no
difference between control sites and COX-inhibited sites with ΔTor ≥0.4°C . With systemic
aspirin treatment reflex VD was attenuated with ΔTor ≥0.8°C at the control site. Systemic
clopidogrel treatment significantly attenuated reflex VD compared with baseline and systemic
aspirin treatment (p<0.001). In contrast to the baseline and systemic aspirin treatment, there was
no difference between the control, NOS-I, or COX-I sites with systemic clopidogrel treatment.
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Figure 3 shows the time required to increase body core temperature by 1.0°C all of the trial.
Systemic aspirin and clopidogril treatment both decreased the time required to increase body
core temperature by 1.0°C (p<0.01).
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CONCLUSIONS
The principle findings of this study were 1) localized COX-inhibition augments baseline skin
blood flow suggesting that vasoconstrictor thromboxanes contribute to basal cutaneous vascular
tone, 2) in contrast to young healthy subjects, COX-derived vasodilators do no contribute to
reflex cutaneous VD in healthy middle aged subjects (Figure 1), 3) one week of systemic lowdose aspirin therapy to inhibit platelet COX-1 significantly attenuates reflex cutaneous VD
during the plateau phase of the increase in skin blood flow during hyperthemia, and 4) specific
platelet ADP receptor inhibition with clopidogrel significantly attenuated relex VD through NOdependent mechanisms. These data suggest platelets may be involved in reflex cutaneous VD
through either 1) the release of vasodilating factors, and/or 2) by altering blood viscoelastic
properties thus decreasing the sheer stimulus on the cutaneous microvessels during hyperthermia.
Finally, both aspirin and clopidogril treatments significantly reduced the time required to
increase body core temperature by 1.0°C using the water-perfused suit model of whole body
heating, suggesting that systemic platelet inhibition may have functional thermoregulatory
consequences through decreased dry heat loss mechanisms.

398

Proceedings of the 13th International Conference on Environmental Ergonomics, Boston (USA), August 2-7, 2009

REFERENCES
1.
Holowatz LA, Kenney WL. Chronic low-dose aspirin therapy attenuates reflex cutaneous vasodilation in
middle-aged humans. Journal of applied physiology: respiratory, environmental and exercise physiology. 2008.
2.
Kellogg DL, Jr., Crandall CG, Liu Y, Charkoudian N, Johnson JM. Nitric oxide and cutaneous active
vasodilation during heat stress in humans. Journal of applied physiology: respiratory, environmental and exercise
physiology. 1998;85(3):824-829.
3.
Shastry S, Dietz NM, Halliwill JR, Reed AS, Joyner MJ. Effects of nitric oxide synthase inhibition on
cutaneous vasodilation during body heating in humans. Journal of applied physiology: respiratory, environmental
and exercise physiology. 1998;85(3):830-834.
4.
McCord GR, Cracowski JL, Minson CT. Prostanoids contribute to cutaneous active vasodilation in humans.
Am J Physiol Regul Integr Comp Physiol. 2006;291(3):R596-602.
5.
Patrono C, Rocca B. Aspirin: promise and resistance in the new millennium. Arteriosclerosis, thrombosis,
and vascular biology. 2008;28(3):s25-32.
6.
Pedersen AK, FitzGerald GA. Dose-related kinetics of aspirin. Presystemic acetylation of platelet
cyclooxygenase. The New England journal of medicine. 1984;311(19):1206-1211.
7.
Holowatz LA. Human cutaneous microvascular ageing: potential insights into underlying physiological
mechanisms of endothelial function and dysfunction. The Journal of physiology. 2008;586(14):3301.
8.
Holowatz LA, Thompson CS, Minson CT, Kenney WL. Mechanisms of acetylcholine-mediated
vasodilatation in young and aged human skin. J Physiol. 2005;563(Pt 3):965-973.
9.
Holowatz LA, Kenney WL. Up-regulation of arginase activity contributes to attenuated reflex cutaneous
vasodilatation in hypertensive humans. The Journal of physiology. 2007;581(Pt 2):863-872.

399

Proceedings of the 13th International Conference on Environmental Ergonomics, Boston (USA), August 2-7, 2009

THE EFFECT OF L-MENTHOL ON THERMOREGUALTION AND
SENSATION DURING EXERCISE IN WARM AND HUMID CONDITIONS
D. Jason Gillis, Martin J. Barwood & Michael J. Tipton.
Department of Sport and Exercise Science, The University of Portsmouth, England, UK.
Contact person: Jason.gillis@port.ac.uk
INTRODUCTION
L-menthol (C10H20O; molecular weight, 156), a cyclic terpene alcohol produced from mint oils
or prepared synthetically (Eccles, 1994), is perhaps best known for the cool sensation it elicits
when applied to the skin. This raises the possibility of using such solutions to increase thermal
comfort in some working and sporting scenarios. However, before this is recommended, it is
important to determine the effect of l-menthol on thermoregulation.
L-menthol elicits its cool sensation by acting on sensory neurons (Jort et al., 2003). Specifically,
it acts through TRPM8, a highly sensitive cold receptor located on the cell membrane of sensory
neurons (McKemy et al., 2002; Peier et al., 2002). TRPM8 is normally activated by temperatures
ranging from 8°C to 28°C (Jort et al., 2003) resulting in cool sensations (Peier et al., 2002). If lmenthol stimulates cold receptors bringing about a cool sensation, it may also affect body
temperature regulation by initiating heat loss defence mechanisms, and consequently impair
athletic performance (Gonzalez-Alonso et al., 1999) or increase the risk of heat illness. In such a
case, any perceptual advantage gained from a cooler sensation would be more than offset by
impaired performance. Additionally, some individuals experience feelings of discomfort (Cliff &
Green 1994; Eccles 1994) and irritation with l-menthol application (Gillis et al. 2008). Therefore,
before l-menthol can be recommended as a perceptual intervention, it must be proven to have no
ill effects on thermoregulation and sensation. The primary aim of this research was to determine
the effect of 0.2% l-menthol on thermoregulation and perception during exercise in the heat.
It was hypothesised that during exercise there will be no difference in skin temperature, deep
body temperature or thermal perception between the l-menthol and Control conditions.
METHODS
A counter-balanced repeated measures design was employed. Eight volunteers were recruited
from the University of Portsmouth student population. Participants were healthy, non-heat
acclimated males between the ages of 18 and 40 years with a mean (standard deviation) age,
height and weight of: 23 (2.26) years, 180.9cm (8.2) and 77.7kg (9.6) respectively. This study
received approval from the University of Portsmouth Ethics Committee and all participants
provided written informed consent.
Participants visited the Environmental Laboratory on three occasions. On their first day they
were asked to complete a peak power test. On the second and third day they completed a 115
minute experiment in the heat. Over the latter two days, which were separated by 24 hours, each
participant underwent two conditions: spraying with a solution containing a concentration of
0.2% wt/wt l-menthol suspended in water with less than 3.0% surfactants or spraying with a
solution containing exactly the same type and concentration of surfactants, but without lmenthol. Both solutions were applied (100mL/application) using a manual spray bottle. All
participants wore long sleeved breathable shirts, along with footwear, socks and shorts.
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Prior to the first trial participants were asked to perform a peak work (W peak) test on a cycle
ergometer to allow investigators to determine low (W35%) moderate (W45%) and high (W70%)
intensity workloads. During each experimental condition participants cycled on a Monark cycle
ergometer. They entered the environmental chamber (31°C, 70% relative humidity) at time zero
and sat on the cycle ergometer for 10 minutes. From the 10th to the 20th minute participants
performed warm-up exercise at W35%. They then sat resting from the 20th to the 55th minute. At
the 55th minute participants began cycling at W45% for a total of 40 minutes until the 95th minute.
At the 95th minute participants cycled at W70% until they completed the remaining 15 minutes of
the experiment, or until failure. Participants were sprayed with either the l-menthol or control
solution at the 35th, 50th and 95th minutes. See Figure 1 for a timeline of the experimental
protocol.

Figure 1. Experimental Timeline.
Participants reported their thermal comfort (TC), thermal sensation (TS) and rate of perceived
exertion (RPE) using visual analogue scales every 10 minutes. Subjective reports of irritation
were obtained with participants choosing from the following descriptors; burning, skin abrasions,
stinging/pricking, itching, tingling, numbness, ache, pain (Cliff and Green, 1994).
Deep body temperature (Tre) was measured using a rectal thermistor. Skin temperature (Tsk) was
measured by fixing thermistors to the left side of the body at the chest (Tchest), medial inside
forearm (Tforearm), medial thigh (Tthigh) and calf (Tcalf) (Ramanathan NL, 1964). Mean skin (MST)
(Ramanathan, 1964) and body temperature (MBT) (Colin et al., 1971) were then calculated.
Heart rate (HR) was measured using a heart rate monitor (Polar, Finland).
The normality of data was tested using the Kolmogorov-Smirnov test. Within subject analysis of
Time and Condition was undertaken using a parametric repeated-measures analysis of variance
(ANOVA) using a statistical software package (SPSS 15). MST, Tre and MBT data were
compared at the time points: 5, 15, 25, 35, 45, 55, 65, 75, 85 and 95 minutes. TS, TC and HR
data were compared at time points 8, 15, 25, 38, 45, 55, 65, 75, 85 and 97. Post-hoc pair-wise
comparisons were used to detect the direction of any significant effects. The alpha level for all
statistical tests was set at P<0.05. All figures present data until the 97th minute, or the last time
point when all participants were exercising.
RESULTS
All data sets tested were normally distributed. Data from one participant (participant 3, Control
group) was excluded from the analysis of Tre and MBT due to an incomplete data set. Participant
numbers fell during the period of high intensity exercise (97min+) due to exhaustion; therefore,
these data are not included in the current analysis.
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No significant differences were observed between conditions in HR Tsk and MST. Tre was
significantly higher (P=0.032) at some time points in the l-menthol condition (Figure 2) but the
absolute difference was less than 0.1 C. MBT was significantly higher (P=0.031) at some time
points in the l-menthol condition (Figure 3) but the absolute difference was less than 0.1 C.
No significant difference was observed between conditions in TC; however, TS in the l-menthol
condition was significantly lower (participants felt cooler) than in the Control condition at
minute 38 (P=0.030), 65 (P=0.030) and 75 minutes (P=0.020) (Figure 4). All participants noted
some form of irritation between the 38th and 75th minute of the l-menthol condition, but with the
exception of one participant‘s description of tingling, no irritation was reported in the Control
condition.
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Figure 2. Rectal temperature during the l-menthol and Control conditions (n=7)
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Figure 4. Average thermal sensation of the upper body during the l-menthol and Control
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DISCUSSION
Although the difference in Tre and MBT between conditions was statistically significant at some
time points, some of these times preceded the application of either solution. In any case, the
absolute differences in Tre and MBT between conditions were small and probably of no practical
significance. The hypothesis that there would be no difference in thermoregulation during
exercise in the heat between the l-menthol and Control conditions is supported.
There was also a dissociation between TC and TS in the l-menthol condition; with participants
feeling cooler but not more comfortable. All participants noted feelings of irritation at some
point during the l-menthol trial. Some authors have suggested that along with cold receptor
activation, l-menthol may also activate pain fibres (Eccles 1994). Thus, the benefit provided to
TS by the application of l-menthol appears to be negated by the irritation it causes. Whether this
is the case with weaker l-menthol solutions is currently being investigated.
These findings raise the possibility of using an l-menthol solution to enhance sensation and
perhaps performance in sports ranging from shooting, where comfort and concentration are
important, to endurance events, where the drive to exercise can be attenuated by high
temperatures (Nybo & Nielsen, 2001).
It is concluded that in the conditions of the present experiment, the application of a solution
containing 0.2% l-menthol did not, in general, have a significantly detrimental impact on the
ability to thermoregulate when compared to a Control solution without l-menthol. Although lmenthol caused participants to feel cooler, they were no more comfortable; probably because of
feelings of irritation.
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THE ROLES OF HANDS AND FEET IN TEMPERATURE REGULATION
IN HOT AND COLD ENVIRONMENTS.
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INTRODUCTION
In this paper, we briefly review the physiological and biophysical characteristics of the hands
and feet, and their association with autonomic (physiological) and behavioural temperature
regulation, and with thermal injury. A comprehensive review of this topic is not currently
available within the literature.
The temperatures of the skin and subcutaneous tissues, particularly those of the hands and feet,
vary significantly as air temperatures move away from the thermal comfort zone. Mean skin
temperature increases approximately 0.7oC for each 1oC elevation in air temperature, with
smaller changes at the hands (0.46o.oC-1) and slightly larger changes at the feet (0.8o.oC-1:
Bedford, 1936). These variations reflect local differences in metabolic rate, convective heat
delivery (mass flow) and thermal exchanges with the thermal environment.
NEURAL PATHWAYS
Thermoregulation is achieved by modulating physiological efferent functions (skin blood flow,
sweating, shivering) and implementing behavioural strategies, following the central integration
of thermal feedback from the deep body and superficial tissues. In all environments, cutaneous
thermoreceptors provide the first thermal feedback signals, giving rise to thermal sensations,
physiological adjustments and eventually to decisions relating to the pleasantness or comfort that
the environment and associated responses evoke.
The principal nerves carrying thermoreceptor feedback from the hand are the radial and median
nerves, with the latter having a more important sensory role. This feedback travels to the spinal
cord via the 6th, 7th and 8th cervical spinal nerves, and eventually to the hypothalamus. For the
foot, the corresponding nerves are the tibial, sural and superficial fibular nerves, which enter the
spinal cord via the 1st sacral and 5th lumbar spinal nerves: these nerves also relay efferent signals
that control blood flow, sweating and muscular function. The nerves that dictate thermoeffector
function of the hand leave the spinal cord at the thoracic segments (T2-T8), while those for the
foot leave at the thoracic and lumbar segments (T11-L2).
Most neurones of the sympathetic nervous system are noradrenergic. However, this does not
hold for the thermoefferent fibres, which possess at least three different neurotransmitters. For
instance, the fibres that innervate most eccrine sweat glands are cholinergic, with perhaps some
evidence of noradrenergic control at the glabrous (hairless) surfaces of the hands and feet. Skin
blood flow to these glabrous surfaces is determined solely by noradrenergically mediated
vasoconstrictor nerves (Kellogg, 2006). In contrast, blood flow to the non-glabrous (hairy) skin
regions is mediated by separate noradrenergic vasoconstrictor and active vasodilatory branches
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of the sympathetic nervous system; the neurotransmitter for the latter pathway awaits
identification (Kellogg, 2006).
VASCULAR FUNCTION AND DYSFUNCTION
Blood flow to the hands is provided through the radial and ulnar arteries, and via the deep palmar
arch, the superficial palmar branch, the metacarpal arteries and the digital arteries. In the foot,
blood enters from behind each of the malleoli (malleolar arteries) and across the upper surface of
the foot (dorsalis pedis artery). The positioning of these vessels with respect to the bones of the
foot has significant implications for shoe design. Cutaneous capillaries are located just below the
epidermis, with hand veins draining into either superficial or deep vessels, the largest of which
run along the dorsal hand and foot surfaces. Hands and feet also contain arteriovenous
anastomoses, and when these shunts are open, dramatic elevations in skin blood flow can occur.
Indeed, these vessels are responsible for the extremities behaving as very efficient heat
exchangers (radiators), with thermal homeostasis sometimes being achieved entirely through
subtle changes in skin blood flow through the anastomoses of the hands, face and feet (Hales,
1985).
Under thermoneutral conditions, hand blood flow (10 mL.100 mL-1.min-1; Roddie, 1983) is
typically 3-4 times greater than that of the foot (3 mL.100 mL-1.min-1; Colemont and Decoutere,
1981). When normalised to the skin surface area, hand blood flow is 4-5 times greater than the
rest of the body, and about twice that of the foot (Taylor et al., 2008a). During protracted cold
exposures, extremely low local blood flows are observed (hand: 0.15 mL.100 mL-1.min-1; foot:
0.2 mL.100 mL-1.min-1; Taylor et al., 2008a, b), and such flows can be below the metabolic
requirements of these tissues. In the heat, maximal hand blood flow approximates 30 mL.100
mL-1.min-1, while 18 mL.100 mL-1.min-1 appears maximal for the foot (Taylor et al., 2008a, b).
Finger blood flows have greater minimal (0.2 mL.100 mL-1.min-1) to maximal variations (120
mL.100 mL-1.min-1) with changes in whole-body thermal state (Nagasaka et al., 1987). In
addition, blood flow at the middle phalanx is only about 30% of that at the distal phalanx
(Wilkins et al., 1938).
The single most important determinant of hand and foot blood flow is the thermal status of the
body core (Ferris et al., 1947), with a 1oC change in mean skin temperature producing a 1.3 fold
change (10 mL.100 mL-1.min-1) in finger blood flow, and the corresponding change in core
temperature resulting in a 2.8-fold change (32 mL.100 mL-1.min-1; Wenger et al., 1975). Thus,
local temperatures can influence blood flow, but this affect is minimal when the body core is
either hot or cold, and it is greatest when deep body temperature is within the thermoneutral
range.
The blood supply to the hands and feet represents their primary source of heat, and the minimal
blood flows seen with deep and superficial tissue cooling, as a result of intense peripheral
vasoconstriction, represent a physiological amputation of these appendages. The consequence of
this is a loss of both sensation and function, and in particular manual dexterity. Insufficient tissue
perfusion and heat loss affect vascular smooth muscle contractility, which can, if core
temperature is normal or raised, result in vasodilatation. This cold-induced vasodilatation can
protect tissues from, and delay tissue damage. In the absence of tissue warming, extreme or
prolonged cooling of the extremities can result in non-freezing and freezing cold injury. The

406

Proceedings of the 13th International Conference on Environmental Ergonomics, Boston (USA), August 2-7, 2009

former condition has recently been associated with a cold-induced defect in vascular smooth
muscle contractility caused by a loss of NO-dependent endothelial function (Stephens et al.,
2009).
BIOPHYSICAL ATTRIBUTES
Relative to the entire body, the surface area to mass ratio for the hand is 4-5 larger, while that for
a foot is 2.5-3 larger (males-females). Therefore, these appendages provide an effective route for
heat exchange with the environment, as long as thermal energy can be delivered from the body
core via convective (mass flow) pathways.
The maximal hand and foot blood flows (30 and 18 mL.100 mL-1.min-1) can result in theoretical
peak heat transfers from the core to both hands of 12 W or 286 W.m-2 for a 1oC core-skin
gradient. The corresponding values for both feet are 16 W or 404 W.m-2. Thus, while the
absolute heat transfer to the hands and feet from the body core is not high, their surface-area
normalised transfer, when considered in combination with the huge capacity of the arteriovenous
anastomoses to elevate local skin blood flow, makes these appendages very important locations
for heat dissipation (Taylor et al., 2008a; 2008b).
This heat delivery, and its subsequent dissipation, is advantageous in the heat, as it facilitates
central cooling, but, as described above, it can be dangerous in the cold. Furthermore, these data
also represent maximal core-periphery transfers, and not that which occurs between the skin and
its surrounding environment. By using foot and hand temperatures observed during actual air
exposures to 15o, 27o and 45oC (Webb, 1992), the theoretical radiative and convective heat
transfers from each hand and foot to the surrounding air may be computed, and these represent
respective losses of 16.6 W and 25.5 W (15oC), and 7.7 W and 11.8 W (27oC), or gains of 18.1
W and 27.7 W (45oC). More impressive heat transfer occurs when the vasodilated appendages of
heated individuals are placed into cold water (Tipton et al., 1993). In this circumstance, heat loss
can range from 70-85 W (hands) and 90-95 W (feet: House and Tipton, 2002).
SUDOMOTOR FUNCTION
Sweat glands are widely distributed over the body surface, with a total of two-four million glands
capable of producing sweat at peak rates of 10-15 L.d-1. Each hand has approximately 160,000
eccrine sweat glands, with greater numbers on the palmar (115,000) than dorsal surface (46,000:
Machado-Moreira et al., 2008). Similarly, one foot has approximately 155,000 glands, with more
on the plantar (100,000) than the dorsal surface (55,000; Taylor et al., 2006).
Both the hands and feet display two general sweat patterns during heating: low secretion at the
glabrous surfaces, and moderate secretion from all other surfaces. During passive heating at rest
(40 min), where the average whole-body skin temperature was increased from 34.5oC to 35.9oC,
and core temperature was elevated to 37.2oC from 36.9oC, the palms and soles displayed the
lowest intra-segmental sweat rates (palm: 0.16 mg.cm-2.min-1; sole: 0.23 mg.cm-2.min-1).
Conversely, the dorsal surfaces of the distal phalanges of the fingers (0.62 mg.cm-2.min-1) and
the distal phalanx of the big toe (0.50 mg.cm-2.min-1) displayed the highest sweat rates. Under
these experimental conditions, sweating averaged 0.38 mg.cm-2.min-1 from the hands (MachadoMoreira et al., 2008) and 0.45 mg.cm-2.min-1 from the feet (Taylor et al., 2006).
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When exercising in the heat, sweat gland recruitment occurs almost simultaneously across most
body surfaces, including the hands and feet, although the intra-segmental distribution is not
uniform. The dorsal surfaces of both appendages display a relatively consistent secretion rate,
accounting for approximately 65-70% of total sweat flow from each extremity. Peak hand sweat
rates during heavy exercise are: 4.0 mL.h-1 (palm); 16.8 mL.h-1 (volar fingers); 16.6 mL.h-1
(dorsal fingers); and 15.0 mL.h-1 (dorsal hand: Machado-Moreira et al., 2008). Corresponding
sweat production from the foot is: 14.5 mL.h-1 (dorsal), 5.4 mL.h-1 (medial) 5.0 mL.h-1 (lateral),
16.0 mL.h-1 (plantar), 2.9 mL.h-1 (dorsal toes), and 1.1 mL.h-1 (plantar toes; Taylor et al., 2006).
Therefore, the maximal theoretical evaporative cooling possible from a single hand is about 35.4
W (assuming 100% evaporation), and 27.6 W from one foot. Indeed, when normalised to surface
area, the potential for evaporative heat loss from the two hands is 110% greater than at the torso,
and 200% greater than at both feet, but only half that of the forehead (Taylor et al., 2008b).
THERMAL SENSATION AND DISCOMFORT
Thermal sensations arise within the somatosensory cortex. Sensory feedback from the face and
hands, and to a lesser extent the feet and toes, is very powerful as these areas provide feedback to
a larger volume of the somatosensory cortex (Penfield and Rasmussen, 1952). Discomfort drives
behaviour, based upon the pleasantness of a given thermal state, and while this sensation is
related to both the core and peripheral temperatures, it is believed that thermal comfort is
primarily determined by the thermal state of the core (Hensel, 1981). It is known that a
separation exists between local and whole-body discomfort, such that one can have
uncomfortable feet while the rest of body remains thermally comfortable. However, the face,
hands and feet are associated with significantly greater thermal discomfort with local tissue
temperature changes. Indeed, the hands and feet provide very powerful feedback relative to local
comfort, but play a minimal role relative to whole-body thermal discomfort (Cotter et al., 1996).
These high local sensitivities are important to clothing design, but are of less importance to
behavioural responses. The head, however, dominates whole-body thermal sensation and
discomfort (Cotter and Taylor, 2005), so the thermal status of the face has a more powerful role
in dictating thermoregulatory behaviour.
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INTRODUCTION
Short-term exercise training improves cardiorespiratory fitness (i.e.VO2max), body composition
(i.e. % body fat), and has been linked with improvements to neuromuscular, metabolic, and
endocrine functions (4). Further, exercise has been linked to improvements in the capacity of
heat dissipation as evidenced by increases in local sweating and skin blood flow and reduced
core temperature response during heat exposure. Repeated bouts of exercise create a thermal
challenge which is thought to elicit adaptive changes in sudomotor and vasomotor activity
similar those associated with heat acclimation (2, 3, 5, 8). However, there remains controversy
regarding the effects of exercise per se on thermoeffector heat loss responses (1, 6, 10, 11). A
possible reason for this discrepancy may be related to the experimental design itself. Some
studies employed a parallel group design, comparing untrained and trained individuals whereas
others employed a pre- and post-treatment study design (i.e., pre-treatment condition served as
study control). In these studies, comparisons of thermoregulatory response were conducted
during exercise performed in the heat. However, if differences in physical fitness were not
considered when determining the exercise work rate, this can lead to erroneous conclusion.
The following study was conducted to compare the rates of whole-body evaporative and dry heat
loss as well as the change in body heat content during 60-min of moderate intensity exercise
performed at a constant rate of metabolic heat production prior to and following an 8-week
exercise-training program.
METHODS
Following approval of the experimental protocol from the University of Ottawa Research Ethics
Committee and obtaining written informed consent, 10 healthy sedentary participants (7 males, 3
females; age: 20 ± 4 years; body mass: 72.6 ± 15.3 kg; body fat: 24.04 ± 6.43%; body surface
area: 1.84 ± 0.22 m2; VO2max: 47.7 ± 4.7 mL/kg/min) volunteered to participate for the study.
Participants were not regularly engaged in physical activity for more than thirty minutes of
exercise, two days per week for the last six months.
All participants who volunteered were required to participant in three separate laboratory testing
days. On testing day 1, body adiposity and VO2max were measured. Maximal oxygen
consumption was measured during a progressive treadmill running protocol. The hydrostatic
weighing technique was used to determine body density. Calculation of the percentage of body
fat was based on the Siri equation (12) Also, during this session, the subjects were familiarized
with all procedures to be performed during the investigation period.
Testing days 2 and 3 were performed prior to and following an 8-week exercise training protocol.
During these study visits, the calorimeter experimental exercise protocol was performed. The
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modified Snellen direct air calorimeter was employed for the purpose of measuring the rate of
evaporative and dry heat loss for the measurement of rate of total heat loss. Rate of metabolic
heat production was measured using simultaneous indirect calorimetry (7).
Local heat loss responses of sweating and skin blood flow and rectal temperature were measured
continuously. Local sweat rate was measured on upper trapezius using the ventilated capsule
technique. Sweat rate was defined as the product of the difference in water content between
effluent and influent air and the flow rate adjusted for the skin surface area under the capsule
(expressed in mg/cm2/min). Forearm skin blood flow (SkBF) was estimated using laser-Doppler
velocimetry (PeriFlux System 5000, main control unit; PF5010 LDPM, function unit; Perimed,
Stockholm, Sweden). At the end of the experiment, a heating element (PF 5020 temperature unit,
Perimed) which houses the laster-Doppler flow probe, was activated to elevate local skin
temperature to 42°C until maximum SkBF was measured.
All calorimeter trials were performed at the same time of day. Participants were asked to arrive
at the laboratory after eating a small breakfast (i.e. dry toast and juice), but consuming no tea or
coffee that morning, and also avoiding any major thermal stimuli on their way to the laboratory.
Participants were also asked to not drink alcohol or exercise for 24 h prior to experimentation.
For all experimentation, clothing insulation was standardized at ~0.2 to 0.3 clo (i.e. cotton
underwear, shorts, sandals, and a sports bra for females). Following instrumentation, the
participant entered the calorimeter regulated to an ambient air temperature of 30ºC and 15%
relative humidity. The participant, seated in the semi-recumbent position, rested for a 60-min
habituation period while a steady-state baseline resting condition was achieved. Subsequently,
the participant performed semi-recumbent cycling at a constant rate of metabolic heat production
450 ± 30 W for 90-min or until volitional fatigue (minimum of 60-min).
Between testing days 2 and 3, participants underwent an 8-week exercise training program.
Participants attended 4-5 supervised exercise-training sessions per week. The training sessions
consisted of both aerobic and resistance training. Aerobic training included treadmill, stationary
bike or elliptical machine exercise. The duration of the aerobic session increased progressively
from 30 minutes per session in week 1 to 90 minutes per session in week 8 (including warm-up
and cool-down time). The aerobic exercise component consisted of both continuous steady state
training (between 55-75% of the participant‘s pre-determined heart rate reserve) and interval
training (between 75-90% of the participant‘s pre-determined heart rate reserve). A circuit
training program was performed for the resistance training component of the session which
involved both stationary and free weights. Subjects performed 7-10 different exercises on
weight machines or free weights at the maximum weight that could be lifted 12 to 15 times.
A two-way analysis of variance with repeated measures was performed to analyze the wholebody and local heat loss responses using the repeated factors of state of training (i.e., before and
after the eight-week training program) and exercise time (2, 5, 8, 12, 15, 30, 45, 60, 90 min).
Paired sample t-tests were used to perform pair-wise post-hoc comparisons as well as to compare
changes in body heat content. Significance was assumed for p< 0.05.

RESULTS
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All participants completed the 8-week exercise training program. Significant increases in
VO2max occurred over the eight-week training period; from 49.1 ± 4.7 to 53.8 ± 4.1 mL/kg/min
(p<0.001), an equivalent increase of 10%. There was a trend (0.05<p<0.10) for percentage of
body fat to be lower following the training program (22.5±7.3%) compared to pre-training
(24.0±6.4%) (p=0.069) which was associated with a lower body mass (71.9±14.2kg,
72.6±15.3kg, p=0.074).
Due to the experimental protocol, the rate of metabolic heat production was not different during
the pre- and post-training trials (p=0.526) as depicted in figure 1. This corresponded to a lower
relative work rate of 6% (i.e., 46% to 40% of their pre-determined VO2max) post- relative to pretraining (p<0.001). Exercise training did not modify whole-body heat loss between the pre- and
post-training period (p=0.140) (Figure 1). Likewise, there was no main effect of training for
evaporative (p=0.171) and dry (p=0.121) heat loss. No differences in the change in body heat
content were observed at the end of exercise between pre- (441 ± 28 kJ) and post-training (430 ±
38 kJ) (p=0.385).
No differences in local sweat rate or skin blood flow was measured during exercise between the
pre- and post-training periods. The temporal pattern of response was similar between pre- and
post-training trials.
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Figure 1. Mean whole-body calorimetry data for rate of metabolic heat production (pre-training
(■) and post-training (▲)) and rate of total heat loss (pre-training (□) and post-training (∆)).
Error bars indicate standard errors.
CONCLUSIONS
We show that while an eight-week exercise training program results in significant improvements
in cardiorespiratory function, there were no observed improvements in whole-body and local
heat loss responses. This was evidenced by similar whole-body heat loss responses and resultant
changes in body heat content during exercise performed in the heat prior to and following an 8week training program. Future studies should consider adjusting the rate of metabolic heat
production when comparing exercise responses in order to match the heat load prior to and after
a training intervention. This will allow researchers to study the effects of local heat loss
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responses due to exercise training during the same thermal stimulus. Since it has been reported
that training during heat exposure will have a greater effect on local sweat rate and skin blood
flow than just training alone in a non-heat stressed environment (5, 11, 13), further studies are
needed to determine the effects of a passive heat exposure alone and in combination with
exercise on whole-body heat loss. It is possible that the 8-week training program may have been
too short in duration to induce thermal adaptations consistent with increases in the local heat loss
responses of sweating and skin blood flow in endurance trained athletes. It is possible that a
longer and/or more intense training program may be required to elicit significant improvements
in heat tolerance. In the present study only individuals of moderate fitness were evaluated. As
such, these results should be not generalized across all fitness levels.
In summary, our findings support current empirical evidence which suggests that exercise alone
may be an insufficient stimulus to induce improvements in the capacity for heat dissipation (2).
Indeed, exercise performed in the heat is likely the best stimulus for enhancing heat loss
responses during work in the heat.
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INTRODUCTION
Elderly people are generally less capable of maintaining their core body temperature when
exposed to the cold or heat as compared to young individuals (Kenney, 2003). However,
between old and young subjects no significant difference was observed with respect to preferred
temperature determined by the individual‘s self-control (Taylor, 1995) and small difference was
found in the thermoneutral temperature (Tsuzuki, 2003), although skin temperature responses
differed between old and young subjects (Taylor, 1995; Tsuzuki, 2003). Sleep complaints related
to difficulties in initiating and maintaining sleep increase with age because of frequent brief
awakenings and short durations of slow-wave sleep (SWS) (Monk et al. 1991; Dorsey et al.
1999). It has reported that the amplitude of the circadian temperature rhythm is significantly
lower in elderly subjects than in young men (Vitiello, 1986). The lower circadian amplitude and
advanced phase observed in elderly people than in young people in the constant-routine study
was probably attributable to both age-related change in circadian pacemakers and reduced
homeostatic pressure for sleep (Dijk, 1999). Sleep quality is dependent on both the circadian
rhythm and thermoregulation (Someren, 2000). Abundant research has been carried out with
regard to sleep in elderly people as compared to that in young people. However, studies on
thermoregulation during sleep in elderly people are few (Okamoto-Mizuno, 2004). The aim of
the present study is to compare thermoregulation during sleep between healthy old and young
individuals.
METHODS
Subjects
Twelve young and ten old male volunteers served as subjects. The physical characteristics of the
subject groups were as follows: age 25 ± 3.8 and 69.2 ± 1.4 years; height 171.2 ± 4.5 and 162.2 ±
3.6 cm; weight 62.5 ± 6.9 and 60.3 ± 5.6 kg; and body surface area 1.68 ± 0.09 and 1.60 ± 0.08
m2, respectively. Each subject provided written consent after being informed of the study
protocol. Physical examinations, morningness and eveningness questionnaire (Horne et al., 1976),
a sleep questionnaire, and psychological tests were administered prior to the study. The results
indicated that all subjects were physically and mentally sound.
Conditions and procedure
The experiments were carried out from August to September in the adjoining two climate
chambers. The subjects were asked to rest for two hours in the first chamber before being
permitted to sleep under conditions consisting of air temperature (Ta) and relative humidity (RH)
maintained at 26 °C and RH 50% (ambient partial vapor pressure (Pa) of 12.6 Torr; 26/50) in the
second chamber. The subjects slept wearing briefs, short pants, and short sleeve pajamas (100%
cotton) on a bed covered with a bed sheet (100% cotton) and a blanket (100% cotton). Clothing
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insulation was estimated to be 0.4 clo. The subjects came around 20:00 and donned pajamas after
measurements of body weight. Electrodes were attached while the subjects remained seated in a
chair. At 21:45, the elderly subjects moved to the second chamber and lay down on the bed, on
top of the cotton sheet. After completing the last questionnaire before falling sleep, the subjects
were allowed to sleep from 22:00 p.m. to 6:00 a.m. The young subjects moved to the chamber at
22:45 and they slept from 23:00 p.m. to 7:00 a.m.
Physiological Measurements
EEG (C3-A2, C4-A1, O1-A2), EOG and mental EMG were Table 1 Sleep parameters in
groupsYoung
recorded using a 14-channel EEG machine (EEG-4317, old and young
Old
Nihon-Kohden). Sleep recordings were scored visually every Latency of (min)
Sleep
11.3(6.3)
12.7(15.1)
thirty seconds based on the standard manual of Reftschaffen
SWS
55.7(34.5)
15(4.3)
*
and Kales (1968). Rectal temperatures (Tre) were measured
REM
76.1(21.1)
95.6(28.3)
continuously with a thermistor probe (ITP 010-11, YSI) Total duration of (min)
TIB
480(0)
480.3(1.1)
inserted 12 cm beyond the anus at intervals of thirty seconds.
SPT
447.9(32.9)
467.3(15.9)
Local skin temperatures were continuously measured at 30
TST
368.8(32.5)
451.7(15.7)
sec-intervals using a thermistor (ITP 010-12, YSI). The WASO 79.1(27.4)
16.1(7.3)
*
thermistors were attached to skin surfaces at the forehead,
EMA
20.8(23.5)
0.3(0.7)
*
chest, arm, thigh, leg, and foot. Mean skin temperatures (Tsk) Percentage (%)
W
17.6(5.3)
5.9(3.2)
*
were calculated according to Ramanathan (1964). The
S1
16.3(11.5)
8.7(3.7)
microclimate temperature and humidity inside the pajamas
S2
40.9(14.8)
49.9(9.4)
were measured at 30-sec intervals with a thermistor probe
S3
3.2(4.1)
6.9(3.4)
S4
0.9(2.6)
8.2(4.9)
*
and a semiconductor relative humidity sensor (CHS-APS,
S3+S4
4.2(6.4)
15.1(7.3)
*
TDK). A thermistor probe and humidity sensor were placed
REM
21.1(6.8)
20.4(4.7)
on a 5-mm-thick heatproof board, which was placed on the SEI(%)
82.4(6.1)
96.5(1.5)
*
skin of the chest area under the pajamas. Overall body mass
was measured before and after the sleep recording sessions, without pajamas, using a sensitive
platform balance (ID3S, Mettler). Overall body weight loss was calculated from the two
measurements of body mass taken before falling asleep and upon waking.
Statistical Analysis
Before statistical analysis, sleep onset latency was log transformed. T-test was used to analyze
the effect of age on sleep parameters, overall weight loss, and sensations. One-way ANOVA for
repeated measures was used to test local skin temperatures, Tsk, Tre, microclimate temperature
and humidity through the night. Post hoc comparison was conducted to evaluate differences in
time course between the two groups. The level of significance was p<0.05.
RESULTS
Sleep parameters
The recorded sleep parameters are shown in Table 1. SWS latency was significantly longer in old
subjects than in young subjects, although no significant differences were observed between the 2
subject groups with respect to sleep onset and rapid eye movement (REM) sleep latency. Wake
after sleep onset (WASO) lasted for a significantly longer duration in old subjects than in young
subjects, although there were no significant differences between the 2 subject groups with
respect to the total duration of time in bed (TIB), sleep period time (SPT), and total sleep time
(TST). Each sleep stage was expressed as a percentage of the SPT. It was found that the bouts of
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wakefulness lasted for significantly longer durations, and the period of S4 sleep and SWS were
significantly shorter in the old subjects than in the young subjects, although no significant
differences were found between the 2 groups with respect to S1, S2, and S3 sleep, and REM. The
sleep efficiency index was significantly lower in the old subjects than in the young subjects. In
order to observe changes in sleep stage distribution during the night, the percentage of SPT was
calculated separately for each 60-min period during all the sleep stages in Fig.1. The percentage
of time spent in stage wake was significantly higher in the old subjects than in the young subjects
between the 2nd and the 8th hour, although there were no significant differences between the 2
groups at the 1st hour.
P ercentage of W ake (%)

100
80

O ld

Young

60
40
20
0
-20
1st 2nd 3rd 4th 5th 6th 7th
Fig.1 C hanges in percentage of w ake

8th

The recorded sleep parameters are shown in Table 1. SWS latency was significantly longer in old
subjects than in young subjects, although no significant differences were observed between the 2
subject groups with respect to sleep onset and rapid eye movement (REM) sleep latency. Wake
after sleep onset (WASO) lasted for a significantly longer duration in old subjects than in young
subjects, although there were no significant differences between the 2 subject groups with
respect to the total duration of time in bed (TIB), sleep period time (SPT), and total sleep time
(TST). Each sleep stage was expressed as a percentage of the SPT. It was found that the bouts of
wakefulness lasted for significantly longer durations, and the period of S4 sleep and SWS were
significantly shorter in the old subjects than in the young subjects, although no significant
differences were found between the 2 groups with respect to S1, S2, and S3 sleep, and REM. The
sleep efficiency index was significantly lower in the old subjects than in the young subjects. In
order to observe changes in sleep stage distribution during the night, the percentage of SPT was
calculated separately for each 60-min period during all the sleep stages in Fig.1. The percentage
of time spent in stage wake was significantly higher in the old subjects than in the young subjects
between the 2nd and the 8th hour, although there were no significant differences between the 2
groups at the 1st hour.
Body temperature and whole-body sweat loss
The changes in Tre , chest, thigh, and foot Ts are shown in Fig. 1. In both old and young
subjects, the Tre began to decrease before the lights were turned off. The Tre was significantly
lower at 360 min, 420 min, and 480 min in the young subjects than in the old subjects (P < 0.05).
The decrease in Tre was significantly greater in the young subjects than in the old subjects from
120 min until the end of the sleep session. We could not identify the main effects of age on the
microclimate or the mean skin temperature (Tsk) of the subjects. However, both the forehead and
the chest Ts were significantly higher in young subjects than in old subjects at –60 min and at 0
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min (P < 0.05). The thigh Ts was significantly lower in the young subjects than in the old
subjects at 300 min, 420 min, and 480 min (P < 0.05).
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Fig.2 Tre change, chest, thigh, and foot Ts in young
and old groups
Among 10 of the old subjects, 3 urinated once during sleep. However, this was not observed in
any of the young subjects. The urine volume was 281.1 ± 15.0 ml (mean ± standard deviation).
The urine volume was excluded when calculating whole-body sweat loss. Whole-body sweat
loss was significantly higher in the young subjects than in the old subjects (P < 0.05).
There were no significant differences between the 2 subject groups with respect to thermal and
comfort sensations. Moreover, the subjective assessments of sleep or sleepiness did not
significantly differ before and after the sleep session between old and young subjects.
CONCLUSIONS
The results of the present study indicate that the old subjects in this study were normal
healthy individuals because the results of sleep duration and sleep stage distribution of these
subjects during the night are consistent with those obtained in previous studies on normal old
individuals. In a previous study, it has been reported that the core temperature increases because
of the timing of the early morning decrease in peripheral vasodilation and heat loss (Someren,
2000). In the present study, the peripheral Ts was considerably higher in the old subjects than in
the young subjects in the latter part of the sleep session. However, the Tre in the old subjects did
not decrease to the same extent as the Tre in young subjects but remained at a higher level. This
may be attributable to a higher percentage of wakefulness in the old subjects through the night.
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THE SYMPATHO-VAGAL REGULATION OF HEART RHYTHM
DURING ACCLIMATION TO HEAT: ANALYZING HEART RATE
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INTRODUCTION
Acclimation to heat is a process of physiological adaptation that results in a higher tolerance to
heat. This is manifested both at the physiological level (lower strain) and at the subjective rating.
Overall, the lower physiological strain is associated with increased sweat production, lowered
skin and body core temperatures, and reduced heart rate (reviewed in 1). Acclimation is a
continuum of processes, and although there is no abrupt ending to the improvement in the
physiological responses, most changes are achieved during the first week of exposure; with the
heart rate showing the most rapid adaptation (2). Most changes in heart rate occur in 4 to 5 days,
with changes in skin and core temperatures and in the sweating response following thereafter (2).
The effector organs outputs, which are involved in body temperature regulation, are subjected to
autonomic control; however, there is limited knowledge about the progressive changes in the
sympatho-vagal balance during the process of acclimation to heat.
Heart rate variability (HRV) is defined as spontaneous fluctuations around the mean heart
rate. Spectral analysis of HRV offers a reliable, non-invasive, relatively simple method of
examining the autonomic balance (3). Power spectrum analysis of HRV opened new venues for
studying changes in the sympatho-vagal balance under various physiological and pathological
conditions, but the effect of heat exposure received only limited attention.
The series of R-R intervals, of which HRV consists, is a non-stationary and non-linear
complex time series, reflecting the complex mechanisms that regulate the heart rhythm.
Therefore, analyzing HRV by the traditional models might be incomplete. The multipole method
is a recently developed method to describe time series with highly complex time evolution. It
includes the integrative measures of HRV and extends beyond it. This method, which extracts
information from the time and the frequency domains identifies and quantifies increased
randomness (chaotic behavior) in time series and thus is considered to be advanced compared to
the traditional methods for HRV analysis, which are imbedded in only one of the two domains
(4,5). Thus, in the present study we investigated adaptation of the sympatho-vagal regulation of
heart rhythm, during a 12-day heat acclimation process, analyzing HRV by means of the
multipole method.
METHODS
Four young healthy male subjects (22 years old) with no history of heat intolerance participated
in a 12-day heat acclimation process after signing an informed consent form. The Ethics
Committee of the Sheba Medical Center approved the study, its nature, and the procedures
applied.
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In order to neutralize the effect of seasonal acclimatization the study was conducted in
the winter time (January). Exposed in a climatic chamber to 40oC and 40% relative humidity and
dressed in shorts and tennis shoes the subjects walked on a motor driven treadmill at a pace of
5km/h and 2% inclination. Daily exposure lasted 120 min. Body core temperature (Tre) was
monitored continuously by a thermistor (YSI 401, Yellow Springs Instruments, USA) that was
inserted ~10 cm beyond the anal sphincter. From an ECG recording (Lead II) heart beats were
accumulated and the respective heart rate (HR) was monitored. Rectal temperature and ECG
recordings were logged by the ENVITEC System. Fluid balance was assessed from differences
in nude body weight (±10 g) corrected for fluid intake and urination.
On the first and the last day of acclimation, the changes in the autonomic nervous system
outflow were investigated by analyzing the Poincaré plot (a scatter plot of the current R-R
interval plotted against the preceding R-R interval). The multipole method, which utilizes a
mathematical exact calculation, as recently described by Lewkowicz et al, was applied (4). Two
sensitive multipoles, which describe the changes in the autonomic nervous system, were
analyzed; the octupole moment Tyyy that expresses the skewness on the y-axis and the dy/dx ratio,
which describes the relative density of the data points on the x and y axes.
RESULTS
Summarized in fig.1 are the respective changes in Tre, HR and sweat rate on the 1st and 12th day
of acclimation after 120 min of exercise-heat stress. These observed changes correspond to the
expected response attained by acclimation to heat.
The changes in the Poincaré plots over the course of acclimation were similar for the 4
subjects (in the following figures a representative Poincaré plot of one subject is shown).

Fig. 1: Rectal temperature, heart rate (at the end of 120 min. exposure to heat), and sweat rate
measured on the 1st and 12th day of the process of acclimation
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Fig. 2: Poincaré plots of R-R intervals for day 1 and day 12 of acclimation to heat
The dispersed Poincaré plot for the 1st day depicts the stress on the cardiovascular system,
which is still evident also after the 12th day of acclimation. The subsequent multipole analysis of
these plots uncovered, however, a more effective response of the autonomic nervous system
following twelve days of acclimation to heat, which is evident in both parasympathetic and
sympathetic systems.
The two parameters (Tyyy and the dy/dx) that were used to assess adaptability of the
autonomic nervous system revealed a noticeable difference between day 1 and day 12 of the
acclimation process, which reflect a tendency of the autonomic nervous system to adapt to the
stress. Negative values of Tyyy on the 1st day of acclimation turned to be positive on the 12th day
(average: -525 vs. 745, respectively). The negative value indicates a relatively slow decrease and
fast increase in heart rate, which is a sign of a poorly adapted autonomic nervous system. The
high positive value of the Tyyy parameter, following 12 days of acclimation, implies a slower
increasing and faster decreasing pulse rate, which reflects the tendency of the autonomic nervous
system to adapt to the stress. The higher value of the dy/dx index on the 12th day of acclimation
vs. the 1st day (average: 2.9 vs 4.3 on the 1st and 12th day of acclimation, respectively) reflects
general increase in HRV that indicates adaptation to heat stress.
CONCLUSIONS
Acclimation to heat is a process of physiological adaptation that results in a reduced
physiological strain during exercise-heat stress. In a previous study, we have shown that by
analyzing the time and frequency domains of HRV, changes in the sympatho-vagal balance
could be described following a 10-day acclimation to heat (6). Acclimation to heat was
associated with a higher HRV, which depicts a more efficient autonomic control, allowing more
responsivity and sensitivity to changing environmental demands. Noteworthy, the ten day
acclimation process was also associated with an increase in the sympathetic activity (or a
parasympathetic withdrawal), which was indicated by an increase in the low frequency band
values and low to high bands ratio. By utilizing the multipole analytic method that identifies and
quantifies increased chaos in non-stationary and non-linear complex time series, we showed that
the stress on the cardiovascular system diminishes following the course of acclimation, but not to
its complete relief. This is in line with the previous assertions drawn from observations in
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animals and humans that acclimation to heat is a much longer process than can be judged from
the early phenotypic picture (7,8).
REFERENCES
1.

2.
3.
4.
5.
6.
7.

8.

Wenger BC. Human heat acclimatization. In: Human performance physiology and environmental medicine at
terrestrial extrems. Pandolf KB, Sawka MN, Gonzalez RR (eds). Benchmark Press Inc, Indianapolis, IN. 1988;
153-197.
Pandolf KB, Bruse RL, Goldman RF. Role of physical fitness in heat acclimatization, decay and reinduction.
Ergonomics 1977; 20:399-408.
Akselrode S, Gordon D, Ubel FA, Shannon DC, Berger AC, Cohen RJ. Power spectrum analysis of heart rate
fluctuation: a quantitative probe of beat-to-beat cardiovascular control. Science 1981; 213:220-222.
Lewkowicz M, Levitan J, Puzanov N, Shnerb N, Saermark K. Description of complex time series by multipoles.
Physica A 2002; 311:260-274.
Olesen RM, Bloch Thomsen PE, Saermark K, Glikson M, Feldman S, lewkowicz M, Levitan J. Statistical
analysis of the DIAMOND MI study by the multipole method. Physiol Meas 2005; 26:591-598.
Frank A, Belokopytov M, Moran d, Shapiro Y, Epstein Y. Changes in heart rate variability following
acclimation to heat. J Basic Clin Physiol Pharmacol 2001; 12:19-32.
Werner J. Temperature regulation during exercise: an overview. In: Perspective in exercise science and sports
medicine. Gisolfi CV, Lamb DR, Nadel ER (eds). Brown & Benchmark, Dubuque, IA. 1993; 6:49-84.
Horowitz M. Heat acclimation and cross-tolerance against novel stressors: genomic-physiological linkage. Prog
Brain Res 2007; 162:373-392.

422

Proceedings of the 13th International Conference on Environmental Ergonomics, Boston (USA), August 2-7, 2009
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INTRODUCTION
In a previously published set of experiments in a human calorimeter, Kenny et al (2008)
measured the heat loss from 8 subjects (6M, 2F) during one hour of semi-recumbent cycling
exercise at 40% of their maximum oxygen consumption followed by one hour of resting
recovery. The measurement technique permitted the separate determination of heat loss by the
combined dry mechanisms (i.e. conduction, convection and radiation) and evaporation. On the
assumption that all sweat produced evaporated from the skin and allowing for respiratory mass
loss according to Fanger ( 1970), the evaporative heat loss can be taken as a direct measure of
thermoregulatory sweat production. It was observed that the sweat rate rises more quickly during
the exercise period and falls more quickly during the subsequent rest period than does core
temperature. This is shown in figure 1 with aural temperature (Tau) used as an index of core
temperature (Tcore).
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Figure 1. Evaporative heat loss from sweat evaporation and aural temperature during exercise
(0-60 min) and rest (60-120 min) from Kenny et al. (2008).
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The conventional view that sweat production is proportion to the rise in core temperature above a
set point (Sawka and Wenger 1988) does not seem to be compatible with these results, since at a
given core temperature the sweat rate is higher during exercise than during rest. For example,
during exercise a Tau of ~36.9ºC yields a whole-body sweat rate of ~240 W (3.2 g•min-1•m-2 with
a latent heat of vaporization of 2427 J/g) whereas during recovery the same approximate Tau
yields a whole-body sweat rate of ~90 W (1.2 g•min-1•m-2) (Figure 1). In order to explain these
data, it is postulated that the sweating response is driven by both the value of core temperature
and its rate of change with time.
METHODS
A model is proposed where the evaporative heat loss is given by:
(1) H evap

Sp (Tcore Tset ) Sd

dTcore
dt

Where Tset is the set point, and Sp and Sd are the sensitivities to the proportional and derivative
terms respectively. Values of core temperature were taken from the experimental data set at 5 to
15 minute intervals. These were differentiated numerically and used in equation 1 to obtain a
calculated value of Hevap. The parameters Tset, Sp and Sd were adjusted to give the best fit of the
calculation to the measured values of Hevap.
The conventional proportional model was tested by a least squares fit of a straight line to the
experimental data
RESULTS
Using aural temperature as representative of core temperature the best visual fit gives the
calculated curve in figure 2. Here Hevap is plotted against Tau to more clearly demonstrate the
difference between the exercise and recovery periods. In a model where sweat rate is
proportional to core temperature, figure 2 would be expected to be a straight line with positive
slope with data from exercise and rest phases on the same line. Clearly the figure is open with
the increase in sweat rate during exercise following a curve which is higher than that followed by
the decrease during recovery. Also shown in figure 2 is the proportional model represented by
the best linear fit (R2 = 0.74) to the experimental data.
DISCUSSION AND CONCLUSION
The calculated curve in figure 2 agrees well with the experiments except at the beginning of the
recovery phase. The difference between calculation and experiment is an average of about 50 W
for the first 15 minutes of the rest phase. This would correspond to the evaporation of about 18 g
of liquid sweat. It is not clear whether this discrepancy is a defect in the model or a limitation of
the experimental method. The calorimeter can measure heat losses with a precision of 2.3 W
(Reardon 2006), but has a finite response time so there is inevitably some time lag between the
production of sweat and the detection of the water vapour. However this latency has been found
to not be greater than about 60 s. Another possibility is that some sweat produced during the
exercise phase did not evaporate until the first part of the recovery phase. For example, some
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liquid sweat could have soaked into the subjects‘ hair or clothing or remained on the skin and
evaporated at a time later than when it was produced. Thus the measurement could be lower than
actual sweat rate in the exercise phase and higher during the first part of the recovery phase.
Compared to the total sweat evaporation of 465 g, this discrepancy is small, about 4%.
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Figure 2. Heat loss from sweating (Hevap) plotted against aural temperature during exercise and
subsequent rest. The data are represented as mean ± standard error from Kenny et al. (2008).
Even though the discrepancy noted above is minor, it did preclude the use of a least squares
technique to get the best fit of the calculation to the data. Optimizing the sensitivities to try to
bring the two or three deviating points into the fit tended to make the overall picture worse. The
reason for this is that the deviations at these points are probably systematic rather than random.
Hence a visual fit was used.
A similar analysis was performed using esophageal temperature rather than aural as an index of
core temperature with results which were very similar except that the values of sensitivity for the
best fit were different as shown in table 1. The value for Sd is lower for the esophageal
temperature since this index of core temperature showed a faster response at the onset of exercise.
The slightly higher value of Tset for esophageal temperature reflects the generally higher value of
this index of core temperature throughout the experiment.
Table 1. Model coefficients for the best fit to heat loss from sweating for two different indices of
core temperatures.
Index of core temperature
Sp (W/K)
Sd (W h / K)
Tset (°C)
Aural
440
58
36.60
Esophageal
480
37
36.95
A model which takes the time rate of change of core temperature as an input to the drive for
sweat production gives improved agreement with the experiments compared to the assumption
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that sweating depends on core temperature only directly. The mechanism which allows sweat
rate to respond to the rate of change of core temperature is a matter of conjecture but since the
thermoreceptors in the skin are known to respond to rate of change as well as actual temperature
(Sawka, Wenger et al. 1996; Sawka and Wenger 1988) it does not seem unreasonable that those
in the hypothalamus should behave similarly. Under steady state conditions, the derivative term
vanishes and this model reduces to the conventional view of sweat rate being linear in core
temperature.
It has been postulated (Webb 1995) that the rate of heat storage in the body (metabolic rate –
external work – heat loss) plays a role as input to thermoregulation. The derivative term
postulated here is similar in its effect. If all parts of the body have the same rate of change of
temperature, heat storage is the product of the rate of change of temperature and the heat
capacity of the body. Hence under those limited circumstances, the heat storage and the
derivative term would be equivalent. In other circumstances, where different parts of the body
(core, shell, muscles, etc) are changing temperature at different rates, the equivalence would not
be exact but there may be qualitative similarity.
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INTRODUCTION
Hemodynamic and thermoregulatory responses of the human beings vary depending on the
thermal environments. Because clothing is the nearest environment, clothing microclimate
affects physiological responses, and differs according to the interaction between human body and
environmental temperature even when people dress the same. Therefore, there is a need to
investigate the temperature/humidity inside clothing changed by different ambient temperature
and to research physiological responses in this condition. Also, there are many studies about
relationship between the temperature/humidity inside clothing and thermoregulatory responses,
but there are few studies about influence of hemodynamic responses.
This study was conducted to investigate effects of thermal stimulation caused by the ambient
temperature on hemodynamic and thermoregulatory responses, and to exam the relationship
between hemodynamic and thermoregulatory responses.
METHODS
1. Participants and experimental clothing
Twenty two healthy, nonsmoking male volunteers with the following characteristics were
recruited (mean±SD): age 23.0±1.8yr, height 1.74±0m, weight 68.6±8.9kg and BSA 1.82±0.1m2.
They provided written and informed consent before participating in this protocol. The subjects
wore long-sleeved shirts (205g), long pants (422g) and panties (73g). All clothing was made of
100% cotton.
2. Experimental conditions and test protocols
All tests were conducted in a climatic chamber under two different conditions: CE (a cold
environment, 10.4±1.0℃, 35.5±4%RH) and HE (a hot environment, 41.0±0.7℃, 43.2± 6%RH).
Trials were conducted each day at the same hour in order to exclude the effects of circadian
rhythms. Subjects arrived at the laboratory and rested for 30 minutes after setting up the
equipment and changing clothes. During trials, subjects sat still in a chair while exposed to each
condition for 60 minutes.
3. Measures
3.1 hemodynamic responses
Blood pressure and pulse transit time (PTT):
Both Systolic and diastolic blood pressure were measured at 30-minute intervals with
sphygmomanometer (BP3AG1, Microlife, Switzerland). Pulse transit time (PTT) at the right
hand for investigating vascular compliance was measured at 10-minute intervals (PWV 3.0, KM
tec, Korea). The unit of PTT in this study was ‗millisecond (ms)‘ and the higher it was, the better
vascular compliance was.
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Capillary sizes and flow velocity Hairpin-like capillary was measured on nailfold of left hand
ring finger. The same capillary was measured all the time. The microcirculatory images were
noninvasively obtained from the nailfold, by using a video-capillary microscopy (lens: Leica 5X,
Ger-many; Camera:IK-205, iKeNo, Japan). During microcirculation imaging, the nail-fold
surface was covered with a drop of immersion oil to improve skin transparency and the first row
of nailfold capillaries was selected. The capillary was measured at 30-minute intervals. The
images of 0.6mm width were magnified 240X through the video-capillaroscope. The software
used for analysis is XW software developed by the Nanjing medical device corporation in China.
Measurements of capillary dimen-sions are shown in Fig. 2.

Fig. 2. Measurements of one capillary: arterial
diameter (a), venous diameter (b), apical loop
diameter(c), maximum capillary width (d), distance
between limbs (e), apex width (f)

3.2 Thermoregulatory responses
Skin temperatures (Tsk) were measured at nine spots on the forehead, abdomen, forearm, hand,
thigh, leg, foot, middle finger and ring finger, and mean skin temperature was calculated as 7points according to the method by Hardy & Dubois (1937). Core temperature was measured
rectal temperature (Tr) with a rectal probe inserted 15cm past the anal sphincter. Mean body
temperature (Tb) was calculated by using Tsk and Tr. These measures were recorded with a
portable thermistor logger (LT, Gram Corp., Japan). Skin-surface temperature gradients (forearm
temperature-fingertip temperature, T(arm-finger)) have been used as an index of thermoregulatory
peripheral vaso-constriction (Rubinstein & Sessler, 1990). Clothing microclimate at the chest,
back and thigh was used with Thermal Recorder (TR-72S, T&D Corp., Japan). Heart rate was
measured with a Polar Sports Tester (Polar Electro Inc., Finland). All of these measures were
taken every one minute.
3.3 Subjective sensations
Subjective sensations were determined by ratings of thermal sensation on the whole body, hands
and feet (11-point scale, +5=very hot, -5=very cold), thermal comfort (11-point scale,
+5=comfortable, -5= uncomfortable), wet sensation (11-point scale, +5=very wet, -5=very dry)
(Winakor, 1982) and tolerance (5-point scale, 0=perfectly tolerable, 4=intolerable) (ISO 10551,
1995) recorded every 10 minutes.
4. Statistical analysis
All analyses were performed using a statistical software package (SPSS v10.0). Descriptive
statistics (means, SD) were calculated for each physiological measure during each test. The
independent-samples t-test was used to examine physiological responses and correlation test was
used between hemodynamic, thermoregulatory responses, clothing microclimate and subjective
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sensations (p<.01).
RESULTS
Clothing microclimate
Temperature inside clothing was significantly higher by 10.5℃ in HE than that in CE, and
significantly differed in each area of chest, back and thigh. Humidity inside clothing in HE was
significantly higher by 65%RH than that in CE (p<.01, Table 1).
Table 1. Clothing climate in both cold (CE) and hot (HE) conditions
CE
HE
t-value
Chest
24.19±1.7 36.04±1.1
-215.4
Temperature
Back
27.17±1.1
37.16±1.0
-236.6
inside clothing
Thigh
25.46±1.7 35.20±1.3
-167.1
(℃)
Mean
25.61±1.1 36.14±1.0
-249.0
Chest
14.42±3.5 79.48±10.7
-207.0
Humidity
Back
10.03±3.4 76.26±10.9
-208.5
inside clothing
Thigh
14.43±4.4 77.00±14.3
-149.7
(%RH)
Mean
13.00±2.7 77.64±10.7
-204.8

p-value
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

Hemodynamic responses
Arterial and venous diameter in HE were higher than those in CE (p<.01). There was no
significant difference between two groups in apical loop diameter, apex width, maximum
capillary width and distance between limbs. Flow velocity in HE was more than three times
faster than that in CE (p<.01). Both Systolic blood pressure (SBP) and Diastolic blood pressure
(DBP) were higher in CE (p<.01). Pulse pressure (PP) and PTT did not differ significantly in CE
and in HE. Heart rate in CE was lower than that in HE (p<.01, Table 2).
Table 2. Hemodynamic responses in both cold and hot conditions
CE
HE
Arterial diameter (㎛)
14.89±5.5
18.11±3.2
Venous diameter (㎛)
20.53±6.4
24.49±5.5
Apical loop diameter (㎛)
17.90±5.1
18.67±2.6
Apex width (㎛)
53.15±14.5
51.15±12.4
Maximum capillary width (㎛)
60.27±14.7
60.16±9.9
Distance between limbs (㎛)
17.10±5.3
16.05±4.3
Flow velocity (㎛/s)
121.91±78.7
419.59±87.5
Systolic blood pressure (mmHg)
127.38±11.7
116.73±11.1
Diastolic blood pressure (mmHg)
80.92±6.9
71.51±8.2
Pulse pressure (mmHg)
46.45±9.6
45.21±9.8
Pulse transit time (ms)
213.81±38.4
229.26±29.9
Heart rate (beats/min)
70.6±8.3
86.1±12.2

t-value p-value
-4.323
0.000
-4.088
0.000
-1.149
0.253
0.907
0.366
0.051
0.959
1.333
0.185
-15.033
0.000
5.371
0.000
7.131
0.000
0.736
0.463
-0.022
0.983
-37.7
0.000

Thermoregulatory responses
Tsk in HE was significantly higher by 6.1℃ than that in CE (p<.01). Among the area covered
with clothing, the difference of skin temperature between CE and HE was the smallest by 2.7℃
in the abdomen and the greatest by 8.26℃ in the foot. Among the area uncovered with clothing,
the difference of skin temperature between CE and HE was big in hand, middle finger and ring
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finger at 13.0℃, 20.4℃ and 20.0℃ respectively (p<.01).
Vasoconstriction was defined as having occurred when T(arm-finger) ≥ 4℃ (Rubinstein & Sessler,
1990). T(arm-finger) was 12.13±3.2℃ in CE and -0.09±0.6℃ in HE (p<.01), and this result means
that vasoconstriction occurred obviously in CE. Tr was 37.26±0.3℃ in CE and 37.26±0.2℃ in
HE, and did not differ significantly. Tb was lower by 2.0℃ in CE than in HE, at 34.77±0.5℃,
36.72±0.3℃, respectively (p<.01).
1.
Correlation between hemodynamic responses, clothing microclimate,
thermoregulatory responses and subjective sensations
Flow velocity in nailfold capillary was closely correlated with clothing microclimate (r>0.8,
p<.01). Capillary sizes except venous diameter did not show a correlation with clothing
microclimate. Both SBP and DBP were correlated negatively with temperature and humidity
inside clothing (p<.01, Table 3). Higher temperature and humidity inside clothing had been
associated with lower SBP and DBP.
Flow velocity in nailfold capillary was closely correlated with Tsk, Tb, finger temperatures, etc.
(r>0.8, p<.01). No significant correlations were noted between all capillary sizes except venous
diameter with thermoregulatory responses. SBP and DBP correlated negatively with Tsk, Tb,
finger temperatures and heart rate, and these results mean that the higher blood pressure is, the
lower Tsk, Tb, finger temperatures and heart rate are (p<.01, Table 4).
Flow velocity in nailfold capillary was closely correlated with thermal and wet sensation (r>0.6,
p<.01), and all capillary sizes except venous diameter did not show the correlation with
subjective sensation. Blood pressure was correlated with thermal and wet sensation, and this
result means that people feels cold and dry when blood pressure is high (p<.05, Table 5).
Table 3. Correlation coefficients between hemodynamic responses and clothing microclimate
Temperature inside clothing
Humidity inside clothing
Chest
Back
Thigh
Chest
Back
Thigh
Arterial diameter
NS
NS
NS
NS
NS
NS
Venous diameter
0.292**
0.308**
0.374**
0.322**
0.332**
0.331**
Apical loop diameter
NS
NS
0.175*
NS
NS
0.177*
Maximum capillary width
NS
NS
NS
NS
NS
NS
Distance between limbs
NS
NS
NS
NS
NS
NS
Flow velocity
0.885** 0.849**
0.871**
0.849**
0.867**
0.813**
Systolic blood pressure
-0.462** -0.478**
-0.419** -0.433** -0.429** -0.451**
Diastolic blood pressure
-0.584** -0.580** -0.490** -0.588** -0.582** -0.516**
Pulse pressure
NS
NS
NS
NS
0.448**
NS
Pulse transit time
0.186**
0.240**
0.228**
0.205**
0.240**
0.182**
Table 4. Correlation coefficients between hemodynamic and thermoregulatory responses
Tsk

Tr

Tb

Tmiddle finger

Tring finger

T(arm-finger)

Arterial diameter
Venous diameter
Apical loop diameter

NS
0.305**
NS

NS
-0.252**
NS

NS
0.250**
NS

NS
0.333**
NS

NS
0.335**
NS

NS
-0.335**
NS

Heart
Rate
NS
NS
NS

Maximum capillary
width

NS

-0.262**

NS

NS

NS

NS

NS

Distance between limbs

NS

-0.227**

NS

NS

NS

0.186**

-0.173*
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Flow velocity
Systolic blood pressure
Diastolic blood pressure
Pulse pressure
Pulse transit time

0.866**
-0.499**
-0.549**
NS
0.215*

0.352**
NS
NS
NS
-0.253**

0.859**
-0.486**
-0.518**
NS
0.167**

0.886**
-0.400**
-0.499**
NS
0.191**

0.887**
-0.418**
-0.516**
NS
0.192**

-0.836**
0.347**
0.443**
NS
-0.162**

0.602**
-0.409**
-0.248**
-0.302**
NS

Table 5. Correlation coefficients between hemodynamic responses and subjective sensations
Whole body
Thermal Thermal
sensation sensation
Thermal
Wet
Thermal
Tolerance
at hands
at feet
Sensation Sensation Comfort
NS
NS
NS
NS
NS
NS
Arterial diameter
**
**
**
0.308
0.262
NS
NS
0.316
0.259**
Venous diameter
NS
NS
NS
NS
NS
NS
Apical loop diameter
Maximum capillary
NS
NS
NS
0.189*
NS
NS
width
Distance between limbs

Flow velocity
SBP
DBP
Pulse pressure
Pulse transit time

NS
0.870**
-0.423**
-0.501**
NS
0.237**

-0.170*
0.780**
-0.326**
-0.403**
NS
NS

NS
NS
NS
NS
NS
-0.137*

NS
NS
NS
-0.202*
NS
NS

NS
0.818**
-0.422**
-0.529**
NS
0.226**

NS
0.687**
-0.477**
-0.504**
NS
0.259**

CONCLUSIONS
In this study, the ambient temperature variation of 30 ℃ caused 10.5 ℃ of difference in
temperature inside clothing, and vasoconstriction and vasodilatation was visually proved through
the measurement of blood vessel sizes. Also, on investigation about relationships between
hemodynamic and thermoregulatory responses, it was confirmed that the lower temperature
inside clothing is, the higher blood pressure is and the smaller venous diameter is. This result
means that the size of blood vessel measured with capillary microscopy could be applied to
physiological studies as a parameter. Further study should be performed about effects of mild
temperature stimulus using clothing on hemodynamic responses, and relationships between
hemodynamic and thermoregulatory responses on this condition.
REFERENCES
Hardy, J.D. and DuBois, E.F. (1937). The technic of measuring radiation and convection. The Journal of Nutrition,
15, 461-475.
Rubinstein, E.H. and Sessler, D.I. (1990). Skin-surface temperature gradients correlate with fingertip blood flow in
humans. Anesthesiolgy, 73, 541-545.
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THE EFFECT OF FLOOR HEATING SYSTEM ON PHYSIOLOGICAL
AND PSYCHOLOGICAL RESPONSES IN SITTING POSTURE WITH
THROWING LEGS
Akira Kato1) Yumi Hirasawa2), Syohei Morimoto1),Takashi Kubo1), Sayaka Sugano1),
Masashi Kuramae1),Takafumi Maeda1) and Shintaro Yokoyama1)
1)Hokkaido University, Sapporo, Japan
2)Tokyo GAS Co., Ltd., Tokyo, Japan
Contact person:A.Kato@eng.hokudai.ac.jp

INTRODUCTION
Floor heating systems have been gradually equipped in Japanese houses. In general the
advantages of floor heating system might be considered its health promotion and energy-saving
effects in winter. It was pointed out that the noise and air pollutant levels were relatively low in
the room with floor heating system compared with the other heating systems. Although there
were several reports on the temperature measurements and the subjective evaluation by using
floor heating system1) 2), we could not find out the report focused on its comprehensive
physiological and psychological effects. In this study, we conducted the experiments both with
and without floor heating system in the climatic chambers. The subjects were seven healthy
males and they were sitting with their legs thrown out in front of them. By using measured items
we discussed the effect of floor heating system on physiological and psychological responses.
METHODS
The experiments were conducted at the two climatic chambers of the Laboratory of
Environmental Ergonomics, Hokkaido University. The outside sizes of the main climatic
chamber equipped with the present floor heating system were W2700×D2700×H2100.
The experiment consisted of two conditions. The first one was the experiment with floor
heating system (Exp-F). The second one was that without floor heating system as the control
(Exp-C). Air temperature was set to keep 21 ℃ in both experiments. The relative humidity was
kept 45 % level. Actual measured values are shown in Table 1. The average floor temperature
was set to 25.9±0.1 ℃ with floor heating.
Table 1 Actual air temperature and relative humidity

Air Temperature [℃]
Relative Humidity [%]

Floor heating

Control

21.2±0.1

21.2±0.3

44±1.1

44±0.1

The subjects were seven healthy males (age:23.1±0.9 [years], height:174.7±2.6 [cm],
weight:64.0±5.0 [kg]). The clothing ensembles were selected from typical working uniform in
winter. Subjects wore T-shirts (cotton), trunks (cotton), long-sleeve shirts (cotton and polyester),
pants (cotton and polyester), work suit (cotton and polyester) and socks (cotton).
Subjects stayed at rest in the other climatic chamber (antechamber) controlled at 25 ℃,
RH45 % over 90 min. At least 15 minutes before moving into the main chamber, the subjects
stayed in sitting posture with their legs thrown out in front of them. After the initial measurement
of the items in detail below, they moved quickly to the climatic chamber controlled by floor
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heating or room-air conditioner, and kept sitting posture their legs thrown out in front of them
during 60 minutes.
The eleven point skin temperatures, the rectum temperature and the temperature of under
tongue were measured with the thermistor (LT-ST08-12, Gram). The eleven measurement points
of skin temperature consisted of the head, the abdomen, the back, the forearm, the hand, the in
front of thigh, the back of thigh, the in front of crus, the back of crus, the foot, and the heel. In
addition before and after the dominant experiment, we measured whole body temperature
distribution with a thermography (TH5100, NEC).
Skin blood flow of the head, finger, and crus were measured by using a laser Doppler bloodflowmeter (ALF-21D, Advance). Blood pressures and electrocardiograms (ECG) were also
measured by using a biological information monitor (BP608-EV, Omron). The measurement of
blood pressure in the main climatic chamber was performed every fifteen minutes.
In this experiment, the reaction time to the auditory stimulus was measured to click a mouse of
PC when the subjects detected it. As an indicator of the motor function or the muscle stiffness,
the bipolar surface electromyograms (EMG) of the right trapezius was measured every 30
minutes (0, 30, 60 min) keeping elevation of scapular region for 10 seconds. The mean power
frequency (MPF) was determined by using FFT.
As psychological items, thermal sensation vote (TSV) and thermal comfort vote (TCV) were
selected.
RESULTS and DISCUSSION
The skin temperature of the head and the back changed differently from the other parts. With
floor heating the parts which were contacted with the floor (back of thigh, back of crus and heel),
the skin temperatures increased. For many parts which were not contacted with the floor, the skin
temperatures decreased. However by using floor heating, the skin temperatures decrease was
inhibited.
In Fig. 1 the skin temperature changes of the main four parts are shown. With floor heating
system the skin temperatures of both the back of the thigh and crus, which contacted with the
floor heating increased. The skin temperature of the back of thigh increased from 33.0 ℃ to
34.1 ℃ and kept the level of 34.1 ℃. The back of the crus skin temperature was increased from
32.4 ℃ to 33.2 ℃. The skin temperatures of the front crus, which did not contact with floor
heating directly, decreased in the both conditions .When using floor heating, the skin temperature
decreased 0.4 ℃ from 32.8 ℃ to 32.4 ℃, without floor heating, decreased 1.7 ℃ from 32.7 ℃
to 31.0 ℃. It was indicated that the floor heating system could relieve the skin temperature fall
of it. At the both experimental conditions (with and without floor heating) the head skin
temperatures also decreased. When using floor heating, the skin temperature decreased 2.0 ℃
from 34.4 ℃ to 32.4 ℃. In the case without floor heating, that decreased 0.9 ℃ from 34.0 ℃ to
33.1 ℃, of which tendency would be in contrast with those of the extremities.
Fig. 2 summarizes the measured results of skin and rectum temperature during 60 minutes. In
the present experiments, both Exp-F and Exp-C the initial air temperature was 25 ℃ and the test
air temperature was 21.2 ℃. It was considered to be a step change test from moderate thermal
condition to slightly cool condition. The skin temperatures of almost parts were decreased.
However in Exp-F with floor heating system the skin temperatures of the back of thigh and the
back of crus, which were contacted with floor, increased about 1 ℃.
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The %blood flow rate of the front crus by using floor heating were the same level of those
without floor heating. Fig. 3 shows the measured results of the blood flow rate of the head and
the finger. The %blood flow rates of the head by using floor heating system were about 10 %
lower than those of the control. On the contrary the blood flow rates of the finger with floor
heating were higher than those of the control. It was considered that floor heating might induce
the parasympathetic activation 3) 4).
The measured values of the blood pressure were almost the same level at both conditions. The
value of the systolic blood pressure was around 120 mmHg. The value of the diastolic blood
pressure was 65 mmHg and the value of the mean blood pressure was 85 mmHg.
Fig. 4 summarizes the results of the %MPF. The value at 0 min was defined as 100%. Without
floor heating, the mean value of %MPF decreased down to 97% at 30min. On the other hand, the
mean value of %MPF with floor heating increased to 112% at 30min, which was higher than that
without floor heating. However, the statistical significance could not be calculated.
As is well known that mean power frequency decrease by muscle fatigue or cooling5).In this
experiment, the %MPF without floor heating decreased until 30 minutes. With floor heating,
the %MPF increased until 60 minutes. These facts suggest that the strain of trapezius was
relieved by floor heating until 30 minutes.
The reaction time was about 320 msec for both conditions, and significant differences was not
able to be found.
Fig. 6 shows the measured result of the thermal sensation vote. After entered the main chamber,
subjects felt slightly cool without floor heating system. With floor heating system, most subjects
answered from ―0: neutral‖ to ―+1: slightly warm‖. After 15 minutes, the significant differences
was able to be found. In Fig. 7 the measured result of the thermal comfort vote are shown.
Without floor heating system, most subjects kept answered ―0: neutral‖. With floor heating
system, most subjects felt slightly comfortable. The significant differences were recognized just
after the subjects entered the main chamber.
The findings of the present study were summarize that the floor heating systems could have the
effect to inhibit the a fall of the skin temperatures and improve stiff shoulders, TSV and TCV.
REFERENCES
1) S.Watanabe, J. Human-Environ. System Vol.5, No.1 (2001) pp.13-23
2) Y. Nakamura et al., J. Environ. Eng., AIJ No.594 (2005) pp.61-67
3) C. Gutenbrunner and G. Hildebrandt, (eds.), Handbuch der Blaneolgie und medizinnischen Klimatoloie, Springer
Verlag, (1998)
4) J. Smolander et al., Eur. J. Appl. Physiol. Vol.67 (1993) pp.192-196.
5) M. Kimura et al., Eur. J. Appl. Physiol. Vol.100 (2007) pp.89-96
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PRIOR HEAT STRESS: EFFECT ON SUBSEQUENT 15-MINUTE TIME
TRIAL PERFORMANCE IN THE HEAT
R.W. Kenefick, B.R. Ely, S.N. Cheuvront, L.J. Palombo, D.A. Goodman and M.N. Sawka
US Army Research Institute of Environmental Medicine, Thermal and Mountain Medicine
Division, Natick, MA 01760
Contact person: Robert.Kenefick@US.Army.mil
INTRODUCTION
Workers and athletes must often perform in the heat after prior exposure to heat stress with
some period of recovery. In addition, exercise scientists commonly employ prior exercise-heat
stress to achieve dehydration and expose volunteers to the same stress while maintaining fluid
intake for the control (euhydration). It is generally assumed that prior exercise-heat stress does
not itself impact performance. However, it is uncertain (8) whether euhydrated performance
following heat stress and recovery actually reflects a true baseline for comparison with
dehydration.
Emerging data support the possibility that prior heat stress, despite recovery, might negatively
impact subsequent tasks performed in the heat. During exercise-heat stress, Nybo and colleagues
(10) demonstrated that cerebral blood flow velocity is reduced while Wilson and colleagues (12)
also demonstrated that whole-body heating increases cerebral vascular resistance to an
orthostatic challenge. When Carter et al. (1) examined both measures before and after exerciseheat stress, they observed that decreases in cerebral blood flow velocity and increases in cerebral
vascular resistance persisted into recovery despite a return to normothermia. It is therefore
possible that prior heat stress can have a residual, but pernicious impact on human physiology
which could affect exercise performance (9; 11). At present, we are unaware of any
investigation that has studied the impact of prior heat stress on aerobic time trial performance in
the heat. Given this gap in the literature further investigation is warranted.
The purpose of the present study was to determine the effects of prior heat stress, despite
recovery of body temperature, on aerobic time trial performance in the heat. We hypothesized
that prior heat stress would degrade performance. The findings of this investigation have
important implications not only for research methodology but for, labourers, athletes and military
personnel who may work, train or compete in the heat with intermittent opportunities for rest and
rehydration. Care was taken to carefully control for hydration status, time of day, and prior heat
exposure (e.g., by using non-acclimatized subjects, using two groups, and comparing
performance to temperate conditions).
METHODS
Subjects. Two volunteer groups of nine men (total n=18), who were not heat acclimated,
volunteered to participate in this investigation. Volunteers in both groups were tested in a
euhydrated state, with one group being exposed to 50°C for three hours prior to testing (EUHPH)
while the control group (EUH) was not exposed. Physical characteristics were (mean± SD):
EUH, age, 23.2 ± 6.2 yr; mass, 77.1 ± 9.6 kg; BSA, 1.9 ± 0.1 m2; BMI, 24.5 ± 2.2 kg·m-2; and
VO2peak, 45 ± 5 ml·kg-1·min-1; EUHPH, age, 23.2 ± 4.5 yr; mass, 88.3 ± 6.7 kg; BSA, 2.1 ± 0.1 m2;
BMI 27.1 ± 2.1 kg·m-2; and VO2peak, 44 ± 7 ml·kg-1·min-1. Appropriate institutional review
boards approved this study. Investigators adhered to policies for protection of human subjects as
prescribed in Army Regulations 70-25 and US Army Medical research and Materiel Command
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Regulation 70-25. The research was conducted in adherence with the provisions of 45 Code of
Federal Regulations Part 46.
Preliminary Procedures and Familiarization. Two weeks of preliminary testing preceded
the experimental trials. Peak power (Watts) and VO2peak were measured using an incremental
protocol on an electronically braked cycle ergometer (Lode Excalibur Sport, Lode, Groningen,
The Netherlands) and a computer-based metabolic system with continuous gas exchange
measurements (Parvo Medics, Inc., Sandy, UT). The cycle ergometer was used in the hyperbolic
mode (pedal rate independent) for VO2 peak testing while volunteers maintained a constant
cadence of 60 5 rpm to exhaustion. Briefly, volunteers began exercise at 40 W and the
workload increased by 20 W every minute until the subject reached volitional exhaustion.
During preliminary testing volunteers performed four familiarization sessions on the cycle
ergometer in order to reduce training and learning effects (3). Each familiarization session took
place in a 22°C, 20-30%rh environment and consisted of 30-min of steady-state cycling
(50%VO2peak), followed by a short rest break, then a 15-minute maximal performance time trial.
For five consecutive days during the second week of familiarization, volunteers consumed 2
L of sports drink after 6 PM. On each subsequent morning, volunteers provided a first morning
urine sample and had a blood sample (< 5ml) taken to measure plasma osmolality. In addition,
nude body mass was measured before breakfast and after voiding. The five day measures of
body mass, plasma osmolality and urine specific gravity were averaged to establish a reliable
baseline to determine euhydration. On the day of testing, volunteers with a combination of any
two urine specific gravity < 1.02, nude body mass within 1% of the five day average, or plasma
osmolality < 290 mOsmol·kg-1 H2O were considered euhydrated (11).
Experimental Design and Testing - Previous Heat Exposure. On the morning of each trial,
nude body mass, urine specific gravity and plasma osmolality were measured for comparison
against the preceding week‘s 5-day average. Volunteers consumed a standardized breakfast of
540 kcals (16 g fat, 94 g carbohydrate, 8 g protein) and 250 mls of water. In EUHPH, volunteers
were instrumented for measurements of heart rate and core temperature before entering the
environmental chamber set at 50ºC, ~20% relative humidity, 1.6 m·s-1 air speed. In the EUH
group, volunteers rested in a comfortable environment (~22ºC). Rectal temperatures were
obtained from a telemetric temperature sensor (VitalSense Jonah™ Ingestible Capsule,
Minimitter inc., Bend, OR) inserted 8-10 cm beyond the anal sphincter.
The EUHPH group proceeded to walk on a treadmill at 3 mph at 3.5% grade for 30 minutes,
followed by 30 minutes of seated rest. This work/rest cycle continued for the duration of the 3
hour dehydration protocol. Throughout the heat exposure, if core temperature reached 39.5°C
walking was discontinued and volunteers sat in the chamber for the remaining duration of the
exercise cycle. Sweat loss volume was determined from changes in body mass measured every
30-min. A 90 minute break followed heat exposure where volunteers showered and relaxed.
The purpose of this break was to allow core temperature to return to pre-heat exposure levels (2).
Following the break, nude body mass was again measured and this value was compared to the
pre-heat exposure value. If body mass did not equal pre-heat exposure values, additional fluid
was provided.
Experimental Performance Testing. Just prior to testing, group EUH was instrumented for
measures of heart rate and core temperature as described for EUHPH and these measures were
continuously monitored and recorded during exercise. Upon entering the test environment set to
40ºC, 20%rh, both EUH and EUHPH volunteers began the experiment by cycling for 30 minute at
50%VO2peak. A 10 minute break followed, after which a self-paced 15 minute cycling
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performance time trial was completed. The 30-minute exercise pre-load followed by a shorter
time trial in this study was selected because: 1), it has ecological validity for comparison to the
similar exercise duration and energy system requirements of the Army 2-mile run, and 2) it is a
reliable performance test modality (5). During the steady-state ride, a pedal rate of 60 5 rpm
was used because in novice cyclists, endurance has been shown to be maximized at lower pedal
cadences (7). The Lode Linear Factor was individualized to elicit a 50%VO2peak workload for
each volunteer at this cadence. During the 15 minute time trial volunteers were blinded to all test
parameters except time. Exercise heart rates and core temperatures were measured by automated
means to limit distractions.
Performance was assessed as the total amount of work completed (kilojoules) in 15 minutes.
Although cycling is a body mass independent exercise modality, performance relative to body
mass (kJ∙kg-1) was also examined due to the larger body mass of group EUHPH. The percent
change in performance relative to the best practice trial at 22ºC was also calculated for
comparison between EUH and EUHPH as another way of evaluating the effects of heat stress and
residual heat stress on performance.
Statistical Analysis. The primary outcome variable of interest in this experiment was time
trial performance. Group performances were compared using an independent samples t-test, as
were other variables of interest at single time points. A mixed model two-factor ANOVA with
repeated measures on the second factor was used to make all group x time comparisons. Fvalues were adjusted for sphericity where appropriate and main or interaction effects were
investigated by Newman-Keuls post-hoc test. An analysis selecting conventional α (0.05) and β
(0.20) parameters showed that 8 subjects in each group would provide sufficient power to detect
a 10% difference in time trial performance between groups. This estimate was made using the
mean total work (~175 kJ) and coefficient of variation (CV = 5%) calculated from trials of
negligible difference during two weeks of time trial practice. The desire to detect a two-fold
change from the %CV was chosen based on the likelihood of experimental perturbations
producing unique performance infidelity (4). Graphical data are presented with unidirectional
error bars for clarity of presentation. All data are presented as means ± SD.
RESULTS
In both the EUH and EUHPH trials, volunteers were euhydrated prior to the start of testing,
body mass was within 1% of the 5-day average, urine specific gravity was below 1.020 and
plasma osmolality was <290 mOsm•kg-1. In the EUHPH trial body mass did not significantly
change from pre-heat exposure to pre-experimental testing, as sweat losses were matched with
fluid intake (3.5 ± .05 L; Table 1).
Table 1. Experiment 1 Selected pre-heat exposure and pre-experimental testing variables.
EUH
EUHPH
Pre-heat exposure initial body weight (kg)
77.3 ± 9.3
89.0 ± 7.3*
Pre-experimental testing body weight (kg)
77.8 ± 8.9
89.1 ± 7.3*
Pre-experimental testing urine specific gravity
1.016 ± 0.006
1.016 ± 0.004
Pre-experimental testing plasma osmolality (mOsm•kg-1)
289.0 ± 4.0
288.0 ± 4.0
* denotes significant difference (p<0.05) from EUH.

Total accumulated work was not different (p>0.05) between the EUH (150.5 ± 28.3kJ) and
EUHPH (160.3 ± 24.0 kJ) trials. Expressed relative to body mass to control for group differences
in absolute VO2peak, differences were even smaller at 1.96 kJ∙kg-1 (EUH) and 1.82 kJ∙kg-1

438

Proceedings of the 13th International Conference on Environmental Ergonomics, Boston (USA), August 2-7, 2009

(EUHPH). The percent change in time trial performance relative to the best 15-minute practice
time trial in ~22°C, 20% rh during familiarization was also not different (p>0.05) between the
EUH (18.7 ± 9.2%; 95% CI 12.7-24.7) and the EUHPH (15.0 ± 7.8%; 95% CI 9.9-20.1) trials.
As there was no difference between the percent change in time trial performance between the
EUH and EUHPH trials, they were collapsed and compared relative to the best 15-min
performance time trial in ~22°C. This percent change in performance between the combined
EUH and EUHPH trials in 40°C trials vs. those in the 22°C trials was 16.9 ± 8.5%. Figure 1
depicts the percentage decrease in time trial performances in 40°C compared to best training
values observed in 22°C. The shaded region represents within-subjects CV (5%) during training.
Figure 1.

Figure 2 A and B.
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During heat exposure core temperature for the EUHPH group increased from pre- (37.0 ±
0.3°C) to post (38.25 ± 0.5°C) heat exposure, but returned to baseline (37.2 ± 0.2°C, p>0.05)
before the start of experimental testing. Heart rates and core temperatures were not different
(p>0.05) during the steady-state or performance time trial rides between the EUH and EUHPH
trials. However, there was a significant main effect for time (p<0.05) where both heart rate and
core temperature increased during exercise (0, 15, 30 min and end of performance time trial;
Figure 2 A and B). Ratings of perceived exertion were also similar during steady-state and not
different (p<0.05) between the EUH (18.2 ± 1.3) and EUHPH (19.0 ± 1.5) trials at the end of the
aerobic time trial. Figure 2 depicts heart rate (A) and rectal temperature (B) responses to exercise with
(EUHPH) and without (EUH) prior heat exposure. (A) Main effect of time where * = progressive
differences across all time points (Final > 30 > 15 > 0 min). (B) Main effect of time where * =
progressive differences across all time points (Final > 30 > 15 > 0 min). All notations are significantly
different at P<0.05. SS = steady-state exercise; TT = time trial.

CONCLUSIONS
These findings may also afford important insight for workplace settings where individuals
may work in the heat, rest, and then resume work in the heat. In addition the findings of the
present study are important as many research protocols employ these very same methods when
studying the effects of body water deficits on human physiology. However, any application of
these findings must take into consideration adequate recovery of body core temperature and
hydration state. In the present study, volunteers were given a 90 minute break out of the heat,
where they showered and any fluids lost were replaced in order to maintain euhydration. During
this time period, heart rate and core temperatures nearly recovered to pre-heat stress levels. It is
likely that if dehydration of >2% was not corrected or if body core temperature was not allowed
to recover, greater performance decrements would occur (6) during subsequent aerobic exercise.
REFERENCES
1. Carter R, III, Cheuvront SN, Vernieuw CR and Sawka MN. Hypohydration and prior heat stress exacerbates
decreases in cerebral blood flow velocity during standing. J Appl Physiol 101: 1744-1750, 2006.
2. Cheuvront SN, Carter R, III, Haymes EM and Sawka MN. No effect of moderate hypohydration or
hyperthermia on anaerobic exercise performance. Med Sci Sports Exerc 38: 1093-1097, 2006.
3. Gleser MA and Vogel JA. Endurance exercise: effect of work-rest schedules and repeated testing. J Appl
Physiol 31: 735-739, 1971.
4. Hopkins WG, Hawley JA and Burke LM. Design and analysis of research on sport performance enhancement.
Med Sci Sports Exerc 31: 472-485, 1999.
5. Jeukendrup A, Saris WH, Brouns F and Kester AD. A new validated endurance performance test. Med Sci
Sports Exerc 28: 266-270, 1996.
6. Kraning KK and Gonzalez RR. Physiological consequences of intermittent exercise during compensable and
uncompensable heat stress. J Appl Physiol 71: 2138-2145, 1991.
7. McNaughton L and Thomas D. Effects of differing pedalling speeds on the power-duration relationship of
high intensity cycle ergometry. Int J Sports Med 17: 287-292, 1996.
8. Nielsen B, Kubica R, Bonnesen A, Rasmussen IB, Stoklosa J and Wilk B. Physical work capacity after
dehydration and hyperthermia. Scand J Sports Sci 3: 2-10, 1981.
9. Nielsen B and Nybo L. Cerebral changes during exercise in the heat. Sports Med 33: 1-11, 2003.
10. Nybo L, Moller K, Volianitis S, Nielsen B and Secher NH. Effects of hyperthermia on cerebral blood flow
and metabolism during prolonged exercise in humans. J Appl Physiol 93: 58-64, 2002.
11. Sawka MN, Burke LM, Eichner ER, Maughan RJ, Montain SJ and Stachenfeld NS. American College of
Sports Medicine position stand. Exercise and fluid replacement. Med Sci Sports Exerc 39: 377-390, 2007.
12. Wilson TE, Cui J, Zhang R and Crandall CG. Heat stress reduces cerebral blood velocity and markedly
impairs orthostatic tolerance in humans. Am J Physiol Regul Integr Comp Physiol 291: R1443-R1448, 2006.

440

Proceedings of the 13th International Conference on Environmental Ergonomics, Boston (USA), August 2-7, 2009

HEAT STRESS IN CANADIAN DEEP MECHANIZED MINES:
LABORATORY SIMULATION OF TYPICAL MINING TASKS
PERFORMED IN VARYING ENVIRONMENTS
1

Glen P. Kenny, 1Jill Stapleton, 1Aaron Lynn, 1Konrad Binder,
2
Cheryl Allen and 3Stephen G. Hardcastle
1
School of Human Kinetics, University of Ottawa, Montpetit Hall, Ontario, K1N 6N5, Canada,
2
Vale Inco, Copper Cliff, Ontario, P0M 1N0, Canada
3
CANMET-MMSL, Natural Resources Canada, Sudbury, Ontario, P3E 5P5, Canada.
Contact person: gkenny@uottawa.ca
INTRODUCTION
Heat stress in the mining industry has been a cause for concern for most of this century. Many of
the issues affecting work in hot environments which were first addressed in South African
mining operations in the 1920‘s remain unresolved. In Canada, the growing need to combat
personnel heat exposure in mines, as a function of depth, is becoming an increasingly important
issue. The sources of heat in underground mines are numerous. Factors such as the rock and
ground water temperature are considered as the main determinants of temperature at a given
depth in an underground mine (5). Increased mine air temperature also occurs due to
autocompression, powered equipment, electrical units, rock movement and blasting (2, 4).
Currently, the Canadian mining has adopted the American Conference of Governmental
Industrial Hygienists (ACGIH) Threshold Limit Values (TLVs) as a heat stress screening criteria
(see http://www.acgih.org/home.htm). TLVs refer to level of heat stress that all workers may be
repeatedly exposed day after day without adverse effect. In the case of heat stress environments,
TLVs for heat stress are provided in terms of WBGT values. The values are based on the
assumption that nearly all acclimatized, fully clothed workers with hydration should be able to
function effectively under the given working conditions without exceeding a core temperature of
38.0°C. Within its application, what is at issue is whether any environmental ―standard‖ provides
adequate protection to the worker and adequately accounts for the specific working conditions.
The WBGT index is particularly poor in accounting for individual variation in heat stress
response, which is known to be influenced by many factors such as physical fitness, age, body
composition, health status, etc. Of particular importance is the fact that exposure guidelines are
based upon a core temperature limit criteria of 38.0ºC; however, even when accounting for the
non-environmental factors, core temperature response is still highly variable between individuals.
Current Canadian labour codes in all provinces employ the guidelines recommended by the
American Conference of Governmental Industrial Hygienists (ACGIH) that are Threshold Limit
Values (TLVs) based upon Wet Bulb Globe Temperature (WBGT) measurements. The TLVs are
set so that core body temperature of the workers supposedly does not exceed 38.0ºC (~1.0ºC
above resting values). At issue in the application of the ACGIH TLVs is that mining was not an
industry that was originally considered in its derivation and consequently factors specific to deep
mining operations, may not be adequately accounted for in the prediction of the work limits.
Additionally, the criteria were based upon externally determined, regimented tasks and rates
which may not apply to mining where the workers often determine the mechanical nature of the
task and work rate (1). Thus, the following study was conducted to evaluate the
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thermoregulatory responses and work performance limits during simulated mining tasks
performed under different levels of heat stress.
METHODS
Ten healthy and physically active male participants (age 20 ± 1 years: height, 1.77 ±0.06 m;
mass, 69.5 ±10.9 kg; body fat, 15.5 ±3.7%) volunteered to participate in the study. All subjects
were informed of the details of the protocol, signed a volunteer consent form and participated in
a familiarization session before their participation. The experimental protocol was approved by
the Human Research Ethic Committee at the University of Ottawa.
All participants were required to participant in 6 separate laboratory testing days (1 screening
visit and 5 experimental testing sessions). On testing day 1, body adiposity and VO2max were
measured. Maximal oxygen consumption was measured during a progressive treadmill running
protocol. The hydrostatic weighing technique was used to determine body density. Calculation
of the percentage of body fat was based on the Siri equation (6) Also, during this session, the
subjects were familiarized with all procedures to be performed during the investigation period.
During the 5 experimental testing sessions, the subjects were required to perform a simulated
work/rest cycle during a 2-h exposure in a temperature controlled chamber maintained at an air
temperature (Tam) and relative humidity (RH) and equivalent wet-bulb temperature (WBT) as:
Condition
WBT 24 ºC
AWBT24
BWBT24
WBT 28 ºC
AWBT28
WBT 32 ºC
A WBT32
B WBT32

Tam (ºC)

RH

30
35

60
40

35

60

35
39

80
60

During the 2-h exposure subjects performed simulated mining tasks involving work patterns
determined during a previous study directed at evaluating various common tasks that miners
undertake during normal day-to-day mining operations. The work consisted of: i) videorecording miners performing selected tasks during a typical 8 to 10-hr work period, and ii)
conducting a time/motion analysis of tasks based on these recordings. Based on the previous
analyses, a 2-h work protocol was developed which involved the following 4 categories: 1)
standing rest, 2) lower body movements only (walking), 3) upper body movements only (pulley
system), and; 4) combined lower and upper body movements.
Based on the work/rest cycles measured in the field, the activities were performed in the
following cycle: Task 3 (1 min), Task 4 (2 min), Task 2 (1 min), Task 4 (23 min), Task 2 (1min),
Task 1 (3 min), Task 4 (28 min), Task 1 (23 min), Task 4 (32 min), and Task 2 (6 min) for a total
of 120 minutes. The work periods were divided into 6 main work periods as follows: period 1 =
386 W; period 2 = 360 W, period 3 = 345 W, period 4 = 227 W, period 5 = 365 W, period 6 =
285 W.
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The presentation of the experimental trials was balanced between participants so that the effect
of order was avoided. Testing days were separated by a minimum of 72 h. All trials were
performed at the same time of day. Participants were asked to arrive at the laboratory after eating
a small breakfast (i.e. dry toast and juice), but consuming no tea or coffee that morning, and also
avoiding any major thermal stimuli on their way to the laboratory. Participants were also asked
to not drink alcohol or exercise for 24 h prior to experimentation. On arrival to the laboratory
subjects were instrumented and clothed in a standardized mining ensemble consisting of cotton
shorts, cotton socks, coveralls, hard hat, safety belt and steel-toe boots.
Esophageal temperature (Tes) was measured using a thermocouple temperature probe (Mon-atherm General Purpose, Mallinckrodt Medical, MO, USA) inserted through a nostril, into the
esophagus, estimated to be positioned at the level of the heart (3). Rectal temperature (Tre) was
measured using a paediatric thermocouple probe (Mon-a-therm General Purpose Temperature
Probe, Mallinckrodt Medical, St-Louis, MO, USA) inserted to a minimum of 12 cm past the
sphincter. Skin temperature was measured at 9 points over the body surface using 0.3 mm
diameter T-type (copper/constantan) thermocouples integrated into heat-flow sensors (Concept
Engineering, Old Saybrook, CT, USA).
A one-way analyses of variance (ANOVA) was used to analyze the differences in T re, Tes, Tau,
and Tsk at end of exposure between ambient conditions. Differences were considered significant
when p≤0.05. When significance was found, a pair-wise comparison was performed using a
paired sample t-test.
RESULTS
The mean rectal, esophageal and skin temperature responses are presented in Table 1. None of
the subjects could complete the 2-hour simulated mining work task at a WBT of 32 ºC. The
mean exposure times were 89 and 84 min for A WBT32 and BWBT32 respectively.

Rectal Temperature (ºC)

38.5 1

2

3

4

5

6

38.0

37.5

37.0

36.5
0

20

40

60

80

100
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Time (min)

Figure 1. Mean rectal temperature during a 2-hr simulated mining work period under the following
ambient conditions: a) wet-bulb temperature (WBT) of 24ºC: ambient air temperature (Tam) of 30°C and
60% relative humidity (RH) (□); b) WBT of 24ºC: Tam of 35°C and 40% RH (); c) WBT 28ºC: Tam of
35°C and 60% RH (); d) WBT of 32ºC: Tam of 35°C and 80% RH (); and, e) WBT of 32ºC: Tam of
39°C and 60% RH ().
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There were no significant difference in the end of exposure Tre and Tes between the two ambient
conditions for the WBT 24 ºC (i.e., AWBT24 vs BWBT24) (p=0.564, p=0.660) and 32 ºC (i.e., A
WBT32 vs BWBT32) (p=0.205, p=0.100) conditions respectively (Figure 1). We show that the Tre
and Tes were significantly greater for both ambient conditions at a WBT of 32 ºC as compared to
all conditions for both WBT 24ºC (p=0.004, p<0.001) and Tes was significantly greater for 28
ºC(p=0.016) but Tre, was not (p=0.172). Tes was significantly lower for both conditions at the
WBT 24ºC as compared to WBT 28ºC (p=0.001), but Tre was not (p=0.285).
Table 1. Mean rectal, esophageal and skin temperatures at end of exposure during a simulated
mining work protocol.
Condition
WBT 24 ºC
AWBT24 (30ºC 60% RH)
BWBT24 (35ºC 40% RH)
WBT 28 ºC
AWBT28 (35ºC 60%RH)
WBT 32 ºC
A WBT32 (35ºC 80% RH)
B WBT32 (39ºC 60%RH)

Tre (°C)

Tes (°C)

Tsk (°C)

Exposure time
(min)

37.70
37.68

37.39
37.43

34.05
35.08

120
120

38.01

37.81

35.53

120

38.16
38.37

38.13
38.48

35.94
36.36

89
84

CONCLUSIONS
Our previous work has demonstrated that there in addition to the diversity of the tasks miners
perform in Canada‘s deep mechanized mines, there is a high degree of variability of the
environmental conditions under miners must perform. While the ambient temperatures can vary
significantly from one location to another within the mines, they are also highly variable within a
given location depending on the operational conditions (i.e., type of work performed, use of
water spray, use of machinery and transport vehicles, etc.). It is therefore important for mine
supervisors to monitor the ambient conditions in order to ensure the safety of the miners. We
show that miners performing common mining tasks over a 2-h work period are at risk of
developing heat-related injuries when performing in ambient conditions equivalent to a WBT of
28°C as rectal temperature achieved 38.0°C which is considered the upper limit for exposure as
currently applied in Canadian mining operations (based on the ACGIH TLVs). Typically, work
shifts are 10 to 12 hours in duration. Thus, it is important that miners be provided appropriate
management tools that can assist them to reduce the risk of heat stress under these conditions. It
is evident however that work performed in more extreme conditions (i.e., WBT 32°C), such as in
mine shafts or work zones the removal of heated air and replacement with cooler air (ventilation
and (or) refrigeration) is unavailable implementation of heat stress controls to protect mining
personnel is critical.
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1. INTRODUCTION
The head plays an important role in thermoregulation, although it occupies only about 9% of the
body surface. The brain is more thermogenic than any other tissues, and its heat production is
estimated to be from13 to 20W (Aschoff & Wever, 1958; Brengelmann, 1990). When human
head is exposed to the hot environment, the subcutaneous blood flow around the head is
increased, and the heat loss is increased owing to the sweat evaporation by selective brain
cooling action (Rasch et al., 1991). Furthermore, the head is important in determining the
thermal sensation of whole body (Nunneley et al., 1982). Especially, when the head is exposed
to the hot weather, heat stress may be larger than the exposure of whole body. However, in the
cold, generally the whole body is kept warm, or peripheral parts like hands and feet are heated
artificially. However, head heating in the cold also has feasibility of making a certain benefit by
protecting the head, which is the center of thermoregulation of the body. In addition, recently,
researches on variables associated with hair styles are increasing with the spreading of total
coordinated intention in the fields of clothing and cosmetology. We have reported the effects of
hair style on human physiological responses in a thermal neutral environment (Kim et al., 2007)
and a cold environment (Kim et al., 2008).
In the present study, we focused on examining the skin temperature on the scalp (the vertex,
temporal, and occiput), humidity on the occiput, rectal temperature, skin temperatures (the
forehead, back of ear, back of neck, upper back, abdomen, forearm, hand, thigh, calf, and foot),
local sweat rate on the back of neck, and total body mass loss by hair styles in the hot
environment.
2. METHODS
2.1 SUBJECTS
Four young healthy female subjects (24.8±4.1yrs, 164.9±2.9cm, 52.3±4.8kg, BSA 1.59±0.1m2)
served as volunteers in the present study. Prior to their participation, written and informed
consents were obtained from all subjects.
2.2 EXPERIMENTAL CONDITIONS AND HAIR STYLES
For a certain period, we had each subject put on the five different hair styles in a random order:
① Straight short hair (SS), ②Perm waved short hair (PS), ③ Straight long hair (SL), ④ Perm
waved long hair (PL), ⑤ Ponytail style (PT) (Fig. 1). Subjects wore briefs, bra, shirts with short
sleeves, and short pants. The environmental conditions of a climatic chamber were constant at
33±0.5oC and 65±5%RH.
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①
②
③
④
⑤
Fig. 1. Type of hair style: ①Straight short hair (SS), ②Perm waved short hair (PS), ③Straight long hair (SL),
④Perm waved long hair (PL), ⑤Ponytail style (PT)

2.3 MEASUREMENT AND EXPERIMENTAL PROCEDURES
The skin temperature was measured on the scalp (the vertex, temporal, and occiput) and the
humidity was measured on the occiput. Skin temperature (Tsk) was measured on ten body
sites(the forehead, back of ear, back of neck, upper back, abdomen, forearm, hand, thigh, calf,
and foot) at one minute intervals using a thermistor. Mean skin temperature (mean Tsk) was
estimated using the DuBois equation. Core temperature (Tre) was measured at the rectum. Local
sweat rate for 60 min was measured on the back of neck by using filter paper methods. The
change of total body mass (△Wt) was calculated through the difference between before and after
semi-nude body weight using a weighing scale (Sartorius, F150S, Germany; sensitivity 1g).
Subjects were seated in a thermally environment for 30 min and then moved to the climatic
chamber controlled at 33±0.5oC and 65±5%RH for 60 min. Each subject conducted 10 trials in
the present study, because all trials were repeated twice (4 subjects × 5 conditions × 2 repetitions
= 40 times).
3. RESULTS
Table 1 shows the summary of thermal responses by hair styles in a hot environment. The skin
temperature and humidity on the scalp did not show any significant differences among the five
different hair styles, but the vertex skin temperature (36.0~36.3oC) was higher than temporal and
occiput skin temperature (35.4~36.1oC). According to our preceding study, in the
neutral(21±0.5oC and 55±5%RH) and cold environmental(12±0.5oC and 45±5%RH) condition,
the skin temperature on the scalp did not showed any significant differences among five different
hair styles, but the temporal skin temperature was the highest, while the vertex skin temperature
was the lowest. The differences among the skin temperatures on scalp in the hot environmental
condition were not larger than those in the neutral and cold environmental condition. Figure 2
shows the changes of humidity inside occiput, back of ear skin temperature, back of neck skin
temperature, upper back skin temperature, mean skin temperature, and rectal temperature during
60 min exposure by hair styles in a hot climatic chamber.
Humidity on the occiput in the hot environmental condition was higher than those in the neutral
and cold environmental condition. Humidity on the occiput was the highest in the ponytail style
(PT), while it was the lowest in the perm waved short hair style (PS). The same results also
showed in the neutral and cold environmental condition. Skin temperature on the back of ear and
on the back of neck were the highest in the perm waved short hair style (PS), while they were the
lowest in the ponytail style (PT). The skin temperature on the upper back was the highest in the
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straight long hair style (SL). Mean skin temperature and rectal temperature had no significant
differences among hair styles, but they were the highest in the ponytail style (PT). Figure 3
shows the total body mass loss and local sweat rate on the back of neck during 60 min exposure
by hair styles in a hot climatic chamber. Total body mass loss and sweat rate on the back of neck
were lower in the straight short hair (SS) and perm waved short hair (PS), while they were higher
in the ponytail style (PT).
Table. 1. Thermo physiological responses during 60 min exposure in a hot climatic chamber
SS

PS

SL

PL

PT

Vertex skin T (℃)

36.1(0.2)

36.3(0.5)

36.3(0.8)

36.0(0.4)

36.0(0.6)

Temporal skin T (℃)

35.4(0.4)

36.1(0.8)

35.5(0.5)

35.5(0.6)

35.8(0.3)

Occiput skin T (℃)

35.7(0.2)

36.1(0.8)

35.4(0.8)

35.5(0.6)

35.6(0.7)

Humidity inside occiput
(%R.H.)

64(3)

60(16)

68(12)

69(9)

72(7)

Forehead skin T (℃)

36.4(0.2)

36.3(0.3)

36.3(0.1)

36.3(0.3)

36.0(0.3)

Back of ear skin T (℃)

36.6(0.2)

36.7(0.3)

36.5(0.5)

36.6(0.2)

36.3(0.3)

Back of neck skin T (℃)

36.6(0.2)

36.9(0.4)

36.8(0.3)

36.7(0.5)

36.3(0.1)

Upper back skin T (℃)

35.7(0.4)

35.8(0.3)

36.1(0.3)

36.0(0.6)

35.8(0.4)

Tsk (℃)

34.6(0.2)

34.5(0.5)

34.4(0.6)

34.7(0.3)

35.0(0.1)

Tre (℃)

37.2(0.1)

37.3(0.3)

37.3(0.3)

37.2(0.1)

37.4(1.2)

Total body mass loss
(g/m2/hr)

41.9(9.3)

54.8(18.1)

58.3(21.1)

57.7(11.3)

65.3(16.7)

Sweat rate on the back of
neck (mg/12cm2/hr)

515.5(105.9)

478.8(242.3)

551.3(312.4)

538.3(73.5)

556.5(265.3)

4. CONCLUSION
We found out that the hair style affected thermo physiological responses, such as skin
temperature and humidity on the scalp, the back of ear skin temperature, the back of neck skin
temperature, upper back skin temperature and total body mass loss ,even though this study had
no significant differences among hair styles. In the result, we acquired fundamental data to
enable the improvement of the current hair clinic system, wigs, functional hats, and helmets.
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Fig. 2. Changes of humidity inside occiput, back of ear skin temperature, back of neck skin temperature, upper
back skin temperature, mean skin temperature, and rectal temperature during 60 min exposure by hair styles in a hot
climatic chamber (SS: Straight short hair ,PS: Perm waved short hair, SL: Straight long hair , PL: Perm waved long
hair, PT: Ponytail style).
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Fig. 3. Total body mass loss and sweat rate on the back of neck during 60 min exposure by hair styles in a hot
climatic chamber (SS: Straight short hair ,PS: Perm waved short hair, SL: Straight long hair , PL: Perm waved long
hair, PT: Ponytail style).
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COMPARISON OF PHYSIOLOGICAL VARIABLES AND BODY
COMPOSITION VARIABLES AMONG WALKING TYPES ON
TREADMILL
Lee, Hyungkook1), Kim, Myungju2)
Sangmyung University1) Seoul National University2)
Contact person: Lee, Hyungkook (kookcook@naver.com)

INTRODUCTION
With the physiological effects like that walking exercise improves cardiovascular function
(Davison et al., 1991), changes physical composition (Otha et al., 1990), improves endurance
(Wilmore et al., 1970), increases muscle strength (Flynn & Soutas-little, 1993), and changes the
quality of blood serum (Duncan et al. 1991) etc. it can be known that walking exercise is the
most effective way of reducing body fat (Choi HeaGin , 2008).
The walking patterns that are known are discussed below.
General walking way (GW) is a most safety aerobic exercise form, without special equipment
and just as a little of economical load. Nordic walking (NW) is the walking types with poles.
Nordic walking poles are specially constructed, rubber-tipped ski poles designed for use during
walking. Using Nordic walking poles stimulates the arm motion of cross-country skiing, thus
increasing not only the upper body muscle mass used but also lower limb muscle mass during
walking(Porcari, J P; Hendrickson, T L; Walter, P R, 1997).
Dumbbell walking (DW) is the walking way with hand-held weights. The most widely used
aerobic exercise involve predominantly leg work. Using HWs(walking with hand-held weights)
during exercise may increase the energy cost of the activity by the upper body. This increase in
energy cost is potentially important for low fit persons and special patient populations who
cannot run, do not want to run, or are limited in the speed at which they can walk (James E.
Graves et al., 1987) Also, power walking ways (PW) has motion of larger swing the arm than in
general walking(Choi HeaGin , 2008).
Recently with these different methods of walking their effects and which is better has drawn
much attention and curiosity. For example walking with something in your hand, the use of a
walking stick, using swing a arm during walking can be seen in our daily lives and so their has
been carried research out about these(Kang DukHo , 2001; Kim KyungJin, Kim BungRo, Kim
YounKyung , 2005; Kim GyongTae, Choi ChunGil, 2006; Choi HeaGin , 2008) .
The purpose of this study was to measure physiological variables and body composition
variables among 4 walking types on treadmill for investigating the exercise difference of walking
with or without hand weights and walking with nordic poles.
METHODS
Seven healthy men (age: 23.5±0.79) volunteered for this experiment. Each of them performed 4types walking(dumbbell, nordic, power, and general walking) at speed of 3-5km/h warm up,
6km/h slow walking, 7km/h fast walking, and 5-3km/h cooling down for 40 minutes on a
treadmill. Physiological variables(HR: heart rate, EE: energy expenditure) were measured by
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using heart checker(POLOR 810i, Finland) at aerobic slow and fast walking and body
composition variables(FM: body fat mass, MM: muscle mass, %BF: percentage of body fat,
BW : body water, RABW: right arm body water, RLBW: right leg body water, BMR: basal
metabolic rate) were measured by bioelectrical impedance analysis(INBODY 3.0, Korea) at rest
and after walking during 40 min exercise. The statistical analysis was one-way ANOVA with
repeated measures to compare effects among walking tapes with something weight in hand
during exercise time. The level of statistical significance for all tests was p<.05.
Table 1 Subjects Characteristics
Subjects(N)
Age(yr)
Ht.(cm)
7

23.5±0.79

1) dumbbell walking

175.8±2.54

2) nordic walking

Wet.(kg)

%BF(%)

CBF(%)

65.7±6.10

14.2±3.82

0.79±0.29

3) power walking

4) general walking

Fig. 1. Various types of walking way
Table 2 Walking exercise protocol
Exercise
Contents
Warm up
3-5 km/h slow walking for 5mim
Main exercise

6 km/h slow walking for 15min
7 km/h fast walking(jogging) for 15min

Cooling down

5-3 km/h slow walking for 5mim

RESULTS
In an aspect of physiological variables, at slow walking, it was found that dumbbell walking way
with 3-pound hand weights resulted in and average of the highest score (HR:127.8±8.27bpm,
EE:85.4±14.51 kcal/min respectively) responses compared to general walking way (104±8.2bpm,
and 70.4±10.99kcal/min respectively). Nordic walking way (121.4±11.74bpm,
77.0±16.83kcal/min respectively) was second, power walking way (118.5±9.98bpm,
68.7±20.62kcal/min respectively) was next. For fast walking (jogging), there is the same trend.
Especially, at the end of 40min aerobic walking exercise, it was found that dumbbell walking
way with 3-pound hand weights resulted in and average of the highest score responses compared
to general walking way. Especially, total heart rate (THR) represented a significant difference
(t=2.792 p=0.016 p<.05).
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Table 3 Heart rate difference according to walking types on treadmill

PW

NW

DW

GW

WU
97.1±11.24
101.4± 9.14
103.5±8.32
94.0± 9.00
SW
111.8±11.65
115.1±10.38
122.5±8.71
111.4± 7.20
ASW
118.5± 9.98
121.4±11.74
127.8±8.27
117.4± 7.27
FW
143.2± 9.16
143.2±10.23
152.4±7.84
140.1±11.36
AFW 149.7±12.56
156.7±10.82
160.1±8.72
148.4±11.94
CD
125.1±10.47
121.8±10.60
130.0±7.46
121.5±10.86
*
THR 5054.7±337.85 5078.1±427.02 5412.0±303.14 4955.1±309.02*
*

p<.05
PW: power walking
WU: warm up SW: slow walking
THR: total HR

(beats/min)

F

p

1.714
2.003
1.701
2.547
1.781
1.088
2.283

0.191
0.14
0.193
0.08
0.178
0.373
0.016

NW: nordic walking
DW: dumbbell walking
GW: general walking
ASW: after slow walking FW: fast walking AFW: after fast walking CD: cooling down

Table 4 Energy expenditure difference according to walking types on treadmill
PW
NW
DW
GW
F
WU
SW
FW
CD
TEE

15.1±9.37
68.7±20.62
109.2±17.64
33.0±5.19
222.8±42.11

17.2±7.11
77.0±16.83
113.5±14.51
31.2±6.60
245.1±72.73

20.8±7.26
85.4±14.51
126.1±13.86
35.8±4.70
266.0±61.89

13.8±5.66
70.4±10.99
109.0±4.70
30.1±4,59
219.8±48.46

(kcal/h)

1.174
1.548
1.897
1.519
0.981

p
0.34
0.228
0.157
0.235
0.418

WU: warm up SW: slow walking ASW: after slow walking FW: fast walking AFW: after fast walking
CD: cooling down
TEE: total energy expenditure

In other hand, in an aspect of body composition variables, FM, %BF decreasing and MM, BW,
RABW, RLBW and BMR increasing change after 40 min walking exercise were founded.
Dumbbell walking type was first(MM:0.66kg, FM:-1.03kg, %BF:-1.50%, BW:0.46L
RABW:0.10 L RLBW:0.09L BMR:16.97kcal), and nordic, power was next. It was that the
increasing of MM, and decreasing of FM were mean the more exercise was performed.
Table 5 Body composition factors difference after performing walking types on treadmill
PW
NW
DW
GW
F

p

MM(kg)

0.50±0.42

0.64±0.61

0.66±0.51

0.40±0.28

0.468

0.707

FM(kg)
%BF(%)
BW(L)
RABW(L)
RLBW(L)
BMR(kcal)

-0.89±0.19
-1.30±0.22
0.37±0.27
0.07±0.04
0.09±0.13
13.77±10.53

-0.94±0.57
-1.33±0.76
0.46±0.45
0.06±0.06
0.12±0.10
17.04±15.92

-1.03±0.56
-1.50±0.78
0.46±0.39
0.10±0.05
0.09±0.09
16.97±13.94

-0.80±0.25
-1.13±0.35
0.29±0.25
0.04±0.03
0.03±0.05
10.23±7.56

0.348
0.479
0.385
2.142
0.995
0.475

0.791
0.7
0.765
0.121
0.412
0.702

MM: muscle mass, FM: body fat mass, %BF: percentage of body fat,
RLBW: right leg body water, BMR: basal metabolic rate
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CONCLUSIONS
With the same subject, while they have performed for 4 different types of walking, their heart
rate, energy expenditure and physical composition factors were recorded. There was no statistical
difference but there was a strong trend discovered. In conclusion, from the results it can be
known that the dumbbell and nordic walking had a higher heart rate of energy expenditure than
the general walking, especially for the upper body where there is a large difference discovered.
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CHANGES IN RECUMBENT CYCLING CADENCE
INFLUENCE HEART RATE VARIABILITY
Heather Lunt, Martin J. Barwood, Jo Corbett, Michael J. Tipton
Department of Sport and Exercise Sciences, University of Portsmouth, Portsmouth,England
Contact person: heather.lunt@port.ac.uk
INTRODUCTION
Many studies that have investigated autonomic activity whilst exercising in different
environmental conditions have used cycling as the mode of exercise. However, if the work rate
and cadence of the cycling exercise is not controlled, the study may incorrectly conclude that the
manipulation of environmental conditions may have altered autonomic activity, when, in fact
poor control of the cycling cadence was the true cause of changes in autonomic activity.
Cardiac frequency (fC) increases concomitant with exercise intensity, and reflects the elevated
metabolic demand (Hansen et al., 2002, Foss and Hallen, 2004). Equally, an elevated fC has also
been reported when cycling cadence is increased during exercise at a constant power output
(Gotshall et al., 1996). Similarly, studies that have measured HRV during cycling exercise report
that parasympathetic withdrawal (as indicated by reduced high frequency [HF] power) occurs at
low exercise intensities (Arai et al., 1989, Leicht et al., 2008). Whereas an increased sympathetic
activity (as indicated by elevated low frequency [LF] power) is evident at moderate work
intensities (Saito and Nakamura, 1995, Gonzalez-Camarena et al., 2000). Therefore, it may be
that parasympathetic withdrawal singly or in combination with sympathetic stimulation results in
the elevated heart rate as cycling cadence is increased. In view of this, it is somewhat surprising
that many studies examining HRV during cycling exercise have not considered the potential
confounding effects of alterations in cadence on measures of HRV; this may have important
implications for studies measuring autonomic responses during cycling or other responses
influenced by the autonomic nervous system when exposed to various environmental conditions.
In addition to work rate, other factors known to affect HRV include pulmonary ventilation ( ,
respiratory frequency (fR) and tidal volume (VT). For example, increased HF power has been
reported during periods of controlled slower breathing , whereas more rapid breathing reduces
HF power (Hirsch and Bishop, 1981). These effects may be mediated by influencing respiratory
sinus arrhythmia (RSA) (Hirsch and Bishop, 1981, Blain et al., 2005). Moreover, an increased
ventilation at higher cadences may excite pulmonary stretch receptors and evoke tachycardia
(Marshall, 1994) due to a parasympathetic withdrawal (decreasing HF power) and possibly
increasing sympathetic activity (increasing LF power) as cadence is increased. Therefore, the
aims of the present study were to examine the effect of cadence on HRV during cycling at a
constant power output and study the influence of ventilatory response on HRV at each cadence.
It was hypothesised that HRV (H0) would not differ when cycling at different cadences.
METHODS
Following receipt of ethical approval, sixteen males gave their written informed consent to
participate. Their average (SD) age, height, mass and sum of 8 skinfolds were: 31 (6) years, 1.72
(0.23) m, 82.5 (8.0) kg and 77.6 (22.6) mm. Each participant was familiarised with the
equipment, during which they were asked to cycle at a freely chosen cadence (FCC) whilst
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blinded to the pace and when cadence information was displayed. A similar cadence was adopted
during of these cycling periods (60[8] and 60[9] for the blinded FCC and FCC with cadence
feedback respectively. The following day they performed three, ten-minute periods of unloaded
cycling at different cycling cadences; 1) The reproducible FCC with cadence feedback (FCCr),
2) Cadence of 40 revs.min-1, 3) Cadence of 80 revs.min-1, on an electronically braked recumbent
cycle ergometer. All conditions were performed in a balanced order on the same day; each tenminute bout of cycling exercise was separated by a recovery period during which fc and
recovered to baseline values.
The participants performed the experimental sessions clothed in shorts, a t-shirt and trainers. The
room was maintained at an ambient temperature of 22.2(0.7)oC and relative humidity 40 (10)%
during all trials.
Data Analysis
During each testing session ambient data were recorded and subjects (wearing a t-shirt and
shorts) were instrumented with a 3-lead ECG (Lifepulse HME, UK) for the determination of
HRV and fC, and an oro-nasal mask for the collection of expired air measurements (VT, fR, FEO2
and FECO2). The gas concentrations and volume were measured using a gas analyser (Hi-tech
Instruments Limited, Bedfordshire, UK), and pneumotach (Hans Rudolph, US). All of these
systems were recorded via a Powerlab data acquisition system (AD Instruments, Australia). The
was calculated from the product of fR and VT, and the
was computed using , FEO2 and
FECO2.
The ECG waveform was analysed using HRV analysis software (KubiosHRV version 2.0,
Biosignal Analysis and Medical Imaging Group, University of Kulpio, Finland) to provide time
(R-R interval and SDNN; standard deviation of N-N intervals) and frequency domain (LF power,
HF power, LF:HF ratio and total power) measures of HRV following the parameters
recommended by The Task Force of the European Society of Cardiology and the North
American Society of Pacing Electrophysiology (1996). The last five-minute portion of each ten
minute condition was analysed using Fast Fourier Transforms. The frequency domain HRV
measures were presented in log transformed terms using the natural logarithm (Ln).
Statistical Analysis
A one-way repeated measures ANOVA, was used to investigate between conditions differences
in time and frequency domain measures of HRV. Significant differences were examined posthoc by a Tukey test comparisons. The data are presented as means (SD), statistical significance
was accepted at P<0.05 with a trend defined as being P≥0.05 and <0.1.
RESULTS
The data from one subject were removed from the absolute frequency domain measurements
following exploratory data analysis. This subject was identified as an outlier with respect to these
variables (data deviated >2 SD from the mean), but was included for time domain and log
transformed frequency domain analyses as data were within 2 SD of the mean.
During the 40 revs.min-1 condition subjects maintained average (SD) cadences of 41(1) revs.min1
.
-1
.
-1
, during the 80 revs min condition subjects maintained a cadence of 80(1) revs min and the
.
-1
.
-1
FCC whilst blinded to cadence information was 60(8) revs min (range 48-74 revs min ). During
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subsequent exercise bouts, in which subjects were asked to reproduce their FCC (FCCr) (with
cadence feedback provided), cadences of 60(9) revs.min-1 were recorded, these did not differ
from FCC.
Table 1. Mean (SD) of HRV measures when cycling at each cadence. n=16 unless stated otherwise
40 revs.min-1
FCCr
80 revs.min-1
-1
63 (6)
69 (9)
75 (4)*a
fc (beats.min )
2
1769(1311)
1327(932)*a
925(735)*a
Total Power (ms ) n=15
6.1(1.2)
5.9(1.3)a
5.2(1.1)*a
Ln HF
1.3(1.1)t
1.8(1.6)
2.1(1.6)t
LF:HF ratio n=15
-1
.
-1
*=Different to 40 revs.min P<0.05. a=Difference between FCCr and 80 revs min P<0.05
b= Difference between FCCr and 40 revs.min-1 P<0.05. t=Trend to differ (P=0.067).
The Effect of Cadence on Time and Frequency Domain Measures of HRV
There were no differences between FCC and FCCr in time and frequency domain measures of
HRV, suggesting that the conscious monitoring of cadence did not influence HRV. However,
alterations in cadence did affect both time and frequency domain measures of HRV. With respect
to time domain measures, fc was higher in FCCr than in 40 revs.min-1 and higher in 80 revs.min-1
than FCCr, whilst differences in fc between 40 revs.min-1 and 80 revs.min-1 were also
significantly different. With respect to frequency domain measures (Table 1), total power
declined with each increment in cadence. Furthermore, HF power was higher at 40 revs.min-1
than at 80 revs.min-1, and also higher during the FCCr than during the 80 revs.min-1 condition.
Whereas there was only a trend towards a higher LF:HF between the 40 revs.min-1 and 80
revs.min-1 conditions (P=0.067).
30

VE (L.min-1)

25

*

20
15

10
5
0
40

FCCr

80

Cadence (revs.min-1)

Figure 1. Mean (SD)

when cycling at each cadence (n=16). *Different to 40 revs.min-1 P<0.05.

The Effect of Cadence on Respiratory Responses
The fR was significantly greater at 80 revs.min-1 than at 40 revs.min-1. A larger
was also
-1
.
-1
observed when cycling at 80 revs.min compared with FCCr and 40 revs min (Figure 1).
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DISCUSSION
The main purpose of this study was to investigate if measures of HRV were influenced when
cadence was manipulated during unloaded cycling. The results suggest that measures of HRV
changed when cadence was increased from FCCr to 80 revs.min-1. This study also supports
previous research that reported that
and fc, were elevated at higher cycling cadences, when
cycling at a constant power output (Seabury et al., 1977, Gotshall et al., 1996).
Effects of Cadence on Measures of HRV
Cycling during the FCC and FCCr conditions did not result in any differences in measures of
HRV. This suggests that maintenance of a standardised cadence may not have demanded enough
attention to cause HRV measures to change. Reductions in total power were observed between
40 revs.min-1 and FCCr, as well as FCCr and 80 revs.min-1, and lower HF values were also
observed between FCCr and 80 revs.min-1 conditions. Similar reductions in total power and HF
power have been reported in previous studies when exercise intensity was increased (Arai et al.,
1989, Perini et al., 2000). During the present study, LF:HF ratio was not significantly elevated.
This suggests that the higher fc at faster cycling cadences occurred due to parasympathetic
withdrawal rather than by an increase in sympathetic activity. These findings concur with
previous investigations which indicate a withdrawal of parasympathetic input during low
intensity exercise (Arai et al., 1989). Savin and colleagues (1982) and Kannankeril and
Goldberger (2002) also reported that parasympathetic activity predominantly controls fc from
resting values to approximately 100-120 beats.min-1, whereas a greater level of sympathetic
activity elevates fc above this threshold. During the present study, the increase in cadence did
significantly elevate fc (primarily through the withdrawal of parasympathetic input) when cycling
on an unloaded cycle ergometer. This may be expected, as fc was not elevated in excess of 100
beats.min-1, therefore, additional sympathetic activity would not contribute to the increase in fc. A
greater exercise intensity or faster cycling cadence eliciting a fc in excess of 100-120 beats.min-1
may be required to detect increases in sympathetic input.
With each increase in cadence,
was elevated, exciting pulmonary stretch receptors that evoke
an elevation in fc (Marshall, 1994). Innovating the stretch receptors, relays impulses into the
central command of respiration, which reduces RSA, and as a corollary causes parasympathetic
withdrawal and cardio-acceleration. Therefore, a probable mechanism for the reduction in total
power and HF power (ms2) suggests that a parasympathetic withdrawal at higher cycling
cadences may be due to changes in respiratory measures that occur at higher cadences when
power output is constant.
The reduction in parasympathetic activity may also influence other physiological parameters
such as peripheral blood flow. Consequently, if cycling cadence is not controlled during studies
which manipulate the environmental conditions, the study may incorrectly conclude that the
changing environment may have altered the balance of autonomic activity and hence influence
peripheral blood flow. When, in fact, poor control of the cycling cadence was the true cause of
changes in autonomic activity.
It is concluded during cycling, that total power and high frequency power are reduced because of
an increase in cadence at a constant power output. Therefore, the null hypothesis is rejected. This

458

Proceedings of the 13th International Conference on Environmental Ergonomics, Boston (USA), August 2-7, 2009

suggests that parasympathetic withdrawal without an increase in sympathetic activity occurs with
increasing cycling cadence during low intensity exercise. Therefore, future studies that estimate
autonomic activity during cycling exercise should consider the potential confounding effects of
alterations in cycling cadence and the subsequent influence this has on measures of HRV. The
parasympathetic withdrawal that occurs may result from the increased
or one of the
components of (VT and fR).
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INTRODUCTION
Firefighting is a physically strenuous job. Firefighters routinely perform heavy work in
hot and hostile environments. The personal protective equipment that firefighters wear to protect
themselves from these extreme environments also hinders heat dissipation. The physiological
strain associated with firefighting is the result of a combination of strenuous physical exertion,
heat stress, and activation of the sympathetic nervous system due to the dangerous and
unpredictable nature of the work. Because of this combination of stressors, firefighting results in
substantial physiological disruption. Research has documented that firefighting leads to elevated
heart rate and core temperature, a decrease in plasma volume and stroke volume, and alterations
in hormonal and immune function (Barnard and Duncan, 1975; Romet and Frim, 1987; Manning
and Griggs, 1983; Smith et al, 2001a; Smith et al, 2001b; Smith et al, 2005).
Sudden cardiac events are the leading cause of line of duty deaths among firefighters in
the United States. In fact, the United States Fire Administration has reported that for an 11-year
period (1990-2000), 43.9% of all line of duty deaths among firefighters were due to cardiac
events, nearly double the second leading cause of death (trauma) (USFA, 2002). Recently, Kales
and colleagues (2007) documented the relative risk of sudden cardiac death associated with
different firefighting activities. The authors reviewed records of firefighting line of duty deaths
between 1994 and 2004 (excepting the deaths associated with September 11, 2001). Odds ratios
were calculated based on the amount of time that firefighters spend in various duties and the
number of fatalities that occurred during each type of duty. Despite the fact that firefighters
report spending only 1 to 5% of their time in fire suppression activities, 32% of line of duty
deaths occurred during these activities. The statistical analysis revealed that firefighters had a 12
to 136-fold increased risk of suffering a fatal cardiac event following fire suppression activities
than during nonemergency duties (Kales et al, 2007).
Thrombus formation is the central process in many sudden cardiac events and activation
of platelets has been strongly linked to sudden cardiac events following strenuous exercise
(Mittleman et al, 1993; Willich et al, 1993). However, the effect of firefighting - with the
combined stress of heavy physical exertion, sympathetic nervous activation and heat stress - on
platelet number and activity has not been described. Therefore, the purpose of this study was to
examine the effect of live-fire firefighting training on platelet number and aggregability.
METHODS
Participants:
Ten apparently healthy professional firefighters, who had recently been hired by full-time
career departments and were taking part in a six-week academy course, were recruited for this
study. Prior to testing, written informed consent was obtained from all participants, indicating
that they understood all the procedures, risks, and benefits of this study and further indicating
that participation in the study was voluntary. Testing protocols were approved by the Human
Participants Institutional Review Board. Potential participants were excluded from the study if
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they reported taking acetylsalicylic acid (ASA) or other medications known to affect platelet
function within two weeks of testing.
Participant‘s age, height, weight, aerobic fitness capacity (maximal oxygen consumption)
and percent body fat were obtained prior to testing. Percent body fat was estimated via 7-site
skin fold measurements according to the equations of Jackson and Pollock (1985). Maximal
oxygen consumption was estimated based on the equation of Kline et al. (1987).
Procedures:
Participants reported for testing in a fasted state at 0800 hours and were fed a
standardized meal (240 ml cereal, 120 ml of skim milk and decaffeinated coffee). After
preliminary measures and a blood draw, participants performed firefighting drills in a training
structure that contained live fires on the second and fourth floors. The firefighting drills
consisting of four individual firefighting tasks: carrying a ―high-rise‖ pack up stairs, performing
a dummy drag, performing a primary search, and discharging a pump can. Specifically,
participants ascended 3 flights of stairs and then descended 2 flights while carrying a 16.2 kg
―high rise‖ pack. On the second floor, they dragged a dummy around the outside of the room
(dimensions of the room: 10.3 x 12.1 m). Participants then carried the ―high rise‖ pack to the
third floor where they performed a primary search around the perimeter of a room. Finally
participants moved to the fourth floor with the ―high rise‖ pack where they discharged 15 pumps
of water from a 5 gallon pump-can. Immediately following the completion of the fourth task,
participants returned to the first floor and were instructed to complete the same series of
firefighting drills for a second time. Participants were instructed to complete the tasks in as little
time as possible while not compromising the quality of the task or their own safety. Participants
wore personal protective equipment that met current National Fire Protection Agency standards
(NFPA 1500) and a self-contained breathing apparatus (SCBA). Data collection occurred on the
first floor of the fire-training structure before and after the drills.
Measures:
Venous blood samples were obtained via a venipuncture in an anticubital vein prior to
and after the firefighting drills. A 21 gauge needle was used to draw blood directly into a 5mL
tube containing K3 EDTA for CBC analysis and a 4.5mL tube containing 0.105M sodium citrate
for platelet closure time. Blood samples were kept at room temperature (~21ºC) until they were
analysed (within two hours). Blood samples were analysed for closure time (an index of platelet
aggregation) using a Platelet Function Analyzer (PFA 100; Dade Bearing Inc., Florida). The
PFA-100 test uses a small sample (800 µL) of whole citrated blood which is aspirated through a
small tube under high shear force to activate the platelets. The blood then passes through an
aperture (150 µm in diameter) in a membrane that is coated with collagen and ADP (Col/ADP)
or collagen and epinephrine (Col/Epi). As the platelets adhere to the membrane and begin to
aggregate they intrude into the lumen of the aperture, eventually fully occluding the aperture and
arresting blood flow through the membrane. The PFA-100 measures closure time - the time (in
sec) it takes to form a platelet aggregate and occlude blood flow (Francis, 2007). Thus, a shorter
closure time reflects increased aggregability.
Data Analysis:
Data are presented as means and standard deviations. Paired t-tests (two-tailed) were
performed on all variables to determine if there were any significant differences between pre and
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post firefighting values. The significance level was set at p < 0.05.
RESULTS
Participants were adult males with an average age of 26.9 ± 3.5 years. They had an
average estimated aerobic capacity of 48.5 ± 3.5 ml·kg-1·min-1 and had an average estimated
body fat of 24.2 ± 10.9%. The total time to complete the firefighting drills averaged 9:32
minutes. Mean tympanic temperature increased significantly (1.4 ± 0.7 C) and plasma volume
decreased significantly (10.5 ± 2.7%) from pre- to post-firefighting drills.
Table 1 presents changes in hematological variables as a result of firefighting activity.
Post firefighting values are reported in uncorrected terms and corrected for changes in plasma
volume according to the equation of Greenleaf et al, 1979. There was a significant leukocytosis
that was evident even when values were corrected for changes in plasma volume. Platelet count
increased significantly from pre to post firefighting (34%). When corrected for changes in
plasma volume, post firefighting platelet counts were still 19% higher than pre firefighting
values.
Table 1. Hematological Changes as a Result of Firefighting (N = 10; Mean ± sd)

Pre-Firefighting
Leukocyte count
(x103/ L)
Erythrocyte
count (x106/ L)
Hemoglobin
(g/dL)
Hematocrit
(%)
Platelet Count
(x103/ L)

Post-Firefighting
Uncorrected a

Post-Firefighting
Corrected b

6.8 ± 1.1

12.1 ± 3.4*

10.8 ± 3.0*

4.9 ± 0.3

5.14 ± 0.3*

4.6 ± 0.3*

14.5 ± 0.7

15.4 ± 0.8*

13.8 ± 0.8*

43.1 ± 1.7

46.2 ± 1.7*

241.4 ± 47.5

322.8 ± 58.0*

288.8 ± 54.4*

*p < 0.05 vs pre firefighting
a
uncorrected for changes in plasma volume
b
corrected for changes in plasma volume
As seen in Figure 1, mean closure time decreased significantly (p < 0.05) from pre- to postfirefighting activity (82.7 to 72.8 sec) when whole blood was exposed to collagen and ADP.
When blood was exposed to collagen and epinephrine (not shown), there was no statistically
significant difference detected in closure time. Figure 1 also reports individual changes in
closure time for each participant. Seven of the 10 participants had a slight decrease in closure
time whereas three of the participants had an increased closure time.
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Figure 1. Platelet Aggregation Time Changes with Firefighting Activity
CONCLUSIONS
Consistent with earlier studies (Smith et al, 2001; Smith et al, 2005), we have found that
firefighting activity results in a significant decrease in plasma volume and an increase in
circulating leukocytes. The novel finding of this study, however, is that even short bouts of livefire firefighting drills result in a significant increase in platelet count and a significant decrease in
closure time, indicating that the blood may be hypercoaguable following firefighting activity.
Previous studies have generally found that strenuous exercise results in an increase in
platelet number (El-Sayed et al., 1996; Ikagrui et al, 2003; Wang et al, 1994). For example,
Ikarguri et al. (2003) investigated the platelet response to 30 minutes of cycle exercise at two
different intensities in 7 healthy men aged 20-29 years. The authors reported no significant
increase in platelet count when exercise was performed at 55% of VO2max, but they did report a
21% increase in platelet count when exercise was performed at 80% of VO2max. Because the
firefighting activity in this study was only performed for less than 10 min, it is surprising to see
such a large (34%) increase in platelet count. The elevated platelet count following firefighting
is partially explained by shifts in body fluid. However, even after correcting platelet count for
changes in plasma volume, there was a 19% increase in platelet count. Our results may be
explained by sympathetic nervous stimulation resulting from participating in live-fire training or
the heat stress encountered by our participants.
Research findings on the effect of exercise on platelet activity are conflicting. The
preponderance of evidence suggests that platelet aggregation is increased with exercise in
patients with coronary artery disease, but the effect of exercise on healthy individuals is less
clear. Studies using whole blood flow cytometry have found in vivo activation and hyperactivity
of platelets following exercise in sedentary subjects but not in physically trained subjects (ElSayed et al, 2005). Ikarugi et al. (2001) reported that 40 minutes of cycling at 50-55% VO2max
in premenopausal middle-aged women resulted in a significant increase (6.7%) in platelet
number but no significant change in platelet occlusion time.
In conclusion, this study found that a short bout (~9:30 min) of strenuous live-fire
firefighting causes an increase in platelet count and platelet aggregation as evidenced by a
decrease in closure time. These results suggest that firefighting may result in a hypercoaguable
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state that could increase the risk of sudden cardiac events. Our results are particularly
noteworthy as the firefighting activities used in this study were of short duration and the
participants in this study were young, apparently healthy, and physically fit. It is likely that older
individuals or less fit firefighters would have a more pronounced platelet response to firefighting
activity. Further research is needed to elucidate the effects of prolonged firefighting on platelet
count and function, to investigate the relationship between firefighter health status and platelet
response, and to better describe how the hemostatic balance is altered by firefighting activity.
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INTRODUCTION
Within operational and training scenarios, military personnel are constantly exposed to extreme
environments that put them at risk for a heat illness. The severity of heat illnesses range from
mild heat cramping, heat syncope, and heat exhaustion to life threatening exertional heat stroke.
Comprehensive medical/safety programs and procedures have been established to prevent and
reduce the severity of heat illnesses. However, despite these efforts heat illness is still prevalent
and there are typically several heat related deaths each year that occur within the military
population (Scoville, et al, 2001). Although heat illness can lead to permanent injury most
military personnel experience a normal recovery and resume their operational specialty or
continue with their training soon after their incident. The question of when and how to best
return to a normal physically demanding routine is less certain (Armstrong, et al, 2007).
Complicating the return to duty/training issue is whether experiencing any heat illness results in
an increased future risk (Epstein, 1990). Across the services there is a great deal of variation in
the approach to evaluating the heat injured service member and the time course for returning to
duty can vary from a few days to weeks to several months (O‘Connor, et al, 2007).
The heat tolerance test (HTT) is one protocol that has been developed by researchers with the
Israeli Defense Force for return to duty following heat illness. The HTT has been used to
evaluate whether personnel who have experienced a severe heat injury, (i.e., heat stroke) still
have the capacity to effectively thermoregulate body temperature (Moran, et al, 2007). The
purpose of this HTT is to expose an individual to a thermal and physical stress with the intent of
eliciting a physiological response that will assist with determining if the individual is able to
effectively thermoregulate (Text Book of Military Medicine). The Naval Health Research
Center (NHRC), San Diego, CA, has adopted the use of a modified version of the Israeli HTT.
The individuals who perform the HTT at NHRC have all experienced a prior heat illness and
have been prevented from resuming their normal duties. This paper will provide information on
a series of HTTs conducted by NHRC on US Navy and Marine Corps personnel who have
experienced a heat injury.
METHODS
A total of 36 patients were referred for heat tolerance testing by their Command Clinicians. The
HTT was typically performed 6-8 weeks post their heat injury once all blood chemistry values
had returned to normal levels and the patients were symptom free. During the recovery period
the patients gradually progressed from performing light to moderate intensity exercise.
The HTT protocol performed at NHRC consists of 2 hr of treadmill walking at 3.3 mph and 4%
grade in an environment of 104 F ambient temperature and 40% relative humidity. Rectal
temperature and heart rate and skin temperature at four locations (shoulder, chest, thigh and calf)
were measured each minute. Patients were dressed in PT shorts and PT shoes were allowed to
consume water ad lib during the HTT. Sweat rate was calculated from pre/post body weight

465

Proceedings of the 13th International Conference on Environmental Ergonomics, Boston (USA), August 2-7, 2009

changes corrected for fluid exchanges. Completing the 2-hr test with an ending core temperature
< 38.5 C and a heart rate <150 was classified as a negative HTT indicating that the patient had
an appropriate physiological response to the thermal and physical stresses of the HTT.
RESULTS
A total of 41 HTTs were conducted on 36 patients, with 5 patients performing a second test. The
patients had the following physical characteristics (mean ± stdev): Age = 25 ± 3 yrs; Height =
177.8 ± 7.6 cm; Weight = 83 ± 17.4 kg. Of the 41 HTTs conducted, there were 29 negative
trials with the patients completing the 2-hr thermal challenge ending with a final mean core
temperature of 38.0 ± 0.5 C, heart rate of 128 ± 14, mean skin temperature of 36.6 ± 0.4 C, and
a sweat rate of 1.27 ± .32 L/hr. In comparison there were 12 positive trials with most patients
only able to complete 70-80 mins of the thermal challenge and had an final mean end of test core
temperature of 38.5 ± 0.2 C, heart rate of 140 ± 19, mean skin temperature of 36.5 ± 0.6 C, and
a sweat rate of 1.34 ± 0.39 L/hr.
Figure 1 displays the mean core temperature response for the negative (passing, n=29) and
positive (failed, n=12) HTTs. The graph depicts a sharp rise in core temperature response for the
patients unable to meet the thermal challenge of the HTT as half of the failure group individually
reached the limit of 38.5ºC approximately 50-60 minutes into the test. Conversely the core

Figure 1. Mean Core Temperature of HTT
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with a gradual levelling off. This clearly demonstrates the ability of the patients who passed the
HTT to effectively thermoregulate. The plateau of the core temperature curve reveals that the
patients dissipated enough metabolic heat to stabilize their core temperature while in an
environment that challenged their thermoregulatory system. Mean Heart rate response is
displayed in Figure 2. Although there is clearly a 15-20 bpm difference between the patients
who passed the HTT and those who failed, the mean heart rate response for both groups was
below the failure threshold value (150 bpm). In almost all cases failed HTTs were due to the
core temperature response elevating above the 38.5°C cut-off and not the heart rate response.
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Figure 2. Mean Heart Rate HTT
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command to perform a second trial after allowing a longer recovery time interval. Figure 3
shows the initial positive HTT of one patient followed by second, successful, negative trial 26
months later. Upon experiencing the initial heat injury and the subsequent positive HTT, the
patient was prevented from continuing participation in a specialized training program and sent
back to standard work in the fleet. However after achieving a negative test result in the later trial
the patient was permitted to reume the specialized training program.
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Figure 4 displays the only HTT failure based on heart rate. After this incidence of exertional
heat stroke the patient was instructed to not exercise until the HTT evaluation had been
performed. The elevated heat rate response to the physical demand may demonstrate the
cardiovascular detraining effect of no aerobic training prior to performing the HTT. Core
temperature response, though slightly higher than the mean for those passing the HTT, was under
the cut-off limit in both trials. The patient was instructed to begin a regular exercise regime and
the 20 bpm lower HR response in the second trial may be reflective of improved cardiovascular
fitness.
Following a failed HTT a few patients were referred to perform a second HTT in hopes of reentering a training program or potentially enrolling into a different program. A passed (negative)
HTT was required to move forward for these patients. Figure 5 displays repeat HTT results for
one patient conducted 3 months apart with an almost identical core temperature and heart rate
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response. Despite an additional 12 week recovery and a return to physical training during this
recovery, the patient was unable meet the thermal challenge of the HTT.
Figure 4.
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CONCLUSIONS
The HTT outcomes for these patients, who were all classified as experiencing exertional heat
stroke, demonstrate a variety of interesting responses. First, there appears to be a typical core
temperature response for patients who have effectively recovered from their heat injury and
clearly demonstrate an ability to dissipate both the metabolic heat created while exercising in the
challenging environment of the HTT. Second, patients who fail the test typically have a sharp
rise in core temperature indicating an inability to effectively dissipate the heat storage due to the
HTT. Third, the recovery process from a heat injury varies. Among the 36 patients, 29 were
able to pass their first attempt at the HTT 6 to 8 weeks after their heat illness, a few were only
able to pass a repeat HTT several months to 2 years after their initial failed HTT, and a few
patients have been unable to pass a second or in some cases a third HTT. Therefore, there is
strong evidence that the HTT does have a level of sensitivity and can discriminate among
patients who can effectively thermoregulate body temperature and those who cannot. All 29
patients who had a negative HTT were immediately returned to full active duty status and/or
allowed to resume their specialized training. Although repeated heat exposure and multi-week
acclimation protocols would provide more information and a better thermal profile the logistics,
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including, patient availability, chamber availability, support staff, and cost make that option less
feasible. These results suggest that the use of a Heat Tolerance Test can provide valuable
information to clinicians when evaluating the return to duty status of personnel who have
experienced a heat injury.
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EFFECTS OF SEASONAL THERMAL AND LIGHTING ENVIRONMENT
ON SLEEP IN ELDERLY LIVING IN THE DETACHED HOUSES
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National Institute of Advanced Industrial Science and Technology (AIST), AIST Tsukuba Central
6, 1-1-1, Higashi, Tsukuba, Ibaraki, 305-8566, Japan
Kazuyo Tsuzuki: k.tsuzuki@aist.go.jp
INTRODUCTION
The effects on circadian rhythm and sleep quality are explained by photoperiod. Seasonal
variation also affects sleep quality, with decreased stage 4 and increased rapid eye movement
sleep (REM) under the thermoneutral condition in winter as compared to in summer (Kohsaka et
al. 1992).These direct effects on sleep quality are difficult to explain on the basis of
photoperiodic time cues (Kohsaka et al. 1992) and suggest that the effects of air temperature (Ta)
demonstrate seasonal variation (Askenasy and Goldstein 1995). Sleep complaints related to
difficulty in initiating and maintaining sleep increase with age due to increased brief awakenings
and decreased SWS. Light exposure time and illuminance are the important factors in the
determination of sleep quality, since a previous study reported that light exposure during the
daytime improved sleep quality in the elderly (Mishima et al. 2001). However, this previous
study was performed on resident elderly persons of a nursing home with an average age of over
70 years. Many old persons live independently before entering nursing home; thus, over the
years, they have experienced some of the changes that tend to happen in them as they grow older.
The objective of the present study was to investigate the actual thermal and illuminance
conditions in the real life of old persons in 4 seasons and to determine the effect of seasonal Ta
and illuminance variation on sleep in older men by using actigraphic measurements.
METHOD
SUBJECTS
The subjects were screened from a pool of volunteers aged over 65 years in the Tsukuba area of
Japan. In the first screening, based on the volunteers‘ replies to a questionnaire, those with
chronic disease, insomnia, and snoring; those habituated to taking naps and medication; those
who had been admitted to a hospital; and those who were extremely long or short sleepers were
rejected. Based on their replies to the questionnaire, 8 volunteers were selected. The mean and
standard deviations of the following physical characteristics were measured: age (64 ± 1 years),
height (162 ± 6 cm), weight (67 ± 8 kg), and body surface area (1.7 ± 0.1 m2). They were
informed about the protocol of the study and provided their written consent. This study was
approved by the ethics committee of AIST. The subjects answered a questionnaire regarding
their physical and mental condition, sleep, morningness and eveningness preferences (Horne and
Ostberg 1976) prior to the measurements, and the results showed that the subjects were
physically and mentally healthy.
PROCEDURE
The study was performed at the subjects‘ homes for 4 consecutive seasons: spring (from late
April to early May), summer (from late July to early August), autumn (from late October to early
November) and winter (from late January to early February). The same subjects participated in
all 4 seasons. The subjects were requested to wear a wrist actigraph on the nondomiant hand for
5 consecutive days. The subjects were asked to expose the actigraph to the ambient environment,
without covering it by their clothing.
During the activity monitoring period, the temperature outside and the temperature and relative
humidity (RH) of the bedroom were measured continuously for 1-min time intervals. Two
nocturnal sleep during the activity monitoring, skin temperature (Ts), microclimate, and bed
climate were continuously measured at 1-min time intervals using a thermistor and hygrometer
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(LT8A, Gram Corporation). The mean weighted Ts was calculated according to Ramanathan
(1964).
The subjects were requested to lead their life as normally as possible. A total of 3 sets of answers
to the questionnaire were obtained from each subject at regarding their subjective experiences
before sleep, after sleep, and during sleep. A questionnaire regarding bedding and clothing was
administered. The thermal sensation scale for the whole body was similar to the Society of
Heating, Air-conditioning, and Sanitary Engineers of Japan (JIS TR S 0002, 2006) 9-point scale
(9: very hot, 8: hot, 7: warm, 6: slightly warm, 5: neutral,4: slightly cool, 3: cool, 2: cold, −4:
very cold). The comfort sensation scale was similar to the Japan Society of Refrigerating and
Air-conditioning Engineers (JIS TR S0002, 2006) 7-point scale (1: very comfortable, 2:
comfortable, 3: slightly comfortable, 4: neutral, 5: slightly uncomfortable, 6: uncomfortable, 7:
very uncomfortable). Humid sensation was used 7-point scale (1: very dry, 2: dry, 3: slightly dry,
4: neutral, 5: slightly humid, 6: humid, 7: very humid).
DATA ANALYSIS
The sleep parameters were determined according to the actigraph-based sleep-wake
identification algorithm (Cole, et al., 1992). In order to test the statistical significance of the data,
one-way analysis of variance (ANOVA) (conditions: spring, summer, autumn and winter) was
used to analyze the effect of conditions on activity, sleep parameters and thermal and lighting
parameters. For each subject, the numbers of minutes of illuminance above 1000 and 2500 lux
were counted for all complete days of recording. The illuminance values were log-transformed
and calculated for 75%, 50%, and 25% values of the cumulated value of the daytime, for average
of an entire day, for average of sleeping period, and average of 30-min before morning awake.
To investigate the effect of illuminance on sleep parameters and activity, the illuminance values
were compared among 4 seasons, and correlation analysis was performed between the
illuminance values and sleep parameters. Fisher‘s protected least significance difference (PLSD)
was applied for post-hoc pairwise comparison. The level of significance was considered to be P
< 0.05.
RESULTS
BED CLIMATE AND BEDDING CONDITIONS
Sunrise was earlier in spring (4:47 ± 0:11), summer (4:45 ± 0:03), autumn (5:53 ± 0:03) and
winter (6:41 ± 0:02), while sunset was later in spring ( 18:26 ± 0:09) , summer (18:44 ± 0:03) ,
autumn (16:53 ± 0:04) and winter (17:03 ± 0:04) during the measuring period. The daylight
hours were longer in spring (13:39 ± 0:21) and summer (13:59 ± 0.06 ) than autumn (10:59 ±
0.08) and winter (10:21 ± 0:07).
Table 1. Bed room climate during the sleep
Spring
average (SD)
Outdoor
(℃）
18.0 (1.8)
Toilet
Ta (℃)
21.4 (1.4)
RH （％） 72.8 (9.1)
Bedroom Ta (℃)
22.5 (1.4)
RH （％） 64.8 (7.5)

Summer
average (SD)
24.9 (1.0)
27.5 (1.0)
79.8 (6.2)
27.8 (1.0)
72.6 (7.4)

Autum
average (SD)
12.4 (3.6)
16.9 (3.1)
77.2 (7.3)
18.4 (1.8)
69.8 (6.7)

Winter
average (SD)
0.4 (1.1)
7.3 (2.4)
61.4 (7.9)
10.3 (2.6)
59.4 (5.9)

Significant seasonal variation was observed in the outside Ta (F(3,60) = 340.10; P < 0.001) and
bedroom temperatures (F(3,60) = 240.64; P < 0.001) and humidity (F(3,60) = 203.41; P < 0.001).
The temperature and humidity was significantly higher in summer than in spring, autumn and
winter (Table 1). In bedding conditions, there was no significant seasonal difference in the
number of bed mattresses (F(3,60)= 0.45; ns) and clothing values (F(3,60) = 0.043; ns) used by
the subjects. However, the number and insulative value of bed coverings significantly differed
among seasons (F(3,60) = 24.51; P < 0.0001;F(3,60) = 49.26; P < 0.0001), i.e., a lower number
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were used in summer than in spring, autumn, and in spring than in winter. However, clothing
insulation of futon in spring was not different that in autumn.
Significant seasonal variation was observed in the average F(3,28) = 4.71; P < 0.008),
cumulative F(3,28) = 4.55; P < 0.05),, and median F(3,28) = 6.10; P < 0.002) of illuminance, the
number of minutes of illuminance above 2500 lux F(3,28) = 3.51; P < 0.028), and the average
illuminance of 30-min before morning awake (F(3,28) = 2.46; P < 0.08). Those values were
significantly higher in spring than in summer, autumn and winter.
Table 2. Lighting environments during a whole day and sleep
Spring

Summer

Autumn

Winter

Cumulated illuminance(Lx h)*

989(589)bcd

546(307)a

371(379)a

278(162)a

Average (lx)*

16.5(9.8)bcd

9.1(5.1)a

6.2(6.3)a

4.6(2.7)a

Median (lx)**

19.8(13.7)bcd

9.7(6.2)a

5.7(4.8)a

3.3(2.2)a

Minutes of illuminance above 2500 lux (minutes）**

133.8(92.3)bcd

48.9(33.1)a

46.6(60.7)a

47.1(39.3)a

Minutes of illuminance above 1000 lux (minutes）

180.4(100.8)

100.4(55.2)

72.6(65.6)

63.6(56.3)

124.8(114.2)bcd

41.2(23.3)a

41.1(63.9)a

28(22.7)a

1(1.8)

1.5(2.8)

1.4(2.7)

2.1(3.8)

2.8(5)bd

20.2(49.5)a

4.6(8.3)

1.6(3.6)a

Average during daytime (lx)*
Average during sleeping period (lx)
average of 30-min before morning awake (lx)#
a Differs from Spring, P<0.05
b Differs from Summer, P<0.05
c Differs from Autumn, P<0.05
d Differs from Winter, P<0.05

Values are average(SD).

Table 3. Sleep parameter and activity under 4 seasons
Spring
Summer
Autumn
Winter
Night time
average (SD)
average (SD)
average (SD)
average (SD)
Bedtime (h:m)
22:31 (1:17)
22:35 (0:57)
22:35 (0:43)
22:51 (0:55)
Wake-up time (h:m)
5:41 (1:07) d
5:58 (0:37) d
6:09 (0:34)
6:30 ('0:32) ab
Time in bed (min)
431.2 (100.8)
443.88 (56.2)
455.25 (51.6)
460.31 (59.0)
Total sleep time (min)
381.8 (96.3)
366.38 (61.2)
405.5 (57.9)
412.06 (64.0)
Wake (min)
49.4 (25.3) b
77.5 (45.6) acd
49.75 (18.7) b
48.25 (20.2) b
Sleep efficiency index (%)
88.3 (5.9) b 82.666 (10.4) acd
88.86 (4.7) b 89.262 (5.5) b
Sleep latency (min)
15.3 (22.8)
19.25 (16.7)
13.75 (11.0)
16.313 (14.6)
Number of wake episode
9.3 (5.0)
12.313 (8.6) d
8.6875 (3.5)
7.4375 (3.4) b
Longest wake episode (min)
21.1 (14.4)
29.5 (19.6)
19.813 (6.2)
22.875 (15.5)
Activity index
17.2 (7.0) b 25.459 (12.8) acd 17.139 (4.5) b 16.089 (6.3) b
Daytime
Activity index
207.5 (34.5)
199.81 (35.1)
170.35 (42.6)
185 (55.7)
Sleep time (min)
36.6 (50.5)
30.125 (39.9)
86.125 (70.2)
18.22 (25.9)
a Differs from Spring, P<0.05
b Differs from Summer, P<0.05
c Differs from Autumn, P<0.05
d Differs from Winter, P<0.05

SLEEP PARAMETERS
Based on wrist activity, a significant difference in sleep parameters was observed mainly
between summer and other seasons (Table 2). There was no significant difference in bed time
(F(3,60)=0.96), while wake - up time (F(3,60)=3.35; P < 0.05) in spring and summer were
significantly earlier than in winter. There was no significant difference in sleep latency (F(3,60)
= 0.30), period of lying down (F(3,60) = 0.55), total sleep time (F(3,60)=1.40) , however, wake
time (F(3,60) = 3.70, P<0.05) in summer was significantly longer in spring, autumn, and winter.
The number of wake episodes (F(3,60) = 2.24, P< 0.1) was significantly higher in summer than
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in winter. As compared to in spring, autumn, and winter, the sleep efficiency index (F(3,60) =
3.15; P < 0.05) significantly decreased by 5% in summer. The total activity (F(3,60) = 4.43; P <
0.007) was higher in summer than in spring, autumn and winter. No significant difference with
season was observed with regard to the total activity and sleep time during the day.
Table 4. Retrospective thermal sensations during sleep
S pring
S um m er
A utum n
Therm alsensation of w hole body **
6.6 ( 0.9 ) bcd 5.4 ( 1.2 ) a
5.4 ( 1.1 ) a
Therm alsensation of foot
5.9 ( 0.9 )
5.4 ( 0.8 )
5.4 ( 0.8 )
C om fort sensation **
3.9 ( 0.7 ) c
4.1 ( 0.9 ) c 3.3 ( 0.8 ) abd
Feeling of S w eating **
1.4 ( 0.6 ) cd 1.6 ( 0.9 ) cd 1.0 ( 0.0 ) ab
R equirem ent for changing ta **
3.8 ( 0.4 )
3.7 ( 0.5 ) cd
4.1 ( 0.3 ) b
R equirem ent for changing hum idity ** 3.8 ( 0.4 ) cd 3.6 ( 0.5 ) cd 4.1 ( 0.3 ) ab
a D iffers from S pring,P <0.05
c D iffers from A utum n,P <0.05
b D iffers from S um m er,P <0.05
d D iffers from W inter,P <0.05

W inter
5.8 ( 0.8 ) a
5.7 ( 0.8 )
3.9 ( 0.3 ) c
1.0 ( 0.0 ) ab
4.1 ( 0.3 ) b
4.1 ( 0.3 ) ab

SUBJECTIVE SENSATION
No significant difference was observed in the subjective evaluation of sleep. However,
retrospective subjective wakefulness due to the thermal environment was significantly affected
by the season (F(3,60) = 4.54; P < 0.006); it was higher in spring and summer than in autumn
and winter. Regarding the retrospective sensations during sleep (Table 4), a significant effect of
season was observed for the humidity sensation (F(3,60) = 4.33; P < 0.007), thermal sensation of
the whole body (F(3,60) = 4.33; P < 0.0078) and leg (F(3,60) = 1.70; ns), comfort sensation
(F(3,60)=4.70, 0.005), the requirement for changing the Ta (F(3,60) = 4.35; P < 0.007) and
humidity (F(3,60) = 5.93; P < 0.0013). The thermal sensation of the whole body was
significantly higher in spring than that in summer, autumn, and winter. The comfort sensation
was significantly higher in autumn than spring, summer, and winter. The humidity sensation was
higher, thermal sensation of the whole body and leg was lower, and the requirement for
decreasing the Ta and humidity was higher in summer than in autumn and winter.
CONCLUSION
During the sleep and after the sleep the subjects felt warmer in spring than in summer, however,
the Ta and Rh were higher in summer than in spring. Illuminance was higher in spring than in
the other seasons. The sleep efficiency was worst in summer due to increased length and number
of wakefulness. However, no significant difference was found in the subjective evaluation of
sleep among the 4 seasons. The subjects in this study are also exposed to acute Ta change from
bed climate of about 32°C to Ta lower than 10°C, since most subjects go to lavatory after sleep
onset and at wake up time in the winter season. The acute Ta change affects thermoregulation
and cardiovascular response in the old man, especially increase in blood pressure (Inoue et al.
1992; Collins et al. 1995). The acute Ta change may also have relation with this cardiac disease.
ACKNOWLDGEMENT
We would like to be grateful for helpful assistance and contribution of Kazue Mizuno.
REFERENCES
Askenasy JJ, Goldstein R 1995 Sleep 18:895-900
Collins KJ, Abdel-Rahman TA, Goodwin J, McTiffin L 1995 Age Ageing 24:485-489
Cole RJ, Kripke DF, GruenW, Mullaney DJ, Gillin JC 1992 Sleep 15(5) : 461-469
Inoue Y, Nakao M, Araki T, Ueda H 1992 Eur J Appl Physiol Occup Physiol 65:492-498
Kohsaka M, Fukuda N, Honma K, et al. 1992 Experientia 48:231-233
Mishima K, Okawa M, Shimizu T, Hishikawa Y 2001 J Clin Endocrinol Metab 86:129-134

473

Proceedings of the 13th International Conference on Environmental Ergonomics, Boston (USA), August 2-7, 2009

WAVELET-BASED ANALYSIS OF SKIN BLOOD FLOW AT LOWER
LIMB UNDER EXTERNAL PRESSURE
Yehu Lu, Xiaoqun Dai*, Hong Lin, Fuping Zhou
College of Textile and Clothing Engineering, Soochow University, Suzhou 215006, P.R. China
Contact person: daixqsz@suda.edu.cn
Abstract: In this study, to investigate the effect of external pressure on skin blood flow (SBF) of
lower limb, external pressure was exerted on ankles and calves respectively by using
sphygmomanometer. Alternating loading protocol was used: 5mins without pressure and 5mins
under pressure of 40mmHg. The change of SBF was observed, wavelet analysis on the SBF
signal was also performed. The results showed that SBF increased with pressure no matter it was
loaded on ankle or calf. Wavelet analysis results showed that the peak spectrum amplitude in the
frequency band of intrinsic myogenic activity increased (p<0.01) while its corresponding
frequency decreased significantly (p<0.01) due to pressure loading. The mechanism of SBF‘s
response to external pressure was also discussed.
INTRODUCTION
It has been reported by many researchers that garment pressure has complicated influence on
heart rate, respiration, blood pressure, digestion, sweat and other physiological activity (Okada,
1995; Hirata and Yoshida, 1995). Garment pressure has been utilized effectively in many ways.
Nowadays, pressure garments are widely used in rehabilitation for burn injury patients. Sports
socks, which exert certain pressure on lower limb, have been reported helpful to accelerate blood
circulation during doing exercises and thus improve sports performance.
The pressure exerted on human body may have complicated influence on micro-circulation in
the underlying compressed soft tissue. In our previous study, it was found: the distal SBF
decreased when pressure was exerted on the lower limb; SBF of regions under pressure increased
when the pressure was low, and it turned to decrease as the pressure increasing to certain value
(Wang et al, 2007; Zhou et al, 2008).
Spectrum analysis has been widely used to understand skin microcirculatory response to
various stimulus (Stefanovska et al, 1999; Kvandal et al, 2006; Bernjak et al, 2008). Jan et al.
even applied this method to analyse sacral skin blood flow response to alternating pressure. An
increase in power of endothelium-related metabolic frequency and a decrease in power of the
myogenic frequency during alternating pressure were found (Jan et al, 2008).
There are still few reports available to understand well the pressure-induced SBF response. In
this paper, skin blood flow at lower limb under external pressure was investigated. Spectrum
analysis was carried out on the SBF signals and the mechanism of SBF change was also
discussed.
METHODS
Two healthy male undergraduate students denoted as S1-S2 volunteered to take part in this
study. The subjects had refrained from heavy exercise for 24h and hadn‘t consumed salty food,
alcohol or caffeine for 17h before entering the laboratory. The experiments were carried out in a
climate chamber of constant temperature (20 2℃), humidity (40 5%) and air velocity less than
0.2m/s. The subjects were required to wear loose trousers and sit on a bench. They were asked to
rest for at least 30 minutes to achieve a steady baseline blood flow before the tests got started.
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The SBF was observed by using Advance Laser Blood Flowmeter, ALF21R(Advance Co. Ltd.
Japan). Pressure was measured simultaneously by using air-pack pressure sensors (AMI Co. Ltd,
Japan). To control the pressure magnitude easily, a sphygmomanometer was used to exert
pressure on ankle and calf respectively. Alternating loading protocol was employed: 5mins
without pressure and 5mins under pressure of 40mmHg, totally 45 minutes. The change of skin
blood flow along with time was recorded per 0.1s.
Wavelet analysis was carried out by using the math software package MATLAB 7.1. The
ranges of five characteristic frequency bands of SBF signals were previously divided as follows:
(I) endothelium related metabolic activity (0.005 ~0.021Hz); (Ⅱ) neurogenic activity (0.021 ~
0.052 Hz); (III) intrinsic myogenic activity (0.052 ~ 0.145 Hz); (IV) respiratory activity (0.145 ~
0.6 Hz); (V) cardiac activity (0.6 ~ 2 Hz) (Bernjak et al, 2008). The measured SBF signal was
normalized before wavelet transform, as shown in Fig. 1(a). Fig. 1 (b) shows the obtained
spectrum of SBF signal in the five characteristic frequency bands, in which the vertical axis is
the spectral averaged along the time period. From the spectrum, the peak amplitude in each
frequency band was picked out.

(a) Normalized SBF signal

(b) Time averaged spectrum of SBF signal

Figure 1 Wavelet analysis on SBF signal
RESULTS
Change of Skin Blood Flow
Fig. 2 showed skin blood flow change of S1-S2 along with time both on ankle and calf,
respectively. It was clear that SBF increased obviously when pressure was exerted on ankle or
calf and returned to the initial level rapidly as pressure was removed. The amounts of SBF
increase for ankle in Fig. 2 (a) and (c), were obviously larger than the respective ones for calf
shown in Fig. 2(c) and (d). It indicates that it is more effective to exert pressure at ankle than at
calf to accelerate blood flow. Maybe that is why sports socks exert certain pressure at lower limb,
especially at ankle, and thus improve sports performance.
Wavelet Analysis Results
To understand SBF‘s response to external pressure, spectrum analysis was carried out on each
5mins period SBF signal and the peak spectrum amplitudes in the five frequency bands together
with the corresponding frequencies were picked out. There were no obvious change trends found
in neurogenic, respiratory and cardiac frequency intervals. The spectrum amplitude of
endothelium related metabolic activity was found to increase due to pressure. This is consistent
with Jan‘s finding (Jan et al, 2008). Moreover, no matter the pressure was loaded on ankle or calf,
the spectrum amplitude in myogenic frequency band increased (p<0.01) with pressure loading
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and decreased with pressure removing, as shown in Fig. 3(a). It indicated that external pressure
enhanced myogenic activity. Moreover, it was also clear in Fig. 3 (b) that the frequency
corresponding to the peak amplitude in the myogenic frequency band declined (p<0.01) as
external pressure was loaded.
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Figure 2 Change of SBF under pressure of 40mmHg exerted on ankle and calf
Precapillary sphincter are rings of smooth muscles that rhythmically switch between the
dilatation and constriction condition (Stefanovska and Bracic, 1999), resulting in the opening and
closing of capillary network. Spontaneous activity in microvascular smooth muscle cells was
4~10 events a minute (0.066~0.166 Hz) (Golenhofen, 1970), lying in the third frequency interval
of intrinsic myogenic activity(0.052~0.145Hz). Therefore, the intrinsic myogenic activity could
be considered as closing and opening of capillaries. The decrease of the frequency of the intrinsic
myogenic activity then meant that the cycle of the opening and closing of capillary network took
longer time, in which the time period of the opening, closing, or both opening and closing could
be prolonged. Referring to Fig. 2, the increase of SBF due to pressure indicated that the opening
time period increased, thus more blood flow perfused into the capillaries. It was thus speculated
that external pressure may have some influence on the action of the precapillary sphincter.
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Figure 3 Change of peak spectrum amplitude and its corresponding frequency in myogenic
frequency band
CONCLUSIONS
In this study, the pressure effect on SBF of lower limb was investigated and wavelet analysis
was carried out on the SBF signals. The SBF was found to increase no matter the pressure was
loaded on ankle or calf. Wavelet analysis results revealed that the spectrum amplitude of the
intrinsic myogenic activity increased while its corresponding frequency decreased. It
implicated that external pressure could not only enhance the myogenic activity but also affect
on the action of the precapillary sphincters.
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SWEAT GLAND RECRUITMENT FOLLOWING THERMAL AND
PSYCHOLOGICAL STIMULI.
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Nigel A.S. Taylor
School of Health Sciences, University of Wollongong, Wollongong, Australia
Contact person: nigel_taylor@uow.edu.au
INTRODUCTION
Eccrine sweat glands are present across almost the entire body surface. The distinction between
glabrous (hairless) and non-glabrous skin has frequently been used to describe differences in
human sudomotor function and, in particular, to help differentiate between the thermal and nonthermal mechanisms that modulate sweat secretion. Indeed, the widely accepted consensus is that
psychological (psychogenic) sweating is limited to the glabrous regions, while thermally induced
secretion occurs only from non-glabrous surfaces (Iwase et al., 1997). Furthermore, it is
frequently assumed that independent central controllers, efferent pathways and different
neurotransmitters activate the sweat glands within each of these regions. A recent research focus
of the current laboratory has been to evaluate the veracity of these assumptions.
Several recent observations fail to fully support this control model for human eccrine sweating.
For instance, extensive mapping of the sudomotor responses (across >50 skin sites) to nonthermal stimulation, unequivocally established the fact that psychological sweating is a
generalised, whole-body phenomenon (Machado-Moreira and Taylor, 2007). Furthermore,
thermal sweating was not restricted to the non-glabrous surfaces, but was also evident from
glabrous sites (Machado-Moreira et al., 2008). These observations led to the hypothesis that it
was more probable that a common (central) integration of efferent signals occurred, resulting in
various stimuli simultaneously activating sweat glands across the entire body surface, even if
separate control centres existed for the modulation of thermal and non-thermal sweating.
Accordingly, local variations in sweat gland density, size and sensitivity may perhaps account
for observed differences in the regional distribution of thermal and psychological sweating.
In the current experiment, sudomotor responses to thermal and psychological stimulation were
examined at the glandular level. The central focus was to identify individual sweat glands
recruited following each stimulus, and to see if different glands were being activated.
METHODS
Thermally and psychologically induced sudomotor responses were evaluated from the dorsal
surfaces of the hands of ten healthy males (27.8 SD 5.1 y). Subjects were studied during seated
rest in a climate-controlled chamber (25-26oC, 50% relative humidity). The thermal stress
consisted of passive heating, and included feet immersion in heated water and a water-perfusion
suit (water temperature: 43oC). Following the establishment of thermal sweating, the
psychological stimulus (mental arithmetic) was applied, and subjects were required to solve as
many problems as possible within 10 min. During this task, the thermal load was clamped to
prevent further increases in body temperatures. Thus, the psychological stimulus was applied on
top of an existing thermal load.
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The dorsal hand surface was marked with a rectangular target (2.5 x 4 cm), and this site was
prepared with a very thin film of silicone oil containing bromophenol blue (modified from Inoue
et al., 1999), and the forearm and hand were secured to prevent motion artefact. Sweat secreted
below this oil will form dark-blue droplets, permitting the identification of individual sweat
glands from photographs taken from these rectangular zones using a high-resolution camera
(Cannon EOS D20) and macro lens (Cannon EF-S60 mm f/2.8 macro USM). Photographs were
taken of the rectangular targets at 1-min intervals during both the thermal and psychological
stimuli, and these are illustrated in Figure 1 for one individual. From these photographs, a 1-cm2
area was identified, and the activated sweat glands within this square were marked for
subsequent counting (Adobe Photoshop CS4). The following photographs show sweat gland
recruitment at the beginning of passive heating, one minute prior to, and during the
psychological stimulation.

Thermal - start

Thermal - last min

Psychological - start

Psychological - end

Figure 1: Sweat gland recruitment from the dorsal hand surface of one individual during
thermal and combined thermal and psychological stimulation.
Sweat secretion from the contralateral dorsal hand surface was evaluated using the ventilated
sweat capsule and skin conductance techniques. Local sweat rates were computed at 1-s intervals
using a sweat monitor system (Clinical Engineering Solutions, NSW, Australia), while skin
conductance was measured using a multi-channel conductance meter (Model SC2000/4-SLC,
UFI Morro Bay, CA, USA), with data recorded at 10 Hz. Changes in conductance were derived
relative to that measured prior to passive heating, and within the thermoneutral state. This
technique is sensitive to changes in sudomotor drive (primary sweat) prior to sweat actually
reaching the skin surface. Body core (auditory canal) and skin (eight regions) temperatures were
recorded at 5-s intervals, and mean body temperature was derived from these data. Paired
Hotelling's T-square tests were used to evaluate thermal and sudomotor responses during the first
and last minutes of each experimental phase (thermal and psychological). Alpha was set at the
0.05 level.
RESULTS
The initial passive heat loading provoked significant changes in body temperatures (0.3oC;
P<0.05), accompanied by a mean glandular activation of 186 glands.cm-2 over ~24 min (range:
15-32 min) of thermal stress, and a significant elevation in skin conductance (Table 1). During
the psychological stimulus, significant increases in either body temperatures or sweat rates were
not evident relative to the last minute of heating (Table 1; P>0.05). These data confirm that the
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thermal status of these subjects was clamped, and that the psychological stimulation occurred
against this stable thermal background.
Table 1: Sudomotor responses from the dorsal hand, body core and mean body
temperatures during thermal and psychological stimuli. Data are means and standard
errors of the means. * = all physiological responses were significantly elevated compared
to those at the start of passive heating (P < 0.05). † = significantly different from the start
of the psychological stimulation (P < 0.05).
Thermal
Physiological variables

Thermal + Psychological

186 ±22

Start
(1 min)*
193 ±23

204 ±24†

0.50 ±0.11

7.06 ±1.04

7.95 ±1.14

9.45 ±0.99†

Sweat rate (mg.cm-2.min-1)

0.21 ±0.02

0.66 ±0.10

0.72 ±0.10

0.54 ±0.08

Mean body temperature (oC)

35.82 ±0.07

36.40 ±0.08

36.45 ±0.08

36.45 ±0.06

Auditory canal temperature (oC)

36.37 ±0.06

36.66 ±0.07

36.74 ±0.07

36.76 ±0.05

Start

Last min*

0.0 ±0.0

Change in skin conductance (µS)

Activated sweat glands (glands.cm-2)

End*

Within the first minute of the mental arithmetic, there was a 4% increase in the number of
activated sweat glands, whilst at the end of the psychological stimulation (10 min), the number
of activated glands increased 11% relative to that observed from the thermal stimulus alone.
These changes represented respective increases in activated gland counts of 7 ±2 glands.cm-2 and
18 ±4 glands.cm-2 (P<0.05). Whilst sweat rate changes were evident, there was only a significant
change in skin conductance over the course of the psychological stimulation (P<0.05).
CONCLUSIONS
The current data confirm previous observations that psychological sweat secretion from nonglabrous skin surfaces is elicited when thermal sweating precedes the application of non-thermal
stimulation (Machado-Moreira and Taylor, 2007). However, this response is not powerful, and
may not be detected when less sensitive techniques are used to evaluate sweating. These
observations are inconsistent with the assumption that psychological sweating is restricted to the
glabrous skin surfaces. Indeed, both thermal and non-thermal stimuli appear to elicit ubiquitous
activations of the eccrine sweat glands.
To the best of our knowledge, no other group has investigated differences in sweat gland
recruitment between thermal and non-thermal stimulations. It was anticipated that no further
glands would be activated during the psychological challenge. Data presented in Table 1 refute
this hypothesis. Indeed, over the course of this stimulation, an average of 18 additional
glands.cm-2 were activated. Given that the dorsal (metacarpal) area is about 113 cm2, this
represents an added recruitment of 2,031 sweat glands for each hand. Several mechanisms may
account for this observation. First, the glandular recruitment pattern may resemble that which
occurs during thermal loading. That is, under a sustained load, not all glands are initially
activated, but more are recruited as the strain is elevated or becomes more protracted (Randall,
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1946). This may be analogous to the recruitment of motor units within skeletal muscle. Second,
it is well established that 5-10% of the eccrine glands appear not to participate in thermal
sweating. Perhaps these glands lack innervation, but possess some neurotransmitter sensitivity.
During a prolonged psychological stimulus, it is possible that neurotransmitter release exceeds
receptor binding and metabolism, leading to a transient accumulation within the interstitium, and
the activation of normally silent sweat glands. Third, since eccrine sweat glands can be
adrenergically activated, the possibility exists that this psychological stimulus was of such a
magnitude that adrenaline was released from the adrenal gland, resulting is a systemic
recruitment of more sweat glands. Finally, it is possible that different neural pathways exist for
thermal and non-thermal activation of a subset of sweat glands. Some of these possibilities are
currently being evaluated within the current laboratory.
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BODY MAPPING OF SWEATING IN MALE ATHLETES
Caroline Smith and George Havenith
Environmental Ergonomics Research Centre, Loughborough University, UK
Contact person: G.Havenith@lboro.ac.uk
INTRODUCTION
A large body of literature is available regarding both gross and regional sweat rates. Regional
variation between large body segments has long been recognised (Weiner, 1945; Kuno, 1956;
Hertzman, 1957; Cotter et al., 1995). Recent research on the foot (Taylor et al., 2006), torso
(Havenith et al., 2008; Machado-Moreira et al., 2008a), head (Machado-Moreira et al., 2008b),
and hands (Smith et al., 2007; Machado-Moreira et al., 2008c) have demonstrated large intra
regional variation. However, these studies are conducted in differing conditions, during differing
exercise modes and intensities, and cover only a small surface area on a limited number of sites,
thus not providing a detailed whole body map. The ventilated capsule method adopted in the
majority of these studies, although having the distinct advantage of measuring sweat rate
continuously over time, only cover an area of skin 2-9 cm2 per capsule, typically less than 3% of
the body area studied The absorbent method of sweat collection used in the current study aimed
to cover large areas of the skin simultaneously to allow detailed analysis of inter and intra
regional variation in sweat rate over the whole body in male athletes. Preliminary data from a
whole body sweat map is presented in the current paper, describing regional sweat rates over the
upper body (torso and arms). A whole body sweat map of male athletes will be presented at
ICEE 2009.
METHODS
Ten male participants (age: 23 ± 3 years, height: 179 ± 4.1 cm, weight: 73 ± 5.0 kg, body fat: 11
 O2max: 70 ± 13 ml.kg-1.min-1) who were regular runners attended the Environmental
± 5 %, V
Ergonomics Laboratory for two sessions. The first session required anthropometric
measurements of height, weight, and body dimensions used for the calculation of absorbent pads
(Tech Absorbents product 2164). Skinfolds were taken using a 7 point calliper method (Jackson
and Pollock 1978) specific to male athletes for calculation of body fat percentage. The second
session was an experimental session which was conducted in a climate controlled room at 25.6 ±
0.4°C and 44 ±.8 % relative humidity. Following the measurement session, two sets of absorbent
pads were produced for each participant. These were weighed (Sartorius YACOILA, Sartorius
AG, Goettingen, Germany) inside labelled airtight bags, in which they were stored until testing.
A total of 28 pads were used, covering the anterior and posterior torso and arms. All pads were
attached to custom made plastic sheeting for application to the body and to prevent the
evaporation of sweat during the testing.
On arrival to the experimental session participants were provided with shorts and t-shirt and then
weighed. Infra red images (Thermacam B2, FLIR Systems Ltd., West Malling, Kent, UK) of the
nude, dried, skin were taken prior to testing, before and after each pad application, and
immediately after testing to monitor skin temperature ( Tsk ). Resting heart rate and sublingual
temperature were taken before participants warmed up, with heart rate monitored throughout the
experiment at 15 second intervals. Core temperature ( Tcore ) was measured using a Vitalsense
Integrated Physiological Monitoring System (Mini Mitter Company, Inc. Bend, Oregon, USA).
Participants swallowed a CorTemp™ ingestible temperature pill 5 hours before testing. Tcore was
registered from the ‗temperature pill‘ up to 4 times per minute. The participant ran for a total of
60 minutes, running at two incremental exercise intensities. The participant could drink water
freely during the experiment, which was recorded, to prevent dehydration. The target heart rate
of the participant was 125-135 and 150-160 beats per minute (bpm) for intensity 1 (I1) and
 O2max (I1
intensity 2 (I2) respectively, which was set to control workload at a fixed percent of V
50%, I2 70%). Sweat samples were taken at 30 and 60 minutes during the experiment for a
duration of 5 minutes. The participants removed their shirt and towelled their skin dry
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immediately prior to pad application to ensure only sweat produced during the sample period
was collected. Pads were applied and held in place using a stretch zip t-shirt. All of the pads had
an impermeable backing to prevent evaporation. Immediately following the sample period the
pads were returned to their airtight bags and sealed. Following the 60 minute run, the weight and
sublingual temperature of the participant were recorded. On completion of the experiment all
pads were reweighed inside their airtight bags. The pad surface area was calculated from the dry
weight of each pad and the weight per unit of surface area of a piece of control material. The
sweat rate ( SR ) was calculated in grams per meter square per hour (g.m-2.h-1) using the weight
change of the pad, the pad surface area, and the duration of application to the skin.
Paired samples t-tests were performed both with and without Bonferroni correction to analyse
right-left differences in sweat rate and changes with exercise intensity. A one-way repeated
measures ANOVA was performed to analyse regional differences within each intensity,
presented both with and without Bonferroni correction. A Pearson‘s r correlation coefficient was
preformed to assess correlations between regional SR and Tsk . It was decided to use medians for
the presentation of the data to reduce the effect of extreme values.
RESULTS
Median sweat rates of the torso and arms are presented in Figure 1. Regional SR data was
grouped for corresponding right-left zones since only a small number of significant differences
were present (p < 0.05; shoulder, anterior upper arm, anterior lower arm). These differences were
not constant across exercise intensities or apparent following Bonferroni correction. Despite
large individual variation in absolute SR , a clear pattern of distribution was observed within all
participants. The highest values were consistently observed on the posterior torso, in particular
on the central upper, central mid, and lower back. The anterior torso and shoulders followed as
areas of next highest sweat production, yet values were over half that of the posterior torso. A
medial to lateral decrease was observed across the torso, which was more prominent on the
posterior and exacerbated by an increase in exercise intensity. Detailed regional sweat data and
the significance level of I1 and I2 comparison are presented in Table 1. All regions increased
significantly with exercise intensity, with exception to the posterior lower torso, reflecting the
large standard deviation. To assess sweat distribution over all participants, absolute sweat rates
were normalised using the surface area weighted average of all tested regions. Notably, the
distribution over the arms showed no change with exercise intensity and only 4 regions
significantly altering on the torso. No differences in distribution between exercise intensities
were present following Bonferroni correction.
Significance levels of region comparisons of absolute sweat rates are presented in Table 1a and
1b for I1 and I2 respectively. The most pronounced differences were between the arms and
posterior torso, indicating the high and low sweat regions. Considerably fewer significant
differences were present following Bonferroni correction due to the conservative nature of the
adjustment and the large number of regions. Data are presented both without and without
correction at an alpha level of p < 0.05, p < 0.01, and p < 0.001. P values between 0.05 and 0.1
are additionally presented due to inflation of type II error with Bonferroni correction, but with
the conservative approach in mind when considering the data.
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Sweat Rate (g.m-2.h-1)

Intensity 1

ANTERIOR

POSTERIOR
311

311

311

311
513
272

331

699

513

272
119

133

133

119
426

426
762

279

346

279

337
208

227

227

337
208

810

179

>1000
801-1000
701-800
651-700
601-650
551-600
501-550
451-500
401-450
351-400
301-350
251-300
201-250
151-200
101-150
76-100
51-75
26-50
≤ 25

239

239

Intensity 2

ANTERIOR

POSTERIOR
636

636

636

636
890
483

602

1241

890

483
237

255

255

237
707

707
1221

411

680

411

762
374

350

350

762
939

374

427
411

411

Figure 1. Regional sweat rates of the upper body at Intensity 1 and Intensity 2 in male athletes.

A significant increase in Tsk was observed in a few zones following the application of pads at I1
(∆ Tsk ≤ 1.6°C) followed by a significant decrease in most regions once the pads had been
removed (∆ Tsk ≤ 1.6°C). A significant increase in skin temperature following the second sample
period occurred in only 7 regions (∆ Tsk ≤ 2.4°C, decreasing to only 3 following Bonferroni
correction. Within participant correlations were performed for Tsk and SR due to between
participant factors confounding regional skin temperature and sweat rate. A weak, non significant
correlation was observed in all participants (r < 0.5) except m5.
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Table 1a. Significance levels of comparison of absolute sweat rates at Intensity 1.
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CONCLUSIONS
The current study aims to provide a whole body sweat map of male athletes. The preliminary
data presented in this paper confirm large intra segmental variation on the torso and arms.
Considerable variation in absolute regional sweat rate was observed both within and between
male athletes yet consistent patterns of distribution were observed. A significant increase in
sweat rate occurred in all regions with increased exercise intensity but showed little change in
distribution. The central and lower back consistently showed the highest sweat rates over the
body at both intensities in comparison to the lowest sweat rates being observed on the
extremities. These observations are in agreement with regional sweat data from other authors
(Weiner, 1945; Kuno, 1956; Hertzman, 1957; Cotter et al., 1995; Havenith et al., 2008a). The
medial to lateral decrease across the torso has been reported by some authors (Ogata, 1935; Kuno,
1956; Hertzman, 1957; Havenith et al., 2008; Machado-Moreira et al., 2008a), but was either
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absent or progressed towards unity with increasing exercise intensity in other studies (Cotter et
al., 1995; Hertzman, 1957). Regional sweat distribution does not necessarily correspond to
eccrine sweat gland density (Ogata, 1935). Cadavar data by Szabó (1962) found the highest
densities (± SE glands.cm-2) on the soles (620 ± 120), forehead (360 ± 50), and cheeks (320 ±
60). Conversely, SR s were highest on the central back and lower on the extremities in the
current study. It would therefore seem logical to consider the number of active sweat glands,
output per gland, and sudomotor sensitivity. Machado-Moreira et al. (2008a) calculated intra
segmental sudomotor sensitivity, with results relating closely to the regional variation in SR
observed in the current study. They reported these differences not to be significant, failing to
adequately explain regional variation in SR .
Comparison between the present absolute data and the relevant literature is problematic since
differing temperature and exercise protocols have been adopted. Discrepancies in data may also
arise from methodological issues since some techniques promote complete evaporation at the
skin (ventilated capsules) which may artificially elevate SR whilst others prevent evaporation,
potentially causing increases in Tsk and therefore SR (absorbents) or inducing hidromeiosis. It is
worthy of note that any method employed in sweat measurement will interfere to some degree
with the microclimate of the skin and hence the sweat rate.
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INTRODUCTION
A number of studies on heat acclimatization have been extensively reported and indicated
differences between tropical and temperate natives in physiological responses such as rectal
temperature, body temperature, and sweating responses (Kuno, 1956; Matsumoto et al., 1993;
Nguyen and Tokura, 2003; Saat et al., 2005). Those studies reported that rectal temperature and
skin temperature were higher in the tropical natives compared to the temperate natives. Tropical
natives also sweat less and slower than the temperate ones.
However, most studies on ethnic differences in physiological responses to date were
conducted with the same protocol but using different equipment at different places. The same
protocol was applied in a study on sweating response between Thai (tropical natives) and
Japanese (temperate natives) but this study was performed with different instruments at different
places (Matsumoto et al., 1993). According to the previous research, less study was conducted by
using the same equipment at the same place.
In this present study, we investigated the differences in physiological responses between
Malaysian (tropical natives) and Japanese (temperate natives) by conducting this study in an
environmental chamber at the same place in Fukuoka, Japan. In addition, heat tolerance between
two ethnic groups was evaluated by using heat stress indexes to indicate heat strain occurs during
passive heating.
METHODS
Ten healthy Japanese males (JP: 20.8±0.9 years; 64.0±4.9 kg; 168.9±4.5 cm; and 1.75±0.09 m2
of body surface area) from Fukuoka, Japan and ten Malaysian males (22.3±1.6 years; 65.3±11.3
kg; 167.9±5.4 cm; and 1.74±0.15 m2 of body surface area) from Kelantan Kotabaru, Malaysia
participated in this study. There were no significant differences in physical characteristics
between JP and MY subjects. Both groups of subjects were tested with the same experimental
protocol during spring 2009 in Fukuoka, Japan. Each subject wore only shorts during the
experiment. After staying in the testing chamber for 10 minutes, passive heating was induced by
immersing lower legs in 42ºC hot water in an environment of Ta: 28º C, RH: 50% for 60 min.
Rectal temperature (Tre) was monitored throughout the test every two seconds by a
thermistor probe (LT-8A; Gram Corporation, Japan) inserted 13 cm beyond the anal sphincter.
Skin temperatures were monitored continuously at ten sites (forehead, upper back, chest,
abdomen, upper arm, forearm, hand, thigh, calf, and foot) with thermistor sensors attached with
surgical tape. Mean skin temperature ( sk) was calculated by using the modified of Hardy and
DuBois‘ equation. Furthermore, local sweat rate ( sw) on the forehead, upper back, forearm, and
thigh were measured continuously by using ventilating capsule methods (ATMO CHART SS100II, KANDS Co. Ltd., Japan). Activated sweat gland (ASG) was determined at the four body
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sites adjacent to the sweat capsule using starch-iodine technique (Inoue, 1996) at 20, 40, and 60
min during leg immersion. The density of ASG was determined by the same investigator. Heart
rate (HR) was simultaneously measured throughout the test using HR monitor (RS400, Polar
Electro Oy, Finland). Sweating onset time was determined as the time at a prompt sweating after
the commencement of leg immersion. Threshold Tre for sweating was determined
correspondently to the sweating onset time. Body heat storage by Hardy and DuBois (Minard,
1970) and physiological strain index (PSI) (Moran et al., 1998) were calculated by using the
following equations:
Heat storage (kcal m-2) = 0.83 x (0.8 Tre+0.2 sk) x weight x BSA-1
Physiological strain index (PSI) = 5 x (Tret – Tre0) x (39.5 – Tre0)-1 + 5 x (HRt – HR0) x (180 – HR0)-1

Statistical significant was assessed using a repeated two-way (time x group) analysis of variance
and further analysis was tested using a paired t-test at various time points between two ethnic
groups at 0.05 level, and the values are presented in mean±SD.
RESULTS
The average of Tre did not differ among JP and MY subjects. As shown in Fig 1.a, Tre in MY
subjects was significantly higher than JP subjects from 10 min before leg immersion until 10 min
during leg immersion, but after that there were no significant differences between JP and MY
until the end of leg immersion.

a)

b)

Fig 1. a) Rectal temperature (Tre) response from 10 min before immersion and 60 min immersion for all groups.
b) the rise of rectal temperature ( Tre) during 60 min immersion between JP and MY.
* significantly different at P<0.05, ** significantly different at P<0.01

The comparison of the rise in Tre ( Tre ) between JP and MY during leg immersion is
shown Fig 1.b. It can be seen that Tre showed significant differences between JP and MY
(P<0.05). During leg immersion, Tre increased rapidly in JP subjects compared to MY subjects.
Table 1 shows the summary of sweating responses (sweating onset time, threshold Tre for
sweating, ASG and sw) during 60 min leg immersion between JP and MY subjects. It can be
seen that the sweating onset time in MY subjects was longer than that in JP subjects (Table 1).
The sweating onset time at the three body sites (forehead, forearm, and upper back) did not differ
among JP and MY subjects but there was a significant difference in the sweating onset time at
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the thigh between JP and MY (P<0.05). Correspondently to the sweating onset time, the
threshold Tre for sweating at the forehead, forearm, and thigh showed significant differences
between JP and MY, but no significant differences in the threshold Tre sweating onset time at the
upper back area between JP and MY subjects was observed.
Table 1. Sweating responses (sweating onset time, threshold Tre for sweating, activated sweat
gland (ASG), and sweat rate) during 60 min leg immersion between JP and MY
Japanese (JP)
Malaysian (MY)
Sweating Onset Time (min)
Forehead
10.52±5.99
13.13±3.32
Forearm
11.98±6.92
13.24±3.43
Upper back
12.02±6.91
13.02±3.86
Thigh
12.66±5.67
19.43±8.00 *
Threshold Tre for sweating
(ºC)
Forehead
37.08±0.37
37.39±0.30 *
Forearm
37.06±0.38
37.39±0.30 *
Upper back
37.20±0.36
37.39±0.29
Thigh
37.11±0.38
37.41±0.30 *
ASG1) (gland cm-2)
20th min 40th min 60th min 20th min
40th min
60th min
Forehead
199±54
208±40
181±73
125±42** 149±42**
141±37
Forearm
88±32
94±22
83+30
63±16*
80±23
66±27
Upper back
74±29
85±28
133±60
57±26
60±17*
60±17**
Thigh
41±16
46±12
46±13
26±7*
30±14*
30±12*
th
th
th
th
th
2)
-2
-1
20
min
40
min
60
min
20
min
40
min
60th min
(mg cm min )
sw
Forehead
0.81±0.5 1.25±0.6 1.13±0.7
0.56±0.24*
0.34±0.15*
0.66±0.30
7
3
3
*
Forearm
0.50±0.3 0.70±0.3 0.67+0.4
0.34±0.18 0.67±0.38
0.55±0.23
8
7
5
Upper back
0.72±0.5 0.95±0.6 0.91±0.6
0.52±0.33 0.81±0.58
0.87±0.80
9
0
2
Thigh
0.21±0.0 0.29±0.0 0.25±0.0
0.15±0.08 0.20±0.07* 0.21±0.08
8
8
8
1)
activated sweat gland at 20, 40, and 60 min during leg immersion, 2) sweat rate at 20, 40, and
60 min during leg immersion, * significantly different to JP subjects at P<0.05, ** significantly
different to JP subjects at P<0.01
The density of ASG on the forehead at 20 min and 40 min after immersion were
significantly higher (P<0.05) among JP (199±54 glands cm-2 and 208±40 glands cm-2
respectively) compared to MY (125±42 glands cm-2 and 149±42 glands cm-2 respectively) but no
significant difference between JP and MY subjects in ASG on the forehead at 60 min was
confirmed. The ASG on the upper back at 20 min after the commencement of immersion showed
no significant difference between JP and MY subjects, but there were significant differences in
ASG on the upper back at 40 and 60 min between JP (85±28 glands cm-2 and 133±6 glands cm-2
respectively) and MY subjects (60±17 glands cm-2 and 60±17 glands cm-2 respectively). The
ASG on the thigh were significantly different between JP and MY subjects at 20, 40, and 60 min
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during immersion (P<0.05), while ASG on the forearm only significantly different (P<0.05)
between JP and MY subjects at 20 min during immersion and no significant differences between
two groups were observed in ASG on the forearm at 40 and 60 min during immersion.
Correspondently to the density of ASG, the forehead sw of JP subjects was significantly
greater than that of MY subjects at 20 min (P<0.05) and 40 min (P<0.01) during immersion.
Moreover, the thigh sw at 40 min after the commencement of immersion was significantly
higher in JP subjects compared to MY subjects (P<0.05). Overall, there were tendencies that sw
of JP subjects on the four sites of body were higher than sw of MY subjects.
Heat storage and physiological strain index (PSI), indicating the heat strain based on Tre
and heart rate (HR), showed that heat storage and PSI in JP subjects (20.44±4.17 kcal m-2 and
2.55±1.66 respectively) were significantly higher (P<0.05) than that in MY subjects (11.97±5.14
kcal m-2 and 1.14±0.59 respectively). Higher heat storage and PSI in JP subjects indicated that 60
min leg immersion was strenuous physiological conditions for JP subjects compared to MY
subjects. It was indicated mainly by the higher raised of Tre during 60 min immersion in JP
subjects.
CONCLUSIONS
In summary, the results of our present study suggest that the physiological responses during 60
min leg immersion differed between JP and MY subjects. The increase of rectal temperature
(ΔTre) of JP subjects were significantly higher than those of subjects (MY subjects) who already
acclimatized to heat for long time. Sweat rate and activated sweat gland (ASG) at the several
body sites among JP subjects were greater than that among MY subjects. That indicated that MY
subjects possessed heat tolerance by using fewer amounts of sweat rather than JP subjects. This
conclusion supported the notion that physiological responses to heat were differed by ethnic
differences.
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INTRODUCTION
Elucidation of the heat dissipation mechanism in tropical natives is important for countering the
increased risk of heat stroke posed by global warming. We have previously reported that heat
loss in Thai natives living in a tropical climate, as compared with Japanese living in a temperate
climate, depends more on cutaneous vasodilation than on sweating and that the lower rate of
sweating in Thai natives is attributable to lower sweat output per gland and not to a lower
number of activated sweat glands (1). It is known that tropical natives in general have a
suppressed sweating function (2-4), and that sweat responses are modified by exercise intensity,
aerobic fitness and other factors (5, 6). However, these findings derive mainly from comparison
between tropical and temperate people during passive heating or pharmacological stimulation,
while sweating response has only been measured during light exercise in tropical and temperate
residents with similar VO2max (4). To know in detail the characteristics of sweat function in
residents of a tropical climate zone (the effects of long-term heat acclimation), we need to
examine the sweat gland responses during exercise at moderate and heavy intensities and under
pharmacological stimulation in relation to physical training.
In this study, we compared the exercise- and acetylcholine-induced sweat gland responses in
physically trained (Thai-T) and untrained (Thai-U) Thai males and in physically trained (Jpn-T)
and untrained (Jpn-U) Japanese males, to test the hypothesis that peripheral sweat gland function
is suppressed by long-term heat acclimation regardless of aerobic fitness.
METHODS
This study involved two tests: an exercise test and an acetylcholine (ACh) iontophoresis test.
Forty-seven volunteers (15 Thai-T, 15 Thai-U, 9 Jpn-T, and 8 Jpn-U) participated in the exercise
test, and 58 volunteers (16 Thai-T, 15 Thai-U, 14 Jpn-T, and 13 Jpn-U) participated in the ACh
iontophoresis test. Except for gymnastics lessons, the Thai-U and Jpn-U had not performed
regular physical activity in the previous 3 years. The Thai-T and Jpn-T had participated in
endurance sports for more than 6 years. The subjects wore a minimal amount of clothing in both
tests. The maximal O2 uptake (VO2max) for each subject was estimated in a submaximal step-load
cycle exercise test, performed on a day other than that of testing. After explanation of the study
methods and goals the subjects signed an informed consent. The study was approved by the
Osaka Int‘l University and the Chiang Mai University ethics committee. The experiments were
conducted in September and October in Japan and between March and May in Thailand.
Exercise test. Each subject maintained a sitting position in the testing room (28-29°C and 5060%RH) for at least 30 min, then performed a continuous graded cycling exercise at intensities
of 35, 50, and 65% of VO2max for 20 min each without rest between intensities. The exercise
intensities of each subject were determined from the data of VO2max test. During the exercise test,
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the local sweat rate (SR) was measured on the forehead, chest, and forearm using the ventilated
capsule method with a capacitance hygrometer. The number of activated sweat glands (ASG) on
chest and forearm was determined at a site adjacent to the sweat capsules by the starch-iodide
technique during three exercise periods, 15-20, 35-40, and 55-60 min. The sweat output per
gland (SGO) at chest and forearm was calculated by dividing the respective SR by the respective
number of ASG. The rectal (Tre) and skin temperatures at five sites were measured continuously,
and the mean skin temperature (Tsk) and mean body temperature (Tb) were calculated. The heart
rate (HR) was measured continuously with a HR monitor.
Acetylcholine iontophoresis test. Axon reflex-mediated (AXR) sweating and directly activated
(DIR) sweating responses to iontophoretically applied ACh were determined in Thai-T, Thai-U,
Jpn-T and Jpn-U. All subjects were administered 10% ACh solution on the forearm and thigh
using iontophoresis technique (2 mA, 5 min). The iontophoresis was performed on the skin
surface (2.613 cm2) of the forearm and thigh under air conditions of 26°C and 50% RH. During
the 5-min iontophoresis, the onset time (AXRonset), maximal value (AXRmax), and sweat volume
(AXRsv) of AXR sweating were determined from the AXR sweating curve. The DIR sweating
was studied for 7 min immediately after the iontophoresis current was stopped. The mean SR
(DIRSR) was calculated using the data for the last 5 min of measurement. Immediately after the
DIRSR measurement, the activated sweat gland (DIRASG) density was determined using the
starch-iodide technique, and the sweat output per gland (DIRSGO) was calculated by dividing
DIRSR by DIRASG. The oral (Tor) and skin (Tsl; at the forearm and thigh) temperatures were
measured using thermistor probes immediately before the test.
Statistics. The main effects of long-term heat acclimation and physical training status were
determined using analysis of variance (ANOVA). When the F value was significant, Tukey‘s
post-hoc test identified differences among group means. All data are reported as means ± SEM.
Statistical significance was set at p<0.05.
RESULTS
Exercise test. The Thai-T (53±3 ml/kg/min) and Jpn-T (57±2 ml/kg/min) groups had
significantly higher VO2max values than the Tha-U (37±1 ml/kg/min) and Jpn-U (45±1
ml/kg/min) groups, respectively. No ethnic difference in the VO2max was observed between ThaiT and Jpn-T, while Thai-U had lower VO2max than Jpn-U.
The Tre, Tb, and HR values increased significantly with increment of exercise intensity in each
group. There were no group differences in the Tre, Tb, HR values at rest or at the end of
exercising at 35, 50, and 65% of VO2max. The Tsk in Thai-T and Thai-U was significantly lower
than in their corresponding Japanese groups regardless of exercise intensity, although no group
differences were observed for the Thai-T vs. Thai-U and Jpn-T vs. Jpn-U.
Figure 1 shows SR, ASG, and SGO on chest during cycling exercise at 35%, 50%, and 65%
VO2max in each group. The SR on forehead, chest and forearm increased significantly with
exercise intensity in all groups. The SR was significantly lower in the Thai-T than the Jpn-T
group on the forehead and forearm at the exercise intensity of 50%VO2max, and on all three sites
at 65%VO2max. The SR was also significantly lower in the Thai-U than the Jpn-U group on the
forehead and chest at 50%VO2max, and on all three sites at 65%VO2max. The SR was significantly
greater in the Thai-T than the Thai-U group on the chest and forearm at 35%VO2max, and on all
three sites at 50% and 65%VO2max. The SR was also significantly greater in the Jpn-T than the
Jpn-U group on the chest and forearm at 50%VO2max, and on all three sites at 65%VO2max.
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No marked group differences were observed in the ASG number at the chest and forearm (not
measured on forehead) at the exercise intensities of 50% and 65%VO2max, although that at both
sites was significantly lower in the Thai-U than the Thai-T at 35%VO2max. The SGO increased
significantly with exercise intensity in all groups. The SGO was significantly lower in the Thai-T
than the Jpn-T group on the chest and forearm at 65%VO2max. The SGO was also significantly
lower in the Thai-U than the Jpn-U group on the chest at 65%VO2max. The SGO was
significantly greater in the Thai-T than the Thai-U group on the chest and forearm at 50% and
65%VO2max, and also in the Jpn-T than the Jpn-U group on the forearm at 50% VO2max, and on
the chest and forearm at 65%VO2max.
Acetylcholine iontophoresis test. No group differences were observed in the VO2max for the
Thai-T vs. Jpn-T (50±2 vs. 50±3 ml/kg/min) and Thai-U vs. Jpn-U (35±1 vs. 36±2 ml/kg/min),
although Thai-T and Jpn-T groups had greater VO2max than their corresponding untrained groups.
Though there were no group differences in the Tor and Tsl on forearm in the iontophoresis test,
the Thai-U group exhibited a lower thigh Tsl than the other groups.
AXRonset was significantly longer in Thai-U than Jpn-U on the thigh but not significantly
different between Thai-T and Jpn-T groups. No long-term acclimation effects were observed in
the forearm AXRonset. AXRmax was significantly lower in Thai-T and Thai-U groups than the
corresponding Japanese groups on the thigh but not on the forearm. AXRsv was significantly
lower in Thai-T than Jpn-T on the forearm, and in Thai-T and Thai-U than the corresponding
Japanese groups on the thigh. However, both Thai-T and Jpn-T groups tended to show greater
AXRmax on the thigh (but not on the forearm) than the corresponding untrained groups.
Figure 2 shows DIRSR, DIRASG and DIRSGO on forearm and thigh in each group. Thai-T
showed lower DIRSR than Jpn-T on the thigh (but not on the forearm), although there was no
significant difference between Thai-U and Jpn-U on either body site. DIRSR was significantly
greater in Thai-T and Jpn-T on both forearm and thigh than the corresponding untrained groups.
No differences were seen in DIRASG among the four groups. Thai-T had lower DIRSGO than JpnT on the forearm, and both Thai-T and Thai-U had lower DIRSGO on the thigh than the
corresponding Japanese groups. DIRSGO was significantly greater in Thai-T and Jpn-T on the
forearm and thigh than the corresponding untrained groups.
DISCUSSION
The main findings of exercise test were as follows. First, long-term heat acclimation
suppresses the exercise-induced SR regardless of aerobic fitness. Second, long-term physical
training enhances SR in both tropical and temperate residents. Finally, the suppression of SR by
long-term heat acclimation and the enhancement by long-term physical training were mainly
attributable to changes of SGO and not to changes in the number of ASG.
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Sato and Sato (7) reported that the sweat glands of subjects judged to be poor sweaters were
smaller, showing lower secretion activity and decreased cholinergic sensitivity than glands from
physically fit subjects. Based on this result, it has been suggested that long-term heat acclimation
suppresses the size or cholinergic sensitivity of sweat glands, and physical training enhances the
size or cholinergic sensitivity of sweat glands even in people whose sweat function has been
suppressed by heat acclimation. This suggestion was supported by the results of the AChinduced DIR sweating responses in this study. That is, the effects of long-term heat acclimation
or physical training on DIRSR, DIRASG and DIRSGO in the ACh iontophoresis test were similar to
the findings induced from SR, ASG and SGO in the exercise test.
ACh-induced sweating responses can be measured from the DIR (sweating activity mediated by
the muscarinic receptor of the eccrine sweat gland) and AXR (sweating activity mediated by the
sudomotor axon reflex via the nicotine receptor) separately by using iontophoresis method (8).
Low et al. (8) have reported that ACh-induced DIR and AXR sweating may reflect the elements
of the sweat gland itself (cholinergic sensitivity and size of eccrine glands) and of postganglionic
sympathetic axons strongly. The ACh-induced AXR sweating was also suppressed by long-term
heat acclimation regardless of aerobic fitness, but not enhanced markedly by physical training.
Therefore, the suppressed sweating function with long-term heat acclimation observed in the
exercise test may be due to modification of the action in postganglionic sympathetic axons,
together with the modification of the size and cholinergic sensitivity of sweat glands. The
improvement of peripheral sweat mechanisms by physical training may be due to modification of
the size and cholinergic sensitivity of sweat glands rather than the action of postganglionic
sympathetic axons.
CONCLUSIONS
Measurement of exercise-induced SR, ASG, and SGO and Ach-induced AXR and DIR sweat
responses demonstrated that 1) long-term heat acclimation might suppress sweat gland function
peripherally regardless of aerobic fitness, 2) the suppressed function was due to not only lower
DIR (suggesting suppressed size or cholinergic sensitivity of the sweat gland itself) but also
lower AXR (suggesting suppressed action of postganglionic sympathetic fibres), and 3) the
enhancement of sweat gland function by long-term physical training was observed even in
people acclimated to a tropical climate due to the enhanced DIR rather than AXR.
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INTRODUCTION
Heat acclimatization is triggered as a response to a complex of environmental factors in hot
climate. A number of studies on heat acclimatization have been reported in terms of
physiological adaptation (such as body temperature and sweating responses) (Saat et al., 2005;
Saat & Tochihara, 2008), while studies on heat acclimatization in cutaneous thermal sensitivity
are relatively rare. It is known that long term changes in a thermal environment can reach the
central nervous system either directly, by deviation of core temperature, or indirectly, via
thermoreceptors (Hensel, 1982). Cutaneous thermal receptors transmit information about the
temperature of the external surface of the body (Iggo, 1970), and mediate the autonomic
temperature regulation, and the experiences of thermal comfort and discomfort (Hammel,1968;
Hardy, 1961; Hensel, 1982; Nadel et al., 1973). These experiences motivate our
thermoregulatory behaviour. The purpose of this study was to investigate: 1) differences in
cutaneous warm and cool sensations between Malaysian and Japanese males; 2) peripheral
thermoeffector zone estimated from an inter-threshold zone between cool and warm sensations in
two ethnic groups.
METHODS
Ten Malaysians (MY) and ten Japanese (JP) young males participated in this study (JP: 21±1yr
in age, 168.9±4.5cm in height, 62.6±5.3kg in weight, 1.75±0.09m2 in BSA, 14.1±2.8%bodyfat,
41.8±4.8ml·min-1·kg-1 in VO2max, 24.2±4.7g·hr-1·m-2 in insensible body mass loss,
0.77±0.05kcal·min-1·m-2 in resting metabolism; MY: 22±2yrs, 167.9±5.4cm, 65.2±11.1kg,
1.77±0.15m2, 19.0±5.7%BF, 39.6±3.6ml·min-1·kg-1,24.1±4.3g·hr-1·m-2,0.82±0.11kcal·min-1·m-2).
Ten Malaysian males were invited from Malaysia to Fukuoka, Japan to participate in the present
study as volunteers. Each subject stayed in Fukuoka for two weeks for the participation.
Peripheral warm and cool thresholds were measured on 12 body regions (the forehead-FH,
chest-CH, abdomen-AB, back neck-NK, upper back-BK, forearm-FA, hand-HD, palm-PM,
thigh-TH, calf-CF, instep-IT, and sole-SL on the left side of the body), using a stimulator with a
thermo-electronic probe and a push-button switch (Intercross-200, Intercross, Japan). The
surface area of the probe in contact with the skin was 25×25mm (6.25cm2). The speed of
warming and cooling of the probe was set at 0.1oC·sec-1. All subjects were instructed to push the
timer-switch the moment they felt a ‗slightly warm‘ or ‗slightly cool‘ sensation from their
thermal neutral state. The surface temperature, the change of surface temperature, heat flux
on/through the surface of the probe, etc. were simultaneously recorded. Skin temperatures (Tsk)
were recorded every second on the adjacent 12 body regions of the thresholds measurement body
sites (LT-8A, Gram Ltd, Japan). Mean skin temperature (mean Tsk) was estimated from a
modified Hardy-DuBois‘ equation. Rectal temperature (Tre) was monitored at a depth of 13cm
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from the anal sphincter every second (LT-8A, Gram Ltd, Japan). Subjects had laid supine on a
bed for at least two hours. Insensible body mass loss was estimated by the difference between
body mass before and after the experiment. Resting energy metabolism (Mrest) and VO2max were
measured on different days. The climatic chamber was maintained at an air temperature of 28oC
with 50%RH. Each subject wore only shorts. Body hairs on the calf and thigh were shaved
beforehand, as large as 4×4cm each. Subjects had laid supine on a portable net bed equipped in
the climatic chamber. After 30min-stabilization on the net bed, thermal threshold measurement
was conducted. All measurements were repeated three times and were done between 14:0018:00PM. Before measuring, careful instructions were provided in the subject‘s own language
and all subjects were pre-adapted to thermal threshold measurements.
Throughout the present study, the detectable temperature range (DTR) was defined as the
rise/fall of skin temperature once the subject initially detects a warm/cool sensation during the
warming/cooling of the body skin, starting from thermal neutral state of the skin. Interthreshold‘s zone was defined as the distance of DTR between a ‗slightly warm‘ and ‗slightly
cool‘ sensation. Peripheral thermoeffector threshold zone (PTTZ) represents the inter-threshold‘s
zone as a sum of DTR to warmth and coolness. Weighted means of Tsk at the warm/cool
thresholds, DTR on 12 regions, and PTTZ were calculated with the same coefficients of Hardy &
DuBois‘ 7-point mean-Tsk equation:Weighted mean PTTZ=0.07(PTTZforehead+PTTZneck)/2 +
0.35(PTTZchest+PTTZabdomen+PTTZupper back)/3 + 0.14(PTTZupper arm+PTTZforearm)/2 + 0.05PTTZhand +
0.19PTTZthigh + 0.13PTTZcalf + 0.07PTTZfoot. A regional sensitivity coefficient was defined as a ratio

of thermal sensitivity normalized by the baseline calf sensitivity coefficients, in terms of
detectable temperature range. The value was calculated in the following manner (e.g., Warm
insensitivity coefficient of the forehead = Detectable temperature of the forehead/Detectable
temperature range of the calf; Warm sensitivity coefficient = Warm insensitivity coefficient-1).
ANOVA was conducted to test the differences by two ethnic groups and 12 body regions.
Duncan‘s Post-hoc test was carried out on the items that showed significant differences in body
regions after ANOVA. A significance was set at p<0.05.
RESULTS
No difference was found in resting mean Tsk between MY (33.9±0.4oC) and JP (34.2±0.2oC), but
the forearm, palm, hand, instep, and sole skin temperatures were significantly lower in MY than
JP (Fig.1). Resting Tre was higher in MY than in JP (37.1±0.3oC for MY, 36.8±0.2oC for JP;
p<0.05) and rectal-to-skin temperature gradient was greater in MY than JP (3.2±0.3oC for MY,
2.6±0.3oC for JP; p<0.01). For Tsk at the warm threshold, MY perceived a warm sensation at a
higher Tsk on the forehead than those of JP (p<0.05, Fig.2). MY also showed a tendency of
perceiving cool sensation at a lower Tsk on the hand, palm, instep, and sole (Fig. 2). The
weighted mean of Tsk at cutaneous warm/cool sensations were 37.5±0.8/33.6±0.7oC for JP and
37.7±0.9/33.4±1.3oC for MY.
Overall, DTR of cutaneous warm sensations was greater in MY than JP, but the ethnic difference
was not significant due to great individual variations (SD) (Fig. 3). The weighted mean of the
DTR of cutaneous warm/cool sensation were 1.98±0.65/-1.29±0.68oC for JP and 2.32±0.85/1.49±1.11oC for MY.
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Fig. 1. Resting mean Tsk and body regional Tsk.
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Fig. 2. Skin temperatures at warm and cool thresholds (*p<0.05, ***p<0.001).
Warm sensitivity coefficients normalized by the calf sensitivity had a tendency of being
greater in JP than in MY (Table 1). That is, when the calf sensitivity was set as the baseline
(value=1), the forehead for MY was 2.89 times more sensitive to warm sensation than that of the
calf (p<0.05), while the JP‘s forehead was 8.69 times more sensitive to warm comparing to the
thermal sensitivity of the calf (these ratios were consistent with the results using reaction times to
warmth and coolness). For JP, the forehead among 12 regions was the most sensitive to both
warming and cooling, while for MY the neck and the forehead were the most sensitive sites to
warming and cooling, respectively (Table 1).
PTTZ that expressed in terms of the detectable temperature range (DTR) had a tendency
of being wider in MY than in JP (Fig. 3 and 4). The ethnic difference was marked on the
forehead (1.95±1.22oC for JP, 3.16±1.61oC for MY, p=0.075; Fig. 3). The forehead-PTTZ was
discriminated from the PTTZ on the calf, instep and sole for JP; from the calf and sole PTTZ for
MY (p<0.05). The calf had the widest PTTZ among 12 body regions (6.16±2.76oC for JP,
7.11±3.08oC for MY). The weighted mean of PTTZ was 3.9±1.4oC for JP and 4.3±2.0oC for MY.
The actual range of PTTZ in terms of skin temperature was the widest on the calf (32.7-38.8oC
for JP; 32.3-39.4oC for MY) and the smallest on the forehead (35.6-37.5oC for JP; 35.3-38.4oC
for MY) (Fig. 4).
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Fig. 3. Detectable range of warm and cool sensations.

Table 1. Sensitivity coefficients normalized by the calf thermal sensitivity

Forehead
Chest
Abdomen
Neck
Back
Forearm
Hand
Palm
Thigh
Calf
Instep
Sole

Warm sensation
Japanese
Malaysian
c
8.69 ±11.5
2.89bcd ±2.17
7.48bc ±13.1
3.17cd ±1.37
4.45abc ±3.61
3.64cd ±2.36
5.61abc ±5.58
3.94d ±2.82
2.48abc ±1.54
2.43abcd ±1.17
4.01abc ±4.03
2.56abcd ±1.23
abc
4.43
±6.80
2.53abcd ±1.53
5.14abc ±5.49
2.80bcd ±1.96
2.10ab ±1.27
2.19abc ±1.35
1.00a ±0.00
1.00a ±0.00
1.97ab ±1.72
1.34ab ±0.66
1.75ab ±1.45
1.10a ±0.65

Cool sensation
Japanese
Malaysian
b
5.26 ±6.47
2.68b ±2.86
2.92a ±3.97
2.50ab ±2.91
1.68a ±1.22
1.68ab ±1.12
1.48a ±0.95
1.62ab ±0.60
1.03a ±0.51
1.97ab ±0.92
1.70a ±1.04
1.92ab ±0.95
a
1.86 ±1.26
2.52ab ±2.22
2.40a ±1.87
1.78ab ±0.68
1.48a ±0.91
1.64ab ±0.89
1.00a ±0.00
1.00a ±0.00
1.40a ±0.76
2.09ab ±1.69
1.75a ±1.88
1.35ab ±0.62

All values are Mean±SD; The sensitivity coefficient was the ratio of the detectable temperature
of each region to that of the calf unit (unit=oC/oC); a,b,..d group differences among 12 regions.
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CONCLUSIONS
We examined differences in cutaneous thermal thresholds and the peripheral thermoeffector
threshold zone (PTTZ) between Malaysian (MY) and Japanese males (JP). We found that MY
had a tendency of being less sensitive to detect warmth than JP. Peripheral thermoeffector
threshold zone (PTTZ) had a tendency of being wider in MY than JP. In particular, the ethnic
differences were marked on the forehead. The most sensitive body region of JP was the forehead
for both warming and cooling, but the regional thermal sensitivity of MY was less differential
than that of JP. The present results suggest that peripheral thermal perception projects heat
acclimatization. In particular, it is important to note the wider PTTZ of MY than JP on the
forehead. The forehead acted like an index to reflect the level of heat habituation in cutaneous
thermal threshold. Something to be considered is that there were great inter-individual deviations
in thermal threshold measurements. Many ethnic differences in thermal thresholds were not
statistically significant due to the individual variations, except several body parts such as the
forehead, hand, and foot.
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INTRODUCTION
Hyperthermic-induced hyperventilation is evident with a passively-induced increase in core
temperature of approximately 1.0°C (1, 12). As indicative of a hyperventilation or a thermal
hyperpnea, this response is associated with a decrease in end-tidal CO2 (PETCO2) and an increase
in end-tidal PO2 (PETO2). The mechanisms underlying this response during hyperthermia are still
in the process of being resolved (3, 4, 12) and it is not known if and how this thermal hyperpnea
response changes with aging in humans.
Older individuals have reduced thermoregulatory responses relative to those of younger
individuals (5). Some of these thermoregulatory changes with aging include reduced sweat rate
(9) and attenuated cutaneous blood flow (11). The increased breathing-related illness during heat
waves suggests that in addition to their impaired thermoregulation, that there are changes in the
control of breathing in older populations.
It is unknown how hyperthermic-induced
hyperventilation in older individuals compares to younger individuals. Similar to that seen for
thermoregulatory responses, hyperthermic-induced hyperventilation was hypothesized to be
reduced in older compared to younger individuals. To address this question, a younger control
group was compared to an older test group assessing their ventilatory responses to a
hyperthermic exposure in a climatic chamber.
METHODS
Volunteers: A sample size of 5 volunteers/group with an effect size to detect a 10% change in
pulmonary ventilation was determined from preliminary results in our laboratory; with an
=0.05 this gave a power of 0.9 for the study. Volunteers included 5 older males (mean±SD):
age 57.8 (±5.3) years, weight 88.1±13.3 kg, height 1.80±0.09 m) and 5 younger controls (4 male
1 female; age 30.0±9.1 years, weight 71.1±11.4 kg, height 1.77±0.08 m). All were all nonsmokers, non-asthmatics and refrained from caffeine, alcohol, and heavy exercise for 24 h prior
to testing. The Office of Research Ethics at SFU granted approval for the study that was in
compliance with the Helsinki Declaration. Each volunteer gave a written, informed consent after
being thoroughly familiarized with the experimental protocol, instrumentation and risks of
participation.
Instrumentation: Each participant wore a nose clip and was fitted with a mouthpiece mounted on
a 2-way non-rebreathing valve (NRB 2700, Hans Rudolph Inc, Kansas City, Mo.) through which
gases were passed across the flow sensor. Breath-by-breath gas samples for measurement of gas
partial pressures, pulmonary ventilation (VE) as well as its components of Tidal Volume (VT) and
Frequency of Breathing (FB), were drawn from the inspired and expired gases by a metabolic cart
(Model: Vmax 229, Sensormedics, Yorba Linda, Calif.) at a rate of ~600 mL· min–1. The details
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of the calibration of the metabolic cart have already been reported (2). Arterial hemoglobin
oxygen saturation (SaO2) was measured using a pulse oximeter (Masimo Radical, Irvine, Calif.)
attached to the participant‘s left ear lobe. In each volunteer a calibrated nasopharyngeal
esophageal temperature (TES) thermistor probe (Mon-a-therm, Mallinckrodt Med. Inc., St Louis,
Mo.) was positioned at the T8/T9 level (7). The data acquisition system (Nat. Instr., Austin TX,
USA) included a program written in LabVIEW (v. 7.0, Nat. Instr., Austin) operating on a
Windows-based personal computer. An analog signal from the metabolic cart‘s flow sensor from
each breath was used to trigger breath-by-breath data collection for pulmonary ventilation as
well as HR, SaO2 and TES. A walk-in climatic chamber (L - 5.08 m, W -3.75 m and H - 2.49 m;
Tenney Engineering Inc., Union, NJ, USA) was employed for the passive heating portion of the
study.
Protocol: With normothermic core temperatures (NT) resting data were collected from each
volunteer for a 30-min period when resting TES was not significantly different (p=0.80) between
the younger group at 36.76±0.17°C and older group at 36.83±0.39°C. Next each volunteer was
passively heated in a climatic chamber at 50°C, ~20% RH until the TES had risen by ~1.4ºC.
Each volunteer wore shorts, T-shirt and running shoes and a tightly sealed vapour impermeable
rain suit. When the TES was increased to the target hyperthermic core temperature (HT) the seals
on the rain suit were opened and TES was maintained at that level. The increase in TES in the
climatic chamber for younger group of 1.24±0.36°C was not significantly different (P=0.14) than
that of 1.47±0.23°C for older group.
Statistical Analysis: A univariate ANOVA was employed with non-repeated factor Age (control
and older groups) and repeated within group factor of Temperature (NT and HT). Between-age
group post-hoc tests were conducted with an unpaired t-test. The level of significance was set to
α < 0.05. Analyses were performed with SPSS® (ver 17.0) statistical software package for
Macintosh (SPSS Inc., Chicago, Ill.).
RESULTS
Pulmonary ventilation was not significantly different between the control and older group in
either the NT (p=0.75) or HT (p=0.45) conditions. For pooled values across the two groups,
body warming in the climatic chamber gave a significant increase (p=0.03) of VE from
approximately 14 L/min to 22 L/min (Fig. 1a). There was a corresponding trend for an increase
(p=0.09) in VT from ~0.95 L in the NT condition to ~1.34 L in the HT condition (Fig. 1b).
Neither the younger nor the older group‘s FB was influenced by the elevation of TES (Fig 1c) and
each group‘s mean FB response was not significantly different between conditions (P=0.28). For
the younger and older group the PETCO2 significantly decreased (p=0.006) from ~38 mm Hg to
~29 mm Hg (Fig. 2a) and PETO2 significantly increased (p=0.006) from ~105 mm Hg to ~115
mm Hg (Fig. 2b). Heart rate significantly increased from 64.8±9.8 b/min in NT to 115.7±21.1
b/min in HT.
DISCUSSION AND CONCLUSIONS
The main result from the study was that similar pulmonary ventilation responses to hyperthermia
were evident in the younger and older groups. Irrespective of age, the significant increase in V E
during hyperthermia was explained by a trend for a significant increase in tidal volume. The V E
response was confirmed to be a hyperventilation as was evident from the significant decreases in
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PETCO2 and significant increases PETO2 (Fig. 2).
Normother
mia

Hyperther
mia

*

NS

NS

*
NS
NS

NS

N
S

NS

Figure 1. Pulmonary ventilation (VE), tidal volume (VT) and frequency of
breathing (FB) responses to hyperthermia in younger and older males (*P
<0.05, NS= non-significant).
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Normothermia

Hyperthermia

†

NS

NS

†
NS

NS

Figure 2. End-tidal partial pressure of CO2 (PETCO2) and end-tidal partial
pressure of O2 (PETO2) responses to hyperthermia in younger and older
males (†P <0.01, NS= non-significant).
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Some evidence suggests chemosensitivity to the normal modulators of ventilation is reduced (6,
8) in older individuals during normothermia. Other evidence, however, supports during
normothermia that septuagenarians have similar ventilatory responses to acute hypoxia as
younger controls (10). These conflicting results demonstrate it remains to be resolved if during
normothermia the impairments in breathing with aging are associated with changes in
chemosensitivity.
The current novel results provide preliminary evidence to suggest that hyperthermic-induced
hyperventilation is not reduced across an age range from ~30 to 60 years of age. Further research
needs to be directed at resolving the independent and combined effects of hypoxic and
hypercapnic as well as hyperthermic challenges on ventilatory responses in the older population.
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INTRODUCTION
In many countries it is a requirement for those working in the military or offshore oil industry to
undertake Helicopter Underwater Escape Training (HUET). The staged, incremental training
culminates in simulated ditching in which the trainees escape from a submerged, inverted mock
up of a helicopter. Usually the water is warm and the duration of breath holding required to make
an escape is short (<15s).The ditching is undertaken several times to improve confidence and
consolidate the training. Repeated cold immersions have been shown to reduce the heart
response and discomfort (Golden & Tipton, 1988).
Cardiac arrhythmias have been reported in shallow and deep breath hold dives (Schoander et al,
1962; Ferrigno et al, 1991). Possible mechanisms include hypoxaemia and respiratory acidosis
during prolonged breath holding as well as atria stretch and vagal stimulation. HUET can
produce anxiety in trainees (Robinson et al, 2008); such stress usually: results in the release of
the stress hormones including adrenaline; increases heart rate and raises blood pressure (Bishop
and Reichert, 1970). These responses are characteristic of the ―alert (fight or flight)‖ response,
mediated by the sympathetic nervous system (SNS). The cardiac response to such stress may be
modified if the parasympathetic nervous system (PNS) is coincidentally stimulated. This can
occur when an individual is submerged in cold water when apprehension plus cooling of the skin
stimulates the SNS, in the latter case via the ―cold shock‖ response (Tipton, 1989). Sudden
cooling of the face (ophthalmic division of the trigeminal nerve) stimulates the PNS producing a
bradycardia via the ―diving response‖ (Bert, 1870).
Such coincidental stimulation of the PNS (face immersion and breath holding) and SNS with
(anxiety and cooling) can cause ―autonomic conflict‖ (Tipton et al, 2009) characterized by
fluctuating and disturbed chronotropic inputs to the heart (Tipton et al, 1994). We have
suggested that autonomic conflict is the cause of the high incidence of cardiac abnormalities
during, and particularly just following, breath holding in water (Tipton et al, 1994; Datta &
Tipton, 2006). These arrhythmias are usually supraventricular and asymptomatic, they also
appear to be idiosyncratic for an individual (Tipton et al, 1994).
Therefore, in theory, autonomic conflict could occur during HUET; the present study tested this
possibility. Given the large number of people undergoing HUET each year, and the absence of
any reported cardiac problems, it was hypothesized that either ECG irregularities do not occur or,
if they do, they are asymptomatic. It was further hypothesized that the heart rate response to
HUET would habituate.
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METHODS
Following ethical approval and informed consent, 26 naïve males completed five training runs in
the HUET into water at 29.5°C. Each HUET run was separated by at least 10 minutes (similar to
a training scenario) and standardized: the participant entered the HUET helicopter and was
secured into the seat with a four point harness. This plus the ditching briefing took 90s. At 3.5
minutes the dunker was submerged and rolled to the inverted position, this took 10s. Once
inverted the participant escaped, this took an average of 10s during which they breath held. The
participant then floated supine until 4.5 minutes had elapsed. On a separate occasion the
―resting‖ heart rate of each participant was established whilst they lay quietly in a darkened room
for 15 minutes.
Participants wore a three lead (V5) telemetric ECG system (Sharktooth, MIE). They wore
underclothing and an immersion dry suit. Skin temperature was measured in one subject on the
chest, forearm, scapula and forehead. The ECG trace was examined independently by a clinician
and appropriately experienced thermal physiologist.
Participants refrained from eating, smoking and drinking alcoholic or caffeinated drinks for 12
hours prior to attending the laboratory. They also undertook no vigorous exercise for 24 hours
before testing.
Data were assessed for normality of distribution and a repeated measures Analysis of Variance
was undertaken with post-hoc pair-wise comparisons. Alpha was set at 0.05.
RESULTS
Participants had raised heart rates prior to being submerged, indicating sympathetic activation.
Heart rate increased during the HUET (Figure 1) more probably due to anxiety and physical
effort than cold shock as measured skin temperature did not fall.
Average resting heart rate in air was 68.6 bt.min-1 (n=26). During the HUET, heart rate was
significantly lower pre-submersion at Min 1 and 2 in Run 1 compared to all other Runs (Figure
2) at these times. This position was reversed for Min3-3:30, when a significant habituation was
seen in HR (i.e. anxiety-related heart rate in air); no difference was seen between any of the other
Runs pre-submersion at these times. During submersion heart rate was lower in Run 5 compared
to Run 2. Following submersion (i.e. on the surface 3:50-4:30min), heart rate fell over the first
four Runs but did not change between Run 4 & 5.
Of the 130 immersions undertaken by the participants (n=26), 124 ECG traces were legible and
32 cardiac arrhythmias were identified (26%) in 21 different participants; only 6 of the
arrhythmias occurred before submersion. The most prevalent arrhythmias observed were
bradycardia, premature junctional escape, ventricular ectopics and broad QRS with Bundle
branch block.
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Figure 1. Average (SD), min and max heart rates of naïve subjects during their first helicopter
underwater escape training run. NB Average resting heart rate = 68.6 bt.min-1 (n=26)

Figure 2. Heart rate response to helicopter underwater escape training. Naive subjects (Average
data, n=26, X axis is in minutes. NB Average resting heart rate = 68.6 bt.min-1)
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CONCLUSIONS
As evidenced by the heart rate response of the participants in the present study, HUET represents
a significant stimulus to the sympathetic nervous system for some individuals, although there is a
large degree of variability between individuals (Figure 1).
Cardiac arrhythmias can increase the risk of syncope and therefore drowning during submersion
(Sharp, 2003), and electrical disturbances of the heart, which are undetectable at post-mortem,
may be the cause of some immersion deaths that are either unexplained or ascribed to drowning.
Current guidelines (Task Force 7, 2005) recommend that athletes demonstrating supraventricular
premature beats should be investigated with a 12-lead ECG. Those demonstrating ventricular
premature complexes are advised to have an exercise test and ECG.
The concurrent stimulation of the SNS (stress, activity and cooling) and PNS (breath holding,
face immersion), and the release of the PNS stimulus with surfacing and the break of breath
holding, can result in ECG abnormalities. The mechanism may involve a failure of the QT
interval to match the diastolic interval during face immersion (Wong et al, 2009). The timing of
the arrhythmias in the present study (normally after the release of breath holding) is consistent
with earlier findings (Tipton et al, 1994). Hansel et al (2009) have also recently reported a high
incidence of cardiac arrhythmias (supraventricular and ventricular premature complexes, right
bundle branch block) in 12/16 (77%) subjects undertaking static maximal breath holds; the
arrhythmias were related to breath-hold duration. Subjects with atrial premature complexes (n =
9) had a reduced body mass index (P = 0.016) and a higher decline in terminal SaO2 (P = 0.01).
The anxiety-induced heart rate response close to the time of submersion was reduced after just
one HUET run. Following submersion, the anxiety + activity driven heart rate response
habituated within 4 runs, showing little change between runs 4 and 5. This suggests that a
minimum of 4 HUET runs are sufficient to produce habituation to this exercise. The permanence
of this habituation remains to be determined; the acquisition of this knowledge would have some
implications for the duration between bouts of refresher training.
The ECG abnormalities observed in the present study were asymptomatic and probably of little
clinical significance especially in the young (under 40 years), fit participants tested in the present
study. They are common in athletes and usually not considered of clinical significance (Mounsey
& Ferguson, 2003). It remains to be seen if this is the case with an older, less fit cohort of people,
particularly if they find themselves in a situation requiring longer breath hold times and
involving cold water, i.e. a real ditching.
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INTRODUCTION
Under extreme conditions of exercise-heat stress, even healthy, well acclimated, and
physically fit individuals will ultimately store heat at a rate that will cause body temperature to
rise. However, those individuals who are not able to sustain heat and whose body temperature
will start rising earlier and at a higher rate than that of others, under the same conditions, are
defined as "heat intolerant" (1, 2). To identify an individual's susceptibility to exercise-heat stress
a Heat Tolerance Test (HTT) was developed by Shapiro et al 3 decades ago (3). The HTT is
performed in the Heller Institute of Medical Research according to the following protocol: 120
min exposure to 40oC and 40% relative humidity in a climatic chamber while walking on a
treadmill, dressed in shorts and T-shirt, at a pace of 5 km/h and 2% elevation (1). During the
exposure rectal temperature and heart rate are continuously monitored, and sweat rate is
calculated from differences in body weight (10 g) and corrected for fluid intake.
Heat intolerance is ascertained when following the 120 min exposure to heat: rectal
temperature exceeds 38.5oC or heart rate exceeds 150 bpm (1). Understandably, the larger the
deviation from the expected values in a healthy individual, the more pronounced is the state of
heat intolerance. Moran et al showed that not only rectal temperature and heart rate will not
deviate from the limits mentioned, but the dynamics of changes in these parameters will tend to
platue towards the end of the 120 min test, while in the intolerant subjects a continuous rise will
be evident (4, 5).
Exertional heat stroke (EHS) is a state of extreme hyperthermia that occurs when excess
heat, generated by muscular exercise, exceeds the body's ability to dissipate it at the same rate (6).
The occurrence of EHS is sporadic and thus it resembles a state of heat intolerance. The present
study evaluates the differences in the tolerant to heat of former EHS individuals.
METHODS
Analyses of 367 diagnosed cases of EHS were executed. An electronic database is
available on all cases suspected as heat stroke. This database includes personal, environmental,
activity, and treatment information on each individual. Classifications for heat tolerance or heat
intolerance were done only after each individual was tested in the climatic chamber and in
reference to his core temperature and heart rate values and dynamic.
The heat tolerance test (HTT) was performed as previously described by Moran et al. (4).
The test was performed in a climatic chamber under 40oC and 40% rh climatic conditions. The
tested individual was dressed in shorts and tennis shoes while performing 120 min light exercise
consisted of walking on a treadmill at a pace of 5 km/h and 2% grade. During the exercise body
core temperature (Trec) and heart rate were continuously monitored.
RESULTS
375 cases of EHS were reported to our Institute (8 cases (2%) were fatal). All patients
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belonged to the general population of young (20±1 yr.) active, healthy, male soldiers in the
Israeli Defence Forces (IDF). The 367 patients were tested for their tolerance to heat: 53 soldiers
(14.4%) were diagnosed as heat intolerant (HI) and 314 soldiers as heat tolerant (HT).
In Fig. 1 the distribution over the year of incidence of EHS is depicted. It is evident that
more HI individuals collapsed during the autumn- winter season (October-March) than HT
individuals (17% and 7%, respectively). To note, during the summer (July-September) heat
stroke was more widespread in HT than in the HI group (48% and 36%, respectively).

50

Tolerant
Intolerant

Subjects (%)

40
30
20
10

O
ct
-D
ec

Ju
ly
-S
ep

Ja
nM
ar
ch
Ap
ril
-J
un
e

0

Figure 1: Season incidence of EHS divided by heat tolerant and intolerant cases

Analysis for the heat load during the collapse of the EHS patients revealed that under no
heat load EHS occurred among 39% of the HI individuals and only in 16% of the HT individuals.
However, during mild and moderate heat load more cases of EHS were found in the HT group.
During severe heat load there were only EHS cases among the HT group (15%) as depicted in
Figure 2.
Analysis for predisposing factors for EHS (Figure 3) demonstrated that HI individuals
were more sensitive for violation of regulations than the HT individuals. Accordingly, 70% of
the HI cases in comparison to 46% of the HT cases were associated with violation of military
orders, regulations, and/or guidelines.
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Figure 2: Heat load during the incidences of EHS divided by heat tolerant and intolerant
cases
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Figure 3: Pre-disposing factors related to the incidence of EHS divided by heat tolerant and
intolerant cases
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CONCLUSIONS
The fact that significantly more HI than HT individuals collapsed from EHS when there
was no heat load and at the less warm months of the year, points to a possible explanation
according to which the metabolic heat production in those HI individuals was higher than in their
associates, while the environmental stress is less influential on heat storage.
It is also noted that violation of regulation was found to be the main risk factor for all
EHS cases. However, it is emphasized in this study that HI individuals were more sensitive for
heat injuries and this factor was 24% more meaningful for development of EHS among this
young active population.
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INTRODUCTION
The work of an explosives ordnance disposal operative is varied and includes long duration
searching activity and shorter duration operations in close proximity to identified explosive
threats. Therefore the specification of personal protective equipment (PPE) worn for these
activities will vary, with one important trade-off being that between the level of ballistic
protection and mass of the equipment. From a human factors perspective it is important to
consider the impact of the PPE worn and the prevailing environmental conditions on the
operative‘s capacity to safely perform job specific tasks. Hence information on how different
PPE impacts on thermal strain, which is associated with decrements in performance (Taylor and
Orlansky, 1993), when conducting defined activities within a range of environmental conditions
is likely to be of benefit when planning missions. Thus the aim of this study was to describe the
thermal physiological response to activities representative of EOD operations in 20 C and 40 C
in the Ergotec 3010 ( 18 kg) EOD suit compared to the Ergotec 4010 ( 37 kg) EOD suit.

METHODS
Four non heat acclimated males (age 23±2 yrs; body mass 80.3±7.0 kg; stature 175.8±6.5 cm)
participated in this investigation that was approved by Coventry University Ethics committee.
Four trials, two when wearing an 18 kg EOD suit (Ergotec 3010, NP Aerospace, UK) and two
when wearing an 37 kg EOD suit (Ergotec 4010, NP Aerospace, UK) were conducted by each
participant. The two suit types were each worn in 20 C and 40 C on separate occasions at least
one week apart. Suit type and temperature were applied according to a randomised cross-over
design. A standard pair of cotton trousers and t-shirt was worn beneath the suit on each occasion.
The suit‘s integral fan system was engaged throughout each trial. The dual fan system of the
Ergotec 4010 delivered 200 L min-1 of ambient air to the wearers back and 100 L min-1 to the
head area whereas the single fan of the Ergotec 3010 delivered 200 L min-1 of ambient air to the
wearers back.
A modified activity sequence composed of 4 × 16 min 30 sec cycles, representative of EOD
operations was conducted (Thake and Price, 2007) within a 3 m × 5 m enclosed area. In brief
each cycle consisted of 3 min treadmill walking (4 km hr-1); 2 min manual activity (moving 1.25
kg weights between two shelves 27 cm and 64 cm above the floor whilst kneeling); 2 min
crawling and searching activity (forward and back along a 2.40 m ladder with 11 equally spaced
rungs interspersed with ‗searching‘ by moving the head twice left and right at each end of the
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ladder); 3 min unloaded arm ergometry (60 rev min-1); 5 min seated rest. Each physical activity
was separated by a 30 sec transfer period. Work rate (manual activity and crawling and searching
activity) was controlled by asking participants to move on the beat of a metronome (30 beat min1
; Seiko DM-20, Japan).
Heart rate (HR; Polar Vantage, Finland), rectal temperature (Tc) and mean skin temperature (Tsk;
Ramanathan, 1964; Grant Instruments, Cambridge, UK) were monitored continuously and
recorded in the last 30 sec of each component of the activity cycle. Sweat rate was estimated
from pre to post trial changes in nude body mass on each visit. Heat storage (HS) was calculated
according to Havenith et al., (1995). Rating of perceived exertion (RPE; 6-20 scale) and thermal
sensation (TS) and thermal comfort (TC; 9 point 0-8 scales) were sought during the final 30 sec
of arm ergometry. A physiological strain index (PhSI) was calculated from normalised increases
in HR and Tc and a perceptual based strain index (PeSI) was calculated from normalised
increases in RPE and TS, both of which are described on a 0 (no strain) to 10 very high strain)
scale (Tikuisis et al., 2002).
Data were analysed using a general linear model analysis of variance (ANOVA) that
incorporated main effects for condition, time and condition × acclimation interaction. Tukey post
hoc tests were used to investigate significant (P 0.05) main effects.

RESULTS
All four participants completed the 66 min activity sequence whilst wearing the Ergotec 3010
and Ergotec 4010 EOD suits in both 20 C and 40 C trials. Ambient temperature was maintained
at 20±1 C and 40±1 C throughout; relative humidity (RH) was constant throughout the 20 C
trials (50±1%) whereas RH increased from 24±2% to 38±2% within each 40 C trial.
Thermal strain, as indicated by Tc, Tsk, HS and PhSI, experienced by participants was
determined by both suit type and ambient temperature and was highest at 40 C compared to
20 C and greatest in the heavier Ergotec 4010 suit compared to the lighter Ergotec 3010 suit at
each temperature (Table 1). With reference to Figure 1 Tsk was higher in 40 C compared to 20 C
(P<0.001) and did not vary between EOD suits. Tc did not increase until the third activity cycle
in the 40 C trials and was higher in the Ergotec 4010 suit compared to the Ergotec 3010 suit
(P<0.001). The onset of rise in Tc in 40 C trials at 33 min was coincident with the decline in the
rate of increase in Tsk (33 min). Tc was also higher whilst wearing the Ergotec 4010 in the 20 C
trials (P<0.001) although Tc only climbed 0.2 C over the entire protocol. A transient 0.1 C
reduction in Tc in the third activity cycle of the Ergotec 3010 trial also contributed to this
difference. In the last activity cycle the thermal gradient (Tc-Tsk) was 1.5 C for both suits in
20 C and was smaller at 0.6 C for both suits in 40 C. As expected, HS increased with duration
in all trials and was highest in the Ergotec 4010 at 40 C (P<0.001). HR increased with duration
in all trials and followed the same pattern as Tc and HS (40 C >20 C and Ergotec 4010> Ergotec
3010) with difference between conditions becoming more evident after 33 min. PhSI increased
with temperature (40 C >20 C; P<0.001) and suit mass (Ergotec 4010 > Ergotec 3010; P<0.001).
PeSI was greater than PhSI in all trials. Although PhSI was slightly higher in the Ergotec 3010
40 C trial compared to the Ergotec 4010 20 C trial (P<0.001) the corresponding PeSI values
were similar (NS; Table 1). Sweat loss was higher at 40 C (0.80±0.15 L) compared to 20 C
(0.53±0.25 L; P<0.001) and did not vary with suit type.
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Table 1: Physiological and perceptual variables (±SD) whilst wearing the Erogotec 3010 and
Ergotec 4010 EOD suits during arm ergometry in the final activity cycle at 20 C and 40 C.
#
main effect for condition; †main effect for cycle; Фinteraction condition × cycle (P≤0.001).

Variable
Rectal Temp (°C)#, †
Mean Skin Temp (°C)#, †
Heat Storage (J·g-1)#, †, Ф
HR (bt·min-1)#, †
PhSI#, †, Ф
RPE Overall#,†
Thermal Sensation#, †
Thermal Comfort#, †
PeSI#, †

20 C
3010
37.50±0.22
36.01±0.58
2.63±0.29
111±14
1.6±0.5
10±1
5.3±0.5
5.0±0.8
5.3±0.4

4010
37.76±0.29
36.27±0.68
3.17±0.47
133±23
3.0±1.2
14±1.5
5.8±0.5
5.5±0.6
6.9±0.7

40 C
3010
38.12±0.14
37.88±0.22
4.67±0.13
159±9
4.6±0.4
14±1.5
6.8±0.5
6.8±0.5
6.8±1.2

4010
38.30±0.14
37.67±0.28
5.30±0.29
170±12
5.6±0.5
17±2
7.0±0
7.0±0
8.9±0.8

CONCLUSIONS
The additional mass of the Ergotec 4010 EOD suit compared to that of the Ergotec 3010 (Δ19kg)
resulted in greater thermal physiological stress when conducting EOD related activities in both
20 C and 40 C. In 20 C heat balance, as indicated by no additional increased in heat storage,
appeared to be achieved within the last activity cycle when wearing both suits. Although both
PhSI and PeSI were higher in the heavier Ergotec 4010, predominantly due to greater HR and
RPE respectively, the dual fan system provided adequate cooling to maintain a thermal state
comparable to that in the lighter Ergotec 3010 fitted with one fan. Likewise at 40 C the higher
PhSI and PeSI when wearing the Ergotec 4010 suit were also predominantly due to HR and RPE
respectively. It is likely that the elevated HR when wearing the Ergotec 4010 compared to the
Ergotec 3010 reflects a higher skin blood flow (Moran et al., 1998) that facilitated a greater rate
of heat transfer. However at 40 C HS continued to rise in both suits indicating a situation of
uncompensable heat stress (UHS; Cheung et al., 2000), albeit at a faster rate in the heavier
Ergotec 4010 suit. Although metabolic heat production would have been higher in the heavier
suit sweat loss was no greater than that when wearing the lighter Ergotec 3010 suit. Since both
suits were donned in a fixed time period at 20 C prior to entering the experimental area it is
likely that engaging the fan systems in the 40 C trials resulted in a more rapid initial rise in Tsk
than would have otherwise occurred. The four participants reported both TS and TC to be ‗very
hot‘ and ‗uncomfortably hot‘ respectively (corresponding verbal anchors from the 9 point scales),
during the last activity cycle in 40 C. However Tc only reached 38.30±0.14 C when wearing the
Ergotec 4010 suit at this temperature. Such a disparity, namely the inability to achieve a higher
Tc alongside a relatively high HR (170±12 bt min-1) during physical activity could be indicative
of low fitness levels in these participants (Selkirk and McLellan, 2001).
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Figure 1: Core temperature (Tc), mean skin temperature (Tsk), heat storage (HS) and heart rate
(HR) responses to activity when wearing the Ergotec 3010 and Ergotec 4010 EOD suits in 20 C
and 40 C. Error bars are omitted for clarity. Refer to table 1 and text for significant differences.

From a practical perspective it is noted that Tc does not begin to rise above resting values for at
least 33 min regardless of the suit worn or the ambient temperature applied in this study. In hot
environments when EOD activity, particularly in the heavier Ergotec 4010 suit, is likely to last
longer than one hour it is apparent that additional cooling strategies to reduce the rate of heat
storage and onset of UHS should be considered. To help inform planning for EOD operations it
is advised that the thermal physiological responses of EOD suit wearers should be evaluated over
the range of ambient conditions in which operations may take place.
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2
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3
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INTRODUCTION
Military training, especially army basic training, is a completely new environment for the
new recruit. For many, it is a hostile environment and they either will get injured or not complete
the basic training course. Soldiers at the beginning of their military training are especially prone
to stress fracture (SF) development as indicated by as high as a 31% occurrence rate in a 14week basic training course [1]. Recruits face high physical demands aimed to improve their
physical fitness in order to perform their tasks successfully. This is especially true among combat
recruits who face much greater physical demands due to their expected future tasks.
In recent years different studies were performed in order to evaluate why some recruits
develop SF while others do not. A low level of physical fitness at recruitment [2, 3] and lower
levels of physical activity prior to recruitment [4, 3, 5] were found to increase the risk for SF.
However, this correlation was not consistent in all studies [6]. One study evaluated the type of
the performed physical activity and found that recruits who played basketball at least three times
a week for at least 2 yrs had a low risk for SF, while long distance running was not protective [1].
The aim of this study was to evaluate different aspects of lifestyle before recruitment in
addition to physical activity that contribute to the SF occurrence rate among highly trained
combat recruits.
METHODS
Subjects: The study group consisted of 59 men (18.5±0.5) starting basic training in an Israeli
Defense Forces (IDF) combat unit. Seventeen participants were diagnosed with SF at least once
by imaging methods, and 7 participants were diagnosed with SF according to clinical symptoms
only and were excluded from analysis. All participants gave their signed consent before the
beginning of the study.
Surveillance: All of the volunteers filled out a lifestyle questionnaire used routinely by the IDF
to review recruit lifestyle before entering military service. The questionnaire evaluated different
aspects of lifestyle such as importance of physical training, type and duration of exercise,
importance of physical activity, and smoking habits. The questionnaire was completed the day
after recruitment.
Medical surveillance was conducted by the unit‘s MDs according to IDF procedures. An
orthopaedic specialist on behalf of the research team assisted by performing bi-monthly
examinations of symptomatic soldiers, thus providing additional surveillance.
Data analysis: Statistical analysis was conducted using SPSS software by which all parameters
were compared between the following groups: combat recruits who developed SF (SF) and
combat recruits who did not develop SF (NSF).
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RESULTS
Analysis of the questionnaires showed that 56.25% of the SF recruits reported that they
had trained regularly before recruitment for more than a year while only 29.41% of the NSF
group trained accordingly.
The distribution of the type of training was significantly different: the NSF group
dedicated 2.82 exercises per week to heart-lung endurance exercise while the SF recruits
performed only 2.07 heart-lung endurance exercises per week (p<0.05). However, for the SF
group each heart-lung endurance exercise was significantly (p<0.05) longer than those performed
by the NSF group (47.3±14.9 min vs. 36.8±15.8 min, respectively).
Before recruitment 81% of the SF recruits participated in competitive sport compared to
67.7% of the recruits from the NSF group. Furthermore, 37.5% of the SF group continued
competing in the year before recruitment compared to 12.9% among the NSF. Two subjects
from the SF group reported suffering from SF in the 5 years before recruitment, although they
reached full recovery, while none of the NSF group reported any SF occurrence. No significant
differences were found between the groups in smoking habits or calcium consumption.
CONCLUSIONS
The significant differences in the duration and frequency of heart-lung endurance
exercise performed by the SF and NSF recruits indicates that longer training may cause more
microdamage to the bone than shorter exercise despite the longer rest given to the bone.
Another important result is the differences in the training period as a preparation to
recruitment and the participation in competitive sport. Both indicate higher motivation for
excellence among the recruits who suffered from SF. Therefore, it is possible that the SF recruits
performed more physical tasks than the NSF due to their high motivation.
These results indicate a need to educate candidates for military service regarding a proper
physical fitness program that will prepare them for service without causing injuries prior to
recruitment. Also it would be advisable to identify those who are especially highly motivated
since they may perform more physical tasks than other recruits, and also might be less willing to
seek medical care at early signs of SF.
In order to prevent SF development in military population an understanding of the risk
factors for its development is necessary. Identification of recruits at high risk at recruitment
(before exposure to the new environment) will enable the commanders of these recruits to
implement a moderate training program and will provide greater awareness for early symptoms
of SF among the medical team.
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INTRODUCTION
The number of females engaged in military duties in the Israeli Defense Forces (IDF),
particularly within the combat professions, has steadily increased over the past 60 years.
Therefore, it has become increasingly important to determine if women have specific sex-related
needs that should be addressed (i.e. separate living quarters and/or the need for adaptive
equipment). Potential professions for females range from "in-office" and non environmentalstrenuous positions, to field and strenuous surroundings [1]. Moreover, it is well known that
hematological values differ among ages, gender, place of residence (i.e. altitude above sea level)
and physiological conditions [2]. For example, anemia is determined as a state of hemoglobin
deficiency of <12g/dl for females and <14g/dl for males. However, what happens to the initial
hematological values as a result of shifting from one environmental outline to another, and under
different tasks, has not yet been studied.
The purpose of this study was to describe the hematological profile of Israeli female soldiers
from two different units: a) an integrated combat unit and b) a home-front professions unit.
Measures were taken before and after basic training (BT), and one year after the end of BT. The
latter was in order to examine whether hematological parameters considerably changed under
different tasks and environmental conditions.
METHODS
We implemented a 16-month surveillance of female combatants from the 'Karakal' unit (FK)
(an integrated combat battalion (strenuous profession) who underwent their BT and their entire
military service in desert-climate conditions), and female recruits who registered for medic and
dental assistance courses (non-strenuous profession) in the medical corps (FC), and who were
exposed to Mediterranean climate conditions throughout their military service. The study
focused on the subjects during their military service at three time periods: recruitment to BT
(month 0), the end of BT (month 4), and a year after the BT (month 16). Blood samples were
collected at each phase and the following components were measured: hemoglobin, iron,
transferrin, transferrin saturation, ferritin, and Vitamin B12. A monthly follow-up was
maintained to monitor the physical fitness program of each group, their physical fitness levels,
and the environmental conditions where they were located. This study was part of a larger study
assessing health status of female combatants of the IDF during BT [3, 4]. This study was
approved by the Human Use Committees of the IDF Medical Corps and the US Army Research
Institute of Environmental Medicine and all the participants gave their free and informed
voluntary consent.
RESULTS
A total of 23 FK and 19 FC (out of 222 and 121 who consented at baseline, respectively)
were present for all data collection points. There were no significant differences in
anthropometric parameters between the two groups at any time point. Both groups exhibited a
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significant increase in body mass during the first 4 months of training, and a decrease in % body
fat from months 4 to 16 (Table 1).
Table 1: Anthropometric variables (mean±SD) of FK and FC groups throughout the study.
FK
FC
Group
(N=23)
(N=19)
Month
0
4
16
0
4
16
Height
165±1.5
161±1.7
(cm)
Weight
*
*
65±2.4
66.7±2.2
66.3±2.5
61.5±2.6
62.5±2.5
63.0±3.6
(kg)
Fat
†
*
#
33.5±1
31.9±0.9
27.7±1.2 *30.7±1.2 #32.2±1.3
29.1±1.0
(%)
BMI
*
*
23.8±0.7
24.3±0.6
24.3±0.7
23.5±0.7
24.1±0.7
24.1±0.8
(kg●m-2)
*

denotes significant differences (p<0.05) between month 0 and month 4
denotes significant differences (p<0.05) between month 4 and month 16
†
denotes significant differences (p<0.05) between month 0 and month 16
#

Environment: The FK group was trained and deployed in the southern part of Israel,
characterized as desert climate with the average temperatures varying from 37ºC (June-August)
to 14ºC (December-February), while the FC group was trained and served in the central parts of
Israel characterized as Mediterranean climate with the average temperatures ranging from 28ºC
(June-August) to 10ºC (December-February).
Baseline (0 mos): At the beginning of BT we identified a large number of anemic female
soldiers (Hgb<12g/dl) in both groups (17.4% and 21.1% from the FK and FC groups,
respectively). Moreover, 65.2% of FK and 57.9% of FC were iron deficient (transferrin
saturation <16% and/or ferritin <12ng/ml). 4.3% of the FK presented with vitamin B12
deficiency (<150 pg/ml), and 10.5% of the FC with low folate (<2.4 ng/mL) (Table 2).
Basic Training (0 – 4 mos): During the BT period the % of soldiers with iron deficiency
increased in both the FK (65.2 to 78.3%) and FC (57.9 to 68.4%), however the percent of those
with anemia decreased in the FK group (17.4 to 8.7%). The percent of individuals with Vitamin
B deficiency rose in the FK group only (4.3 to 13%), while the folate deficiency noted in the FC
group began to decrease (10.5 to 5.3%) (Table 2).
Study Period (0 – 16 mos): At the end of the study period the anemia had resolved for all
soldiers in the FK group, and had decreased from 21.1 to 10.5% in the FC. The % of soldiers
with iron deficiency decreased in the FK (65.2 to 47.8%), and was attributed to a decrease in the
number of individuals with low transferrin saturation rather than low ferritin. Interestingly,
however, there was an increase in the number of individuals with iron deficiency in the control
group (57.9 to 63.2%), which was related to an increase in the % of individuals with low
transferrin saturation and ferritin. Moreover, the vitamin B12 deficiency that was observed
among FK group gradually increased from 4.3% to 21.7%, while folate deficiency in the FC
group resolved completely (Table 2).
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Table 2: Percent of female soldiers with hematological deficiency among the FK (N=23) and FC
(N=19) groups over a 16-month period of military training
Month

0

4

Group

Anemia
(%)

ID
(%)

LTS
(%)

LF
(%)

LVB
(%)

LF
(%)

FK

17.4

65.2

56.5

30.4

4.3

0

FC

21.1

57.9

26.3

47.4

0

10.5

FK

8.7

78.3

65.2

56.5

13

0.0

FC

21.1

68.4

36.8

63.2

0

5.3

FK

0

47.8

21.7

34.8

21.7

0

FC

10.5

63.2

42.1

52.6

0

0

ID- Iron Deficiency; LTS- Low Transferrin saturation; LF- Low Ferritin; LVB- Low Vitamin B12;
LF- Low Folate.

When analyzing the mean hematological values (Table 3) we observed that the FK group
subjects' hemoglobin level increased by 6.3% (p<0.05). Even though during BT the mean
transferrin saturation, iron and ferritin values decreased by 10.5%, 9.4% (p<0.05) and 17.2%
(p<0.05) in the FK group, respectively, an opposite tendency was observed a year after BT, with
an increase of 69.8% (p<0.05) in transferrin saturation, 52.8% (p<0.05) in ferritin and 63.3%
(p<0.05) in iron. Conversely, the 16 mo values for the FC group exhibited a decrease in
transferrin saturation (16.5%) and iron (21.8%) values (p<0.05).
CONCLUSIONS
The significant changes observed in hematological parameters were attributed to the subjects'
lifestyle during their military service. Of particular note, however, a high frequency of iron
deficiency was found among anemic female recruits on the recruitment day, which was possibly
related to excessive iron loss during their menstrual cycle, insufficient nutrition dietary and
eating habits prior to enrollment, or both. Most hematological parameters were enhanced during
military service, suggesting that the military dietary with intensive medical supervision can
improve basic low hematological levels. However, it was also found that the BT environment,
which inherently exposes soldiers to increased stress and intense physical activity, negatively
influenced some hematological parameters. This finding was also noted in a previous study
where subjects who performed strenuous activity exhibited a high prevalence of iron deficiency
and anemia [5]. Though there were differences in deployment environments between the two
groups (i.e. deployment location, profession/physical training, and living conditions), and also
similarities (i.e. dietary choices) the influence of these factors on the observed hematological
deficiencies remains elusive, and warrants further investigation.
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Table 3: Hematological mean values among the FK (N=23) and FC (N=19) groups over a 16month period of military training
Month
Group
Variable
0
4
16
†

FK

Hgb

12.6±0.2

#

FC

(g/dl)

12.5±0.2

12.8±0.3

FK

Iron

60.4 ± 8.4

FC

(μg/dl)

80.3 ± 9.5

FK

Transferrin

350 ± 13

350 ± 10

336 ± 12

FC

(mg/dl)

*

365 ± 13

351 ± 16

FK

Transferrin

18.1 ± 2.3

FC

saturation (%)

24.0 ± 2.6

FK

Ferritin

*

15.1 ± 1.2

#

12.5 ± 1.2

19.1 ± 2.7

FC

(ng/ml)

17.2 ± 3.4

13.4 ± 2.6

12.7 ± 7.5

FK

Folate

7.8 ± 0.7

8.2 ± 0.8

8.4 ± 0.8

FC

(ng/ml)

*

8.1 ± 0.9

7.9 ± 1.1

FK

Vit. B12

*

#

361 ± 18

325 ± 36

FC

(pg/ml)

*

369± 32

337± 31

#

323 ± 31
266± 27

54.7 ± 6.4

∫

85.3 ± 11.5

356 ± 14

6.6 ± 0.8

12.8±0.1

#

16.2 ± 1.9

∫

24.3 ± 2.5

13.4±0.2

12.9 ± 0.2
†

89.0 ± 7.2

∫

66.7 ± 6.5

†

27.5 ± 2.4

∫

20.3 ± 2.5

∫

denotes significant differences (p<0.05) between groups
denotes significant differences (p<0.05) between month 0 and month 4
#
denotes significant differences (p<0.05) between month 4 and month 16
†
denotes significant differences (p<0.05) between month 0 and month 16
*

REFERENCES
1.
2.
3.

4.

5.

Yanovich R. and Moran D.S.: Evaluation for the integration of female soldiers into heavy-load effort combat
professions. Tech. Report T-8 /03, IDF Med. Corps, Inst. of Mil. Physiol., February 2004.
Viteri FE., De Tuna V., and Guzman MA. Normal Haematological in the Central American Population. Brit J
Haem 1972; 23:189-204.
Yanovich R., Evans R.K., Israeli E., Constantini N., Sharvit N., Merkel D., Epstein Y., and Moran D.S.:
Differences in physical fitness of male and female recruits in gender integrated army basic training. Med. Sci.
Sports Exerc. 40(11) Suppl 1:S654-S659, November 2008.
Merkel D., Moran D. S., Yanovich R., Evans R.K., Finestone A.S., Constantini N. and Israeli E. The
Association between Hematological and Inflammatory Factors and Stress Fractures among Female Military
Recruits, Department of Hematology, Sheba Medical center, Heller Institute of Medical Research, Med. Sci.
Sports Exerc. 40 (11) Supp1:S691-S697, November 2008.
Merkel D., Huerta M., Grotto I., Blum D., Tal O., Rachmilewitz E., Fibach E., Epstein Y., and Shpilberg O.
Prevalence of Iron Deficiency and Anemia Among strenuously Trained Adolescents. J Adol Health. 37;220-223,
2005.

527

Proceedings of the 13th International Conference on Environmental Ergonomics, Boston (USA), August 2-7, 2009
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INTRODUCTION
Power spectral analysis of heart rate variability (HRV) has been widely used for assessing
autonomic nervous system (ANS) activity (Akselrod et al., 1981, Pagani et al., 1986, Malliani et
al., 1991). The power spectra can be divided into low frequency (LF 0.04-0.15 Hz) and high
frequency (HF, 0.15-0.4 Hz) components. HF power mainly reflects the parasympathetic
influence (Pomeranz et al., 1985, Malliani et al., 1991), whereas it appears that LF power may be
modulated by both sympathetic and parasympathetic activity (Pagani et al., 1986, Pomeranz et
al., 1985) and, as such, should be interpreted cautiously (Houle and Billman, 1999, Jokkel et al.,
1995).
Hypoxia is suggested to be a potent stimulator of the sympathetic nervous system (Rostrup,
1998). Exposure to hypoxic environments decreases arterial oxygen saturation and, as a result,
autonomic balance is suggested to change. This has been determined indirectly from
measurements of heart rate variability (HRV) (Povea et al., 2005, Bernardi et al., 1998, Bernardi
et al., 2001). Recent evidence suggests that repeated bouts of hypoxia increases chemosensitivity
(Katayama et al., 2001, Foster et al., 2005) and that sympathetic activity may remain elevated
after the termination of an acute hypoxic exposure (Wadhwa et al., 2008, Xie et al., 2001,
Mitchell et al., 2001). Therefore, the first acute hypoxic exposure may influence the measures of
HRV during a second acute hypoxic episode.
The aim of the present study was to establish the reliability of measures of HRV (when
participants rested and exercised) during two acute hypoxic exposures separated by 96 hours. It
was hypothesised that there would be no differences in the autonomic responses to the two acute
hypoxic exposures.
METHODS
Twelve male volunteers gave their written informed consent to participate in the ethically
approved study (University of Portsmouth Biosciences Research Ethics Committee). Their
average (SD) age, height, mass and sum of 8 skinfolds were: 23 (4) years, 1.80 (0.09) m, 80.4
(13.0) kg and 73.7 (27.5) mm, respectively.
The subjects were familiarised thoroughly prior to the experiment and completed the experiment
during two sessions separated by 96 hours. Participants performed the following conditions twice
during each testing session, once normoxic (N, FIO2 = 0.2093) and once whilst hypoxic (H, FIO2
= 0.15):
1.
Supine rest (10 min)
2.
Seated unloaded cycling (10 min) at 60 revs.min-1
3.
Seated cycling at 100 Watts of external work for (10 min) at 60 revs.min-1.
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The six conditions were performed in a balanced order, with each ten-minute bout separated by a
recovery period for fC and
to return to baseline levels. The recovery periods were
approximately 10 minutes in duration.
During each testing session ambient data were recorded and subjects were instrumented with a 3lead ECG (Lifepulse HME, UK) (for the measurement of fC and HRV), a pulse oximeter finger
probe (to estimate oxygen saturation) (Nonin 7500, US) and an oro-nasal mask for the collection
of expired air measurements (VT, fR, FEO2 and FECO2). The gas concentrations and volume were
measured using a gas analyser (Hi-tech Instruments limited, Bedfordshire, UK), and pneumotach
(Hans Rudolph, US). All of these systems were recorded onto laptop computer via a Powerlab
data acquisition system (AD Instruments, Australia). The was calculated from the product of fR
and VT, and the
was computed using , FEO2 and FECO2.
The ECG waveform was analysed using HRV analysis software (KubiosHRV version 2.0,
Biosignal Analysis and Medical Imaging Group, University of Kulpio, Finland) to provide time
(R-R interval and SDNN (standard deviation of N-N intervals) and frequency domain (LF power,
HF power, LF:HF ratio and total power) measures of HRV following the parameters
recommended by The Task Force of the European Society of Cardiology and the North
American Society of Pacing Electrophysiology (1996). The last five minute portion of each ten
minute condition was analysed using Fast Fourier Transforms. The spectral power analyses are
presented in absolute terms (ms2) and log transformed using the natural logarithm (Ln).
The participants performed the experimental sessions clothed in shorts, a t-shirt and trainers. The
room was maintained at an ambient temperature of 22.0(0.7)oC and relative humidity 48 (10)%
during all trials.
Statistical Analysis
All statistical analyses for measures of difference were performed using SPSS version 15. A
factorial ANOVA with repeated measures (Day x Oxygen level x Posture), was used to
investigate between conditions differences in respiratory variables and measures of HRV.
Significant differences were examined post-hoc by pairwise comparisons. Statistical significance
was accepted at P<0.05 and a trend was defined as P<0.1, with data presented as means (SD).
Coefficients of variation were also calculated using the method of Hopkins (2000).
RESULTS
There were no significant differences between experimental days in any of the variables
measured. However, the reliability of the measurements calculated by the coefficient of variation
ranged from 10.8-24.4% for the respiratory measures, from 3.3-27.0% for time domain measures
of HRV and from 21.0-107.2% for frequency domain measures of HRV (Table 1).
The measures of HRV, SpO2 and respiratory parameters during all conditions from the first
experimental day are shown in Table 1. With respect to time domain measures, fC was higher
during all H exposures compared to N. Consequently, the R-R interval was reduced significantly
by the H environment compared to N, however, SDNN did not differ between N and H during
supine rest, unloaded or 100 W of cycling.
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Table 1. Coefficients of variation (%) of measures of heart rate variability, respiratory
parameters and estimated oxygen saturation.
Supine
Unloaded
100 W
Normoxia Hypoxia Normoxia Hypoxia Normoxia Hypoxia
4.7
4.9
7.4
4.6
4.1
5.0
fC (beats.min-1)
3.5
4.0
6.6
5.0
3.3
4.6
R-R interval(ms)
15.8
11.9
25.0
27.0
20.1
17.3
SDNN (ms)
31.2
54.5
107.2
96.2
68.5
80.1
HF (ms2)
2
3.7
7.0
13.4
12.7
30.1
48.2
Ln HF (ms )
21.0
36.0
73.4
64.2
52.9
61.3
Total power
53.3
54.5
47.1
39.6
35.4
35.7
LF:HF
-1
16.1
22.2
20.2
18.0
11.4
11.1
(L.min )
-1
15.7
24.4
19.2
19.2
11.1
10.8
(L.min )
0.5
1.1
0.8
1.1
0.6
0.8
SpO2(%)
The mean total power declined during the unloaded and 100 W cycling conditions compared to
supine rest, despite the large SD in the supine and unloaded cycling conditions. Total power was
lower when cycling at 100 W in H compared to N, but no differences in total power between N
and H were observed during unloaded cycling or supine rest, which again may be a consequence
of the large SD. Similarly, differences in HF power (ms2) during N and H were found during 100
W of cycling, but not during supine rest or unloaded cycling conditions, whereas, Ln HF power
was significantly reduced in H compared to N during the unloaded cycling and 100 W of cycling.
Both HF and Ln HF power were significantly reduced between the supine rest and unloaded
cycling conditions and between the unloaded cycling and cycling at 100 W. Whereas, the LF:HF
ratio was significantly greater when cycling at 100 W during H compared to the N environment.
Table 2. Mean (SD) of heart rate variability measures when subjects were breathing normoxic or
hypoxic gas, whilst resting in a supine position, performing unloaded recumbent cycling and
100 W on the recumbent cycle ergometer (n=12).
Supine
Hypoxia
Normoxia
65(9) ‡
69(10) ‡
948(132) ‡
890(159) ‡
80(50)
71(33)
1889(2539)
1008(993)
6.3(1.1)
6.6(1.4)
3626(3804)
2461(922)
1.3(1.1)
1.9(2.1)
9.6(2.7)
10.5(2.9)
0.4(0.1)
0.4(0.1)
98. 0(2.2)‡
92.7(2.8) ‡

Unloaded
Normoxia
Hypoxia
77(10)*a‡
83(7)*a‡
765(107) *a‡
723(63) *a‡
49(17)*a
43(17)*a
381(385)*a
297(495)*a
5.4(1.0)*a ‡
5.0 (0.9)*a ‡
1037(609)*a
922(861)*a
1.8(1.3)
2.3(1.9)
15.3(2.7)*a‡
17.0(5.0) *a‡
0.6(0.1)*a
0.7(0.2)*a
98.4(2.4)a ‡
91.9(3.2) a‡

100w
Normoxia
Hypoxia
113(17)*a‡
123(14)*a‡
497(64) *a‡
465(66) *a‡
13(6)*a
11(7)*a
21(29) *a‡
9(15)*a‡
2.3(1.2)*a ‡
1.4(1.2)*a ‡
63(66)*a‡
24(25)*a ‡
1.6(0.9) ‡
2.5(1.6) ‡
41.5(7.5)*a‡
49.2(14.6) *a‡
2.0(0.4)*a
2.2(0.6)*a
92.3(2.8)*a ‡
89.6(3.4) *a‡

HR (beats.min-1)
R-R interval (ms)
SDNN (ms)
HF (ms2)
Ln HF
Total power
LF:HF ratio
(L.min-1)
(L.min-1)
SpO2(%)
*P<0.05 diff to supine; a P<0.05 diff between unload and 100W; ‡P<0.05 diff between N and H.
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The respiratory measures recorded during N and H environments when participants were resting
in a supine posture, performing unloaded and 100 W of recumbent cycling are shown in Table 2.
and
were significantly different in all three conditions, with values increasing from
supine rest to unloaded cycling to 100 W of cycling. In addition,
was also elevated during the
unloaded cycling and whilst cycling at 100 W in the H environment compared to cycling in the
N conditions. However,
was not different between N and H conditions at any stage. The
SpO2 was lower during 100 W of cycling compared to the supine and unloaded cycling
conditions, and was also lower during all H conditions compared to N.
DISCUSSION
The results of this study suggest that measures of HRV were not significantly different between
the two experimental days. Therefore, the first acute hypoxic exposure did not influence the
autonomic activity during the second. In addition, the hypoxic environment did affect measures
of HRV. Frequency domain measures of HRV indicated that parasympathetic withdrawal occurs
when exposed to hypoxic environments or whilst performing during light cycling exercise
(indicated by a reduced total power, HF power and elevated in LF:HF ratio). However, elevated
sympathetic activity (indicated by a increase in LF power) was not found when participants were
hypoxic in the present study. This suggests that there was no change in sympathetic activity, this
is in contrast to previous studies which found an elevated LF power during and after the acute
hypoxic exposure (Wadhwa et al., 2008, Xie et al., 2001). However, both previous studies
exposed volunteers to lower levels of hypoxia than the present study. Therefore, the hypoxic
exposure in the present study may not have been stressful enough to stimulate an increase in
sympathetic activity compared to normoxia.
When assessing the reliability of HRV, previous research suggests that the frequency domain
measures have moderate to poor reliability (Sandercock et al., 2005) and should not be used as
the sole measure of autonomic activity (Jauregui-Renaud et al., 2001), but combined with other
measures to corroborate the findings. The present study confirms this view, as the time domain
measures had a moderate degree of reproducibility, whereas frequency domain measures showed
poor reliability between repeated measures which was improved when the absolute HF power
values were log transformed (Ln HF).
Whilst participants were exercising or breathing the hypoxic environment, fC and
were
elevated, the largest increase occurred when cycling at 100 W in the hypoxic environment. The
elevations in fC and
were in proportion to the O2 demand and supply pathway, the greater
changes in fC and
were observed when the O2 demand in the respiring tissues was
greatest(during exercise in a hypoxic environment), at this point the level of parasympathetic
activity was reduced in order to elevate fC.
It is concluded that light cycling exercise in a hypoxic environment (FIO2 = 0.15) results in a
greater parasympathetic withdrawal than cycling in a normoxic environment, however there is no
elevation in sympathetic activity. In addition, acute hypoxic exposures separated by 96 hours
have no effect on measures of HRV therefore the hypothesis is accepted. However, the reliability
of the measures of HRV, particularly frequency domain measures (which are indicative of
autonomic activity) is questionable and should not be used as the sole measure of autonomic
activity.
531

Proceedings of the 13th International Conference on Environmental Ergonomics, Boston (USA), August 2-7, 2009

ACKNOWLEDGEMENTS
Thanks to the subjects for their patience and Geoff Long, Nicola Fergusson, Amanda Ward and
Christine Balch for their technical support.
REFERENCES
Akselrod, S., D, G., Ubel, F., Shannon , D., Berger, A. & Cohen, R. 1981. Power spectrum analysis of heart rate
fluctuations: a quantitative probe of beat-to-beat cardiovascular control. Science, 213, 220-222.
Bernardi, L., Passino, C., Serebrovskaya, Z., Serebrovskaya, T. & Appenzeller, O. 2001. Respiratory and
cardiovascular adaptations to progressive hypoxia. European Heart Journal, 22, 879-886.
Bernardi, L., Passino, C., Spadacini, G., Calciati, A., Robergs, R., Greene, R., et al. 1998. Cardiovascular autonomic
modulation and activity of carotid baroreceptors at altitude. Clinical Science, 95, 565-573.
Foster, G., McKensie, D., Milsom, W. & Sheel, A. 2005. Effects of two protocols of intermittent hypoxia on humans
ventilatory, cardiovascular and cerebral responses to hypoxia. Journal of Physiology, 567, 689-699.
Hopkins, W. G. 2000. Measures of reliability in sports medicine and science. Sports Medicine, 30, 1-15.
Houle, M. & Billman, G. 1999. low-frequency component of the heart rate variability spectrum: a poor marker of
sympathetic activity American Journal of Physiology, 45, H215-H223.
Jauregui-Renaud, K., Hermosillo, A., Marquez, M., Ramos-Aguilar, F., Hernandez-Goribar, M. & Cardenas, M.
2001. Repeatability of heart rate variability during simple cardiovascular reflex tests on healthy subjects.
Archives of Medical Research, 32, 21-26.
Jokkel, G., Bonyhay, I. & Kollai, M. 1995. Heart rate variability after complete autonomic blockade in man. Journal
of Autonomic Nervous System, 51, 85-89.
Katayama, K., Sato, Y., Morotome, Y., Shima, N., Ishida, K., Mori, S., et al. 2001. Intermittent hypoxia increases
ventilation and SaO2 during hypoxic exercise and hypoxic chemosensitivity. Journal of Applied Physiology,
90, 1431-1440.
Malliani, A., Pagani, M. & Lombardi, F. 1991. Cardiovascular neural regulation explored in the frequency domain.
Circulation, 84, 482-492.
Mitchell, G., Baker, T., Nanda, S., Fuller, D., Zabka, A., Hodgeman, B., et al. 2001. Physiological and Genomic
Consequences of Intermittent Hypoxia: Invited Review: Intermittent hypoxia and respiratory plasticity.
Journal of Applied Physiology, 90, 2466-2475.
Pagani, M., Lombardi, F., Guzzetti, S., Rimoldi, O., Furlan, R., Pizzinelli, P., et al. 1986. Power spectral analysis of
heart rate and arterial pressure variabilities as a marker of sympatho-vagal interaction in man and conscious
dog. Circulation Research, 59, 178-193.
Pomeranz, B., Macaulay, R., Caudill, M., Kutz, I., Adam, D., Gordon, D., et al. 1985. Assessment of autonomic
function in humans by heart rate spectral analysis. American Journal of Physiology, 248, H151-H153.
Povea, C., Schmitt, L., Burugniaux, J., Nicolet, G., Richalet, J. & Fouillot, J. 2005. Effects of intermittent hypoxia
on heart rate variability during rest and exercise. High Altitude Medicine and Biology, 6, 215-225.
Rostrup, M. 1998. Catecholamines, hypoxia and high altitude. Acta Physiologica Scandinavia, 162, 389-399.
Sandercock, G., Bromley, P. & Brodie, D. 2005. Effects of exercise on Heart Rate Variability: Inferences from
Meta-Analysis. Medicine & Science in Sports & Exercise, 37, 433-439.
The Task Force of the European Society of Cardiology and the North American Society of Pacing
Electrophysiology 1996. Heart Rate Variability: Standards of measurement, Physiological Interpretation
and clinical use. Circulation, 93, 1043-1065.
Wadhwa, H., Gradinaru, C., Gates, G., Badr, S. & Mateika, J. 2008. Impact of intermittent hypoxia on long-term
facilitation of minute ventilation and heart rate variability in men and women: do sex differences exist?
Journal Applied Physiology, 104, 1625-1633.
Xie, A., Skatrud, J., Puleo, D. & Morgan, B. 2001. Exposure to hypoxia produces long-lasting sympathetic
activation in humans. Journal Applied Physiology, 91, 1555-1562.

532

Proceedings of the 13th International Conference on Environmental Ergonomics, Boston (USA), August 2-7, 2009

RESPONSES TO ISOCAPNIC HYPOXIA IN A HOT WORK
ENVIRONMENT DIFFER IN YOUNGER AND OLDER MALES
Miriam E Clegg, Michael S Koehle, Kyong Tae Kim, Luisa V Giles, Michael L Walsh and
Matthew D White
Laboratory for Exercise and Environmental Physiology, Department of Biomedical Physiology
and Kinesiology, Simon Fraser University, 8888 Univ Dr, Burnaby, BC, V5A 1S6, Canada.
Contact person: miriam_clegg@sfu.ca
INTRODUCTION
Climate change is impacting the health of the population, especially the elderly population.
Michelozzi et al. (2009) emphasize that high temperatures increase respiratory-related hospital
admissions, particularly in the elderly population, but the underlying mechanisms are poorly
understood. The impact of extreme heat events on hospital admissions is expected to increase in
European cities as a result of global warming and a progressively aging population [1]. In
Denver, Colorado, higher temperatures were found to be an important factor in increasing the
frequency of hospitalization for acute myocardial infarction and congestive heart failure in men
and women over 65 years of age, reinforcing that this is a global issue [2].
Older individuals have reduced thermoregulatory responses relative to those of younger
individuals [3]. Some of these changes include reduced sweat rate [4] and attenuated cutaneous
blood flow [5]. Respiratory evaporative heat loss is one of the body‘s principal cranial heat loss
mechanisms [6]. Respiratory responses to heat in the older population have not been analysed in
detail and resolving the nature of these ventilatory responses in such conditions promises to the
further understanding this groups ability to thermoregulate. This has special relevance given the
increased breathing-related illness in older populations during heat waves.
In temperate conditions, hypoxic ventilatory responses may or may not be reduced in the elderly.
Peterson et al. (1981) found ventilatory responses to hypoxia were reduced by approximately
50% in 65-79 year old males [7]. Kronenberg and Drage (1973) found similarly a PAO2 of 40
mmHg in young healthy males resulted a pulmonary ventilation of 40.1 ± 4.7 L/min (mean ±
SEM) whereas this increment was a significantly smaller 10.2 ± 1.2 L/min in older healthy males
[8]. In contrast to these results, septuagenarians were shown to have similiar ventilatory
responses to acute hypoxia as younger controls [9]. The ventilatory response to hypoxia consists
of 2 phases [10]. The peripheral chemoreflex sensitivity to a diminished partial pressure of
oxygen in the arterial blood (PaO2) drives a preliminary acute increase in pulmonary ventilation
[11]. With sustained hypoxia, the initial increase in pulmonary ventilation is followed by a
subsequent decline, reaching a new steady state by approximately 20 min; this is known as the
Hypoxic Ventilatory Decline (HVD). The HVD is thought to represent peripheral chemoreceptor
desensitization and other centrally mediated mechanisms [12].
In order to assess the effect of heat on the thermoregulatory and ventilatory responses of older
individuals, the effect of an isopcapnic hypoxic ventilatory challenge was assessed both under
normothermic (NT) core temperatures and hyperthermic (HT) core temperatures in older and
younger volunteers. It was hypothesized that: 1) older individuals will have an impaired
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ventilatory response to hypoxia and 2) this ventilatory response will be less augmented under HT
conditions than for younger individuals.
METHODS
Volunteers: A sample size of 4 volunteers with a mean difference in peak HVR 1.20±0.49 L∙min1
∙%-1 [10] with an =0.05 gave a power of 0.9. Volunteers included 5 older males (mean ± SD):
age 57.4 ± 5.4) years, weight 88.9 ± 12.0 kg, height 1.84 ± 0.16 m) and 5 younger controls (4
male 1 female; age 30.0 ± 9.2 years, weight 71.3 ± 10.9 kg, height 1.75 ± 0.07 m). All were nonsmokers, non-asthmatics and refrained from caffeine, alcohol, and heavy exercise for 24 h prior
to testing. The office of research ethics at SFU granted approval for the study in accordance with
the Helsinki Declaration. Each volunteer gave a written, informed consent after being thoroughly
familiarized with the experimental protocol, instrumentation, and risks of participation.
Instrumentation: Each participant wore a nose clip and was fitted with a mouthpiece mounted on
a 2-way flow sensor housing. Inspired gases were delivered to the flow sensor housing using a 2way non-rebreathing valve (NRB 2700, Hans Rudolph Inc, Kansas City, Mo.). Breath-by-breath
gas samples, for measurement of pulmonary ventilation (VE) and its components, were drawn
from the inspired and expired air to a metabolic cart (Model: Vmax 229, Sensormedics, Yorba
Linda, Calif.) at a rate of ~600 mL·min–1. The details of the calibration of the metabolic cart have
already been reported (Chu et al 2007).
Arterial hemoglobin oxygen saturation (SaO2) was measured using a pulse oximeter (Masimo
Radical, Irvine, Calif.) attached to the participant‘s left ear lobe. In each volunteer a calibrated
nasopharyngeal esophageal temperature (TES) thermistor probe (Mon-a-therm, Mallinckrodt
Med. Inc., St Louis, Mo.) was positioned at the T8/T9 level [13].
The data acquisition system (Nat. Instr., Austin TX, USA) included a program written in
LabVIEW (v. 7.0, Nat. Instr., Austin) operating on a Windows™-based personal computer. This
system controlled an End Tidal Forcing (ETF) system so as to control end-tidal gases at the
appropriate levels, presented in Koehle et al. (2009) [14]. An analog signal from the flow sensor
for each breath from the metabolic cart was also used to trigger breath-by-breath collection of
pulmonary ventilation, HR, SaO2, and TES by the data acquisition system. A walk-in climatic
chamber (L - 5.08 m, W -3.75 m and H - 2.49 m; Tenney Engineering Inc., Union, NJ, USA)
was employed for the passive heating portion of the study.
Protocol: In a NT environment resting data were collected from each volunteer for a 30-min
period before an isocapnic Hypoxic Ventilatory Response (iHVR ) test was conducted in method
similar to that of Steinback and Poulin [10]. This test consisted of a 5-min rest period, followed
by 20-min isocapnic exposure to a PETO2 of 50 mmHg. End-tidal CO2 was maintained at each
participant‘s resting level over the 20-min HVR test that was followed by a 5-min rest period.
Approximately 1 h rest was given and a second iHVR was conducted. Prior to the second test the
volunteer was passively heated in a climatic chamber at 50°C, ~20% RH until their TES had risen
by ~1.5 º C. Each volunteer wore shorts, T-shirt and running shoes and a tightly sealed vapour
impermeable rain suit. When the TES was increased to the target level seals on the rain suit were
opened and TES was maintained at that level. The both iHVR tests were performed on the same
day to remove day-to-day variations in the iHVR [15].
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The iHVR and HVD responses were determined as presented in Steinbeck and Poulin [10]. To
express iHVR as a linear function of the hypoxic stimulus, PETO2 was converted to a calculation
of O2 saturation (ScO2) using the transform described by Severinghaus (1979) [16]:
ScO2 = (((PETO23 + 150 PETO2)−1 × 23400) + 1)−1 × 100
The iHVR was calculated as peak HVR (peakHVR) and every 5-min through the duration of the
20-min hypoxic test. iHVR was calculated as the change in VE divided by the change in ScO2.
iHVR (L min−1 %−1) =

VE
ScO2

The HVD was calculated as the % decrease of VE from peakHVR as the % return to control
PETCO2 following 20-min of hypoxia.
HVD (%) = 100 1

HVRt
peakHVR

All delta values were calculated in relation to the time point occurring immediately prior to the
onset of hypoxia (time =−1 min).
Statistical Analysis: Univariate ANOVA were employed to analyse the NT and HT effects with
fixed factors of the Age (control and older), time (+5, +10, +15 and +20 min). A post-hoc mean
comparison at each of the time points was conducted with unpaired t-tests. A univariate ANOVA
was employed to assess the differences in between HT and NT conditions using the mean of the
4 iHVR time points for each volunteer using fixed factors of Temperature (NT and HT) and Age
(control and older). Core temperature, peakHVR and HVD responses were assessed with
univarate ANOVAs with factors Age (control and older) and Temperature (NT and HT). The
level of significance was set at an α < 0.05. Analyses were performed with SPSS® (version 16.0)
statistical software package for Windows® (SPSS Inc., Chicago, Ill.).
RESULTS
For TES there was a main effect of the Temperature (P<0.0001, n=10) but no Age effect (P=0.723,
n=10) nor interaction between the Temperature and Age (Control group-NT: 37.03 ± 0.60°C,
HT: 38.22 ± 0.55°C; Older group-NT: 37.05 ± 0.48°C, HT: 38.41 ± 0.25°C; P=0.669, n=10). All
volunteers completed the NT- but only 3/5 of the older group in the HT-environment completed
the iHVR test. Of the two volunteers who could not complete the iHVR, one completed the first
6 min and the other volunteer was unable to complete any of the iHVR test; both volunteers
experienced presyncopal symptoms. Irrespective of Temperature, between groups peakHVR was
significantly reduced (P=0.007) for the older vs. the younger group (Fig. 2). There was a
significant main effect of Age for iHVR in NT (P=0.001) but not in HT (P=0.147) with means
comparisons given in Table 1. Neither Temperature nor Age affected HVD (Table 2).
DISCUSSION AND CONCLUSIONS
Heat loss from the upper airways, occurs at a site directly beside the hypothalamus. This is the
principal integrative tissue in thermoregulation. Increased ventilation will increase the heat loss
due primarily to evaporation of the airway mucus [17]. The difference between the groups for
iHVR (Table 1) and peakHVR (Fig.1) indicated that under both NT and HT conditions the older
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group had a blunted response to hypoxia. This reduced ventilatory response to iHVR worsened
in the HT environment, again, reducing the older volunteer‘s ability to respond to the HT
environment.

Figure 2. Peak isocapnic hypoxic ventilatory response (peakHVR) in normothermic (NT) and
hyperthermic (HT) conditions in control (cont) and older age group.
Isocapnic Hypoxic Ventilatory Response (L∙min-1∙%-1)
Control NT
Control HT
Older NT
Older HT
0.95 ± 0.29
1.64 ± 1.13
0.23 ± 0.12*
0.19 ± 0.26
+5
0.64 ± 0.22
1.39 ± 1.35
0.13 ± 0.28*
0.07 ± 0.21
+10
0.52 ± 0.25
0.86 ± 0.72
0.08 ± 0.13*
0.23 ± 0.42
+15
0.43 ± 0.21
0.79 ± 0.80
0.04 ± 0.12*
0.43 ± 0.70
+20
Table 1. iHVR responses (mean ± SD) at 5, 10, 15 and 20 min in control and older age groups
in normothermic (NT) and hyperthermic (HT) environments. (*p < 0.05 between groups).
Time (min)

Hypoxic ventilatory decline (%)
NT
HT
64.68 ± 29.74
74.58 ± 19.16
Control Group
96.87 ± 12.57
68.18 ± 49.00
Older Group
Table 2. Hypoxic ventilatory decline in control and older volunteer in a normothermic (NT) and
hyperthermic (NT) environment.
Core temperatures increased in both the control and the older groups by over 1°C in the HT
environment, an amount that is enough to induce a hyperventilation [18]. However, under these
conditions 3/5 of the older volunteers were unable to complete iHVR test due to presyncopal
symptoms. This results help explain why older have individuals increased hospital admissions
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during heat waves. They appear to have both reduced ventilatory responses to hypoxia and a
reduced capacity for thermoregulation [1, 2].
This pilot study indicates that for future studies less severe conditions are needed to assess the
HVR. These conditions could be achieved by aiming to raise TES by only ~1.0°C and by
reducing the level of hypoxia to a PETO2 to 60 mmHg. The results support that the control of
breathing is impaired in older people and this effect is augmented in a HT environment.
Respiratory control in older people is something that requires further research, especially in light
of the imminent climate change.
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INTRODUCTION
Environmental stressors have a significant effect on human performance. Therefore, developing
efficient adaptation methods to various environmental impacts is a challenge.
It has been shown that adaptation to one environmental stressor can also induce augmented
protective responses to other stressors. This phenomenon, which is defined as cross tolerance,
may exist without prior exposure to new stressors, due to activation of common protective
pathways. Heat acclimation is an adaptive physiological response that results from a daily
exposure to exercise in hot environment for at list 10 days. It has also been shown that heat
acclimation is involved in certain molecular adaptations that are associated with protection
against tissue injuries during exposure to heat stroke (1). Hypoxia is another environmental
factor that has a significant limitation on performance for those who operate in high altitudes. It
has been shown that heat and hypoxia have common effects on both molecular and metabolic
responses (2). We, therefore, hypothesized that prior heat acclimation may reduce the
physiological strain and improve the psychomotor performances in hypoxic conditions through
the cross tolerance mechanism.
METHODS
Eight young healthy males (23 years old) participated in this study. All the participants went
through medical exams and signed an informed consent. The study was approved by the Ethics
Committee of the Sheba Medical Center. On the first day of the study the participants performed
three psychomotor tests; Visual Vigilance Task, Four Choice Reaction Time (3) and a Posture
Test (Graybiel-Fregly Posture Test) (4). They all performed a VO2 max test during which lactate
threshold was also detected. During the second day of the study the participants went through the
same psychomotor tests and the lactate threshold test in hypoxic chamber with oxygen
concentrations of 15.6% which are similar to 2400 m altitude above see level. During exposure
to hypoxic conditions blood saturation was monitored continuously.
Since the third day of the study all the participants went through a 12-day heat acclimation
process. The heat acclimation process included a daily 2-hr exercise in a climatic chamber in
40oC and 40% relative humidity. The exercise consisted walking on a treadmill at a pace of 5
km/h and 2% inclination. The participants were dressed in shorts and tennis shoes. Body core
(rectal) temperature (Tre) and heart rate (HR) were monitored continuously. Fluid balance was
assessed from differences in nude body weight, corrected for fluid intake and urination. After the
heat acclimation process the participants went through the lactate threshold and psychomotor
tests in comfort conditions in two separate days similar to the pre acclimation protocol. We,
thereafter, compared the differences in psychomotor and physiological responses while exposed
to the hypoxic conditions before and after heat acclimation.
RESULTS
There was no change in the participants VO2 max after heat acclimation. Maximal HR and Tre
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were significantly lower after heat acclimation compared to baseline (103 compared to 115 bpm,
and 37.6 compared to 37.83, respectively; p<0.05). Lactate threshold in comfort conditions was
significantly higher after heat acclimation compared to baseline. We also found that lactate
threshold was higher in hypoxic conditions after heat acclimation, but these results were not
significant. Blood O2 saturation during walking at a pace of 6.5 km/hr in hypoxic conditions was
higher after heat acclimation compared to baseline (88±2% compared to 86.5±2%, respectively;
p=0.055).
Psychomotor performances under hypoxic conditions showed that prior heat acclimation was not
associated with a significant improvement in Visual Vigilance. The Four Choice Reaction Time
Test, however, showed a significant improvement after heat acclimation (p<0.05). The Posture
Test results during hypoxic conditions pointed to a moderate improvement (p=0.054) after heat
acclimation.
CONCLUSIONS
Heat acclimation reduces the physiological strain in hot and comfort climate conditions. Prior
heat acclimation showed only minor influence on exercise performance and moderate influence
on psychomotor performance in moderate hypoxic conditions (O2 concentration of 15.6%).
According to these results, we suggest that there is a possible cross tolerance between heat
acclimation and hypoxia. A longer period of heat acclimation may be required in order to create
the appropriate stimulation for complete cross tolerance response.
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INTRODUCTION
Cold exposure leads to a sympathetically mediated vasoconstrictor response that causes a virtual
shutdown of peripheral blood flow. When the skin temperature (Tsk) remains low for a period of
5-10 min the vasoconstriction may be interrupted by a phase of peripheral vasodilation that leads
to an increase in local skin temperature (Lewis 1930, Grant and Bland 1931). It is thought that
this Cold Induced Vasodilation (CIVD) response provides an important protective function to
maintain tissue integrity and minimize the risk of cold injuries (e.g., Daanen and Van der Struijs
2005). However, upon exposure to prolonged cold and/or altitude exposure, where the risk of
cold injury is highest, the CIVD reaction and magnitude is often reduced (Daanen et al., 1997;
Daanen and Ducharme, 1999, Daanen and Van Ruiten, 2000; Felicijan et al., 2008; Mathew et al.,
1977; Takeoka et al., 1993). However, despite the increased risk of cold injury at altitude
surprisingly little research has been undertaken into the effect of altitude on the CIVD response.
Daanen and Van Ruiten (2000) controlled for ambient temperature and still observed a decrease
in the CIVD response at altitude compared to sea-level. These data provide evidence that
hypobaric hypoxic circumstances may impair the CIVD response independently of thermal
effects. The main physiological stressors of a hypobaric environment are: (1) a reduced partial
pressure of oxygen, and subsequent tissue hypoxia and; (2) a dominant effect of negative
pressure on the body (Conkin 2008). It has not been determined whether the reduced CIVD
response at altitude is attributable to hypoxia alone or whether the lower atmospheric pressure
contributes. Whilst hypoxia leads to vasodilation in the skin, skeletal muscle, cerebral and
splanchnic regions of the body a vasoconstriction response usually occurs in the fingers and toes
(Blauw et al 1995, Crawford et al 2009, Golja et al 2002). Consequently, the reduced CIVD at
altitude may be attributable to hypoxia. No studies have assessed the affect of hypobaria per se
on the CIVD response. Thus, the purpose of this study is to systematically evaluate the affect of
hypoxia, hypobaria and their interaction on the CIVD response.
METHODS
Subjects
Nine healthy, well-trained male subjects participated in the experiment. Their physical
characteristics were: (mean ± SD) body mass 77.8 ± 6.7 kg, stature 185 ± 0.1 cm, age 25.2 ± 2.9
yr, VO2max 57.2 ± 4.9 ml.kg.min-1. The subjects signed an informed consent prior to the
experiment. The experiment was approved by the independent Medical Ethical Commission of
Tilburg University. The subjects did not perform strenuous exercise 24 hours prior to the
experiment.
Experimental conditions
Subjects undertook a familiarisation trial in a normobaric normoxic environment prior to the first
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experiment. At intervals, of at least 70hr, subjects visited the laboratory, at the same time of day,
on four separate occasions and undertook a test to evaluate their CIVD response in each of the
following four experimental conditions: normobaric normoxia (NN), normobaric hypoxia (NH),
hypobaric (11000 ft) normoxia (HN) and hypobaric hypoxia (HH). Table 1 presents an overview
of the experimental conditions.
Table 1. Experimental conditions
Condition
Abbreviation
Normobaric normoxia
NN
Normobaric hypoxia
NH
Hypobaric normoxia
HN
Hypobaric hypoxia
HH

Oxygen (%)
21
14
21
14

Simulated Altitude (m)
0
0
3353
3353

To avoid any order effects, subjects undertook each experimental trial in a balanced order. All
experiments were done at room temperature (about 22°C).
Protocol
During each trial subjects dressed in underwear, T-shirt, shorts, combat suit, socks and sport
shoes and were seated on a comfortable chair. Each trial comprised a 20 min control period,
where subjects became accustomed to the ambient temperature and pressure conditions, followed
by a CIVD test. During the control period subjects inspired the specified mixed gases in the NH
and HN trials and room air in the NN and HN trials.. Hereafter, the CIVD test was started. The
CIVD test consisted of immersing the middle finger of the right hand in 5°C water for 30
minutes. During the CIVD test subjects wore a neoprene glove with the middle finger cut off at
the base to ensure that only the middle finger was cooled. Previous experiments showed no
significant differences between the fingers in CIVD response (Van der Struijs et al., 2008).
Conditions
The hypobaric measurements were performed in a hypobaric chamber pressurized to a simulated
altitude of 3353 m; all other measurements were performed in a climatic chamber at 22°C. In
each condition subjects wore a facelet which was open in the NN and HH trials. During the NH
trials the facelet was connected to a mixed gas and subjects breathed a hypoxic gas mixture
containing 14% 02 (PI, O2 = 0.08 ATA). During the HN trial subjects breathed, via the facelet, a
mixed gas containing 31.8% O2.
Measurements
Finger skin temperature was determined using small thermistors (ITC limited, Tokyo, Japan)
connected to a Mobi8 reading unit (www.tmsi.com, Oldenzaal, The Netherlands). The sensors
were taped to the finger using water permeable tape. A rectal probe (YSI 701, Yellow Springs,
USA) was inserted at least 12 cm beyond the sphincter prior to the test. Mean skin temperature
was determined using i-buttons (Marken Lichtenbelt et al., 2006) on the shin, shoulder, left hand
and neck according to ISO 9886. Finger skin temperature and rectal temperature was measured
each second, skin temperatures were measured every 15 seconds. Systolic and diastolic blood
pressure (Omron MX3) were measured throughout the experiment.
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Statistics
The effect of each condition was determined via a within subject repeated measures study. All
statistical analysis was performed in Statistica (Statsoft, 2009). A two way (hypobaria/hypoxia)
analysis of variance (ANOVA) was used to determine whether there were any significant, main
or interactive, effect on skin temperatures, prior to and during the CIVD test. All results are
presented as mean ± standard deviation. Significance is accepted at P<0.05.
RESULTS
The mean finger Tsk was not different between conditions prior to the CIVD test. Mean values
corresponded to (NN) 31.6 ± 0.5; (NH) 30.9 ± 0.7; (HN) 28.4 ± 1.6; (HH) 30.3 ± 1.0. Data
recorded during the CIVD test are presented in Table 2. During the CIVD test, neither the onset
time, minimum or peak finger Tsk were affected by hypoxia or hypobaria. Mean finger
temperature during 30 min immersion in cold water was not different between any condition.
ANOVA showed a significant effect of hypoxic, but not hypobaric circumstances on the
amplitude of the CIVD response. The amplitude was reduced with hypoxia by 1°C. Rectal
temperature, mean skin temperature and blood pressure during the CIVD test did not differ
between the conditions (Table 2).
Table 2. Temperature response and blood pressure during cold water immersion under different
conditions
Normobaric
Normobaric
Hypobaric
Hypobaric
normoxia (NN) hypoxia (NH) normoxia (HN) hypoxia (HH)
CIVD onset (min)
6.3 ± 0.3
6.2 ± 0.4
7.4 ± 0.8
6.4 ± 0.3
Minimum Tfi (°C)
7.9 ± 0.2
8.1 ± 0.6
7.3 ± 0.5
7.9 ± 0.5
Peak Tfi (°C)
16.6 ± 1.2
15.4 ± 1.2
15.5 ± 0.9
15.4 ± 0.7
Amplitude Tfi (°C)*
8.6 ± 1.1
7.3 ± 1.1
8.2 ± 0.7
7.5 ± 0.8
Mean Tfi (°C)
12.0 ± 0.5
11.1 ± 0.6
11.5 ± 0.8
11.5 ± 0.6
Rectal (°C)
37.7 ± 0.3
37.5 ± 0.4
37.5 ± 0.4
37.7 ± 0.4
Mean skin (°C)
33.5 ± 0.7
33.8 ± 0.6
33.4 ± 0.8
33.8 ± 0.6
Psyst (mm Hg)
116 ± 8
116 ± 10
119 ± 12
120 ± 9
Pdiastol (mm Hg)
68 ± 9
72 ± 8
74 ± 6
74 ± 11
Values are presented as mean ± SD. Mean finger skin temperature during cold water immersion
is determined from minute 5 to 30. Tfi = finger skin temperature; Psyst = systolic blood pressure;
Pdiastol = diastolic blood pressure; * = significantly different between normoxia and hypoxia.
CONCLUSIONS
The main finding of this study is that in hypoxic conditions the amplitude of the CIVD response
is reduced. Hypobaric conditions per se do not have any affect on the CIVD response in healthy
well trained subjects.
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MICROCLIMATE RELATIVE HUMIDITY
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INTRODUCTION
It is known that humans have no receptors that allow them to directly sense changes in relative
humidity (RH) (Nielsen and Endrusick 1990). Changes in microclimate relative humidity
surrounding the skin affect the body‘s ability to lose heat and therefore influence skin
temperature and eventually core temperature. Previous work has shown that RH may be sensed
through changes in skin heat flux (de Dear and Ring 1990), indirectly through skin temperature
sensation (Newton, Davey et al. 2007) and additionally hyper-hydration of the skin (Shibasaki,
Wilson et al. 2006).
Many researches have studied regional temperature sensation, for review see (Hensel 1981), far
fewer have studied how perception is affected by altering microclimate RH (Fanger 1970; de
Dear, Knudsen et al. 1989; Toftum, Jørgensen et al. 1998). Previous experiments in our
laboratory have shown how both temperature sensation and thermal comfort are modulated by
changing microclimate RH.
This investigation sought: to modify skin temperatures by various methods; compare how
thermal and non-thermal perceptions interact: to identify if perception differences exist between
different heat loads with the same microclimate RH.
It is hypothesized that:
i. Differences in thermal perceptions can be predicted on the basis of altering the local skin
temperatures of small regions of the torso through fixed changes in microclimate relative
humidity.
ii No difference in thermal perceptions will be observed between raising the local skin
temperature of different torso regions or changing the core temperature when local skin
temperature is altered by microclimate relative humidity at controlled rates.
METHODS
Having received ethical approval, 9 male volunteers completed the protocol. Participants were
clothed throughout the experiment in briefs, lightweight synthetic athletic trousers, footwear, and
socks, total insulation ~ 0.3 clo. The experiment was run in an environmental chamber at 33oC,
80% RH. Silicon exposure vessels, 13cm diameter, 132cm2 in area, and 1cm deep with an air
inlet and outlet vent were sealed to the upper chest and abdomen. Participants were instrumented
to measure local (Tskinl), and mean (Tskinm) skin temperature, local microclimate relative humidity
(RHloc), rectal temperature (Tcore) and heart rate (fc).
The experiment consisted of three periods: Phase 1 - resting in a warm chamber with chest and
abdomen exposed to modified microclimates using silicon vessels; Phase 2 - a short self paced
10 minute run, where the bare chest was then exposed to modified microclimates through air
perfusion; Phase 3 - a repeat of Phase 1 exposure. Perceptual measurements were assessed
during the experiment using verbal instructions when changes in temperature sensation were
experienced. The experiment exposure profile is shown in Figure 1.
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Figure 1 - Experimental intervention profile for microclimate temperature & RH
Phase 1: Resting phase - Volunteers lying supine while regions of the torso were exposed to
modified microclimates. This phase was designed to enable changes in local microclimate RH
without significantly impacting mean skin temperature. During this period ambient air was
initially perfused through the exposure vessels. Air flow rate was maintained at a rate of
~1.75L.s-1 to create a homogenous microclimate and normalize local skin wettedness within the
vessels. After the local skin temperature had stabilized the RH was altered (flow rate the same)
using a y-valve connected to a custom-made air conditioning unit.
Phase 2: Exercise Phase (treadmill) - A 10 minute self-paced run followed by a 15 minute walk
at 5km.hr-1 and 1% incline. During the walk, air of varying temperatures and RH was blown over
an area of the chest. A constant flow of air was perfused around the chest via a tube mounted on
the treadmill 30cm in front of the participant. Modified temperatures and RH were designed to
elicit local skin temperature changes of ~1oC. Thermal comfort and temperature sensation
measurements were measured via touch screen scales described previously (Newton, Davey et al.
2007) during this phase.
Phase 3: Resting phase with high skin wettedness – This Phase was a repeat of Phase 1 but was
designed to enable larger changes in local skin temperature due to presence of sweat on the skin.
The air flow rate was initially controlled at 33oC, 80%RH to create a homogenous microclimate
and normalize the skin wettedness within the vessels. RH through the vessels was then
manipulated and the impact on Tskinl, comfort and temperature sensation measured.
Deep body temperature was measured via a rectal thermistor inserted 10cm beyond the sphincter,
mean skin temperature was calculated from skin temperatures measured at 5 sites using digital
thermometers DS18B20, RH was measured using SHT15 digital sensors, and heart rate was
measured using a polar strap. All data was logged to an MSR 12 data logger.
Volunteers experienced either an increase or decrease of 44% RH (at 33oC) throughout the
experiment on the upper chest or abdomen. All experiments also included ―fake‖ changes of 0%
RH to ensure there was no response to equipment manipulation, in all cases the fake changes had
no influence on temperature sensation. Repeated measures were taken both pre and post exercise
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to determine both fatigue and the effect of increased core temperature. Temperature sensation
was selected from a ten point scale with intervals identified between cold and hot (determined
from previous work in our laboratory), each of these points were assigned values between -5 and
+5.
Local skin temperature and microclimate RH values were then identified for the beginning and
end of each intervention, as well as the time taken for these changes to occur.
RESULTS
For 99% of the data, average rates of change of Tskinl were found to fall within a range of 0.015 –
0.035oC.sec-1. Figure 2 shows the relationships between local skin temperature changes and the
time taken for volunteers to return to their pre-intervention baseline perceptions.
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Figure 2 - Average tskinl difference vs. time taken for sensation return to baseline (n = 9)
The temperature perceptions reported using perception scales and the time taken for volunteers
to return to their baseline perceptions were then used as model response variables, while changes
in skin temperature and microclimate RH, rate of change of skin temperature and RH, pre and
post exercise, body region measured, and participant were used as model factors. A general
linear model was constructed to determine the most significant factors.
This model highlighted that one of the nine participants had very different results from all other 8,
if the model was run without this individual‘s data a R2 correlation of 0.94 was found between
the time taken for participants to return to baseline perception and change in local skin
temperature. If however this participant‘s data were included, then ―Participant‖ had to be
included as a factor in the model. Figure 3 shows the data including all participants (n=9) and
shows a R2 correlation of 0.92 using these two factors and response.
CONCLUSIONS
This study demonstrates that initial perception of microclimate RH is linked primarily to the rate
of change of local skin temperature, with over 90% of the intervention effect being explained
directly through this single variable.
Rates of change in local skin temperature all fell within the small range of 0.015 – 0.035oC.sec-1
and therefore the strength of a response can be approximated by the size of a local skin
temperature change (by altering microclimate RH) and how this relates to the time an
individual‘s temperature sensation took to return to their pre intervention baseline level. All
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interventions used a constant 44% RH difference, and temperature sensation differences varied
widely confirming that volunteers were not responding to the RH change directly, we therefore
reject our first hypothesis.
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Figure 3: Linear model of time to return to baseline predicted by change in Tskinl and
participant
Further, pre and post intervention local skin temperatures were always different, between 0.25–
1.9oC, but in over 99.5% of our interventions participants always returned to their pre
intervention temperature sensation, suggesting that within this range, only rate of change of skin
temperature and not skin temperature itself was influencing thermal perception.
Finally model data only showed strong relationships between the strength of temperature
sensation measured by time to return to baseline compared to the size of the local skin
temperature change, while region of the torso, pre and post exercise, and size of the RH change
all showed no, or very weak relationships to both response variables, we therefore accept our
second hypothesis.
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INTRODUCTION
Temperature perception and thermal comfort of headgear have most often been studied with
thermal manikin headforms. An underlying assumption of these measurements is that of a direct
relationship between thermal perception of subjects and a measure obtained from such
headforms (e.g. heat loss, temperature, heat flux, or airflow). Several studies found that in warm
environments the categorization of headgear based on manikin headform measurements is
comparable to the categorization based on temperature perception or thermal comfort by human
subjects [1-4], supporting this assumption. A clear understanding of the sensitivity of subjects to
heat transfer fluctuations has yet to be achieved.
This study aimed to evaluate which parameters related to air flow and heat transfer predict the
response behavior of subjects while operating the ventilation system of motorcycle helmets,
focusing on the scalp section.
METHODS
Eight healthy male subjects aged 28.0 ± 5.4 years and with head circumferences of 57.5 ± 0.5 cm
participated in the study. Each subject visited the laboratory on three different days starting at the
same time of day, once for a familiarization trial and twice for experimental trials. The subjects
were dressed comfortably with respect to the thermal environment. Each subject attested to have
refrained from consuming alcohol, nicotine, and caffeine during the 12 hours preceding each trial,
and did not conduct any panting-inducing exercise between waking and the start of the trial. The
study was approved by the Cantonal Ethics Committee of St. Gallen (Switzerland).
For the trials, the subjects sat at the exit of a wind tunnel, which projected an air stream on the
upper torso, neck and head, during the entire experiment. A 19‘ LCD screen was positioned
under the Plexiglas bottom of the wind tunnel, which allowed the subject to see the screen
clearly. A keyboard and mouse were positioned in front of the screen. The setup is described in
more detail elsewhere [5].
All measurements were conducted in a climate chamber at ambient temperatures (Ta) (± one
standard deviation) of 23.7 ± 0.4 ºC and 27.5 ± 0.3 ºC, referred to as neutral and warm,
respectively. Both Ta were presented in a balanced order to the subjects. At both ambient
temperatures the two different wind speeds (vw) were applied, labeled moderate (39.2 ± 1.9
km/h) and high (59.3 ± 1.4 km/h); vw was measured beside the head as described elsewhere [5].
The relative humidity (RH) was kept at 50 ± 2%, and measured at the same location as the
temperature in the wind stream.
The trials consisted of the following phases, during which the subject sat still at the exit of the
wind tunnel: i) 60 min acclimation, for which a full-face motorcycle helmet was worn, and vw =
39.2 ± 1.9 km/h, ii) perception examination 1 (~20 min), and iii) perception examination 2 (~20
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min). The wind speed was different between the examination phases and randomly assigned.
During each examination four helmets (in random order) were examined in the following
manner: i) the helmet worn by the subject was removed and the subject was fitted with another
helmet, during which no wind was applied; ii) wind was applied while the subject sat still at the
exit of the wind tunnel in order to regain values close to thermal steady state, for which 3 min
was taken; iii) the experimenter manually changed the vent configuration in the scalp section.
After each change in vent configuration the subject was asked to assess his perception in a
manner described below. The examination of one helmet took approximately 5 min. The initial
vent configuration (open or closed) was chosen randomly. Directly after a change in vent
configuration, the subject indicated if the temperature perception on the scalp was changed
relative to before the change, choosing from one of the following responses: ‗warmer‘,
‗indifferent‘, or ‗cooler‘.
Four full-face motorcycle helmets were selected for this study, coded 110, 130, 201, and 210,
taken from among 27 helmets characterized for vent-induced heat loss on the scalp section
( Q S ) [6]. The selected helmets exhibited the largest (110 and 130), intermediate (201), and
smallest values of Q S (210). Helmets 110, 130, and 201 were equipped with eight temperature
sensors, and two RH sensors. These sensors were integrated in two rows, always only installed
on the left side of the helmet, each row with four evenly-spaced sensors starting at the top of the
ear; a vertical row (spacing ~4 cm), and a horizontal row (spacing ~3.5 cm). The face skin
temperature was measured using thermistors placed at the following locations: i) the middle of
the chin (mental protuberance), ii) the middle of the forehead 1 cm above the eyebrows, iii) 3 cm
in front of the ear at the level of the ear channel.
To get accurate estimates of the steady state heat loss experienced by the subjects, headform
measurements were carried out under conditions closely simulating those experienced by the
subjects. The specifications of the headform are given elsewhere [7], and details on the protocol
for assessing helmets on the headform was identical to that reported previously [6, 8]. The
position and orientation of the headform was based on subject examinations.
Logistic regression was employed for creating models predicting the response behavior of the
subjects. The goal here was to quantify the importance of the measured parameters in describing
the response behavior of the subjects. The following parameters were considered: Q , subject,
helmet, ambient air temperature (neutral or warm), applied wind speed (moderate or high), the
vent configuration in the other section, and facial skin temperature. To estimate the effect of the
vent manipulation on the microclimate parameters, the corresponding thermal data were
represented by the slope of the data over a period of 50 s following the change in vent
configuration. More information on logistic regression is given, e.g., by Menard [9]. Statistical
analysis was carried out using SPSS 14.0.1 for Windows.
RESULTS
The largest change between open and closed vents was 6.1 W. Therefore, Q S ranged from -6.1
W to 6.1 W, for which negative values indicate closing, and positive values opening of the vents.
Values within this range occur with similar frequencies, except for values near zero.
A total of 93 responses were collected, summarized in Figure 1. The response ‗indifferent‘ was
given most often. The value of Q S corresponding to the mean response (M) is also indicated
for each response category of every question. Since opening the vents results in
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follows that, if M > 0, a given response category corresponds best to the perceived effect of
opening the vent, and similarly for M < 0. Thus, opening the vent is related to perceptions of
‗cooler‘, and closing the vents with ‗warmer‘.

Figure 1: Number of responses for temperature perception for the scalp section with respect to
vent-induced heat loss ( Q S ), for helmets as indicated. The dashed lines indicate the value of

Q S corresponding to the mean response for all helmets combined, for each response category.
Table 1 gives the performance of these models, and shows the parameters included. It can be
observed that both models predict more than 80% of the response correctly. In addition, the
McFadden r2 coefficients, which is comparable to the Pearson‘s r2 for linear regression analysis,
is larger than 0.6. Taken together, one could argue that these models are highly-performing. The
parameters in order of decreasing importance were, Q S , subject, and helmet. These parameters
will be put into context with the original responses below.
Table 1: Details of the multinomial logistic regression models for the scalp section for temperature
perception. Column MP indicates whether the thermal Microclimate Parameters are included in the
parameter pool. In such cases, only three helmets are included, since one helmet was not equipped with
sensors; otherwise all four are included. Parameter definitions and further information is provided in the text.

Model Performance
Parameters
Correctly
McFadden
Predicted
r2

p-value of the likelihood ratio test of
the full model omitting the indicated
parameter*

Q S
MP
Subject
Helmet
no
85%
0.61
<10-6
<10-3
<10-4
-6
-2
yes
86%
0.65
<10
<10
<10-2
*Smaller p-values indicate greater importance of the parameter for the performance of the
model, more details on this method are given under Methods.

Q S alone does not completely predict the response of the subjects for temperature
perception. For instance, the response ‗warmer‘ shows a dependence on Q S only for helmet
130, and not helmet 110, even though Q S is similar for both. This indicates helmet-specific
Notably,

sensitivities, which is confirmed by the inclusion of the parameter ‗helmet‘ in these models.
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The importance of the predictor subject is consistent with the general expectation that each
subject has a unique sensitivity. A detailed analysis of this predictor will not be undertaken, since
we examined a small pool of subjects and obvious subject-specific characteristics, e.g., hair style
(not described in detail here), did not appear consistent with differences in the responses among
the subjects.
DISCUSSION
The results from the present study indicate that Q S is the most important determinant for the
response behavior of the subjects for temperature perception. Such a relationship can be
observed for most helmets in Figure 1, and is in addition confirmed through multinomial logistic
regression modeling. Nevertheless, the difference between helmets 110 and 130 suggests that
other factors are also important. In results presented elsewhere [5] it is indicated that differences
in airflow patterns are correlated with these helmet specific sensitivities, and may therefore
(partially) explain them. In the same work [5], a first attempt has been made in deriving the
perception threshold for perception of heat transfer fluctuations while wearing a full-face
motorcycle helmet.
CONCLUSIONS
We find that subjects are able to systematically perceive effects caused by changing the vent
configuration of motorcycle helmets, under simulated riding conditions. Furthermore, the main
determinant of the response behavior of the subjects was the vent-induced heat loss. However,
the relationship between vent-induced heat loss and response behavior varied among the helmets.
These results confirm that a thermal manikin headform is a useful tool for investigating and
optimizing temperature perception of headgear.
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INTRODUCTION
Riders of powered two-wheelers (PTW), such as motorcycles and mopeds, have a higher risk for
a fatal traffic accident than for any other mode of transport. It has been estimated that 440 PTWrider fatalities occur per 100 million person traveling hours, whereas 75 and 25 fatalities for
bicyclists and car drivers, respectively, were found over the same period [1]. Notably, cognitive
failures on the part of the PTW rider were determined to cause 34% of such accidents [2].
There are indications that full-face motorcycle helmets might deteriorate cognitive performance.
The rationale behind this hypothesis is that these helmets are known to i) be excellent thermal
insulators [3, 4] with associated warm microclimate temperatures [5], and ii) cause increased
levels of carbon dioxide of the order of 2% at low riding velocities [6, 7]. These helmet-mediated
effects have been associated with impaired cognitive performance in some studies [8-11], but
work on thermal effects also yielded opposite conclusions [12, 13].
The present study aimed at investigating if wearing a full-face motorcycle helmet has a
detrimental effect on cognitive performance compared to not wearing headgear in a warm
environment, under simulated wind-still conditions.
METHODS
Nineteen healthy male subjects (aged 28.3 ± 4.7 years) completed three familiarization trials, and
two experimental trials. All subjects were instructed to refrain from consuming alcohol, drugs
and caffeine for 12 hours prior to each trial. In addition, all subjects refrained from pantinginducing exercise between waking and each experimental trial, and were advised to get sufficient
sleep. The subjects were comfortably clothed using similar clothing during both experimental
trials. All trials were carried out in a climate chamber stabilized at and ambient temperature of
27.2 ± 0.6 ºC, relative humidity of 41 ± 1%, and a wind speed of 1.8 ± 0.2 km/h projected
towards the face of the subject. This study was approved by the Cantonal Ethics Committee of St.
Gallen (Switzerland).
The subjects sat at the exit of the wind tunnel (Figure 1). A 19‘ LCD screen was positioned just
below base of the wind tunnel, which allowed the subject to see the screen clearly. A
conventional keyboard and joystick (Attack 3, Logitech, Fremont, USA) were positioned in front
of the screen. During the trials the subject was the only person occupying the chamber and did
not have any contact with the outside. More details on this setup can be found elsewhere [5].
The subjects sat still at the exit of the wind tunnel during the entire trial. The first 30 min of an
experimental trial served as acclimation, during which the subjects were reading or carrying out
computer work. Cognitive performance was then assessed with a task of simultaneous visual and
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auditory vigilance, and tracking (VTT+AVT), lasting 30 min. Wearing a full-face motorcycle
helmet (HEL) or wearing no headgear (CON) was randomly assigned to the experimental trials.
During CON subjects wore clear standard safety goggles in an attempt to match the visual
conditions to those when wearing a helmet. During each familiarization trial subjects completed
10 min of VTT+AVT, without acclimation.

Figure 1: The first author demonstrating the simultaneous visual vigilance and tracking test
(VTT) and auditory vigilance test (AVT); the screen shows the VTT.
VTT has frequently been used to assess cognitive performance, e.g., for the effect of carbon
dioxide [14]. It consisted of a tracking task in which a red annulus was presented in the middle of
the computer screen, in addition to a blue ball (Figure 1). The ball received random impulses
from the software and the goal of the subject was to keep it in the middle of the annulus, using
the joystick to control the acceleration direction and amplitude. On the screen, the outer
diameters of the annulus and ball were 4.3 cm and 2.6 cm, respectively. The simultaneous visual
vigilance task of the VTT was based on continual observation of a black square in the center of
the screen which appeared to rotate 45º once per second. At random intervals the square changed
into a black circle of similar size (diameter 1.1 cm); upon perceiving this black circle, the subject
was to press the ‗fire‘-button of the joystick as soon as possible. The following parameters were
obtained: i) the distance of the center of the ball to the center of the annulus, ii) the reaction time
of responding to the circle stimulus, iii) the number of correct responses (response up to 2 s
following a stimulus), and iv) the number of incorrect responses (response without a stimulus).
The AVT was an audio examination of vigilance developed for this study, in which the subjects
heard a tone every 0.8 s, at either 2.5 kHz or 2.0 kHz. A random sequence was generated in
which one three-repetition series was randomly presented per 20 s period, with no series longer
than three repetitions. The subjects were instructed to indicate perception of each such triplet as
quickly as possible by pressing the spacebar of the keyboard. The following parameters were
obtained: i) response time, ii) number of correct responses, and iii) the number of incorrect
responses. The tones were presented via earphones (CX300, Sennheiser Electronic, Wedemark,
Germany) which were minimally affected by putting on a helmet. The volume with which AVT
was presented was chosen by the subject and maintained from trial to trial. A new random
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sequence was generated each time the program was started. The VTT+AVT show the largest
sensitivity to the helmet intervention, among several cognitive tests evaluated in earlier pilot
studies.
The data collected during the 30 min VTT+AVT was converted to averages over six 5-min
intervals. The majority of the data were not Gaussian distributed, as indicated by a Shapiro-Wilk
test. Therefore, non-parametric statistics were used in the analysis. The intervention effect (CON
vs. HEL) was evaluated with a Wilcoxon test on the paired results for a given parameter, for all
time periods combined. Time effects were analyzed by combining CON and HEL for each time
period and subjecting this to a Friedman test; a Wilcoxon test with a Bonferroni-corrected α
level was used for post-hoc comparison. The results are reported below as median (25th
percentile; 75th percentile). Statistics was carried out with SPSS 16.0 for Windows, and Matlab
R2006b for Windows was used for data processing. Significance was defined as α < 0.05.
RESULTS
Only tracking as part of the VTT indicated an intervention effect (Figure 2). This tracking
performance indicated an increased displacement of 7.2% (-9.9; 23.7) for HEL compared to
CON (p = 0.021). In more detail, CON and HEL yielded 21.1 pixels (13.5; 30.9), and 21.7 pixels
(13.7; 36.2), respectively. Finally, all parameters, with the exception of reaction time for both
VTT and AVT, indicated a reduction in performance with increasing time. Figure 2 also
indicates the incorrect responses on the VTT. These results are representative for the other
incorrect and correct responses for both VTT and AVT, showing a performance decrease
towards the end, but no intervention effect.

Figure 2: Boxplots of the tracking performance and incorrect visual vigilance responses.
Significant differences of the time effect are indicated by: * p < 0.01.
DISCUSSION
One of seven parameters showed an intervention effect. This suggests that the effect of wearing a
full-face motorcycle helmet on cognitive performance is small, but measurable in the present
study. Four other studies have previously evaluated the effect of headgear on cognitive
performance of which two found an intervention effect [9, 10], and the other two studies did not
[12, 13]. Because these studies differed from the present one in several respects, it is unclear to
what the discrepancy among these four studies should be attributed.
Approximately two-thirds of the measured parameters during the VTT+AVT revealed a time
effect, and always indicating worse performance toward the end of the examination. Other
studies have also reported such time effects [15, 16]. This could be caused by a reduction of the
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attention capacity [15, 17], suggesting that the cognitive tests and protocol employed in the
present study are sensitive to time effects in a manner compatible with those works.
The present study assessed cognitive performance during wind-still conditions. It is expected that
if wind were applied in the given climate, effects on cognitive performance due to temperature,
humidity or carbon dioxide would be reduced, since greater wind speed increases heat loss from
the head [3, 4] and reduces skin and microclimate temperatures [5], as well as reducing
microclimate carbon dioxide concentrations [6, 7]. Notably, the subjects reported feeling warm
and thermally uncomfortable during HEL. In contrast to the clothing worn by subjects in the
present study, in the field riders are likely to wear protective clothing, thereby experiencing a
different temperature perception and/or thermal comfort. We assume that heat strain can be
expected to occur in the field under the thermal environmental conditions created in the present
study. For higher temperatures, microclimate temperature may be even higher than found here,
so that a general conclusion on the application of these results to the field is not possible at this
time.
CONCLUSIONS
Compared to not wearing headgear, a full-face motorcycle helmet negatively affected one of
seven cognitive performance parameters, in the form of tracking performance. In addition,
subjects experienced a more unfavorable whole body temperature perception and thermal
comfort.
Given the differences between the laboratory and field conditions, it is unclear how the present
results relate to traffic safety. Therefore, future studies on this topic could evaluate the effect in
under more realistic situations, such as employing a realistic motorcycle simulator, and/or more
realistic clothing conditions combined with higher wind speeds. The fact that tracking
performance was impaired suggests that manual control of a motorcycle is potentially at risk of
degradation when the rider is stressed in a manner similar to that studied here.
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Abstract The stimulus changes of the elements of heating environment in a residential space
with interior air control which will save energy and also enhance the comfort level. In this paper
experiments were conducted to figure out the effects that the changes in temperature and air
current have on Koreans' sense of temperature (sense of warm and cold, comfort, and
satisfaction), which are considered to have greater effect and be easily controled compared with
other warming elements stimulating residents' sense of temperature. Experiments were
conducted for strong, medium, and weak air current of package air-conditioners at each of the
temperature conditions 22℃, 24℃, and 26℃, and the results of the experiments were analysed
for the physical adaptation time and the physical reaction. The changes in the comfort level of
the body according to the temperature rise of 1℃ from 24℃ and 26℃ were observed through
experiments and the results of adaptation time of body were obtained. When the condition of airconditioning was at 24℃, the sense of temperature remained "a little bit cool" 30 minutes after
the initial air-conditioning, in the middle and at the end of air-conditioning due to the
temperature rise through physical reaction and continuous stimulus changes of temperature and
air current. The comfort level remained "comfortable" even at the higher temperature of the
comfort zone by the temperature rise from 30 minutes after the air-conditioning due to the air
current. The results show that changes in temperature and air current according to the physical
reaction keep the human body feel continuous comfort for a long time from the beginning to the
end of air-conditioning.
INTRODUCTION
Due to the growing needs of the various and high-quality air-conditioning for houses and
buildings, the development of an air-conditioner which can create a comfortable residential space
with lower energy consumption is really needed.
Among four warming elements improving the comfort and affecting the comfort level of
temperature, the air current deprives the human body of more heat as its velocity rises. And also
it maximizes the cooling effect through the contact with human body. Its cooling effect is higher
than humidity or radiating heat. Artificial air current can be created by expanding comfort zone
and it is easy to control.
And the air-conditioner is in the beginning stage, middle stage, and later stage according to its
operation and thus it can enhance the comfort level by quick cooling or changing stimulus
according to the heat load of the human body. This will lead to the energy-saving and enhanced
control over the comfort level by means of temperature and air current change. The purpose of
the study is to develop a control system of sense of comfort based on the sense date and
evaluation of the sense by calculating the effects of the changes in temperature and air current on
the Koreans' sense of temperature (sense of warm and cold, comfort level, and satisfaction).
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METHODS
An artificial environment (4.1m×4.9m×2.7m) was prepared to create temperature, humidity, and
air current for the experiments. All the walls, ceilings and floors were properly insulated so that
the temperatures of the walls and interior air were almost same. An air current generator was
made to create artificial air current, and the humidity was controled using a thermo-hygrostat.
The subjects were asked to stay for 30 minutes in a room of an exterior weather condition in
summer, at the temperature of 30℃ and the humidity of 50%. And then their physical reactions
and adaption time of the body were observed after they were in the laboratory for an hour and
half and two hours respectively. And a total of three hour experiments were conducted for the
temperature rise according to the physical reaction.
SUBJECTS
Twelve adults in 20s (6 male and 6
female) were chosen for the
experiments. The oral temperatures

Table 1 Experiment Condition
High Flow

22℃, 24℃, 26℃

Middle Flow

22℃, 24℃, 26℃

of the subjects were all under 37℃

Low Flow
24℃, 26℃, 28℃
and their blood pressures were all
normal. The table shows their ages and physical conditions. The body areas of the subjects were
obtained by the method suggested in Takahira and the fomula is shown below.
CLOTHING
The subjects wore the same uniforms to meet the standard Clothing Insulation. There have been
several ways to obtain Clothing and in this paper of Hanada & Mihira to calculate clo value was
utilized in order to compare with the same calculation condition as in the case of foreigners. The
formula is as follows. The results
are 0.35clo for the male subjects
Temperature Condition Considering Human Adapted
and 0.35clo for the female subjects.
24℃ → 25℃
METABOLIC RATE
During the experiment, the subjects
read, chatted, or responded to the
questionnaire, sitting in a chair.
Their metabolic rate was assumed
to be 1.1 met based on the previous
data.
QUESTIONNAIRE
The questionnaire used to analyse
the subjects' psychological reaction
is as follows.

26℃ → 27℃
22℃ → 23℃ → 24℃ → 25℃
24℃ → 25℃ → 26℃ → 27℃
Table 2 Subjects
Sex
Males
Numbers
6
Age(yr)
21.0±2.8
Weight (kg)
61.4±7.3
Height (cm)
172.5±5.5
2
As (m )
1.72±0.11
Ponderal index [㎏ 0.33/m]
559

2.25±0.10

Females
6
20.3±1.2*
53.8±10.7
161.0±3.4
1.56±0.15
2.30±0.11
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Figure 1. Relation Between Thermal Sensation
and Thermal Comfort Vote

RESULTS
Temperature and air current according to physical adaptation
When the air current was at about 0.6m/s, the subjects reported 'coolness' right after they moved
to the laboratory from the pre-test room, due to the low temperature and rapid air current. As for
the comfort there was a slight difference, and the subjects started to report 'uncomfortable' one
hour after they entered the laboratory.
The changes in air current after entering the laboratory had a greater effect than the difference in
temperature.
In the experiment with the air current of about 0.4m/s, the physical reaction time was about 40
minutes at 26℃ and about 30 minutes at 22℃ and 24℃. At all the temperature levels, the
subject reported 'coolness' 15 minutes after entering and reported continuous comfort from 15
minutes. And from about 50 minutes more subjects were reporting 'uncomfortableness'. From 40
minutes after the experiment the average skin temperature of all the subjects went beyond the
comfort zone.
In the experiment at the air current of about 0.25m/s, 'warmness' was repeatedly reported, and
'comfortableness' was continuously reported due to lower velocity of the air current.
In the experiment at the air current of about 0.25m/s, the changes in the sense of temperature and
average skin temperature remained almost the same under the different temperature conditions.
At 28℃ the average skin temperature showed little change, but at 24℃ and 26℃, the average
skin temperature began to drop 10 minutes after the experiment while the sense of temperature
and comfort remained the same.
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Figure 2 Relation Between Thernal Sensation Vote and Thermla Comfort Vote
- Different Temperature Conditions -

Figure 2 Relation Between Skin Temperature at
Different Temperature Conditions
Temperature rise according to the physical adaptation
The results of the experiment on temperature rise considering the limit of the physical adaptation
showed that as a result of temperature rise of 1℃ from the limit hour of adaptation, the subjects
kept reporting 'a bit cool' for about an hour and 20 minutes and thereafter they reported 'cool'. As
for the sense of temperature, the subjects reported 'comfort' an hour after the experiment and
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thereafter they gradually felt 'uncomfortable'. For the experiment of temperature rise according to
the physical adaptation, at 22℃ of beginning temperature the subjects reported 'a bit cool' and
'cool' and kept reporting 'cannot tell' and 'a bit comfort'. For the experiment at 24℃ of beginning
temperature, the subjects kept reporting 'a bit cool' 30 minutes after the temperature rise. This
suggests that the changes of the sense of temperature remained the same through the changes of
air current. And the 'comfort' was reported 30 minutes after the experiment.
CONCLUSION
1) The physical reaction times to the temperature and air current were calculated. The subjects
were more sensitive to the air current than the temperature.
2) As for the limit time considering the limit of physical reaction, the subjects reported 'a bit
cool' for the sense of temperature and 'comfort' for the sense of comfort level as the temperature
rose by 1℃.
3) For the experiment on the limit of physical adaptation, in the case of the temperature changes
of 22℃ → 23℃ → 24℃ → 25℃ and 24℃ → 25℃ → 26℃ → 27℃, the subjects reported 'a
bit cool', 'comfort', and 'cannot tell' even though the temperature kept rising.
Based on the results of the study, the air-conditioning by the changes in air current and
temperature of an air-conditioner is expected to save energy while maintaining comfortableness
even though it is used for a long time.
The results of the study also suggest the basis for the algorithm of the physical adaptation, and
the algorithm was applied to the control of the air-conditioner.
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INTRODUCTION
The body undergoes numerous physiological changes in response to cold temperatures in
an attempt to maintain thermoregulatory homeostasis. Shivering thermogenesis, modified
circulatory patterns, and increased catecholamine production serve to increase heat production
and minimize heat loss. Interestingly, cerebral changes also occur in response to cold
temperatures, including changes in cerebral perfusion, disruption of the blood brain barrier, and
increased catecholamine expression (Makinen et al., 2006; Wagner & Zuccarello, 2005,
Schmoker et al., 2009).
Given these neurological changes, it is not surprising cold exposure is also associated
with reduced cognitive functioning. Although methodological differences across studies makes
direct comparison difficult (e.g. severity of cold, specific cognitive tests used), there is reason to
believe that performance decreases on speeded cognitive tasks and mildly improves on many
others in response to moderate cooling (Palinkas et al., 2005; Makinen et al., 2006). Although
the exact mechanisms for cold-related cognitive dysfunction remain unknown, researchers have
suggested that distraction might serve to interfere with speeded tasks, whereas the greater
physiological arousal resulting from cold exposure could improve performance on untimed, more
complicated tasks (Teichner, 1958; others here).
However, past studies have typically examined cognitive function only prior to and
during cold exposure. This methodology fails to capitalize on the drop in core temperature
observed after removal from cold environments, often termed after-drop (Collins, 1983). Serial
administration of cognitive tests before, during, and after cold exposure will help to clarify the
underlying mechanisms. The present study did so in a sample of healthy young adult males.
Testing was completed prior to cold exposure, during cold exposure, approximately 60 minutes
after removal from cold, and four hours after removal from cold.
METHODS
The purpose of the investigation was to examine the effects of acute cold exposure (ACE)
on cognitive function. Data for the current study are part of a larger project examining the
interactive effects of sleep deprivation and ACE on physiological functioning. Only information
from the control condition (i.e. no sleep deprivation) and relevant to the current hypotheses are
presented below.
Each participant visited the Kent State University Exercise Physiology Laboratory on two
separate occasions. During the first visit, baseline measures of demographic variables, medical
characteristics, and cognitive function was obtained. During the second visit, participants
underwent serial ACE and cognitive assessment over a three-day period.
Participants
The volunteers for this study were 10 apparently healthy college-aged Caucasian males.
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Prior to the commencement of data collection, approval from the Kent State University
Institutional Review Board was obtained. All participants were required to complete a general
medical history questionnaire and sign a letter of informed consent prior to participation in the
study. All participants were apparently healthy, with no known metabolic disorders, free of
disease and currently not taking any medications that could affect thermoregulation, metabolism,
hormonal or cognitive responses. All participants were within the normal body composition
percentiles (i.e., 30th – 70th percentile) and normal fitness ranges for age for cardiovascular
endurance (30th – 70th percentile for age) as stated by the American College of Sports Medicine.
Procedures
Participants reported to the laboratory at 9:00pm prior to the start of the trial. Participants
were asked to go to sleep at 10:00pm in a supervised laboratory and were woken up at 5:00am to
undergo the first ACE at 6:00-8:00am. During ACE participants were exposed to 10°C air for
120 minutes beginning at 6:00am until 8:00am. Temperature within the chamber was monitored
to ensure control within 0.5ºC of 10ºC. Participants were dressed in athletic shorts, gloves and
socks for the trial. Immediately following ACE, re-warming (REC-1) was examined as
participants remained in the environmental chamber for 120 minutes in 25ºC air.
During the initial stage of recovery (REC-1) the participant remained seated quietly in a
lounge chair in 25ºC. During ACE and REC-1, core and skin temperatures were monitored
continuously. REC-2 was completed approximately four hours later in 25ºC temperatures after
changing into street clothes. Participants were asked to return to sleep at 10:00pm in the
laboratory. The participant was woken up at 5:00am to complete a second ACE followed by
REC-1 and REC-2. The participant again remained supervised in the laboratory for the
remainder of the day and was asked to return to bed at 10:00pm. Participants were awoken at
5:00am to complete a third and final ACE and REC-1 and REC-2. After the completion of the
third ACE-REC, participants were released to return home.
Throughout the study period, participants were fed a standardized diet and blood glucose
was monitored to ensure euglycmia.
Measures
Temperature
Core temperature (°C) was measured continuously throughout baseline, ACE, and REC-1 using
a rectal thermometer (ER 400-12, O.E. Meyer Co., Sandusky, Ohio). The participant was
instructed to insert the rectal thermometer 13cm beyond the anal sphincter. Skin temperature
(°C) was measured continuously throughout baseline and the ACE with the use of skin
thermistors (Model 409B, Yellow Springs Instruments Inc., Dayton, Ohio). The thermistors
were applied to the right chest, tricep, forearm, thigh and calf of the participant‘s body (Toner et
al., 1986) and held in place by waterproof tape (Hy-tape® International, Patterson, New York).
Following completion of the ACE, both rectal and skin thermistors were removed until the next
bout of cold exposure. Mean skin temperature was calculated using the formula utilized by
Toner, Garfinkel, and Garner (1986): Tsk = (0.22 x calf temperature) + (0.28 x thigh temperature)
+ (0.28 x chest temperature) + (0.14 x forearm temperature) + (0.08 x tricep temperature)
Core temperature (Tcore) and skin temperature (Tsk) data were then gathered via an
interface (iNet-100HC, Omega Engineering, Inc., Stamford, Connecticut) to a PC and recorded
every minute.
Thermal Sensation
Thermal sensation (TS) was measured using the Gagge Thermal Sensation Scale (Gagge,
Stolwijk, & Hardy, 1967). The Gagge Thermal Sensation Scale is a valid and reliable measure
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of subjective whole body thermal sensation. Participants were asked to measure TS at during
BASE and at 5, 15, 30, 45, 60, 75, 90, 105, and 120 minutes during ACE and REC-1.
Cognitive Tests
A computerized test battery was administered to participants at each of the four time
points, PRE-ACE, ACE, REC-1 (average of 60 minutes post-ACE), and REC-2 (average of 4
hours post-ACE). The test battery is both reliable and valid (Paul et al., 2005; Williams et al.,
2005). The abbreviated test battery required 20 minutes complete and all scoring of cognitive
tests are done at a central facility using an automated software program for most tests and handscoring for wav files.
Specific tests included in this study included:
a. Attention:
Digit Span: This test assesses basic auditory attention and working memory. Participants
are presented with a series of digits on the touch-screen, separated by a one-second interval. The
subject is then immediately asked to enter the digits on a numeric keypad on the touch-screen. In
the first part of the test, subjects are required to recall the digits in forward order and reverse
order in the second. In each part, the number of digits in each sequence is gradually increased
from 3 to 9, with two sequences at each level. The dependent measure is the total number of
correct trials forward and backward.
Choice Reaction Time: This test assesses choice reaction time and sustained performance.
Participants attended to the computer screen as one of four circles was illuminated. Immediately
following presentation, the subject then had to touch the illuminated circle as quickly as possible.
Twenty trials were administered with a random delay between trials of 2-4 seconds. Dependent
variables include mean reaction time and the standard deviation of response time.
b. Executive Function:
Verbal Interference: This task taps the ability to inhibit automatic and irrelevant
responses and has similarities to the Stroop task (Golden, 1978). In Verbal Interference Part 1, all
words are printed in black ink and participants are asked to read each word as quickly as possible
(e.g. ―blue‖ printed in black ink, ―red‖ printed in black ink). In Verbal Interference part 2, words
are printed in incongruent colors (e.g. ―red‖ printed in blue ink, ―green‖ printed in red ink).
Total number of words correctly read served as the dependent variables for analyses.
Executive Maze Task: This task is a computerized adaptation of the Austin Maze (Walsh,
1991). Participants are presented with a grid (8x8 matrix) of circles and asked to identify the
hidden path through the grid. Distinct auditory and visual cues are presented for correct and
incorrect responses. The trial ends when the subject completed the maze twice without error or
after 10 minutes has elapsed. The dependent variables include the number of maze errors and
maze overruns.
Data Analysis
Generalized estimating equations (GEE) for panel data in Stata v10 were used to examine
cognitive function. GEE analyses all data at all timepoints simultaneously. All positively
skewed outcomes were log-transformed prior to analysis, but plots show raw scores. Any
outcome observations that were extreme outliers were excluded on analysis-by-analysis basis.
Measures of cold (i.e. core temperature, skin temperature, and reported thermal sensation) were
analyzed using repeated measures ANOVA for each of the 20 time points.
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RESULTS
GEE analyses showed that exposure to cold temperatures impacted performance on
multiple measures of cognitive function, including Digit Span, Choice Reaction Time, Verbal
Interference Part 1, and Verbal Interference Part 2. No effect was found for Executive Maze test
performance. See Table 1 below. For each of these tests, performance at ACE and REC-1 was
poorer than PRE-ACE and REC-2.
Table 1
Cognitive Test Scores
Measure
PRE-ACE
ACE
REC-1
REC-2
*Digit Span
7.38±1.36
7.08±2.51
7.19±2.28
7.88±2.97
*Choice React.
630.30±97.74 690.32±116.20 728.40±124.25
649.10±106.24
*Verbal Part 1
22.69±3.95
21.35±3.37
21.38±3.68
24.42±4.24
*Verbal Part 2
17.27±4.22
19.46±2.89
18.77±3.04
21.42±3.11
Maze Error Total
30.04±14.63 28.54±15.67 24.58±10.40
28.96±26.40
Maze Error Overrun
12.27±8.98
14.62±8.07
12.42±6.07
17.23±17.78
Note: Mean± Standard Deviation. * denotes significantly lower performance at ACE and REC-1 than
baseline and REC-2.

In terms of response to the cold temperatures, repeated measures ANOVA indicated a
significant change in core temperature [λ=0.02, F(19, 10)= 24.99, p<.001], skin temperature
[λ=0.01, F(19, 4)= 86.33, p<.001], and reported thermal sensation [λ=0.03, F(19, 8)= 16.02,
p<.001]. See Table 2 below. Core temperatures increased during ACE and slowly returned to
original levels at the end of the recovery period. Skin temperature and thermal sensation showed
a significant response to ACE, followed by a more rapid return to baseline levels.
Table 2.
Core temperature, skin temperature, and thermal sensation in 10 healthy young adults
Timepoint
Core Temperature Skin Temperature Thermal Sensation
Pre-ACE
36.65 ± 0.24
31.06 ± 0.30
4.05 ± 0.59
ACE 5min
36.85 ± 0.22
25.35 ± 1.33
2.58 ± 0.92
ACE 30 min
37.02 ± 0.21
23.07 ± 1.38
2.30 ± 0.84
ACE 60 min
37.00 ± 0.24
22.39 ± 1.41
1.97 ± 0.83
ACE 90 min
36.94 ± 0.22
21.95 ± 1.71
1.67 ± 0.77
ACE 120 min
36.86 ± 0.24
21.76 ± 1.58
1.62 ± 0.86
REC 5 min
36.84 ± 0.24
22.71 ± 1.41
2.43 ± 0.79
REC 30 min
36.71 ± 0.26
26.69 ± 1.24
3.40 ± 0.54
REC 60 min
36.56 ± 0.23
28.19 ± 0.94
3.78 ± 0.59
REC 90 min
36.53 ± 0.22
28.61 ± 0.80
3.81 ± 0.52
REC 120 min
36.54 ± 0.22
28.68 ± 0.86
3.91 ± 0.86
Note. Only a subset of the temperature and thermal sensation data is presented due to space
considerations.

CONCLUSIONS
Results from the current study indicate that cognitive function is reduced both during
acute exposure to cold temperatures and for a short period of time afterward. This pattern
emerged despite multiple measures of cold (e.g. core/skin temperatures, thermal sensation) being
similar to baseline levels. Such findings suggest that the physiological adaptations to maintain
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thermoregulatory homeostasis adversely impact cognitive function, though substantial future
work is needed to clarify the exact mechanisms. Researchers are particularly encouraged to
employ non-invasive measures of cerebral blood flow and circulating biomarkers.
Several methodological considerations may limit generalizability to other samples. As
the cognitive impact of cold temperatures remains poorly understood, the most appropriate
temperature and duration of cold exposure for examination has not been established. It is
possible that lower temperatures or a long duration may produce different findings. Additionally,
there is reason to believe that thermoregulation differs by racial/ethnic groups (Farnell et al
2008) and gender (Glickman-Weiss et al, 2000). and little is known about the impact of these
moderator variables on cognitive function in the cold.
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INTRODUCTION
It is well documented that sleep deprivation has a negative impact on cognitive
performance (Durmer & Dinges 2005). Research also suggests that individuals typically need
seven hours of sleep to maintain normal physiological function (Armstrong 2000). While the
effects of sleep deprivation are well documented its interaction with acute cold exposure is still
unclear.
The relationship between sleep deprivation and thermoregulation has only recently come
into focus. Castellani et al. (2003) examined shifts in body temperature threshold as a result of
numerous detrimental factors (i.e., negative energy balance, sustained activity and sleep loss).
They reported that during cold exposure following 84 hours of sustained operations,
thermoregulatory variables including metabolic heat production, shivering threshold, respiratory
exchange ratio and core temperature, were all lower than those exhibited during the control trial.
Young et al. (1998) also utilized multiple stressors (i.e., negative energy balance, sleep
deprivation and exertional fatigue) to examine soldiers‘ ability to thermoregulate in a cold
environment. They found that thermal sensation was more pronounced (soldiers felt colder)
immediately following 61 days of military training as opposed to the recovery cold exposure
trials (48 hours and 109 days post-training). Additionally, the acute affects of sleep deprivation
were documented by a significant decrease in rectal temperature during the cold exposure
following the training and to a lesser extent following 48 hours of recovery (Young et al. 1998).
More recently, Caine-Bish et al. (2005) examined the effects of acute cold exposure, following
33 hours of sleep deprivation, on hormone concentrations and metabolic rate. In contrast to
Castellani et al. (2003) and Young et al. (1998) they observed no change in rectal and skin
temperatures, heat production and thermal sensation due to sleep deprivation.
To date, little research has focused on the effects of sleep deprivation (> 36 hrs) in
conjunction with acute cold exposure on cognitive function. Consequently, this study evaluated
the cognitive impact of a repeated two hr cold challenge during 53 hrs without sleep.
METHODS
Eight healthy, young, non smoking males volunteered to participate in this study. The
subjects had a mean age of 22.8±1.7 yr, height (cm) of 178.6±11.9, mass of 81.0±10.0 kg, body
fat (DXA) of 16.7±4.8% and VO2max of 43.8±7.9 ml·kg-1·min-1. Each subject completed two
separate 60 hr trials in a counter-balanced design. In both trials volunteers reported to the lab at
2200 on the control day, having refrained from exercise and from consuming any alcohol or
caffeine 24-hr prior to reporting, completed familiarization training, slept overnight in the
laboratory (2200 – 0500) and then completed baseline tests (0530-0600). In each trial subjects
completed a 120 min Acute Cold Exposure (ACE) beginning at 0600 on each of three successive
days. In the control trial (CON) volunteers slept between 2200-0500 on the second and third
nights while in the sleep deprivation trial (SDEP) subjects were kept awake for 53 hrs following
awakening after the control night. Subjects were awakened at 0500 (after control sleep for SDEP,
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all days CON), received a light breakfast, had skin thermistors applied and a rectal thermistor
inserted 13-cm past the anal sphincter. Acute Cold Exposure (ACE) consisted of a 15 min
baseline period (BASE) followed by 120 min of exposure to 10°C in a semi-reclined position
wearing only shorts, socks and gloves in an environmentally controlled chamber (Neslab, Napa,
California). This was followed by a two hr ambient recovery period (25° C for 2 h). The Gagge
Thermal Sensation Scale (Gagge et al. 1967) a subjective measure of thermal sensation was
administered at min 5 and 15 of BASE and at min 5, 15, 30, 45, 60, 75, 90, 105, and 120 during
the ACE. The psychomotor vigilance task (PVT), a cognitive measure of sustained attention, was
administered prior to and at 10, 30, 75, and 105 min of ACE. Each PVT was five min in
duration with a random stimulus interval of 1-5 sec between presentations. The analysed
measures include, reaction time (RT), minor (MIN, 500-999 msec) and major (MAJL, >1000
msec) lapses. For the duration of this paper, Day 1, 2 & 3 correspond to ACE 1, 2 & 3.
RESULTS
Rectal Temperature (Tre)
Fig 1 illustrates the mean Tre, for CON vs SDEP in ACE 1, 2 & 3. There was a significant
main effect for time in SDEP ACE 1, 2 & 3 (p≤0.05) and group (p=0.02) as average BASE Tre
was significantly greater during SDEP than control. Two-way, repeated measures ANOVAs
revealed a significant condition (CON vs SDEP) x time interaction for Tre, (p = 0.02). Tre, was
significantly higher (p <0.05) in SDEP vs. CON at BASE and min 5 and 15 of ACE during Stage
2 of ACE and approached significance for the same time points in ACE 3 (p=0.07).

Mean Skin Temperature (Tsk)
As expected there was a significant main effect for time (p≤0.001) for all three ACE
stages regardless of condition. A significant overall condition x time interaction was observed
(p=0.02), however, post hoc analyses revealed no significant differences between conditions at
any time point.
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Thermal Sensation – Gagge Scale (TS)
There was a significant condition x time interaction (p=0.05), as well as a significant stage x time
interaction (p=0.02) for thermal sensation (Gagge Scale) with SDEP reporting feeling colder in
comparison to CON trial (p=0.01). Additionally, a significant main effect for time was also
observed (p≤0.001).
PVT Performance
Mean reaction time on the psychomotor vigilance task (PVT) for each test in ACE 1, 2 &
3 for CON and SDEP is presented in Fig 2. There was a significant main effect for condition,
stage and time (p≤0.05). SDEP resulted in a significant increase in RT which was exacerbated by
ACE seen as a significant condition x stage interaction (p=0.05).

As shown in Fig 3, minor lapses (response time ≥ 0.5 sec) on the PVT are presented for
CON and ACE 1, 2 & 3. There were significant main effects for condition (p=0.01), stage
(p=0.02) and a significant condition x stage interaction (p=0.04).
Fig 4 illustrates the mean number of MAJL (response time ≥ 1.0 sec) during each PVT in
CON and ACE 1, 2 & 3. There was a main effect of time across all three ACE stages (p=0.00),
indicating that as time in the cold increased MAJL increased regardless of condition (SDEP,
CON). Main effects for time (p≤0.02) and stage (p=0.04) were also identified in SDEP but not
in CON. Interactions for condition x stage (p=0.02) and stage x time (p=0.02) were also
identified. A separate two-way (condition x stage) ANOVA revealed a significant condition x
stage interaction (p=0.05) resulting from a significant increase in MAJL in SDEP as compared to
CON. In SDEP there was also a main effect for both stage and time (p≤0.02) which was not seen
in CON.
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CONCLUSIONS
SDEP had a significant impact on Tre, which was seen as an increase in baseline core
temperature on days 2 & 3. This increase was mitigated during ACE on Days 2 & 3. From these
data, it appears that SDEP affects an individual‘s thermoregulatory response in a cold
environment as the sleep deprived volunteers exhibited a higher Tre than during the control trial.
Core temperature did not significantly decrease during the two hr cold air challenge for either
group on any of the three days, however subjective cold scales (i.e., thermal sensation)
demonstrated an increase in the perception of cold in SDEP as time in the cold increased. All
categories of PVT variables degraded during the cold exposure for both treatments. However,
SDEP resulted in a significant interaction effect (treatment x time) for minor lapses (SDEP >
CON). Post Hoc analyses also identified a significant increase in both minor and major lapses on
day 3 in SDEP as compared to CON.
The results of this study demonstrate that exposure to cold, on three successive days, had
no significant effect on performance of a sustained attention task in individuals who were not
sleep deprived (CON). However, SDEP in combination with cold exposure resulted in a
significant decrement in reaction time and increased the number of minor and major lapses. In
addition, these decrements increased as a function of increasing time awake. However, the
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treatment by time interaction demonstrates that increasing time awake interacted with the cold
exposure resulting in even greater performance decrements. The lack of a decline in core
temperature during the cold exposures suggests that the individual was able to maintain
temperature homeostasis. Anecdotal staff reports of subject shivering suggest that this may have
had a negative impact on performance; however additional reports suggest that SDEP subjects
began experiencing micro-sleep with greater frequency as time awake and time in the cold
increase. In conclusion, SDEP had a significant negative impact on sustained attention which
was further exacerbated by acute exposure to the cold.
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Contact person: sarah.davey@port.ac.uk

INTRODUCTION
Subjective measurements of thermal comfort (TC) and temperature sensation (TS) are used to
assess thermal environments, but tend to have large inter-individual variability, making them
unsuitable for group descriptions of subjective feelings. As a consequence a more objective
measure of thermal perception would be useful.
Associations between electroencephalographic (EEG) activity and thermophyiological measures
have been well documented during rest (Dubois et al, 1980; Youngstedt et al, 1993). In addition,
Nielsen et al (2001), found a strong relationship between oesophageal temperature (Toes) and the
α/β index of electroencephalographic (EEG) activity during cycling in the heat. When a similar
protocol was followed, a relationship between the subjective measurement of rating of perceived
exertion (RPE) and Toes was established (Nybo & Nielsen, 2001). As TC and TS are correlated
with both Toes and RPE (via body temperature), the possibility exists that α/β index reflects TC
and TS rather than Toes.
The aim of this study was to determine if a relationship exists between α/β index, body
temperature, TC, TS and RPE during exercise in the heat. It was hypothesised that changes in
brain activity would be associated with TC and TS, rather than body temperature and/or RPE.
METHODS
Main Experimental design
Following ethical approval and informed consent, the EEG activity of fifteen cortical regions
were recorded (Trackit T24, Lifelines, UK) in five physically active males (age 23(1.3) yrs, mass
76.33(11.7) kg, height 178.1(9.5) cm, BMI 24.0(1.9) kg/m2) during three, 20 min periods of
cycling at work intensities that elicited 50, 75, and 85% of maximum heart rate, followed by 40
mins of rest. Each trial was conducted in 35oC air, 50% RH. Each participant wore a short
sleeved cotton t-shirt and Lycra cycling shorts.
EEG Application & Recordings.
Fifteen Ag/AgCl disk electrodes (Nihon Kohden NE-134A) were affixed to the scalp at sites
(Frontal: F4, F3, F7, F8, Cerebral: C4, C3, Cz, Parietal: P4, P3 Occipital: O2, O1, Temporal: T4, T3)
according to the international 10-20 classification system (Jasper, 1958). The electrodes were
secured onto the scalp by adhesive glue (SLE Collodion adhesive, UK) that was quickly dried by
a battery powered air dryer that blew cool air to avoid sweating. Each electrode was filled with
electrolyte conducting gel (Ten20 conductive paste A0009) by a large syringe and impendence
was kept below 8 kOhms. Impedence was monitored by the digitally displayed ambulatory
recording system prior to the start of the experiment, once the subject entered the chamber and
during the experimental trial. Each monopolar recording was referenced to Cz.
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Resting EEG was recorded for 2 mins (1 min with eyes open, 1 min with eyes closed) just prior
to the onset of exercise. During the exercise periods, EEG recordings were evaluated for 30 s in
the last minute of each exercise period. Thirty second EEG recordings were also taken during 2
min rest periods between each exercise period. During the 40 min post exercise period
(recovery/cooling period), 30 s EEG recording were taken at 4.5, 9.5, 19.5, 29.5 and 39.5 mins.
For each recording the participants were instructed to close their eyes and remain in a stable
upright position in both the resting and cycling periods.
Fast Fourier transformation was used to obtain power spectrum areas in α (8-13 Hz) and β (13-30
Hz) frequencies (Nihon Kohden Technology, Japan). Percentage change of α and α/β activity
from rest were used as indicators of arousal level (Nielsen et al, 2001)
Measurements
Measurements of TC, TS, RPE (See figure 1), HR, and rectal temperature (Tre) were taken
coinciding with the EEG recordings.

Figure 1. Digitalised Display of Thermal Perceptual Continuous Visual Analogue Scale (Davey et
al, 2007) and RPE Likert Scale (Borg, 1982)
Statistical Analyses
One-Way ANOVA with repeated measures and paired sample T-tests were performed to
evaluate differences within trials. After a significant F test, pairwise differences were identified
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using a Bonferroni post hoc procedure. Spearman‘s Rho correlation coefficient was used to
examine relationships between variables. Significance was accepted at P < 0.05 level. All data
were analysed using SPSS version 14.0 and are reported as mean ± SD.
RESULTS
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Figure 2. Relationship between F7 and F3 % change in α activity and delta rectal temperature during
both exercise and recovery period. = F7 and
= F3 (n=5).
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Figure 3. Relationship between F7 and F3 % change in α activity and delta RPE during both
exercise and recovery period . = F7 during exercise, X = F7 during recovery,
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during exercise,
= F3 during recovery (n=5).
During exercise Tre increased by 1.02 (0.30)oC to 38.51 (0.52)oC. During the recovery period, Tre
decreased by -0.34 (0.29)oC. Increases in Tre were associated with an elevated α activity in the
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frontal regions F3 (r = 0.567; P <0.001) and F7 (r = 0.660; P <0.001) in both the exercise and
recovery period (See Figure 2).
Elevations in % changes of α activity during exercise and RPE were also correlated in the frontal
regions of F3 and F7 (F3: r = 0.560; P <0.05; F7: r = 0.660; P <0.05). However, this relationship
did not exist during the cooling period (See Figure 3). This pattern was also evident in the
relationship between RPE and Tre; during exercise a significant association between the two
variables was established (r = 0.856; P <0.001), but a relationship was not present during the
recovery period.
No significant relationships between in ∆TC and ∆TS and % changes in α, β, and α/β activity
were established. However, significant relationships were evident between ∆TC and ∆ Tre and
RPE during exercise (r = 0.707; P <0.01 and r = 0.856; P <0.01, respectively).
In order to clarify the relationships between RPE, Tre and brain activity, comparisons of %
change in α/β activity were undertaken between the exercise and recovery periods when: 1) the
participants‘ Tre was at the same temperature 2) the participant‘s Tre differed by +1oC. If RPE
was the variable that drives changes in brain activity, it would be expected that a significant
difference would occur in both of the aforementioned analyses, as RPE is irrelevant during the
recovery period. However, at the same Tre, α/β activity was only significantly elevated at the
cortical region F4 (9.00 [22.37] % vs. 33.24 [10.66] %; P <0.05), but a 1oC increase in Tre caused
an increase (P <0.05) in α/β activity in the frontal regions, F3, F4, & F7 (F3: 4.31 [32.52] % vs.
58.99 [50.00] %; F4: 11.50 [12.68] % vs. 48.74 [17.12] %; F7: -7.59 [10.87] % vs. 55.04
[30.16] %; F8: 1.78 [17.22] % vs. 45.77 [24.12] %). This result suggests that Tre is the main cause
for changes in brain activity.
DISCUSSION & CONCLUSIONS
To the authors knowledge this is the first study that has examined the relationships between brain
activity and thermal perceptions during exercise in the heat. The results from the investigation
suggest that changes in brain activity are not a valid objective measurement of TC and TS.
Therefore, the experimental hypothesis is rejected.
In addition, in contrast to previous investigations (Nybo & Nielsen, 2001), during exercise in the
heat, brain activity appears to be associated with alterations in Tre rather than RPE. A stronger
correlation between TC and RPE, than TC and body temperature supports previous evidence that
suggests that the subjective measurement of RPE is not just reflective of several physiological
processes involved during dynamic activity, but also encompasses other perceptual feelings such
as discomfort (Robertson, 1982), including thermal discomfort (Armada-da Silva et al, 2004). It
also indicates that reducing thermal discomfort should enhance exercise performance.
Finally, the results further support the conclusions that changes in brain activity in response to
increasing body and local skin temperatures are localised in the frontal regions of the brain
(Craig et al, 2000; Nybo & Nielsen, 2001)
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INTRODUCTION
Vertical temperature differences exist in our daily thermal environment, and ISO and ASHRAE
suggests that the temperature of the lowest level of air (at foot height) should not be lower than
that at the head. During the winter season in Japan, a heater aimed at warming the lower body,
known as a ―Kotatsu,‖ is commonly used, so Japanese are often exposed to great differences in
vertical temperature. In this study, we conducted subjective experiments to investigate the effects
of lower body warming on physiological and psychological responses of human subjects.
METHODS
Experimental Conditions and Measured Items
The experiments were conducted in a climate chamber at Kyushu University. An airconditioning box (AC box) was installed in the chamber, and the inside temperature of the box
(Tbox) was set and kept separately from the temperature of the rest of the climate chamber. The
temperature of the climate chamber was set at 14ºC, and that of the Tbox was set at 14 ºC, 23 ºC,
32 ºC, 41 ºC, or 50ºC. The subjects were 8 healthy Japanese male university students.
Physiological response was assessed by measuring the skin temperature, rectal temperature,
blood pressure, heart rate, ECG for analysis of heart rate variability (HRV), salivary Ig-A, and
cortisol concentration. We also asked for subjective responses regarding thermal sensation,
thermal comfort, and fatigue including sleepiness. Subjects performed a Sternberg memory
search task on a PC for 20 minutes while sitting in the AC box. Figure 1 shows a sketch of the
AC box.

Figure 1. Sketch of the air-conditioning box
Experimental Protocol
Subjects sat on a chair in the AC box for 90 minutes. During the experiments subjects wore 0.7
clo clothes and remained seated. Figure 2 shows the experimental protocol and measurement
items.
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RESULTS AND DISCUSSION
Distribution of the Skin and Rectal Temperature
Figure 3 shows the distribution of the skin and rectal temperature after 90 minutes of exposure.
The mean skin temperature was calculated using the Hardy & DuBois 12-point formula. Each
subject‘s forehead, chest, back, upper arm, back of hand, and finger were exposed to the 14ºC
ambient temperature, and the thigh, shins, calf, foot, and toe were kept inside of the AC box and
exposed to the target temperature, Tbox. The higher the Tbox was, the higher the distal
temperature both in hands and legs.
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Figure 3. Distribution of the skin temperatures
Changes in the Cortisol Concentration
Figure 4 shows the time courses of mean cortisol concentration. When Tbox was 14ºC, 23ºC, or
32ºC, the cortisol concentration decreased gradually, but when Tbox was 41ºC or 50ºC, the
cortisol concentration did not decrease. Two-way analysis of variance revealed a significant
main effect of time, but there were no significant differences in Tbox and interaction of Tbox
and time.
Results of Memory Search Task and Fatigue Vote
Figure 5 shows the mean of the total numbers of correct answers in the Sternberg memory search
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task performed for about 20 minutes. There were no significant differences in Tbox, but
compared to the other conditions, the mean value was slightly smaller when Tbox was 50ºC.
Figure 6 shows the time courses of the mean score of sleepiness. Two-way analysis of variance
revealed a significant main effect of time, but there were no significant differences in the
interaction of Tbox and time. Compared with when Tbox was 14ºC or 23ºC, the sleepiness score
was higher when Tbox was 32 ºC, 41 ºC, or 50ºC after 20 minutes of exposure.
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Thermal Sensation and Comfort
Figure 7 shows the relationship between Tbox and subjective vote after 90 minutes of exposure.
The higher the Tbox became, the higher the thermal sensation votes were. Based on the
correlation between Tbox and thermal sensation, the neutral thermal vote was given when the
Tbox was 38.1ºC. Also, based on the relationship between the Tbox and thermal comfort vote,
the maximum comfort vote was given when the Tbox was 35.6ºC. When the Tbox was 32 ºC or
41ºC, the mean skin temperature was approximately 33-34ºC (Figure 3). Therefore, even though
a vertical ambient temperature difference existed, the thermal neutral vote was given when the
mean skin temperature was approximately 33-34ºC.
Comparison with Previous Studies
To compare our findings with the data of previous studies on vertical thermal comfort, we
formulated the weighted ambient-box temperature (Twab), which was defined as follows:
Twab=Upper ambient temperature*0.488+Lower box temperature*0.512
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The coefficient values, 0.488 and 0.512, were calculated from the data of Japanese upper and
lower body surface area, respectively (Kurazumi et al, 1994).
Figure 8 shows the relationship between Twab and subjective votes. In all studies, similar
distributions are seen and the neutral thermal sensation is given in the Twab of 23-26ºC
respectively. In the same way, maximum thermal comfort votes are given when the Twab is
between 24 ºC and 25ºC, approximately.
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current study
CONCLUSIONS
1. Within the experimental conditions in this study, Tbox should be between 32ºC and 38 ºC for
best thermal comfort and physiological responses.
2. We defined the Twab, and in both previous studies and the current study, optimum conditions
are given when the Twab is 24-25ºC
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THE EFFECT OF TWO CYCLING HELMETS ON
THERMOREGULATION AND THERMAL PERCEPTION DURING
EXERCISE IN WARM AND HUMID CONDITIONS
D. Jason Gillis, Martin J. Barwood, Geoffrey M. Long & Michael J. Tipton
Department of Sport and Exercise Science University of Portsmouth, England, UK.
Contact person: jason.gillis@port.ac.uk
INTRODUCTION
Aerodynamic cycling helmets are often poorly ventilated. This raises the question of whether the
benefit from the improved aerodynamics is offset by the potential detrimental effect on
thermoregulation. Few investigations have assessed the thermoregulatory consequence of
wearing poorly ventilated aerodynamic cycling helmets versus standard helmets. In 1992,
Rodahl et al. found head skin temperatures to be significantly higher in participants who cycled
indoors whilst wearing a helmet, compared to when not wearing a helmet. More recently,
Bruhwiler et al. (2006) have suggested that all cycling helmets act as barriers to head cooling,
although these conclusions were primarily drawn from data collected using a temperature
calibrated manikin head form, equipped with a cycling helmet and placed in a wind chamber.
In contrast to the above, Gisolfi et al. (1988) had participants exercise indoors (33°C, 10% RH)
for 2 hours at 70% of their VO2max with a fan providing airflow. Participants underwent two
conditions: without helmet; or wearing a minimally ventilated helmet. Gisolfi et al. found that
wearing a helmet did not alter thermal balance. Likewise, Sheffield-Moore et al., (1997) had
participants cycle with and without a helmet for 1.5 hours at 60% VO2peak in the heat (35°C, in
low [20%] and high [70%] relative humidity) and found no adverse impact on deep body
temperature, head skin temperature and sweat rate when a helmet was worn.
Far fewer investigations have considered the effect of a cycling helmet on thermal perception,
and those that have offer contradictory findings. For example, Sheffield-Moore et al., (1997) did
not observe any increase in heat perception amongst cycling participants who wore helmets,
while Gislofi et al. (1988) found that poorly ventilated helmets produce a greater perception of
thermal discomfort.
Conclusions surrounding the thermoregulatory and perceptual impact of wearing poorly
ventilated cycling helmets remain equivocal, and due in part to poor helmet descriptions,
generalizing findings is problematic. Therefore, the primary aim of the present research was to
assess the effect of wearing a well-ventilated cycling helmet (Specialized Decibel) versus a less
well-ventilated, more aerodynamic helmet (Giro, Advantage) on deep body and skin
temperatures and thermal perceptions, in mildly heat stressed humans.
For the purposes of this investigation, only the thermoregulatory impact of wearing the Giro
Advantage aerodynamic cycling helmet, versus a standard Specialized Decibel cycling helmet
was assessed. The aerodynamic characteristics of the helmets were not measured as this has been
done previously. It was hypothesised that no differences in thermoregulation would be observed
in participants wearing the two helmets.
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METHODS
Physical model
To precisely quantify the difference in cooling rates between each helmet, a physical model was
developed. The model was placed in a room (20 C, 40% relative humidity), heated to 37 C and
allowed to cool on three separate occasions. First, the physical model cooled in a controlled
condition with NO helmet. Secondly, the model cooled with the Specialized, Decibel helmet
placed upon it. Thirdly, the model was cooled with the Giro, Advantage cycle helmet placed
upon it. Skin thermistors were placed at 5 locations around the model and one location inside of
the model.
Human testing
A counter-balanced repeated measure design was employed. Six volunteers were recruited from
the University of Portsmouth student and staff population. Participants of were healthy, non-heat
acclimated males with a mean (sd) age and weight of 24yrs (9.7) and 72.8kg (8.57) respectively.
This study received approval from the University of Portsmouth Ethics Committee and all
participants provided written informed consent.
Participants visited the Environmental Laboratory on three occasions. On their first day they
completed a peak power test. On the second and third day they completed 80 minute trials in the
heat (31°C, 70% relative humidity). Over the latter two days, which were separated by 24 hours,
each participant wore either the Specialized Decible Cycling Helmet (December 2006, 54-60cm,
medium size. The helmet features a total of 19 ventilation holes and weighs 265g) or the Giro
Advantage Cycling Helmet (January 2008, 59-63cm, large size. The helmet features a total of 5
ventilation holes and weights 466g) (see Figure 1).

Figure 1. Cycling helmets investigated
During each trial participants reported to the laboratory wearing T-shirt, shorts and trainers. Prior
to the first trial, participants were asked to perform a peak work (Wpeak) test on a cycle ergometer
to allow experimental workloads to be determined. Percentage (45%) of peak work rate (W45%)
values were then determined. During each experimental condition participants were asked to
cycle on a stationary bicycle fixed to a Computrainer that provided a quantifiable load (Watts) to
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the rear wheel. Participants were asked to cycle at W45% until they either reached a deep body
temperature of 39°C, or until one hour passed. During the 60 minutes of cycling participants
were asked to alternate between an aerodynamic cycling position (resting on aero-bars) and a
standard cycling position (hands on handle-bars) every 15 minutes (see Figure 2 for experimental
timeline).

Figure 2. Experimental Timeline
Participants identified their thermal comfort (TC) thermal sensation (TS) and rate of perceived
exertion (RPE) using visual analogue scales every 10 minutes. Rectal temperature (Tre) was
measured using a rectal thermistor inserted 15cm beyond the anal sphincter. Skin temperature
(Tsk) was measured by fixing thermistors to the left side of the body at the chest (Tchest), medial
inside forearm (Tforearm), medial thigh (Tthigh) and calf (Tcalf) (Ramanathan, 1964). Mean skin
(MST) (Ramanathan, 1964) and mean body (MBT) (Colin et al., 1971) temperature were also
calculated. Heart rate (HR) was measured using a heart rate monitor (Polar, Finland).
The helmet climate (HC) was monitored by placing skin thermistors at the following 4 locations
in a hairnet: Forehead (HCforehead), Crown (HCcrown), Back of head (HCback) and Right temple
(HCtemple). The hairnet was placed on the participants head, under the helmet.
Normality of the data sets were tested using the Kolmogorov-Smirnov test. Within subject
analysis of Time and Condition was undertaken by analysis of variance (ANOVA) using the
statistical software package SPSS 15. MST, Tre and MBT data were compared at the time points:
25, 30, 35, 40, 45, 50, 60 and 70 minutes. Helmet climate data were compared at time points 10,
20, 25, 30, 35, 40, 45, 50, 60 and 70 minutes. TC/TS and HR data were compared every 10
minutes starting at minute 25 and ending at minute 75. Post hoc pair-wise comparisons were
used to detect the direction of any significant effects. The alpha level for all statistical tests was
set at P<0.05.
RESULTS
Physical model
Figure 3 shows the cooling rates of the physical model whilst under the three different conditions.
When the physical model was allowed to cool without a helmet, its cooling rate was the fastest.
When the Specialized helmet was worn the cooling rate was slightly slower than when no helmet
was worn. When the Giro helmet was worn the cooling rate was the slowest.
Human testing
All data sets were normally distributed. The data from one participant was excluded from T re,
MST and MBT calculations due to an incomplete dataset. No significant differences (P<0.05)
were found between conditions in HR, Tre, MST, MBT (Figure 4), helmet climate, TC (Figure 5),
or TS (Figure 5).
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Figure 3. Physical model cooling rates of the two helmets and a control condition.
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Figure 5. Mean thermal comfort and thermal sensation score between conditions (n=6)
CONCLUSIONS
The major aim of this research was to compare two different cycling helmets (Specialized,
Decibel and the Giro, Advantage) in mildly heat stressed humans, in order to identify which
enables the greatest cooling and perceptions of thermal comfort/sensation.
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Although the Giro helmet presented a slightly greater physical barrier to heat loss in comparisons
with the Specialized cycling helmet when physically modelled, this was not reflected in any of
the measurements taken in our human tests. That is, the barrier to heat loss represented by the
Giro helmet was not large enough to compromise the human thermoregulatory system. Wearing
the less well ventilated Giro helmet did not result in deep body, skin and mean body
temperatures that were significantly different from those seen when the Specialized helmet was
worn. Thermal perceptions also did not differ between conditions.
In the conditions of the present experiment, the hypothesis that the Giro cycling helmet is not
significantly different from the Specialized cycling helmet, in terms of body temperature
regulation, is supported.
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A COMPARISON OF DATA COLLECTION METHODS FOR
MEASURING THERMAL COMFORT ON TRAIN JOURNEYS
Lisa Kelly, Rebecca Dilloway, Ken Parsons
Environmental Ergonomics Research Centre, Loughborough University, Loughborough, Leics,
LE11 3TU
Contact person: L.Kelly@lboro.ac.uk
INTRODUCTION
Traditionally measurement of subjective thermal comfort has been carried out using paper-based
questionnaires (Underwood and Parsons 2005). For this reason, preliminary trials were
conducted on trains with paper questionnaires recording subjective thermal comfort. The trials
revealed that this method may not be suitable under certain journey conditions (e.g. inclement
weather, when standing on a platform or getting on and off the train). For this reason, other
methods of data collection were examined.
Personal Digital Assistants (PDAs) have been increasingly used in research when obtaining
subjective information (Bernhardt et al. 2007, Dale and LeFlore 2007, Jamison et al. 2001,
Raymond and Ross 2000, Trapl et al. 2005) as they can significantly reduce transcription time.
In addition, missing data can be eliminated and entries can be time and date stamped enabling
detection of entries completed retrospectively. Verbal reports have also been used in research
(Ericsson and Simon 1980, Ryan and Haslegrave 2007) as they can provide a rich data source as
well as extending the potential experimental population to those with reduced reading and
writing skills. Verbal reports are also a way of capturing subjective responses when paper-based
or PDA systems are impractical to use.
The experiment aimed to determine whether PDAs and verbal reports are suitable for collecting
thermal comfort information on train journeys. The experiment was also designed to establish
which method would be most preferred by participants‘ for use on train journeys.
METHODS
A repeated measures design was employed using 9 males and 9 females. Mean age of the total
group of participants was 26.67 years (± 8.6) (male mean = 30.88 years ± 10.7; female mean =
22.46 years ± 1.66). The experiment was conducted during February and March 2008.
Participants were asked to attend the laboratory at the same time of day on three separate
occasions, using a different data collection method each time. The order of presentation of the
methods was determined by 6, 3x3 latin squares. Participants wore their own clothes which were
the same for each test session and were seated throughout their time in the chamber. Participants
were exposed to the same environment on each test session and the conditions inside the
chamber were varied in an attempt to replicate the changing environment on a train. See Figure
1 for chamber set-up.
On entering the chamber, the participant completed the first part of the questionnaire
immediately. Subsequent sections were completed every 15 minutes after this without
prompting. Participants were provided with a clock to enable them to complete the next section
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when required. Following completion of the hour in the chamber, each participant completed a
questionnaire rating the method used, on a number of different scales.
Air conditioning unit
Radiation

2230mm
2440mm

2995mm

Figure 1 Chamber set-up
Physical parameters were logged using an Eltek/Grant squirrel data logger at 1 minute intervals.
Air temperature was measured using shielded thermistors at 3 points beside the participant. A
HUMICAP (by Vaisala) 180 meter measured relative humidity. Air velocity was measured
using a Biral hot wire anemometer. Radiant temperature was measured using a black globe
thermometer.
Three methods of data collection were compared during the experiment: Paper, PDA and Voice
recorder. The paper questionnaire consisted of an A5 booklet, split into sections, containing
questions concerning subjective assessment of thermal comfort. Each section was placed on a
separate page to aid completion. Participants were required to select their answer either from
pre-coded options or write their response in the relevant area. Subjective scores were recorded in
a table provided in each section using scales supplied on the front page of the booklet. Scores
for overall sensation and any particular areas of discomfort could be written in the table rows.
An HP iPAQ 114 Classic Handheld PDA was used. The questionnaire was located in a Microsoft
Excel workbook and was identical to the paper-based questionnaire. Separate sections were
located in different worksheets and labelled accordingly. Participants were required to input
answers in the relevant sections using the stylus and on-screen keyboard. The PDA also had an
associated prompt sheet showing the thermal scales.
The Philips Voice Tracer 7655 was used during the experiment. An associated prompt sheet
reminded participants of information to provide (e.g. time, date) as well as the thermal scales.
Participants either stated the value (e.g. a rating of ‗2.5‘) or the associated label (e.g. ‗Warm to
Hot‘) for each scale.
The six subjective scales used to assess subjective thermal comfort were: sensation, preference,
pleasantness, comfort, stickiness and draught (ISO 10551 2001). Participants' were required to
assess how they felt using the scales and provide an appropriate corresponding score.
Performance criteria for the data collection methods were set prior to the experiment: (1)
Preference – assessed using questionnaires; (2) Reliability – errors in data recording e.g. missing
data; (3) Time – the final time taken for each participant to complete the method.
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RESULTS
The environmental conditions in the chamber throughout each experiment were consistent (see
Figure 2) it can, therefore, be concluded that any differences in subjective scoring should be due
to method alone.

Figure 2 Air temperature per condition
Thermal sensation: Participants‘ gave thermal sensation scores according to a 7-point bi-polar
scale (-3 = cold, 0 = neutral, +3 = hot) (ISO 10551 2001). Figure 3 shows the average thermal
sensation scores according to method. The graph shows that when scoring on the PDA, people
tended to choose higher values than when using the other two methods.

Figure 3 Mean thermal sensation scores by method
A Friedman‘s ANOVA determined no significant difference in scores at time points 2, 4 and 5.
However, statistics indicated there were significant differences at time points 1 and 3 (p=0.032
and p=0.038 respectively). The post hoc Wilcoxon Signed Ranks test determined a significant
difference in scores at time point 1 between the paper method and the PDA (p=0.033) and the
voice method and the PDA (p=0.018). At time point 3 there is a significant difference in scores
between the paper method and the PDA (p=0.006). Results indicated that people score higher
when using the PDA at time points 1 and 3.
Performance criteria: Results for the performance criteria are shown in Table 1. For the
preference scores, a low number indicates the participants‘ rated this method positively.
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Table 1 Performance criteria results
Preference - Easy to use
- Easy to incorporate into journey
- Comfortable using it on a train
- Need practise
- Awkward to use
- Negative impact on journey
Reliability – missing or ambiguous data
Time taken – final completion time (secs)

PDA
3
1
1
3
3
1
4
140.9
(SD=59.6)

Paper
2
2
2
1
1
2
0
70.4
(SD=32.9)

Voice
1
3
3
2
3
3
14
74.4
(SD=20.7)

CONCLUSIONS
Subjective scoring: As the paper method has been previously tested it was considered to be the
‗gold standard‘ against which the other two methods should be assessed. The results have shown
that, at certain points, there are significant differences in subjective scoring, when using different
methods. However, in practical terms, the differences are relatively small and may not be
practically significant. It is reasonable to conclude, therefore, that all three methods are valid in
measuring subjective thermal comfort.
Preference and Usability: Participants rated the voice recorder as the easiest method to use;
however, there was a lack of confidence using it and it was noted that it would be the most
difficult to incorporate into a journey. It was also rated as the method they would feel most
uncomfortable using on a train due to the embarrassment of talking in public. This result may
have been affected by the nature of the information discussed, rather than participants‘ being
uncomfortable talking in public (as many people are happy to talk openly via mobile phones). It
was also noted that other passengers may find the talking an irritation. It is therefore important
to consider the context of the environment and the nature of information being communicated
when considering employing this method. It was felt the voice recorder would have the most
negative impact on a train journey which, again, could be due to embarrassment rather than the
method itself.
Participants felt confident using the paper method; however, many noted that its ease of use was
affected by the need to have a hard surface to write on. Interestingly though, it was rated as the
least awkward method to complete. The paper questionnaire was rated as the method requiring
the least amount of practise; which may be due to participants‘ familiarity with completing
paper-based questionnaires. When considering the journey, paper was rated as the least suitable
method at most journey stages (e.g. when standing on the platform). These results reinforce
information determined during preliminary work. Overall participants rated the paper method
quickest to complete which corresponds with the actual completion times obtained.
The PDA was rated as the easiest method for incorporation into a train journey, in addition to it
being the method participants felt most comfortable using on a train. It affords participants a
greater level of privacy and is inconspicuous among other rail users, who may also be using
similar technologies. As a result, it was also rated the method having the least negative impact
on the journey as a whole. Conversely, it was rated as the method least easy to use and
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highlighted as requiring the most practise for effective use. This aspect must be considered
should the method be employed in future.
These results indicate that participant‘s method preference can be determined by more complex
factors than usability alone. Aspects, such as the ability to blend-in and situations that may cause
embarrassment were key drivers in participant‘s decisions of preference. It is the experimenter‘s
role to limit negative aspects and promote the positive attributes of a particular method, in order
to elicit accurate responses from participants‘ ensuring results are not confounded by other
factors.
Objective measurements: From a total of 1788 data points from the subjective scales 4 data
errors occurred on the PDA and 14 when using the voice recorder. The PDA errors generally
consisted of data entry problems which could be mitigated with software preventing invalid data
being entered. Missing data was the main source of error on the voice recorder, with participants
omitting to report a score. Ambiguous answers were also an issue when transcribing the data. A
more thorough training procedure and stressing the importance of accurate responses could
lessen these errors.
The time of completion for each method determined the paper questionnaire was quickest,
followed by the voice recorder. The PDA took the longest, however, participants noted that this
could be a positive feature as it provides an activity, on what could otherwise be, a monotonous
train journey.
The results of the experiment have shown the PDA to be the method most preferred by
participants. They noted how they would be able to blend-in and integrate the PDA with their
train journeys. There are however negative aspects of this method as it may be difficult to
complete at certain points of the journey. Further field work is required to determine whether
this method (or a combination of methods) is suitable for a real-world rail journey.
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THERMAL COMFORT WHEN BOARDING TRAINS – PRELIMINARY
DATA
Lisa Kelly, Simon Hodder, Ken Parsons
Environmental Ergonomics Research Centre, Loughborough University, Loughborough, Leics,
LE11 3TU
Contact person: L.Kelly@lboro.ac.uk
INTRODUCTION
Subjective information about thermal comfort, in steady-state conditions, on trains has been
studied (Stennings 2007, Underwood and Parsons 2005) but little is known about comfort
immediately after boarding a train. Two studies were conducted examining thermal sensation
following a change of environment:
1. A laboratory experiment designed to simulate the transition between two thermal
environments
2. A field experiment to collect data whilst boarding trains
METHODS – EXPERIMENT 1
A repeated measures design was employed using 6 females, mean age 23.3 years (SD=2.6), the
experiment was conducted from January to February 2009. Participants were asked to attend the
Environmental Ergonomics laboratory at the same time of day on three separate occasions, each
time presented with a different thermal condition. The order of conditions was determined by 2,
3x3 latin squares. Experimental conditions were set which gave predicted mean votes (PMV) of
+2 warm, 0 neutral and -2 cool (ISO 7730). Participants‘ wore a standardised clothing ensemble
for the experiment (jeans 100% cotton, t-shirt 100% cotton, jumper 70% cotton 30% polyester)
and wore their own trainers and socks. Environmental parameters were logged using an
Eltek/Grant squirrel data logger at 10 second intervals. Skin temperature was measured at one
second intervals using the Ramanathan 4 point method. Participants‘ were then weighed nude
then clothed prior to entering the chamber. Subjective ratings of sensation, preference,
pleasantness, comfort, stickiness and draught were reported before, immediately after and every
5 minutes after entering the chamber until 30 minutes had passed. Participants were weighed pre
and post exposure, for five minutes at the end of the experiment and nude once more.
RESULTS
Table 2 shows the mean (and standard deviation) environmental conditions inside the chamber
for each of the test sessions. The table shows little variance in environment for each of the three
test conditions.
Table 2 Mean environmental conditions –thermal chamber
Neutral
Warm
Cool
24.72 (0.49)
30.95 (0.19)
18.13 (0.46)
ta
24.75 (0.72)
30.77 (0.36)
18.30 (0.46)
tr
0.19 (0.04)
0.19 (0.04)
0.21 (0.04)
Air velocity
49.26 (1.44)
31.32 (5.71)
68.7 (5.17)
RH
0.1
1.8
-1.7
PMV
Table 3 shows the mean conditions outside the chamber overall, and per condition, and indicates
that the environment outside the chamber was relatively stable overall.

593

Proceedings of the 13th International Conference on Environmental Ergonomics, Boston (USA), August 2-7, 2009

Table 3 Mean environmental conditions – outside chamber
Neutral
Warm
Cool
17.61 (1.01) 17.88 (1.06) 16.94 (1.56)
ta
17.65 (0.96) 17.93 (1.07) 16.98 (1.43)
tr
0.02 (0.15)
0.02 (0.01)
0.02 (0.02)
Air velocity
37.63 (5.75) 38.17 (2.51) 44.40 (4.34)
RH
-1.7
-1.6
-1.8
PMV
Sensation: Sensation scores at 30 minutes and on exiting were analysed using a Friedman‘s
ANOVA which determined a significant difference in sensation (p=0.001). A post-hoc
Wilcoxon Signed Ranks test established that this occurred in the Neutral and Warm conditions
(p=0.027 and p=0.028 respectively).
Mean skin temperature and sensation: Figure 4 compares mean skin temperature and sensation
at 30 minutes and immediately after exiting. The coloured lines indicate the condition which
preceded the exit. It can be seen that although mean skin temperature during the warm exposure
(AMV=1.9) was higher (1˚C) than that in the neutral condition (AMV=0.8), the sensations
reported when exiting the chamber were the same (AMV=-1.3) is higher following the warm
condition, the same sensation as the neutral condition is experienced. The cool condition shows
no real change in sensation as well as a higher sensation score on exiting than the other two
conditions.

Figure 4 Mean skin temperature, Actual Mean Vote and Predicted Mean Vote
Sensation and Predicted Mean Vote: Results show that PMV model inaccurately predicted
sensation in the cool condition both inside and outside the chamber (see Figure 4). Results for
the warm and neutral conditions corresponded to PMV values both inside and outside the
chamber.
Mass: In all conditions participant‘s mass increased after entering the chamber and decreased
during the experiment. During the five minutes of weighing at the end of the experiment, mass
fluctuated in all three conditions. The cold condition has the greatest mass loss and the greatest
amount of sweat trapped in clothing (see Table 4) and the neutral condition has the greatest
amount of sweat evaporated.
Table 4 Mass
Mass
Wet weight of clothing
Dry weight
Sweat
Sweat
Loss
of clothing
trapped evaporated
(nude)
1
2
3
4
5
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0.042
(0.015)
0.045
W
(0.028)
0.058
C
(0.074)
N

1.860
(0.221)
1.843
(0.197)
1.857
(0.220)

1.870
(0.225)
1.867
(0.218)
1.896
(0.228)

1.870
(0.224)
1.864
(0.217)
1.900
(0.223)

1.870
(0.227)
1.861
(0.218)
1.899
(0.222)

1.867
(0.224)
1.864
(0.216)
1.898
(0.224)

1.870
0.010
(0.223) (0.013)
1.863
0.024
(0.215) (0.027)
1.895
0.039
(0.226) (0.084)

0.032
(0.013)
0.021
(0.009)
0.019
(0.015)

CONCLUSIONS
It can be seen from Table 3 that although outside conditions were similar, sensation scores
following the cool condition were noticeably different (although not significant). This, therefore,
indicates that people moving into an environment that is similar to the one they have previously
inhabited, may find it more thermally acceptable than PMV would predict. PMV did predict the
gradient of sensation change for all three conditions and more accurately predicted sensation in
the neutral and warm conditions (both inside and outside the chamber). So, when people move
to an environment where conditions differ from the previous one, PMV may be able to predict
sensation immediately after entering.
Results indicate that although there is no change in skin temperature, for both the warm and
neutral conditions, there is a sharp decrease in sensation on exiting the chamber. Interestingly,
the final sensations for the warm and neutral conditions were almost exactly the same even
though skin temperatures and previous sensation scores were different.
METHODS – EXPERIMENT 2
The field experiment consisted of two train journeys involving experimenters and two
participants travelling on a train, participants recorded their thermal comfort on the platform,
when boarding and when alighting the train. Experimenter 1 boarded the train at the previous
station to measure the environment on the train; the other recorded the conditions on the platform.
The equipment used to measure the environment was the same as used in Experiment 1 with the
logging interval set to 1 second. Experimenter 1 completed a return journey from Loughborough
to Leicester, Experimenter 2 and the two participants completed a return journey from Sileby to
Syston(see Figure 5 for train line diagram).
An independent measures design was employed on mornings during March 2009 with four
females (mean age 23.65, SD=1.88) who had already completed the laboratory experiment. The
methodology employed was similar to Experiment 1; participants attended the Environmental
Ergonomics laboratory and the five thermistors were attached to the skin and the same clothing
ensemble was used. These were attached to an Eltek/Grant data logger logging at 1 second
intervals. Participants were required to record their thermal comfort with an abbreviated
selection of the scales used in Experiment 1 (using only sensation, preference and stickiness).
Due to the nature of the experiment, it was necessary to extend the sensation scales to +5 and -5
to accurately record sensation in outside environments. An Olympus WS-110 voice recorder
was used to verbally record thermal comfort information; and enable any changes in sensation to
be rapidly recorded.
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Leicester
Syston
Silebv
Figure 5 Train line diagram
After participants were prepared with the equipment, all members travelled to Loughborough
station where Experimenter 1 was left to board the train. Experimenter 2 and the two
participants then travelled to Sileby station. On arriving at the station, subjective thermal
comfort information was recorded at 5 minute intervals for approximately 25 minutes until the
train was in sight. Once the train could be seen, participants continually recorded information as
the train pulled into the platform, whilst boarding and as the train pulled away from the platform.
Participants then recorded information as they alighted the train at the next station; this
procedure was repeated for the return journey.
RESULTS
Two experiments were conducted on two separate days; the environmental conditions on the
train are shown in Table 5. The table shows that environmental conditions on the train were
almost exactly the same.
Table 5 Mean environmental conditions – on the train
Journey 1
Journey 2
19.42 (0.30)
19.42 (0.30)
ta
18.84 (0.37)
18.83 (0.38)
tr
0.05 (0.08)
0.05 (0.07)
Air velocity
45.10 (0.91)
45.12 (0.90)
RH
-1.2
-1.2
PMV
The environmental conditions on the platforms are shown in Table 6, for each experiment there
are two sets of conditions for the two stations. The table shows that each day was cold, damp
and had a low mean radiant temperature.
Table 6 Mean environmental conditions – on the platform
Journey 1
Journey 1
Journey 2
Journey 2
Sileby
Syston
Sileby
Syston
8.77 (0.23)
10.43 (0.04)
8.32 (0.11)
9.30 (0.19)
ta
12.10 (0.59)
12.04 (0.47)
8.68 (0.20)
9.91 (0.26)
tr
0.28 (0.13)
0.26 (0.16)
0.58 (0.57)
0.66 (0.36)
Air velocity
79.87 (0.37)
78.05 (0.13)
75.72 (1.65)
66.21 (0.64)
RH
N/A
N/A
N/A
N/A
PMV
Sensation: The sensation scores for participants are shown in Figure 6, with the changes over the
course of the experiment illustrating a sensation ‗profile‘ for each participant. The two peaks on
the graph indicate sensation when boarding and sitting on the train. The graph shows that all
participants have an increase in sensation upon boarding the train which then decreases after they
have been sitting in the carriage for a few minutes.
Mean skin temperature: Participants‘ mean skin temperature for both experiments is shown in
Figure 7. Once on the platform, there is a gradual cooling of the skin until boarding the train
where there is a sudden peak which continues until the participants‘ alight at the next station.
CONCLUSIONS
The data obtained regarding the environmental conditions on the train suggest that, on an
overcast day, the environment is relatively constant. Outside conditions for the second
Loughborough
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experiment were slightly cooler that the first, however, subjective scoring did not reflect this.
After boarding the train, subjective scoring showed a peak in sensation which then decreases
(also termed an ‗over-shoot‘ in sensation). This effect has not been previously seen in field
studies because the sampling rate has not been at a high frequency. This effect has been noticed
in laboratory studies; further data collection will determine whether this occurs under all
environmental conditions.

Figure 6 Sensation scores during field experiment

Figure 7 Mean skin temperature during field experiment
Mean skin temperature gradually decreases whilst participants were standing on the platform and
reaches an approximate minimum of 28°C. On boarding the train, skin temperature rapidly
increases until the participant alights again where there is a rapid decrease in temperature,
coinciding with a decrease in thermal sensation.
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THE INFLUENCE OF THE RATE OF TORSO SKIN TEMPERATURE
CHANGE ON THERMAL PERCEPTIONS WHILST EXERCISING IN
THE HEAT
Sarah L. Davey, Martin J. Barwood, Michael J. Tipton
University of Portsmouth, Department of Sports & Exercise Science, Portsmouth, UK.
Contact person: sarah.davey@port.ac.uk
INTRODUCTION
It is well established that regional cooling using personal cooling garments, such as ventilated or
water perfused garments, can reduce thermal strain and improve thermal comfort whilst working
or performing physical activity in a hot environment (McLellan et al, 1999). Traditionally,
regional cooling delivered by personal cooling garments has been provided in a continuous
manner. However, recently it has been reported that providing regional cooling intermittently is
just as effective in reducing thermal strain as continuous cooling (Vernieuw et al, 2007).
Providing cooling intermittently improves the overall power efficacy of the garments, therefore
decreasing their reliance on heavy duty batteries, which results in a longer duration, more user
friendly, garment. Even though the physiological effects of intermittent cooling in personal
cooling devices worn during exercise have been established, its‘ effect on thermal perceptions is
less well-known. To the authors‘ knowledge, results from the small amount of research
undertaken indicate that intermittent cooling has the same effect on thermal perceptions as to
continuous cooling (Vernieuw, et al, 2007). This is surprising considering the effects of regional
fluctuating temperatures on thermal perceptions whilst people are at rest in moderate to hot
conditions. Whilst the method of cooling maybe different i.e. not delivered by a cooling garment,
fundamentally, fluctuating temperatures have been perceived as either more or less comfortable
than continuous cooling (Tanabe & Kimura, 1984, Zhao, 2006), with the dynamic activity of the
cutaneous thermoreceptors generally being used to explain this effect.
Thermal sensation is dependent upon several factors including: adapting temperature; rate of
temperature change; absolute temperature change; area of stimulus and duration of stimulus
(Hensel, 1981). The disparity in the perceptual responses to fluctuating regional cooling during
exercise and when at rest, may be due to one of these factors. The aim of this investigation was
to determine the influence of one of these factors, the rate of skin temperature change
(specifically that of the torso) on thermal perception. It was hypothesised that thermal
perceptions will have a positive correlation with both rate of torso temperature and absolute skin
temperature change.
METHODS
Following ethical approval and written consent, a group of 12 physically active male participants
(20.3 [1.3]yrs, 72.34 [8.26]kg, 1.80 [0.07]m, BSA = 1.92 [0.13]m2 and Body fat = 15.19 (4.71)
%) completed three, single blind, trials, in which they exercised at a moderate intensity (~30%
VO2 peak) in a hot environment (35oC, 50% RH) for approximately 70 minutes. Each trial was
separated by 2-4 days to eliminate any effects of acclimation and the order of the trials was
randomly assigned (Latin square method). To investigate the effects of rate of torso skin
temperature change on thermal comfort, the participants wore an air cooled vest (ACV)
underneath a long sleeved cotton t-shirt and jogging trousers. After the participants ran for 10
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minutes to reduce the time to reach thermal stability, the ACV was perfused with air that was at
ambient (room) temperature (~35oC [Airamb]) for a period of 10 minutes to allow skin
temperatures to stabalise. The flow rate of the air was 12 ft3.min-1 and had a relative humidity of
~14%. To produce different rates of torso skin temperature change, the ACV was then ventilated
for two periods (Cooling period 1 and Cooling period 2) with one of three lower temperatures
(~15oC [Air15], ~20oC[Air20] and ~26oC [Air26]). Each period was separated by 15 minutes where
the ACV was ventilated with Airamb. Each trial was similar in that the cooler air was
continuously ventilated until the abdominal skin temperature decreased by 2-3oC.
Overall thermal comfort (TC), torso thermal comfort (TTC), temperature sensation (TS) and
torso temperature sensation (TTS) were assessed by visual analogue scales (Davey et al, 2007),
before the onset of exercise, after the 10 minute run, and before and after the cooling periods.
Other measurements included rectal temperature (Tre), local skin temperatures (Tabdominal, Toblique
Tchest) mean skin temperature ( skin) and mean torso temperature ( torsoskin).
Statistical analyses
The data were analysed using one-way and two-way analyses of variance for repeated measures.
A Tabdominal, fall of 2oC was achieved in all the trials, with a fall of 3oC only being obtained in
Air15, Air20, therefore the thermal perceptions between the three trials was compared at a 2 oC fall.
To investigate the effects of absolute temperature, thermal perceptions were also compared in
Air15, Air20 between the falls of 1, 2 & 3oC in Tabdominal,. A significant F- test was further
analysed with a Bonferroni post hoc test to detect differences among means. Statistical
significance was set at a level of α < 0.05. The data are presented as mean (SD).
RESULTS
Deep body and Skin Temperatures
The initial and final rectal temperatures were similar between the three conditions with an
average increase of 0.66 (0.34)oC to 38.12 (0.40)oC (P>0.05). The initial and final local skin
temperatures, skin and torsoskin, were also similar between the three trials, between the cooling
periods, and for each the temperature drops of 1 and 2oC in Tabdominal (P>0.05). Figure 1
illustrates the skin and rectal temperature responses typically experienced by the participants in
response to Air15, Air20 and Air26.
During cooling period 2, the rates of ∆ skintorso significantly differed between the three trials
(Air15 = -0.00820 [0.0018]oC.s-1, Air20 = -0.00513 [0.0006]oC.s-1, Air26 = -0.00223 [0.0006]oC.s-1
[n=6]) (P<0.05). In cooling period 1, the rates of skintorso change differed between the three rates,
except for Air15 and Air20 (P> 0.05) (Air15 = -0.00630 [0.0007]oC.s-1, Air20= -0.00465
[0.0009]oC.s-1, Air26 -0.00250 [0.0005]oC.s-1 [n=6]).
In both the cooling periods, there was a significant difference in the rate of skin decline between
the three trials, (P< 0.05), except for between Air20 and Air26 (P> 0.05). The mean rates of
change in skin in cooling period 1 were; Air15 = -0.00233 (0.0004) oC.s-1, Air20 = -0.00137
(0.0006) oC.s-1, Air26 = -0.00121 (0.0006) oC.s-1 (n=6).
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Figure 1. Comparison of one participant‘s (#8) skin temperature responses to the three different
Air Temps. A= Air15, B= Air20 and C = Air26. The initial drop in temperature corresponds to the
initial insertion of air, whilst the subsequent two drops in skin temperatures correspond to the two
cooling periods of cooled air.
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The rates of change in skin and skintorso were significantly greater when Airamb was initially
ventilated through the ACG, than that seen with the air cooled period that elicited the largest
perceptual response; skin = -0.00469 (0.0021)oC.sec-1 vs. -0.0023 (0.0004) oC.sec-1and skintorso
= -0.01300 (0.004)oC.s-1 vs. -0.00630 (0.0007)oC.s-1(P<0.05).
Thermal Perceptions
The initial jog of 10 mins made all the participants hotter and more uncomfortable than when at
rest (TTC = Just-uncomfortable, 100.89 [35.96]; TC = Just- uncomfortable, 98.39 [35.00]; TTS =
Hot, 133.63 [13.52]; TS = Hot, 131.14 [13.46]). Fifteen minutes after the ventilation of Airamb
into the ACG the participants were cooler and more comfortable (TTC = Just-comfortable to
Just-uncomfortable, 71.50 [31.73]; TC = Just-comfortable to Just-uncomfortable, 77.47 [31.59];
TTS = Slightly warm 95.69 [25.99]; TS = Slightly warm to Warm, 105.77 [23.01], with an
average decrease of -28.88 (22.49), -20.92 (18.75), -37.94 (22.47), -26.91 (18.16), respectively.
The rate of skin temperature decline in skin, skintorso or Tabdominal had no significant influence on
any of the thermal perceptions (TC, TTC, TS and TTS) during both cooling periods (P>0.05)
(n=9). The largest thermal perceptual changes produced by Air15, Air20 and Air26 were, TTC = 19.00 (19.97), TC = -10.29 (14.40), TTS = - 30.29 (25.52), TS = -19.57 (17.32), which were not
statistically different to that produced by the initial ventilation of Airamb after the ten minute jog
(P>0.05) (n=9).
Significant improvements in TTS, TS and TC were found as absolute ∆ Tabdominal increased
(P<0.05) (n=9). However, these improvements were not meaningful as the mean differences in
the thermal perceptions between the 1oC falls in Tabdominal were lower than that of the variability
of the VAS.
In post-trial interviews, all of the subjects commented that the largest improvement in their
thermal comfort was experienced in response to the initial ventilation of Airamb after the run.
Interestingly, five of the subjects stated that the potential effect of the ACG on overall comfort
was negated by the hot and sweaty sensations felt in the rest of the body, especially in the hands
and head. Some commented that the contrast of having a cool, dry torso, but hot and sweaty rest
of the body, felt strange and unpleasant.
DISCUSSION & CONCLUSIONS
The main finding from this study is that the rate in mean torso skin temperature, decreased by
intermittently ventilating an air cooled vest with ambient and cool conditioned air (i.e. air that
has been cooled), does not significantly influence thermal perceptions of the whole body or torso.
Therefore, the first experimental hypothesis is rejected. However, the results do suggest that that
a rate of fall in torso skin temperature between -0.0046 oC.sec-1 and -0.0130 oC.sec-1 is required to
significantly improve thermal perceptions and this can be achieved with the simple addition of
ambient air, rather than energy consuming conditioned air. The second experimental hypothesis
was also rejected, as an absolute temperature of between 1-3oC also did not have any meaningful
influence on perceptual measures. Several factors may help explain these results.
The magnitude of difference between the different rates in mean torso skin temperature change
may not have been large enough to illicit signals that differed by sufficient magnitudes to be
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translated into significantly different thermal perceptions. The same reason may account for the
insignificant result found in absolute change in local skin temperature; a previous investigation
found that during regional cooling an absolute temperature decrease of between 3-5oC is required
to illicit significant changes in thermal perceptions (Zhang, 2003).
The inability to distinguish between the three different rates of decline in skin temperature may
have been confounded by the temperature and skin-wettedness sensation of the rest of the body,
especially that of the head. The skin temperature of the face is reported to be one of the most
influential regions for overall thermal comfort, and is more sensitive to temperature than the
torso (Zhang, 2003; Zhang & Zhao, 2006). Unlike, temperature sensation, overall skin
wettedness (caused by an increase in water vapour pressure) has recently been found to have
more of an influence overall thermal comfort than local skin-wettedness. It was also found that
the extremities were more sensitive to skin wettedness than that of the torso (Fukazawa &
Havenith, 2009). In addition, non-uniformity in the feeling of temperature sensation within the
bodily regions can increase thermal discomfort (Fanger, 1970).
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INITIAL THERMAL SENSATION RESPONSES TO SIMULATED SOLAR
RADIATION
Simon Hodder and Ken Parsons
Environmental Ergonomics Research Centre
Loughborough University, Loughborough, UK
Contact person: s.hodder@lboro.ac.uk
INTRODUCTION
Solar radiation can have a powerful influence on human thermal sensation, particularly in
vehicles and buildings. Thermal comfort studies traditionally have focussed on the steady state
response after prolonged exposure to an environment (30 to 120 minutes). Solar radiation can
expose people to large short duration increases in radiant temperature. The responses of people
exposed to a sudden change in radiant temperature on thermal sensation is not clear. These
responses are of particular value to researchers who are interesting in transient environmental
conditions and their effects on people within them.
This paper examines the initial responses, physiological and subjective, of participants exposed
to a range of simulated solar radiation intensities on thermal sensation and comfort over a short
period of time, 5 minutes.
METHODS
The data presented here comes from a series of studies which all used an identical experimental
protocol.
A purpose built insulated and air conditioned environment was constructed which would provide
a thermally neutral environment, PMV = 0 0.5, (ISO 7730: 1994). One end wall had a 45°
angled frame, which had, 1m x 1m panels into which glazing panels could be fitted, Figure 1.
The test chamber was divided into two separated test cells, each with a car seat which was fitted
to a moveable base platform,. This base was fitted with tracking that allowed the seat to be
withdrawn from the direct radiation. Fans blew air rapidly across the outside of the windows to
prevent temperature build-up and hence reduce any effects of re-radiation from the window to
the subject.
2230 mm

Window

Windows

2440 mm

1000 mm

Car Seat in Entry Position

Seat Positioning Rail

670 mm

135°

Room
Divider

Car Seat in Test Position
2995 mm

Figure 1 – Side and plan elevations of the simulated solar radiation chamber
The bank of Solar Simulation lamps (1000 Watt metal halide, CSI lamps, GE Lighting) which
produce light with a spectrum similar to that of sunlight, Beeson (1978), were used as a radiation
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source,. The intensity of the radiation falling on the subject was controlled by the distance of the
lamps from the subject. This preserved the spectral content of the energy from the lamps.
Participants were exposed to a range of simulated solar radiation intensities from 200 to 625
Wm-2.
Mean skin temperature, Ramanathan (1964), and two local skin temperatures, forehead and
forearm, were recorded.
A modified ISO 7 point thermal sensation scale was used to provide a more sensitive scale to
measure the effects of the solar radiation. The thermal sensation scale was extended a further 2
points, (4 – very hot and 5 – extremely hot), based upon the principles of ISO 10551 (1995) and
a wider scale of thermal sensation described by Givoni (1976).
The scale used a continuous Likert rating, rather than discrete points. This allowed the subject to
mark the vertical line precisely at the point which represents their thermal sensation, (e.g. +1.5,
indicates a sensation between slightly warm and warm). Participants gave ratings of thermal
sensation, comfort, stickiness and preference in terms of both overall feeling and over local areas
of the body.
In total, twenty five, healthy, male volunteers (Age 26.5 4.1) were recruited. All subjects were
exposed to at least 3 of the conditions. The participants were paid upon completion of all
conditions.
Participants wore a specified clothing ensemble of white cotton/polyester (65/35%) long sleeve
shirt, (sleeves rolled up above elbow), beige cotton/polyester (65/35%) trousers, and the
participants wore their own under garments and shoes giving an estimated clo value of 0.7
(including seat), (ISO 7730). The seats used were of the type fitted to the ‗Fiat Punto‘ (circa
1998).
The subject‘s head was shielded. This meant that no direct radiation was exposed to their
face/eyes and that the area of the body irradiated was the torso (from the neck down), arms and
thighs of the subject.
For all studies the environmental chamber was controlled in order to maintain a constant
‗neutral‘ environment condition, PMV = 0 0.5 (ISO 7730) when the effect of the direct
radiation was not considered. The air temperature, (ta), mean radiant temperature (tr) = ta, relative
humidity (rh%) and air velocity (ms-1), participants‘ clothing and their metabolic rate, remained
‗constant‘ at levels that provided a neutral environment.
Environmental conditions were monitored and measured throughout the experimental chamber;
ta in a number of positions with thermistors, at the subject‘s knees, head height, and shaded from
direct radiation, tr using a 150 mm diameter black globe next to the subject, and one behind the
subject, (shaded), air velocity with a hot wire anemometer next to the subject and rh(%), behind
the subject with a Vassala chip meter. Direct radiation was measured with a Kipp and Zonen
CM11 Pyronometer.
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The participants had a series of six skin thermistors fitted to various body parts and then got
dressed in the standard clothing provided. The thermistors were fitted into Eltek / Grant squirrel
data loggers and recordings were taken every ten seconds. Participants only undertook the
experiments when it had been determined via the questionnaire that they were in a thermal
neutral state.
The participants were taken into the neutral environmental test chamber. They were seated in the
car seat, (out of the direct simulated solar radiation), and they completed a questionnaire to
ensure that they were still feeling neutral. When both participant and experimenter were satisfied
the experiment commenced and the subject‘s seat was pushed into the forward position into the
direct solar radiation and they were handed the first experimental questionnaire to complete. This
was time mark ‗zero‘, the subject then completed a questionnaire after five minutes from this
time. Participants were asked to keep their left arm still during the experiment using the right to
complete the questionnaires, which were handed to them by the experimenter.
RESULTS
For analysis purposes results were grouped by radiation intensity to which the participants were
exposed. Statistical analysis of the changes between the responses at zero and 5 minutes were
evaluated with a Wilcoxon sign test.
Environmental conditions
Table 1 presents a summary of the environmental data for the various conditions.
Table 1 – Summary of experimental environmental conditions
625 Wm- 600 Wm- 400 Wm- 300 Wm2

2

(n=9)
24.30
37.50

(n=26)
24.07
42.75

200 Wm-

2

2

2

n=40)
22.78
37.06

(n=18)
22.45
34.50

(n=8)
23.40
37.70

0 W m-2
(n=*)
22.80
24.20

0.10
50.10

0.10
51.40

0.10
48.30

0.20
1.3

0.10
1.1

0.10
0.2

(

ta shielded (°C)
tr (°C) derived
from tg
Air Velocity (m/s)
0.10
0.09
0.10
Relative Humidity
31.60
42.65
49.98
(%)
PMV*
0.20
0.13
0.18
PMV+
2.7
2.7
1.78
PMV* calculated with tr = ta
PMV+ calculated with tr = measured tr

It can be seen from Table 1 that for all experimental conditions the predicted level of thermal
comfort as calculated from ISO 7730 remained within the 0 0.5 PMV tolerance, when tr = ta, as
set a priori. Whilst, it can be seen that when the actual tr is placed into the thermal comfort
equation, the simulated solar radiation loads change the environments from approximately
neutral (PMV = 0) to warm (PMV = 2) to hot (PMV =3). The introduction of a directional source
of radiation, had a significant effect on the mean radiant temperature as derived from globe
temperature tg.
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Mean skin temperature
Figure 2 represents the mean of mean skin temperature responses of the participants during the
initial exposure to the various levels of simulated solar radiation.
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Figure 2 – Mean of mean skin temperatures for all radiation conditions.
It can be seen that mean skin temperature increases rapidly upon exposure to direct simulated
solar radiation. The higher intensities showed the largest increases,(approximately 2°C), during
the 5 minute exposure. This is driven in part by changes in chest and upper arm local skin
temperatures. There were significant increases (p<0.01) between 0 and 5 minutes for the 300,
400, 600 and 625 Wm-2 radiation groups. There were no significant increases for the lower
intensities, (200 Wm-2 and less).
Thermal sensation
Subjects recorded their thermal sensation at zero minutes (as soon as they were exposed) and at
five minutes. Figure 3a presents the mean thermal sensation data and standard deviations. There
were significant increases (p<0.01) between 0 and 5 minutes for the 300, 400, 600 and 625 Wm-2
radiation groups. There were no significant increases for the lower intensities, (200 Wm-2 and
less).
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Figure 3a – mean thermal sensation votes
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Figure 3b – Mean thermal comfort votes

When the thermal sensation results are compared with the thermal comfort responses it can be
seen that for radiation levels up to 400 Wm-2 there is very little discomfort reported, Figure 3b.
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This is possibly because the participants actually liked the addition of the radiation at this point,
this was supported by anecdotal evidence from the participant post experiment.
CONCLUSIONS
1. Exposure to direct simulated solar radiation results in immediate increases in exposed
skin temperature.
2. Exposure to direct simulated solar radiation elicits an instantaneous thermal sensation
response, even at relatively low intensities.
3. Significant changes in thermal sensation occur within 5 minutes for radiation intensities
of 300 Wm-2 or more.
4. Increases in thermal comfort ratings lag behind those seen in thermal sensation, with
lower intensities being perceived as pleasant.
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ENERGY SAVINGS FROM EXTENDED AIR TEMPERATURE
SETPOINTS AND REDUCTIONS IN ROOM AIR MIXING
Tyler Hoyt, Kwang Ho Lee, Hui Zhang, Edward Arens, Tom Webster
Center for the Built Environment, University of California at Berkeley, USA
Contact person: zhanghui@berkeley.edu
INTRODUCTION
Large amounts of energy are consumed by air-conditioning systems to maintain tight control of
air temperature in rooms--a narrow range of temperature excursion from neutral, and a uniform
temperature in the ambient space. However, both field and lab studies are showing that neither
narrow range nor uniformity is really necessary for providing occupant comfort. Data from
several large field studies shows occupants accepting a much wider temperature range than is
typically applied in practice (Arens 2009). In addition, if occupants have access to a personal
environmental control (PEC) system, the acceptable ambient temperature range can be further
extended, to as much as 18-30ºC (Zhang H 2009, Amai 2005, Zhang Y 2008). By targeting
specific body parts, PEC systems produce equivalent comfort using much less energy than is
needed to condition the entire ambient space.
Energy is also required consumed in fans and mixing diffusers to produce uniform room
temperature conditions. To assure complete mixing, diffuser manufacturers specify minimum
supply volumes that are as high as 50% of maximum volume. Some engineers have been
successfully operating buildings well below these volume minima, and research is now
underway to quantify the acceptability of their non-uniform environments to their occupants.
Substantial fan energy savings are possible, and recent changes to energy standards (ASHRAE
2009) have begun to require a lower minimum.
This paper simulates the energy savings possible from through these two approaches to
providing comfort in less tightly controlled spaces. Their savings are substantial and justify
looking into how they might be incorporated into building design and operation.
METHODS
EnergyPlus simulations were performed to examine the energy implications of larger range of
thermostat setpoints and low minimum supply volumes. A conventional HVAC building was
simulated in the climates of San Francisco (mild coastal climate), Miami (hot and humid),
Phoenix (hot and dry), and Minneapolis (hot in summer, cold in winter).
The building is based on a large office prototype developed by the U.S. Department of Energy.
It is 111 x 278 ft with four stories and a basement, and each floor plate is 31,000 ft2. The
window to wall ratio is 0.4. Each floor consists of four perimeter zones of 15ft depth, and an
interior zone (Figure 1). The floor-to-ceiling height is 13ft, and the floor-to-floor height is 15ft.
The model‘s internal load schedules for lighting, plug loads, and occupancy are typical for large
offices. Peak power density for lighting is 1W/ft2, peak plug load is 0.75W/ft2, and peak
occupancy is 200ft2/person.

608

Proceedings of the 13th International Conference on Environmental Ergonomics, Boston (USA), August 2-7, 2009

Figure 1. Configuration of the simulated building with perimeter and interior zones.

The HVAC system is variable air volume (VAV) with reheat. There are four air handling units,
one for each floor. A central boiler and centrifugal chiller provide the heating and cooling.
Infiltration peaks at 0.25 air changes/hour when the ventilation system is off.
In the US, buildings are commonly designed using 21.5 – 24ºC (71 – 75ºF) as the temperature
setpoints. In this study, this is considered the base case. The annual energy use intensity (EUI)
changes caused by moving the cooling setpoints from 24ºC to 25, 26, and 28ºC were simulated
independently with the heating setpoint fixed at 21.5ºC. Similarly, the EUI changes from
moving the heating set point from 21.5ºC to 20.5, 19.5, 18.5, and 17.5ºC were simulated with the
cooling setpoint fixed at 24ºC.
The minimum supply air volume of the VAV terminal units, as well as the heating and cooling
setpoints, were parameterized to carry out this study. The HVAC system components were
autosized to optimally meet design loads, so that the predicted annual EUI values include both
effects of optimizing system size/efficiency, and of changes to the hours and intensity of
operation.
RESULTS
A. Widening room air temperature setpoints
The annual energy savings compared to the base case are presented in Figure 2 for Minneapolis,
San Francisco, Phoenix and Miami. Increasing the cooling setpoint by one degree from 24ºC to
25ºC results in energy savings of 7-15%. When the setpoint is expanded to 28ºC, the energy
savings for three locations (except in Minneapolis) reaches 35 – 45%. In Minneapolis, the
annual number of cooling hours is low so the potential for accumulated cooling savings at the
highest setpoint is small.
Decreasing the heating setpoint by one degree from 21.5ºC to 20.5ºC results in energy savings of
7-14%, except in Miami. With the setpoint as low as 17.5ºC, the total energy savings reach 17 –
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35%. In Miami, the heating load is small year-round so there is not much potential for energy
savings.

Figure 2. Percent energy savings for widened air temperature setpoints
relative to conventional setpoint range in San Francisco, Miami,
Phoenix, and Minneapolis.

When both heating and cooling setpoints are expanded together, the savings can be estimated by
adding the savings from each side.
B. Lowering the minimum supply volume
Figure 3 compares lowering the minimum supply volume from the base value of 30% to 20%
and 10%. This comparison is done for San Francisco only. At the base-case design temperature
setpoints (21.5 – 24ºC), lowering the minimum supply volume to 20% and 10% saves 17% and
27%. At the expanded cooling setpoint (28ºC) or heating setpoint (17.5ºC), the energy savings
reach 40 – 60% and 33 – 40%, respectively.
CONCLUSIONS
In a series of EnergyPlus simulations, we investigated the consequences of widening the indoor
temperature range between thermostat settings for heating and cooling. The enlarged temperature
range reduces energy use by lessening the cooling and heating loads in two ways. First, as a
result of fewer heating and cooling hours, and second, as a result of a decrease in the magnitude
of the difference between the setpoint and the outdoor temperature. The saving is about 10% for
each degree Celsius increase or decrease in the setpoint.
In practice it may be possible to reduce the airflow minimum of VAV terminal units while still
satisfying ventilation and mixing requirements. Performing the same setpoint-range simulations
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as above with VAV minimum fractions at 10%, 20%, and 30% of maximum capacity, minimum
fractions of 10% and 20% produced ~25% and ~16% savings relative to energy use in the
building with a minimum fraction of 30%.
The substantial savings justify further examination of these approaches in research, and their
further application in energy and environmental standards and in practice.
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Figure 3. Annual energy use for the prototype in San Francisco with
VAV minimum fractions at 10%, 20%, and 30%.
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INTRODUCTION
When conducting nuclear decommissioning activity workers wear an airfed encapsulating
impermeable suit, known as a pressurised breathing air suit (PBAS), to protect against particulate
material. Although ventilation reduces thermal strain (Raven et al., 1979), the impervious nature
of these garments reduces heat transfer and dependent on specific working conditions (e.g. work
rate and environmental temperature; Rowlands, 1970) could result in the worker experiencing
uncompensable heat stress (UHS) and the associated impairments of physical and psychological
performance (UHS; Cheung et al., 2000). Accordingly the need for combined physiological and
psychological investigations to understand the magnitude of risk involved and how risk may vary
with shift duration and different environmental conditions has been highlighted in a recent
review (Frost and Mogridge, 2008). Although the evaluation of airfed suit use over a range of
ambient temperatures has been recommended for at least thirty years (Raven et al., 1979) there is
no recognised industry specific protocol or standard to apply when evaluating physiological and
psychological responses to decommissioning activity when wearing airfed suits. Therefore the
aim of this study was to design and implement a nuclear decommissioning job related activity
protocol and to describe the physiological, perceptual and cognitive responses of PBAS wearers
during moderate (20 C) and hot (40 C) temperatures.
METHODS
With local ethical committee approval six healthy and non acclimated male participants (age
mean ±SD = 25±7 years; body mass = 74.3±7.1 kg) undertook, whilst wearing a pressurised
breathing air suit (PBAS; Professional Protection Systems, UK) with an air supply of 180 L min1
, one habituation (HB) trial at 20 C and two experimental trials conducted at 20 C and 40 C in
a randomised cross-over type design. Laboratory visits were separated by at least one week and
were at the same time of day on each occasion.
The protocol was defined by conducting a job task analysis. This was based on the
investigators reviewing footage of decommissioning work, discussion with two experienced
operatives and a review of literature relevant to this task (e.g. Davies, 1962). After the protocol
was designed (outlined below) it was performed by a practising nuclear decommissioning
operative who reported it to be representative of the type of activities, work: rest intervals and
exercise intensities commonly experienced during decommissioning tasks.
The protocol consisted of conducting six 30 min activity cycles (3 hr total duration) of
job related tasks within a 5 m × 4 m enclosed area. In brief each activity cycle consisted of 4.5
min lifting and walking (6 × 45 sec circuits incorporating holding a cutting tool whilst walking
forward and back along a 2.5 m ladder, marked on the floor, with 6 equally spaced rungs; lifting
a 10 kg weighted box from a 1.5 m surface to the floor and back again in a standardised manner);

612

Proceedings of the 13th International Conference on Environmental Ergonomics, Boston (USA), August 2-7, 2009

5 min stepping activity (25 cm box at 14 steps min-1); 5 min standing rest; 5 min manual
dexterity task (consisting of unscrewing nuts from bolts of decreasing sizes [12, 10, 8] from a 10
mm thick vertical surface using a round ended spanner and screwing them up again on an
opposite panel; performance was scored against defined criteria with a maximum score of 12
being available); the final 10 min of each 30 min cycle incorporated a touch screen based
psychological test (spatial working memory [SWM]; Cantab, Cambridge Cognition, UK; 6 min
to complete) with any remaining time spent standing at rest. Rates of lifting and walking and
stepping were controlled by instructing participants to move on the beat of a metronome (56
beat min-1; Seiko DM-20, Japan). All participants were familiarised with the timing of activities
and the SWM test prior to conducting any trials.
Heart rate (HR; Polar Vantage, Finland), rectal temperature (Tc) and mean skin
temperature (Tsk; Grant Instruments, Cambridge, UK) were monitored continuously and recorded
in the last 30 sec of each component of the activity cycle. Evaporative efficiency was estimated
as the change in dressed mass divided by the change in nude mass. Heat storage was calculated
according to Havenith et al., (1995). Rating of perceived exertion (RPE; 6-20 scale) was sought
during the final 30 sec of stepping activity and thermal sensation (TS) and thermal comfort (TC)
were requested on 9 point 0-8 scales during the first minute of the rest period. General symptoms
were sought (0 none to 3 severely in capacitating) for headache, sickness, dizziness, mental
confusion, tiredness and difficulty breathing. A physiological strain index (PhSI) was calculated
from normalised increases in HR and Tc and a perceptual based strain index (PeSI) was
calculated from normalised increases in RPE and TS, both of which are described on a 0 (no
strain) to 10 very high strain) scale (Tikuisis et al., 2002).
A general linear model analysis of variance (ANOVA) was applied to examine main
effects for condition (differences between habituation, 20 and 40 C trials), activity cycle
(changes between activity cycles within each trial) and condition × activity cycle (differences in
the pattern of change over time between habituation, 20 C and 40 C trials). When a significant P
value (P≤0.05) was obtained Tukey post hoc analysis was used to locate significant differences
between individual groups (e.g. 20 C vs. 40 C) and across condition comparisons between
activity cycles (e.g. 20 C cycle 6 vs. 40 C cycle 6).
RESULTS
All participants completed the 20 C trial (180±0 min) whereas two participants failed to
complete the 40 C trial (165±26 min). Thermal variables were very similar in the 20 C HB
compared to the 20 C experimental trial. However HR was greater (P<0.05) throughout the HB
trial at rest (e.g. cycle 6, 119±12 vs. 101±20 bt min-1) and whilst steeping (cycle 6, 157±13 vs.
138±17 bt min-1) highlighting the importance of including the HB trial prior to comparing
responses to 20 C vs. 40 C in the cross-over study.
HR and Tsk were higher (P<0.05) in 40 C compared to 20 C by the end of the first lifting and
walking activity and continued to diverge thereafter. However it took in excess of 45 min for T c
in 40 C to increase beyond that in 20 C. Physiological and perceptual variables were higher in
40 C compared to 20 C trials for the remaining duration with the largest difference occurring in
the final activity cycle (Table 1). Physiological strain (Figure 1) increased with duration in the
40 C trial, commensurate with a greater rate of heat storage (Table 1), compared to relatively
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consistent values from the third cycle onwards in 20 C indicating that heat balance was achieved.
Perceptual strain (Figure 2) was higher in 40 C in the first activity cycle (4.5±0.8 vs. 5.5±0.9 in
20 C) and then increased at a similar rate in both conditions for the remainder of the trial period
(Table 1). Although sweat loss doubled in 40 C (1.5±0.5 vs. 0.8±0.3 L in 20 C) evaporative
efficiency did not vary (0.7±0.2 in 40 C vs. 0.7±0.3 in 20 C).
Table 1: Physiological and perceptual variables (±SD) from activity cycle 6 at 20 C and 40 C.
#
main effect for condition; †main effect for cycle; Фinteraction condition × cycle (P≤0.05).

Variable

Rest

20 C
Stepping

40 C
Rest

Stepping

Rectal Temp (°C)#, †, Ф

37.76±0.41

37.78±0.44

38.25±0.40

38.32±0.34

Mean Skin Temp (°C)#, †, Ф

34.11±0.88

34.27±1.06

36.39±0.70

36.72±0.66

Heat Storage (J·g-1)#, †, Ф

0.59±0.87

0.71±0.82

2.76±0.56

3.05±0.44

HR (bt·min-1)#, †, Ф

101±20

138±17

140±10

172±9

PhSI#, †, Ф

2.4±1.1

3.7±1.2

5.6±0.8

6.9±0.7

-

15±3

-

15±4

Thermal Sensation#, †, Ф

5.5±1.1

5.7±1.1

7.0±0.9

7.5±0.6

Thermal Comfort#, †

5.3±1.1

5.6±1.1

6.9±1.0

7.3±1.0

-

6.8±1.6

-

7.9±1.4

RPE Overall†

PeSI#, †, Ф

Figure 1: PhSI (±SD) in the last minute of each activity throughout both 20 C and 40 C trials
(6×30 min activity cycles). 20 C vs. 40 C P<0.01.
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Figure 2: PeSI (±SD) in each activity cycle (calculated from HR in stepping and Tc recorded at
rest in the following stage) throughout both 20 C and 40 C trials (6×30 min activity cycles).
20 C vs. 40 C P<0.01.
General symptoms were nominal at 20 C however, amongst other things tiredness,
sickness and headache symptoms were particularly prevalent from 2 hours onwards in the 40 C.
In addition participants reported feeling ‗irritable‘ and becoming confused, particularly during
the walking and lifting task at this point in 40 C. The total number of errors in the SWM test had
also increased (P<0.05) by cycle 4 from that during cycle 1 at 40 C providing quantitative
evidence of cognitive fatigue at 2hrs, this test also took longer to complete in 40 C (Table 2).
Furthermore the error rate decreased with duration at 20 C. SWM strategy did not vary with time
Table 2: Spatial working memory and manual dexterity scores (±SD) in cycle 1 and 6.
#
main effect for condition; †main effect for cycle; Фinteraction condition × cycle (P≤0.05).
or between trials. Manual dexterity also improved with duration at 20 C and did not vary
between cycle 1 and 6 at 40 C whereas scores were higher for cycle 1 in 40 C compared to 20 C
(Table 2). It is plausible that the above changes could impact on an operative‘s ability to safely
perform specific occupational tasks.

20 C
Variable

40 C

Cycle 1

Cycle 6

Cycle 1

Cycle 6

5.79±0.92

4.91±0.51

6.32±1.24

5.64±0.68

Total errors#, Ф

8.8±9.1

1.4±2.2

5.6±6.9

9.3±16.2

Strategy

22.5±7.7

27.0±7.2

24.8±6.3

28.3±7.4

Manual dexterity#, †

7.0±2.0

9.2±2.1

8.9±2.6

8.7±1.1

Test duration (min)#
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CONCLUSIONS
These findings indicate that working for 3 hrs in a PBAS at 20 C does not result in adequate
physiological and psychological strain to increase risk. However it is of interest that PhSI did not
increase from the third activity cycle onwards whereas PeSI continued to rise indicating an effect
of duration on perception of effort and thermal sensation when working in 20 C. Work in 40 C
resulted in UHS, as indicated by the continued increase in PhSI with duration, and was
associated with potential risk enhancing reductions in performance at 3 hrs. Wetter cotton
undergarments, as indicated by larger sweat losses at 40 C and the same evaporative efficiency
in both conditions, may have been a factor contributing to the higher TC score (more unbearable)
at 40 C. Since general symptoms, mood and SWM performance only worsened from 2 hrs at
40 C it is apparent that a 2 hr exposure time, when undertaking activities equivalent to the
protocol applied in this study, would seem reasonable at this temperature. Considering the
external validity of this protocol it is recognised that the PBAS workers role is varied and that
the protocol used in this study will not always be representative of an operative‘s activity pattern.
To accommodate, elements of the current protocol (walking and lifting and stepping) could be
modified to manipulate work rate and thus facilitate comparisons between varied work and
environmental situations.
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