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PREFACE: 
 
This edited volume contains the papers presented at the 12th International Conference 
on Environmental Ergonomics held in Piran, Slovenia, August 2007. The conference 
was divided into six symposia, each of which were comprised of oral and poster 
sessions, and covering specific topics under the general theme of humans working 
under environmental extremes. As such, this conference covers topics related to 
human physiology during exercise and work, personal protective equipment, 
mathematical modelling and exposure simulations (e.g. thermal manikin). The 
contents of this volume are arranged according to these symposia. A special volume 
of the European Journal of Applied Physiology has also been dedicated to selected 
papers from this conference.  
 
Proceedings from previous Environmental Ergonomics conferences, which 
commenced in 1984, may be obtained from the following web site:  

http://www.environmental-ergonomics.org/ 
 
Generous donations from W.L. GORE & ASSOCIATES facilitated the provision of 
student and post-doctoral stipends for eligible participants who presented papers at 
this conference.  
 
ICEE 2007 Organising Committee 
 
                  
Igor B. Mekjavic Nigel A.S. Taylor  Rado Pisot 
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HERMAN POTOCNIK LECTURE 

HUMAN POWERED CENTRIFUGES ON THE MOON 
OR MARS 

Pietro Enrico di Prampero 
Dip. di Scienze e Tecnologie biomediche, Università di Udine, Italy. 

Contact person: pprampero@makek.dstb.uniud.it 
 
Cycling on appropriately constructed tracks may help maintaining physical fitness and 
cardiovascular conditioning of crews living in permanently manned bases on the 
Moon or Mars. Indeed, cycling along a curved path induces a centrifugal acceleration 
vector (ac):  
 ac = s2/R1) 
 
where s is the ground speed and R the radius of curvature of the cyclist's path. Since 
ac is applied horizontally outwards, the vectorial sum of ac and the constant 
acceleration of gravity lies in the plane which includes the centre of mass of the 
system and the points of contact between wheels and terrain. So, the resulting vector 
(g') can be calculated by simple geometry as:  
  
 g' = √(gM2 + ac 2)2)) 
 
where gM (= 1.62 m s-2 or 3.72 m s-2) is the acceleration of gravity on the surface of 
the Moon or Mars. So, a cyclist riding a bicycle on a circular track generates a force 
acting in the head to feet direction which depends on the radius of the track and on the 
ground speed, and which can be expected to mimic the effects of gravity. For s 
ranging from 10 to 20 m s-1 (36 to 72 km h-1) and R from 50 to 100 m, it can be 
calculated that g' ranges from 0.19 to 0.83 of the Earth gravity on the Moon and from 
0.43 to 0.90 on Mars. This state of affairs is presumed to counteract, on the one side 
muscle atrophy, on the other cardiovascular deconditioning that may result from long 
duration permanence in low gravity bases.  
 
It goes without saying that, for the above described tracks to be operational on the 
Moon or on Mars, they must be enclosed in appropriate structures within which the air 
is maintained at a predetermined pressure and temperature. The speeds necessary to 
achieve sufficiently large values of the vector simulating gravity (g') can be achieved 
without surpassing the subjects' maximal O2 consumption only if the air pressure and 
temperature in the track tunnel are maintained at about 250 mm Hg (33.3 kPa) and 
20° C. Thus, the gas contained in the "track tunnel" should be appropriately enriched 
in O2, so as to bring its inspiratory fraction to about 0.50. Finally the angles of g’ with 
the vertical, in the range of speed and radiuses mentioned above will vary from 10° to 
78.6°, thus showing that the curved parts of the track should be appropriately 
constructed. Alternatively, to avoid complex construction procedures, a circular rail of 
the appropriate dimensions could be constructed a few metres above the ground. In 
this case, the bicycle could be suspended to the rail by means of two wheels, one of 
which connected, and set in motion, by the pedals via a regular transmission system. 
The overall structure, rail and hanging bicycle should be enclosed in a “tube” wherein 
the atmospheric conditions are kept as mentioned above. This system will also have 
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the advantage of freeing the upper limbs of the cyclist for providing, if needed, 
additional propelling power, via a second transmission system.  
 
REFERENCES 
Prampero P.E.(di). Cycling on Earth, in space, on the Moon. Eur. J. Appl. Physiol. 

2000: 82:345-360 
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EFFECTS OF GRAVITY ON VASCULAR WALL STIFFNESS 
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1Swedish Defence Research Agency, Berzelius väg 13, Karolinska Institutet, SE-171 
77 Stockholm, Sweden 

2Slovenia, Institute of Josef Stefan, Ljubljana, Slovenia 
Contact person: ola.eiken@ki.se 

 
INTRODUCTION  
In erect posture, gravitational pull causes great hydrostatic pressure differences in 
blood vessels oriented longitudinally in the body. It is commonly assumed that the 
stiffness of dependent blood vessels increases as a result of the long-term exposure to 
high transmural pressures that follows with ambulatory life in erect posture. It appears 
that this notion is primarily based on findings from cross-sectional studies showing 
that the vascular walls are thicker in leg veins than in arm veins. Until recently, 
information has, however, been scarce as regards the influence of hydrostatic pressure 
differences on the in vivo pressure-distension relationships of various vascular 
segments in humans. Accordingly, we addressed the following questions: 
 Does the in vivo pressure-distension relationship of arteries, arterioles and veins 
differ between the leg and the arm? 
 Will removal of the gravity-dependent pressure gradients that act along the vessels 
affect such pressure-distension relationships? 
 Is it possible to increase vascular wall stiffness by repeatedly exposing the vessels to 
increased transmural pressure? 
 If so, what mechanism might underlie such pressure habituation? 
 
METHODS 
Several series of experiments were performed in healthy male subjects. In all series, 
vascular pressure-distension relationships were determined by positioning the subject 
in a pressure chamber with an arm or a lower leg extended through a hole in the 
chamber door. Intravascular pressure in the arm/lower leg was increased by stepwise 
increasing chamber pressure to +180 mmHg and +240 mmHg, respectively. 
Diameters of blood vessels and arterial flow were measured using ultrasonographic 
techniques.  
 
Removal of gravity-dependent pressure gradients in blood vessels oriented 
longitudinally in the body was achieved by exposing the subjects to 5 weeks of 
sustained horizontal bedrest.  
 
A vascular pressure-habituation regimen was accomplished by use of the 
aforementioned pressure-chamber model. Subject’s arm vessels were exposed to 
moderately increased intravascular pressures (+ 65 to +105 mmHg) 3 x 40 min/week 
during a 5-week period.  
 
Mechanisms underlying local vascular pressure habituation/deconditioning was 
studied by determining changes in the intima-media thickness of the vessel walls in 
response to prolonged bedrest and pressure habituation. Furthermore, local release of 
several vasoactive substances, including endothelin-1 (ET-1) and angiotensin II was 
studied in response to increase transmural pressure. 
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RESULTS AND DISCUSSION 
Arteries, arterioles and veins were found to be more distensible in the arm than in the 
leg. 
Five weeks of bedrest markedly increased distensibility in arteries, arterioles and 
veins of the leg. 
Five weeks of pressure habituation markedly decreased distensibility, i.e. increased 
wall stiffness, in arteries, arterioles and veins of the arm. 
Increased intravascular pressure resulted in local release of ET-1. Since this substance 
has a well-documented capacity to increase long-term arterial stiffness in in vitro 
settings, we suggest that pressure-induced formation/release of ET-1 might contribute 
to the increased vascular stiffness observed after the 5-week pressure-habituation 
regimen.  
 
DISCUSSION 
It thus appears that the wall stiffness of arteries, pre-capillary resistance vessels and 
veins adapts to meet the long-term demands imposed by the hydrostatic pressure 
acting locally on the vessel walls.  
 
That removal of the hydrostatic pressure gradients that act along the vessels in erect 
posture markedly increase pressure distensibility in dependent blood vessels may 
contribute to the orthostatic intolerance observed in long-term bedridden patients and 
in astronauts/cosmonauts returning from space missions. 
 
That a limited number of exposures to moderately increased arterial pressure increases 
the stiffness in arteries and pre-capillary resistance vessels might have implications 
for the pathophysiology of essential hypertension. 
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INTRODUCTION 
 Exposure of humans to actual or simulated microgravity leads to muscle wasting and 
weakness (di Prampero and Narici, 2003). However, the loss of muscle force, 
typically observed in these conditions, exceeds that of muscle size: that is to say, 
muscles become intrinsically weaker. The causes of this phenomenon are known to 
involve several mechanisms of muscular, neural (in the case of voluntary contractions, 
Antonutto et al. 1999), and tendinous origin (Reeves et al. 2005). In addition to a 
decrease in single fibre specific tension (Larsson et al. 1996), recent evidence 
suggests that human muscle architecture undergoes substantial remodelling with 
disuse (Narici & Maganaris, 2007). Thus the aim of the present study was to 
investigate the changes in muscle architecture induced by chronic disuse (bed rest) 
and their potential role in the disproportionate loss of muscle strength, compared to 
that of muscle size, observed in these conditions. 
 
METHODS 
Ten healthy males (age 22.3 ± 2.2 years) underwent 35-day bed-rest (BR) in the 
clinical facility of the Orthopaedic Hospital Valdoltra, Ankran, Slovenia. Each 
participant gave written informed consent to this investigation that was approved by 
the local Ethics Committee. 
 
Three days before bed rest (BR-3) and on the first day of recovery (R+0) the 
following measurements were performed:  
(1) maximum isometric contraction of the knee extensors of the dominant leg at 80 
degrees of knee flexion, assessed using an isometric chair dynamometer (Udine 
University) 
(2) muscle thickness of the gastrocnemius medialis (GM), vastus lateralis (VL), 
tibialis anterior (TA) and biceps brachii (BB), evaluated along the mid-sagittal plane 
of the muscle belly by ultrasound imaging (Fig. 1) 
(3) muscle architecture of the VL muscle (fibre fascicle length and pennation angle) 
assessed by ultrasound imaging (Fig. 1.) 
 
RESULTS 
MVC: maximum isometric force of the knee extensors decreased on average by 
20.7% (P<0.0001).  
 
Muscle thickness: Muscle thicknesses of the GM, VL, TA and BB are reported in 
Fig.2. As may be observed form this graph, the GM was the muscle that atrophied the 
most (16%) and the BB the least (2.3%). Muscle thickness of the VL muscle 
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decreased by 9.2%±5.0% (P<0.05), from which the estimated decrease in CSA was 
15.2%±7.1%.  
 
Architecture: VL Pennation angle decreased by 14% and Fascicle length by 5%, Fig 
3. Assuming a sarcomere length of 2.1µ, this may be estimated to correspond to a loss 
of 1100 sarcomere in series.  
 
F/CSA: as a result of the larger decrease in MVC than in CSA, F/CSA decreased by 
5.5%. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Ultrasound images of the VL, GM, TA and BB muscles obtained at mid-belly 
along the mid-sagittal line of each muscle. 
 

Figure 2: Percent decrease in thickness of the GM, TA, VL and BB muscles 
measured by ultrasound. 
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Figure 3. Fascicle length of the VL muscle measured by ultrasound before and after 
bed rest. 
 
DISCUSSION 
In line with previous observations, bed rest as a model of microgravity leads to 
preferential wasting of the postural muscles. The degree of atrophy may be ranked as 
follows gastrocnemius m. (16%) > vastus lateralis (9%) > tibialis anterior (6%) > 
biceps brachii (2%). Atrophy not only involves a decrease in muscle size but also 
marked remodelling of muscle architecture: muscle fibres become shorter and less 
pennate. The observed decrease in fibre length implies a loss of sarcomeres in series 
(about 1000 sarcomeres) and is expected to shift the sarcomere length-tension relation 
to the left, away from the optimum region of force generation, thus contributing to the 
decrease in F/CSA.  The shorter fibre length may also contribute to the loss of muscle 
power observed after bed rest and spaceflight, though this may be partly compensated 
by an increased fast myosin heavy chains expression.  
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INTRODUCTION 
Data obtained before and immediately after the Euromir 1994 and 1995 missions have 
shown that maximal power during very short “explosive” efforts of the lower limbs 
(MEP) of 0.25 to 0.30 seconds duration was reduced to about 67% after one month, 
and to about 45% (of pre-flight values) after about six months, space flight (Antonutto 
et al., 1999). In these same subjects, the muscle mass of the lower limbs declined by 
only 9-13% (Zange et al., 1997). These data suggest that a substantial fraction of the 
observed decreases of maximal power may be due to a deterioration of the motor co-
ordination brought about by absence of the constant pull of gravity. A similar, albeit 
less impressive, fall of maximal explosive power was observed after 42 days of bed-
rest (BR) in five non-athletic male volunteers, in which case the maximal explosive 
power was reduced to 76% of pre BR value (Ferretti, 1997; Ferretti et al., 2001), as 
compared with 67% after 31 days space flight.  
 
The aim of the present study was to further investigate the effects of BR on muscle 
force, power and EMG during MEP exercises.  
 
METHODS 
Ten healthy males (age 22.3 ± 2.2 years) underwent 35-day horizontal BR without 
countermeasures in the clinical facility of the Orthopaedic Hospital Valdoltra, 
Ankarana (Slovenia). Each participant gave written informed consent to this 
investigation that was approved by the local Ethics Committee. 
 
Three days before bed rest (BR-3) and on the first day of recovery (R+0) MEP of the 
lower limbs was measured, during pushes with both feet on two force platforms 
located on a dedicated multipurpose ergometer dynamometr (EXER, figure 1). 
Overall (right + left limb) force and speed of the consequent back-wards movement of 
the carriage-seat on which the subjects sat, were recorded by appropriate transducers. 
EMG recordings were simultaneously collected from thigh muscles (vastus lateralis 
and biceps femori).  In a different experimental section, forces developed during 
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maximum isometric contraction of the knee extensors of the dominant leg at 80 
degrees of knee flexion were assessed, on each subject, using an isometric chair 
dynamometer together with the corresponding EMG traces. Individual lower limbs 
fat-free mass (FFM) was also assessed, before and after BR, by means a bio-
impedance method.  
 
a) b) 

 
 
Figure 1: Panel a): Schematic view of the EXER: CS: Carriage seat, FP: force 
platform, WT: wire tachometer, HJ: hydraulic jack, Hi: Hinge; Cy: isokinetic cycle 
ergometer.  Panel b): Force (F, N) and velocity (v, m/s) are reported as a function of 
time (t, s). Power (w, W) as a function of time as obtained how the product of force 
and velocity (w(t)= F(t) x v(t)). Left vertical axis refers to F and w, right vertical axis 
to v. The time interval during which maximal explosive power is developed is  
indicated by the vertical arrows. The horizontal arrow indicates the force at which the 
backwards movement of the carriage seat begins. 
RESULTS 
The data obtained in one subject on whom force and power increased with no change 
in FFM were discarded.  
 
The average force (Fm) and power (Pm), as well as the FFM of the lower limbs 
decreased from 1076.2 ± 134.3 N, 1532.1 ± 230.0 W and 21.0 ± 3.1 kg before BR to 
891.3 ± 110.5 N, 1133.2 ± 163.2 W and 18.8 ± 3.4 kg after BR. The corresponding 
relative fall was calculated as : 
[(Xb – Xa)/Xb]  x  100 
where X refers to the appropriate variable (Fm or Pm or FFM) and where Fm and Pm 
are expressed per unit of FFM, before (b) and after (a) BR. The so obtained results are 
reported in the following Table: 
 
 

 Fm Pm FFMm 
Δ% Fall -16.7 ± 9.1 -24.6 ± 14.7 -10.5 ± 7.5 
p (n = 9)  0.134 0.021 0.002 
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These data show that, whereas Pm and FFM decreased significantly, this was not the 
case for Fm. 
 
DISCUSSION 
The observed fall of Fm, albeit not significant, supports the observation, reported by 
Narici et al. (2007, present Symposium) that in the same subject the ratio of maximal 
voluntary contraction (MVC) to cross section area (CSA) decreased significantly by 
5.5 % (p<0.05).  
 
The fall of Fm is not sufficient to account for the larger and statistically significant fall 
of Pm (-24.6%). This is therefore due also to a substantial fall of velocity during MEP. 
Indeed, the observed peak velocity decrease from 2.4 m/s to 2.1 m/s, Δ%=-12.5%, 
p<0.001. In turn, this is probably due to the observed loss of sarcomeres in series (-
1100, Narici et al., present Symposium). On the contrary, any effects of changes of 
the motor coordination brought about by BR are presumably marginal, as suggested 
by the fact that the EMG activity (rectified iEMG of the muscle vastus lateralis 
expressed as a fraction of the value measured during MVC), decreased by 11.0%, i.e. 
by the same amount of the FFM. 
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INTRODUCTION 
There has been a relative lack of attention to aspects of human thermoregulatory 
processes that influence comfort and therefore have an impact on the effectiveness of 
protective equipment.  There are specific tissues that comprise the heat transfer index 
and differences in blood circulation through different body areas, for example, the 
hand/torso temperature gradient.  Further, there are other physiological protective 
mechanisms against the cold such as the total/local reflex response to avoid massive 
heat release from the body, and shivering to increase heat production.  Because of the 
significant influence of the thermal regulatory system on astronaut comfort and safety 
both outside of and within the space vehicle or future planetary habitat, it is important 
to focus on this system in advancing astronaut protection.   
 
Through an extended program of research, our group developed a shortened liquid 
cooling/warming garment and warming gloves based on physiological principles of 
heat transfer.  The physiological design of the garment evolved through research 
identifying the body areas that are most effective in heat transfer, for example, high-
density tissues, as well as utilizing the mechanism of blood circulation to deliver heat 
to distal body areas.  Further studies evaluated the efficacy of different types of tubing 
bypasses within the garment to conserve energy and prolong thermal comfort in 
emergency situations.  The finger calorimeter studies addressed unresolved and 
serious issues in space affecting the safety of the astronaut, i.e., the adequate 
monitoring of astronaut thermal status during extravehicular activity (EVA) and 
onboard the space vehicle, and the development of a simple and reliable method for 
controlling the thermal status of the body during routine and emergency situations.  
The specific aim of these latter studies was to design and test a miniaturized sensor 
and monitoring system (finger calorimeter), applying experimental data assessing the 
correlation between heat content in the body and heat flux density from the finger.  A 
prototype temperature/heat flux ring, attached to a transmitter and visual display 
monitor, was constructed and calibrated.  The finger calorimeter has the potential to 
serve as the first index in an automatic thermal feedback system within the space suit.  
Thus, a new generation of protective equipment designed on the basis of physiological 
principles of heat transfer has been developed for space purposes.  
 
RESULTS 
Continued experiments and statistical analyses of the physiological data base were 
carried out to assess the physiological boundaries in which finger temperature/heat 
flux is informative in indicating thermal imbalance of the body, in order to establish 
the parameters in which the finger temperature/heat flux ring will be effective.  The 
finger temperature (Tfing) comfort range within the vasomotor zone was from 28.5 to 
33.5oC.  The functioning of the finger calorimeter was assessed by applying local 
cooling on body areas remote (thigh) from or close (forearm) to the finger 
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calorimeter.  The accuracy criterion was the quantity of heat insertion/extraction and 
relationship with core temperature and skin temperature topography.  The findings 
demonstrated a high correspondence between the thermal status of the body core and 
the temperature/heat flux of the finger as registered by the finger calorimeter under 
both cooling/warming sites.  To assess the stability of the Tfing data transmitted by the 
calorimeter in extreme cold conditions, subjects wore the NASA Phase VI glove 
while grasping a highly cold rail.  Placement of the finger sensor on the proximal vs. 
distal phalanx was compared.  Tfing data obtained from the proximal phalanx did not 
exhibit the swings noted at the periphery of the fingers, indicating that the proximal 
area is less influenced by direct contact with a cold surface, and therefore is a more 
accurate location for the finger sensor in terms of reflecting body thermal status.  
 
DISCUSSION  
Based on zonal principles of heat transfer and the optimization of regimes of garment 
cooling/warming, it is possible to reduce the space garment’s weight and volume, 
quantity of circulating water and energy consumption, thus increasing reliability and 
safety.  Comfort support of the extremities relying on heat delivery through optimal 
contact of the heating elements with the blood vessels on the hands and feet, or direct 
heat bypasses between body zones with high to low heat content is highly feasible.  
Through the use of a finger calorimeter functioning as a heat flux/temperature 
dynamic controller, it is possible to more accurately evaluate and regulate astronaut 
thermal status during EVA and onboard emergencies. 
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INTRODUCTION 
We have demonstrated that for a given combination of core and skin temperatures the 
exercise sweating response may be modified by the magnitude of the relative work 
rate (Eiken and Mekjavic 2004; Kacin et al. 2007). These studies were conducted by 
manipulating the oxygen delivery to the working muscles either by experimentally 
inducing ischaemia (Eiken and Mekjavic 2004), or with hypoxia (Kacin et al. 2007).   
 
The aim of the present study was to evaluate whether the potentiation of the exercise 
sweating response with increased relative work rate prevails, in conditions where the 
ratio of relative:absolute work rate is changed while oxygen delivery to the working 
muscles is not limited, either by perfusion or diffusion. The exercise sweating 
response was compared prior to, and immediately after a 35-day horizontal bed rest 
period, which induces cardiovascular and muscular deconditioning, resulting in a 
decrease in aerobic capacity and muscle strength (Eiken and Mekjavic, 2002). By 
conducting the exercise at the same absolute work rate, the post-bed rest exercise 
induces a much greater relative work rate. If the potentiated sweating response 
previously observed during ischaemic and hypoxic exercise is associated with 
increased relative work rate per se, then the post-bed rest exercise sweating response 
should be potentiated at given core and skin temperatures. 
 
METHODS 
Ten healthy male subjects with average ± SD age of 23.0±1.7 yrs, height 181.2±5.2 
cm, body mass 76.3±9.0 kg, and V& O2max 4.1±0.7 L·min-1 participated in the study. 
Following a medical examination they were housed in a ward at the Orthopaedic 
Hospital Valdoltra. Subjects remained in a horizontal position for the entire 35-day 
period, and were under 24-hour medical supervision during the study. Prior to the bed 
rest, subjects conducted an incremental-rate exercise to exhaustion on a cycle 
ergometer (Schiller CS-200, Switzerland), and a 40-min submaximal exercise test, 
conducted at a work rate equivalent to 30% of the maximal work rate. Following the 
bed rest, the subjects repeated the incremental-rate exercise to exhaustion, and also 
conducted two submaximal exercises. One was conducted at the same absolute level 
as in the pre-bed rest trial (Trial A), and the other at an absolute work rate, which 
would induce the same amount of relative work rate in the post-bed rest exercise 
(Trial R).  
 
During the submaximal exercise we monitored rectal temperature (Tre; MSR 12, 
Switzerland) 12 cm beyond the anal sphincter, skin temperatures (MSR 12, 
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Switzerland) from 4 sites (arm, chest, thigh, calf), forearm (proximal) - fingertip  
(distal) temperature gradient (ΔTdiff) -an index of vasomotor tone, breath-by-breath 
oxygen uptake (Schiller CS-200, Switzerland), and sweating rate (Esw) from the 
forehead with a ventilated capsule.  
 
RESULTS 
Maximum oxygen uptake decreased (p<0.01) by 24% in the post-bed-rest compared 
to pre bed-rest trial, which was also reflected in a decrease in maximum work rate by 
18% (p<0.05) in the former condition. The work rate selected was 78±14 Watts for 
the Pre BR and Post BR-A trials and 64±12 Watts for the Post BR-R trial.  
Oxygen uptake was similar between Pre BR and Post BR-R trials, but significantly 
higher for the Post BR-A condition (Table 1). The mean increase in HR was 14% in 
both post bed-rest conditions compared to pre-bedrest values. This increase was 
higher for the Post BR-A trial  (Table 1). VE and MAP values were similar before and 
after the Bed-rest period as well as between Post BR-A and Post BR-R conditions. 
RPE was higher in Post BR compared to Pre BR condition, without being different 
between Post BR trials (Table 1). 
Table 1. Rectal (Tre) and mean skin (Tsk) temperature, difference in skin temperature 
between forearm and fingertip (ΔTdiff), oxygen uptake ( V& O2), heart rate (HR), ventilation 
( V& E), mean arterial pressure (MAP) and rate of perceived exertion (RPE), at the end of 40 
min of cycling before (Pre BR) and after the 35 days of horizontal bed-rest (Post BR) at the 
same absolute (Post BR-A) and relative (Post BR-R; 30% of maximal) work rate.  
 Pre BR Post BR-A Post BR-R 

Tre (oC) 38.1 (0.2) 38.3 (0.3) 38.1 (0.3) 
Tsk (oC) 33.1 (1.0) 31.2 (1.2)* 31.0 (1.2)* 
Esw (g·cm-2·min-1) 3.4 (2) 3.4 (2) 1.8 (2) 
ΔTdiff (oC) -0.26 (1.1) -1.27 (2.2) -1.56 (2.5) 

V& O2 (L·min-1) 1.50 (0.3) 1.60 (0.2) + 1.44 (0.2) 
HR (beats·min-1) 121 (11) 144 (17)*+ 136 (11)* 

V& E (L·min-1) 31.0 (7.3) 30.3 (10.8) 34.1 (3.7) 
MAP (mmHg) 99 (8) 102 (8) 103 (9) 
RPE 2 (1-7) 5.5 (2-9)* 4 (2-9)* 
(*) Denotes differences between pre-deconditioning trial and post-deconditioning trials at 1% level 
(+) Denotes differences between post-deconditioning absolute and relative trials at 1% level 
 
At a given Tre, Esw was similar during the course of the 40-min exercise in all trials. 
Similarly, ΔTdiff decreased over time and was similar in all trials. 
 
DISCUSSION 
The present results demonstrate that a bed rest-induced increase in the 
relative:absolute work rate ratio did not potentiate the exercise sweating response. 
Thus, it is possible that the previously observed potentiation of the sweating response 
in blood flow restricted and hypoxic exercise (Kondo et al. 1999; Shibasaki et al. 
2001; Eiken and Mekjavic 2001; Kacin et al. 2007) is associated with the limited 
oxygen delivery rather than the increased relative work rate per se.  
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Since exercise sweating rate is potentiated at identical core and skin temperatures, a 
non-thermal factor is responsible for this potentiation, and the most likely candidate 
would appear to be the metaboreflex.  
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INTRODUCTION 
The latest version of the Gripen fighter aircraft has in-flight refueling capacity 
allowing flight missions of up to 8-hr duration (in the following termed Long Flight 
Missions, LFM). Such LFM will take place not only in Sweden but also during 
international assignments in hot climates. The Gripen pilot wears a breathing mask 
and an anti-G suit (AGS) that covers the legs completely and also the major part of 
the abdomen. The AGS is tightly fitted and has a ready pressure of about 1.3 kPa at 
normal gravitoinertial (G) load (1 G); suit pressure increases with increasing G load in 
the head-to-foot direction to a maximum of 70 kPa at 9 G. We assumed that the G-
suit-induced long lasting pressurization of the lower body will shift blood volume 
from the lower body to the thorax. An increase in central blood volume will, in turn, 
increase urine production, which together with sweating and inadequate intake of 
liquid might result in substantial dehydration. Dehydration is known to affect 
cardiovascular control with reductions in both orthostatic tolerance (Geelen & 
Greenleaf, 1993, Frey et al. 1994) and the ability to withstand high G forces (G 
tolerance) (Nunneley & Stribley, 1979).  
 
The aim of the present study was to investigate the effects of wearing an anti-G suit 
during extended time periods on plasma volume and cardiovascular control. The 
specific questions posed were: 
Will an 8-hr LFM, conducted in a warm environment and without any fluid intake, 
reduce the pilot’s blood volume to the extent that his/her cardiovascular responses are 
significantly affected? 
If so, is it possible to counteract the blood-volume reduction by ad libitum fluid 
intake? 
 
METHODS  
The study was carried out as two separate experimental series. Twelve male test 
subjects participated in series I. Each subject was equipped with Gripen anti-G 
garment and seated in a Gripen mock-up chair in a human-use centrifuge. He then 
performed an 8-hr simulated LFM at 1G. The LFM was performed in a temperature-
controlled environment (28 oC) and the subject was not allowed to eat or drink during 
the experiment. Throughout the LFM the anti-G suit and mask were pressurized, to 
1.3 kPa and 0.3 kPa, respectively.  
 
Blood samples were taken, for subsequent estimations of changes in plasma volume 
(Dill & Costill 1974), before, as well as 1, 2, 4, 6 and 8 hrs into the LFM and again 45 
min after the LFM (approx. 30 min after removing the anti-G suit). Before and after 
the LFM, tests of orthostatic tolerance and relaxed G-tolerance were performed. G 
tolerance was determined in a “worst-case scenario”, namely without pressure in the 
anti-G suit.  
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During the orthostatic tests, heart rate (HR) and arterial pressures were measured 
continuously. Subsequently, pulse pressure was calculated as the difference between 
systolic and diastolic pressure. 
 
In series II, nine fighter pilots participated. The experiments were performed in a 
similar manner as in series I, the main difference being that each subject was allowed 
to drink and eat ad libitum in series II. Also, the subject performed three 5-min high-G 
exposures (simulated target chase flights including loads up to 9 G) after 1, 4, and 7 
hrs of the LFM.  
 
RESULTS  
Body weight and plasma volume. In series I, LFM reduced body weight by 1.93 ± 
0.43 kg and plasma volume by 7.7 ± 5.9 % (p<0.05). In series II, LFM reduced body 
weight by 0.95 ± 0.60 kg and plasma volume by 5.1 ± 5.9 % (p<0.05), despite a water 
intake of 0.97 ± 0.40L. The LFM-induced reduction in plasma volume was similar 
(n.s.) in series I and II. 
 
Orthostatic tolerance. In both series, all subjects endured the 10-minute orthostatic 
test without fainting, but in series II two of the subjects showed signs/symptoms of 
imminent syncope at the end of the post-LFM test. LFM altered the cardiovascular 
responses to the orthostatic provocation in a similar manner in series I and II. Thus, 
LFM increased the HR response during orthostasis by 9.2 ± 10.7 beats/min in series I 
(p<0.02) and by 12.8 ± 9.5 beats/min in series II (p<0.05); LFM decreased the pulse-
pressure response to orthostasis by 8.5 ± 6.4 mmHg in series I (p<0.001) and by 7.3 ± 
5.2 mmHg (p<0.001) in series II. 
 
G-tolerance. LFM reduced G-tolerance by 0.22 ± 0.3 G in study I (p<0.05) and by 
0.15 ± 0.17 G in study II (p<0.05). G tolerance as well as cardiovascular responses to 
increased G load were similarly affected by LFM in series I and II.  
 
DISCUSSION 
In accordance with our hypothesis, the 8-hr simulated LFM in the series with fluid-
intake restriction caused a substantial reduction in plasma volume. The reduction, 
amounting to about 8%, was large enough to substantially affect cardiovascular 
regulation as reflected by the exaggerated heart-rate and pulse-pressure responses 
during the orthostatic provocations following LFM. Since the average LFM-induced 
reduction in G tolerance was only minute it appears, however, that in the majority of 
the subjects the plasma-volume reduction was not sufficiently large to impair arterial 
pressure regulation at increased G load. Previous studies have shown that dehydration 
of 11 to 12 % in warm environment reduces G tolerance by 0.4 G (Nunneley & 
Stribley, 1979). It is noteworthy in this connection that in two of the 12 subjects in 
series I, LFM induced substantial G tolerance reductions amounting to more than 1 G.  
 
The observation that the LFM-induced effects on plasma volume and cardiovascular 
control could not be counteracted by ad libitum fluid intake supports the notion that 
these effects were predominantly caused by an anti-G suit induced redistribution of 
blood volume from the lower body to the thorax leading to increased urine 
production.  
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INTRODUCTION 
During exercise and heat exposure, cutaneous blood flow increases in response to 
centrally-mediated thermoregulatory drive. However, even during such states, 
cutaneous vasoconstriction, mediated by the baroreceptor reflex, can occur when 
various stimuli lower blood pressure. Indeed, this is a rather strong reflex(6), which is 
also powerfully induced when the blood volume is lowered following extended 
sweating. Conversely, following regular endurance training, the blood and plasma 
volumes are increased as part of the adaptation process. This is similar to that seen 
with heat acclimatisation, and is associated with a significant and repeated increase in 
intramuscular heat production, which also elevates body temperature. The 
corresponding increase in blood volume acts to buffer blood pressure reductions, and 
reduce the effect of the baroreceptor reflex on peripheral resistance vessels.  
 
During endurance exercise that produces an elevation in body temperature, finger 
blood flow increases, particularly at sites with well developed arteriovenous 
anastomoses, thereby promoting heat dissipation(3,4). It is believed that during such 
exercise, two conflicting cutaneous vascular responses take place simultaneously. 
First, there is cutaneous vasodilation caused by rise in body temperature. Second, 
there is cutaneous vasoconstriction due to non-thermal factors (e.g. baroreflex). There 
is an antagonism between this vasodilation and vasoconstriction, which lasts for some 
time, and it resembles the cardiovascular response to lower body negative pressure 
(LBNP) when body temperature is rising.  
 
The adaptation effects following endurance training (i.e. increased blood volume and 
cardiac output), may result in a better defence of blood pressure during an exercise 
tolerance test. Therefore, there is a possibility for the baroreflex to be less powerfully 
activated, even during training, and this reflex may thus become weakened. There are 
two opposing views on this within the literature. One view is that endurance training 
results is a less powerful baroreflex when LBNP is applied at rest(7). The other view is 
that endurance training has no influence on the baroreflex(5). These differences of 
opinion may be attributed to variations in the form of exercise and ambient 
temperature during testing. However, the biggest factor seems to lie in different 
interpretations of muscle blood flow and cutaneous blood flow. For instance, finger 
blood flow, measured using venous occlusion plethysmography, reflects cutaneous 
blood flow, while forearm blood flow, measured in the same manner, reflects muscle 
blood flow. However, if the forearm blood flow serves for cutaneous blood flow, or if 
it is measured by laser Doppler flowmetry, cutaneous vasoconstriction may not appear 
clearly in response to the baroreceptor reflex. In our study, forearm blood flow was 
simultaneously measured using laser Doppler flowmetry and venous occlusion 
plethysmography, while finger blood flow was measured using plethysmography. 
LBNP was applied, and we examined how endurance training influences peripheral 
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blood flow during baroreflex stimulation. 
 
METHODS 
Eight healthy male athletes and eight non-athletes were tested (wearing only shorts) at 
an ambient temperature of 28ºC±0.2ºC and relative humidity of 40%. Subject were 
tested in a supine position with the lower body below iliac crest placed in a LBNP 
box. A rubber seal and band were attached to the inside of the box to maintain airtight 
condition between the abdomen and box. After all variables had stabilized (60 min), 
the LBNP was applied randomly for 5 min either at 150 or 300 mmH2O. We used a 
commercially available reversed air pump to draw air from the box, and adjusted the 
pressure by varying the diameter of air vent valves (Figure 1). 
 
 
 
 
 
 
 
 
 
 
 
Forearm blood flow was measured using two methods. (A) Venous occlusion 
plethysmography using a mercury-in-Silastic tube strain gauge (10 g tension) around 
the mid point of the left forearm. (B) Laser Doppler flowmetry (ALF-2100, Advance, 
Tokyo). To measure forearm blood flow, a 5 cm cuff was applied to the wrist and 
inflated to 250 mmHg. Blood flow to fingers was blocked, and after checking that the 
needle of the recorder was about to stop swinging, 40-50 mmHg was applied for 15 
seconds to a regular size cuff placed around the upper arm to block venous return. The 
formula below gives a calculation of the volume of blood flow based on the change of 
volume per unit time. Pressure for the upper arm was dropped to zero afterwards to 
remove vein congestion. 
      Forearm blood flow =2 x 100 x Tn x V/G x (α/ρ) 
where G: the circumference of a forearm (mm) 
      Tn: tangent of G increase due to the increase in the volume of venous blood flow 
      V: chart speed (mm/ min) 
      (α/ρ): change on the chart (mm) at the time of 1 mm change in strain gauge . 
Finger blood flow was measured using a mercury-in-Silastic strain gauge (10 g 
tension) around the center of an index-finger(2). Heart rate was measured using an 
electrocardiogram (AT-600 G, Nihon Kohden, Tokyo). Blood pressure during 
exercise was recorded from the right upper arm (at the same level as the heart). At an 
application of each LBNP intensity, systolic and diastolic blood pressures were 
measured automatically (Omron Healthcare Co., Ltd.: HEM-757 Fuzzy) for 3.5 min 
during the latter period of the application. 
 
RESULTS 
Figure 2 illustrates the time course of changes in finger and forearm blood flows, 
starting from rest, during applications of LBNP, and during recovery. For the both the 
athletes and the non-athletes, finger blood flow and forearm blood flow decreased 
after the onset of LBNP application, but rapidly recovered to almost the same levels 
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as observed at rest after LBNP was removed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     
 
 
 

 
DISCUSSION 
The cardiovascular response was clearly observed in our experiment with the 
application of 300 mmH2O LBNP (Figure 2). Both forearm blood flow and finger 
blood flow decreased with the application of LBNP, regardless of the level of 
endurance training. We also observed significant differences in forearm blood flow 
(plethysmography) between the athletes and non-athletes. However, when comparing 
forearm blood flow measured using laser Doppler flowmetry and finger blood flow, 
there were no significant differences between the groups. When comparing resting 
forearm blood flow using laser-Doppler flowmetry and plethysmography during 
LBNP application and recovery, there were no differences between the athletes and 
non-athletes. Moreover, there was no difference in the reduction of cutaneous blood 
flow caused by the application of LBNP, which leads us to think that endurance 
training has only a little influence on the change of cutaneous blood flow in response 
to baroreceptor reflex of lower pressure. On the contrary, as far as muscle blood flow 
was concerned, the reduction at rest and during LBNP application were greatly 
different between the two groups. When compared with the non-athletes, the athletes 
should a much greater returning blood flow from muscles than from skin in response 
to gravitational pressure. These results seem to suggest that, although it is important to 
maintain cutaneous blood flow for heat dissipation by vasodilation in the heat, 
endurance training makes it possible to mobilize muscle blood flow to respond to 
baroreceptor reflex when cutaneous blood flow is not enough to compensate 
baroreceptor reflex arising from the change in posture. Thus, the athletes could be said 
to have greater tolerance to the heat compared to the non-athletes.  
 

 

Fig. 1Changes in forearm blood flow(FAB) and finger blood flow( FBF) at the 
two levels (150and300mmH2O) of LBNP in the athletes (    :closed circles) and 
non athletes (     : open circles). Vertical bars are •}SEs.
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two levels (150and300mmH2O) of LBNP in the athletes (    :closed circles) and 
non athletes (     : open circles). Vertical bars are •}SEs.
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INTRODUCTION 
We have previously investigated the post-exercise thermoregulatory responses during 
immersion in 28°C water (Mekjavic et al., 2005) immediately after 35 days of 
horizontal bed rest and following a full recovery within 5 weeks. In both trials 
subjects were immersed in the bath with an end-exercise rectal temperature (Tre) 
approximately 0.5 °C higher than the pre-exercise value. During the 100 min 
immersion in a well-stirred bath of water maintained at 28°C, Tre decreased by as 
much as 0.9°C. During this cooling phase we monitored the cessation of sweating at 
the forehead, the onset of shivering thermogenesis as reflected in the oxygen uptake, 
and the forearm-fingertip skin temperature gradient, an index of peripheral vasomotor 
tone. We observed no effect on either the core temperature threshold or gain of the 
sweating response. In contrast, there was a significant attenuation of the cold-induced 
vasoconstriction and shivering thermogenesis, which we concluded was responsible 
for the greater cooling rate of Tre following bed-rest.  
 
The aim of the present study was to investigate whether the observed attenuation of 
shivering and cold-induced vasoconstriction would prevail during a much greater 
thermogenic drive, established by colder skin and core temperatures. 
 
METHODS 
Ten healthy male subjects with average (SD) age of 23.0 (1.7) yrs, height 181.2 (5.2) 
cm, body mass 76.3 (9.0) kg, and V& O2max 4.1 (0.7) L·min-1 participated in the study. 
Following a medical examination they were housed in a separate wing of the 
Orthopaedic Hospital Valdoltra (Ankaran, Slovenia). Subjects remained in a 
horizontal position for a 35-day period and were under 24-hour medical supervision 
during the study. Prior to, and immediately after the bed rest, they participated in an 
immersion in 15°C water for 60 min, or until their core temperature as measured 
rectally (Tre) decreased to 35°C, or by 2°C from pre-immersion levels.  
 
During the 10 minute pre-immersion rest period, and throughout the immersion phase 
of the trial we monitored rectal temperature (Tre; MSR 12, Switzerland) 12 cm 
beyond the anal sphincter, skin temperatures (MSR 12, Switzerland) from 4 sites 
(arm, chest, thigh, calf), forearm (proximal) - fingertip  (distal) temperature gradient 
(ΔTdiff) as an index of cutaneous vasomotor tone (Rubinstein and Sessler, 1990), and 
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breath-by-breath oxygen uptake (Model K4, COSMED, Italy) as a measure of 
shivering thermogenesis.  
 
RESULTS 
There were no statistically significant differences in the responses of rectal 
temperature,  mean skin temperature, heat flux, ΔTdiff, and oxygen uptake observed 
prior to and immediately after the 35-days of horizontal bed rest. Cooling rate of Tre 
was also identical during the pre- and post bed rest immersions.  
 
DISCUSSION 
The present results demonstrate that the thermogenic drive evoked by immersion in 
15°C water was sufficiently strong to override any bed-rest induced attenuation of 
shivering thermogenesis and cutaneous vasoconstriction (c.f. Mekjavic et al. 2005). 
Previously (Mekjavic et al. 2005), we hypothesised that the substantial lower limb 
muscle atrophy associated with 35 days of horizontal bed rest (Berg et al. 2007) may 
be responsible for the observed attenuation of shivering heat production in 28°C 
water. The results of the present study demonstrate that despite the loss of muscle 
mass in the lower limbs as indicated by the 15% decrease in the cross sectional area 
(Narici et al. 2007, this volume), shivering thermogenesis remains unaffected in 15°C 
water. This finding suggests that this magnitude of loss of muscle mass in the lower 
limbs does not affect the shivering heat production during a moderate-to-strong cold 
stimulus.  
 
The similar response of cold-induced vasoconstriction indicates that in the presence of 
a greater cold afferent drive from peripheral, core, and central cold sensors, the cold-
induced vasoconstriction is unaffected. We previously suggested (Mekjavic et al. 
2005) that the attenuation of this response might, in part, be associated with the 
observed decrease in responsiveness of precapillary resistance vessels following bed 
rest (Eiken and Mekjavic, 2002), but this does not appear to be manifest in cutaneous 
vascular beds during progression into mild hypothermia. 
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INTRODUCTION 
Thermal studies in spaceflights as well as experimental bedrests (BRs) show that 
although maintenance of normothermia is not jeopardized, some thermoregulatory 
responses, particularly after exercise, are attenuated. Exercise-induced heat loss 
responses (sweating and vasodilatation) and heat production responses (immersion-
induced shivering) were shown to be modified after BR (Mekjavic et al. 2005, 
Fortney et al. 1998, Lee et al. 2002 and Crandall et al. 1994). Changes in the 
efficiency and/or sensitivity of these autonomic responses were suggested to 
contribute to the elevation in core temperature observed in spaceflights and in BR 
experiments (Ertl et al. 2000, Fortney 1987 and Greenleaf 1989). Theoretically, such 
thermal imbalance can develop as a result of inappropriate behavioural 
thermoregulatory responses due to altered thermal sensation (i.e. the ability to sense 
thermal stimuli) or changes in the perception of thermal comfort. Changes in thermal 
comfort and thermal sensation during hypokinesia (Panferova 1976) and experimental 
BR (Mekjavic et al. 2005, Fortney et al. 1996) have been reported in previous studies, 
however, the effects on behavioural responses is not yet clear. Thus, the aim of the 
present study was to assess the effects of BR on behavioural thermoregulatory 
responses and on cutaneous thermal sensitivity. 
 
METHODS 
Ten healthy males (age 22.3 ± 2.2 years) participated in the study. They were tested 
on day 1 and day 22 of an experimental bed-rest in the Orthopaedic Hospital 
Valdoltra, Ankran, Slovenia. Subjects were tested at identical time of the day in a 
temperature controlled room adjacent to the BR dormitories. A supine position was 
maintained throughout the experiment. Subjects refrained from large meals, caffeine 
containing drinks and cigarette smoking 2 hours prior to testing. After 10 min of 
habituation to the room temperature (~26°C) two thermal sensitivity tests (cold and 
warm) were performed using a Middlesex Thermal Testing System (MTTS, Howe 
Institute, Canvey Island, Essex, UK). Thermal stimuli to the skin were provided by a 
Peltier element thermode positioned on the volar side of the right forearm between the 
elbow and the wrist. Thereafter, Skin temperature sensors (thermistors, YSI 409AC, 
YSI Inc., OH, USA) were attached (toe, calf, thigh, abdomen, chest, fingertip, 
forearm, arm) and subjects donned a WPS. The WPS was designed to allow the 
subject control over the temperature of water perfusing the suit by a remote-control. 
The starting temperature was set to 27°C (perceived as slightly uncomfortably cold) 
for 5 minutes. Then it was programmed to fluctuate in a sinusoidal manner between 
27°C and 42°C at 2°C min-1. Subjects were instructed to repetitively interfere with the 
cooling or warming of the WPS whenever it reached a slightly uncomfortable level 
(i.e. threshold of their thermal comfort zone; TCZ) by pushing a button on the remote 
controller. Subjects were instructed to continuously regulate the temperature of the 
WPS to achieve maximal thermal comfort during the entire 60 minute period. The 
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temperature of the water at the inlet (Tin; °C), and outlet (Tout; °C) of the suit was 
monitored with T-type thermocouples. Before, and immediately upon completion of a 
test, the tympanic temperature (Tty) of the subjects was measured with an infrared 
thermometer (ThermoScan IRT 3020, Braun, Kronberg, Germany).   
 
RESULTS 
There was an increase in Tty (P=0.07) and mean skin temperature (P=0.08) after BR. 
Skin temperature at the extremities (measured at the toe and 3rd fingertip of the hand) 
were slightly lower (not significant). Peripheral blood flow (measured by skin 
temperature differences between forearm-fingertip and calf-toe) was not significantly 
changed after BR, but tended towards vasoconstriction. BR resulted in small changes 
in the preferred temperature and its behavioural regulation. The mean Tout, the Tout 
at the upper and lower boundaries of the TCZ and the number of button pushes were 
not significantly different after 21 days of BR compared to the first day. A trend was 
noticed for choosing a lower upper boundary of the TCZ (i.e. decrease in threshold for 
warm discomfort) which resulted in a significant decrease (P<0.05) in the width of the 
TCZ. SkTmean was increased both at the higher (P=0.06) and lower (P=0.07) 
boundaries of the TCZ. Significant decrease (P<0.05) in warm but not cold cutaneous 
sensitivity was detected after BR.  
 
DISCUSSION 
Our results confirm previous observations that prolonged inactivity may lead to 
changes in thermal sensitivity (Panferova 1976, Mekjavic et al. 2005) and suggests 
that it is the peripheral sensation of warmth (upper limit of TCZ and sensation of 
warmth) that is affected to a greater extent. Moreover, it demonstrates that changes in 
thermal perception after BR occur not only as a result of alteration in core temperature 
induced by exercise or immersion in cold water, but also at rest, at the boundaries of 
the TCZ.  
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INTRODUCTION 
Microgravity is a unique environment imposing major physiological stress to the 
human body. Prolonged exposure to such an environment leads to significant 
musculoskeletal adaptations resulting in a loss of muscle mass and function.  
 
Skeletal muscle mass and strength are reduced with as little as 7 days of spaceflight 
(LeBlanc et al. 1995; Grigoryeva and Kozlovskaya 1987) and continue to decline with 
the length of exposure (Adams et al. 2003). Amongst the various muscles affected by 
disuse, the extensors are those showing the greatest atrophy. At the single fibre level, 
evidence suggests human type II muscle fibres are more, or at least as, susceptible to 
atrophy than type I muscle fibres (Edgerton et al. 1995, Fitts et al. 2000, Widrick et al. 
1999). 
 
Trappe et al. (2004) found a directional shift from slower contracting fibres to faster 
contracting fibres. This slow-to-fast shift in myosin isoform is in agreement with 
previous findings in animals (Caiozzo et al., 1994) and humans (Zhou et al. 1995, 
Ohira et al. 1999). 
 
Contractile properties of the skeletal muscle in response to disuse change 
considerably. Time to isometric twitch peak tension of triceps surae muscle increased 
by 13% (Koryak 1995). On the other hand in vitro experiments demonstrated that 
maximal shortening velocity (Vo) of the calf muscles increases as a result of space 
flight (Caiozzo et al., 1994;1996). The passive tension-strain relationships revealed 
that passive tension of both slow and fast soleus fibres increased less steeply with 
sarcomere length after hindlimb unloading (Toursel et al. 2002). Increased amplitude 
of the mechanomyographic response was linked to decreased muscle stiffness 
(Evetovich et al. 1997), where more compliant muscle becomes less efficient in 
damping muscle fibre oscillations. 
 
The purpose of this study was to investigate the changes in muscle size, contractile 
and stiffness properties following 35 days of horizontal bed rest bed in humans.  
 
METHODS 
Subjects and bed rest  
Ten healthy males performed 35 days of horizontal bed rest (age 22.3 ± 2.2 years). 
The study was conducted at the Valdoltra Orthopaedic Hospital (Ankaran, Slovenia). 
The protocol of the study was approved by the National Committee for Medical 
Ethics at the Ministry of Health.  
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Contractile properties 
Isometric twitch contraction time of five skeletal muscles (biceps brachii – BB; vastus 
medialis – VM; erector spinae – ES; gastrocnemius medialis – GM; biceps femoris – 
BF) was recorded using tensiomiography (TMG), a mechanomyographic method 
(Valenčič 1990; Dahmane et al., 2000 and 2005; Pišot et al. 2002). Twitch contraction 
time of the mechanical response was measured in relaxed pre-defined positions 
(Delagi et al. 1975) with fixed joint angles. From the supramaximal twitch response 
we obtained the maximal amplitude of the response (Dm, mm) and the contraction 
time (Tc, ms) from 10% to 90% of Dm. Measurements were performed 30 minutes 
before, and after 35 days of horizontal bed rest. 
 
Muscle thickness  
The thickness of the GM, TA, VL, and BB were measured at mid muscle belly along 
the mid-sagittal plane by ultrasound imaging using a digital ultrasonographer (Esaote 
Mylab 25) fitted with a 7-10 MHz linear probe. The examination was performed at 
rest with the subject in the horizontal position. In each ultrasound image so obtained, 
muscle thickness was measured at mid length as the vertical distance between the 
superficial and deep tendon aponeuroses in the central portion of the muscle. The 
reliability of this technique in detecting changes in muscle size induced by bed rest 
has been previously documented (Reeves et al. 2002). 
 
RESULTS 
Contraction time 
Whole muscle Tc for all measured muscles are presented in Table 1. Whole muscle 
Tc for ES was reduced by 13% (P < 0.05) and for GM increased by 17% (P < 0.01). 
In other muscles changes were not significant (Table 1). 
 
Maximal displacement 
Whole muscle Dm for all measured muscles are presented in Table 2. Whole muscle 
Dm for VM was increased by 25% (P < 0.01), for BF by 30% (P < 0.01) and for GM 
by 31% (P < 0.01). In other two muscles changes were not significant (Table 1). 
 
Table 1: Whole muscles Tc and Dm changes before (Pre) and after (Post) 35 days bed-rest. 

Tc / ms Dm / mm 
Muscle Pre Post %∆ Pre Post %∆ 
BB 29.2 ± 4.1 27.5 ± 2.2 -5 15.8 ± 2.0 15.0 ± 1.8 -3 
ES 19.6 ± 4.5 16.5 ± 2.2* -

13 
5.1 ± 1.4 5.1 ± 2.3 2 

VM 25.2 ± 2.0 25.1 ± 2.5 0 8.7 ± 1.6 10.8 ± 1.5** 25 
BF 31.0 ± 7.6 29.8 ± 6.1 -2 5.3 ± 1.0 6.6 ± 1.0** 30 
GM 26.4 ± 3.1 31.0 ± 6.0** 17 4.2 ± 0.8 5.5 ± 1.1** 31 

%∆, percent change. *P < 0.05 from Pre. **P < 0.01 from Pre. 
 
Muscle thickness 
After 35 days of bed rest, muscle thickness decreased in all tested muscles. The 
greatest atrophy was observed in GM (15-17%) and the least atrophy in the BB 
muscle (n.s.) 
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DISCUSSION 
Skeletal muscle atrophy is one of the primary problems associated with microgravity 
and simulated weightlessness models. Our findings confirm previous observation of a 
greater susceptibility to atrophy of the postural muscles, such as the GM, and least of 
the non-antigravity muscles, such as the BB.  
 
Contractile changes were described for contraction time (Tc) and the peak amplitude 
(Dm) of the twitch muscle contraction response. Tc changes were significantly 
reduced in ES and increased in GM muscles. This observation is somewhat surprising 
in that both the ES and GM are extensor, i.e. antigravity, muscles. Whereas the 
decrease in Tc seems consistent with a greater expression of fast MHC isoforms with 
disuse (Trappe et al., 2004), an increase Tc in the GM is difficult to explain, 
particularly because previous bed rest studies have found an increase in fast MHC 
isoforms expression (Trappe et al., 2004). 
 
Dm changes were more predictable as we observed increased Dm in all leg and lower 
back muscles. Statistical significance was confirmed in GM, VM and BF muscles. As 
the subjects were allowed to move their arms freely no affect was observed in BB 
muscle, neither in Dm nor in Tc. Dm confirmed that subjects with stiffer muscles in 
the baseline had bigger Dm increase after bed-rest (P < 0.05 in BB, BF and VM). This 
observation may be explained by, 1) an increase in intramuscular connective tissue, 
known to occur with atrophy and, 2) an increase in antagonist muscle co-activation, 
frequently found in atrophy and sarcopenia (Reeves et al. 2006). It seems plausible 
that an increase in muscle stiffness may be needed to compensate for the loss in 
tendon stiffness known to occur with prolonged bed rest (Reeves et al. 2005), since 
this may preserve the stiffness of the muscle-tendon complex as a whole. 
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INTRODUCTION 
Mine countermeasures (MCM) divers investigate and neutralize mines situated on the 
seabed.  The diver must first locate the mine, and then memorize technical details for 
later reporting to the dive supervisor for mine identification.  The diver is expected to 
obtain as much detailed information as possible within a short duration 
(approximately 2 minutes).  The time available is limited because the diver may be at 
a considerable depth (down to 81 metres of seawater (msw)) and will have a restricted 
bottom time for search, location, and memorizing details of the mine. The diver 
completes the dive, including decompression, before reporting the information to the 
dive supervisor.  The duration between viewing the mine and reporting to the 
supervisor can be up to 2 hours (or longer in extenuating circumstances).   
 
Many factors may affect the MCM diver’s ability to process and recall information 
about the mine. Environmental stressors (narcosis, cold, low visibility, anxiety), time 
between information processing and recall, and the cognitive load of the diver can all 
affect information processing and recall (Morrison and Zander, 2005).  How these 
factors interact and affect the overall ability of a working diver to process and recall 
information is unclear. 
 
To date, most diving and narcosis research has not differentiated between short term 
and long term memory, and has focused primarily on short term memory, using time 
intervals that range between a few seconds to one minute (Fowler et al., 1995).  The 
information that the diver observes is first processed and stored in short term memory 
before being transferred and stored in long term memory.  Thus, short term memory 
will limit the amount and type of information that the diver is able to store in long 
term memory.  The MCM diver must be able to retrieve the information from long 
term memory for periods of up to two hours.  There is no available research on the 
effects of mild narcosis on long term memory (more than one minute).  In particular, 
data are required to quantify the effects of time between information stimulus and 
retrieval on the ability to recall varying levels of detail about a mine.   
 
METHODS 
Ten experienced divers (nine male and one female) between the ages of 20 to 40 years 
completed the experiments, which were conducted in the Environmental Physiology 
Unit at Simon Fraser University.  Two environmental conditions were included to 
identify the effect(s) of diving on information processing and long term memory 
(recall).  The first environment was at the surface pressure (97 kPa), where divers 
wore normal clothing and sat at a standard workstation.  In the second environment, 
divers were immersed to the neck in water maintained between 28 and 30°C, in the 
wet section of a hyperbaric chamber and compressed to an equivalent depth of 40 
msw (497 kPa) while breathing air.  
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A library of images of mine-like objects was constructed with input from MCM 
divers.  The objects did not represent actual mines, but were designed to have levels 
of detail and features similar to typical mines.  Each image contained three levels of 
detail: 1 - basic (size and shape of the object); 2 - intermediate (physical attachments - 
fin, lifting bracket, bolt pattern etc.); and 3 - high (alpha-numeric strings, symbols and 
lines).  Images were reproduced in light orange colour on a black background (figure 
1) with markings and alpha-numeric details in black.  The size of each image varied, 
but was approximately 200 by 120 mm.   
 

Figure 1: Example of mine like object to be viewed by divers. 
 
Each subject completed the experiment on 6 occasions (2 environments by 3 recall 
times) that followed the same experimental protocol.  In each condition the diver was 
shown a two dimensional image of a mine-like object.  The diver was then asked to 
recall the information at one of three specified time intervals: immediate, 5 minutes 
and 2 hours; and to describe the object in as much detail as possible. Questions used 
to cue the diver about each mine-like object were simple and were related directly to 
the image that the diver viewed.  
 
The experimental measures were designed to evaluate the amount and type of 
information that the diver was able to recall about the image that was viewed.  The 
divers were scored on their responses.  Score was based on the number of features that 
the diver was able to recall (verbally) compared to the total number of definable 
features.  
 
The effects of diving, elapsed time and type of information (level of detail) on 
information recall were analysed using a two (environment) by three (time) by three 
(detail) factorial design with repeated measures.  Data were tested for significant 
differences at the p<0.05.   
 
RESULTS 
There was a main effect of environment on information recall (F=26.2, p=0.001).  
Mean scores decreased 13% when the image was viewed at 40 msw.  At the surface, 
there was no loss of information on level 1 detail and a loss of information at level 2 
only after a 2 hour interval.  In comparison, at 40 msw, there was a loss of level 1 
information after a 5 minute time interval and a loss of level 2 information on 
immediate recall.   
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Table 1: Descriptive data and statistical analysis of information recall scores (%) 
Score:  Mean ±SD (n=10) 
Elapsed 
Time 

Level of 
Detail 

surface 40 msw 

Level 1 100.00 ± 0.0 100 ± 0.0 
Level 2 100.00 ± 0.0 93.0 ± 12.5 
Level 3 92.00 ±1 6.7 78.0 ± 25.7 

Immediate 

Mean 97.3±5.6 90.3±10.4 
Level 1 100.0 ± 0.0 94.5 ± 11.7 
Level 2 100.0 ± 0.0 89.0 ± 10.2 
Level 3 82.5 ± 21.8 62.0 ± 33.8 

5 minute 

Mean 94.2±7.3 81.8±16.3 
Level 1 100.0 ±0.0 85.0 ± 26.9 
Level 2 90.5 ± 13.8 72.0 ± 21.0 
Level 3 63.0 ± 32.3 49.0 ± 36.9 

2 hour 

Mean 84.5±13.0 68.7±14.5 
 
There was a main effect of elapsed time on information recall (F=14.3, p<0.001).  
Mean scores for all three levels of detail decreased approximately 6% after a 5 minute 
delay and 18% after a 2 hour delay (p<0.05).  Data were further analysed to identify 
the effect(s) of time on reporting the 3 different levels of detailed target information.  
For level 1 detail, there was no significant difference in scores with time.  Scores for 
reporting level 2 and level 3 detail were significantly lower as the time interval 
increased (p<0.05).  Post hoc analysis showed that for level 2 information there was 
no significant difference between immediate recall and 5 minute recall, but there was 
a 16% decrease in recall score after 2 hours (p<0.05).  For level 3 information, there 
was a decrement in recall scores of approximately 15% after 5 minutes (p<0.05) and 
approximately 34% after 2 hours (p<0.05).  
 
There was a main effect of level of detail on information recall (F=9.20, p=0.002); as 
the level of detail increased, ability to recall information decreased.  Post hoc analysis 
showed that when averaged for pressure and elapsed time, there was no significant 
difference in recall of level 1 and level 2 information, but that recall of level 3 
information was significantly lower (p<0.05).   
 
DISCUSSION 
Results indicate that diving to 40 msw causes a significant impairment (13%) of 
information recall.  At 40 msw there was a loss of information at all time intervals and 
all levels of complexity except for the immediate recall of basic information.  After 
two hours divers recalled only 69% of all information compared to 85% at the surface.  
Decrements in immediate recall of more complex information at 40 msw suggest that 
divers’ information processing capacity is decreased.  In open water diving, this 
decrement may be exacerbated by other environmental stressors.   
 
The amount of information retained and recalled by divers is also affected by elapsed 
time.  After a two hour interval, divers recalled only 69% of information observed at 
40 msw, compared with 82 % after 5 minutes and 90% on immediate recall.  Thus 
there are obvious benefits to be realized by having the diver report information earlier.   
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Information recall from long term memory is dependent on the complexity (or detail) 
of the information content.  Thus, while divers could recall most (85%) of the basic 
information observed at 40 msw after 2 hours, they were able to recall less than half 
(49%) of the detailed information such as alpha-numeric data.  As different ordinance 
can have a similar designs of which there are several variations, the more detailed 
information collected by the diver may be crucial to proper identification.   
 
The absence of significant interactions between the three factors suggests that the 
effects of pressure, elapsed time and level of detail are additive in nature rather than 
synergistic.  Results indicated that there was no significant interaction effect between 
pressure and the level of detail reported by the diver (for all time conditions).  An 
interaction would not necessarily be expected since divers were exposed to the effects 
of narcosis only during the immediate recall condition.  For immediate recall, there 
was a trend for more complex information to show a greater decrement at pressure 
(when narcosis was present).  Hence, further investigation of the effect of narcosis on 
different levels of information detail is warranted.  Although the interaction between 
elapsed time and level of detail was not significant at the p<0.05 level, results indicate 
a strong trend (p=0.07) toward an interaction effect.  In this case an interaction effect 
might be expected due to the more “shallow encoding” of abstract information 
contained in the level 3 detail.  It is concluded that further research into this aspect of 
information recall is required.   
 
To improve the quality of information available for mine identification, the diver 
should be provided with a way to report information as soon as possible after viewing 
the target.  By providing the diver with new technology to aid in the collection and 
recording of target information, as well as a way to report this information to the dive 
supervisor, while still in the water, the quality of information from the diver would be 
substantially improved.   
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EFFECTS OF PRESSURE, GLOVES AND COLD ON HAND SKIN 
TEMPERATURE AND MANUAL PERFORMANCE OF DIVERS 

Joanna Zander and James Morrison, 
Environmental Physiology Unit, Simon Fraser University, BC, Canada 

Contact person: jmorriso@sfu.ca 
 
INTRODUCTION 
Exposure to cold and the use of protective gloves are associated with decreased 
manual performance capabilities. Three-fingered neoprene gloves slow hand cooling 
and preserve hand function; however, there is little information on whether neoprene 
gloves provide sufficient insulation to maintain hand skin temperature when diving in 
cold water.   
 
Hand skin temperature is an important predictor of manual performance.  Fox (1967) 
suggested that tactile sensitivity is degraded below a critical hand skin temperature of 
12-16°C and that manual dexterity is degraded below a critical temperature of 8°C.  
Vincent and Tipton (1988) reported a decrease in finger dexterity below a skin 
temperature of 20-22° C, becoming significant below 15-16°C  
 
METHODS 
Nine male divers between 20 to 40 years completed the experiment.  Four 
environmental conditions were selected to identify the effects of cold, pressure and 
exposure time on hand skin temperature and on manual performance of divers 
wearing three-fingered Rubatex ® G-231-N neoprene gloves (Table 1).  All 
conditions were completed in the wet section of a hyperbaric chamber at Simon Fraser 
University (altitude 360 m).  Divers were seated at a table while immersed to the neck 
in water and wearing a dry suit.  Skin temperatures (thumb, index finger, back of 
hand, forearm, chest and head) were measured using copper-constantan 
thermocouples.  
 
Table 1: Experimental Conditions 
Condition Water Temperature Pressure Gloves Exposure time 
1 25°C 0.4 msw Yes 4 min. 
2 25°C 40 msw Yes 4 min. 
3 4°C 0.4 msw Yes 4, 11, and 18 min. 
4 4°C 40 msw Yes 4, 11, and 18 min. 

 
Each diver completed three manual performance tests that were designed to measure 
grip strength, tactile sensitivity, and manual dexterity.  The test series took 7 minutes 
and are described in detail in Morrison and Zander, 2005.  In the cold conditions, the 
tests were repeated commencing at 4, 11 and 18 minutes of exposure.  Observations 
were made at depths of 0.4 metres of seawater (msw) (101 kPa altitude adjusted) and 
40 msw (497 kPa).  Data were analysed to determine hand skin temperatures as a 
function of exposure time when wearing neoprene gloves in 4°C water, and to 
quantify manual performance abilities a function of finger temperature while wearing 
neoprene gloves.  Manual performance scores were compared using ANOVA to 
identify differences associated with exposure to cold water and increased pressure.   
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RESULTS 
Figure 1 shows skin temperatures of one diver as a function of exposure time, when 
immersed in 4°C water at a pressure of 40 msw.    

Figure 1: Skin temperatures (oC) as a function of exposure time (4°C water; 40 msw)   
 
Mean head and chest temperatures remained relatively constant while forearm 
temperature dropped by 6-7oC over 27 minutes of exposure to 4°C water.  As finger 
and hand skin temperatures were non linear with time, temperatures were modelled 
using an exponential function of the form Tsk = A e-kt + B to obtain a best fit to the 
data (Table 2).   
 
Table 2: Best fit regression of finger and back of hand skin temperature (Tsk) as a 
function of cold exposure time (t) 

0.4 msw Tsk=12.3*exp(-.107*t)+14.7 R2=0.99 Finger  
Temperature °C 40 msw Tsk = 24.0*exp(-0.102*t)+9.0 R2=0.97 

0.4 msw Tsk =7.2*exp(-.108*t)+17.7 R2=0.94 Back of Hand 
Temperature °C 40 msw Tsk = 19.1*exp(-.069*t)+11.2 R2=0.95 

 
The regression equations predict that finger skin temperature will reach equilibrium at 
approximately 14.7°C in 0.4 msw, compared with approximately 9°C in 40 msw.  
Thus at 40 msw, equilibrium temperature is reached at only 5°C above water 
temperature, compared with a skin-water temperature difference of 10.7°C at 0.4 
msw.  Thus at 40 msw the protective effect of neoprene is reduced to approximately 
50% of its surface value.    
 
There were no significant changes in grip strength due to exposure to 4°C water or 
increased pressure when wearing three-fingered neoprene gloves.   
 
There was an increasing impairment of tactile sensitivity with time of exposure to 4°C 
water (F=12.0, p<0.01).  Tactile sensitivity was strongly correlated with finger skin 
temperature at both 0.4 msw (r2 = 0.92) and 40 msw (r2 = 0.99). Although the effect of 
pressure on tactile sensitivity was not significant, there was a tendency for tactile 
sensitivity scores to be higher at 40 msw (p = 0.08).   
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Figure 2: Relationship between tactile sensitivity score and mean finger skin 
temperature.  
 
Statistical analysis showed a main effect of pressure on manual dexterity (p=0.006) 
and an interaction effect between pressure and time of exposure to cold (p=0.006).  
Post hoc analysis indicated a significant difference in manual dexterity due to pressure 
in 25°C water, but no significant differences due to pressure in 4°C water.  Regression 
analyses showed that when wearing neoprene gloves, there is no significant 
correlation between manual dexterity and finger skin temperature at 0.4 msw (r2 < 
0.01).  In contrast, manual dexterity is strongly correlated with finger skin temperature 
at 40 msw (r2 = 0.84), with dexterity deteriorating as a function of temperature.  
 
DISCUSSION 
When wearing three-fingered neoprene gloves in 4°C water, divers’ finger and hand 
skin temperatures decreased exponentially with time of exposure.  The regression 
equations predict that when diving in 4°C water, finger skin temperature will plateau 
at 14.7°C at 0.4 msw compared with 9°C at 40 msw (Table 2).  At 40 msw, 
equilibrium temperature is reached at only 5°C above water temperature, compared 
with a skin-water temperature difference of 10.7°C at 0.4 msw.  Therefore, at 40 msw, 
the neoprene gloves lose approximately 50% of their insulative value due to the effect 
of pressure.   
 
The components of manual performance are affected differently by hand cooling.  
When wearing neoprene gloves, grip strength was unaffected by pressure or time of 
exposure to cold water.  In contrast, the time of exposure to cold water resulted in 
progressively lower tactile sensitivity scores, with no significant difference between 
the two pressure conditions.  Decrease in tactile sensitivity was approximately linear 
with finger skin temperature.  Manual dexterity was unaffected by skin temperature at 
0.4 msw, but decreased linearly as a function of skin temperature at 40 msw.   
 
Of the three components of manual performance evaluated, tactile sensitivity appears 
to be the most sensitive to exposure to cold.  These data support previous work 
completed by Schiefer et al. (1984) and Vincent and Tipton (1988).  The results also 
suggest that the effects of gloves and skin temperature on manual dexterity are not 
necessarily additive, but are dependent on glove thickness.  The finding that manual 
dexterity is improved by pressure (compression of neoprene) and that tactile 
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sensitivity is not, even in warm water, was unexpected.  Similarly the finding that 
tactile sensitivity is affected by skin temperature at 0.4 msw and that manual dexterity 
is not was also unexpected.   
 
The results do not support the findings of Fox (1967) who suggests a critical threshold 
for degradation in tactile sensitivity (12 to 16°C) and manual dexterity (8°C). Rather, 
our findings suggest a continuous relationship between finger skin temperature and 
tactile sensitivity over a range of 10 to 30°C.  Our results also show that there are 
more factors relating to the decrease in manual dexterity than finger temperature 
alone. At 0.4 msw, the divers showed no significant effect of finger skin temperature.  
At 40 msw, manual dexterity appeared to decrease linearly with finger skin 
temperature over a range of 10 to 30°C.   
 
In warm water, manual dexterity scores were higher at 40 msw compared to 0.4 msw, 
presumably due to the effect of compression on the thickness of the neoprene 
material.  Thus, although protective gloves will limit hand cooling in cold water, 
glove thickness will adversely affect manual performance and may outweigh the 
effects of cold.  When designing equipment for divers, ergonomic guidelines must 
consider the compromises between the cumbersome effect of glove thickness and the 
degrading effect of cold.   
 
It is concluded that three-fingered neoprene gloves do not provide adequate thermal 
protection when divers are working in cold water.  In addition, current, glove 
characteristics are not optimal for conserving both manual dexterity and tactile 
sensitivity ability of divers exposed to cold and pressure.   
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INTRODUCTION 
Several studies have investigated the varied effects of hyperoxia during physical 
performance. However, to date, studies investigating how hyperoxia affects human 
thermoregulation during exercise are lacking. Thus, this study was conducted to study 
the effect of hyperoxia on thermoregulatory and subjective responses of human 
subjects during exercise. 
 
METHODS 
Eight, healthy male students (22-26 yrs.) performed graded exercise test (GXT) a 
week prior to the experiment to determine VO2max. During the actual experiment, 
the oxygen fraction (FO2) in the climatic chamber was set at 0.21 and 0.30 O2. The 
subjects cycled on an ergometer for 30 min at 40 and 60%VO2max under the 2 
different FO2 conditions on different days and in random order. Thus, four conditions 
were established in this experiment, namely: exercise at 40% VO2max intensity at 
0.21 (N40) and 0.30 (H40) O2 fractions; and exercise at 60% VO2 max at 0.21 (N60) 
and 0.30 (H60) O2 fractions. The chamber was set at 26ºC ambient temperature and 
50% relative humidity in all conditions. Measurements included rectal temperature 
(Tre), skin temperature at 7 sites, mean skin temperature (Tsk), laser Doppler flowmeter 
(LDF) and mean sweat rate (Msw) on the forearm, back and thigh, heart rate (HR), 
blood pressure (BP) and body weight loss (BWL). Subjective parameters were 
thermal comfort, thermal sensation, rate of perceived sweating, dyspnea grade and 
rate of perceived exertion (RPE).  
 
RESULTS 

Figure 1.  Time courses of rectal temperature (Tre) and mean skin temperature (Tsk) while performing 
exercise at 40%VO2max in 0.21 (N40) and 0.30 FO2 (H40); and 60% VO2max in 0.21 (N60) and 
0.30% FO2 (H60). Values are means±SD. “time:p<0.001” indicates a significant main effect of time in 
all conditions. “cond*time: p<0.001”indicates significant interaction between condition and time on 
Tre during the recovery period in H60. “cond: p<0.1” indicates significant tendency of the main effect 
of condition on Tre observed in the exercise period in H60.  
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Physiological Measurements 
Time courses of Tre and Tsk revealed lower increases during exercise at both VO2max 
intensities during exposure to 0.30 FO2 condition compared to the 0.21 FO2 condition 
(Figure1). Tre in H60 was significantly affected by the interaction between time and 
O2 condition (p<0.001), particularly after the exercise. LDF and Msw values of the 
forearm, back and thigh had varying responses in both exercise intensities during 
hyperoxic and normoxic conditions.  

Although HR values were similar during N40 and H40, H60 was significantly 
affected by condition (p<0.05) and interaction between conditions and time (p<0.05), 
particularly after the exercise (Figure 2). HR during condition H60 was consistently 
lower, especially during the exercise and recovery period.  No significant differences 
in BP values and BWL were observed in all conditions.  
 
Subjective Evaluation 
RPE was significantly lower during condition H40 compared to N40. Subjects’ RPE 
in H40 was significantly affected by time (p<0.001) and interaction between time and 
condition (p<0.001). During the recovery period in H40, significant main effect of 
PO2 condition was also noted (p<0.05).  Significant main effect of time was also 
observed in RPE during condition H60. Subjects felt that exercise in both 40 and 60% 
VO2max intensity was warmer under normoxic conditions compared to hyperoxic 
condition. In particular, significant main effect of interaction between conditions and 
time (p<0.05) was noted during the exercise period in H40, while significant main 
effect of condition was observed during the recovery period after the exercise in H60. 
Dyspnea grade and rate of perceived sweating was slightly higher during exercise in 
normoxic condition compared to hyperoxic condition. Thermal comfort was similar in 
all conditions.    
 
DISCUSSION 
Results indicate that submaximal exercise while exposed to 0.30 FO2 attenuated the 
increases in Tre and Tsk and HR which may have resulted in better subjective evaluation 
with significantly lower RPE and thermal sensation values during the hyperoxic 
condition compared to normoxic condition. The results of this study may be 
applicable, particularly in occupations involving physically demanding work in hot 
environments in which rises in core temperature is critical; and where improved 
performance and comfort is highly needed such as in firefighting.  

Figure 2. Time courses of heart rate 
during N40, H40, N60 and H60. 
Values are means±SD. 
“time:p<0.001” indicates a 
significant main effect of time in all 
conditions. “cond: p<0.05”indicates 
a significant main effect of condition 
in H60. “cond * time: p<0.05” 
indicates significant interaction 
between time and conditions 
observed in the recovery period in 
H60. 
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INTRODUCTION. 
Nitrogen narcosis is a significant danger to divers, as it enhances the risk of accidents 
and diminishes a diver’s ability to cope with an emergency. The present study 
investigated the effect of inert gas narcosis on psychomotor performance of males and 
females. The aim was to quantify any gender differences in the susceptibility to 
subanesthetic concentrations of nitrous oxide, a behavioural analogue for hyperbaric 
nitrogen. Namely, it has previously been demonstrated that hyperbaric N2 and 
normobaric nitrous oxide (N2O) exert similar effects on cognitive performance and 
behaviour. Therefore normobaric N2O is an adequate analogue for hyperbaric N2, 
allowing the study of inert gas narcosis without the confounding effect of pressure. 
N2O is a nonvolatile, gaseous, inhaled anesthetic with a modest analgesic effect at 
subanesthetic (i.e., FN2O = 0.2 to 0.3) concentrations (Maze and Fujinaga, 2000; 
Quock and Vaughn, 1995). Human behavioural studies indicate that N2O, in this same 
concentration range, depresses psychomotor function (Korttila et al., 1981), cognition 
(McMenemin and Parbrook, 1988), learning, and memory (Block et al., 1988). 
Several studies have reported an acute tolerance to N2O inhalation. Acute tolerance 
occurs when a drug’s effectiveness diminishes during the course of a single 
administration (Kalant et al., 1971). Experiments on humans suggest that acute 
tolerance develops with N2O’s hedonic effects (Zacny et al., 1996), but not to its 
subjective, cognitive, or psychomotor effects (Yajnik et al., 1996; Zacny et al., 1996). 
The majority of studies to date have included only male subjects. There is a lack of 
data regarding gender differences in the susceptibility, and acute tolerance to N2O, 
and consequently to nitrogen narcosis.  
 
METHODS. 
Twenty four healthy (12 females and 12 males) students participated in the present 
study. Prior to participating in the study, subjects attended a screening interview, 
during which their medical status was assessed to determine, whether there were any 
contraindications to their participation in the study. None of the subjects had any 
previous experience with N2O, neither were any of the female subjects pregnant. 
Their mean (SD) age was 21.6 (1.8 years) (females: 21.4 (2.3) years; males: 21.8 (1.3) 
years), and body mass index 23.5 (3.4) kgm-2 (females: 22.2 (3.0) kgm-2; males: 24.8 
(3.4) kgm-2). Computerized Visual Simple Reaction Time (VSRT) is a sustained 
attention task, measuring attention and response speed to an easily discriminated, but 
temporally uncertain visual signal. The task is to press a key on the mouse as quickly 
as possible when a red circle is presented on the display. A total of five stimuli were 
presented within one session and the average was the result. Psychomotor speed and 
executive control were assessed with the Trial Making Test part A (TMT-A) and part 
B (TMT-B) (Reltan, 1959). The task of TMT-A was to connect lines to 25 circled 
numbers in sequence, in TMT-B each circle contains either a letter or a number and 
the task is to draw lines alternating from number to letter, consecutively (e.g. 1-A-2-
B…). VSRT and the TMT were measured under two experimental conditions; 
breathing air (Air trial) and breathing normoxic mixture of 30% N2O (N2O trial) in the 
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same sequence. The dose of 30% nitrous oxide was selected as previous studies have 
suggested that doses of between 20% and 30% produce marked and consistent effects 
on performance (Fagan et al., 1994). During the first trial subjects inspired air, whilst 
during the subsequent 10 minute periods they inspired a normoxic mixture containing 
30% N2O. Assessment during the second condition did not begin until ten minutes of 
continuous inhalation had passed, in order to achieve a stable plateau of 
approximately 95% concentration in the brain (Eger, 1985). In each condition subjects 
started with VSRT and continue with TMT-A, than with TMT-B. Before each test the 
procedure was explained and after that performed for familiarization. The order was 
the same for all subjects. The breathing mixtures were humidified by passing them 
through a water bath maintained at room temperature (23-25oC). The difference in 
susceptibility was evaluated using Students test-t and Chi-square test (p≤0.05).  
 
RESULTS 
There was no statistical difference between groups in age and body mass index. 
During both the Air and N2O trials, the average (SD) VSRT were significantly shorter 
in male than in females (Table 1). Similar results were noticed in TMT-A, but the 
differences were not significant. In contrast, there was a tendency, albeit not 
significant, of the females requiring less time for execution of the more demanding 
TMT-B in both conditions. 
 
Table 1. Difference in response between females and males in Visual Simple Reaction Time (VSRT) 
and Trial Making Test (TMT) during Air and N2O trials. 
 AIR 30% N2O 
 Women Men Significance Women Men Significance 
VSRT (ms) 244 (36) 214 (14) p=0.018 272 (44) 223 (38) p=0.009 
TMT-A (s) 17.4 (5.3) 15.7 (3.8) NS 18.4 (6.0) 17.1 (3.6) NS 
TMT-B (s) 34.7(10.6) 39.7 (14.5) NS 37.4 (22.5) 47.5 (23.7) NS 

 
The changes in VSRT were significant only for the females (Table 2). There were no 
statistically significant differences in the times for completing TMT-A or TMT-B in 
either of the two groups. Time for TMT-A execution was prolonged in both groups 
similar and statistically not significant. 
 
Table 2. Difference inside women’s and men’s group in Visual Simple Reaction Time (VSRT) and 
Trial Making Test (TMT) during breathing air and normoxic mixture of 30% N2O. 
 Females Males 
 AIR 30% N2O Significance AIR 30% N2O Significance 
VSRT (ms) 244 (36) 272 (44) p=0.007 214 (14) 223 (38) NS 
TMT-A (s) 17.4 (5.3) 18.4 (6.0) NS 15.7 (3.8) 17.1 (3.6) NS 
TMT-B (s) 34.7 (10.6) 37.4 (22.5) NS 39.7 (14.5) 47.5 (23.7) NS 

 
Eight subjects (3 females and 5 males) performed VSRT equally or better during the 
N2O as in the Air trial. Likewise eight subjects (5 females and 3 males) performed 
TMT-A equally or better. Eleven subjects (seven women and four men) needed equal 
or shorter time to perform TMT-B. There were no statistical differences between 
genders in the number of subjects who develop acute tolerance in all three tests. 
 
DISCUSSION 
Our results are in agreement with those of Dane and Erzurumluoglu (2003) and Der 
and Deary (2006), who reported that in almost every age group, males have faster 
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reaction times than females. Almost all of the male-female difference appears to be 
accounted for by the lag between the presentation of the stimulus and the beginning of 
muscle contraction (Botwinick and Thompson, 1966). Also, similar to Tomi et al. 
(1993) who showed an elevation of auditory reaction time, we obtained similar results 
for visual reaction time. N2O decreased VSRT performance in both sexes, but this was 
more pronounced in females. The results of this study demonstrate no gender-
differences in acute tolerance to inert gas narcosis. 
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INTRODUCTION 
The rapid pressure changes during submarine escape (SubEsc) imposes a particular 
breathing pattern on the escapers, which causes an expiratory hypoventilation during 
compression and an expiratory hyperventilation during ascent. The concomitant 
carbon dioxide changes cause the cerebral blood flow to change in such a manner that 
nitrogen uptake in the brain is enhanced and wash-out is reduced, possibly increasing 
the risk of decompression sickness in the central nervous system. 
 
HYPOTHESIS 
A short period of hyperventilation prior to the submarine escape would reduce the 
peak cerebral blood flow during the deep part of the dive profile.  
 
METHODS 
To simulate the cardio-respiratory effects of SubEsc subjects (n = 8) were asked to 
follow a breathing pattern that mimicked the gas exchange during real SubEsc, as the 
subjects were immersed to the neck in water. End tidal gas pressures and expired and 
inspired volumes were measured. Blood flow velocity in the median cerebral artery 
was monitored via a Doppler probe placed over the right temple. Hyperventilation 
was performed during lowering of the subjects into the water (30 s) and SubEsc 
compression was simulated by breath hold (20 s) during simultaneous arm work. 
During the ascent phase the respiratory pattern during SubEsc was simulated by 
continuously increasing tidal volumes.   
 
RESULTS 
In the hyperventilation trials the average (SD) maximum blood flow velocity during 
simulated SubEsc was reduced by 18.6 (11.0) % (p<0.01) and the average time 
integrated flow velocity during the first 45 s from start of breath hold was reduced by 
28.4 (11)% (p<0.001). Flow velocity integral during the following 30 s was also 
reduced but not to the same extent (-10.0 (8.7)%, p<0.05). 
 
DISCUSSION 
In subjects exposed to immersion and a breathing pattern mimicking the breathing 
during submarine escape a short period of hyperventilation reduced cerebral blood 
flow velocity. The resulting blood flow pattern should theoretically reduce the risk of 
DCS in the central nervous system during deep submarine escapes.  
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METABOLIC PRODUCTION OF CO2 FOR HYPERBARIC 
ESCAPE SYSTEMS IN SIMULATED SEA STATES 

Phil Newton, Tara Reilly, Michael Tipton 
Department of Sport & Exercise Science, Institute of Biomedical & Biomolecular 

Sciences, Portsmouth University, UK 
Contact person:phil.newton@port.ac.uk 

 
INTRODUCTION 
Hyperbaric Escape Systems (HES) are used when saturation diving bells have to be 
evacuated and the divers transported to safety. HES vary in size but typically hold up 
to 12 divers and have to be able to support life for up to 72 hours. Metabolically 
produced carbon dioxide (CO2) has to be removed from the atmosphere within HES. 
The current provision for scrubbing CO2 assumes a metabolic rate of 200W giving 
487mL.min-1 per diver, assuming a respiratory exchange ratio (RER, carbon dioxide 
production/oxygen consumption [VCO2/VO2]) of 0.821. This volume assumes that 
divers can remain secure and at rest in the seat of a HES, and that their metabolic rate 
does not increase more than two-fold from that at seated rest despite differing wave 
conditions. The aim of the present investigation was to obtain data on the CO2 
production of subjects in a HES seat and 4-point harness in different wave states, with 
a view to recommending a reasonable and safe requirement for scrubbing CO2 within 
a HES. It was hypothesised that there would be no significant difference in the level 
of metabolic carbon dioxide production in rough compared to calm wave conditions if 
the subjects were able to remain at rest and engage in minimum levels of physical 
activity 
 
METHODS 
Twenty healthy male volunteer subjects with a mean (SD) age of 36 (10) were 
recruited from the RNLI (N=16) and University (N=4). The mean (SD) physical 
characteristics of the subjects were: Mass (kg) 91.4 (31.6) with a range of 69-115kg. 
Stature (m) 1.79 (0.06), range 1.66-1.90m.  Percent body fat (2) was 23.1 (6.1), range 
10.5-33%.  
 
A HES seat with harness was secured to the bow of an Atlantic 75 rigid inflatable 
lifeboat. Subjects sat in the HES seat, the 4-point harness was secured and the subjects 
were instructed to rest. Although the subjects were not totally enclosed, they were 
unable to see oncoming waves. The lifeboat was tethered at the bow and stern in the 
sea survival wave tank. After 5 minutes of data collection in calm water (C), the 
wave-maker was started and set to a “confused” wave motion profile. This profile 
built over 30-60 seconds to produce 1.5-2m waves (Figure 1 and 2). The wave profile 
was continued for 20 minutes. The initial orientation of the boat to the waves was 
random and either: 1) longitudinally (L) to the waves for 10 minutes or 2) orientated 
perpendicular (P) to the waves for 10 minutes.  
 
A sample of the tests was filmed in the sagittal plane; these were analysed using SIMI 
(reality motion systems software, Germany) two-dimensional motion analysis 

                                                 
a Assuming 1L oxygen consumption per minute = 20.2kJ per minute = 336.7W. Thus: (200W/336.7) x 
0.82 = 0.487L carbon dioxide production per minute. For 12 divers over 24h: 0.487 x 12 x 60 x 24 = 
8,415L. Diver respiratory exchange ratio (RER = VCO2/VO2) taken as 0.82 (typical for mixed diet). 
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software. Individual points on the boat were manually digitized from the video to 
determine the horizontal and vertical boat movement due to wave motion. This was 
similar to the methods of Torner et al. (3) who examined boat motion with two-
dimensional video in the sagittal plane.  
 
 
 
 
 
 
 
 
 
 
 
Figure 1 and 2. Experimental run (Longitudinal wave orientation). 
 
During each test the oxygen consumption (VO2) and carbon dioxide production 
(VCO2) of subjects was measured using a telemetric breath-by-breath analyser 
(Metamax 3B, Cortex, Germany). Heart rate (HR) was recorded continuously during 
the trials using a Polar Accurex Plus® (Finland) heart rate monitor.  
 
RESULTS 
The vertical motion profile monitored at the head of the subjects ranged between 0.7m 
and 1m when the boat was positioned longitudinally to the waves. Wave frequency 
was 0.5Hz. In the perpendicular condition, an elliptical motion was observed with a 
frequency of 0.5Hz. This elliptical pattern had a vertical dimension of 0.73m and a 
horizontal dimension of 0.38m.  
 
Heart rate did not differ significantly between conditions (P= 0.33). The mean (SD) 
heart rate in the calm water was 71 (8.5) b.min-1, 74 (9) b.min-1for the longitudinal 
wave condition, and 75 (9) b.min-1 for the perpendicular wave condition (Figure 3).  
 
The mean values for CO2 production for each subject in each condition are shown in 
Figure 4. Carbon dioxide production was significantly higher *(P=0.005, α = 0.05) in 
the perpendicular wave compared to the calm (no wave) condition. There was no 
significant difference between any of the other conditions. 
 
Currently a typical HES is designed to accommodate 12 people with a metabolic rate 
of 200W and an average VCO2 of 487mL.min-1. This equates to 8,415L in 24h. A rate 
of CO2 production of 800mL–1,000mL.min-1 has been suggested in the IMCA’s 
revised protocol, issued in 2004 (5), after the initial work was challenged. For 12 
divers this equates to 13,824-17,280L in 24h. Calm conditions in the present study 
resulted in a VCO2 of 319mL.min-1 +99% CI (41mL.min-1) = 360mL.min-1. For 12 
divers this equates to 6,221L in 24h. The longitudinal condition in the present study 
resulted in a mean VCO2 of 374mL.min-1 +99% CI (46mL.min-1) = 420mL.min-1. For 
12 divers this equates to 7,258L in 24h. The perpendicular condition in the present 
study resulted in a mean VCO2 of 409mL.min-1 +99% CI (57mL.min-1) = 466 
mL.min-1. For 12 divers this equates to 8,053L in 24h. 
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Figure 3. Mean heart rate data for subjects across the three wave conditions (N=19). 
 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.  Mean CO2 production for the 3 wave conditions, 3SEM included (N=20). 
 
 
DISCUSSION 
Given there was a significant increase in VCO2 in the perpendicular compared to 
resting condition we reject our null hypothesis. However, it is clear that the increases 
in mean carbon dioxide production with motion in the present investigation were 
small (0.055-0.09 L.min-1) and therefore the data from this study supports the 
assumption of a 200W metabolic rate and consequent 487mL.min-1 per diver of 
carbon dioxide production (8,415L in 24h) is sufficient for a HES, if the motion 
profiles outlined approximate the condition likely to occur over a 24hr period and the 
subjects recruited are a representative sample, both of which are believed to be true. 
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DURING UNDERWATER FINNING 
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INTRODUCTION 
The UK military endorses the rationale that personnel should always possess 
sufficient physical fitness to meet the demands of their operational role. Accordingly 
personnel are required to pass a fitness test before beginning training as a military 
diver. This consists of a timed 1.5 mile (2.4 km) run (to be completed in 10.5 mins by 
Navy and 9.5 mins by Army personnel), sit-ups (minimum of 40 in one minute), pull-
ups (minimum of 8) and dips (minimum of 16). However, to be legally defensible and 
scientifically valid the test should be based upon objective measures that reflect 
critical or essential demands of the job. No recognised rationale for the current diving 
fitness test is available. Work by the US military indicates that their physical 
screening test for divers, which is similar to that used by the UK military is a poor 
predictor of capability to complete military diving tasks and hence has limited utility 
for physical selection purposes (Marcinik et al, 1995).  
 
Swimming underwater using fins and a self contained underwater breathing apparatus 
(SCUBA) is fundamental to the work of a military diver. Discussions with 
experienced military divers established a universal demand based upon searching the 
underside of ships for damage or ordnance. To complete this task divers must be able 
to fin and make progress against a tidal stream of 1.0 kts for 30 mins. The aim of this 
study was to quantify the aerobic demands of finning underwater in static water at 1.1 
kts which was intended to simulate making headway in a tidal stream of 1.0 kts; and 
to determine whether a running test would be a suitable predictor of finning 
capability. 
 
METHOD  
Eight experienced military divers volunteered for the study and their informed consent 
was gained in accordance with the Declaration of Helsinki. The subjects undertook 
four dives, two in a lake and two in an immersion tank, all on separate days. For all 
the dives the subjects used Swimmer’s Air Breathing Apparatus MoD 1 (SABA) with 
full face mask, which is an open circuit SCUBA with a main cylinder and bailout 
cylinder each filled with compressed air. The subjects wore a dry suit and undersuit, 
and military issue fins. Before each dive, euhydration was assessed by measuring the 
specific gravity (SG) of urine samples. Any subject with an SG > 1.015 was required 
to drink water until the SG of his urine fell to this level. The mean (SD) temperature 
of the water in the lake was 6.0 (0.4)°C and in the immersion tank was 6.3 (1.7)°C.  
 
For the dives in the lake the subjects (in pairs) finned at a depth of 3 metres. The 
subjects were paced (by the diving boat which used GPS) to fin at 0.7 kts and 
following a short rest period at 1.1 kts, each for 10 minutes. (It was intended that the 
divers would also fin for 10 mins at 1.5 kts, but this was not possible because they 
could not fin at this speed). The divers followed the longitudinal jack line down the 
lake which ensured finning in a straight line. The velocity of each diver was 
confirmed by recording the actual time taken to complete the distance. Heart rate was 
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recorded (MIE Medical Research Ltd, UK).  These dives were repeated on a separate 
day. 
 
For the dives in the immersion tank the subjects finned at a depth of one metre on a 
specifically designed finning ergometer (Figure 1). The subjects undertook an 
incremental test to volitional exhaustion to determine peak oxygen uptake (VO2) 
whilst finning. On the second occasion and following completion of all the dives in 
the lake the subjects completed two 10 minute dives (separated by a short rest period) 
finning on the ergometer. The subjects finned at loads to elicit the same heart rate that 
would be attained during finning in the lake at 0.7 and 1.1 kts. As the dives in the lake 
were not completed at exactly 0.7 and 1.1 kts the heart rates at these speeds were 
calculated from the actual velocity and heart rate from both dives in the lake for each 
subject (assuming a linear relationship between velocity and heart rate). During the 
pool dives, exhaled gas expelled from the diving regulator was continuously collected 
using a Perspex hood under the water and analysed on the surface using a flow turbine 
(KL Engineering, USA), mixing box and oxygen and carbon dioxide analyser 
(PowerLab, ADInstruments, NSW, Australia). The system was calibrated using 
known volumes of calibration gas bubbled into the water (at different rates 20, 40, 60 
and 80 L.min-1) in the same position in the water as gas was exhausted from subjects’ 
SABA. Heart rate was recorded (MIE Medical Research Ltd, UK).   

 Figure 1. A photograph of the diver ergometer 
 

Maximal oxygen uptake (VO2max) was measured during running on a treadmill, 
using an incremental protocol to volitional exhaustion. Expired air was collected and 
analysed using a flow turbine (KL Engineering, USA), mixing box and oxygen and 
carbon dioxide analyser (PowerLab, ADInstruments, UK). Subjective assessment of 
how closely finning on the ergometer corresponded with finning in open water was 

Expired air 
bubbles 

Resistance is increased 
by adding weights 
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determined by asking the subjects to rate this on a 20 point continuous scale from 
“Not at all alike” to “Exactly the same”.  
 
RESULTS 
Table 1 shows the VO2 of the subjects finning on the ergometer at heart rates to match 
those predicted for finning in open water at 0.7 and 1.1 kts. The heart rates and VO2 
values are mean values for each subject calculated from data collected during the final 
five minutes of exercise at the two simulated velocities.  
 
Table 1.Oxygen consumption and heart rate whilst finning on the ergometer at heart 
rates to match those predicted for finning in open water at 0.7 and 1.1 kts  

 Simulated 0.7 kts Simulated 1.1 kts 
 

Subject 
 

VO2 
(L.min-1) 

 
Heart rate 

(beats.min-1) 

% 
predicted 
heart rate  

 
VO2  

(L.min-1) 

 
Heart rate 

(beats.min-1) 

%  
predicted 
heart rate  

1 1.42 121 99 2.58 172 100 
2 1.69 111 96 2.76 151 98 
3 1.33 100 101 2.95 166 106 
4 1.74 97 111 2.63 147 92 
5 1.78 105 87 2.93 148 94 
6 1.44 94 95 2.53 137 90 
7 1.53 113 103 2.37 144 92 
8 1.48 99 95 2.84 134 92 

Mean 1.55 105 98 2.70 150 96 
SD 0.17 9.3 7.0 0.21 13.1 5.4 

 
The mean (SD) rating of how closely finning on the ergometer corresponded with 
finning in open water was 15.8 (2.1) and the divers stated that the only difference was 
that they could not roll their shoulders on the ergometer as they would when finning 
in open water. A further study indicated that the kinematics of finning on the 
ergometer were the same as in open water (Pisula et al, 2007). Finning VO2 peak and 
running VO2max are shown in Table 2.  
 
Table 2.Finning VO2 peak attained finning on the ergometer and running VO2max 
and corresponding maximum heart rate (beats.min-1) 

Finning Running 
Peak VO2 VO2max 

 
 
Subject L.min-1 ml.kg-1.min-1 

Max 
heart rate L.min-1 ml.kg-1.min-1 

Max 
heart rate 

1 3.09 47.3 196 4.23 63.7 195 
2 2.94 34.8 170 4.90 58.4 184 
3 3.00 39.1 190 4.61 59.5 200 
4 2.83 30.1 186 4.97 51.9 204 
5 2.79 31.1 164 4.63 51.6 170 
6 3.31 37.4 179 4.26 48.0 190 
7 2.57 38.1 158 4.11 60.8 180 
8 3.39 49.3 184 5.07 71.5 190 

Mean 2.99 38.4 178 4.60 58.2 189 
SD 0.27 6.9 13.2 0.37 7.6 11.0 
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DISCUSSION 
The main finding of the study is that the mean oxygen requirement for finning in open 
water at a simulated velocity of 0.7 kts is 1.55 L.min-1 and 2.70 L.min-1 at simulated 
1.1 kts. When exercising continuously for longer than two minutes it is recommended 
that in fit, trained but non-elite athletes the work rate should not be higher than 70% 
of VO2 peak; otherwise they will experience excessive anaerobic metabolism and 
fatigue. Based upon this information, to be able to fin at 1.1 kts for a sustained period 
the diver would require a finning peak VO2 of 3.86 L.min-1.   
 
None of the divers in this study achieved a finning VO2 peak of this magnitude, the 
highest attained by any of the subjects was 3.39 L.min-1 and the mean (SD) for the 
eight subjects was 2.99 (0.27) L.min-1. The data collected whilst finning at 1.1 kts in 
the lake support the suggestion that the subjects would not be capable of finning 
aerobically for 30 minutes at 1.1 kts. The subjects found finning at this speed difficult 
and of the sixteen dives at this pace only two were completed (by two different 
subjects) at the required velocity, the other fourteen were at a slower pace (at a mean 
of 1.01 kts; SD 0.04 kts). The subjects were experienced military divers and would be 
considered competent at finning. In addition the running VO2max data indicate that 
these were reasonably fit subjects. This suggests that the requirement to be able to fin 
at 1.1 kts for 30 minutes is unrealistic and cannot be achieved aerobically, and not that 
the performance of the subjects on the finning VO2 peak test was poor. The divers 
stated that 0.9 kts was more representative of the pace at which they finned during 
normal occupational activities. Further work will be undertaken to quantify the 
demands of finning at 0.9 kts and to develop an equation that accurately predicts 
finning capability from running performance. 
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INTRODUCTION 
Human aerobic performance at high altitude is known to be affected by functional 
adaptations mainly of hematologic, respiratory and cardiovascular nature that are, in 
part, population-specific. As a consequence of prolonged (2-3 months) altitude 

exposure, maximum aerobic power ( V
.
O2max) undergoes a reduction that, on average, 

at 3500 m is 35% of the sea level control value, reaching 85 to 90% on the top of Mt. 
Everest (8850 m). 

The altitude-induced decrease of V
.
O2max  is characterized by a large variability due 

to several factors, e.g., ethnic background, individual fitness and training conditions, 
etc. In this context, it has been shown that, both among Caucasians and Tibetans, the 

relative decrease of V
.
O2max is greater in subjects characterized by higher control 

levels of maximum aerobic power (Marconi et al., 2004). On the other hand, second 
generation Tibetans born at moderate altitude, after one month exposure to 5000 m  

undergo a lesser drop of V
.
O2max (-10%) than acclimatized Caucasians (-40%). The 

above described different reactions to hypoxia among subjects, particularly those 
based on ethnical grounds, are likely the consequence of varying adaptational 
characteristics of some of the factors regulating convective and diffusive transport of 
oxygen from the environment to the tissues the mechanisms of which, however, need 
further investigation.  Over the last decade, besides the hematologic and cardio-
respiratory systems, muscle has been indicated as a possible site of impairment of 
exercise performance. Indeed, in caucasian mountaineers, after 10 to 12 weeks 
exposure to 5000 meters and above, muscle has been found to deteriorate (-25% of 
mass; -25% of mitochondrial volume density and oxidative enzyme activity; 3-fold 
increase in the accumulation of lipofuscin, an undegradable waste material and a 
marker of damage by reactive oxygen species, ROS). By contrast and rather 
surprisingly, native Tibetans (Sherpa) living at around 4000 m are characterized by 
reduced (-25%) muscle mitochondrial volume density compared to caucasian 
lowlanders but by normal lipofuscin and protein carbonyl derivatives accumulation, 
with no signs of ROS damage and, moreover, by improved exercise economy, i.e. 
lower oxygen consumption for given submaximal work loads (Marconi et al., 2005). 
Therefore, the hypothesis was put forward that altitude natives be characterized by a 
more efficient ROS scavenging system allowing them to live and thrive in chronic 
hypoxia. 
 
METHODS 
 In order to identify hypothetical molecular markers of muscle deterioration in chronic 
hypoxia and of possible compensatory mechanisms, 2 DE and/or 2D-DIGE human 
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vastus lateralis protein maps were obtained from 15 mg bioptic samples taken from 
the mid portion of the vastus lateralis muscle and analyzed by mass spectrometry in: 
A) three groups of Asian subjects: 1) first generation high altitude tibetan natives 
recently migrated to Kathmandu, Tib1; 2) second generation lowland Tibetans never 
exposed to high altitude before, Tib2; 3) Nepali lowlanders of Aryan ethnicity, N and 
in: 
B) a group of élite caucasian mountaineers before and after 10 to 12 weeks exposure 
to altitudes comprised between 5000 to 8850 meters during expeditions to Mt. Lhotse 
and Mt. Everest in Nepal.  
 
RESULTS 
A) The following proteins were found to be differentially expressed in the muscle of 
the three investigated Asian groups (Gelfi et al., 2004):  
 
-Glutathione-S-Transferase P1-1 (GST P1-1) which was overexpressed in both Tib1 
(+380%) and Tib2 (+50%) compared to N. This is an enzyme that conjugating 
molecules of reduced glutathione to a series of electrophilic acceptors, plays a potent 
detoxifying role in cells exposed to ROS. 
 
-Delta 2-enoyl-CoA hydratase (ECH), an intra-mitochondrial enzyme involved in 
beta-oxidation of fatty acids, which is upregulated in both Tib1 and Tib2. 
 
-Glyceraldehyde-3-phosphate(GAPDH) and lactate dehydrogenase (LDH), two 
glycolytic enzymes, both downregulated in Tib1. 
 
-Myoglobin (Mb), whose isoform at pH=7.29, appears to be upregulated in both 
Tibetan groups. 
 
-Phosphoglycerate mutase (PGA), the enzyme converting glycerate-phosphate to 
glycerate 2-phosphate which is 50% higher in Tib1 than in Tib2 and N. 
 
-NADH-ubiquinone oxidoreductase (NUGM), an enzyme of the respiratory chain, 
which is 30% overexpressed in Tib1 compared to Tib2. 
 
On the whole, Tib1 and, to some extent, Tib2 appear to be better protected than N 
against ROS. Tib1 are also characterized by metabolic adaptations compatible with a 
tighter coupling of ATP demand and supply. 
 
B) Neither protein changes of the type found for Tib1 and Tib2 nor protein carbonyl 
derivatives accumulation were observed in caucasian mountaineers after prolonged 
exposure to extreme altitude despite a substantial increase in lipofuscin accumulation 
and a 25% reduction  of the muscle mitochondrial volume density. Contractile 
proteins were unaffected by hypoxia. However, post- vs. pre-  hypoxia exposure 
differential maps show significant upregulation of 10 molecules involved in anaerobic 
and aerobic metabolism, in mitochondrial activity, as translation factors, in protein 
synthesis and in the elimination of peroxidases together with a downregulation of a γ-
actin and of a hydrolase involved in the processing of ubiquitin precursors ( Cerretelli 
et al., 2007). The found results do not feature any of the changes occurring in native 
tibetan migrants, particularly the great increase of  the ROS scavenger GST P1-1. 
Contractile proteins, including myosin light chains, protein carbonyl derivatives (4-
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HNE), ubiquinated proteins, hypoxia markers such as HIF-1, PDK1 and m-Tor appear 
equally unchanged..  
 
DISCUSSION 
Whereas lifelong hypoxia induces in Tibetans significant changes in muscle 
metabolism, altitude exposure over periods of 10-12 weeks does not induce in 
Caucasians a  similar adaptive protein pattern. Probably, the found adaptational 
features of tibetan natives seem to require a much longer exposure time to develop if 
not a critical event. 
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INTRODUCTION 
Intermittent hypoxic exposure, often referred to as intermittent hypoxic training 
(IHT), is a method used for altitude acclimatisation. The method assumes that a short 
duration hypoxic stimulus (inspiration of a hypoxic gas mixture) of high intensity 
(FiO2 corresponding to that of severe altitude above sea level) is supposed to evoke a 
similar level of altitude acclimatisation as a long sojourn at a moderate altitude. Thus, 
in contrast to standard acclimatisation techniques, which rely on prolonged exposures 
to moderate altitude, the method of IHT requires daily repetitive, short exposures to 
low-oxygen gas mixtures.  
 
The aim of the study was to test whether the use of IHT can induce altitude 
acclimatisation in cyclists and potentially improve their exercise performance. 
 
 
METHODS 
Twelve young, healthy cyclists of a similar level of training and at the beginning of 
their competitive period were divided into two groups, an acclimatisation group and a 
control group. The acclimatisation group performed IHT one hour daily, 5 days per 
week for 4 weeks. IHT consisted of repetitive exposures to a hypoxic gas mixture 
(FiO2 = 11.4 %,  ≈ 4500 m) for 7 minutes, interrupted by 3 minutes of normoxia. 
During IHT subjects did not perform any physical activity. 
 
Hematological parameters (Hb, Hct, erithrocytes, reticulocytes, S-Fe, S-ferritin), 
oxygen saturation, maximal work load (as determined by an incremental cycle 
ergometry test performed at altitude (FiO2 = 13.3 %,  ≈ 3000 m) and at sea level), 
heart rate, lactate, and ratings of perceived exertion were determined before and after 
the acclimatization procedure in both groups. 
 
 
RESULTS 
Mean (SD) oxygen saturation measured at the end of the fifth subsequent hypoxic 
exposure, was 84 (7) % on the first and 82 (3) % on the last day of IHT. Following the 
IHT procedure, no significant changes (p>0.05) in any of the monitored parameters 
were noted in either the control or the acclimatisation group (Table 1-2, Figure 1-3).  
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Table 1: Haematological parameters before and after IHT in both 
experimental groups. All parameters remained unchanged following 
the acclimatisation procedure (p>0.05). 

Control group Acclimatisation group 
 

Before After Before After 
Erythrocytes           
(1012/L) 

4.7        
(0.3) 

4.7        
(0.2) 

4.9             
(0.4) 

4.9          
(0.2) 

Haemoglobin             
(g/L) 

141            
(9) 

141          
(9) 

146                
(7) 

146                 
(9) 

Hematocrit 0.42          
(0.02) 

0.41          
(0.02) 

0.44                  
(0.02) 

0.43          
(0.02) 

Reticulocytes        
(109/L) 

27              
(6) 

26           
(11) 

35                    
(8) 

33            
(14) 

 
 
 
 
 
 
 

 
Figure 1: Maximal work load (WL; W) achieved in an incremental cycle ergometry 
test before and after the acclimatisation procedure in both groups. No significant 
changes were observed in any of the groups in either a normoxic or a hypoxic test.  
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Table 2: Lactate concentration (mmol/L) after an incremental cycle ergometry test in 
both groups before and after the acclimatisation procedure (N=4). Although lactate 
levels seem to have decreased following the acclimatisation procedure in the 
acclimatisation group, the difference was not significant between, or within groups. 

 Normoxia 
before 

Normoxia 
after 

Hypoxia 
before 

Hypoxia 
after 

Acclimatisation 
group 8.3 (1.9) 7.9 (2.8) 12.2 (4.4) 10.6 (2.9) 

Control  
group 7.8 (3.1) 10.3 (2.2) 11.4 (2.4) 12.4 (3.2) 

 
 
 
 
 
 
 

 
Figure 2: Haemoglobin saturation (SaO2, %) during an incremental cycle ergometry 
test, performed in normoxia (N) and at simulated altitude of 3000 m (H), before and 
after the acclimatisation procedure in the acclimatisation (A) and control group (C). 
Following the acclimatisation, SaO2 during the hypoxic exposure did not change in 
any of the groups (P>0.05). 
 
 
 
 
 
 
 
 
 
 
 



Environmental Ergonomics XII  
Igor B. Mekjavic, Stelios N. Kounalakis & Nigel A.S. Taylor (Eds.),  © BIOMED, Ljubljana 2007 

 84 

Figure 3: Ratings of perceived exertion (0 = minimal, 10 = maximal) during an 
incremental cycle ergometry test, performed in normoxia and at simulated altitude of 
3000 m, before and after the acclimatisation procedure in the acclimatisation and 
control group. 
 
DISCUSSION 
The results of the study suggest that IHT, as applied in the present study, does not 
provide a sufficient stimulus for high altitude acclimatisation and/or performance 
enhancement, as reflected in the peak power output, hematological parameters, 
hemoglobin saturation and ratings of perceived exertion. The method might produce 
some high altitude acclimatisation effects, if the number of daily intermittent hypoxic 
exposures is greater, and/or the FiO2 of the gas mixture during the repetitions is lower. 
However, the former would become logistically unacceptable for athletes, and the 
latter presents an unacceptable and unnecessary hazard to an athlete wishing to 
conduct such a procedure unsupervised. 
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INTRODUCTION 
To improve oxygen uptake, mountaineers often use supplemental oxygen during 
climbing at high altitude. Oxygen-enrichment in the rooms has also been advised to 
improve cognitive and motor function of people working at high altitude. Besides 
oxygen enrichment of inspired air, oxygen availability at altitude may also be 
improved by increasing ventilation. The latter, however, is associated with 
hypocapnia and respiratory alkalosis.  
 
During carbohydrate metabolism, a larger amount of CO2 is produced than during 
metabolism of lipids or proteins. As CO2 is a respiratory stimulant, it would be 
reasonably to assume that ingestion of carbohydrates may increase CO2 production to 
a level which would stimulate ventilation, consequently increase oxygen uptake, and 
potentially alleviate some of the symptoms of hypoxia.  
 
The aim of the present study was to test whether carbohydrate ingestion can increase 
CO2 production enough to stimulate ventilation and improve oxygen saturation at high 
altitude.  
 
METHODS 
The subjects provided their informed consent for voluntary participation in the study 
and gained physicians approval. The protocol of the study was approved by the 
National Ethics Committee of the Republic of Slovenia. 
 
Fourteen subjects (8 females, 6 males) participated in two trials, which consisted of 
two normoxic and an acute hypoxic period (FiO2 = 12.86 %). All females were tested 
in the follicular phase of the menstrual cycle. Both trials were performed at the same 
time of the day and the order of the two trials was balanced between the subjects.  
 
Following the first control normoxic period of 15 minutes, the subjects ingested either 
a 10 % water solution of sucrose (CHO; 4 kcal per kg body mass), or an equal volume 
of water (control). Following a 40-minute rest, the second normoxic period was 
recorded, and was followed by a 30-minute hypoxic interval. The subjects rested 
supine throughout the experiments.  
 
Ambient data were recorded for each trial. Hemoglobin saturation (SaO2, %), heart 
rate (HR, bt/min) and ventilation parameters (FeO2, %; FeCO2, %; V, L/min) were 
monitored throughout the experiment. Tympanic temperature (Tty, °C) was measured 
at the beginning and end of each test. Glucose concentration in capillary blood 
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([glucose], mmol/L) was measured at the beginning of the experiment and in minute 
15 of the hypoxic exposure. 
 
Statistical analysis 
Thirty minutes of hypoxia were divided into thirds, and the first 10-minute hypoxic 
period was adopted as a stabilization period; the last two thirds of hypoxic exposure 
were used for statistical analysis. Differences in HR, SaO2, V, Tty, FeO2, FeCO2, and 
[glucose] were assessed with a two-factor analysis of variance (ANOVA) with 
repeated measures on both factors. Whenever ANOVA yielded significant 
differences, data were further analysed with a Tukey HSD post-hoc test. The level of 
<0.05 was adopted as statistically significant. All values are presented as mean (SD). 
 
RESULTS 
Ambient temperature was similar (p>0.05) in both trials: 24.9 (0.8)°C in the CHO 
trial, and 25.1 (0.9)°C in the control trial. Mean age, height and weight of the subjects 
were: 24 (2) years, 173 (10) cm, and 73 (18) kg, respectively. Tympanic temperature 
remained similar in both trials (p>0.05) throughout the experiment; it was 36.9 
(0.3)°C at the end of first normoxia period in the control, and 36.8 (0.3)°C in the CHO 
trial.  
 
Glucose concentration was 4.9 (0.8) mmol/L in the control, and 4.5 (0.8) mmol/L in 
the CHO trial at the beginning of the experiment; the difference between the two trials 
was not statistically significant (p>0.05). In the middle of hypoxic period, thus 55 
minutes following the ingestion, glucose concentration was significantly (p<0.001) 
increased to 6.8 (1.6) mmol/L in the CHO trial, but remained statistically unchanged 
(p>0.05) at 4.6 (1.1) mmol/L in the control trial. The difference between the two trials 
was statistically significant (p<0.001). 
 
In contrast to the control trial, ventilation, CO2 fraction in the expired air (FeCO2; %), 
and heart rate significantly increased in the CHO trial during the second normoxic 
exposure (Table 1). With the exception of FeCO2, these parameters were also 
significantly elevated throughout the hypoxic exposure in the CHO trial.  
 
SaO2 was similar (p>0.05) between the two trials during normoxia, and decreased in 
both trials during the hypoxic exposure. In the control trial, SaO2 decreased from 99 
(1) % to 89 (4) % in the second third of hypoxia, and to 86 (6) % in the last third of 
hypoxia. In the CHO trial, SaO2 decreased from 99 (1) % to 92 (4) % in the second 
third of hypoxia, and to 90 (5) % in the last third of hypoxia (Figure 1). The difference 
between the two trials was statistically significant (p<0.001) throughout the hypoxic 
exposure (Table 1).  
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Figure 1: Mean hemoglobin saturation in the carbohydrate trial (CHO; full circles) 
and in the control trial (Control; open circles). Following sucrose ingestion, SaO2 
during hypoxia increased. 
 
 
 
 
 
Table 1: The table presents main results of the study and statistically significant 
differences between and within the experimental conditions . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
DISCUSSION 
The results of the study suggest that ingestion of carbohydrates can improve oxygen 
availability during acute hypoxia by increasing ventilation, haemoglobin saturation 
and heart rate.  
 
The observed increase in SaO2 is explained by an increase in ventilation, caused by an 
increased production of CO2 during carbohydrate metabolism, and a subsequent 
increase in the partial pressure of oxygen in the arterial blood (PaO2). Alternatively, a 
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shift in hemoglobin saturation curve might also explain changes in SaO2. However, 
any shift in hemoglobin saturation curve, which would be expected due to an 
increased CO2 production, would shift the curve in a direction, where a similar PaO2 
would result in a decrease, rather than an increase in SaO2. 
 
It is postulated that the lack of difference in FeCO2 between the two experimental 
conditions during hypoxia was due to the ability of subjects to increase their 
ventilation in the CHO trial because of the additional CO2 produced by carbohydrate 
metabolism in the CHO trial. This increase in ventilation accounted for the observed 
increase in oxygen saturation and also for a lack of difference in FeCO2 between the 
two trials. 
 
An increase in heart rate was also observed following carbohydrate ingestion; this 
result suggests that carbohydrates acted not only by increasing the ventilation, but also 
through some direct effects on the central regulatory mechanisms. Namely, the 
observed increase in heart rate might have been a consequence of an increased 
demand for blood flow to the gut to absorb carbohydrates, however several studies 
demonstrated that ingestion of carbohydrates also increases the activity in sympathetic 
nervous system (Welle et al., 1981; Berne et al., 1989).  
 
In the present study, there is no reason to expect that hemoglobin content changed 
during the experiment, therefore an increase in SaO2 must have increased oxygen 
content in the arterial blood. As it has been demonstrated that stroke volume is not 
reduced during acute hypoxic exposure (Vogel and Harris, 1967), it is likely that the 
observed increase in heart rate following carbohydrate ingestion increased cardiac 
output in hypoxia. Such an increase in heart rate, combined with an increase in 
oxygen saturation can improve oxygen delivery to the tissues in acute hypoxic 
conditions.   
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INTRODUCTION 
Hypoxia can affect perception of temperature stimuli by impeding thermoregulation at 
a neural level and may cause widened zones of thermal comfort. Whether this impact 
on the thermoregulatory response is solely due to an affected thermal regulatory 
window is not sure, since reaction-time may also be affected by hypoxia. Therefore, 
the effect of hypoxia is studied on thermal perception thresholds corrected for 
reaction-time. 
 
METHODS 
Thermal perception thresholds were determined in 11 healthy adult males using two 
methods for small nerve fibre functioning, according to Reulen et al. 2003, with a 
thermo-stimulator (Medoc TSA 2001, Ramat Yishai, Israel). The measurement 
procedure is based on both reaction-time inclusive method of limits (MLI) and 
reaction time exclusive method of levels (MLE). MLI is characterised on an 
increasing or decreasing stimulus temperature with a constant rate of change. MLE is 
characterised by confirming or denying a temperature. 
Before the thermal threshold tests were conducted, the acclimatized subjects stayed 
overnight (8h) in a hypoxic tent system (Colorado Altitude Training) under normoxic, 
respectively hypoxic (4000 m) conditions. Measurements were performed in the early 
morning in the tent. 
 
RESULTS 
Methods of limits: Cold sensation threshold under normoxia decreased significantly 
from 30.3±0.4 ºC (mean±SD) to 29.9±0.7 ºC when exposed to hypoxia (p < 0.05).  
Mean warm sensation threshold increased from 34.0±0.9 ºC to 34.5 ±1.1 ºC (p < 
0.05). 
Methods of levels: The threshold for cutaneous sensation of cold measured was 
31.4±0.4 ºC and 31.2±0.9 ºC for normoxia and hypoxia (not significant, p > 0.05). No 
significant change in the sensation of warm threshold was observed in normoxic 
conditions (32.8±0.9 ºC) compared to hypoxic conditions (32.9±1.0 ºC) (P > 0.05). 
 
DISCUSSION 
The observed diminished cutaneous temperature threshold sensitivity that is caused by 
exposure to normobaric hypoxia is a result of an increase in reaction time. 
 
REFERENCES 
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INTRODUCTION 
During apnea at sea-level, a contraction of the spleen occurs in humans (Hurford et al 
1990) causing a transient increase in hemoglobin concentration (Hb) and hematocrit 
(Schagatay et al 2001). The development of these increases is progressive across 3 
serial apneas, typically resulting in Hb increases of 2% (Richardson et al, 2003), and 
recovery to pre-apneic values within 8-9 minutes (Schagatay et al 2005). The spleen 
contraction-associated Hb increase is in part triggered by the hypoxia occurring 
during apnea (Richardson et al 2005). The Hb increase leads to increased blood gas 
storage capacity which facilitates prolonged apnea in humans and may be responsible 
for the known prolongation of serial apneas (Schagatay et al 2001). At altitude, we 
suggest that the chronic hypoxia could induce splenic contraction during eupnea in 
humans, as previously observed in mice (Cook and Alafi 1956). Our aim was to 
reveal whether spleen related Hb increase occurs during eupneic altitude exposure in 
humans, thereby abolishing the Hb increase normally seen during apnea. 
 
METHODS 
This pilot study was conducted during an expedition to the Khumbu region in Nepal, 
during which three male subjects performed 3 maximal apneas spaced by 2 minutes 
rest at 1230m, 3840m, and 5100m above sea level. Apneas were performed both 
during ascent and descent, each of which occurred over a period of two weeks during 
the five-week expedition. Blood samples were obtained from the antecubital vein 2 
minutes before the apneas (baseline), immediately following apneas (post-apnea) and 
10 minutes after the final apnea (recovery), and analyzed via portable Hb analysis unit 
(Hemocue, Ängelholm, Sweden). Urine flow was clear to pale yellow immediately 
before each sampling session, as a gross estimate of euhydration. Apneic duration, 
arterial oxygen saturation (SaO2) during eupnea and the nadir SaO2 resulting from 
apnea were also recorded using a stopwatch and a portable oxygen saturation monitor 
(Nonin Onyx, Nonin Medical, Minnesota USA), respectively.  
 
RESULTS 
At 1230m, SaO2 was 97%, baseline Hb was 143 g/L, SaO2 nadir after apnea was 
93% and the post-apnea Hb increase from baseline was 4 g/L. As altitude increased, 
baseline SaO2 decreased, baseline Hb values increased, while post-apnea changes in 
Hb from baseline were smaller (Figure 1). At 5100m, SaO2 was 78%, baseline Hb 
values were 181 g/L, SaO2 nadir was 74% and post-apnea Hb increases had 
disappeared. This trend was reversed upon descent, and at 1230m post-apnea the 
change from baseline (151g/L) was increased (6 g/L; Figure 1). Mean apneic duration 
for the three apneas was negatively correlated to altitude, although mean durations 
were longer during the descent trials when compared to the ascent trials (Figure 2). 
An apneic duration increase across the 3-apnea series was observed at the lower 
altitudes, both during ascent and descent, but at the highest altitude no increase within 
the series was noted. 
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Figure 1. Mean change in Hb after 3 apneas during ascent through descent (read from left).  
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
Figure 2. Mean pre-apneic Hb and apneic time during ascent through descent (read 
from left).  Baseline SaO2 values are provided in brackets.   
 
 
DISCUSSION 
The attenuated Hb increase with ascent suggests that hypoxia during altitude 
acclimatization causes splenic contraction to occur already during eupneic periods and 
thus eliminates apnea-induced increases in Hb. After acclimatization and upon 
descent, a polycythemia-associated increase in pre-apnea Hb was noted, and Hb 
increases caused by apnea were comparatively larger than those observed during 
ascent. This suggests that, after acclimatization, a) the level of tonic splenic 
contraction during eupnea was reduced, or b) there was a greater storage of 
erythrocytes in the spleen resulting from altitude-related polycythemia, or both. A 
study on mice suggested that 2/5 of the erythrocyte increase observed during long 
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term altitude exposure was related to tonic spleen contraction (Cook and Alafi 1956) 
but little scientific interest has been shown to the possible role of the spleen in altitude 
acclimatization in humans. It is conceivable that the human spleen, in hypoxic 
environments, responds to eupnea in a similar manner as during apnea in normoxic 
environments – that is, by a contraction leading to an increased number of circulating 
erythrocytes and resultant oxygen carrying capacity. Further apneic interventions on 
an “empty” spleen may therefore not result in any further increases in Hb. Apneic 
duration increase across the series would also be reduced, as was the case at the 
highest altitude, where no increases within the 3-apnea series were noted. Conversely, 
post-acclimatization apneic responses may be augmented due to the spleen again 
containing an ejectable erythrocyte volume, with subsequently increased apneic 
duration and a reduction in apneic arterial oxygen desaturation. Further studies on 
larger groups in controlled environments will be needed to reveal the relative role of 
the spleen in acclimatization to altitude in humans. 
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INTRODUCTION 
In recent years, in Japan, the opportunity for middle- and old aged individuals to 
participate in mountain hiking has increased. They often climb mountains on day trips 
and can reach peaks as high as 3000 m above sea level. 
 
Fulco et al. (1994) investigated the effect of acute and chronic exposure to an altitude 
of 4300 m on muscle voluntary construction (MVC) and muscle fatigue of the 
adductor pollicis muscle. They observed a significant decrease in time to exhaustion 
for 50% MVC during acute hypoxia. 
 
Based on the suggestions of Shinohara et al. (1992) regarding the recruitment of 
motor units during heavy exercise, we hypothesised that muscle activity and the 
associated fatigue would be different for the same level of activity in a normoxic 
compared to a hypoxic environment. We therefore investigated the activity of muscles 
during walking in a normobaric hypoxic environment.  
 
METHODS 
Subjects 
Seven healthy male subjects [average (SD) age: 22.00 (2.8) yrs, mass: 65.14 (5.18) 
kg, height: 1.73 (0.06) m] volunteered for the experiments. All subjects were right-leg 
dominant. Informed consent to participate in this study was obtained by all subjects.  
 
Experimental arrangement 
Subjects walked on a treadmill (Biomill, S & ME, Japan) at different speeds (2-6 
km/h) for five minutes at each speed. They were asked to swing their arms normally. 
Prior to the experimental trials, subjects practiced walking on the treadmill for a few 
minutes at different speeds. During the experimental trials, subjects were requested to 
walk at 2, 4 and 6 km/h so that we could compare walking at the same speeds in 
normoxic and hypoxic environments. Subjects were exposed to a normobaric hypoxic 
environment, where the oxygen concentration in the chamber was maintained at 
14.5% O2, thus simulating an equivalent altitude of 3000 m. 
 
Electromyograms (EMG) 
EMG signals were recorded from the following muscles on the right side: vastus 
medialis (VM), biceps femoris (BF), tibiralis anterior (TA), medial head of 
gastrocnemius (MG), and soleus (SOL), and cross-talk was minimized between 
muscle groups. EMGs of each muscle were obtained using silver-silver chloride 
bipolar surface electrodes. Prior to attaching the electrodes, skin electrical resistance 
was minimised by shaving the area of electrode placement and cleaning the skin using 
alcohol pads (Nihon Kohden, Japan). Surface electrodes were placed 2 cm apart over 
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the middle point of the muscle belly, and fixed with adhesive tape (3M, USA). A 
reference electrode was placed on the lliac crest.  
   
EMG signals were recorded with a multitelemetry system (SYNA ACT MT11, NEC, 
Japan) and were digitised (analogue/digital converter, PowerLab/16c, ADI 
Instruments, USA) prior to storing the information on a personal computer (Vaio 
Z1/T, SONY, Japan). EMG signals were recorded at a sampling rate of 2000 Hz. 
Analysis of the EMG signals was conducted  using Chart software (ADI Instruments). 
Raw data were digitally filtered using a band-pass filter (10-500 Hz), and numerically 
rectified. The data was subsequently low-pass filtered with a second-order 
Butterworth filter with a cut-off frequency at 10 Hz. The signals were then time-
interpolated over a time base with 100 points for individual walking cycles. In each 
trial for a given walking speed, the EMG of 15 walking cycles were averaged, and 
integrated EMG (iEMG). The value of iEMG was normalized for each muscle’s 
iEMG observed during the 2 km/h walk in the normoxic environment. 
 
Foot switch 
Ground contact information was recorded with a specially designed and the 
information stored together with the EMG information on a personal computer. The 
sensor comprised a tape switch (LA-150, Tokyo Sensor Co, Japan), which responded 
immediately to heel contact once the force exceeded 15N. This information 
determined the onset of the walking cycle, and was used to time-interpolate the EMG 
as described above.  
 
Statistical analysis 
Values are expressed as means (SD). A one way repeated measures analysis of 
variance (ANOVA) was used to compare the observed iEMG during walking at the 
different speeds in the normoxic and hypoxic environments Statistical significance 
was accepted at P < 0.05 (SPSS 11.0j for windows, SPSS Japan Inc, Japan). 
 
RESULTS 
Figure 1 represents typical EMG data recorded from the muscles while walking at 
each designated speed. EMG activity in both conditions increased with increasing 
walking speed. In normoxia, iEMG of SOL increased 1.46 (0.25) times, MG by 1.75 
(0.25) times, TA by 2.09 (0.59) times, BF by 1.94 (0.31) times, and VM by 2.28 
(0.73) times. In hypoxia, iEMG of SOL increased by 2.37 (1.17) times, MG by 1.80 
(0.58) times, TA by 2.56 (1.19) times, BF by 2.33 (0.90) times, and VM by 3.76 
(1.03) times (see Figure 2). 
 
Comparison of the EMG data for the 2 km/h walking speeds in normoxia and 
hypoxia, revealed that only the activity in MG was significantly higher (p < 0.05) in 
hypoxia than normoxia (p < 0.05). There were no significant difference in the other 
muscles at this speed. Similarly, for the 4 km/h walking speed, only the activity in BF 
was significantly higher in hypoxia (p < 0.05) . At 6km/h there were no significant 
differences in EMG between the normoxic and hypoxic conditions Figure 2). 
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Figure 1: Typical EMG data of a walking cycle during walking in a hypoxic 
environment (left) and normoxic environment (right). Units for the Y-axis are mV. 
The X-axis represents one cycle of walking at each speed (2, 4 and 6 km/h). 
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DISCUSSION 
This study investigated muscle activity during walking in a normobaric hypoxic 
environment. There was a tendency, albeit not significant, for the iEMG of all 
muscles monitored during the hypoxic walks to be greater than that observed in the 
normoxic walks. Significantly higher iEMG was observed only in MG during the 2 
km/h walk, and in BF during the 4 km/h walk. 
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INTRODUCTION 
Acute mountain sickness (AMS) in its benign form is a relatively common 
debilitating and self-limiting condition that usually resolves within a few days 
(Basnyat and Murdoch, 2003). The incidence of AMS continues to increase in concert 
with the growing number of sojourners to moderate altitude. For example Murdoch 
(1995a) observed AMS in 160 (57%) of 283 hikers walking the Mount Everest base 
camp trek in the Nepal Himalaya reaching peak altitudes of ≈5545 m. Furthermore, 
many destinations can now be rapidly accessed by air enabling people to fly directly 
to altitudes in excess of 3500 m, resulting in an increased incidence of AMS; for 
example 97 (84%) of 116 individuals who flew directly to 3740 m developed AMS 
compared to 22 (61%) of 38 who walked from elevation <2800 m (Murdoch, 1995b). 
AMS is associated with a low hypoxic ventilatory response (HVR) and a 
corresponding relative reduction in arterial haemoglobin oxygen saturation SaO2 
(Moore et al., 1986). Furthermore cycle exercise during hypobaria equivalent to 4800 
m augments AMS symptoms and is associated with an 8% reduction in SaO2 (Roach 
et al., 2000). Anecdotal observations from the field indicate that fellow trekkers often 
elect to carry the back packs of those experiencing AMS in an attempt to reduce their 
‘discomfort’. It is however plausible that such actions limit the ventilatory response 
during exercise and hence SaO2. Therefore this investigation examined 
cardiorespiratory responses and perceptual effort during uphill loaded and unloaded 
walking in hypoxia compared to normoxia. 
 
METHODS 
With local ethical committee approval a randomised crossover design was employed 
to expose six moderately active males (age 24.2±4.4 years; height 180.2±5.3 cm; 
body mass 70.1±6.8 kg; estimated body fat 12.1±3.9 %; estimated muscle mass 
53.2±7.1 %; haemoglobin 15.1±0.6 g.dl-1) to loaded (L; 15% of body mass) and 
unloaded (U) treadmill (HP Cosmos) walking whilst breathing either room air 
(Normoxia, N; FIO2 = 0.209) or normobaric hypoxia (H; FIO2 = 0.14; equivalent to 
breathing ambient at ≈3000 m). Subjects exercised at a self-selected intensity (4.8±0.6 
km.h-1 determined at 0% gradient in N) for 4 min at 0, 5, 10 and 15% gradients in 
each of four trials NU, NL, HU, HL. Arterial haemoglobin oxygen saturation (SpO2; 
Nonin Model 8500; for repeatability during exercise see Thake and Price, 2006), 
minute ventilation ( EV& BTPS), oxygen consumption ( OV& 2), heart rate (HR; Polar 
Vantage), respiratory exchange ratio (RER), blood lactate (BLa; Analox GM7), and 
differential ratings of perceived exertion (RPE overall, lower back, lower leg; Borg, 1970) were 
recorded. Data were analysed using a general linear model analysis of variance 
(ANOVA) and significant main effects (P<0.05) were investigated using post hoc 
Tukey pairwise comparisons. 
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RESULTS 
Physiological responses are given in Table 1. SpO2 values were greater in HL than 
those in HU (P<0.0001) and tended to decrease with elevations in gradient (P<0.05). 
This corresponded with elevated EV&  BTPS in HL compared to HU (P<0.01). 
Differences in SpO2 between L and U exercise in N were not significant. The lowest 

EV&  BTPS occurred in NU. In accord with EV&  BTPS, RER (1.30±0.27 vs. 0.98±0.07) and 
BLa (4.1±0.9 vs. 2.1±0.8 mmol.L-1) were greater whereas the ventilatory equivalent 
for oxygen ( EV& BTPS / OV& 2) was lower during HL than NU respectively (P<0.01). In 
addition ( EV& BTPS / COV& 2) tended to be greater in NL (30.4±2.8 vs. 25.8±1.9 l.min-1 in 
NU at 15%; P=0.08, main effect) indicating a relative hyperventilation. OV& 2 increased 
with gradient in all trials (P<0.0001) and was highest in NL and lowest in HU 
(P<0.001; main effect). Heart rate was lowest in NU at all gradients (P<0.0001) with 
no differences between NL, HL and HU.  
 
Table 1: Physiological variables during graded treadmill walking (n=6, mean±SD). 
 

 NU NL HU HL NU NL HU HL 
% 

EV& BTPS (l.min-1) # φ $ SpO2(%) # ϕ 

  
0 

 
20.5±3.6 

 

 
25.0±7.5 

 
19.1±3.0 

 
23.0±3.9 

 
96±2 

 
97±1 

 
78±4 

 
85±6 

5 27.4±2.3 35.2±7.4 27.9±4.5 32.9±7.3 95±3 94±1 76±4 81±6 
10 38.0±5.1 46.1±10.7 40.6±6.7 51.3±12.4 96±2 95±1 75±4 81±3 
15 50.6±7.3 66.1±15.0 59.3±13.4 75.0±20.4 96±2 93±2 75±5 79±5 
 OV& 2 (l.min-1) # φ HR (beats.min-1) # φ 

 
0 

 
0.79±0.14 

 

 
0.95±0.28 

 
0.64±0.18 

 
0.73±0.20 

 
87±16 

 
99±13 

 
97±14 

 
101±13 

5 1.13±0.13 1.32±0.22 1.01±0.20 1.03±0.30 99±14 114±15 117±20 118±12 

10 1.55±0.27 1.71±0.34 1.42±0.25 1.51±0.48 119±21 139±23 140±25 148±21 

15 2.01±0.30 2.36±0.42 1.77±0.32 1.99±0.70 145±27 166±28 161±28 170±21 

 RER # φ BLa (mmol.l-1) # φ 
  
0 
 

 
0.81±0.09 

 
0.85±0.12 

 
0.99±0.17 

 

 
1.08±0.26 

 
1.2±0.5 

 
0.8±0.2 

 
0.8±0.3 

 
1.4±0.9 

5 0.87±0.07 0.94±0.07 0.98±0.05 1.12±0.21 0.9±0.3 0.9±0.2 1.1±0.4 1.6±1.3 

10 0.93±0.04 1.01±0.04 1.09±0.05 1.21±0.17 1.4±0.6 1.7±0.8 2.0±0.9 2.7±1.5 

15 0.98±0.07 1.08±0.07 1.23±0.14 1.30±0.27 2.1±0.8 2.6±1.3 3.5±1.7 4.1±0.9 

#P<0.001 Trial; ϕP<0.05, φP<0.001 Gradient; $P<0.05 Trial × Gradient Interaction. 
 
RPE overall, lower back, lower leg (Table 2) increased with gradient (P<0.0001; main effect) 
and was higher in L vs. U trials (P<0.001; main effect) with end exercise values 
tending to be greater in HL. RPEcalf was greater than RPElower with the collective 
RPEoverall values falling between the two. 
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Table 2: Differential ratings of perceived exertion (n=6, mean±SD). 

 NU NL HU HL 
% RPE overall# φ 
 
0 

 
6.8±0.4 

 

 
6.8±0.4 

 
7.3±0.5 

 
7.8±1.8 

5 7.8±1.0 8.7±1.1 8.3±1.2 9.0±2.3 
10 9.7±1.8 11.5±1.6 9.8±1.9 11.2±2.6 
15 11.2±2.4 13.0±1.7 12.2±2.1 13.3±2.9 

 RPE lower back# φ 
 
0 

 
7.0±0.6 

 

 
7.8±1.0 

 
7.0±0.6 

 
8.7±2.1 

5 8.2±1.5 9.7±0.8 7.7±0.8 9.5±2.4 

10 9.0±1.9 11.8±1.0 9.2±1.8 10.8±1.5 

15 9.8±2.5 12.5±1.2 9.8±1.8 13.0±1.7 

 RPE calf∝ φ 
 
0 
 

 
7.2±0.8 

 
7.7±0.8 

 
7.3±0.8 

 

 
8.0±1.7 

5 8.8±1.5 9.2±1.4 8.7±1.5 9.3±2.6 

10 10.7±2.3 12.2±2.3 11.5±2.7 12.5±2.4 

15 13.2±3.3 15.8±2.4 14.5±3.1 16.2±2.1 

∝P<0.01, #P<0.001 Trial; φP<0.001 Gradient. 
 
DISCUSSION 
These data demonstrate that loaded walking at a self-selected pace preserves arterial 
haemoglobin oxygen saturation compared to that during unloaded walking across a 
range of gradients. The greater SpO2 in L compared to U walking in H is attributed to 
the higher ventilation rates, partially due to an increased lactic acid production. With 
the increased anaerobic metabolism compensating for the reduced aerobic 
contribution to energy production observed when breathing H relative to N in both L 
and U trials. Relatively low SpO2 values and exposure to exercise have been 
identified as risk factors for acute mountain sickness (AMS; Roach et al, 2000: 
Journal of Applied Physiology, 88, 581-85). This observation however was made 
during non-weight bearing exercise on a cycle ergometer. To conclude, these data 
suggest that loaded compared to unloaded walking may have beneficial, albeit 
transient, physiological affects for those experiencing AMS symptoms despite L 
exercise being perceived to be more arduous.  
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INTRODUCTION 
Exposure to intermittent hypoxia (IHE) elevates ventilatory sensitivity to hypoxia and 
evokes subsequent hypocapnia (Ainslie et al., 2007); however, studies have reported 
no concurrent gas exchange alterations during maximal exercise (Foster et al., 2006). 
Athletes who experience significant exercise-induced hypoxemia (EIH), however, 
may display different physiological responses following IHE during exercise than 
those who do not show EIH. Reductions in the saturation of arterial oxygen (SaO2) 
greater than 4% during incremental exercise have been classified as a threat to 
systemic oxygen transport and subsequently V& O2max (Dempsey & Wagner, 1999). In 
support of this notion, it has recently been shown that there is a greater muscle 
deoxygenation, as determined by near-infrared spectroscopy (NIRS), at maximal 
exercise in individuals with EIH (Legrand et al., 2005). It is not known how exposure 
to intermittent hypoxia may affect the degree of EIH or cerebral (central) or muscle 
(peripheral) oxygenation during maximal exercise. The aims of this investigation, 
therefore, were to determine the effects of IHE on SaO2 and NIRS-assessed 
oxygenation in the muscle and brain during incremental exercise, in athletes with a 
known EIH. 
 
METHODS 
Eight (6 males, 2 females) highly trained competitive athletes (5 cyclists, 3 
triathletes), who had previously demonstrated EIH volunteered to participate in this 
study. Participants’ characteristics are presented in Table 1. This study was approved 
by the University of Otago’s Human Ethics Committee and conformed to the 
standards set by the Declaration of Helsinki. 
 
Table 1. Characteristics of the participants in the placebo and intermittent hypoxic 
exposure (IHE) groups.  
 Placebo Group IHE Group 
Age (yr) 33.0 (10.6) 27.5 (9.2) 
Gender 2 males, 2 females 4 males 
Height (m) 1.7 (0.1) 1.8 (0.0) 
Body mass (kg) 72.1 (17.1) 78.8 (7.9) 
V& O2peak (mL.kg-1.min-1) 65.9 (1.6) 68.1 (6.1) 
Training load (h.wk-1) 12.1 (7.5) 14.9 (7.4) 

Values are mean (SD). 
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This single-blinded, placebo controlled study involved a baseline cycle test to 
volitional exhaustion, followed 2 days later by a 10-day period of IHE or placebo 
breathing, and a post-intervention maximal cycle test 2 days after intervention.  
Hypoxic and placebo exposures: Exposures involved breathing through a hand-held 
face mask while sitting at rest for 90 min.day-1 on 10 consecutive days. The IHE 
group breathed normobaric hypoxic air for 7 min followed by ambient air for 3 min, 
whereas ambient air was substituted for the hypoxic air in the placebo group 
(GO2Altitude® hypoxicator). The oxygen concentration of the hypoxic gas was 
automatically adjusted by the hypoxicator using automatic-biofeedback control to 
maintain a SaO2 of ~80 %.  
Maximal cycle test: Maximal incremental cycle tests were performed on an 
electronically braked cycle ergometer (Lode, Groningen, Netherlands) starting at an 
intensity equivalent to 3.33 W.kg-1 body mass.  All stages were 150 s duration with 
the first increase in load being 50 W for male and 25 W for female athletes.  
Subsequent load increases were 25 W for all athletes until exhaustion. Throughout the 
test expired gases were collected (automated system) and heart rate (ECG), arterial 
oxygenation saturation (SaO2, pulse oximeter), and muscle (right vastus lateralis) and 
brain (left forehead) oxygenation (near-infrared spectroscopy, NIRS) were measured. 
Oxyhaemoglobin (oxy-Hb), deoxyhaemoglobin (deoxy-Hb) and total-haemoglobin (t-
Hb) were expressed as the magnitude of the change from the initial value at rest. Total 
oxygenation index (TOI% = oxy-Hb/t-Hb × 100) was calculated by the NIRS system.  
Statistical analyses: Repeated-measures analyses were performed with a mixed-
modeling procedure (Proc Mixed) in the Statistical Analysis System. Data are 
presented as mean (SD), and alpha was set at P ≤ 0.05. 
 
RESULTS 
Intervention: During the last minute of the 7 min breathing sessions, SaO2 was lower 
(P < 0.01) and HR was higher (P = 0.03) for the IHE participants. Hypoxic breathing 
resulted in a similar reduction in SaO2 (day 1 SaO2 = 80.4%, day 10 SaO2 = 80.6%; P 
= 0.8) and increase in HR (day 1 HR = 80 beats.min-1, day 10 HR = 78 beats.min-1; P 
= 0.6) throughout the exposures.  
Incremental exercise: There was no change in V& O2peak or peak power output in either 
the IHE or placebo group. Compared with baseline, IHE participants showed a 
significant increase in SaO2 at maximal exercise (Figure 1), and reduction in end-tidal 
CO2 (PETCO2) (P < 0.01) despite little change in ventilation. The placebo group 
showed no change in these variables.  
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Figure 1. Arterial oxygen 
saturation (SaO2) during 
incremental exercise at 
baseline (closed circles) 
and 2-days post 
intervention (open 
circles). * difference from 
baseline (P < 0.01). 
Values are mean (SD). 
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Relative to baseline, heavy exercise following IHE resulted in an increased cerebral 
deoxy-Hb (P = 0.02) (Figure 2A) and oxy-Hb (P = 0.03, data not shown), and a 
lowered TOI (P = 0.04, data not shown), with no change in t-Hb (Figure 2B). 
Cerebral oxygenation was similar between baseline and post-intervention exercise 
tests in the placebo group. 
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The IHE group had a decreased muscle deoxy-Hb (P = 0.02) (Figure 3A) and 
increased t-Hb (P = 0.01) (Figure 3B) during the final stages of heavy exercise 
following the intervention compared with baseline, whereas muscle oxy-Hb and TOI 
was unchanged. No changes were evident in muscle oxygenation in the placebo group 
at any point during incremental exercise. 
 
DISCUSSION 
The main novel findings of this preliminary study are: IHE can offset some degree of 
EIH; however, potentially due to a greater degree of hypocapnia, cerebral oxygenation 
was reduced. Despite this potential compromise in cerebral oxygenation, exposure to 
IHE may induce some physiological adaptations at the muscle tissue level. We 
speculate that the unchanged V& O2peak following IHE, consistent with many studies, 
might reflect a balance between these central (cerebral) and peripheral (muscle) 
adaptations.  
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INTRODUCTION 
Recent studies have shown that fatigue of respiratory muscles is one of the main 
limitations of intense exercise and cause of reduced exercise performance. However, 
there are controversial findings regarding the effect of specific training protocols of 
respiratory muscles. Specifically, the training mode of voluntary isocapnic 
hyperpnoea has been shown to improve endurance performance.  
 
The aim of the present study was to evaluate the effect of respiratory muscle training 
on endurance performance in normoxic and hypoxic conditions.  
 
METHODS 
Fourteen healthy young males were recruited, stratified for age and aerobic capacity, 
and randomly assigned to either a control (CON), or respiratory muscle training 
(RMT) group (CON: n = 7, age = 21.43 ± 4.35 yrs, height = 178.24 ± 5.13 cm, mass = 
72.11 ± 11.05 kg, and VO2max = 47.41 ± 6.16 ml/kg-/min; RMT: n = 7, age = 22.00 ± 
3.56 yrs, height = 178.83 ± 4.85 cm, mass = 70.74 ± 9.42 kg, and VO2max = 47.60 ± 
5.80 ml/kg/min).  
 
Two incremental tests to exhaustion (VO2max tests), two constant power (CP) tests 
until exhaustion and a standard pulmonary function test (PFT) were completed pre 
and post training. In particular, the VO2max and the CP tests were performed on two 
occasions: in one the subjects inspired normal room air (FIO2 0.21) (VO2maxNor and 
CP Nor, respectively),  and on the other a hypoxic gas mixture (FIO2 0.12) 
(VO2maxHypo and CP Hypo, respectively). The intensity of CP tests in both conditions 
was 80% VO2maxNor, and they were repeated each time at the same absolute intensity 
as before training. PFT was used to obtain forced vital capacity (FVC), forced 
expiratory volume in 1 sec (FEV1), peak expiratory flow (PEF), slow vital capacity 
(SVC), and maximum voluntary ventilation (MVV). 
 
The training protocol of RMT group comprised 30 min of endurance training of 
respiratory muscles with a specific device (SpiroTiger®, Italy) and 60 min of cycling 
at 50% of peak power output (PPO). The training device for respiratory muscles 
consisted of a nose clip, mouthpiece, a hand-held device with sensors (breathing 
frequency, ventilation, etc.) and a respiratory-bag connected to a tube equipped with 
one-way inlet and outlet valves. The valves permitted the addition of fresh inspired air 
into the rebreathing bag with each breath, thus maintaining end-tidal CO2 constant 
(isocapnic). The volume of the bag was initially set at approximately 55% of the 
subjects’ SVC. The breathing frequency (fb) was then determined by dividing 50% of 
MVV by the bag volume. In each session, the participants were instructed to increase 
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the fb by 1 - 2 breaths per min after 20 min of training and then they continued at this 
higher frequency for the last 10 min of training. The next training session began at the 
highest frequency achieved from the previous session and this was then maintained 
for 20 min followed by an increase of 1 – 2 breaths/min for the remaining 10 min. 
When fb reached 45, the bag volume was increased by 0.5 L and fb was then reduced 
to the beginning value, and the cycle was then repeated. In contrast, the CON group 
trained only on cycle-ergometer for 60 min on 50% of PPO. The (PPO) was defined 
from VO2maxNor as the last completed work rate plus the fraction of time spent in 
the final non-completed work rate multiplied by 30 Watts. The training intensity was 
controlled through heart rate monitor and Borg scale. Both groups trained 5 
days/week, for 4 weeks. 
 
RESULTS 
There were no changes in participants’ anthropometrics parameters (body mass, body 
fat) during the training period. Moreover, all PFT parameters did not change with 
training in the two groups.  
 
Both groups improved VO2maxNor significantly (p<0.05) (Post: CON: 53.37 ± 5.00 
ml/kg/min; RMT: 53.74 ± 6.61 ml/kg/min), whereas VO2maxHypo remained 
unchanged (CON: Pre: 41.48 ± 3.68 ml/kg/min, Post: 36.99 ± 3.48 ml/kg/min; RMT: 
Pre: 39.16 ± 4.28 ml/kg/min, Post: 42.26 ± 3.99 ml/kg/min). There was no significant 
difference in the pre- and post training VO2maxNor between the two groups. 
 
Time to exhaustion during CP Nor increased significantly for both groups (p<0.05) 
(CON: Pre: 517.86 ± 131.51 sec, Post: 1008.57 ± 317.93 sec; RMT: Pre: 361.57 ± 
61.67 sec, Post: 959.29 ± 268.79 sec), but no change was evident during CP (CON: 
Pre: 204.71 ± 27.25 sec, Post: 181.00 ± 60.34 sec; RMT: Pre: 231.43 ± 57.39 sec, 
Post: 256.14 ± 68.06 sec). The difference in pre- and post training CP Nor was not 
significant between the two groups.  
 
DISCUSSION 
The present study demonstrates that a specific respiratory training regimen does not 
improve aerobic capacity and exercise performance more than a typical submaximal 
training model. There is also no benefit of this type of training on performance in 
hypoxic conditions.  
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INTRODUCTION 
To measure chemosensitivity, ventilatory or cardiovascular responses in humans, it is 
often desirable to closely control end-tidal O2 (PETO2) and CO2 (PETCO2).  The end-
tidal forcing (ETF) technique is an established method of manipulating end-tidal 
gases.  Unfortunately, it usually requires large volumes of compressed gases and a 
significant amount of equipment, rendering it unusable for fieldwork and most 
clinical/laboratory applications.  The purpose of the present study was to develop and 
validate a compact, simplified portable ETF system capable of reliably controlling 
end-tidal gases in field and clinical /laboratory conditions.  
 
METHODS 
The compact ETF system developed consisted of 3 compressed gas sources (air, N2 
and CO2) connected via computer-controlled solenoid valves to a gas humidification 
chamber and inspiratory reservoir bag from which participant breathed.  The 
computer-controlled system compared actual end-tidal gas partial pressures (assessed 
by a BXB metabolic cart), with target end-tidal gas partial pressures and based on the 
size of this error mixed the appropriate gases for the participant’s next breath. Eight 
participants underwent 2 different 30-min protocols that included each possible 
combination of end-tidal O2 and CO2 control at 2 levels of both PETO2 (55 and 75 mm 
Hg) and PETCO2 (4 and 7 mmHg above resting).  End-tidal pressures and target values 
were compared using one-sample t-tests and across conditions with a repeated 
measures ANOVA and paired t-tests.  The alpha level was set at 0.05. 

 
 
RESULTS 
The mean standard deviations for PETCO2 and PETO2 over the last 2 min of each 
control stage were 0.61 mm Hg and 1.78 mm Hg.  Ninety-five percent confidence 
intervals for PETCO2 and PETO2 were ±1.2 mm Hg and ±3.5 mm Hg, respectively. 
During control of O2 and CO2, mean  (SD) time constant for the transitions were 10.6 
(9.6) s for CO2 and 8.3 (14.6) s for O2.  
 
DISCUSSION 
These data demonstrate the validity of a system for control of end-tidal CO2 and O2 
gas partial pressures.  The device represents a compact and economical alternative to 
the classical end-tidal forcing system and it can be employed in field and 
clinical/laboratory conditions.  
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INTRODUCTION 
Facing a hostile situation is a considerable challenge to soldiers; doing so under 
stressful environmental conditions exacerbates this challenge. Such stressors can be 
externally imposed (e.g., climatic extremes) or internally manifested (e.g., fatigue). It 
is essential for optimal mission preparedness and contingency planning that the 
soldier’s tolerance to stressors is not only understood, but that their impact on 
performance is sufficiently documented so that the most appropriate countermeasures 
can be applied. This review focuses on the dismounted soldier’s ability to engage 
targets under various environmental stressors. Performance was judged according to 
the detection and identification of targets, and marksmanship using a small arms 
simulation trainer.  
 
METHODS 
All trials were conducted in an air temperature-controlled environment using the 
FATS IV Combat Firing Simulator (FATS Inc., Suwanee, GA). The SAT provides 
high resolution interactive simulation whereby targets appearing on the screen (2.2 m 
high x 3.0 m wide) are engaged from a distance of about 5.8 m (horizontal viewing 
angle of 29º) using a laser-firing rifle (C-7A with optical scope) with authentic blast 
audio and recoil. Targets varied from static to standing pop-ups to moving figures of 
both foe and friendly types, and their appearance was randomized, both in frequency 
and location. 
 
The following studies (see citations for greater detail) were conducted using rifle-
trained military personnel: HOT (Tikuisis et al. 2005), COLD (Tikuisis et al. 2007), 
NOISE (Tikuisis et al. 2007), EXERCISE FATIGUE (Gillingham et al. 2004), and 
SLEEP DEPRIVATION (Tikuisis et al. 2004). All subjects were medically screened 
and a full explanation of the procedures, discomforts, and risks was given before 
obtaining their consent for participation. Subject preparation included weapon 
calibration and donning of trial-specific clothing. Additionally, for the thermally 
stressful trials, subjects self-inserted a rectal probe (Yellow Springs Instruments, 
Dayton, OH) for core temperature measurement, had heat flow transducers (Concept 
Engineering, Old Saybrook, CT) applied for skin temperature measurements, and had 
a heart rate monitor (Sports-Tester, Polar Electro Oy, Kempele, Finland) strapped 
across their chest for heart rate measurement. Given the number of studies reviewed 
herein, specific trial conditions are briefly explained in the RESULTS below under 
separate study headings. 
All trials were counterbalanced and conducted as a repeated measures ANOVA 
design with significance reported at p < 0.05. Newman-Keuls post-hoc analyses were 
conducted where main differences were found. Textual results will be reported as 
mean ± SD and figure results will be presented as mean ± SE.   
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RESULTS 
HOT study (n = 11): Three trials were conducted, one at 22°C (CONTROL) and two 
at 29°C [hydrated (HYD) and dehydrated (DYD)], whereby subjects wore a vapour-
impermeable protective garment while walking on a treadmill at 3 km⋅h-1 every 25 
min per half hour for up to 4 h. In addition, water at 42°C was circulated through a 
tube suit worn underneath the clothing during the hot condition. Figure 1 shows the 
resultant core temperature and heart rate responses, neither of which was different 
between HYD and DYD. 
 

Figure. 1. Mean ± SE of core temperature (a) and heart rate (b) against time. 
 
Subjects engaged 24 foe and 12 friendly targets during 15 min every half hour. 
Despite significant phsysiological strain, neither trial nor time on task degraded the 
subjects’ performance. Target detection time, engagement time, and hit accuracy 
consistently averaged about 1.2 s, 4.7 s, and 75%, respectively, across all trials.  
 
COLD study (n = 12): Two trials were conducted, one at 22°C and the other at 0°C 
(COLD). Water at 5°C, during COLD only, was circulated through a tube suit worn 
on top of the t-shirt and shorts by the subjects. They were challenged by two separate 
scenarios, one that involved engaging 60 frequently appearing targets in an urban 
scene lasting 15 min and held at the beginning, mid-point, and end of the trial, and the 
other involving two 1 h sentry duty sessions of detection and identification of 12 
targets in a mountainous terrain conducted before and after the mid urban session. 
Significant cold strain developed during COLD (core, finger, hand, forearm, and 
upper arm temperatures reached 36.3 ± 0.7, 10.8 ± 1.9, 17.5 ± 3.8, 22.4 ± 2.3, and 
23.0 ± 3.1ºC, respectively, by the end of the trial), yet without any degradation in 
performance. Although core and skin temperatures evoked a noticeable shivering 
response, marksmanship was largely unaffected, which can be attributed to a 
conscious suppression of shivering tremor given that engagement times were brief (~ 
4 s), as previously found under milder conditions.  
 
NOISE study (n = 20): The single trial described herein followed a familarization 
trial, whereby subjects were exposed to alternating 30 min bouts of relative quiet (< 
54 dBA) and battlefield noise of 87 dBA while walking and engaging targets as 
described in the HOT study above. The detection of targets was unaffected by noise 
and time, and averaged 96.3%. However, the detection times of friendly targets were 
longer under noise (by 0.06 s) compared to the quiet condition. Time on task affected 
target detection, identification, and engagement, whereby the detection of friendly 
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targets was faster (by almost 0.2 s), identification of both target types was higher (by 
about 4%), and the engagement times of foe targets were longer (by about 0.2 s) in 
latter two sessions compared to the first.  
 
EXERCISE FATIGUE (n = 12): Four trials were conducted, PP, PC, CP, and CC 
where P and C refer to placebo and caffeine ingestion, taken in the order indicated 
before and following exercise (respective caffeine doses were 5 and 2.5 mg⋅kg-1 body 
mass). Exercise began with a 2.5 h loaded (25 kg backpack) march at 6 km⋅h-1 and 
ended with a 1 h period of sandbag wall construction (20 x 15 kg bags moved and 
assembled back and forth across a 4.5 m room). Subjects were presented with two 10 
min shooting tasks involving 48 randomly appearing foe targets at 30 – 60 m range 
moving across a street (crossing times from 1.5 and 2.8 s), and a sentry duty task 
involving 30 lane pop-up foe targets at 200 m range appearing randomly for 4 s over 
two consecutive 1 h periods held between the two shooting tasks. Caffeine had no 
effect on marksmanship for both the street and sentry duty scenarios, except that the 
number of shots fired during the latter was slightly, but significantly, higher compared 
to PP. Caffeine also lowered the engagement time slightly, but significantly for CC 
(2.8 ± 0.3 s) compared to PP (3.0 ± 0.3 s) during sentry duty (engagement times for 
PC and CP were not affected).  
 
SLEEP DEPRIVATION (n = 20): Two trials were conducted, each involving 22 h of 
active wakefulness before target engagement testing began. Subjects were given 400, 
100, and 100 mg of caffeine (via chewing gum) or placebo at 7.5, 3, and 0 h prior to 
testing during the respective trials. They were presented with 15 hostile and 5 non-
hostile lane pop-up targets at 200 m range that appeared for 4 s over two consecutive 
30 min sessions. Target engagement time was adversely affected by sleep deprivation, 
increasing from a baseline value of 3.03 ± 0.26 s to 3.29 ± 0.17 s during the placebo 
trial; however, it was restored (3.04 ± 0.25 s) during the caffeine trial, as seen in Fig. 
2. Similarly, caffeine also restored the number of shots fired, but not the number of 
hits. The overall ratios of hits to shots fired were fairly consistent across all conditions 
(56.8, 55.4, and 53.1% for BASELINE, PLACEBO, and CAFFEINE, respectively) 
thus indicating no affect of sleep deprivation or caffeine intervention on relative 
marksmanship. 

 
Figure. 2. Mean ± SE of target engagement times during both 30 min sessions, which was 
higher during PLACEBO than the other two conditions, and mean ± SE of the number of 
shots fired and number of hits during both 30 min sessions; * indicates a significant 
difference. 
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DISCUSSION 
These findings indicate that marksmanship, which in this case required intense, but 
short-term focus (i.e., 6 s or less), can be competently managed under significant 
levels of physiological strain. While fatigue delayed the detection of a target, it did 
not adversely affect its engagement, as if the individual became sufficiently aroused 
and invariant to their state of physiological strain after they had detected a target. This 
suggests that it would be naïve to simply extrapolate the negative effects of stressors 
on psychomotor performance, as reported by others, to marksmanship. The impact (or 
lack of) of various stressors on psychomotor performance, in general, should be 
considered task-specific.  
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INTRODUCTION 
This study investigated the relationship between feelings of heat-related fatigue and 
cognitive performance and whether cooling the skin when hot can result in 
improvements in cognitive performance. Reports of the effect of heat on cognitive 
performance are varied, with a number reporting decrements, some reporting little or 
no effect while others have shown improvements upon initial exposure to heat. 
Generally the role of skin cooling, specifically head cooling, is considered beneficial 
in reducing thermal strain and thermal discomfort both at rest and during exercise in 
hot environments. Reductions in thermal strain with head cooling have been reported 
as a consequence of reductions in heart rate, however very little research has 
described other cardiovascular responses to head cooling during passive heating.  
 
Although there have been previous studies of the effects of increasing body 
temperature on perception and cognitive performance none have systematically 
investigated the interaction of core and skin temperature. In the present study we 
hypothesised that skin temperature, rather than core temperature induces feelings of 
heat-related fatigue and that cooling the skin of the head and neck would modulate 
these feelings. It was further hypothesised that decrements in cognitive performance 
would occur with an increase in body temperature of ≥1°C and cooling the skin of the 
head and neck would modulate these decrements in cognitive performance. The 
present study also investigated whether cooling the head and neck would reduce 
cardiovascular strain induced by passive heating. 
 
METHODS 
Ten (6 male) non acclimated, right handed, healthy volunteers (male age 33.2 ± 6.8 
years, BMI 24.5 ± 2.8 and female age 26.5 ± 5.2 years, BMI 21.2 ± 2.4) gave written 
consent to participate following local ethics approval. Cognitive performance was 
assessed using a 15-minute battery of tasks (CFT’s) from the Cognitive Drug 
Research computerised cognitive assessment system. The tasks were presented on a 
laptop computer with responses made using a two-button YES/NO response box and 
included Simple Reaction Time (SRT), Choice Reaction Time (CRT), Digit Vigilance 
(DV), and Rapid Visual Information Processing (RVIP). In addition to the analysis of 
the individual measures, two composite scores based on previous factor analysis were 
used to further characterise the data these were Power of Attention and Continuity of 
Attention (Wesnes et al., 2000). Motor performance was assessed using a 1-minute 
Morse Tapping task and a series of Bond-Lader Mood Scales (1974) were used to 
assess self-perception of calmness, contentment and alertness.  
 
Cognitive function was assessed in three conditions; subjects initially sat at 25°C, 
50% relative humidity (RH) with low skin and low core temperature (LSLC), ambient 
temperature was then increased to 45°C, 50% RH where, after 30-minutes, skin 
temperature was high and core temperature remained low (HSLC); thereafter subjects 
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remained in the heat until core temperature had increased by ≥1°C and they had high 
skin and high core temperatures (HSHC). In one experimental trial subjects had their 
head and neck cooled (HC), by a liquid conditioned balaclava perfused with cold 
water during the battery of cognitive tasks, the other trial was a control (CON). Trials 
were undertaken in a randomised cross over design, at the same time of day and with 
at least 7-days between trials. Measurements were made of rectal temperature (Tc) and 
mean skin temperature from 4-sites (Tsk), cardiovascular function  
 
(Finometer™) and perception of thermal sensation and thermal comfort. Statistical 
analyses were conduced using repeated measures ANOVA with post-hoc pairwise 
comparisons and Bonferroni corrections for multiple comparisons. 
 

 

Figure 1. Self-perception of Alertness (A), Contentment (B) and Calmness (C) at LSLC, 
HSLC and HSHC with head cooling (HC, ○, open circles and without head cooling CON, ●, 
closed circles). Data are presented as mean ± SE for 10 subjects. ∗ indicates significant 
condition*trial interaction for Alertness (F2,18 = 4.190, P=0.032), Contentment (F2,18 = 5.357, 
P=0.015) and Calmness (F2,18 = 8.073, P=0.003) 
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RESULTS  
Passive heating increased Tsk in the HSLC condition (P<0.01) and increased Tsk again 
in the HSHC condition (P<0.01), HC reduced Tsk in both conditions (P<0.01). Tc 
increased in the HSHC condition by 1.19°C and 1.09°C in the CON and HC trials, 
respectively (P<0.01), which took 94 ± 5 minutes in the CON trial and 101 ± 4 
minutes in the HC trial. As shown in Figure 1 an elevated Tc reduced self perception 
of alertness, contentment and calmness in the CON trial (P<0.01) which was 
modulated by head and neck cooling.  
 
 Power of Attention and Continuity of Attention were unchanged with an increase in 
skin temperature (Figure 2). Power of Attention then increased (representing a 
reduction in reaction time, i.e. faster, P<0.05) and Continuity of Attention decreased 
(representing a loss of accuracy, P<0.05) with an increase in Tc. Head and neck 
cooling had no effect on performance of the cognitive tasks. Increasing Tc by ≥1°C 
improved motor performance (P<0.01).  
 

Figure 2. Power of Attention (A) and Continuity of Attention (B) at LSLC, HSLC 
and HSHC with head cooling (HC, ○, open circles and without head cooling CON, ●, 
closed circles). Data are presented as mean ± SE for 10 subjects. ∗ indicates a main 
effect condition for Power of Attention (F2,18 = 5.68, P=0.012), and Continuity of 
Attention (F2,18 = 4.818, P=0.021). 
 
Systolic blood pressure was reduced with increased Tsk (P<0.01) and was unchanged 
with increased Tc. HC increased SBP (P<0.01). Taken together these results indicate 
that systolic pressure maybe modulated by skin temperature.  Stroke volume declined 
with increased Tc (P<0.01) and heart rate was elevated with increased Tsk and Tc 
(P<0.01). Cardiac output was unchanged with increasing Tsk but increased with an 
increase in Tc (P<0.01). Head cooling reduced heart rate (P<0.05) and increased 
stroke volume (P<0.05) to maintain cardiac output when Tc was elevated, indicating 
that head cooling reduces cardiovascular strain when core body temperature is 
elevated. 
 
DISCUSSION 
The results of this study indicate that high skin temperature alone does not induce 
feelings of heat-related fatigue but cooling a relatively small portion of the skin (head 
and neck) can ameliorate the sensation of fatigue associated with a combination of 
high skin and core temperature. It remains to be seen whether a high core temperature 
itself generates the same feelings. This study found that passive heating to increase 
skin and core body temperature resulted in a faster, but less accurate performance on 
the CFT’s and contrary to our hypothesis, skin cooling of the head and neck had no 
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effect on cognitive performance, although it did reduce cardiovascular strain. It should 
be noted, however, that during the CFT’s in the HSHC condition, core temperature 
increased more rapidly in the CON compared to the HC trial and the possible 
consequences of rate of rise of core body temperature on perception should be 
investigated further.  
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INTRODUCTION 
Historically, 4-7 point Likert or categorical scales have been used to assess the 
perceptions of humans of their thermal state (Fanger, 1970). The validity of these 
scales in stable uniform environments has been well established (ASHRAE, 1997), 
however their application in dynamic, asymmetric environments producing small 
changes in human thermal perceptions is less well understood and may be 
compromised; for example, when assessing the impact of regional heating or cooling 
on overall thermal perception (Zhang, 2003). In such situations, visual analogue 
scales (VAS) could provide a more sensitive tool by enabling finer adjustments. 
However, a possible drawback of being more sensitive is a reduction in 
reproducibility.  
 
The aim of this investigation was to evaluate the reproducibility and validity of visual 
analogue scales to assess local and overall thermal comfort (TC) and temperature 
sensation (TS) in stable and dynamic, asymmetric environments. 
 
METHODS 
Following ethical approval, nine heat acclimated males aged (mean ±SE) 20.4 ± 2.2 
y., mass 73.18 ± 7.8kg, Body fat (%) 13.15 ± 5.1, VO2max 64.48 ± 7.1 mL. kg-1.min-1 
completed three identical trials where their perceptual measurements of TS, torso 
temperature sensation (TTS), TC and torso thermal comfort (TTC) were assessed 
every five minutes whilst walking on a treadmill (4.5-5km.h-1, 2% incline) in an hot 
environment (35oC, 50% RH) for 130 mins.  
 
To assess local and overall thermal perceptions in static and dynamic thermal 
conditions, the subjects wore an air cooled garment (ACG) over the torso, this enabled 
the temperature and humidity of the air entering the microclimate to be manipulated. 
Each subject followed one of two microclimate profiles (Figure 1), each consisting of 
two phases, stable (0-60mins) and dynamic (60-130mins).  
 
Thermal Perceptual Scales 
The VAS were adapted from scales previously developed to investigate local and 
overall TS and TC in dynamic, asymmetric environments (Zhang, 2003). To validate 
the VAS, measurements were taken alongside previously validated Likert scales (LS) 
(ASHRAE, 1997). Physiological measurements included rectal temperature (T core), 
mean torso temperature (chest and shoulder) (T skintorso) and body temperature (T body 
= 0.8 T core + 0.2 T skintorso). Both scales were displayed on a touch screen monitor, a 
stylus pen was used to enter data. 
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Figure 1. Profile 1 of the air that was circulated through the air cooled garment. 
Profile 2 was exactly the same but A and B reversed. Water vapour pressure (WVP) 
during the temperature changes remained constant at 1.744kPa. 
 
Statistical analyses 
A general linear model was used to calculate the root mean square error (RMSE) from 
three time points during the tests (45, 85,125mins). It was assumed that at these time 
points the thermal states of the individuals would be the same across the three trials. 
The RMSE was pooled from each subject for each time point to provide an overall 
RMSE for each of the scales, the coefficient of variance (CV) was then calculated. 
Pearson’s product correlations were used to compare the VAS and LS, and the 
relationship between these scales and T core, T skintorso, T body. Independent t-tests were 
performed to asses any differences between the two scales and their associations with 
T skintorso & T body. 
 
RESULTS 
One of the subjects was considered to be highly variable over the three trials 
compared to the other 8 subjects (i.e. there was no consistency in his voting) and 
therefore the results that assessed the sensitivity and reproducibility of the scales are 
displayed in Table 1 with the inclusion and exclusion of the highly variable subject.  
 
Reproducibility 
The results suggest that the VAS scales were more reproducible that that of the LS 
(Table 1).The amount of pooled within subject variance (RMSE) comprised between 
12-25% of the LS, whilst the variance of the VAS scale comprised between 9.7- 
19.4% of the scale, depending on the thermal perception examined. In the extreme 
cases, this variance reduced the number of descriptors the scales could distinguish. 
The worst case being from 4 to 3 descriptors for the assessment of TTC in the LS and 
7 to 5 descriptors for TC in the VAS. 
 
Validity 
Thermal perception displayed on VAS correlated with the LS (r=0.8 to 0.89; P < 
0.01). Both scales correlated with T body, T skintorso (r=0.29 to 0.52; P< 0.01). 
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Table 1. The variability and reproducibility coefficients of the VAS and the LS* 
Scale VAS LS 
 RMSE 

(N=9) 
CV  
(%) 
(N=9) 

RMSE 
(N=8) 

CV 
(%) 
(N=8) 

RMSE 
(N=9) 

CV  
(%) 
(N=9) 

RMSE 
(N=8) 

CV 
(%) 
(N=8) 

TTC 16 18.9 12 14.6 0.5 17.1 0.5 16.5 
TC 18 19.8 15 15.7 0.5 15.6 0.4 14.9 
TTS 12 11.4 10 10.1 0.8 16.6 0.8 15.0 
TS 10 8.3 8 6.7 0.5 9.1 0.4 7.7 

*The results are displayed in reference to their scales i.e. for the VAS scales the 
RMSE is the # of integers on the 160 integer scale. CV= the coefficient of variance. 
 
Stable (0-55mins) vs. Dynamic phases (60-130mins). 
For both the scales, the relationships of TS and TC with both T body andT skintorso were 
similar for each of the phases examined (stable and dynamic). The exception being 
the relationship between TS and T body, where both scales had stronger relationships in 
the stable compared to dynamic phase (VAS: r = 0.64 vs. 0.24; LS: r =0.54 vs.0.23, P 
< 0.01, respectively). Independent t-tests indicated that the VAS had stronger 
relationships with T body ,T skintorso and TC than the LS. This occurred for T skintorso /TC 
in both the stable and dynamic phases (r= 0.50 vs. 0.28 and 0.36 vs. 0.22: P < 0.05, 
respectively) and TC/T body in the stable phase (r= 0.64 vs. 0.28; P=0.01).  
 
DISCUSSION 
Our findings suggest that the VAS were more reproducible than the LS. Two possible 
reasons for this are that any change in the LS accounts for 14-25% of the total scale 
compared to 0.08% in the VAS. Secondly, VAS are displayed as a 100mm line 
labelled at its ends with the “minimum and the maximum descriptor” for a particular 
variable, the one used in the present study contains 6-9 descriptors that provide more 
reference points. 
 
The relationship between the VAS, LS and physiological variables indicate that the 
VAS are at least as valid, and for thermal comfort slightly better, for assessing human 
thermal perceptions in stable and dynamic, asymmetric thermal environments than the 
LS. Further work is underway to determine the sensitivity of the VAS to human 
thermal perceptual changes in dynamic, asymmetric thermal environments.  
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INTRODUCTION 
The effects of thermal environments on cognition remain equivocal.  Generally, it is 
assumed that the higher the heat strain, the greater the compromise in cognition, 
physiological capacity and perceived exertion; however the interactions between such 
variables are complex.  Recent reports indicate that the blood-brain barrier (BBB) can 
be compromised with exercise in hot conditions1, particularly in conjunction with 
dehydration2.  It is not known, however, if alterations in BBB integrity may affect 
central nervous function. Although cognition in particular has been shown to improve 
after acute exercise3, if one is in a hot environment, central nervous system function 
may be reduced via an elevation in BBB permeability.  In addition, the training status 
of an individual can play a key role in their ability to tolerate heat strain4, while the 
interactions of these variables (fitness, heat, cognition) have not established. 
Therefore, the purpose of this study was to explore the impact of training status on the 
ability to maintain BBB integrity and cognitive function during intense exercise in the 
heat. 
 
METHODS 
Fifteen men (age: 22 ± 3 years) completed two exercising heat stress trials after 
fitness testing (graded cycling test to maximum) and a familiarisation trial. 
Participants were recruited into two training groups; a highly fit group (HF, N=7) 
having a maximal aerobic power of 64 ± 4 mL·kg-1·min-1 and training at least six 
times per week, and a moderately fit group (MF, N=8) having a maximal aerobic 
power of 46 ± 4 mL·kg-1·min-1 and participating in physical activity less than three 
times per week.  Participants were not acclimatised to the heat, and their two 
experimental trials were separated by at least one week. 
 
Upon arrival at the lab, participants voided their bladders, after which urine specific 
gravity (USG) and pre-exercise body mass were recorded.  Participants were then 
instrumented with four skin thermistors (right side: bicep, chest, thigh, calf), and one 
core temperature thermistor (oesophageal) and remained seated for at least 20 min 
before a baseline venous blood sample was obtained via cannula.  The exercise 
protocol took place in an environmental chamber (30°C, 50% rh) and airflow was 
graded across fitness groups based on their running speed (Wind speed: HF~ 4.5 m·s-

1, MF~ 3.5 m·s-1). Exercise consisted of 15-min cycling at a fixed load eliciting 50% 
heart rate reserve (HRR, Cycle 1) before running for 30 minutes at a fixed speed 
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eliciting 80% HRR (Run 1), a brief pause for blood sampling, then a 30-min running 
distance trial (Run 2, blood sample at end), and finally another 15-min cycle as per 
Cycle 1.  Participants returned to the lab five hours post-exercise to do a final 
cognitive assessment. Ratings of perceived exertion (RPE), thermal discomfort 
(TDC), thermal sensation, (TSen) and heart rate (HR) were recorded throughout the 
exercise protocol.  
Integrity of the BBB was estimated from plasma concentration of S100β, assayed 
using ELISA. Cognitive function was assessed using the Stroop colour and word test 
at baseline, Cycle 1, Cycle 2 and 5-hr post exercise. The Stroop test assesses cognitive 
executive function by presenting coloured stimulus words which are the names of 
colours, thus generating conflict between naming recognition and colour recognition. 
The test had four levels of increasing complexity, with 20 trials per level. It was 
completed on a computer with a black background; participants were asked to respond 
to stimuli as quickly and accurately as possible by pushing the left or right arrow key 
according to their selection. Levels One and Two represented simple responses 
because participants read a word (either “red”, “green”, “yellow” or “blue”) written in 
white (Level One, simple task), or named the colour of a bar (Level Two). Levels 
Three (Figure 1) and Four involved recognition conflict; responding to the colour (not 
name) of the word. Level Four was the most complex because each of the two 
response words were themselves written in different colours. Performance was 

recorded as mean speed for the last 19 of 20 trials in a 
block, accuracy of response, and variability of 
response time within a block as a potential index of 
attention. Because response times contain central and 
peripheral components, the difference in response 
time between Level One and Level Four was 
calculated and assumed to represent central processing 
time. Participants completed a minimum of 5 practice 
tests in their familiarisation trial.   
Because data from both trials were pooled, a mixed-
model analysis of variance with one within-subjects 
factor (time; 5 levels) and one between-subjects factor 
(fitness) was used (with Sidak post-hoc analysis; 

P<0.05).  Results are shown as means ± standard deviation. 
 
RESULTS 
Participants’ exercise intensity was well matched between the groups as evidenced by 
their similar HRR for a given exercise mode (Table 1).  They were also well matched 
in ratings of perceived exertion; with the majority of participants ranking the cycling 
exercise “11- fairly light” while at the end of Run 2 most were working “17-very 
hard”.  In general, participants were feeling “1-comfortable” and “7-neutral” in terms 
of their thermal comfort and sensation, which progressed to feeling “3-
uncomfortable” and “10-Hot” at the end of Run 2.  
Response time to Level One (simple) task decreased from 707 ± 97 to 624 ± 75 ms at 
the end of exercise when compared to baseline (F[3,69]=15.628; p<0.000) regardless of 
training status (HF: -93 ± 33 ms, MF: -70 ± 63, F[1,13]=0.001; p=0.976, Figure 2).  
This pattern was also reflected in the more complex tasks (Level Four), which got 
faster by 240 ± 112 ms during exercise (HF: -260 ± 108 ms, MF: -222 ± 119), and 
remained attenuated even 5 hours post exercise (HF: -222 ± 256 ms, MF: -199 ± 266; 
F[3,69]=16.519; p<0.000).  The coefficient of variation did not significantly differ 

Figure 1- Example of a 
Stroop colour-word test 
screen (Level Three). 
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across the exercise trial for either fitness group,  however the difference in response 
time between Level Four and Level One was lessened both during and after exercise 
(F[3,39]=5.117; p=0.004; Figure 3). The S100β concentration did not differ across time 
(F[1,13]=0.903; p=0.359; Figure 4). Only 1/7 HF participants had consistently 
measurable levels, whereas 7/8 MF participants yielded measurable levels (max 671 
pg·mL-1). 

Figure 2: Response times for Levels One (simple, left) and Four (complex, right) in the 
Stroop test. * and ** denote difference (P<0.05) compared with baseline, for Level One and 
Four, respectively. 

Figure 3: Difference in time between Level Four and Level One Response Times in the 
Stroop Test (Level 4 – Level 1). *P<0.05 compared with baseline, regardless of training 
status. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Plasma S100β concentration at baseline, and after Run 1 and Run 2. 
 

0

200

400

600

800

1000

1200

1400

1600

1800

Ti
m

e 
(m

s)

Trained Moderate

Cycle 1Baseline

**

**

* *

Cycle 2 5-Hr Post

**

0

200

400

600

800

1000

1200

Baseline C yc le 1 Cy cle 2 5-Hr  Post

Ti
m

e 
Di

ff
er

en
ce

 (m
s)

Trained Moderate

* * *



 Cognitive and Psycophysiological Function 

 123 

Table 1: Relative heart rate and psychophysical responses to the continued exercise protocol 
for both the highly trained (HF; N=7) and moderately trained (MF; N=8) participants.  (*) 

Significant difference between Cycle 1 and 2 (P<0.05). 
 
DISCUSSION 
In spite of increased cardiovascular strain, physical and thermal discomfort, 
participants maintained their cognitive function with strenuous physical activity in the 
heat.  Training status did not affect response times at the same relative exercise 
intensities, although this is most valid in a sporting context, and may not be applicable 
to military situations or other employment where fixed-load exertion is required.  We 
did not include a separate, resting control trial and thus cannot discount that a 
(re)learning effect contributed to the improvements observed in response time during 
and after exercise. However, all participants were fully familiarised with the Stroop 
test before completing the experimental trials, and it remains that there were no 
impairments of response time with exercise in the heat. S100β levels (a marker of 
BBB integrity) did not significantly differ across the exercise protocol, although 
individual variability was high. In conclusion, cognitive function is not impaired with 
high intensity exercise in the heat, regardless of training status. 
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 HRR (%)  RPE  TDC  TSen 
 HF MF  HF MF  HF MF  HF MF 
Baseline 5 ± 3 3 ± 4  -- --  1 ± 0 1 ± 0  7 ± 1 7 ± 1 
Cycle 1 43 ± 6 44 ± 7  11 ± 1 11 ± 1  1 ± 0 2 ± 0  9 ± 1 9 ± 1 
Start Run 1 66 ± 8 63 ± 6  13 ± 1 13 ± 1  1 ± 0 2 ± 1  8 ± 1 9 ± 1 
End Run 1 87 ± 4 79 ± 10  14 ± 1 14 ± 1  2 ± 1 3 ± 1  9 ± 1 10 ± 1 
Start Run 2 79 ± 3 76 ± 9  15 ± 1 15 ±2  2 ± 1 3 ± 1  10 ± 1 10 ± 1 
End Run 2 94 ± 5 85 ± 15  17 ± 2 16 ± 3  3 ± 1 3 ± 1  10 ± 1 11 ± 1 
Cycle 2 71 ± 6* 70 ± 8*  11 ± 2 12 ± 2  2 ± 1 3 ± 1  9 ± 1 10 ± 1 
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INTRODUCTION 
Fatigue occurs earlier at the same work rate in hot compared to cool conditions. This 
has been attributed to either, a critical deep body temperatures being reached 
(Gonzalez-Alonso et al. 1999), anticipatory changes in pacing strategy due to 
uncompensible heat storage (Tucker et al. 2006), or alterations in central 
neurotransmitter substances, such as serotonin (Davis & Bailey, 1997) and 
interleukin-6 (IL-6; Robson et al. 2004). Premature fatigue is often acknowledged to 
include the reduction in the ‘drive’ or motivation to continue exercising (Nybo & 
Nielsen, 2001). This psychological component is rarely investigated, and has yet to be 
quantified. One means of examining the extent of the psychological component to 
tolerate hyperthermia and exertion in the heat is to attempt to alter this factor. Sports 
psychology research studies demonstrate that psychological skills training (PST) can 
facilitate the suppression of sensations elicited during high intensity exercise in 
trained individuals (Thelwell & Greenlees, 2003) and those sensations arising from 
strong thermal stimuli (e.g. on immersion to cold-water; Barwood et al. 2006). 
 
This study examined the impact of PST on exercise performance in the heat (30°C, 
40%RH). The hypothesis was (H1) that a PST package would significantly increase 
distance covered during 90-minutes of treadmill running and enable subjects to 
tolerate high deep body temperatures.  
 
METHODS 
Subjects, Design & Protocol: Ethical approval was provided by the local ethics 
committee. Eighteen male subjects provided written informed consent to take part in 
the study (mean [SD]; N = 18; Age: 26 [5] years; height: 1.75 [0.05] m; mass: 71.13 
[6.27]kg; Body Fat: 15.06 [2.63]%). Pre-experimental measures included an 
assessment of VO2max (mL.kg-1.min-1). The study employed a test re-test 
experimental design, with each subject attempting to run as far as they could on a 
treadmill in 90 minutes on three occasions in 30°C, 40% RH, air velocity 2.5m.s-1. 
Following R2 the subjects were matched and allocated to two separate groups 
according to the difference in distance run between R1 and R2. Between R2 and R3 the 
Control Group (CG, N=8) undertook normal daily activity, whilst the Psychological 
Skills Group (PSG, N=10) received PST. Each run was separated by > 4 days and 
took place at the same time of day within subject. Subjects wore shorts, socks and 
running shoes.  
 
Temperature measurements included deep body temperature (aural thermistor; Tau) 
and skin temperature (Tsk) at 4 body sites: chest, arm, thigh and calf. 20mL of whole 
blood was drawn prior to and following the end of exercise for the measurement of 
prolactin (an index of serotonergic activity) and interleukin-6. Each subject had 
control of the treadmill speed but received no feedback of distance, speed or time until 
after R3. RPE and exercise intensity (Douglas bag;VO2; mL.kg-1.min-1) were 
measured during each run. During R1 subjects were allowed to drink tap water ad 
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libitum. The water consumption (timing and volume) were standardised across 
conditions and runs. Nude body weight and clothing weight were measured 
immediately before and after the runs for the determination of sweat production and 
evaporation. Following R2, PST was delivered to help PSG subjects tolerate 
hyperthermia and suppress the temptation to reduce work intensity in R3, this 
comprised:  
 
Goal-Setting: to optimise motivation, focus, effort and feelings of control on a goal 
of running  5-10% further, and a series of process sub-goals by which to achieve this 
outcome. 
 
Arousal Regulation: two relaxation strategies, progressive muscular relaxation used 
prior to arrival at the laboratory, and centering to offset the temptation to reduce work 
intensity. 
 
Mental imagery: imagining being in a competitive situation with their counterpart 
from the CG. CG subject was pictured ahead of them in a race (motivational imagery) 
when tempted to reduce treadmill speed, and behind them when increasing treadmill 
speed (reinforcing feelings of control). 
 
Positive Self-Talk: to minimise negative cognitions synonymous with cognitive 
anxiety. Focus attention towards task-relevant cues (process goals) enabling a positive 
behavioural response (increased running speed) on the appearance of a relevant cue.  
 
Statistical Analyses: Within and between group differences were examined using 
repeated measures analysis of variance (RM-ANOVA; Group x Run). For all 
statistical tests α level was 0.05. 
 
RESULTS 
Runs took place in ambient conditions of 30.06°C [0.21] and 41.40 [5.01]%RH. All 
ten of the  PSG ran significantly further (average 1.15km, 8%) in R3 compared to R2 
(R3>R2&R1; P<0.01; Table 1). This significant increase was due to the greater 
distance run in the last 15 minutes of R3 (P = 0.016). The data obtained from the PSG 
in R1 and R2, and from the CG in R1-R3 did not differ (Table 2).  
 
 
Table 1. Absolute and relative distance achieved in R1, R2 and R3 in the CG and PSG 
(N=18).  

*denotes significantly greater distance covered in R3 than R1 & R2 in the PSG 
 
 
 
 
 
 

Group R1 (km) R2 (km) R3 (km) R2-R1 (km) R3-R2 (km)

CG (N = 8) 16.23 [1.59] 16.50 [1.58] 16.63 [1.20] 0.27 [0.45] 0.14 [0.70]
PSG (N = 10) 15.35 [1.73] 15.20 [1.94] *16.35 [1.46] 0.15 [0.78] *1.15 [0.88]
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Table 2. Peak Tau and RPE during R1-R3, and IL-6 response and change (∆) post-
exercise in the CG and PSG; � one PSG subject declined phlebotomy (N=18).  
Variable Group R1 R2 R3 

CG (N = 8) 38.29 [0.57] 38.38 [0.67] 38.53 [0.45] Peak Tau (°C) 
PSG (N = 10) 38.60 [0.32] 38.68 [0.48] 38.77 [0.49] 
CG (N = 8) 16 [2] 16 [2] 17 [2] Peak RPE 
PSG (N = 10) 16 [2] 16 [2] 17 [2] 
CG (N = 8) 14.15 [4.65] 15.02 [5.82] 16.88 [5.21] IL-6 Post 

(pg/mL)  PSG (N = 9)� 14.96 [5.40] 17.76 [7.87] 14.78 [5.17] 
CG (N = 8) 7.21 [4.46] 6.52 [4.79] 8.68 [4.99] ∆ IL-6 (pg/mL) 
PSG (N = 9)� 7.50 [5.36] 9.12 [7.00] 6.59 [4.76] 

 
In the PSG, average peak Tau was reached in minute 79 [12] in R1, minute 82 [15] in 
R2 and minute 81 [10] in R3 (Figure 1). VO2 at 80 minutes indicated that the PSG 
subjects were working at an average [SD] of 58 [14]% of their VO2max in R1, 70 
[16]% in R2 and 72 [10]% in R3 (P>0.05).  
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Figure 1: ∆Tau in R1-R3 in the PSG; Tau peaked after the 75th minute of exercise (N = 
10) 
 
DISCUSSION 
PST increases the distance that individuals can run in the heat. This finding extends 
the benefit provided by PST in stressful environments from cold water (Barwood et 
al, 2006) to hot air.  It is not possible to say what about the provision of PST makes it 
work; it could be one of the interventions, the combination or something as simple as 
additional exposure to the experimenters.  Whatever the mechanism, in the present 
study PST improved performance by enabling subjects to run faster with high deep 
body temperatures and RPE scores; the hypothesis is therefore accepted. These 
findings have important implications for studies that employ unblinded interventions.   
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INTRODUCTION 
Psychological factors (personal or psychosocial) play an important role in the 
processes of adaptation in conditions of extreme confinement and isolation; such as 
occur, for instance, during sojourns in space or simulation thereof. Adaptation to new 
conditions undoubtedly represents an important source of stress and can induce 
psychological and behavioural disturbances, such as anxiety and other mood changes 
(Weiss et al., 2005). 
 
The aim of the present study was to optimize psychological preparation and 
monitoring of subjects participating in 35 day horizontal bed rest. These results may 
be applicable to other groups of individuals exposed to similar conditions (e.g. 
bedridden individuals suffering from long-term illness, post-operative conditions 
requiring long-term recovery, physically inactive individuals). 
 
Recent studies report increased depressive and neurotic levels during BR period 
(Ishizaki et al., 1997; Ishizaki et al., 2002). Similarly, these reported a deterioration in 
mood states “vigour” and “confusion” during the BR period, while other aspects of 
mood “tension-anxiety”, “depression-dejection”, “anger-hostility”, and “fatigue” 
remained relatively stable during the experiment (Ishizaki et al., 2002).  
 
Subjects participating in 6 degrees head-down bed rest experienced significantly more 
intense lower back pain, lower hemisphere abdominal pain, headache and leg pain 
than those participating in a horizontal bed-rest. They also had higher values of 
depression symptoms and poorer mood states (Styf et al., 2001).  
 
The objective of the study was to establish the effects of a 35 day horizontal bed rest 
on the anxiety level, emotional regulation and control, and concentration in subjects 
participating in the study. 
 
 
METHOD 
The study included 10 male participants aged 20 to 25 (M = 23 years). All participants 
were clinically healthy during testing. The majority of participants were students. 
They joined the research voluntarily. Their activities during the BR period were 
limited and supervised. 
 
State Trait Anxiety Inventory (Spielberger, 1983) was used to establish anxiety level 
in participants; for the purposes of this research, we have included only part of the 
questionnaire that relates to “state anxiety” The questionnaire allows for the 
establishment of a temporary emotional state of an individual (situational 
conditionality).  
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Emotional Regulation and Control Scale (Takšić, 2003) was translated in Slovene 
language (we have obtained prior authorization for the use of the scale from the 
author of the original scale). Results showed appropriate metric characteristics of the 
instrument. It contains 20 statements relating to the assessment of the effect that an 
individual’s emotions and mood states have on his/her thinking, memory, behaviour 
and ability to control emotions.  
 
Concentration and Performance Test is a speed test intended for measuring 
concentration ability and establishing mental ability required for adequate 
performance. The test contains 250 arithmetic problems, each arithmetic problem 
comprising two simple addition and subtraction equations, and the time designated for 
the completion of the test is limited to 30 minutes. The results of the test are evaluated 
according to the number of equations calculated (quantity) and according to 
correctness (quality), as they both reflect  concentration ability. 
 
The participants were required to complete the questionnaires a week before the start 
of the BR experiment and then again after four weeks of horizontal BR. 
 
RESULTS 
 
Table 1: Differences in measured variables in participants before and after bed rest 

 Pre BR 
M  (SD) 

After BR 
M  (SD) 

difference 
M t(df=9) p 

Anxiety 28.22  (2.69) 27.72  (5.90) 0.50 0.35 0.73 

Emotonal 
regulation and 
control 

45.22  (6.98) 46.61  (7.82) -1.39 -0.99 0.33 

Concentration - 
quantity 93.22 (35.61) 95.88  (33.14) -2.66 0.32 0.75 

Concentration  - 
quality 10.39 (4.64) 7.18   (3.39) 3.21 3.76 0.02 

 
At the time of the first measurement, on average the participants manifested a rather 
low level of anxiety and achieved below average values on the scale of emotional 
regulation and control, which suggests that the selection of candidates was appropriate 
for this study. Namely, the results show that the participants’ negative emotional 
states did not hinder their mental processes, nor interfere with their actions; moreover, 
the participants felt they had control over their emotional states. Following a four-
week BR period, no statistically significant changes occurred in the given variables. 
In one participant, the level of anxiety increased visibly, while it remained unchanged, 
or even decreased, in others. Also, a more apparent difference between the first and 
second measurements on the scale of emotional regulation and control was recorded 
in one participant; however, the values remained below the average.  
 
As regards the concentration and performance test, the participants demonstrated 
considerable individual differences within individual measurements. Their ability to 
concentrate expressed in the quantity of results (total number of equations calculated) 
did not change significantly following bed rest. However, the concentration expressed 
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in the quality of results (number of mistakes) was, quite to the contrary, statistically 
different following a four-week BR period if compared to the pre-BR period. Namely, 
in relation hereof, the results show an improvement in the participants’ concentration 
ability. 
 
DISCUSSION 
On the basis of calculated correlations between the studied variables, we observed a 
significant positive relation between the level of anxiety and the number of mistakes 
made during the concentration test – correlation coefficient in pre-BR period r=0.56 
(p<0.05) and in after-BR period r=0.55 (p<0.05). Participants who manifested a 
higher level of anxiety, made a greater number of mistakes during the test and vice 
versa, which may point to the existence of a relationship between anxiety and anxiety-
related manifestations at physiological, experience and behavioural levels, on the one 
hand, and the quality of results on the other. A relationship of a similar kind had 
previously already been established in Slovenia, in a selected population – top 
athletes, in particular (Tušak & Tušak, 2003; Tušak & Kandare, 2004). 
 
The results of this and other studies emphasize the importance of psychological and 
sociological factors in conditions of extreme confinement and isolation. It appears 
reasonable for any further such research to include, in addition to psychological 
status, also an assessment of social and environmental effects on the manner an 
individual experiences and copes with such situations (interpersonal interaction, 
experience of isolation and limited mobility, boredom, and monotony; concepts of 
psychological well-being, stress-coping strategies). 
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1. State of the art 
 
2. Applications 
SmartWear is defined as technologies for and applications of clothing textiles with 
added  
functionality and tailored properties based on the application of multi-functional 
materials and/or integrated instrumentation.  
 
Examples of application fields for smart clothing and wearable technology are: 
 

• Protective clothing for extreme working conditions, e.g. fire fighters (give a 
warning signal when the heat stress rises to a dangerous level) 

• Smart textiles in protective, sport and leisure clothing, e.g. improved 
temperature regulation in cold and warm environment.  

• Health care sector, e.g. patient clothing with integrated sensors which follow 
the state of the patient and give a warning signal if it gets critical.  

 
3. Challenges and expectation for the future textile and clothing industry in 
Europe 
 
4. Cooperation between science and industry 
The development of SmartWear products requires a true integration of key expert 
competences within the fields of design, material technology, instrumentation and 
physiology in close cooperation between science and industry.  
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SPACER FABRICS IN OUTDOOR CLOTHING - 
PRODUCT DEVELOPMENT WITH THE HOHENSTEIN SKIN 

MODEL 
Boris Bauer and Volkmar T. Bartels 

Hohenstein Institutes, Hohenstein Castle, 74357 Boennigheim, Germany 
Contact person: boris.bauer@hohenstein.de 

 
INTRODUCTION 
Outdoor clothing is used in many different applications, including sport, leisure and 
work activities. Consequently, both the level of physical activity and the climatic 
conditions may vary over wide ranges. For this reason, outdoor clothing has to offer 
high wearer comfort in many different situations, which may involve insensible and 
sensible perspiration. 
 
If the outdoors, clothing is often equipped with a separate insulation layer. Typically, 
insulation materials from fleece or non-woven textiles are used, but recent 
investigations have now shown that wearer comfort of outdoor clothing can be 
considerably improved by using spacer fabrics [1]. However, the term of spacer fabric 
comprises an outmost heterogeneous textile group, because the spacer fabric’s integral 
constituents (“skin facing fabric surface”, “spacer layer”, “outer fabric surface”) can 
be configured by the engineers in many forms, and these can be largely independent 
of each other, resulting in an almost infinite variety of construction options. This 
paper describes a method to identify the optimal constructional parameters by means 
of measurements performed using the Hohenstein Skin Model [2].  
 
METHODS 
The Hohenstein Skin Model simulates the sweating human skin. The highly porous 
measuring unit is heated by means of electric heating-management and is 
simultaneously supplied with distilled water by means of a special irrigation system. 
The amount of water transferred to the measuring unit is variable, and for this reason 
the Hohenstein Skin Model is applicable to simulate various wearer situations, with 
insensible as well as with sensible perspiration. 
 
For the investigations, twelve different spacer fabrics were manufactured. Defined 
parameters of these spacer fabrics that affect either the textile construction (structure 
of the skin facing fabric surface ribbed or fully fashioned, spacer thread density high 
or low) or the weft construction (without wefts or wefts from polypropylene (PP), 

cotton (CO), viscose (VS), respectively) were varied. For the analysis procedure, the 
twelve spacer fabrics were combined according to the following scheme into 7 sample 
groups (Table 1). 

sample group weft construction
skin facing fabric surface spacer thread density

1 ribbed high density -, CO, PP, CV
2 ribbed low density -, CO, PP, CV
3 fully fashioned low density -, CO, PP, CV
4 -
5 CO
6 PP
7 CV

ribbed/high density, ribbed/low density, fully fashiond/low density
ribbed/high density, ribbed/low density, fully fashiond/low density

textile construction

ribbed/high density, ribbed/low density, fully fashiond/low density
ribbed/high density, ribbed/low density, fully fashiond/low density

Table 1: Scheme of the derived sample groups. 
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The sample groups 1 to 3, which are combined according to the textile construction, 
contain in each case four spacer fabrics with identical textile constructions, but with 
different weft constructions. The sample groups 4 to 7, which are combined according 
to the weft construction, contain in each case three spacer fabrics with identical weft 
constructions, but different textile constructions. The thermophysiological 
characteristics of the spacer fabrics obtained from the Skin Model measurements were 
summarized for every sample group due to computing the mean values and standard 
deviations. With this analysis procedure, the standard deviations have the meaning of 
an absolute measure that indicates the influence of a considered textile or weft 
construction on the thermophysiological properties of the spacer fabrics. Small 
standard deviations indicate a considerable influence, and wide standard deviations a 
poor influence. 
 
RESULTS 
The water vapor resistance (Ret) is an important thermophysiological textile property, 
particularly in wearer situations with insensible perspiration. The comparatively small 
standard deviations on the left hand of Figure 1 indicate that the water vapor 
resistance depends on the textile construction. Due to their smaller thickness, the 
spacer fabrics with the high spacer thread density have significantly lower Ret-values 
than the spacer fabrics with low spacer thread density. 

Figure 1: Impact of the textile construction on the water vapor resistance (Ret). 
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Figure 2: Impact of the weft construction on the water vapor absorption (Fi). 

Figure 3: Impact of the textile- and weft construction on liquid sweat transport (F). 
The spacer fabrics with ribbed skin facing fabric surface and high spacer thread 
density have significantly higher F-values than the spacer fabrics with low thread 
density, and the spacer fabrics without wefts have significantly higher F-values than 
the spacer fabrics with wefts. 
 
The water vapor absorption (Fi) is an important thermophysiological textile property, 
particularly in situations with moderate sensible perspiration. The comparatively 
small standard deviations on the right hand of Figure 2 indicate that the water vapor 
absorption depends on the weft’s chemistry, and in this way on the weft construction. 
The spacer fabrics with wefts from hygroscopic viscose and cotton have got 
significantly higher Fi-values than the spacer fabrics with wefts from non-hygroscopic 
polypropylene, or the spacer fabrics without wefts (respectively). 
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The liquid sweat transport (F) is another important thermophysiological textile 
property, particularly in situations with high sensible perspiration. The comparatively 
regular distribution of the standard deviations in Figure 3 indicates that the liquid 
sweat transport depends on both the textile construction, as well as the weft 
construction. 
 
DISCUSSION 
Outdoor clothing has to offer high wearer comfort in most situations with insensible 
or sensible perspiration, respectively. Various thermophysiological textile properties 
are influenced by different constructional parameters (fiber, yarn and textile 
construction as well as finishing). The Hohenstein Skin Model is able to simulate all 
these relevant wearer situations, and is for this reason not only applicable to obtain a 
complete thermophysiological characterization and evaluation of clothing textiles, but 
also to develop advanced textile products. 
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TOTAL EVAPORATIVE RESISTANCE USING WEAR TRIALS 
FOR FIVE CLOTHING ENSEMBLES 
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INTRODUCTION 
A progressive heat stress protocol can be used to identify the critical conditions at 
which the maximum heat loss, due to evaporative cooling, is balanced by the net heat 
gain, due to internal sources and dry heat exchange.  These relationships are 
illustrated by Equation 1.   
 
(Pa - Psk) / Re,T,r = Hnet + (Tdb - Tsk) / IT,r  where Hnet = M - Wext - S + Cres - Eres (1) 
 
The resultant resistance to evaporative cooling (Re,T,r), and the total resultant 
insulation (IT,r), are recognized as the two primary coefficients for understanding the 
thermal characteristics of clothing.  Recognizing that these were two unknowns, the 
Penn State group (Kenney and others) proposed a method based on simultaneous 
equations to solve for both coefficients using heat balance data from a physiological 
method, which provides an method to account for dry heat transfer through wet 
clothing and movement of the body.  Their method provided a means to relate 
environmental and physiological measures at two critical conditions, and hence, the 
thermal characteristics could be determined.  The USF group (Bernard and others) has 
taken the approach of estimating IT,r and using that value to estimate Re,T,r, believing 
that estimating evaporative resistance is robust to estimates of clothing insulation.  In 
this paper, values for Re,T were determined from wear trials using the progressive heat 
stress protocol across five different ensembles.  
 
METHODS 
Twenty-nine adults participated. Prior to beginning the experimental trials to 
determine critical WBGT, they underwent a 5-day acclimatization to dry heat that 
involved walking on a treadmill at a metabolic rate of approximately 160 W m-2 at 
50°C and 20% relative humidity (rh) for two hours.  Participants wore a base 
ensemble of shorts, tee-shirt (or sports bra for women), socks and shoes.   
 
Five different clothing ensembles over the base ensemble were evaluated.  The 
ensembles 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 for half the participants and Tyvek® 1427 
for the other half), water-barrier, vapour-permeable ensembles (NexGen® LS 417), 
and vapour-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.   
 
Each ensemble was worn by each participant at a moderate rate of work. Typically the 
dry bulb temperature (Tdb) was set at 34°C and relative humidity (rh) at 50%. Once 
the participant reached thermal equilibrium (no change in Tre and heart rate for at least 
15 minutes.), Tdb was increased 0.8°C every 5 minutes. During trials, participants 
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were allowed to drink at will. Core temperature, heart rate and ambient conditions 
(Tdb, Tpwb and Tg) were monitored continuously and recorded every 5 minutes.   
 
The inflection point marks the transition from thermal balance to the loss of thermal 
balance, where core temperature continued to rise.  The chamber conditions five 
minutes before this temperature increase was taken as the critical condition. One 
investigator noted the critical condition, and some of the decisions were randomly 
reviewed by a second investigator.  
 
IT,stat values were determined using a heated manikin.  In the current study, these 
values were treated as a fixed value for all ensembles. The following is the process to 
compute derived values for each trial based on trial conditions for the participant and 
environment.  The IT,r was computed according to ISO/FDIS 9920 (2007) as: 
 
CFI=exp[-0.281(v - 0.15)+0.044(v - 0.15)2 -0.492 w+0.176 w2] and IT,r=CFI•IT,stat   
where: air speed (v) was taken as 0.5 m s-1 and walking speed (w) was the treadmill 
speed (m s-1) for the specific trial.   
 
The total resultant evaporative resistance (Re,T,r) was computed from Equation 1. The 
total static evaporative resistance (Re,T,stat) was computed following ISO/FDIS 9920 
(2007) :  
 
CFRe = 0.3 - 0.5 CFI + 1.2 CFI2 and Re-T,stat = Re,T,r / CFRe 
 
The resultant and static permeability index (im) where computed as im = IT / 16.7 Re,T. 
 
RESULTS 
The mean values (with standard deviations) for the derived clothing characteristics are 
provided in Table 1.  
 
Table 1: Clothing ensembles, total static clothing insulation, derived values (mean ± 
sd) of resultant total insulation, resultant and static total evaporative resistance, and 
resultant and static total vapour permeability index. 

Clothing 
Ensemble 

IT,stat * 
[m2 °C W-1] 

IT,r 
[m2 °C W-1] 

Re,T,r † 
[m2 kPa W-1] 

Re,T,stat † 
[m2 kPa W-1] 

im,r † 
[--] 

im,stat † 
[--] 

Work 
Clothes 

0.180 0.118 
±0.004 

0.0134 a 
±0.0034 

0.0275 a 
±0.0064 

0.56 a 
±0.14 

0.41 a 
±0.10 

Cotton 
Coveralls 

0.196 0.128 
±0.001 

0.0129 a 
±0.0029 

0.0265 a 
±0.0059 

0.63 
±0.15 

0.47 
±0.12 

Tyvek® 
Coveralls 

0.190 0.124 
±0.001 

0.0140 a 
±0.0036 

0.0290 a 
±0.0074 

0.56 a 
±0.13 

0.41 a 
±0.10 

NexGen® 
Coveralls 

0.189 0.123 
±0.001 

0.0175 
±0.0047 

0.0362 
±0.0098 

0.45 
±0.12 

0.33 
±0.09 

Tychem 
QC® 
Coveralls 

0.185 0.121 
±0.001 

0.0319 
±0.0065 

0.0659 
±0.0133 

0.24 
±0.05 

0.17 
±0.04 

*  Fixed values from manikin trials. 
†  Same letter in a column indicates no statistical difference by Tukey's HSD at α = 
0.05.   
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CAF [°C] = 395 Re,T,r - 5.0
r2 = 0.99
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To examine the derived clothing characteristics for evaporative cooling, a mixed 
linear model was used where the main treatment effect was the ensemble, and 
participants were treated as a random factor. In all cases, there was a significant 
difference among ensembles. To determine where the differences occurred, a Tukey's 
HSD multiple comparison procedure was used. For Re,T,r, Re,T,stat, im,r and im,stat, there 
were no differences among Cotton Coveralls, Work Clothes and Tyvek in that order, 
followed by NexGen and Tychem, both of which were different from all others. The 
exception was im,r for Cotton Coveralls, which had the highest permeability index and 
was different from the others. 
 
DISCUSSION 
The first step in the current study was to estimate the total resultant insulation from 
the static values of a manikin test. Kenney et al. (1993) used two critical conditions at 
warm, humid and hot, dry environments to solve for the two unknowns in Equation 1.  
In reporting values for work clothes (military BDU), they found a total resultant 
insulation of 0.050 m2 °C W-1 as compared to 0.133 for the current study. Similarly 
for vapour barrier, they reported a much lower value (0.035) than the current value of 
0.136, and the current study did not use a hood.  Part of the difference might be due to 
the reduction due to wetting of the clothing.  If an 80% reduction is taken for 
illustration (CFI = 0.2) there would be a 17% decrease in total evaporative resistance. 
While it is very difficult to infer directly what the reduction in clothing insulation due 
to wetting was, the error in determining evaporative resistance is systematic in the 
vicinity of 10%. 
 
In the current study, the total resultant evaporative resistance for Work Clothes, 
Tyvek and the vapour barrier were supported by values reported by others.  Caution 
must be used for vapour permeable water barriers.  NexGen had a total evaporative 
resistance than reported elsewhere.  It is likely that different films have different 
evaporative resistances. Looking at the permeability index in Table 1, the resultant 
values were higher than the static values and this was expected.  The values for static 
permeability index where similar to those reported in the ISO 9920 appendices. 

As the WBGT 
clothing adjustment 
factor increases, it is 
reasonable to believe 
there would be a 
reduction in the total 
resultant evaporative 
resistance. There 
appeared to be a linear 
relationship for the 
50% relative humidity 
conditions in the 
current study, but the 
absence of data 
between the vapour-
barrier at the high end 

the other ensembles near the low end does not preclude a non-linear relationship. 
Further, the clothing adjustment factor for vapour-barrier clothing changes with the 
relative humidity, but not for the other ensembles. This actually means there may be a 
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family of lines with different slopes depending on the relative humidity that pivot 
around the data at the lower end. Therefore some caution is needed in using this 
relationship to generalize the data available.   
The ability to distinguish the total resultant evaporative resistance between ensembles 
and to appreciate the confidence interval around the sample mean, the variance (or 
standard error) of the distribution of values is necessary.  The standard error was 
estimated as 0.0044 kPa m2 W-1, and the 95% confidence interval was 0.0040 to 
0.0050 kPa m2 W-1 or about ±10%.  Based on the upper limit of the standard error, the 
resolution on the mean value is less than 0.005 with a sample size of 4, drops to 0.003 
with n = 11, and does not get much better than 0.002 with large sample sizes (greater 
than 23). 
 
In conclusion, the progressive heat stress protocol is a useful method to determine the 
total resultant evaporative resistance, which does not rely on the direct determination 
of sweat rate.  The results indicate there is little practical difference among single 
layer configurations with modesty clothing of work clothes, cloth coveralls and Tyvek 
coveralls.  There were significant increases in evaporative resistance for a specific 
vapour permeable water barrier coverall (NexGen) and for a vapour barrier coverall. 
In addition, values for total static evaporative resistance and permeability index for 
four ensembles not reported in ISO/FDIS 9920 (2007) were determined from wear 
tests.  These values can be useful rational models of heat stress. 
 
Under the current test conditions, specifically a progressive heat stress protocol at 
50% relative humidity, there appears to be a linear relationship between total resultant 
evaporative resistance and WBGT clothing adjustment factors. The relationship may 
break down at different relative humidities when the evaporative resistance is high 
(above 0.02 kPa m2 W-1); and this requires further investigation. This large study also 
allowed for a good estimate of the standard error for the progressive protocol method 
of determining total resultant evaporative resistance, which is 0.0044 kPa m2 W-1. 
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INTRODUCTION 
Clothing insulation can be measured on thermal manikins consisting of multiple, 
independently heated and regulated segments. The power supply to each segment (Qi) 
and the temperatures of each segment (Ti) are measured to calculate the segmental 
value of clothing insulation (Ii). Total clothing insulation (It) is then calculated from 
the segmental values. There has been an on-going discussion over the use of parallel 
or serial methods to calculate It (Nilsson 1997; Havenith 2005; Kuklane et al. 2005; 
Holmer 2006).  From the perspective of heat transfer, the differences are apparent. 
The parallel method assumes a uniform skin temperature for the thermal manikin, 
whereas the serial method assumes a uniform heat flux. This paper will address the 
fundamental differences underlying the parallel and serial methods, and illustrate the 
differences in It calculated using both methods. 
 
METHODS 
Analysis: The selection of the method for calculating It depends on the operating 
mode of the manikin. In most cases, manikins are operated in the uniform skin 
temperature (UST) mode. In a few cases, the manikins are operated in the uniform 
heat flux (UHF) mode. In the UST mode, Ti are set to a constant and Qi are adjusted 
to maintain the selected constant Ti. By using a uniform temperature, heat transfer 
among segments is minimized, and Qi equals the heat loss from the segment to the 
environment. Thus Ii can be calculated by: 

i a
i i

i

T T
I A

Q
−

= (1) 

where Ta is the air temperature and Ai is the segmental area.  
 
As the total heat loss (Q) is the sum of segmental heat losses, a formula using Ii to 
calculate It can be derived using Eq. 2, which describes the parallel method for 
calculating It. 
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where A is the total surface area.  
 
In UHF mode, Qi/Ai is set to constant and equal to Q/A. Thus It can be calculated 
using Eq. 4, which is derived from Eq. 3, and describes the serial method for 
calculating It. 
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However, the derivation of Eq. 4 from Eq. 3 contains a systematic error. When the 
heat fluxes are held uniform, the skin temperatures are often not uniform. The 
temperature differences cause heat transfers from high to low temperature segments. 
In other words, Qi is often not equal to the heat loss from the segment to the 
environment, and Ii can not be calculated by Eq. 1. Thus, Eq. 3, rather than Eq. 4, 
should be used to calculate It. 
 
Measurement: Fifteen clothing ensembles, with insulation that was evenly or 
unevenly distributed, were evaluated on two manikins at our Institute, to demonstrate 
the differences that occur when the parallel or serial methods are used to calculate It. 
Control set-points Ti and Ta were 33°C and 30°C for 10 ensembles, and 35°C and 
20°C for 5 ensembles (ASTM test conditions). Each ensemble was tested three times 
to ensure the accuracy of measurements. 
One manikin had 18 independently heated thermal zones plus an additional heated 
guard zone at the neck mounting plate, and the other one had 14 independently heated 
thermal zones. The zones were wet zones with an integrated sweat dispenser. The 
manikins were covered with a cotton skin layer to evenly distribute water over the 
zone surface.  
 
RESULTS AND DISCUSSION 
The parallel It and serial It of the 15 ensembles were shown in the Figure 1. The 

Ensemble

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Insulation (clo)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

parallel  
serial 

Figure 1. Insulation of 15 ensembles, determined using the serial and parallel 
methods. 
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parallel It values ranged from 1.24 clo to 2.49 clo, while the serial It values ranged 
from 1.43 clo to 3.23 clo. Differences in the parallel It and serial It increased as It 
increased. Values for the serial It were approximately 14-38% higher than the parallel 
It.  
 
These results indicate that the It values calculated using the serial method are higher 
than results derived using the parallel method, this was consistent with previous 
observations (Nilsson 1997; McCullough et al. 2002). As a result, if the serial It is 
used for whole-body heat balance analysis, the predicted heat loss would be 
underestimated by approximately 13-27%. A previous study observed that the human 
subjects were not able to achieve and maintain heat balance in cold environments 
when the serial It was used to select clothing insulation (Kuklane et al. 2005), as the 
serial It was higher and did not represent the true insulation the clothing provided. It 
was also observed in this study that the serial It is sensitive to Ii and becomes 
unrealistic when measurement from any segments are inappropriate due to high local 
insulation and very low power supply. This was consistent with observations in the 
inter-laboratory study of manikins used to measure thermal and evaporative resistance 
(McCullough et al. 2002).  
 
Methods for the calculation of clothing insulation depend on the operating mode of 
the manikins. Only the parallel method should be used to calculate clothing insulation 
using insulation values from the individual segments when manikins are operated in 
UST mode. The serial method should be used when manikins are operated in UHF 
mode. Ideally, in UHF mode, skin temperatures should be uniform to minimize heat 
transfer among segments, and in that case, the parallel method is a viable option. The 
serial It in UST mode does not yield total insulation that accurately represents the 
insulation performance of the clothing, and the resulting apparent insulation values 
will be misleading. 
 
DISCLAIMER 
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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CORRELATION BETWEEN SUBJECTIVE PERCEPTIONS OF 
MOIST FABRICS AND THE THERMAL ABSORPTION 

COEFFICIENT 
Uli Spindler, Manuela Bräuning 

W.L. Gore & Associates GmbH, Putzbrunn, Germany 
Hochschule Albstadt-Sigmaringen, Albstadt, Germany 

Contact person: uspindle@wlgore.com 
 
Base layer wear comfort is influenced by many different factors, and there have been 
quite a number of attempts to develop evaluation systems for estimating wearer 
comfort from laboratory test, such as the Kawabata system, or the Hohenstein wear 
comfort vote for underwear. Although these systems are of great value for the 
evaluation of fabrics, we were looking for a method to especially evaluate the effect 
of the influence of moisture in clothing layers next to the skin. We believe that the 
coolness to touch of the intermittent, short-term contact of a wet fabric has a strong 
influence on its comfort and wetness perception, and we think that one of the main 
reasons is the skin temperature reduction caused by the touch. Hence, the so called 
thermal absorptivity (b =  sqrt ( c • ρ • λ)) of a fabric should have a major influence on 
the wetness perception. When comparing thermal absorptivity data of usually well 
perceived underwear and single jersey cotton in different stages of wetness we could 
see a clear difference between the two.  
 
In the current study we investigated, as a first step to evaluating this hypothesis, the 
correlation between the thermal absorptivity values a single jersey cotton fabric in 
eight different states of wetness, and its affect on subjective comfort perception in a 
short-term contact with the skin of the lower arm. Cotton was chosen because it has 
the highest water retention of commonly used fabrics. We found a linear correlation 
between cold, wetness, and comfort perception with a strong inter-individual 
influence.  
 
In the second part of the study, we tested our hypothesis that the fabric itself has 
limited influence on these correlations. Four different fabrics samples were tested in 
three different thermal absorptivity levels (low, medium, high). That is, each fabric 
was wetted such that each had the same thermal absorptivity level, but not the same 
moisture content. The fabrics were chosen to reflect quite different properties: the 
cotton sample from the first part, a merino underwear, a thick polypropylene cotton 
underwear with a strong directional wicking, and a WINDSTOPPER® base layer 
laminate also with directional wicking in its polyester skin side fabric.  
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COOLING EFFECT OF A PCM VEST 
ON A THERMAL MANIKIN AND ON HUMANS EXPOSED TO 

HEAT 
Chuansi Gao, Kalev Kuklane, Ingvar Holmér 

The Thermal Environment Laboratory, Division of Ergonomics and Aerosol 
technology, 

Department of Design Sciences, Faculty of Engineering, Lund University, Lund, 
Sweden 

Contact person: Chuansi.Gao@design.lth.se 
 
INTRODUCTION 
In hot environmental exposures, combined with physical work, such as fire fighting, 
military exercises and actions, and sports activities, the human body suffers heat 
stress, resulting in reduced working endurance, performance, comfort and an 
increased risk of heat illness. Cooling vests are designed as to prevent heat strain, 
increase work performance, and possibly create thermal comfort. Some of them apply 
phase change materials (PCM; e.g., ice, gel, salt) in a vest. The cooling effect of an 
ice vest has been studied (Yoshimi et al 1998; Smolander et al 2004; Myhre and Muir 
2005, Hunter et al 2006). 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). However, the cooling effect of 
salt vest has not been reported. The objectives of this study were to investigate 
physical, physiological and subjective cooling effects of a salt vest on a thermal 
manikin, and on human subjects. 
 
METHODS 
Cooling vest: TST cooling vest made of polyester containing 21 flat pieces of PCM 
elements (salt mixture) with melting temperature (Tm) at 28°C. Before and after the 
test, the vest was kept horizontally at 20°C for solidifying and re-use. The total weight 
of the vest was two kilograms. 
Clothing: Clothing and equipment worn by the subjects during the test in the climatic 
chamber was Swedish RB90 fire fighting ensemble including cotton T-shirt, briefs, 
TST cooling vest, underwear, outer wear, socks, safety boots, and gloves. The vest 
was dressed between T-shirt and RB90 underwear. The clothing was dressed the same 
way on manikin except for that no safety boots and equipment (pulse belt and watch, 
skin and rectal temperature sensors, helmet, mask, self-contained breathing apparatus) 
were used on manikin. Total weight (with vest) was 22 kg. 
Manikin test: Thermal manikin Tore with 17 individually controlled zones was used. 
Manikin surface temperature was kept at 38°C. Climatic chamber temperature was 
kept the same, so that there was no heat loss from the manikin to environment. Heat 
losses and manikin surface temperatures were recorded at 10 s intervals. As the vest 
covered only torso part of the manikin, therefore these torso zones (chest, abdomen, 
upper and lower back) were included in calculations. 
Subject test: Two healthy male fire fighters volunteered to participate in the study. A 
written consent had been obtained before they participated in the tests. Their ages 
were 27 and 40 years old, heights 1.78 m (both subjects), weights 76.0 and 68.9 kg. 
Both subjects came to the lab twice and performed two tests (with and without vest) 
on two different days. The procedure followed the study by Holmér et al (2006). 
Rectal temperature (Trec) sensor (YSI-401) was inserted by the subject at a depth of 10 
cm. Skin temperature (Tsk) sensors (thermistors ACC-001) were taped on forehead 
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and left side chest, scapula, forearm, thigh and calf. The subject cycled on a cycle 
ergometer at 50 W for 20 min at 20°C. Trec and Tsk were recorded by Labview 
program. Whole body thermal sensation was recorded. After cycling, the subject 
entered the climatic chamber (Ta=55°C, RH=30%, and Va=0.4m/s, Pa=4 725), and 
walked on a level treadmill (5km/h). VO2 was measured. The activity was terminated 
based on one of the following criteria: 1) subjects felt that the condition was 
intolerable and were unable to continue, 2) Trec reached 39°C. 
 
RESULTS AND DISCUSSION 
Heat loss on manikin: The vest had a stronger cooling effect during the first hour 
(Figure 1). The duration of the effect was about seven hours. Effects of cooling 
devices depend not only on the melting temperature, but also on manikin surface 
temperature, as reported by other researchers (Jetté et al 2004). In reality (e.g. fire 
fighting), skin temperatures higher than 34°C often occur. Average cooling rate 
during the first hour was 32.8 W/m2 on the torso, and 11.5 W/m2 on the whole 
manikin. The torso surface area was 31.9% of the whole manikin (1.774 m2). 

 
Figure 1. Heat loss from torso on manikin at 38 °C (isotherm) 
 
Metabolic rate: The mean metabolic rate (309 W/m2) for two subjects with cooling 
vest (2 kg), all clothes and equipment (20 kg) was 10% higher than that (281 W/m2) 
without cooling vest. Even though the metabolic rate was increased by 10% while 
wearing the vest, heat strain was decreased, as evidenced by the skin, body and core 
temperature alleviations as below. 
 
Local cooling effect (chest skin): For one subject, the chest temperature with the 
cooling vest was about 3-4°C lower than that without the vest (Figure 2, bold lines). 
The chest temperature reached 39.5°C in the end of the test without the vest, whilst it 
was only 36.5°C when wearing the vest. For the other subject, the local cooling effect 
on the chest was even better, in particular, in the end of the test. The chest temperature 
with the vest (34.2°C) was about 5.8°C lower than that without the vest (40.0°C). This 
was dependent on the placement of the temperature sensor (i.e. precisely under the 
PCM or in-between two pieces of PCMs). Without the vest, the chest temperatures of 
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the two subjects increased linearly and sharply with time. Other studies have shown 
that an ice vest can decrease local skin temperature by 8~10°C and, possibly causing 
discomfort (Yoshimi et al 1998; Smolander et al 2004; Myhre and Muir 2005). 

 
Figure 2. The cooling effect of the vest on chest (two subjects) 

Figure 3. The cooling effect of the vest on rectal temperature (two subjects) 
 
Mean skin and mean body temperatures:  The mean Tsk and mean Tb were about 
1.0°C and 0.5°C lower respectively with the vest at the end of heat exposure. 
Core temperature Trec increase and recovery after test: For one subject, Trec increased 
2.1°C by the end of heat exposure without the vest, whilst with the vest it increased 
only 1.7°C. During recovery at room temperature, Trec was still increasing for a few 
minutes. The peak increase reached 2.5°C (including heat exposure and recovery), 
and then gradually dropped. This phenomenon was reported by Holmér et al. (2006). 
Therefore, the absolute peak rectal temperature could reach about 39.5-40°C after the 
exposure. With the vest, the peak increase was only about 1.9°C during recovery 
(Figure 3). Thermal strain and illness risk are thus reduced. A similar result was found 
for the second subject during recovery. These results are in agreement with other 
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studies using an ice vest in cross-country racing (Hunter et al. 2006), and frozen gel 
by Pimental et al. (1992). Mean whole body thermal sensation with the vest was 
somewhat less during the heat exposure. However, there has also been a recent study 
showing that a cooling vest incorporating a water-based PCM (mainly sodium 
sulphate additives, Tm=28°C) had no significant cooling effects on core and skin 
temperatures during and after fire fighting (Carter et al. 2007), which was carried out 
in a lower temperature environment (less heat stress). 
 
CONCLUSIONS 
The cooling vest has an effect in reducing heat strain as evidenced by both thermal 
manikin and subject tested in very hot conditions.  
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RACE TO THE SOUTH POLE – SCOTT AND AMUNDSEN’S 
CLOTHING REVISITED 

George Havenith and Lucy Dorman 
Protective and Performance Clothing Research Centre, Loughborough University, 

UK 
Contact person: G.Havenith@lboro.ac.uk 

 
INTRODUCTION 
On December 14, 1911, Roald Amundsen reached the South Pole, beating Robert 
Falcon Scott by about a month in the race to be the first person to reach this landmark. 
Scott and his team perished during their return journey. Many theories have been 
developed on why Scott lost the race and perished, with unusually extreme cold 
weather postulated as major or contributing cause.  
 
Their race to the pole was re-enacted in the context of a television programme, where 
two teams were formed, and playing the role of either Scott or Amundsen, using 
similar equipment, food, clothing etc. to that used in the original expeditions. As dogs 
are no longer allowed in Antarctica, the race took place in Greenland, covering the 
same distance as the original journey. For this purpose, the clothing of both teams was 
reconstructed by the organisers, based on historical archives, and made available for 
investigation to the Protective and Performance Clothing Research Centre at 
Loughborough University. This clothing was tested together with modern arctic 
explorer clothing (i.e. the film crew’s clothing). 
 
METHODS 
All three clothing systems were measured for their thermal insulation on a thermal 
manikin (‘Newton’, MTNW Seattle), in conditions with and without wind. In addition 
the clothing was assessed for the effect it would have on metabolic rate and thus on 
energy requirements, using recently obtained knowledge in that area (Dorman, 2007). 
 
RESULTS AND DISCUSSION 
Insulation values for the clothing types (with one variation for the Amundsen outer 
coat) are presented in Figure 1. The modern clothing clearly outperformed the 
explorer’s ensembles from last century, in terms of maximal insulation provided. 
Given however that Scott’s team used man-hauling for their sledges, it should be 
noted that they require less insulation during their activity. The difference between the 
historic and modern clothing is best illustrated when the insulation for weight ratio 
was determined. This is shown in Figure 2. The modern clothing here shows about 
double the performance level of the older systems. 
 
In the race reconstruction, an important problem with Scott’s team was demonstrated: 
they were unable to keep up their energy intake with their energy requirement. This 
caused 19% weight loss over the period of the race, and most surprising, despite the 
heavy exercise, 60% of this weight loss was muscle mass. In recent work, Dorman 
(2007) charted the effect of protective clothing on energy requirements. Based on her 
work, extra energy requirements caused by wearing the arctic ensembles could be 
determined. These are shown in Figure 3. 
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Figure 1. Insulation values of three types of arctic clothing. 
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These data clearly show that wearing the historical clothing caused a much higher 
energy consumption increase while sledge pulling, than did the modern clothing, and 
that the increase would have been less (on top of a lower energy requirement for the 
activity itself) for dog sledging. 
 
REFERENCES 
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UNDER T-SHIRTS 
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Zhou1 

1Material Engineering College, Soochow University, Suzhou China 
2Faculty of Education, Wakayama University, Wakayama Japan 

Contact person: daixqsz@suda.edu.cn 
 

INTRODUCTION 
Heat and moisture transport through garments involve complex processes and are 
coupled through evaporation, condensation, sorption and desorption of moisture. 
Moisture in garments is often from sweat accumulated during and following exercise. 
Moisture transport through the fabric material of a garment will influence the 
microclimate between the garment and the body, and the thermal contact comfort 
feeling of the wearer.  
 
Because of its good water absorbing property, cotton is often used to make next-to-
skin wear, such as T-shirts and underwear. However, since cotton holds absorbed 
water, its moisture transfer property is not so good. Soybean protein fiber, a kind of 
green fiber, which has been reported to be superior in water transfer, is often blended 
with cotton to improve the fabric’s water transport. Therefore, a cotton knitted fabric 
and a cotton/soybean protein fiber blended knitted fabric was focused in this study. 
The effect of the moisture transport property of fabrics on the microclimate under T-
shirts made of the fabrics was investigated through fabric tests and garment wear 
trials. 
 
METHODS 
Fabric tests: A 100% cotton (C) and a 50/50 soybean fiber/cotton (SC) blended plain 
weft knit fabrics were chosen for the experiment. The two fabrics have similar 
construction (Table 1). Wicking and static immersion tests were carried out to 
investigate the water transport and water absorbing properties of the fabrics. In the 
wicking test, a strip of fabric sample was suspended vertically with its lower edge in a 
reservoir of distilled water, the height of water rise in the fabric was recorded (Harnett 
& Mehta, 1984). In the immersion test, weighed samples were immersed in water for 
a given time, taken out and shaken to remove the excess water, then weighed to obtain 
the mass of absorbed water (BS 3449).  
 
Table 1. Fabric specification 
Sample Yarn count 

(tex) 
Thickness 

(mm) 
Course density 
•loops/5cm) 

Wale density 
(loops/5cm) 

SC 25 0.68 80 135 
C 25 0.72 80 135 

Wear trials: Six healthy male college students (S1-S6) volunteered to participate in 
this study: age: 23±2 yrs; weight: 65±3 kg; height: 172±2 cm. The wear trials were 
conducted in an environment of constant temperature and humidity (20±2ºC, 65±5% 
RH) using the protocol in Figure 1. Participants wore a same trousers and one of the 
two long sleeve T-shirts made of C and SC fabrics respectively.  
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Figure 1: Exercise protocol 
 
The exercise protocol was 10 min sitting rest, followed by 30 min walking on a 
treadmill at a speed of 5.8km/h, and then 30 min seated recovery. A whole procedure 
lasted 70 min. The experiments were carried out in two time periods each day: 
morning and afternoon. The six participants were thus divided into two groups: AM 
group and PM group; and wore SC and C T-shirts respectively on different days. They 
were asked to rest in the chamber for about 30 min to be adapted to the environment 
before the experiment started. The temperature (Tcl) and the relative humidity (P) of 
the microclimate under the T-shirt at the back, where more sweat glands exist, were 
recorded each minute.  
 
RESULTS 
The results of fabric tests are shown in Figure 2. As expected, the SC fabric was 
superior in moisture transfer (wicking), while the C fabric had better water absorbing 
properties.  
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(a) Static immersion (b) Wicking 
Figure 2: Fabric tests 
 
 
Figure 3 shows the change of Tcl and P over time for the two groups of participants. 
During the resting period, the P kept stable. When the participants started to walk (10 
min), additional body heat was generated and the body temperature increased. 
However, the P did not increase immediately. As the temperature exceeded a value of 
the threshold temperature for the body to sweat, P began to increase. Therefore, there 
was an obvious delay (>10 min) for the body to begin sweating. When the participants 
stopped walking (40 min), P did not decrease immediately. During the recovering 
period, as the accumulated sweat was being absorbed by the T-shirt and then 
evaporated to the external environment, P decreased gradually to its initial values.  
 
During the resting period, the Tcl of most participants did not show a big change. As 
the participants began to sweat, and with sweat evaporation extracting heat, the Tcl 
decreased significantly. Finally, as P recovered, the Tcl began to increase again.  
 
The change of Tcl and P showed great variability among individuals in terms of time 
starting to sweat, peak P reached (corresponding to total sweat loss), and the width of 
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the P plots above 60%RH (participants feeling discomfort). There were differences 
between the AM and PM groups. It seemed that the participants of AM group sweated 
more, thus the Tcl decreased significantly.  
 

  
(c) P plot (AM group) (d) Tcl plot (AM group) 

  
(c) P plot (PM group) (d) Tcl plot (PM group) 
Figure 3: Plots of Tcl and P change along time 
 

  

(a) P plot (b) Tcl plot 
Figure 4: Plots of Tcl and P of AM versus PM (SC). 
 
 
To further investigate the influence of the testing time, two participants were asked to 
participate in the AM and PM experiments (wearing SC T-shirts) respectively on 
different days. As shown in Figure 4, the P for the PM results began to increase earlier 
than observed in the AM trials, the peaks of P of PM results were also higher. The Tcl 
of PM results was obviously higher.  
 
DISCUSSION 
By comparing the P plots of each participant wearing SC and C T-shirts in Figure 3a 
and 3c, it can be found that the P of SC plots started to increase several minutes later 
than the C plots. Since the two fabrics have similar construction, it can be assumed 
that their warmth keeping property was the same. Based on this assumption, each 
participant should begin to sweat at the same time, no matter which T-shirt he was 
wearing. Therefore, the delay of P beginning to increase between SC and C can only 
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be because of the difference of water transport property between the two fabrics. 
Since the SC fabric had superior wicking ability (Figure 2), when the body began to 
sweat, the sweat on skin surface quickly wet the fabric, and this then spread to the 
outer environment, thus delayed the P increase. During the sweating period, again 
because of its better wicking ability, sweat accumulation under the SC T-shirt was 
less than that under the C T-shirts. Therefore, the widths of P plots above 60% RH of 
the SC T-shirt were also smaller. It helped the participants to feel more comfortable 
wearing SC T-shirt than C T-shirts. It was made clear that water transfer is much 
important than water absorption in maintaining a comfortable microclimate under 
garments.  
 
Human body temperature has a rhythm within a day, it falls to a trough in midnight 
and rises to a peak in the afternoon. The body temperature of a participant in 
afternoon was often higher than in the morning, and was nearer to the fixed sweating 
point. Therefore, due to the same exercise, the body temperature of a participant 
increased, and exceeded the sweating threshold earlier in the afternoon than in the 
morning, and the total sweat loss was is also greater. That was why the P of PM 
experiments began to increase earlier, and the width of P plot above 60% RH was 
larger.   
 
DISCUSSION 
Through this study, it was confirmed that the moisture transport of fabrics has a 
significant influence on the microclimate between body surface and garments. 
Garments made of fabrics with good water transfer properties will help to remove 
sweat quickly and prevent the increase in humidity at the skin surface, thus 
maintaining a comfortable microclimate under the garments. However, further study 
is necessary to quantitatively investigate the relationship between the moisture 
transfer property of a fabric and the garment wearer comfort.  
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EFFECT OF CLOTHING INSULATION ON ATTENUATION OF 
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INTRODUCTION 
The ThermProtect project, financed by the European Union, is aimed at addressing 
the effects of radiative heat and moisture on clothing insulation, especially focussing 
on the effect these sources of heat transfer may have on current standards on 
protective clothing. In one work package, the effect of heat radiation on heat exchange 
was studied in manikins, as well as in humans. As a wide variety of clothing and 
radiative environments was studied, there was a need for modelling these data to be 
able to fully comprehend the results. Also, the modelling effort should serve as a basis 
to transfer the results to the relevant standards for protective clothing. In this paper, a 
modelling approach is presented, that is aimed to describe the effect of different levels 
of insulation on the attenuation of radiative heat gain from external sources. 
 
METHODS 
The modelling effort was based on experimental data that were collected in manikin 
measurements during the ThermProtect project. The properties of the model are 
briefly discussed, and then the prediction of the model is compared to the results of 
the manikin experiments within the ThermProtect project. In a previous paper, only 
the data on basic black Nomex® fabrics were presented. In this paper, the results from 
other materials, with different colours or with different reflective properties, are 
presented The experimental data contain measurements of manikin heat loss in the 
infrared and visible radiation spectra, with clothing ensembles consisting of two and 
three layers, and at different wind speeds ranging from 0.5 m/s up to 2 m/s.  
 
RESULTS  
Comparison of the model predictions with these experimental data shows that the 
clothing model explains a large part of the variation of the experimental data. When 
more complex types of (reflective) clothing are incorporated, the model clearly does 
not explain all of the experimental variation. This is due to the direct effect of the 
clothing on the radiative properties (reflection) and requires an extension of the model 
to describe the attenuation of the radiative field by clothing with low emissivity 
values. However, there is no simple way to insert a single emissivity value into the 
model, as the incoming radiation may have another emissivity value than the radiation 
that is emitted from the clothing. This effect complicates a straightforward analysis. A 
model to describe these effects has been studied within the ThermProtect project and 
may be published later.  
 
DISCUSSION 
The current model describes the attenuating effect of clothing on radiation for one 
type of clothing. The model shows that an increase in clothing insulation decreases 
heat gain to the wearer. When the radiation levels become very high, it shows that 
increasing the insulation is as beneficial to the wearer as the increase in insulation is 
to losing heat. Thus heat strain is counteracted by reducing heat gain from radiation. 
These results are relevant at moderate to high levels of radiation. 
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INTRODUCTION 
Many studies on the sleeping environment have been published, and research on the 
wadding materials of quilt or mattress has been one of the important characteristics 
for obtaining comfortable sleeping conditions in either a cold or warm environment. 
We have reported that clothing microclimate humidity, and the humidity between the 
skin and mattress increase faster for cotton wadding than for polyester fabrics, 
especially in the back skin area in a warm environment (Imamura, 2000). Tokura et al. 
(1981) reported that total weight loss and local sweat rate were significantly greater 
for cotton wadding than for polyester. Thus, hygroscopic properties appear to affect 
the bed microclimate and thermoregulation in a warm environment. In a cold 
environment, the effects of an electric blanket, for example (Imamura, 1987), were 
reported in terms of thermoregulatory responses. However, the wadding materials of 
futon (defined here as the quilt and mattress set) have not been studied extensively in 
a cool environment because perspiration is not extensive. The purpose of this study 
was to investigate how different quilt and mattress wadding materials affect 
temperature regulation and bed microclimate during bedrest at mild air temperature. 
 
METHODS 
Ten young healthy male volunteers with a mean age of 21.8 ± 1.0 yrs participated in 
this study. Their average height, weight and body surface area were 169.6 ± 5.7 cm, 
63.5 ± 9.3 kg, and 1.67 ± 0.1 m2, respectively. Procedures were carefully explained, 
and all participants gave their informed consent. The experiment was carried out using 
a climatic chamber with an air temperature of 20 ± 2ºC and a relative humidity of 60 
± 10%. The experiments were conducted for 150 min during the daytime, with the 
comparison of 3 different hygroscopic wadding materials. Highly hygroscopic 
waddings (HH) were down and feather in quilt material and wool in the mattress. 
Moderately hygroscopic wadding (MH) was wool and polyester blended in both quilt 
and mattress. The low type (LH) was polyester material. The experimental futon was 
put in separate bag-type cotton sheets (which covered both quilt and mattress), and 
then placed on a hard bed mattress. Each participant wore shorts and long-sleeved 
cotton pajamas. The material order was randomized for each participant. All the 
experiments began in the early afternoon. 
 
Rectal temperature (Tre), skin temperature at 8 sites (forehead, chest, back, forearm, 
hand, thigh, leg and foot), chest clothing microclimate (temperature and humidity), 
bed microclimate near chest area, and each layer’s surface temperature and humidity 
for futon in the trunk area were measured continuously in the supine position during 
the 150 min experiment. Subjective thermal and comfort sensations were obtained 
every 30 min and body weight was determined with an accuracy of 10 g before and 
after the experiment and the body weight loss was calculated. Mean skin temperature 
(MST) was calculated using the following equation. 
MST = 0.07 Tforehead + 0.35 (Tchest + Tback) + 0.14 Tforearm + 0.05 Thand + 0.19 Tthigh + 0.13 Tleg+ 0.07 
Tfoot 
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One-way ANOVA for repeated measurements was used to analyze the temperatures 
and humidity. The level of significance was considered to be p<0.05. 
 
RESULTS 
Figure 1 shows the average change of Tre and SEM for the 10 participants. Tre 
decreased over the course of the experiment for every experimental condition. No 
statistical difference could be found among the three conditions. The skin 
temperatures increased for a time, and then reached a steady state. Figure 2 shows the 
last 20 min skin temperatures on average. There were no differences among the three 
conditions, however, skin temperatures tended to be higher for HH materials.   
 
 
 
 
 
 
 
 
          
 
 
 
 
 
 
Figure 1. The change of average rectal temperature in the 3 experimental conditions. 
The bars represent the standard error (SEM). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Skin temperatures at the last 20 min of the experiment on average 
 
To observe heat and moisture transfer from the participant’s body to the futon, the bed 
microclimate and each layer’s surface temperatures and humidity of the futon were 
measured continuously. The bed microclimate, and the quilt surface temperature and 
humidity showed no clear differences among the three experimental conditions. 
Although the mattress surface temperature just under the back skin was almost 
identical in the three conditions, surface temperature just underneath the mattress for 
HH was markedly higher than the other two conditions approximately 5 min after a 
participant lay down in bed (Figure 3). The absolute humidity showed the same 
tendency as the surface temperature. 
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Figure 3. The surface temperature (left) and humidity (right) underneath mattress 
 
These clear differences were obtained because the degree of contact of the mattress 
with the back area of the body was much stronger than that of the quilt, suggesting 
that the insensible perspiration from the skin was directly absorbed into the wool 
wadding. The experiment was performed under the neutral or slightly cool 
environment, so that the participants’ first thermal sensation vote was similar. 
However, at the end of the experiment some of them actually felt hot-very hot by the 
end of the experiment. Although HH was not always voted warmest, a small amount 
of perspiration might accelerate the wool heat sorption phenomenon. MH and LH 
results varied according to the individual. Further data analysis is necessary to obtain 
an explanation of this difference of experimental materials among participants. 
 
DISCUSSION 
We investigated different hygroscopic wadding materials on body temperature 
regulation and bed microclimate in a mild environment. Heat and moisture transfer 
from the body to wool mattress differed from the other two wadding materials during 
the bedrest experiment. Although mattress material seemed to have the biggest effect 
on a comfortable sleeping environment, variation in the commercial standards of the 
futon do not allow clearer results. A nocturnal experiment is needed to make a clearer 
evaluation concerning the high-quality sleeping environment.  
 
REFERENCES 
Imamura, R., & Nakatani, K., 2000. Preventive effect of air mattress for decubitus 

upon bed climate compared with cotton and polyester wadded mattresses. Bulletin 
of the Faculty of Education Wakayama University, Natural Science, 50, 49-56. In 
Japanese with an English abstract. 

Tokura, H., Ono, A. & Tatsuo, S., 1981. Effects of the sleeping mat upon sweating 
responses in man. Jpn. J. Home Economics, 32 (1), 47-52. In Japanese with an 
English abstract. 

Tokura, H, & Imamura, R., 1987. Effects of electrically heated blanket placed on 
sleeping mat upon thermoregulatory responses of women during night sleep at an 
ambient temperature of 9 ºC. Int. J. Biometeor., 31(1), 1-7. 

 

18

23

28

33

38

0 30 60 90 120 150

LH
MH
HH

min

•

0.5
1

1.5
2

2.5

3
3.5

4
4.5

0 30 60 90 120 150

LH
MH
HH

min

kPa



Environmental Ergonomics XII  
Igor B. Mekjavic, Stelios N. Kounalakis & Nigel A.S. Taylor (Eds.),  © BIOMED, Ljubljana 2007 

 162 

PREDICTION OF CLOTHING THERMAL INSULATION 
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ENVIRONMENT 
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INTRODUCTION 
A knowledge of clothing thermal insulation is necessary to maintain healthy and 
reasonable clothing life. Clothing thermal insulation can be measured by taking 
measurements on human subjects, by using thermal manikin, and by a conversion 
method using an index. Humans experiments are complex and data are often quite 
variable, so the thermal manikin method was proposed. This method has excellent 
reproducibility, but it is raised a question in that thermal manikins are designed and 
built by different groups, resulting from the use of different construction materials, 
differences in shape, structure and the number of segments (Konarska et al., 2006). 
Moreover, thermal manikins are expensive and differ from real humans. Clothing 
weight, one of the conversion methods using an index, is widely used because 
measurement is simple and many clothes can be measured at the same time. However, 
clothing weight also has demerits, in that it requires periodical correction according to 
changes in fabrics and fashion.  
 
The temperature inside clothing is high when wearing clothing with a high thermal 
insulation. However, studies about the relation between clothing thermal insulation 
and clothing microclimate are limited. The aims of this project were to investigate the 
range of clothing microclimate and to examine the relation between clothing 
microclimate and physiological responses, when only clothing layer increases in a 
controlled condition of fabrics and design effect. To look into these issues, tests were 
performed on human subjects and the possibility of clothing microclimate as an index 
of clothing thermal insulation was reported.  
 
METHODS 
The physiological tests were performed in a climatic -controlled temperature (15•), 
relative humidity (58%) and wind velocity (0.1 m/s). Six physically-active males (22 
±2 y, height 177 ±3 cm, mass 66 ±7 kg, body surface area 1.82 ±0.1 m2) participated 
in trials and provided informed consent. Trials were conducted at the same time each 
day. 
 
Clothing microclimate and physiological responses were investigated using the upper 
and lower clothing of same material and design from 1 layer to 3 layers. Experimental 
clothing was the upper and lower training wear (PET 100%) and was 1 layer 
(310±15g/m2), 2 layers (630±27g/m2), 3 layers (950±44g/m2) clothing of different 
size. Besides, each subject wore same socks, underpants and footwear and carried out 
tests on two of the three ensembles.  
 
Skin temperature, rectal temperature, clothing microclimate (temperature inside 
clothing at 6 sites and humidity inside clothing at 2 sites), the innermost surface and 
the outermost surface temperature at the chest (K923, Takara Inc., Japan), metabolism 
(Quark b2, COSMED Inc., Italy) and body weight loss (F150S, Sartorius Corp., 
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German) were measured, and these measures were taken every 5 min. Subjective 
sensations were determined from ratings of thermal sensation (9-point scale, +4=very 
hot, -4=very cold) and thermal comfort (5-point scale, 0=comfortable, 5=extremely 
uncomfortable). Mean skin temperature was calculated as 7-points according to a 
method by Hardy and Dubois (1937) and clothing thermal insulation was calculated 
by Winslow and Herington's method (1949). Mean temperature inside clothing was 
calculated as arithmetic mean of 6-points (chest, abdomen, arm, thigh, leg, foot). One-
way ANOVA, correlation and regression analysis were used to investigate relation 
between clothing microclimate and clothing thermal insulation.  
 
RESULTS 
The more clothing layers, the 
higher clothing microclimate and 
the higher clothing thermal 
insulation (Figure 1). 
Temperature and humidity inside 
clothes increased in the following 
order: 1 layer <2 layers <3 
layers. Clothing thermal 
insulation was also high as 
clothing layers increased 
(p<0.05, Table 1). The difference 
between 1 layer and 2 layers 
clothing (Δ0.4 clo) was higher 
than the difference between 2 
layer and 3 layers clothing (Δ0.1 
clo) and it showed that the more 
clothing layers, the less increase 
of clothing thermal insulation. 
 
Temperature inside clothes was highest on the chest. The innermost surface 
temperature at the chest increased in the following order: 1 layer <2 layers <3 layers 
and the outermost surface temperature at the chest decreased in the same order. The 
difference between the innermost surface temperature and the outermost surface 
temperature of the clothes at the chest was the highest in 3 layers clothing (p<0.05, 
Table 1). Clothing thermal insulation had a high correlation with the difference 
between the innermost surface temperature and the outermost surface temperature at 
the chest (r=0.549), mean temperature inside clothes (r=0.548), and temperature 
inside clothes at the abdomen (r=0.478). Mean temperature inside clothes had the 
highest correlations with temperature inside clothes at the abdomen (r=0.794) 
(p<0.01). The difference between the innermost surface temperature and the 
outermost surface temperature of the clothes at the chest had the highest correlation 
with clothing weight and the number of clothing such as upper clothing weight 
(r=0.824), lower clothing weight (r=0.823), total clothing weight (r=0.825), upper 
number of clothing (r=0.835), lower number of clothing (r=0.835), total number of 
clothing (r=0.835).  
 
 
 
 

Figure 1. Relation between mean temperature 
inside clothes and clothing thermal insulation 
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Table 1. Clothing microclimate and clothing thermal insulation according to the 1, 2 
and 3 layers clothes (mean (S.D.); p<0.05, two-tailed). 
 1 layer 2 layers 3 layers 

Chest temp. (•) 31.59 
(1.63)c 

32.30 
(1.58)b 

33.58 
(0.60)a 

Abdomen temp. (•) 30.44 
(2.78)c 

32.69 
(2.00)b 

32.72 
(1.96)a 

Arm temp. (•) 28.48 
(2.17)c 

30.25 
(1.92)b 

31.19 
(1.68)a 

Thigh temp. (•) 28.49 
(1.82)b 

29.75 
(1.65)a 

29.83 
(1.38)a 

Leg temp. (•) 26.91 
(2.07)c 

27.85 
(2.36)b 

28.49 
(1.98)a 

Foot temp. (•) 27.36 
(1.48) 

30.25 
(1.92) 

31.19 
(1.68) 

Chest humidity (%RH) 12.1 (0.6)b 12.5 (1.3)b 14.6 (2.7)a 
Thigh humidity (%RH) 11.2 (1.2)b 11.4 (1.0)b 11.9 (0.6)a 

Clothing 
Micro 
-climate 

Mean temp. inside clothes 
(•) 

28.88 (1.3)c 30.06 (1.1)b 30.49 (0.9)a 

Innermost surface temp.  27.88 (2.4)c 29.09 (1.7)b 31.00 (1.6)a 
Outermost surface temp.  22.40 (1.6)c 21.02 (1.3)b 20.44 (1.4)a Temperature 

of clothing 
surface(•) Difference of surface 

temp.1)  
5.45 (1.6)c 8.07 (1.4)b 10.57 (2.0)a 

Clothing thermal insulation (clo) 1.51 (0.32)b 1.91 (0.34)a 2.04 (0.23) 

a 
1): Difference between the innermost surface temperature and the outermost surface 
temperature of the clothes at the chest 
 
Table 2. Responses between three types of clothing (mean (S.D.); p<0.05, two-
tailed). 
 1 layer 2 layers 3 layers 

Forehead 33.58 (0.5)b 33.54 (0.5)b 33.76 (0.5)a 
Abdomen  32.84 (1.5)b 33.70 (1.1)a 33.90 (1.2)a 
Arm  31.69 (0.8)c 32.31 (0.6)b 33.11 (0.7)a 
Hand 26.91 (2.9)b 28.10 (3.0)a 28.30 (3.3)a 
Thigh  29.98 (1.3)b 31.07 (0.9)a 31.13 (1.0)a 
Leg  30.28 (0.9)c 31.23 (0.9)b 31.63 (1.1)a 
Foot  28.54 (1.8) 29.16 (2.1) 28.64 (2.6) 

Skin 
Temperature 
(•) 

Mean skin temperature  31.26 (0.7)c 32.07 (0.6)b 32.31 (0.6)a 
Decrease of mean skin temperature 0.75 (0.4)a 0.52 (0.37)b 0.40 (0.1)b 
Rectal temperature (•) 37.34 (0.3)a 37.21 (0.2)b 37.31 (0.3)a 
Mean body temperature (•) 35.21 (0.3)c 35.41 (0.3)b 35.56 (0.3)a 
Metabolism (kcal/m2/hr) 53.03 (6.5) 49.02 (7.4) 48.84 (5.9) 
Weight loss (g/m2/hr) 21.96 (6.6) 24.65 (4.7) 26.9 (5.6) 
Increase of body heat content 33.12 (16.7)a 22.07 (8.7)b 19.79 (8.7)b 
 
Skin temperature except foot and mean body temperature were the highest in 3 layers 
clothing and rectal temperature was significantly higher in 1 layer and 3 layers than in 
2 layers.  Increase of body heat content was the highest in 1 layer (p<0.05). 
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Metabolism decreased and weight loss increased the following order: 1 layer, 2 layers 
and 3 layers (Table 2). Mean temperature inside clothes had the highest correlation 
with mean skin temperature (r=0.86) (p<0.01). Thermal sensation had high correlation 
with mean temperature inside clothes (r=0.667), difference between the innermost 
surface temperature and the outermost surface temperature of the clothes at the chest 
(r=0.662) and temperature inside clothes at the abdomen (r=0.552). Thermal comfort 
had negative correlation with temperature inside clothes at the thigh (r=-0.497) and 
mean temperature inside clothes (r=-0.452) (p<.01). 
From these results, it was deduced the following equations which could predict the 
clothing thermal insulation. 
 
First, clothing thermal insulation (Y) using only mean temperature inside clothes (X1): 
Y = 0.18 X1 – 3.558             (R2=0.387)                    (Eq. 1) 
Second, clothing thermal insulation (Y) using clothing microclimate: 
Y = 0.137 X1 + 0.046 X2 -2.663  (R2=0.468)                    (Eq. 2) 
Where   X1 = Mean temperature inside clothes, •  
X2 = Difference between the innermost surface temperature and the outermost surface 
temperature of the clothes at the chest, • 
Third, clothing thermal insulation (Y) using clothing weight: 
Y = 1.252 X1 + 2.169            (R2=0.392)                   (Eq. 3) 
Where   X1 = Clothing weight of the lower, kg/m2  

Fourth, clothing thermal insulation (Y) using mean temperature and physiological 
responses: 
Y = 0.082 X1 + 0.018 X2 -0.032 X3 -0.025 X4 +0.862  (R2=0.890)   (Eq. 4) 
  Where  X1 = Mean temperature inside clothes, •    X2 = Weight loss, g/ m2 
X3 = Metabolism, kcal/m2/hr               X4 = Increase of body heat content 
  
DISCUSSION 
A mathematical model was developed to predict the clothing thermal insulation using 
clothing microclimate. The higher mean temperature inside clothes, the higher 
clothing thermal insulation. The percentage of the variance explained (R2) of mean 
temperature inside clothes was 47% and this value was higher than 39% of clothing 
weight. This suggests that clothing microclimate has the possibility as an index of 
predicting clothing thermal insulation. Besides clothing microclimate, the equation 
using weight loss, metabolic rate and increase of body heat content explained 89% of 
the variance. Therefore, clothing thermal insulation can be estimated using simple 
method on human subjects as well as the method of Winslow and Herington (1949).  
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THE CHARACTERISTICS OF THERMAL INSULATION OF 
SOCKS TOWARDS PREVENTION OF GLOBAL WARMING 

Mikie Kusunoki 
Yasuda Women’s University, Hiroshima, Japan 

Contact person: kusunoki@yasuda-u.ac.jp 
 
INTRODUCTION 
Global warming advances faster than we predict, and effective measures should be 
taken by each nation. In our daily life, world-wide saving energy is demanded. The 
use of heating in the winter creates comfortable life spaces, but uses a great deal of 
energy. Therefore, it is necessary for individuals to refrain from using heating, and to 
rely more on clothing for thermal insulation. In other words, the switch from heating 
to thermal insulation is demanded. The purpose of this study is to clarify the responses 
of foot skin temperature to cold stimuli, and the characteristics of thermal insulation 
by socks.  
 
METHODS 
Twelve healthy female students participated in Experiment 1 (20 y, 156.77 ±4.87 cm, 
49.76 ±6.18 kg, 20.29 ±2.28 body mass index) to obtain substantial skin temperature 
data. Each subject sat in a chair for 30 min in pre-test room (20oC), then entered the 
climatic chamber. The chamber was controlled at 22oC, relative humidity of 55% RH, 
and still air. The surface skin temperature was measured using an infrared 
thermography.  
 
In Experiment 2, two subjects who showed the similar surface skin temperature in 
Experiment 1 were chosen to consider the characteristics of thermal insulation of 
socks (A: 20 y, 151 cm, 46 kg, 20.2 body mass index, 1.389 m2  surface area; B: 20 y, 
163 cm, 52 kg, 19.6 body mass index, 1.547 m2 surface area). Each subject sat down 
on a chair for 30 min in pre-test room (20oC), then entered the chamber controlled at 
10oC or 15oC (50% RH). Surface skin temperature (thermography) and blood pressure 
(before and after) were measured. Two different types of socks were studied (normal 
box and five-toe types). These were made of the same fibers. Every wearing time was 
15 min, so that surface skin temperatures became constant. Experiments were 
performed in the two situations: rest and movement. The movement situation was 100 
time of standstill for one minute according to rhythm of a metronome. There two 
experimental sequences: A (no socks → thermography → normal socks → 
thermography → finger socks → thermography); B (no socks → thermography → 
finger socks → thermography → normal socks → thermography). The results from 
both sequences were averaged. 
  
RESULTS and DISCUSSION 
Experiment 1: The results of surface skin temperature of 12 subjects are shown in 
Table 1. The domain from the knee to the toe in thermograph was measured as a 
surface skin temperature of foot. Minimal foot temperature was 24.9 ±1.46oC (right 
foot) and 24.8 ±1.48oC (left). The maximal temperature was 34.9 ±1.07oC (right) 
34.8 ±1.08oC (left), with mean temperatures of 32.0 ±1.35oC (right) and 31.9 
±1.24oC (left), and this difference was significant (P<0.05). S.D. was from 0.96 to 
2.89 in the right foot and from 1.06 to 2.92 in the left foot.   
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Table 1. Comparison of skin temperature between right foot and left feet (oC, N=12). 

Right  foot Left  foot  

Min. Max. Mean S.D. Min. Max. Mean S.D. 
Mean 24.9 34.9 32.0 2.12 24.8 34.8 31.9 2.11 
S.D. 1.46 1.07 1.35 0.65 1.48 1.08 1.24 0.62 
Min. 23.2 32.9 29.8 0.96 22.9 33.1 30.1 1.06 
Max. 27.9 36.8 34.8 2.89 27.6 37.0 34.3 2.92 
Median 24.5 34.9 31.8 2.38 24.7 34.6 31.6 2.29 

 

  
As for the temperature distribution in the body, a smaller difference among the parts is 
more desirable. Therefore, the less deviated one from the standard is desirable. 
Twelve subjects were divided into three groups according to S.D.: group A 
>Mean±S.D., group C <Mean±S.D. and group B between groups A and B. For the 
subjects in group A, the blood circulation in the foot is poor (Figure 1), while subjects 
in group C had good blood circulation in the foot, particularly at toe tips (Figure 1). 
The subjects of this study were young, but some showed poor circulation. It was 
predicted there are a lot of senior people whose circulation is worse than these 
subjects. When considering how best to keep a foot warm, it is important to 
understand individual differences in blood circulation state. 
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Figure 1. Thermographs of subject with bad (left) and good foot circulation (right). 
        
Experiment 2: The results of surface skin temperature of 2 subjects in right foot are 
shown in Table 2. The domain from the knee to toe was measured as a surface skin 
temperature of the foot. In the rest state in climatic chamber of 15oC, the mean 
temperature showed 25.7 ±0.33oC in no socks condition, 25.0 ±0.58oC in normal 
socks, and 25.1 ±0.81oC in finger socks. There was a significant difference between 
the no socks condition and normal socks (P<0.05). In the movement state in climatic 
chamber of 15oC, the mean temperature showed 27.2 ±0.88oC in no socks condition, 
28.7 ±1.11oC in normal socks, and 28.8 ±1.59oC in finger socks. There was a 
significant difference between the no socks condition and normal socks (P<0.05). In 
the rest state in climatic chamber of 15oC, the thermal insulation of socks was not 
recognized, but it was in the movement state. 
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In the rest state in climatic chamber of 10oC, the mean temperature showed 22.3 
±0.45oC in no socks condition, 21.1 ±0.59oC in normal socks, and 21.0 ±0.66oC in 
finger socks. There was a significant difference between no socks condition and 
normal socks (P<0.01), and between no socks condition and finger socks (P<0.01). In 
the movement state in climatic chamber of 10oC, the mean temperature showed 23.5 
±0.62oC in no socks condition, 25.0 ±1.18oC in normal socks, and 25.1 ±1.80oC in 
finger socks. There was a significant difference between the no socks condition and 
normal socks (P<0.05). The thermal insulation of socks was not recognized, but it was 
in the movement state.  
 
In this experiment, if the room temperature was lower, it became clear that the surface 
temperature in the foot declined. The characteristic of thermal insulation by socks was 
acknowledged in the movement state. 
 
Table 2. Mean surface skin temperatures at various situations (oC•right foot•N=•) 
 Rest  state Movements 

no socks 25.7 ±0.33 27.2 ±0.88 
normal type socks 25.0 ±0.58 28.7 ±1.11 

 
 
15oC 
 finger type socks 25.1 ±0.81 28.8 ±1.59 

no socks 22.3 ±0.45 23.5 ±0.62 
normal type socks 21.1 ±0.59 25.0 ±1.18 

 
 
10oC 
 finger type socks 21.0 ±0.66 25.1 ±1.80 

 
In the movement state in climatic chamber of 15oC, the highest blood pressure level 
after an experiment showed 113 ±7.8 mmHg in no socks condition, 106 ±9.8 mmHg 
in normal socks condition, and 106 ±8.8 mmHg in finger socks. There was a 
significant difference between no socks condition and normal socks (P<0.05), and 
between the no socks and finger socks conditions (P<0.05). In the rest state in climatic 
chamber of 15oC, the lowest blood pressure after an experiment showed 69 ±6.7 
mmHg in the no socks condition, 65 ±5.7 mmHg in normal socks condition. There 
was a significant difference between no socks condition and normal type socks 
condition (P<0.05). In the movement state in climatic chamber of 15oC, the lowest 
blood pressure level after an experiment showed 69 ±8.0 mmHg in no socks 
condition, 59 ±5.1 mmHg in finger type socks. There was a significant difference 
between no socks condition and the finger socks (P<0.05). In the rest state in climatic 
chamber of 10oC, the pulse after an experiment showed 70 ±3.4 beats/min in the no 
socks condition, 69 ±3.2 beats/min in normal socks. There was a significant difference 
between no socks condition and normal socks condition (P<0.05). In this experiment, 
the influence on cardiovascular functions such as blood pressure or heart rate was 
observed when wearing socks. 
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PHYSIOLOGICAL RESPONSES AT 10 AND 25 °C IN WET AND 
DRY UNDERWEAR IN PERMEABLE AND IMPERMEABLE 

COVERALLS 
Kalev Kuklane1, Chuansi Gao1, Ingvar Holmér1, Peter Bröde2, Victor Candas2, Emiel 

den Hartog2, Harriet Meinander2, Wolfgang Nocker2, Mark Richards2, George 
Havenith2 

1 EAT, Dept. of Design Sciences, Lund University, Sweden 
2 Thermprotect study group 

Contact person: kalev.kuklane@design.lth.se 
 
INTRODUCTION 
Within THERMPROTECT project (Havenith et al., 2006) several studies were carried 
out on manikins (Gao and Holmer, 2006; Candas et al., 2006; Richards et al., 2006; 
etc.) and on subjects (Dorman et al., 2006; Meinander et al., 2006; etc.). One main 
objective of the work package 2 (WP2) Moisture was to answer the question: What is 
the effect of evaporation/ condensation within protective clothing on the heat transfer 
to the environment? This paper describes the subject tests that were intended to study 
this question. For that purpose 3 conditions at the same work load were combined: 
wet and dry underwear, high and low ambient temperature, and permeable and 
impermeable outer layer. We had following expectations: 1) less evaporates from 
impermeable coverall; 2) more condensation at low temperatures; 3) wet underwear 
has more cooling effect in permeable coverall. 
 
METHODS 
Eight healthy male subjects (age 30±6 yrs, height 1.78±0.04 m, weight 74.8±9.7 kg) 
participated in the study. The subjects walked on the treadmill at 4.5 km/h for 60 
minutes. The variables were permeability of coverall (permeable and impermeable), 
wetness of underwear (dry and wet) and ambient temperature (10 °C and 25 °C). 
Two-way factorial design (2x2x2) was employed in the experiments. Each subject 
started the test at the same time of the day each time. The humidity was kept at 1 kPa 
water vapour pressure for both ambient temperatures. The air velocity was 0.40±0.12 
m/s for all conditions. The two layer clothes used in the study were permeable 
(PERM, polypropylene layer with inner PTFE membrane) and impermeable (IMP, 
polyamide with PVC coating) coverall and cotton underwear (dry and wet). The 
underwear (cotton shirt, ~320 g and trousers ~290 g) was pre-wetted in the washing 
machine for wet tests. The total water content in the underwear was 968±42 g. Prior to 
the test the wet underwear was placed inside a plastic bag and into drying cupboard 
where it was pre-warmed. Other clothes worn by the subjects were briefs, socks and 
sport shoes. Skin (8 sites) and body core temperature (rectal temperature (Trec) at 10 
cm depth), and heart rate were recorded continuously for 60 minutes with 15 second 
intervals. The mean skin temperature (Tsk) was calculated according to Gagge and 
Nishi (1977). In some conditions mean skin temperature stayed under 32 °C and in 
some it stayed above that. Therefore, a floating calculation was used for mean body 
temperature (Tb): if Tsk>33.5 °C then Tb=0.2Tsk +0.8Trec was used, if Tsk<32.0 °C then 
Tb=0.35Tsk +0.65Trec was used, and if Tsk values stayed within these limits then the 
coefficients were floating by 0.1 depending on Tsk change by 0.1 °C. Sweat 
accumulation in the clothing, sweat evaporation during walking and weight loss were 
measured by weighing the subjects and each piece of clothing and equipment 
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separately and altogether before and after the tests. Metabolic rate was determined by 
measuring VO2 for 5-9 minutes between 10th and 20th minutes of walking on the 
treadmill. Thermal responses were obtained at each 10th minute. 
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Figure 1. Weight change through sweating, accumulation and evaporation. 
 
RESULTS AND DISCUSSION 
Energy production was 168±19 W/m2. In wet tests the metabolic rate was in average 8 
W/m2 higher than in dry tests. It may be related to higher friction in clothes, 
discomfort etc. Figure 1 shows weight loss through sweating, moisture gain/loss in 
and evaporation from the clothing system. Negative accumulation values correspond 
to higher evaporation than generated by sweating. As expected, accumulation was 
higher in impermeable coverall. Sweating was lower in cool environment and with 
wet underwear. In cool environment sweating was at about the same level for both 
permeable and impermeable clothing. Wet underwear lowered the sweat production at 
10 °C. It reduced sweating considerably in warm environment in permeable, but not 
in impermeable overall coverall. All conditions with permeable overall coverall 
showed lower Tsk than corresponding conditions with impermeable one, and all wet 
conditions had lower Tsk than dry conditions. The lowest Tsk was observed in 
PERM10W and next lowest in IMP10W (Figure 2). Tsk in PERM10W was the lowest 
probably due to high evaporation, while in IMP10W mass loss was minimal (Figures 
1 and 2). The highest Tsk was observed in IMP25D followed by PERM25D and 
IMP25W. In latter case the initial cooling power of moisture and later heat 
accumulation could be observed. Dry conditions at 10 °C behaved similarly. Trec kept 
growing in most conditions up to the end of the test. The rise (mean increase 0.3 °C/h 
for all conditions) just slowed down. In 2 wet conditions at +10 °C Trec stopped 
growing and even began decreasing in permeable overall coverall (PERM10W). 
However, the mean difference in ∆Trec by the end of the exposure was 0.15 °C 
between the warmest and the coolest condition. Thus, the observable differences in Tb 
were dominated by changes in Tsk. Tb kept increasing at 25 °C in impermeable overall 
coveralls (wet and dry). It kept only very slightly decreasing in 2 wet conditions at 10 
°C. All conditions with permeable overall coverall showed lower Tb than those with 
impermeable one, and all wet conditions had lower Tb than dry conditions (Figure 3). 
The lowest Tb was observed in PERM10W and next lowest in IMP10W. The highest 
Tb was observed in IMP25D followed by IMP25W and PERM25D. Dry conditions at 
10 °C behaved similarly. It can be seen that the evaporative cooling from wet 
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underwear at 25 °C in permeable clothing (PERM25W) had similar effect on heat 
balance/total heat losses as 15 °C lower ambient temperature of 10 °C (dry conditions, 
see also Tsk, Figure 2). 

Figure 2. Thermal sensation versus mean skin temperature at the end of the exposure. 

Figure 3. Mean body temperature. 
 
In all subjective responses the variation was high. Thermal sensation (scale from +4 
very hot to -4 very cold) correlated well with Tsk (Figure 2), and as well with Tb. 
Comfort sensation (scale from 0 comfortable to -4 very-very uncomfortable) did 
certainly not cover only thermal comfort aspects and ranged in average from 0 to -2. It 
was, according to comments from subjects, influenced by other factors, such as 
thermistors or clothing etc., as well. Response was less uncomfortable in dry or drying 
out garments and worst in impermeable and wet, and warm environment. Skin 
wetness (from +3 very dry to -3 very wet) sensation ranged in average from 0 to -2 
and tended to move from less to more wet in dry underwear conditions and from more 
wet to dry in wet underwear conditions. There was practically no difference in 
perceived exertion (Borg’s scale, from 6 no exertion to 20 maximal exertion) between 
any of the conditions. It started at around 9 and ranged around 10-12 in the end. The 
highest and the lowest metabolic rates were not reflected in perceived exertion 
response. Heart rates did correlate better but still poorly (R2=0.57). Heart rate did 
probably reflect also other type(s) of discomfort, e.g. thermal, that was indicated in 
perceived exertion, too. However, this did not affect energy consumption. In this 
respect all tested conditions were very similar. 
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DISCUSSION 
Thermal responses to the different conditions were quite distinct. At both 
temperatures additional wetting of underwear reduces skin temperature and more so 
with permeable outer layer. In spite of minimal mass loss at 10 °C subjects in wet 
impermeable clothes cooled similarly to wet permeable. The data provide a good basis 
for more detailed analysis with the THERMPROTECT manikin measurements, and for 
validation of available prediction models. 
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1W.L. Gore & Associates, Inc. 
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INTRODUCTION 
This two-part study was conducted to assess the effects of wetting the surface of an 
impermeable chemical-biological protective suit on rates of mean body temperature 
(MBT) increase during exercise.  In part one of the study, estimates of heat loss with a 
numerical model were established with a hot plate and manikin. In part 2 of the study, 
human exercise trials were conducted to assess the numerical model’s prediction. It 
was hypothesized that for exercising humans wearing an impermeable chemical-
biological protective suit, that there would be reductions in the rate of MBT with 
wetting the suit surface and that these lower rates of MBT increase could be predicted 
by a numerical model.  
 
METHODS 
Study 1: A numerical model was constructed which takes into account heat transport 
from skin to inner surface, inner surface to outer, and outer surface to environment. 
The skin and inner suit surfaces are assumed to be totally wetted and the skin 
temperature fixed.  The outer surface can be either wet or dry. The key equations are 
for the heat balance at the inner and outer surfaces:  
 
hc12{TSK-TINNER} + Hv hm12 {CS(TSK)-CS(TINNER)} – hc23{TINNER-TOUTER} = 0 
hc23{TINNER-TOUTER} – hc34{TOUTER-TAMBIENT} - Hv hm34 {CS(TOUTER)-CS(TAMBIENT)} 
= 0 
 
where hc and hm refer to heat and mass transfer coefficients from one surface to the 
next (1=skin, 2=inner, 3=outer, 4=ambient), Hv is the latent heat of vaporization of 
water, and CS(T) is the saturation vapour concentration of water at temperature (T). 
These are transcendental equations for unknowns TINNER and TOUTER  which were 
solved numerically. With the temperatures known, the heat loss from the skin can be 
calculated as follows: 
 
QSK = hc12{TSK-TINNER} + Hv hm12 {CS(TSK)-CS(TINNER)} 
 
Study 2: To assess the numerical predictions of heat loss from the model and manikin 
study, 8 participants (average (SD) age: 21.5 (1.0) yrs, weight: 77.7 (4.4) kg, height: 
1.18 (0.23) m) walked at 25% of maximal heart rate (HRmax) on a treadmill in a 
climatic chamber at 30°C and 30% RH. Exercise was terminated if: the 2 h trial was 
completed, age-predicted maximum HR or a rectal temperature (Tre) of 39.0°C were 
achieved, or if participant felt too hot or fatigued and voluntarily chose to stop the 
trial. Skin temperature was measured on the upper arm, chest, and thigh.  Each 
participant completed 3 trials. One trial was while wearing a dry- and another trial 
was while wearing a wetted- impermeable chemical-biological protective suit and 2 
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pairs of gloves. A third trial was for participants in shorts and T-shirt. In each trial 
participant wore a face-mask and breathing apparatus connected to a compressed air 
source.   
 
RESULTS 
Study 1: The numerical model was tested against a sweating hot plate and a manikin 
with a wetted surface, showing good agreement (within 15%) as ambient temperature 
was varied from 10 to 35 °C. Heat and mass transport coefficients were initially 
estimated then refined on the basis of the manikin results. The predictions for skin 
heat loss in an environment of 33°C and 30% RH for a subject with 1.7m2 skin 
surface area were 25W without wetting and 140W with wetting of the suit surface.  
This assumed a slow walk of the participant does not change the heat loss 
significantly compared to the static manikin. For a standard subject mass of 70 kg and 
an average specific heat of the body of 3.8 kJ/ kg °C, this gives a potential reduction 
in the rate of increase of MBT by 1.7°C/h. 
 
Study 2: The mean duration of the exercise completed was 72 ± 9 min in the dry-suit, 
116 ± 5 min in wetted-suit and 119.4 ± 0.5 min in the shorts and T-shirt conditions. 
The average rates of increase in MBT were 1.38°C/h in the dry-suit, 0.18°C/min in 
the wetted-suit and 0.19°C/h in shorts and T-shirt conditions. This gave an estimated 
rate of heat storage of 103.7 W in the dry suit, 13.4 W in the wetted suit and 14.8 W 
in the shorts and T-Shirt conditions.  The estimated reduction in the rate of increase of 
mean body temperature due to wetting of the suit surface was 1.2°C/h.   
 
DISCUSSION 
The numerical estimate for the reduction in the rate of increase of mean body 
temperature between a dry- and wetted-impermeable chemical-biological protective 
suit was 1.7°C/hr.  The human data supported that the reduction in the rate of increase 
of mean body temperature was 1.2°C/hr.  It is concluded that while the reduction in 
the rate of rise is less than that estimated by the numerical model, surface wetting of 
an impermeable chemical-biological protective suit is an effective means to reduce 
heat strain in exercising humans.  
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INTRODUCTION 
Phase-change materials (PCM) are characterized by their ability to absorb energy 
when they change from a solid to a liquid state and to release heat as they return to the 
solid phase. PCM used in clothing go through the phase change at temperatures close 
to the thermally neutral temperature of the skin, 28-32° C. During the phase change, 
the temperature of the PCM does not change, and PCM thus have the ability to 
stabilise body temperature. Hence, PCM are potentially capable of reducing thermal 
stress and providing improved thermal comfort when protective clothing is worn.  
 
During periods of heat stress, the potential cooling contribution provided by PCM 
should be identified and evaluated as a part of the total heat exchange mechanism 
through the clothing system, together with the capacity of the body to maintain 
thermal neutrality and comfort. If PCM has a cooling effect, this will affect the 
temperature-regulating system, and postpone the activation of the body’s own effector 
mechanisms that facilitate heat loss.  
 
The aim of this study was to investigate the effect of PCM in a protective clothing 
ensemble used in a warm environment (27° C, 50% RH). We hypothesised that the 
time course of physiological thermoregulatory heat defence mechanisms will follow 
the dynamics of temperature development in the PCM. The hypothesis was 
investigated through the following predictions: i) PCM will suppress (but not prevent) 
vasodilatation and sweat production during the phase change period of the PCM; ii) At 
the point in time when all the PCM has changed to a liquid state and there is no more 
capacity to absorb excess heat from the body, we will observe a temperature rise at the 
location of the PCM together with a rise in skin temperatures and sweat production; 
iii) Subjective ratings of thermal comfort and thermal sensations will change to less 
comfortable and sensation of higher temperatures after the end of the phase change 
period. 
 
METHODS 
Experiments were carried out using PCM microcapsules in fabrics (Outlast 341 
Clemmons). The effect of Outlast PCM microcapsules in fabrics is 60J•kg-1. 
 
The test subjects (six men) were dressed in protective clothing with integrated zones 
of PCM immediately on entering the climatic chamber (air temperature 27±0.5º C, 
50±5% RH, air velocity 1.5 m•s-1). Before the test they rested for 20 minutes in a 
preparation room to stabilize their body temperatures. The test protocol comprised 
120 minutes rest in a sitting position. Heat production was measured every 15 
minutes. Temperatures, moisture and heart rate were recorded every minute. 
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Subjective evaluations of thermal sensation, thermal comfort, and skin wetness 
sensation were recorded every 10 minutes.  
 
Physiological parameters measured: Metabolic heat production was calculated from 
oxygen uptake, analysed by a Vmax29 (SensorMedics Corporation, CA, USA), heart 
rate (Polar Sport Tester heart–rate recorder, Polar Electro OY, Kempele, Finland), 13 
skin and rectal temperatures (YSI-400 and 700 thermistors, accuracy ±0.15° C, 
Yellow Spring Instruments, OH, USA), body weight before and after the experiments 
(Mettler ID1 Multirange, Mettler Toledo, OH, USA). Mean skin temperature (MST) 
was calculated using the average of all measured skin temperatures. Clothing 
physiological parameters: Temperature (YSI-400 thermistors, accuracy ±0.15° C, 
Yellow Spring Instruments) and moisture (relative humidity, % RH, moisture sensors 
HIH-3605-B-CP, Honeywell, NJ, USA) between clothing layers, sweat accumulated 
in the clothing (weight increase during experiment). 
 
RESULTS AND DISCUSSION 
Moisture in the clothing, measured as % RH, demonstrated a marked change in the 
rate of increase for five of the six test subjects after an initial period of a minor 
moisture increase (Figure 1). This change does not happen at the same time for all the 
subjects, but varies between 42 and 88 minutes into the test. Interestingly, the time 
course of the rise in % RH follows the time course of skin temperatures at the same 
location (middle back) for each subject. We also observed an increase in other local 
skin temperatures at the same point in time, especially at the shoulder, neck and 
posterior thigh where PCM was located. Figure 2 demonstrates the rise in PCM 
temperature followed by an increase in skin temperature at the same location after 90 
minutes in the climatic chamber for one subject. This is closely linked to the increase 
in sweat production, and followed by a 0.3°C increase in rectal temperature for this 
subject during the final 30 minutes of the exposure. The mean rectal temperature for 
all six subjects demonstrates an increase at the same time as the temperature of the 
PCM starts to increase following the characteristic stable temperature of the phase 
change period. At this time the PCM has changed from a solid to a liquid state, and 
has no more capacity to absorb excess body heat (Figure 3). Furthermore, subjective 
perceived wetness of skin was also improved by the PCM (Figure 4). The subjective 
evaluation of skin wetness followed the same time course as for the skin temperatures 
and clothing relative humidity.  
 
The results suggest that there is a relation between the PCM and thermo-physiological 
effector mechanisms. The sudden increase in relative humidity in the clothing 
suggests that skin and core temperature have been held at a level below the effector-
specific threshold temperature for sweating. Once PCM has lost its cooling capacity, 
the integrated signals from peripheral and central temperatures receptors crosses this 
threshold, and as a result sweat production increases in order to facilitate heat loss. 
However, it is evident that the capacity of the quantity of PCM employed in this study 
is not sufficient for a warming period lasting for two hours under these environmental 
conditions of heat stress. 
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Figure 1. Development of relative humidity measured on the middle back in the inner layer of 
the clothing concept (between underwear and protective clothing) for each subject. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Skin temperature and "PCM temperature" (next to the location of PCM) at the 
middle back in subject 1. An increase in PCM temperature and skin temperature is observed 
after 90 minutes in the climatic chamber. 
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Figure 3. Rectal temperature (n=6). An increase in rectal temperature is observed after 120 
minutes (85 minutes in the chamber). The shaded area demonstrates the point in time at which 
all the PCM has changed to a liquid state for all subjects. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Subjective sensation of body wetness (n=6). An change in the sensation of body 
wetness is observed after 90 minutes. 
 

DISCUSSION 
In a warm environment, when protective clothing is worn, there is an interaction 
between temperatures in the clothing where the PCM is located, and physiological 
heat loss effector mechanisms. When the PCM have changed to a liquid phase, the 
temperature of the PCM itself rises. Physiological effector mechanisms follow; 
vasodilatation measured as increased skin temperatures at the location, increased 
sweating measured as an increase in relative humidity at the location, and an increase 
in rectal temperature. The results thus support the hypothesis that the time course of 
physiological thermoregulatory heat defence mechanisms will follow the dynamics of 
temperature development in the PCM. 
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INTRODUCTION 
The aim of the present study was to establish a system, by which soldiers’ clothing 
ensembles and personal protective equipment could be chosen on the basis of the 
anticipated region of deployment, the prevailing weather conditions in the region, and 
activity level. 
 
METHODS 
An archival system was developed, which contains all characteristics of each clothing 
item presently used by the Slovene Armed Forces. The definitions proposed by 
NATO Standardisation Agreement STANAG 2895 were used to define the world 
climate and marine regions, and specify appropriate clothing ensembles for each of 
these regions. 
 
RESULTS 
According to STANAG 2895, Slovenia is a “mild cold” region, thus one would not 
anticipate the requirement for many different clothing combinations. However, field 
studies conducted in January/February of 2005 and 2006, revealed that in the Alpine 
region, weather conditions change substantially, and that subclassifications of each 
STANAG 2895 region are needed, taking into account also the weather conditions. 
For this reason, we developed a clothing index, whereby for any given weather in a 
particular environment (region), appropriate articles of clothing are chosen, for each 
region of the body. We termed this the WEAR index. During winter conditions we 
suggest that the STANAG 2895 “mild cold” region needs 7 subcategories to 
accommodate the range of anticipated weather conditions. For each of these 
subclasses, a different combination of clothing articles is recommended, to ensure 
adequate protection and thermal comfort. The clothing combinations were also chosen 
to accommodate a range of outdoor activity levels.  
 
DISCUSSION 
The present study developed a strategy for choosing appropriate clothing ensembles 
based on weather conditions in a particular climate region. Future development 
includes incorporation of a thermoregulatory model, which could provide information 
regarding the adequacy of chosen ensembles in terms of comfort and thermal injury 
protection.  
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INTRODUCTION  
Air gaps are trapped under clothing, with its characteristics determined by the body, 
clothing and the environment. Some preliminary research has focused on the effect of 
air gaps on thermal insulation [1]. However, in this research did not describe air gaps 
quantitatively. Non-contact measure technology is a novel way to investigate clothing 
[2] and the characteristics of air gaps [3]. In this project, we evaluated air gaps using a 
three-dimensional body measurement system and an infrared camera to quantify 
clothing surface temperature without disturbing the air gap status, and we describe the 
affects of air gaps on thermal comfort. 
 
METHODS 
Experimental Garments: The experimental garment was a round collared shirt (100% 
cotton twill) in “X” silhouette with zipper closure in center front (length 56 cm). Nine 
experimental garments with gradually increasing at breast, waist and hip girths, were 
evaluated (Table 1).  
 
Table 1. Details of the experimental garments. 

Clothing code Breast girth (cm ) Waist girth (cm) Hip girth(cm) 
1 87 69 93 
2 90 72 96 
3 93 75 99 
4 96 78 102 
5 99 81 105 
6 102 84 108 
7 105 87 111 
8 108 90 114 
9 111 93 117 

 
Experimental Protocol: Nine subjects (Table 2) were familiarised with test procedures 
and a subjective voting scale. They reported tested at the same time on different days, 
in a climatic chamber (23.5 ±0.5°C), the wind velocity <0.1m/s and relative humidity 
of 50 ±10%. Garments were hung in the chamber for at least 24 h before testing. 
 
Table 2. Mean± SD of anthropometric values of the subjects. 

Number Age (y) Breast girth 
(cm) 

Waist girth 
(cm) 

Hip girth 
(cm) 

Height 
(cm) 

Weight 
(kg) 

9 23.1±1.25 84.1±1.29 62.9±0.53 90.3±0.76 159.7±0.24 49.8±0.33 
 
Subjects changed into underwear to be scanned initially (three-dimensional scanner: 
BMS from TC2), then put on the experimental garment, uniform trousers and shoes 
(clothed state) to be scanned a second time. Pictures were taken using an infrared 
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thermal image camera (DL-700c from Dali Co. Ltd) every 5 min. The locations of the 
camera and subjects were fixed. The subjects were asked to assess their sensations.  
 
Table 3. Details of the experiment procedures. 

Procedure 
Time 

consumed 
(min) 

Movement Measure index Measuring 
time Vote time 

Body scanning 15 Changing clothes, 
body scanning 

Three-dimensional size of net 
body and clothed body 

7 min 
8 min  

Preparation for the 
wear trial 5 Rest    

Sitting period 10 Sitting quietly Clothing surface temperature Every 5 min At the end 
10 Yoga Body movement 

period 5 Resting (Filling 
forms) 

Clothing surface temperature Every 5 min At the end 

Jogging period 5 Jogging (4.6km/h) Clothing surface temperature Every 5 min At the end 
Resting period 15 Resting Clothing surface temperature Every 5 min At the end 
 
Measurements: The air gaps are not evenly distributed around the body, with the 
thickness at the breast, waist, hip and upper breast measured separately. The section 
scanning image of the unclothed body and the clothed body were overlapped. Thus, 
the intercept of the perpendicular line to a point on the unclothed image between the 
two sectional images, was taken as the air gap thickness of that point. The air gap 
thickness at a body section was the mean of different locations. From infrared 
pictures, the average surface temperature of the front breast area, the back area, the 
front waist area and the back waist area were recorded. The effects of the air gaps on 
subjective sensation were evaluated, including damp, sticky and muggy sensations 
from the front breast, back, front waist and back waist, and the general comfort 
sensation about the experimental garment. Subjective sensation was recorded using a 
seven-point intensity scale.  
 
RESULTS AND DISCUSSION 
The air gap thicknesses for different body sections are shown in Table 4. Taking the 
infrared temperature measurements from the breast as an example, the clothing 
surface temperature of 9 experimental garments are shown in Figure 1. Generally, 
clothing surface temperature at the front breast decreased from garment 1 to 9 in 
accordance with the breast girth of the clothing increasing. The surface temperature of 
experimental garment with small breast girth was higher than that with big breast 
girth. Air gaps influenced heat loss from human body by convection and conduction. 
As a result the clothing surface temperature changed with different air gaps thickness. 
The experimental garments with large girth had thick air gap under clothing, which 
weakened heat loss by conducting but strengthened heat loss by convection gradually. 
 
 
 
Table 4. Air gap thicknesses (cm). 

Clothing code  1 2 3 4 5 6 7 8 9 
Upper front breast  0.707 0.531 1.228 1.464 0.632 0.512 0.700 0.668 0.638 
Front breast 0.346 0.360 0.483 0.542 0.576 0.767 0.742 0.793 0.580 
Front waist 1.202 1.513 2.308 2.509 3.213 3.456 3.516 3.686 4.519 
Back waist 1.224 3.148 3.140 3.789 3.587 3.984 4.579 4.236 5.189 
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Figure 1. The clothing surface temperature at the front breast. 
 
Taking the back waist as an example, the regression equations based on different 
subjective perceptions, air gap thickness and surface temperature could be established 
(Table 5). It is shown that when air gap thickness increases, damp, sticky and muggy 
sensation becomes weak. On the other side, subjective sensation increased with the 
increasing of surface temperature.  
 
Table 5. Regression equations of subjective votes at the back waist 
Periods Perception R R Square F Sig. Regression equation 

Damp 0.977 0.954 61.979 0.000 Z=-1.045-0.565x+0.067y 
Sticky 0.786 0.619 11.350 0.012 Z =-0.151x+0.953 sitting 
Muggy 0.939 0.881 22.202 0.002 Z=-2.319-0.666x+0.125y 
Damp 0.972 0.945 51.638 0.000 Z=-3.301-0.131x+0.154y 
Sticky 0.941 0.885 53.929 0.000 Z•-0.200x+1.225 Body 

movement 
Muggy 0.973 0.947 53.743 0.000 Z=-4.844-0.368x+0.230y 
Damp 0.871 0.758 9.422 0.014 Z=-6.436-2.317x+0.413y 
Sticky 0.906 0.821 32.021 0.001 Z =-0.739x+4.588 Jogging 
Muggy 0.897 0.805 12.388 0.007 Z=-11.399-0.982x+0.563y 
Damp 0.890 0.793 11.464 0.009 Z=-2.844-0.846x+0.184y 
Sticky 0.934 0.872 47.676 0.000 Z =-0.421x+2.332 Resting 
Muggy 0.982 0.964 79.845 0.000 Z=-5.084-1.321x+0.293y 

Note: In regression equation, Z is subjective votes; X is air gap thickness; Y is clothing surface 
temperature. 
Q type cluster analysis was used to deal with subjective votes of damp, sticky and 
muggy sensations. The results (Table 6) show that 9 experimental garments could be 
divided into three groups: 1 and 2 with relatively thin air gaps; 3, 4, 5 and 6 with 
medium air gaps; 7, 8 and 9 with thick air gaps. Different air gaps resulted in different 
subjective sensations. Garments 3, 4, 5 and 6 had the highest comfort votes; garments 
1 and 2 had moderate votes, while garments 7, 8 and 9 had the lowest votes (Figure 
2). Thus, correct fit is an important factor to the general comfort sensation of clothing. 
 
Table 6. The result of cluster analysis of experimental garments. 

 First period 
(sitting) 

Second period 
(body movement) 

Third period 
(jogging) 

Fourth period 
(resting) 

Class 1 1,2 1,2,3 1,2 1,2 
Class 2 3,4,5,6,7 4,5,6 3,4,5,6 3,4,5,6 
Class 3 8,9 7,8,9 7,8,9 7,8,9 
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Figure 5. Comfort sensation votes of experimental garments. 
 
DISCUSSION 
In this study, based on the back waist, the regression equations among the subjective 
sensations, air gap thickness and clothing surface temperature were established. The 
subjective damp and muggy sensation could be predicted by the air gap size and the 
clothing surface temperature, while the subjective sticky sensation had a linear 
relation with the air gap size. The subjective evaluations for the clothing with medium 
air gap sizes were best, and the evaluations of those with thin air gaps were moderate, 
while those with relatively thick gaps performed worst. 
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INTRODUCTION 
Fire is a natural hazard in the home, in many industries, and increasingly during 
military conflict. For those routinely exposed to fire, such as fire fighters, flame 
resistant (or retardant) (FR) clothing is provided. For others, particularly military 
personnel, the risk from flame exposure is less clear, and the requirements for flame 
protection often competing against other technical requirements of clothing. This 
paper gives examples of how flame manikin testing systems can be used to quantify 
the protective effects of clothing in terms of survivability, and how the information 
can help to develop appropriate equipment and policies for those at risk. 
 
METHODS 
A flame manikin is a system by which clothing and personal equipment can be 
exposed to a standardised gas flame challenge (80 kW.m2) for exact time periods 
(usually between 1-10 seconds). The manikin is instrumented with at least 100 
thermocouples embedded in copper discs of known mass distributed across the 
surface of the manikin. During a flame exposure, and for some time immediately 
afterwards, heat reaching the manikin surface (‘skin’) causes an increase in 
temperature in the copper disc, and this data is recorded every 0.5 seconds. The 
temperature data is used to calculate heat flux, which is then compared to models of 
human skin burns to determine if any burn injuries were likely to have occurred. The 
skin burn models allow the prediction of burns and their severity (first (1°), second 
(2°) or third (3°) degree)2 and the flame manikin test results are presented as total 
body surface area (TBSA) with a predicted 1°, 2° or 3° burn injury (%). As heat 
transfer through clothing can occur after the gas flames have ceased, and burning 
clothing causes significant injury, the temperature data is captured for specific periods 
of time after the flame challenge, such that the total data collection period is usually 
60 seconds or 120 seconds. Usually, flame tests are conducted over a range of flame 
exposures with repeats of each test to evaluate the reproducibility of the results. There 
are a variety of flame testing systems available in North America and Europe to 
conduct such testing in accordance with a draft international standard (prISO 13506, 
2004). An example of a flame manikin system and the flame challenge given to the 
clothing ensembles, are illustrated in Figures 1 and 2 respectively (‘Bernie’, Institute 
Jozef Stefan, Slovenia). 
 
                                                 
2 This terminology for burn injuries has been superseded in medicine, but remains in flame testing. 1° 
relates to erythema (such as sunburn) which is painful but with minor damage that heals without 
treatment in a few days. 2° relates to partial thickness burns where the skin is partially destroyed and 
results in blistering and is very painful but with no permanent scarring. 3° is now described as full 
thickness burns where the skin is totally destroyed and skin grafting required. These burns can be less 
painful than partial thickness burns, as the pain receptors in the skin will have been destroyed. 
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          Figure 1. Flame manikin.                        Figure 2. Flame manikin during a test. 
 
RESULTS 
Examples of the types of data obtained from flame manikin testing are given below. 
Assessing durability of new vs. used FR clothing 
Figure 3 shows the data collected during a study conducted to evaluate if cotton 

protective clothing treated with a FR finish retained sufficient protection after 12 
weeks of wear and washing, the user perception being that such FR finishes were 
easily washed-out. 
The results presented in Figure 3 demonstrate that over a range of flame challenge 
durations, where injury levels varied between light to severe, the used clothing 
provided slightly enhanced protection compared to the new clothing. This increased 
protection likely occurred because of an increase in the garment loft (thickness of the 
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Figure 3. Mean body surface area with a predicted 1°, 2° or 3° burn when new and 
used clothing was exposed to flame (n=3). (From House & Squire, 2004). 
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fabric layers) as the fibres rubbed together during wear. The slightly thicker fabric 
layer in used clothing, with more air trapped within the fibres, likely increased the 
insulation resulting in slightly reduced heat transfer and predicted burn injury. From 
the users’ and clothing suppliers’ perspective, the study was important by 
demonstrating the durability of the FR properties following wear and washing. 
 
Assessing effectiveness of multiple-layers of FR protection for the head  
Figure 4 shows the percentage surface area of the head with a predicted burn injury 
following different flame exposures when wearing a protective hood made from one, 
two, three or four layers of FR fabric (50% Aramid / 50% FR Viscose). The study was 
conducted to assess the magnitude of the anticipated increase in protection when more 
fabric layers were used. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Mean percentage of the head with a predicted 2° or 3° burn injury  
when 1, 2, 3 or 4-ply fire-fighting hoods were worn (n=4). (From House et al, 2002). 

The data presented in Figure 4 clearly demonstrate, as expected, the reduction in the 
surface area of the head with a predicted burn injury when the number of layers of 
fabric used in the fire protective hood was increased. Interestingly, the greatest 
improvement occurred when increasing from a single layer (1-ply) to two layers (2-
ply), with additional layers giving a diminished level of improvement. Furthermore, 
when the protective qualities of a helmet and breathing apparatus mask were 
incorporated into the data (see House et al, 2002 for details) the differences in the 
levels of predicted burn injury were reduced further due to the protection provided by 
the helmet and mask. When wearing a helmet and mask, following a four second 
flame challenge, 45% of the head had a predicted 2° or 3° burn injury when wearing a 
1-ply hood, and this was reduced to 16%, 8% and 7% for 2-ply, 3-ply and 4-ply hoods 
respectively. This data was important as it demonstrated that a good level of 
protection could be provided to fire fighters using a 2-ply hood and that additional 
layers, which require expensive changes to helmet sizes, would improve protection 
only slightly. 
 
Demonstrating the improvement to protection when fire-fighting clothing is wetted 
Lightweight fire-fighting clothing was desirable for military use where protection has 
to be balanced against endurance of the fire fighters, particularly with respect to heat 
strain, although this clothing failed to meet civilian flame protection standards. 
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However, because the fire fighting techniques employed, the clothing was always 
saturated with water in use, which should enhance protection. A flame manikin was 
used to demonstrate that the level of burn injury following a severe (10-second) flame 
challenge study was reduced from 17% TBSA with dry lightweight clothing to 4% 
TBSA when the same clothing was wetted (House, 1998), and thus the clothing was 
approved for military use.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

DISCUSSION 
A flame manikin system can be used to determine protection levels for particular 
protective clothing ensembles. Alternatively, such a system can be used to compare 
the levels of protection available from variations in the clothing to assist the 
development process. Additionally, the system can be used to assess the protection of 
clothing in more realistic scenarios that are difficult to simulate with traditional 
bench-top tests of fabrics. Finally, the effects of additional clothing and equipment 
worn with the clothing under evaluation can be assessed to give a more representative 
indication of survivability on exposure to flame. 
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Figure 5. Dry fire-fighting clothing 
Following a 10-second flame challenge 

Figure 6. Wet fire-fighting clothing 
Following a 10-second flame challenge 
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COOLING DEVICES ON FIREFIGHTING PROTECTIVE 

CLOTHING 
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1 Graduate School of Design, Kyushu University, Japan 

2 Department of Ergonomics, Faculty of Design, Kyushu University, Japan 
3 Korea Sewing Technology Institute, Korea 

Contact person: kinmei@gsd.design.kyushu-u.ac.jp 
 
INTRODUCTION  
During fire fighting, an external heat burden is added to the heat produced from 
metabolism of the body, and these can cause an excessive heat loading. While the 
function of firefighting protective clothing have been improved, there is a possibility 
that the physiological burden on firefighters is increased. Furthermore, it has been 
reported that clothing impermeability causes physiological stress which increases skin 
temperature, heart rate and core temperature (Bishop et al.1994, Duncan et al.1979, 
Faff and Tutak 1989). Therefore, it is important to examine the method for removing 
this heat burden in firefighters, while wearing firefighting protective clothing. The 
aim of the present study was to examine different cooling devices on the physiological 
and subjective responses, by reducing physiological load during exercise on an 
ergometer, while wearing firefighting protective clothing.   
 
METHODS  
The subjects were 8 graduate students. Each subject gave informed consent before 
participation. The physical characteristics of the subjects were as follows (mean±SD): 
age 25.9 ±3.2 y; height 168.3 ±4.4 cm; weight 62.5 ±9.2 kg; body mass index 23.0 
±2.6 kg/m2; and maximal oxygen uptake 45.8 ±2.2 mL/min/kg. The experimental 
protocol and measurement items are shown in Figure 1. The Pre-test room (control) 
was controlled with an air temperature (Ta) of 25ºC and relative humidity (RH) of 50-
60%.  

 
The Test-room was controlled with a Ta of 30°C and RH of 50%. Each subject rested 
in a Pre-test room for 10 min before entering the Test-room, where they rested for 
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Figure 1.  Experiment protocol and measurement items 
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another 10 min, followed by 30 min exercise on a ergometer, and a 10-min recovery 

period. The exercise intensity was set at 55%
 •

,VO2max. Rectal temperature (Tre), 
mean skin temperature (Tsk), heart rate (HR), body weight, and clothing weight were 
monitored during the four test trials: control (CON), ice-pack (ICE), Phase Change 
Material of 5ºC [PCM(5)] and 20ºC [PCM(20)]. The cooling devices were worn under 
the firefighting protective clothing. Subjects wore firefighting protective clothing and 
basic garments: T-shirt, trousers, underwear, socks, boots, gloves, and helmet. 
 
RESULTS  
Physiological Load: The result of the experiment showed a decrease in Tre for 
PCM(5) (38.1 ±0.2ºC) and PCM(20) (38.1 ±0.3ºC) which was more than that for 
CON (38.3 ±0.2ºC) and ICE (38.2 ±0.3ºC) (Figure 2). Tsk was lower during PCM(20) 
(36.7 ±0.6ºC) than CON (37.4 ±0.1ºC), ICE (37.0 ±0.6ºC), and PCM(5) (36.9 ±0.2ºC) 
(p<0.01). HR was similar for ICE, PCM(5) and PCM(20) (Figure 3). 
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Figure 2. Time courses of the mean rectal temperature (Tre) of control (CON), ice-pack 
(ICE), phase change material of 5ºC [PCM(5)], and phase change material of 20ºC 
[PCM(20)]. Values are means and SD. “Time: p<0.001” indicates a significant main 
effect of time. “Con*Time: p<0.001” indicates a significant interaction between 
conditions and time. 
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Subjective Responses: There were significant (p<0.001) differences in thermal 
sensation on the whole body, which showed that the subjects felt CON was hotter than 
other cooling devices after entering the room. Similarly, there were significant 
(p<0.05) differences in humidity sensation at the end of the exercise period, which 
indicates that CON was wetter than other cooling devices. 
 
DISCUSSION 
The result of the experiment showed a decrease in Tre for PCM(5) and PCM(20) 
which exceeded that for CON and ICE. Tsk was lower during PCM(20) than CON, 
ICE, and PCM(5) (p<0.01). HR was similar for ICE, PCM(5) and PCM(20). The 
surface cooling area of the ICE (1310 cm2) was 73% of the PCM(5) and PCM(20) 
(1792 cm2). Therefore, the increase in heat storage in the body can be suppressed. 
Furthermore, the heat adsorption capacity of the PCM(20) was more than the other 
conditions while wearing FPC in this experiment. These results suggest that PCM(20) 
is more effective than other cooling devices in reducing physiological load while 
wearing firefighting protective clothing. PCM(20)  allows freedom of movement and 
working with ease while wearing firefighting protective clothing. 
 
ACKNOWLEDGEMENTS  
The authors would like to acknowledge and express our gratitude to Japan Fire 
Retardant Association (JFRA) for commissioning funding for this Research Project.  
 
REFERENCES  
Bishop P, Smith G, RAY P, Beaird J and Smith J, 1994. Empirical prediction of 

physiological response to prolonged work in encapsulating protective clothing. 
Ergonomics, 37:1503-1512.  

Duncan HW, Gardner GW and Barnard RJ, 1979. Physiological responses of men 
working in fire fighting equipment in the heat. Ergonomics, 22:521-527.  

Faff J and Tutak T, 1989. Physiological responses to working with fire fighting 
equipment in the heat in relation to subjective fatigue. Ergonomics, 32:629-638. 

Figure 3. Time courses of the mean skin temperature (Tsk) of control (CON), ice-pack (ICE), 
phase change material of 5ºC [PCM(5)], and phase change material of 20ºC [PCM(20)]. 
Values are means and SD. “Con: p<0.001” “Time: p<0.001” indicates a significant main 
effect of time. “Con*Time: p<0.001” indicates a significant interaction between conditions and 
time. 
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ERGONOMIC COMPARISON OF A CHEM/BIO PROTOTYPE 
FIREFIGHTER ENSEMBLE AND A STANDARD ENSEMBLE 

A.Coca1, R. Roberge1, A. Shepherd1, J.B. Powell2, N. Shriver2, J.O. Stull3, E. Sinkule1, 
and W.J. Williams1 

1NIOSH/NPPTL, Pittsburgh, PA, USA, 2EG&G, 3International Personal Protection, 
Inc. 

Contact person: esq6@cdc.gov 
 
INTRODUCTION 
Firefighting is one of the most physically demanding occupations, requiring personnel 
to perform numerous activities with minimal restriction of movement. Elevated 
threats of bioterrorism have created a sense of urgency for improving the protection of 
first responders, especially firefighters, against chemical and biological hazards 
without increasing their occupational burden. Firefighter turnout gear and equipment 
protect the wearer against external hazards, but may adversely affect the range of 
motion, mobility and comfort. Numerous studies have demonstrated that wearer 
mobility and comfort are affected by variations in garment design, sizing and fit 
(Havenith, 2004, Huck, 1988). Comfort and mobility are important issues related to 
user acceptance and safety, and must therefore be considered in the overall evaluation 
of an ensemble.  
 
The aim of this study was to describe the objective and subjective measures of 
mobility and comfort while wearing a new prototype firefighter ensemble (PE) with 
additional chemical/biological hazard protection compared to a standard ensemble 
(SE) by evaluating passive and dynamic range of motion, ergonomic assessments of 
job-related tasks and perception of comfort. 
 
The standard firefighter ensemble served as the platform for the development of the 
prototype. It was hypothesized there would be no significant differences between the 
ergonomic characteristics of the prototype as compared to the standard ensemble.   
 
METHODS 
Six healthy adults (3 males, 3 females), aged 20-40 years, participated in this study. 
After subjects read and signed informed consent forms approved by the human 
subjects review board, each subject performed 5 tests in random order. They donned 
either the SE or PE in either dry or wet conditions on separate days to perform the 
following 5 tests: baseline (no ensemble), SE-dry, SE-wet, PE-dry, and PE-wet. Each 
test followed a previously used ergonomics protocol (Johnson, 2005) that consisted of 
measuring the active flexion, extension and abduction of the main body joints (elbow, 
shoulder, neck, knee, ankle, wrist), as well as other anthropometric measures. Subjects 
also performed the following objective timed tests: ensemble donning/doffing, seated 
squats, step-ups, one-arm search, crawling over and under objects, mannequin drag, 
and solid object lift. Subjective questionnaires on perceptions of comfort used on 
firefighters previously (Stull, 2000) were completed prior to and after each test.  
 
RESULTS 
Most baseline (non-ensemble) tests were significantly different from the ensemble 
tests. There was a significant reduction (p<0.05) of ankle plantar flexion for PE-dry 
condition compared to the same SE-dry condition; donning/doffing the PE took 
significantly longer than the SE; no other significant differences were found between 
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the SE and PE in either range of motion, job-related tasks, or comfort. Figures 1-3 
summarize a sample of the ergonomics evaluations. 

Figure 1: A comparison between ankle plantar-flexion between baseline (no-
ensemble), standard ensemble (dry), standard ensemble (wet), prototype ensemble 
(dry), and prototype ensemble (wet). Superscripts indicate statistically significant 
differences between tests (p<0.05): baseline = a; standard dry = b; standard wet = c; 
prototype dry = d; prototype wet = e (N=6). 
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Figure 2: A comparison between baseline (no-ensemble), standard ensemble (dry), 
standard ensemble (wet), prototype ensemble (dry), and prototype ensemble (wet) in 
the one-arm search test.  Superscripts indicate statistically significant differences 
between tests (p<0.05): baseline = a; standard dry = b; standard wet = c; prototype dry 
= d; prototype wet = e (N=6). 
 
 
 

Figure 3: A comparison between standard ensemble (dry), standard ensemble (wet), 
prototype ensemble (dry), and prototype ensemble (wet) in post-test comfort (N=6). 
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DISCUSSION 
The lack of significant differences among most of the measurements comparing the 
standard and prototype ensembles supports our hypothesis. A possible reason for this 
finding is that the standard ensemble served as the basic platform for the prototype. 
The differences between the standard and prototype ensembles are the attached boot 
liner-pant leg interface, the sleeve-glove magnetic ring interface, reinforced jacket 
zipper, facemask-hood seal interface, and the hose attachment connecting the SCBA 
to the jacket. The boot liner-pant leg interface differences could be accounted for by 
the attachment of the boot liner to the pant leg which may have limited plantar range 
of motion. In addition, the donning/doffing procedures were significantly longer 
because extra features of the prototype ensemble increased the number of actions used 
for donning and doffing.  
 
Firefighter ensembles limit wearer movement to some extent. The data collected in 
this study suggest that, in spite of design features to enhance chemical/biological 
hazard protection, the PE design does not adversely affect the wearer’s functional 
mobility or comfort compared to the SE in most interfaces. However, the new boot-
pant interface design of the PE, which incorporates an inside boot-sock extension of 
the pant, may reduce ankle motion and thus might limit the wearer’s ability to reach 
while standing on the toes.  
 
In general, these results were expected, as the PE was developed from the SE 
platform.  Furthermore, the turnout gear interface seals necessary to provide the 
elevated protection against chemical/biological hazards should not introduce a 
significant additional ergonomic burden to firefighters.  
 
DISCLAIMER 
The findings and conclusions of this abstract are those of the authors and do not 
necessarily reflect the views of the National Institute for Occupational Safety and 
Health. 
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HEAT STRESS INCIDENTS DURING FIRE FIGHTING 
RELATED TASKS 

Ronald Heus and Eric Mol, 
TNO Defence, Security and Safety,  

Contact person: ronald.heus@tno.nl 
 

INTRODUCTION 
In recent years several fire fighters of the Amsterdam Fire Brigade has suffered from 
heat stress. The problems mainly occurred while performing fire fighting activities 
while being exposed to fire related heat (smoke diving), but also during long-time 
technical rescue activities. Reported symptoms were decreased concentration, 
dizziness, nausea and decreased motor coordination (Pandolf et al., 2001). The 
Amsterdam fire fighters themselves attributed the problems to the quality and 
functionality of their recently acquired new protective garments. The aim of this study 
was to investigate the possible causes of heat related problems that fire fighters of the 
Amsterdam Fire Brigade have faced and to suggest possible actions to prevent re-
occurrence of these problems. The following sub-questions were formulated: 

• What are the effects of ageing and use of turn-out gear on the heat related 
problems? 

• Which aspects of fire fighting determine the occurrence of heat related 
problems? 

• What is the role of exercise history on the occurrence of heat related 
problems? 

Previous activities may have a warming-up effect on the fire fighters leading to a rise 
in core temperature. This may give a faster onset of heat stress symptoms during fire 
fighting. It may also shorten the maximal acceptable working time of a fire fighting 
task. 
 
METHODS 
To study the effect of ageing and use of turn-out gear on heat stress, the following 
textile material measurements were carried out:  

• thermal insulation  
• water vapour permeability  
• air permeability.  

The results of the measurements of the used clothing were compared to new, unused 
garments.  
 
The thermal dynamic clothing model, THDYN, (Lotens, 19893) was then used to 
estimate the effect of changed material properties on the maximal acceptable working 
times, based on a stop criterion of 38.5°C (den Hartog, 2001).  
 
The occurrence of heat related problems were determined by semi-structured 
interviews with identified stakeholders (fire fighters, fire chiefs, company doctor, 
safety officer, physical education instructor, logistics coordinator and representatives 
of the works council) of the Amsterdam Fire Brigade, based on underlying documents 
such as accident reports, shift reports and available  SCBA-data (Self Contained 
Breathing Apparatus).  
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Finally the role of pre-exercise on heat stress was experimentally studied at the Fire 
Training Centre of the Amsterdam Fire Brigade. Eight professional fire fighters of the 
Amsterdam Fire Brigade performed a standardized live fire ‘search-and-rescue’ task 
twice over two days. Standard turn-out gear and SCBA were used. Prior to one of 
both ‘search-and-rescue’ tasks the fire fighters carried out a 20 minute weight 
dependent (1.5 W.kg-1) bicycle ergometer test to provoke an exercise induced pre-
warming effect. During both testing days core temperature was recorded using an 
ingestible core body temperature pill (CorTempTM, HQ Inc., USA). Performance time 
on the ‘search-and-rescue’ task was also recorded. 
 
 
RESULTS 
The results of the material measurements showed an increase in thermal properties of 
the used clothing, especially water vapour resistance of used turn out gear (Table 1). 
This is mainly caused by a deterioration of the lining of the turn-out gear.  
 
Table 1 Results of textile material measurements 

Air permeability  

(l/m2•s) at 200Pa 

 Heat 

resistance 

(m2•°C/W) 

Water vapour resistance 

(Pa•m2/W) 

Sleeve Front Back 

Reference clothing 0.21 22.7 7.2 8.1 7.7 

Used clothing 0.23 32.9 8.2 9.1 8.4 

Difference (abs) 0.02 10.2 1.0 1.0 0.7 

Difference (%) 9.5 44.9 13.2 11.7 8.4 

 
However thermal physiological model calculations (THDYN) showed a marginal 
effect of the deterioration on the maximal allowable working times during smoke 
diving activities. The maximal predicted working time decreased from 28 minutes to 
26 minutes, which is still more then the usually accepted working time of 20 minutes 
(Bos et al., 2001). 
 
The interviews pointed towards a wide variety of causes that play an important role in 
the occurrence of heat stress. The causes can be divided in two categories: human and 
technical. Human factors are duration and intensity of the exposure to heat, 
characteristics of tasks and activities during the work, history of physical exertion, 
hydration status and individual characteristics (fitness, body composition, 
acclimatization and genetic predisposition). Technical factors that can be identified 
are choice/assembly and state of maintenance of the turn-out gear.  
 
The results of the experiments on the effects of pre-exercise indicate the existence of a 
‘warm-up effect’ that can be attributed to non fire fighting related activities. This 
‘warm-up effect’ may lead to an earlier onset of symptoms of heat stress during 
common fire fighting tasks. Given this earlier onset of symptoms, an important 
practical consequence may be a shortening of the maximal acceptable working time 
under hot conditions. The results (table 2) showed a higher mean core temperature 
during the combined bicycle ergometer test / ‘search-and-rescue’ task  compared to 
the single ‘search-and-rescue’ task (37.84 versus 37.59°C). The absolute highest core 
temperature was also higher during the combined test (38.38 versus 38.02°C). The 
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results also showed that the mean performance time of the 'search-and-rescue' task 
during the combined bicycle ergometer test / ‘search-and-rescue’ task was 6,2% 
higher when compared to the single ‘search-and-rescue’ task.  
 
Table 2 Results of search and rescue task 

Search and rescue with pre-exercise Search and rescue without pre-exercise  

Mean SD Min Max Mean SD Min Max 

 

P-

value 

Tcore (°C) 37.9 0.3  38.4 37.4 0.4  38.2 0.00 

Δ Tcore (°C) 0.31 0.14   0.59 0.37   0.08 

Tskin (°C) 36.4 0.8   33.4 1.4   0.54 

RPE 13.6 1.5 11 15 13.0 1.3 11 15 0.08 

TS 1.9 0.7 1 3 2.5 1.2 1 4 0.49 

Perf.time 

(mm:ss) 

15:07 00:29 14:39 15:43 14:44 01:00 12:47 15:37 0.38 

 
DISCUSSION 
The main conclusion that can be drawn, is that heat stress is a multidimensional 
problem, but that the main cause of the problems, as previously determined by these 
fire fighters, is not their protective clothing. We noticed that behavioural aspects of 
fire fighters are more important in causing heat stress. It is concluded that moderate, 
non-fire fighting related exercise prior to a fire fighting task leads to a higher core 
temperature during fire fighting. Consequently, earlier onset of symptoms of heat 
stress during a common fire fighting task then may occur. 
 
The conclusions on the sub questions are as follows:  
Textile properties may change in time due to use and ageing; most important is the 
decreased water vapour permeability. Decreased water vapour permeability may lead 
to a worse evaporation and subsequently to an increase in heat load on the body. 
However the duration of smoke diving tasks is generally shorter than is predicted by 
THDYN even with the deteriorated water vapour membrane. Changes in the other 
properties of the textile material of the garments in this study are of minor influence 
on the thermal load of the fire fighter. 
 
The structured interviews showed that heat stress is a multidimensional problem that 
can be divided into two main categories, namely human related causes and technical 
causes. However the seriousness of the problem of heat stress is often still not 
recognised. The common thought is that it is part of the job. 
The experiments on the influence of pre-exercise showed that elevated exercise levels 
prior to a fire fighters’ search and rescue task may lead to shorter exposure times. 
More research to the heat balance of fire fighters on duty is needed to regulate the 
work rest cycles of their job. 
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THERMAL RESPONSE DURING SEARCH AND RESCUE: A 
COMPARISON BETWEEN FIREFIGHTING CLOTHING AND 
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Optimal Performance Ltd, Bristol,UK 
Contact person: vic@optimalperformance.co.uk 

 
INTRODUCTION  
The UK Fire and Rescue Service often exposes their personnel to working conditions 
that can lead to heat strain, such as high ambient temperatures and radiant heat loads, 
physically demanding tasks and the wearing of personal protective equipment (PPE) 
that limits heat loss.  Core temperatures (Tc) in excess of 39°C have routinely been 
observed in typical fire training (Graveling et al., 2001) and in some cases as high as 
41°C (Smith et al., 1997).  High Tc such as these have been found to be one of the 
dominant factors responsible for limiting work capacity during a range of emergency 
service scenarios (Rayson et al., 2004). 
 
During firefighting duties, normal firefighting PPE (NPPE) is worn which includes a 
fire retardant tunic and trousers, boots, gloves, helmet and breathing apparatus. For 
firefighters attending a chemical, biological, radiological and nuclear (CBRN) 
incident, a Gas-Tight Suit (GTS) is worn, which is impermeable and fully 
encapsulating. The wearing of such protective, impermeable clothing, together with 
working in a hot environment, creates a condition of uncompensable heat stress where 
the cooling required to maintain thermal equilibrium exceeds the evaporative capacity 
of the environment (McLellan, 1998).   
 
All firefighting activities are dependent to a greater or lesser extent upon the 
physiological capabilities of firefighters. Thus, the physiological limitations of 
firefighters must be considered when planning for conventional and terrorist incidents 
within the built and natural environment.  Therefore, the purpose of this study was to 
determine the additional thermal load, if any, associated with wearing the GTS over 
normal PPE during a sub-surface railway search and rescue scenario. 
 
METHOD 
Twenty firefighters (19 males, 1 female (mean ± SD), age 32 ± 5 yr; height 180 ± 4 
cm; body mass 84 ± 9 kg) from London Fire Brigade carried out a search and rescue 
scenario on a sub-surface railway with the aim of evacuating an unconscious casualty 
(75 kg manikin) from a train 500 m from the station platform. There were four 
experimental conditions, which included two different ensembles (NPPE or GTS) 
with either the travelator (moving walkway allowing access to the platform) on or off. 
The conditions are coded as C1 (NPPE, travelator on), C2 (GTS, travelator off), C3 
(NPPE, travelator off) and C4 (GTS, travelator on). Subjects worked in teams of two, 
both wearing the same PPE. Each trial consisted of the following sequence; the pair 
gaining access to the platform on foot, walking 500 m pushing a rescue rail stretcher 
along the track to the train, locating the manikin and lifting it from the train and onto 
the rescue rail stretcher, pushing the rescue rail stretcher 500 m back to the platform 
and carrying the manikin on a stretcher to street level. In the travelator on condition, 
subjects ‘rode’ on the travelator for access to and from the platform. In the travelator 
off condition, subjects had to climb 6 flights of stairs for access to the platform / street 
level. 
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Tc was measured using an ingestible telemetry pill (HQInc, Fl, USA) and skin 
temperature (Ts) was measured at four sites (neck, scapula, hand, shin) using skin 
thermistors attached to a Squirrel data logger (SQ 800, Grant, Cambridge, UK).  
Sweat rate was measured by weighing the subjects prior to and immediately after the 
scenario.  Subjective ratings of thermal comfort were provided by the participants 
before and after each trial. 
 
RESULTS  
The total duration of the serials, which averaged ~58 min, did not differ between 
experimental conditions, although the work rate whilst carrying the casualty was 
significantly different (p<0.001) between GTS (~24 m.min-1) and NPPE (~40 m.min-

1) conditions.  
 
Figure 1 shows the start and stop Tc for each experimental condition. There were no 
statistically significant differences between conditions in the ‘start’ temperature (37.3 
±0.3°C), ‘stop’ temperature (38.9 ±0.4°C), rise in Tc (1.6 ±0.5°C); or rate of rise in 
temperature (0.029 ±0.009 °C.min-1). With an assumed starting Tc of 37.3°C and a rate 
of rise of 0.029 °C.min-1, it would take on average ∼76 min to reach a Tc of 39.5°C, 
and ~59 min to reach 39°C. Five subjects exceeded 39°C in the NPPE conditions and 
six in the GTS conditions. Two subjects reached the safety threshold Tc of 39.5°C in 
the NPPE conditions, and three in the GTS conditions, and these subjects were 
withdrawn from the trial and active cooling procedures undertaken immediately.  
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Figure 1:  Mean core temperature response by condition. 
 
Mean Ts are shown in Table 1. While there were no statistically significant 
differences in baseline mean Ts (33.8 ± 0.6 °C), there were differences in final mean 
TS values between conditions (p<0.001) and in the delta rise (p<0.01), but not in the 
rate of rise.  This suggests that the higher final and delta rise Ts values in the GTS 
conditions compared to the NPPE conditions were largely a function of different work 
durations rather than different skin temperature responses, which averaged 0.04 
°C.min-1. 
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Table 1:  Mean skin temperature response by condition (mean ± SD). 
  
Skin Temperature C n 

Mean 
Duration 
(min) "Start" 

(°C) 
"Stop" 
(°C) Rise (°C) Rate of Rise 

(°C.min-1) 
C1 10 58.3 ± 5.6  33.7 ± 0.4 35.9 ± 0.6 2.2 ± 0.6 0.04 ± 0.01 

C2 8 59.9 ± 14.2 34.3 ± 0.6 36.8 ± 0.4 2.5 ± 0.6 0.04 ± 0.01 

C3 12 55.9 ± 10.1 33.6 ± 0.4 35.8 ± 0.5 2.2 ± 0.4 0.04 ± 0.01 

C4 10 61.4 ± 13.6 33.9 ± 0.6 36.9 ± 0.4 3.0 ± 0.8 0.05 ± 0.01 

Total 40 58.7 ± 10.9 33.9 ± 0.6 36.3 ± 0.7 2.5 ± 0.7 0.04 ± 0.01 
 

Figure 2:  Ratings of thermal sensation by condition. 
 
Sweat rate averaged 0.022 L.min-1 across all conditions, and whilst there was no 
significant difference (p=0.114), the highest sweat rate was seen in Condition 4 (GTS 
and travelator on), corresponding to a rate of ~1.6 L.hr-1.  At this sweat rate, it would 
take approximately 60 min to achieve a ~2% loss in body mass.  
 
Ratings of thermal sensation showed slightly lower, although not significant, baseline 
and final values for the NPPE conditions (C1 and C3) compared to the GTS 
conditions (C2 and C4) (Figure 2).  This may be the result of the different 
microclimate within the GTS.  Although there was little difference in the temperature 
between wear conditions (~22ºC) the GTS conditions did produce a far greater 
relative humidity (~96% RH versus ~45% RH).  
 
DISCUSSION 
In summary, these data show that both ensembles elicited a high Tc response, with 
temperatures exceeding 39°C in 28% of subjects. Thirteen percent of subjects had to 
be withdrawn from the trials and actively cooled due to attaining the threshold Tc 
(39.5°C).  Further rises in Tc in these subjects could have resulted in significant health 
complications together with marked reductions in work capacity.  Sweat rate was also 
high, the highest observed being equivalent to a body mass loss of 2% in one hour, a 
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level of dehydration commensurate with reduced physical and psychological 
performance (Shirreffs and Maughan, 2000).  
 
Perhaps surprisingly, there was no difference in the thermal response (core or skin 
temperature) experienced by the firefighters between the ensembles, although 
firefighters perceived the heat strain to be slightly greater in the GTS.  The different 
work rates suggest that the similarity in Tc was a function of the self paced nature of 
the scenarios, which allowed subjects to control their thermal response and work at a 
sustainable rate.  Work rate when carrying the casualty during the GTS scenarios was 
approximately 15 m.min-1 slower than during the NPPE scenarios.   
 
In conclusion, performance of a self-paced underground search and rescue scenario 
whilst wearing standard firefighting PPE or an impermeable GTS results in significant 
thermal stress and strain.  For the same rise in core and skin temperature, firefighters 
completed less work in the GTS than the NPPE suggesting the physiological demands 
of working in the GTS are higher than the NPPE.  
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IMPROVING THE PHYSIOLOGICAL FUNCTION OF A BALLISTIC 
PROTECTIVE VEST BY SUPERABSORBENT POLYMERS 

Volkmar T. Bartels 
Hohenstein Institutes, Boennigheim, Germany 

Contact person: v.bartels@hohenstein.de 
 
INTRODUCTION 
Ballistic protective vests, as they are used in police or military applications, are water vapour 
impermeable. Hence, they only offer a limited wear comfort, especially when it comes to 
sweating of the wearer, e. g. due to an elevated metabolic rate or a warm environment. On the 
other hand, so called superabsorbent polymers (SAPs) are known from hygienic and health 
care products (diapers, adult incontinence, sanitary towels etc.). SAPs are polyacrylates, 
which are able to absorb a considerable amount of water (many times of their own weight) by 
forming gels. In this project, the influence of adding superabsorbent polymers was studied on 
the physiological function and especially the moisture management of a ballistic protective 
vest, by means of the Hohenstein Skin Model and wearer trials with human subjects. This 
work is part of a recent research project on the use of superabsorbent polymers in protective 
clothing. A technical report (in German) is available from the author (Bartels 2007). 
 
METHODS 
A high-quality ballistic protective vest, as it is used by German policemen, served as the 
reference E/5+CO. It contains 40 layers of aramide protective textiles, a cotton jersey as a 
sweat absorbing layer and a polyester lining facing the skin. This vest was modified by 
substituting the cotton layer by two materials with superabsorbent polymers. Both absorbers 
are based on a polyester non-woven with a weight of 60 g/m2, which was coated with the 
polyacrylates and calendered. E/5+200Kb contains 200 g/m2 and E/5+400Kb 400 g/m2 of 
superabsorbent polymers. All materials were obtained from German manufacturers. 
 
Materials were investigated by the Skin Model according the following variables: (1) water 
vapour absorbency Fi after 1 hour; (2) buffering capacity against vaporous sweat impulses: 
here, the relative humidity (rh) below the sample after a simulated vaporous sweat impulse at 
time t = 0 was studied; (3) buffering capacity against liquid sweat impulses Kf: the amount of 
liquid sweat removed from the skin after 15 min (Kf = 0 no sweat removal, Kf = 1 all sweat 
removed).  
 
In addition, wearer trials with human test subjects were performed. Test persons walked at a 
speed of 5 km/h for 105 min, and subsequently sat on a chair for another 15 min. Subject 
wore a normal clothing ensemble (jeans and shirt). Ambient temperature and humidity were 
Ta = 24 °C and rha = 50 %. Relative humidity in the microclimate (rhM) below the ballistic 
vest was recorded at 4 different positions. 8 single trials per sample were performed. 
 
RESULTS 
In Figure 1 the water vapour absorbency Fi as determined by the Skin Model is shown. It can 
be seen that Fi is clearly increased by the use of both superabsorbent compounds E/5+200Kb 
and E/5+400Kb in comparison to the reference sample E/5+CO with cotton as absorbing 
layer. Whereas E/5+CO is able to take up already a considerable amount of 54 g/m2 of water 
vapour, E/5+200Kb and E/5+400Kb are absorbing 182 and 263 g/m2, respectively. 
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Figure 1: Skin Model tests on ballistic protective compounds: Water vapour absorbency Fi. 
 
It is also interesting to compare both superabsorbent samples. Obviously, a higher amount of 
superabsorbent polymers increases the water vapour absorbency, but not linearly. This non-
linear behaviour can be understood by the dynamic character of the water vapour absorbency. 
The test duration was 1 h, but within that time the superabsorbent samples were not saturated. 
In fact, a long term measurement with E/5+400Kb exhibited that even after 9 h, the water 
vapour uptake was not completed. At that time, this sample absorbed 730 g/m2 of water. 
 
In Figure 2 it is shown, how a vaporous sweat impulse simulated by the Skin Model at time t 
= 0 influences the microclimate humidity rh below the ballistic protective compounds. It can 
be seen that the superabsorbent specimens E/5+200Kb and E/5+400Kb are able to keep rh 
much dryer and, thus, more comfortable than the construction with cotton layer E/5+CO. 
Again, a higher share of SAPs is improving the moisture management characteristics. 
 
In Figure 3, the buffering capacity against liquid sweat impulses Kf, as obtained by the Skin 
Model, is given. Again, a significant improvement by using superabsorbents is found. 
Whereas the reference sample E/5+CO removes 82 % (Kf = 0.82) of liquid sweat from the 
skin, E/5+200Kb and E/5+400Kb buffer 93 or 95 %, respectively. 
 
These promising Skin Model results could be validated by the wearer trials’ data. In Figure 4, 
the mean relative humidity rhM in the microclimate of the vests E/5+CO and E/5+400Kb is 
given. As a result, rhM is decreased by 9% by using SAPs. This difference is statistically 
significant for t ≥ 70 min on a level of p > 0.8 and for t ≥ 80 min on a level of p > 0.9. 
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Figure 2: Skin Model tests on ballistic protective compounds: Relative humidity rh inside the 
microclimate after a simulated vaporous sweat impulse as a function of time t. 
 

Figure 3: Skin Model tests on ballistic protective compounds: Buffering capacity against 
liquid sweat impulses Kf. 
 
However, it should be mentioned that superabsorbent polymers also have some disadvantages 
when used in a ballistic protective vest. They add extra weight, although this a maximal of 
9%, they slightly increase thermal insulation, and SAPs may lead to a more pronounced post-
exercise chill, because after getting wet, they hold the moisture for a long time and dry 
slowly. Last but not least, SAP-compounds are stiffer than a cotton jersey. 
 
DISCUSSION 
Via adding superabsorbent polymers (SAPs), the moisture management properties of a 
ballistic proof vest can be significantly improved in three ways: (1) The water vapour 
absorbency is enhanced. (2) After a vaporous sweat impulse, the microclimate below the vest 
stays dryer. (3) More liquid sweat is removed from the skin surface. Results obtained by the 
Skin Model were validated by wearer trials with human test subjects. However, the 
disadvantages of SAPs in ballistic proof vests are a slightly increased weight and thermal 
insulation, a poorer post-exercise chill behaviour, and greater clothing stiffness. 
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Figure 4: Wearer trials on ballistic protective vests: Mean relative humidity in the 
microclimate rhM as a function of time t. In the hatched area differences are statistically 
significant. 
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HEAT  TRANSFER  OF  FULL-FACE  MOTORCYCLE  HELMETS 
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1Empa, Swiss Federal Laboratories for Materials Testing and Research 
2Institute of Human Movement Sciences and Sport, ETH Zurich, Switzerland 

 
Contact persons: niels.bogerd@empa.ch or paul.bruehwiler@empa.ch 

 
INTRODUCTION 
Motorcycle helmets can cause disturbances to the wearer by factors such as altered CO2 and 
O2 concentrations (Brühwiler et al., 2005; Iho et al., 1980). Also thermal discomfort has been 
shown to be an issue with bicycle helmets (Gisolfi et al., 1988), industrial helmets (Liu et al., 
1999), and the same can be expected for motorcycle helmets (Patel and Mohan, 1993). 
Airflow influences these factors and is therefore important for the level of comfort 
experienced by the wearer. 
 
We studied forced convective heat loss of modern full-face motorcycle helmets to investigate 
the state-of-the-art of helmet ventilation, including the effectiveness of the vents provided on 
these helmets. The helmets were assessed on a thermal manikin headform, and were 
examined under different conditions, e.g., different wind speeds, and with or without a wig 
installed between the helmet and the headform. An overview of the most important results 
from these studies will be given in this paper. 
 

   
(a) (b) (c) 

Figure 1: The headform at the exit of the wind tunnel (a), with a helmet and scarf installed 
(b), and with the wig equipped (c). 
 
METHODS 
27 Modern full-face motorcycle helmets (9 flip-up and 18 integral models) from 13 
manufacturers were examined on a thermal manikin headform described previously 
(Brühwiler, 2003). The surface temperature of the headform was stabilized at 35 °C, and the 
power needed to maintain this temperature in a 20 min steady state period was recorded. This 
heating power corresponds to the forced convective heat loss (C). Values for the scalp (Cs) 
and face (Cf) sections were obtained separately. 
 
The headform was placed at the exit of a wind tunnel, in an upright position (Fig 1a). Wind 
speed (vw) was measured along side the head, using a MiniAir2 anemometer (Schiltknecht, 
Gossau, Switzerland). This setup was located in a climate chamber, maintained at 22.90 ± 



Personal protective equipment 

 209 

0.05 °C and 50 ± 1% relative humidity and no applied radiant flow (lights off). A scarf (Fig 
1b) covered the neck section to avoid an unnecessarily large C there; this also simulates a 
realistic situation, since many motorcyclists wear such protection.  
All helmets except for helmet 161 were equipped with at least one operable vent in the face 
section, and all with at least one in the scalp section. The visor remained closed throughout 
the entire experiment. Each helmet was measured with the vents alternately all open and all 
closed consecutively, in random order. Three such measurements were carried out, with fresh 
helmet placement between the measurements. All helmets were placed based on a broadly-
used impact test standard (ECE/324, 2002), with a specified space of about 3.9 ± 0.2 cm 
between the bridge of the nose and the upper edge of the helmet facial opening. 
 
The following three conditions will be presented here: 
i) REF: All 27 helmets were measured at 50.0 ± 1.0 km·h-1; 
ii) WIG: Six helmets were measured at 50.0 ± 1.0 km·h-1 with a wig (Fig 1c) installed 
between the headform and the helmet; 
iii) SPEED: Three helmets were measured at ten different wind speeds between 0.0 and 78.8 
km·h-1. These results were corrected for warming of the air by the engine of the ventilator of 
the wind tunnel. 
 
ANOVA was used for statistical analysis, with a Tukey test for post hoc comparisons if a 
significant difference was found (p < 0.05). The statistical analysis was carried out with SPSS 
13.0 and 14.0 for Windows. 
 

 
Figure 2: Forced convective heat loss from the scalp section for both open and closed vent 
configurations as indicated. The error-bars indicate one standard deviation. 
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RESULTS AND DISCUSSION 
Cs is shown in Fig 1; similar qualitative results are found for Cf ranging from 8 – 18 W. Large 
variations in C among the helmets were observed in both the scalp and face sections. Previous 
studies have shown that variations in heat transfer are sensible for humans of the order of 1 – 
2 W for the scalp (Brühwiler et al., 2004) and face (Buyan et al., 2006). Surprisingly, 
changing the vent configuration only had a small effect on ∆C for most helmets; e.g., in the 
scalp section only four helmets showed ∆Cs > 1.0 (two ∆Cs > 2.0), and in the face section six 
(one) helmets, respectively. 
 
The wig decreased Cf with a factor of 1.5 ± 0.1, in all cases (p < 0.01). Cs was decreased with 
a factor of 2.3 ± 1.8 (p < 0.001) (Fig 3a). ∆Cs was significantly reduced in two cases (p < 
0.05) (Fig 3b), and in the face section one significant case was found (p < 0.05). 
 

  
(a) (b) 

Figure 3: (a) WIG relative to REF, the indicated lines show the significance level (p ≈ 0.05) 
as indicated, and (b) ∆C of REF and WIG, an asterisk (*) indicates a significant difference. 
The error-bars indicate one standard deviation. 
 
The scalp section showed good linear correlations between Cs and vw, for both vent 
configurations and ∆Cs; average r = 0.92 ± 0.13 (p < 0.01) (Fig 4a-c). Also for the face 
section good linear correlations are found; average r = 0.96 ± 0.11 (p < 0.01). Interestingly 
helmet 131 shows a negative correlation for ∆Cf. 
 
DISCUSSION 
We found large variations in forced convective heat loss among a large sample of modern 
full-face motorcycle helmets. Furthermore, only a minority of helmets shows an effect of 
changing the vent configuration that could be sensitive to humans; ~20% and ~15%, for the 
face and scalp sections respectively. In a first attempt to investigate the effect of hair, a wig 
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was used. It was found that the wig used reduces the forced convective heat loss through a 
head - motorcycle helmet combination with a factor of ~2, under these conditions. However, 
it remains unclear how this wig relates to real hair. Furthermore, good linear relationships 
exists between forced convective heat loss and wind speed (0 km·h-1 – 80 km·h-1), making 
predictions of forced convective heat loss behavior easier based on a limited number of 
measurements. 
 

 
Figure 4: Regression lines for the forced convective heat loss from the scalp section and wind 
speed for vent configuration closed (a), open (b), and the difference between both 
configurations (c).  
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PROTECTIVE CLOTHING AND ITS EFFECTS ON RANGE OF 
MOVEMENT 
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The extra bulk and stiffness of personal protective clothing (PPC) can create a number of 
ergonomic problems for the wearer, which can have a negative effect on performance, such as 
reducing mobility and increasing energy consumption. The nature of the protection required 
in industries where workers are exposed to extreme cold, heat and fire often means garments 
are constructed of thick and heavy insulative material. The impact of these garments on ease 
of movement, range of motion and work efficiency has been observed by many authors, and 
this is frequently described as a ‘hobbling effect’. However, detailed investigation into this 
effect has been limited. 
 
Seven PPC garments were tested, selected on the basis of their clothing bulk and previously 
recorded significant increases in metabolic rate when worn. Range of movement was 
measured with two goniometers attached to the skin across the knee and hip joints. Six 
participants completed three work modes in all garments, and in a control condition (shorts 
and t-shirt). The work modes were walking, a stepping sequence (stepping over a number of 
steps) and a crawling sequence (stepping over, bending and crawling under obstacles) with 
participants’ speed controlled by a metronome. The stepping sequence was made up of six 
stages, and the crawling sequence of four stages. 
 
Rather than a general, uniform change, individual data tended to show one of three trends: (1) 
very little change in joint angles when clothing was worn compared to a control state; (2) 
reduced joint angles when wearing the clothing; and (3) increased joint angles when the 
clothing was worn. Overall, statistically significant reductions in knee range of movement due 
to the PPC were observed during stepping in five of the six stages, and for some of the 
crawling stages (which also promoted changes in the hip angles). 
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INTRODUCTION 
The European Standard EN342 describes the requirements for cold protective clothing. 
Handwear, however, is excluded because of the special sensitivity of hands against cooling 
and frostbite. Basic requirements (e.g. thermal isolation values) and testing procedures for 
protective gloves against cold are summarized in the European Standard EN511. Based on the 
standards, it was the aim of this study to create a more detailed database for the thermal 
comfort range of a special military glove by thermophysiological simulation, comparable to 
the procedure known from the evaluation of the cold protective properties of sleeping bags. 
 
METHODS 
The human-physiological simulation device CYBOR (Cybernetic Body Regulation) is 
equipped with a control feature, that is intended to give reliable predictions of the thermal 
comfort range of handwear systems. The heat flow into the hand phantom is controlled as a 
function of the skin temperature of the phantom between 31°C to 15°C (Zimmermann et. al., 
2006). It was shown in wear trials, that the skin temperature is a nearly linear function of the 
perfusion of the fingers, due to vasoconstriction, hand blood flow is reduced down to about 
30% at 15oC, compared to the value at 31°C (Glitz et. al., 2005). A mean temperature of 15°C 
is said to be the lowest acceptable skin temperature for sufficient manual skill and thermal 
self-perceived comfort (Heus et al., 1995). The lower limit Tmin of the predicted thermal 
comfort range of the cold protective glove can, therefore, be taken from plots of skin 
temperature Tskin as a function of outside temperature at the point where Tskin equals 15°C of 
the phantom, in dependence on the metabolic rate. In a second step, a maximum time period 
for wearing the cold protective gloves within the thermal comfort range under various 
boundary conditions was estimated. Assuming different metabolic rates and a given 
environmental temperature, the criterion that defines this maximum period of the thermal 
comfort range is the time duration during which an average skin temperature of at least 15oC 
can be maintained. Similar to that procedure, the maximum period of the thermal comfort 
range was estimated for a selected metabolic rate and various environmental temperatures as 
well. The special military glove for wet and cold protection under investigation is equipped 
with a 3-layer laminate, Primaloft wadding and a X-static lining. 
  
RESULTS AND DISCUSSION 
As the hands are extremities with only little muscle, and a very low intrinsic heat production, 
it is important that they have a continuous heat (blood) supply from the body core. Due to the 
strong dependence of the thermal heat balance of hands (and feet as well) on the arterial blood 
flow (perfusion) as the main heat source, it is very complicated to make reliable predictions of 
the thermal comfort range of handwear under certain climatic conditions. Equipping military 
personnel for out of area operations under extreme climatic conditions, however, requires an 
evaluation of the performance of the clothing to be worn to make a preselection of garments. 
Taking into account different boundary conditions like metabolic rate, environmental 
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temperature and the influence of vasoconstriction, we attempted to create a climatic wearing 
comfort database for the handwear under investigation. 
 
Based on the data from the study mentioned above (Glitz et al., 2005) the heat flow into the 
phantom was decreased gradually in dependence on the measured skin temperature (palm 
region) from a chosen maximum heat flow at Tskin = 31°C, down to the lowest value for Tskin 
≤ 15°C. The value for the maximum heat flow was varied between 2 and 7 W (starting 
parameter at normal skin temperature) in four steps, simulating different work loads 
(metabolic rate). In all cases, the environmental temperature in the climate chamber was 
lowered continuously from 0°C to -40°C in a period of 120 min (cooling rate: 0.33 K/min). 
The temperature of the climate chamber as well as the skin temperature of the hand phantom 
were monitored with thermal sensors, and plotted as a function of time. Table 1 shows the 
results of the measurement. The temperature limit of the comfort range was taken from plots 
of skin temperature as a function of environmental temperature, at the point where Tskin = 
15°C of the phantom, for the various chosen maximum heat flows. 
 
Table 1: Environmental temperature limit of the comfort range of the glove depending on the 
heat flow into the phantom (metabolic rate). 
 heat flow 2 W heat flow 3 W heat flow 5 W heat flow 7 W 
Temperature limit 
of the comfort range -9 oC -11 oC -17 oC -25 oC 

 
In a comparable measurement, where the heat flow into the phantom was not a function of 
skin temperature, but constant over the whole skin temperature range, the decrease of skin 
temperature with decreasing outside temperatures was much slower. As a consequence, the 
estimated values for the temperature limit using the same variety of given maximum heat 
flows, were significantly lower, and between -11oC (2 W) and -33oC (7 W). It is obvious that 
the consideration of the vasoconstriction in the simulation measurements leads to a more 
physiologically-based and reliable prediction of the comfort range, with great relevance for 
the safety of soldier, and can protect from serious cold injuries under extreme cold conditions.  
 
The database of the temperature limits for the predicted comfort range of the special cold and 
wet protecting glove should be completed with the estimation of maximum time periods for 
wearing within the thermal comfort range. Again the limit criterion is the maintenance of a 
minimum skin temperature of 15oC over this time. In various scenarios with different 
parameters concerning environmental temperature and heat flow into the phantom (metabolic 
rate), a database for a safe time of use was estimated. As an example, Table 2 shows the 
estimated safe time of use in dependence on various metabolic rates (maximum heat flow at 
normal skin temperature) at an extreme environmental temperature of -17oC.   
 
Table 2: Estimation of maximum wearing time within the thermal comfort range (safe time of 
use) depending on the heat flow into the phantom (metabolic rate).   
 heat flow 2 W heat flow 3 W heat flow 5 W heat flow 7 W 
Safe time of use 
(within the comfort range) 20 min 25 min 30 min 40 min 

 
In the case of a heat flow of 5 W, the maximum wearing time within the thermal comfort 
range would increase from 30 min to 1 h with an environmental temperature of –5oC. It 
should be mentioned that, after the estimated time periods, cold injuries are not inevitable, but 
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the skin temperature falls below the comfort range and reaches values where pain sensation is 
starting to occur. The essential dependence of the heat balance of the hands on the arterial 
blood supply (heat flow in the simulation), and the strong influence of the vasoconstriction 
becomes obvious in the evaluation of the obtained data. The consideration of work load and 
vasoconstriction are the crucial point in specifying useful values for temperature, or time 
limits concerning a predicted thermal comfort range of handwear under cold conditions.    
  
DISCUSSION 
The described simulation procedure allows a physiologically-related and more reliable 
prediction of the thermal comfort and safety range for cold protective handwear systems, 
compared to former measurements with constant heat flow into the hand phantom. The 
database of temperature limits and time periods for a safe use within the thermal comfort 
range is a first step towards a guideline for soldiers operating in extreme climates, as well as 
for the civilian users of cold protecting gloves. These data are based on physiologically-
related simulations, in contrast to the more or less heuristic declaration of comfort 
temperatures for handwear, widely used in the consumer area. 
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INTRODUCTION 
Wet clothing can increase the wearer’s heat loss by increasing the thermal conductivity, 
which increases dry heat loss (Chen et al., 2003), and by evaporation from the surface or 
within the clothing, possibly combined with increased condensation in outer layers (Lotens et 
al., 1995). These mechanisms occur simultaneously and are difficult to be assessed separately, 
as evaporative efficiency may differ from unity with protective clothing (Candas et al., 2006). 
Concentrating on the non-evaporative effects, this paper describes experiments performed 
with a manikin and humans, in which two layers of underwear, separated by a layer with low 
vapour permeability, were worn under an impermeable overgarment. Wetting the underwear 
layer beneath an impermeable outerwear should facilitate the observation of conductive 
effects with only minimal influence by evaporation through, and from the outer clothing.  
 
METHODS 
To reduce evaporation, humid conditions were chosen: air temperature 20°C, relative 
humidity 80%, wind velocity 0.5 m/s, globe temperature was equal air temperature. 
 
Manikin experiments: Heat loss was measured using a thermal manikin ‘Newton’ with 32 
independent zones in which surface temperature was controlled at 34ºC. Two layers of Cotton 
(CO, producer: Gnägi) underwear were used. Each layer had a separate shirt and long-legged 
pants. The two layers were separated by a layer of Tyvek®, which prevented wicking of the 
moisture between layers but did allow some evaporative exchange. As the outer layer, an 
impermeable garment was used made of PVC. Each of the CO layers was alternately wetted 
with 600 g of water, and additional measurements were performed with both layers either dry 
or wet. All measurements lasted 40 min, and were performed twice. 
 
Human experiments: Eight healthy male students (22.8 ±1.3 y (SD), 1.81 ±0.06 m, 75.1 ±6.6 
kg), gave written consent to participation in two trials each inside a climatic chamber, that had 
been approved by IfADo’s ethics committee. The clothing configuration was slightly changed 
compared to the manikin study, and comprised polypropylene underwear (HHS, Helly 
Hansen Super Bodywear® 140 g/m2), followed by a Tychem® C suit, that prevented both 
wicking and evaporation, and the same additional CO mid layer and impermeable PVC outer 
layer as used with the manikin. Trials were performed with the CO mid layer either dry or 
wetted with 618 ± 16 g of water. 
 
Each trial consisted of 3 phases, each lasting 30 min and separated by a 3-min period where 
the fully clothed person’s weight was taken, yielding the mass loss due to evaporation (me) 
for that bout. Phase 1 comprised 2 min of treadmill walking (4.5 km/h, level) for an initial 
moisture and temperature distribution inside the clothing, followed by 28 min standing to 
minimise sweat production. In phases 2 and 3, subjects performed continuous walking. 
 
Heart rates (HR), rectal (Tre) and mean skin temperatures ( skT ), as calculated from 
measurements at 8 body sites, as well as temperature (Tmc) and relative humidity (RHmc) in 
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the clothing microclimate between the HHS and Tychem® layers, were registered 
continuously. Sweat loss was determined by weighing the nude and clothed persons before 
and after the experiment. Expired air for calculating metabolic heat production (M) from O2 
consumption and CO2 production was sampled during the last 15 min of phase 1 and 3. Votes 
on thermal (TS) and moisture sensation (MS), as well as perceived exertion (RPE) were 
obtained at the start of the experiment, and at the end of each phase. Differences between the 
dry and wet CO mid layer condition in the values at the end of phase 1 (standing) and phase 3 
(walking) were tested for statistical significance using a paired-comparison t-test. 
 
RESULTS 
Manikin experiments: The averaged Ta and RH during the manikin study were 20.4°C and 
76%, respectively. Results are summarised in Figure 1, showing increased heat loss from the 
condition dry-dry (ΔHL) compared to the evaporative heat loss calculated from mass change. 
 

 
Figure 1: Total manikin heat loss for the four conditions, and the heat loss expressed as 
increase from dry-dry, i.e. apparent evaporative heat loss (ΔHL), as well as the evaporative 
heat loss calculated from the weight change. 
 
For the dry-wet condition, the heat loss increase from the manikin was only a third of the 
evaporative heat loss from the ensemble. Assuming a greater conduction of the wet CO layer 
as compared to dry, this means that more than two thirds of the actual evaporative heat was 
drawn from the environment and less than one third from the skin. For the wet-dry condition 
on the other hand, the increase in heat loss from the skin compared to dry was actually higher 
(142%) than the total clothing evaporative heat loss. Though the loss to the environment was 
similar (28.5 g in wet-dry versus 25 g in dry-wet), moisture loss from the wet CO layer was 
higher (121 g in wet-dry versus 74 g in dry-wet) with most of the difference being transferred 
to the outer CO layer. In the wet-wet condition, the increased heat loss came close to the 
evaporative heat loss and appeared to be the sum of the dry-wet and wet-dry condition. 
 
Human experiments: With wet CO mid layer, Tmc and skT , but not RHmc, were significantly 
reduced for the whole period compared to the dry condition (Table 1), as was HR at the end 
of the experiment. Also subjects felt less warm at the end of the standing phase, and sweat 
production was significantly (P<0.01) reduced with wet CO (312.0 ±92.8 g with wet vs. 453.8 
±123.8 g with dry), whereas neither evaporative mass loss (me) nor metabolic heat production 
(M), Tre, MS and RPE differed significantly between the conditions with dry and wet CO mid 
layer. 
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Table 1: Means (AM), standard deviations (SD) and paired t-test results for the data at end of 
phase 1 and at end of experiment (phase 3) in human trials with dry and wet CO mid layer. 

  standing (phase 1)  walking (phase 3) 
Variable  dry CO  wet CO   dry CO  wet CO  

  AM SD  AM SD a  AM SD  AM SD a 

M (W/m2)  60.7 11.9  60.2 11.5   173.6 11.5  175.8 10.0  

me (g)  14.4 3.2  16.9 4.6   46.3 3.5  48.1 7.5  

Tmc (°C)  30.9 0.6  29.7 0.6 **  33.8 0.4  32.2 0.6 *** 

RHmc (%)  80.0 3.4  79.3 3.1   95.7 1.3  95.0 1.1  

skT  (°C)  33.2 0.5  32.6 0.5 ***  34.9 0.4  33.7 0.4 *** 

HR (min-1)  78.0 13.2  76.9 10.8   106.1 10.5  98.6 9.9 ** 

Tre (°C)  37.0 0.2  37.0 0.3   37.5 0.2  37.4 0.3  

TS  1.0 0.5  0.4 0.9 *  2.5 0.5  2.3 0.7  

MS  1.6 0.7  1.6 1.1 
 

 3.9 0.8  3.6 1.1  

RPE  10.1 2.8  10.3 2.5  
 14.5 3.8  14.0 3.7  

a paired-comparison t-test dry vs. wet CO: +:P<0.1, *:P<0.05, **:P<0.01, ***:P<0.001 

 
DISCUSSION 
The manikin experiments demonstrate small reductions of clothing insulation by a wet layer 
that was kept from the skin by an impermeable layer, presumably mainly due to increased 
conductive heat loss. The greater increase in heat loss for the wet-dry condition may have 
several reasons. Firstly, as evaporation takes place close to the skin, the heat loss is more 
effective in cooling the skin. Secondly, as the intermediate layer did not prevent evaporation 
entirely and due to the higher temperature of the wet layer, internal vapour transfer occurred. 
Thirdly, condensation of the evaporated moisture in the outer layers, caused the outer layers 
to heat up and increased the total heat loss. 
 
A picture of reduced heat strain due to reduced clothing insulation by a wetted mid layer was 
observed in a number of variables in the human trials. The most marked reaction was a 
reduced temperature of the clothing layer adjoining the skin and a concomitant reduction of 
skin temperature. This was accompanied by a lower increase in heart rate, although metabolic 
rate was nearly the same as without wetting the mid layer. A further consequence of the 
cooling effect of the wet clothing was the reduced sweat production, which, however, did not 
result in significant differences in moisture evaporation to the environment. The latter most 
likely due to the limiting effect of the impermeable clothing layers used. 
 
When comparing the human results to the manikin results, a difference between the two tests 
should be noted: humans sweat and thus will increase the wetness of the inner underwear 
layer. Thus the condition ‘dry-wet’ will slowly change towards ‘wet-wet’ for the subjects, as 
will the ‘dry-dry’ condition towards ‘wet-dry’. However, as the effect of wetting the outer 
cotton layer was similar irrespective of the condition of the inner layer in the manikin tests, 
the observed parallel shift of skin and microclimate temperature in the human tests is in good 
agreement with the expectations from the manikin results. 
 
To conclude, the human responses discussed above, together with the cooler thermal 
sensation, are indicative for a reduced insulation caused by the wet mid layer. As evaporation 
to the environment and inside the clothing was restricted, the increased conductivity of the 
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wetted mid cotton layer is the most probable explanation for the observed alterations. 
However, the manikin experiments indicate that (internal) evaporative heat transfer may have 
a larger impact on heat loss in wet clothing than increased conductivity. 
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TEMPERATURE DISTURIBUTION OF THE PROTECTIVE 
CLOTHING SYSTEM DURING EXPOSURE TO SOLAR AND 

INFARED RADIATIONS 
Takako Fukazawa*, Emiel A. den Hartog, Yutaka Tochihara, George Havenith, and 

THERMPROTECT Network 
TNO Defence, Safety and Security, Department of Human Performance, Soesterberg, The 

Netherlands, * Presently with Fukuoka Women’s University, Fukuoka, Japan 
Contact person: fuka@fwu.ac.jp 

 
INTRODUCTION 
The THERMPROTECT project has been conducted to improve standards for the protective 
clothing (PC) systems for various radiant environments, such as solar and long-wave 
radiation. In the present study, we have developed an analytical model of a radiant heat 
transfer to obtain temperature distributions in the PC system. 
 
METHODS 
A simple one-dimensional model was employed for the analysis. The model consists of a 
modelled skin, 5-layered underwear, an air gap of 8 mm thick and a PC of 0.55 mm thick. In 
the model, based on experimental data, in the case of exposure to the radiant source, we 
assume that the radiant heat flux attenuates in the PC due to the radiation permeation. That is, 
the highest temperature takes place not on the outside, but inside of the PC itself, as shown in 
Figure 1. In the present study, several types of the PC were selected. Properties of the tested 
materials are summarised in Table 1. They are identical in material, but different in colour. 
Experiments are performed at 20°C, employing two radiant conditions: long wave of 700 
W·m-2 and solar of 1,000 W·m-2. 

Figure 1. Theoretical model of the heat transfer “with”/“without” exposure to the 
radiant heat source. In the model, Tw is the surface temperature of the skim model, Tn 
the underwear temperature, Tin and Tsurf the temperatures of both sides of the PC. δn and 
δsp are the radiant permeation depth of the underwear and the PC, respectively. 
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RESULTS 
Calculation results are plotted with the experimental ones for both the radiant conditions. The 
calculation agrees well with the experiment except for the surface temperature of the PC 
during the exposure to the radiant source. The measured surface temperatures are lower than 
those derived by calculation. This is probably because the employed sensor measures an 
intermediate temperature between the PC and the environment.  
 

The developed model gives a good explanation why the highest temperature arises not over 
the surface, but inside the PC. That is, a part of the radiant heat flux is absorbed inside the PC, 

Figure 2. Experimental and calculated temperature distributions in the PC system 
during the exposure to the long-wave and solar radiation, plotted against the 
distance from the skin model. Initial distributions are also given.  

Table 1   Properties of the tested materials.

Thickness
(mm)

Weight
(gįm-2)

Thermal
conductivity
(Wįm-1K-1)

Emissivity for
IR
 (-)

Emissivity for
Solar
 (-)

Protective clothing
Orange 0.55 265 0.037 0.72 0.74

Black 0.55 265 0.029 0.90 0.77
Navy 0.55 265 0.035 0.98 0.73

Underwear
PP (for infrared test) 1.40 140 0.044 0.90 0.90

PP (for solar test) 1.13 176 0.038 0.90 0.90

Table 1. 
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and the rest permeates through the PC without being absorbed. Therefore, the highest 
temperature appears inside the PC itself. According to the calculation results, radiant heat flux 
permeates to a depth of 0.26-0.29 mm for infrared, and to 0.21-0.24 mm for solar radiation in 
the tested PCs (Figure 3). The permeation depth for long-wave radiation was found to be 
deeper than that for solar radiation. The calculation results showed that radiation permeation 
depth into the PC depends upon the difference in the wavelength of the radiation. It has been 
indicated that the highest temperature appears in a depth of about 0.3 mm from the PC surface 
in the case of the infrared, while about 0.2 mm in the case of the solar. 
 

 
DISCUSSION 
An analytical model has been developed and the calculated results agree well with 
experimental observations. Radiant heat permeates into the protective clothing even through it 
is tightly woven. The permeation depth can be calculated through this model. The depth for 
the solar is found to be shorter than for the infrared radiation. The model explains why the 
highest temperature arises not on the surface, but inside the protective clothing. 
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Figure 3. Calculated permeation depth δsp of radiation into the PC.  
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INTRODUCTION 
Protective clothing (PC) protects the body from harsh hot and cold environments. However, it 
also produces physiological problems, such as an additional load and heat stress due to its 
heavy weight, restricted evaporation of sweat, and a decrease in agility due to its stiffness. In 
the present study, the heat and water vapour transfer, relevant to risks such as heat stress and 
steam burn during exposure to a high radiation (solar), have been described through the 
modelling of test results. 
 
METHODS 
The experiment has been performed under a condition of 20°C and 40% RH. An experimental 
set-up, shown in Figure 1, is composed with a simulated skin model, underwear, an air gap of 
8 mm thick, and a single PC layer, to simulate a practical PC condition. The underwear was 
totally moistened with distilled water, simulating heavy sweating due to a heavy workload. In 
the experiment, the model was exposed to a radiation source of about 700 W·m-2 with a 
laminar air-flow of 1 m·sec-1. One underwear and three types of the PCs were selected for the 
study. The PCs have almost identical properties except the colour. The properties of the 
materials use are summarised in Table 1.  
 
 

 
 
 
 

Figure 1. Experimental set-up (left) to simulate the practical protective clothing 
system and its picture (right).  
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RESULTS 
We estimated the distribution of water vapour within the PC system. In this estimation, the 
composite vapour transfer resistances are assumed to be serial, because of the simple 
geometry of the set-up. In this configuration, the water vapour does not evaporate from the 
modelled skin, but from the underwear surface. Intrinsic water vapour resistances of the 
underwear and the PCs can be predicted from a relation expressing the resistance, thickness, 
and packing factor (Fukazawa et al., 2000). For external water vapour resistance from the PC 
surface to the atmosphere, Reynolds-Colburn analogy can be applied based on the heat 
transfer coefficient.  

 

Figure 2. Profiles of the water vapour concentration and the temperature in the PC 
system with the solar radiation. 

Table 1   Properties of the protective and the underwear clothings under the solar radiation.

Thickness
 (mm)

Weight
(gįm-2)

Packing
factor
 (%)

Thermal
conductivity
(Wįm-1K-1)

Emssivity
(-)

Reflectivity
(-)

Protective clothing Nomex
Orange 0.55 265 47.2 0.037 0.74 0.26
Black 0.55 265 47.2 0.029 0.77 0.23
Navy 0.55 265 47.2 0.035 0.73 0.27

Underwear
PP 1.13 176 17.1 0.038 Š Š
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Profiles of the measured temperature and the estimated water vapour are given in Figure 2. 
The distribution of the water vapour differs remarkably from that of temperature with 
irradiation. The highest temperature was seen inside the PC while that of the water vapour 
was observed on the underwear surface. This indicates that the water vapour from the 
underwear transfers not only to the environment, but also to the modelled skin. Therefore, 
transferred mass flux through the PC system is affected by the condition either with or 
without radiation, as shown in Figure 3. In case of the with irradiation, the mass flux indicates 
a remarkably lower value, which fell down to ~60% of that found without radiation.  
 
Water vapour evaporates from the underwear surface. A part of the evaporated water vapour 
is transferred to the modelled skin, condenses there due to its temperature being lower than 
the underwear, and it is then wicked (or absorbed) into the underwear again. The 
condensation converts the latent heat in the vapour into sensible heat loss over the modelled 
skin. In this study, the released sensible heat due to condensation in the underwear becomes 
250 W·m-2 to 320 W·m-2. These values are remarkably large in terms of the heat load for the 
human body.  
 
Our analysis of the radiation heat transfer [Fukazawa et al., 2005] indicates that during the 
exposure to the radiation, the skin is imposed with a quite large heat flux due to the incident 
heat from the radiation source. It can be considered that injury by steam burn occurs not only 
by the released sensible heat due to the condensation in the underwear, but also by the 
increased heat flux due to the enhanced conduction through the wet underwear.  
 
 
DISCUSSION 
Heat and water vapour transfer in the protective clothing system during exposure to solar 
radiation has been described in this experiment. In the presence of radiation, distributions of 
water vapour in the system show a different distribution tendency than that of temperature. 

Figure 3. Transferred mass flux through the PC with and without the solar radiation. 
Blank bar represent without radiation, and filled bars with radiation.  
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The highest temperature peak appears inside the PC itself, while the highest water vapour 
concentration is observed in the underwear. This indicates that a large amount of water 
vapour stays in the system because the evaporated vapour condenses over the modelled skin 
and then the condensate is re-wicked into the underwear.  
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INTRODUCTION 
Protective clothing that is impermeable to air and water vapour affords good protection 
against chemical agents, but makes the exchange of heat between a human body and the 
environment difficult [1]. The body thermal load becomes especially high when work in this 
clothing is performed in a hot environment. When air temperature is higher than the mean 
skin temperature, the only way to remove excess heat from the body is through the 
evaporation of sweat. Physical features of impermeable protective clothing disturb sweat 
evaporation and therefore sweat accumulates in the underwear. As a result, air humidity under 
the impermeable layer of protective clothing increases and physiological and subjective 
assessments become worse. 
 
The first stage of the study showed that light work ought to be performed for not more than 30 
min in impermeable protective clothing L2, constructed as an overall [2]. As a result of the 
next stage of the study, new construction solutions of protective clothing were developed. The 
aim of the present stage of the study was to assess the efficiency of new models of the basic 
protective clothing L2, and to indicate which of the construction modifications will be most 
comfortable for users. 
 
METHODS 
Subjects: Six fire-fighters participated in the study. The descriptive characteristics of the 
subjects (mean ± SD) were: age (29.0 ±3.7 y), height (183 ±7 cm), weight (80.3 ±4.8 kg) and 
physical fitness (40.3 ±2.1 mlVO2·kg-1·min-1). The subjects were fully informed of the 
purpose and procedures, and signed a statement of informed consent.  
 
Protective clothing tested in the study: Chemical protective clothing L2 available on the 
Polish protective clothing market, and used by military and civil services and fire-fighters, 
was used in this study. The model was designed for the protection of workers against pouring 
acids or alkalis during temporary work. It is made of polyamide fabric of 300 ±20 g·m-2 

weight, covered on both sides with a rubber mixture based on a butyl rubber. The model 
consisted of a boiler suit with a hood, and it had rubber boots glued to the trousers.  
 
Construction modifications of the basic L2 model were as follows: (1) Prototype A had seven 
pockets of size of 14 x 40 cm placed as follows: two pockets in the upper part of trousers in 
front and in back, and four pockets in the upper part of the overall (two on the right and two 
on the left part of chest, and double pocket on the back). (2) Prototype B had profiled vertical 
tunnels in the waist level which make the air flow between lower and upper parts of clothing 
easier. It also had ventilation holes in the front and back sides of the upper part of the clothing 
covered with a thin, permeable net fabric. Moreover, it had a cloak with shorter sleeves over 
the upper part of clothing to protect against liquid chemicals. (3) Prototype C was equipped 
with a ventilator which delivered air from the outside. The air was then distributed in the 
clothing by pipes directed to the legs and chest. There were two exit valves on the legs. 
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Thermal and physical load: The study was conducted in a climatic chamber (40oC, relative 
humidity 30%, wind speed 02 m·s-1), while participants walked on a treadmill (3 km · h-1). 
This exercise was continued until one of the following limits was reached: core temperature 
of 38.0oC, heart rate of 80% of the individual maximum heart rate, 100% relative humidity 
measured at two places (under protective clothing), or subjective signs of fatigue. 
 
Measurements: Core temperature in the external auditory canal (Tac), skin temperature at four 
places [3], heart rate (HR) as well as the temperature and relative humidity under clothing at 
four places (right chest, left shoulder, left arm, right thigh) were monitored every minute. 
Mean weighted skin temperature (Tsk) was calculated according to EN ISO 9886:2004 [3]. 
Body and clothing weights were determined before and after exposure. Sweat loss was 
calculated as a difference between body weight after and before the exposure. Subjective 
ratings of climate [4], skin wetness [5] and perceived exertion were collected every 10 
minutes. 
 
RESULTS 
Studies were conducted in April this year so the result are not yet available. The results will 
be presented at the conference. 
 
DISCUSSION 
Conclusions from the study indicating which kind of modifications of the basic model of 
protective clothing L2 was the most comfortable for users will be presented at the conference. 
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REDUCING UNCOMPENSABLE HEAT STRESS IN A BOMB 
DISPOSAL (EOD) SUIT: A LABORATORY BASED ASSESSMENT  

C. Douglas Thake  and  Mike J. Price 
Coventry University, Coventry, UK 

Contact person: d.thake@coventry.ac.uk 
 
INTRODUCTION 
Protection against potential blast is essential to the bomb disposal operative. However, the 
combination of wearing an Explosive Ordanance Disposal (EOD) suit and consequent 
increased metabolic heat production have a negative effect on heat balance of the body and 
result in heat storage. During this condition of uncompensable heat stress (UHS), the 
progression of heat illness, which is associated with significant physical and psychological 
impairment (Cheung et al., 2000) can be rapid, therefore placing the individual at increased 
risk. Furthermore, the rate of heating will be augmented during operations in hot compared to 
temperate environments. Hence approaches to attenuate heat strain have the potential to 
reduce physiological strain and increase safe operating time. Recent developments in this area 
include the integration of cooling devices and altered equipment configuration. 
 
The direct assessment of physiological measurements in the field is often impractical 
(Hanson, 1999). However, data acquired from laboratory-based simulations are potentially 
useful. The current prospective investigation incorporated the development of a laboratory-
based protocol to reflect the activities undertaken by EOD personnel; an assessment of the 
physiological strain associated with EOD activities alongside assessing the effectiveness of a 
dry ice based cooling device, and a lighter weight trouser designed to optimise thermal 
comfort in hot conditions. 
 
METHODS 
A protocol was designed that incorporated physical activities commonly performed by EOD 
personnel (Figure 1). With local ethical committee approval four subjects (age 30.5 ±10.1 y; 
body mass 78.3 ±5.7 kg), including one expert participant used to wearing the EOD suit, 
undertook five trials in a randomised cross-over design. These consisted of wearing the full 
suit (FS) or a light-weight trouser designed to optimise comfort in hot conditions (SL), both 
with (C) and without (NC) a dry ice based cooling system, and not wearing the EOD suit 
(NS). Trials were separated by at least 5 days. Baseline measures were made immediately 
before and after donning the EOD suit at an ambient temperature ≈25°C. At each trial, 
subjects were asked to complete four activity cycles (66:00 min:sec in total; Figure 1) in an 
ambient temperature of 40.5 ±1.1°C. The EOD suit was then removed, and recovery measures 
made after 15 min. Heart rate (HR; Polar Vantage), rectal temperature (Tcore), skin 
temperatures (Tskin; arm, chest, thigh and calf; Ramanathan, 1964) were monitored 
throughout. Mean sweat rate was calculated using pre- and post-test nude body mass. 
Differential ratings of perceived exertion (Borg, 1970) and thermal strain (Young et al., 1987) 
were sought at specified intervals. Psychological tasks consisted of the Stroop test (30 
responses in 60 sec) followed by a manual dexterity test (1 min of adjoining nuts and bolts). 
In addition subjects were asked to score symptoms of headache, sickness, light-headedness, 
mental confusion, tiredness and difficulty breathing on a scale of 0 (none at all) to 3 (severe). 
General linear model analysis of variance and, where appropriate, post hoc paired t-tests were 
conducted on ranked data. The nonparametric ‘L’ statistic was calculated and significance 
determined using a Chi2 table (Thomas et al., 1999; Research Quarterly for Exercise and 
Sport, 70, 11-23). 
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Figure 1: EOD activity sequence. 

RESULTS 
Wearing an EOD suit significantly increased physiological strain (HR; P<0.01; Figure 2) and 
RPE (P<0.01) alongside elevations in Tcore, Tmeanskin (Figure 3) and Tmeanbody (P<0.01). Tcore 
was reduced in SL-C and SL-NC compared to that in FS-NC (P<0.05); with Tmeanbody in SL-C 
being reduced in comparison to that in FS-NC (P<0.05). However, no significant main effects 
were evident for overall or localised (back, chest and arms; groin and legs) thermal strain or 
RPE (upper back and shoulders; lower back and legs) between conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Typical heart rate (HR) response during EOD activity protocol. Error bars are 
omitted for clarity.  
 
When wearing the EOD suit, mean sweat rate at least doubled compared to NS (0.49 ±0.10 
L.hr-1) but did not vary between suit configuration (SL-C, 1.20 ±0.49; SL-NC, 1.15 ±0.47; 
FS-C, 1.18 ±0.42; FS-NC, 1.03 ±0.33 L.hr-1). Qualitative feedback included that subjects 
found the fourth and final activity cycle more arduous. This corresponded with a relative 
plateau in Tmeanskin and consequent increased rate of rise in Tcore (Figure 3) alongside peak 
thermal strain and RPE values. No headache or sickness was reported in any trials, and one 
subject reported no symptoms at all. Any positive symptom scores were nominal with scores 
for tiredness and difficulty breathing being lowest in SL-C, and highest at the end of the last 
activity cycle in FS-C and FS-NC conditions. The psychological tests employed were not able 
to detect any change in cognitive performance over time or between trials. It is noted that 
work intensity during the manual handling and search and crawl activities was not controlled 
and varied between trials. This may be a confounding factor impacting upon the study. 
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Figure 3: Group (A; n=4) and individual (B; expert subject) core and mean skin 
temperatures. Error bars are omitted for clarity. 
 
DISCUSSION 
This small scale investigation has demonstrated a dramatic increase in physiological strain 
when undertaking activities in an EOD suit. Physiological benefits of cooling ambient air, via 
a dry ice based device, prior its circulation within an EOD suit combined with wearing a 
lighter weight trouser designed to optimise thermal comfort and mobility was demonstrated in 
hot conditions. Further studies to address the relationship between thermal variables and 
perceived thermal strain are warranted. Methodological aspects that require further 
development include the standardisation of work rate and hence metabolic heat load during 
‘manual handling’ and ‘search and crawl’ activities; and increased sensitivity of 
psychological assessments. 
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HUMID CONDITIONS: THE STRAW THAT BROKE THE CAMEL’S 

BACK 
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Nigel A.S. Taylor1 
1Human Performance Laboratories, University of Wollongong, Wollongong, and 2Defence 

Science and Technology Organisation, Melbourne, Australia 
Contact person: nigel_taylor@uow.edu.au 

 
INTRODUCTION 
Metabolic and external heat sources are equally capable of elevating body core temperature in 
individuals working in hot environments. When heat loss avenues are impeded by clothing 
and protective equipment, the risk of exertional heat stress is further increased. There are 
various work-rest guidance tables available within the literature, some of these have 
correction factors for variations in clothing insulation, such that rest periods are lengthened 
and work periods shortened when clothing insulation is increased (TBMED 507). However, 
there is a paucity of experimental data upon which such modifications may be based. An 
absence of such empirical data may result either in an increased risk of exertional heat illness, 
or compromised operational capability, if physiological strain is over-estimated (Danielsson 
and Bergh, 2005). Therefore, the aim of this project was to assess the impact of wearing such 
body armour on physiological and cognitive function in hot-humid conditions. 
 
METHODS 
The physiological and cognitive impact of wearing combat body armour was evaluated at 
work intensities that represented those associated with an urban patrol in hot-humid 
conditions (36°C, 60% relative humidity), with a substantial radiant heat source (infra-red 
lamps). Nine physically-active males participated in three, exercise and heat stress trials, 
walking for 2.5 h at two intensities (0.56 m.s-1 (1.5 h) and 1.11 m.s-1)). Trials differed only in 
the equipment worn: control trial: disruptive pattern (camouflage) combat uniform with a 
cloth hat (clothing mass: 2.05 kg; insulation 0.29 m2K.W-1); torso armour trial: disruptive 
pattern combat uniform plus combat body armour (Aramid-lined vest with ceramic-plate 
inserts) covering the chest and back (Hellweg, Australia; 6.07 kg) with a cloth hat (total 
ensemble mass: 8.12 kg); and torso armour and helmet trial: disruptive pattern combat 
uniform, combat body armour (chest and back) and combat helmet (Aramid construction; 
Rabintex Industries Pty. Ltd., Australia (1.29 kg); total ensemble mass: 9.41 kg). 
 
Physiological variables included insulated auditory canal temperature (Edale Instruments Ltd, 
Cambridge, U.K.), skin temperatures from eight sites (Type EU, Yellow Springs Instruments 
Co. Ltd., Yellow Springs, OH, U.S.A.), heart rate (Polar Electro Sports Tester, Finland), and 
gross mass changes (corrected for drinking, urine production and sweat retained within the 
clothing and body armour). At 15-min intervals, data were collected for perceived work effort 
(15-point Borg scale), thermal sensation and thermal discomfort.  
 
Cognitive function was evaluated using the Mini-Cog rapid assessment battery (Shephard and 
Kosslyn, 2005) administered via a personal digital assistant (PDA, PalmOne, Tungsten C, 
U.S.A.), following 8-10 h of preliminary training. The following tests were administered at 
30-min intervals during each trial: vigilance; three-term reasoning; filtering; verbal working 
memory, divided attention and perceptual reaction time.  
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RESULTS 
As time progressed, core temperatures deviated significantly among trials (P<0.001), 
increasing at rates of 0.37°C.h-1 (control), 0.41°C.h-1 (torso armour) and 0.51°C.h-1 (torso and 
helmet armour). Data for the last 5 min of each trial are summarised in Table 1. The heart rate 
responses for the two armoured trials deviated significantly from the control trial over time 
(P<0.001), but not from each other (P>0.05), indicating a progressive divergence in 
cardiovascular strain. Subjects lost significantly more sweat during the two armoured states. 
However, cognitive-function tests revealed neither significant treatment effects for time or 
uniform (P>0.05), nor significant time by uniform interactions (P>0.05).  
 
Table 1: Averages for the last 5 min of each trial, or from the last sampling period. Data are 
means (standard errors of the means), with probabilities (one-way analysis of variance).  
Variable Control Torso armour Armour + helmet ANOVA 
Core temperature (°C) 37.8  (0.08) 38.0  (0.07) 38.3 (0.12) P=0.015 
Skin temperature (°C) 36.5 (0.18) 37.1 (0.19) 37.4 (0.25) P=0.010 
Heart rate (b.min-1) 114.6 (4.2) 120.6 (2.7) 131.9 (4.7) P=0.006 
Body mass change (kg) 1.32 (0.57) 1.72 (0.16) 1.74 (0.17) P=0.043 
Perceived exertion (6-20) 10.3 (0.33) 11.2 (0.40) 11.5 (0.58) P=0.180 
Thermal sensation (1-13) 10.2 (0.43) 10.3 (0.30) 10.7 (0.32) P=0.564 
Thermal discomfort (1-5) 3.0 (0.38) 3.1 (0.33) 3.3 (0.33) P=0.784 
Vigilance (correct) 86.44 (0.87) 85.67 (0.93) 85.22 (1.01) P=0.652 
Reasoning (correct) 7.33 (0.24) 7.11 (0.31) 7.22 (0.22) P=0.833 
Filtering (correct) 81.00 (0.60) 79.78 (1.01) 80.44 (0.88) P=0.598 
Working memory 
(correct) 

53.33 (0.97) 53.44 (0.90) 53.33 (1.18) P=0.996 

Divided attention 
(correct) 

37.78 (0.52) 38.33 (0.76) 37.56 (0.41) P=0.631 

Reaction time (correct) 38.67 (0.47) 38.11 (0.51) 38.22 (0.64) P=0.751 
 
DISCUSSION 
The principal aim of this project was to evaluate the physiological strain, and the risk of 
exertional heat illness, when military personnel are required to wear combat body armour 
during very-light to light workloads in environments typical of the northern Australian 
summer. When the complete combat armour state was adopted, the projected time to 39.5°C 
was reduced from 7 h to <5 h. Approximately 60% of this reduction can be attributed to 
wearing the combat helmet. Thus, adding the helmet alone represented a significant thermal 
load. However, when working under high thermal and physical loads, exhaustion can occur at 
much lower core temperatures, and this is largely of cardiovascular origin. Nevertheless, since 
the work rates of urban patrol activities can be regarded as very light to light, the risk of 
exertional heat illness, even with full combat armour, should remain small in well-hydrated, 
healthy and physically-active individuals. 
 
The addition of an extra 1.3 kg to the head is not likely, on its own, to have such a powerful 
impact, even though this is equivalent to carrying an extra 1.7 kg on the back (Soule and 
Goldman, 1969). It is more likely that it was the combination of the body armour and helmet 
loads, and their impact on heat dissipation that produced the above result. The anatomical 
arrangement of the cutaneous vasculature of the head, and its relatively stable vasomotor 
activity, results in the tissue insulation of the head remaining fairly constant across a wide 
range of air temperatures. Thus, in a resting adult (23°C), the head, which contributes only 
about 7% to the total body surface area (Hardy and DuBois, 1938), accounts for 
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approximately 35% of whole-body heat loss (45 W). During exercise (150 W at 25°C), heat 
loss from the head can increase about threefold (130 W: Rasch et al., 1991), although this 
may now represent a smaller relative contribution. In clothed and hot states, where heat loss 
from the limbs and torso is impeded and convective cooling minimised, evaporative cooling 
of sweat from the head, and of moisture from the respiratory tract, become the dominant 
means for heat dissipation. It is quite probable that the helmet, even though it possessed 
internal supports to keep it away from the scalp, impeded this evaporative cooling to the 
extent that it may become “the straw that breaks the camel’s back”. 
 
However, while the combat body and head armour significantly increased thermal and 
cardiovascular strain, it is unlikely that such loads would lead to either exertional heat illness 
or impaired cognitive function in hot-humid conditions, during routine, and uneventful urban 
patrol activities in well-hydrated, healthy and physically-active individuals.  
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INTRODUCTION 
Within environments that pose either a chemical or a biological threat to workers, the ability 
to regulate body temperature is adversely affected by the need to wear personal protective 
ensembles. These chemical and biological (CB) protective ensembles impede the loss of 
metabolically-generated heat, the wicking of sweat and the removal of water vapour resulting 
from the evaporation of sweat. The design objective of most newly-developed materials is to 
facilitate heat loss, whilst retaining the appropriate chemical and biological protection. In this 
project, the focus was upon the physiological impact of exercising in a hot-dry environment, 
whilst wearing CB protective ensembles made from various combinations of these materials.  
 
METHODS 
Seven physically-active males participated in this project, completing four experimental trials, 
each with a different configuration of CB protective clothing. Trials differed only in the type 
of CB clothing worn, which varied in the heat and moisture transmission ratings. Both the 
subjects and researchers were blind to these qualities, and the ensembles were coded 
alphabetically (A, B, C and D (a commercially-available CB ensemble)).  
 
Within each trial, subjects completed external work at two intensities, which were designed to 
simulate the approximate total metabolic heat production expected during vehicular activities 
(e.g. aircraft flight, driving armoured vehicles). For 60 min, subjects worked at a very-light 
external work rate (25 W: total metabolic heat production ≈180 W), followed by 60 min at a 
light intensity (50 W: total metabolic heat production ≈300 W). All trials were performed in a 
hot-dry environment (40°C, 30% relative humidity), which was based on the conditions 
expected within tanks, and possibly helicopters, during 6 months of the year in Darwin 
(northern Australia). 
 
Physiological data were collected continuously, whilst psychophysical data were collected 
intermittently. The former included: body core and skin temperatures, heart rate, whole-body 
sweat and evaporation rates. Psychophysical indices were: perceived exertion, thermal and 
skin wetness perception, and clothing, thermal and skin wetness discomfort. 
 
RESULTS 
Three principal observations arose from the current experimental series. First, the existing CB 
protective ensemble appeared to more adversely affect physiological function than any of the 
newly-developed garments (Table 1). This was most evident for core temperature, mean body 
temperature, heart rate and the evaporation of sweat from within the ensemble. Indeed, the 
new ensembles appeared to better support the attainment of thermal and cardiovascular steady 
states during very-light work in hot-dry environments. This was not possible with the existing 
ensemble, which would appear to impose approximately 15% greater thermal insulation than 
each of the other ensembles. Indeed, from independently derived, sweating hot-plate data, the 
average thermal resistance of ensembles A-C was found to be only 66% of that obtained for 
ensemble D (0.036 versus 0.054 m2.K.W-1: Defence Science and Technology Organisation). 
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Table 1: Averages for the last 5 min of each trial, or from the last sampling period. Data are 
means (standard errors of the means).  

Variable Ensemble A Ensemble B Ensemble C Ensemble D 
Core temperature (°C) 38.30 (0.13) 38.25 (0.09) 38.30 (0.14) 38.70 (0.11) 
Skin temperature (°C) 37.24 (0.17) 37.25 (0.12) 37.16 (0.12) 37.59 (0.12) 
Heart rate (b.min-1) 126.8 (4.9) 121.5 (5.3) 126.6 (4.6) 136.0 (6.3) 
Body mass change (kg) 1.49 (0.22)* 1.39 (0.12)* 1.45 (0.09)* 1.59 (0.16) 
Perceived exertion (6-20) 11.0 (0.53) 11.1 (0.70) 11.4 (0.48) 11.9 (0.96) 
Thermal sensation (1-13) 10.7 (0.36) 10.9 (0.34) 11.1 (0.34) 10.4 (0.78) 
Thermal discomfort (1-5) 3.3 (0.42) 3.3 (0.50) 3.6 (0.25) 3.5 (0.55) 
Skin wetness (1-13) 10.9 (0.34) 11.1 (0.51) 11.1 (0.26) 11.3 (0.47) 
Skin wetness discomfort 
(1-5) 

3.1 (0.37) 3.1 (0.47) 3.4 (0.30) 3.5 (0.54) 

Clothing discomfort (1-5) 3.3 (0.41) 3.1 (0.51) 3.4 (0.25) 3.5 (0.55) 
* significantly different from the existing CB ensemble (D; P<0.05). 
 
The rates of core temperature elevation for each of the developmental CB ensembles deviated 
significantly from that of the existing ensemble (D), which appeared to impact least 
favourably upon body core temperature. These data, along with those for skin temperature, 
were reflected in the mean body temperature changes (Figure 1), which revealed significant 
time by ensemble interactions for the comparisons between ensemble D and each of the other 
three experimental ensembles (P<0.05 for each comparison). 
 
Heart rate invariably reflects strain, whether it is of physiological, psychological or 
pathophysiological origin. In the current trials, this was again most evident when subjects 
wore ensemble D, with heart rates largely tracking changes in the thermal status of the 
subjects. The work rates were both very light. Indeed, the former almost permitted the 
attainment of thermal and cardiovascular steady states. One would normally expect this to 
occur for both of these external work rates (25 and 50 W). The fact that this did not occur 
reflects heat storage, and presumably an increased demand for blood flow at the skin to help 
dissipate heat, assuming that standardisation and trial order effects negated other sources of 
variation. 
 
Subjects secreted approximately 1,500 mL of sweat, and this did not differ among the 
ensembles (P>0.05). In all cases, around 55-70% of this sweat was retained within the CB 
ensemble, with only 30-45% evaporating or passing through the fabric to the external 
environment. Significantly more moisture was retained within ensemble D (P<0.05), relative 
to each of the other ensembles, and this equated with less evaporation from within that 
ensemble, albeit not significantly so (P>0.05). This observation is entirely consistent with 
superior moisture permeability characteristics of ensembles A, B and C, and this too was 
confirmed using independent bench tests, with the water vapour resistance of ensembles A-C 
averaging about 75% of that for ensemble D (8.22 versus 10.88 m2.Pa.W-1: Defence Science 
and Technology Organisation). 
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Figure 1: Mean body temperature changes during steady-state exercise in a hot-dry climate, 
whilst wearing each of four different chemical and biological protective ensembles. 
 
Second, on the basis of changes in the area-weighted skin temperatures, ensemble C appeared 
to offer some thermal advantage over either of the other new ensembles (A or B), although 
this was not reflected within any of the other physiological indices. Significant time by 
ensemble interactions revealed that, when subjects wore ensemble C, the mean skin 
temperatures were generally lower, and deviated significantly over time, relative to changes 
encountered when wearing ensembles A, B and D (P<0.05 for each comparison). However, 
significant differences were not observed between ensemble D and ensembles A and B 
(P>0.05). Furthermore, local skin temperature differences consistent with those for mean skin 
temperature, were evident at the forehead, chest, back and upper arms (P<0.05).  
 
Finally, the greater thermal strain evident when wearing the existing CB ensemble (ensemble 
D) was not accompanied by a measurable impact upon any of the psychophysical assessments 
(Table 1). Whilst this observation is not at all surprising to those who routinely undertake 
such experiments, it reinforces the need to perform physiological measurements during these 
tests, whilst simultaneously questioning the validity of ensemble comparisons that are based 
largely on comfort votes. Yet this latter practice is frequently used as the primary method for 
making comparisons among protective ensembles. In the current experiment, equivalent 
thermal, skin wetness and clothing discomfort votes across the ensembles (at the end of each 
trial) were associated with core temperature differences of 0.6oC (ensemble A versus D) and 
heart rate differences of 12 b.min-1 (ensemble A versus D). 
 
DISCUSSION 
It may be concluded that the greater thermal strain was associated with wearing the 
commercially-available CB ensemble (ensemble D: Table 1 and Figure 1), may be ascribed to 
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reduced heat loss through that ensemble, which, on average, was approximately 20% thicker. 
This is a reasonable assumption, since physiological differences should not have been 
associated with either significant differences in heat production or external heat loading. In 
addition, it appears that ensemble C may provide the wearer with a slightly greater thermal 
advantage for skin temperature, even though this trend was not reflected within any other 
physiological data. Finally, these trials highlight the importance of physiological 
measurements during clothing tests, since thermal sensation and comfort votes lack the 
sensitivity to allow for valid differentiation among protective ensembles.  
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INTRODUCTION 
An excessive increase in body temperature during exercise induces central fatigue, and then 
impairs exercise performance. The heat loss responses (sweating and cutaneous vascular 
responses) during exercise are very important for controlling body temperature. In this paper, 
we focus on the characteristics of these heat loss responses during exercise, from a viewpoint 
of investigating the effects of non-thermal factors associated with exercise. In addition, we 
discuss the effects of physical training on these non-thermal heat loss responses. 
 
THERMAL FACTORS 
The control of sweating and skin blood flow is assessed using two parameters: the threshold 
temperature for the onset of sweating and vasodilation, and the sensitivity (gain) of the 
response. Based on studies that investigated the relationship between body temperature and 
heat loss responses during exercise, relative to passive heating at rest, exercise changes the 
sensitivity of sweating, but it also increases the threshold for cutaneous vasodilation and 
reduces the sensitivity for vasodilation (Kondo, 2001). This suggests that heat loss responses 
during exercise are different from those at rest, even at similar body temperatures. 
 
NON-THERMAL FACTORS  
It has been suggested that non-thermal factors include central command (feedforward), 
feedback from peripheral mechanisms activating the mechanosensitive and metabosensitive 
receptors in exercising muscle, the baroreflex and the osmoreflex, and many other factors, 
such as mental stress. In this section, we address mainly the effects of central command and 
peripheral feedback from mechanosensitive and metabosensitive receptors in exercising 
muscles. 
 
Central command: The central motor command signal emanates from the rostral brain and 
radiates to autonomic circuits in the brainstem, causing parallel activation of motor and 
sympathetic neurons. Vissing (1997) showed that an attempted handgrip exercise during 
neuromuscular blockade evoked large, significant increases in skin sympathetic nerve 
activity, while the force output decreased during exercise. Shibasaki et al. (2003a, b) indicated 
that sweating rate increased during isometric exercise, when the subjects could not maintain 
the desired force because of partial neuromuscular blockade. From these results, it is 
suggested that, during isometric handgrip exercise, central command is the main mechanism 
that stimulates sympathetic outflow to the skin and changes sweating rate. In addition, the 
increase in the sweating rate is reported to be greater in response to active limb movement 
than to passive movement (Kondo et al., 1997). Central command stimulation may be greater 
during active limb movement, suggesting again that central command is one of the important 
factors controlling the sweating response during exercise. The rating of perceived effort is 
reported to be an index of central command during exercise (Vissing, 1997), and the pattern 
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of change in the sweating rate with increased exercise intensity is demonstrated to be almost 
identical to the change in the rated perceived effort (Kondo et al., 2000; Yanagimoto et al., 
2002). These results imply that the sweating response to exercise, and the intensity-dependent 
sweating response (Kondo et al., 2000; Yanagimoto et al., 2002, 2003), may result from a 
change in central command. In contrast, it is reported that central command may attenuate 
cutaneous vascular conductance (Shibasaki et al. 2006). 
 
Peripheral reflexes in muscle: It has been reported that changes in sweating are influenced by 
afferents signals from exercising muscle (Gisolfi and Robinson, 1970; Van Beaumont and 
Bullard, 1963). In humans, sweating increases within a few seconds of exercise commencing, 
and without a change in thermal factors, when sweating is already active (Van Beaumont and 
Bullard, 1963). Kondo et al. (1997) indicated that the increase in the sweat rate was 
significant during passive limb movement, which means that mechanoreceptors in working 
muscle are stimulated predominately. In addition, the mechanoreceptors enhance sweating but 
not cutaneous vascular conductance (Shibasaki et al., 2004). However, it is questioned 
whether these earlier studies actually stimulated the mechanoreceptors, indicating that we 
could perhaps observe effects of mechanoreceptors on heat loss responses in the future. 
 
It has been reported that the sweat rates on the forearm and chest during post-exercise 
ischemia were significantly higher than baseline rates (Crandall et al., 1998; Kondo et al., 
1999; Shibasaki et al., 2003). Since muscle metaboreceptor afferents are activated during 
ischemia, while muscle relaxation eliminates both central command and the muscle 
mechanoreceptor afferent, the sweating is modulated by afferent signals from muscle 
metaboreceptors. In contrast, muscle metaboreceptors would inhibit cutaneous vascular 
conductance by a reduction of the active vasodilator system (Crandall et al., 1998). 
 
Since all the earlier studies of muscle metaboreceptors used isometric exercise, the effects of 
these receptors on the heat loss responses during dynamic exercise remains unclear. Recently, 
it was reported that sweating during dynamic exercise was greater in a condition where thigh 
blood flow was partially occluded (50 mmHg pressure), in which muscle metaboreceptors 
may be activated, than in the control condition (Eiken ad Mekjavic, 2004). We also confirmed 
effects of muscle metaboreceptors on both sweating and cutanous vascular conductance using 
similar methods (unpublished data). These results indicate that non-thermal factors associated 
with ischemia in working muscle facilitate the sweating response, whilst simultaneously 
inhibiting the cutaneous vascular response during dynamic exercise in humans. 

 
Other non-thermal factors: Sweating and cutaneous vascular responses during exercise are 
influenced by the baroreflex (Mack et al., 1995) and osmoreflex (Takamata et al., 1998). 
Unloading the cardiopulmonary baroreceptors and an increasing plasma osmolality reduces 
the sweating and skin blood flow responses during exercise. It is suggested that decreases in 
plasma volume induce a reduction in the sensitivity of the heat loss responses to body 
temperature changes, while an increased plasma osmolality changes the thresholds for 
sweating and vasodilation (Takamata et al., 1998). Although it has been reported that 
sweating at rest is influenced by emotional and mental stimulation (Kuno, 1956; Ogawa, 
1975), it is not well known whether there are effects of emotional and mental stimulation on 
heat loss responses during exercise. 
 
From these results, a model of the heat loss responses during exercise is proposed (Figure 1). 
Increases in thermal factors always have a positive effect on heat loss responses. On the other 
hand, non-thermal factors facilitate the sweating response while simultaneously inhibiting 
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heat loss by altering cutaneous vascular conductance. This may be due to the elevated 
sweating response compensating for the inhibition of heat loss by decreased cutaneous 
vasodilation, which is associated with maintaining muscle blood flow during exercise. 
 
INTERACTION BETWEEN THERMAL AND NON-THERMAL FACTORS  
The effects of non-thermal factors on heat loss responses are greater until core temperature 
triggers the thermoregulatory system (Kondo et al., 2002). Once core temperature increases 
during exercise, this temperature should primarily control heat loss. 
 
EFFECTS OF PHYSICAL TRAINING 
It is reported that the increased sweating 
rate associated with a rise in exercise 
intensity during isometric handgrip 
exercise, in which non-thermal factors 
play a dominant role in activating 
sweating, was enhanced in physically-
trained individuals, and the greater 
sweating response in the trained group 
was also evident in the limbs relative to 
the trunk (Yanagimoto et al., 2002). 
Thus, physical training would also affect 
the non-thermal sweating responses, just 
as it affects the sweating response 
associated with thermal factors. 
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INTRODUCTION 
It is now well established that non-thermal factors may interfere with thermoregulatory 
mechanisms both at rest and during exercise (Mekjavic & Eiken, 2006). Findings from our 
previous studies on graded ischaemia in the working muscles (Eiken & Mekjavic, 2004; 
Kacin et al., 2005) and on exposure to hypoxia (Kacin et al., 2007) suggest that an acute 
increase in relative work rate, indicated by increase in relative oxygen uptake (% V& O2peak) and 
perception of whole-body exertion, is associated with an augmented sweating response and 
attenuated skin blood flow during dynamic exercise. Both muscle ischaemia and normobaric 
hypoxia increase relative work rate during constant-load exercise by limiting oxygen delivery 
to the working muscles. It is thus likely that thermoregulatory responses are affected via 
pathways controlling oxygen content and turnover in the body. The exact mechanisms of 
these alterations in thermoregulatory responses however remaines unknown, as other non-
thermal factors associated with increased relative work rate may also play a role. In the 
present study we thus investigated whether the increase in sweat secretion and decrease in 
skin blood flow occurs also during steady-load exercise, if no restriction of oxygen delivery to 
the active muscles is performed. The increase in % V& O2peak and perception of whole-body 
exertion was induced predominantly by muscle fatigue, which progressively occurs during 
prolonged steady-load exercise. 
 
 
METHODS 
Ten healthy males, occasionally involved in sport activities, participated in the study. Their 
mean (range) age was 22 years (18-25 years), body weight 77.4 kg (61.3-92.2 kg), height 182 
cm (174-193 cm) and body mass index 23.2 (21.1-25.3). In order to evaluate their initial peak 
oxygen uptake (Normal V& O2peak), the first ramp-test to exhaustion was performed on cycle 
ergometer with subject being well rested. On a separate day, a 120-minute cycling exercise 
was performed at constant work rate corresponding to 60% of Normal V& O2peak. This was 
immediately followed by the second maximal performance test (Fatigue V& O2peak). To allow 
optimal regulation of body temperature during exercise, all experiments were performed in a 
thermoneutral environment (Ta = 23°C, RH = 50%, wind speed = 5 m•s-1). To prevent 
dehydration during prolonged cycling, subjects drank 0.5 L of water 1.5 hour before the 
experiment and were encourage drinking water at regular intervals during exercise. Core 
temperature was measured with a rectal probe, whereas mean skin temperature ( T sk) and 
mean heat flux (HFmean) were calculated from the values measured at 9 sites (finger, forearm, 
arm, head, chest, back, abdomen, thigh and calf). Mean body temperature ( T b) was calculated 
as: T b = 0.8 Tre + 0.2 T sk. Minute mass flow of secreted sweat was measured with a 
ventilated capsule placed on the forehead ( m& swf) and mid-back ( m& swb). Skin blood flow 
(BFsk) was measured with a single fibre laser-Doppler probe positioned approx. 3 cm caudal 
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to the sweat capsule placed on the back. Subjects were weighted in dry cycling shorts before 
and immediately after prolonged exercise. 
 
 
RESULTS 
During prolonged exercise, median (range) rating of perceived exertion for whole-body 
(RPEwb) increased (P<0.01) from an initial value of 3.5 (1-5) to 5.5 (5-9) at the end of 
exercise. Similar increase was observed for perceived exertion in the legs (RPEl), while 
respiratory effort remained rather constant (RPEr) (Figure 1). Similarly, the Fatigue V& O2peak 
and peak power output were 9 (5) % and 10 (5) % lower (P<0.01) compared to control values 
(Figure 2A and 2B). 

 
Figure 1. Median RPEwb, RPEl and RPEr during prolonged exercise. The 
responses were compared at times indicated by the dotted lines.* indicates 
significant difference from 67th minute at P<0.05 for both RPEwb and RPEl. 

 

 
Figure 2. Mean (SD) values of A) peak oxygen uptake ( V& O2peak) and B) peak 
work rate attained before (Normal) and immediately after prolonged exercise 
(Fatigue). ** indicate significant difference from Normal at P<0.01. 

 
At the onset of exercise, mean body temperature (Figure 3A) and sweat secretion (Figure 3B) 
increased towards asymptotic values, thereafter remaining constant throughout the 120 min 
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cycling, despite the concomitant progressive increase in relative work rate, as reflected in 
increased RPEwb and % V& O2peak. 
 

 
Figure 3. The regulation of A) mean body temperature ( T b) and B) sweat 
secretion on forehead ( m& swf) and back ( m& swb) during 120-minute steady-
load cycling. The responses were compared at times indicated by the 
dotted lines. 

 
 
 
Likewise, the regulation of skin blood flow remained undisturbed (Figure 4A) throughout the 
exercise, which resulted in constant skin heat flux from the skin to the environment (Figure 
4B). During prolonged exercise, subjects lost (P<0.001) 2.1 (±0.6) % of their initial body 
mass. 
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Figure 4. The regulation of A) mean skin heat flux (HFmean) and B) skin 
blood flow on the back (skBFback) during 120-minute steady-load cycling. 
The responses were compared at times indicated by the dotted lines. 

 
 
DISCUSSION 
Our results show that the increase in relative work rate induced by non-thermal factors 
associated with muscle fatigue affect neither the level of increase in body temperature nor the 
regulation of heat loss responses during prolonged steady-load exercise. These findings 
suggests that the potentiation of sweating and peripheral skin vasomotor tone observed during 
exercise with graded ischaemia (Eiken and Mekjavic, 2004; Kacin et al., 2004) and hypoxia 
(Kacin et al., 2005) cannot be attributed to the increase in perceived whole-body exertion or 
% V& O2peak per se, but to a specific physiological factor associated with reduced oxygen 
delivery to the working muscle. Muscle metaboreflex most likely plays an important role in 
this regard. 
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INTRODUCTION 
Regulation of internal body temperature in humans is characterized by heat loss and heat 
production responses. These responses are each initiated at specific combinations of core and 
skin temperature, and each has a unique response sensitivity. The manner in which 
thermoafferent signals from the core and periphery are integrated centrally has been the focus 
of many studies in the past. However, attention is shifting towards a better understanding of 
how non-thermal factors influence temperature regulation. Some non-thermal factors, such as 
aging for example, have been shown to affect all thermoregulatory responses, whereas others, 
only affect individual autonomic responses. Hypoglycemia, for example, only attenuates 
shivering, and dehydration only the sweating response. Parallel neurophysiological studies 
have provided neuroanatomical evidence explaining the manner in which some of these non-
thermal factors alter the thermoregulatory responses. In the case of hypoglycemia and 
dehydration, it has been demonstrated that the majority of the hypothalamic cold and warm 
sensors are bimodal, responding to more than one stimulus modality. Some of the cold 
sensors are also glucosensitive, and some of the warm sensors are osmosensitive. During 
cooling, the cold sensors will be progressively more active, but their activity will be 
dependent on the level of plasma glucose. In the same manner, the activity of the warm 
sensors will be dependent on the plasma osmolality. The attenuated activity of the cold and 
warm sensors will be reflected in the shivering and sweating responses, respectively.  
 
Common to all studies investigating the effect of non-thermal factors is the use homogenous 
subject samples. Despite this homogeneity, there remains a substantial degree of individual 
variability in both the characteristics of the responses, as well as the manner in which non-
thermal factors affect the individual responses. Since the focus of the studies is to elucidate 
how non-thermal factors influence temperature regulation, analysis of the results usually 
incorporates a comparison of averaged responses for conditions in which a given non-thermal 
response is maintained at different levels, and such analyses usually neglect individual 
variability. The present study focuses on this variability in the autonomic responses, 
specifically the variability in sweating and shivering, as related to non-thermal factors. 
 
METHODS 
Subjects: Thirty two healthy male subjects participated in the study (Table 1). They all gave 
informed consent to participate in the study, being fully aware that they could withdraw from 
the study without prejudice at any time. The protocol of the study was approved by the 
institutional ethics review process. 
 
Table 1 Subjects’ physical characteristics (n=32).  

 Age 
•yr• 

Height 
•cm• 

Weight 
•kg• 

AD* 
•m2• 

AD /Weight 
(m2 
/kg×102• 

Adiposity 
•N.D.• 

Maximum 
work load 
(W) 

means±SD 21.4±1.81 172.0±5.76 60.7±8.32 1.71±0.1
2 

2.84±0.18 0.26±0.04 262.2±39.8 

* AD: body surface area (m2)  
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Experimental protocol: We modified the protocol of Mekjavic et al. (1996). Subjects donned 
a water perfused suit, comprised of three segments: trousers, shirt and hood (Figure 1). By 
perfusing the segments in parallel with water maintained at 25°C at a rate of 600 cc/min, 
mean skin temperature (Tsk) was maintained at 28°C. Following the recording of baseline 
values, subjects commenced exercising at 50% of their maximum work rate on a cycle 
ergometer. The exercise was terminated once the onset of sweating was observed, which 
occurred after 10-15 min of exercise. Thereafter, subjects remained seated on the ergometer 
for an additional 100 min. During this phase, the extraction of heat by water perfusing the suit 
initiated core cooling. Sweating abated, and eventually the shivering response was triggered.  
 
 

 
Figure 1. Diagram for the heating/cooling system. 
 
Measurements: Rectal (Tre) and skin (Tsk: arm, chest, thigh and calf) temperatures were 
monitored with thermistors and the values stored every ten seconds with a data logger system 
(Cadac2 model 9200A, Tokyo. Japan). Sweating rate was measured at the forehead with a 
sweat rate monitor (model SKD-4000, Skinos Co.). Oxygen uptake was monitored with a gas 
analyser (Respiromonitor RM-300i, Minato Med. Science, Co.). 
 
Maintenance of a normal skin temperature, while simultaneously extracting 120W/m2 of heat 
was achieved by having subjects wear a Cool TubesuitTM (Med-Eng Systems Inc., Ottawa, 
Ontario, Canada) water perfused suit. Water perfusing the suit was pumped at a rate of 
600cc/min (Water Pump Model Super Tepcon, Terada, CITY, Japan) from a bath, in which 
the temperature of the water was maintained at 25• by a Cool Mate Model TE-105M heat 
exchanger (Toyo Seisakusho Co., CITY, Japan).  
 
Data Analysis: The boundaries of the zone where rectal temperatures coincided with the onset 
of shivering and sweating were determined. Whereas the onset of sweating is quite distinct, 
the shivering threshold was taken as the Tre, which coincided with a significant elevation in 
the oxygen above resting values. The sweating threshold was as the point at which sweating 
increased. Since we have demonstrated the experimental protocol with which to quantify the 
individual variability in the core and peripheral interthreshold zones (Kakitsuba et al. 2005), 
the main purpose of the present study was to examine whether non-thermal factors affect the 
interthreshold zones based on the data collected for the past three years. Correlation between 
the magnitudes of the interthreshold zone and non-thermal factors such as age, height, weight, 
body surface area, surface area-to mass ratio, adiposity and maximum work load in addition 
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to some categorized variables such as quality of sleep and sensitivity to the heat and cold was 
then confirmed. 
 
RESULTS AND DISCUSSION 
Example of the changes in Tre and mean skin temperature (

•

,TSK) are indicated in Figure 2. 
During cooling periods, Tre decreased at a rate of 0.5°C per hour, which is about half that 
observed during water-immersion experiments (Mekjavic et al., 1991). Unfortunately, 

•

,TSK 
could not be controlled consistently at 28°C due to indirect cooling with the water perfusing 
suit. It changed from 32°C during exercise to 30°C at the end of exposure. However, since the 
•

,TSK changed in the same manner, regardless of subjects, the extent of its affect on the 
thresholds may be expected the same.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. An example of changes in rectal and mean skin temperatures during exercise  
and cool exposure with water perfusing suit. 
 
 
For some subjects, the threshold for shivering could not be identified clearly, since marked 
elevations of oxygen uptake were not observed. However, we could monitor a state that 
subjects started to regulate their body temperatures by increasing oxygen uptake. Based on the 
initial Tre, the temperature difference between the initial Tre and the threshold Tre was 
calculated, and these data are listed in Table 2. Since individual differences in •Tre-sw and 
•Tre-shivering can be observed, effects of non-thermal factors on those thermoregulatory 
responses were evaluated using the multiple regression analysis. The results indicated that the 
multiple regression equation may not be suitable for predicting the inter-threshold range. 
However, it was found that the magnitude of sensitivity to the cold (r=0.21), quality of sleep 
(r=0.26) and blood pressure (r=0.35) were relatively correlated with these ranges, as 
compared with other variables. As pointed by Mekjavic and Eiken (2006), these non-thermal 
factors are expected to be influential for estimation of the ranges. 
 
 
 
Table 2. Inter-threshold zone (n=32). 

 Initial Tre  •Tre- •Tre- Interthreshold range 

35.5

36

36.5

37

37.5

38

0 20 40 60 80 100 120 140 160
time•min•

R
ec

ta
l t

em
pe

ra
tu

re
 ••

•

20
22
24
26
28
30
32
34
36
38
40

M
ea

n 
sk

in
 te

m
pe

ra
tu

re
  ••

•

Tr MST

Exercise

sweating threshold

shivering threshold

Null zone

Subject B



Environmental Ergonomics XII  
Igor B. Mekjavic, Stelios N. Kounalakis & Nigel A.S. Taylor (Eds.),  © BIOMED, Ljubljana 2007 

 252 

•°C• sw•°C•* shivering•°C•**  •°C•*** 
means±S
D 

37.2±0.30 0.09±0.14 0.54±0.30 0.63±0.31 

     *•Tre-sw = Sweating threshold Tre-Initial Tre. **•Tre-sw = Initial Tre -Shivering 
threshold Tre. 
     *** Inter-threshold range= Sweating threshold Tre- Shivering threshold Tre. 
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RATES OF TOTAL HEAT LOSS AT TWO DIFFERENT RATES OF 
POSTEXERCISE METABOLIC HEAT PRODUCTION 

Daniel Gagnon, Ollie Jay, Glen P. Kenny 
Laboratory for Human Bioenergetics and Environmental Physiology, School of Human 

Kinetics, University of Ottawa, Ottawa, ON, Canada. K1N 6N5. 
Contact person: ojay@uottawa.ca 

 
Previous studies have reported a rapid reduction in heat loss responses during the early stages 
of inactive recovery from exercise, despite an elevated core temperature. However, greater 
heat loss responses during active recovery are paralleled by similar core temperature 
elevations to inactive recovery. The purpose of this study was to examine the changes in the 
rate of total heat loss during recovery at two different levels of metabolic heat production with 

similar core temperatures throughout. Seven male volunteers exercised at 75% of 
•

VO2peak on 
a semi-recumbent cycle ergometer housed within the Snellen whole-body air calorimeter for 
15-min followed by 30-min of recovery with (active) or without (inactive) loadless pedalling. 
Core temperature was measured using esophageal temperature (Tes) and the rates of total heat 

production (
•

M-
•

W) and total heat loss (
•

HL) were measured by whole-body calorimetry. 

Changes in body heat content and Tes, as well as 
•

M-
•

W and 
•

HL were similar at the end of 
exercise in both conditions. At the end of the recovery period, in the active and inactive mode 

respectively, 
•

M-
•

W was 210 ± 31 W and 119 ± 12 W, and 
•

HL was 246 ± 31 W and 202 ± 25 

W. The magnitude of the total reduction in 
•

HL was significantly greater (p≤0.05) for inactive 

recovery, while the rate of exponential decay in 
•

HL were not different between recovery 
conditions (p>0.05). Furthermore, changes from baseline in Tes were not different between 
conditions at any time point (p>0.05). These results suggest that changes in heat loss 
responses that determine the rate of change in total heat loss appear to be dependent upon the 
rate of metabolic heat production, and not upon changes in core temperature during recovery 
from exercise. 
 
This research was supported by a Discovery Grant from the Natural Sciences and Engineering 
Research Council of Canada and a U.S. Army Medical Research Acquisition Activity. We 
would like to acknowledge Candice Brown, Andrea McCarthy and Matthew Kennedy for 
their technical support. 
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POSTEXERCISE CHANGES IN BODY HEAT CONTENT MEASURED 
USING CALORIMETRY 

Glen P. Kenny, Paul Webb, Michel DuCharme, Francis D. Reardon, Ollie Jay 
Laboratory for Human Bioenergetics and Environmental Physiology, School of Human 

Kinetics, University of Ottawa, Ottawa, ON, Canada. K1N 6N5. 
Contact Person: ojay@uottawa.ca 

 
Changes in body heat content (∆Hb) measured using whole-body direct calorimetry, were 

compared after 60-min of semi-recumbent cycle ergometry at 40% of 
•

VO2peak and after 60-
min of stationary semi-recumbent postexercise recovery, while concurrently measuring core 
and muscle temperatures. Six male participants were investigated using the Snellen air 
calorimeter regulated at 30ºC and 30% relative humidity. Core temperature was measured 
using esophageal (Tes), rectal (Tre) and aural canal (Tau) temperature, while regional muscle 
temperature was measured from vastus lateralis (Tvl), triceps brachii (Ttb) and upper trapezius 
(Tut) temperature. Following exercise, ∆Hb was 289 ±15 kJ, paralleled by elevations of 0.82 
±0.20°C, 0.53 ±0.07°C and 0.76 ±0.22°C in Tes, Tre and Tau respectively, and 2.45 ±0.26°C, 
2.27 ±0.23°C and 0.78 ±0.08°C in Tvl, Ttb and Tut respectively. Following 60-min recovery, 
∆Hb was 148 ±40 kJ with corresponding elevations of 0.22 ±0.06°C, 0.20 ±0.04ºC and 0.15 
±0.04ºC above pre-exercise rest for Tes, Tre and Tau respectively, and 1.00 ±0.19°C and 0.93 
±0.21°C for Tvl and Ttb. At end-exercise and end-recovery, the rate of metabolic heat 

production (
•

M-
•

W: metabolic rate minus external work rate) was similar to the rate of whole-

body heat loss (
•

HL). 
•

M-
•

W returned to pre-exercise resting levels after 10-min of postexercise 

recovery, however, the exponential rate of increase of 
•

HL during exercise (time constant (τ) = 
11.9 ±1.4 min) was significantly greater than the exponential rate of decay during 
postexercise recovery (τ = 7.5 ±0.8 min). It is concluded that a substantial elevation in ∆Hb 

remains after prolonged postexercise recovery without a sustained elevation in 
•

M-
•

W, due to a 

greater rate of change in 
•

HL during recovery than during exercise. 
 
This research was supported by a Discovery Grant from the Natural Sciences and Engineering 
Research Council of Canada and a U.S. Army Medical Research Acquisition Activity. We 
would like to acknowledge Lindsay Nettlefold for her technical support 
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CHANGES IN BLOOD FLOW IN THE SUPERFICIAL AND DEEP 
VEINS OF THE UPPER ARM DURING LEG EXERCISE IN HUMANS 
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3Shunsaku Koga,  1Narihiko Kondo 
1Kobe University, Kobe, 2Osaka International University, Osaka, 3Kobe Design University, 

Kobe, 4University of Tsukuba, Tsukuba, Japan 
Contact person: kondo@kobe-u.ac.jp 

 
INTRODUCTION 
The maintenance of a constant internal temperature during dynamic exercise is important; in 
this regard, the control of skin blood flow (SkBF), especially in the forearm, has been 
investigated in earlier studies (Johnson et al. 1974; Wenger et al. 1975). However, the 
changes that occur in the blood flow (BF) in veins of the upper arm, which return the SkBF 
from the forearm to the heart, during exercise are not well understood. Superficial and deep 
veins function as conduit vessels in the upper arm. Roddie et al. (1956) reported that the BF 
in superficial veins arises mainly from the skin of the forearm, while the BF in deep veins 
comes from the muscles of the forearm. Moreover, the BF response in the superficial veins of 
the forearm is different from that in the deep veins during brief periods of leg cycling exercise 
(Bevegard and Shepherd 1965). Thus, it is necessary to investigate the BF changes in the 
superficial and deep veins of the upper arm that occur during prolonged leg cycling exercise. 
Additionally, the relationship between internal temperature and SkBF in the forearm have 
been used to investigate the SkBF response during leg exercise (Johnson et al. 1974; Wenger 
et al. 1975). The BF in the basilic vein (superficial vein) of the upper arm was also found to 
increase with a rise in internal temperature (Ooue et al. 2007). Thus, the BF response in the 
superficial and deep veins should be evaluated with regard to the internal temperature.  
 
The BF response in veins has been investigated by measuring the oxygen saturation of blood, 
but this method cannot continuously, non-invasively and absolutely measure the BF. On the 
other hand, Doppler ultrasound has been used to continuously, non-invasively and absolutely 
assess BF, in particular in the conduit vessels of humans. This procedure could be used to 
perform a detailed evaluation of the BF in conduit vessels by measuring the blood velocity 
(V) and diameter (D). Thus, in this study, we sought to investigate changes in BF variables 
(BF, V and D) in the superficial and deep veins of the upper arm during constant prolonged 
leg exercise, and to examine the effect of exercise intensity on these BF variables. To address 
these issues, we used Doppler ultrasound to measure V and D in the basilic vein (superficial 
vein) and brachial vein (deep vein) of an inactive upper arm during leg exercise. 
 
METHODS 
A total of 14 healthy subjects (12 men and 2 women) volunteered to participate in this study. 
The experiment was conducted in an environmental chamber maintained at an ambient 
temperature of 28ºC and a relative humidity of 50%. After collecting baseline data, each 
subject was placed in the supine position and asked to perform a leg cycling exercise at 40% 
(L) and 60–69% of maximal O2 uptake (H) for 30 min, respectively.  
 
The measurements included esophageal temperature (Tes), local skin temperature, heart rate, 
arterial blood pressure, SkBF in the forearm, and V and D in the basilic and brachial veins of 
an upper arm. The SkBF was continuously measured at three sites on the forearm using laser-
Doppler velocimetry, and the SkBF values obtained at the three sites were averaged. The 
cutaneous vascular conductance was calculated from the ratio of SkBF to mean arterial blood 
pressure. The V and D in both veins of the upper arm were measured by Doppler ultrasound, 
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and the BF was calculated by multiplying the V by the cross-sectional area (=D/2*D/2*π). 
The BF variables of the basilic vein were measured in all subjects, but the variables of the 
brachial vein were measured in only nine subjects, because the brachial vein in five subjects 
was located behind the brachial artery, which inhibited accurate detection of the brachial vein. 
 
RESULTS AND DISCUSSION 
Figure 1 shows plots of the ∆ mean body temperature [∆Tb=0.9*Tes+0.1*Tsk (mean skin 
temperature)] vs. BF, V and D in the basilic and brachial veins. The BF in the basilic vein 
decreased slightly, and then increased linearly with the rise in ∆Tb at both exercise intensities. 
The BF at ∆Tb=0.3°C at the H intensity were significantly smaller than those at the L intensity 
(P<0.05). The change of V in the basilic 
vein was similar to that of the BF, but there 
was no significant difference between the 
L and H exercise intensities. The D in the 
basilic vein decreased with exercise 
intensity at the early stage of the rise in 
∆Tb (P<0.05) and then returned to the 
value at ∆Tb=0.0°C. The thresholds for 
vasodilation of the ∆Tb-BF variable 
relationships in the basilic vein were 
significantly higher at the H intensity than 
at the L intensity (P<0.05), but there were 
no significant differences between the 
exercise intensities in regard to the slopes 
of the ∆Tb-BF variables (Table 1). On the 
other hand, the BF, V and D in the brachial 
vein did not substantially change with the 
rise in ∆Tb compared with the variables in 
the basilic vein. Also, there were no 
significant differences between the 
thresholds and slopes of the ∆Tb-BF 
variables in this vein at the two exercise 
intensities (Table 1). 
 
A significant difference was not observed 
between the basilic and brachial veins for 
the thresholds for vasodilation of the ∆Tb-
BF variables at the L intensity (Table 1). 
At the H intensity, the thresholds for ∆Tb-
BF and V were significantly greater in the basilic vein than in the brachial vein (P<0.05) 
(Table 1). At both exercise intensities, the slopes of the ∆Tb-BF variables were significantly 
greater in the basilic vein than in the brachial vein (P<0.05), except the slope of the ∆Tb-V 
relationship at the L intensity (Table 1).  
 
 
 
 
 
 
 

† 

† 

† 

† 

Figure 1. Blood flow, blood velocity, and diameter in the 
basilic vein and brachial vein plotted as a function of ∆Tb. *: 
P < 0.05, vs. ∆Tb=0.0°C, †: P < 0.05, L vs. H. Values are 
means ± SEM. The number of subjects = 13 for ∆Tb = 0.4°C 
at the L intensity, and 12, 11, 10, and 9 for ∆Tb = 0.7, 0.8, 
0.9, and 1.0°C at the H intensity, respectively. 
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Table 1. Thresholds for vasodilation and slopes from linear regression analysis of plotting 
blood flow, blood velocity, and diameter against the ∆ mean body temperature. 
 Basilic vein Brachial vein 
 Tb Threshold (°C) Slope Tb Threshold (°C) Slope 
 L intensity 
Blood flow 0.11 ± 0.05 464.6 ± 107.0 0.08 ± 0.03 93.8 ± 65.0 † 
Blood 
velocity 

0.10 ± 0.03 27.2 ± 6.2 0.08 ± 0.03 12.5 ± 7.9 

Diameter 0.05 ± 0.01 2.1 ± 0.4 0.04 ± 0.03 0.3 ± 0.3 † 
 H intensity 
Blood flow 0.28 ± 0.05 * 530.1 ± 64.2 0.06 ± 0.03 † 41.7 ± 19.4 † 
Blood 
velocity 

0.25 ± 0.04 * 53.7 ± 16.2 0.06 ± 0.03 † 6.0 ± 2.8 † 

Diameter 0.18 ± 0.05 * 3.2 ± 0.4 0.07 ± 0.02 -0.1 ± 0.1 † 
 
The units of the slope for blood flow: mL·min-1·°C-1, the units of the slope for blood velocity: 
cm·s-1·°C-1, the units of the slope for diameter: mm·°C-1, *: P < 0.05, L vs. H, †: P < 0.05, 
basilic vein vs. brachial vein. 
 
In this study, the BF in the basilic vein decreased slightly with increased exercise intensity at 
the early stage of the rise in ∆Tb. Considering that the SkBF in the forearm did not change at 
either exercise intensity during the time period of the present study and that the muscle BF in 
the forearm decreased with increased exercise intensity at the early stage of exercise (Blair et 
al. 1961), it is suggested that the exercise intensity-dependent decrease in the BF in the basilic 
vein of the upper arm may relate to that of the muscle BF in the forearm. On the other hand, 
the BF in the basilic vein increased linearly with the rise in ∆Tb at both exercise intensities. 
The SkBF in the forearm also increased linearly with the rise in ∆Tb at both exercise 
intensities in this study. In addition, the muscle BF in the forearm was found to decrease 
during prolonged leg exercise (Johnson and Rowell 1975). Thus, the increase in the BF in the 
basilic vein with a rise in ∆Tb may depend on the SkBF in the forearm. Moreover, there was 
no significant difference in the slope of the ∆Tb-BF relationship between the exercise 
intensities, suggesting that the difference between exercise intensities in this study was not 
enough to affect the increase in the BF in the basilic vein with the rise in ∆Tb during exercise.  
 
Although the change of V in the basilic vein was similar to that of the BF, there was no 
significant difference between the exercise intensities. Moreover, the D in this vein decreased 
with increased exercise intensity at the early stage of the rise in ∆Tb. These results suggest 
that the exercise intensity-dependent decrease in the BF in the basilic vein depends primarily 
on the decrease in D at the early stage of a rise in ∆Tb and that the increase in the BF with a 
rise in ∆Tb relates to the increase in V. 
 
On the other hand, the BF, V and D in the brachial vein did not substantially change at either 
exercise intensity compared with the values in the basilic vein. When the internal temperature 
increases, blood moves from deep veins into superficial veins to facilitate heat loss (Rowell. 
1986). The characteristics of the vessels also differ between superficial and deep veins 
(Abdel-Sayed et al. 1970). Thus, these reports and our results indicate that the responses of 
BF variables in the basilic vein were different from those in the brachial vein during leg 
cycling exercise.  
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DISCUSSION 
During leg exercise at 40% and 60–69% of maximal O2 uptake, the changes in BF variables 
with a rise in Tb differed between the basilic vein and the brachial vein, implying that the 
venous BF return in the upper limb depends primarily on superficial veins during rising Tb 
with leg cycling exercise. Moreover, the BF and D in the basilic vein and the BF and V in the 
brachial vein were affected by exercise intensity at the early stage of the rise in Tb. In spite of 
this, the BF variables in the brachial vein did not change substantially. 
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INTRODUCTION 
Since a large amount of heat is generated by skeletal muscles during exercise, the deep body 
temperature elevates, and evaporative (sweating) or non-evaporative heat dissipation is 
enhanced. With the elevation of ambient temperature, heat loss facilitated by non-evaporative 
heat dissipation via blood circulation in the skin decreases, while the dependence on 
evaporative heat dissipation (sweating) increases. Sweating alone is effective in heat 
dissipation at a temperature above skin temperature. In Japan, the rainy season generally ends 
in late July, and subsequently, the temperature is higher than 32°C over several weeks.  
 
Although the density of active sweat glands is higher in children than in young adults, the 
amount of sweating is smaller due to the smaller size of sweat glands [2, 3, 4]. To 
compensate, heat dissipation is enhanced in children by further dilation of cutaneous blood 
vessels [2, 4,]. Therefore, to prevent heat transfer from the environment to the body at an 
ambient temperature higher than skin temperature, the contraction of skin blood vessels is 
considered to be induced [5]. Since the ratio of the body-surface area to body weight is higher 
in children, heat transfer can be larger, suggesting that the contraction of skin blood vessels is 
stronger in children.  
 
Spontaneous dehydration increases with exercise duration, and it is estimated that it is high in 
schoolchildren during baseball. On the other hand, it has been reported that muscle cells are 
damaged by resistance exercise, and lactic acid and myoglobin flow into the blood. It has also 
been reported that blood concentrations of such myoglobin and uric acid generated by protein 
degradation after eating or during exercise are high in athletes. It has been indicated that 
further increases in these compounds in the blood during dehydration reduce renal function. 
This is named skeletal myolysis, which is considered to be a form of heat injury. In this study, 
we examined the relationship between dehydration and the blood concentration of myoglobin 
or uric acid in schoolchildren during baseball exercise at a high temperature in summer. 
 
METHODS 
The subjects were 8 schoolchildren (age 10.5 ± 1.2 yr) in the fifth or sixth grade in 2 
randomly selected baseball teams in Ishikawa Prefecture, and consent was obtained from the 
children and their parents. Table 1 summarizes the physical characteristics of the children.  
 
Procedures: The children gathered 30 min before the start of practice, and rested. After blood 
collection, the body weight, blood pressure, and tympanic temperature were measured. A 
cardiotachometer and an energy metabolimeter were fixed to the children before the start of 
practice, and they started routine practice. A time study was performed during the practice 
period. After the completion, the children rested, sitting in the shade, and blood pressure and 
tympanic temperature were measured, and blood collected and body weight measured. 
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Measurement: Ambient temperature 
was measured every 30 min, between 
13:30 and 17:45. Wet-bulb, black-bulb, 
and dry-bulb temperatures and WBGT 
were measured using a WBGT meter 
(Kyoto Electronics Manufacturing Co., 
Ltd.). The water intake was estimated 
using the amounts of water in a 
measuring cup marked with a scale of 
50 g before and after drinking. Sweat 
rate was determined using the equation: 
Sweating = (body weight before 
practice + water intake) - body weight 
after practice. 
 
Among components of the collected blood samples, red blood cells (RBC) were examined by 
the sheath flow DC detection method, white blood cells (WBC) by the DC detection method, 
the concentration of hemoglobin (Hb) by the SLS hemoglobin method, MCV, MCH, and 
MCHC by calculation, hematocrit by the RBC pulse wave detection method, GOT and GPT 
by the JSCC method, urea nitrogen by the urease GLDH method, uric acid by the uricase 
POD method, myoglobin by the RIA solid-phase method, and creatinine by Jaffe’s method. 
 
Statistics: Results are expressed as mean ±S.D. Student's t-test was used for statistical 
treatment of the data. The acceptance level for significance was p < 0.05. 
 
RESULTS 
Figure 1 shows the 
environmental conditions 
during the practice period. 
The WBGT at a height of 
about 1.2 m in the 
playground was 32.8°C at 
13:30, when the practice was 
started, reached 36.5°C at 
15:00, and was 29.8°C even 
at 17:45, when the practice 
was terminated. 
 
Table 2 summarizes the 
hematological 
variables before 
and after baseball 
practice. The 
number of WBC 
was significantly 
larger after than 
before practice (p 
< 0.01). However, 
there were no 
significant 

Table 1: Characteristics of subjects and resting 
values of body temperature 

gradesubjects weight (kg)height•cm• body temp•••

5 137 29.6 37.7

6 143 38.6 37.5

5 140 32.7 37.4

6 140 32.2 37.5

6 165 54.1 37.4

6 135 30.5 37.2

6 135 26.7 37.7

6 150 40.7 37.7
5.75 143.13 35.66 37.51
0.46 10.11 8.77 0.18

mean
SD

5 37.7

6 37.5

5 37.4

6 37.5

6 37.4

6 37.2

6 37.7

6 37.7
5.75
0.46 0.18
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Figure 1:  Environmental conditions in the ground during 
baseball practice 

Table 2: Levels of hematological parameters before and after baseball 
practice 

Subjects Before After before after before after before after before after
A 12.3 13.1 465 465 12.5 12.6 38.3 37.7 32.6 33.4
B 6.3 8.1 475 516 13.6 14.8 40.7 43.5 33.4 34.0
C 7.1 10.6 500 502 13.8 14.0 42.1 41.7 32.8 33.6
D 9.0 10.7 499 485 14.1 13.7 43.1 41.4 32.7 33.1
E 6.6 9.7 464 484 13.9 14.6 41.5 42.5 33.5 34.4
F 7.2 8.1 451 465 13.5 13.7 39.4 40.5 34.3 33.8
G 4.7 7.0 457 467 13.6 14.0 40.2 40.5 33.8 34.6
H 7.3 7.3 441 439 13.0 13.0 40.5 39.7 32.2 32.7

Mean 7.56 9.33 469.0 477.9 13.50 13.80 40.71 40.94 33.16 33.70
SD 2.26 2.08 21.40 24.20 0.52 0.74 1.52 1.78 0.70 0.64

MCHA(g/100m•-1RC)WBC(104/μ•) RBC(104/μ•) Hb(g/•) Ht(%)
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differences in RBC, Hb, Ht, 
MCV, MCH, MCHC, and 
platelet levels between 
before and after practice.  
 
Figure 2 shows the 
relationship between sweat 
rate and water intake during 
the entire practice period. 
Figure 3 shows the osmotic 
pressure, and myoglobin, 
uric acid, and BUN levels 
before and after practice. 
The osmotic pressure was 
significantly higher after 
than before practice (p < 
0.01). The blood 
concentrations of 
myoglobin, uric acid, and 
BUN were also significantly 
higher after than before 
practice. 
 
Figure 4 shows the changes 
in heart rate of a subject. 
Child B started the practice 
at 13:50, and continued for 
3 hours. In this baseball 
team, skeletal muscle 
training, such as dashes and 
abdominal exercises, was 
performed early after the 
start of practice. 
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Figure 2:  Relationship between the total amount of sweating 
and water intake during the entire practice period 
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Figure 4:  Changes in the heart rate of a subject during the 
baseball practice period 
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Figure 3:  Osmotic pressure, and myoglobin, uric acid, and 
BUN levels before and after baseball practice 
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DISCUSSION 
It has been reported that since the milking action of skeletal muscles is lower during baseball 
practice or games than during soccer or athletics practice, a strong orthostatic circulatory 
regulation reflex occurs. Furthermore, to prevent the transfer of heat radiation from the 
environment to the body at an ambient temperature higher than the skin temperature, 
contraction of the skin blood vessels is considered to be stronger in children than in adults, 
because the size of sweat glands is smaller in the former. Since non-evaporative heat 
dissipation via skin blood flow is suppressed by the strong contraction of skin blood vessels at 
a high temperature, heat dissipation by sweating is considered to compensate for non-
evaporative heat dissipation. In this study, the contraction of skin blood vessels was 
considered to occur through 2 different causes in the schoolchildren during baseball practice. 
On the day of testing, the ambient temperature was very high, as shown in Fig. 1, and the 
WBGT was 36.5°C, suggesting the occurrence of contraction of the skin blood vessels.  
Figure 2 shows the relationship between the amount of sweating and water intake, indicating 
that water intake was clearly insufficient for sweating (voluntary dehydration). The osmotic 
pressure, and myoglobin, uric acid, and BUN levels were significantly higher after than 
before practice, suggesting hemoconcentration (Figure 3). Exercise damages skeletal muscles, 
and rhabdomyolysis induces acute renal failure. Hyperuricemia induced by metabolizing 
purine precursors derived from muscular cells into uric acid in the liver, and myoglobin 
generated by the destruction of skeletal muscles are considered to cause acute renal failure, 
and dehydration is reported to be strongly involved in this disorder. In the baseball teams 
examined in this study, muscle training was performed over about 30 min, and it is suggested 
that myoglobin in the blood was increased by this training, and hemoconcentration occurred 
with dehydration, resulting in the high blood concentration of myoglobin.  
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IMPROVED FLUID REGULATION WITH AEROBIC FITNESS 
James D. Cotter1, Troy L. Merry1, Philip N. Ainslie2 

1School of Physical Education and 2Department of Physiology, 
University of Otago, Dunedin, New Zealand 

Contact person: jim.cotter@otago.ac.nz 
 
INTRODUCTION 
It is sometimes advised that humans cannot adapt to dehydration, and thus dehydration should 
be avoided during competition as well as training. Athletes who undertake endurance exercise 
on a daily basis typically dehydrate during this training, and show numerous physiological 
adaptations to the multiple stresses of exercise. Because a common feature of these 
adaptations is a reduced neuroendocrine response to a given level of stress, and because some 
adaptations are related to fluid regulation (e.g., higher resting blood, plasma and extra-cellular 
fluid volumes), it is conceivable that adaptations to dehydration might exist. Therefore, the 
purpose of this study was to test the hypothesis that aerobically trained people have altered 
fluid regulatory responses to dehydration, indicative of adaptation. We examined the osmotic, 
endocrine, perceptual and behavioural responses of trained and untrained males to exercise 
under maintained, restricted and ad libitum fluid balance. 
 
METHODS 
Participants were six untrained and six trained males, unacclimated to heat. Trained 
participants had higher training frequency (6.0 ±1.3 vs 1.0 ±0.8 d·wk-1) and ~50% higher peak 
aerobic power (mean ±SD, cycling OV& 2 peak; 64.4 ±7.7 vs 44.7 ±4.0 ml·kg-1·min-1). The trained 
group was of similar age (31 ± 9 vs 25 ± 6 y), but were lighter (71.8 ±4.3 vs 78.6 ±9.7 kg) and 
leaner (7.6 ±1.5 vs 15.7 ±4.5% body fat). The study was approved by the University of Otago 
Human Ethics Committee, and participants provided their informed consent in writing after 
screening for medical contraindications. 
 
Protocol: After fitness testing and two full familiarisation trials,participants undertook two 
80-min exercise trials (Tdb = 24.3 ± 0.6ºC, rh = 50%, va=4.5 m·s-1); one whilst euhydrated 
throughout (EUH), and one with mild hypohydration (HYPO) by ~2% body mass, in balanced 
order, 1-3 weeks apart. Baseline hypohydration was achieved using a 50-min heat+exercise 
session on the evening before both EUH and HYPO, with full rehydration for EUH only (but 
equivalent carbohydrate replenishment). The exercise trial involved 40-min cycling at 
70% OV& 2 peak with full replacement of fluid loss (corrected for CO2 loss) in EUH versus 20% 
rehydration in HYPO, before a 40-min self-paced performance trial with continued full 
rehydration in EUH versus ad libitum drinking in HYPO. Rehydration was by ingestion of 
isotonic saline with artificial sweetener at 10-min intervals. Venous blood was drawn at rest, 
and after 10-, 40- and 80-min exercise. 
 
Measures: Respiratory gas was sampled at 15-min intervals throughout familiarisation trials 
to determine work rates and to estimate the mass of substrate oxidised in a trial, allowing 
calculation of CO2 loss for rehydration. Nude body mass (±20 g, Wedderbrun scales Ltd, 
Dunedin, NZ) and urine specific gravity (USG: hand refractometer, Atago, Japan) were 
recorded before and after all trials. The cycling work rate was set and recorded using an 
electromagnetically-braked Velotron cycle ergometer (v1.5, RaceMate Inc, Seattle). Plasma 
was measured for osmolality (Dew point osmometer, Wescor, USA), sodium concentration 
(Cobas c111, Roche, Switzerland), and arginine vasopressin concentration (AVP: 
commercially, using extracted RIA, Endolab, NZ). Thirst was rated on a 9-point scale.  
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Data were analysed using linear regression, unpaired t-test, and one- to three-way ANOVAs 
(α=0.05) due to one between-subjects factor (Fitness) and two within-subjects factors 
(Hydration, Time). Post hoc t-tests were Bonferroni corrected. Data are reported as means 
±SE unless otherwise stated. 
 
RESULTS 
During pre-exercise resting in EUH, the Trained and Untrained groups had equivalent body 
mass (c.f. baseline: 0.2 ±0.3 vs 0.5 ±0.8%, respectively, P=0.43), plasma osmolality (Figure 
1, P=0.21), plasma [Na+] (both 137 ±1 mmol·L-1), plasma [AVP] (Figure 1, P=0.94), and 
thirst ratings (2.6 ±0.8 vs 1.8 ±0.3, P=0.36), but the Trained group had lower USG (1.009 
±0.003 vs 1.016 +/- 0.002 g·cm-3, P=0.04). In contrast, HYPO was initiated with a 1.8 ±0.1% 
body mass deficit in both groups, and all measures were equivalent (P>0.05) between groups. 
 
As shown in Figure 1 (left panel), not only was plasma [AVP] higher in HYPO than EUH 
(P<0.01) and rising over time (P<0.01), but it was also higher in Untrained (P=0.02); 
particularly in HYPO in Untrained (fitness * hydration interaction: P=0.05). The right panel 
of Figure 1 shows the [AVP] response as a function of plasma osmolality. The [AVP] 
response sensitivity was approximated linearly for each participant using their 5 non-
resting/hydrated data pairs. The slope of the AVP response for Untrained participants (0.47 
±0.06 pmol·mosmol-1) was approximately double that of Trained participants (0.025 ±0.05; 
P=0.03), but response thresholds were equivalent (P=0.55).  
 
 
 
 
 

 
Figure 1: Plasma concentration of arginine vasopressin as a function of time (Left panel) and plasma 
osmolality (Right panel) in Trained and Untrained groups during fixed intensity and self paced 
exercise in EUH and HYPO trials (see methods for details). 
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A tendency for thirst in exercise to show Fitness differences across Hydration (P=0.05) was 
attributed to lower thirst by Untrained participants in EUH, because groups had similar thirst 
(average rating ~ 5 out of 9) during the dehydration phase of HYPO. Thus, trained 
participants were not less thirsty at matched levels of hypohydration and dehydration. When 
allowed to drink ad libitum (last 40 min in HYPO) Trained participants tended to ingest more 
than did Untrained (1.20 ±0.16 vs 0.88 ±0.16 L; P=0.19), in accordance with their higher 
sweat rates, such that end-exercise body mass for both fitness groups were equivalently below 
baseline (-2.0 ±0.3% [1.42 L] vs -1.6 ±0.2% [1.28 L]; P=0.39), and similar to the starting 
level of -1.8%. 
 
DISCUSSION 
Endurance-trained athletes responded to dehydration with equivalent perceptual (thirst) and 
behavioural (ad libitum consumption) responses as those of recreationally-active people, and 
thus maintained similar fluid balance during exercise. However, the athletes had a lower 
neuro-endocrine response ([AVP]plasma) across time and increasing plasma osmolality, which 
might reflect a peripheral adaptation, such as increased sensitivity of renal aquaporins to 
AVP. 
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REGIONAL DIFFERENCES IN HUMAN ECCRINE SWEAT 
SECRETION FOLLOWING THERMAL AND NON-THERMAL 

STIMULATION. 
Nigel A.S. Taylor, Christiano A. Machado-Moreira 

Human Performance Laboratories, University of Wollongong, Wollongong, Australia. 
Contact person: nigel_taylor@uow.edu.au 

 
INTRODUCTION 
In a previous communication (Taylor, 2000), we have shown, under open-loop conditions, 
that the skin has a generally uniform thermosensitivity. That is, with the exception of the face, 
sensory awareness and the feedback-effector relationship for sweating was surprisingly 
similar when body surfaces were presented with equivalent thermal stimuli (Cotter and 
Taylor, 2005).  
 
However, within the closed-loop state, there are many interactions between the cutaneous and 
central thermosensitive tissues. In fact, warm- and cold-sensitive hypothalamic neurons 
receive cutaneous, spinal and other central thermoafferent feedback, and these not only 
modify the firing rate of hypothalamic neurons, but also affect their sensitivity to core 
temperature changes. Thus, while open-loop experiments provide elemental detail pertaining 
to the characteristics of discretely-controlled thermoafferent signals, they do not necessarily 
inform us concerning the interaction of central and peripheral thermoafferents within closed-
loop systems, either during steady states or thermal transients. 
 
Therefore, the focus is this communication will be upon regional variations in human effector 
function during both endogenous and exogenous (passive) thermal loading, but with feedback 
loops closed (operating). The effector function of interest is eccrine sweat secretion, and we 
shall briefly overview this topic with respect to thermal and non-thermal stimulations prior to, 
and following thermal adaptation. 
 
THERMAL STIMULATION 
Sweat gland density: Eccrine gland density may powerfully affect segmental differences in 
thermal sweating. Kuno (1956) suggested that, during the first two years of life, the number of 
sweat glands present in adulthood is determined, with local climate influencing this process. 
Knip (1977) provided supporting evidence, but these data require experimental verification. 
While Szabo (1962) estimated that humans have about 3 million eccrine sweat glands, it has 
been demonstrated that the average gland density is inversely related to body surface area 
(Thompson, 1954; Kuno, 1956; Szabo 1962, 1967), with regional surface area growth during 
adolescence reducing local gland density, while the gland count remains stable. 
 
Thompson (1954) investigated active sweating using exercise and heating, and counted glands 
at 11 sites using the plastic-impression technique. However, the most extensive analyses of 
European skin specimens were performed by Szabo (1962, 1967), using surgical and biopsy 
samples taken from 350 donors (N=66 for the present comparisons). A large Asian cadaveric 
sample (N=74; Hwang and Baik, 1997) indicated lower gland density than reported by Szabo 
(1962). Data from all three studies are contained in Table 1. 
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Table 1: Sweat gland counts (glands.cm-2) from European and Asian population samples. 
Region Thompson (1954) Szabo (1962) Hwang and Baik (1997) 
Forehead 215 360 --- 
Chest 81 175 86 
Back 88 160 96 
Arm 111 150 98 
Forearm 114 225 96 
Thigh 86 120 118 
Leg 87 150 104 
Dorsal foot 194 250 144 

 
Resting sweat rates: It is generally recognised that, in heated resting subjects, sweating 
commences caudally, with recruitment at rostral areas commencing later (Hertzman et al., 
1953). There is even evidence for a dermatomal recruitment pattern (Randall and Hertzman, 
1953). Following the establishment steady-state sweating, the forehead is known to secrete 
the most sweat, with lower sweat rates being reported for the arms (Hertzman et al., 1953), 
hands (Weiner, 1945) and chest (Park and Tamura, 1992), with considerable variability 
among individuals. However, data pertaining to the distribution of sweating are far from 
complete, with most investigators studying a limited number of sites. Accordingly, we have 
very recently completed a more exhaustive series of projects, in which the local sweat rates of 
>50 sites were measured during rest, whilst subjects were passively heated. These data will be 
described in other presentations at this conference. 
 
Exercising states: We have previously shown that, during exercise, sweat recruitment patterns 
differ from those observed at rest (Cotter et al., 1995), with equivalent core temperature onset 
thresholds being evident among regions. Whilst all local sweat rates increase during exercise, 
inter-regional differences are still clearly evident, with the forehead and scapula consistently 
sweating more, and the chest, upper arm and thigh having less prolific secretion. More 
recently, we have extended these data to include steady-state and peak sweat rates in subjects 
exposed to combined exercise and passive thermal loading (core temperature >39oC). Data 
were collected from >40 sites, and these will also be described at this conference. 
 
Heat acclimation: Short-term heat adaptation does not alter the number of active sweat glands 
(Inoue et al., 1999), however, it does elicit a greater glandular flow during subsequent 
exposures, and this adaptation is consistently observed across ethnic groups (Taylor, 2006). 
Höfler (1968) reported heat acclimation to induce a peripheral redistribution of sweating, such 
that post-acclimation limb sweat rates appeared to be elevated more than at central body sites. 
Whilst data from several laboratories, including our own, are consistent with such a sweat 
redistribution, methodological limitations within these experiments may invalidate such an 
interpretation. In fact, when these limitations were addressed, we found that, while all limb 
skin regions increase secretion following humid-heat acclimation, only the forearm showed a 
greater elevation in sweat rate than the central sites (Patterson et al., 2004). The mechanism 
for these local adaptation variations may be related to differences in pre-experimental sweat 
gland capacity. During heat acclimation, glandular flow increases such that the inter-site 
variation in glandular capacities is reduced. We hypothesised that skin regions further away 
from their site-specific maximal glandular capacity (e.g. the forearm) will undergo the 
greatest increase in secretion (Patterson et al., 2004). Such increases do not represent a 
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systematic redistribution of sweating, but are merely the consequence of all sites 
asymptotically approaching their maximal capacities.  
 
NON-THERMAL STIMULATION 
A wide range of non-thermal factors are known to influence sweating, once it has become 
established. Indeed, this is a focus of an invited presentation at this meeting by Prof. Kondo. 
We are also investigating the non-thermal influences on sweating, but with a specific interest 
in how supra-medullary functions (cognitive processing), non-thermal peripheral feedback 
(pain), and non-thermal feedforward (static exercise) differentially modulate regional sweat 
secretion. Indeed, following the establishment of steady-state thermal sweating, we have 
evaluated the impact of these non-thermal influences in resting subjects, studying local sweat 
rates at more than 50 sites. These data will be presented at the conference. 
 
DISCUSSION 
We have previously shown foot that intra-segmental (foot) sweat rates cannot be assumed to 
be equivalent (Taylor et al., 2006). We can now extend this fact to include the head, arms, 
hands, torso and legs. Taken collectively, these facts force one to conclude that it is no longer 
acceptable for modellers, manufacturers of sweating manikins or clothing manufacturers to 
assume that either inter- or intra-segmental sweat rates are equivalent. 
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INTRODUCTION 
A research project was undertaken to gather information on regional sweat rates on the upper 
body of male and female runners during a typical training run of 60 minutes, with the aim to 
gather information to be used in running shirt design. Measurement of regional sweat rate has 
been attempted in many studies, and large amounts of data are available. The data from 
different studies differ massively however. Unfortunately, as sweat rates relate to the thermal 
state of the body, these results cannot necessarily be transferred to the current question. 
Further, most research only measured sweat rate in a single location of each body part (e.g. 
one small area each on chest, back, arm, leg, forehead) providing only general information. 
For this reason it was decided to measure the sweat rate distribution related to the specific 
application: runner’s shirts. 
 
Various techniques are available for measuring regional sweat rates. The main ones used are: 
(a) collection in pouches taped to the skin, (b) collection in filtration papers fitted in small 
capsules glued to the skin, (c) collection in absorbents pressed to the skin, (d) analysis of 
humidity increase in either closed or ventilated capsule pressed or glued to the skin, (e) 
measuring of size increase of sweat drops appearing on the skin. As the goal of the 
experiment was to measure a large number of locations, most techniques would be too 
complex and time consuming, making simultaneous measurement impossible. The ventilated 
capsule method was technically too complex and difficult to apply reliably during running. 
Hence it was decided to develop the absorbent method for use in this study. 
 
METHODS 
Nine female participants (age: 26.8 ±5.7 y, height: 169 ±4 cm, weight: 64.3 ±5.9 kg), and 
eight male participants (age: 28.4 ±7.7 y, height: 175.3 ±7.56 cm, weight: 72.9 ±6.67 kg) 
volunteered to participate in this study. All were fit and regular runners. They ran at a target 
heart rate between 150 and 160 bpm on a treadmill for one hour (ensuring equal relative 
workload), after which they rested in the same location for another 15 minutes. Absorbent 
sweat patches were individually sized, and applied at three times: between minute 30 and 35, 
between minute 45 and 50 and finally at the end of the rest period. The torso and upper arm 
was measured in 15 discrete areas. Weight changes and patch surface areas allowed 
calculation of sweat rates per region in g.m-2.h-1. In the investigated region, all skin was 
covered by the absorbent during the test period, to assure collection of all sweat, and to avoid 
sweat migrating between areas. Subjects wore normal running attire, and were towelled dry 
before applying the patches. Skin temperatures were measured using Infra Red Thermography 
of the dried, nude skin at the moments just before and after patches were applied. 
 
RESULTS AND DISCUSSION 
In the current experiment an attempt was made to gather sweating data specifically for the 
situation of a one hour (approximately 10 km) training run. Results showed very large 
variation in individual sweating, consistent with literature data. For the males, sweating on the 
back was highest, especially in the mid-line. Sweating was highest at the mid-central back 
area, then the top-central back followed by the mid-back sides, then the scapulas, the lower 
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back/waist area and finally the lower-back sides. The lower back around the waist showed the 
largest individual variation of all areas. Chest sweating was highest in the mid-front area, 
followed in order by the top front and bottom front. The top of the shoulder was similar to the 
average chest; the side slightly lower. The side of the arm had substantially lower sweat rates. 
Male sweating increased during the run from 502 g.m-2.h-1 after 30 min to 574 g.m-2.h-1 after 
45 minutes. Ten minutes after exercise stopped (time = 80 min), sweat rates had come down 
substantially to 147 g.m-2.h-1. 
 
The overall sweat rates in males (538 g.m-2.h-1) during the run were higher than those in 
females (481 g.m-2.h-1), though this average difference was only around 10%. Females 
sweated typically about 10% less in all areas, except the lower back sides, the arm, and the 
upper chest (with breast included), which have roughly equal sweat rates in both genders. The 
relatively higher sweat rates for the chest area (including the breasts) in the females may be 
due to the higher clothing coverage of this area, a sports bra, which  may have increased the 
local heat load. The regional sweat rate data give a consistent picture, matching overall sweat 
rates well. They are deemed a representative picture for this participant group in a 60-min 
training run. 
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INTRODUCTION 
The importance of the head in dissipating body heat and the prevention of heat illness under 
hot conditions is well recognised (Desruelle and Candas, 2000), although little is known about 
the local differences in sweat secretion within the head. In this study, we focussed on this 
sweat distribution, since such information will contribute significantly to our understanding of 
thermoregulation in general and of human sudomotor control in particular.  
 
Despite its relatively small surface area (6-7% of total area; Hardy and DuBois, 1938), the 
head is highly vascular, and has a surface area-to-mass ratio that favours heat loss. Indeed, 
heat loss per unit area is significantly higher from the head than most other body segments 
(Froese and Burton 1957; Rasch et al., 1991). In addition, when the body is covered with 
clothing, the head becomes a major avenue for heat dissipation, but this is adversely 
influenced by helmets and other headgear. Therefore, it is most important, either for the 
development of thermal (head) manikins or for the design of headgear, that the sweat 
secretion patterns of the head are known across a wide range of thermal loads. In this project, 
the sweating responses of nine non-glabrous (hairy) skin surfaces of the scalp and the 
forehead were measured in shaved males.  
 
METHODS 
Ten healthy and physically-active males (25.5 SD 2.7 y; 74.8 SD 8.4 kg; 178.7 SD 9.0 cm) 
participated in hot-humid trials (36oC, 60% relative humidity) involving 30 min rest, followed 
by incremental cycling (increasing from 50 W by 25-W steps every 15 min), whilst wearing a 
heated water-perfusion garment (46oC: Cool Tubesuit, Med-Eng, Ottawa, Canada). Before 
testing, each subject’s head was shaved and instrumented. Trials were terminated when core 
temperature exceeded 39.5oC for 2 min (N=1) or at volitional fatigue (N=9). The average 
exercise duration was 55.6 min (range: 45-69 min).  
 
Ventilated sweat capsules (3.16 cm2) were used to measure local sweat rates from the 
forehead, and nine sites inside the hair line: three lateral sites on each side; two top sites; one 
rear site (Figure 1; Clinical Engineering Solutions, NSW, Australia). Local sweat rates were 
recorded from six sites simultaneously, with the four remaining sweat capsules ventilated 
with room air to avoid saturation. During rest, only six sites were investigated, while during 
exercise, capsules were connected to the sweat system in a rotating pattern, leaving two 
capsules always connected. Two trial sequences were established, with five subjects 
participating in each sequence. Capsule changes were completed within about 2 min, and this 
rotation pattern was continued until the trial terminated. 
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Figure 1: A chrome dome following preparation. 
 
Auditory canal (insulated) and skin temperatures (Edale instruments Ltd., Cambridge, U.K.) 
were recorded at 5-s intervals (1206 Series Squirrel, Grant Instruments Pty Ltd., Cambridge, 
U.K.). Skin temperatures from eight regions were used to derive an area-weighted mean skin 
temperature (ISO 9886:1992), with skin temperatures next to each sweat capsule also being 
recorded. Heart rate was also monitored (Vantage NV, Polar Electro SportTester, Finland). 
 
RESULTS 
During passive heating (rest), core temperature and heart rate increased from 36.7oC and 72 
b.min-1 by 0.25oC and 18 b.min-1 (P<0.05), peaking at 39.1oC and 178 b.min-1 (P<0.05) 
during incremental exercise. 
 
Local sweat rates increased in an approximately linear manner at all sites, before approaching 
asymptotes at about 100 W. From these data (Figure 2), it is evident that forehead sweat 
secretion was always the highest, with secretion from the top of the head being the lowest at 
each work rate.  
 
Since sweat rates from matching right and left lateral sites did not differ significantly 
(P>0.05), they were combined for subsequent analyses. This also applied to the two sites on 
the top of the head. Thus, sweating responses from six head sites were compared, five of 
which were located inside the hairline: forehead, lateral 1 (front), lateral 2 (middle), lateral 3 
(rear), top of the head and the rear head surface (Figure 2).  
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Figure 2: Inter-site differences in head sweat secretion at rest and during incremental exercise 
in the heat. Data are means with standard errors of the means. 
 
From these time series data (Figure 2), two-way ANOVA revealed a significant main effect for 
measurement site when the forehead was compared with each of the other locations (P<0.05). 
Similar main effects also existed for comparisons between the top of the head and each of the 
other loci (P<0.05), except for the rear of the head (P=0.06). In addition, significant site by 
time interactions were evident for the comparisons between each of the lateral sites and the 
top of the head (P<0.05), and between the lateral 1 site and the rear of the head (P<0.05). That 
is, the site-specific differences in sweat secretion seen at these sites during lower thermal 
strain became more marked as time progressed. 
 
Local sweat rates during exercise were averaged across the exercise duration to provide a 
global view of regional sweating. A significantly greater sweat secretion was observed at the 
forehead (P<0.05), followed by lateral regions, rear and top sites in decreasing order. In 
addition, sweat secretion at the top of the head, which was only 30% of that observed at the 
forehead, was significantly lower than at the lateral 1 site (P<0.05). The lateral 1 sweat rate 
corresponded to 63% of forehead sweating, lateral 2 was 53%, lateral 3 was 56%, and the rear 
site attained only 45% of the sweat rate observed at the forehead. Nevertheless, no significant 
differences were observed among the sweat rates for the lateral and rear sites. 
 
DISCUSSION 
Two primary observations arise from these data. First, forehead sweat rate exceeded the 
secretion rates measured at each of the non-glabrous (hairy) sites of the head. Second, the top 
and rear areas of the head produced the least sweat.  
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Such differences could be explained on the basis of differences in local skin temperatures, 
sweat gland densities or local differences in glandular flows. However, our data revealed no 
significant differences among the skin temperatures for the ten head sites. Whilst forehead 
sweat gland density has been reported as one of the highest (Szabo, 1967), there is lack of 
information regarding sweat gland density and flow across the scalp.  
 
A number of head manikins and other head forms have been built to investigate the impact of 
headgear and helmets on physiological responses (Liu and Holmer, 1995; Hsu et al., 2000; 
Bruhwiler, 2003). The current study provides a unique description of the sweating distribution 
within the head, which may represent a useful contribution for those interested in simulating 
the human head thermal responses, and developing helmets and headgear that are most likely 
to enhance evaporative cooling and thermal comfort.  
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INTRODUCTION 
There are sex- and menstrual cycle-related differences in heat loss effector function (1-3). 
During passive heating, we have found that heat loss in women, as compared with men, 
depends more on cutaneous vasodilation than on sweating and that the lower rate of sweating 
(SR) in women is attributable to lower sweat output per gland (SGO) and not to a lower 
number of activated sweat glands (ASG) (1). The sex differences in sweating probably result 
from differences in reproductive hormones, because testosterone promotes sweating and 
estrogen inhibits it (4). Sweating is enhanced by physical training in both genders (2, 3), and 
the increase in testosterone with physical training is considerably greater in men than in 
women (5). Based on these results (2-5), the effects of physical training on sweating should 
be more marked in men than in women. However, it is not yet clear whether sex differences 
exist in the effects of physical training on sweat gland function, especially on SR, ASG, and 
SGO. In this study, we compared the exercise- and acetylcholine-induced sweating in 
physically trained (TF) and untrained (UF) females and males (TM, UM), to test the 
hypothesis that enhanced sweat gland function with training is inferior in women compared 
with men. 
 
METHODS 
This study consisted of two tests: exercise test and acetylcholine (Ach) iontophoresis test. 
Thirty-seven volunteers (10 TF, 10 UF, 8 TM, and 9 UM) participated in the exercise, and 69 
volunteers (17 TF, 25 UF, 14 TM, and 13 UM) participated in the iontophoresis test. Except 
for gymnastics lessons, the UF and UM had not performed regular physical activity in the 
previous 3 years. The TF and TM had participated in endurance sports for more than 6 years. 
All of the female subjects had self-reported regular menstrual cycles of about 28 days and 
were tested during the mid-follicular phase. Maximal oxygen uptake (VO2max) was estimated 
using submaximal cycling. Experiments were conducted between Sept-Oct (2005-06). 
 
Exercise test. Subject cycled in a semi-reclining position in a climatic chamber (28°C and 
45% RH) for 60 min, then performed a continuous graded cycling at intensities of 35, 50 and 
65% of VO2max for 20 min, without rest between intensities, in room air at 30°C and 45% RH. 
During the test, SR was measured on the forehead, chest, back, forearm and thigh using 
ventilated capsules (capacitance hygrometry). The number of ASG was determined at a site 
adjacent to the sweat capsule using the starch-iodide technique during three exercise periods, 
15-20, 35-40, and 55-60 min. The SGO at each site 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 an electrocardiogram. 
The mean SR, number of ASG, and SGO for five body sites were calculated during the last 5 
min (15-20, 35-40, and 55-60 min) at each exercise intensity. 
 
Acetylcholine iontophoresis test. The tests were conducted in the sitting position, on a chair in 
the testing chamber (25°C and 50% RH). Subjects were administered 10% Ach solution on 
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the forearm and thigh skin using iontophoresis (direct current of 2 mA for 5 min), after a 45-
min equilibrium period. The Ach-induced SR was measured continuously for 7 min 
immediately after the current was stopped, and the mean SR was calculated using the data for 
the last 5 min. Immediately after the Ach-induced SR measurement, the ASG density was 
determined using the starch-iodide technique. The oral (Tor) and skin (Tsl; at the forearm and 
thigh) temperatures were measured during the equilibrium period using thermistor probes. 
 
RESULTS 
Exercise test. The TF (54 ±2 ml/kg/min) and TM (57 ±2 ml/kg/min) had significantly higher 
VO2max than the UF (43 ±1 ml/kg/min) and UM (47 ±1 ml/kg/min), respectively. No sex 
differences in the VO2max were observed for the TF versus TM or UF versus UM groups. The 
Tre, Tb, and HR values increased significantly with exercise intensity in each group. However, 
there were no group differences in the Tre, Tb, HR, or Tsk values at rest or at the end of 
exercising at 35, 50, and 65% of VO2max.  
 
The mean SR increased in all groups (Figure 1), and was significantly greater in the TF group 
than in the UF group at all exercise intensities, and significantly greater in the TM group than 
in the UM group at 50% and 65% VO2max. The SR was significantly lower in the TF group 
than in the TM group at 50% and 65% VO2max, and tended to be lower in the UF group than in 
the UM group only at 65% VO2max. Moreover, the slope of the relationship between exercise 
intensity and the mean SR was significantly greater in the TM group than in the other groups, 

and was greater in the TF group than in the 
UF group; the slope was similar between the 
TF and UM groups. No marked group 
differences were observed in the mean ASG 
at each exercise intensity. The mean SGO 
increased significantly with exercise 
intensity in all groups. The SGO was 
significantly greater in the TF and TM 
groups than in the UF and UM groups at 
50% and 65% VO2max, respectively. As for 
the SR, the effect of physical training on the 
SGO was marked with an increase in 
exercise intensity and was more remarkable 
in the men than in the women.  
 
 

 

Figure 1. Sweating rate (SR), active sweat 
glands (ASG), and sweat gland output 
(SGO) during cycling exercise at each 
intensity (35%, 50%, and 65%VO2max) in 
physically trained (TF) and untrained (TF) 
females and trained (TM) and untrained 
(UM) males. Values are means ± SEM.    * 
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 Acetylcholine iontophoresis test. The TF (50 ±2 
ml/kg/min) and TM (57 ±2 ml/kg/min) subjects had 
significantly higher VO2max than the UF (41 ±1 
ml/kg/min) and UM (39 ±2 ml/kg/min). The TF group 
had a significantly lower VO2max than the TM group, 
whereas there were no sex differences in VO2max for 
the UF versus UM groups. The Tor was significantly 
lower in TF (36.5 ± 0.1°C) than TM (36.7 ± 0.1°C), 
UF (36.7 ± 0.1°C), and UM (36.7 ± 0.1°C) Although 
no physical training effects were observed for the Tsl 
on the forearm and thigh in women or men, the TF and 
UF groups exhibited a lower Tsl value than the TM and 
UM groups, respectively. Nevertheless, the sex 
differences (0.4–0.7°C) were not large.  
 
The Ach-induced SR on the forearm and thigh was 
significantly greater in the TF and TM than in UF and 
UM groups, and was lower in the TF and UF groups 
than in TM and UM (Figure 2). No group differences 
were observed in the Ach-induced ASG value on the 
forearm and thigh. The sex- and physical training-
related differences in the Ach-induced SGO 
completely matched the differences for the Ach-
induced SR. The effects of physical training on the 
Ach-induced SR and SGO were no more marked in 
women than in the men, as were the exercise-induced 
SR and SGO responses. 
 
DISCUSSION 
The main findings of this study were as follows. First, 
physical training enhanced the exercise- and Ach-
induced SR in both sexes. Second, the degree of 
enhancement of the SR with physical training was 
smaller in women than in men. Finally, the enhanced 
SR with physical training and the sex difference in the 
effects of physical training on the SR were mainly 
attributable to lower SGO and not to changes in the 
number of ASG.  
 
Sato and Sato (6) reported that the sweat glands of 
subjects judged to be poor sweaters were smaller, 
showing lower secretion activity and decreased 
cholinergic sensitivity compared with glands from 
physically fit subjects. Based on this result, it has been suggested that physical training 
improves the size or cholinergic sensitivity of sweat glands in women and men, and there are 
sex differences in the improvement in the size or cholinergic sensitivity of sweat glands. This 
suggestion was supported by the results of the Ach-induced SR and SGO in this study.  
 
Kawahata (4) reported that testosterone enhanced the sweating response and that estradiol 
inhibited it. Moreover, Araki et al. (7) indicated that the exercise-induced SR increased 

Figure 2. Sweating rate (SR), 
active sweat glands (ASG), and 
sweat gland output (SGO) on the 
forearm and thigh during the 
acetylcholine iontophoresis test 
in physically trained (TF) and 
untrained (UF) females and 
trained (TM) and untrained (UM) 
males. Values are means ± SEM. 
* p < 0.05 physical training-
related difference in women or 
men, † p < 0.05 sex difference in 
the trained or untrained group. 
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dramatically after puberty in boys, no sex differences in the SR were observed in prepubertal 
children, and the degree of increase in the SR with physical training is considerably smaller in 
prepubertal children than in young men. They discussed how these three properties of the SR 
are related to the marked increase in testosterone that occurs after puberty in boys, the lack of 
a sex difference in testosterone in prepubertal children, and the absence of a marked increase 
in testosterone with physical training in prepubertal children, respectively. Furthermore, 
testosterone is not increased dramatically after puberty in females, and the degree of increase 
in testosterone with physical training in women is considerably smaller than in men (5). 
Together with the findings of previous studies (4, 5, 7), our results suggest that the sex 
difference in the relative increase in testosterone with physical training is reflected in the 
effects of training on sweat gland size and cholinergic sensitivity. 
 
DISCUSSION 
The measurements of exercise- and Ach-induced SR, ASG, and SGO demonstrated that 
physical training improved sweat gland function peripherally in women and men, that the sex 
differences in sweat gland function were more marked in physically fit persons than in unfit 
persons, and that the improvement in sweat gland function was inferior in women compared 
with men. 
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EXPERIMENTS AND ANALYSIS OF SWEATING CONTROL IN 
HUMAN THERMOREGULATION SYSTEM 

Shintaro Yokoyama, Takafumi Maeda and Masashi Kuramae, 
Hokkaido University, Sapporo, Japan 

Contact person: yokoyama@eng.hokudai.ac.jp 
 

INTRODUCTION 
We examined our mathematical model of human sweating, which is an important 
thermoregulatory mechanism. We performed physiological experiments to quantify the 
characteristic differences among younger males, younger females and elderly persons. By 
using measured results of sweating rate, we evaluated the validity the present mathematical 
model for the control of sweating. The results showed there were no great sweating 
differences among the three groups. Secondly, it was observed there were not wide seasonal 
differences in sweating between the summer and winter for each of three groups. Therefore, it 
was concluded that the present mathematical model of sweating rate was suitable for use not 
only with younger males, but also with younger females and the elderly. 
 
METHODS 
Mathematical Model of Sweating: The present mathematical models of sweating control 
expressing local characteristic of each segment are as follows. Local perspiration rate (Ei; 
W/m2) could be predicted using Equations 1 and 2. 
Ei = i (Thy Thy0)+ (Tsm Tsm0) exp{(Tsi Tsm0)/ } dTsm/dt - 0 0  Eqn. 1 
Ei = i (Thy Thy0)+ (Tsm Tsm0) dTsm/dt 0 exp{(Tsi Tsm0) / } 
dTsm/dt - 0 0  Eqn. 2 

where: t: time [min], Thy : hypothalamic temperature [ ], Tsm: mean skin temperature [ ], Tsi : 
local skin temperature in i-th compartment [ ], Thy0 : set point of hypothalamic temperature [ ], 
Tsm0 : set point of mean skin temperature [ ], εi : coefficient of local perspiration rate at i-th 
compartment [-], γ: numerical value with perspiration control effect •(W/m2)/( /min) , r0 : 
numerical value with perspiration control effect [ /min . 
 
The present mathematical models were based on the experimental results of male subjects. 
 
Experimental Procedures: We performed subjective experiments to quantify the characteristic 
differences of sweating control among younger males, younger females and elderly persons. 
By using measured results of sweat rate, we also evaluated the validity the present 
mathematical model for the control of sweating to all three groups. The number of younger 
male, female and elderly subjects were nine, six and eleven, respectively, and their physical 
characteristics are shown in Table 1. 

The experiments were performed at a climatic chamber of the Laboratory of Environmental 
Ergonomics, Hokkaido University in the summer of 2006. All subjects wore the same type of 
T-shirt and short pants. The feet and the crura were immersed in hot water of 42•. The 
sublingual temperature and skin temperatures of seven points were measured with thermistor. 

Table 1. Physical characteristics of the three groups. 

 Age [age] 
Height 
[cm] 

Weight 
[kg] 

Male 24.1±2.73 174.4±3.65 63.4±4.72 
Female 21.5±1.38 161.8±6.59 52.7±3.93 
Elderly 72.3±2.73 149.3±3.77 51.6±7.77 
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In addition local sweating rates of four parts were measured with the capsule method. Ta and 
RH in the climatic chamber were controlled at 26• and 40%, respectively. 
 
RESULTS 
The mean time for initiating sweating after hot-water immersion for all 26 subjects was 9.6 
min (S.D. 6.5 min). The sublingual threshold temperature was 37.05 ±0.20•. The mean skin 
temperature, except for the immersed feet and the crura region, in hot water was 34.09 
±0.81•. Table 2 summarizes the measured results of initiate time [min] of sweating, the 
sublingual and the mean skin temperatures in air of the younger male subjects. Tables 3 and 4 

show those of the younger female and the 
elderly subjects, respectively. The results 
showed there were not great differences in 
the sublingual temperature and mean skin 
temperature at the initiation of sweating 
among the three groups.  
 

 
Table 4. The measured initiate time [min], sublingual and 

mean skin temperatures [oC] of elderly subjects. 
Subject 
Code 

Initiate Time 
[min] 

Sublingual 
Temp [oC] 

Mean Skin 
 Temp. [oC] 

I.A 3 36.80 33.62 
U.F 7 37.01 34.16 
S.F 8 37.22 34.10 
K.S 10 36.59 34.04 
T.T 10 37.03 35.16 
N.A 11 37.05 32.26 
M.H 12 36.93 34.97 
I.Y 15 37.48 34.86 

K.M 21 36.97 34.37 
I.K 24 36.93 33.90 

Y.M 24 37.10 34.21 

Mean 13.2 37.01 34.15 
S.D. 7.0 0.23 0.79 

 

Table 2. The measured initiate time [min], sublingual and 
mean skin temperatures [oC] of male subjects. 

Subject 
Code 

Initiate Time 
[min] 

Sublingual 
Temp [oC] 

Mean Skin 
 Temp. [oC] 

S.D 1 37.35 34.89 
Y.F 4 36.81 35.19 
N.K 5 36.97 33.20 
N.N 5 37.01 33.22 
B.H 5 37.23 34.46 
S.K 6 36.92 34.12 
A.T 8 36.87 33.12 
I.T 12 37.45 34.96 
K.R 12 37.14 34.10 

Mean 6.4 37.08 34.14 

S.D. 3.6 0.22 0.81 
Table 3. The measured initiate time [min], sublingual and 

mean skin temperatures [•] of female subjects. 
Subject 
Code 

Initiate Time 
[min] 

Sublingual 
Temp [•] 

Mean Skin 
 Temp. [•] 

N.S 0 36.99 33.76 
K.M 2 36.97 34.64 
N.M 10 37.08 33.93 
K.E 12 37.12 33.42 
O.M 14 36.76 33.90 
N.S 14 37.18 33.48 

Mean 8.7 37.02 33.86 

S.D. 6.2 0.15 0.44 
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DISCUSSION 
Therefore, it was concluded that the present mathematical model of sweat rate was suited not 
only for younger males, but also for younger females and the elderly. 
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Villeneuve d'Asq - France. 

Contact person: G.Havenith@lboro.ac.uk 
 
 
INTRODUCTION 
As recently demonstrated by Taylor et al. (2006), all regions of the foot participate in 
thermoregulatory sweating when under sufficient thermal and exercise loading. Their 
measurements were taken using capsules during one-legged cycling with the measurements 
taken on the passive foot only, assuming equal sweat rates in the passive foot to the contra-
lateral active foot. The reason for using the passive foot is the problem that the capsules 
cannot easily be used inside footwear, and that the capsule connection tubing is difficult to 
keep in place on moving feet. The current study therefore made an attempt to investigate local 
sweat rates of an active foot while walking uphill for 65 minutes. Furthermore, during the 
present study walking boots and socks were worn. To our knowledge, no other study has 
measured sweat rates on an exercising foot.  
 
 
METHODS 
Nine regularly active males completed a 65-min uphill treadmill walk (5 km.hr-1, 10% grade) 
carrying a 15-kg backpack with ambient conditions of 25.9 ±0.6ºC and 48.6% relative 
humidity. Sweat rates were measured using an absorption method developed in our 
laboratory. Briefly, proportional patches of a non-woven absorbent material were applied to 
pre-determined zones for 10 minutes on the right foot. The foot was divided into 6 zones: 3 
plantar regions (toes, mid-sole and heel), and three dorsal regions (medial, central and lateral). 
A 5 x 2.5cm patch was also taped to the forehead. Sweat rates were calculated from the 
change in mass of the patches before and after application and expressed in g.m-2.hr-1. Sweat 
rate was measured for 10 min, 3 times during the trial: at 0 min, 30 min and 50 min. Local 
foot temperatures were estimated from infra-red thermal images of the towel-dried skin taken 
at baseline and after each sweat sampling period. Cardiac frequency (fc) was measured every 
15 sec, whereas auditory canal temperature (Tau) was measured at the start and end of the trial.  
 
 
RESULTS 
Cardiac frequency averaged 127.13 beats.min-1 and Tau increased by an average of 0.5ºC. The 
local foot temperatures were uniform across the zones, starting at 29.4ºC and stabilising at 
34.9ºC by the end of the trial. Foot sweat rates increased from 212 to 416 and 366 g.m-2.h-1 
and forehead ranged from 150 to 598 and 638 g.m-2.h-1across the 3 sample periods. Forehead 
sweating was lower than all foot samples at the first sample but had the highest sweat rate for 
the 2nd and 3rd samples. For the 2nd and 3rd samples, the sweating pattern was similar with all 
plantar regions producing less sweat than the dorsal regions (33% and 66% of total foot sweat 
respectively). These percentages concur with Taylor et al. (2006) who reported 30% and 70% 
of foot sweat being produced on the plantar and dorsal regions respectively. There was a 
tendency for sweating to be slightly reduced towards the end of the walking period, especially 
on the dorsal regions, which may indicate hidromeiosis.  
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DISCUSSION 
There was a consistent sweating pattern with the dorsal regions having a higher sweat rate 
than the plantar regions, although all regions exhibited a tendency towards hidromeiosis by 
the end of the trial.  
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Contact person: C.J.Smith@lboro.ac.uk 

 
INTRODUCTION 
A number of studies have been conducted on regional sweat rates. However, data vary 
considerably. A problem with much of the work conducted in this field is that sweat rates are 
related to the thermal state of the body. The use of different thermal states during these 
studies means that many of the results are not directly comparable. Data have tended to show 
great individual variation in regional sweat rates. Another issue is that much of the research 
has only measured sweat rates in a single location of each body region, consequently 
providing data that is specific to only a limited area of skin. This is mainly a result of the use 
of ventilated capsules as the predominant method of sweat collection, which only measure an 
area of 2-3 cm2. To obtain more detailed information regarding regional sweat rates, an 
absorbent method of sweat collection has been developed which allows the simultaneous 
measurement of large areas of the body. The aim of this experiment was to quantify regional 
sweat rates on the arms and hands of male squash players, and to gather baseline 
physiological data which can be used to aid in the design and development of racket sports 
equipment.  
 
METHODS 
Ten male subjects (age: 38 ±13 years, height: 176 ±6.3 cm, weight: 77.6 ±6.3 kg) who were 
regular squash players, attended the Human Thermal Environments Laboratory for two 
sessions. The first was a measurement session, during which arm and hand dimensions were 
taken for the calculation of absorbent pads. The second was an experimental session which 
was conducted in a glass backed squash court at an ambient temperature of 26.1±1.8°C and 
relative humidity of 67±6% to simulate summer conditions and induce thermal sweating. 
Following the measurement session, two sets of absorbent pads were produced for each 
subject. These were weighed inside labelled airtight bags, in which they were stored until 
testing. A total of 8 pads were used, covering the anterior and posterior upper and lower arm. 
Cotton gloves were used for sweat collection on the hands, with latex gloves placed over them 
to prevent the evaporation of sweat during the test periods. To limit the migration of sweat 
between zones of the glove small incisions were made across the base of each finger.  
 
On arrival to the experimental session subjects were provided with shorts and t-shirt and then 
weighed. Infra red images of the nude, dried, skin were taken prior to testing, before and after 
each pad application, and immediately after testing to monitor skin temperature. Resting heart 
rate and aural canal temperature were taken before subjects warmed up, with heart rate 
monitored throughout the experiment at 15 second intervals. The subject played squash for a 
total of 60 minutes against another player who was not being tested. The subject could drink 
water freely during the experiment to prevent dehydration, with volumes recorded. The target 
heart rate of the subject during the testing was 140-160 beats per minute (bpm), which was set 
to the control workload. Sweat samples were taken at 25 min and 50 min during the 
experiment, for a duration of 10 min. The subjects removed the shirt and towelled the skin dry 
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. Cotton gloves were applied to the hands 
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and latex gloves were placed over the top. Immediately following the sample period the pads 
were returned to their airtight bags and sealed. The cotton gloves were cut along the borders 
of the palm, back of the hand, and the fingers, before being placed in individual airtight bags. 
Between the two sample periods, pre-weighed wristbands and absorbent pads were applied to 
each wrist on the subject. Following the 60-min squash session, the weight and aural canal 
temperature of the subject were recorded. On completion of the experimentation all pads were 
reweighed inside their airtight bags. The surface area of each pad 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 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 length of time the pad was applied to the skin.  
 
RESULTS 
The data indicate large variation in both individual regional sweat rates and gross sweat loss. 
For example, sweat rates for the back of the right hand varied from 160 to 940 g.m-2.h-1 

between subjects, whilst those for the right posterior lower arm range from 184 to 989 g.m-2.h-

1. This large variation in sweat rate can be seen across all of the regions which were tested. 
Individual gross sweat loss ranged from 278 to 997 g.m-2.h-1. Figure 1 illustrates the median 
sweat rates for the arms and hands during both sample periods, in addition to the wristbands  
which were worn between the two samples. Sweat rates were higher on the arms than the 
hands, however the wrists showed the highest values.  
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Figure 1. Median sweat rates (g.m-2.h-1) and interquartile range for the arms and hands 
during a 60-min squash session, with the wristbands applied between samples.  
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Figure 2 shows the skin temperature of nude, dry skin during the experiment. An increase in 
skin temperature can be observed following the application of pads, followed by a decrease 
once the pads had been removed. The increase in skin temperature following the second 
sample period was smaller than that following the first sample period.  
 

 
DISCUSSION 
Any method used in the collection of sweat will itself interfere with the sweat rate to some 
degree. For absorbent use, two factors may cause opposing effects: an increase in skin 
humidity may be expected during sampling periods using the absorbent method, acting to 
lower the regional sweat rate due to hidromeiosis. Conversely, an increase in skin temperature 
may occur, as observed in the results, serving to artificially increase the regional sweat rate. 
These factors were minimised during testing due to pad application time not exceeding 10 
minutes, although an increase in skin temperature, particularly for the first sample period, was 
observed following sample periods.  
 
Data showed large variation in individual sweat rates, however the patterns across regions 
were quite consistent. All subjects were physically active, which implies there will be some 
degree of acclimatisation with regards to their sweat rate. Sweat rates were observed to be 
highest on the lower anterior and posterior arm, followed by the back of the hand. Regions 
showing the lowest sweat rates were the anterior and posterior upper arm, followed by the 
thumb, and finally the fingers and palm. The regions showing the highest sweat rates showed 
median values of 643 g.m-2.h-1 and 567 g.m-2.h-1for the anterior lower and posterior lower arm 
respectively. The regions showing the lowest sweat rates provided values of 179 g.m-2.h-1 for 
finger 2 (middle finger) and 192 g.m-2.h-1 for finger 4 (little finger). Sweat rates were slightly 
lower in the second sampling period, however a decrease in heart rate was observed 
indicating a reduction in the intensity of exercise. High sweat rates on the wrist bands, which 
were worn with no other pads in place at that time, indicated there was a migration of sweat 
down the arm, in addition to the sweat produced at the wrist itself. This finding has an 
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important role in the design of racket sports equipment, in particular grip design, and shows 
the relevance of the use of sweat absorbing wristbands in preventing sweat from the arm 
reaching the hand.   
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INTRODUCTION 
The hand is one of the most closely studied body segments with respect to sweat secretion, 
with previous research focussing on its neural control, secretion differences between glabrous 
and non-glabrous (hairy) skin surfaces, and upon the impact of thermal and non-thermal 
stimuli on sudomotor function. It is generally considered that the glabrous palmar surfaces are 
adrenergically activated during times of mental or emotional stress, while the non-glabrous 
dorsal surfaces are cholinergically innervated, and respond to thermal stimuli (Wolf and 
Maibach, 1974). However, surprisingly little is known concerning the regional distribution of 
sweating within the palmar and dorsal surfaces of the hand. Therefore, in this project, we 
investigated the distribution of sweating within the hand, and measured sweat rates from ten 
sites on the dorsal and palmar surfaces during mild hyperthermia. 
 
METHODS 
Ten healthy and physically-active adults, 5 males and 5 females (25.8 SD 2.6 y; 70.9 SD 8.8 
kg; 176.4 SD 8.9 cm), rested for 40 min in a heated, climate-controlled chamber (36oC, 60% 
relative humidity), whilst wearing a whole-body, water-perfusion suit (Cool Tubesuit, Med-
Eng, Ottawa, Canada) perfused with water at 40oC. Subjects then performed semi-recumbent, 
incremental cycling (increasing from 50 W by 25-W steps every 15 min). Trials were 
terminated when core temperature exceeded 39.5oC for 2 min (N=1) or at volitional fatigue 
(N=9). The average exercise duration was 61.2 min (range: 45-75 min). 
 
Local sweat rates were measured using ventilated sweat capsules (1.40 and 3.16 cm2) 
positioned at the forehead (reference) and at ten sites of the left hand, distributed across the 
palmar and dorsal skin surfaces (Figure 1; Clinical Engineering Solutions, NSW, Australia). 
Palmar sites: palm (centre), thumb (distal phalanx); index finger (proximal phalanx), middle 
finger (distal phalanx) and little finger (middle phalanx). Dorsal sites: dorsal hand (over the 
2nd, 3rd and 4th metacarpal bones), thumb (distal phalanx), index finger (distal phalanx), 
middle finger (proximal phalanx) and little (middle phalanx). 
 
Only six sweat rates could be recorded simultaneously, so the five remaining capsules were 
ventilated with room air to sustain a dry skin surface. During rest, only six sites were 
investigated, while during exercise, capsules were connected to the sweat system in a rotating 
pattern, leaving one capsule always connected (palm). To control this pattern, two trial 
sequences were established, with five subjects participating in each sequence. Subsequently, 5 
min prior to each work rate increase, sites of sweat measurement were changed so that the 
five remaining sites were now connected to the sweat system. Changes were performed 
manually, and were completed within 2 min. This rotation pattern was then continued until 
the trial terminated. 
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Figure 1: Sweat capsules secured to five dorsal and five palmar sites. 
 
Auditory canal (insulated) and skin temperatures (Edale instruments Ltd., Cambridge, U.K.) 
were recorded at 5-s intervals (1206 Series Squirrel, Grant Instruments Pty Ltd., Cambridge, 
U.K.). Skin temperatures from eight regions were used to derive an area-weighted mean skin 
temperature (ISO 9886:1992), with six skin temperatures from dorsal and palmar surfaces of 
the hand also being recorded. Heart rate was also monitored (Vantage NV, Polar Electro 
SportTester, Finland).  
 
RESULTS 
From pre-exposure values of 36.9oC and 77 b.min-1, core temperature and heart rate increased 
by 0.3oC and 5 b.min-1 during the 40-min rest period (P<0.05). During incremental exercise, 
the heart rate was driven to 92% of its age-predicted maximum (194 b.min-1), while the mean 
terminal core temperature was 39.3oC (P<0.05). 
 
Forehead sweat secretion always exceeded that measured at the hand sites (P<0.05), and, on 
average (2.90 mg.cm-2.min-1), this was approximately 30% greater than that recorded from the 
most prolific sweat secretion site of the hand (dorsal surface; capsule 2 Figure 1). The mean 
sweat rate of the hand (averaged across all sites) during exercise was 1.58 mg.cm-2.min-1. On 
the palmar surface, a proximal-to-distal increase in sweat rate was observed, with the lowest 
sweat rate measured at the palm (centre) and the highest, at the distal phalanges of the middle 
finger and thumb (P<0.05). Conversely, no significant secretion differences were evident 
among the dorsal sites (P>0.05). Due to this sweating distribution pattern, eight regions were 
compared in the subsequent analyses: dorsal distal (distal phalanges of index finger and 
thumb), dorsal medial (middle phalanx of little finger), dorsal proximal (proximal phalanx of 
middle finger), palmar distal (distal phalanges of middle finger and thumb), palmar medial 
(middle phalanx of little finger), palmar proximal (proximal phalanx of index finger), dorsal 
hand and palm. Data for these eight sites (during rest and exercise) are shown in Figure 2. 
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Figure 2: Inter-site sweat rate differences from palmar and dorsal surface of the hand during 
rest and incremental exercise in the heat. Data are means with standard errors of the means. 
 
Local differences in sweat secretion existed at rest, and these were accentuated as the work 
rate increased (Figure 2). Significant main effects for measurement site were present (two-
way ANOVA) when palmar sweating was compared with each of the other hand locations 
(P<0.05), when comparing the palmar proximal and medial sites with each site on the dorsal 
surface of the hand (P<0.05), and when the palmar distal sweat secretion was compared with 
that from each of the other palmar surfaces (P<0.05). Significant site by time interactions 
were evident for the comparisons between the palm and each of the other hand sites (P<0.05). 
For similar inter-site comparisons, the proximal palmar site differed significantly from the 
palm, the dorsal proximal and the palmar medial sites (P<0.05).  
 
Local sweat rates were averaged over the entire exercise duration to provide an overall view 
of the sweating distribution for the hand surfaces. Palmar sweat rate remained lower than all 
other regions of the hand (P>0.05). The palmar medial sweat rate was also lower than that 
observed from the dorsal hand and palmar distal sites (P<0.05). When normalised to forehead 
sweating, mean sweat secretion from the palm represented only 13% of that observed at the 
forehead, while sweating from the other hand sites corresponded to 42-73% of the forehead 
sweat rate: palmar medial (42%), palmar proximal (48%), dorsal medial (58%), dorsal 
proximal (61%), dorsal distal (64%), palmar distal (72%) and dorsal hand (73%). 
 
DISCUSSION 
To the best of our knowledge, the current data provide the first detailed view of sweating 
from the glabrous and non-glabrous surfaces of the hand during exercise-induced, mild 
hyperthermia. From these data, it is apparent that sweat secretion from the hand is not 
uniformly distributed, with the dorsal aspect accounting for approximately 65% of the total 
sweat flow. This resembles the overall sweat secretion pattern of the foot (Taylor et al., 
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2006). In addition, the distal palmar phalanges (finger pads) are the most responsive sites of 
the palmar surface to thermal loading, with sweat secretion at these loci being similar to that 
of the dorsal surfaces of the hand.  
 
Whilst one may intuitively associate high sweat flows with sites of greater gland density, this 
pattern is not evident for either the hand (Figure 2) or the foot (Taylor et al., 2006). Indeed, 
sweat glands counts, and the number of active sweat glands per square centimetre seems to be 
greater at the palm, although the thermally-induced glandular flow appears to be extremely 
low at this site (Ogata, 1935).  
 
It is clear that this limb segment cannot be assumed to behave homogeneously with regard to 
its sudomotor (Figure 2) and vasomotor (Johnson et al., 1995) heat loss responses. A similar 
response heterogeneity has recently been reported for the hand during cold-water immersion 
(Cheung and Mekjavic, 2007). Therefore, the regional distribution of all heat loss and 
conservation responses within the hand (and foot) should be considered not just by those 
studying thermoregulation in humans, but also by those interested in simulating 
thermoeffector responses (modellers and thermal manikin engineers), and by those who 
design and manufacture hand and footwear. 
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INTRODUCTION 
The distribution of sweating across human body segments has been investigated for many 
years (Weiner, 1945), and by numerous research groups. However, very few have reported 
localised differences in sudomotor function within separate body segments (e.g. Taylor et al., 
2006). In this project, we focussed on the regional distribution of sweating within the torso.  
Although representing about 40% of the total body surface area, and accounting for 
approximately 50% of the whole-body sweat secretion (Weiner, 1945), the torso has not been 
thoroughly examined with regard to its inter-site distribution of sweating during rest and 
incremental exercise in the heat. Since this information forms essential background 
knowledge for the development of thermal manikins, and for improving clothing design, we 
set about obtaining these data, and quantified sweat secretion rates from twelve sites of the 
human torso across a wide range of thermal loads. 
 
METHODS 
Ten healthy, physically-active males (26.7 SD 4.7 y; 75.5 SD 8.5 kg; 178.3 SD 6.6 cm), 
rested for 50 min in a heated, climate-controlled chamber (36oC, 60% relative humidity), 
whilst wearing a whole-body, water-perfusion suit (Cool Tubesuit, Med-Eng, Ottawa, 
Canada) perfused with water at 40oC. Subjects then performed incremental cycling 
(increasing from 50 W by 25-W steps every 15 min). Trials were terminated when core 
temperature exceeded 39.5oC for 2 min (N=2) or at volitional fatigue (N=8). The average 
exercise duration was 66.3 min (range: 52-85 min). 
 
Local sweat rates were measured using ventilated sweat capsules (3.16 cm2; Clinical 
Engineering Solutions, NSW, Australia) positioned at twelve sites on the left torso: upper and 
lower chest; upper and lower abdomen; upper back 1 (highest) and 2; lower back 1 and 2 
(lowest); shoulder (trapezius); and at the upper, middle and lower lateral surfaces (Figure 1).  
 
Only six sweat rates could be recorded simultaneously, so the six remaining capsules were 
ventilated with room air to sustain a dry skin surface. During rest, only six sites were 
investigated, while during exercise, capsules were connected to the sweat system in a rotating 
pattern. To control this pattern, two trial sequences were established, with five subjects 
participating in each sequence. Subsequently, five minutes prior to each work rate increase, 
sites of sweat measurement were changed so that the six remaining sites were now connected 
to the sweat system. Changes were performed manually, and lasted between 2-2.5 min. This 
rotation pattern was then continued until the trial terminated. 
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Figure 1: Sweat capsules secured to torso sites. A capsule is visible on left shoulder, but one 
is not visible at the upper left chest (just below the clavicle). 
 
Auditory canal (insulated) and skin temperatures (Edale instruments Ltd., Cambridge, U.K.) 
were recorded at 5-s intervals (1206 Series Squirrel, Grant Instruments Pty Ltd., Cambridge, 
U.K.). Skin temperatures from eight regions were used to derive an area-weighted mean skin 
temperature (ISO 9886:1992), with skin temperatures next to each sweat capsule also being 
recorded.  Heart rate was also monitored (Vantage NV, Polar Electro SportTester, Finland).  
 
RESULTS 
The mean terminal core temperature was 39.1oC, with the corresponding heart rate being 182 
b.min-1. These represented significant elevations from the mean as pre-exposure values of 
37.1oC and 83 b.min-1 (P<0.05). Even during passive heating, the core temperature increased 
by 0.2oC (P<0.05), and heart rate by 7 b.min-1 (P<0.05). 
 
Since the sweating responses within the chest (two sites), abdomen (two sites), upper and 
lower back (two sites each), and the lateral surface (three sites) did not differ significantly 
(P>0.05), these local data were combined to provide six torso regions for subsequent 
analyses. In each region, sweating increased asymptotically (Figure 2). It is readily apparent 
that sweating from the lateral region of the torso was generally the lowest at each work rate, 
with all between-region comparisons being significant (P<0.05; two-way ANOVA) except for 
the chest (P=0.051) and shoulder (P>0.05). Other significant main effects existed for 
comparisons between the abdomen sweating and the upper- and lower-back areas (P<0.05). 
Significant site by time interactions were evident for comparisons between the lateral region 
and each of the other torso sites (P<0.05), except for the shoulder (P>0.05). 
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Figure 2: Inter-site sweat rate differences within the torso during rest and incremental 
exercise in the heat. Data are means with standard errors of the means. 
 
To obtain an integrated assessment of the differences in these local sweat rates during 
exercise, data were averaged over the entire exercise duration. From these data, the rank order 
(descending) of sweat rates was: lower back, upper back, shoulder, chest, abdomen and lateral 
surface. However, whilst the sweat rate of the lateral regional of the torso remained 
significantly lower than that observed for the upper- and lower-back regions (P>0.05), 
significant differences were not observed for the other intra-torso comparisons (P>0.05).  
 
DISCUSSION 
For the torso, it is clear that the lateral regions have the lowest sweating response during 
exercise-induced hyperthermia. Weiner (1945; N = 3) and Hertzman (1957; N = 5) have also 
observed lower sweat secretion rates for sites located along the axillary line. Whilst the lateral 
torso surface could be considered as a non-glabrous (hairy) skin surface, its sweat 
responsiveness to thermal stimuli appears to be more similar to that observed in some 
glabrous areas (e.g. palm, sole). It is also evident from our data that sweating is more profuse 
on the back than on the abdomen. This directly conflicts with the previous observations of 
Weiner (1945), which may perhaps be associated with differences in the thermal stimuli 
(repeated heat exposures and intermittent exercise versus whole-body passive and incremental 
exercise), measurement techniques (cotton wads pressed to the skin versus ventilated sweat 
capsule technique) and sample sizes (3 versus 10).  
 
We have previously demonstrated that the intra-regional sweat rates of the foot cannot be 
assumed to be equivalent (Mekjavic et al., 2005; Taylor et al., 2006). At this conference, we 
have extended this fact to the head, hand and torso. Furthermore, we have data awaiting 
publication for the arms and legs (obtained using the same methods), and these data are also 
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consistent with this non-uniform secretion characteristic. Taken collectively, these facts force 
one to conclude that it is no longer acceptable for modellers, sweating manikins 
manufacturers or clothing manufacturers to assume that the sweat rates for all local sites 
within any body segments are equivalent.  
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MENSTRUAL CYCLE DOES NOT AFFECT POSTEXERCISE 
SWEATING AND SKIN BLOOD FLOW RESPONSE 
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A number of studies demonstrate that exercise induces a residual effect on thermal control, 
resulting in an increase in the postexercise threshold for sweating and skin vasodilation. The 
magnitude of these increases is greater in females in comparison to males.  However, within 
females little is known about the effect of the menstrual cycle on postexercise heat loss 
responses. The purpose of the following study was to examine the menstrual cycle-related 
changes in postexercise sweating and skin blood flow responses.  Five female participants 
underwent a postexercise passive heat exposure during the early follicular phase (FP) and 
mid-luteal phase (LP), which were confirmed by assaying plasma female reproductive 
hormones. Subjects were initially habituated at an ambient air temperature of 24ºC for a 
minimum of 30-min, then performed 30-min of moderate-intensity cycle ergometry (75% 
•

VO2peak). Immediately following exercise, subjects remained upright seated for 15-min 
resting recovery, and then donned a liquid conditioned suit. Mean skin temperature was 
clamped at ~34oC for ~15 min after which mean skin temperature was increased at a rate of 
~4.5ºC•h-1 until thresholds for forearm vasodilation and upper back sweating were clearly 
established. Local forearm skin temperature was clamped at 34ºC throughout the warming 
period.  It was found that the magnitude of increase in the esophageal temperature at which 
onset of skin vasodilation and sweating occurred was similar for FP and LP (p>0.05).  The 
onset threshold for sweating was 0.39ºC and 0.38ºC above baseline resting Tes for FP and LP 
respectively.  The increase in Tes above baseline at which skin vasodilation occurred was 
0.33ºC and 0.43ºC for FP and LP respectively. The slope of the linear relationship between 
local upper back sweat rate and Tes were not different between both phases (p>0.05). 
Similarly, the rate of rise of cutaneous vascular conductance per unit change in Tes was not 
significantly different between FP and LP (p>0.05). These results demonstrate that the 
menstrual cycle does not modify the postexercise heat loss responses.   
 
This research was supported by a Discovery Grant from the Natural Sciences and Engineering 
Research Council of Canada. 
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ABSENCE OF A GENDER AFFECT ON THE FLOW-DEPENDENT 
NATURE OF SWEAT SODIUM LOSS.  

Anne M.J. van den Heuvel, Lara S. van den Wijngaart, Nigel A.S. Taylor 
Human Performance Laboratories, University of Wollongong, Wollongong, Australia 

Contact person: nigel_taylor@uow.edu.au 
 
INTRODUCTION 
In other communications at this conference, we have described regional differences in human 
eccrine sweat secretion rates at rest and during exercise. Such sweat is isotonic, with its 
principal solutes being sodium, chloride, lactate and potassium (Robinson and Robinson, 
1954; Patterson et al., 2000), and it is well established that its electrolyte concentration is a 
function of sweat secretion rate, both before (Cage and Dobson, 1965) and after heat 
adaptation (Allan and Wilson, 1971). Indeed, this is a flow-dependent, linear relationship. 
Herein we focus upon gender differences in the sweat rate of the torso, and how these rates 
affect the concentration of sodium within that sweat. 
 
METHODS 
Twelve fully-hydrated and unacclimatised subjects (6 males and 6 females) participated in 
two cycling trials, each conducted at the same time of day. Trials took place in a heated 
climate chamber (36oC, 50% relative humidity), and subjects were exposed to a series of three 
step increases in work rate, designed to elicit steady-state heart rates between 120-170 
beats.min-1. The first work rate was set to obtain a heart rate of 120 beats.min-1 (30 min), 
while the order of next two work rates was randomised within each trial (25 min): trial 1: 
120, 140, 170 beats.min-1; trial 2: 120, 150, 160 beats.min-1. Subjects rested for 5 min 
between successive steps. 
 
Subjects were asked to refrain from strenuous exercise and the consumption of alcohol and 
tobacco during the 12 h before to each trial. Prior to testing, subjects were instructed to drink 
15 mL.kg-1 of additional water before retiring, and to eat an evening meal and breakfast high 
in carbohydrate and low in fat. Subjects also refrained from using caffeine for 2 h prior to 
each trial. On arrival at the laboratory, subjects were provided with supplementary water (10 
mL.kg-1), and within each trial, they consumed 300 mL of water (at chamber temperature) 
during each rest period. Prior to departure, fluid replacement equal to 150% of the body mass 
loss was provided. 
 
Physiological measurements:  
Heart rate: Data were monitored every 15 s from ventricular depolarisation (Polar Electro 
Sports Tester, Finland). Core temperature: Auditory canal temperature (insulated: Edale 
instruments Ltd., Cambridge, U.K.) was recorded at 15-s intervals (1206 Series Squirrel, 
Grant Instruments Pty Ltd., Cambridge, U.K.). Sweat rate: Local sweat rates (15 s) were 
recorded from the chest and scapula (left side) using sweat capsules (3.16 cm2) attached to 
each skin site (Clinical Engineering Solutions, NSW, Australia). Sweat sodium 
concentration: This was determined using flame photometery (Corning M410, Ciba Corning, 
U.K.). Sweat samples were collected into chilled vials from the chest and back during the 
final 2 min of each steady-state exercise period, then stored under refrigeration for subsequent 
analysis.  
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RESULTS 
On average, the males secreted significantly more sweat than did the females (2.07 versus 
1.53 mg.cm-2.min-1, P<0.05). These data, relative to the changes in core temperature, are 
illustrated in Figure 1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Gender differences in the torso sweat rate and core temperature relationship. Data 
are points at each work for each subject with gender-specific regressions. 
 
 
In addition, the males also lost significantly more sodium in the sweat (2.65 versus 1.49 g.h-1, 
P<0.05). However, when normalised to sweat flow, these sodium losses did not differ 
between the genders (P>0.05), with each gender-specific relationship being adequately 
described by a common linear function (Figure 2: sweat sodium loss (g.h-1) = -0.674 + 1.603 
* sweat rate (mg.cm-2.min-1: r2=0.94). 
 
DISCUSSION 
From these data, one may conclude that, although males typically lose more sodium via sweat 
secretion, this difference is primarily a function of their higher sweat rate at a given core 
temperature. Since the concentration of sodium in sweat is a function not just of its 
concentration within the secretory fluid (primary sweat), but also of its reabsorption within 
the sweat duct, then, for the current subjects, there appear to be no gender-related differences 
in the nett result of these two processes. Thus, while individual differences exist for the 
sodium concentration of sweat at a fixed sweat rate, most variations in the rate at which 
sodium is lost via the sweat, across both genders, can be explained on the basis of a single 
flow-dependent relationship. 
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Figure 2: The relationship between sweat rate and sweat sodium loss during incremental 
steady-state exercise. Data are points for individuals at each work rate, with a single linear 
function, and its 99% confidence limits. 
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THE SWEAT SECRETION AND SODIUM LOSS QUADRANT: A 
CONCEPT FOR PREDICTING HYDRATION REQUIREMENTS. 
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Contact person: nigel_taylor@uow.edu.au 
 

INTRODUCTION 
It is well known that, for some physically-demanding occupations and some long-duration 
athletic pursuits, individuals must consider not just fluid replacement, but also electrolyte 
replacement. Of the solutes contained within sweat, sodium and chloride are dominant 
(Patterson et al., 2000). However, whilst one can easily determine water replacement on the 
basis of mass changes, it can be difficult to determine, in the absence of sophisticated analysis 
equipment, how much sodium an individual should replace. It occurred to us that one may be 
able to predict this simply on the basis of the steady-state exercise intensity (heart rate), and 
herein we report how one may achieve such a prediction. 
 
Our predictive model uses a novel application, and the interaction, of four well-established 
physiological relationships. First, it has long been known that oxygen uptake increases 
linearly with increments in work rate and heart rate (Astrand and Ryhming, 1954). Second, 
since exercise results in the predictable liberation of thermal energy, then body core 
temperature is intrinsically linked with oxygen uptake (Saltin and Hermansen, 1966). Third, 
sweat rate increases curvilinearly with core temperature elevation (Wyndham, 1967). Finally, 
sweat sodium loss displays a positive linear relationship with sweat rate (Cage and Dobson, 
1965). From this knowledge, it becomes possible, once one has determined the typical 
operating heart rate, to predict the oxygen uptake, core temperature, and eventually the sweat 
rate and sodium loss associated with various exercise and thermal steady states. 
 
Of course, such a prediction, like all mathematical models, is inherently imprecise. However, 
its predictive precision can be increased if one applies the physiological characteristics of the 
population sample that is most closely related to the individuals in question. For example, to 
more effectively define these physiological characteristics, one must consider the gender, age, 
endurance fitness and heat adaptation status of the individual, and also the environmental 
conditions in which the individual is working. Even with these characteristics defined, the 
prediction of sweat rate and sodium loss will remain somewhat imprecise. Nevertheless, one 
hopes that such a prediction may have some utility, particularly when applied to homogenous 
groups of individuals. If we are proven to be incorrect on all counts, then at least we had fun 
doing the experiments. 
 
METHODS 
Six fully-hydrated and unacclimatised, young women participated in two cycling trials, 
conducted at the same time of day, in a heated climate-controlled chamber (36oC, 50% 
relative humidity). Within each trial, subjects were exposed to a series of three step increases 
in work rate, designed to elicit steady-state heart rates between 120-170 beats.min-1. The first 
work rate was set to obtain a heart rate of 120 beats.min-1 (30 min), while the order of next 
two work rates was randomised within each trial (25 min): trial 1: 120, 140, 170 beats.min-1; 
trial 2: 120, 150, 160 beats.min-1. Subjects rested for 5 min between successive steps. 
 
Trials were scheduled during the follicular phase of the menstrual cycle. Subjects were asked 
to refrain from strenuous exercise and the consumption of alcohol and tobacco during the 12 h 
before to each trial. Prior to testing, subjects were instructed to drink 15 mL.kg-1 of additional 
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water before retiring, and to eat an evening meal and breakfast high in carbohydrate and low 
in fat. Subjects also refrained from using caffeine for 2 h prior to each trial. On arrival at the 
laboratory, subjects were provided with supplementary water (10 mL.kg-1), and within each 
trial, they consumed 300 mL of water (at chamber temperature) during each rest period. Prior 
to departure, fluid replacement equal to 150% of the body mass loss was provided. 
 
Physiological measurements:  
Heart rate: Steady-state data were monitored every 15 s from ventricular depolarisation 
(Polar Electro Sports Tester, Finland). Oxygen uptake: Steady-state data were determined 
during the last 5 min of each exercise level (2900 Sensormedics system, U.S.A.). Core 
temperature: Auditory canal temperature (insulated: Edale instruments Ltd., Cambridge, 
U.K.) was recorded at 15-s intervals (1206 Series Squirrel, Grant Instruments Pty Ltd., 
Cambridge, U.K.). Sweat rate: Local sweat rates (15 s) were recorded from the chest and 
scapula (left side) using sweat capsules (3.16 cm2) attached to each skin site (Clinical 
Engineering Solutions, NSW, Australia). Sweat sodium concentration: This was determined 
using flame photometery (Corning M410, Ciba Corning, U.K.). Sweat samples were collected 
into chilled vials from the chest and back during the final 2 min of each steady-state exercise 
period (30 min), then stored under refrigeration for subsequent analysis.  
 
RESULTS  
This experiment resulted in data being collected at five different relative work rates for each 
subject, with data at the lightest work rate collected in both trials. These forcing functions 
elicited steady-state data across the following physiological ranges: (a) heart rate: 119-173 
beat.min-1; (b) oxygen uptake: 0.55-2.22 L.min-1; (c) core temperature: 37.4-38.7oC; (d) sweat 
rate: 0.56-2.37 mg.cm-2.min-1; and (e) sweat sodium loss: 0.3-3.18 g.h-1.  
 
Data were plotted such that the four inter-dependent relationships could be combined into a 
single quadrant diagram, with each relationship sharing a common origin, and adjacent 
quadrants sharing common axes (Figure 1). Of course, this does not follow the convention of 
plotting dependent variables on the ordinate, but it does allow one to move sequentially 
around the diagram. Such a schema is not new. Indeed, the logic used in developing this 
representation of these four relationships has previously been also applied to help describe 
carbon dioxide transport from the lungs and through blood during exercise (McHardy et al., 
1967), and to model thermoeffector control and feedback within mammalian temperature 
regulation systems (Werner, 1990). 
 
If one determines the steady-state heart rate for the activity of interest, then one can enter the 
upper left quadrant at position one. A vertical line allows prediction of the steady-state 
oxygen uptake (position two), with a horizontal line into the upper right quadrant providing 
the projected steady-state core temperature for this activity (position three). Another vertical 
line, this time into the lower right quadrant, intercepts the asymptotic relation between core 
temperature and sweat rate (position four). A horizontal line passes from the lower right to the 
lower left quadrant, intercepting the sweat rate and sodium loss relationship, thereby enabling 
one to predict both the steady-state sweat sodium loss (position five) and sweat rate (position 
six). These predictions can be used to prescribe sodium and fluid replacement. Of course, 
each of these four relationships can easily be modelled mathematically, with a series of 
algorithms being combined to obtain the desired predictions from just a few keystrokes on a 
computer. 
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Figure 1: A quadrant diagram for the prediction of sweat rate and sweat sodium loss in 
women (follicular phase) from steady-state heart rates, during exercise at 36oC. Data points, 
with bi-directional error bars, were derived at five different exercise steady-states. Solid lines 
are regression curves with 99% confidence limits. 
 
 
DISCUSSION 
It is universally recognised that prediction equations work reasonably well when applied to 
the subjects who actually participated in the original research, or to those who have physical 
and physiological characteristics closely resembling those subjects. However, the integrity of 
such predictions is challenged when they are applied to heterogeneous samples. This problem 
can be rectified, to some extent, by the derivation of families of curves. For instance, we have 
already established these curves for young adult males. For each gender, changes in the 
curves within these quadrants will occur due to changes in endurance fitness and heat 
adaptation status. Of course, the relationships for women may well be different during the 
luteal phase. One may also wish consider the influence of ageing. Finally, one must allow for 
variations in the environmental conditions, which can have a dramatic impact upon three of 
the four quadrants. It is hoped that some may find this exercise stimulating. If not, then we 
hope that you have at least enjoyed the diagram. 
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INTRODUCTION 
In 1930 Lewis observed an unexpected rise and fall in finger skin temperature after several 
minutes of finger immersion in ice water (Lewis, 1930). The last decade there is a renewed 
interest in Cold Induced Vasodilation (CIVD), in particular since it may be related to the risk 
for cold injuries (Daanen and Van Der Struijs, 2005) or manual performance (Geurts et al., 
2005a).  
 
CIVD MECHANISM 
The mechanism responsible for CIVD is still subject to debate. Lewis (1930) proposed that 
the axon reflex was responsible, but this is not likely since axon reflexes cannot be evoked in 
cold hands (Daanen and Ducharme, 2000). The most likely hypothesis is that the 
neuromuscular transmission between the sympathetic nerve ending and the arterio-venous 
anastomoses (AVA) is reduced in cold, leading to ‘paralysis’ of the strong muscular coat of 
the AVA and subsequent increase in blood flow. Inhibitors of nitric oxide synthesis may play 
an important role in the magnitude of the CIVD response (Noon et al., 1996). 
 
FACTORS INFLUENCING CIVD 
Several factors influence the magnitude and reproducibility of finger CIVD. First, the cooling 
medium is important. Water from 0 to 5ºC seems to give the most reproducible results. CIVD 
can be evoked in cold air or by touching cold materials, but not in a reproducible manner. 
CIVD response is reduced at altitude, but recovers partly after several weeks of altitude 
residence (Daanen and Van Ruiten, 2000).  
Core temperature and/or body heat content has a strong effect on CIVD magnitude. When 
hypothermic, heat is preserved in the body to prevent further cooling. There are some 
indications that finger CIVD response can be improved by repeated cold-water immersions 
(Adams and Smith, 1962), but other studies seem to show the opposite (Geurts et al., 2005b). 
Several experiments are currently running to get a clearer image of the training potential. 
The CIVD response differs between ethnic groups and age groups; gender differences are 
small. Studies indicate that food, exercise and stress modify the CIVD response, but the 
hydration status of the body does not seem to play a major role (O'Brien and Montain, 2003). 
Surprisingly, smokers generally seem to have a better CIVD response than non-smokers 
(Daanen and Van Der Struijs, 2005;Miland and Mercer, 2006). 
When the most important factors influencing CIVD are controlled, the temperature response 
of the skin of the finger tip to cold water immersion appears to be reproducible (Meehan, 
1957;O'Brien, 2005). 
 
BENEFITS OF CIVD 
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There are indications that subjects with a reduced finger CIVD response are more prone to get 
local cold injuries (Daanen and Van Der Struijs, 2005), but more epidemiological research is 
needed to establish a firm relationship.  
Although it was observed that an early CIVD onset was associated with initially superior 
manual performance (Bensel and Lockhart, 1974), recent work shows that CIVD does not 
seem to increase manual dexterity during work in the cold (Geurts et al., 2005a). 
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1Institute of Neuroscience, Faculty of Medicine and 2Faculty of Health Sciences, University of 

Ottawa, Ottawa, Canada; 3Defence R&D Canada – Ottawa, Ottawa, Ontario, Canada 
Contact person: fhaman@uottawa.ca 

INTRODUCTION 
Cold-induced shivering is characterised by two distinct muscle contraction patterns:  
continuous low-intensity shivering [4-8 Hz; ~1 to 5% of maximal voluntary contraction 
(MVC)] and bursts of high-intensity shivering (0.1-0.2 Hz; 10 to 35% MVC) (Meigal, 2002, 
Haman et al., 2004). Recently, large overall variations in this dual shivering pattern have been 
observed amongst individuals even at the same relative thermogenic rate (Haman et al., 
2004). The purpose of this descriptive study was to quantify potential intra-individual 
disparities in burst shivering activity between proximal and distal muscles within individuals.   

METHODS 
Moderate shivering (~3.5 times resting metabolic rate) was induced in eight non-acclimatized 
men (23±0.4 years) using a thermal chamber set at 5°C and a liquid conditioned suit perfused 
with 4°C water.  Burst shivering rate (BR) was determined from electromyographic (EMG) 
recordings from 8 muscles (4 proximal and 4 distal) located on the right side of the body as 
described by Haman et al. (2004a). Proximal muscles are trapezius (TR), latissimus dorsi 
(LA), pectoralis (PE), rectus abdominis (RA) and distal muscles are vastus lateralis (VL), 
rectus femoris (RF), vastus medialis (VM), abductor magnus (AD). 
RESULTS 

 
 
 
 
 
 
 
 
 

DISCUSSION 
We conclude that important differences in shivering activity occur between proximal and 
distal muscles within the same individual.  Proximal muscles display a higher burst shivering 
rate than distal muscles.  The physiological importance and origins of these differences in 
shivering EMG activity remain to be established.      
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Figure1: Differences between proximal 
and distal muscle shivering rates over a 
90 minutes cold exposure. Bars (± 
standard error) represent mean of 
shivering rate (bursts/min) of 8 subjects 
of 2 different muscle groups (proximal 
and distal muscles). * represents 
significant differences (α < 0.05) 
between muscle groups. As shivering 
intensified from the beginning to the end 
of cold exposure, BR increased 
progressively for both muscles group 
(P=0.001).  
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SENSITIVITY TO COLD IN HUMAN. 
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Tamara V. Kozyreva*, Elena Ya. Tkachenko                                                                                                       

Institute of Physiology, Russian Academy of Medical Sciences, Novosibirsk, Russia                             
Contact person: Kozyreva@iph.ma.nsc.ru 

 
INTRODUCTION 
Thermal sensation is the composite of the function of thermoreceptors that provide the 
perception of a thermal signal, its transduction in the nervous system code, signal 
transmission to the central nervous system structures, its analysis and synthesis by specific 
cortical areas ending up with sensation formation. The relations between heat exchange and 
thermoregulation as a whole are reflected in thermal sensation. 
 
It is known that the analyzer systems are capable of changing their action by altering the 
impulse activity of the receptors and/or the number of functioning receptors depending on the 
environmental conditions and the organism functional state. Thus, the number of functioning 
cold receptors changes at decreased skin temperature and during long-term adaptation to cold, 
heat and physical training (1).  
 
In recent years, numerous studies have been concerned with the molecular mechanisms of 
thermal sensitivity. It is believed that the thermosensitive TRP ion channels act as detector of 
changes in temperature and as the main sensors in the peripheral nervous system (2, 3). It has 
been demonstrated that TRPM8 (a member of the TRP channel family) is an ion channel 
activated by cold and menthol (2, 3, 4, 5). There are also data indicating that menthol 
increases the susceptibility of the cold sensitive peripheral vasoactive C nociceptors and 
activates the cold specific A delta fibers (6). The involvement of the menthol sensitive 
thermoreceptors in the formation of a conscience thermal sensation in human has been poorly 
studied. 
 
METHODS  
50 healthy volunteers, men and women, aged 24.3±1.15 years were studied. Their height-
weight coefficient was 2.8±0.06. They were informed about the aim of the study and the 
procedures performed in compliance with the Declaration of Helsinki. The volunteer dressed 
in light clothes was placed in a thermostatic chamber at 23°C seating on the armchair. During 
the study, skin temperature and cold sensitivity were measured initially and after local 
cooling. All measurements were repeated after menthol application.  
Estimation of cold sensitivity was based on counts of the number of cold spots (this was an 
estimate of the number of functioning cold receptors) in a 100-spot matrix (an area of 25 cm2) 
in the internal surface of the forearm. The diameter of the thermode tip was 1 mm, its 
temperature was 3-4°C.  
Forearm cooling in the matrix area was made during 5 minutes with an thermode of 25 cm2, 
its temperature was 8-10°C.  
A 1% menthol solution (Menthol, Sigma) in 50% ethyl alcohol was applied for 5 min at the 
matrix site of right forearm. Judging by the literary data, the solvent ethanol itself has no 
effect on thermal sensitivity in used time periods for testing thermal sensitivity after menthol 
application (6, 7).   
 
Experimental design.  At the initial state, temperature and the number of cold spots were 
measured in the internal surface of both forearms. The effect of menthol on the cold receptor 
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number was estimated 5 and 30 min after menthol application in the right forearm. Test 
cooling of the same intensity and duration was done before menthol application in the left 
forearm, and after it in the right forearm. This allowed us to exclude repeated cold exposure 
of the same skin region. The effect of cooling on the number of cold spots was estimated at 
decreased temperature immediately after the thermode moving away.  In 15 min after local 
cooling the temperature and the number of cold spots returned to the level which had been 
observed before cooling.  
 
In special series of experiments the warm sensitivity before and after menthol application was 
measured. The number of warm spots was estimated similarly to the number of cold spots but 
at a thermode temperature of 41°C. 
 
RESULTS AND DISCUSSION 
Initially forearm skin temperature was 32.2±0.11ºС at the left and 32.3±0.09ºС at the right. 
Menthol had no effect on the skin temperature. Under the test cooling the temperature was 
decreased by 4.0±0.12ºС.   Menthol and test cooling had no effect on the number of warm 
spots in the forearm.  
 
Analysis of cold sensitivity in the response to menthol application disclosed variant groups 
due to individual sensitivity to menthol. The main group A (70% of the total number of 
subjects) showed the following changes. In this group cooling of the forearm without menthol 
was associated with a decrease in cold spots (CS) number by 34.7% (Table 1A). Five minutes 
after menthol application, the number of CS in the area exposed to menthol significantly 
decreased (by 45%); 30 min later the effect of menthol persisted in this group, and in some 
subjects it kept increasing, i.e. the number of CS further decreased (Fig. 1A). Cooling 40 min 
after menthol application caused a further decrease in the number of sensitive CS by another 
43.9% (Table 1A). 
 
In group B (14% of the total number of subjects), in contrast to the group A, CS number 
increased by 40% 5 min after menthol application, and returned to the initial level after 30 
min (Fig. 1B). Subjects of this group showed no significant change in CS number under test 
cooling before menthol application and on the background of its effect (Table 1B). This may 
be evidence of a weaker effect of cold on the number of functioning cold receptors in subjects 
of this group.  
 
Finally, in subjects of group C (16% of the total number), was associated with change in CS 
number neither 5 min after nor 30 min after menthol application (Fig. 1C). It should be noted 
that the initial CS number in group C was greater than in group A (51.4±8.45 versus 
36.3±2.37; P<0.05). This may an argument in favor of the idea that the pronounced response 
to cold as such is presumably provided by the receptors highly sensitive to menthol whose 
activity may be decreased in this particular group. It is worthy to note that in this group 
menthol produced a distinct decrease in CS number in response to test cooling: in contrast to 
response absence before menthol application, there was a 45% decrease in CS number after it 
(Table 1C). A possible explanation for this observation was the presumable subthreshold 
membrane depolarization of the thermoreceptors weakly sensitive to menthol. Subthreshold 
depolarization might have facilitated the generation of action potential, i.e. activation of the 
receptors at subsequent cooling. Now there is no consensus of opinion on the mechanism of 
cold and menthol effects. Some authors show that the channels activated by cold and menthol 
are heterogeneous, and another suggest that cold and menthol have common mechanisms 
through the Ca(2+) ion channel activation (8, 9, 10, 11). 
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 Fig. 1. The various effects of menthol on the number of cold spots in different human groups.  
Values M±m. * - significant differences from the initial values, P<0.05                                                               
 
The differences in the responses to cold and menthol between the groups may be due to the 
involvement of different types of A-delta and C fibers, also of different thermosensitive ion 
channels. Recently, besides the menthol sensitive TRPM8, other cold, but not menthol 
activated ion channels were identified (12).  
 
It should be also noted that no significant differences in cold sensation thresholds were found 
between the groups. No effect of menthol on the cold and heat thresholds was reported in 
other studies that related menthol effects to the activation of the cold-specific A-delta fibers 
(6). 
 
Table 1. Cooling effect on the number of cold spots (CS) in the forearm before and after 
menthol application in different groups            

Cooling effect before menthol 
application 

Cooling effect after menthol 
application 

      Groups 
 

Number of CS 
before cooling 

Number of CS 
after cooling 

Number of CS 
before cooling 

Number of CS 
after cooling 

A 37.0±2.37 23.6±2.07*** 23.2±2.27 12.0±1.50*** 
B 38.0±6.30 30.3±5.90 32.7±6.09 22.6±4.06 
C 51.4±8.45 38.8±5.03 42.4±6.75 21.1±2.70** 

Values - M±m. The decrease in CS number at cooling is significant at *** - P<0.001; ** - 
P<0.01. 
 
This suggests the following. It is known that the flow of sensor information (W) from the 
peripheral thermoreceptors to the corresponding central structures is a function (F) of the 
number of the functionally active receptors (N) and of the impulse activity level (f): W=F (N· 
f).  Judgments about the functionally active cold receptors were based on CS number that 
changes under menthol effect. The data obtained with the neurons of dorsal root ganglion and 
with cold fibers preparation indicate that thermoreceptor impulse activity increases under the 
effects of menthol and enhanced response to cooling (13, 14). Possibly, menthol by 
considerably increasing the activity of thermoreceptors highly sensitive to it, excludes them 
from the subsequent process of cold perception, and this may be a reason why the number of 
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cold receptors decreased after menthol application in group A. The weakly sensitive to 
menthol receptors, depolarizing under its effect, proved to respond more markedly to cold 
exposure.  This may be a reason why the response to cold was enhanced in-group C after 
menthol application.  
 
DISCUSSION 
Taken together, the results demonstrated that menthol, which along with cold activates the 
specific thermosensitive ion channels, changes the number of functioning cold receptors in 
forearm skin, but is without effect on the warm receptor number. The disclosed group variants 
in menthol response evidence for individual differences in skin receptor sensitivity to the 
effect of menthol and cold.  The results suggest that, based on the response variant to menthol 
(decrease, increase or no change in the number of functioning cold receptors 5 min after 
menthol application), the features of response to cold may be predicted. 
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METABOLIC RESPONSES TO MILD COLD AND OVEREATING. 
ROLE OF MITOCHONDRIAL UNCOUPLING 

Sander Wijers, Patrick Schrauwen, Wim Saris, Wouter van Marken Lichtenbelt, 
Department of Human Biology, NUTRIM, Maastricht University, The Netherlands 

Contact person: s.wijers@hb.unimaas.nl 
 
INTRODUCTION 
Mild cold exposure and overfeeding are known to elevate energy expenditure, the so-called 
adaptive thermogenesis. Large individual variation in adaptive thermogenesis might explain 
why some people are more prone to obesity than others. In rodents, adaptive thermogenesis is 
caused by mitochondrial uncoupling in brown adipose tissue and regulated via the 
sympathetic nervous system. In adult humans, skeletal muscle tissue is a key candidate tissue. 
Therefore, we hypothesized that both diet induced and cold induced adaptive thermogenesis 
in humans is caused by mitochondrial uncoupling in skeletal muscle tissue. 
 
METHODS 
The metabolic response to mild cold and overeating in 13 lean adult male subjects was 
measured in a respiration chamber in three situations:  
1. Baseline: 36 hours at 22°C with feeding in energy balance;  
2. Overfeeding: 84 hours overeating at 22°C with overfeeding of 160% of energy balance;  
3. Mild cold: 84 hours at 16°C with feeding in energy balance. 
After each respiration chamber measurement a muscle biopsy was taken, in which 
mitochondrial uncoupling was measured using the Oxygraph-2K (Oroboros, Austria). The 
uncoupling ratio was defined as state 4 respiration (substrates + ADP + ATP-synthase 
blocker) divided by state 3 respiration (substrates + ADP). 
 
RESULTS 
Total daily energy expenditure (TDEE) increased after overfeeding with 6.6% (0.76 MJ/day) 
and after mild cold exposure with 5.1% (0.59 MJ/day). The increase in TDEE after 
overfeeding (overfeeding – baseline) was significantly related to the increase in TDEE after 
mild cold exposure (mild cold – baseline) (r=0.63, p<0.05). Mitochondrial uncoupling ratio 
increased with respectively 49 and 28%. Mitochondrial uncoupling ratio correlated 
significantly with total daily energy expenditure (R2=0.242, p=0.02). 
 
DISCUSSION 
This study demonstrates for the first time that skeletal muscle has the intrinsic capacity for 
adaptive thermogenesis in humans via mitochondrial uncoupling. Since both cold- and diet-
induced increases in energy expenditure are accompanied by an increase in mitochondrial 
uncoupling, a common regulatory mechanism is probably involved. Since the responses to 
overfeeding and mild cold are closely related, mild cold might also be valuable as a test 
whether people are prone to obesity: subjects that are unable to increase their metabolism 
might be more susceptible to weight gain. 
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EFFECT OF URAPIDIL ON CEREBRAL GLUCOSE UTILISATION 
DURING REWARMING OF MILD HYPOTHERMIC RATS. 
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Taeger 
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INTRODUCTION 
Serotonin1A-receptors (5-HT1A) are present in high density in the hippocampus, hypothalamus 
and neocortex and in the raphe nuclei. According to this distribution 5-HT1A agonists have a 
complex influence on brain function: regulation of proprioception, temperature and blood 
pressure regulation and inhibition of neuronal activity (1). Urapidil is an approved drug 
against hypertension with a dual receptor activity (α1-Adrenoceptorantagonist/5-HT1A-
Receptoragonist) (2). It is unknown whether urapidil could influence brain glucose 
metabolism due to its 5-HT-1A agonistic activity. Therefore, we investigated the effect of 
urapidil on cerebral glucose utilisation during rewarming after mild hypothermia in the rat.  
 
METHODS 
Design: Animal, prospective, randomised study; Mild hypothermia of Sprague Dawley rats 
(8/group) was performed by surface cooling (33.2 ± 0,5°C) and followed by 4 treatments: 
group 1: convective air rewarming after placebo (NaCl 0.9%); group 2: convective air 
rewarming after 5 mg/kg urapidil i.v., 3: normothermic control; 4: hypothermic control. Brain 
glucose metabolism during 20 min. of rewarming was assessed by [18 F]2-fluoro-2-deoxy-D-
glucose (FDG) and positron emission tomography (PET, Siemens ECAT, EXACT). FDG 
image sets consisted of 47 planes. ROIs (region of interest) for the liver and the whole brain 
were drawn manually according to a rat anatomy atlas. Average values of FDG activity of 5 
consecutive ROIs in the brain and the liver of each animal were calculated. The depicted 
values are the means and SD of brain/liver ratios. Statistical analysis was performed with 
ANOVA  and post hoc t-tests. 
 
RESULTS 
FDG activity of liver and brain within the groups were homogen. Blood glucose 
concentrations between and within the groups showed no statistical difference. 20 min. of 
rewarming showed a higher (p < 0.001) rectal temperature in the animals treated with urapidil 
(36.6 ± 0,4 °C) versus placebo (35.5 ± 0,4°C). After rewarming, there was no statistical 
significant difference in the FDG activity ratio between the normothermic urapidil-group and 
the mild hypothermic placebo-group (Figure). 
 
DISCUSSION 
Rewarming with urapidil of mild hypothermic rats did not increase glucose metabolism in the 
rat brain. The glucose metabolism in the normothermic, urapidil-treated rats was similar to the 
mild hypothermic animals treated with placebo. This effect could be caused by the 5-HT-1A 
agonistic activity of urapidil in the brain. Our result is in accordance with a study, showing 
that urapidil inhibited the activity of hippocampal and cortical neurons with neuroprotective 
activity in a model of focal and global cerebral ischemia in rodents (3).  



Environmental Ergonomics XII  
Igor B. Mekjavic, Stelios N. Kounalakis & Nigel A.S. Taylor (Eds.),  © BIOMED, Ljubljana 2007 

 314 

REFERENCES 
(1)  Frazer A, Hensler JG. Serotonin. In: Siegel GJ, Agranoff BW, Albers RW, Fisher SK, 

ilman AG, Uhler MD, editors. Basic Neurochemistry: molecular, cellular and medical 
aspects. Lippincott-Raven, 1999: 263-292. 

(2)  Hoffman BB. Catecholamines, Sympathomimetic Drugs, and Adrenergic Receptor 
Antagonists. In: Hardman JG, Limbird LE, Molinoff PB, Ruddon RW, Gilman AG, 
editors. Goodman and Gilman's: The Pharmacological Basis of Therapeutics. New York: 
McGraw-Hill, 2001: 215-268. 

(3)  Prehn JH, Backhauss C, Karkoutly C et al. Neuroprotective properties of 5-HT1A 
receptor agonists in rodent models of focal and global cerebral ischemia. Eur J Pharmacol 
1991; 203(2):213-222. 

 



Cold physiology 

 315 

THE EFFECT OF EXERCISE-INDUCED HYPERTHERMIA ON THE 
FINGER SKIN COLD-INDUCED VASODILATATION RESPONSE 

Uroš Dobnikar2, Stelios Kounalakis1,3 & Igor B. Mekjavic1 

1Institute of  Jožef Stefan, Ljubljana; 2Clinical Centre Maribor; 3National and Kapodistrian 
University of Athens, Greece; 

Contact person: igor.mekjavic@ijs.si 
 
INTRODUCTION 
It is generally accepted that cold induced vasodilatations (CIVD) in fingers play a role in cold 
injury prevention. The mechanism of CIVD has not yet been resolved. The actual 
morphological structures responsible for CIVD also remain to be defined. Despite the many 
uncertainties regarding the etiology and morphology of the CIVD response, the arteriovenous 
anastomoses have been implicated as contributing significantly to the response. CIVD has 
been extensively studied in fingers (Daanen 2003). Unfortunately, CIVD in toes has attracted 
less scrutiny, despite the higher incidence of cold injuries in the toes. 
 
The purpose of this study was to evaluate the effect of moderate exercise-induced 
hyperthermia on toe skin temperatures during immersion of the foot in cold (8°C) water. 
 
METHODS 
Eight young male students, with average (SD) age of 25 (5) years, height 180.8 (4.8) cm, and 
weight 80.4 (5.9) kg gave their informed consent to participate. The National Medical Ethics 
committee of the Republic of Slovenia approved the study. Written informed consent was 
obtained from all subjects. Participation in the study was subject to physician’s approval. 
The subjects were asked to abstain from caffeine 2 hours before the trials. They were also 
asked not to participate in any sporting activity, and not to perform any heavy physical 
exertion at least 2 hours before the trials. 
 
All subjects participated in two trials in a counterbalanced order, separated by at least two 
days. In the hyperthermic experiment, the core temperature of the subjects was raised by an 
incremental cycling exercise (Monark 884E, Sweden) with 40 Watts increments every 2 min 
to exhaustion. Exercise was followed by an 8 oC cold-water immersion of the right foot for 30 
minutes. In the normothermic experiment, the immersion of their right foot in cold water was 
not preceded by exercise. The two trials were conducted at the same time of day, in 
environmental temperature of 27 °C and relative humidity of 35 %. 

 
During the experiments, the pad skin temperature of all toes and the dorsum of the foot were 
measured every 8 seconds with thermocouples (Almemo, Ahlborn, Germany). Tympanic 
temperature (ThermoScan, Braun, Germany), heart rate (Polar NV, Polar Electro Oy, 
Finland), and subjective ratings of thermal comfort and temperature sensation were also 
monitored during the immersions. 
 
RESULTS 
Subjects cycled for 9.2 (2.3) min and reach the maximal work rate of 221.2 (45.2) Watts. 
During the hyperthermic trial, tympanic temperature was higher by 0.55 oC compared to 
normothermic trial. Tympanic temperature remained significantly higher during the 30 min 
immersion in the hyperthermic compared to the normothermic trial. A CIVD response 
occurred in 57.5% of all toes in the hyperthermic trial, and in only 27.5% in the normohermic 
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trial. Additionally, 50% of subjects exhibited CIVD in at least one toe during normothermia 
and 87.5% during hyperthermia. In toes that showed a CIVD response, the number of hunting 
waves was higher in the hyperthermic trial.  
 
Pre-immersion HR values were 105.6 (7.6) bpm in the hyperthermic trial and 74.4 (8.3) bpm 
in the normothermic trial. During the 1st min of immersion, HR was 104.0 (6.9), and 77.4 
(8.6) bpm in the hypothermic and normothermic trials, respectively. During the immersion, 
HR attained end-immersion values of 93.4 (5.4) bpm and 77.0 (11.9) bpm in the hyperthermic 
and normothermic trials, respectively (p<0.01). 
 
No significant differences were observed between thermal sensation and thermal comfort 
scores between the two trials. 
 
DISCSUSSION 
Although CIVD can be characterized as atypical phenomenon in toes, mild hyperthermia can 
enhance the appearance and the magnitude of this phenomenon, and therefore, contribute to 
protection of the feet against cold injuries. 
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INTRODUCTION 
Peripheral cold injuries are often reported in mountaineers. Not only low ambient 
temperatures, but also the hypobaric circumstances are known to be major environmental risk 
factors (Daanen and Van Ruiten, 2000). When the fingers are exposed to extreme cold for 
several minutes, cold induced vasodilation (CIVD) occurs, that is reported to have protective 
properties for cold injuries (Daanen and Van der Struijs, 2005). Repeated immersion in cold 
water may lead to improved finger blood flow (Adams and Smith, 1962).  In the latter study, 
the subjects immersed their phalanxes in ice water four times daily for one month. 
In this study we investigated if two weeks of repeated immersions of the hand in cold water 
prior to a mountain expedition to the Ama Dablam in Nepal enhanced finger blood flow 
response to cold. 
 
METHODS 
Eight subjects (6M, 2F, mean age 34 years) participated in the study. In July 2006 all subjects 
immersed the middle finger of both hands in ice water and the CIVD reaction was determined 
(pre-test). Fingertip temperature was measured using a small thermocouple at the volar side of 
the middle finger.  
 
Starting September 8, the subjects immersed one hand every day for 15 minutes in ice water 
for 14 consecutive days. Four subjects trained the left hand, and four subjects trained the right 
hand. During this training period, the pain score was measured using a 10cm visual analogue 
scale. 
 
Just prior to the flight to Nepal, September 22 at Schiphol airport, the same protocol as the 
pre-test was followed to determine the changes in peripheral blood flow and pain score of the 
trained and untrained hand (post-test).  
 
In the base-camp Namche Bazar at 3340 m, again the middle fingers of both hands were 
immersed in ice water (altitude-test).  
 
The CIVD response was quantified using the onset time, minimum (Tmin) and mean finger 
skin temperature (Tmean). 
 
RESULTS 
There was no difference in onset time, minimum and mean finger skin temperature between 
the trained and untrained hands for the pre-test, post-test and altitude test (Table 1). Tmean 
was higher in the pre-test than in the post-test and altitude test (P<0.05). The difference in 
Tmin between the pre- and post-test was 0.7 ± 2.6 for the trained hand and 2.3 ± 2.5 for the 
untrained hand (P<0.10).    
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Table 1 CIVD response for the trained and untrained hand in the pre-test, post-test and 
altitude test. 
 
 Pre-test Post-test Altitude-test 
 trained untrained trained untrained trained untrained 
Onset 
(min) 

3.0 ± 0.0 3.0 ± 0.0 2.5 ± 0.5 2.5 ± 0.5 2.6 ± 0.5 2.5 ± 0.8 

Tmin (°C) 4.5 ± 3.9 5.7 ± 4.1 3.8 ± 2.5 3.4 ± 2.4 2.7 ± 1.9 2.9 ± 1.8 
Tmean 
(°C) 

10.1 ± 3.8 11.1 ± 3.5 7.1 ± 3.1 6.9 ± 2.9 5.2 ± 2.9 5.0 ± 2.1 

 
The pain sensation during training reduced significantly (Figure 1). The sudden increase 
during day 12 was merely due to one subject who reported considerable pain only during this 
session.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure. 1. Pain score during training 
 
DISCUSSION 
It is concluded that a two week period of daily immersion of a hand for 15 minutes in ice 
water reduces the experienced pain, but does not enhance finger blood flow in the cold, 
although the minimum finger skin temperature in the trained hand tended to be less decreased 
as compared to the untrained hand. 
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INTRODUCTION 
Exercise is effective for increasing finger temperature (Tf) during cold exposure, but the 
increase in Tf may be delayed when body core temperature is reduced.  The purpose of this 
study was to test the hypothesis that a similar exercise bout is effective for increasing finger 
temperatures in cold air under both normothermic and hypothermic conditions. 
 
METHODS 
Ten subjects completed trials when normothermic (CON) and hypothermic (HYP).  HYP was 
induced by chest-deep immersion in water at a temperature (10-16ºC, according to body 
composition) that reduced rectal temperature (Tre) to 35.5ºC in 90 min.  Subjects then 
completed sedentary tasks for ~30 min in cold air (10ºC), followed by a self-paced cycle 
ergometer task (EX; 3 kJ / kg body weight). 
 
RESULTS 
At the start of EX, Tre was lower (p<0.05) during HYP (35.9±0.5ºC), compared to CON 
(37.1±0.4), but Tf was similar between conditions (15.3±1.1ºC).  EX increased Tf above 20ºC 
(a threshold associated with comfort and dexterity) in 8 subjects during CON and in 4 
subjects during HYP.  In the 4 subjects who demonstrated an increase in Tf during EX on both 
trials, there was no difference between trials for onset time (14.1±2.8 min), finger temperature 
(16.4±1.4ºC), or work completed (134±36 kJ, or 57±12% of total work) at that time.  Tf rose 
to 20ºC faster (p<0.05) during CON (1.4±0.5ºC/min) than HYP (0.7±0.2ºC/min). 
 
DISCUSSION 
The exercise bout used in this study was not effective for increasing Tf during cold exposure 
in 60% of subjects during HYP, compared to 20% during CON.  Furthermore, the rate of 
increase in Tf was slower during HYP, compared to CON.  These data suggest that most 
subjects require a higher intensity or longer duration of exercise for increasing Tf during 
HYP. 
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INTRODUCTION 
General and local thermoregulatory mechanisms are activated during cold exposure to 
maintain normothermia. Skin cold-induced vasoconstriction is one such local mechanism, 
causing a substantial decrease in skin temperatures of the acral parts of the extremities. These 
parts of the body have a high surface area-to-mass ratio and are therefore regions of high heat 
loss prone to cold injury. A local thermoregulatory response in the extremities, characterized 
by cyclic skin vasodilatations (i.e. cold induced vasodilatations or CIVD), causes cyclic 
increases in the digital temperatures (Lewis 1930). This presumably protects the digits from 
cold injury during severe cold exposure.  
 
In the present study we investigated the effect of 13 repetitive cold water immersions (8°C) of 
the whole hand on local cold acclimation of the fingers. Additionally, the effect of cold water 
training immersions of the right hand on local acclimation of the contralateral left hand was 
investigated. 
 
METHODS 
Nine subjects with an average (SD) age of 25 (5) years, height 180.8 (4.8) cm, and weight 
80.4 (5.9) kg gave their informed consent to participate. All subjects immersed their right 
hand to the wrist in cold (8°C) water for 30 min daily for a total of 13 consecutive days 
(excluding weekends). On the first and last day, subjects performed separate immersions of 
first their right followed by their left hand. During all experiments, the finger pad skin 
temperature of all fingers and the dorsum of the hand were measured every 8 seconds with 
thermocouples (Almemo, Ahlborn, Germany). Tympanic temperature (ThermoScan, Braun, 
Germany), heart rate (Polar NV, Polar Electro Oy, Finland), blood pressure (Finapres) and 
subjective ratings of thermal comfort and temperature sensation were also monitored during 
the immersions. 
 
RESULTS 
The finger skin temperature responses and the CIVD parameters derived from the local finger 
skin temperatures did not significantly change with repeated cold-water immersions. A 
decrease in average finger skin temperature was found during training immersions. Subjective 
thermal sensations, heart rate and diastolic pressure did not change significantly with training 
immersions. The significant transient increase in systolic blood pressure from 130 (6) to 150 
(14) mmHg in the first three min of immersion was attenuated after completion of all training 
immersions. There was no local acclimation effect on the CIVD response in the fingers as a 
consequence of the repeated cold-water immersions. Interestingly, average immersed finger 
skin temperatures decreased after cold acclimation suggesting a general insulative acclimation 
response.  
Also, the finger temperatures and the CIVD parameters of the contralateral untrained hand 
decreased at the end of the training immersions. On day 1, the average skin temperatures 
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ranged from 12.6 (1.2) °C in finger 2 to 12.0 (1.1) °C in finger 4. On day 13, the average (SD) 
values for finger temperatures ranged from 10.9 (0.8) °C in finger 5 to 10.3 (0.5) °C in finger 
2. The average skin temperature was significantly (p<0.01) lower on day 13 compared with 
the day 1 in all fingers. 
 
 
DISCUSSION 
Training cold water immersions do not enhance the CIVD response and therefore do not offer 
a preventative mechanism against cold injuries. It did, however, decrease the mean skin 
temperature in both the immersed and non-immersed fingers. 
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INTRODUCTION 
We evaluated the effect of high altitude acclimatization on the cold-induced vasodilatation 
(CIVD) response, which is considered a protective mechanism against nonfreezing cold injury 
of peripheral tissues.  
 
 
METHODS 
Subjects were assigned to two groups: an experimental group, which underwent high altitude 
acclimatization, and a control group. We tested the experimental group before and 
immediately after a high altitude Himalayan expedition. The acclimatisation was a seven-
week expedition to Ama Dablam (6828 m) during which most of the daily activities were 
carried out at altitudes ranging from 4000 to 6000m. With few exceptions, subjects slept at 
base camp at 3895m. The control group was tested on the same occasions as the experimental 
group, and the interval between both tests for both groups was 7 weeks. During each test, 
subjects immersed their hand in 37 °C water for 5 min., followed by a 30 min immersion of 
the hand to the styloid process in 10 °C water for 30 min. Upon completion of the hand 
immersion, the same procedure was followed for the foot. During the pre-heating and cold 
water immersion phases of the trials, we measured the temperature of the edge of the nail 
beds of all immersed digits, as well as skin temperature at four sites (arm, chest, thigh, calf), 
tympanic temperature, blood pressure and heart rate. The subjects provided ratings of thermal 
sensation and comfort on a numerical scale. From the responses of the temperature of the tips 
of the fingers and the toes, we determined the minimum (Tmin, |Tmin|) and maximum (Tmax, 
|Tmax|) temperatures, amplitude (∆T, |∆T|, ∆Trec), mean finger skin temperature (Tmean), 
recovery temperature (Trec), onset time (∆tonset), peak time (∆tpeak), frequency of CIVD (FCIVD) 
and the duration of the entire blood vessel opening – closing sequence (∆tCIVD).  
 
 
RESULTS 
After the high altitude acclimatisation, we observed significant increases in amplitude (∆T; 
before: 1.8 (1.0)°C, after: 2.7 (1.9)°C) and absolute maximum temperature (|Tmax|; before: 
20.3 (5.9)°C, after: 22.3 (4.2)°C) in fingers. In toes, there were significant increases in 
minimum temperature (Tmin; before: 16.6 (4.3)°C, after: 19.9 (4.6) °C), maximum temperature 
(Tmax; before: 18.8 (4.0)°C, after: 22.1 (4.8)°C), mean toe skin temperature (Tmean; before: 
14.8°C (4.6)°C, after: 17.0 (3.5)°C after), absolute minimum temperature (|Tmin| ; before: 12.8 
(4.1)°C, after: 14.3 (2.5)°C), absolute maximum temperature (|Tmax| ; before: 19.7 (4.0)°C, 
after: 23.1 (4.3)°C) and absolute amplitude (|∆T| ; before: 4.7 (1.8)°C, after: 8.1 (3.9)°C). 
Peak time was significantly shorter (∆tpeak; before: 3.4 min (2.5) min, after: 2.2 (1.9) min).  
 
Tympanic and skin temperatures were similar in the pre- and post-acclimatisation trials. There 
were no changes in the blood pressure response, nor on the subjective ratings of temperature 
sensation and thermal comfort.  
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DISCUSSION 
The CIVD response improved significantly after a three week sojourn at an altitude ranging 
between 4000 and 6000 m. This improvement was predominantly in the responses observed 
in the toes. 
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INTRODUCTION  
Menthol application on lingual membranes enhances the firing frequency of cold receptors 
(Hensel and Zotterman 1951). At rest, application of menthol on the skin stimulates cold-
sensitive afferent pathways (Shafer et al., 1986), which may activate norepinephrine release, 
leading to local cutaneous vasoconstriction. On the other hand, the thermogenic effect of 
sustained exercise induces vasodilation at the periphery for thermoregulatory purposes. It is 
not known however, whether application of menthol, a widespread ingredient of various 
cosmetic and therapeutic skin creams, could impede thermoregulation during exercise. The 
purpose of the present study was to investigate the effect of skin surface menthol application 
on rectal temperature rise during exercise. It was hypothesized that menthol application would 
enhance heat gain during steady state cycling, mainly via peripheral vasoconstriction.  
 
METHODS  
The experiments for each subject were conducted 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. Thermistors (Yellow Springs, USA) on forearm and 
fingertip were placed and secured with an adhesive tape while subject was seated and relaxed 
on the bicycle. Following this preparation, 5 min resting values for HR (Polar S-810, 
Finland), VO2 (MedGraphics, CPX-D, USA), and temperatures were obtained. Afterwards, 
each subject cycled at 50% of his maximum HR (220-age), so long as to reach 38 oC in Tre. 
In menthol condition, the 5 min resting period was followed by menthol application of (4.6 ml 
per 100 ml) of water on the skin all over the body. Subsequently, menthol-resting data were 
collected for another 5 min. All experiments were conducted at similar environmental 
temperature (24.1±1.0 oC) and relative humidity (46.2±4.3 %).  
 
RESULTS  
Throughout exercise, power output and HR were similar between conditions. The mean 
power output was 139.5±8 Watt in menthol and 150.6±9 Watt (p=0.3) in control condition;  
 
Table 1. Cycling time to reach 38 oC, rectal temperature (Tre) at rest, the rate of rise in rectal 
temperature, oxygen consumption (VO2) at rest and during 12th min exercise (VO2 1-12th) in 
menthol and control conditions. Values are means ± SD. 
 Menthol Control p-value 
Cycling time (min) 19.0±2.0 29.1±1.0 0.001 
Tre rest (oC) 37.32±0.3 37.14±0.3 0.89 
Tre rise (oC·min-1) 0.24±0.09 0.14±0.09 0.03 
VO2 rest (ml·min-1) 327±53 357±39 0.32 
VO2 1-12th min (ml·min-1) 1890±352 1745±330 0.03 
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similarly, HR was 132.5±10.3 and 133.8±10.8 beats per min for menthol and control 
condition, respectively (p=0.9). Despite similar Tre at rest and during the first 15 min of 
cycling in the two conditions, during the last 10 min of exercise the rate of rise was higher in 
menthol condition (Table 1). Accordingly, the time to reach Tre of 38 oC was shorter when 
cycling with menthol than without menthol application (Table 1). 
 
The proximal-distal skin temperature gradient, which is considered a vasoconstriction index, 
was higher in menthol condition only in the first 12 min of exercise (Fig. 1). In addition, VO2 
was higher in the same exercise period in menthol condition (Table 1) without being different 
from this time and onwards.  
 

 
 
DISCUSSION 
 Upon exercise initiation, previously applied menthol on the skin seems to induce 
vasoconstriction and enhance thermogenesis that results in a faster rectal temperature rise, 
which, in the late state of exercise, counteracts the vasoconstrictive effect of menthol.  
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INTRODUCTION 
Studies suggest that cognitive performance degrades as core temperature falls during resting 
studies. However, it is unknown how the rate of cooling affects cognitive performance at a 
specific core temperature. The purpose of this study was to determine if the rate of core 
temperature cooling affects cognitive function.  We hypothesized that cognitive function 
would be impaired to a greater degree during cold-water immersion when the rate of rectal 
temperature (Tre) cooling was slower compared to trials where core temperature fell faster. 
 
METHODS 
Ten men (20 ± 2 yr, 178 ± 7 cm height, 73.4 ± 7.1 kg body weight, VO2peak, 47.2 ± 4.8 ml·kg-

1·min-1, and 15.5 ± 3.9 % body fat) completed 8 different, randomized, trials (which varied in 
the rate of cooling) in either 10 or 15°C water, in either chest (C) or waist (W) deep water 
while walking at either 0.44 or 0.88 m·s-1.  Subjects also completed a control trial where they 
were not immersed.  Cognitive function was measured using standard performance tests: 4-
choice reaction time, match-to-sample, visual vigilance, grammatical reasoning, and symbol 
substitution.  Tests were conducted before immersion and during immersion when Tre reached 
36.5°C or 2 hours had elapsed.  Significance was set at p < 0.05.  Data are presented as mean 
± SD. 
 
 
Visual Vigilance. This test of visual vigilance was designed to resemble military tasks 
requiring sustained scanning of the visual environment for infrequent, difficult to detect 
stimuli such as those during sentry duty.  The task required the participant to detect a small, 
faint stimulus that randomly appeared for a second at various locations on the computer 
screen  On the average, presentation of a stimulus occurred once a minute.  The participant 
was told to respond as quickly as possible when a stimulus was detected. Dependent measures 
included correct detections and the response time. Responses made before (or after) stimulus 
occurrence were recorded as false alarms.  The duration of this test was 20 minutes. 
 
Four-Choice Visual Reaction Time. Volunteers were presented with a series of visual stimuli 
at one of four different spatial locations on the computer screen.  The volunteer's task was to 
indicate the correct spatial location of each stimulus by striking one of four corresponding 
keys on the computer keyboard.  Dependent measures included the response latency for each 
trial, premature errors (responding before the presentation of the stimulus), errors of omission 
(response latency >1 sec) and errors of commission (hitting the wrong key).  The duration of 
this test was approximately 5 minutes.  
 
Delayed Match-to-Sample. This is a subtest of the Walter Reed Performance Assessment 
Battery. During this test, a sample pattern of 36 red and green grid squares was presented on 
the computer display.  The volunteer studied this pattern and then pressed a key on the 
keyboard.  The sample pattern disappeared and the screen was blank for either 8 or 16 
seconds ("delay").  Next, two patterns were presented and the volunteer selected the pattern 
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that matched the previous sample pattern. Dependent measures included correct responses, 
incorrect responses, time out errors, study time for the sample, and response time. The 
delayed match-to-sample test consisted of 20 trials and required about 12 minutes to 
complete. 
 
Grammatical Reasoning. The Baddeley Grammatical Reasoning Test was an assessment of 
language based reasoning.  The test consisted of judging whether or not a series of 
grammatical transformations presented in sentence form were true or false.  The volunteer 
completed as many answers as possible during a three-minute period.  The number of items 
attempted within the three-minute period and the percent correct were used as indices of 
verbal reasoning ability.  This test took approximately 4 minutes to complete. 
 
Digit Symbol Substitution Test. This test measures coding ability and is a function of short-
term memory.  Volunteers were presented with a worksheet containing the numbers 1-9 and 
an associated code symbol (e.g., X, =, -, etc).  The worksheet consisted of a series of numbers 
that needed to be coded.  Each number had a blank box underneath in which to write the 
appropriate code symbol.  The volunteer completed as many symbol substitutions as possible 
within a 90 second time period.  The number of items attempted within the period and the 
percent correct were used as indices of the ability to process codes rapidly and accurately.  
This test took approximately 2-3 minutes to complete. 
 
 
RESULTS 
There were no differences in cognitive function due to the rate of core temperature cooling so 
all trials were collapsed and responses analyzed with dependent t-tests (before immersion vs. 
during immersion).  The following significant findings were observed (Figures 1, 2, and 3).  
These responses were similar whether cognitive performance was measured at 36.5°C or after 
2 hours (Tre = 36.67°C, 8 trials). 
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Figure 1.  Four-choice reaction time before and during cold-water immersion.  Asterisk 
denotes significant difference (p = 0.008) between measurement times. 
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Figure 2.  Match-to-sample response time before and during cold-water immersion.  Asterisk 
denotes significant difference (p = 0.006) between measurement times. 
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Figure 3.  Number of correct hits as a percentage of stimuli presented before and during cold-
water immersion.  Asterisk denotes significant difference (p = 0.01) between measurement 
times. 
 
 
DISCUSSION 
These results suggest that a) core cooling rate does not have an effect on cognitive 
performance, b) response time is faster during cold-water immersion compared to rest, and c) 
visual vigilance is enhanced during cold exposure compared to resting conditions.  Our results 
may differ from previous studies due to exertional versus passive induction of hypothermia. 
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EFFECT OF ANTI-MOTION SICKNESS DRUGS ON MOTION 
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INTRODUCTION 
Previous studies have shown that motion sickness (MS) potentiates the cooling rate of the 
body core during immersion, both in luke-warm water (28°C)1 and cold water (15°C)2. The 
aim of the present study was to investigate whether it is possible to influence this MS-
induced predisposition to hypothermia by administering two commonly used anti-MS drugs, 
namely the histamine-receptor blocker dimenhydrinate (Amosyt®) and the muscarine-
receptor blocker scopolamine (Scopoderm®).  
 
METHODS 
The study was approved by the Human Ethics Committee at the Karolinska Institute. After 
giving their informed consent 9 healthy male subjects participated in 5 experimental 
conditions. The subjects’ mean (range) age, weight, and length were 25 (23-27) year, 73 (60-
83) kg and 1.80 (1.68-1.87) m, respectively. After baseline recording and administration of 
certain combinations of the two drugs and their respective placebo substances each subject 
was immersed in 15°C water for a maximum of 90 minutes or till the core temperature had 
dropped 2°C or had reached 35°C. The experimental conditions were:  
1. Control: no MS provocation, no medication.  
2. Control MS: MS provocation, no medication. 
3. Placebo MS: placebo Amosyt® and placebo Scopoderm®, MS provocation . 
4. Amo MS: Amosyt® medication, MS provocation. 
5. Scop MS: Scopoderm® medication, MS provocation. 
 
MS provocation was induced by the use of a rotating chair in combination with a regimen of 
standardized head movements. Throughout the experiments rectal temperature, mean skin 
temperature, the difference in temperature between forearm and 3rd finger of the right hand, 
oxygen uptake, heart rate and blood pressure were recorded, but only the results of the rectal 
temperature are presented here. At 5-min intervals (after MS provocation) each subject rated 
motion sickness, thermal comfort and temperature perception.    
 
RESULTS AND DISCUSSION 
Amosyt® and Scopoderm® were similarly efficacious in ameliorating nausea during and 
after the MS provocation. During immersion the core cooling rate (∆ rectal temperature) was 
28 % greater in the MS control condition than in the Control condition (p<0.05). This 
predisposition to hypothermia induced by the MS provocation was prevented by Amosyt® 
(p<0.01), but not by Scopoderm® or the placebo substances.  
 
The different effects of the two drugs might suggest that the MS-induced predisposition to 
hypothermia is mediated via histaminergic, rather than cholinergic neural pathways. 
Furthermore, although the two drugs had different effects on the core cooling rate they were 
equally efficacious in ameliorating nausea. This might suggest that nausea per se is not a 
critical factor in the MS-induced predisposition to hypothermia.  
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INTRODUCTION 
The thermal conductance of water is approximately 25 times greater than that of air. 
Consequently, body heat is rapidly conducted away from human skin to the water. Wearing 
an additional layer of insulation on the skin surface is a convenient means to reduce 
convective heat loss. Many investigators have studied the effects of wetsuits, which reduced 
the decrease of core temperature (Kang et al., 1983; Shiraki et al., 1986). In our previous 
studies, we investigated the effects of a partial coverage wetsuit (PCWS, or thermal 
swimsuit) during cool water immersion (Wakabayashi et al., 2005; Wakabayashi et al., 2006; 
Wakabayashi et al., 2007), and compared them with the responses observed with a wetsuit. 
The tissue insulation (Itissue) with a partial coverage wetsuit (PCWS) was similar to the naked 
condition, while previous studies reported that wearing wetsuits decreased Itissue (Kang et al., 
1983; Shiraki et al., 1986). While wearing a PCWS the distal extremities are exposed to 
water more than in wetsuits, which might be a sufficient sensory input to induce 
vasoconstriction similar to the naked condition. Choi et al. (2003) studied the effect of 
uniform and non-uniform skin temperature on thermal exchanges in water using a specially 
designed water-perfused garment and thermo-circulation system, which controlled five skin 
temperature regions individually. They reported that the higher skin temperature of the trunk 
attenuates shivering in cold water compared to the uniform condition at the same mean skin 
temperature. 
 
The present study investigated the effect of non-uniform skin temperature distribution 
wearing a PCWS on thermoregulatory responses during water immersion.  
 
METHODS 
Ten healthy male subjects volunteered for this study. Each subject participated in two trials: 
in one the skin temperature was uniform (uniform skin temperature, UST), and in the other it 
was not (non-uniform skin temperature, NUST). In the UST condition, subjects with ordinary 
swim trunks were immersed up to the level of their neck level for 60 min in 29°C water. In 
the NUST condition, subjects wore a PCWS during immersion in 26°C water. In both 
conditions, their mean skin temperatures were similar. The PCWS used in this study was 
made of nylon-faced neoprene (2 mm thick), covered trunks, upper arms, thighs, and neck.  
 
During the experiment, esophageal temperature (Tes) and 8 skin temperature regions were 
measured using thermistor sensors. The mean skin temperature ( skT ), the skin temperature of 
the trunk and proximal extremities ( trunkT ) and the distal extremities ( limbT ) were calculated. 
The mean body temperature ( bT ) were calculated from Tes and skT . 
 
Expired gases were continuously assessed using an automatic respiromonitor. Values of 
oxygen uptake (

2OV& ), carbon dioxide elimination (
2COV& ), and respiratory exchange ratio 

(RER) were averaged every 1 min. Total metabolic heat production (M) was calculated from 

2OV&  and RER. Metabolic heat production from the unit skin surface (Ms) was calculated using 



Cold water immersion 

 333 

the formula: Ms = 0.92 · M / SA. Body heat storage (Ss) was calculated from Δ bT , body 
weight (BW) and the human body specific heat capacity (Cb) using the following formula: Ss 
= Cb · Δ bT · BW / SA. Heat loss from the skin to the water (Hs) was calculated as Hs = Ms – Ss. 
Tissue insulation (Itissue) was calculated as Itissue = (Tes – skT ) / Hs. 
 
Subject’s thermal sensation, thermal comfort and subjective shivering intensity were assessed 
every 5 minutes. 
 
RESULTS 
Changes in Tes and skT  are shown in Fig. 1. skT  was significantly higher in UST condition 
than in NUST condition from 15 min to 60 min (p<0.05). However, the difference between 
the two conditions was only slight. In NUST condition, trunkT  was 30.1 ± 0.3°C, and limbT  was 
26.5 ± 0.1°C at 60 min. Tes was significantly higher in NUST condition than in UST 
condition from 35 min to 60 min (p<0.05). 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Mean (SD) esophageal and mean skin temperature change during immersion. 
 
Ms, Ss and Hs exhibited no differences between the two conditions (Table 1). The Itissue was 
significantly higher in NUST condition than in UST condition (p<0.05, Table 1). 
 
 

Table 1 Ms, Ss, Hs and Itissue during water immersion 
  Ms Ss Hs Itissue 
    (W · m-2) (W · m-2) (W · m-2) (°C · m2 · W-1)  
NUST mean 54.7  69.2  123.9  0.059  
 (SD) (9.0) (6.7) (8.0) (0.006) 
UST mean 55.1  67.7  122.8    0.052 * 
  (SD) (11.2) (6.8) (7.9) (0.005) 
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Figure 2. Change in thermal comfort during immersion (mean ± SD) 
 
Figure 2 shows the changes in thermal comfort during immersion. The UST condition was 
slightly uncomfortable compared to the NUST condition, and significant differences were 
observed at 40 and 60 min (p<0.05). In contrast, no differences were observed in the thermal 
sensation between the two conditions.  
 
DISCUSSION 
The present study compared the thermoregulatory responses during immersion at 26°C with a 
PCWS at 29°C in the naked condition. The non-uniform skin temperature distribution, higher 
at the trunk and lower in distal extremities, increased Itissue compared to uniform skin 
temperature condition. On the other hand, shivering thermogenesis was not influenced by the 
skin temperature distribution at the experimental condition of this study.  
 
Choi et al. (2003) reported significantly higher shivering thermogenesis in UST condition 
compared to NUST condition in 28.4°C water. However, in this study no significant 
difference was observed in Ms between the two conditions, though slightly higher subjective 
shivering was observed in UST condition. The difference between the previous report and the 
present study might have been caused by the skin temperature of distal extremities. In this 
study the limbT  was about 26.5°C in NUST condition, which was higher than the skin 
temperature of the hands and feet (24.7°C) reported previously. This may explain the similar 
Ms results in both conditions. In contrast, Itissue in NUST condition was significantly higher 
than in UST condition (p<0.05), which corresponds with our previous findings (Choi et al., 
2003). The increment of Itissue might have been caused by the vasoconstriction induced by the 
cold input from the distal extremities in NUST condition. The increment of Itissue might have 
led to the slightly higher Tes in NUST condition. 
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INTRODUCTION 
In the UK a beach lifeguard working for the Royal National Lifeboat Institution (RNLI) is 
expected to be able to run and swim 200m out to sea within 3.5 minutes in order to rescue 
someone in danger of drowning (Reilly et al, 2004). Due to the differences in the geology of 
surf beaches (SB) and non-surf beaches (NSB), lifeguards are able to run further out to sea 
before swimming on SB (they are shallower). So, despite the more adverse swimming 
conditions on SB, on average, it takes about the same time to reach a casualty at 200m on 
both SB and NSB (Reilly et al, 2004). The ability to run further out to sea on a SB disguises 
the greater demands associated with swimming in surf. Anecdotally, swimming in the surf 
requires a set of skills not associated with pool swimming. However, the capability of a beach 
lifeguard to reach a casualty in the surf is assessed by their ability to swim in a pool.  
 
This paper attempts, for the first time, to determine the extent of the skill component in surf 
swimming by examining the comparative sea swimming performance of lifeguards with high 
and low levels of surf swimming experience. The ability to predict swimming performance 
on the basis of pool swim times, self-reported surf experience, anthropometry and anaerobic 
performance on a swim bench was examined. It was hypothesised that surf swimming 
involves a quantifiable skill component (H1), and the ability to swim in the surf can be 
predicted from easy to measure land-based tests (H2). 
 
METHODS 
Sixty-five beach lifeguards (BLG) volunteered for the study, which received ethical approval 
from the University of Portsmouth Ethics committee. The lifeguards came from SB and NSB, 
their surf swimming experience was assessed by a questionnaire designed specifically for the 
project, and which examined the frequency and severity of surf swimming experience to 
produce a score for each lifeguard on a scale from 0-310. On the basis of this score, the BLG 
were divided into two distinct groups, 30 BLG had no or little surf swimming experience 
(NSE, score of 0-85); and 35 had a high level of surf swimming experience (SE, score of  
110-310). The BLG with NSE had an average (SD) score on the surf experience 
questionnaire of 25 (26); the corresponding score for the BLG with SE was 267 (61).  
 
Each BLG undertook the following tests: 
a. An initial 200m pool swim (PS1), maximum effort (25 metre pool). Data collected 8 weeks 
before the sea swims (see below). 
b. A 200m swim in calm sea water (CSS) (Gyllingvase, Falmouth, UK), maximum effort. 
c. A 200m swim in surf conditions (SSS) (Perranporth, Cornwall, UK), maximum effort. 
d. A final 200m pool swim (PS2), maximum effort (25 metre pool) 
e. A maximum effort 25m underwater/25m pool swim  
f. Ergometer test. A 30s swim bench test (Weba Sport Expert, Swim Bench, Austria).    
g.  Anthropometry. The following measurements were taken: height, weight, arm length 
(Chatard et al, 1992), shoulder circumference, skinfold thickness (4 sites; Durnin & 
Womersley, 1974; Costill et al, 1985).  
 
The environmental conditions at Gyllingvase were: Zero metres wave height; 16°C water 
temperature; 16°C air; 16-18°C air temperature. The environmental conditions at Perranporth 



Cold water immersion 

 337 

were: 1 metre wave height; 19°C water temperature; 18°C air temperature. All swims were 
undertaken wearing swimming costumes only. 
 
Swimming distances at sea were determined by GPS (accurate to 2m, Garmin, UK). The 
initial 200m pool swim (condition a) was undertaken a few weeks before the other tests. On 
the basis of the swim times obtained, an attempt was made to pair a BLG with NSE with one 
with SE. The matched subjects then undertook tests b-d together; this ensured that the two 
groups experienced the same sea states. Test b-g were conducted on the same day, at least 2.5 
hours elapsed between successive swims. It took two days to test all of the subjects. For 
logistical reasons the tests were completed in the order presented above (b-d). 
 
The BLG started their pool swims in the water. For the sea swims they waded into the water 
until they were immersed to the waist, the timed swims started from this position; the BLG 
were thereby prevented from running into the sea.  
 
ANOVA and multiple linear stepwise regression were completed. Retrospective power 
analyses were performed. Results are significant to the 5% level unless stated otherwise. 
 
RESULTS 
The BLG had been paired on the basis of their initial 200m pool times. When the pool swims 
were repeated on the day of the sea swims, the NSE were an average (SD) of 9 (17.6, P=0.04) 
seconds slower on the 200m pool swim. In order to compare the sea swims directly, 9 
seconds were subtracted from the individual sea swim times of the NSE group to normalize 
their data. The calm sea swim times of the two groups did not differ, but the NSE group were 
on average (SD) 49 seconds slower in the surf swim than the group with SE (Figure 1).  

Figure 1. Normalized pool swim times of NSE and SE swimmers in the swimming tests 
(N=65). 
 
In both groups, the time taken to swim 200m was slower in calm sea than in the pool and 
slower in surf than in either calm sea or the pool (P=0.04). 
 
The time taken to swim 200m in calm sea was correlated with 200m pool swim time, subject 
height, and strokes per minute on the swim bench (P=0.06). Together these variables 
accounted for 33% of the variance in the time taken for this swim. The time taken to swim 
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200m in surf was correlated with surf experience (P>0.01) (from the questionnaire, Figure 2) 
and stroke length (P=0.08) on the swim bench. Taken together these variables accounted for 
28% of the variance in the time taken for this swim.  

  
Figure 2. The relationship between surf experience and time to swim to swim 200m in the 
surf (N=65). 
 
The correlation analysis identified the following significant relationships: 
pool swim times and calm sea swim r=0.55 (P<0.01) 
surf experience (1-310) and surf swim time r=-0.47 (P<0.01) 
metres/min on the swim bench and 200m pool swim time r=-0.429 (P<0.01) 
surf swim time and calm swim time r=0.35 (P<0.01) 
25 metre underwater swim and surf swim time r= 0.29 (P<0.02) 
25 metre underwater swim and calm sea swim time r= 0.42 (P<0.01) 
 
 
DISCUSSION 
It is clear that there is a significant skill component associated with swimming in the surf, H1 
is therefore accepted. Although BLG with and without experience of swimming in the surf 
swam more slowly in the surf than in calm sea or a pool, those without SE took an average of  
46 seconds longer than those with SE to swim 200m in the surf. Comparing the normalised 
swim times leads to the conclusion that SE can reduce 200m swim from an average of 271s 
(SD 81) (NSE) to 213 (SD 37)(SE). This represents an improvement of 18% in swim time; 
this percentage is a measure of the skill component of surf swimming. This component is 
likely to be experienced-based and associated with things like navigation, seamanship and 
confidence. 
 
The finding that two BLG with similar 200m pool times may perform very differently in surf 
has some important implications. Clearly, pool swimming time should not be regarded as an 
indicator of an individual’s ability to swim in surf. Care should therefore be taken in 
allocating BLG to surf beaches. As the surf experience questionnaire used in the present 
study predicted surf swimming times, it could be used to assist in the selection of BLG for 
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surf beaches. As experience of swimming in the surf can significantly improve surf 
swimming times, consideration should be given to training BLG in this skill. 
 
Swim bench tests of upper body strength and power have been reported to provide higher 
correlations with swimming performance than isometric upper body strength measures 
because of their greater specificity (Costill et al, 1985; Hawley & Williams, 1991).  However, 
the present study did not identify any of the measures of power and strength obtained with 
the swim bench as particularly useful in predicting swimming performance in the pool or sea 
(H2 is not supported). This may have been because the bench test was much shorter than the 
swim times recorded.  
 
It is concluded that there is a significant skill factor in surf swimming and this may help to 
explain why pool swim times do not predict surf swimming performance. These findings 
have implications for the training and assignment of BLG. 
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INTRODUCTION 
The UK National Immersion Incident Survey (UKNIIS) was launched in 1991. It is a survey 
designed for completion by the UK Coastguard when a person is rescued from accidental 
immersion in water. The survey was initiated in part to help predict survival times in water, 
and thereby assist the Coastguard in determining when a search should be terminated. In 
1997 a report was produced by Oakley and Pethybridge on the statistical analysis of a dataset 
containing information on 930 cases. A logistic regression of the odds ratio of death was 
fitted to the data, and comprised the independent variables: duration of immersion, water 
temperature and buoyancy device. 
 
The survey has continued to be completed, with an additional 600 cases reported since 1997. 
This paper provides a summary of the results of a re-analysis of the combined data set.  A 
comparison between the original and the newer, larger data set has been undertaken to check 
the consistency of the reporting of information. 
 
 
METHODS 
The survey was undertaken to gather information on duration of immersion, condition of the 
water and characteristics of the victim. The cases of victims found dead days after the initial 
immersion have been excluded as they provide no assistance in predicting survival time. The 
Defence Services Lifesaving (DSL) Committee approved the questionnaire and it was 
distributed to HM Coastguard, the RNLI, and other members of the DSL Committee, and in 
order to ensure consistency of the reported information, guidance notes were provided. They 
were sent out with the request for the completed questionnaires to be returned to the Institute 
of Naval Medicine, UK.  
 
The new data (comprising of an extra 663 cases) were combined with the original data and 
recorded on a single spreadsheet. An advanced system of coding was developed to clarify the 
analysis. A number of different statistical analyses were performed. These included logistic 
regression, as this was the method of choice used in the original report by Oakley & 
Pethybridge (1997). Other analyses performed included classification and regression trees 
and factor analysis. 
 
RESULTS 
The re-analyses of the UKNIIS data is ongoing and this paper contains the preliminary 
findings. 
 
The total data set of 1593 cases includes information on 160 deaths (Tables 1 and 2). The 
standard of questionnaire completion was very good, with little missing critical data. 

 
 
 



Cold water immersion 

 341 

Table 1. Breakdown of the UKNIIS data by gender and age 
Age Range 
(years) 

Number of cases 

 Male Female Unknown 
 Dead Alive Dead Alive Dead Alive 
0-9 4 (11.4%) 31 0 (0%) 5 (1) 0 1 
10-19 10 (4.6%) 207 4 (11.1%) 32 0 4 
20-29 22 (7.1%) 287 3 (5.5%) 52 0 8 
30-39 20 (8.1%) 226 4 (6.6%) 57 0 3 
40-49  34 (19.5%) 140 (1) 5 (%) 46 0 2 
50-59 18 (17.6%) 84 (1) 3 (57.1%) 18 1 1 
60-69 8 (15.7%) 43 (1) 0 (33.3%) 7 0 2 
70+ 9 (60%) 6 2 (66.7%) 3 0 0 
Unknown 9 (5.8%) 145 4 (18.2%) 18 0 1 
 Total = 134  Total = 25  Total = 1  

 
The numbers in brackets represent the number of cases with unknown outcomes, in that age 
and gender group. 
 
Table 2. Breakdown of data by water temperature. 

Water Temp 
(°C) 

Number of 
Cases 

Number of 
Deaths 

Death Rate at 
Water Temp 

Percentage of 
Total Deaths 

1 – 8 289 36 12.5% 22.5% 
9 – 11 338 48 14.2% 30% 
12 – 14 365 29 7.9% 18.1% 
15 – 17 358 25 7% 15.6% 

18 + 94 4 4.3% 2.5% 
Unknown 149 18 12.1% 11.3% 

 
 
Table 3 shows the predicted times for ‘50% survival’ that appeared in the original report by 
Oakley and Pethybridge (1997, N=930). The buoyancy device variable was coded into 
“worn” and “not worn”. It should be noted that the predicted time for ‘50% survival’ is the 
time period of immersion at which half of those immersed would be expected to survive. The 
corresponding data reanalysed for 1,593 cases is presented in Table 4.   
 
 
 
Table 3. 50% Survival time from UKNIIS 1997 (N=930) 
Water Temperature Not Worn Worn 

5°C 3 17 
10°C 6 >24 
15°C 12 >24 
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Table 4. 50% Survival time from UKNIIS 2006 (N=1593) 
Water Temperature Not Worn Worn 

5°C 3.6 >24 
10°C 5.7 >24 
15°C 9.0 >24 
 
Tables 3 and 4 give estimations of 50% survival time with and without buoyancy aids.  All 
analyses were performed using Minitab. 
 
DISCUSSION 
The new data set do not provide estimations that are significantly different from the original 
data set. However, the increase in the number of cases has decreased the standard error 
around of the predictions, as a consequence data collection should be continued.  
 
Even with the increase in cases, the results should be interpreted with a degree of caution. For 
example, Tables 3 & 4 focus on the use of buoyancy aids, but the cases which constitute this 
Table will include individuals with different types of lifejacket, different clothing, different 
physique and gender (i.e. complicated interactions). Even with the large number of cases, the 
number contributing to extreme scenarios (e.g. immersions longer than 4 hours, very cold or 
warm water) is relatively small, which makes predictions less reliable and more qualitative 
than quantitative.  
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INTRODUCTION 
Swimming failure is believed to be caused by a combination of arm cooling and muscle 
fatigue.  This hypothesis is supported by a study by Wallingford et al. (2000) simulating cold 
water survival, in which regression analysis showed that the most significant predictor for 
distance covered before swimming failure was the triceps skinfold thickness.  The objective 
of the present study was to test whether adding insulation to the arms would improve cold 
water swimming performance by delaying swimming failure.   
 
METHODS 
Novice (NOV, n=7) and expert (EXP, n=8) swimmers, clothed and equipped with a personal 
flotation device, each performed two trials in a swimming flume filled with 10 ºC water.  
During Free Swimming (FS), subjects performed swimming until failure, followed by the 
Heat Escape Lessening Posture.  In Free Swimming with Additional insulation (FSA), 
subjects wore custom-fitted armbands.  Trials ended when rectal temperature decreased to 34 
ºC or after 2 hours of immersion.  Measurements included:  rectal and skin temperatures, heat 
flow, and various appraisals of swimming performance.   
 
RESULTS 
FSA was thermally advantageous versus FS.  Rectal temperature cooling rates during 
swimming (dT/dt Swim) were faster for FS compared to FSA (0.050 ± 0.007 ºC·min-1 vs. 
0.042 ± 0.006 ºC·min-1, p<0.01).  Armbands maintained arm skin temperature about 10 ºC 
warmer, for approximately 70 minutes (p<0.001).  Although additional insulation did not 
greatly improve physical performances, video analysis showed that swimming technique in 
FSA was maintained 10-15 % better than in FS between minutes 30 and 50 (p<0.001).  
Swimming failure was achieved in 5/30 trials, with increases in stroke rate (6.6 str·min-1) and 
decreases in stroke length (0.24 m·str-1) observed. 
 
DISCUSSION 
In this simulation of cold water swimming survival, equipping subjects with neoprene 
armbands appears to have partially preserved muscle function, but with unimpressive effects 
on overall performance.  Swimming failure is a complex entity, but is evidently related to 
both triceps skinfold and arm girth. 
 
REFERENCES 
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INTRODUCTION 
Our previous observations revealed that adaptation of humans to cold due the repeated whole 
body cold water immersions induces a downward shift of the hypothalamic threshold for 
induction of cold thermogenesis (hypothermic adaptation) (Janský et al. 1996, Vybíral et al. 
2000). Further it was found that in cold adapted winter swimmers the adrenergic 
thermogenesis was potentiated (metabolic adaptation) and vasoconstriction became more 
effective (insulative adaptation) (Lesná et al. 1999).  The role of the sympathetic nervous 
system and adrenergic receptors in mediating these functions has been well established (for 
review see Janský and Janský 2002). The question remains, whether the role of adrenoceptors 
is influenced by cold adaptation. In this study we concentrated on clarifying the role of beta1 
and beta2 adrenoceptors in mediating adrenergic thermogenesis and cardiovascular functions 
in cold adapted winter swimmers. 
 
METHODS 
Metabolic rate, skin temperatures, rectal temperature, heart rate and systolic blood pressure 
were measured in a control group (n=6, age 21,5 years, body mass 70,0 kg, height 183 cm, 
body mass index 25,7) and in winter swimmers  (n=6, age 42,8 years, body mass 83,0 kg, 
height 179,1 cm, body mass index 25,9) at rest and after iv infusions of increasing doses (0,5; 
1,4;  2,0; 4,0; 5,0 µg. min-1. kg-1  body mass) of the adrenergic agonist with the 
predominating β1 adrenergic activity (Dobutamine, PLIVA-Lachema a.s., Brno) or of  the β2 
agonist (Bricanyl, AstraZeneca UK Ltd) (in concentrations 0,04; 0,08; 0,16; 0,40 µg. min-1. 
kg-1  body mass). During experiments the subjects, wearing trunks, rested in bed at 
thermoneutral conditions. Increasing concentrations of the β1 agonist were administered 
subsequently via the permanently cannulated antecubital vein, each concentration being 
infused for 10 min.  The same procedure was applied in case of the β2 agonist. 
   Metabolic rate was measured using a modified paramagnetic oxygen analyzer (Dvořák, 
Czech Rep.). Temperature sensors (HD 590, Angloy Devices, USA) were used to measure 
rectal temperature and skin temperatures on the middle finger and on the chest.  A 
computerized data acquisition system was used to collect and analyze the metabolic and 
temperature data. Heart rate and blood pressures were monitored using a cardiomonitor Eagle 
3000. Experiments on controls were performed in October and experiments on winter 
swimmers were performed in February. 
   Data are presented as means ± SEM. Statistical significance of data, obtained on controls 
and winter swimmers were compared using analysis of variance (ANOVA). The post hoc 
analysis of differences between means were carried out using Student´s two tailed non-paired 
test with p<0,05 indicating significant difference. 
   Winter swimmers were adapted to cold by swimming outdoors regularly, two times a week 
from September to February. The temperature of the water in the swimming pool was 
declining during the training season from 12ºC to 2ºC. The time span the winter swimmers 
spent during one training session in the cold water was about 12 min at the start and 3 min at 
the end of the training season. Additionally, during the winter season winter swimmers 
participated in several competitions to swim for about 3 hours at 13o C water. 
   Experiments performed under medical control were approved by the Ethics Committee at 
the Faculty of Biology, University of South Bohemia. 
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RESULTS 
Experiments revealed that infusions of the optimal dose of the β1 agonist (Dobutamine) 
increased metabolic rate of humans resting at thermoneutal conditions by 39 %, while 
infusions of the β2 agonist (Bricanyl) increased metabolic rate by 20%, in absolute terms the 
increase being 77 ml O2. kg-1.hr-1, or 57 ml O2. kg-1.hr-1, respectively (Fig. 1, 2). This 
indicates greater role of β1 adrenoceptors in mediating metabolic response. In winter 
swimmers administrations of both adrenomimetics were without effect, indicating 
downregulation of adrenergic receptors (Fig. 1, 2).  
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Figure 1. Effect of increasing concentrations of the β1 agonist on metabolic rate in controls 
(white points, interrupted line) and winter swimmers (black points, solid line). 

β2 adrenergic agonist

210

230

250

270

290

310

330

350

370

390

-0,05 0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35 0,40 0,45

Infusion rate (µg.kg-1.min-1)

M
et

ab
ol

ic
 ra

te
 (m

l O
2.
kg

-1
.h

r-1
)

 
Figure 2. Effect of increasing concentrations of the β2 agonist on metabolic rate in controls 
(white points, interrupted line) and winter swimmers (black points, solid line). 
 
 In contrast to the effect on metabolic rate, the actions of the β1 and of the β2 agonist on heart 
rate were different. The  β1 agonist was without effect, while the β2 agonist increased heart 
rate by about 100%, indicating dominant role of β2 adrenoceptors in controlling heart rate 
(Fig. 3, 4). In winter swimmers the effect of the β2 agonist was supressed by about a half 
(Fig. 3, 4). 
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Figure 3. Effect of increasing concentrations of the β1 agonist on heart rate in controls 
(white points, interrupted line) and winter swimmers (black points, solid line). 

 
Administrations of both β1 and β 2 adrenomimetic were without effect on blood presure and 
rectal and skin temperatures. Generally, winter swimmers showed higher blood pressure and 
lower rectal temperature, however.  
 
DISCUSSION 
To specify changes in adrenergic functions after adaptation of humans to cold, effect of 
administration of increasing concentrations of β1 and β2 adrenomimetics (Dobutamine, 
Bricanyl) on resting metabolic rate, heart rate, blood pressure and finger skin temperatures of 
young men  (21,4 years, body mass 79 kg) and of cold adapted winter swimmers  (42,8 years. 
body mass 83 kg) was studied. Increase in metabolic rate, mediated by β1 and β2 
adrenomimetics was attenuated after cold adaptation, indicating downregulation of β1 and β2 
adrenoceptors. Since cold adapted humans have greater capacity of nonshivering 
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Figure 4. Effect of increasing concentrations of the β2 agonist on heart rate in controls (white 
points, interrupted line) and winter swimmers (black points, solid line). 
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thermogenesis (Lesná et al. 1999) than that mediated by both β1 and β2 adrenoceptors, the 
role of other types of adrenoceptors can be anticipated. Heart rate increased after 
administration of the β2 agonist, but was not influenced by the β1 agonist. The role of β2 
adrenoceptors in mediating heart rate was also attenuated after cold adaptation. Data indicate 
that   downregulation of adrenoceptors plays a crucial role in regulation of physiological 
functions responsible for adaptation of humans to cold.  
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INTRODUCTION 
Apnea induces physiological changes, which are known as the diving response. The human 
diving response involves bradycardia, hypertension and peripheral vasoconstriction. Factors 
such as stimulation of facial cold receptors, lung volume, alterations of the intrathoracic 
pressure, levels of physical fitness, age, long and short term training and psychological events 
have been shown to influence the magnitude of diving response. In addition, many studies 
have found a relationship between the magnitude of the human diving response and both 
water and/or ambient temperature (Andersson et al., 2000; Schagatay et al., 1996). However, 
it is not known whether a local skin temperature increase would affect the human diving 
response. The present study wass designed to elucidate the effect of a limited skin 
temperature increase on the human diving response. We hypothesized that mild local heating 
would modify the diving responses. Furthermore, it was assumed that repeated breath hold 
trials might reverse this phenomenon. 
 
METHODS 
Seven healthy, non-smoking males (age: 26.86 ± 1.4 years) participated in this study. None 
of the subjects was experienced in apnea diving. The experimental protocol included 8 
repeated breath hold efforts with face immersion, with 2 min intervals between each effort, 
under two different conditions: a) without (AC) and b) with an ultraviolent lamp (AL) in 
order to increase hand skin temperature, in a counterbalanced order. Subjects were instructed 
to perform apnea manoeuvres without prior hyperventilation, after a deep but not maximal 
inspiration and a relaxed chest throughout effort. Apnea was terminated upon maximum 
individual tolerance, without any feedback being offered. 
 
Cardiovascular parameters, such as heart rate (HR), systolic (SBP), diastolic (DBP) and mean 
arterial blood pressure (MAP), and total peripheral resistance (TPR) were recorded 
continuously during the test with a finger photoplethysmograph (Finometer 2300, FMS, 
Netherlands). Skin and forearm temperatures were measured with a thermistor (Yellow 
Spring, Inc. USA) every 15 sec. Apnea time was measured with an electronic stopwatch 
(LCD Quartz, Citizen) and determined by close observation of termination and resumption of 
breathing. Room temperature was kept at 21 ± 1 οC and water temperature was maintained at 
15 ± 1 οC. 
 
RESULTS 
Heating the hand with the lamp resulted in an increase of fingure temperature to 34.12(± 
0.34) οC, whereas the temperature of the control hand was lower (28.04 ± 0.9 οC, p<0.00) and 
kept decreasing throughout time (Fig. 1). All subjects held their breath for at least 40 sec 
(AC: 95.60 ± 10.26 sec, AL: 102.89 ± 11.60 sec, p>0.05), a sufficiently long period for a 
diving response to be established. Breath hold time gradually increased by 37 ± 10.26 sec 
from the 1st to the 8th apnea without significant difference between the two conditions (Table 
1). Local skin temperature increase affected heart rate response only during the four initial 
trails where limited bradycardia was observed (AL: 59.36 ± 2.83 beats·min-1 vs. AC: 57.21 ± 
2.32 beats·min-1, p<0.05) (Fig. 2). This difference was cancelled when heart rate values 
expressed as Δ values (HR apnea – HR rest).  
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The other components of diving response such as SBP, DBP, MAP and TPR were not 
significantly affected by local mild skin temperature increase (Table 1, Fig. 3).  
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Figure 1. Finger temperature before, during, and after 8 apneas (BH) without 
(AC) and with heating lamp (AL). Values are means ± SE from 7 subjects. 
REC: recovery between efforts; * significant difference between conditions,  
p< 0.05. 

Figure 2. Heart rate before, during, and after 8 apneas (BH) without (AC) and 
with heating lamp (AL). Values are means ± SE from 7 subjects. REC: 
recovery between efforts; * significant difference between conditions, p< 0.05 

* 
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 BH 1 BH 2 BH 3 BH 2 BH 3 BH 4 BH 5 BH 6 BH 7 BH 8 

Apnea without hand heating 

BHT (sec) 75.5 
±10.2 

86.1 
± 9.2 

84.0 
± 7.6 

92.7 
± 8.5 

104.5* 
± 9.1 

100.9* 
± 8.5 

109.3* 
±13.5 

111.89* 
± 15.6 

109.3* 
± 13.5 

111.9* 
± 15 

ΔSBP 
(mmHg) 

15 
± 4 

14 
± 2 

11 
± 2 

11 
± 12 

12 
± 2 

7 
± 5 

8 
± 2 

12 
± 4 

8 
± 2 

12 
± 4 

ΔDBP 
(mmHg) 

12 
± 2 

10 
± 1 

10 
± 1 

10 
± 1 

11 
± 1 

10 
± 2 

10 
± 1 

12 
± 2 

10 
± 1 

12 
± 2 

ΔTPR 
(MU) 

0.30 
± 0.04 

0.38 
± 0.04 

0.35 
± 0.05 

0.37 
± 0.07 

0.35 
± 0.06 

0.33 
± 0.05 

0.34 
± 0.07 

0.38 
± 0.06 

0.34 
± 0.07 

0.38 
± 0.06 

Apnea with hand heating 

BHT (sec) 

 
73.6 
± 7.3 

 
102.6 
± 9.8 

 
101.9 
± 8.3 

 
101.8 
± 13.3 

 
107.5 * 
±15.8 

 
109.7 * 
± 12.6 

 
113.7 * 
±12.6 

 
112.2 * 
± 11.5 

 
113.7* 
± 12.62 

 
112.2 
* 
± 11 

ΔSBP 
(mmHg) 
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10 
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10 
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11 
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10 
± 3 

10 
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10 
± 1 

12 
± 2 

ΔDBP 
(mmHg) 

12 
± 3 

13 
± 1 

11 
± 2 

11 
± 2 

13 
± 1 

13.0 
± 1 

13.0 
± 2 

12.0 
± 1 

13 
± 2 

13 
± 1 

ΔTPR 
(MU) 

0.30 
± 0.08 

0.43 
± 0.06 

0.37 
± 0.08 

0.40 
± 0.07 

0.40 
± 0.08 

0.38 
± 0.08 

0.38 
± 0.08 

0.32 
± 0.06 

0.38 
± 0.08 

0.32 
± 0.06 

 
 
 
 
DISCUSSION 
Small skin temperature changes affect apnea-induced bradycardia without modifying the 
blood pressure response. This effect on heart rate response is attenuated with repeated breath 
hold efforts. 
 

Figure 3. Mean arterial pressure before, during and after 8 apneas (BH) 
without (AC) and with heating lamp (AL). Values are means ± SE from 7 
subjects. REC: recovery between efforts; no significant difference conditions, 
p>0.05 

 
Table 1: Mean values (± SE) of 7 subjects under apnea in breath hold time (BHT), systolic 
(SBP), diastolic (DBP) blood pressure and total peripheral resistance (TPR). SBP, DBP and 
TPR were expressed as absolute change from control. 

* significant changes from BH 1, p<0.05 



Cold water immersion 

 351 

REFERENCES 
Andersson J., Schagatay E., Gislen A., Holm B., 2000. Cardiovascular responses to cold-

water immersions of the forearm and face, and their relationship to apnoea. Eur J Appl 
Physiol 83, 556-572. 

Schagatay E., Holm B., 1996. Effects of water and ambient air temperatures on human diving 
bradycardia. Eur J Appl Physiol 73, 1-6. 

 



Environmental Ergonomics XII  
Igor B. Mekjavic, Stelios N. Kounalakis & Nigel A.S. Taylor (Eds.),  © BIOMED, Ljubljana 2007 

 352 

Invited presentation 
 

HOW LOCAL SKIN TEMPERATURES AND SENSATIONS AFFECT 
GLOBAL THERMAL COMFORT? 

Victor Candas 
CEPA, CNRS, 21, rue Becquerel, Strasbourg, France 

Contact person: candas@c-strasbourg.fr 
 
This paper tries to interpret how the human local thermal influences are at the origin of the 
thermal sensation and comfort subjective estimates. It is generally admitted that a negative or 
a positive heat balance will induce a cold or a warm sensation respectively and the ISO 
standard stipulates that these sensations will be associated with thermal discomfort. This 
hypothesis will be debated. 
 
In addition to the need of clarifying the way discomfort is defined and assessed, this paper 
insists on the fact that comfort or discomfort are not simple notions, it states that some lacks 
still exist and it emphasizes the major roles played by the various body areas and their 
interactions. If it is clear that the skin temperatures and/or their changes are the inputs to the 
subjective ratings. But, thermal discomfort may be found for conditions under which no clear 
global thermal sensations are perceived. 
 
In opposition to the ISO standard, the present papers supports also the idea that thermal 
discomfort does not vary symmetrically from the neutroneutral zone : obviously, many people 
like to be a little warm and the fact that some body parts are generally covered (hands and 
head ) or more or less irrigated (feet) while other parts are always covered (trunk, thighs …) 
may explain their large impacts on the determinism of thermal comfort.  
 
To elaborate an adequate computer model to determine the discomfort risks, we admitted the 
hypothesis that thermal comfort results from the integration of all the thermal inputs 
depending on the local thermal deviations from an optimal body cartography. The difficulty to 
predict personal comfort probably lies on the fact that each individual may have his own 
optimal cartography. Even if a model can reproduce more or less accurately the results 
observed in laboratory conditions, where all parameters are well controlled, the results found 
in normal life show that the percentages of persons satisfied or not may vary a lot and the 
model predictions may show large discrepancies. Some examples derived from human 
experimental results illustrate these points. It will show that all local influences should be 
carefully. 
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INTRODUCTION 
Thermal sensations are associated with skin temperatures. However, the relationship is not 
constant but modified by cooling rate, surface area of cooled/warmed site, site of 
cooling/warming (due to different number of thermoreceptors), adaptation of 
thermoreceptors, thermal acclimatization or acclimation (Hensel 1981) and age (Stevens and 
Choo 1998). When asking the judgement of thermal sensation in cold conditions, it has been 
observed that the temperature of the coldest point of the given body area dominates the 
expressed thermal sensation (Rintamäki and Hassi 1989). It has also raised the possibility that 
heat flux from the skin, instead of skin temperature, determines thermal sensations. 
 
Face skin temperatures seem to be especially important in cold exposure, as physiological 
responses, like blood pressure rise, starts immediately after exposure to cold, although other 
body parts than the face are not cooled in properly clothed subjects. In the present study the 
thermal sensations of face were studied during different combinations of wind and exercise 
with initially thermoneutral or pre-cooled subjects to see the possible effects of cooling rate 
and metabolic heat production on the sensations in well-clothed subjects.  
 
METHODS 
Eight healthy men served as test subjects: 23 (SD 2) y, 179 (4) cm, 73 (7) kg and body fat 14 
(3) %. Each subject arrived in laboratory at the same time of the day. After being equipped 
with the instruments, the subjects donned standard Finnish military three-layer winter 
clothing, with thermal insulation of ~2.2 clo. During preconditioning, the subjects sat in a net 
chair for 60 min either at 20°C (thermoneutral preconditioning, TN) or at -5°C (cold 
preconditioning, C). During TN preconditioning hat, gloves, jacket and boots were not worn 
to avoid heat gain. After preconditioning the subject went to a wind tunnel and stand there for 
30 min, facing towards wind, or walked on a treadmill for 60 min at 2.8 km h-1 with 0° 
inclination (light exercise, metabolic rate 124 W·m-2) or 6° (moderate exercise, metabolic rate 
195 W·m-2). Each measurement was carried out at wind velocity of 0.2, 1.0 and 5.0 m·s-2. 
Each subject was exposed to the combinations of wind speed and exercise intensity in a 
randomized order. Skin temperatures (from the face: cheek, forehead, nose) and heat flux 
(from the face: forehead) were measured continuously and stored at 1 min intervals. Thermal 
sensations (ISO 10551) were recorded at 10 min intervals. The details of the measurements 
are described by Mäkinen et al. (2000, 2001).  
 
RESULTS 
Thermal sensations of the face usually had the best correlation with cheek temperature (Table 
1). Only during light exercise the correlation was slightly higher with forehead temperature. 
Other measured parameters had much lower correlation with thermal sensations. Stepwise 
regression analysis produced the same result: other parameters could not significantly 
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improve the prediction except during standing after TN preconditioning, when nose 
temperature and heat flux from forehead improved the model significantly.    
 
Table 1 Pearson correlation coefficients (r) at different exposures to exercise and wind. S = standing, 
L = light work, M = moderate work. Preconditioning: TN = thermoneutral, C = cool. Hforehead = heat 
flux from the forehead. 
Exer- 
cise 

Pre-
cond. 

Tcheek Tforehead Tnose Hforehead Cooling 
rate of 
cheek 

Cooling 
rate of 

forehead 

Cooling 
rate of 
nose 

S TN 0.694** 0.597** 0.195 0.132 -0.024 -0.132 0.108 
S C 0.657** 0.474** 0.091 -0.172 -0.152 -0.189 0.040 
L TN 0.510** 0.559** 0.137 -0.270** 0.048 -0.010 0.105 
M TN 0.587** 0.469** 0.155 0.071 -0.067 -0.100 -0.025 

In the beginning of the wind exposure, all face skin temperatures decreased rapidly. Most of 
the cooling took place during the first 10 min of the exposure, and later cooling rate was slow, 
as cheek temperature shows in the Table 2. After initial sharp increase, average heat flux of 
the body stabilized to the level of 130-200 W·m-2. Heat flux from the forehead stabilized to 
230-430 W·m-2, depending on wind velocity and exercise.  
 
Table 2 Cooling rate at different combinations of exercise, wind and preconditioning (TN = 
thermoneutral, C = cool), mean ± SD, n = 8 in each cell. S = standing, L = light work, M = moderate 
work.  
   Cooling rate (°C/10 min) 
Exer- 
cise 

Pre-
cond. 

Wind 
(m·s-1) 

0-10  
min 

11-20 
min 

21-30 
min 

31-40 
min 

41-50 
min 

51-60 
min 

S TN 0.2 9.0±1.2 2.2±0.4 1.1±0.6    
S TN 1.0 11.2±2.1 2.7±0.8 1.8±0.8    
S TN 5.0 19.9±3.3 1.3±1.1 0.9±1.0    
S C 0.2 3.0±0.7 0.7±0.4 0.7±0.5    
S C 1.0 5.5±1.4 0.9±0.6 1.2±0.8    
S C 5.0 10.4±0.8 0.9±1.4 0.5±0.9    
L TN 0.2 10.6±2.6 1.8±1.4 -0.5±2.1 1.9±2.1 0.1±0.4 0.1±1.9 
L TN 1.0 10.5±1.6 2.4±0.5 1.0±1.3 0.1±1.4 0.5±0.3 0.4±0.5 
L TN 5.0 17.3±1.4 1.8±1.3 0.5±2.0 -0.1±2.1 0.6±0.9 0.4±1.1 
M TN 0.2 9.7±1.5 1.8±0.4 0.7±0.5 0.6±0.7 0.3±0.3 0.4±0.6 
M TN 1.0 12.0±1.5 2.2±0.5 0.1±1.2 0.8±1.4 0.6±0.3 0.1±0.4 
M TN 5.0 17.5±1.8 2.0±0.8 -1.4±1.9 1.8±1.8 0.4±0.7 -0.1±0.5 

During exposure to wind, thermal sensations of the face reached by 10 min, the typical 
thermal sensation and remained at that level: in standing measurements -1 to -2 (slightly cool 
to cool) at 0.2-1.0 m·s-1 wind and about -3 (cold) at 5.0 m·s-1 wind. During light exercise, the 
sensations stabilized to the level of -1 (slightly cool) at 0.2-1.0 m·s-1 wind and -2 (cool) at 5.0 
m·s-1.  
At each exposure, there was a wide individual variation both in thermal sensations and in 
facial skin temperatures. Table 3 shows the average cheek skin temperatures during the 
exposures, associated with each thermal sensation. Wind velocity had a clear effect on the 
association between thermal sensation and cheek skin temperature: with increasing wind 
velocity, clearly lower skin temperatures were associated with a given thermal sensation. 
Likewise, also exercise decreased the skin temperature producing each thermal sensation.  
Table 3 Cheek skin temperatures associated with different thermal sensations (ISO 10551). Values are 
mean ± SD (n). S = standing, L = light work, M = moderate work. Preconditioning (PC): TN = 
thermoneutral, C = cool.   
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   Thermal sensation 
Exer
- 
cise 

PC Wind 
(m·s-1) 

0 
neutral 

-1 
slightly cool 

-2 
cool 

-3 
cold 

-4 
very cold 

S TN 0.2  20.2±2.1(2) 20.3±1.7(14) 18.2±0.9(2)  
S TN 1.0  18.2±2.9(12) 17.9±2.8(11)   
S TN 5.0  12.7±0.7(2) 11.5±1.1(4) 10.2±3.6(16) 5.9±4.6(2) 
S C 0.2  18.3±0.7(12) 18.1±2.0(7) 17.1±0.4(4)  
S C 1.0  16.0±0.1(2) 15.6±2.3(12) 15.3±1.7(10)  
S C 5.0   10.8±0.5(2) 10.1±1.1(18) 9.8±1.7(2) 
L TN 0.2 18.1±2.0(17) 18.3±2.7(18) 16.1±4.0(7)   
L TN 1.0 17.3±1.6(7) 16.4±2.3(32) 15.8±1.1(8)   
L TN 5.0  9.9±1.2(13) 12.3±1.6(15) 11.9±1.7(17)  
M TN 0.2 19.7±1.8(18) 18.2±2.1(18) 16.5±0.9(3)   
M TN 1.0 17.3±1.4(14) 17.0±2.4(23) 15.7±1.2(2)   
M TN 5.0 13.1±0.9(6) 13.0±2.5(6) 10.9±2.8(15) 11.6±1.8(15)  

 
DISCUSSION 
From the measured variables, cheek skin temperature had the strongest association with the 
thermal sensations of the face. However, the association was not fixed, as both the 
preconditioning, exercise and wind velocity changed the association. The highest skin 
temperatures producing a given thermal sensation were measured after thermoneutral 
preconditioning. Also the cooling rate was the highest in that condition. However, also during 
exercises the cooling rate was almost as high but lower skin temperatures were required to 
produce given thermal sensations. Exercise level did not affect markedly the association 
between sensations and skin temperatures. 
After cool preconditioning, lower cheek skin temperature was required to produce the same 
thermal sensation than after thermoneutral preconditioning. This was obviously due to the 
slower cooling rate. During each combination of preconditioning, exercise and wind, very 
small differences in average cheek skin temperatures produced different thermal sensations. 
This is due to the large individual variation in thermal sensations. The linear statistical model 
describing the association between cheek skin temperature and thermal sensation could not 
markedly be improved by additional parameters like heat flux or cooling rate and further 
modelling is therefore required.  
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SENSITIVITY OF RESPONSES USING PERCEPTION SCALES THAT 
ASSESS TORSO AND OVERALL THERMAL PERCEPTIONS IN 
WARM STABLE AND DYNAMIC ASYMMETRIC ENVIRONMENTS 

Mark Newton, Tara Reilly, Sarah Davey, Michael Tipton 
University of Portsmouth, Portsmouth, UK 
Contact person:  mnewton@wlgore.com 

 
INTRODUCTION 
An assessment of thermal comfort has been measured in human experimentation using a wide 
range of scales, the most popular being a Likert type scale with 4-7 points for characterizing 
thermal comfort, temperature sensitivity, and skin wettedness. Many researchers have 
investigated the perceived effect of microclimate temperature and relative humidity (RH) as 
measured by these scales (Fanger, 1970, Gagge 1986, Havenith, 2002). More recently visual 
analog scales (VAS) have become popular. Comfort studies have demonstrated the superior 
resolution of this type of scale for individual subject partial body assessments, and comfort in 
dynamic environments (Zhang, 2003).  
 
The present study was designed to utilize a VAS scale to determine subject responses to static 
and dynamic warm thermal asymmetric (non-uniform) environments. These environments 
were created around the torso using an air perfused vest (APV) connected to a purpose built 
air conditioner. Several studies have modified microclimate temperature through a variety of 
methods. However, changing the microclimate RH at a controlled rate and observing the 
effect on user perception has not been undertaken before to the authors’ knowledge.  It was 
hypothesised that modifying the microclimate RH would influence both the subjects’ skin 
temperature as well as their thermal perception and further that changes in both the 
temperature and perception would be dependant upon rate of change of RH in that 
microclimate. 
 
METHODS 
The protocol was approved by the University of Portsmouth Ethics Committee and written 
consent was obtained from all subjects. Eight active males aged (mean ±SE) 22.5 ± 3.5 y., 
mass 74.78 ± 8.10kg, completed two trials where perceptual measurements of their 
temperature sensation (TS), torso temperature sensation (TTS), thermal comfort (TC), torso 
thermal comfort (TTC), skin wettedness (SW), and torso skin wettedness (TSW) were 
assessed, either as directed or 
every 4 minutes while walking 
on a treadmill (5km.h-1, 1% 
incline) in a warm environment 
(33oC, 50% RH) for between 
106-114 minutes. Physiological 
measurements included 12 skin 
temperatures (chest, shoulder, 
upper back, lower back, 
abdomen, forehead, forearm, 
hand, foot, upper thigh, calf, 
lower leg) 6 microclimate RH 
sites (vest inlet, vest lower 
right, abdomen, chest, upper 
back, lower back); core 
temperature was monitored using a rectal thermistor inserted 15cm beyond the anal sphincter, 

Figure 1: Profiles of Input Relative Humidity Ramps for Vest
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and heart rate using a polar transducer. All objective measurements were recorded 1 second 
intervals throughout the trial.  
 
Subjects were provided with a clothing ensemble (boxers, sports trousers, and a sweat shirt 
worn over the APV), and supplied their own athletic footwear. The thermal environment 
within the APV was modified throughout the trial. Figure 1 shows the 4 different RH profiles 
for the APV. The temperature in the APV was maintained at 35oC, while the RH of the 
microclimate was modified at four controlled rates of change (2.12, 4.25, 7.5, 15 %/minute), 
separated by 10 minute static periods. Exposure to these different controlled rates was 
randomized between subjects; each subject experienced a full cycle (increasing and 
decreasing) at each rate.  
 
Thermal Perceptual Scales: Local and whole body thermal perceptions were captured during 
static and dynamic periods. The visual analog thermal perceptual scales (VAS), were used to 
investigate local and whole body temperature sensation and thermal comfort in dynamic 
(Zhang, 2003), asymmetric environments. The scales were computerized and displayed via a 
touch screen monitor with a stylus pen acting as the mode of data entry. 
 
RESULTS AND DISCUSSION 
Individual thermal perception profiles and average (n=8) profiles were plotted for each 
perception and ramp rate an example for TTS is shown in Figure 2. A baseline of the torso 
perceptions was selected for each subject at the 25% RH static level, this baseline was 
subtracted from the peak perceptions at the static 85% RH level. Using this metric the TTS 
perception was found to be most responsive to changes of RH in the vest, TTC showed only 
61% of the change of TTS and TSW only 32%. A further trend can be identified from Figure 
2 that suggests subjects displayed an overshoot response previously identified by de Dear et al 
(1993). The response to “RH cooling” appears to be stronger than to “RH heating”, further 
work is necessary to confirm this finding. Significant differences were observed between the 
three fastest ramp rates and the slowest; however, no differences could be determined within 
the three fast rates. Correlations of thermal perception scales were modelled using an 
ANOVA type analysis at an alpha=0.05. The following variables were identified as 
significant for the whole body 
perceptions: mean skin 
temperature (MST), core 
temperature (CT), subject, and test 
time. The variables found 
significant for the torso thermal 
perceptions were: mean vest skin 
temperature (MVST), core 
temperature (CT), change in mean 
vest skin temperature over 120 
seconds (DMVST), subject, test 
time, and chest RH. Results are 
shown in Table 1. 
 
A general linear model was constructed using the variables identified above, regression 
coefficients and confidence internals at an alpha=0.05 were calculated. A regression plot for 
TTS is shown in Figure 3.  As reported earlier smaller changes were observed in TTC when 
compared to TTS, these differences may account for the lower R2 of TTS (0.78) as compared 

Figure 2: Average Profiles for TTS at Different Ramp Rates
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to TTC (0.84). These results were consistent with data’s found in a previous experiment 
Davey and Newton, (2006). 
The reduction in heat loss due to the increased RH in the microclimate was compared to the 
instantaneous increase in skin temperature at each of the combined RH and temperature 
sensors. It was found that estimates of increased skin temperature predicted from calculating 
changes in heat loss due to the lower vapour pressure gradient closely matched those actual of 
measured skin temperature increases. These findings will be presented at a later date.  

 
Further, MST was calculated from a 12 point 
average weighted formula using Dubois areas, 
observed mean temperatures were between 33.5 
and 36.9oC. A stepwise regression was 
employed to determine any redundancies of 
measurements, and an analysis of these results 
identified an R2 of 0.96, and a root mean square 
error (RMSE) of 0.11oC by using a weighted 
average of just the chest, lower back, abdomen, 
calf and forearm temperatures in the situation of 
the present experiment.  

 
Table 1: Independent variables ranked in order of significance for dependant variables. 
Rank 
Order TC TTC TS TTS SW TSW 

1st CT Subject MST MVST Subject Subect 
2nd  Subject MVST Subject DMVST Test Time MVST 
3rd  MST Chest RH CT Subject MST Test Time 
4th  Test Time Sub * CT  CT  CT 
R2 0.87 0.84 0.76 0.78 0.82 0.76 

 
DISCUSSION 
Previous work has suggested that perception of skin wettedness may be best linked to 
microclimate RH, we did not find any strong evidence to support that conclusion. This study 
showed the increases RH cause a reduction in heat loss, and therefore a rapid change in local 
skin temperature. Therefore, it is suggested that the elevated skin temperature drives the “hot 
sensation” associated within high RH environments. This result is supported by the strong 
reaction expressed through perceived temperature sensation of the subjects. 
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INTRODUCTION 
Behavioural responses are the most efficient of thermoregulatory responses, since relatively 
simple actions can prevent the need to activate the more metabolically costly autonomic 
responses. Dependence on behavioural responses may increase in environmental conditions 
where the prevailing non thermal factors (NTFs) attenuate autonomic responses and alter 
thermal comfort (Mekjavic and Eiken 2006, Mekjavic et al. 1996, 2003). Thermal 
(dis)comfort is considered to be the driving force for the initiation of behavioral 
thermoregulatory responses (Weiss and  Laties. 1961). Thus, alteration in the perception of 
thermal comfort by a NTF might jeopardize normothermia by preventing the initiation of 
appropriate behavioural responses (Mekjavic et al. 1996). This was confirmed in animal 
studies (Macdonald et al. (1989, Pertwee et al. 1986), but data in humans is lacking. The aim 
of the current study was to develop a valid protocol that would reliably evaluate behavioural 
thermoregulatory responses in humans. 
 
METHODS 
Eleven subjects (6 males and 5 females) participated in the study. The experimental set-up 
consisted of a water-perfused suit (WPS) with a manual control unit designed to allow the 
experimenter or the subject control over the temperature of water perfusing the WPS. 
Following familiarization with the equipment and study protocol subjects donned the WPS 
and assumed a supine position on a bed. The study consisted of three trials separated by a 
minimum of 48 hours. In each trial the temperature of the water perfusing the WPS varied 
from 27°C to 42°C and back to 27°C, at a rate of 1.2°C min-1. Subjects were requested to 
indicate the moment they perceived the temperature changing from a comfortable to a slightly 
uncomfortable level. One of the trials (counterbalanced between the subjects) was followed 
by a 60-min subjective control trial during which the temperature of the WPS fluctuated in a 
sinusoidal manner between 27°C and 42°C at the same rate. Subjects were instructed to 
maintain maximal thermal comfort by interfering (i.e pushing a button on a remote controller) 
with the cooling or warming of the WPS whenever it reached a slightly uncomfortable level. 
In all trials, the subjects were naive regarding the absolute temperature of the water perfusing 
the suit. The temperature of the water exiting the WPS (Tout; °C) at the moment subjects 
reported feeling slightly uncomfortable (trials 1-3) or at the moment they pushed the remote 
controller button (trial 4) were recorded and analyzed.   
 
RESULTS 
Subjects identified the moment of cold and warm discomfort in a reproducible manner. There 
were no significant differences (P>0.05) between Tout  chosen in trials 1 to 3. The average 
coefficient of variation (calculated as SD/mean*100 of Tout) between trials 1 to 3 was  2.32%  
for cold discomfort and 5.5% for warm discomfort.  
 
No significant changes (P>0.05) were found in Tout  at the moment subjects reported feeling 
uncomfortably warm or cold and the moment they responded to it behaviourally. The Pearson 
Correlation coefficient (P.Corr) between the perceived warm discomfort (Average of trials 1-
3) and the average upper limit chosen during trial 4 was 0.84 and between perceived cold 
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discomfort and the lower limits chosen behavioraly 0.73. Interestingly, the Tout perceived as 
uncomfortably cold or warm was higher in all trials (albeit not significant) in female subjects 
compared to male subjects. In addition, when given control over the temperature of the WPS, 
female subjects chose significantly higher temperatures (i.e both upper and lower limits) than 
male subjects.  
Summary of the results mean (SD) are shown in table 1: 
 
Table 1: Perceptual and behavioral thresholds of thermal discomfort 
  Warmth discomfort Cold discomfort 
  Male Female All Male Female All 

Trial 1 35.3 (3.0) 35.7 (2.6) 35.5 (2.7) 34.9 (1.6) 36.4 (1.9) 35.6 (1.8) 
Trial 2 34.4 (3.0) 34.7 (1.6) 35.3 (2.3) 34.0 (1.9) 36.1 (1.2) 35.0 (1.9) 
Trial 3 34.2 (2.5) 36.3 (4.4) 35.3 (3.6) 35.0 (2.1) 36.1 (2.0) 35.6 (2.0) 
Avg 34.7 (2.1) 35.9 (2.6) 35.2 (2.3) 34.5 (1.8) 36.2 (1.5) 35.3 (1.8) 

 
Perception 
of comfort 

CV 5.3 % 5.8 % 5.5 % 2.3 % 2.3 % 2.3 % 
Trial 4 33.5 (0.7) 36.2 (1.3) 34.7 (1.0) 32.3 (0.9) 36.3 (0.8) 34.1 (0.8) Behavioral 

response CV 2.0 % 3.6 % 2.8 % 2.3 % 2.3 % 2.6 % 
 P 0.06 0.54 0.26 0.01 0.9 0.1 
 P.Corr. 0.83 0.90 0.84 0.76 0.45 0.73 

P,  P.Corr.– Refer to statistical difference (Paired T-test) and Pearson correlation coefficient 
respectively, between the average Tout in trials 1-3 and the average of Tout in the last 3 occasions the 
remote control button was pushed (last 3 high and low peaks).  
 
DISCUSSION 
The results indicate that the proposed experimental protocol enabled subjects to identify the 
thresholds of warm and cold discomfort in a reproducible manner, and that behavioral 
thermoregulatory responses can be measured reliably with an accuracy of 1-2°C. 
 
On average there was a good correlation between the perception of thermal discomfort and 
the initiation of behavioral response. The results are in line with previous studies indicating 
gender-related differences in thermal comfort (Golja et al. 2005) suggesting that females 
prefer higher temperatures for thermal comfort. 
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ASSESSEMENT OF INTEGRATED ENVIRONMENTS. 
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INTRODUCTION 
Practising ergonomists are often required to evaluate a total working environment (Thermal, 
Lighting, Noise, Vibration and Air Quality), but there are few formalised systems that allow 
the non specialist to achieve this completely. The use of monitoring equipment can restrict the 
ergonomist from determining if there are environmental issues within the workplace. A new 
International Standard (ISO 28802) is currently being developed to bring together evaluation 
methods for the general ergonomist.  This paper describes the principles and the structure of 
the Standard which is currently out for International vote. The aim of the Standard is to 
provide an environmental survey method for assessing the comfort and well being of indoor 
and outdoor environments. It is not restricted to any particular environment, but provides the 
general principles that allow assessment and evaluation.  
 
METHODS 
The Standard utilises a number of methods to assess an integrated environment; Objective, 
Subjective and Behavioural. It will provide advice on how to set up the environmental survey. 
It will include where, when and what to measure as well as general advice on how to conduct 
the survey. Sampling methods will be presented for objective and subjective measurements.  
 
Objective methods: Objective methods quantify the physical or mental condition of a person 
by the use of instrumentation or measures of an output such as performance measures. The 
principle of the method is that the measure can be interpreted in terms of the human condition 
of interest (e.g. comfort). An example would be the measurement of mean skin temperature of 
the body that would vary with the thermoregulatory response to heat and cold (providing a 
rationale for the method) that has been shown to correlate with subjective responses. Another 
example would be skin wetness. Disadvantages of objective methods would be that they 
might interfere with what they are attempting to measure, the correlation between the measure 
and comfort is not perfect, and that comfort is a psychological phenomenon, a condition of 
mind. An advantage of objective measures is that they are often independent of, and can be 
used to complement, the results of other methods such as subjective measures. 
 
Subjective methods: Subjective methods quantify the responses of people to an environment 
using subjective scales. Such scales are based upon psychological continua (or constructs) 
that are relevant to the psychological phenomenon of interest. It is important to know the 
properties of the scales to correctly interpret the results. Scales of sensation (e.g. hot or cold), 
preference, comfort, annoyance smell and stickiness are often used in comfort assessment. 
Advantages of subjective methods are that they are simple to administer and are directly 
related to the psychological phenomenon. ISO 10551 provides guidance on the construction 
of subjective scales. Five types of scales are identified: perceptual (How do you feel now? e.g. 
hot); affective (How do you find it? e.g. comfortable); preference (How would you prefer to 
be? e.g. cooler); acceptance (acceptable/unacceptable); tolerance (Is the environment 
tolerable?). From these dimensions, subjective scales can be developed.  
 
Behavioural methods: Behavioural methods quantify or represent human behaviour in 
response to an environment. The particular aspect of human behaviour observed is related to 
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the human condition of interest (e.g., comfort in vehicles) and a method of interpretation is 
required. Examples would include changes in posture, movement patterns (e.g., away from 
uncomfortable environments), and popularity of sitting positions (e.g., if some seats were in a 
cold draught they would be occupied ‘last’). Advantages of behavioural methods include 
minimum interference with what is being measured, and a direct ‘active’ measure of 
discomfort. Disadvantages include the difficulty in establishing validity and reliability of the 
method and direct interpretation of the results in terms of comfort. Change in posture could be 
due to chair discomfort or other ‘non’ reasons. 
 
The Standard makes reference to existing standardised methods for the physical assessment of 
individual aspects of the environment (e.g., ISO-EN-7730), and is not aiming to replace them, 
but to bring all the techniques together for as a complete assessment tool.   
 
Survey design: The design of any environmental survey will depend upon the specific aims of 
that survey. It is necessary therefore to be specific about the aims of the survey. It will aim to 
provide general principles that can be used for the assessment of an integrated environment: 
thermal, lighting, noise, air Quality, and vibration. 
 
Subject sampling: A valid method of evaluating environments would be to use a panel of 
experts. This technique depends upon identifying unbiased acknowledged experts. This is not 
possible in the area of environmental comfort and the environmental survey design should 
specifically avoid bias. It is usual to survey all of the occupants of a space, or if that is 
impractical, then to identify a random sample as representatives of the population of interest. 
This is a question of statistical sampling and relevant factors such as age, gender, experience, 
and anthropometry could be identified and influence subject selection.  
 
Measurement of Subject Responses: The responses measured will be selected according to the 
aims of the survey. Typically, subjective responses are taken to quantify comfort. Objective 
measures are sometimes used, mainly mean skin temperature (and sometimes sweat loss) to 
complement subjective measures. In a novel situation, subjective scales should be established 
from first principles by establishing subjective continua using psychological techniques. 
Subjective scales for assessing environmental comfort have, however, become established. 
Examples are provided below. It is important to note that the way in which a scale is 
presented and administered can influence the results. A single sheet questionnaire for example 
may be preferable to a number of pages. The exact question asked should be established. The 
frequency of completion of the questionnaire must be balanced with the overall aim of design. 
Translation of scales, as well as cultural aspects of the subjects will be issues. Knowledge of 
the previous ratings or of other subjects’ responses is not normally provided. Subject training 
and pilot trials are necessary. Some scales are used for rating overall and local comfort. 
 
Selection of Operating Conditions: It is important to evaluate the environment in the 
operating conditions of interest. These need to be representative of the conditions that the 
occupants regularly experience (time of day, correct working procedures, etc.). 
Subjective scales are provided for the several environmental characteristics (thermal, lighting, 
noise, air quality), as well as guidance on issues of vibration and social factors.  It also utilises 
expert checklists, to aid the ergonomist to ensure that all the appropriate factors have been 
considered. The results are used with a scoring system that will enable the ergonomist to 
determine if there is a specific environmental feature that needs further expert evaluation. 
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DISCUSSION 
This new Standard will enable the practising ergonomist to easily establish a complete 
overview of the physical work environment and to identify areas of concern. Once this has 
been achieved, they can then seek guidance of the specific environmental expert.   
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THE HUMAN FOOT EXPOSED TO COLD : GENDER DIFFERENCES 
IN TEMPERATURES AND SENSATIONS 

Victor Candas, André Dufour 
Centre d`Etudes de Physiologie Appliquée (CNRS), Strasbourg, France. 

Contact person: candas@c-strasbourg.fr 
 
INTRODUCTION 
When humans face cold conditions, the body parts that mostly feel the cold are the head, 
hands and the feet. Obviously, the feet are generally covered, but the feeling related to cold 
feet induces real thermal discomfort (Fanger 1972). The feet are felt especially cold because 
they are often in contact with the shoe sole which is also in direct contact with the cold 
surfaces. In addition, it is generally admitted (popular doctrine) that ladies will complain more 
than men from cold feet. However, the scientific literature does not provide much supportive 
information (Harju, 2002; Hiltz et al., 1999). It may also happen that the thermal protection 
constituted by the shoes is dramatically lowered, due to moisture in the shoe structure which 
does not help in terms of thermal insulation and comfort. 
 
The problem with the foot thermal sensation may depend on the fact that the foot has a 
somewhat complex morphology. For example: 
- the toes are small cylinders with high dry heat exchanges coefficients, and widely variable 
perfusion 
- the lateral parts of the foot are more muscular 
- the dorsal part is more bony 
- the plantar surface has hard skin, subject to high pressure linked to body weight. 
Accordingly, the local foot temperatures and associated sensations may be various and 
complex. 
 
The aim of this study was to explore the thermal responses of the foot of males and females 
exposed to cold, and the capacities of humans to estimate the thermal subjective sensations in 
three conditions of similar heat losses at three levels of thermal foot insulation. 
 
METHODS 
Subjects: Fifteen males and 15 females (19-28 y) of standard body height and weight 
volunteered for these tests (Table 1), after being informed of the general conditions and 
potential risks of cold sensations. The protocol was approval by both the Alsace Ethics 
Committee (#05/69) and the French Health Ministry.  
 
Table 1: Anthropometrical data (±SD) 

 Age Height, cm Weight, kg Body area, m² 

Males 23,3 (± 2,43) 180 (± 5,3) 73,8 (± 8,42) 1,93 (± 0,1) 

Females 23,8 (± 2,65) 166 (± 3,8) 58,1 (± 5,13) 1,64 (± 0,1) 

 
All experiments were carried out in a climatic chamber (described elsewhere), the feet of the 
subjects were be placed in an insulated wooden box (L=66 cm, l=55 m, h=35 cm) and cooled 
by six large ventilated Peltier elements (maximal cooling at –10°C). A reference condition 
(bare foot at 14°C) was previously performed to evaluate the pain threshold, and to fix the 
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limit of exposure duration. The results of this control test were used to set the three conditions 
under which subjects were given various socks. 
 
Conditions: Each subject was exposed individually, either during the morning (8:30-10:30) or 
the afternoon (14:00-16:00), but always at the same time. Subjects donned a standard 
ensemble (0.6 clo assessed from Heatman® thermal manikin) and, depending on the 
condition, a pair of insulative socks. Subjects were then equipped with the 13 skin sensors. 
Ten of these were located on the body, with one on the lateral side, one on the big toe and one 
on the sole. 
 
The experiments consisted first of reference period (30 min) at 20°C environmental 
temperature. In this condition, PMV was expected to be -1, leading for a long term exposure, 
to a somewhat cool overall thermal sensation. After this, both feet were placed in the cold 
box, randomly, at either 5°C, 0°C or -5°C, depending on the experimental condition linked to 
the sock thermal insulation. The duration of the cold exposure was fixed at 30 min, because 
the local skin foot temperatures should not drop below 14°C to avoid unbearable sensations. 
 
Recordings and statistics: Sublingual oral temperature was measured before and after cold 
exposure. Skin temperatures were recorded each minute. Seven questionnaires concerning the 
local foot thermal sensation (from extremely cold to extremely hot) and the overall thermal 
sensation were presented every 5 min. Variables were checked using ANOVA; when the 
sphericity condition was not satisfied, MANOVA was used (alpha was set at p<0.05).  
 
RESULTS 
Sublingual temperature, which is considered as an index of core temperature, showed no 
changes with time, and no differences between genders. The important points of this report 
concern the gender differences. 3 Figures 1-3 will show that either the foot temperatures are 
lower in females or that the temperature drops with time were larger for women. Figure 1 
shows the dynamic responses of the foot temperature exposed into the cold box. 

 
Figure 1. External lateral foot temperatures: effect of time. 
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Figure 2. Sole foot temperatures: effect of time. 
 

 
Figure 3. Toe temperatures: effect of time. 
 
Figure 4 illustrates the overall thermal sensation expressed by the two groups of subjects. 
Note there were no significant differences at the beginning of the tests while the discrepancies 
between the two groups increased with exposure duration (p=0.05), while at the same time, 
the local thermal judgment of the feet did not differ systematically between the two groups. 
 

 
Figure 4. Global thermal judgments as a function of time. 
 
The statistical analysis revealed the results in Table 2, which clearly indicate the gender 
differences in local skin temperatures. In addition to the foot skin temperatures, the hand 
index skin temperature is also reported here, because we also found that effect especially 
interesting. 
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Table 2: Statistical summary. 
 Gender Time 

Q0 – Q6 

Gender × 
Conditions 

Gender × 
Time 

Time × 
Conditions 

Lateral <0.02 <0.01 ns 0.08 <0.01 

Sole <0.01 <0.01 ns <0.01 0.06 

Toe <0.01 <0.01 ns ns <0.01 

Index <0.01 <0.01 ns ns ns 

 
DISCUSSION 
The results of this study show that the foot skin temperatures did differ between males and 
females before or after cold exposure, whereas the initial and final foot thermal estimates 
were not statistically different. In opposition to this, the global thermal judgments were 
different between genders, indicating that the females were globally more sensitive to cold 
feet, even if they may not complain about this state. The impact of cold extremities in terms 
of thermal comfort in females may explain why the global feeling may be more severe than 
those of males. It is assumed that the central integration of the local temperatures of 
extremities in females is more important than that of males, even though the females may not 
concentrate their judgments on local parts. This conclusion may, however, be only true in 
cases when only one cold segment is stimulated as performed here, and more information 
should be brought for the comfort determinism of females when the local discomfort may 
concern several body segments. 
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INTRODUCTION 
Sensations evoked by thermal stimulation (temperature-related sensations) can be divided into 
two categories, “temperature sensation” and “thermal comfort/discomfort” (Hensel, 1981).  
Temperature sensations are utilized to obtain information concerning the thermal condition of 
external objects or the environment, and are evoked by signals from warm and cold receptors 
in the skin. Thermal comfort/discomfort is important for body temperature regulation in that it 
drives an individual to search for the appropriate thermal environment to maintain normal 
body temperature. Thermal comfort/discomfort is affected by the thermal state of not only the 
skin but also the body core (Mower, 1976). We can discern local as well as whole body 
responses for both temperature sensation and thermal comfort/discomfort (Hensel, 1981).  
Understanding differences in the regional sensitivity of temperature related sensations is 
valuable not only from a physiological point of view but also for the design of a comfortable 
environment and efficient clothes. It is also useful for providing optimal medical and nursing 
care. Several studies have investigated regional sensitivity, but only for temperature sensation 
(Nadel et al. 1973; Stevens et al. 1974; Crawshaw et al. 1975). Little is known about regional 
differences in thermal comfort/discomfort (Cotter and Taylor, 2005). Recently we reported 
several aspects of sensitivity in temperature sensation and thermal comfort/discomfort 
(Nakamura et al. 2006). Interestingly, the face tended to be more sensitive to heat than other 
parts of the body in the production of discomfort, while the abdomen tended to be more 
sensitive to cold. These tendencies were not conclusive, since the experiment was done only 
with whole body heat or cold exposure. In the present study, we examined regional 
differences in temperature sensation and thermal comfort/discomfort by applying local 
temperature stimulation. We paid special attention to the face and abdomen, and utilized the 
chest and thigh as comparison regions.   
 
METHODS 
Experiment 1 (mild heat exposure): This series of experiment was done in the period from 
November to December, 2006. Ten healthy male subjects participated in this study. Each 
subject gave informed consent for the experimental protocol, which was approved by the 
Human Research Ethics Committee in the Faculty of Sport Sciences, Waseda University.  
Subjects sitting in a room at 32-33• were locally cooled and warmed with water perfused 
stimulators (270 cm2) made with vinyl tubes (7 mm in diameter). The water temperature for 
basal, cooling, and warming conditions were 35•, 25•, and 42• respectively. The areas 
stimulated were the face, chest, abdomen and thigh. Each stimulus lasted 90 sec. The interval 
between each stimulus was 4.5 min. The order of the four areas stimulated and the order of 
cooling and warming were randomly chosen. Temperature sensation and thermal 
comfort/discomfort of the stimulated area and those of the whole body were reported by the 
subject whenever he felt any change in the sensations. This was made by using dials 
numbered from -10 (“very cold” or “very uncomfortable”) to 10 (“very hot” or “very 
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comfortable”), where 0 means “neutral”. The setting of the dial produced a voltage which was 
continuously recorded. Core temperature was measured with a telemetry system 
(CoreTemp2000, HTI Technologies, Inc.). For this measurement a transmitter pill was 
swallowed 1.5 hour before the initiation of the experiment. Skin temperature was measured 
with copper-constantan thermocouples at forehead, chest, abdomen, back, arm, forearm, hand, 
thigh, lower leg, and foot for the calculation of mean skin temperature, and at two points 
under each stimulated area. The regional characteristics in temperature related sensations 
were analyzed using one-way repeated-measures ANOVA, with differences isolated using 
Tukey’s HSD statistic, and a null hypothesis was rejected at the level of P < 0.05.  
 
Experiment 2 (mild cold exposure): Temperature stimulation tests same as those in 
Experiment 1 were made at a room temperature of 21-22•. This series of experiments was 
performed in the period from February to March, 2007. Ten healthy male subjects 
participated in this study. All the experimental protocols were the same as the Experimental 1. 
 
RESULTS 
Experiment 1: Figure 1 shows typical example of local warming and cooling of four body 
regions. At the basal condition, just before the stimulation of each area, subjects reported 
“hot” (mean ±S.E.M. 1.8 ±0.2) and “uncomfortable” (-1.3 ±0.2) for whole-body sensation, 
and “slightly hot” (face: 1.0 ±0.3, chest: 0.7 ±0.2, abdomen: 0.5 ±0.2, thigh: 0.5 ±0.2) and 
“slightly uncomfortable” (face: -1.4 ±0.4, chest: -0.7 ±0.2, abdomen: -0.7 ±0.2, thigh: -0.5 
±0.2) for local sensation of the stimulated area. These sensations did not significantly differ 
among the four areas. At 90 sec after the start of local cold stimulation local temperature 
sensation did not significantly differ among the four areas. But for local thermal 
comfort/discomfort at the same time point, thermal comfort was strongest for the face, and 
significant difference existed between the face (4.1 ±0.9) and the abdomen (0.1 ±1.3). It is 
interesting that, although subjects were in uncomfortably hot condition of the whole body, 
little comfort was elicited by abdominal cooling. As for the local warming, local temperature 
sensation significantly differed among the four areas. The face showed the strongest hot 
sensation (6.2 ±0.7). Likewise, the facial warming produced the strongest local discomfort (-
4.2 ±1.1), but it did not reach the significance level (P=0.051). There was a significant 
difference among the scores of whole body discomfort depending on the areas stimulated, and 
it was strongest during facial warming. 
 
Experiment 2: At the basal condition without local stimulation subjects reported “cold” (-3.0 
±0.2) and “uncomfortable” (-2.1 ±0.1) for whole body sensation, and almost “neutral” for 
local temperature sensation (face: 0.1 ±0.1, chest: 0.1 ±0.2, abdomen: 0.1 ±0.1, thigh: 0.0 
±0.1) and local thermal comfort/discomfort (face: 0.3 ±0.2, chest: 0.2 ±0.2, abdomen: 0.3 
±0.2, thigh: 0.3 ±0.2) of the stimulated area. At 90 sec after the start of local cold stimulation, 
local temperature sensation significantly differed among the four areas: that is, the facial 
stimulus produced less cold sensation (-3.2 ±0.5) than the stimulation of abdomen (-4.4 ±0.6) 
and thigh (-4.6 ±0.6). Likewise the face showed the least discomfort (-0.1 ±0.4) during the 
cold stimulus among the four areas. In the case of local warming, there was no significant 
difference in local temperature sensation among the four areas. But a significant difference 
was observed for thermal comfort/discomfort. Thermal comfort was strongest for the 
abdominal warming, and thermal comfort with facial warming (0.6 ±0.9) was significantly 
smaller than that with chest (2.9 ±0.5) or abdominal warming (3.7 ±0.6). 
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Figure 1.  The typical example of local warming and cooling of four body regions. 
 
The regional characteristics in thermal comfort/discomfort should be helpful to maintain the 
function of vital organs in each region. During heat exposure (Experiment 1) the face was 
most sensitive to local warming to produce discomfort, and also to local cooling to produce 
comfort. This characteristic should be useful to keep the head surface as cool as possible and 
to avoid heat-induced damage to the brain. On the other hand, during cold exposure 
(Experiment 2) the abdomen was most sensitive to local cooling to produce discomfort, and 
also to local warming to produce comfort. These characteristics should be useful to keep the 
warmth of abdominal surface and aiding in maintaining the functionality of the underlying 
organs.  
 
DISCUSSION 
The regional difference of temperature sensation and thermal comfort/discomfort was shown 
by local temperature stimulation of four areas; the face, chest, abdomen and thigh. The face 
displayed the strongest comfort by cooling during mild hot exposure, and the weakest 
uncomfortable by cooling during mild cold exposure. The abdomen displayed the weakest 
comfort by cooling during mild heat exposure, and the strongest comfort by warming during 
mild cold exposure.  
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INTRODUCTION 
Skin wettedness is one of the most convenient indices for expressing thermal comfort level of 
the human body. The body does not feel so much discomfort thermally, if skin wettedness is 
maintained <0.3 [Gagge et al., 1969]. This value is called the thermal comfort limit. In the 
present study, we investigate the influence of local skin wettedness upon the thermal comfort 
of the whole body through experiments on subjects. In the experiments, we controlled skin 
wettedness of the whole body at around the comfort limit, while that of different target 
regions of the body was pushed higher than the limit, one at a time. 
 
METHODS 
Four regions: front (chest and abdomen) and back (back and buttock) trunks, arms (upper and 
forearms), and thighs were selected as the target location. These target locations have almost 
identical surface area and sweat rate at rest under thermoneutral conditions (Table 1). The 
levels in the skin wettednesses for both the whole body and the target location were 
simultaneously attained using specially made garments. In the test, 5 types of test garments 
were employed; four of them are provided with an impermeable part in the target locations, 
while the last was totally permeable, and served as a control as shown in Figure 1.  
 

Table 1   Specification of the employed test garments

imp* p*

Control whole body** 0.0 80.5 0.42

A chest & belly 16.0 64.5 0.09

B back & buttock 17.0 63.5 0.11

C arm 18.0 62.5 0.09

D thigh 16.0 64.5 0.07

** whole body except head, face, hands, and feet

* imp  and p mean impermeable and permeable for water vapour, respectively

Covered area ratio (%) with Ratio of sweat rate to
the head and face (-)

Type of
garment Target location
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Eight young males (Caucasian, 22.4 ±4.2 y, 178.8 ±6.2 cm, 74.7 ±8.8 kg) participated in the 
test. The experiment was performed at 22°C with 50 %RH (10 mmHg) for 65 min. In the first 
15 min, the subject rested condition, with 0.1 m·sec-1 of air-flow, and then exercised, walking 
on a treadmill with a speed of 4.5 km·hr-1, at 0.2 m·sec-1 of air velocity. Temperatures of ear 
canal, skin surface of 8 sites including the target locations, and dew point in the target 4 
locations was measured continuously. Thermal comfort sensations in the whole body and 
individual target location were also voted using 7-point scale (3: very comfortable, 2: 
comfortable, 1: slightly comfortable, 0: neutral, -1: slightly uncomfortable, -2: uncomfortable, 
-3: very uncomfortable).  
 
RESULTS 
We first confirmed that the target values for mean weighted skin wettednesses were obtained, 
because there were no statistical differences among test garments, while the skin wettedness 
in individual target location was remarkably larger than the observed in the rest of the body.  
 
Thermal comfort sensation and skin wettedness in the whole body were plotted against the 
temperature of ear canal (Figure 2). The skin wettedness remained stable at a level of 
approximately 0.15 during the rest condition. On the other hand, considerable increase in the 
skin wettedness was observed for the ear canal temperatures above 36.2-36.4°C. This is due 
to the sweating accompanying exercise. The subjects felt slightly comfortable when their ear 
canal temperatures were lower than ~36.2°C. With further increasing the ear canal 
temperature and the skin wettedness, the thermal comfort sensation tended gradually towards 
discomfort. According to the results, the thermal comfort limit for the whole body was found 
to be about 0.35 (Figure 2). Furthermore, the subjects claim thermal discomfort in the whole 
body when their ear canal temperature attained 36.4-36.6°C, irrespective of the local comfort 
sensation.  
 
Local thermal comfort sensation was plotted for the tested target locations (Figure 3), with the 
abscissa indicating skin wettedness at which the thermal comfort (ordinate) was voted for the  

Figure 1. Five test garments, consisting of combinations of water-vapour permeable (dark 
colour) and impermeable (light colour) fleeces (made of polyester). 

Type D Type C Type B Type A Control 



Thermal comfort 

 373 

 

 
local and whole body sensations. The comfort limits for the front and back trunks were found 
to be 0.47 and 0.55, respectively. On the other hand, for the arms and thighs, thermal comfort 
limits were both around 0.37, which were almost the same as that of the whole body.  
 
These results indicate that the regional thermal comfort limits depend upon the location. One 
feels thermal discomfort locally (e.g., in the arms or in thighs), even though the thermal 
comfort of the whole body is accomplished because the skin wettedness of the whole body is 
maintained lower than the comfort limit in this test. This indicates that, in order to maintain 
the human body totally in thermal comfort, proper care must be taken to keep the skin 
wettedness of extremities at a low value. 
 
 

Figure 2. Skin wettedness (bottom) and thermal comfort sensation (top) in the whole 
body plotted against ear canal temperature.  
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DISCUSSION 
Regional thermal comfort limit depends upon the location. In the whole body, thermal 
comfort sensation of the extremities is more sensitive than that of trunk. However, the thermal 
comfort of the whole body is not so much influenced by that of location in the experimental 
condition. Even though one feels locally thermal discomfort, its thermal comfort limit of the 
whole body is found to be 0.35 in terms of the skin wettedness. That is, the whole body can 
remain in thermally comfortable condition even when the skin wettedness stays lower than 
the comfort limit.  
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Figure 3. Relation between thermal comfort sensation and local skin wettedness.  
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INTRODUCTION 
Recently, the joint service lightweight integrated suit technology (JSLIST) garment has been 
widely adopted by the U.S. Army, Navy, Air Force, Marine Corps. This garment features not 
only chemical protection improvements, but also greater mobility, and heat stress reduction 
for the wearer.[1] To understand whether there is any difference among thermal comfort 
properties in the Taiwan climate, that could be described in objective way for the JSLIST 
garment, a battle dress overgarment (BDO) and an emergency chemical and biological (CB) 
suit, a series of experiments were conducted using a skin model system, sweating torso and 
sweating manikin. 
 
METHODS 
Skin Model System: According to ISO 11092, the test set the measuring plate at 35• and the 
air condition at 35•, 40% R.H. The air velocity was controlled at 1 m/s [2].  
 
Sweating Torso System: The sweating torso system developed by EMPA Switzerland is a 
cylinder with the dimension of a human trunk [3]. The condition of the test using the torso is 
described in Table 1. To understand the thermal comfort of this clothing in Taiwan region, we 
measured with sweating torso system under condition similar to summer in Taiwan: 28•, 
75% R.H. [4]. 
 

Table 1 Phase profile of sweating torso evaluation 
Phase and Period Moderate metabolic 

rate 
High  metabolic rate 

1 hour acclimatization Surface 35•  Surface 35• 
1 hour sweating  82W, 100g/hr 118W, 300g/hr 
1 hour recreation 23.5W 23.5W 

 
Sweating thermal manikin: 1 Measurement system: The thermal manikin called Huey was 
made by MTNW Company, designed with 1.75 m2 surface area, 1.7 m height [5]. In this state, 
we analysed thermal resistance (R, clo) and the permeability index (im) of the 3 CB suits 
without consideration of the hands and face part of the manikin because there is no protective 
equipment on these areas in this study. The condition where the manikin stood was set to 
28•, 75% R.H. as summer condition. 2 Evaluation method: According to Woodcock, A.H. 
works [6], dry heat transfer (HD) and evaporative heat transfer (HE) could be calculated by the 
following equations: 

( ) )1......(..........W/m
)(45.6

H 2
D R

TT aS −
=  

( ) )2......(........../
)(3.14

H 2
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R
PPim aS −××
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where: Ta and Pa stand for air temperature (•) and water vapor pressure (mmHg), Ts 
and Ps are the temperature and water vapor pressure on the skin surface. 
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RESULT 
Water Vapor Resistance (Ret): Table 2 shows Ret values of the 3 ensembles. JSLIST has a 
lower water vapor resistance than the BDO, but both were still on the same level for 
breathable properties. The emergency CB could be considered to be non-breathable [7]. 
 

Table 2 Testing result of Ret 
Sample Type Ret (Pa.m2/W) Method 
JSLIST 6.1 ISO 11092 
BDO 8.6  
Emergency CB 346.2  

 
Temperature Response of sweating torso in summer condition: The tendency of the curves in 
Figure 1 showed that the JSLIST seemed to be the best structure for dissipating heat produced 
by a person in moderate metabolic during the summer condition. Figure 2 shows that the same 
sequence of wearing temperature for the 3 suits in a high metabolic state as that in moderate 
metabolic state. However, the temperature of those CB suits in high metabolic state was 
above 1oC higher than those in moderate metabolic state. 
 

34.5

35

35.5

36

36.5

37

37.5

38

38.5

39

39.5

0 0.5 1 1.5 2 2.5 3 3.5

Timeˇ ]hrˇ ^

Te
m

p.
ˇ

]̆
J̌

^

JSLIST

indigenous BDO

emergency CB

 
Figure 1. Temperature of three suits in moderate metabolic state and summer condition 

 
Sweating manikin testing result: Table 3 showed the thermal insulation, moisture vapor index, 
total heat transfer (Hd+He). The result described the capability of heat dissipation for the 3 
CB clothing system dressed in summer condition. Under the metabolic rate of 360 W/• and 
520 W/•, the total heat transfer of JSLIST, BDO and emergency CB individually was just 
185, 177, 94 W/• in summer condition. Therefore, the 3 CB suits could not sufficiently get 
rid of metabolic heat completely, and the heat was gradually cumulated in human body. 
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Figure 2. Temperature of three suits in high metabolic state and summer condition. 

 
 

Table 3 The result of sweating manikin test in summer condition 
Summer condition 

Sample Type R (clo) im He +Hd (W/m2) 
JSLIST 1.49 0.32 185 
indigenous BDO 1.71 0.36 177 
emergency CB 1.76 0.13 94 

 
 
DISCUSSION 
All three measurements showed the consistent result that JSLIST was the best thermal 
wearing performance; BDO was the second and emergency CB was the worst. Whether the 
skin model system or the sweating manikin was used, the result showed JSLIST was not 
significantly bettered than BDO, being different from the result derived from the sweating 
torso. This difference was caused by the control of sweating rate in the sweating torso because 
the perspiration of the torso started in the sweating phase which was dry on the surface 
initially. In the opposite, the surfaces of skin model system and sweat manikin were 
completely wet at the beginning. To have better prediction of wearing time and real wearing 
conditions, the measuring system might be achieved when the sweat rate and the surface 
temperature could response to the heat accumulation as the body actually responds with a 
physiological sweat rate.  
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INTRODUCTION 
Bathing causes physiological and psychological effects in humans such as body temperature 
increase, blood pressure decrease and heart rate increase. Since man is naked during bathing, 
the effect of the thermal environment is direct. Thus, we postulated that the low ambient 
temperature in bathrooms in Japan causes bathing in high-water temperature among Japanese.  
To investigate this, we conducted a subjective experiment to measure the influence of the 
combination of room ambient temperature and water temperature on human responses. 
 
METHODS 
The experiments were conducted in a climatic chamber with a bathtub installed. The ambient 
temperature (Ta) conditions were 10, 18 and 26• while the water temperature conditions of 
the bath (Tw) were 38, 40 or 42•. Subjects were 8 healthy, Japanese male university 
students. Physiological response was assessed by measuring skin temperature, rectal 
temperature, blood pressure, heart rate, salivary Ig-A and cortisol. For physiological 
responses, thermal sensation vote, thermal comfort vote and acceptability of environment 
were asked. Subjects took a bath for 8 minutes, and stayed in the climate chamber for 30 
minutes before and after bathing.  
Figure 1. Experiment protocol and measurement items 

 
RESULTS 
For the results, the mean skin temperatures while bathing were affected by water temperature, 
while after bathing, it was affected by both ambient temperature and water temperature. 
Rectal temperatures were higher when water temperatures were higher although the ambient 
temperatures were low. Blood pressure and heart rate were affected more by ambient 
temperature than water temperature. According to the physiological responses, water 
temperature had a greater effect on thermal sensation than ambient temperature. However, 
after some time, the effects of water temperature decreased while ambient temperature 
increased. There were no significant main effects of Ta and Tw on the change in cortisol 
levels, but there was a significant main effect of Ta on the change in Ig-A levels. 
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Figure 2. The time course of mean skin temperature in the conditions. 
Values are mean ± S.D. for 8 subjects. 

Figure 3. The time course of thermal sensation in the conditions. 
Values are mean ± S.D. for 8 subjects. 
 
DISCUSSION 
In conclusion, even if the ambient temperature is low, taking a hot bath keeps the body 
temperature higher with better thermal comfort. However, due to the effect on blood pressure 
of low ambient temperature, it is recommended that taking a bath at low ambient temperature 
in a hot water temperature be avoided.   
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INTRODUCTION 
The skin sensory system in humans generally works to drive thermal homeostasis, which 
requires continuous physiological and behavioural adjustments, to maintain a balance in 
thermal exchanges between the body and the environment. Thermoregulation involves many 
physiological processes like shivering, vasomotor reactions, variations in respiratory 
frequency and water secretion mainly by sweating. In such a complex framework, both 
clothing ensemble insulation and clothing area factor play a key role to ensure a good degree 
of overall thermal comfort, and for this reason wear trials are still considered an important 
tool for clothing comfort research. Many thermal comfort sensations can only be generated in 
certain environmental circumstances, generally characterized by transient conditions. 
Clothing thermal comfort is not a simple static property of clothing defined by thermal 
insulation and evaporative resistance coefficients, but appears to be an in vivo dynamic 
property. A new type of wear trial protocol has been developed, based on a biometeorological 
approach, and accounting for both outdoor and indoor situations, specifically the temporal and 
spatial succession of different and specific thermal states. Our methodology, preliminary 
called the Thermal Comfort Test (TCT), is based on the simultaneous monitoring of 
subjective and objective parameters to evaluate the thermal comfort, accounting for each 
situation where the wearer is involved. Thermal environments are classified with 
biometeorological indices, such as the Predicted mean Vote (PMV), with modifications for 
radiative heat exchange for outdoor situations. 
 
METHODS 
In practice, TCT comprises four phases: 1) General Planning; 2) Field Test Monitoring; 3) 
Data Analysis; 4) Report phase. In the first phase, taking into consideration the textile 
prototype to be tested, we define the wear trial location, its duration, the number and 
characteristics of the subjects (ie. gender, age,etc.), and establish the required level of physical 
activity during TCT. In the planning phase, the TCT track is subdivided into “steps”. In the 
second phase, continuous monitoring of environmental (air temperature, relative humidity, 
global radiation) and physiological variables (heart rate, core temperature and local skin 
temperature) is conducted. At the end of each step, we administer a brief questionnaire 
regarding local and overall thermal comfort sensations. Moreover, we obtain thermal images 
of the subjects wearing the test prototype using an infrared camera. In the third phase, a 
matrix of observational data is constructed for each step, combining the statistics of physical 
and physiological monitoring and the relative ratings obtained by questionnaires. Factor 
analysis and GLM models are the statistical techniques used to elaborate this dataset grouped 
for each step. The last phase provides a comprehensive view of the thermal behaviour of the 
test prototype, by analysing the relationships between thermal comfort and all factors 
affecting comfort during each step. 
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DISCUSSION 
The TCT approach is ideal for evaluating garment innovation, leading directly to prototype 
development. Physiological monitoring during the testing allows the quantification of the 
impact of clothing ensembles on proposed activities, and the assessment of any potential 
health risks.     
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This paper provides a review of the current status, structure and strategy for Standards in the 
area of ‘Ergonomics of the Physical Environment’. ISO TC159 SC5 has five working groups, 
where international experts develop Standards concerned with Environmental Ergonomics. 
Working Group One (WG1) is concerned with thermal environments. Standards have been 
published in the area of heat stress; cold stress; thermal comfort; clothing’ metabolic rate; 
contact with hot, moderate and cold surfaces; terminology; vehicle environments; risk 
assessment; physiological measurements; subjective methods; instrumentation and more. 
Working Group Two (WG2) is concerned with lighting. It is linked with the work of the CIE 
and has Standards in the area of lighting for indoor and outdoor environments. Working 
Group Three (WG3) is concerned with signals and communication in noisy environments. It 
has published a range of Standards concerned with speech communication, danger signals and 
communication with information technology devices. 
 
Working Group 4 (WG4) is concerned with integrated environments. It addresses Standards 
for total environments where noise, lighting, thermal environments, vibration and air quality 
are considered separately as components in a ‘total’ environment as well as in terms of their 
interactions. A Standard currently out for international vote is concerned with physical and 
subjective measures used in the Environmental Ergonomics survey. Working Group Five 
(WG5) is concerned with environments for people with special requirements. A current work 
item is concerned with the application of international Standards for people who would fall 
outside of the scope of existing Standards. This includes the effects of age, people with 
disabilities, people with impaired thermoregulation, people with visual or auditory 
impairments and so on. The Standard is currently out for international vote. 
 
The work of the working groups is determined by the sub-committee (ISO TC159 SC5) which 
sets strategy for Standards in Environmental Ergonomics. It is a formal committee of ISO and 
receives national delegations. 
 
Future work items include a digital manikin for assessing thermal environments in vehicles; 
the assessment of air quality and practical methods for cooling people during heatwaves. All 
Standards are produced under the Vienna agreement such that ISO Standards will also be 
considered as European (EU) Standards and hence eventually adopted by national bodies of 
the European Union. Experts who produce the Standards are representatives of national 
bodies and co-opted experts with specific international expertise. To ensure that the best 
available technical expertise is represented in the Standards, it is important to attract high 
quality Environmental Ergonomists from around the world. There is an open invitation 
therefore for experts from the ICEE to contribute to the work. There are a number of 
mechanisms for becoming involved one of which is to contact the author of this paper 
directly. 
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INTRODUCTION  

Human ventilation (V
.
  E) increases linearly as a function of oxygen consumption (V

.
  O2) until 

~70-85 % of maximal attainable work rate during incremental exercise to exhaustion. Above 

these intensities, V
.
  E increases faster than V

.
  O2 and the mechanisms underlying this 

disproportionate change are still under debate. During passive body warming, subsequent to a 
core temperature (TC) threshold at ~1°C above normothermic levels, there are proportional 

increases in TC and V
.
  E. A similar TC threshold and relationship between TC and V

.
  E has also 

been demonstrated during incremental exercise tests from rest to exhaustion. These examples 
of hyperventilation are thought to be thermoregulatory heat loss responses. In this study, we 
hypothesized that, similar to that seen for eccrine sweating and cutaneous blood flow, the TC 
thresholds for exercise ventilation and its components would decrease following acclimation 
to a hot environment. 
 
METHODS 
Six male participants performed two maximal exercise tests to exhaustion on a cycle 
ergometer separated by a 10-day passive heat acclimation. Each exercise test consisted of a 5 
min warm-up after which work rate was increased 40 W every two minutes until exhaustion. 
Acclimation was performed in a climatic chamber controlled at 50°C and 20 % relative 
humidity where participants remained seated at rest for 2 hr·day-1 for 10 consecutive days, 
with their rectal temperature maintained between 38.5-39.0°C. 
 
RESULTS 
Acclimation was confirmed by a significant decrease in resting esophageal temperature (TES) 
from 37.70 ±0.19 (mean ± SD) to 37.31 ±0.11°C (p=0.001), as well as by significant 
decreases in the TES thresholds for temple cutaneous blood velocity from 37.71 ±0.23 to 37.43 
±0.15°C (p=0.039), and for forehead eccrine sweating from 37.68 ±0.20 to 37.30 ±0.12°C 
(p=0.005) during exercise tests. Acclimation decreased TES thresholds for the ventilatory 

equivalent for oxygen (i.e. V
.
  E/ V

.
  O2) from 38.25 ±0.16 to 37.85 ±0.14°C (p=0.001) and 

likewise for carbon dioxide (i.e. V
.
  E/ V

.
  CO2) from 38.28 ±0.19 to 37.94 ±0.14°C (p=0.004).  

Additionally, during the incremental exercise tests, the TES thresholds for the plateau in tidal 
volume decreased from 38.14 ±0.23 to 37.68 ±0.29°C (p<0.001) and breathing frequency 
decreased from 38.27 ±0.15 to 37.86 ±0.19°C (p=0.002). 
 
DISCUSSION 
Following a passive heat acclimation, the TES thresholds for the ventilatory equivalents for O2 
and CO2 during incremental tests to exhaustion were shifted to a significantly lower value, 
similar to that observed for human heat loss responses of cutaneous blood velocity and 
eccrine sweating. 
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INTRODUCTION 
Repetitive exposure to heat usually results in an adaptation of the body to the conditions of 
climate and work, leading to a decrease of physiological strain (acclimation). Depending on 
climatic conditions and work intensity, heart rate and body temperature will decrease during 
heat exposure whereas sweat rates will increase. Some studies show that during the 
acclimation process body core temperature is reduced in total so that it will be found lowered 
already during the resting period before heat exposure (e.g. Buono et al., 1998). This paper 
studies the extent to which the lowering of the resting core temperature contributes to the 
decrease of body core temperature during acclimation by means of a re-analysis of data from 
controlled laboratory experiments in a climatic chamber (Griefahn, 1997). 
 
METHODS 
The analysis is based on the registration of core temperatures (Tco) measured in the rectum 
during four series of acclimations. Three series were carried out at equivalent heat stress in 
terms of WBGT = 33.5°C, but different characteristics (warm-humid, hot-dry, radiation), one 
series took place in a neutral environment (25°C). In each series eight semi-nude (0.1 clo) 
subjects (2 women, 6 men) participated during consecutive days in a resting period followed 
by two hours of work on a treadmill (4 km/h on the level). Table 1 presents the climatic 
conditions during the series. Differences in the course of resting Tco (at end of first resting 
period) and final Tco (end of last work period) were tested by repeated-measures ANOVA. 
 
RESULTS 
Figure 1 presents an example of an individual showing a lowering of Tco during acclimation 
to dry heat not only at the end of the work period, but also for the resting values before the 
start of heat exposure. 
 
The results of ANOVA (Table 2) confirm the lowering of the final Tco during the acclimation 
procedure, and the influence of the climate (Griefahn, 1997). Post-hoc tests revealed that the 
effects of the different types of heat stress did not differ significantly from one another, but 
differed significantly from those of the neutral condition. For the resting values a significant 
lowering of Tco during the series showed up without a specific influence of climate. 
 
The attenuation in physiological strain during acclimation, calculated by subtracting the 
values at the first day from the actual values of final Tco, is illustrated by Figure 2, together 
with the corresponding change in resting Tco. The resting Tco decreased by about 0.2°C in a 
similar way for each of the four series. However, for the final Tco, calculation of the 
differences reduced inter-individual variability, and the attenuation effect appeared to increase 
from the neutral to the warm-humid, hot-dry and radiant heat stress condition. This was 
proven using ANOVA showing a significant difference for the radiant heat condition not only 
compared to the neutral, but also to the warm-humid condition. 
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Table 1: Experimental conditions for the acclimation series (Griefahn, 1997). Air velocity 
was 0.5 ms-1 for the radiation and 0.3 ms-1 for the other series. 

Type of 
climate 

Air 
temp. (Ta) 

Wet-bulb 
temp. (Twb) 

Mean radiant 
temp. (Tr) 

Duration of 
series 

warm-humid 37°C 32.0°C Tr = Ta 15 days 
hot-dry 50°C 26.5°C Tr = Ta 15 days 
radiation 25°C 16.2°C Tr = 90.8 °C 15 days 
neutral 25°C 19.5°C Tr = Ta 12 days 

 

 
Figure 1: Change in time response of Tco of a person during acclimation to dry heat. The grey 
shaded area indicates heat exposure time. Ta was 22°C in the first and final resting periods. 
 
 
Table 2: ANOVA results for the development of resting and final Tco over the first 12 days in 
4 climates. Nominator and denominator degrees of freedom (df1, df2), F- and p-values.  

Resting Tco  Final Tco 
Effect 

df1 df2 F p  df1 df2 F p 

day 11 308 3.22 0.0004  11 308 6.52 <.0001 

climate 3 28 0.87 0.4666  3 28 13.43 <.0001 

day ∗ climate 33 308 0.68 0.9135  33 308 1.19 0.2208 
 
For the attenuation of heat strain at the end of the acclimation series, calculated as averaged 
changes of days 14 and 15 (Griefahn, 1997) a significant correlation (r=0.67, p=0.0004) 
between lowering of resting and final Tco values showed up (Figure 3). An ANCOVA, 
including the type of heat stress as additional factor showed that the regression slopes did not 
differ significantly (p>0.05) between the three warm climates, thus justifying the pooled 
analysis presented in Figure 3. The linear equation predicting the change in final Tco (y) from 
the change in resting Tco (x) was y = -0.29 + 0.84*x as obtained by ordinary least-squares 
regression, which was very similar to the results (y = -0.30 + 0.76*x) from a robust regression 
procedure, indicating that the estimates had not been biased by extreme observations. 
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Figure 2: Change in resting and final Tco (AM ± SE) during acclimation to different climates. 
 

 
Figure 3: Regression line with 95% prediction limits (dashed lines) for changes in resting and 
final Tco after acclimation to heat with equivalent WBGT. Dotted lines mark the change in 
final Tco on average (-0.46°C) and at zero change in resting Tco (-0.29°C). 
 
Averaged over the three heat stress conditions, resting Tco was lowered by 0.20°C whereas the 
final Tco was reduced by 0.46°C at the end of the acclimation procedure (Figure 3). The 
decrease of the final values without lowering of the resting Tco (0°C) calculated from the 
regression line in Figure 3 amounted to 0.29°C. Thus, the component of the averaged effect of 
heat acclimation on final Tco that was attributable to lowering resting Tco could be calculated 
as 0.46–0.29°C = 0.17°C corresponding to 37% of the effect size. 
 
DISCUSSION 
The results confirm as well the lowering of final rectal temperatures as of resting rectal 
temperatures during acclimation (Buono et al., 1998). Additionally the analysis quantifies the 
fraction of lowering of final Tco that may be attributed to the lowering of resting Tco values for 
the individuals, thus underpinning more anecdotal reports by some other studies. 
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As the lowering of resting values was also found in a neutral climate, and this leads to the 
hypothesis that during the acclimation to moderate heat stress (WBGT = 33.5°C in present 
study), the lowering of resting Tco is mainly due to the physical work performed. Whether 
higher heat stress levels that are known to provoke greater acclimation effects on final Tco 
may also enhance the observed effects on resting Tco should be a subject of future research. 
 
Additionally, our results reveal a high inter-individual variability with some persons even 
showing increases of resting as well as of final Tco during heat acclimation. The potential 
influence of effect modifying variables like physical fitness or gender could not be identified 
in this study, because they were either not observed, or due to the low fraction of female 
participants. There are efforts to extend the database to answer some of these questions. 
 
To conclude, our analyses provide evidence that the acclimation process is accompanied by a 
lowering in resting core temperature that accounts for a substantial part of the reduced 
physiological strain. This may be considered when predicting effects of heat acclimatization 
(Givoni and Goldman, 1973), or may lead to modifications of analytical models of 
thermoregulation. 
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EFFECTS OF HAND COOLING ON INTERMITTENT EXERCISE 
PERFORMANCE IN THE HEAT. 

Mike Price, Doug Thake, Alsadair O’Doherty, 
Department of Biomolecular and Sports Sciences, Coventry Univerity, UK 

Contact person: m.price@coventry.ac.uk 
 
INTRODUCTION 
The human body functions inefficiently during exercise and, as a result, between 70-80% of 
energy produced during exercise is lost as heat (Marino, 2002) causing strain on the 
thermoregulatory system. When performing high intensity exercise in the heat, such as that 
experienced during team sports, the strain on the thermoregulatory system is increased, 
resulting in core body temperature exceeding 40°C, and a decrease in exercise performance 
(Nybo and Nielsen, 2001). Consequently, various cooling methods have been examined to try 
and improve performance (Marino, 2002). Hand cooling is a practical method of reducing the 
onset of heat strain (House et al., 1997) due to a large number of capillaries in the hands that 
can be exposed to the cold when submerged, leading to cooling of the blood and consequently 
core temperature (Livingstone et al., 1989). However, the effectiveness of hand cooling has 
not yet been reported during intermittent exercise to alleviate heat strain. Therefore the aim of 
this study was to determine the effects of different hand cooling regimens on intermittent 
exercise performance in the heat. 
 
METHODS. 
Nine male team sport players volunteered for this study (mean (± SD) 22.3 ±2.3 y, 181.1 ±8.6 
cm, 82.9 ±5.7 kg, and VO2max 52.6 ±6.3 mL.kg-1.min-1).  The study was approved by the 
University Faculty of Health and Life Sciences Ethics Committee.  All participants provided 
written informed consent and completed a health screen questionnaire prior to each exercise 
test. Each subject performed a preliminary test for maximal oxygen uptake (VO2max) test on a 
motorised treadmill (Price and Halabi, 2005).  Heart rate (HR) was measured by a Polar Heart 
Rate Monitor every minute of the test.  Expired gas was measured by an online breath by 
breath gas analyser (Metamax 3b), via a face mask and sample line.  The velocity at V& O2max 
(v-V& O2max) was used to determine the treadmill speeds that each subject would exercise at 
during the subsequent intermittent exercise protocols. Participants visited the laboratory on 
three further occasions to perform either; no cooling control (CON), one handed (1-HC) or 
two-handed (2-HC) cooling in a randomised and counterbalanced order. The intermittent 
protocol consisted of a 5 min warm-up (8km.h-1, 1% incline) followed by 20 min intermittent 
running (repeated bouts of 15 s running at 100% v-V& O2max and 15 s passive recovery). After 
the 20 min exercise period, a 15 min simulated halftime was undertaken where cooling or no 
cooling was undertaken. Cooling involved placing either one hand or two hands into a bucket 
containing 9 litres of cooled water (19.1 ±1.0°C) continuously stirred with an aquatic pump.  
Heat lost via the hands into the water was calculated by the equation (Livingstone et al., 
1995). Once the cooling / control period had been completed participants undertook a 
performance trial (repeated outs of 20 s running at 120% v-V& O2max followed by 20 s of rest). 
At least 48 hr separated each trial. Subjects were asked to refrain from maximal exercise or 
consumption of alcohol and caffeine 24 hr prior to testing, and arrive at the laboratory fully 
hydrated. All experimental conditions were performed at 34.6 ±0.3°C. Subjects wore a rugby 
shirt, shorts, socks and training shoes throughout each trial. 
 
Subjects entered the air conditioned laboratory regulated at 21°C.  Nude body weight was 
measured (Seca balance scales).  Thermistors (Edale Ltd) were attached for the measurement 
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of skin temperature at the hand, bicep, chest, thigh and calf.  Rectal temperature (Trec) was 
measured by a rectal thermometer inserted 10cm past the anal sphincter.  Aural temperature 
(Taur) was measured by an aural thermistor inserted into the external auditory meatus and 
insulated with cotton wool.  Mean skin temperature (Tms) was calculated using the equation of 
Ramanathan (1964). All temperatures were recorded via a Squirrel data logger (1000 Series, 
Cambridge, UK). Fingertip arterialised capillary blood samples were taken for the analysis of 
Haematocrit (Hct), haemoglobin (Hb) and blood lactate (BLa).  Participants then entered the 
heat controlled laboratory (34.6 ±0.3°C) and resting expired gas was collected for 5 minutes 
prior to undertaking the intermittent exercise protocol. Core and skin temperature 
measurements, heart rate and BLa were recorded at rest in the cool, at rest in the heat, 5, 10, 
15 and 20 minutes of intermittent exercise, at the end of the cooling/ non cooling period and 
at volitional exhaustion.  Ratings of perceived exertion (RPE; Borg Scale) and the thermal 
strain (TS) of the subject were also recorded at exercise time points.  Further Hct and Hb 
samples were taken post exercise for calculation of plasma volume and nude body mass 
recorded to estimate fluid loss. 
 
Differences in variables between trials were analysed by two-way ANOVA with repeated 
measures on both factors (trial x time).  A one-way ANOVA was used to determine the 
differences between the performance trials and weight loss.  A paired T-test was used to 
compare the difference between the heat lost through the hands in the two cooling trials. 
 
RESULTS 
No significant interaction was observed for Trec at rest, throughout the intermittent exercise or 
at volitional exhaustion (P>0.05). Trec increased from rest (37.2 ±0.2, 37.1 ±0.3, 37.2 ±0.3°C 
for CON, 1-HC and 2-HC, respectively; P>0.05) to 38.3 ±0.3°C after 20 min in all trials 
(P<0.05). No differences were observed between trials post cooling (P>0.05). No significant 
interaction was observed for Taur at rest or throughout the intermittent exercise (P>0.05) with 
values peaking at 37.7 ±0.4, 37.6 ±0.4 and 37.4 ±0.4 for CON, 1-HC and 2-HC, respectively 
at 20 minutes. A main effect between trials for Taur, however, was observed after cooling 
between CON and 2-HC (P<0.05). No differences were observed between 1-HC and 2-HC 
(P>0.05). At volitional exhaustion both Trec (38.6 ±0.8, 38.4 ±0.7, 38.7 ±0.5°C) and Taur (37.9 
±0.4, 38.0 ±0.7, 37.7 ±0.7°C) measures were similar between trials for CON, 1-HC and 2-HC, 
respectively (P>0.05). 
 
There were no significant differences between Tms values at the end of 20 minutes intermittent 
exercise with values reaching 36.3 ±0.5°C, 35.9 ±0.6°C and 35.9 ±0.7°C for CON, 1-HC and 
2-HC, respectively (P>0.05). Thand was cooler at the end of the cooling procedure for 1-HC 
(23.2 ±1.7°C) and 2-HC (23.7 ±1.4°) when compared to CON (35.9 ±0.6°; P<0.05). No 
differences were observed between 1-HC and 2-HC (P>0.05).  The heat lost from the hands 
during 2-HC (41.7 ±6.9 cal.s-1) was greater than when compared to 1-HC (35.1 ±5.9 cal.s-1; 
P<0.05). 
 
Physiological and perceptual responses were similar between trials during 20 min intermittent 
exercise for CON, 1-HC and 2-HC, respectively (P<0.05; HR; 177 ±8, 178 ±11, and 173 ±11 
beats.min-1; RPE; 16.6 ±1.5, 16.4 ±1.7, and 15.9 ±1.8; TS; 6.6 ±0.7, 6.5 ±0.6, and 6.3 ±0.6, 
%VO2max; 90.8 ±7.4%, 86.8 ±8.6%, and 87.4 ±7.3%; BLa; 4.4 ±1.3, 4.6 ±1.4 and 4.2 ±1.5 
mmol.l-1). Furthermore, no differences in peak physiological responses at volitional 
exhaustion were observed between trials (HR; 192 ±6, 193 ±7, 192 ±7; BLa; 7.4 ±2.4; 6.8 
±1.6; 6.9 ±2.6 mmol.l-1; RPE; 20.0 ±0; 20.0 ±0; 19.9 ±0.3; TS; 7.2 ±0.7; 6.9 ±0.6; 6.8 ±0.8 for 
CON, 1-HC and 2-HC, respectively). The percentage change in plasma volume was 0.9 ±5.2, 
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2.2 ±6.3 and -2.4 ±6.3% for CON, 1-Hand and 2-Hand, respectively (P>0.05) with sweat rates 
of 1.2 ±0.4, 1.2 ±0.4, and 1.4 ±0.3 l.hr-1 (P>0.05). Although there were no differences in the 
performance trial duration between trials (14 ±6; 15 ±4; 17 ±6 sprints) six subjects completed 
most sprints during 2-HC than in any other trials, one subject completed most sprints during 
1-HC and two subjects completed most sprints during CON. 
 
DISCUSSION 
Although 2-HC reduced Taur significantly when compared to CON this decrease was lower 
than that observed by House et al. (1997) using the same water temperature over the same 
time period.  The smaller decrease in the present study is most likely to have been due to the 
participants having a smaller increase in core temperature prior to cooling. This would not 
only reduce the demand for heat loss but also reduce the drive for blood flow to the hands, 
which is the mechanism by which hand cooling is reported to work. Consequently, the 
subjects were not at a level of hyperthermia where hand cooling would be affective. However, 
the results of the present study in conjunction of those with House et al. (1997) suggest that 
the effectiveness of hand cooling is proportional to the initial core temperature. 
 
It is possible that the lack of core temperature reduction is due to vasoconstriction in the 
hands and a reduced heat dissipation potential. However, the amount of heat lost via the 
hands, the increase in the water temperature during cooling, and the tendency to lower core 
temperature all suggest that vasoconstriction did not occur. This agrees with previous hand 
cooling studies that reported Thand remained greater than the temperature of the water during 
cooling demonstrating that vasoconstriction did not occur, and constant blood flow to the 
hands was maintained (Livingstone et al., 1989, House et al., 1997). Interestingly, although 
the same Thand was achieved during the cooling procedure for both 1-HC and 2-HC greater 
heat loss was facilitated during 2-HC. This is most likely due to the coolant being stirred and 
the smaller loss of heat from the body when compared to previous studies. If a greater core 
temperature had been achieved pre-cooling and a greater cooling duration employed 
differences between one and two handed cooling may have been observed as the capacity for 
the water to store heat decreased. 
 
The subjects in the present study fatigued at lower core temperatures than previously reported 
(Nybo and Nielsen, 2001). It is possible that the lower level of aerobic fitness of the 
participants in the present study contributed to this affect. Elite athletes are more likely to 
push themselves to physiological extremes where thermoregulation limits performance. 
Consequently, hand cooling may be more affective for well trained or elite populations. 
 
The results of this study showed that although there was a significant difference between 2-
HC and CON for Taur after the cooling period and that 2-HC facilitated greater heat loss from 
the hands than 1-HC this did not translate into improved performance.  The onset of fatigue 
during the intermittent exercise protocol was most likely related to factors other than 
hyperthermia such as muscle fatigue and training status. 
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STRAIN DURING HEAT STRESS IN REST AND EXERCISE 
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INTRODUCTION 
Under the conditions of exercise heat stress or rest in hot environments, the ability to maintain 
body temperature within physiological limits is hampered, particularly when ballistic 
protective garments are worn. Thus, auxiliary cooling methods are needed to alleviate heat 
stress. The present study was conducted to evaluate whether physiological strain is alleviated 
by a new personal Cooling System (CS), which consists of a layered vest and integrated 
blower that generate low-pressure flow of air over the torso skin. In this study, volunteers 
wore the CS under a protective garment and rested and exercised under a heavy heat load. 
 
 
METHODS 
Twelve young, healthy, male volunteers participated in this study. All participants were 
exposed to climatic conditions of 40°C, 40% RH (40/40), and 35°C, 60% RH (35/60) during 
which they performed a 185 min exercise routine while wearing a battle dress uniform (BDU) 
and ballistic vest. The routine included 5 min of sitting followed by two bouts of 50 min 
walking on a treadmill (5 km·hr-1, 2% grade) separated by 10 min of rest, followed by another 
60 min of sitting. All the test subjects were exposed to these experimental conditions with and 
without the CS worn under their BDU. During the exposures, the volunteers' body core 
temperature (Trec), skin temperature (Tsk), and heart rate (fc) were continuously monitored.  
Sweat rate heat storage were calculated for each exercise routine. 
 
 
RESULTS 
The results demonstrate that the CS was able to significantly attenuate the physiological strain 
levels during exercise under the prescribed conditions, when compared to identical exercise 
exposure without the CS. When used in 40/40 and 35/60, the CS reduced rectal temperature 
elevation rate, ∆Trec (Trect-Trec0), by 0.26 ±0.20oC and 0.34 ±0.21oC, respectively, after 115 
min of exercise (p<0.05). The use of the CS also reduced mean skin temperature (Tsk) by 
approx. 1°C and 0.6°C for 40/40 and 35/60 conditions, respectively. Heart Rate (fc) was also 
lowered by CS use, but not significantly. Heat storage (∆S) rates were 25% and 22% lower 
and sweat rates were 21% and 25% lower for the 40/40 and 35/60 conditions, respectively, 
when CS was worn. Nonetheless, there was no significant difference between groups in the 
subjects' ratings of perceived exertion. Additionally, the CS was not effective in alleviating 
physiological strain during rest and there was no difference in Trec cooling rate, ∆S, or fc 
reduction rate between groups over rest periods. Although skin temperatures were 
significantly lower in the CS group, the Trec reduction rate was similar for both groups, which 
may be a result of lowered blood flow to the skin in the CS group.   
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DISCUSSION 
The CS tested in this study was found to be effective to partially lower physiological strain 
under a heavy heat load while exercising, but not while resting. These results indicate that the 
CS should be further developed (i.e., higher flow rate and increased air space between the 
skin and vest) to be suitable for reducing physiological strain under all conditions. 
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A NEW COOLING GARMENT FOR 
PATIENTS WITH MULTIPLE SCLEROSIS 

Kocjan, N., Rothmaier, M. 
Empa, Swiss Federal Laboratories for Materials Testing and Research 

Contact person: nina.kocjan@empa.ch 
 
INTRODUCTION 
Patients with multiple sclerosis (MS) display a variety of neurological symptoms that can be 
improved with increased heat loss from the body, or deteriorated with the increased heat gain. 
This effect can be dramatic, with improvements in vision upon taking a cold shower or 
conversely, with deterioration caused by standing near to a hot stew (Smith and McDonald 
1999). In the past, patients with MS used simple, however, thermally uncomfortable 
strategies, such as cold water immersion to decrease their symptoms. Nowadays, different 
products, such as cooling vests, are used to achieve the same effect. However, such products 
are commonly heavy, stationary and can represent an appearance barrier. Therefore, a 
lightweight portable prototype cooling garment (PCG) was developed to apply functional and 
aesthetical cooling for MS patients. In the present study we aimed to investigate the effect of 
physical properties of the PCG on the heat loss using thermal manikins. Furthermore, we 
investigated the heat loss of the PCG while mimicking everyday life conditions, such as 
wearing clothing and walking.  
 
METHODS 
Prototype cooling garment: The PCG is a 3 layer laminate construction (Figure 1A). Two 
outer waterproof, but water vapour permeable membranes are sealed to each other on the 
edges. The thickness of one membrane (facing the air) is 15 µm and the other (facing the 
skin) 25 µm. A hydrophilic fabric placed between the two membranes acts as a water 
reservoir and water distributor. When a small quantity of the water is added, the hydrophilic 
fabric is moistened (Figure 1B) and the evaporation through the outer membrane takes place 
(Figure 1C). Consequently, due to increased heat loss from the surface on which the PCG is 
placed, cooling occurs.    
 
 
 
 
 
 
 
 
 
 
 
Figure 1 The prototype cooling garment (PCG) and its functional properties. 
 
Measurements: For the purpose of this study, an electrically heated cylinder with the diameter 
of an average upper arm and an anatomically formed manikin with body dimensions of an 
average male adult were used. Both devices were run with a variable heating power (P) that 
ensured a constant surface temperature of 33°C. On all occasions, the PCG was first put on 
the manikin, then time was allowed for the surface temperature to stabilize, and afterwards the 
water was added to the PCG. The evaporation of the water added caused an increase in P in 
order to maintain the constant surface temperature of the manikin. The increased P 
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corresponds to the increased heat loss due to the cooling, and was therefore used to define the 
heat loss in the conditions investigated. However, for the analysis only the maximum P value 
was used since in the future the PCG will be equipped with continuous water supply. 
Measurement for each condition investigated was repeated three times. The measurements 
were performed in a climatic chamber where the environmental temperature and relative 
humidity were kept at 20 ±1°C and 50 ±3%, respectively. The mean wind speed was 0.74 
±0.02 m/s (MiniAir2, Schiltknecht, Gossau, Switzerland).  
 
With the use of the heating cylinder, we investigated the heat loss (i) when the thinner or the 
thicker membrane contacted the air, (ii) when the fit of PCG on the surface of the manikin 
changed, and (iii) when different fabrics were placed over the PCG. To investigate the effect 
of placing different fabrics over the PCG one synthetic (80% polyester and 20% 
polyurethane) and two cotton fabrics distinctive by their thickness were used. Furthermore, 
with the use of the anatomically formed manikin, we investigated the heat loss of a pants and 
a shirt (Figure 2A), manufactured from PCG and tailored to fit the manikin. Heat loss was 
investigated while the manikin was standing still and wore pants and shirt made of PCG. 
Furthermore, when the manikin was either standing still or was walking (2.5 km/h) with 
clothing typically for female (Figure 2B) or male (Figure 2C) were placed over the PCG. All 
clothing was 100% cotton and there was no additional layer between the manikin and the 
PCG and the PCG and the clothing.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 The clothing ensemble manufactured from the PCG (A), and the female (B) and 
male (C) clothing as used on the manikin.  
 
Statistics: According to the data, the statistical analysis was performed with either a Student t-
test or ANOVA, where a Tukey test for post hoc comparisons was used if a significant 
difference was found (p < 0.05).  
 
RESULTS  
With placing the thicker membrane in contact with the air, the heat loss significantly 
(p<0.001) decreased by 69.6% (Figure 3) compared to the situation with a thinner layer 
outside. Thus, it is suggested that the thinner membrane allows faster transport of the water 
molecules from the inner membrane into the air and thereby the heat loss is increased. 
Moreover, the heat transfer was increased by 12.3% with tighter fit of the PCG on the surface 
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of the manikin. Thus, to optimize the heat loss the air layer between the PCG and manikin 
surface should be minimized or, if possible, absent (Figure 4). 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 Heat loss when placing the thinner 
or thicker membrane in contact with the air.   

Figure 4 Heat loss influenced by the fit of 
the PCG on the surface of the manikin. 

The asterisk indicates significant difference (p<0.001); error bars are standard deviations. 

 
Placing the synthetic fabric, the thinner cotton or the thicker cotton on top of the cooling 
garment decreased the heat loss by 18.8%, 38.2% and 61.5%, respectively when compared 
with the PCG alone. Thus, placing the fabrics over the PCG in all cases significantly 
(p<0.001) decreased the heat loss (Figure 5). 
 

 
Figure 5 Influence of placing different fabrics over the PCG. The error bars indicate one 
standard deviation.  
 
The clothing typical for female or male decreased the heat loss by 27.0% and 44.8%, 
respectively. Therefore the results obtained on the anatomically formed manikin confirmed 
the results obtained on the cylinder (Figure 6). Furthermore, walking in comparison with 
standing still increased the heat loss by 11% when female and by 24% when male clothing 
was placed over the PCG (Figure 7). Thus, it can be concluded that movement significantly 
(p<0.001) increased the heat loss and thereby the cooling provided by PCG. 
 

0
10
20
30
40
50

P
 (

W
)

15 µm 25 µm

0
3
6
9

12
15

P
 (

W
)

tight fit less tight fit

* 
* 

0

10

20

30

40

P
 (

W
)

PCG

PCG + synthetic

PCG + thinner cotton

PCG + thicker cotton 



Environmental Ergonomics XII  
Igor B. Mekjavic, Stelios N. Kounalakis & Nigel A.S. Taylor (Eds.),  © BIOMED, Ljubljana 2007 

 398 

0

60

120

180

240

300

360

P
 (

W
) PCG

PCG+female clothing

PCG+male clothing

 
Figure 6 Decreased heat loss by placing the clothing typical for female and male on the 
manikin. The error bars represent one standard deviation.  
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Figure 7 Increased heat loss by walking in clothing typical for female (A) and male (B). The 
error bars represent one standard deviation. 
 
DISCUSSION 
The results of the present study indicated that the heat loss increased with the thinner 
membrane being in contact with the air. Moreover, the heat loss was also increased by a good 
fit of the PCG on the surface of the manikin. Conversely, heat loss decreased with placing 
different fabrics over the PCG. As could be expected, the rate of decreases was dependent on 
the increase in thermal and water vapour resistance due to fabrics placed on top of the PCG. 
These results in practice suggest that if the membrane contacting the air is thinner, and if the 
PCG is in a good contact with the skin surface, the decrease in the temperature of the skin will 
be higher. However, the decrease in skin temperature is impaired by wearing clothing on top 
of the PCG. Furthermore, walking increased water evaporation due to higher ventilation over 
the surface of the PCG under the clothing. To evaluate the effect of wearing a PCG in 
reducing the symptoms of MS, a clinical study is planned.  
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PHYSIOLOGICAL AND COGNITIVE FUNCTION WHEN AUXILIARY 
COOLING IS USED DURING AN EXERCISING HEAT STRESS. 
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INTRODUCTION 
When exposed to environmental heat stress, one’s ability to perform physical and mental 
tasks can be compromised. In relation to a helicopter pilot, a slight decrement in flight 
performance can result in devastating consequences. Previously, Froom et al. (1993) found 
environmental heat stress elevated pilot error, whilst Caldwell et al. (2005) have described 
impaired flight simulator performance during progressive hyperthermia. Such changes can 
reflect reduced cognitive function, and Faerevik and Reinertsen (2003) have shown that heat 
stress can contribute to deficits in both vigilance and multi-choice reaction time. Presumably, 
the use of biological and chemical (BC) protective clothing will exacerbate this state. 
 
Notwithstanding these observations, the literature does not provide a consensus concerning 
the interaction of heat strain and cognitive function. This state may result from experimental 
design limitations. For example, the quantification of, and control over the thermal 
environment, and the resultant thermal strain, are often poorly addressed. In this regard, one 
could consider both static and dynamic states, since thermoreceptor feedback possesses such 
information. In the former case, and to the best of our knowledge, the impact of elevated and 
clamped core and shell temperatures on cognitive function has rarely been considered 
(Caldwell et al. 2005). This is important since, only when thermal strain is controlled, can one 
be certain that it is the thermal energy content per se, and not thermal transients that affect 
cognition. Furthermore, one must choose suitably sensitive cognitive-function indices, so that 
the affects of various thermal treatments can be determined. 
 
Accordingly, this project had two aims. First, the experimental design and cognitive-function 
measures were chosen to optimise the identification of an interaction between thermal strain 
and cognitive function during uncompensable heat stress, whilst wearing biological and 
chemical protective clothing. Second, assuming an interaction, the effectiveness of an 
auxiliary cooling system, as a possible means of reducing cognitive and physical performance 
decrements, was evaluated.   
 
METHODS 
Eight males (27.1 SD 6.2 y; 80.0 SD 8.4 kg; 179.2 SD 6.4 cm) completed trials involving 120 
min of low-intensity exercise (total metabolic rate ~180 W: semi-recumbent cycling), with a 
2-min rest after every 13 min of work. Subjects wore the standard combat uniform (insulation 
0.29 m2K.W-1), a liquid-cooling garment (Cool Tubesuit, Med-Eng, Ottawa, Canada), and the 
Australian Defence Force biological and chemical ensemble, including over boots, gloves and 
face mask.  
 
Trials differed in the environmental conditions (temperate versus hot-dry), and the activation 
state of the liquid-cooling garment (active versus inactive), and were administered in a 
balanced order: (i) trial one: temperate environment (control: 20ºC, 30% relative humidity), 
inactive liquid cooling; (ii) trial two: hot-dry environment (48ºC, 20% relative humidity), 
inactive liquid cooling; and (iii) trial three: hot-dry environment (48ºC, 20% relative 
humidity), active liquid cooling. In the heat, a substantial radiant heat source was also applied 
(infra-red lamps ~750W.m-2). Subjects consumed 200 mL of water (at room temperature) 
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during each rest period. For both the control trial and the hot-dry trial with active cooling, 
subjects completed 120 min of cycling. However, for the hot-dry trial with no cooling, only 
one subject could exercise for 120 min. Trials were terminated with core temperature >39.5°C 
(N=2) or at volitional fatigue (N=5), with an average trial duration of 98.3 (SD 13.3) min. 
 
The following physiological measurements were recorded at 0.2Hz, using a portable data 
logger (Grant instruments Ltd., 1206 Series Squirrel, U.K.): core temperature (mean of 
insulated auditory canal temperature and rectal temperature (Edale Instruments Ltd, 
Cambridge, U.K.)), skin temperature from eight sites (Type EU, Yellow Springs Instruments 
Co. Ltd., Yellow Springs, OH, U.S.A.), and heart rate (Polar Electro Sports Tester, Finland). 
Body mass changes were also measured, and were corrected for drinking, urine production 
and sweat retained within the clothing. At 15-min intervals, data were collected for perceived 
work effort (15-point Borg scale), thermal sensation and thermal discomfort.  
 
Cognitive function was evaluated using the Mini-Cog rapid assessment battery (Shephard and 
Kosslyn, 2005) administered via a personal digital assistant (PDA, PalmOne, Tungsten C, 
U.S.A.), after first completing 8-10 h of preliminary training (Figure 1). The test battery was 
administered every 15 min, and included: vigilance; three-term reasoning; filtering; verbal 
working memory, divided attention and perceptual reaction time. The test battery took 
approximately 10-13 min to complete, with testing performed whilst subjects exercised. Thus, 
subjects were exposed to an almost continuous mental challenge. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Verbal working memory test performed on a PDA. 
 
RESULTS 
Physiological and cognitive function data for the last 5 min of each trial are summarised in 
Table 1. Each of the physiological and psychophysical variables were significantly different 
for both the control trial and the hot-dry trial completed with active liquid cooling (P<0.05), 
when compared to the hot-dry trial with no cooling. Furthermore, no significant physiological 
or psychophysical differences occurred between the control and the hot-dry trial with active 
liquid cooling (P>0.05).   
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Table 1: Averaged data for the last 5 min of each trial, or the last data collection period. Data 
are means with standard errors of the means. * = significantly different from the “hot: no 
cooling” trial (P<0.05). 
Variable Control Hot: no cooling Hot: active 

cooling 
Core temperature (°C) 37.0 (0.07)* 38.9 (0.13) 37.3 (0.06)* 
Skin temperature (°C) 34.6 (0.19)* 38.6 (0.19) 35.2 (0.32)* 
Heart rate (b.min-1) 95.8 (4.2)* 132.2 (3.5) 87.3 (3.4)* 
Body mass change (kg.hr-1) 0.64 (0.10)* 1.04 (0.12) 0.35 (0.05)* 
Perceived exertion (6-20) 7.88 (0.58)* 10.13 (0.52) 7.94 (0.57)* 
Thermal sensation (1-13) 8.94 (0.38)* 11.63 (0.31) 7.94 (0.57)* 
Thermal discomfort (1-5) 1.88 (0.34)* 3.94 (0.30) 1.63 (0.28)* 
Vigilance          Error rate (%) 
                Response time (sec) 

4.30 (0.93) 
0.421 (0.02) 

8.06 (2.52) 
0.421 (0.02) 

5.83 (1.36) 
0.412 (0.02) 

Reasoning         Error rate (%) 
                Response time (sec) 

7.81 (2.29) 
5.88 (1.05) 

18.75 (7.47) 
3.92 (0.65) 

6.25 (3.34) 
5.15 (1.17) 

Filtering            Error rate (%) 
                Response time (sec) 

6.10 (1.34) 
0.55 (0.03) 

6.55 (2.88) 
0.53 (0.03) 

6.55 (2.78) 
0.55 (0.03) 

Work memory   Error rate (%) 
                Response time (sec) 

9.36 (2.45) 
0.47 (0.05) 

14.53 (2.66) 
0.40 (0.04) 

7.39 (2.34) 
0.41 (0.03) 

Div attention     Error rate (%) 
                Response time (sec) 

6.25 (2.27) 
0.42 (0.02) 

9.06 (2.67) 
0.39 (0.02) 

6.25 (1.83) 
0.41 (0.02) 

Reaction time    Error rate (%) 
                Response time (sec) 

5.31 (2.29) 
0.41 (0.02) 

6.56 (2.75) 
0.38 (0.02) 

8.57 (3.08) 
0.39 (0.02) 

 
Despite these powerful and uniform thermal challenges, none of the cognitive-function 
indices revealed significant deviations at the end of testing (P>0.05). It was evident, however, 
that patterns of cognitive performance decrement appeared towards the end of the “no 
cooling” trial. This appeared in the form of a dramatic elevation in the error rate for reasoning 
and divided attention. 
 
DISCUSSION 
The current study has provided an evaluation of the thermal impact on physiological and 
cognitive functions whilst wearing biological and chemical protective clothing in hot-dry 
conditions. In addition, the ability of a liquid-cooling garment to ameliorate adverse changes 
was evaluated. It the latter instance, the liquid-cooling garment (water temperature 15°C), 
successfully prevented all decrements in physiological function observed during the hot-dry 
trial without cooling.  
 
Although thermal strain clearly impacted upon physiological performance, undesirable effects 
were not observed for the cognitive function indices. Whilst it is quite probable that some 
degree of hyperthermia heightens cognitive function, it is also probable that subjects were not 
sufficiently dehydrated to experience the full effects of exposure. For instance, Gopinthan et 
al. (1988) have demonstrated that a positive correlation exists between the severity of 
dehydration and detriments in cognitive function, and Szinnai et al. (2005) found that no 
changes were evident unless individuals experienced moderate dehydration (2-5% body mass 
loss). In the current study, subjects only experienced mild dehydration, with an average body 
mass change of 2.1% at completion of the most stressful condition.  
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INTRODUCTION 
Whenever mean values of physiological strain are recorded for a group of subjects, the intra-
individual variability of the single subjects implicitly is included within the results. To 
estimate this contribution to data variability, we decided to carry out a longitudinal study for 
two types of training, that had been studied before at the Central Mine Rescue Station for all 
mine rescue brigadesmen of a coal mine (52 brigadesmen): for a standard mine rescue 
training (SMRT) in a training gallery (with flame protection clothing and SCBA (self 
contained breathing apparatus); Kampmann et al., 1997) lasting for two hours, and for a heat 
tolerance test (HTT) at ta = 39°C and 88 % relative humidity, treadmill work of 70 Watts 
external load, lasting for maximal 30 minutes (Kampmann et al., 1996); only shorts, t-shirt, 
socks and safety boots were worn for HTT. Both exposures represented uncompensable heat 
stress. The longitudinal study comprised of four brigadesmen of the operational rescue team 
of the Central Mine Rescue Station and was extended for 10 years (1990-2000), so additional 
information about changes in physiological strain with age could be expected. 
 
METHODS 
Before the SMRT started during the late morning, bicycle ergometry was performed, resulting 
in a Dynavit®-score that displays specific fitness (i.e. fitness per body mass). A Dynavit®-
score of 75 was mandatory for participation in the SMRT that started after a resting period of 
about 1.5 hours. The details of the SMRT are given in (Kampmann et al., 1997). From 56 
continuous recordings of heart rate and rectal temperature 53 data sets could be evaluated. 
During the SMRT the timetable for the training was followed as closely as possible, resulting 
in a total duration of 124 ±2 minutes. During the time of investigation, the Central Mine 
Rescue Station moved to another location and another training gallery was used; as in both 
training facilities no statistical differences were found, the results were analyzed in total. 
 
On different days a HTT according to Stoklossa (Kampmann et al., 1996) was performed after 
a resting period around 8:30 and after a further resting period another training took place that 
will not be discussed here. Heart rate and body temperatures were monitored continuously. 
The exposure was stopped at Tre > 38.5 °C, HR > “220-age” or at request of the subjects. 
After it took some time to reinstall the climatic chambers after moving to another location 36 
HTTs could be analyzed.  
 
RESULTS 
Table 1 gives the anthropometric data of the participating subjects. From these data, body 
mass, and the correspondingly Broca-index and BMI, had a significant increase during the 
investigation for subjects 1, 3 and 4. The Dynavit-score showed no linear trend with time for 
any subjects. No habituation effects were expected during the investigation as all subjects had 
participated for several years in mine rescue training (Kampmann and Bresser, 2005) 
 
Table 2 gives heart rates and rectal temperatures at the beginning and end of the SMRT: for 
none of the subjects, rectal temperature at the end of SMRT depends significantly on the 
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rectal temperature at the start of the training or on the Dynavit-score. For one of the subjects 
the end value of body temperature showed a significant linear change with time. The increase 
of heart rate as well as of rectal temperature during the training shows a span of 50 %.  
 
Table 1: Anthropological data for the participants in the study during 10 years. 

 
Table 2: Statistical data for heart rates and rectal temperatures at the start and at the end of 
the SMRT. 

 
Table 3 gives the corresponding data for the heat tolerance test: the increase of heart rate and 
body temperature during HTT shows even greater spans as during SMRT. Subject 2 and 
subject 4 exceeded Tre = 38.5°C once each; these two exposures were taken out of the  

  Subject 1 Subject 2 Subject 3 Subject 4 
Age at the begin  
of the study / yrs 

41 35 32 32 

Body height / m 1.87 1.76 1.86 1.86 
Body mass  
/ kg 

minimum 
maximum 

mean ± std.dev. 

90.1 
102.2 

95.5 ±3.4 

74.4 
80.9 

78.4 ±1.7 

87.0 
95.5 

91.5 ±2.8 

82.9 
91.6 

85.9 ±2.8 
Dynavit®-
score  
(specific 
fitness)   

minimum 
maximum 

mean ± std.dev. 

116 
153 

139 ±10 

103 
132 

117 ±8 

77 
113 

97 ±13 

104 
133 

117 ±7 

Broca-index minimum 
maximum 

mean ± std.dev. 

1.03 
1.17 

1.10 ±0.04 

0.98 
1.06 

1.03 ±0.02 

1.01 
1.11 

1.06 ±0.03 

0.96 
1.06 

1.00 ±0.03 
BMI / m/kg² minimum 

maximum 
mean ± std.dev. 

25.8 
29.2 

27.3 ±0.96 

24.0 
26.1 

25.3 ±0.56 

25.1 
27.6 

26.4 ±0.82 

24.0 
26.5 

24.8 ±0.80 

 Subject 1 Subject 2 Subject 3 Subject 4 
Number of SMRT -trainings 14 14 12 13 
HR at start 
of SMRT / 
min-1 

minimum 
maximum 
mean ± std.dev. 

67.5 
88.5 

  75.0 ±5.7 

67.5 
  92.8 

  81.7 ±7.8 

74.4 
  98.5 

  86.9 ±6.8 

77.3 
100.8 

  93.2 ±7.0 
HR at end 
of SMRT / 
min-1      

minimum 
maximum 
mean ± std.dev. 

113.9 
148.1 

133.3 ±11.0 

137.8 
181.9 

158.0 ±12.5 

130.0 
171.6 

145.6 ±9.2 

119.9 
148.3 

136.9 ±9.1 
Increase of 
HR 
/ min-1 

minimum 
maximum 
mean ± std.dev. 

44.6 
75.8 

  58.3 ±10.0 

45.0 
97.6 

  76.3 ±13.3 

49.2 
77.1 

  58.7 ±7.9 

28.0 
60.0 

  43.7 ±8.4 
Tre at start 
of SMRT 
/ °C 

minimum 
maximum 
mean ± std.dev. 

36.86 
37.42 

37.15 ±0.17 

36.92 
37.46 

37.22 ±0.15 

36.82 
37.28 

37.08 ±0.14 

37.26 
37.71 

37.54 ±0.14 
Tre at end 
of SMRT 
/ °C 

minimum 
maximum 
mean ± std.dev. 

37.98 
39.15 

38.64 ±0.28 

38.32 
39.08 

38.71 ±0.23 

37.95 
38.39 

38.15 ±0.15 

38.23 
39.05 

38.51 ±0.23 
Increase of 
Tre  
/ °C 

minimum 
maximum 
mean ± std.dev. 

0.77 
1.94 

1.49 ±0.30 

1.20 
1.93 

1.49 ±0.23 

0.92 
1.41 

1.09 ±0.16 

0.56 
1.51 

0.98 ±0.24 
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Figure 1: Probability plots for heart rates and rectal temperatures at the start and the end of 
WVT and SMRT for subject 3. 
 
analysis. The limit for heart rate never was exceeded. As for SMRT, no parameter in Table 3 
showed a linear variation with time for any of the subjects. The starting values of HR and Tre 
are lower in HTT compared to SMRT for all subjects due to the fact that the test started more 
early in the morning. Figure 1 shows probability plots of rectal temperatures at the start and 
the end of WVT and SMRT for subject 3. The data seem to have a normal distribution. 
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Table 3: Statistical data for heart rates and rectal temperatures at the beginning and at the 
end of the HTT. 

 Subject 1 Subject 2 Subject 3 Subject 4 
Number of HTT tests 11 9 11 7 
HR at start 
of HTT 
/ min-1 

minimum 
maximum 

mean ± std.dev. 

57 
91 

  71.0 ± 10.7 

55 
  85 

  67.8 ± 13.5 

70 
  99 

  82.0 ± 9.4 

70 
102 

  84.1 ± 11.2 
HR at end 
of HTT / 
min-1      

minimum 
maximum 

mean ± std.dev. 

100 
133 

112.6 ± 12.1 

125 
172 

147.4 ± 13.5 

110 
163 

137.2 ± 17.0 

128 
145 

137.4 ± 7.3 
Increase of 
HR   
/ min-1 

minimum 
maximum 

mean ± std.dev. 

17 
72 

  41.6 ± 17.6 

40 
107 

  79.7 ± 19.1 

15 
90 

  55.2 ± 20.7 

40 
61 

  53.3 ± 6.8 
Tre at start 
of HTT 
/ °C 

minimum 
maximum 

mean ± std.dev. 

36.81 
37.20 

37.01 ± 0.11 

36.59 
37.42 

36.96 ± 0.29 

36.72 
37.35 

37.05 ± 0.18 

37.08 
37.78 

37.43 ± 0.25 
Tre at end 
of HTT 
/ °C 

minimum 
maximum 

mean ± std.dev. 

37.42 
38.40 

37.91 ± 0.24 

37.90 
38.33 

38.14 ± 0.14 

37.29 
37.99 

37.70 ± 0.22 

38.18 
38.63 

38.41 ± 0.16 
Increase of 
Tre  
/ °C 

minimum 
maximum 

mean ± std.dev. 

0.29 
1.49 

0.90 ± 0.30 

0.48 
1.65 

1.17 ± 0.33 

0.40 
0.88 

0.65 ± 0.17 

0.70 
1.55 

0.98 ± 0.30 
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DISCUSSION 
Physical work load and climatic stress (especially for HTT in a climatic chamber) were kept 
constant for all exposures; in spite of this the intra-individual variation of data is surprisingly 
high. Most data look quite normally distributed (as seen in Figure 1). As an explanation of the 
great variation in increase of Tre we hypothesise that the extension of body core versus body 
shell may be different at the beginning of the different exposures, thereby varying the 
resulting heat capacity of the body with respect to a given increase of core temperature. As 
there was no correlation between Tre at the start and the end of MRST, no prognosis can be 
made from the starting value for the outcome of the training. 
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INTRODUCTION 
Exercising in the heat increases physiological strain, an effect further exacerbated by wearing 
protective garments. To alleviate heat strain, several strategies can be applied including 
modifying work/rest cycles and the use of microclimate cooling devices. Microclimate 
cooling devices have proven to be effective, but there are operational and logistic situations 
that prevent the routine implementation and use of such cumbersome and energy dependant 
devices. The present study was conducted to investigate the efficiency of alleviating heat 
strain by periodic immersion of hands in cold water. 
 
METHODS 
Seventeen healthy, young volunteers aged 18–28 years (24 ±0.6 y, 1.77 ±0.09 m, 68.1 ±9.4 
kg) participated in this study. The study protocol was thoroughly explained to them and they 
approved their participation by signing a proper consent form, and the protocol was approved 
by the Institutional Human Use Committee.Wearing a semi-permeable NBC protective 
garment (DUROSHIELD™) and a bulletproof Kevlar vest, the participants were exposed 
twice for 125 min to a controlled environment of 35°C and 50% relative humidity. Exercise 
consisted of walking (treadmill) at a 5 km⋅hr-1 and 5% incline, and included: 5 min sitting rest 
followed by 2 sessions of 50:10 min work-rest cycles. A crossover study was designed where 
in one exposure participants immersed their hands during both rest periods in cold water of 
10°C (Hand Immersion group) and the other exposure was with no cooling (Control group). 
During the exposures, the volunteers' body core temperature (Tre), skin temperature (Tsk), and 
heart rate (fc) were continuously monitored and sweat rate was calculated for the entire period. 
 
RESULTS 
The results are summarized in Figures 1-2. The physiological strain was lessened by periodic 
hand immersion in cold water. Tre was reduced during the hand immersion exposures by 0.43  
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 Figure 1. The difference in ∆Tre between the exposure with and without hand cooling 
during 10 min rest period. 
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±0.05°C and 0.41 ±0.06°C in the 1st and 2nd rest periods vs. control, respectively (p<0.005). 
The fc was reduced by 13 ±3 bpm and 19 ±3 bpm, respectively (p<0.05). Tsk and sweat rates 
were also lower while using hand immersion. 
 
DISCUSSION 
Hand immersion in cold water for 10 min rest periods was found to be a convenient, simple, 
and efficient method of alleviating heat strain in subjects exercising in the heat while wearing 
NBC protective garments.  
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Figure 2. The difference in ∆ fc between the exposure with and without hand  cooling during 
10 min rest period. 
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INTRODUCTION 
One of the heaviest forms of farm work in Korea is the red pepper harvest in summer. The 
direct sun light, lengthy working hours in a squatting position, the lack of a break, and 
increased participation by elderly women have all been noted as problems in this work (Choi 
et al., 2007). The fundamental method to alleviate worker’s heat strain is to reduce the 
physical thermal burden through mechanization, and improved air-conditioning of 
occupational fields. However, these ergonomic interventions are not feasible in red pepper 
fields. Thus, we have developed personal cooling equipment (PCE) with different body 
surface areas cooled, so that it is more practical for use in harvesting. The trunk is typically 
cooled using a vest. The head and neck are known as more efficient areas to cool rather than 
the trunk, arm, hands, leg, and feet (Cohen et al., 1989). The neck presented an advantageous 
site for heat removal because of the proximity of large blood vessels to the skin in this area 
(Shvartz, 1976). Based on previous studies, personal devices for cooling the trunk, neck, and 
head have been developed. The aim of the present study was to examine the effects of 
different types of personal cooling equipments (PCE) on the body’s heat storage, and the 
alleviation of heat strain during red pepper harvesting, as simulated in a climatic chamber.  
 
METHODS 
Twelve young males (25.4 ±1.6 y, height 173.1 ±5.0 cm, 69.3 ±9.8 kg, 1.86 ±0.14 m2) served 
as volunteers. Written and informed consent was obtained. The experiment was undertaken 
under eight conditions: (1) Control (no cooling), (2) Scarf A,( 3) Scarf B, (4) Hat (brimmed 
hat with face shade and frozen gel on the neck), (5) Vest (cooling vest), (6) Hat+ScarfB, (7) 
Hat+Vest, and (8) Hat+ScarfB+Vest. The surface area cooled by each condition is given in 
Table 1. For cooling, frozen gel packs were selected. Subjects wore shirts with long sleeves, 
long legged training pants, underwear, socks, work gloves, and athletic shoes. The garments 
worn were based on farm workers’ work wear during the summer (Choi et al., 2007).  
 
Table 1. Characteristics of personal cooling equipment (PCE)  
 Scarf 

A 
Scarf 

B 
Hat Vest Hatc)+ 

ScarfB 
Hat+ 
Vest 

Hatc)+Ves
t 

+ScarfB 
PCE total mass (g) 74 203 528 807 551 1,155 1,358 
SAcooled (cm2)a) 68 154 154 606 154 606 770 
SAcooled (% )b) 0.37 0.83 0.83 3.28 0.83 3.28 4.16 

a) Surface area contacted by frozen gel packs; b) Percentage of SAcooled to body surface area; c) A gel pack excluded.   
 
The environmental conditions of the climatic chamber were constant at a temperature of 33 
±0.5oC, 65 ±5% RH air humidity, and 39 ±1oC black globe temperature (WBGT 33oC). To 
simulate the direct sunlight, appropriate lighting was fitted to the ceiling. Before entering the 
chamber, subjects were fitted with sensors and donned experimental garments. After this, they 
rested for 1 hour in another chamber, which was kept at a neutral temperature, and then 
entered the heated chamber. Subjects simulated the red pepper harvest work based on a 
previous study (Choi et al., 2007). The work lasted 120 min (50min harvest work + 10min 



Environmental Ergonomics XII  
Igor B. Mekjavic, Stelios N. Kounalakis & Nigel A.S. Taylor (Eds.),  © BIOMED, Ljubljana 2007 

 410 

rest + 50min harvest work + 10min res; mean work rate 270 W). The subjects hydrated 
enough before starting every experiment, and water intake was prohibited during 
experimentation.   
 
Rectal temperature (Tre) was measured using a portable thermometer (LT 8A, Gram Corp., 
Japan) at the depth of about 13 cm in the rectum. Skin temperatures (Tsk) were measured for 
seven body parts using portable thermometers (LT 8A, Gram Corp., Japan): forehead, 
abdomen, forearm, hand, thigh, calf, and foot. Mean skin temperature was calculated 
according the Hardy and DuBois’ seven point equation. Heart rate (HR) was measured using 
a portable HR monitor (Polar, Polar Electro 3000 INC., USA). The measurements above were 
taken every minute. 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 recorded their own thermal sensations every ten 
minutes using the ISO 9-point scale. The experiment stopped when Tre increased over 39 , Tre 
increased more than 2  compared to Tre at the starting point, HR increased over 185 bpm, or 
subjects wanted to stop. Body heat storage was derived using the Hardy and DuBois method 
(Minard, 1970), and the physiological strain index (PSI: Moran et al., 1998) and modified 
Craig index (Hall and Polte, 1960) were calculated:  
Heat storage (HS, kcal/m2) = 0.83×(0.8∆Tre+0.2∆mean Tsk) × Weight(kg)/BSA(m2) 
PSI = 5(Tret  Tre0) / (39.5  Tre0) + 5(HRt  HR0) / (180  HR0) 
Craig index (CI) = HRterminal/100 + ∆Tre + ∆Wt  
 
 
RESULTS 
Table 2 demonstrates the summary of thermal responses in the eight conditions. Rectal 
temperature (Tre) was effectively maintained under 38  by wearing PCE. Mean skin 

temperature (
_
,Tsk) and heart rate (HR) also became more stable by wearing PCE. In 

particular, when wearing the ‘Hat+ScarfB+Vest’, mean Tsk and HR quickly decreased to the 
stable level during mid-rest time. The abdomen and thigh temperatures were significantly 
lower in ‘Hat+ScarfB+Vest’, even though PCE were not in direct contact with the abdomen 
or thigh. Total body mass loss (∆Wt) was divided into two groups (no cooling and 7 cooling 
conditions) by Duncan’s post hoc test.  
 
Also, we compared the efficacy of the different kinds of PCE with HS, PSI and CI (Figure 1). 
As results shown in Table 2, there were significant differences between no cooling and the 7 
cooling conditions. The heat strain order of the eight conditions were somewhat correlated to 
the order of SAcooled. Among the seven cooling conditions, the conditions that included the 
vest were the most effective in alleviating heat strain. Moreover, even in the case of wearing 
scarf A with about 1% SAcooled a significant difference was found when compared to the case 
without cooling. Heat storage was evaluated more specifically by PSI rather than by CI 
(Figure 1).   
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Table 2. Thermo physiological responses during 120 min exposure in a climatic chamber 

 No 
cooling 

Scarf A 
(SA) 

Scarf B 
(SB) Hat Vest 

Hat 
+Scarf

B 

Hat+Ve
st 

Hat+Ve
st 

+Scarf
B 

Mean Tre 
(•) 37.9(0.2)b 37.8(0.2)b 37.8(0.2)

b 
37.5(0.2)

a 
37.6(0.3)

a 
37.6(0.2)

a 
37.6(0.2)

a 
37.5(0.3)

a 

∆Tre (•) 0.62 
(0.22)c 

0.48 
(0.16)bc 

0.45 
(0.13)bc 

0.34 
(0.20)ab 

0.20 
(0.33)ab 

0.40 
(0.28)ab 

0.20 
(0.25)a 

0.31 
(0.19)abc 

Maximum 
Tre (•) 38.2(0.3)d 38.0(0.2)cd 37.9(0.2)

bc 
37.7(0.2)

a 
37.7(0.3)

a 
37.7(0.2)

ab 
37.7(0.3)

a 
37.7(0.3)

a 
_

,Tsk (•) 35.2(0.6)b 34.9(0.5)ab 34.9(0.4)
ab 

34.8(0.5)
ab 

34.5(0.6)
a 

34.9(0.5)
ab 

34.7(0.7)
ab 

34.6(0.8)
a 

∆
_

,Tsk 
0.87 

(0.55)b 
0.70 

(0.47)ab 
0.69 

(0.35)b 
0.82 

(0.60)b 
0.76 

(0.46)b 
0.46 

(0.22)b 
0.73 

(0.33)b 
0.16 

(0.14)a 
Tabdomen 
(•) 

34.7 
(1.1)b 

34.5 
(0.8)ab 

34.5 
(0.7)ab 

34.1 
(0.8)ab 

33.7 
(0.9)a 

34.5 
(1.1)ab 

34.2 
(1.6)ab 

33.9 
(1.7)a 

Tthigh (•) 35.3 
(0.7)c 

34.8 
(0.9)abc 

34.5 
(0.6)ab 

34.9 
(0.5)bc 

34.3 
(0.8)a 

34.5 
(0.6)ab 

34.3 
(0.6)ab 

34.3 
(0.8)a 

HR 
at110min 102(11)b 98(10)b 99(8)b 99(11)b 96(10)ab 91(15)ab 92(12)ab 87(10)a 

∆Wt 
(g/m2//hr) 145(43)b 119(116)a 132(55)a 133(60)a 116(86)a 130(42)a 123(46)a 135(68)a 

a~d: subsets grouped by Duncan’s post hoc test among the 8 conditions.   
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Figure 1. Body heat storage (HS), physiological strain index (PSI) and Craig index (CI) by 
condiction (Number 1 Control; 2 Scarf A; 3 Scarf B; 4 Hat; 5 Vest; 6 Hat+ScarfB; 7 
Hat+Vest; 8 Hat+ScarfB+Vest; Subsets grouped by ANOVA and Duncan’s Post Hoc test). 
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Thermal sensation was significantly improved through wearing of the Hat+Vest and 
Hat+Vest+ScarfB, when compared to the control (Fig. 2). In the cases of combining more 
than two kinds of PCE, the subjective vote of “very hot” disappeared and votes expressing 
less hot increased. Mean subjective score for control (SAcooled 0%) and Hat+Vest+ScarfB 
(SAcooled 4.2%) were 2.7 and 1.7, respectively (Fig. 2). That is, the adding 4.2% of cooling 
area caused an average decrease by one point in the 9-point scale, during a moderate work in 
heat.       
 
DISCUSSION 
By wearing PCE with a cooling area of 3~5% BSA, Tre was maintained under 38oC, mean Tsk 
and HR became more stable, and thermal sensation was improved. We confirmed that the vest 
with a cooling area of only 3.3% BSA was effective in alleviating heat strain in a simulated 
harvest work. Furthermore, the heat strain of farm workers can be considerably eliminated by 
the combination of the cooling vest, a scarf, and a brimmed hat, with the total cooling area of 
4~5% BSA.  
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UNCOUPLING PHYSIOLOGICAL RESPONSES TO PRE-COOLING 
FROM PERCEPTUAL SENSATIONS 

Luke F. Reynolds, Stephen S. Cheung 
Dalhousie University, Halifax, Canada 

Contact person: stephen.cheung@brocku.ca 
 
INTRODUCTION 
Over the past decade, research interest has arisen on the direct effects of temperature per se 
on exercise capacity and tolerance in the heat. One model of this relationship proposes that 
thermal inputs and perception of heat strain modulates the regulation of self-paced workload 
to minimize heat storage. To further investigate the relationship between thermal perception 
versus physiological responses, it would appear advantageous to uncouple the two inputs. 
This has previously been difficult to achieve in laboratory or field settings, as subjects could 
not be blinded to ambient conditions or to whether they were being cooled or not. Namely, 
one potential research model would be to achieve a state of sham cooling, where subjects 
have the conscious perception of cooling without any changes in core temperature. 
 
Relative to the entire body, the head and neck comprises a small percentage (7-9%) of the 
total body surface area. However, this area is particular efficient at dissipating heat and 
sensitive to thermal stimulus. For example, the face can dissipate 30% of resting heat load and 
20% during moderate to intense exercise. It is hypothesized that the head, and especially the 
face has a high concentration of temperature sensitive nerve endings, making it more sensitive 
to thermal stimulus and especially cold than other parts of the body. In work on individuals 
with Multiple Sclerosis (MS), passive exposure to head and neck cooling was able to decrease 
rectal temperature by 0.2oC over 30 min (Ku et al. 1999), suggesting that the head and neck 
may be a useful site for pre-cooling without exposing the entire skin surface to cooling. 
 
The purpose of the present study was to investigate whether it is possible to use a head 
cooling device to not only passively cool individuals by a small but significant amount, but 
also to achieve a condition of sham cooling, where subjects had the perception of thermal 
cooling but without actual physiological cooling. 
 
METHODS 
The current study is part of a larger study on the clinical efficacy of pre-cooling on symptom 
relief and functional capacity in individuals with MS. Four females with definite MS and with 
self-reported heat sensitivity completed the study. Participants were told that they would 
receive 2 bouts of cooling and 1 trial where they would receive no cooling. It was not 
specified that the cooling strength would be different.  
 
Experimental conditions included: (1) No Cooling, (2) True Cooling, and (3) Sham Cooling. 
The three measurements occurred at the same time of day over 7 days and participants were in 
the early-mid follicular phase of their menstrual cycle. Upon arrival, participants were 
equipped with a heart rate monitor (Polar Vantage XL, Polar Electro Oy, Finland), self-
inserted a core probe (Mon-A-Therm Core, Mallinkrodt Medical, St. Louis, USA) 15 cm 
beyond the anal sphincter, and thermistors (Mon-A-Therm Skin, Mallinkrodt Medical, St. 
Louis, USA) were attached to the shoulder, chest, thigh and calf with one layer of 3M 
hypoallergenic surgical adhesive tape. Participants were instructed to sit quietly and rest for 
20 min to acclimate to room temperature before donning the head and neck cooling hood 
(Life Enhancement Technologies, Santa Clara, USA). Perceptual thermal sensations were 
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measured every 5 minutes using a Thermal Sensation Scale (range 0 = unbearably cold to 10 
= unbearably hot in 1 unit increments).  
 
Following baseline, participants donned the cooling hood and rested quietly in a chair in a 
thermoneutral environment (23°C, 40%RH) for 60 min. The cooling hood was then removed 
and a further 10 min of data were collected to investigate the afterdrop of rectal temperature. 
No Cooling: the hood was not turned on. True Cooling: the circulating cooling fluid was set at 
10°C. Sham Cooling: the goal of the Sham Cooling condition was to give the perception of 
cooling while minimal physiological changes occurred. To ensure that participants felt they 
were receiving a cold stimulus, upon donning the cooling device the circulating cooling fluid 
was set at ~10°C. After 5 min of cooling, the cooling fluid temperature was increased until it 
reached ~24°C. After 30 min, the cooling fluid was briefly decreased to ~10°C and was then 
increased to ~24°C. This cyclic change in the temperature of the cooling fluid was performed 
again at 55 min so that participants felt a chill before they took the cooling hood off.  
 
RESULTS 
Upon donning the cooling hood, both the Sham and True Cooling groups experienced a slight 
increase in core temperature (Figure 1). However after 5 min, core temperature steadily 
decreased in the True Cooling condition, decreasing by 0.37oC (p<0.05) after 70 min, 

compared to stable values in both Sham and No Cooling conditions (p>0.05). The magnitude 
of cooling was significantly greater in True compared to either Sham or No Cooling (p=0.05).  
 
Although core temperature in the True Cooling condition was significantly different from the 
Sham and No Cooling conditions, there were no significant differences between the thermal 
sensations that participants experienced between and within all conditions (Figure 2). 
However, it is worth noting that there is a trend for both the Sham and True Cooling to elicit 
lower ratings of thermal sensation than the No Cooling condition.  
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Figure 1. Change in rectal temperature over 60 min with cooling hood (dashed vertical line) plus 
10 min additional passive rest without hood.  * = core temperature significantly different from 
time 0 min to time 60 min and 70 min for True Cooling condition only (p <0.05). ** = core 
temperature at 70 min for True Cooling is significantly different than core temperature of Sham 
and No Cooling conditions at 70 min (p=0.05).  



Acute and chronic heat exposure 

 415 

 
DISCUSSION 
We investigated the use of head and neck cooling as a manipulation to uncouple conscious 
perception of thermal manipulation from actual physiological cooling. As with a previous 
study on individuals with MS, head and neck cooling was able to significantly decrease rectal 
temperature. Cooling in our protocol of 60 min exceeded the 0.2oC drop after 30 min reported 
by Ku et al. (1999) using a similar head cooling device, demonstrating a progressive decrease 
with continued cooling. Furthermore, the 0.37oC drop in rectal temperature 10 min following 
the 60 min cooling is near the typical range of 0.4-0.7oC reported in pre-cooling studies 
utilizing whole-body cooling. This suggests that head and neck cooling alone may be an 
effective and portable pre-cooling manipulation without the requirement of water baths, 
showers, or whole-body cooling suits with their larger power and coolant requirements. 
The unique aspect of the present study was the incorporation of a sham cooling manipulation, 
with the intention of providing the perception of cooling without altering temperature. While 
successful in the latter objective, no changes were reported in thermal sensation throughout 
any of the three thermal conditions, with verbal equivalents of “Slightly Cool” to “Cool” in 
the majority of subjects in response to both the True Cooling and Sham Cooling conditions. 
However, qualitative feedback from subjects, who were blinded to both the conditions and the 
purpose of the study, was that they could not distinguish between the True and Sham Cooling 
conditions, and that they felt cool in both conditions. 
One important limitation of the present study was that, like Ku et al. (1999), the subject 
population was from individuals with MS. Multiple Sclerosis is an immune-mediated disorder 
that targets the central nervous system (CNS), resulting in demyelination of axons, and it is 
possible that the observed thermal and perceptual responses may be specific to this 
population. Therefore, data collection is ongoing to extend this work to healthy individuals 
without clinical symptoms. 
REFERENCES 
Ku, Y., Montgomery, L.D., Wenzel, K.C., Webbon, B.W. and Burks, J.S., 1999. Physiologic 
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Figure 2. Perceptions of thermal sensation over 60 min with cooling hood (dashed vertical line) 
plus 10 min additional passive rest without hood. No significant decreases in either True 
Cooling and Sham Cooling conditions over time or compared to No Cooling condition.  
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THE HEAT TOLERANCE TEST – A VALUABLE SCREENING TOOL 
FOR SUSCEPTIBILITY TO HEAT 

Daniel S. Moran1, Yair Shapiro2, and Yoram Epstein1 
1Heller Institute of Medical Research, Sheba Medical Center, Tel Hashomer and Sackler 
Faculty of Medicine, Tel Aviv University,  2The College of Judea and Samaria, ISRAEL 

Contact person: dmoran@sheba.health.gov.il 
 
INTRODUCTION 
Tolerance to sustain heat stress lies within a wide range of individual variations. Under the 
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. In most 
cases it is an uneventful condition, but in the extremes it develops into heat stroke.  
 
Those individuals who are not able to sustain heat, and whose body temperature will start 
rising earlier and at a higher rate than others under the same conditions, are defined as "heat 
intolerant". The reasons underlying heat intolerance are ample. Some of those reasons are 
congenital, which reduces the ability to thermoregulate efficiently (e.g., ectodermal dysplasia, 
anhidrosis), and thus will always result in heat susceptibility, while other conditions are 
acquired and could be considered as temporary, and not affecting the thermoregulatory center 
or the heat dissipation mechanisms (e.g., dehydration). However, there are some acquired 
circumstances, such as large scarred burnt skin area, that will affect the heat dissipation 
mechanism to a degree that will result with a permanent condition of heat intolerance (HI). 
 
For workers in the industry and for soldiers, who are routinely exposed to unfavorable 
environmental conditions, the realization whether a previous condition of exertional heat 
stroke (EHS) they encountered was due to a temporary or permanent HI is valuable in 
protecting them from successive episodes of heat stroke. 
 
METHODS 
To identify an individual's susceptibility to exercise-heat stress, a Heat Tolerance Test (HTT) 
was performed 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 a 
T-shirt, at a pace of 5 km/h and 2% elevation. According to our experience, it is expected that 
under these conditions of exercise-heat stress, at the end of the 120 min exposure rectal 
temperature of heat tolerant individuals (HT) will be 38.0 ±0.3oC, their heart rate will be 120 
±15 bpm, and their sweat rate -780 ±160 g/h. Accordingly, heat intolerance is ascertained 
when throughout the exposure to heat: rectal temperature exceeds 38.5oC, or heart rate 
exceeds 145 bpm. Obviously, the larger deviation from the expected values in a healthy 
individual, the more pronounced is the state of heat intolerance (Figure 1; only rectal 
temperatures shown). 
 
Two hundred and fourteen formerly exertional heat stroke soldiers underwent the HTT, about 
6 weeks following their release from hospital. Roughly, 10% of these subjects were found to 
be heat intolerant following the test. Both sub-groups were comparable in all aspects, but 
differed in the duration in service. The HT subjects were longer in service, and thus more 
experienced, than the HI soldiers. The general characteristics of the two subgroups are 
depicted in Table 1. 
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RESULTS 
Heat stroke developed in the 2 subgroups under similar circumstances. This is summarized in 
Table 2. EHS occurred mainly because of unaccustomed work intensity and less because of 
exposure to heavy environmental heat. In most of the cases, organizational misconduct was 
the main reason for heat stroke.  
 
Although 10% of the soldiers exhibited a state of HI in a follow-up test, most of them were 
found to be HT in subsequent testing conducted a few weeks after the first test. An example 
for such a situation is depicted in Figure 2 (only rectal temperature shown). 
 

 
Figure 1: Dynamics of rectal temperature response during 120 min exposure to exercise-heat 
stress. The comparison between a normal (expected) response and the response of intolerance 
to heat are shown. (In any event the test is discontinued when the safety limit of 39oC is 
reached). 
 
 
 

Table 1: General characteristic of the heat tolerant 
(HT) and heat intolerant (HI) subgroups. 

 
 HT HI 
Age (yrs) 19.5±2.0 20.0±3.0 
Weight (kg) 72.6±9.2 77.9±10.3 
Height (cm) 177±6 177±9 
BMI (kg/m2) 23.1±2.7 24.6±2.5 
Duration in service (weeks) 32±30 16±11 
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Table 2: Circumstances under which EHS 
developed during service. 
 HT HI 
Basic training 45% 55% 
Heavy heat stress 20% 20% 
Time to collapse (<1 hr) 60% 70% 
Organizational underlying cause*  88% 90% 

* Conditions that are neglected by the 
commanding officers (i.e., work/rest cycles, 
fluid consumption routine, climatic conditions). 

 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
Figure 2: Dynamics of rectal temperature response of patient I.M. during 120 min exposure 
to exercise-heat stress. The patient underwent the test twice at 8 weeks interval before he was 
cleared as tolerant to heat. 
 
 
DISCUSSION 
Under extreme conditions of exertion, especially but not necessarily in the heat, even 
acclimated and physically fit individuals will ultimately store excessive heat, causing an 
elevation in core temperature, which consequently might lead to heat stroke. In most cases, it 
is an uneventful condition with no clinical residues. The HTT is a valuable tool to screen 
individuals for their susceptibility to heat and it is advisable that after an episode of heat 
exhaustion or EHS, the individual will undergo such a test to screen for heat susceptibility. 
Noteworthy, EHS may compromise, to some extent, the thermoregulatory center, which will 
result in temporary HI; thus, it is advisable that HTT will be undertaken 6-8 weeks after the 

Time (min)

0 20 40 60 80 100 120 140

Tr
ec

 (o C
)

36.5

37.0

37.5

38.0

38.5

39.0

21.1
21.3

Patient I.M



Acute and chronic heat exposure 

 419 

event. However, the dynamics of the recovery form EHS varies and might be longer than 8 
weeks, which will be reflected in the HTT response. Therefore, in any case of an abnormal 
response during the HTT, with no apparent cause, it is recommended to repeat the test several 
weeks afterwards, in order to refute (or support) the diagnosis of heat intolerance.  
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THE EFFECTS OF PASSIVE HEATING AND HEAD-COOLING ON 
EXERCISE IN THE HEAT 
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Contact person: Shona.Simmons@Unilever.com 

 
INTRODUCTION 
The capacity to perform exercise is reduced in a hot environment when compared to cooler 
conditions, and a limiting factor appears to be a higher core body temperature (Tcore). It has 
been suggested that an elevated Tcore reduces the drive to exercise, this being reflected in 
higher ratings of perceived exertion (RPE). Some of the unpleasant sensations associated with 
an elevated Tcore can be modulated by cooling the skin, with cooling the head and face being 
particularly effective. Results from our laboratory have shown that cooling the head and face 
during exercise in the heat can attenuate the RPE without affecting Tcore, and that this may in 
part be due to improved subjective thermal comfort (TC).  
 
Exercise in the heat is also associated with a greater increase in muscle temperature, a 
possible reduction in muscle blood flow and faster rates of muscle glycogen breakdown when 
compared with exercise in cooler conditions. Therefore, it is difficult to distinguish between 
the role that thermal and metabolic pathways play during exercise in the heat. Armada-da-
Silva et al. (2004) used a passive heating model to control for these metabolic factors in order 
to investigate the role of an elevated Tcore per se on subsequent exercise in the heat. Subjects 
performed two 14-minute bouts of cycling (~63% maximum power output) at 35°C separated 
by a period of passive heating in a sauna to increase Tcore above 38.5°C. This design allowed 
the comparison between exercise with Tcore at resting values and exercise where Tcore had been 
elevated by ~1.5°C. They found that exercise following passive heating was accompanied by 
a significantly greater RPE than when the exercise was performed before heating. The 
relatively short duration of exercise and model of passive heating meant that metabolic factors 
were unlikely to explain the increased RPE and it was concluded that hyperthermia during 
exercise is a causative element of increased RPE. Furthermore, cooling the head and face 
during exercise following passive heating reversed the hyperthermia-induced increase in RPE. 
 
The purpose of the present study was to further the work of Armada-da-Silva et al. (2004) and 
investigate whether these results could be replicated, if the head-cooling intervention occurred 
during the passive heating, as previous results have indicated this to be effective in reducing 
subjective discomfort without affecting Tcore (Nunneley et al. 1982; Mündel et al. 2006). 
 
METHODS 
Nine physically-active, non-heat-acclimated subjects (6 male, 3 female) volunteered for this 
study. Written consent was obtained and the study was performed according to the 
Declaration of Helsinki, following approval by the Local Ethics Committee. Subjects’ mean 
(SD) physical characteristics were: age: 21 (1) yrs, body mass: 80 (13 kg), V

.
O2max: 4.0 (0.6) 

L.min-1, peak power output: 286 (43) W. All trials were conducted during winter (Nov. to 
Feb.) during which time the subjects’ acclimation to heat would be at a natural nadir. 
 
The experimental protocol is shown in Figure 1. Subjects performed two 12-minute constant-
load cycling tests at 70% VO2max in a warm-dry environment (34 ± 1°C, relative humidity < 
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30%) separated by a period of passive heating in a sauna. The sauna was maintained at 68 
(3)°C (relative humidity < 30%) and subjects remained in the sauna until ΔTcore

 = 2°C or for a 
maximum of 90 minutes. During one visit, subjects had their head and face cooled continually 
during the sauna (HC) by indirectly applying ice-packs to the head and spraying the face with 
cold water, whilst the other visit acted as a control (CON). Rectal and skin temperatures as 
well as heart rate were recorded continually, with RPE and subjective TC taken at regular 
intervals. A randomised cross over design was used to minimize any order effects, subjects 
completed trials at the same time of day to minimize any influence of circadian variation and 
trials were at least 7 days apart to minimize any acclimation effects. Statistical analyses were 
conducted using repeated-measures ANOVAs and Student’s paired t-tests, with a Bonferroni 
correction where appropriate. All data are presented as mean ± S.D.  
 
The design of the present study allowed two hypotheses to be tested:  

1. Passively increasing Tcore would negatively influence capacity and perception during 
exercise in the heat (EX1CON vs. EX2CON).  

2. Head-cooling during passive heating would attenuate the unpleasant sensations of an 
increased Tcore (EX2CON vs. EX2HC). 

 
 
 
 
 
 
 
 
 
 
 

Figure 1. Design of the study protocol in diagrammatic form. 
 
 
 
RESULTS 
Effect of Passive Heating 
The effects of passive heating on exercise are displayed in Table 1. Passive heating increased 
Tcore by 1.6 ± 0.5°C from the start of EX1 to EX2. This resulted in exercise time being 
significantly reduced (8.1 ± 4.1 min; p < 0.05), with only 4 subjects able to complete EX2 
compared to all 9 subjects completing EX1. Passive heating also increased Tsk and heart rate 
during exercise, as well as negatively influencing both RPE and TC. 
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Table 1. Rectal (Tcore) and skin (Tsk) temperatures, heart rate (HR), perceived exertion (RPE) 
and subjective thermal comfort (TC) during exercise before (EX1CON) and after (EX2CON) 
passive heating. 
  

 EX1CON EX2CON 

 START END START END 
Tcore (°C) 37.5 (0.2) 37.9 (0.2)a 39.1 (0.4)b  39.2 (0.4)b 

Tsk (°C) 31.9 (1.3) 33.5 (1.7)a 34.8 (2.3)b 34.5 (2.7) 
HR (bpm-1)   90 (13)  172 (11)a   125 (14)b     180 (14)ab 

RPE 13.0 (1.1) 15.8 (1.8)a 18.2 (1.6)b   18.8 (1.4)b 

TC   6.7 (0.7)   7.4 (0.8)a   8.3 (1.0)b    8.2 (1.0) 
a - Significantly different to Start value (p < 0.05) 

b - Significantly different to corresponding EX1
CON

 value (p < 0.05) 
 
Effect of Head-Cooling 
The effects of passive heating with and without head-cooling on exercise are displayed in 
Table 2. Head-cooling unexpectedly blunted the rise in Tcore during passive heating by 
~0.4°C. This was not an intention of the study, and resulted in Tcore being lower at the start of 
EX2HC when compared to EX2CON. Head-cooling had no effect on Tsk or heart rate during 
exercise, but did improve both RPE and TC. Five subjects completed EX2HC, and of the 
remaining subjects four out of five cycled for longer in EX2HC than during EX2CON, although 
this effect was not significant (p > 0.05). 
 
Table 2. Rectal (Tcore) and skin (Tsk) temperatures, heart rate (HR), perceived exertion (RPE) 
and thermal comfort (TC) during exercise after passive heating with (EX2HC) and without 
(EX2CON) head-cooling. 
 

 EX2CON EX2HC 

 START END START END 
Tcore (°C) 39.1 ± 0.4 39.2± 0.4  38.6 ± 0.5b 38.8 ± 0.6a 

Tsk (°C) 34.8 ± 2.3 34.5 ± 2.7 34.7 ± 1.4 34.3 ± 1.3 
HR (bpm-1) 125 ± 14  180 ± 14a 127 ± 14 182 ± 14a 

RPE 18.2 ± 1.6 18.8 ± 1.4  16.7 ± 1.3b 17.7 ± 1.6ab 

TC   8.3 ± 1.0   8.2 ± 1.0    6.8 ± 1.0b   7.4 ± 1.0a 

a - Significantly different to Start value (p < 0.05) 

b - Significantly different to corresponding EX1
CON

 value (p < 0.05) 
 
DISCUSSION 
These results confirm that elevating Tcore by passive heating detrimentally affects exercise 
capacity and perceptual responses during exercise in the heat. These results support the 
suggestion that hyperthermia is a causative element of the reduced exercise capacity and 
increased perception in the heat. The addition of head-cooling to passive heating attenuated 
the negative impact of an increased Tcore on perceptual responses during exercise in the heat, 
although no such effect was found for exercise capacity. This result is most likely due to 
head-cooling blunting the rise in Tcore. 
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INTRODUCTION 
The head is well known to be important for thermal comfort (Cotter and Taylor, 2005). 
Radiant heat exchange values in the order of 20 W have been reported (Buyan et al., 2006) for 
a typical sunny day in temperate zones such as central Europe. Most studies of radiant flow in 
headgear have focussed on industrial-type helmets, for which natural convection is an 
important aspect of the heat exchange.  Two recent studies have examined the role of radiant 
flow in helmets, illustrating effects on comfort (Buyan et al. 2006), as well as considering 
performance (Bogerd et al., 2005).  For bicycle helmets, convection has been studied in some 
detail (Ellis et al., 2000, Ellis, 2003, Brühwiler et al., 2004), but the effects of radiant flow 
have yet to be evaluated. 
 
This work reports the effects of directed radiant flow (e.g., sunlight) on heat transfer in 
bicycle helmets.  A total of 26 helmets were studied, with and without the visor.  For two 
helmets the visor was mounted at two angles.  A single configuration for applied heat flow 
was used to assess the roles of the forward and upper vents and the visor.  Most, but not all, 
visors were shown to accomplish a relevant shielding of the face from radiant flow, and there 
were large variations among the helmets with regard to radiant flow to the scalp. 
 
METHODS 
The experimental arrangement, including thermal manikin, climate chamber, and wind tunnel, 
is described elsewhere (Brühwiler, 2003). The climate conditions were set to 25.00 ± 0.05 °C 
and 50% RH.  The air speed was chosen to be 3.1 ± 0.1 ms-1 (11.2 ± 0.4 kmh-1), measured as 
reported previously (Brühwiler, 2003), to achieve a moderate level of convective heat loss.  
To study the effects of radiant flow, a 150 W heat lamp (T228, Osram, München, Germany) 
was mounted above and directed at an angle of 55° downward onto the headform through a 
plexiglass window, as shown schematically in Fig. 1(a).  This was chosen to simulate an 
intermediate situation, with the sun high in the sky, and to achieve a comparable radiant flow 
to both the face and scalp sections.  The data were acquired by switching the lamp on and off 
for the given helmet-visor configuration, and taking the difference between two such 
consecutive measurements.  Helmets 16 and 28 had visors which could be swivelled up and 
down through a small angle.  To investigate the effects of this, and begin to gain an 
appreciation of desirable modifications in visors relative to the present state-of-the-art, the 
visors of these helmets were studied in the extreme positions:  “d”, maximally down, and “u”, 
maximally up, indicated with subscripts.  16i and 16s, where “i”, inferior, and “s”, superior, 
refer to visors in the same positions as 16d and 16u, respectively, but with a single layer of Al 
foil on the upper surface to study a possible role for visor heating in the overall heat transfer. 
For comparisons of the radiant flow with and without the visor, the visor was added or 
removed (without removing the helmet) to achieve two consecutive measurements, between 
which the difference was taken; an example is given in Fig. 1(b, c), where the light intensity 
and distribution on the face are seen to decrease with the visor. Measurements were carried 
out three times on separate occasions for every helmet in each condition. 
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Figure 1.  (a) Sketch of the experimental 
set-up used with the heat lamp, with the 
head position defined just above the center 
of the ear (all distances in mm). The 
photographs illustrate the measurement of 
radiant flow for a helmet (b) without and 
(c) with the visor mounted, illustrating the 
shading of the face by the visor in the latter 
case. 
 

 The determination of the Pearson correlation coefficients was carried out using MatLab 7.1 
for Windows. Further statistical evaluation of the data was carried out with SPSS 13.0 for 
Windows.  Unless otherwise stated, Tukey post hoc analysis of generalized one-way ANOVA 
comparison of means was performed.  A minimum criterion of significance of p<0.05 was 
chosen, and is specified when a more conservative value was obtained.   
RESULTS 
The data are presented in Figs. 2 and 3. Note that the total impinging radiant flow was 9.3 ± 
0.5 W, taken from measurements on the nude manikin, which is about 40-50% of that from 
the sun which could be expected during the summer in central Europe.  Because of this, the 
radiant flow measurements below should be multiplied by about a factor of 2-2.5 when 
comparing with field results in central Europe, since the manikin absorbs heat similarly to 
human skin (Buyan et al. 2006). 
Fig. 2 displays the transmitted radiant flow for the helmets without visors; all variations above 
0.4 W are significant.  The helmets exhibit a variation from about 25% to almost 50% of the 
impinging value of 9.3 W; that is, they reject 50%-75% of the radiant heat load.  It is apparent 
that the radiant flow increase is distributed to a similar extent, in general, in both sections 
(note that the distribution for the nude manikin was approximately 43% to the face, 57% to 
the scalp).  At the same time, a variation in the value for the scalp section is apparent, 
approximately proportional to the total value, which is supported by a correlation coefficient r 
= 0.78 (p < 0.001), explaining about 60% of the observed variance in total radiant flow.  
There is, however, also a correlation of 0.40 (p < 0.05) for total with respect to face radiant 
flow.  
 
Fig. 3 shows the effects of applying the radiant flow when the visor is mounted; all variations 
above 0.5 W are significant (for the face, 0.3 W).  The radiant flow rejection corresponds to 
65-85% of the impinging value, a notable improvement for most helmets over the case 
without a visor, and there is an obvious correlation between the total value and that for the 
scalp (r = 0.91, p < 0.001).  The almost flat value in the face section is confirmed by the lack
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of significant correlation, and suggests that the face is equally well shielded by most visors in 
this configuration, and in general has a limited exposure to the impinging heat flow.  It is 
clear that for helmet 28 changing the visor position had a minor effect in the given lighting 
configuration, whereas for helmet 16 there is a significant difference between the two 
positions (p < 0.005).  Since 16u and 16s show no significant difference (as is the case for 16d 
and 16i), the Al foil played no significant or relevant role on the heat transfer in these cases, 
suggesting that the heating of the passing air by the visor was unimportant. 
 
Focusing first on the helmet without a visor, many helmets which deliver a large convective 
heat transfer (Brühwiler et al., 2006) allow more radiant flow to penetrate to the scalp, and 
vice versa, illustrating a fundamental conflict in optimizing helmets for net heat transfer.  
Figs. 2 & 3 also indicate that the major influence on the variations in overall transmission of 
radiant flow through the helmet is the scalp section, pointing to the importance of vents in that 
section.  The transmitted radiant flow is physically expected to be proportional to the manikin 
surface area visible through the helmet, ignoring reflection from odd surfaces and the angular 
variations. Thus the present ensemble encompasses a span varying over a factor of three in 
vent area presented to the heat lamp, or from about 0.7 to 2.4 W (see Fig. 2, scalp section).  
Forced convection is expected to be much more sensitive to the overall structure of the vents 
and surrounding area (Brühwiler et al., 2006).  Fig. 4 illustrates that this correlation can be 

Figure 2.  Difference in heat transfer 
with and without the heat lamp for the 
indicated manikin sections and helmets 
without visors, with standard deviations 
shown, and ordered according to the 
total value. 

Figure 3.  The same as Fig. 2, with the 
visors mounted on the helmets. Note 
that the ordering has changed, due to 
the variable effects of the visors. 
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sizeable.  At the same time, removing the point 
with the extremely high value of vent area 
reduces the correlation and, in particular, 
reduces the level of significance to the border 
of acceptability, underlining that different 
criteria are important for the two types of heat 
transfer. 
 
DISCUSSION 
The present work shows that bicycle helmets, 
although generally a limitation on air flow and 
forced convective heat loss, can reduce the 
solar radiant flow by up to 75% in the present 
experimental configuration, corresponding to 
about 15 W on a sunny day. The visors tend to 
increase these numbers, primarily by 
protecting the face. Elsewhere, it will be shown 
that visors can change the convection-induced 
heat loss.  Since the helmets often decrease the 
convective cooling by less than 10 W under the 
given climatic conditions (Brühwiler et al., 
2006), the present work establishes that the net 
heat exchange from the head to the 
environment can be greater than that of the 

nude head when wearing a bicycle helmet.  
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Figure 4. Estimated correlation between 
the transmitted radiant flow to the scalp 
(from Fig. 2) and the forward vent area 
determined (Brühwiler et al., 2006) at a 
tilt angle of 30°.  Removing the extreme 
point with the largest vent area reduces 
the correlation and significance, as 
shown. 
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INTRODUCTION 
For evaluating the thermal comfort of sleeping bags, mattresses and beddings in terms of total 
thermal insulation and moisture vapour resistance, a lying down sweating manikin serves as 
an indispensable tool. Most convectional thermal manikins use a two-step subtraction method 
to estimate evaporative heat loss, which tends to cause an error as a result of neglecting the 
co-existence of heat and moisture vapour transfer. Consequently, sweating manikins with 
real-time sweating rate measurement system are preferable as they offer a direct measurement 
of the sweating rate. In order to directly measure the sweating rate, many existing sweating 
manikins require the measurement of the entire weight of the manikins under suspension. 
However, this technique is not only inaccurate, but also inapplicable for lying down manikins 
as their lying down posture makes suspension impossible. Furthermore, most existing 
manikins are made of hollow copper or plastics, their weights are substantially lower than that 
of human body. As a result, the compression caused by the manikin on the sleeping bags, 
mattresses or beddings are very different from that of a real person.  
 
METHODS 
A novel constant water level sweating rate measurement system was developed for real-time 
monitoring of the sweating rate of a manikin. To simulate sweating, a three layer breathable 
fabric with a microporous polyteyrafluoroethene (PTFE) Gore-Tex membrane was used to 
construct the skin of lying down sweating manikin.  
 
RESULTS 
In terms of total thermal insulation and moisture vapour resistance, the coefficients of 
variance of all testing samples are lower than 5%.  
 
DISCUSSION 
In this paper, we report on a newly developed lying down fabric sweating manikin. It has a 
novel direct sweating rate measurement system and has a body weight similar to that of a real 
human body. Testing in the nude state and testing of sleeping bags demonstrated that the 
manikin has excellent reproducibility and accuracy. 
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INTRODUCTION 
Since one segment copper manikin made for the US Army was reported in 1945 (Holmer, 
2004), thermal manikins have continuously progressed with the features of walking, sweating 
and breathing. As thermal manikins evolved from one segment model to models with more 
than 30 individually heated segments, one issue in calculating the thermal insulation of 
clothing came up: a serial and a parallel method. Anttonen et al. (2004) reported differences 
in thermal insulation calculated by a parallel and a serial method with identical clothing 
ensembles, as well as the reproducibility of thermal insulation using manikins located in eight 
different European laboratories. The coefficient of variation of the thermal insulation among 8 
laboratories was lower than 8%, but parallel values were about 20% lower than serial ones. 
This seemed to depend on what body regions were covered (Anttonen et al., 2004; 
Meinander, 2004). In addition, the difference was influenced by the number of independently 
heated body zones as well. Serial value on 35 body segments was higher than on 15 segments 
(Redortier, 1997). If the manikin is covered with exactly the same insulation over all sections, 
the results from two methods would be the same (Nilsson, 1997). However, our typical 
clothing does not cover evenly the whole body. The variations of thermal insulation by the 
two models may increase more when measuring the thermal insulation of single garments, 
than for clothing ensembles. The present study selected comprehensive single garments and 
examined 1) variations between the thermal insulations of single garments calculated by a 
serial and a parallel method, and 2) the clothing factors affecting the extent of the difference.   
 
METHODS 
Selection of single garments and their physical characteristics: Single garments were 
selected within clothes worn by adult women. For this, we surveyed the daily/work clothing 
by questionnaire and interviews (825 women) (Choi et al., 2006). Based on the survey, a total 
of 150 single garments were evenly selected for winter, spring/fall and summer ware (13 
underwear, 16 T-shirts, 7 blouses, 6 vests, 7 cardigans, 18 Jackets/coats, 23 pants/overalls, 2 
coveralls, 14 skirts/dresses; 15 headwear; 4 mufflers/scarves; 10 gloves; 15 panty 
hoses/footwear). Surface area covered by clothing (covering area, CA, % BSA) was estimated 
based on a photographic method and regional body surface area (Lee, 2005). Every garment 
was weighed three times on an electronic balance (Sartorius Company, Germany, Sensitivity 
1g). 
Measurement of dry thermal insulation with a thermal manikin: Thermal insulation values 
of single garments were determined using a thermal manikin with 20 independently heated 
thermal zones (Newton, Measurement Technology NORTHWEST, USA, 1.7m2 of BSA). All 
zones were fit with heaters to simulate heat output so as to maintain a mean skin temperature 
of 33.3±0.5•. Air temperature and air humidity in the chamber was set at 21.5±0.5• and 
50±5%RH, respectively. Air speed was limited to 0.1ms-1. The measurements were conducted 
two times for every garment and the average was regarded as the total clo-value. The total 
insulation (IT) of a garment including the insulation of air layer (Ia) around the clothed body 
was calculated as follows:  
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IT = 6.45(
_
,Tsk - 

_
,Tair)/(Q/A) --- [Eq. 1] 

where IT = Total clothing insulation (clo); 6.45= Constant for converting unit from ‘•m2W-1’ 

to ‘clo’; 
_
,Tsk = 20 zones average temperature (•); 

_
,Tair = Ambient average temperature (•);  

A=Body surface area (m2); Q = Heat flux (W). 
 
Table 1 shows an example of surface temperatures, regional surface areas, and heat fluxes of 
20 compartments of the thermal manikin for a garment. Calculating processes according to a 
serial and a parallel model based on the [Eq.1] is given on the bottom row of Table 1. 
 
Table 1. An example showing the calculation of thermal resistance by serial and parallel 
method  

20 body parts of a 
thermal manikin SA (m2) a = 

SA/BSA 
Tsk 
(•) 

Heat flux 
(W/m2) 

R 
(m2•/W) 

Area 
weighted R 

(a × R) 
Face 0.0473 0.028 34.4 137.44 0.094 0.00263 
Head 0.0978 0.058 34.5 141.16 0.092 0.00534 
Right Upper arm 0.0687 0.04 33.9 112.39 0.110 0.00440 
Left Upper arm 0.0687 0.04 33.9 110.11 0.113 0.00452 
Right Forearm 0.0614 0.036 32.0 94.49 0.111 0.00400 
Left Forearm 0.0614 0.036 32.0 93.91 0.112 0.00403 
Right Hand 0.0443 0.026 32.5 122.52 0.090 0.00234 
Left Hand 0.0443 0.026 32.5 116.73 0.094 0.00244 
Chest 0.1201 0.071 34.5 108.93 0.119 0.00845 
Shoulders 0.1006 0.059 34.7 118.64 0.111 0.00655 
Stomach 0.1194 0.07 35.9 129.87 0.111 0.00777 
Back 0.0930 0.055 34.7 102.37 0.129 0.00710 
Right Hip -covered 0.0789 0.046 32.7 34.40 0.326 0.01500 
Left Hip -covered 0.0789 0.046 32.7 27.64 0.406 0.01868 
Right Thigh-covered  0.1271 0.075 33.8 67.05 0.184 0.01380 
Left Thigh -covered 0.1271 0.075 33.8 69.41 0.177 0.01328 
Right Calf -covered 0.1214 0.071 31.0 51.73 0.184 0.01306 
Left Calf -covered 0.1214 0.071 31.0 52.23 0.182 0.01292 
Right Foot 0.0590 0.035 32.5 114.04 0.097 0.00340 
Left Foot 0.0590 0.035 32.5 115.51 0.095 0.00333 

Area-weighted average 33.34 91.90   

[Parallel method] 
R = (33.34oC - 21.5oC)/91.9Wm-2 

  = 0.130m2•/W = 0.83clo 

[Serial Method] 
R = ∑(Ri×a) = (0.00263+…+0.00333) 
  = 0.153m2•/W = 0.99clo 

 
 
RESULTS 
Overall, IT by the serial method was 16% larger (0.1~115%) than that of the parallel method 
(Table 2). The clothing items that showed the least differences were small 
garments/accessories such as a bra, a sun cap, a mask, gloves, and socks. On the contrary, the 
items having the biggest differences were mostly winter garments such as jumpers, coats, 
hood pullovers, thermal hoods, and thermal pants. Among a total of 150 garments, the upper 
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10% (15 garments) of the difference were all winter garments (Fig. 1). This indicates that IT-
difference by the two methods increases when the distribution of clothing layers on the body 
surface was not homogeneous or garments are bulky. For example, IT-difference was larger in 
a cold protective coverall (two to four layered by region) than in a dust protective coverall 
made by non-woven fabric (one layer) even though the covering area was the same (Table 2).       
 
Table 2. Difference of clothing insulation calculated by parallel and serial method  

Garment Item Type 
(N) 

Serial IT – Parallel 
IT (clo) 

(Serial IT– 
Parallel IT) 

100/Parallel IT  

Coverin
g area 
(%) 

Garment 
mass (g) 

Underwear 13 0.03 (0.01~0.08)* 4 (1.6~11.1) 4~46** 22~180** 
T-shirts 16 0.10 (0.04~0.27) 13 (6.0~30.9) 23~51 60~417 
Blouses 7 0.13 (0.04~0.25) 17 (6.2~30.0) 25~57 61~457 
Vest 6 0.13 (0.02~0.49) 17 (3.2~60.8) 18~32 104~446 
Cardigan 7 0.15 (0.02~0.37) 18 (3.3~41.3) 14~57 92~834 
Jacket  4 0.17 (0.11~0.25) 21(14.4~29.3) 42~50 301~700 
Jumper/shawl/coat 14 0.58 (0.21~1.27) 54 (23.2~114.7) 47~80 213~2,083 
Trousers/overall 23 0.13 (0.05~0.26) 15 (6.4~30.1) 43~72 162~2,552 
Coverall 2 0.40 (0.16~0.64) 27 (14.8~38.4) 86 240~1,076 
Skirt/dress/apron 14 0.14 (0.05~0.27) 18 (7.1~32.3) 21~55 146~510 
Headwear 15 0.04 (0.01~0.07) 6 (1.7~10.6)  1~15 6~583 
Scarf/Muffler 4 0.03 (0.02~0.05) 4 (3.2~7.5) 3~6 15~121 
Gloves 10 0.03 (0.01~0.05) 4 (1.7~8.0) 5~11 4~265 
Footwear 15 0.02 (<0.01~0.05) 3 (0.1~7.7) 3~53 4~652 

Mean (SD) 0.14 (0.20) 16 (17.6)   
*Mean (range); **Range.  
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Figure 1. Scatter plots between the Icl-difference and clothing factors (covering area and 
garment mass). 
 
We also investigated what clothing factors affect the IT-differences by the serial and parallel 
method (Fig. 1). Clearly, the differences had significant relevance to the both of covering area 
and total garment mass. A correlation between the covering area and the % IT-difference was 
slightly stronger in curve estimation expressed as a quadratic function (r=0.636, p<0.01) than 
in a linear estimation (r=0.622, p<0.01). The right graph in Figure 1 demonstrates how IT-
difference was related to the covering area per unit garment mass (g). The cases showing big 
differences were the garments having small covering area per unit mass (or, large mass per 
unit covering area). Heavy, thick, layered and bulky garments would be included to these 
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cases. If the body is evenly covered over the whole body not local parts, the IT-difference may 
be not as large as the difference obtained from single winter garments over local body parts.  
 
DISCUSSION 
Thermal insulation calculated by the serial method was larger by 16% than IT by a serial 
method. Heavy, layered and bulky winter garments showed the biggest difference. Also, 
through the relationship of IT-differences and covering area per unit garment mass, we 
confirmed that single garments that have large garment mass per unit covering area showed 
notable differences in IT by two models. The difference can be used an indicator discerning 
the homogeneous distribution of thermal insulation. Our future applications include extending 
this analysis to the IT of clothing ensembles, including personal cold protective clothing. The 
results will be compared to values obtained from human subjects.   
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INTRODUCTION 
Within the THERMPROTECT project (Havenith et al., 2006) work package 2 Moisture 
(WP2), a series of human tests was carried out (Kuklane et al., 2007). One main objective of 
the WP2 was to study the question: What is the effect of evaporation/condensation within 
protective clothing on the heat transfer to the environment? This paper compares some 
methods of estimating clothing insulation, analyses human data based on manikin tests and 
discusses the sources for differences. 
 
METHODS 
In human tests, three variables at the same work load were combined: permeable (PERM, 
Rct=0.025 m2°C/W, Ret=5.6 m2Pa/W) and impermeable (IMP, Rct=0.007 m2°C/W, Ret=∞) 
outer layer, high (25°C) and low (10°C) ambient temperature, and wet (W) and dry (D) cotton 
underwear. Based on mean skin and body temperature, metabolic rate (Kuklane et al., 2007) 
and heat balance analysis, the total resultant clothing insulation (Itr) was calculated for all 
conditions. Data from standing manikin measurements (va=0.2 m/s) with dry underwear were 
used to compare the different calculation methods with data from the subjects. Heat losses 
from the whole manikin (covered and uncovered areas) were used to calculate the total 
clothing insulation (Itot) according to parallel method (equation 3 in EN/ISO 15831, 2004, 
here Eq. 1; Ts and Ta – manikin surface alt. ambient air temperature; A – manikin surface area; 
Hc – dry heat losses), and then corrected for wind and walking by equation 32 of ISO/FDIS 
9920 (2007, here Eq. 2; var – air velocity; vw – walking velocity ) that was intended for the 
ensembles within the particular insulation range. Data from wet manikin tests (Havenith et al., 
2006) at 10 and 34°C (both with 1 kPa ambient water vapour pressure) were used for further 
analysis and discussion of the differences. The conditions included dry and sweating tests. 
 

( ) castot HATTI ×−= (Eq. 1) 
 

( ) ( )[ ]
tot

vvvv
tr IeI wwarar ×= +−−×+−×− 22 176.0492.015.0044.015.0281.0 (Eq. 2) 

 
RESULTS AND DISCUSSION 
The measured metabolic rate was 168 ±19 W/m2. In the wet tests, the metabolic rate averaged 
8 W/m2 higher than the dry tests. Figure 1 shows the heat balance components. Evaporation 
was assumed to take place at the skin surface. For condition PERM25W, in particular, this 
produced unrealistic dry heat loss values. The most reasonable insulation values (Figure 2) 
from the subjects came from dry test at 10°C, where the evaporation component was minimal 
and body heat storage relatively small (Figure 1). These values did fit best with the insulation 
correction of the manikin measurements according to ISO/FDIS 9920 (Figure 2). Figure 2 
also shows for reference the original insulation value from a standing manikin, at an air 
velocity of 0.2 m/s (Itot(<0.2m/s)). 
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Figure 1. Ratio of heat balance components: evaporation (E), conduction , convection and 
radiation (K+C+R), respiration (RES) and heat storage (S). Physical work (W) was taken 
equal to zero. Evaporative component was based on the mass loss. 
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Figure 2. Total resultant clothing insulation calculated from subject and manikin data. 
 
Wet manikin tests showed that, for impermeable clothing, the reduction of the insulation 
based on moist underwear (Figure 3) was around 30%, while for permeable clothing this 
effect was around 4%. The difference could be related to wicking, evaporation-condensation, 
and lower Rct of the coverall material. If one considers the condensation effect negligible in 
permeable clothing, then the reduction of clothing thermal resistance due only to moisture 
itself, could be just up to 5%, as also pointed out by Havenith et al. (2007). It would mean that 
the condensation effect in impermeable clothing would stand for about 25-30% of insulation 
reduction/increased heat loss. This issue has been addressed earlier in more detail by Candas 
et al. (2006). It can be added that a rough estimation of heat loss differences from the 
temperature gradient between the coverall outer layer and ambient air temperature from 
human data and corrected air layer insulation, according to equation 21 of ISO/FDIS 9920 
(2007), gave about 35 W/m2 and about 50 W/m2 higher dry heat losses from impermeable 
than for permeable coverall for wet conditions in torso area at 10°C and 25 °C, respectevily. 
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Figure 3. Insulation reduction due to moist clothes measured on a manikin at 10 °C (ambient 
water vapour pressure 1 kPa). Wet excl evap correction was based on mass loss. 
 
In dry conditions at 10°C, the insulation from the subjects was relatively close to the manikin 
values (Figure 2). The sweating and body heat storage change were minimal. The observed 
differences could be related to motion patterns that the correction equations for manikins did 
not explain. In IMP10W, the insulation from the subjects was considerably lower than the 
manikin values, while in permeable coverall insulation values were close after correcting heat 
losses for evaporation based on mass loss. In both coveralls, there should have been present 
an effect of lower material heat resistance that could stand for 3-5% of higher heat losses. In 
IMP10W, the dry heat loss was overestimated due to calculating evaporation from mass loss, 
and the effect of condensation (Havenith et al., 2007) was not accounted for. This effect 
should be negligible in permeable clothes (Figure 3), although it would probably occur at 
lower ambient temperatures (outer surface temperature below dew point). Evaporation was 
assumed to take place at skin surface, however, that would not be true, especially for wet 
tests. For wet and dry tests at 25°C, both coveralls behaved similarly. This could have been 
due to the fact that by the end of the test, even in the dry conditions, clothing became quite 
wet. In PERM25D and especially in PERM25W, the high evaporative heat losses most 
probably masked dry heat losses in the heat balance calculation, and did increase the error in 
the insulation calculation. In PERM25W the calculated dry heat losses were so small, that the 
calculated insulation was out of reasonable range. On average, 35 g of accumulated moisture 
in IMP10D (20 g on outer layer at the end of 60 minutes test) did affect the results only a 
little, compared to PERM10D (~3 g accumulation) and manikin values. The biggest effect of 
condensation was observed in IMP10W with ~950 g moisture in the system (~80 g on outer 
layer). In homogenous conditions (Tsk=Ta), the condensation effect would not be present. 
IMP25D with ~200 g (~50 g on outer layer) and IMP25W with ~1000 g moisture in the 
system (~80 g on outer layer) did not differ much. In both cases the humidity during last 30 
min was 100%. 
 
DISCUSSION 
When using subjects for insulation measurements, then the test conditions should be chosen 
with care, to ensure reaching a stable state, keep sweating and changes in body heat storage 
low, but temperature gradients reasonably high. Unknown moisture quantities involved in 
condensation, eventual re-evaporation, wicking etc. and their effect on heat transfer, 
especially in impermeable clothes, increases the uncertainty of the results. Moist clothes (not 
dripping wet) seem to reduce clothing insulation up to 5%. The biggest cooling effect was 
related to evaporation (permeable) from, and the condensation effect (impermeable) in, the 
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clothing system. This effect, but also the lower material thermal resistance of the 
impermeable outer layer, most probably caused the higher surface temperature, leading to 
higher heat losses than could be estimated from mass loss only. 
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INTRODUCTION 
The number of thermal manikins and their use in research have increased over the past 60 
years (Holmer 2004; Wyon 1989). Additionally these manikins have continually advanced 
either by improved precision (Richards and McCullough 2004), or by reduced costs (Fan and 
Chen 2002). However, still their limitation is their inability to simulate adequately the local 
and dynamic thermal behaviour of the human being. A mathematical model of the human 
thermoregulatory system incorporated into the system control can provide the local 
physiological parameters in real time. Ideally such a device should be able to simulate human 
thermal behaviour and comfort perception over a wide range of environmental and personal 
conditions whereby the computer model provides the physiological intelligence and the 
hardware measures the required calorimetric states relevant to the human heat exchange with 
the actual environment. 
 
This paper introduces a single-sector thermophysiological human simulator consisting of the 
sweating thermal cylinder Torso (Zimmerli and Weder 1996) coupled with extensively 
validated iesd-Fiala model of human physiology and thermal comfort (Fiala et al. 2001), 
which aims at mimicking human thermal behaviour with a good accuracy of prediction. This 
simulator is designed for a broad range of applications including tests of sleeping bags and 
clothing over a wide range of climatic conditions. 
 
METHODS 
The iesd-Fiala multi-node model (Fiala et al. 1999), which provides the physiological 
variables into the system, is able to simulate human thermal responses under both steady-state 
and transient conditions including the thermal history prior to an exposure. The model also 
includes a physiological thermal comfort model (Fiala et al. 2003). To measure the 
environmental heat exchange the sweating Torso was used, which is at present a widely 
employed device for clothing research and testing. The entire device consists of a multi-
layered cylinder and two heated aluminium guards, which prevent lateral heat fluxes. 
Temperature sensors embedded within the Torso’s layers allow precise measurement of the 
heat flux and separately controlled sweating outlets together with the textile ‘skin’ distribute 
the sweated liquid. 
 
The coupling method was based on iterative exchange of the mean skin temperature and the 
mean sweat rate from the physiological model and the heat flux from the cylinder surface, 
which represents the mean human heat flux exchanged with the environment (including 
clothing, air and surrounding surfaces). The other physiological parameters such as core 
temperature, skin blood flow, heart rate, etc. are also included in the output files. Since the 
Torso is a single sector device, the feedback heat flux is applied to all body parts in the 
physiological model resulting in the approximation of the true physiological state of the 
person.  
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The coupled system was validated by comparison with results of semi-nude human subject 
tests under conditions of ambient air temperature between 15.0°C to 37.5°C, relative humidity 
of 31-40%, ambient air movement of 0.1m/s and activity level of 60W/m2. In addition, the 
human simulator was used to re-simulate human results, where clothed subjects slept seven 
hours in isolative mummy shaped sleeping bags at the ambient temperature of -25°C. 
 
RESULTS 
In all the cases of semi-nude subjects studied the single-sector thermophysiological human 
simulator reached the body core temperature of the human subjects at quasi-steady state as 
well as during the initial transient period of the test with average root-mean-square (rms) 
deviation of 0.15°C compared to 0.20°C experimental standard deviation. The skin 
temperatures during cold, cool, neutral, warm and hot exposures also showed good agreement 
with those measured on human subjects with average rms deviations of 0.37°C compared to 
0.40°C experimental standard deviation. . 
 
In the exposures using sleeping bags, only the local skin temperatures on the chest, back, 
finger and foot were available. Since the thermophysiological simulator predicts also local 
skin temperatures, thus the local values were compared rather than the mean skin 
temperatures. The local skin temperatures measured and predicted agreed within rms 
deviations of 0.83°C as compared to experimental standard deviation of  0.63°C for the chest, 
0.89°C as compared to experimental standard deviation of  0.94°C for the back and 2.40°C as 
compared to experimental standard deviation of  3.41°C for the foot. 
 
DISCUSSION 
The single-sector thermophysiological human simulator proved to be applicable for a range of 
cold to hot environmental conditions. It is capable of simulating the steady state as well as, to 
some extent, various physiological transients, with respect to body temperatures and sweat 
excretion. Therefore, this device of fairly simple and robust design though equipped with 
‘thermophysiological intelligence’ will allow scientists and engineers to study and quantify 
the protective properties of clothing systems for condition to which humans are exposed in 
real life rather than for simplistic, steady state situations used in current standards. In addition 
to the key thermophysiological parameters the new device also provides information on the 
associated level of thermal comfort, health risk and survival conditions for tested scenarios. 
Thus this advanced tool could enhance the following research areas: 
assessment of health and thermal comfort of protective clothing, space overalls, sleeping 
bags, surgical and post-surgical maintenance suits, etc. 
design of advanced adaptive clothing systems, 
design of indoor spaces and optimisation of heating, ventilation and air conditioning systems 
for buildings, cars and other man-made indoor spaces, 
evaluation of the outdoor climates and development of the universal thermal climate index 
UTCI. 
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INTRODUCTION 
A new computation approach is proposed to reduce the complexity of the derivation of heat 
flux values based on the temporal profile of the measured flame manikin skin temperature, 
required to determine the heat conduction across the skin and the consequent burn injury 
during exposure to a simulated flash fire. 
 
METHODS AND RESULTS 
Heat flux is calculated using a simple, yet comprehensive thermal model of the temperature 
sensor. The computational procedure is formulated as an impulse response of the transfer 
function between the measured temperature and the heat flux. This approach offers a good 
quality of heat flux reconstruction, since it is based on the detailed thermal model of the 
temperature sensor. It is also independent of the sensor type. A similar approach is used in the 
calculation of the temperatures inside the skin. The partial differential equation describing the 
heat transfer through the skin is solved numerically, resulting in the impulse responses of the 
transfer functions relating heat flux to skin temperatures. The main advantage of this approach 
is that the system impulse response needs to be calculated only once. During the simulation of 
a flash fire, all that needs to be calculated is the heat flux by means of the simple convolution 
sum between the measured temperature and the system impulse response. 
 
DISCUSSION 
The developed flame manikin system assesses the regional level of burn injury on the flame 
manikin during exposure to a simulated flash fire inducing an average heat flux of 80kW.m-2 
on the surface of the manikin. The protection offered by fire protective garments are tested 
during exposure of the suited manikin to flash fires lasting up to 20 seconds. The system 
performs acquisition of the temperature measurements from the instrumented manikin, 
calculates the temperatures within the simulated skin layers and determines the level of burn 
injury based on Henriques’s burn integral. 
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INTRODUCTION 
A sweating thermal torso manikin was developed for evaluating the thermal and evaporative 
resistance of clothes. The temporal regulation of sweating may be controlled by algorithms 
derived from human experiments, whereby the onsett and gain of the sweating response is a 
function of the manikin »core« and »skin« temperatures. The spatial pattern of sweating may 
be regulated according to the observed pattern of sweating on the torso in human subjects (see 
Machaido-Moreira et al., this volume).  
 
METHODS AND RESULTS 
The manikin system is composed of a personal computer, electrical control system, sweating 
system and the thermal torso manikin. The manikin is composed of 16 segments arranged in 
two rows. Each segment has a core and a skin element.  The core element is a 12.5x2.5x1.5 
mm thin cooper plate on which eight heaters (RTO 20), two sweat glands and a core 
temperature sensor (PT 1000), are mounted.  The skin element is a 0.8 cm thick layer of resin, 
with similar thermal characteristics as skin. Each skin element has a PT 100 temperature 
sensor embedded in the surface. The measurement and control process treat each segment as 
an autonomous part.  
 

 
Figure 1: Sweating thermal torso manikin system: control unit (left panel) and torso manikin (right 
panel) 
 
DISCUSSION 
The sweating thermal torso manikin appropriately simulates the spatial and temporal heal loss 
from the torso observed in humans (Machaido-Moreira et al., this volume). Calculations of 
thermal and evaporative resistancefor specific garments have also been validated with with 
results obtained on other manikins. 
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THERMAL MANIKIN EVALUATION OF PASSIVE AND ACTIVE 
COOLING GARMENTS TO IMPROVE COMFORT OF MILITARY 

BODY ARMOUR 
Thomas Endrusick, Julio Gonzalez and Larry Berglund 

Biophysics and Biomedical Modeling Division, U.S. Army Research Institute of 
Environmental Medicine, Natick, Massachusetts, USA. 

Contact person: thomas.endrusick@us.army.mil 
 
INTRODUCTION 
U.S. military forces are currently using the Interceptor Body Armour (IBA) system consisting 
of a front/rear torso fragmentation vest, front/rear ballistic plates, and optional attachments for 
throat, groin, upper arm, and side torso protection. When fully configured, the IBA can weigh 
15 kg and cover upwards of 30% of the body surface area, with multiple layers of low-
permeability materials. Use of the IBA can contribute to heat stress and limit wearer 
performance by insulating the body and reducing body heat loss. Wearing body armour has 
been associated with increasing the wet bulb globe temperature around the wearer by about 
4oC (1). The negative impact of heat stress and dehydration on soldier performance is well 
recognized by the U.S. Military (2).  It is hypothesized that an increase in evaporative cooling 
could reduce overall sweat rates and consequent soldier dehydration. This study evaluated 
two different garments designed to increase air ventilation and subsequent evaporative 
cooling under the IBA: a passive, Interceptor Ventilation Vest (IVV); and an active, battery-
powered, Body Ventilation System (BVS). 
 
METHODS 
The IVV was made from synthetic mesh material with a total weight of 0.29 kg and was 
designed to be worn directly under the IBA. It was tested for thermal (Rt, m2·C·W-1) and 
evaporative resistance (Re, m2·kPa·W-1) on a thermal manikin (TM), according to ASTM 
standards (3, 4). The TM was dressed in 3 configurations: with the U.S. Army Temperate 
Battle Dress Uniform (TBDU); with IBA over TBDU; and with IBA over both IVV and 
TBDU. TM results were used as input to a computer model predicting core temperature (Tc, 
oC), skin temperature (Tsk, oC), heart rate (HR bpm), sweat rate (SR g/min), skin wettedness 
(SW %), and total body water loss (WL L). Output described responses when exposed to 
desert environments with air temperatures of 30, 40 and 50oC during repeated, intermittent 
exercise (10 min rest/ 30 min walk).   
 
The BVS consisted of a battery-powered blower unit that delivered an inlet flow rate of 
approximately 9 l·s-1 of ambient air through a distribution manifold into a channelled spacer 
vest worn directly under the IBA. Total system weight was 2.5 kg. Rt, Re, and cooling power 
(W) were measured according to applicable ASTM standards (3, 4, 5) with the TM dressed in 
the U.S. Army Desert Battle Dress Uniform (DBDU). When measuring cooling power, the 
sweating TM was allowed to reach equilibrium at Tsk of 35°C while wearing the BVS with 
the blower unit OFF. After equilibrium was achieved, the blower unit was turned ON. The 
TM was allowed to run until steady state conditions were maintained for two hours.  The BVS 
cooling power was calculated by subtracting the OFF steady state TM power demand from 
the ON steady state TM power demand.  
RESULTS 
Interceptor Ventilation Vest: Table 1 shows that TM Rt and Re increased (15% and 45%, 
respectively) when only IBA was worn over TBDU. However, increases in Rt and Re were 
lower (10% and 25%) when adding the IVV under IBA. The familiar permeability index ratio 
(im/clo) is also included in Table 1 for comparison purposes. 
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Table 1.  Total Thermal Manikin (TM) thermal (Rt) and water vapour resistance (Re) for the 
various configurations of the Temperate Battle Dress Uniform (TBDU), Interceptor Body 
Armour (IBA), and Interceptor Ventilator Vest (IVV). 

Clothing configuration Rt Re im/clo* 
TBDU 0.226 0.024 0.29 
TBDU+IBA 0.265 0.044 0.16 
TBDU+IBA+ IVV 0.251 0.032 0.22 

* included for comparison purposes 
 
Figure 1 shows that use of the IVV reduces SW, particularly during rest periods.  However, in 
this modelled scenario, SW remains above approximately 50%, which would probably be 
perceived as uncomfortable by most wearers. Figure 2 shows that SR is lower when wearing 
the IVV and this could lessen rates of dehydration while improving both physical and 
cognitive performance and decreasing the risk of heat injury (2).  Figure 3 shows use of the 
IVV resulted in consistently lower Tc throughout the entire simulated exposure even at the 
highest ambient temperature of 50°C. Overall, the model results predicted thermo-
physiological benefits when using an IVV with lower SW at 30oC, lower Tc, Tsk, HR, SR, 
and WL at 40oC and lower Tc at 50oC. 
 

Figure 1.  Predictive model results of skin wettedness (SW, %) for the 3 clothing 
configurations at 30°C.  
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Figure 2. Predictive model results: sweat rate for three clothing configurations (40°C) 
 

Figure 3. Predictive model results: core temperature for three clothing configurations (50°C). 
 
Body Ventilation System: With the BVS blower unit ON, TM measurements of Rt and Re from 
the BVS/DBDU ensemble were lower (17% and 20%), when compared to OFF  
values.  Subtracting the average power input with the BVS fan OFF from the average with it 
ON resulted in an average cooling power of 45.1 W associated with the BVS forced 
ventilation of 9 l•s-1 (Figure 4) Though untested, the cooling capacity would be expected to 
increase at a lower ambient humidity. 
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Figure 4.  Power input to the TM with a constant 35°C surface temperature during OFF and 
ON operation of BVS. 
 
DISCUSSION 
It must be stated that these results were obtained from tests conducted under controlled 
environmental conditions using a stationary TM.  The actual field performance of both 
garments will probably vary due to a multitude of factors including garment fit/configuration, 
body posture, and prevailing weather conditions.  Nevertheless, these laboratory experiments 
showed that specialized garments designed to increase air circulation around the human torso 
reduced the inherent thermal burden of overlying body armour.  Military use of these 
garments could allow for increases in sweat evaporation and overall thermal comfort during 
operational heat exposure. 
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ESTIMATION OF COOLING EFFECT OF ICE PACKS 
BY THERMAL MANIKIN 

Satoru Ueno, Shin-ichi Sawada 
National Institute of Occupational Safety and Health, Kawasaki, Japan 

Contact person: uenos@h.jniosh.go.jp 
 
INTRODUCTION 
Firefighters are required to work physically and psychologically high load tasks in extreme 
conditions, such as hot and hazardous environment. To protect themselves from fire, they 
have to wear multi-layered heavy protective clothes, and from hazardous gas, they have to 
don self-contained breathing apparatus (SCBA). This protective clothing not only has thermal 
insulation properties from body to environment, but also limited water vapor permeability. 
Much heat production caused by extreme workload such as life-saving (Heimburg, 2006) 
does not dissipate easily due to low heat transfer of thick protective clothing. Moreover 
limited water vapor permeability impairs physiological cooling of the body, as evaporation is 
the only way to decrease body temperature in high ambient temperature. Consequently, core 
temperature rises, accompanied by much fluid loss owing to the high sweat secretion, which 
leads to tachycardia and work performance decrements (Ftaiti, 2001). In the U.S., about 40% 
of cause of death is from cardiovascular disorders (USFA, 2000). To prevent heat related 
disorders, microclimate cooling systems that have mobility are needed to reduce heat strain of 
fire-fighters. In earlier studies (Smolander, 2004; Muir, 1999), significant reduction in heat 
strain was shown while wearing cooling systems. However, there are few studies comparing 
the effectiveness of cooling systems on the heat absorption from human body. In this study, 
using a thermal manikin, we measured the cooling power of two kinds of refrigerants, based 
on the fusion of paraffin situated inside cooling vest pockets. 
 
METHODS 
A thermal manikin (MTNW, Seattle) consisting of 26 zones was used to evaluate the cooling 
efficiency of refrigerants in the cooling vest. The cooling vest covered the torso, which was 
divided into four zones: shoulder, chest, back, stomach. The power supply to each zone was 
adjusted so that the surface temperature of each zone could be controlled at 34• throughout 
the experiment. To keep the environmental condition of the manikin constant, we installed the 
thermal manikin in a climate chamber (20•, relative humidity 50%). This condition 
conformed to ISO15831. Physical characteristics of refrigerants are listed in Table 1. Each of 
the refrigerants was inserted into pockets of the vest. The vest had 2 parts: the front with 6 
pockets and the back with 10 pockets. We estimated the cooling efficiency of 2 refrigerants.  
 
Table 1. Physical characteristics of refrigerants 
          Type A       Type B 
Size         76×122×6mm     68×123×18mm 
Constituent       paraffin 100% (solid)  paraffin 50%•water 50% (gel) 
Weight (1set = 16 pack)  1.28kg/set      1.44kg/set 
 
Procedures: After dressing the manikin with a T-shirt, long pants of working clothing, and 
fire-fighter’s clothing, we set the surface temperature of each zones at 34•. In about 5 h, a 
thermal steady state was achieved, and we quickly removed the fire-fighter’s clothing from 
the manikin, and added the cooling vest on the T-shirt and replaced the fire-fighter’s clothing 
quickly. The cooling vest was attached to the manikin by connecting 2 separate parts firmly at 
the stomach and shoulders using tape. The vests with type A refrigerant and type B refrigerant 
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were dressed on the manikin similarly. Heat flux supplied to each manikin zone was recorded 
on a notebook computer until the experiment ended. In the stomach zone, we also recorded 
the skin temperature of 3 points, each covered by refrigerant, and a point in the area which 
was not covered by a refrigerant by a flat type thermistor.  
 
RESULTS 
The heat fluxes of 4 zones in torso were shown in Figure 1. Before dressing with the cooling 
vest, heat fluxes were steady in both refrigerant types. On attaching the cooling vest, the heat 
fluxes increased sharply and then decreased gradually. Especially in the back and stomach, 
type B absorbed more heat than type A in the first 3 hours (Figure 1).  

Figure 1: Heat flux of torso before and after the attachment of cooling vest. At Time 0, the 
cooling vest was attached to the manikin after having reached the steady state with T-shirts, 
long trousers and fire-fighter’s clothing. 
 
Heat was calculated by integrating heat flux with time. The theoretical heat needed to warm 
the refrigerants was also calculated with specific heat and heat of fusion of paraffin. Though 
theoretical heat of type B was smaller than that of type A, type A had more cooling power 
than type B during the first 3 hours. In the first 3 hours, 48% of cooling power of type A was 
used in comparison with 79% of type B. 
 
 
 
 
 
 
 
 
 
 
Figure 2: Total extra heat supply to torso when wearing cooling vest with Type A or Type B. 
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Figure 3: Comparison among theoretical heat needed to warm all the refrigerants in the 
cooling vest, real extra heat supply until steady state and that during the first 3 hours 
 
(a)                                    (b)  

 Figure 4: Skin temperatures at each point covered by refrigerant 1, 2 and 3 and a non-
covered point by refrigerant in stomach. The stomach zone was covered by 3 pieces of 
refrigerant. Under each refrigerant, thermistors were placed onto the skin: (a) cooling by vest 
having Type A, (b) cooling by vest having Type B.  
 
Skin temperature under type A refrigerant rose more slowly than type B. At a non-covered 
point by refrigerant, skin temperature under type B was higher than type A in the early state 
of cooling (Figure 4). 
 
DISCUSSION 
By using a manikin, the cooling efficiencies of two types of refrigerants were investigated 
with fire-fighter’s clothing. The cool vest with 16 packs of refrigerant was dressed on torso of 
the thermal manikin in a T-shirt. Though type A refrigerant (100% paraffin) had larger heat 
capacitance than type B refrigerant (50% paraffin + 50% water), type A had less cooling 
efficiency than type B during the first 3 hours. It is considered that type B absorbed more heat 
in the early stage, because it changed the shape to fit the manikin surface, as it was gel. In 
contrast, type A was solid, and it would be difficult to fit well to the manikin surface. 
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 EVALUATION OF THE ARMY BOOT ANKLE SAGITAL STIFFNESS 
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2UCS d.o.o., Vrhnika, Slovenia 

Contact person: ales.jurca@ucstech.eu 
 
INTRODUCTION 
Most army boots are over-the-ankle type of footwear to stabilize and protect the ankle, thus 
obstructing the ankle joint movement in the sagittal plane. Gait studies have shown that ankle 
joint saggital stiffness may affect energy efficiency. Walking and running in boots with lower 
ankle sagital stiffness results in extended ankle joint movement. The ankle joint is therefore 
capable of generating significantly more power, which results in increased gait velocity. Due 
to the significance of ankle joint saggital stiffness in the efficiency of gait, we designed a test 
protocol for evaluating this feature in candidate army boots.  
 
METHOD 
The stiffness of the boot ankle was measured on the basis of the resistance of the boot to the 
ankle joint rotation (dorsiflexion) in the saggital plane. A foot model (Fig. 1) of the same size 
was inserted into the boot to simulate having a human foot in the boot.  The foot model has a 
two degrees-of-freedom (DOF) ankle joint with no resistance to ankle joint rotation in the 
sagital plane. The top of the foot model has a 3 DOF knee joint with no resistance to knee 
joint rotation in the sagittal plane, which was fixed to a 3 DOF robot (Cartesian robot 
manipulator, Institute Jozef Stefan, Slovenia – Fig. 2).  
 

          
 
 Figure 1. Foot model                     Figure 2. Cartesian robot manipulator 

 

2 DOF ankle joint 
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A hole was drilled through the sole of the boot in the heel region. The sole of the boot was 
then connected to a fixation plate with a screw through the hole in the sole (Fig. 3). The 
bottom of the fixation plate was fixed to a 6 DOF force/torque sensor (JR3 Inc, Woodland, 
CA) (Fig. 4). 
 

      
 Figure 3. Fixation plate is                              Figure 4. Fixation plate is 
  fixed to the JR3 sensor                                   fixed to the JR3 sensor 
 
In the initial position the tibia of the foot model was perpendicular to the fixation plate. The 
robot was programmed to make an ankle rotation of the foot model in the sagittal plane. 
 
The resistance of the boot to the ankle rotation in the sagittal plane results in Ty (torque y) of 
the JR3 sensor.  
 
RESULTS 
Three candidate army boot models were tested for ankle sagittal stiffness (Fig. 5). Ty and φ 
(angle of the rotation) were measured during the rotation of the foot model in the sagittal 
plane.  The Ty/φ  characteristic determines the boot sagital stiffness (Fig 6).   
 

   
 

Fig. 5. Three army boot candidates tested for ankle sagittal stiffness.  
 
The Ty/φ characteristics show significant differences in ankle sagittal stiffness of the three  
boots tested. Boot 1 had a very low stiffness, which was generated mainly by the tongue. 
Boots 2 and boot 3 had higher shafts therefore higher ankle sagittal stiffness was measured for 
both models. Similar characteristics of the ankle joint rotation in the sagittal plane were 
observed for both models in the range 0° to 5°. From 5° and up boot 3 had higher ankle 
sagittal stiffness.  
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Fig. 7. Ty/φ characteristics of the measured boots  

 
 
DISCUSSION 
A new method for evaluating sagittal stiffness was developed. The method allows the 
derivation of the ratio Ty/φ, an index of ankle sagittal stiffness. This method can be used for 
evaluating existing boots, and also in the development of new boots, where a compromise 
between good ankle protection and low ankle sagital stiffness must be achieved.  
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HEAT TRANSFER CHARACTERISTICS OF ROWING HEADGEAR 
WITH RADIANT HEAT FLOW 

Bogerd, C.P.1,2, Brühwiler, P.A.1, Heus, R.3 
1Empa, Swiss Federal Laboratories for Materials Testing and Research 

2Institute of Human Movement Sciences and Sport, ETH Zurich, Switzerland 
3TNO Defense, Security and Safety 

Contact person: niels.bogerd@empa.ch 
 
INTRODUCTION 
Radiant heat gain to the head has recently been shown to affect sensation in human subjects 
(Buyan et al., 2006). However, only one published study has been conducted on the influence 
of radiant heat gain for sports headgear (Ishigaki et al., 2001). One could assume that 
reducing heat stress by shielding solar radiation using sports headgear would increase thermal 
comfort, and possibly decrease heat strain, as often shown in studies in which heat stress on 
the head is reduced by artificial cooling (Nunneley et al., 1971; Williams and Shitzer, 1974). 
A baseball-style cap is often used among athletes competing under sunny conditions. 
However, in spite of the numerous studies on understanding and optimizing forced convective 
heat loss, no study has examined a baseball-style cap on heat transfer. 
 
In this study we focus on the performance of two types of rowing headgear by examining the 
forced convective heat loss and radiant heat gain. We compare typical baseball-style caps to a 
prototype rowing headgear (PRH) recently developed with the idea of minimizing radiant heat 
gain to the head without hindering convective and evaporative heat loss (Bogerd et al., 2005). 
We used a thermal manikin headform (Brühwiler, 2003) to measure the net heat transfer of 
the headgear under non-sweating conditions, with and without radiation, isolating the effects 
of forced convective heat loss and radiant heat gain. 
 

    
Figure 1: All headgear configurations. From left to right: NUDE, PRH, CW, and CB. 
 
METHODS 
A thermal manikin headform (Brühwiler, 2003), placed at the exit of a wind tunnel in a 
climate chamber, was used to estimate net heat transfer from a human head while wearing the 
headgear studied. The surface temperature of the headform was set to 35°C, and the power 
needed to maintain this temperature in the steady state was recorded. This heating power 
corresponds to the net heat transfer. Values for the scalp and face sections were obtained 
separately. The setup was equipped with a frame holding a heat lamp to simulate radiant heat 
flow. For a more thorough description of the setup, see Brühwiler (2003). 
 
Measurements on the following headgear configurations were carried out (Figure 1): The bald 
head form (NUDE), the PRH, a white 100% cotton baseball-style cap (CW), and a slightly 
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different black 100% cotton cap (CB). All headgear configurations were measured in two 
radiant heating arrangements: without (NoRad), and with the heat lamp directly above (90° 
below horizontal, or “Rad”). 
 
The climate chamber was set to an ambient temperature of 22.0 ±0.1°C and relative humidity 
of 50 ±1%; a baseline radiant temperature of 22.0°C was assumed. A wind speed of 4.0 ±0.1 
m·s-1 was set, measured (MiniAir2, Schiltknecht, Gossau, Switzerland) beside the headform. 
A 150 W heat lamp (T228, Osram, München, Germany) was used as (nonuniform) radiant 
heat source. The lamp created a heat flow to the head of 18.7 W (approximately 675 W·m-2). 
According to manufacturer data, the spectrum emitted by the lamp ranged from 
approximately 500 nm to more than 2500 nm, with 7% of the power in the visible region and 
the remaining 93% in the infrared (wavelengths > 800 nm). 
 
Each condition was measured three times and on separate occasions. Two datasets were 
collected: (i) Forced convective heat loss: fresh placement of the headgear in a given 
configuration (XX) between measurements, from which the forced convective heat loss was 
calculated (NUDENoRad – XXNoRad); and (ii) Radiant heat gain: no fresh placement of the 
headgear between consecutive measurements of the same headgear configuration in 
arrangements NoRad and Rad, from which the radiant heat gain was calculated (XXNoRad – 
XXRad). MANOVA was used to test for statistical differences, with headgear configuration and 
radiation arrangement as independent variables. A Sheffé test was used for post hoc 
comparisons if a significant difference was found (p<0.05). The statistical analysis was 
carried out with SPSS 13.0 for Windows. 
 
RESULTS AND DISCUSSION 
All average net heat transfer data are shown in Figure 2. The term “net” here is so defined that 
positive values occur for transfer away from the headform, which also means that larger 
values imply less heat stress. The NUDE configuration with radiant heat gain is the 
benchmark for the performance of the headgear in rejecting such heat gain. The PRHrad 
facilitates 1.3 times more combined heat transfer than NUDERad (p<0.01). The caps reduced 
combined net heat transfer compared to NUDERad (p<0.01). No differences were found 
between the caps. The net heat transfer in the face section was very similar for all headgear 
configurations and radiant arrangements. 
 
Since the headgear largely covered the scalp section, larger headgear-dependent differences 
are found there. All headgear studied reduce net heat transfer in the scalp section, in the 
absence of radiant heat gain, whereas only the PRH shows higher values than the nude 
headform with radiant heat gain (an increase of 17.5 W).  
 
The headgear reduced radiant heat gain relative to NUDERad by as much as 95-76% (Figure 
3a). Interestingly, despite their brims, the caps allowed greater heat gain compared to PRHRad 
in the face section in this arrangement. Larger differences are found for forced convective 
heat loss (Figure 3b). The PRH reduced forced convective heat loss by 9%, most of which 
occurred in the face section. Both CW and CB reduced forced convective heat loss by ~36%. 
 
DISCUSSION 
Based on the results we conclude that the prototype rowing headgear (Bogerd et al., 2005) 
constitutes a large improvement over conventional baseball-style caps under the studied 
conditions, and for persons with little or no hair. Forced convective heat loss was found to be 
of primary importance, but radiant heat gain was also found to be relevant. However, it 
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remains unclear if qualitatively similar results can be expected in other conditions, with 
different radiant angles or with hair, and how these relate to comfort and possibly heat strain. 
 

 
 
Figure 2: Net heat transfer (Qn), for all headgear configurations and radiant arrangements. 
The right hand y-axis indicates relative difference to Qn–scalp of NUDERad. The error-bars 
indicate one standard deviation. 
 

  
(a) (b) 
Figure 3: Radiant heat gain (a), and reduction in forced convective heat loss relative to 
NUDE (b). The right hand y-axis indicates relative difference with values for the scalp of 
NUDE. The error-bars indicate one standard deviation. 
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INTRODUCTION 
At first sight, experimental results on physiological effects of cold adaptation published in the 
literature seem confusing and apparently incompatible with one another. Mean body 
temperature is reported to decrease, to stay constant or even to increase. The same is true for 
skin blood flow. Metabolic heat production is said to decrease or increase.  This contribution 
will explain that such a variety of results may be deduced from a common system concept 
underlying different adaptational phenomena.   
 
METHODS 
For a functional clarification, it is indispensable to differentiate where and how the adaptive 
processes take place in the body. Generally, morphological and functional adaptations are 
distinguished, meaning that the first alter the anatomical properties and the second the 
physiological properties. This enables a correct interpretation of many, but not of all 
phenomena, because the essence is not whether anatomical or physiological facts are 
involved, but whether these are changing the (passive) heat transfer process or the (active) 
controller system in the closed control loop (cf. Fig.1A). 
 

 
Figure1. A: Closed-loop system “Process” and “Controller”.  B: Open-loop characteristics of 
process and con-troller in common coordinate system. Closed-loop operation for intersections 
of characteristics. Abbr. see text. 
 
For clarification, a core/shell treatment (“model”) of the thermoregulatory system is used, 
with mean body temperature Tb as the controlled variable, metabolic heat production M as 
actuating signal and ambient temperature Ta as disturbance to the system.  Adaptation, as a 
higher control level, is introduced into the system. Due to persistent stressors (disturbances), 
either the (heat transfer) process or the controller properties (parameters) are adjusted (or 
both). This differentiation is substantial, because these two ways of adaptation have very 
different physiological effects. It is convenient to call the one “process adaptation” and the 
other “controller adaptation”.  
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RESULTS 
From this kind of analysis, it is evident that, as to the (passive) heat transfer process, the 
parameters heat transfer coefficient skin/environment α and heat transfer index core/shell k 
may be suited to modification by process adaptation. The parameter α may e.g. be altered by 
a fat or a fur layer, the parameter k by vasomotor action.  
As to the (active) metabolic controller, the parameters, threshold T0 and gain g, may be used 
for controller adaptation. Theoretically also the weighting parameter c for core and skin 
temperature may be a candidate for adaptational modification.  
Steady-states in the closed control-loop are determined by intersections of the open-loop 
process- and controller-characteristics M=f(Tb), cf. Fig.1B. 
The most commonly demonstrated effect of autonomic cold acclimation is a change in the 
controller threshold T0, meaning that the body temperature, at which metabolic heat 
production M is activated above its basic level, is shifted downwards. As a consequence of 
this controller adaptation, the whole controller characteristic is shifted to the left. 
How does the closed control loop react to such an adaptational threshold shift ? 
It is obvious that the only possible post-adaptive state is given by the intersection of the 
unaltered process characteristic with the altered controller characteristic, because this is the 
only state which is compatible with the properties of both subsystems. This will necessarily 
mean a lowering of body temperature by �Tb, because of a metabolic rate lowered by �M. 
This concept explains experimental results both on Europeans in the climatic chamber and on 
Aborigines in the natural environment. 
Exclusive autonomic process adaptation, in the form of a better insulation (either in form of a 
fat or fur layer, morphological adaptation, and/or of further vasoconstriction, physiological 
adaptation), is represented by a right and downward shift of the positive sloping process 
characteristic. A post-adaptive steady-state can now only be achieved, if the controller system 
reduces metabolism M, as dictated by the point of intersection between the unchanged 
characteristic of the controller and the changed process characteristic. Thus, the new state is 
inevitably characterised by a rise of body temperature by �Tb, in spite of a decrease of 
metabolic rate by �M.  
If both process and controller adaptations are simultaneously present, there may not be any 
change of body temperature at all, as e.g. demonstrated in animal experiments.  Both 
alterations together are described by a shift of the characteristics both of the process and the 
controller. The post-adaptive state is now depicted by the intersection of both shifted 
characteristics. Whether this delivers a decrease, an increase or no change of mean body 
temperature, depends on the proportion of process and controller adaptation. 
 
DISCUSSION 
So in summary, a class of very different observations may be explained by variations in the 
contributions of the process and controller adaptation. 
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BLOOD FLOW 
Eugene H. Wissler 

The University of Texas at Austin 
Contact person: ehwissler@mail.utexas.edu 

 
 

INTRODUCTION 
Skin blood flow (SkBF) plays an important role in cardiovascular function and in human 
thermoregulation. For that reason, and also because skin is the only organ for which blood 
flow can be easily measured, cutaneous blood flow has been studied by physiologists for 
more than half a century. While those studies have established that SkBF is affected by 
central temperature (Tc), mean skin temperature ( sT ), local skin temperature (Ts), exercise 
( rO ,V

2
& ), and posture, they have not produced a clear phenomenological description of the 

relationship between skin blood flow and the controlling factors.   

All human thermal models require a description of skin blood flow.  Generally, models 
define cutaneous perfusion rate as an empirical function of central temperature and mean 
skin temperature.  Arbitrary parameters in the fitting function are usually chosen to achieve a 
good fit between key measured and computed temperatures for a limited number of cases, 
but seldom, if ever, are perfusion rates determined in that way compared with measured 
values.  The objective of this investigation was to use published physiological data to define 
a suitable algorithm for computing skin blood flow in a new two-dimensional human thermal 
model. 
  
METHODS 
The classic books by Rowell and several hundred papers were read, and re-read, in an effort 
to understand how the independent variables mentioned above affect cutaneous blood flow.  
For a long time, that was a confusing, frustrating endeavor, because the papers were often 
contradictive.  It finally became clear that a significant problem was that investigators were 
ignoring the multidimensional nature of the system. For example, several authors reported 
that exercise diminishes SkBF, while others reported that exercise either has no effect on 
SkBF, or enhances it, but no one asked whether  the effect of exercise on SkBF was different 
when sT  = 38 oC than when sT  = 32 oC.   The algorithm described below is faithful to 
underlying physiology and provides reasonable results when used in a new two-dimensional 
human thermal model.    
 
RESULTS 
The principal conclusion is that the local cutaneous perfusion rate can be represented as the 
product of three factors; that is, 
 )CVCL(T)TCVCM(),V,T,DILAT(TSkBF ssrOsC 2

xx&= . (1) 

),V,T,DILAT(T rOsC 2
&  is the centrally mediated drive for active vasodilation, )TCVCM( s  

accounts for the reflex effect of sT  on cutaneous vascular conductance, and )CVCL(Ts  
accounts for the effect of Ts on cutaneous vascular constriction.   
 
Active vasodilation increases linearly with Tc above a threshold temperature (Tc,th) that 
depends on sT , rO ,V

2
&  and posture. 
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 ),T(Tα0.1),V,T,(TDILAT thccrOsC 2
−+=&                    if Tc,th < Tc (2) 

                                                          = 1.0  if  Tc < Tc,th 
α is a gain constant.  Experimental studies since 1970 established that Tc,th decreases 
approximately 0.1 oC for each degree C increase in sT .  The effect of rO ,V

2
& on  Tc,th was 

controversial until Taylor, et al. (1988)  and Smolander, et al. (1991) showed rather clearly 
that Tc,th is not affected by moderate levels of rO ,V

2
&   (say rO ,V

2
&  < 0.5) when sT  is less than 

34 oC.  At higher intensities of exercise, Tc,th increases with rO ,V
2

& , as shown in Figure 1.  The 
solid line in Fig. 1 is a graph of the relationship 
 0.01ΔV0.194ΔV1.41,ΔT 2

thc +−=  (3) 
in which ( ) ( )critOcritOO ,V1.0/,V,VΔV

222
&&& −−= r , and critO ,V

2
& = 0.5.  
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Figure 1.  ΔTc,th for active vasodilation as a function of rO ,V

2
& when 33.0TS < .  Filled and 

open circles identify plethysmographic and laser-Doppler data, respectively, of Smolander, et 
al., 1991;  open triangles identify data of Taylor, et al., 1988.  Also shown is the graph of 
Eqn. 3. 
 
While Eqn. 2 accounts for the effect of heavy exercise on SkBF at normal skin temperatures, 
it fails to account for the effect of moderate exercise on ΔTc,th at high skin temperatures.  For 
example, Eqn. 1 yields ΔTc,th = 0 oC for ,5.0,V rO2

≈& which is at variance with the threshold 
increments of 0.29 oC observed by Johnson and Park (1981) and 0.28 oC observed by 
Kellogg  et al. (1991).  However, those studies were carried out with sT  = 38 oC.  A possible 
solution for that dilemma is to assume that

crit,O2
V& decreases with increasing sT , which is not 

unreasonable, because cutaneous blood flow and volume both increase when the skin 
temperature is high.  We simply assume that 

crit,O2
V&  decreases linearly from

crit,O2
V& = 0.5 for 

sT  ≤  33 oC to 
crit,O2

V& = 0 for 38 oC.  Then, if   sT = 38 oC and 5.0V
,O2

=
r

& , as in the study of 
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Johnson and Park (1981), the exercise-mediated ΔTc,th  predicted by Equation 1 is 0.26, 
which is reasonably close to the values observed by Johnson and Park, 1981 and by Kellogg, 
et al. (1991). 
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Figure 2.  Normalized cutaneous vascular conductance and forearm blood flow plotted as 
functions of mean skin temperature.  Open symbols identify experimental data and filled 
symbols designate computed values.  Data were obtained from the following sources: 
Circles, squares, and triangles from Stephens, et al (2001),  and + from Charkoudian, et al.  
(1999a).  The filled circles were computed. 
 
The reflex effect of sT  on cutaneous vasoconstriction is defined by )TCVCM( s .  Two fairly 
recent studies (Charkoudian, et al., 1999b;  Stephens, et al., 2001) provided the data 
necessary to define CVCM.  Those data are plotted in Fig. 2. 
 
Locally mediated cutaneous vasoconstriction defined by CVCL(Ts) is strong when  
Ts < 34 oC and decreases markedly above 34 oC.  Shown in Figure 3 are local vascular 
conductances derived from forearm blood flows (FBF) reported by Wenger et al. (1986).  
Conductances were normalized by dividing the measured FBFs for each subject by his FBF 
at Ts = 35 oC.  Also shown are conductances reported by Charkoudian et al. (1999a, 1999b), 
again normalized to a value of unity at Ts = 35 oC.   CVCL is represented by the solid line in 
Fig. 3. 
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Figure 3.  Values of relative skin blood flow and cutaneous vascular conductance, both 
normalized to the value of unity at Ts = 35 oC.  Open circles are data from Wenger, et al., 
1986 and filled circles are data from Charkoudian, et al. (1999a, 1999b). 
 
REFERENCES 
Charkoudian, N., Johnson, J. M., 1999a.  Reflex control of cutaneous vasoconstrictor system 

is reset by exogenous female reproductive hormones. J. Appl. Physiol. 87, 381-385. 
Charkoudian, N, Stephens, D. P., Pirkle, K. C., Kosiba, W. A., Johnson, J. M., 1999b. 

Influence of female reproductive hormones on local thermal control of skin blood flow. J. 
Appl. Physiol. 87, 1719-1723  

Kellogg, D. L., Johnson, J. M., Kosiba, W. A., 1991. Control of internal temperature 
threshold for active vasodilation by dynamic exercise. J. Appl. Physiol. 71, 2476-2482  

Johnson, J. M., Park, M. K., 1982.  Effect of heat stress on cutaneous vascular responses to 
the initiation of exercise, J. Appl. Physiol.: Resp. Env. Exercise Physiol, 53, 744-749.. 

Smolander, J. Saalo, J., Korhonen, G., 1991. Effect of work load on cutaneous vascular 
response to exercise.  J. Appl. Physiol. 71, 1614-1619. 

Stephens, D. P., Aoki, K., Kosiba, W.A., Johnson, J. M., 2001. Nonnorandrenergic 
mechanism of reflex cutaneous vasoconstriction in men. Am J Physiol Heart Circ. 
Physiol. 280, H1496-H1504. 

Taylor, T. W., Johnson, J. M., O’Leary, D., and Park, M. K., 1984. Effect of high local 
temperature on reflex cutaneous vasodilation. J. Appl. Physiol.: Resp. Env. Exercise 
Physiol, 57, 191-196.  

Taylor, T. W., Johnson, J. M., Kosiba, W. A., Kwan, C. M., 1988.  Graded cutaneous vascular 
responses to dynamic leg exercise, J. Appl. Physiol. 64, 1803-1809 

Wenger, C. B., Stephenson, L. A., Durkin, M. A., 1986.  Effect of nerve block on response of 
forearm blood flow to local temperature, J. Appl. Physiol. 61, 227-232. 



Environmental Ergonomics XII  
Igor B. Mekjavic, Stelios N. Kounalakis & Nigel A.S. Taylor (Eds.),  © BIOMED, Ljubljana 2007 

 464 

PERFORMANCE OF THE TEMPERATURE AND HEAT 
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INTRODUCTION 
The most prominent theory proposed to date describing human thermoregulation recognizes a 
thermal ‘set-point’ that the body’s control systems attempt to maintain, but considerable 
dissension still exists as to whether the identification, monitoring, and maintenance of this set-
point are based on temperature or heat. The model of temperature regulation implies the 
existence of temperature-sensitive cells that respond appropriately to provide the body with a 
fixed temperature level, while its control is driven in proportion to the difference between the 
current temperature and the normal fixed resting temperature. Contrary, the model of heat 
regulation holds that the human body maintains a heat content equilibrium over a wide range 
of heat loads by sensing heat flow to/from the body and subsequently defending the body heat 
content through specific physiological responses. Each of the two thermoregulatory models 
exhibits inherent advantages and limitations in explaining the various phenomena of human 
nature and, after almost two centuries of research, the precise mechanisms of human 
thermoregulation remain uncertain. 
 
Application of the set-point theory suggests that the human body regulates its thermal status 
to a neutral and comfortable temperature level. The temperature regulation model suggests 
variations in skin surface temperatures across the different body regions to maintain core 
temperature within a prescribed range, but this does not necessarily extend to a stable body 
heat content which can vary significantly. In contrast, temperature in the heat regulation 
model is viewed as an end-result of the equilibrium in heat production and loss that serves to 
minimize changes in body heat content, with varying temperatures across the surface and the 
core of the body. 
 
The main challenge in examining these fundamental mechanisms of human thermoregulation 
stems from the complexity in the body’s responses to different stimuli, as well as the 
difficulty to explicitly identify the system of interest and isolate it from other systems within 
the body, as well as external dynamics. Nevertheless, the human being remains an automaton, 
constantly sensing the surrounding environment and making adept responses to preserve its 
homeostasis. Our purpose in this experiment was to disrupt the body’s thermal balance and to 
monitor its responses aiming at preserving its homeostasis in relation to the temperature and 
heat regulation models.  
 
METHODS 
Volunteers were 8 healthy adult males (23.8±2.0 years; 1.8±0.1 m; 79.6±11.4 kg]. Written 
informed consent was obtained from all participants after full explanation of the procedures 
involved. The experimental protocol conformed to the standards set by the Declaration of 
Helsinki and was approved by the appropriate ethical review board at Dalhousie University. 
 
Following an initial period of 15 minutes to obtain baseline values, participants entered a 
water tank maintained at 42ºC water temperature and passively rested until their core 
temperature was raised by 0.5ºC above baseline. Thereafter, they exited the warm bath and 
entered a different water tank maintained at 13ºC water temperature until their core 
temperature was decreased by 0.5 ºC below baseline. This procedure was repeated twice, as 
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illustrated in Figure 1. No certain timeframe was set, as the objective of the protocol was to 
reach a certain increase or decrease in core temperature. During the thermal protocol, 
rectal/skin/finger temperature, finger blood flow, metabolic rate, 
respiratory/conductive/convective heat loss and sweat rate were continuously measured. Heat 
loss was determined by the summation over time of body heat storage as previously shown 
(Tikuisis, 2003). The overall mean skin temperature and heat flux were determined by using 
12 heat flux transducers with embedded thermistors (model FR-025-TH44033-F6, Concept 
Engineering, Old Saybrook, CT) which were attached to the skin according to the Hardy-
DuBois weighting formula (Mitchell and Wyndham, 1969). Open-circuit indirect calorimetry 
was used to determine oxygen uptake, carbon dioxide production and other respiratory 
parameters during the thermal protocol. Sweat rate was measured using a 5.0-cm2 ventilated 
capsule placed over the medial inferior aspect of the trapezius muscle. Finger skin blood flow 
was estimated using laser-Doppler velocimetry (PeriFlux System 5000, main control unit; 
PF5010 LDPM, function unit; Perimed, Stockholm, Sweden) at the pulp of the right-hand 
index finger. 
 
Figure 1. Thermal manipulations. 
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Note: TC = core temperature (ºC); 0 = normal core temperature in resting conditions. 
 
Preliminary analysis involved plotting the sweat rate as well as finger blood flow and 
temperature time series separately against the core temperature, mean body temperature, body 
heat storage and rate of body heat storage time series for each participant in order to examine 
for systematic patterns and periodicity. Further analyses were conducted using data from all 
participants simultaneously. To statistically address the possibility that two time series (e.g., 
finger blood flow and either core temperature or mean body temperature or body heat content 
or body heat storage) were not inherently unpredictable (random-walk/white noise), the 
autocorrelation of the residuals from exponential smoothing was calculated for each for a 
maximum of 38 lags (~5 minutes given a sample rate of 8 seconds). Thereafter, Auto-
Regressive Integrative Moving Average (ARIMA) analysis was used to investigate whether 
changes in either sweat rate, or finger blood flow or finger temperature time series (dependent 
variables) were explained by changes in either core temperature or mean body temperature or 
body heat content or body heat storage time series (independent variables). The purpose of 
using ARIMA in the specific analysis was to determine if and when fluctuations in the 
dependent variables were associated with similar fluctuations in the independent variables 
across time. All statistical analyses were performed with SPSS (version 14.0.1, SPSS Inc., 
Chicago, Illinois) statistical software package. The level of significance was set at P<0.05. 
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RESULTS 
ARIMA models combine as many as three types of processes based on the concept of random 
disturbances or shocks: autoregression (i.e., AR), integration/differencing (i.e., I) and moving 
averages (i.e., MA). Between two observations in a time series, a disturbance (in this case 
hot/cold water immersion) occurs that somehow affects the level of the series (e.g., heat 
storage) as well as the level of another series (e.g., finger blood flow). These disturbances as 
well as the association between the two time series can be mathematically described by 
ARIMA models. Using the appropriate model-building procedure for the best possible series 
model (Box and Jenkins, 1976) the identification of the processes underlying the time series 
was conducted to determine the integers for autoregression, differencing and moving average. 
ARIMA models demonstrated that the most efficacious independent variable to explain the 
behaviour of the dependent variables was the body heat storage.  
 
DISCUSSION 
The results of the present study demonstrate that, across time, fluctuations in body heat 
storage are systematically followed by fluctuations in sweat rate, finger blood flow and finger 
temperature. It should be noted, however, that our analyses do not fully establish causality 
between body heat storage and the body’s responses to preserve its homeostasis. Establishing 
causality in endothermic thermoregulation is a major challenge because the underlying 
mechanisms implicated are exceedingly complex. According to deterministic models of 
causality “phenomena have causes and if these causes are present in proper time windows, the 
phenomena will follow” (Olsen, 2003). Using this premise, although the present design 
cannot fully establish causality, our results demonstrate very strong longitudinal associations 
because the independent variable (i.e., body heat storage) existed before the dependent 
variables in time. Ergo, the heat regulation model was more efficacious than the temperature 
regulation model in explaining the phenomena occurring in the present experiment. 
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INTRODUCTION 
Core temperature drop after cardiac surgery slows down the patient's recuperation process. In 
order to minimize the amount of so-called 'afterdrop', more knowledge is needed about the 
impaired thermoregulatory system during anaesthesia, and the effect of different protocols on 
temperature distribution.  
 
METHODS 
A computer model has been developed that describes heat transfer during cardiac surgery. 
The model consists of three parts: 1) a passive part, which gives a simplified description of 
the human geometry and the passive heat transfer processes, 2) an active part that takes into 
account the thermoregulatory system as function of the amount of anaesthesia and 3) 
submodels, through which it is possible to adjust the boundary conditions.  
 
RESULTS 
The validity of the model was studied in two case studies: data from an aortic valve surgery 
and data from a coronary artery bypass graft surgery were compared to model simulations. A 
good resemblance was found between simulation and experimental results.  
The model is a strong tool to quickly assess the effect of changing conditions on body 
temperature. Before exposing patients to a different protocol, the utility of the new protocol 
can already be verified by simulations. With help of a parameter study, the affect of different 
temperature protocols on afterdrop was investigated. It was shown that the effectiveness of 
forced-air heating was larger than the benefits resulting from increased environmental 
temperature or usage of a circulating water mattress.  
 
DISCUSSION 
A whole body thermal model has been developed that can be used to predict temperature 
responses of patients undergoing cardiac surgery. The model has two major applications: 1) 
predictions can be made of the patient's temperature distribution during cardiac surgery, and 
2) it can be used as a test tool for quickly evaluating influences of different protocols on the 
transient temperature distribution. The ultimate application for this model would be to use it 
as a monitoring tool, that detects the temperature of the patient, and eventually advises 
clinicians if, and what kind of thermal intervention is needed to reduce the afterdrop. 
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INTRODUCTION  
One advantage of thermoregulatory modelling is the prevention of thermal injury during 
exposure to hot environments. In particular, the ability to predict the dynamics of the 
regulatory processes and to study quantitative changes that take place in the thermal system. 
The scientific field of modelling the human thermoregulatory system has a long and 
distinguished history, with many eminent scientists contributing to this effort. A milestone in 
this historical development is certainly the contribution of  Stolwjik (1970). 
 
Although perhaps curiosity-driven at first, thermoregulatory models are of increasingly 
practical value in different areas: aerospace industry, building, textile industry, automobile 
industry, etc. 
 
The aim of this paper is to illustrate the abilities of the developed computer simulator for 
practical analysis of thermophysiological behaviour of the human in hot environments. This is 
a short summary of a French-Ukrainian cooperative project. 
 
METHOD  
Multicompartmental thermal models were implemented in an object-oriented approach and 
were realised as a computer simulator [1].  The mathematical foundation of the models is a set 
of differential equations describing heat exchange, and the control thermal processes in 
humans. The human thermoregulatory system is divided into passive and active systems. The 
passive system takes into consideration heat production in organs and tissues, heat transfer by 
blood flows and by conductive pathways, evaporation from skin and respiratory system, heat-
exchange with the environment through convection and radiation. The active system includes 
afferent pathways from the skin and core to the brain, and efferent pathways involved in the 
regulatory responses of vasomotor activity, sweating and shivering. The computer simulator 
accounts for any non-uniformity of the environment, and different levels of physical activity. 
It allows simulation of different clothing composed from available textile databases [2, 3]. A 
microclimate cooling analysis was also incorporated [4], allowing two modes of simulations: 
whole body, or regional cooling (torso, head and/or others). The model allows the simulation 
of not only the effects of the environment, but also of clothing, physical activity, and 
microclimate cooling system 
 
Simulations illustrate transient and steady state responses of body temperatures, total and 
local sweat evaporation, evaporative and dripping sweat rates, total water losses, wettedness 
and sweat efficiency, cardiac output and heart rate, and skin blood flow. 
 
We present the results of two modelling experiments investigating the impact of humid and 
dry hot environmental conditions on human thermoregulatory responses. 
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Figure 1: Blood and mean skin temperatures during the exposure to dry hot environment: Ta= 40°C, 
RH =20%; v=0.1m/s. 
 
the model predicts attainment of steady state in 0.5 hrs after the onset of the exposure. Blood 
temperature does not increase above 37°C, and the difference between blood and mean skin 
temperature is 0.8°C.  For a 2 hr exposure to a humid hot environment (Fig. 2; Ta=40°C, RH= 
80%, and v= 0.1m/s) the model predicts that core and skin temperatures do not attain steady 
state. 

 
Figure 2. Blood and mean skin temperatures during the exposure to humid hot environment 
(Ta=40°C, RH=80%, v=0.1m/s) 
 
According to the model, it would be necessary to evaporate 350 kcal /h to maintain thermal 
balance. However, the predicted E max in this environment is only 50kcal/h. By the end of 
the exposure dripping sweat rate is 700g/h (Fig3).  
 
 
 
 
 
 
 
 
 
 
Figure 3. Dripping sweat rate during exposure to hot humid environment: (Ta= 40°C, RH=80%, v= 
0.1m/s) 
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In contrast to the dry hot environment, the model predicts limited performance in the hot 
humid environment. There is danger of heat stress and excessive water losses. 
 
The effect of clothing can be simulated by altering the insulative and evaporative 
characteristics of the textiles. The model allows composing different clothing layers from 
available the database of textiles. Thermal responses were simulated for the same 
environmental condition, but using two conditions: 1) person wearing full cotton ensemble; 2) 
person wearing combined cotton clothing, comprising an impermeable textile on the trunk [4]. 
The results of the simulation revealed that that any local limitation in sweat evaporation 
reduces the safe exposure time in a hot environment. Even partly impermeable clothing 
decreases heat tolerance significantly. It reduces the time the person performs in a hot 
environment since the core temperature increas 
 
Different levels of physical activity can be simulated by adjusting the metabolic rate and 
blood flow in different skeletal muscles. 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
Figure 4. Dynamics of sweat rate and heart rate in hot environment, physical activity 300W. 
 
The model was validated by simulating physical performance in hot environment. The 
duration of performance depends on the quantity of water in the body. The model warns the 
user when 2% and 4% weight water losses are encountered during an experiment. Fig.3 
depicts the simulation of an individual working at a rate of 300W in a hot environment 
(Ta=40°C, RH=50%, v=01 m/s). As can be observed, intense sweat rate commences at minute 
10 of exposure and steady state is achieved at minute 18. The predicted heart rate is 84 beats 
per min. The model predicts no danger for an individual performing at such a rate in this 
environment, but warns of possible excessive water losses and recommends compensation of 
these losses. 
 
The microclimate cooling (MCS) effect can be predicted through a change of ventilation, 
temperature and humidity of the inlet air. 
Computer simulations were performed accounting for different combinations of MCS 
characteristics. In reality, the cooling effect depends on many parameters and it is not easy to 
predict all physiological consequences. A modeling approach in evaluating MCS is interesting 
as it can account for many factors and make it possible to obtain preliminary data of the effect 
of an MCS under given combinations of environment, clothin and physical activity. MCS 
simulations are performed considering either total body cooling, or regional cooling. For such 

g/h 

sweat rate 

beats/min 

heart rate 



Modelling 

 471 

simulations the additional input data, characterising the MCS, include: ventilation, 
temperature and humidity of inlet air, and microenvironment volume.  
 
DISCUSSION 
Results of our study demonstrate that our model can be applied in practice to predict human 
thermophysiological behavior in a given environment, accounting for and level of physical 
activity.  Analyses of such modeling results can assist in preventing thermal injury in 
designing appropriate exposure to a hot environment.   
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INTRODUCTION 
Over the past 20 years, the trend towards excessive body weight and obesity among adults has 
become epidemic in the United States (2).  To combat this issue, the U.S. Army established 
incremental age categories for weight-for-height requirements for Soldiers (4).  If a Soldier’s 
body weight exceeds the specified limits within his or her age category, body fat percentage 
(%BF) must be measured.  Soldiers who exceed their %BF standard are enrolled in the Army 
Weight Control Program (3).  Assessing the trends of body composition and dimensions in 
U.S. Army populations is important because body measurements affect Soldiers’ health, 
fitness, performance, and safety in the work place (8).  This study investigates temporal 
differences of body dimensions in U.S. Army male Soldiers, by comparing 2004 and 1988 
anthropometric databases (1,5).  In addition, the effects of the anthropometric changes on 
individual thermal physiological responses to a heat stress were evaluated by a thermal 
regulatory model (9) 
 
METHODS 
The height, weight, and %BF of male volunteers with self-reported race/ethnicity from the 
2004 database (n = 480) were compared with those from the 1988 database (n = 1773) (1,5).  
Trained anthropometrists measured volunteers consistent with Army Regulation (3).  Body fat 
was estimated from neck and abdominal circumference measurements using the U.S. 
Department of Defense (DOD) %BF equation (3).  Anthropometric distributions in the two 
datasets were compared using analysis of variance and principal component analysis (PCA).  
PCA provides the best representations of multivariate data in simpler dimensions, by 
transforming linear orthogonal axes (eigenvectors) and maximizing variation (eigenvalues) of 
the data.  The multivariate distribution using PCA was identified with two ellipses 
representing the majority 90% of the two populations. The influence of individual 
anthropometric variations on responses to heat stress predicted by a thermoregulatory model 
(9) were also addressed. The simulated heat stress challenges consisted of: non-acclimatized 
individuals, carrying a 12 kg load, wearing battle dress uniform (BDU) and body armor, 
having rested for 30 min, and walking at 3 mph for 70 min in 35ºC/50%rh.  The 
anthropometric effects on core temperatures (Tcr) were predicted.   
  
RESULTS 
The anthropometric characteristics of the male Soldiers in the 1988 and 2004 databases are 
summarized in Table 1.  The acceptance range of measurement errors according to inter-
observer error standards (6) is also included.  On average, a 2.3 kg increase in weight was 
observed in the 2004 data.  Small increases in height (0.6 cm), BMI (0.6 kg/m2) and neck 
circumference (0.4 cm), and slight decreases in BF (0.8%) and abdominal circumference (0.4 
cm) were observed.  Although these changes were small, analysis of variance indicated the 
differences in height, BMI, body surface, and neck circumference between the 1988 and 2004 
populations were significant.  However, the small differences between the two populations 
were within the acceptance range of measurement error magnitudes (7).   
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Table 1.  Descriptive summary of male anthropometrics and tolerance values of inter-observer 
errors based on 1988 and 2004 populations 
 
Anthropometric variables Database        Inter-observer error range 

N/A: not available; anthropometric values: mean (standard deviation). 
*statistical difference between the 1988 and 2004 database at p<0.05 after Bonferroni 
correction (7 measurements)  
 
Figure 1 presents a two-dimensional plot constructed from the PCA results, with two 90% 
ellipses representing the 1988 and 2004 populations.  The results of the PCA indicate the 
similarity of the anthropometric distributions between the 1988 and 2004 populations.  The 
first component (X axis) represents 61% of the total variation and corresponds to all positive 
loadings of variables indicating overall body size (Figure 1).  The second component (Y axis) 
represents 34% of the total variation and corresponds with dichotomous loadings between 
height and %BF, and a low loading on weight.  These loadings indicate the dichotomous 
somatic shapes, such as “tall-lean” vs. “short-fat.”  The third component, corresponding to a 
somatotype, such as short football players (short with low fat yet heavy weight), was 
eliminated because it represented only 5% of the total variation.  The labels in Figure 1 
indicate the primary somatotypes.  The anthropometric values converted from PC scores were 
also included. The somatotypes of these extreme individuals in both populations are defined 
as, “tall-fat (A),” “tall-lean (B),” “average (M),” “short-lean (C),” and short-fat (D).”  For 
instance, B04 in Figure 1 corresponds to “tall-thin” somatotype (Height: 191cm; Weight: 
83kg; BF: 9%) from the 2004 population.  Anthropometric values were subsequently applied 
to a thermal regulatory model for physiological comparisons.   
 
Figure 2 shows Tcr comparisons between somatotypes in the 2004 population.  At a Tcr  level 
of 38.5°C, the probability for thermal injury is 25% (10).  Based on the time for Tcr to reach 
38.5ºC, male Soldiers, depending upon their somatotype, can perform their tasks for up to 89 
minutes in the simulated hot environment.  “Short-lean” individuals, and to a lesser extent 
“tall-lean individuals”, were predicted to be more tolerant of heat stress and able to maintain 
lower Tcr at any given point in time.  On the other hand, “fat” individuals, whether short or 
tall, were predicted to experience a greater heat strain.  The “lean” individuals were able to 
work 20% longer than “fat” individuals.  Similar Tcr  responses were also observed in the 
1988 database. Overall, within each somatotype, differences in physiological responses were 
minimal and insignificant between the 1988 and 2004 datasets. 

1988 2004
n 1773 480
Age (yr) 29 (7) 28 (8) N /A
Height (cm) 175.9 (6.6) 176.5 (7.3)* 1.1
W eight (kg) 79.3 (3.0) 81.6 (12.2)* 0.3
Body M ass Index 25.6 (3.0) 26.2 (3.6)* N /A
Body fat (%) 18.5 (5.5) 17.7 (6) N /A
Body surface (m2 ) 1 .95 (0.15) 1.98 (0.16)* N /A
N eck circumference (cm) 38.1 (2.0) 38.5 (2.3)* 0.6
Abdominal circumference (cm) 87.6 (8.7) 87.2 (9.2) 1.2* 
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Figure 1.  A two-dimensional plot for the 1988 and 2004 anthropometric males with 90% 
ellipses M04:(Height: 177cm, Weight: 82kg , Body fat 18%); M88:(176, 79, 19) 
 
 

 
Figure 2.  Anthropometric effects on core temperatures by somatotypes (2004 database). A04: 
“tall-fat”, B04: “tall-lean”, C04: “short-lean”, D04: “short-fat”, M04: “average” somatotypes 
 
DISCUSSION 
This study showed secular trends in body measurements and composition among male U.S. 
Army Soldiers from 1988 to 2004, and evaluated the effects of these changes on simulated Tcr 
responses to heat stress.  We found a significant increase in body weight in these two groups 
of U.S. Army males, even though most of them complied with weight control standards (1).  
However, the temporal changes in height, %BF and body circumferences were insignificant, 
with the magnitude of the changes not exceeding inter-observer errors.   These results suggest 
that the relationship between BMI and body composition differ between military and non-
military populations.  That is, in non-military populations, an increase in BMI associated with 
increased body weight is generally thought to reflect an increased level of body fatness.  
However, a weight increase in the Army populations does not necessarily indicate a 
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concomitant increase in body fat since previous studies have suggested that increases in body 
weight can be primarily associated with increases in fat-free mass, rather than fat mass (4,8).     
Five identified somatotypes in multivariate anthropometric distributions showed different 
predicted heat tolerance levels.  Yet, the change in each somatotype between 1988 and 2004 
had a minimal affect on simulated Tcr response to heat stress.  In this study, “small/lean” 
individuals, having low %BF and a higher body surface area per mass for dissipating heat, 
were predicted to maintain a lower Tcr for given exercise and environmental conditions.  
However, operational factors (e.g., environmental conditions, clothing, physical activity, load 
carriage) may impact the thermal strain experienced by individuals with different somatotypes 
in different ways.  
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INTRODUCTION 
The USARIEM Heat Strain Decision Aid (HSDA) is an empirically developed tool for 
mission planning and prevention of heat injury.  HSDA uses information about the individual, 
their environment, clothing, and activity to estimate core temperature (Tc) and calculate 
recommended safe work times.  Data from a recent series of experiments was used to validate 
the performance of HSDA for the conditions studied.  
 
METHODS 
Sixteen volunteers (1 woman and 15 men) participated in a series of experiments consisting of 
six 60 min walking bouts alternating with 20 min rest periods.  The subjects’ characteristics 
(mean ± SD) were age 22 ± 4 yr, height 177 ± 4 cm, mass 80 ± 13 kg, BSA 2.0 ± 0.2 m2.  
Experiments were conducted in 4 different environments: Tdb = 40°C and RH = 40%, Tdb = 
35°C and RH = 30%, Tdb = 27°C and RH = 40%, and Tdb = 20°C and RH = 50%. Wind speed 
was 1m/s for all experiments.  Two moderate work rates were used: ~350W for the 
experiments at Tdb = 27°C, 35°C, and 40°C and ~450W for the experiments at Tdb = 20°C, 
27°C, and 35°C.   Volunteers wore standard army battledress uniforms for all tests.  Tc was 
measured continuously with a temperature telemetry pill. 
 
Experimental conditions were used as inputs to HSDA and its outputs were compared to 
measured Tc and endurance times.  Since HSDA predicts for a 5 hour window, 2 episodes of 
each test bout were considered for comparison; minutes 0-300 and minutes 160-460.  Not all 
volunteers completed every experiment and some volunteers ingested Tc pills < 4 hours 
before testing, which resulted in measurement interference from ingested fluids.   Thus, a total 
of 131 model runs were available for comparison with test data. 
 
RESULTS AND DISCUSSION 
The overall root mean square deviation (RMSD) for all 131 comparisons was 0.43°C which is 
less than the SD of the actual Tc data (0.46°C).  Predictions by HSDA were slightly better for 
experiments at the lower work rate (RMSD = 0.39°C, SD = 0.53°C) than the higher work rate 
(RMSD = 0.46°C, SD = 0.39°C) and slightly better for first 300 minutes of exercise (RMSD 
= 0.39°C, SD = 0.46°C) than the last 300 minutes of exercise (RMSD = 0.48°C, SD = 
0.47°C).    
 
Since HSDA predictions are the basis for much of Army doctrine for prevention of heat 
injury1, it is important to regularly validate its performance.  This comparison of HSDA 
predictions to actual outcomes during exercise in the heat indicates that it is reasonable to use 
in guidance for prevention of heat injury for the conditions studied here.  A similar level of 
robustness has been observed during comparisons to other data sets2.  Model refinement may 
be possible to improve its performance to account for individual variability.  Further research 
is required to examine the performance of HSDA for other environments, uniforms, and 
activities.   
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INTRODUCTION 
In a previous study, 15-year trends in body size and composition of U.S. Army male Soldiers 
were characterized. The predicted effects of the anthropometric changes on the physiological 
responses to work in a hot environment were examined using a thermal regulatory model (5). 
Body weight increased significantly, but not height or percent body fat (%BF). Temporal 
changes in the five primary somatotypes, which were identified by multivariate analysis, had 
no significant effect on the simulated thermo-physiological responses. Similarly, this study 
examined temporal changes in body dimensions of U.S. Army female Soldiers and evaluated 
the anthropometric effects on core temperatures (Tcr) during a simulated thermal challenge.  
 
METHODS 
Height, weight, and %BF of female volunteers with self-reported race/ethnicity from the 2004 
database (n = 904) were compared with those from the 1988 database (n = 2206) (1,3). The 
%BF was estimated using a U.S. Department of Defense % BF equation (2). Anthropometric 
distributions in two databases were compared using analysis of variance and principal 
component analysis (PCA). The multivariate distribution using PCA was identified with a 
90% ellipse representing the majority of the two populations. Identified anthropometric 
variables on the ellipses were utilized in a thermal regulatory model to examine physiological 
differences to simulated heat stress (5). The model simulated non-acclimatized individuals 
wearing battle dress uniform (BDU) and body armor and carrying a 12 kg load, who rested 
for 30 min and then walked at 3 mph for 70 min in 35ºC and 50% relative humidity (rh) 
conditions. The time needed to reach a Tcr of 38.5ºC, representing the point where the 
probability of heat illness was 25% (6), was utilized as the key threshold of heat strain. 
 
RESULTS  
A summary of the female Soldier characteristics and inter-observer measurement errors (4) 
for the 1988 and 2004 databases are summarized in Table 1. The modest temporal increase in 
height (0.5 cm) was insignificant, being less than the inter-observer error (Table 1). The 
increases in weight (3.4 kg) and BMI (1.2 kg/m2) between the 1988 and 2004 databases were 
significant and greater than that observed in the previous male study (7). In contrast to the 
small change in %BF observed in males (7), a significant temporal increase in female %BF 
(1.8%) was observed from 1998 to the 2004. The increase in %BF resulted from increases in 
abdominal (3 cm), hip (1.7cm) and neck (0.9cm) circumferences. The two 90% ellipses in 
Figure 1 represent the 1988 and 2004 populations. Overall, these results are similar to those 
shown in the male study (7). In addition, similar anthropometric distributions between the 
1988 and 2004 populations were observed. The first component (X axis), explains 65% of the 
total variation, corresponds to all positive loadings of variables indicating overall size (Figure 
1). The second component (Y axis), explains 33% of the total variation, is associated with the 
dichotomous height and %BF loadings representing somatotypes such as “tall-lean” vs. 
“short-fat”. The third component was eliminated due to its representing only 2% of the total 
variation in this study. The labels in Figure 1 summarize the main somatotypes and their 
anthropometric values converted from PCA scores in each population.  For instance, “A88” in 
Figure 1 corresponds to a “tall-fat” somatotype (height: 172 cm, weight: 84kg, BF%: 39%) 
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from the 1988 population. Anthropometric values for each somatotype applied to a thermal 
regulatory model resulted into physiological response comparisons of Figure 2 and 3.  
 
Table 1.  Descriptive summary of female anthropometrics and tolerance values of inter-
observer errors based on 1988 and 2004 populations 
 
    Anthropometric variablesDatabaseInter-observer error range 

       N/A: not available; Anthropometric values: mean (standard deviation).   
*statistical difference between 1988 and 2004 database at p < 0.05 after Bonferroni 
correction (8 measurements) 

 
Figure 2 shows Tcr comparisons between somatotypes in the 2004 population. Overall, female 
Soldiers, depending upon somatotype, can perform their tasks for up to 91 min in the 
simulated hot environment. “Short-lean” individuals, were predicted to be more tolerant of 
heat stress and were able to maintain their Tcr efficiently in heat. On the other hand, “fat” 
individuals, whether short or tall, were predicted to experience greater heat strain. However, 
overall, within each somatotype, differences in physiological responses were minimal 
between the 1988 and 2004 datasets.  
 
Figure 3 shows the example of Tcr comparisons between “tall-fat” males (MA) and females 
(FA) from the 1988 and 2004 databases. Although primary somatotype categories are the 
same in females and males, the anthropometric values corresponding to each somatotype 
differ by gender. Within the same somatotype, males are generally taller and heavier than 
females although females have higher %BF than males. Under the heat stress simulation, the 
gender differences in Tcr were overall less pronounced. The differences in heat tolerance time 
for 1988 and 2004 databases were 1 and 5 min, respectively (Figure 3). The trend of greater 
differences in heat tolerance time in the 2004 database than the 1988 database, resulted from 
the female “tall-fat” somatotype being heavier and fatter in the 2004 database.   
 

1988 2004  
n 2206 904
Age (yr) 27 (7) 27 (8) N/A
Height (cm) 163.1 (6.3) 163.6 (6.1) 1.1
Weight (kg) 62.4 (8.6) 65.8 (10.6)* 0.3
Body Mass Index 23.5 (2.7) 24.6 (3.4)* N/A
Body fat (%) 28.2 (5.3) 30.0 (6.7)* N/A
Body surface (m2) 1.67 (0.13) 1.71 (0.14)* N/A
Neck circumference (cm) 31.6 (1.5) 32.5 (1.9)* 0.6
Waist circumference (cm) 72.9 (6.5) 76.1 (8.7)* 1.1
Hip circumference (cm) 97.1 (6.2) 98.8 (7.9) N/A* 
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Figure 1. A two-dimensional plot for the 1988 and 2004 databases of female Soldiers with 
90% ellipses. (Height: cm, Weight: kg, Body fat: %) values converted from principal 
component scores 
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Figure 2.  Anthropometric effects on core temperatures by female somatotypes. A04:”tall-fat”, 
B04: “tall-lean”, C04: “short-lean”, D04: “short-fat”, M04:  “average” somatotypes 
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Figure 3. Gender comparisons in core temperature between the 1988 and 2004 “tall-fat” 
somatotypes 
 
DISCUSSION 
While the major temporal increase was weight in males (7), weight and %BF were major 
increases in the U.S. Army female populations over the past 15 years. Five identified 
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somatotypes in multivariate anthropometric distributions showed different heat tolerance 
levels: lean people were able to lower their Tcr than fat people in the heat simulation 
conducted in this study. However, the differences in each somatotype between 1988 and 2004 
had a minimal effect on simulated Tcr in a heat stress. Although the same somatotypes were 
identified in males and females, body measurements in the somatotypes differed by gender. 
The gender differences in heat strains were not prominent in all somatotypes in this study. 
However, the trend of the gender differences in the “tall-fat” somatotype were slightly greater 
in the 2004 than 1988 database, due to the increase in fatness among 2004 female 
populations. If the trend in fatness keeps increasing in females, “tall-fat” groups of the female 
population will be more likely to experience heat strains and thermal injuries, and less able to 
work as long as other somatotypes in the heat, unless proper acclimatization and training to 
thermal stresses are provided.   
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ANALYSIS OF SLOVENE ARMY SOLDIERS’ FEET 
Tomaž Kolšek2,  Aleš Jurca2 and Igor B. Mekjavic1 

1Department of Automation, Biocybernetics and Robotics, Jozef Stefan Institute, Ljubljana & 
UCS d.o.o., Vrhnika, Slovenia 

Contact person: tomaz.kolsek@ucstech.eu 
 
INTRODUCTION 
In order to provide optimal combat equipment for soldiers, the army boots have to be 
carefully designed. Within this process, a foot-shoe fit is an important issue. A poor fit can 
result in injuries such as blisters, chafing, bunions, sprains, and strains. The aim of the present 
study was to obtain information regarding feet geometry of personnel in the Slovene Armed 
Forces (SAF) as a prelude to the development of prototype army footwear.  
 
METHODS 
A total of 432 male soldiers had both their feet scanned with a 3D high resolution foot 
scanner (VORUM YETI 3D). During the testing, each person wore thin white socks. The data 
was exported to independent ASCII format, describing foot surface in detail.  The proprietary 
geometrical data was converted into independent computer digital format and relevant 
characteristics extracted. These characteristics were analysed in order to provide data for 
potential new lasts, which may serve as the geometrical basis for any new footwear.  
 
A proprietary computer software tool GRAFOMAT (GRAphical FOot MAnipulation Tool) 
was used to convert data between different computer formats, visualize, edit, extract relevant 
characteristics, compare and manipulate the scans (Figure 1). 

 
Figure 1: GRAFOMAT graphical user interface 
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Each scan data was first oriented (see Figure 2 left) and then several characteristics extracted. 
Only the foot length and foot width characteristics analyses are presented. 

   
Figure 2: Initial orientation and an example of foot length and width measurement 

 
The foot length was considered the distance along the x-axis, measured from the minimum x-
point within the heel area, to the maximum x-point within the toes area (either first or second 
toe), see Figure 2.  The foot width was determined as the distance in the y-direction between 
the inner contour maximum point (ICMP) and outer contour maximum point (OCMP). ICMP 
is detected in the range 65% - 80% foot length, whereas OCMP is detected in the range 50% - 
80% length. This methodology eliminates questionable maximums related to flat feet and first 
toe pointing outwards. An example is depicted on Figure 2 right. 
 
The following analyses were conducted on the obtained data: 

• distribution of foot lengths 
• differences in left/right foot length 
• foot length versus foot width 
• differences in left/right foot width 

 
RESULTS 
Figure 3 shows the distribution of foot length classes. We performed two classifications: 1) 
left and right scans were treated as individual feet, and 2) the longer foot of all individuals 
was used as the classification criteria. 

Figure 3: Classification according to foot length 
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In the present subject population, 10% had a length difference between left and right foot 
greater than 6 mm, which is one EU size number. 

 
Figure 4: Foot length difference left/right 

 
Figure 5 shows foot length data versus foot width data, which demonstrates the existence of a 
considerable variation of foot width in the same foot length class. 

 
Figure 5: Foot length versus foot width 
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The line through the data points represents the mean width values of individual length classes. 
Thus, for example, in the 270 mm length class, the width variation is from 90 mm up to 113 
mm, which is more than 20% of the average value. 
 
Figure 6 shows the difference between left and right foot widths for the same individuals. 
Despite the apparently small differences, nearly 20% of subjects had a difference of 3 mm or 
greater. 

 
Figure 6: Difference between left foot width and right foot width for the same individual 

 
DISCUSSION 
There were notable differences between left and right foot lengths and widths in the present 
subject population. The present results suggest that at least three shoe width classes of 4-6 
mm should be manufactured for each length class to offer optimal foot-shoe fit for 
approximately 95% of the subjects in the present sample.  
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STUDY ON GIRDLE BASED ON INTERACTIVE 3D BODY SCANNING 
Wen Bi Zhang, Ping Xiao, Jun Lli 

Contact person: Xiaoping@mail.dhu.edu.cn 
 
INTRODUCTION 
Girdles are used to modify the shape of the lower body. For optimal fit and freedom of 
movement of girdles, it is necessary to extract key parameters of body shape. 
 
Many anthropometric studies have been carried out to analyse the shape of the human body 
using three dimensional (3D) scanners that can capture detailed images of sections of the 
body, or the entire body. This information can also improve fitted-design girdles. Ashdown et 
al. (2004) tested the effectiveness of using 3D scans of clothed participants in the fit analysis 
process, and created databases of scans of a variety of body shapes and sizes. Simmons and 
Istook (2004) described body shapes and proportions of the present population in North 
America, and provided a theoretical framework for the development of an expert shape-
sorting system using 3D body scan data. Sugita (2002) studied the effects of girdles on 
comfort in elderly females using 3D human body measurements. 
 
Girdles have been demonstrated to affect cardiac output (Watanuki, 1994), via changes in 
blood pressure, and heart rate (Nagayama et al.,1995), and also the balance of sympathetic 
and parasympathetic nervous activity. Sugita et al. (2002) studied the effects of wearing a 
girdle in static subjects, by comparing the measurements of clothing pressure, heart rate, skin 
temperature, electroencephalogram (EEG) with those obtained in subjects not wearing a 
girdle. The main aim of these studies was to investigate the functional performance of girdles 
based on body shape, comfort and physiological responses. Information regarding the 
pressure effects of girdles is lacking. Recently, Fan and Chan (2004) presented a method for 
the prediction of clothing pressure of girdles using a manikin.  
 
The purpose of this study was to analyse shape factors of the lower body and relate them to 
the structure of girdles, based on geometric features and physiological structure. The results 
of such an analysis may assist manufacturers of underwear. 
 
METHODS 
A randomly chosen sample of 800 female subjects participated in the study. They between the 
ages of 18 and 60 years, and resided in East China. Twenty-six measurements were extracted 
from 3D scans of participants using a 3D body scanner ([TC] 2, USA). These included linear, 
angle, width and girth measurements, such as waist height, abdomen girth, hip width, back 
hip slope angle, etc. 
 
Scans were conducted in a 3D scan laboratory where the temperature was controlled at 
25 ± 2°C and relative humidity at 60 ± 10%. Each subject entered the laboratory at least 5 
minutes prior to the start of the experiment, so that she could change her garments and 
become accustomed to the experimental environment. 
 
On the basis of the analysis of the relationship between the functional construction of girdles 
and the shape of the lower body, we propose six shape factors based on physiological features 
of the lower body. These six factors reflect the shape of the waist, abdomen and hip, and were 
used to derive three indices shown in the formulae below: 

 



Modelling 

 487 

 
%100%100)(

)()(
1 ×

−
=×

−
= WH

WWHW
heightWaist

widthWaistwidthHip
E        (1) 

 
%100%100)(

)()(
1 ×

−
=×

−
= WH

WTHT
heightWaist

depthWaistdepthHip
S         (2) 

 
%100%100)()(

)()(
×=×

−
−

= WTH
WHH

heightThighheightWaist
heightHipheightWaist

HH        (3) 
 
The original data were tested for normality of distribution using Q-Q Probability Plot. Then a 
K-Means cluster analysis was selected and run on SPSS in order to group participants 
according to similarities of the six factors. Eight separate cluster analyses were run, 
generating participant cluster membership when given from two to nine grouping categories. 
Each K-Means cluster result was evaluated to determine the ideal number of grouping 
categories based on ANOVA results. The Euclidean Distance ∑

=
−=
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i
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important formula in K-Means cluster. Finally, a Fisher discriminant approach, which is one 
type of statistical mode to distinguish ability, was selected. It is a traditional linear approach, 
which is extensively applied in mode categorization and feature extraction. 
 
RESULTS 
Only Q-Q Probability Plots for waist girth are presented (see Fig. 1). As seen in Fig. 1, the 
distribution of waist girth is basically normal. Normality of distribution was observed for all 
parameters measured.  
 
Based on cluster results, we found that the observed significance level of at least one variable 
in cluster membership from 2 to 6 is more than 0.05. There was no distinct difference. But the 
observed significance levels of cluster membership 7 were all less than 0.05. There are 
relatively significant differences. The result of cluster membership 7 is best in all cluster 
results. 
 
Based on Fisher analysis results, there are seven clusters in the lower body. So there are seven 
linear discriminant functions. F1, F2, F3, F4, F5, F6, F7 represent respectively the seven 
kinds in cluster analysis. When a given body needs to be assigned to a group, the body shape 
factors of this body are entered in each Fisher discriminant function. On the basis of the seven 
function values, the body is then assigned to a group, if the value of the group is the largest in 
all function values. 
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DISCUSSION 
In this study, forehead (E1 and HH), and arrowy sector factors (S1), representing the 
geometrical feature of lower body, are extracted or derived from 3D scan measurements. The 
analysis of these shape factors with a normal distribution test, K-Means cluster and Fisher 
discriminant tests, we investigated the features of the lower body of also men in East China. 
The study shows: 
(1) The 26 measurements are mostly normally distributed. 
(2) Based on geometric features and physiological structure of the lower body, six body 
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measurements are extracted as body shape factors. 
(3) Through a K-Means cluster analysis, the 800 participants were sorted into 7 types of 

lower body shapes. 
(4) Using the Fisher discriminant approach, seven Fisher linear discriminant functions were 

derived. Using these seven Fisher functions, a given body can be assigned to a particular 
group. Based on the features of this group, the girdle pattern can be imperceptibly 
adjusted from waist to hip in order to improve fit and comfort of girdles. 

(5) Subdividing the lower body is also of benefit in deriving fit and comfort of men’s 
trousers. The present research focused on the population of East China. Further studies 
should address the body shapes of the population of the entire country.  
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SHORT-TERM HEAT STRESS EXPOSURE LIMITS BASED ON WBGT 
AND ADJUSTED FOR CLOTHING 

Thomas E. Bernard and Candi D. Ashley 

University of South Florida, Tampa FL, USA 
Contact Person:  tbernard@health.usf.edu 

 
INTRODUCTION 
Because many uncompensated heat stress exposures may be safe for a limited period of time, 
more information on safe time limits is needed for their use in occupational safety and health 
practice.  For instance, the US Navy physiological exposure limits (PHELs) are WBGT-based 
time limits for uncompensable heat stress while wearing standard clothing.  It may be possible 
that clothing adjustment factors can account for clothing differences in PHEL-like exposure 
guidelines.  The goal of this study was develop an empirical model of less complexity than 
rational models for practical application in evaluating time-limited heat stress exposures and 
to include nonwoven fabrics in the development. 
 
METHODS 
Thirteen 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, vapour-permeable ensemble 
(NexGen® LS 417), and vapour-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.   
 
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 
temperature, heart rate and ambient conditions were monitored continuously and recorded 
every 5 minutes. The safe exposure time 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. 
 
Table 1.  Combinations of Clothing Ensemble and Target Levels of WBGT [°C] at 50% 
Relative Humidity 
Ensemble L1 L2 L3 L4 L5 
Work Clothes 36 37 38 40 44 
NexGen 33 34 36 38 41 
Tychem QC 29 30 32 34 38 
 
RESULTS 
Because the environmental conditions were selected with the ensemble in mind, the heat 
stress level was nested within ensemble and an appropriate ANOVA was performed.  Table 2 
summarizes the safe exposure times for the combinations of ensemble and heat stress level.  
An initial analysis of the data pointed to anomalous data for NexGen at Heat Stress Level 2, 
in which they were systematically higher than expected from the other data for NexGen and 
from the data for work clothes and Tychem QC.  For this reason, all the data in that cell were 
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not included in the data analysis.  The ANOVA based on the nested design indicated 
significant effects for ensembles and heat stress level. While a significant difference was 
detected by the ANOVA, Tukey's HSD did not distinguish among the ensembles. For the heat 
stress levels, Tukey's HSD pointed to some overlap between pairs of ensembles and heat 
stress levels, but generally each heat stress level was different from the others and the 
ensembles within each heat stress level were not different.  
 
Table 2.  Mean (±standard deviation) for safe exposure time for the three clothing ensembles 
by five heat stress levels. 
Heat Stress Level Work Clothes NexGen Tychem QC 
1 77.7±17.0 77.4±30.2 77.4±14.3 
2 60.5±20.4 96.5 †±27.6 61.7±20.1 
3 55.1±15.7 49.3±14.1 55.5±12.6 
4 38.1±7.5 39.9±7.9 46.5±5.5 
5 25.7±6.5 27.9±9.2 33.0±6.5 
LS Mean 50.3 50.2 55.5 
 
The actual WBGT was adjusted for the clothing using previously determined WBGT clothing 
adjustment factors (Work Clothes:  0; NexGen:  +2.5; Tychem QC:  +7.5).  The baseline 
metabolic rate was taken as the average value, which was 188 W m-2.  The WBGT was 
further adjusted by the difference from the average value by -0.039 °C-WBGT per W m-2.  
That is, the adjusted WBGT is increased if the trial metabolic rate was less than the average 
and decreased if above average.  The Adjusted WBGTs versus the exposure time limit are 
shown in Figure 1.  The equation for the protective limit line was fit subjectively to match the 
lower times and include about 95% of the data above the line.  The equation is: 
 
Time Limit [min] = 22,000/(AdjWBGT [°C] - 27.5)3 + 10(1) 
 
DISCUSSION 
An inspection of Table 2 suggests that each of the heat stress levels has about the same 
average safe exposure time.  There was some bias in the selection of WBGTs for each heat 
stress level because NexGen and Tychem QC were targeted for lower WBGTs by 2.5 and 6.5 
°C, respectively.  For main effects, the Tychem had a higher LS mean than work clothes or 
NexGen, and this appeared to be due to longer times in the two higher heat stress levels.  The 
Tukey's HSD analysis found no statistically significant differences among ensembles within 
heat stress levels.  Overall there is fair evidence to suggest that the clothing adjustment factors 
apply to uncompensable heat stress as well as compensable heat stress near the occupational 
exposure limit. 
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Figure 1.  Safe exposure time related to WBGT adjusted for clothing and metabolic rate with 
a suggested protective limit. 
 
The reference metabolic rate for the data in Figure was 190 W m-2 or about 380 W for the 
participant population.  At 35, 40 and 45 °C-WBGT, the time limits are 62, 21 and 14 
minutes.  Using the US Navy PHEL 280 W curve for the same WBGTs, the times are 78, 30, 
and 18.  The general trend is the same, but the comparison is somewhat difficult because of 
the 100 W difference in the reference metabolic rate.  The US EPRI 430 W (Heavy Work) 
curve for the same WBGTs have times of 35, 15 and 0; while the 290 W (Moderate Work) 
curve is 180, 52, and 17 minutes.  The EPRI curves bracket the proposed protective limit. 
 
The adjustment of WBGT for the metabolic demands was applied to a rather narrow range of 
metabolic rates, but the adjustment factor described in the results was developed for a range 
from low to high metabolic rates.  To compare to the previous recommendations, let the 
following define AdjWBGT based on a nominal body surface area of 2.0, which was typical 
of the subjects in the study. 
 
AdjWBGT [°C] = WBGTmeasured + CAF - 0.02 (380 - M[W]) (2) 
 
Using 285 W as the metabolic rate and CAF = 0 (Work Clothes), the equation recommends 
time limits of 140, 29, and16 minutes.  These fall closely into alignment with EPRI and are 
close to the PHEL times. 
 
Previous efforts at using Clothing Adjustment Factors to account for different clothing 
ensembles in WBGT exposure assessment schemes for prolonged exposures have 
demonstrated that the CAFs are robust to metabolic rate and different levels of relative 
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humidity.  The only exception is a vapour-barrier ensemble, which has clothing adjustments 
that depend on the level of humidity.  In this case, a protective value in the range is suitable.  
Table 3 provides CAFs for the ensembles in the current study plus two others from related 
work. 
 
Table 3.  Clothing Adjustment Factors (CAF) for Five Clothing Ensembles over Base 
Clothing (tee shirt/sports bra, shorts with briefs, socks and shoes) 
Ensemble Work 

Clothes 
Cotton 
Coveralls 

Tyvek 
Coveralls 

NexGen 
Coverall 

Tychem QC 
Coveralls 

CAF [°C-WBGT] 0 0 0.7 2.5 10.0 
 
In conclusion, Equations 1 and 2 represent a starting point for using WBGT with adjustments 
for clothing and metabolic rate.  The protective nature of the limit needs to be further 
explored for other metabolic rates. 
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ESTABLISHING SAFE RADIATION CONTOURS FOR FIRST 
RESPONDERS BASED ON PREDICITIONS OF HEAT STRAIN. 

Emiel A. DenHartog, Ronald Heus, 
TNO Defence, Security and Safety, Business Unit Human Factors, Soesterberg, 

The Netherlands 
Contact person: emiel.denhartog@tno.nl 

 
INTRODUCTION 
The fire fighters organization of Rotterdam Rijnmond utilizes so-called Radiation-contours to 
determine safety zones with relation to fires on industrial complexes. These radiation-
contours are currently 3 kW/m2 for fire fighters and 1 kW/m2 for other emergency responders. 
TNO Defense, Security and Safety was requested to indicate whether these values are 
reasonable or need changing. In this study the heat strain to the human body, as imposed by 
different levels of radiative heat was investigated, with the factors clothing, air temperature 
and exercise levels as independent variables. 
 
METHODS 
The computer model THDYN (THermal physiology DYNamics), developed by Lotens at 
TNO was utilized to simulate the heat strain in various scenarios and thus estimate the 
tolerance time for emergency responders. The heat strain of humans results from factors such 
as climate, clothing, exercise and individual variables. During the fighting of a large industrial 
fire the radiation imposes the largest heat stress. The clothing for fire fighters is usually 
standard for a certain fire brigade and is therefore a known variable. Other emergency 
responders have clothing that may vary substantially in thermal properties and may not 
provide flame and heat protection. Insulation values used in the simulations were obtained 
from previous projects on fire fighter clothing. Varying climate (air temperature, radiative 
heat), exercise levels and clothing insulation as input parameters to THDYN, 1296 different 
scenarios have been simulated. For the four most relevant scenarios of radiative heat (1, 1.5, 2 
en 3 kW/m2) the limitations to emergency responders have been indicated. 
  
RESULTS 
At a radiation-contour of 1 kW/m2 the model predicts no limitations to work at low levels of 
exercise. At higher exercise levels limitations do appear. At the highest exercise level (300 
W/m2) work duration limitations appear at air temperatures above 18 °C, which is quite 
typical at this exercise level. At the radiation-contour of 1.5 kW/m2 similar results are 
obtained, but the maximal duration is further limited at higher exercise levels. Already at 
moderately high exercise levels work duration limitations appear at moderate temperatures, 
above 20 °C, and personnel may need to be monitored. 
 
At 2 kW/m2 the advantage of having protective clothing becomes apparent. At these radiation 
levels it is no longer prudent to allow exposure of individuals without protective clothing. At 
these radiation levels there is a risk of burn injuries to unprotected skin. The current version 
of the THDYN model does not allow for prediction of local skin temperatures and this issue 
was not considered further in this study. At 3 kW/m2 protective clothing is clearly necessary. 
At this radiation-contour working without protective clothing is impossible. At moderate to 
high exercise levels the work duration is limited to 20 minutes. 
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DISCUSSION 
Based on the THDYN simulations, there is no direct reason to change the radiation-contours 
of 3 kW/m2 for fire fighters in protective clothing or 1 kW/m2 for other emergency responders 
in non-specific protective clothing. These radiation-contours indicate a safety area in which it 
is possible to work for prolonged periods in terms of heat strain. It would be possible to shift 
the 1 kW/m2 contour for other emergency responders to 1.5 kW/m2. Such an action would 
require medical monitoring and surveillance of emergency responder personnel under warm 
climatic conditions (i.e. summer), and limiting work durations if necessary. 
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INTRODUCTION 
The concept of skin wettedness (Gagge et al., 1977) is often used when calculating 
evaporative heat loss or evaluating a hot environment. However, in past investigations in this 
field, inappropriate handling or theoretical confusion of the term “wettedness” is observed as 
a result of discussions that failed to correctly understand the relationship between the 
fundamental difference in physical fields based on the difference in scale and macroscopic 
laws. In this paper, the so-called skin wettedness is discussed from a different viewpoint to 
clarify its true nature, by considering the heat and mass transfer phenomena on the human 
body surface from a microscopic viewpoint. 
 
METHODS 
Skin wettedness might be interpreted as the ratio wA of the wet area Aw to the total surface 
area A of a human body. This skin wettedness can not be measured directly from the human 
body surface but can be calculated by the ratio wH of actual evaporative heat loss Esk to 
maximum evaporative heat loss Emax However, there is an essential difference between wA and 
wH from a physical viewpoint. The value of wH is a macroscopic quantity that requires no 
information, such as which parts of the human body surface are wet or in what condition. On 
the other hand, wA is a concept that can only be established from the viewpoint of 
distinguishing the wet and dry parts of the human skin surface. No actual human body is , for 
example, soaking wet in the upper half and completely dry in the lower half, but the body 
usually appears to be uniformly wet uniformly, and it is therefore difficult to distinguish these 
two conditions by the naked eye. Therefore, it is necessary to reduce the scale of 
measurement to discuss wA from a microscopic viewpoint. While it is necessary from the 
above viewpoint to clarify the relationship between the laws in a macroscopic field and the 
heat and mass transfer mechanisms in the temperature and concentration fields of a 
microscopic scale, where the wet and dry parts of the human body can be distinguished, 
strictly theoretical handling is too difficult because of the extremely complex properties of the 
actual human body surface.  However, it is thought that a model of mass transfer from a 
discontinuous source (Suzuki et al.., 1968) described below will be useful for understanding 
the actual phenomena. Perspiration from the human body surface is thought to be a problem 
of mass transfer from a surface consisting of a mixture of areas with mass transfer (wet area) 
and those without mass transfer (dry area). A model that takes into account the above 
problems ( see Fig.1 ) was used here to represent the condition of the human body from the 
microscopic viewpoint. In this model, the semidry body surface is regarded as an assembly of 
unit cells, each of which contains the skin and outside air layer. The circular area at the center 
of the skin surface represents the wet surface, while the ring-like area surrounding it 
corresponds to the dry area. This model can simulate the process by which sweat is released 
from sweat glands and spreads over the surrounding area. Calculation of skin layer is handled 
as only a heat transfer problem and that of the air layer as only a  mass transfer problem based 
on the assumptions that thermal conductivity on the skin layer is uniform and that molecular 
diffusion occurs in the stationary film (thickness: δ) in the air layer. 
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RESULTS 
Figure 2 shows the relationship between the skin wet area ratioφ• calculated by the above 
method and Esk/Emax. The values used for the calculation are listed in Table 1. The Lewis 
relation was used to calculate hD, and the value of δ was estimated with the assumption that δ 
= D/hD. The value of rc was found from the space occupied by one sweat gland, which was 
obtained by dividing the body surface area (1.75 m2) of an average male subject by the 
number of sweat glands (2.3 million)(Kuno, 1956). Several combinations of Ta and Ca, were 
used for the calculation, and TL was determined to make the mean skin surface temperature 
35°C. The results shown in Fig. 2 indicate that Esk/Emax does not change greatly regardless of 
air temperature or humidity and remains close to 1 even ifφ2, which is thought to be the real 
wet area, decreases. Because the vapor generated from the wet area diffuses in the film three-
dimensionally, the vapor concentration might become almost uniform at a position less than δ 
from the skin surface in the y direction when δ is greater than rc. Consequently, the 
concentration field in the film would not accurately reflect the skin surface condition. This is 
obvious from the results of calculation of vapor the concentration distribution based on the 
assumption that φ = 0.25 at a temperature of 30°C and relative humidity of 10%, as shown in 
Fig. 3. Figure 4 shows the results of temperature distribution in the skin layer for the same 
case. It can also be seen here that, because rc is small, the difference in heat flows of the wet 
and dry parts of the skin surface does not have much effect on temperature distribution. If the 
mean skin temperatures of the wet and dry parts of the skin surface are calculated by changing 
the value of φ from 0.01 to 0.99, the difference between them is only about 1°C at most and is 
much greater than that in normal conditions. For this reason, the effect of microscopic 
temperature fields on the skin surface on the amount of evaporation is though to be 
insignificant. 

Table 1  The value used for calculation 
 

D    2.61×10-5 [m2s-1] 
Rv   8.31 [JK-1mol-1] 
γ   2.44×103 [Jkg-1] 
h    2.33 [Jm-2s-1K-1] 
λ   0.35 [Jm-1s-1K-1] 
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Fig. 1  Model of heat and mass transfer from the human 
body surface 
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Then, if the relationship between Esk/Emax and φ2 in the model presented here is treated as a 
simple mass transfer problem without regarding the heat transfer, it can be as shown in Fig. 5, 
with δ/ rc given as a parameter. As can be seen from this figure, the relationship where Esk/Emax 
is simply proportional toφ2 cannot usually be established unless δ/ rc is small and especially 
when δ/ rc >1, Esk/Emax, does not decrease much even whenφ2 decreases. When it comes to the 
parameter δ/ rc here, rc is related to the characteristics of skin surface, physiological and other 
human body conditions, while δ is related to the air velocity, clothing and other external 
conditions. In the case of Fig. 2, the calculated value of δ/ rc is 24.3 as a result of estimating δ 
and rc by the practical method mentioned above. Therefore even if there are some differences 
between this estimated value and Fig. 5, or if the differences in the details of the model and 
real subjects are taken into account, the above-mentioned relationship between skin 
wettedness Esk/Emax and true skin wet area ratio Aw/A will not change greatly. In the concept 
of skin wettedness proposed by Gagge and Nishi (1977), evaporative heat loss from the skin 
surface is taken into account and it takes the position of correcting area A, based on the 
assumption that the mass transfer coefficient hD is constant, rather than correcting the mass 
transfer coefficient when explaining the difference found between actual evaporative heat loss 
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and calculated heat loss based on the assumption that the skin surface is completely wet. 
Although to validate this method, an analogy must be established among the physical 
quantities. However, it is thought that there is no linear relationship between the wet area and 
evaporative heat loss in a microscopic field where the wet and dry areas of the human body 
surface can be distinguished. It can thus be seen that this handling of considering the mass 
transfer coefficient as constant has an intrinsic problem. As long as a macroscopic point of 
view is adopted, Esk/Emax can not be considered to be the ratio of an area but a correction 
factor for the mass transfer coefficient and cannot have more significance than the ratio of 
heat loss or of evaporation. In this sense, it is thought to be inappropriate to call Esk/Emax the 
skin wet area ratio, and it might be more reasonable to use a term such as evaporative 
efficiency or heat loss ratio. In fact, this inappropriate naming is thought to be a cause of 
theoretical confusion. Meanwhile, when considering the human body surface from a 
microscopic point of view, because evaporative heat loss becomes smaller than the maximum 
value only when the real skin wet area ratio is extremely close to 0, evaporative heat loss is 
thought to be close to the maximum value when the actual skin surface is felt even slightly 
wet. This also provides validity for the assumption that evaporative heat loss smaller than the 
maximum value is due to recession of the evaporation surface to the interior of the skin layer 
or other reasons rather than to a decrease in the true skin wet area ratio. There is usually a 
considerable variation in results of plotting the value of Esk/Emax macroscopically found from 
the amount of weight loss against atmospheric temperature and relative humidity. This is 
thought to mean that, in addition to problems associated with measurements, Esk/Emax itself is 
susceptible to a local imbalance of the temperature and vapor concentration fields because it 
is subject to the above-mentioned mechanism of microscopic transfer phenomena and that it 
is not determined univalently from average characteristics, such as the outside air temperature 
and relative humidity. Considering all these aspects, there may be certain limits in the use of 
so-called skin wettedness when discussing thermal sensing indexes or other matters.  
 
DISCUSSION 
In this investigation, so-called skin wettedness was discussed to clarify its true nature by 
considering the heat and mass transfer phenomena on the human body surface from a 
microscopic viewpoint. The mainresults are as follows: 
The value of Esk/Emax is thought not to change greatly and to remain close to 1 even if the real 
wet area ratio Aw/A decreases under usual ambient thermal condition, by considering the skin 
surface from microscopic viewpoint distinguishable between wet and dry area. 
If evaporative heat loss is smaller than the maximum value, this is thought to be due to factors 
other than decrease in the true skin wet area ratio, for example, recession of the evaporation 
surface to the interior of the skin layer. 
There may be certain limits in so-called skin wettedness, so some notifications should be paid 
to use of the skin wettedness when discussing thermal sensing indexes or other matters. 
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INTRODUCTION 
Heat illness is a routine and significant risk in military personnel of many nations. In the 
British Armed forces, this risk is managed, in part, by defining wet-bulb-globe temperature 
(WBGT) limits  for different in-Service work categories (‘Low’, ‘Medium’, ‘High’, ‘Very 
high’ and ‘Extreme’) (JSP 539, 2003). However, these limits have not been validated in the 
user population and therefore carry unknown heat illness risk. To test anecdotal reports and 
heat strain predictions that the WBGT limits are overly cautious, a research programme was 
undertaken to provide empirically-based WBGT limits in male soldiers, not acclimatised to 
heat. Initial studies quantified the intra- and inter-individual variability in heat strain and 
established that the population-based deep-body (rectal) temperature (Tre) should be limited to 
38.2 °C (Weller and Withey, 2004; 2005). The aim of the present study was to propose 
suitable WBGT limits based on this Tre threshold. 
 
METHODS 
The study, which was approved by the QinetiQ Ethics Committee, was divided into two 
phases (A and B). In Phase-A, 12 male soldiers representative of British Armed Forces 
personnel (age, 23.1 (1 SD, 4.6) y; body mass, 80.1 (12.2) kg; aerobic power, 53.0 (5.9) 
ml·min-1·kg-1), undertook five Heat Tests (HT) - HT1a, HT2a, HT3a, HT4a and HT5, 
consisting of treadmill exercise in a hot chamber. The target metabolic rates (achieved by 
alterations in treadmill speed and/or incline) were 175, 325, 500, 658 and 821 watts for 
HT1a–HT5, respectively, and were consistent with the in-Service work categories (see 
above). The thermal environments were controlled at the WBGT limits predicted by 
mathematical modelling (38, 32, 25, 20 and 20 °C, for HT1a–HT5, respectively), with black-
globe temperature equal to dry-bulb temperature, relative humidity (rh) maintained between 
20 and 27 %, and air speed (Va) kept to a minimum (< 0.2 m·s-1). Subjects wore lightweight 
combat clothing and boots during the walking Heat Tests (HT1a–HT4a), and shorts, a T-shirt 
and sports shoes during the running Heat Test (HT5). Heat strain variables were measured 
throughout the Heat Tests, and the WBGT limits were categorised as either: ‘Conservative’ 
(Tre < 38.0 °C), ‘Satisfactory’ (Tre = 38.0–38.4 °C), or ‘Risky’ (Tre > 38.4 °C). Although the 
WBGT limits evaluated were relevant for 60- (HT1a–HT4a) and 30-minute (HT5) exposures, 
the Heat Tests were scheduled to last 120- and 45-minutes, respectively, to establish any 
subsequent rise in Tre. An increase in Tre of greater than 0.5 °C between 60 and 120 minutes 
was considered unacceptable.   
 
RESULTS 
HT1a was considered ‘Risky’, and the measured work rate during HT2a exceeded the target 
work rate by 20%, whereas HT3a, HT4a (120 minutes) and HT5 (45 minutes) were 
categorised ‘Satisfactory’. Tre during the Heat Tests in Phase-A are shown in Figure 1. 
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Figure 1: Rectal temperature during the Heat Tests in Phase-A 
Data presented as the 10-minute mean and 1 SD. Solid squares denote HT1a (n=11); solid 
diamonds, HT2a (n=9); solid triangles, HT3a (n=11); solid circles, HT4a (n=12); and no symbols, 
HT5 (n=9). 

 
Given the results from Phase-A, a different group of male soldiers (same physical 
characteristics as those in Phase-A) undertook five further Heat Tests in Phase-B: HT1b 
(‘Low’ work rate and WBGT reduced to 34 °C); HT2b (revised ‘Medium’ work rate and 
WBGT, 32 °C), HT2c (revised ‘Medium’ work rate, WBGT, 30 °C and rh, 35%); HT2d 
(revised ‘Medium’ work rate, WBGT, 30 °C and rh, 84%); and HT4b (‘Very high’ work rate, 
WBGT, 20 °C and Va increased to 1 m·s-1). At 120 minutes, HT1b, HT2c, and HT2d were 
categorised ‘Conservative’, while HT2b and HT4b were considered ‘Satisfactory’. Tre during 
the Heat Tests in Phase-B are shown in Figure 2. 
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Figure 2: Rectal temperature during the Heat Tests in Phase-B 
Data presented as the 10-minute mean and 1 SD. Open squares denote HT1b (n=10); open 
diamonds, HT2b (n=11); crosses, HT2c (n=10); dashed line, HT2d (n=9); and open circles, HT4b 
(n=6). 

 
 
Based on the findings from both phases of the study, the table below details the proposed 
WBGT limits and exposure durations for each of the work rate categories, and the limits 
currently used in the British Armed Forces (JSP 539, 2003).  
 
Table 1: In-Service and proposed WBGT and exposure limits  
Applicable to men not acclimatised to heat, wearing lightweight clothing. Bold type represents proposed increased limits. 
Work rate 
category 

In-Service 
WBGT limits 

(°C) 

In-Service 
Exposure durations 

(minutes) 

Proposed 
WBGT limits 

(°C) 

Proposed 
Exposure durations 

(minutes) 
Low 32 60 34 120 
Medium 26 60 32 120 
High 24 60 25 120 
Very high 20 60 20 120 
Extreme 20 30 20 45 

 
 

 
 
DISCUSSION 
Empirically-based WBGT limits for male British Armed Forces personnel not acclimatised to 
heat, have been proposed. Supporting previous anecdotal reports and heat strain predictions, 
they indicate that the in-Service WBGT limits are likely to be ‘overly cautious’ at the lower 
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work rates, and could result in military activities being curtailed unnecessarily. The data also 
suggest that the exposure duration at the proposed WBGT limits could be extended. Further 
studies are required to establish appropriate WBGT limits in female personnel, and to provide 
evidence-based WBGT limits relevant for hot-weather operations (i.e. establishing the impact 
of heat acclimatisation and personal protective equipment, and defining some limits 
associated with higher heat illness risk). 
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Changes in mean body temperature (ΔTb) estimated by the traditional 2-compartment model 
of “core” and “shell” temperatures and an adjusted 2-compartment model incorporating a 
correction factor, were compared to values measured by whole-body calorimetry. Sixty 

participants (31 males, 29 females) cycled at 40% 
•

VO2peak for 60 or 90-min in the Snellen 
Calorimeter at 30ºC. The “core” compartment was represented by esophageal (Tes), rectal 
(Tre) and aural canal (Tau) temperature, and the “shell” compartment was represented by a 12-

point mean skin temperature (Tsk). Using Tre and conventional core-to-shell weightings (X) of 

0.66, 0.79 and 0.90, mean ΔTb estimation error for the traditional model was -81.7% [-76.8, -
86.5] to -76.6% [-72.8, -80.5] after 10-min, and -47.2% [-40.9, -53.5] to -46.1% [-39.4, -52.8] 

after 90-min. Using Tre, X=0.80 and a correction factor (X0) of 0.40, mean ΔTb estimation 
error for the adjusted model was +9.5% [+16.9, +2.1] after 10-min, and -13.7% [-4.2, -23.3] 

after 90-min. Quadratic analyses of calorimetry ΔTb data was subsequently used to derive 
best-fitting values of X for both models and X0 for the adjusted model for each measure of 
“core” temperature. All best-fitting models at all time points for any measure of “core” 

temperature showed a systematic underestimation of ΔTb with the traditional model, while the 
best-fitting adjusted model at any time point only accounted for 56% of the variation observed 

in ΔTb.  
 

In conclusion, throughout exercise the estimation of ΔTb using any measure of “core” 
temperature together with mean skin temperature irrespective of weighting is inaccurate even 
with a correction factor customized for the specific conditions. Alternative thermometry 
approaches will be discussed. 
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INTRODUCTION 
Thermal sensation depends on the subject-environment heat transfer according to the 
following energy balance equation [1]: 

res resM W E E C C R S− − − − − − = (1) 
In addition to equation (1), the assessment of the thermal environment also requires 
information regarding the subjective sensation of the thermal environment.  
 
The assessment of the thermal environment therefore depends on solving eq. 1, and 
calculating the appropriate microclimate index using dedicated software [2]. Due to the 
computing complexity, simple temperature-humidity indices have gained much popularity, 
especially those that report the thermal condition as a “felt temperature”. Among these indices 
is the Humidex (HD), originally a bio-meteorological index. An increasing number of climate 
stations now provide an on-line estimate of the summer thermal discomfort. Humidex was 
introduced in 1979 by Masterton and Richardson [3] for correlating outdoor thermal 
discomfort in mild regions of Canada, based on two meteorological parameters: air 
temperature and relative humidity. Its calculation is based on a Thom’s index modification: 

( )a as
5HD t p 10
9

= + ⋅ − (2) 

In Table 1 HD limit values are reported. 
 
Table 1. Ranges of the Humidex index corresponding to increasing thermal discomfort 
conditions [3]. 
  

Humidex range Thermal discomfort level 
20°C ≤ HD ≤ 29°C Comfort 
30°C ≤ HD ≤ 39°C Some discomfort 
40°C ≤ HD ≤ 45°C Great discomfort, avoid exertion 
Above 45°C Dangerous 
Above 54°C Heat stroke imminent 

 
Humidex was initially developed for outdoor weather forecasts. Its scale has been correlated 
to the death risk in summer hot waves [4]. Its use has been extended to the assessment of both 
moderate and hot thermal environments. Indeed, the Use and Occupancy of Buildings 
Directive of the Treasury Board of Canada [5] recommends the use of Humidex for the 
thermal comfort assessment in office accommodations, suggesting an unsatisfactory condition 
when the Humidex value exceeds 40°C. The HD Index has also been proposed as a simplified 
method for heat stress assessment in indoor environments by the Ontario Ministry of Labour, 
resulting in the “Humidex Based Heat Response Plan” [6]. 
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The aim of the present study was twofold: 1) assess whether a bioclimatic index developed 
for outdoor environments, can be used reliably for the assessment of the indoor thermal 
environment, and 2) determine whether prediction of physiological responses to a thermal 
environment is necessary for assessment of thermal comfort, as well as heat stress. The two 
issues were addressed by comparing the assessment of the thermal environment according to 
ISO standards and the Humidex index.  
 
METHODS 
Two software programs were developed for the comparative analysis of the same thermal 
environment, carried out by HD and ISO 
standardised indices/procedures. The 
former, deriving combinations of air 
temperature(ta) and relative humidity (RH) 
for each HD value, and the latter upgraded 
in accordance with the regulations in force 
[2], calculates combinations of (ta, RH) 
corresponding to: 
• a required value of PMV (Predicted 
Mean Vote) according to ISO 7730 
Standard; 
• a required vale of the wet bulb globe 
temperature (WBGT) according to ISO 
7243 Standard; 
• the overall amount of sweat and final 
rectal temperature evaluated in accordance 
with the PHS (Predicted Heat Stress) 
method on which ISO 7933 Standard is 
based upon, for eight-hours of continuous 
work. 
 
Numerical evaluations were carried out 
setting metabolic rate (M) in the range of 
light activity (1.4-1.8 met) and static 
clothing insulation (Icl) at 0.60 and 1.0 clo 
(for summer and winter evaluations) [6].  
 
RESULTS AND DISCUSSION 
It is important to emphasise that under typical indoor environment situations, the comparative 
analysis is limited to the humidity range 30-70%. The reasons of this are: below 30% RH, 
mucous membranes start to dry up, with the consequent reduction of the body defence 
mechanisms against germs and bacteria; above 70% allergenic factors, and the superficial 
condensate formation responsible for moulds become important. As shown in Fig. 1A, for the 
example corresponding to typical summer office conditions (M=1.4 met, Icl = 0.60 clo), 
Humidex index appears unable to give a reliable assessment of thermal comfort in every 
microclimatic condition. The comparison between comfort curves required for the B-class by 
ISO 7730 (PMV= ± 0.50) and those required by Humidex (HD=20 and HD=29) results in a 
perfect agreement only in the filled region. In contrast, outside the filled region, 
microclimates judged as comfortable by HD, are judged uncomfortable on the basis of the 
PMV index. Although the assessment of the same indoor thermal environment shows a 
general disagreement between PMV and HD approach, some interesting features need to be 
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Figure 1. Thermal comfort assessment carried out by 
means of HD (continuous lines) and PMV (dashed 
lines). Metabolic rate M = 1.4 met; Static clothing 
insulation Icl = 0.60 clo (A) or Icl = 1.00 clo (B); Air 
velocity va=0.1 m/s, ta=tr. Filled area refers to 
microclimatic conditions for which there is 
agreement between the assessment carried out with 
the two indices. 
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highlighted. In the results presented in Fig. 1A (summer conditions) two different behaviours 
have been revealed: 
• for warm microclimates (i.e. ta=23-26°C according to Fig. 1A) and RH = 50%, PMV and 

HD lead to similar results since the HD=29 and PMV=0.50 curves are similar. Moreover 
HD index is more prescriptive than PMV for high humidity values (i.e.>50%), whereas it 
is less prescriptive than PMV for low humidity values (i.e.<50%). 

• for cold microclimates (i.e. ta=17,5 - 23,0°C) HD and PMV always disagree.  
 
This dual behaviour is not surprising, if we consider that HD development is based on a set of 
summer meteorological data, characterised by high temperatures and humidities [3]. 
Inconsistencies in comfort analysis occurring outside typical PMV comfort areas, requires a 
more in-depth assessment of the work situation in order to avoid the onset of stressful 
microclimatic conditions (i.e. PMV<-2,0 or PMV>2,0 according to ISO 15265 Standard [6]). 
These should be investigated by special cold or heat stress indices. Indeed, if the PMV index 
is calculated on the Humidex comfort limit curves shown in Fig. 1A, its value changes from -
1.56 to -0.80 on the HD=20 and from 0.03 to 1.00 on the HD=29 limit curve. 
 
According to Fig. 2B, if the analysis of winter indoor conditions is conducted, an improved 
agreement is found at lower temperatures to the disadvantage of the assessment at warmer 

temperatures. HD reliability in heat stress 
conditions has been validated by comparing 
limit curves compatible with eight hours of 
continuous work obtained according to 
WBGT index and PHS model. Curves 
depicted in Fig. 2A demonstrate that, in 
uniform environments and for light 
metabolic rates (M=1.8 met), HD index is 
only a rough tool for heat stress assessment.  
 
Moreover: 
• for ta<37°C, WBGT limit curve for 8 
hours of continuous work falls in the 40 ≤ 
HD ≤ 45 area. This means that 
microclimatic conditions in which 8h of 
continuous work are allowed by WBGT 
index, are forbidden by HD.  
 
• for ta>37°C, WBGT limit curve is 
below HD=39 limit curve: WBGT appears 
more restrictive than HD. In contrast, if the 
assessment of the work situation is carried 
out by means of PHS method (a more 
thorough method for stress assessment in 
hot environments) up to ta=39°C, a less 
restrictive than HD evaluation is revealed. It 

is noteworthy that in this temperature range the subject exposure to the environment should be 
interrupted, because the maximum allowable value of the rectal temperature (38°C) is 
exceeded. Over ta=39°C PHS assessment becomes more restrictive than HD so that PHS limit 
falls in the 30 ≤ HD ≤ 39 area (only uncomfortable according to HD). In environments where 
ta ≠ tr (i.e. in sheet metal factories, hot forming, engine rooms, mines or in the presence of 
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radiation or outdoor situations) the compared assessment leads to a dramatic situation. 
According to data reported in Fig. 2B, both WBGT and PHS limit curves fall in the 30 ≤ HD 
≤ 39 area. This means that microclimatic conditions judged by HD as only slightly 
uncomfortable, are judged inconsistent with healthy work by both a rational approach (PHS), 
and an empirical index (WBGT).  
 
DISCUSSION 
The comparative assessment of the thermal environment carried out in accordance with the 
regulations in force and Humidex, has revealed a substantial disagreement between the two 
approaches, both in moderate and in extreme environments. Concerning moderate 
environments, Humidex provides a good estimation of thermal comfort only in a narrow 
range of thermohygrometric conditions (i.e. higher temperature and summer conditions or 
lower temperature and winter conditions) and at low metabolic rates. The assessment of 
extremely hot environments has revealed underestimation the hazard of such conditions.  
 
In conclusion, bioclimatic indices such as Humidex, although easy to interpret, can only be 
used by media to give some useful information regarding the type of clothing recommended 
for given weather conditions, specifically clothing most likely to provide thermal comfort. In 
other situations (thermal comfort in buildings or thermal stress induced by the combination 
between the microclimate and the particular work activity) their use should be strongly 
restricted since they fail when used outside the narrow validated range. Also, they do not take 
into account the physiological response of the subject to the thermal environment.  
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INTRODUCTION 
One of the fundamental issues in human biometeorology is the assessment and forecast of the 
outdoor thermal environment in a sound, effective and practical way. This is due to the need 
for human beings to balance their heat budget in any climate to a state very close to thermal 
neutrality in order to optimise their comfort, performance and health. 
 
The heat exchange between the human body and its environment takes place by sensible and 
latent heat fluxes, radiation and (generally negligible) conduction. Consequently dealing with 
the thermo- physiologically significant assessment of the thermal environment requires the 
application of a complete heat budget model that takes all mechanisms of heat exchange into 
account. Input variables include air temperature, water vapour pressure, wind velocity, mean 
radiant temperature including the short- and long-wave radiation fluxes of the atmosphere, in 
addition to metabolic rate and clothing insulation. Based on current advances in science of 
heat budget modelling there is a need for harmonisation of the development and 
dissemination of a universally valid health related climate index. 
 
ISB recognised this issue some years ago and established a Commission ”On the development 
of a Universal Thermal Climate Index UTCI”. Since 2005 the COST Action 730 (Cooperation 
in Science and Technical Development) provides the basis that at least the European scientists 
can join together on a regular basis in order to achieve significant progress to derive such an 
index as a standard (www.utci.org).  
 
The main objective of the Action is to develop and make easily available a physiologically 
relevant assessment model of the thermal environment in order to significantly enhance 
applications related to health and well-being. The core issues of human biometeorology range 
from daily forecasts and warnings of extreme weather, to bioclimatic mapping, urban and 
regional planning, environmental epidemiology and climate impacts research. This covers the 
fields of public weather service, the public health system, and precautionary planning. The 
model to be developed will be based on the-state-of-the-art in the cause-effect related 
assessments of the outdoor thermal environment. 
 
The Universal Thermal Climate Index UTCI (working title) must meet the following 
requirements: 
 
1)Thermo-physiological significance in the whole range of heat exchange conditions of 
existing thermal environments 
2)Valid in all climates, seasons, and scales 
3)Useful for key applications in human biometeorology (see later). 
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METHODS 
The process of developing a UTCI will address the following issues: 
 
a)Heat budget modelling of the human body 
b)Physiologically relevant assessment of heat budget model outcomes including 
acclimatisation 
c)Testing results against available field data 
d)Identification and pre-processing of  meteorological input data 
e)Estimating radiation quantities 
f)Addressing the specific needs of various applications 
 
The interdisciplinary issue of the development of UTCI becomes evident. Topics a), b) refer 
to thermo-physiology, c), d) to atmospheric science (meteorology), and e) to a wide range of 
meteorological applications. According to this, the above listed topics will be addressed by 
three working groups: 
 
WG1 Thermo-physiological modelling and testing 
WG2 Meteorological and environmental data 
WG3 Applications 
 
The Commission on UTCI of the International Society of Biometeorology (ISB) has defined 
that, when fully developed, the UTCI should feature the following: 
 
-The most advanced multi-node thermo-physiological models as reference to obtaining the 
key results from systematic simulations. 
-Include the capability to predict both whole body thermal effects (hypothermia and 
hyperthermia; heat and cold discomfort), and local effects (facial, hands and feet cooling and 
frostbite). 
-Represent a temperature-scale index, (i.e. the air temperature of a defined reference 
environment providing the same heat exchange condition). 
 
This COST Action will follow this reasonable convention. 
 
Mathematical modelling of the human thermal system goes back 70 years. Most of the work 
has been done in the framework of occupational medicine or indoor climate conditions 
design. Numerous procedures have been published as ISO- or ASHRAE standards. In the past 
four decades more detailed, multi-node models of human thermoregulation have been 
developed, e.g. Stolwijk (1971), Konz et al. (1977), Wissler (1985), Fiala et al. (1999 and 
2001), Havenith (2001), Huizenga et al. (2001), and Tanabe et al. (2002). Parsons (2003) 
gives a comprehensive overview. These models simulate phenomena of the human heat 
transfer inside the body and at its surface taking into account the anatomical, thermal and 
physiological properties of the human body. Heat losses from body parts to the environment 
are modelled in detail considering the inhomogeneous distribution of temperature and 
thermoregulatory responses over the body surface (see Figure 1). Besides overall thermo-
physiological variables, multi-segmental models are thus capable of predicting 'local' 
characteristics such as skin temperatures of individual body parts (which are the critical 
variables in the risk of frostbite and skin damage). Validation studies have shown that recent 
multi-node models reproduce the human dynamic thermal behaviour over a wide range of 
thermal circumstances (Fiala et al. 2001; Havenith (2001); Huizenga et al. 2001). Verification 
and validation work using independent experiments revealed good agreement with measured 
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data for regulatory responses, mean and local skin temperatures, and internal temperatures for 
the whole spectrum of environmental conditions. Based on the model comparisons WG 1 
decided to base the further development on the meanwhile 340-node Fiala model. 
 
 

Figure 1. Schematic presentation of a physiological model of human thermoregulation (Fiala 
et al., 2001) 
 
RESULTS 
The main objective of the actions is the availability of a Universal Thermal Climate Index 
UTCI for health and well-being related thermo-physiologically relevant assessments of the 
atmospheric environment for the human biometeorological core applications, such as: 
 
-Public weather service.  
-Public health system. 
-Precautionary planning. 
-Climate impact research in the health sector. 
 
In all recommendations for the above listed issues statements will be made on 
representativeness, time-/ space-resolution, data needs, uncertainties and coverage. 
 
DISCUSSION 
The development of UTCI requires co-operation of experts from thermo-physiology, thermo-
physiological modelling, occupational medicine, met data handling and in particular radiation 
modelling, application development etc. In order to achieve significant progress it is 
necessary that the relevant scientists join together on a regular basis. It is thus evident that for 
such a multidisciplinary task a COST Action provides the best framework to derive a health 
related climate index as a standard. The interdisciplinary development strategy, the actual 
state of the UTCI development, and selected examples for typical applications in the above 
mentioned core issues will be given. 
 
REFERENCES 
Fiala D., Lomas K.J., and Stohrer M., 1999. A computer model of human thermoregulation 

for a wide range of environmental conditions: The passive system. Journal of Applied 
Physiology, 87 (5), 1957-1972.  



Environmental Ergonomics XII  
Igor B. Mekjavic, Stelios N. Kounalakis & Nigel A.S. Taylor (Eds.),  © BIOMED, Ljubljana 2007 

 512 

Fiala D., Lomas K.J., and Stohrer M., 2001. Computer prediction of human thermoregulatory 
and temperature responses to a wide range of environmental conditions. Int. J. Biometeorol., 
45, 143-159. 
Havenith G., 2001, An individual model of human thermoregulation for the simulation of heat 
stress response, Journal of Applied Physiology, 90: 1943-1954. 
Huizenga C., Zhang H., and Arens E., 2001. A model of human physiology and comfort for 
assesssing complex thermal environments.  Building and Environment 36, 691-699. 
Jendritzky, G., Maarouf, A., Fiala, D., Staiger, H., 2002. An Update on the Development of a 
Universal Thermal Climate Index. 15th Conf. Biomet. Aerobiol. and 16th ICB02, 27 Oct – 1 
Nov 2002, Kansas City, AMS, 129-133. 
Konz S., Hwang C., Dhiman B., Duncan J., and Masud A., 1977. An experimental validation 
of mathematical simulation of human thermoregulation. Comput Biol Med, 7, 71-82. 
Parsons, K.C., 2003. Human thermal environments: the effects of hot, moderate, and cold 
environments on human health, comfort and performance. – Taylor & Francis, London, New 
York, 527pp. 
Stolwijk, J.A.J., 1971. A mathematical model of physiological temperature regulation in man. 
NASA contractor report, NASA CR-1855, Washington DC. 
Tanabe S.I., Kobayashi K., Nakano J., Ozeki Y., Konishi M., 2002. Evaluation of thermal 
comfort using combined multi-node thermoregulation (65MN) and radiation models and 
computaional fluid dynamics (CFD). Energy and Buildings, 34, 637-646. 
Wissler E.H.,1985. Mathematical simulation of human thermal behaviour using whole body 
models. In: Shitzer A. and Eberhart R.C. (ed) Heat transfer in medicine and biology - analysis 
and applications, Plenum Press, New York and London, 325-373. 



Universal Thermal Climate Index 

 513 
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INTRODUCTION 
Computer simulation of the human thermoregulatory system has been a valuable research tool 
contributing to a deeper understanding of the principles of human thermoregulation. Besides 
physiological research, however, there is a growing interest to predict human physiological 
and comfort responses in other disciplines of science including meteorology. 
 
METHODS 
The Fiala Model of human heat transfer and thermal comfort is based on six year’s research 
work carried out at HfT Stuttgart and De Montfort University, UK. The multi-node, dynamic 
mathematical model incorporates two interacting systems of thermoregulation: the 
controlling, active system and the controlled passive system.  
 
The passive system (Fiala et al. 1999) is a multi-segmental, multi-layered representation of 
the body with spatial subdivisions which 
include a detailed representation of the 
anatomic, thermophysical and 
thermophysiological properties of the 
body. The model accounts for pheno-
mena of heat transfer that occur inside 
the body (blood circulation, metabolic 
heat-generation, conduction, 
accumulation) and at its surface (free 
and forced surface convection, long- 
and shortwave radiation, evaporation, 
diffusion, accumulation).  
 
The active system model (Fiala et al. 
2001) simulates responses of the thermo-
regulatory system: vasoconstriction and 
vasodilatation of cutaneous blood flow, 
sweat excretion and changes in meta-
bolic heat production by shivering 
thermogenesis. The active system was 
developed by means of statistical 
regression analysis using measured 
responses obtained from steady and 
transient exposures to cold stress, cold, 
moderate, warm and hot stress 
conditions, and exercise intensities bet-
ween 0.8-8 mets. 
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The simulation incorporates a dynamic thermal comfort model that predicts perceptual 
responses from physiological states. This model was derived using regression analysis and 
thermal sensation votes obtained from >2000 male/female subjects. 
 
 
RESULTS 
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The thermoregulatory and comfort models have been 
validated against independent experimental data for wide ranging 
indoor climate conditions, and showed good agreement with measured 
regulatory responses, mean and local skin temperatures, internal 
temperatures and thermal sensation responses for the spectrum of conditions 
and personal circumstances investigated (Fiala et al. 2001, 2003, Richards 
and Fiala 2004).  
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DISCUSSION 
The model can be used to study responses of (unacclimatized) humans to a wide ranging 
indoor climate conditions. The model provides a basis for a detailed analysis of the transient 
and complex inhomogeneous environments found in cars, buildings and other man-made 
spaces, and for the analysis of outdoor weather conditions. An extensive validation study is 
currently underway as part of the COST730 Validation Exercise, to examine the performance 
of the model for boundary conditions specific to outdoor climates. 
 
The model has found applications, e.g. in medical engineering to predict temperature and 
regulatory responses of anaesthetised patients, in the car industry to predict passengers' 
responses to the transient and asymmetric boundary conditions found inside car cabins, in 
biometeorology, textile research, some military applications,  and the thermal comfort 
analysis of buildings and individual built components. 
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An essential part of COST 730 project entitled ‘Towards a Universal Thermal Climate Index 
UTCI for Assessing the Thermal Environment of the Human Being’ is the validation of the 
Fiala model of human thermal physiology for the development and use of the Universal 
Thermal Climate Index (UTCI). The predictions of the Fiala model were compared with 
chosen datasets from the human physiological investigations in order to evaluate the 
performance of the Fiala model and alternatively to improve it. 
 
This study focused predominantly on testing the Fiala model against a wide range of 
conditions in terms of: 
environmental conditions - from cold and windy to very hot climates, 
activity level - hiking with a heavy load, heavy exercising up to ~100%VO2max, 
clothing - from a bare face exposed to a cold wind to an impermeable chemical protection suit 
worn while exercising.  
 
The model proved its ability of adequate prediction for the variety of extreme and mild 
conditions represented in 44 simulations carried out involving 286 human subjects during 17 
steady state and 34 transient exposures. The average accuracy of prediction of the core 
temperature in form of a root-mean-squared deviation approximated 0.3°C ± 0.2°C and for 
mean skin temperature 1.2°C ± 0.7°C. 
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INTRODUCTION 
The commonly used evaluation models of human exposure to thermal environment deal with 
specific temperature ranges, e.g. IREQ (Holmér, 1984), PHS (Malchaire et al., 2000), PMV 
(Fanger, 1970). For the purpose of developing a universal thermal climate index (UTCI) a 
general human heat balance model should be used. This paper presents the validation of the 
Fiala model (Fiala et al., 1999) with experimental data from subjects exposed to extreme cold. 
The Fiala model simulations were modified by changing some clothing parameters. The bases 
for the comparison were the data from the Subzero project (Meinander et al., 2003). 
 
METHODS 
The background to the Subzero subjects’ tests and the results were described in more detail by 
Holmér et al. (2003) and Kuklane et al. (2003). This paper validates the Fiala model by 
comparing the observed responses of mean skin temperature (Tsk), rectal temperature (Trec), 
and skin evaporation (me) with those predicted by the model. In one test condition the air 
temperature was set to -40 ºC and the wind speed to 3 m/s (D3), and in the second to –23 ºC 
and 10 m/s respectively (D10). The task consisted of 90 minutes walking on a treadmill with a 
speed of 5 km/h on 0,5° inclination. Metabolic rate and heat balance components were 
calculated based on oxygen consumption, measured temperatures, weight loss and sweat 
accumulation in the garment pieces. As the next step the experimental data were compared 
with Fiala model simulations. The basic input data passed adjustments. The metabolic rates of 
299 W/m² for D3 and 383 W/m² for D10 (corrected for walk on inclination) were further 
reduced for work against wind by 10 W per each 1 m/s. The simulations were as follows: 
1) Un - uniform thermal insulation without wind correction (equation 2 of Annex C of EN 
342, 2004); 2) Uw - uniform thermal insulation with wind correction; 3) Dn - different 
thermal insulation distribution over body without wind correction; 4) Dw - different thermal 
insulation distribution over body with wind correction. The uniform clothing insulation 
utilizes the same total clothing insulation value (Itot,D=0,629 m2°C/W) measured on a thermal 
manikin for all UTCI body zones. Differently distributed clothing insulation utilizes the 
specific insulation values of a body zone measured on the manikin corresponding to an UTCI 
zone. The simulation values were acquired each 5 minutes and compared to corresponding 
subjects’ data. 
 
RESULTS 
Rectal temperature: The rectal temperature of the subjects increased in both conditions within 
the first 40-50 minutes and then remained relatively stable. Because of the higher metabolic 
rate in wind 10 m/s condition (D10) the increase in body core temperature was greater than in  
the 3 m/s wind (D3) trial. Comparison of the observed (subject data) and predicted values are 
presented in Figures 1 and 2. It can be observed that all the simulation curves for rectal 
temperature were very close, i.e. independent of clothing insulation, but differed from the 
observed data, particularly in the latter part of trial  D10.  
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Mean skin temperature: Subjects’ mean skin temperature decreased within the first 10 
minutes in both conditions (Figures 3 and 4). Thereafter mean skin temperature stabilised in 
all trials with the exception of trial D3, where it continued to gradually decrease in the latter 
half of the trial. Mean skin temperature decrement in simulations was generally faster and 
greater in magnitude than observed, except in D10 simulations where the clothing insulation 
was not corrected for wind and walking, and where it started sharply increasing after the 
initial drop (Figures 4). In contrast, D3 simulations without wind correction remained closer 
to the observed data (Figure 3). Assuming the wind and walking corrected insulation as true 
values, then the differences between observed and predicted values may be due to an 
overestimation of the ventilation in the thick winter clothes by the Fiala model, and/or an 
underestimation of the thermal inertia of the clothing system. 
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Figure 3. The subject data and predicted values of the mean skin temperature in 3 m/s wind. 
 

Figure 4. The subject data and predicted values of the mean skin temperature in 10 m/s wind. 
 
Skin evaporation: The strong decrease of the mean skin temperature in the simulations may 
be related to skin evaporation, too. That, however, cannot explain the initial drop as the 
calculated skin evaporation in the beginning was at a relatively low level, before it started 
rapidly increasing after 10 (D3) to 15 (D10) minutes. This rapid increase seems not to have a 
further effect on mean skin temperature development. As the subjects’ skin evaporation data 
is just an average value for the whole exposure period it is not possible to compare the 
observed evaporation values with those simulated by the model. Still, based on the mean skin 
evaporation from the subjects in D3 the simulated sweat rates might have been somewhat too 
high, while in D10 they were more reasonable, especially when clothing insulation was 
corrected for walking and wind.  
 
DISCUSSION 
All the simulated rectal temperatures remained relatively close, were not affected much by 
varying clothing insulation based on wind and walking, and uniform or different insulation 
distribution. Predicted increases were higher than measured. The simulated skin cooling was 

27

28

29

30

31

32

33

34

35

36

37

0 10 20 30 40 50 60 70 80 90 100
Time (min)

S
ki

n 
te

m
pe

ra
tu

re
 (°

C
)

D3  Subj D3Dn D3Uw D3Dw D3Un

27

28

29

30

31

32

33

34

35

36

37

0 10 20 30 40 50 60 70 80 90 100
Time (min)

S
ki

n 
te

m
pe

ra
tu

re
 (°

C
)

D10  Subj D10Dn D10Un D10Dw D10Uw



Environmental Ergonomics XII  
Igor B. Mekjavic, Stelios N. Kounalakis & Nigel A.S. Taylor (Eds.),  © BIOMED, Ljubljana 2007 

 520 

faster than what was measured with subjects. The differences in the mean skin temperature 
curves suggest that the model is not sensitive enough for extreme cold conditions. The 
clothing interface of the model needs to consider the specific thermal variables in the cold 
protective clothing (ventilation, thermal inertia). 
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INTRODUCTION 
COST action 730 brings together leading physiologists and meteorologists from Europe and 
the rest of the world to develop a new weather index which accounts for the physiological and 
behavioural response of humans coupled with influences of the weather in a more universal 
and comprehensive manner. This paper presents the role of the physiologists to devise this 
index. 
 
The purpose of the Universal Thermal Climate Index (UTCI) is to inform the public of how 
the weather feels, taking into account factors previously considered when developing the 
wind chill and UV indices, (asymmetric) radiation and humidity. 
 
Present meteorological weather forecast’s focus primarily on the predicted air temperature to 
inform people of how hot or cold the weather shall be. However wind increases body heat 
loss and causes the temperature felt to be lower than the ambient air temperature. Contrarily 
long and short wave radiation incident on the body reduces heat loss and causes the perceived 
temperature to be higher than the air temperature. Furthermore the ambient humidity and 
precipitation can change the heat loss and also affects the perceived temperature (e.g. feelings 
of dampness). Additional factors such as cold injury or skin burns may also need to be 
considered for more extreme climatic condition. Exposed and clothed areas of the body are 
affected in different ways by the above factors. Thus results from precious work, such as the 
recent EU projects ‘Subzero’ and ‘Thermprotect’ which focused of the effects of climate 
(cold, wind, moisture and radiation) on the effective insulation of clothing, need to be 
considered. 
 
METHODS 
Development of the UTCI requires the following tasks: 

1. Determining which models are available for use in the index. These include both multi-
node models and simpler models such as wind chill and UV index. 

2. Validating the models available 
3. Deciding on the most suitable models to use 
4. Devising a scheme to translate the model outputs to a single index 
5. Deciding on how the index should be scaled for different conditions 
6. Defining a reference person 
7. Defining the properties of the clothing worn 
8. Providing a method to determine the UTCI from meteorological inputs. This method 

must be performed quickly as millions of such calculations shall need to be performed 
daily for weather forecasts of each country. 

 
RESULTS AND DISCUSSIONS 
Following the first 1½ years of this COST action, significant progress has already been made 
with results for the following tasks: 
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1. Before the start of COST 730, the need for use of an advanced multi-node thermo- 
physiological model as basis for the UTCI was recognised. Although several such 
models have been developed to date (Stolwijk, Nadel et al. 1973; Wissler 1985; Tanabe, 
Arens et al. 1994; Fiala, Lomas et al. 1999; Fiala, Lomas et al. 2001; Havenith 2001; 
Huizenga, Hui et al. 2001; Tanabe, Kobayashi et al. 2002; Fiala, Lomas et al. 2003; 
Ghaddar, Ghali et al. 2003), not all models were available for evaluation. The two 
models evaluated in detail were those from Fiala and Tanabe. 

2. These two models gave comparable results for climates at or near to comfortable 
conditions and for 50% relative humidity. However outside such conditions, the Fiala 
model gave better predictions of the human response. 

3. The UTCI model requires accurate prediction of the average human thermo-
physiological response for all possible weather conditions. Extensive validation of the 
now 340-node Fiala model (one of the most advanced multi-node thermo-physiological 
models available) has demonstrated its ability to predict core and local skin 
temperatures and sweat rates for people of average fitness over a large range of 
conditions. After extensive discussion of the Working Group 1 experts in COST 730, a 
decision has been reached that the group is now satisfied with this model’s performance 
in the main application range of the UTCI. For special climates with local risks 
(frostbite) additional work may be required. 

4. How the model output shall be transformed into an index is a crucial part of the 
future UTCI model. This transformation could be a single index equation or various 
equations depending on the domain.  

5. In order to help the general public to relate directly to the UCTI, it is proposed that 
this index should be on the temperature scale (e.g. in degrees Celsius). In this way the 
influence of factors such as wind and sunshine should be easy to understand, causing 
the temperature felt to be x °C cooler or warmer than without these factors. 

6. As the UTCI should represent the average conditions of a human within a given 
climate, a reference person shall need to be defined. The reference person proposed has 
a metabolic rate of 135 W/m2 while walking at 4 km/h . The wind speed should account 
for this walking speed in accordance with ISO 9920. Wind direction is assumed to be 
undefined in relation to walking direction. 

 
7. Clothing worn 
7.1. Human choice/adaptation of clothing worn 

People tend to adapt their clothing depending on the weather conditions, although this is 
partly influenced by culture and race which varies from country to country. Thus the 
UTCI should take these regional differences and adaptations into account. For instance, 
on a hot summer day, typically less clothing with a low thermal insulation is worn, with 
possibly more areas of the body being exposed directly or indirectly to sunlight. 
However, in winter people tend to wear much more clothing with a higher thermal 
insulation. Particularly under very cold conditions, more exposed areas of the body such 
as the head and face should be protected from any wind as this can cause the effective 
air temperature to drop dramatically, thus increasing the heat loss of the skin to the 
environment and can even lead to sudden cold injury. Therefore wind protection 
becomes very important under such conditions. Under wet conditions people tend to 
wear rain protection which increases the overall water vapour resistance of the clothing. 
For the UTCI, which clothing is worn could be based on an expert assessment and on a 
continuous scale, in terms of amount of insulation and amount of body coverage. 
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The Klima-Michel model, which is presently used by the German Weather Service to 
predict a perceived temperature, PT (in °C) as a function of weather conditions, assumes 
the continuous variation of clothing insulation ranging from 1.75 clo (winter) to 0.5 clo 
(summer) according to the ambient temperature to achieve comfort (i.e. Predicted Mean 
Vote, PMV = 0) under reference conditions. If the given range of insulation does not 
allow for comfort there will be a cold stress or heat load respectively. It is proposed that 
the UTCI model should use a larger range of insulations (2.6 to 0.5 clo) and should also 
consider the types of clothing that people tend to wear in particular cultures and 
sessions, with special attention for cold exposure based on ENV342 and results from the 
EU Subzero project. 

 
7.2. Environmental effects on the properties of the clothing worn 

A further consideration which needs to be taken is the influence that the climate on the 
clothing properties. Factors which can affect/alter the effective insulation and water 
vapour resistance of the clothing include: 

a) wind 
b) motion and posture 
c) sunlight intensity and direction 
d) moisture within the clothing, caused by rain, humidity and body perspiration. 

 
The present clothing model integrated with the Fiala model, is a simple one based on 
the work of McCullough et al. (McCullough, Jones et al. 1985). A more advanced 
clothing model shall be required to take into account the factors above, based on ISO 
9920 and results from the EU Thermprotect project. 

 
8. The actual method used to determine the UTCI from meteorological inputs shall 

depend on the computational time and the accuracy required. Possible methods range 
from a full implementation of the emerging UTCI model (including the Fiala model and 
the advanced clothing model) to interpolation between points of a multi-dimensional 
lookup table generated from pre-calculated model results. 

 
DISCUSSION 
The ultimate aim of developing the UTCI is to inform the general public of the temperature 
felt, incorporating the climatic factors which alter this from the air temperature. This felt 
temperature should take into account environmental effects such as wind, air humidity and 
sunlight. Thus in future a weather report/forecast could state that due to the current 
wind/sunshine etc. the weather feels x °C cooler or warmer than the air temperature. 
The thermo-physiological model now chosen as a basis for the UTCI is the 340-node Fiala 
model which has been validated for a wide range of climates. An advanced clothing model 
shall need to be developed taking into account human behaviour and changes in clothing 
properties caused by the weather. 
 
REFERENCES 
Fiala, D., K. J. Lomas, et al. (1999). "A computer model of human thermoregulation for a 

wide range of environmental conditions: the passive system." Journal of Applied 
Physiology 87(5): 1957-1972. 

Fiala, D., K. J. Lomas, et al. (2001). "Computer prediction of human thermoregulatory and 
temperature responses to a wide range of environmental conditions." International 
Journal of Biometeorology 45(3): 143-159. 



Environmental Ergonomics XII  
Igor B. Mekjavic, Stelios N. Kounalakis & Nigel A.S. Taylor (Eds.),  © BIOMED, Ljubljana 2007 

 524 

Fiala, D., K. J. Lomas, et al. (2003). "First Principles Modelling of Thermal Sensation 
Responses in Steady-State and Transient Conditions." ASHRAE Transactions 109: 179-
186. 

Ghaddar, N., K. Ghali, et al. (2003). "Integrated human-clothing system model for estimating 
the effect of walking on clothing insulation." International Journal of Thermal Sciences 
42(6): 605-619. 

Havenith, G. (2001). "Individualized model of human thermoregulation for the simulation of 
heat stress response." Journal of Applied Physiology 90(5): 1943-1954. 

Huizenga, C., Z. Hui, et al. (2001). "A model of human physiology and comfort for assessing 
complex thermal environments." Building and Environment 36(6): 691-699. 

McCullough, E. A., B. Jones, et al. (1985). "A comprehensive database for estimating 
clothing insulation." ASHRAE Transactions 91: 29-47. 

Stolwijk, J. A., E. R. Nadel, et al. (1973). "Development and Application of  a Mathematical - 
Model of Human Thermoregulation " Archives des Sciences Physiologiques 27(3): 
A303-A310. 

Tanabe, S., E. A. Arens, et al. (1994). "Evaluating Thermal Environments by Using a 
Thermal Manikin with Controlled Skin Surface Temperature." ASHRAE Transactions 
100: 39-48. 

Tanabe, S., K. Kobayashi, et al. (2002). "Evaluation of thermal comfort using combined 
multi-node thermoregulation (65MN) and radiation models and computational fluid 
dynamics (CFD)." Energy and Buildings 34(6): 637-646. 

Wissler, E. H. (1985). Mathematical simulation of human thermal behaviour using whole 
body models. New York and London, Plenum Press. 



Universal Thermal Climate Index 

 525 

ASSESSING THE EFFECTS OF ENVIRONMENTAL RADIATION ON 
WIND CHILL EQUIVALENT TEMPERATURES 

Avraham Shitzer 
Department of Mechanical Engineering, Technion, Israel Institute of Technology, Haifa, 

Israel 
Contact person: mersasa@tx.technion.ac.il 

 
Heat losses from exposed body areas in cold weather, due to combinations of wind-driven 
convection and environmental radiation, make the environment "feel" colder. These heat 
exchange mechanisms form the basis for estimating wind chill equivalent temperatures 
(WCETs). Radiation effects on humans may be differentiated between direct solar and 
environmental. Solar radiation on bright sunny winter days has beneficial effects, as it 
counters and offsets, to a certain extent, the effects due to wind and low air temperatures. This 
mechanism is excluded from the present analysis. Environmental radiation effects, which are 
included, enhance heat loss from the human body, thus affecting the overall thermal sensation 
due to the environment. This study compares the relative contributions of wind-driven 
convection and environmental radiation to calculated WCETs. It is shown that, over a wide 
range of low air temperatures and wind speeds, convection dominates over environmental 
radiation. At low wind speeds the latter contributes up to about 20% of the overall heat loss 
from exposed skin areas. Its relative contribution reduces even further as the time of the 
exposure prolongs and skin temperatures continue to drop. At still higher wind speeds, 
environmental radiation effects become much smaller decreasing to about 5% of the total heat 
loss to the environment. These values fall well within the uncertainties associated with the 
parameter values assumed in the estimation of WCETs. It is also shown that environmental 
radiation effects may conveniently be accommodated by adjusting wind speeds slightly above 
their measured values. 
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INTRODUCTION 
The impact of climate change on human health and on general biological systems has been 
widely described and most of the observational data series are consistent with the direction of 
change expected as a response to warming. The rapidity of this climate change requires that 
policymakers are kept informed of the manner in these changes can impact on human 
adaptation and behavior, to ensure thermal comfort and avoid or reduce risks. For this reason 
there is an increasing demand to assess the thermal climate in a human-biometeorologically 
manner. Clothing represents an important variable directly involved in the estimation of 
thermal load in relation to the physical activity and environmental parameters. Most studies 
focused on the estimation of general thermal comfort of people for indoor thermal 
environments and the Predict Mean Vote (PMV) (Fanger, 1972) represents the standard 
method based on the steady state energy-balance model used by the International 
Organization for Standardization (ISO 7730, 1994). On the other hand, relatively few studies 
have investigated outdoor thermal comfort, because of the great complexity of the outdoor 
environment. Recently we reported that the association of German engineers considered 
stationary models, such as the PMV and similar thermal indices, useful to facilitate the 
thermophysiological acquisition of thermal conditions even of surrounding outdoor air as 
point layers. In several studies, thermal indices were employed, taking into account solar 
radiation parameters, to improve the assessment of outdoor comfort, even creating bioclimatic 
maps useful for urban planners, human health and helpful for saving energy. Dressing 
properly for the outdoor environment is a component of thermoregulatory behavior, and it is 
well known that ample outdoor clothing can contribute to the prevention of excess winter 
mortality typical of populations living in temperate countries. The aim of the present work 
was to investigate the clothing factor related to climate changes,  retrospectively evaluating 
the seasonal trend of the minimum clothing insulation value necessary to maintain the thermal 
neutrality in outdoor spaces in three major Italian cities over the second half of the last 
century. Subsequently an operational biometeorological procedure was developed to provide 
72-hour forecast maps concerning the optimal outdoor minimum clothing insulation value to 
maintain thermal neutrality over Tuscany and all of Italy. 
 
METHODS 
Preliminary analysis 
Daily meteorological data of air temperature (°C), relative humidity (%), wind speed (m s-1) 
and cloud cover (in eighths) were measured at 04:00 (night), 10:00 (morning), 16:00 
(afternoon) and 22:00 (evening) hours in three weather stations managed by the Italian 
Meteorological Service for the period 1951-2000. These were located in three Italian 
geographical areas: Northern Italy, Turin, λ = 11°11' E; Φ = 43°22' N; Central Italy, Rome, λ 
= 12°58' E; Φ = 41°80' N; Southern Italy, Palermo, λ = 13°32' E; Φ = 38°12' N. In addition, 
mean radiant temperature (Tmrt, °C), defined as the uniform surface temperature of an 
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imaginary black enclosure in which an occupant would exchange the same amount of radiant 
heat as in the actual non-uniform space (ASHRAE, 2004), was also derived. Because direct 
measures of radiation fluxes were not available in this study, Tmrt was assessed by using the 
RayMan program (Matzarakis et al., 2007). Air temperature, relative humidity, wind speed 
and Tmrt were used as input parameters to calculate the thermal index PMV which provide 
the mean vote of the majority of people in terms of a 7-point thermal sensation rating scale, 
going from neutral to hot/cold thermal sensations. Subjective characteristics were considered 
with reference to a standard person (sex: man; age: 35 years old; height: 1.75 m; weight: 75 
kg; position: standing; activity: 80 W). An automatic procedure, able to process previous data, 
allowed the calculation of PMV starting from a prefixed clo value of 0.1 (Start clo). The clo 
unit is a measure of clothing insulation (1 clo = 0.155 m2 K/Watt). The procedure ran 
recursively with a progressive increasing from the “Start clo” (0.2 clo, 0.3 and so on) and it 
stopped when the value of PMV was included in the thermal neutrality range. The latter clo 
value represents the assessment of the minimum clothing insulation value required to 
maintain the thermal neutrality (min_clo) (Fig. 1). This value is similar to the determination 
of the neutral required clothing insulation (IREQneutral) (ISO 11079, 1999).   
 

  
Figure 1: The procedure to assess the minimum value of clothing insulation needed for to 
reach the thermal neutrality (min_clo). Legend: PMV is the Predicted Mean Vote. 
 
Trends of min_clo were assessed for the three Italian cities on an hourly basis for each season 
(Winter: Dec-Jan-Feb; Spring: Mar-Apr-May; Summer: Jun-Jul-Aug; Autumn: Sep-Oct-
Nov). A statistical parametric method of linear correlation analyses was applied. The Pearson 
correlation coefficient (r) was calculated and the statistical significance (P) was tested by 
using the Student t-test.    
 
Operational biometeorological procedure  
Weather forecast data of air temperature (°C), relative humidity (%), wind speed (ms-1), long-
wave and short-wave radiation (W.m-2), direct solar radiation (W.m-2) were obtained for 72 
hours by using the local area modelling WRF-NMM (Nonhydrostatic Mesoscale Model – 
Weather Research and Forecasting). The current configuration depends on global forecast 
model NCEP-GFS with four daily runs (00 UTC, 06 UTC, 12 UTC, 18 UTC) and 0.5° of 
horizontal resolution. Every simulation furnishes a complete meteorological parameterization, 
centred over Italy, on a horizontal grid of 140 x 279 point with 34 vertical levels. The 
estimation of the Tmrt for outdoor environments was carried out by a formula, which took 
into consideration long- and short-wave radiations and the direct solar radiation. In this study 
weather forecast data and the estimation of Tmrt were processed using the procedure 
described in Fig. 1 with 0.1° of horizontal resolution, corresponding to 10 km at our latitudes. 
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RESULTS  
Different seasonal trends of minimum clothing insulation to maintain thermal neutrality in 
outdoor spaces were observed in different Italian geographical areas (Table 2). The northern 
Italian city showed only negative trends (decreasing of min_clo). These trends were 
significant during most of day in winter and summer and during the morning and afternoon in 
spring. No significant trends were observed in autumn (Table 2). A completely different 
situation was observed for the central Italian city. In this case most of trends were positive, 
that means an increase of min_clo. These trends were always significant during the morning 
in all seasons (Table 2). During summer an opposite significant trend in another moment of 
the day was observed, with significant negative trend in the evening (Table 2).  
 
Table 2: Correlation coefficients of seasonal trends of the minimum clothing insulation to maintain 
the thermal neutrality in outdoor spaces assessed over the second half of the last century in the three 
Italian cities. Legend: * Statistically significant P<0.05; ** Statistically significant P<0.01. n is the 
number of observations (years). Grey cells indicate negative trends; black cells indicate positive 
trends. 

Seasons Cities n Night Morning Afternoon Evening 
Palermo 46 -0.33* 0.12 -0.28 -0.46** 
Rome 49 0.33* 0.61** 0.06 0.06 Winter 
Turin 45 -0.29 -0.60** -0.39** -0.31* 

Palermo 46 -0.15 0.38** -0.08 -0.10 
Rome 48 0.12 0.62** 0.08 -0.02 Spring 
Turin 45 -0.19 -0.34* -0.31* -0.22 

Palermo 45 -0.46** -0.19 -0.22 -0.28 
Rome 46 -0.28 0.32* -0.13 -0.39** Summer 
Turin 44 -0.35* -0.49** -0.38* -0.30 

Palermo 45 -0.46** -0.15 -0.37* -0.46** 
Rome 46 0.08 0.51** 0.00 -0.13 Autumn 
Turin 46 -0.18 -0.25 -0.05 -0.14 

The southern Italian city showed prevalently negative trends, in particular during autumn and 
winter. A significant negative trend was observed at the night during summer, while an 
opposite situation was observed during spring, characterized by a significant increasing of 

Figure 2: Examples of biometorological maps concerning the mimimum cloting insulation 
value required to maintain the thermal neutrality (min_clo) over Tuscany (left) and all Italy 
(right). 
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minimum clothing insulation in the morning. These seasonal changes observed over the 
second half of the last century in a representative set of Italian cites, associated with opposite 
trends at different latitudes, emphasises the importance of clothing-related parameters. At 
present this could be achieved by the integration of biometeorological procedures in weather 
forecast systems, representing an important way to provide weather forecast information 
useful for specific subjects. An example of this is provided by the Interdepartmental Centre of 
Bioclimatology (CIBIC), in collaboration with Institute of Biometeorology (IBIMET), which 
developed a daily automatic operational procedure to provide 72-hour forecast of 
biometeorological maps specific for Tuscany and all Italy (Fig. 2). 
(http://www.lamma.rete.toscana.it/bioclima/index.html) 
 
DISCUSSION 
This study emphasises the seasonal changes during the second half of the last century of the 
outdoor minimum clothing insulation needed to maintain thermal neutrality in three important 
and populous Italian cities located at different latitudes. For this reason, and because several 
authors have reported geographical differences in the correlation of cold-related mortality and 
outdoor clothing insulation values, more information should be included in daily forecasts 
regarding optimal outdoor clothing that should be worn in different periods of the day during 
each season, and in different geographical areas. This information could prevent individuals 
from over- or under-dressing, in particular when the weather changes suddenly. Furthermore, 
this is particularly important for people who spend most of their time in outdoor environments 
(i.e. work activities which start early in the morning and continue throughout the day, in other 
words the entire diurnal period), or for people defined at “higher risk”, such as specific 
elderly subjects, or people affected by previous pathologies, especially cardio-respiratory 
disease. In this study, the use of a thermal index applicable only in steady-state thermal 
conditions, such as the PMV, does not represent a limit for general application purposes like 
in regional or national planning. Of course, the thermal perception of the environment 
assessed by using only these thermal indices represents a simplification, because intrinsic 
factors like past experience, expectations, naturalness and time of exposure, may play 
important role in the evaluation of thermal conditions. For this reason, attention has now 
focussed on properly evaluating the outdoor thermal conditions, and an international team of 
experts is now working to develop a sophisticated thermal index, the Universal Thermal 
Climate Index (COST-730 UTCI). This could represent a further step towards improvement 
of the automatic operative forecast procedure presented in this study.     
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INTRODUCTION 
It has been reported that the perception of short-interval timing, or the time sense, is affected 
by several psychological and physiological factors; e.g., age (Espinosa-Fernández et al., 2003; 
Gunstad et al., 2006), gender (Espinosa-Fernández et al., 2003), time of day (Kuriyama et al., 
2003, 2005), and the menstrual cycle (Morita et al., 2005). However, it has not been 
confirmed that the light environment could affect the time sense for short intervals.  
 
Most higher organisms, including humans, have two endogenous timekeeping systems: a 
circadian clock and an interval timing clock (Morell, 1996). The circadian clock, located in 
the suprachiasmatic nuclei, is reset every day by sunlight and provides the time of day. The 
interval timing clock, located in structures of the brain called striato-cortical loops, gauges the 
passing of seconds or minutes and tells creatures how to time their movements when hunting 
or evading predators (Morell, 1996). It has been postulated that the activity level of the central 
nervous system could influence this latter time sense. Light can influence the central nervous 
system, therefore time sense might be affected by lighting conditions. We measured the time 
sense and the central nervous system in several lighting conditions to clarify the influence of 
light on time sense. 
 
METHODS 
Nine healthy young adult volunteers (seven males and two females) were exposed to red light 
or blue light radiating from color fluorescent lamps in the ceiling. The illuminance was kept at 
310 lx at the subject’s eye level. The wavelength of peak emission from the red-light lamp 
was 612 nm, and that from the blue-light lamp was 436 nm.   
 
The subject sat quietly on a chair for 20 minutes, and then was asked to produce two 90-s 
time intervals and one 180-s time interval by pressing a stopwatch button. The display of the 
stopwatch was covered by a seal to mask the digits of time. The subject started the stopwatch 
at the cue of the experimenter and stopped it when he/she thought that 90 s or 180 s had 
passed. The subject received no feedback at any point during the experiment. 
 
Then the subject conducted an oddball task to extract P300 event-related potentials. Standard 
(1000 Hz, 70 dB SPL) and target (2000 Hz, 70 dB SPL) auditory stimuli were presented 
through a headphone. The target stimuli occurred randomly with a 0.2 probability. The 
subject was instructed to react to the target stimulus as quickly as possible by pressing a key. 
EEG activities at Fz, Cz, and Pz were amplified by a telemetric amplifier. The band pass filter 
was set at 0.53-30 Hz, and the EEG signals were digitized at a sampling rate of 1000 Hz for 
600 ms with a pre-stimulus baseline of 200 ms. The P300 waveforms were averaged from at 
least 25 artifact-free recordings. The P300 amplitude was measured relative to the pre- 
stimulus baseline and was defined as the largest positive-going peak occurring within the 
latency between 250 and 500 ms. After accomplishing the oddball task, visual analogue scale 
(VAS) was used to assess feelings of sleepiness. 
 
Another group of 20 healthy young male subjects were exposed to four lighting conditions 
(illuminance/color temperature: 200 lx/3000 K, 200 lx/7500 K, 1500 lx/3000 K, and 1500 
lx/7500 K). They were asked to produce four 180-s time intervals in each lighting condition in 
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the same way as described above. The feelings of sleepiness was also measured by using 
VAS. 
 
Paired t-tests were used to compare the differences between red-light and blue-light 
conditions. The effects of illumination and color temperature were analyzed by two-way 
repeated measures ANOVA. The level of statistical significance was set at 0.05. 
 
RESULTS 
The mean (±S.D.) of the 90-s time intervals for the red-light condition was 109.3 ±30.6 s; that 
for the blue-light condition was 114.0 ±21.6 s. The difference between the two light 
conditions was not significant. On the other hand, all subjects produced shorter 180-s time 
intervals in the red-light condition than in the blue-light condition. The mean (±S.D.) of the 
180-s time interval for the red-light condition was 163.2 ±50.4 s, and that for the blue-light 
condition was 199.0 ±54.4 s. This difference was found to be significant (p<0.05; Figure 1).  
 

There were no significant differences between the P300 amplitudes obtained at all three 
electrode sites in the two monochromatic conditions. However, the P300 latency obtained at 
Pz in the red-light condition (322.2 ± 26.6 ms) was significantly (p < 0.05) shorter than that in 
the blue-light condition (332.6 ± 20.2 ms).  
 
The feeling of sleepiness measured by VAS in the red-light condition had a tendency (p = 
0.06) to be lower than that in the blue-light condition.  
 
The mean ± S.D. of the 180-s interval for 200 lx/3000 K condition was 202.2 ± 35.6 s; that 
for 200 lx/7500 K was 195.1 ± 38.3 s; that for 1500 lx/3000 K was 201.1 ± 37.9 s; that for 
1500 lx/7500 K was 194.2 ± 36.3 s. The effects of illumination and color temperature on the 
time intervals were not significant. However, the time intervals transformed to Z-scores to 
standardize the scales (i.e., mean=0, S.D.=1) in 7500 K condition were significantly (p < 
0.05) shorter than those in 3000 K condition (Fig. 2). The feeling of sleepiness in 7500 K 
condition was found to be significantly (p < 0.01) lower than that in 3000 K.  
 

Figure 1. The 180-s time intervals 
produced by nine subjects in the red-light 
and blue-light conditions (mean ±SE). The 
difference between the two light 
conditions was found to be significant 
(p<0.05)  
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Figure 2. The 180-s time intervals 
produced by 20 subjects in the two color 
temperature conditions (mean ±SE). The 
difference between the two conditions 
was found to be significant (p<0.05)  
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It is interesting to note that the P300 latency in the red-light condition was found to be 
significantly shorter than that in the blue-light condition. In general, it is recognized that the 
P300 latency depends on the activity level of the cortex. We didn’t measure P300 in the 
experiment on color temperature and illuminance. However, the higher feeling of sleepiness 
might suggest the lower level of the cortex activity.  
 
We suggest that the higher activity in the central nervous system is related to the acceleration 
of the time sense. 
 
DISCUSSION 
It can be assumed that the higher level of brain activity in the red-light condition, or the 
higher color temperature condition might accelerate the endogenous interval timing clock. It 
is assumed that the visual pathway (retina - lateral geniculate body - primary visual cortex) 
might be involved in this effect.  
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INTRODUCTION 
With the development of the technologies of information and communication the 
administrative type working systems suffered a lot of transformations. Postural stress and the 
predominant intellectual work of human operator changed in content and intensity. Therefore, 
the periodic ergonomic analysis of these working systems must be performed for ergonomic 
optimization of environment, identifying factors for organization optimization for the working 
places, identifying occupational diseases or new causes of premature fatigue, and for 
increasing productivity of work simultaneously with increasing work safety. This is the focus 
of this presentation. 
 
The bibliographic analysis and direct observation of human operator’s fatigue from the 
administrative field, the ergonomic organizing type of office work and the analysis of some 
psychological and physiological aspects of office work are the first objective of our research. 
We investigated the following aspects: (1) Work fatigue and solicitation factors: type of 
fatigue, determination of physical fatigue, the fatigue prevention, rest and work capacity; (2) 
The ergonomic organization of working place: the phase of the process, some principles that 
must be followed, the need of office work optimization and the effects on the health of the 
human operators; and (3) Identifying some specific elements for the increasing safety of 
workplaces in order to perform the analysis of some psychological and physiological aspects 
of office work. These preliminary aspects of research formed the basis of this research. 
 
METHODS 
Three methods were used: (1) Direct observation of administrative working places using 
observation charts. The elements of interest were: describing the organization for the working 
place, description of postural stress, and description of working environment. (2) Dialogue 
with a focus group with the purpose of collecting data for the effects on health of stress and 
working posture. (3) A direct semi-structured interview based on a questionnaire for the 
identifying the perturbing factors in administrative work. The sample was 25 public officers, 
working 8 hours/day and 5 days/week. 
 
RESULTS 
As a result of the analysis of the data gathered with different investigation methods we must 
conclude the following that: (1) Background noise consisted of: telephones ringing, telephone 
conversations, office conversation between officers and the public, movement inside the 
office, opening and closing of the door had the highest importance in causing fatigue (25 of 
25 public officers). (2) Inadequate light (low intensity light on the desk, lighting source not 
placed on the left) was the cause of trouble for 12 of the 25 officers. (3) The primary cause of 
back pain was an inadequate chair for 21 officers. (4) Ten of the 25 officers were unhappy 
with the quality of inside air (hot summer days the air is irrespirable, office over-populated, 
ventilation systems are not sufficient). (5) Physical and moral violence is another reason of 
concern for 16 employers, who were concerned because the public frequently used verbal 
violence.  These aspects are presented in Figures 1 and 2. 
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Figure 1: Graphical representation of the research results – disturbance factors of office work 
 

Figure 2: Graphical representation of the public officers affected and non-affected by the 
disturbance factors of office work.  
 
DISCUSSION 
As a result of our research, we draw the following conclusion. The most important ergonomic 
adjustment is the rearrangement of the working place. The employers using this office must 
be redistributed into two different places. Ergonomic chairs must be procured. The interior air 
quality and temperature must be improved using air conditioners. The improvement of light 
quality in offices with fluorescent lamps must occur, until the intensity of light reaches 500 lx. 
Working at a computer must not exceed 4 hours a day, with at least 15 minutes break for 
every 2 hours worked without interruption. Strengthening of security by restricting access into 
the working zone, alarm equipment, and personal and general security equipment. Comparing 
the results with medical charts of the investigated subjects, ergonomic measures were 
formulated and implemented for the wellbeing and the improvement of working conditions of 
public officers. 
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INTRODUCTION 
Modern illumination systems must simultaneously accomplish two conditions: (1) 
comfortable visual ergonomic perception in order to minimize the visual analyzer’s fatigue; 
and (2) economizing power use and minimizing effects on the environment. These conditions 
are of great importance when they are applied to large industrial systems. The lighting is 
essential to increasing operator performance, and it contributes to a safer and more 
comfortable working environment. Therefore, in the present paper we have studied for the 
optimization of industrial lighting systems, and in particular within the textile industry. 
 
Preliminary to this research, direct observation of working places was pursued, involving: 
visual perception and solicitation of human operators, analyzing medical charts for 
ophthalmologic problems, analyzing illumination systems in industrial halls, analyzing 
chromatic ambience of the industrial environment. These preliminary studies allowed the 
determination of appropriate research methods, conclusions and proposals for the 
optimization of industrial lighting systems for the textile industry. 
 
METHODS 
The methods used for research were: (1) direct observation of the working places, using 
observation charts; (2) dialogue with the focus group with the purpose of collecting data for 
the effects on health of lighting conditions; (3) defining and completion of analysis certificate 
for illumination in 7 industrial units of textile industry, at their request. There were made 42 
determinations with the representative detail of 0.8-1.2 mm. in the research we were 
interested in: the level of illumination (lx), the contrast between detail and background, and 
the characteristic of the background. 
 
RESULTS 
This research revealed the following results (Figure 1): (1) depending on the level of 
illumination (lx) only 2 of 42 analyzed machines had the level of illumination less than 300 
lx, that means 4.76%. (2) in the interval 300- 499 lx we found 8 machines, that means 
19.04%; (3) in the interval 500- 699 lx we found 14 machines, that means 33.33%; (4) in the 
interval 700- 899 lx we found 12 machines, that means 28.57%; and (5) greater than 900 lx 
were 6 machines, that represents 14.28%. 
 
Depending on the contrast between detail and background there was only one machine 
(representing 2.38%) with big contrast, 2 machines (representing 4.76%) with medium 
contrast and the rest of 39 (representing 92.85%) with small contrast (Figure 2). 
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Figure 1: Graphical representation of the existing lighting level at the work-places that were 
studied 

Figure 2: Graphical representation of the existing contrast between details and background at 
the work-places that were studied 
 
Depending on the characteristic of background we found 11 machines with dark background, 
representing 26.19%, 11 machines with medium background, representing 26.19%, and 20 
machines with light background, representing 47.61% (Figure 3). 
 

Figure 3: Graphical representation of the studies sample depending of the background 
lighting characteristics 
 
DISCUSSION 
After this research was completed, we concluded the following: (1) The analyzed industrial 
illumination systems are similar to the requests of The Standards for Work Security form 
Romania. There is interest for the good functioning of general and local lighting. Production 
systems are using the natural lighting (through windows and windows in the roof), but in 
limited time of working shifts (only the 1st shift, depending on the season from 3- 8 
hours/day). (2) Postural stress of human operators, mostly women, with ages between 20-56 y 
affects their wellbeing. Professional diseases frequently encountered are: myopia, 
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astigmatism, and asthenia, low back pain, varicosities, and so on. (3) Human operators have 
ophthalmologic illness because the unsuitable lighting conditions. Local and general lighting 
presents variations in intensity of light causing premature fatigue of the visual analyzer’s 
fatigue. This kind of fatigue generates the tiredness of the entire body. The situation is very 
harmful if we take account that most workers are women, and that the postural stress is static 
and prolonged and it has a bad impact on the comfort in work and on the performance of 
operator’s work. 
Proposals for optimizing illuminating systems include: (1) Descending each illuminating 
element 1000 mm against their initial position in order to realize a uniform, good quality 
lighting, in all working spaces, without shadows. (2) Providing a protective screen from the 
direct sunlight. The screen must be placed outside the building, and the light will be reflected 
on the ground, not directly, eliminating the dazzle. After the application of these ergonomic 
optimization solutions of the lighting in industrial environment, and the elimination of the 
dazzle phenomenon, productivity will grow about 2-6% and the costs for undertaking this 
work will be absorbed in approximately 2-3 months. 
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INTRODUCTION 
Hazardous noise is a constantly increasing problem in the working environment. This can 
directly or indirectly affect health and increase the risk for accidents by interacting with other 
work. Excessive noise damages the hair cells in the cochlea, leading to loss of hearing. Such a 
loss is the most prevalently irreversible disease in many countries (WHO, 1997). According 
to European Agency for Safety and Health at Work, around 60 million employees in Europe 
are exposed to potentially dangerous levels of noise for at least a quarter of their time at work 
and noise induced hearing loss is accounting for about one third of all work-related diseases 
(EU-OSHA, 2005). In Sweden, agricultural workers have been reported to have the highest 
figure (31.8%) of occupationally hearing impairment among Swedish professions (HRF, 
2006). It has been observed that many excessive noise sources occur in agriculture, such as 
machinery used on livestock (Norén, 1987; Møberg, 2003; Öberg, et al., 2003). A 
questionnaire survey found ten different noise sources in average on Swedish farm. These 
sources interfered with speech and induced a complexity of the noise exposure when working 
on a farm (Öberg, et al., 2003). Therefore, an important question arises how these hazardous 
noise exposures can be judged and reduced in the agricultural working environments. 
 
When evaluating the risk of hearing loss or determining whether a work regulation noise limit 
is exceeded, the noise exposure should be measured and calculated. To calculate the noise 
exposure level over a working day, both the length of time of each noise task and the sound 
level near the ears must be known. Then the partial noise exposure for each noise task can be 
calculated as well as the noise exposure level for a whole working day. To sum up this 
exposure, time-weighted average sound levels are used. Based on a dose-effect assumption, 
the critical level for noise-induced hearing loss is set to 85 dB(A) during an 8-hour working 
day (ISO 1999; AFA 2005:16). In this study, we aimed at evaluating the risk for hearing 
impairment among agricultural workers through investigating both existent noise sources on 
farms, and worker’s daily noise exposure during a working day.  
 
METHODS 
The study was conducted by investigating both sound levels of noise sources on the farms and 
noise exposure among agricultural workers during a working day. The measurements were 
carried out on thirty-three Swedish livestock farms with dairy or pig production and their own 
fodder production as well. The noise sources were measured in terms of sound level (A-
weighted) by using a sound level meter (2238 Mediator, Brüel & Kjær). The sound levels of 
noise sources were measured 1 metre from the source and at ear-height repeatedly according 
to a standardized method (SS-EN 61672). The noise dose was measured with a dosimeter 
(Dose Badge, Cirrus Research Plc) placed on the farmer’s shoulder for a whole working day. 
During each measuring the working duration for each action was recorded to find a 
correlation of the result with daily work activities of the farmers. In addition, using of hearing 
protector by participant was observed as well.  
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RESULTS 
The highest sound-level of the noise sources, 105 dB(A), was measured at a dairy farm when 
crushing grain by a grain roller. There were more than twenty different sources of noise 
exceeding the critical limit 85 dB(A), such as grain roller, silage blower, as shown in Table 1. 
Table 1. Higher sound level of noise sources measured at the farms. 

 
Noise dose measurements are shown in Figure 1. The results showed much variation, from 4 
to 853 percent. Among the 37 measurements, 9 exceeded the hazardous exposure limit of 100 
percent and there are risks for hearing impairment. A noise dose of 100 percent is equivalent 
to hazardously noise exposure at a limit of 85 dB(A) for an 8-hour working day. These was 
considerable noise variation, from 4-853%. Among the 37 measurements, 9 exceeded the 
hazardous exposure limit of 100%, which means a risk of hearing impairment. The large 
variation depended both on sound level of different noise sources and on the duration the 
farmer was exposed. 
 
Furthermore, Figure 2 shows examples of the dose measurements with two participants 
worked with different activities over one working day at a pig farm (Figure 2a) and a milking 
farm (Figure 2b), respectively. It is seen in Fig2a that the worker was exposed to very high 
noise level (> 100 dB(A)) when he worked with angle grinder and other electrical hand tools 
in workshop. The duration of this operation was quite long, ~5 hours, over this working day, 
which resulted in the extremely noise dose of 853%. As shown in Figure 2b the another 
worker was also exposed to high noise levels when he worked with a food-mixer of silage and 
driving old tractor to unload silage balers, etc. The noise dose on that working day was 185%, 
which is also much higher than the risk criterion for hearing loss. 
 

Noise source
Sound level 
Leq dB(A) Measuring place, note

Grain roller 88 -105 In a separate room, on loft, in building beside cow-shed
Silage blower, electric motor 97 - 104 During putting silage into unloading table, emptying silage

Grinding machine 92 - 103 During grinding knives in workshop
Straw chopper, gasoline-powered 100 In loose housing barn

Grain mill 90 - 97 In a separate room, in building beside piggery
Lorry motor 96 Driven fan blower for filling silage in i tower silo

Vacuum cleaner 86 - 95 During clearning drying plant or passages of piggery
Electric saw 94 Sawing, 60 cm blade

Compressor, vacuum pump 94 In a separate room, in the adjacent room to milk cooler
Electric motor for mucking out 82 - 93 In piggery, hydraulic motor in a specially room in house

Pigs 87 - 93 At feed-lot, during vaccinating of pigs
Fodder mixer 87 - 91 Above milking parlour, in the adjacent room to piggery

High-pressure washing 81 - 91 Cleaning of milking parlour, in hall adjacent to piggery
Hay drier 86 - 88 About 3 meters below exhaust 

Ventilation fan 87 In piggery
Pump 81 - 86 Two stirring pumps at silos in feed-room, one in feed mixer 

Grain drier 86 About 3 meters below exhaust
Cyclone 85 Silage wagon during emptying, ~ 4m up of the building

Compressor of fodder steering 85 Compressor-room in pig barn
Tractor 85 In a Cabin, door closed 540 rpm PTO

Refrigerating machine 85 In cooling-room
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Figure 1. The noise dose measured with participants worked at farms. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. The variation of the noise level over a day while a farmer worked at a pig farm 
(left) and a dairy farm (right). 
 
DISCUSSION 
Many hazardously noise sources were observed on the farms studied. Awareness of the risk 
for hearing impairment and measures for reducing noise are important for farmers, who 
should be informed and trained to know what risks exist when he/she is exposed to noise, and 
how the risk for the hearing impairment could be reduced as well. The risk for noise induced 
hearing loss depends on both the sound level and the duration of the noise exposure. A longer 
daily noise exposure is more dangerous to hearing. Therefore, it is important to diminish the 
exposure time in noisy situations when planning a working schedule. It is suggested that the 
choice of machines, built-in and working schedule should be modified to reduce noise and 
exposed time. Some improvement methods for daily activity can also reduce the exposure, for 
instance, to close windows and doors in tractor when noisy equipment is in use.  
 
It is known there is a risk for hearing loss if a person is exposed to a single noise source over 
a work day without hearing protectors. Even a short time of exposure to loud noise without 
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hearing protectors can result in hearing loss, for instance: working with a grinding machine in 
101 dB(A) for 4 min, working in 104 dB(A) with silage blower or grain roller only for 2 min 
(ISO, 1999; Møberg, 2003; AFS, 2005:16; Geng et al., 2005; Geng and Adolfsson, 2006). 
Hence, it is important to use a hearing protector when working under noisy conditions if the 
sound level cannot be reduced by other methods. Hearing protectors can be ear cups or 
earplugs. Ear cups are recommended to normal daily use in agriculture. They give a better 
protection from noise and protect the ear canal from dirt. 
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LOAD CARRYING CAPACITY-ENDURANCE TIME RELATIONSHIP 
DURING MARCHING WITH LOADS AROUND BODY WEIGHT 
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1TNO Human Factors, Soesterberg, The Netherlands 

2Training Medicine & Training Physiology, Royal Netherlands Army, Utrecht, The 
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Contact person: claudy.koerhuis@tno.nl 
 
INTRODUCTION 
Most loaded marching studies have focused on metabolic and cardiovascular effects. 
However, during marching with high loads, muscle strength may become a limiting factor. 
The purpose of this study was to assess the endurance time of combat soldiers marching with 
extremely heavy loads, with muscle strength and/or localized discomfort as most likely 
limiting factor(s). It was hypothesized that loads relative to individual characteristics 
(Maximal Load Carry Capacity (MLCC), body mass, lean body mass) would be better 
predictors for endurance time than the load itself. Good prediction is necessary to optimise 
team performance. Specifically, lighter subjects carrying heavy loads may have short 
endurance times with respect to heavier subjects, thus hampering team performance. As it 
requires considerable effort to determine MLCC, a second purpose of the study was to find 
out whether it would be beneficial to use muscle strength and/or anthropometric parameters 
for predicting MLCC, and eventually endurance time. 
 
METHODS 
Twenty-three healthy male combat soldiers participated. MLCC was determined by 
increasing the load by 7.5 kg every 4 minutes until exhaustion, starting with body weight. The 
marching velocity and gradient were kept constant at 3 km/hour and 5% respectively. For the 
determination of the %MLCC-endurance time relationship, endurance time was determined 
carrying 70, 80 and 90% of MLCC. Rating scales were used to assess localized postural 
discomfort.  
 
RESULTS 
The MLCC averaged 102.6 kg (SD: 11.6). A significant difference was found in endurance 
time carrying 70% and 80% of MLCC (p=0.0001; 40.9 (SD: 17.2) and 24.5 (SD: 7.4) 
minutes) and carrying 70% and 90% of MLCC (p=0.0001; 40.9 (SD: 17.2) and 17.7 (SD: 5.8) 
minutes respectively). Postural discomfort was predominantly localized in the shoulder 
region, followed by the lower back and hips. %MLCC was the best predictor of endurance 
time (R2=0.45). Loads expressed as %body weight, as %free fatty mass or carrying the same 
loads predict endurance time less well (R2= 0.30, R2= 0.24 and R2=0.23 respectively). The 
%MLCC- endurance relationship can be used for redistributing the total load carried by a 
group over individual soldiers in order to affect group endurance time. Redistribution of the 
total load changed endurance times, which initially ranged from 11.35 to 65 minutes (mean: 
30.2 ± 16.1), to endurance times ranging from 13.4 to 45 minutes (mean: 28.3, SD: 8.8). 
Although the average endurance time remained about the same, the standard deviation was 
twice as low. Redistribution of the total load resulted in a more homogeneous group 
performance with an increase in endurance time for the ‘weakest link’.  
 
However, determination of MLCC requires more effort than determination of the body 
weight, free fatty mass and the carried load. Since load expressed as %body mass is the 
second best predictor of endurance time, it may be a reasonable alternative. 
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Redistribution of the load relative to body mass resulted in endurance times varying between 
the 13.4 and 50 minutes (mean: 26.8, SD: 11.3). Although the average endurance time 
decreased, the endurance time of the group was more homogeneous compared with the group 
carrying the same loads, with an increase in endurance time for the ‘weakest link’.  
 
Prediction of endurance time based on muscle strength and anthropometric parameters is not 
an attractive alternative in time limiting situations. 
 
 
DISCUSSION 
It is concluded that during marching with extremely heavy loads, combat soldiers need to be 
individually loaded, relative to their own MLCC to have a better prediction of endurance 
time. Redistribution of the carried load relative to MLCC makes the team performance more 
homogeneous compared to carrying absolute loads.  In limited time situations redistribution 
of the carried load relative to body weight is a good alternative, which still results in a more 
homogeneous team performance compared to carrying absolute loads. Reasons for 
terminating work were predominantly discomfort, but also insufficient muscle strength. 
Prediction of endurance time based on muscle strength and anthropometric parameters is not 
an attractive alternative in time limiting situations. 
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INTRODICTION 
Integrating women soldiers into combat units has been an issue under question for over a 
decade. The question is critical in cases where females are required to perform under 
standards that were established for male soldiers. To note, all prediction models for 
physiological variables (e.g., sweat rate, work-rest cycle) were constructed from data 
collected only from men.   
 
METHODS 
The purpose of this study was to determine whether a 4-month basic training (BT) course was 
sufficient to narrow the differences between male and female soldiers in terms of physical 
fitness parameters that are relevant for their daily performance. 
 
129 females and 47 males (19±1 yr) participated in this study. A total of 137 volunteers (109 
females and 28 males) successfully completed a 4-month BT course, which was identical for 
male and female soldiers. The subjects' physical fitness was evaluated pre and post BT by 3 
laboratory tests (VO2max, Leonardo Ground Reaction Force Plate (GRFP), and Wingate 
Anaerobic Test (WAnT)) and by the IDF's physical fitness test (PT), consisting of a 2-km run, 
and the maximum number of push-ups and sit-ups performed in 2 min.  
 
RESULTS 
Prior to BT, males had a 38% and 28% advantage in anaerobic and aerobic capacities, 
respectively. Following BT, gender differences narrowed in all aspects except upper body 
strength. Females significantly improved in field and laboratory aerobic tests, push-ups and 
sit-ups, whereas males significantly improved only in the PT as shown in the following Table. 
 

Table 1: 

PT  
 Phase 

(in BT) 

Aerobic 
VO2max  

(ml·min-1·kg-1) 

GRFP 
Force/kg 

(N/kg) 

WAnT 
Power 

(W) 2-km run 
(min.) 

Push-ups 
(rep.) 

Sit-ups 
(rep.) 

pre 35.8±6.4 46.1±9.2 4.85±0.90 12:23 37.2±2.6 63.6±18.6 
Females 

post 40.8±6.0* 42.7±7.2 4.89±0.80 11:14* 47.8±6.9* 85.5±18.3* 
pre 45.9±7.9 49.9±12.9 6.79±0.90 9:43 42.8±8.5 65.4±19.9 

Males 
post 50.6±7.0 44.6±8.3 6.59±2.30 9:15* 67.8±9.1* 85.9±9.9* 

pre -28.3+ -8.2 -38.1+ -21.5+ -15.1+ -2.7 Females/ 
Males  

Dif. (%) post -24.1+ -4.5 -34.8+ -17.7+ -41.7+ -0.5 

* denotes significance between pre and post, + denotes significant gender differences, p<0.05 
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DISCUSSION 
These results allow us to conclude that Combat BT improves physical fitness as reflected in 
laboratory and field tests. The improvement was marginally higher in females than in males, 
resulting in slight narrowing of the gender differences. Nevertheless, there are still significant 
physical fitness differences between the genders. Among many ethical and physiological 
questions associated with integrating women soldiers into combat units there are two practical 
issues that have to be further investigated: (1) whether a better sorting process before 
recruitment would bridge the inherent differences between genders; and (2) whether a pre-BT 
course for females would be of value to further narrow the gender differences in physical 
capacity.  
 
DISCLAIMER 
Opinions, interpretations, conclusions, and recommendations are those of the authors and are 
not necessarily endorsed by the U.S. Army and the Israeli Defense Forces. 
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INTRODUCTION 
Mobile phones generate microwave radiation in the 450-1800 MHz frequency range. The 
electromagnetic fields at these frequencies penetrate exposed tissues which absorb EMF energy. 
This energy is converted thereafter into heat. The parameter used for assessment of the 
absorbed EMF energy is the specific absorption rate (SAR) that can be averaged over the 
whole body or a particular organ or tissue. For hand-held radiotelephones used by the general 
public, International Commission on Non-Ionizing Radiation Protection (ICNIRP) 
recommends that the localized SAR in the head be limited to 2 W/kg averaged to 10 g tissue 
(ICNIRP 1998). This limit should protect telephone users from the thermal effect of radiation, 
but it is worth noting that those limits have been based on phantom studies, while human 
results are not available. Although the exposure due to mobile phone use is below the 
admissible maximum values specified in the relevant standards, a lot of mobile phone users 
complain about heating and sensation of warmth around the ear (Oftedal et. al., 2000). Also skin 
temperature measurements over the phone use area revealed elevated temperature. Experimental 
studies show that skin temperature in the area of the ear of a person using mobile phone 
increases by 2.3 degrees C to 4.5 degrees C (depending on mobile phone type) (Anderson and 
Rowley, 2007, Straume et al. 2005). It remains to be seen whether the use of mobile phones may 
lead to changes in the brain temperature. The studies on SAR and temperature in the head have 
so far been carried out only as phantom experiments. They revealed temperature increase 
ranging from 0.080 – 0.160C. However, these studies did not consider the role of the 
thermoregulatory system which may significantly affect the actual temperature of the brain 
(Bernardi et al. 2000, Weinwright 2000). The aim of our experiment was to assess the core 
temperature during exposure to EMF emitted by mobile phone in different exposure 
conditions. This problem has not been satisfactory clarified yet. 
 
METHODS 
The volunteers taking part in the study were 10 young, healthy men aged 19-29 ys, mean age 
22.1 ±4.7 y. Their mean height was 179.5 ±5.8 cm, mean weight 69.5 ±7.6 kg and body mass 
index (BMI) 21.5 ±1.53 kg. The subjects gave their written informed consent to take part in 
the study and had a medical examination performed before the experiment. This has not 
revealed any abnormal findings. The study protocol was approved by the regional Biomedical 
Ethics Committee. During the experiment, performed in wintertime, the subjects were 
wearing a normalized, cotton clothes (long-sleeved shirt and trousers). The experiment was 
performed in laboratory, under strictly controlled climatic conditions: ambient temperature 
and relative humidity were maintained at 240 C and 70%, respectively. The study was double-
blind, randomized design. Each subject underwent three sessions: (1) on a day without 
exposure (control conditions), (2) on a day with continuous exposure (60 min exposure from 
mobile phone), and (3) on a day with intermittent exposure (4x15 min “on” and 4x15 min 
“off”). The subjects had not used a mobile phone for at least a week before each experimental 
day. Since it was necessary to eliminate the influence of the possible stress caused by talking 
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over the phone on the physiological parameters, using the phone consisted only in keeping the 
subject's head close to the receiver mounted on a stand. We used one standard mobile phone 
working with a frequency 900 MHz (SAR=1.23 W/kg per 1 g tissue). The study protocol is 
shown in Fig. 1. 
 

Figure 1. The protocol of experiment. 
 
On the day of the experiment, the subjects entered the laboratory at 6 p.m. and stayed in 
sitting position till 7 p. From 7 p.m. to 9 p.m. they were subjected to a real or sham exposure. 
Starting from 9 p.m. to 11 p.m. the subjects stayed at the same position and recovered. During 
the experiment, the tympanic temperature (Tty), arterial blood pressure (BP) and heart rate (HR) 
were monitored. Blood pressure and heart rate results were published earlier (Bortkiewicz et 
al. 2005). Tympanic temperature was measured every 10 secs from 6 p.m. to 11 p.m. by a 
thermistor probe (ST-21S, sensor Tecnica Co.) carefully inserted into the ear, very close to the 
tympanic membrane in the ear opposite the one in contact with mobile phone, to avoid 
electromagnetic interference of mobile phone with the probe. The individual results of each 
subject were plotted in real time separately for different exposure conditions to reveal trends 
in individual reaction. Then these data were pooled for all groups for each test condition. The 
statistical analysis was performed for the whole group and referred to the following periods of 
experiment: during exposure (sham, continuous or intermittent) and after the exposure (two 
hours). We compared the tympanic temperature between sham day, day with continuous 
exposure and intermittent exposure separately for first and second hour of the exposure, and for 
first and second hour after exposure. Repeated-measures analysis of covariance was used to 
calculate the results of the experiment. Time (consecutive hours during and after exposure) 
and exposure conditions (no exposure, continuous exposure, intermittent exposure) were 
considered as the main effects, while the mean values of tympanic temperature before the 
experiment were the covariances in the model. Multiple comparison Sidak test for comparing 
mean tympanic temperature in each hour between sham vs. continuous and sham vs. 
intermittent exposure was used. For all the statistical tests used, the level of significance was 
α = 0.05. 
 
RESULTS 
The mean tympanic temperature in the whole group during and after the continuous exposure 
was significantly higher than on the non-exposed day (p=0.001), this difference amounted to 
0.020C. During and after intermittent exposure the temperature was lower than during sham 
day (difference was up to 0.110). Within an hour after exposure, the mean tympanic 
temperature was higher by 0.030C after continuous exposure and lower by 0.180 C after 
intermittent exposure. Two hours after continuous exposure tympanic temperature was 
insignificantly lower than after sham exposure (36.590 C vs. 36.650 C), after intermittent 
exposure the difference was significant (0.260C, p= 0.0001). The changes tympanic 
temperature in the study group (raw data) are presented in Figure 2. To find out whether the 
type of exposure may have influence on the tympanic temperature, the trend of changes in 
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temperature for the continuous and intermittent exposure was compared with respective 
findings on the no-exposure day. Since the temperature measured before the experiment might 
affect the temperature during all exposure types, it was considered as a covariance. The adjusted 
tympanic temperature for group on the day of continuous and intermittent exposure were found 
to differ significantly from respective time periods during the sham day (Table 1). 
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Figure 2. Real time values of tympanic temperature in relation to exposure conditions (mean 
values for whole group). 
 
Table 1. Pairwise comparisons between means of tympanic temperature during exposure and sham 
conditions (* statistically significant difference). 

Time of 
experiment 
(hour) 

Exposure 
conditions 

Mean difference 
in temperature 

(0C) 

Standard 
error 

p 

1 continuous vs. sham  
intermittent vs. sham  

-0.067 
0.058 

0.006 
0.006 

<0.0001 
<0.0001 

2 continuous vs. sham  
intermittent vs. sham  

-0.124 
0.021 

0.006 
0.006 

<0.0001 
0.001 

3 continuous vs. sham  
intermittent vs. sham  

-0.050 
0.148 

0.006 
0.006 

<0.0001 
<0.0001 

4 continuous vs. sham  
intermittent vs. sham  

-0.012 
0.181 

0.006 
0.006 

0.109* 
<0.0001 

   
The results of this analysis indicate that the physiological response to EMF exposure from 
mobile phones was mostly related to the type of exposure (continuous or intermittent). It is 
worth noting that after last hour of experiment with continuous exposure and with sham 
exposure tympanic temperature did not differ significantly, opposite to intermittent exposure, 
when tympanic temperature all time was significantly lower than during sham exposure. 
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DISCUSSION 
Different reactions to EMF occurring during and after exposure to continuous and intermittent 
exposure, revealed in our experiment, need further study. The changes in brain temperature, 

may have physiological 
consequences, which, among 
others, may induce disturbances 
in the permeability of the blood-
brain barrier (Fritze et. al. 
1997), what could partially 
explain the symptoms reported 
by mobile phone users. 
Considering the possible health 
effects of exposure to mobile 
phone, further research is 
necessary to investigate the 
mechanism of EMF action on 
human brain.  
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National Institute for Safety and Hygiene at Work, Ministry of Labour and Social Affaires, 

Madrid, Spain 
Contact person: parmenda@mtas.es 

 
INTRODUCTION 
Occupational exposure to cold environments can result in the loss of body heat that can have 
adverse effects on discomfort and health. It may also induce illnesses and injuries related to 
the cold, and promote the beginning or the worsening of symptoms associated with certain 
illnesses. Cold reduces the manual dexterity, even when gloves are worn, and it disturbs 
physical performance. Besides, cold may distract workers and alter behaviour, which may 
have unfavourable consequences for safety and productivity.  
 
Among risks derived from cold stress, the risk of hypothermia, or cooling of the body as a 
whole, may have worst consequence for workers’ health, because acute hypothermia can lead 
to death. Cold stress can increase the risk of cooled tissues of the extremities and face 
suffering freezing and lesions of affected parts. Some work in enclosed places, and especially 
those that are carried out in cold stores, require cold conditions to be carried performed 
correctly. In other cases, such as construction, agriculture, etc. work is performed outdoors, 
and therefore workers are exposed to the cold in winter. 
 
METHODS 
EVALFRÍO is based on the cold stress assessment methods contained in the Spanish 
experimental standard UNE-ENV ISO 11079: 1998 Evaluation of cold environments. 
Determination of required clothing isolation (IREQ) (ISO/TR 11079:1993).  
 
The assessment of hypothermia risk is based on a calculation of the body heat exchange and 
of the required clothing isolation (IREQ) that worker's clothes should provide for the 
maintenance of a thermal equilibrium during the work situation being evaluated. As there is 
an upper limit for the amount of isolation clothing can provide, a duration limit exposure 
(Dlim) can be calculated for the existing clothing isolation on the basis of acceptable body 
cooling as well as the recovery time (RT) that worker should be allowed in a warm place to 
restore normal body heat balance. 
 
RESULTS 
EVALFRÍO assesses cold risks and discomfort and creates databases with data results or just 
assesses cold risks. Occupational preventionists can evaluate risk of hypothermia and cold 
discomfort in the body as a whole with the required clothing isolation index (IREQ) and local 
cooling risks and discomfort in hands and feet with skin temperature measurements and in 
respiratory tract with air temperature measurements, both indoor and outdoor. For outdoors 
environments, EVALFRÍO also evaluates convective cooling in bare skin with wind chill 
index (WCI) or chill temperature.  
 
DISCUSSION 
The computer application EVALFRÍO has been developed as an easy tool to help 
occupational practitioners in the assessment of cold stress risks at work, and to provide 
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results, conclusions and information so that appropriate preventive and control measures can 
be taken.  
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INTRODUCTION 
Occupational activities of licensed airline ground staff are accompanied by a specific set of 
load factors which are characteristic for that professional group. They are exposed to high 
noise and adverse climatic conditions (low or high temperatures, large temperature variations, 
draughts, rain or snow, high ambient air humidity), insufficient illumination. The necessity to 
perform various maintenance procedures within very limited space, assuming awkward 
postures and supporting or carrying very heavy objects cause that the workload may be high. 
All those factors may result in adverse health effects associated with disturbed function of the 
circulatory and musculoskeletal systems. Very few data are available in the relevant literature 
on the health effects in that professional group in airline ground staff, in contrast to the 
aircraft flying personnel. This is rather surprising when we remember that the maintenance 
workers accounts for ca. 70% of all aviation workers (DeHart R.L. 1990). The aim of the 
study was to assess age-related changes in job tolerance among the airline ground staff.  
  
METHODS 
Subjects. The study was performed among 50 aircraft maintenance staff (Table 1) employed 
in shift work system 6.00-18.00 (12 h) morning shift and 18.00-6.00 (12 h) night shift. As it 
was necessary to compare the data describing circulatory function, and considering that the 
latter shows circadian variations, examinations were performed at the same time of the day in 
all subjects, during afternoon hours, in workers taking up their duties before the night shift. 
 

Table 1. Characteristics of subjects (BMI (body mass index ) = body mass /height2 [kg/m2]). 
Number of workers    50 
Age (years) 40.8±10.8 
Period of employment (years) 18.4±11.6 
Diseases diagnosed 
-Hypertension 
-Diabetes mellitus type II 
-Subjective cardiovascular symptoms    

 
11 (22%) 

0 
31 (62%) 

BMI* 27.6±3.5 
No. of smokers (>10 cigarettes a day)  13 (26%) 

 
Medical examination: (1) general medical examination with office blood pressure 
measurement; (2) an interview oriented towards the risk of cardiovascular diseases, including 
family history of metabolic and cardiovascular diseases; (3) questionnaire for evaluation of 
fatigue CIS20R (Checklist Individual Strength) (Vercoulen et al. 1994) and subjective 
symptoms of musculoskeletal disorders; (4) ambulatory blood pressure monitoring (ABPM). 
24-h ABPM was performed during night shift, sleep and daily activities of the workers, using 
Medilog DX ABPM System. The measurements were carried out automatically, every half 
hour. Mean systolic (BPS) and diastolic (BPD) blood pressure and heart rate (HR), during 24 
h (O), professional activity (D) and sleep (N) were calculated, with the Staessen's standards of 
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BP as the reference values (Staessen 1990). The BP activity/sleep ratios were determined for 
systolic and diastolic blood pressure (BPSD/BPSN, BPDD/BPDN) and for heart rate 
(HRD/HRN). Subjects without a physiological decrease in blood pressure during sleep (with 
BP ratio lower than 10%) are called non-deepers and the subjects with BP drop greater than 
20% are called extreeme deepers. Mean BP load (the percentage of the measurement values 
above the normal value) was also calculated. It should be within 20% of all values measured 
during 24-h period. 
 
RESULTS 
Overweight was found in as much as 70% of the study group. Irregular food intake, declared 
by 60% of the subjects, was probably one of the cause wich could be associated with the 
character of the duties (shift work). Besides, the subjects in the test group had low level of 
physical activity during their leisure time. Among the 50 workers, 31 people (62%) reported 
cardiovascular symptoms, such as breathlesness, pain, discomfort in the chest or irregular 
heart rhythm. This is the highest proportion of the symptoms compared to other groups 
exposed to various occupational factors, studied by ourselves (Bortkiewicz et al. 1995, 
Bortkiewicz et al. 2001). A history of arterial hypertension was reported by 11 subjects 
(22%). During the medical examination, arterial hypertension was reported in total by 56% of 
the patients. Our results differ considerably from results of a study of 7000 Air France 
workers. The French study covers the group of airline ground workers and shows that their 
arterial blood pressure was highest (3.9%) compared to aircraft flying personnel (pilots and 
navigators 1.%, stewardesses 0.41%), while all those results were considerably lower than the 
results for our group (Bisseliches et al. 1990). In our study using ABPM, mean arterial blood 
pressure in all monitoring periods was normal (Table 2).  
 

Table 2. ABPM results in aircraft ground staff. 
BPS 
(O) 

BPD 
(O) 

HR 
(O) 

BPS 
(D) 

BPD 
(D) 

HR 
(D) 

BPS 
(N) 

BPD 
(N) 

HR 
(N) 

BPSD/ 
BPSN 

BPDD/
BPDN 

HRD/
HRN 

      [mm Hg]     

 
 
 
AVG 
STD 

127.9 
10.1 

80.4 
7.2 

78.3 
9.2 

131.5 
10.4 

83.3 
7.4 

81.3 
9.8 

112.9 
12.0 

67.6 
8.9 

66.3 
10.0 

1.17 
0.08 

1.24 
0.11 

1.24 
0.14 

 
Table 3. The percentage of subjects with elevated arterial blood pressure  in  periods 

 BPSD BPSN BPSO BPDD BPDN BPDO 
Group 18% 16% 18% 14% 12% 14% 

 
The percentage was higher than in the group of the GSM operators or workers occupationally 
exposed to fine-particulate dust, but it was lower than in the people occupationally exposed to 
50 Hz or UHF/VHF electromagnetic fields (EMF) (Gadzicka et al. 1997) as well as in air 
traffic controllers ( Sega et al. 1998). Mean BP load of both systolic and diastolic blood pressures 
in the study group was higher than normal, 28% and 24%, respectively. In 50% subjects the 
systolic BP load, and in  44% subjects the diastolic BP  load was higher than normal. Table 4 
gives the percentages of non-deepers and extreeme deepers in the study group.  
 

Table 4. Percentages of people with disturbed BP control. 
 BPSN BPDN 
Non-deepers 18% 6% 
Extreeme-
deepers 

36% 62% 
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The non-deeper phenomenon is thought to be a symptom of disturbed neurovegetative regulation 
and may result in the development of overt hypertension (Fava et al. 2005). It is worth noting a 
very high number of extreeme deepers in examined group. Although no data from our own 
research are available for comparison, results of recent research worldwide suggest that this is an 
adverse prognostic symptom associated with an elevated risk of cerebral stroke (Izzedine et al. 
2006). In the majority of the people, arterial blood pressure abnormalities and disturbed BP 
regulation was detectable only by ABPM. It is particularly important to note that elevated blood 
pressure was detected by ABPM in as much as 53% of people who had not reported 
hypertension in their questionnaire sheets. This is alarming, as those people are considered to be 
healthy.  
 
In the study group, mean level of the chronic fatigue was 73.2 ±13.4 (medium-high). In 80% 
of the patients the fatigue was moderate, and in 20% it was high. This was the highest level 
compared to other professional groups; e.g. in firemen, the level of the fatigue was 56.5±21.3, 
in the workers of an open-cast mine it was 54.8 ± 27.7, post office workers 68.1 ± 24.2, and in 
the workers of a scientific research institute the level was 67.0±26.4. Such high fatigue might 
had resulted also from unreasonably spending the leisure time, because the workers after the 
night shift had only slightly more than 4 hours of sleep. To assess the effect of age on 
workload tolerance, development of fatigue and the frequency of circulatory changes, the 
study group was divided into 4 subgroups (table 5): 
 

Table 5. Characteristics of study group by age. 
Groups Age 

range 
age (mean±SD) Period of 

employment 
(mean±SD) 

BMI Percentage of 
smokers 

1. n=12 20-30 25.0 ±2.3 3.1±2.9 25.8±3.4 25.0% 
2. n=11 31-40 37.4±2.4 15.9±5.7 26.9±3.0 18.2% 
3. n=14 41-50 44.8±3.4 22.0±6.9 28.1±3.7 26.7% 
4. n=13 51-60 53.5±2.8 30.4±7.8 29.4±3.1 38.5% 
p=0.05  1-2, 1-3, 1-4, 2-3, 

2-4, 3-4 
1-2, 1-3, 1-4, 2-3, 

2-4, 3-4 
1-2, 1-3, 1-4, 
2-3, 2-4, 3-4 

 

iinnssiiggnniiffffiiccaanntt  
difference 

 
In the study group there was a high percentage of people reporting musculoskeletal 
symptoms, such as low back pain (56% people), knee pain (43% people), neck pain (30% 
people), and upper limb pain (20% people). 25% of the workers with such symptoms had 
sought medical consultation. Symptoms like those could result from the specific character of 
the job, which required maintaining awkward body postures for long periods of time. Our 
analysis of the job characteristics confirmed a high risk of such symptoms. The frequency of 
those symptoms was age-related. The highest proportion of the subjects reporting the 
symptoms was noted among the  41-50 year-old workers. The manifestations were more 
frequent than in the group of salesman studied by us earlier, where the symptoms were 
reported by 20.5% people.  When analysing BP parameters we have found that systolic BP in 
all periods (BPSO, BPSD, BPSN) did not differ significantly between the different age 
groups, while significant differences (p<0.05) were found for diastolic BP (BPDO, BPDD, 
BPDN) that were higher in groups 2 and 4 than in group 1. It was worth noting that non-
deepers were found only in the older groups. The systolic BP load did not differ significantly 
between the groups, while the diastolic BP load was significantly higher in the older groups, 
and  highest values were found for group 4 (p<0.05). Age was found to be a factor 
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significantly affecting fatigue level, while all fatigue indices were highest in the oldest group. 
In that group, as much as 40% workers reported high level of fatigue, while no such scores 
were reported in the youngest group. The relationship between chronic fatigue and age is also 
supported by a positive correlation occurring between age and total fatigue index (r=0.451, 
p<0.05). The cardiovascular risk assessment was performed using the logistic regression 
model. The youngest group was used as the reference, and the risk of abnormalities for that 
group was assumed to be equal to 1. Increased risk of non-deeper phenomenon (OR=1.5) and 
excessive arterial blood pressure (O.R.=9.4) was observed in the oldest group.  
 
DISCUSSION 
Our results show that the 50-year and older workers were the group with lowest tolerance to 
the specified work conditions. This group was characterised by highest physiological cost of 
work and highest risk of developing adverse health effects. Although the tendency to lower 
work ability with age is natural, in the study group the process was considerably more evident 
than in other professional groups.  
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INTRODUCTION 
A typical passenger may be wearing little protective clothing during an evacuation from a 
seagoing vessel, resulting in the liferaft providing the only significant thermal protection 
against the cold environment.  While regulatory agencies often require commercial liferafts to 
provide thermal protection within its design, there exists limited guidance regarding the 
amount of protection needed.  The aim of the present study was to characterize the thermal 
responses of lightly dressed subjects exposed to mild cold conditions in a liferaft when two 
factors affecting heat transfer were modified: the floor insulation of the liferaft and the 
wetness of the occupants.  This study is part of a larger investigation looking at the thermal 
requirement for long-term survival in various sea environments. 
 
METHODS 
Eight instrumented subjects (5 males; 3 females) were exposed in pairs for 135 min to four 
randomly assigned conditions inside a liferaft.  In the first series of conditions, the floor of the 
liferaft was uninflated (~0.2 cm thick) and the subjects were either dry (Udry) or wet (Uwet).  
In the second series of conditions, the floor of the liferaft was inflated (~15 cm thick) and the 
subjects were again either dry (Idry) or wet (Iwet).  The four conditions were repeated with an 
additional 4 subjects in the liferaft for a total of 6 occupants (Udry6; Uwet6; Idry6; Iwet6) to 
examine the effect of multiple occupants on the thermal responses of the two primary 
subjects. During the exposures, the subjects wore a one-piece cotton coverall, an inflated 
SOLAS approved personal flotation device, and neoprene gloves and boots to minimize the 
risk of non-freezing cold injuries to the extremities.  In the wet conditions, the clothing of the 
subjects was fully wetted before entering the liferaft.  The ambient conditions during the trials 
were representative of mild sea conditions: 16°C water temperature, 19°C air temperature, 60 
% relative humidity, and 5 m/s wind speed.  To simulate for the leeway effect and sea state 
(increased convection), the liferaft travelled over water at a speed of 0.5 m/s for the duration 
of the trials.  The liferaft tested was a 16-person raft with a closed canopy (3.3 m 
circumference, 1.7 m height).  A constant flow of fresh air (2 occupants conditions: 19 L/sec; 
6 occupants conditions: 38 L/sec) was added to the raft to keep the CO2 concentration at an 
acceptable level during the trials (<1000ppm).  Metabolic rate, mean skin temperature and 
heat loss at 12 sites, and rectal temperature were continuously measured on the two 
instrumented subjects during each trial in the liferaft. 
 
RESULTS 
Baseline mean skin temperatures (Tsk), mean skin heat losses (HF), and rectal temperatures 
(Tre) were similar for all conditions tested and reflected a state of thermal neutrality (Tsk: 
33.3±0.6°C; HF: 58±8 W/m2; Tre: 37.1±0.3°C).  No differences were observed in the thermal 
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responses between the conditions involving 2 versus 6 occupants: the data were therefore 
pooled for the statistical analysis.  At the end of the 135 min exposures, Tsk was significantly 
lower for all conditions (Udry: 32.1±0.7°C; Uwet: 30.0±1.0°C; Iwet: 30.9±1.1°C) except for 
Idry (33.5±0.8°C).  Heat loss, however, increased significantly only for the wet conditions 
(Uwet: 67.4±11.2 W/m2; Iwet: 64.9±11.0 W/m2), and stayed constant for the dry conditions 
(Udry: 55.8±8.9 W/m2; Idry: 52.4±5.1 W/m2).  Tre decreased in all conditions but 
significantly more during the uninflated conditions (mean decrease of 1.1±0.5°C; Udry: 
36.0±0.6°C; Uwet: 36.0±0.6°C) when compared to the inflated conditions (mean decrease of 
0.7±0.3°C; Idry: 36.4±0.4°C; Iwet: 36.5±0.4°C).  The wetness of the clothing had no 
significant effect on the magnitude of the core temperature cooling despite a significant 
increase in heat loss.  Furthermore, despite the absence of a significant increase in heat loss 
during the dry conditions when compared to baseline, Tre significantly decreased by 
1.1±0.5°C for the Udry condition and by 0.7±0.3°C during the Idry condition.  The average 
metabolic rates of the subjects during the exposures were not different between conditions 
(Udry: 117.6±9.0 W; Uwet: 131.8±9.6 W; Idry: 111.04±9.0 W; Iwet: 122.0±8.4 W) despite 
some intermittent shivering and tremor observed for some subjects near the end of the 
exposures for condition Uwet.  A similar trend was observed when the data were expressed in 
W/kg (Udry: 1.42±0.11 W/kg; Uwet: 1.65±0.11 W; Idry: 1.46±0.11 W; Iwet: 1.63±0.10 W).  
There was, however, a tendency for an increase in M for the wet and uninflated conditions.  
 
DISCUSSION 
The present study showed that even during exposure to mild cold environments inside a 
closed liferaft, the wetness of the clothing worn by the occupants and the absence of floor 
insulation will both significantly decrease the mean skin temperatures of the occupants while 
only the wetness of the clothing will increase the heat loss from the subjects.  However, the 
thermal stress imposed by the different conditions tested was not sufficient to significantly 
and consistently increase the metabolic rate of the occupants through shivering.  Despite the 
mild responses to cold during the exposures (Tsk above 30°C, HF increased by < 15%; no 
definitive shivering), Tre significantly decreased for all conditions tested by as much as 
1.1°C.  This was particularly the case for the condition Udry where the Tsk was on average 
32°C by the end of the exposure, and both HF and M had not increased from baseline.  If the 
observed rate of decrease in Tre for that condition is extrapolated, it could be predicted that 
the occupants would not survive for more than 18 hours inside a liferaft originally designed 
for a multi-days survival in much colder environments.  It is concluded that to estimate 
survival time inside a liferaft, or to evaluate the thermal protection of a liferaft,  the short-term 
decrease in Tre from the occupants should not be the only or primary factor taken into 
consideration. 
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INTRODUCTION 
In the UK Oil Industry sector of the North Sea, Fast Rescue Craft (FRC) and Daughter Craft 
(DC) are involved in rescuing and recovering man over board (MOB) casualties, or survivors 
from ditched helicopters. DC are specialised FRC, they are slightly larger and may have a 
cabin to provide shelter from the elements for the three crew members (coxswain and two 
boatmen) and a limited number of survivors. FRC and DC are normally deployed from, and 
work in conjunction with, an Emergency Response & Rescue Vessel (ERRV). They are 
designed to operate away from the ERRV rather than only being launched in an emergency. 
The primary function of a DC is to provide close support and to assist in either the recovery of 
people from the water or survival craft, or in the evacuation of an offshore installation in 
conjunction with other vessels. The aim of the present work was to examine the capacity of 
the crew to perform both single and multiple casualty handling on a small boat at sea.    
 
METHODS 
Ethical approval was obtained from local Ethics Committees. The investigations were 
undertaken on an 11.6 m (38 ft) DC in the southern North Sea using the crew and facilities of 
an ERRV. All volunteers gave their written informed consent to participate in the sea trials. A 
total of 9 male DC crew volunteered for the study (mean [sd] age = 31 [6] years; stature = 181 
[9] cm; mass = 79 [14] kg; experience on DC = 9.8 [6] years). 
 
Man overboard (MOB) exercises: A lightweight dummy casualty (35kg) was put overboard 
and the DC motored away to a distance of around 25 metres to begin the recovery exercise.  
The DC approached from behind (port side to) and one crewmember attached himself to a 
safety line, and moved forward along the deck with a boat hook to reach the dummy in the 
water.  Once secured, the dummy was manoeuvred towards the stern until it could be reached 
by two crew members and dragged onboard the stern deck, from where it was carried to the 
cabin door. The time from initially securing the dummy with the boat hook to drawing it to 
the position for lifting was recorded (manoeuvre time), as was the time to lift, recover it from 
the water and carry it to the cabin door (rescue time).  Immediately following completion of 
the recovery task the subject’s heart rate (HR, Polar watch), rating of perceived exertion 
(RPE, “minimal” - 6 to “maximal possible” – 20, Borg Scale), and grip strength (GS, hand-
held dynamometer) in either hand were recorded. Four MOB exercises were conducted in a 
sea state of 3.5 to 4 m with 2 crew members (each contributing to the recovery as best they 
could in the cramped and restricted space available). The following casualty recovery 
scenarios were simulated in a calm sea with an estimated 0.5 m swell: (1) One dummy 
recovered by 2 crew members; (2) One dummy recovered by 3 crew members (one to secure 
dummy the other 2 to lift the dummy on board); (3) Ten dummies recovered by 2 crew 
members in succession. (4) Ten dummies recovered by 3 crew members in succession (one to 
secure dummy the other 2 to drag the dummy on board). (5) Two dummies recovered using a 
Jason’s Cradle by 2 crew members:  the Jason’s Cradle allowed the dummy to be lifted onto 
the aft deck (rolled inboard over the side) as opposed to hauling the casualty from the water.  
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Casualty handling onboard a DC: Casualty handling onboard the DC to and from the 
treatment area was assessed in a calm sea with the DC secured on the ERRV. This exercise 
initially required two crew members to lift and carry a 70kg dummy from the after-deck, 
through the cabin doorway, down two steps, and positioning it on the lower bench in the 
upper cabin.  The dummy was then transferred through another hatch, down three steps and 
positioned on a bench in the lower cabin.  Finally, the dummy was carried from the lower 
cabin, up the steps into the upper cabin and out through the doorway onto the deck. These 
tasks were undertaken with the crewmembers attempting to bear the weight equally between 
them, and undertaken both with and without the use of a stretcher. At the end of each task the 
crew were asked to record their RPE.  
 
RESULTS 
MOB Exercises: In calm seas, manoeuvre time averaged 10.4 (2.6) s and manual recovery 
time averaged 20.3 (8.6) s, using the Jason’s cradle resulted in a slower recovery time 46 
(10.1) s. Manoeuvring the dummy along side the DC and recovering it from the water was 
found to be stressful and increased HR (Table 1). In rougher sea, the mean HR during the 
MOB rescue was 151 (18) bpm. Using the Jasons cradle and having 3 crewmembers to 
perform the recovery was easier than recovery with just 2 crew members. Grip, leg and back 
strength were not reduced following the MOB exercises (Table 2). 
  

Table 1. Heart rate and RPE during MOB exercises (N=2, those wearing monitors). 
 S5 S6 
 HR RPE HR RPE 
E1 133 12 116 13 
E2 120 9 107 9 
E3 110 12.7 112 12.6 
E4 92 9.1 89 10.9 
E5 107 13 108 12 

 
Hauling the casualty on to the craft required the use of high force application in stooped and 
twisted postures. In order to grab hold of the casualty in the water the rescuer had to stretch 
out whilst leaning over the sea, at risk of over-balancing and falling in. There was very 
limited space for two individuals to coordinate their efforts and share the demands of 
recovering the casualty on board equally.  Therefore, a greater load was borne by one 
individual who became fatigued more quickly, creating the need to swap over duties. 

 
Table 2. Grip strength of subjects participating in the MOB exercises. 

 Right Grip Strength (kg) Left Grip strength (kg) 
Subject S5 S6 S8 S5 S6 S8 
Start 53 41  56 37  
After E1 62 51  64 40  
After E2 56 44 51 64 41 48 
After E3 58 43  60 35  
After E4 46 45 53 59 36 54 
End 57 49 51 61 39 49 

 
Casualty handling onboard a DC: The casualty handling task required each handler to lift and 
carry an inanimate load of at least 35 kg in awkward, stooping or twisted postures. The RPE 
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following casualty handling reflects the difficulties involved in performing the tasks (Table 
3). Whilst the use of a stretcher reduced the perceived load, the transfer of a casualty onto a 
stretcher in the aft deck may not be possible in some sea states.  

 
 
 

Table 3. Ratings of perceived exertion of one subject for casualty handling (70kg dummy) in 
the DC as a member of a two-man team.  

Task No stretcher With stretcher 
Lift from deck to lower bench 13 12 

Lift from lower bench to inner cabin seat 14 13 
Lift from inner cabin to deck 12 11 

 
DISCUSSION 
The most common method of recovering a casualty to a FRC or DC is by means of a manual 
lift by two crewmen. Whilst this may be the fastest way, it is also the most physically 
demanding. Elevated heart rates and RPE were observed during the casualty recovery 
exercises using dummies that were less than half the average male weight (Table 1). The crew 
firmly believed that they would find it exhausting to rescue more than about six casualties in 
quick succession. Even under ideal conditions, casualty recovery is physically demanding due 
to the levels of exertion required, and especially because of the postures that must be adopted 
in the limited space available. David and Fernandes (1995) found that low back stress levels 
determined at specific stages of the casualty recovery task can exceed the limits for acceptable 
spinal loading. Predictions based upon the static strengths of a US working population, 
suggested that casualty recovery would be beyond the capacity of many individuals, and 
especially so if heavier than average individuals (or those with saturated or flooded clothing) 
needed to be rescued. Thus, these activities expose the handler to a number of high risk 
factors for manual handling that may result in back injury, pain and incapacity (HSE Manual 
Handling Operations Regulations and Guidance, 1992).  
 
Sharing or substituting roles can reduce the level of exertion required but may necessitate 
increased crew numbers. Also, devices such as the Jason’s Cradle can reduce the demands 
placed upon the crew during rescues (Table 1). However, in rougher seas, and with multiple 
casualties, a simple manual lift could be quicker to use than the Jason’s Cradle, particularly if 
the DC was rolling. Onboard, casualty handling necessitates the co-ordinated activity of two 
crewmembers in confined space.  The task requires each handler to lift and carry half of the 
body weight, in awkward, stooping or twisted postures. The casualty handing exercise in this 
study was conducted while the DC was onboard an ERRV in calm conditions. During a real 
life incident, a casualty may have to be manoeuvred through narrow access hatches and up or 
down steps on deck surfaces that could be wet, slippery and moving. 
 
It is concluded, that multiple rescue incidents requiring the recovery, transfer and treatment of 
casualties is demanding and could lead to exhaustion of rescue crew. 
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INTRODUCTION 
Very little published research exists on solo sailing, one reason being that only 163 people 
have ever sailed around the world single-handed. The existing literature predominantly 
focuses on dinghy sailors and in particular the biomechanical aspects of the sport. One study 
however, assessed 11 crewmembers in the 1993-94 Whitbred round the world race (Branth et 
al., 1996), but only assessed the nutritional requirements. This case study describes the 
physiological changes that occurred within one skipper competing in the 7th single-handed 
circumnavigation of the globe. This race in particular is regarded as the “Ultimate solo 
challenge” and is only conducted every 4 years. Originally called the “BOC Challenge”, then 
“Around Alone” with new sponsors it is now referred to as “The Velux 5 Ocean’s Race.” A 
crew of 10-15 usually man the sixty-foot yachts, but when sailing alone sleep is limited to 20-
40 minute periods, with an average of 3-4 hours sleep a day. The 30,000mile route started in 
Bilbao, Spain (22nd of October 06) and the only stopovers were in Fremantle, Australia 
(December/January), and Norfolk, Virginia (March/April) before returning to Bilbao, Spain. 
Leg durations lasted between 10-60 days and the route exposed the skipper to extreme 
weather conditions, varying from crossing the equator to the cold fronts and storms of the 
Southern Ocean and the Northern Atlantic.  
 
METHODS 
Ethical approval and the consent of the subject was obtained for the study, additional consent 
was later received to present the data of this skipper as a case study. For logistical reasons the 
study was limited to a battery of quick and simple to administer physiological tests, these 
consisted of: General isometric strength tests on major muscle groups using a modified test 
rig (Takai, Japan) and load cell (Biometrics Ltd, Uk) more specifically: arm (90 degree bicep 
flexion); leg (90 degree quadriceps extension); back (30 degree hip extension); and left and 
right hand grip strength and grip endurance (Biometrics Ltd, dynamometers, UK); thirty 
second maximal effort on a modified arm crank ergometer (Monark) was used to simulate 
winching activity. Jump height (Sargeant jump test) was measured; urine analysis (Beyer, 
Multi-sticks) was conducted to assess cell damage and hydrational state; body mass and 
bioelectrical impedance analysis (Tanita, UK) was followed by an anthropometric survey 
using skinfold callipers (Harpenden, UK). As an indirect measure of aerobic fitness a 3-min 
step test (Tecumseh) was conducted, this was immediately followed by a cold induced 
vasodilatation (CIVD) test (15min middle finger immersion in 7°C water) as an assessment of 
cold-induced alterations to peripheral vasomotion (2020 logger, U-type thermistors, Grant 
instruments). The tests were all conducted two days before the start of each leg of the race and 
within two hours of finishing each leg.  
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RESULTS 
The subject characteristics were: age 39 years; stature 1.81m; starting mass 88.7kg. Out of 
187 days the skipper was at sea for a total of 118 days: Leg One took 46 days with a 38 day 
stopover in Fremantle; Leg Two took 60 days with 31 days in Norfolk and the final leg took 
12 days to reach Bilbao.  
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Figure 1.  Changes in skinfold thickness during the race 
 
A total of 8.3kg body mass was lost over the 48 days at sea during the 1st leg. As the specific 
gravity of urine indicated the skipper was dehydrated (1.030 at end of the 1st leg) and to 
varying extents the bioimpedance analysis data was confounded. Skinfold measurements 
(Figure 1) suggest that 3.4kg of this loss was body fat. These changes in body mass equate to 
a negative energy balance of 30,427 kcal in total and a mean of 2.77MJ.d-1 over the first leg. 
The pre race body mass was restored during the 38 day stopover. The second leg took 12 days 
longer but the body mass lost was only 6.2kg and the skinfold assessment suggests a fat mass 
lost of 4.18kg giving a total negative energy balance of 37,617 kcal, which equates to 
2.62MJ.d-1 over the entire leg. The comparative sprint of 12 days at sea for leg three however 
showed a rate of a total of 2,829 kcal lost and mean loss of 0.99MJ.d-1). A strong (r =0.99) 
correlation exists between duration at sea and rate of negative energy balance in fat mass as 
measured by subcutaneous skinfold thickness. If this were a non-stop race over the 118days 
the total energy imbalance would be around 80,908 kcal based on the current data. 
 
Despite the lack of sleep and the significant losses in body mass and body water there were no 
negative effects on the skippers strength or muscular endurance. Aerobic fitness however 
does appear to have improved slightly over the two longer legs of the race, remaining 
unchanged pre and post the final leg (Fig.2). 
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Figure 2. The no of heart beats in 30 seconds after 30s recovery from a 3min step test  
 
The CIVD test produced consistent results over the two longer legs. In both cases finger 
temperature fell closer to water temperature at the end compared to start of the Legs (Figure 
3). The average difference between finger temperature at the start and end of the first Leg 
over the last 10 minutes of the CIVD test was 4.6°C, the corresponding figure for the second 
leg was 10.7°C. No difference was seen in this test over the last Leg, or between the first and 
last test undertaken in Bilbao. This suggests that the skipper was not cold injured by the 
voyage, and the reduced finger temperature at the end of the first and second legs was 
probably due to greater sympathetically-induced vasoconstriction as a result of the mild 
dehydration.  
 
DISCUSSION 
The initial analysis of the data from the first skipper studied, suggests that the longer Legs of 
the solo circumnavigation had a significant impact on body fat, muscle mass and hydration. 
The negative fluid and energy balances experienced by the skipper are worthy of note and 
support the findings of earlier studies. Despite this, and the associated sleep deprivation, 
muscle strength and endurance was unaffected while aerobic fitness may have improved 
slightly. This is likely to have been due to the mild aerobic exercise and recovery from 
anaerobic activity required to skipper the yacht. Whilst the dehydration did not appear to 
impair performance on the tests undertaken, dehydration does increase the likelihood of an 
individual developing a cold injury; this is supported by the CIVD tests results. The negative 
energy balance of the skipper was corrected by the stopovers, however a non-stop 
circumnavigator would be unlikely to tolerate this rate of imbalance (it would result in about a 
25% reduction in body mass!). Further work is required to establish the maximum negative 
energy balance that can be tolerated over a given duration of voyage, and still enable adequate 
and recoverable physical and mental performance. 
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Figure 3. CIVD response (R mid finger) of Skipper 2. Air and Water temp (+/- 0.5C) 
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INTRODUCTION 
A fundamental but difficult question concerns the meaning of fatigue and how it best can be 
defined. The problem with the concept of fatigue is that people may be referring to distinctly 
different states, although they are using the same terms, and thereby misunderstandings may 
arise (Åhsberg, 1998). Many psychological effects are caused by a decrease in the physical 
work capacity of the individual. Objective measurements of physical stress, such as measured 
by the physical laboratory tests, do not present the whole picture of what is really going on 
internally and that person's perception of the physical stress (Deeb, 1999). Since people 
generally react to the world, as they perceive it and not as pure reality, it becomes extremely 
important to study and establish some kind of relationship between subjective (as reported by 
the person) and objective (as measured physically) measurements of physical stress (Borg, 
1970). 
 
Psychophysics is commonly defined as the quantitative branch of the study of perception. It 
investigates the correspondence between the magnitudes of stimulus properties as assessed by 
the instruments of physics, and as assessed by the perceptual systems of people (Baird and 
Noma, 1978). Over the years, many types of scales were developed to be used in 
psychophysical studies. Three of the most commonly used types are: (1) category scaling 
techniques with two types: the interval scales and the rating scales; (2) ratio scaling 
techniques; and (3) rating scale techniques which are the most commonly used in psychology 
and represent one kind of category scale. The most commonly used scale for the assessment 
of subjective qualities during dynamic physical work is the rated perceived exertion (RPE) 
15-point scale (6-20) developed by Borg (1970). This RPE scale (Table 1) is commonly used 
when direct estimation of the subjective intensity is needed. The advantage of rating scales is 
that they allow for direct inter-individual or intra-individual comparisons because the person 
reacts to the stimuli in an absolute manner (Borg, 1982). Using the CR-10 scale, it should be 
possible to answer the following questions: how strong/weak is a particular intensity, and how 
much stronger/ weaker it is when compared with another? In either question, the level of 
intensity is determined by its position on the scale. For example, number 10 on the scale is 
defined as an extremely strong perception of effort and exertion. 

          Table 1: Borg's category-ratio scale (CR-10) 
0 Nothing at all 

0.5 Extremely weak (just noticeable) 
1 Very weak 
2 Weak (light) 
3 Moderate 
4  
5 Strong (heavy) 
6  
7 Very strong 
8  
9 Very weak 
10 Extremely strong (almost max.) 
(*) Maximal 



Working Environment 

 569 

METHODS 
Students and workers (males and females) between 18-35 y were selected as subjects. A total 
of 20 subjects participated. Subjects were recruited in a heterogeneous way so that some 
subjects were regular physical activity and some were non-regular physical activity. All 
subjects were right handed. These twenty (N=20) subjects were divided in to two groups: 
First group, 10 males (college) and 10 males (worker). All of them are healthy and have no 
history of hand dysfunction. 
Upper limb posture was determined with the seven degrees of freedom model (SDFM) 
(Roman- Liu et al., 1999). This model sets the minimum number of degrees of freedom that 
can define upper limb posture considering the shoulder joint, elbow and wrist. According to 
SDFM, the upper limb is defined by seven angles (q1, q2, q3, q4, q5, q6, q7) Fig. 1 (Roman-
Liu, D.; Tokarski, T. 2005). Some of the selected upper limb postures are hypothetical and 
they do not usually occur in Workplace or sports settings however, they can be appropriate for 
measurements and for making Comparisons.  (Roman-Liu, D.; Tokarski, T. 2005). All 
subjects were introduced and instructed about the equipment and the RPE scale. Prior to 
actual testing, each subject was made to sited, and strapped with the chair, and instructs to use 
the right arms only. Throughout the study, subjects were present with weights and instruct to 
lift them with arm hold them for about three seconds. The left arm always constant (dead 
weight) while the right arm always lifted variable Weights. After lifting, and during holding 
the weights, subjects are instructed to compare the variable weight (right arm) against the 
constant weight (left arm) and rate the variable weight using the RPE scale. Subjects were not 
told about the actual weights they were lifted. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Definition of upper limb posture by seven angles: (q1) arm horizontal adduction/abduction; (q2) arm 
flexion; (q3) arm humeral rotation: medial rotation (-), lateral rotation (+); (q4) elbow flexion; (q5) pronation (-), 
supination (+); (q6) ulnar deviation (adduction) (-), radial deviation (abduction) (+);(q7) volarflexion (extension) 
(-), dorsiflexion (flexion) (+). 
 
DISCUSSION 
This study provided the following conclusions: 
1. Two training sessions proved to be sufficient to learn to use Borg's CR-10 scale. 
2. There was a strong positive correlation between the weights lifted and RPE values. 
3. College male subjects perceived the weights differently without and with fatigued muscles. 
But worker male subjects perceived the weights differently as compare to college male 
subjects. This may be due to the physical (the factors Physical exertion and Physical 
discomfort) and mental (the factors Lack of motivation and Sleepiness) dimensions of 
perceive fatigue. 
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The present study contributes to a new qualitative and quantitative description of the physical 
and mental aspects of perceived fatigue. Five dimensions of fatigue have been proposed. To 
assure the reliability and validity of the five dimensions, further experiments and studies are 
in progress. 
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The problem of air pollution has attracted special attention in Central India due to tremendous 
increase in the amount of pollution accompanying the extensive industrialization and 
urbanization over the last few decades. The highest deposits of minerals and fossil fuels are in 
Central India. At least 20% of India’s iron ore and 50% its coal reserves are in this region, 
including rich deposits of bauxite, limestone, dolomite and corundum. In addition, many 
thermal power plants, steel and metal industries, cement industries, rice and spice processing 
units are running there. These industries are associated with the production of aerosol 
particulates, and both fine (PM2.5) and coarse particulates (PM10) can accumulate in the 
respiratory tract, increasing the risk of numerous adverse health effects. At least 50% of 
people working in coal mines, thermal and steel plants are suffering with serious respiratory 
diseases such as bronchitis, asthma, chronic obstructive pulmonary disease, lung cancer and 
heart diseases, due to exposure to fine particulates generated by high industrial thermal 
processes. In addition, Bhilai Steel Plant is the biggest unit for iron manufacturing, and it is a 
major consumer of coal. Furthermore, other high consuming units for coal are the National 
Thermal Plant Corporation (NTPC) and the Bharat Aluminum Limited Company (BALCO). 
In the present study, changes in the response of near surface aerosol properties, and their 
associations with meteorological parameters have been studied during one year in Raipur 
Chhattisgarh. The seasonal variation of aerosol mass concentration (PM10 and PM2.5) was high 
in winter and low in the monsoon season. The annual mass concentration of PM10 and PM2.5 
ranged from 62-975 and 20-373 µgm-3, respectively. The RSPM, TSPM levels are also 
measured in Industrial sites.  
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INTRODUCTION 
There are many reasons for the development of bad body posture in children. During the 
growth period every functional disturbance, which is strong enough and lasts sufficiently long 
may lead to structural changes in spine position. Bad posture does not involve injuries to the 
bone or neuromuscular system, but has its origins in insufficient or inappropriate muscular 
activity. The most critical period for bad body posture development is during late childhood 
(Aaras et al., 1997; Straker et al., 2002. Concomitant with the start of schooling is an increase 
in the time spent in a seated position, and a decrease in time spent physical ly active. 
Decreased physical activity causes muscular fatigue during sitting, which can lead to bad 
body postures, or even to structural deformations of the spine (Avikainen et al., 1999; 
Nissinen et al., 1993; Vink et al., 1992; Norris, 2000). With increasing years of schooling, bad 
body postures and deformations of the spine also increase. 
For elementary school children, the time spent doing homework and in school, is apparently 
two or more hours longer than that suggested to be suitable for their stage of development 
(Brettschneider, 2000; Laakso et al., 2000). Analysis of postures of 12 year old students 
during lessons, conducted with the OWAS (Ovaco working postures analyzing system) 
method showed that certain patterns of inadequate posture appear more frequently during the 
fourth period compared with the first (Vodnjov, 1990). They are noticeable even earlier, if the 
child sits for a long time at an anatomically inappropriate desk and chair. In such cases there 
may exist an unbalanced burden between the dominant and non-dominant muscles erector 
spinae (m. erector spinae), which causes the curvature of the spine (Aaras et al., 1997; 
Straker, Briggs & Greig, 2002).  
 
The present study analysed the relationship between physical activity and symmetry of m. 
erector spinae in ten-year-old children. We were also interested in the contribution of 
physical activity to the symmetry between dominant and non-dominant m. erector spinae. 
 
METHODS 
A total of 222 children (47.7 % girls, 52.3 % boys) participated in the study. There average 
(SD) age was 10.5 (6) months. The characteristics of their physical activity (frequency, type 
and content) were obtained through two questionnaires, one completed by the children, and 
the other by their parents. Characteristics of both m. erector spinae (dominant and non-
dominant as regards the hand) were measured with tensiomiography (TMG), an innovative, 
non-invasive measuring method (Dahmane et al., 2001; Pišot et al., 2006). Characteristics of 
m. erector spinae were studied with five measured tensiomiographic parameters: delay time 
(Td), contraction time (Tc), maximum muscle belly displacement (Dm), sustain time (Ts), and 
relaxation time (Tr). Due to the large variability and uneven distribution of data, Ts and Tr 
were excluded from further analyses. We calculated the index of the direction of asymmetry 
(value of dominant m. erector spinae divided by value of non-dominant m. erector spinae) 
and an index of the level of asymmetry. The data obtained was then analysed with chosen 
univariate and multivariate statistical methods.   
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RESULTS 
The results indicate that 77.7% of the participants were physically active in their free time at 
least twice or three times a week. Within this subject population, 2.8% were completely 
inactive, whereas 9.3% of them were active occasionally  (once a month to once a week). 
About a third (35.8%) of the subjects took part in some form of organized physical activities, 
mostly soccer, dancing, tennis, swimming and gymnastics. Non-organized physical activities 
included roller-blading, tennis, badminton and ice-skating. 
 
We found that most of the participants could be classified as having symmetry of m. erector 
spinae (71.8%). We did not find any statistically significant differences among participants in 
the index of direction and level of asymmetry according to gender.  
 
With the method of multiple regression analysis we studied the relationship between the 
characteristics of the children’s physical activity and symmetry of m. erector spinae. The best 
correlation was observed for Dm. A regression analysis of the characteristics of the children’s 
physical activity and the level of asymmetry in maximum muscle belly displacement of m. 
erector spinae was statistically significant and explained 43.5% of the variability. The 
correlation between symmetry of m. erector spinae and the quantity of swimming and cycling 
within the family were shown to be statistically significant. The relation between quantity of 
swimming and cycling showed a positive correlation with development of symmetry of m. 
erector spinae. Regression models for the assessment of influence of child’s physical activity 
on symmetry of m. erector spinae based on delay time (Td) and contraction time (Tc) were 
not statistically significant.  
 
On the basis of our findings, it can be concluded that a child’s physical activity influences 
maximum muscle belly displacement of m. erector spinae, but does not influence the delay 
time (Td) and contraction time (Tc) of the muscles measured. 
 
DISCUSSION 
One of the most important external factors, which influences a child's development is physical 
activity. Physical activity is one of those factors, which can be highly controlled and directed. 
The type of physical activity does not explain the development of symmetry in a child. 
However, symmetry of m. erector spinae is correlated with the level of physical activity. The 
results showed that asymmetry of m. erector spinae is statistically significant in children, who 
play soccer in their free time, whereas the biggest symmetry of m. erector spinae develops in 
children, who dance and roller-blade. 
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VISUAL ACUITY STANDARDS FOR BEACH LIFEGUARDS 
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INTRODUCTION 
The ability of beach lifeguards to rescue people at sea is predicated on their ability to see 
those in trouble within their patrolled area which extends 300 m out to sea. Over the last 
decade a small number of authorities have introduced specific eyesight standards for 
lifeguards. For example, the California Department of Parks and Recreation recommend that 
entry level lifeguards exhibit a corrected visual acuity of 20/20 or better and an uncorrected 
visual acuity of 20/40 or better in each eye. However, such standards are the exception rather 
than the rule, and most organisations employ more general requirements such as the need for 
"good" eyesight. Even the specific standards (e.g. 20/20) do not appear to have been based on 
any operationally-relevant research. 
 
It can be calculated that the required visual acuity, as determined by the angle subtended by a 
25 cm diameter human head at 300 m, would be 6/17; but we hypothesised that it would have 
to be better than this due in the operational scenario due to factors associated with 
location/detection, colour, contrast, lighting and movement. To discriminate the features of a 
face at this distance requires 6/3, beyond the capability of most individuals. However, it is 
important to consider the use of binoculars; a BLG must be able to locate/detect something in 
the water with the naked eye as a cue to instigate further investigation with binoculars (BLG 
do not routinely scan the patrolled area using binoculars).  
 

We have undertaken the first study to determine, in an operational scenario, the visual acuity 
required by beach lifeguards (BLG) in order to identify a human head at the outer edge of a 
patrolled area of 300 m out to sea.  
 
METHODS 
The experiment received ethical approval and twenty-one BLG (16 male, 15 female, all under 
35 y) gave their consent to participate. Eye tests were undertaken to ensure normal vision 
(mean [range]) visual acuity, direct ophthalmoscopy to determine the presence of any 
significant media opacities or retinal abnormalities. The subjects also undertook tests to detect 
any evidence of binocular vision anomaly and colour vision deficiency (distance cover test 
and near Mallet Unit detection of stable and correctly aligned Nonius markers, and the correct 
and equal detection of the '26' and '42' Ishihara protan/deutan classification plates). 
Measurements of stereopsis (TNO test; seconds of arc) and contrast sensitivity (Pelli-Robson; 
contrast threshold %, score <1.4%) were also made.  
 
The BLG undertook a series of tests on beaches at Bournemouth (N=9) and Westward Ho! 
(N=12), during which their vision was blurred (using spherical lenses placed within a trial 
frame) to a visual acuity at which they could not identify the targets presented to them 
(approximately 6/70); these were human heads or equivalent sized buoys. The subjects looked 
out to sea or across a wet beach and their visual acuity was improved every minute by 
reducing the refractive blur in 0.25 dioptre increments until they  could identify the target to 
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the point at which they would investigate it further using binoculars. The tests were 
performed on the same day, in good weather, uniform lighting conditions and a sea state of 0-
1 (calm). 

 

 
Figure 1. A subject looking for a head-out immersed human at 300m wearing ophthalmetric 

trial frames for altering visual acuity. 
 
RESULTS 
The subjects undertaking the tests had no problems with any aspect of their vision tested prior 
to commencement of the tests. Their mean (range) visual acuity was 6/4.8 (6/3.8-6/5). 
 

Table 1. Results from Bournemouth (B) and Westward Ho! (W). 
Condition LogMAR 

Mean (SD) 
Snellen 

 
(i) B: locate and identify a human head within 
a 300m radius out to sea (volunteer immersed 
to neck) 

0.11(0.06) 6/8 

(ii) W: locate and identify a human head 
within a 300m radius out to sea (volunteer 
immersed to neck) 

0.06 (0.17) 6/7 

(ii) B: identify an arm waving at 300m in the 
sea (volunteer immersed to neck) 

0.33 (0.16) 6/13 

(iii) B: identify a human immersed to the 
waist at 300m in the sea 

0.74 (0.15) 6/33 

(iv) B: locate and identify a human head 
within a 100m radius out to sea (volunteer 
immersed to neck) 

0.86 (0.23) 6/43 

(ii) W: identify a buoy at 200m out to sea 
(n=8)  

0.28 (0.18) 6/11 

(iii) W: identify a buoy at 100m out to sea 
(n=8) 

0.78 (0.25) 6/36 

(iv) W: identify a buoy on the wet beach at 
300m 

0.23 (0.19) 6/10 

(v) W: identify a buoy on the wet beach at 
200m 

0.48 (0.13) 6/18 

(vi) W: identify a buoy on the wet beach at 
100m 

0.87 (0.15) 6/44 
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Results are presented in the Table, data were normally distributed (Anderson-Darling 
normality test). The variability between subjects is likely to have been due to the differing 
ability of individuals to adjust to the lenses, and the central processing required to search, see 
and identify a head in the sea. This also explains why the visual acuity required to see a 
human head at 300m in the sea was 6/7, rather than the theoretical figure of 6/17. We 
therefore accept the hypothesis.  
 
DISCUSSION 
The mean visual acuity required to locate/detect a human head at 300m in the sea was 6/7, 
somewhat different from the 6/17 calculated on the basis of seeing a 25cm head at 300m. The 
hypothesis is therefore accepted. 
 
It is recommended that a BLG should have visual acuity of 6/7 or better. As this will exclude 
some individuals, consideration could be given to allowing BLG to wear glasses. It seems 
logical to base the requirement for uncorrected eyesight on what the BLG must see when they 
have removed their glasses and are moving towards a casualty. By then the BLG will have 
detected the casualty. As the visual acuity required to maintain sight of a casualty is less than 
that required to locate/detect them in the first place, it is reasonable to require a BLG to have 
uncorrected vision, in their worst eye, that is at least equivalent to that required to see a head 
from 200m-300m distance, or an arm waving from 300m. The average for these activities is 
6/14.  
 
In terms of the Snellen chart, we recommend that the corrected vision for BLG be 6/9 best 
eye, 6/18 worst eye, and the unaided acuity be no worse than 6/18 in either eye. 
 
ACKNOWLEDGEMENTS 
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INTRODUCTION 
High motivation and group cohesion contribute to the physical and social performance of 
soldiers in Basic Training (BT). However, high motivation is also known as a risk factor 
underlying overuse injuries such as stress fractures (SFx), one of the most common injuries 
among military recruits and an injury that is more prevalent among women than male 
soldiers.  The purpose of this study was to compare ratings of motivation, satisfaction, self 
efficacy, and cohesion between men and women soldiers undergoing BT in a gender-
integrated unit and to study whether the ratings differ in a subgroup of women who suffered 
SFx during the course of training.   
 
METHODS  
Data was collected from three companies of an integrated combat unit using questionnaires 
that surveyed the soldiers' levels of motivation, satisfaction, self efficacy, group cohesion, 
trust in the opposite gender's ability, and perceptions of gender equality.  Questionnaires were 
completed by 41 male and 159 female soldiers from the unit (age 18.5 ±0.4 y) at three phases 
during their BT: the beginning (month 0), middle (month 2), and end (month 4). In order to 
determine the presence or absence of bone overuse injuries, an MRI scan was taken of the 
bilateral tibia of each volunteer at the beginning and end of BT.  In addition to comparing 
parameters between females and males, female soldiers who suffered from SFx during BT 
(n=18) were analyzed as a separate sub-group (FSFx).  
 
RESULTS 
Table 1 summarizes the results from the 3 study groups at the beginning (0 months), middle 
(2 months), and end of BT (4 months), indicating the percentage of soldiers who recorded a 
rating of "high" or "very high" in each category. 
 
Motivation: In comparison to males, a significant (p<0.05) percentage of female combatants 
expressed high rates of willingness to serve in combat (72-82% vs. 51-65%). Females who 
sustained stress fractures (FSFx) were less motivated than the female group at the beginning 
of the BT (72% vs. 82%) and the gap was more pronounced at the end of BT (56% vs. 72%).  
 
Satisfaction: Females showed significantly higher (p<0.05) rates of satisfaction with service 
than both males and FSFx at the beginning (85% vs. 63% and 67%, respectively) and after 2 
month of BT (80% vs. 60% and 67%, respectively). 
 
Self efficacy: males expressed higher rates of self efficacy compared to females (76-80% vs. 
67-71%) while FSFx expressed the lowest rates (56-61%).  
 
Cohesion: Satisfaction with general group cohesion (cohesion a) and gender relations 
(cohesion b) was expressed by a high percentage of the soldiers.  Males and females preferred 
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to spend free time in mixed gender company throughout BT. However, in comparison to 
males, a significantly higher (p<0.05) percentage of the female and FSFx groups preferred to 
perform operational tasks in an gender integrated team (cohesion c) throughout BT. 
 

Table 1 
 Female Male FSFx 

Months  0 2 4 0 2 4 0 2 4 

Motivation 82* 81* 72* 59 65 51 72 61 56 

Satisfaction 85* 80* 71* 63 60 59 67+ 67+ 47 

Self efficacy 71 73 67 76 80 80 61 56 61 

Cohesion a 70 66 61 66 58 63 78 67 67 

Cohesion b 75 72* 74* 85 73 78 72 83† 78 

Cohesion c 85* 81* 79* 56 55 64 89† 88† 94† 

*p<0.05 between female and FSFx groups at the same month  
+p<0.05 between female and male groups at the same month 
†p<0.05 between male and FSFx groups at the same month  
 
DISCUSSION 
Females in a gender-integrated combat unit were more motivated and satisfied with their 
service than their male counterparts.  This may be attributed to the notion that military service 
in an integrated combat unit is very unique, challenging, and rewarding for females, whereas 
there are other prestigious, non-integrated combat unit positions open for males.  Though the 
FSFx group expressed lower motivation even at the beginning of BT, this likely resulted from 
pre-existing SFx, several of which were diagnosed at the start of BT.  As could be expected, 
the decline in motivation of the FSFx group over the course of BT was more pronounced than 
that in the female group.  Overall, the injury was associated with lower ratings of motivation, 
self efficacy, and satisfaction expressed by the FSFx sub-group, which were likely related to 
the enforcement of training restrictions to allow time for their injuries to heal. 
 
DISCLAIMER 
Opinions, interpretations, conclusions, and recommendations are those of the authors and are 
not necessarily endorsed by the U.S. Army and the Israeli Defense Forces.  
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INTRODUCTION 
The maintenance of energy balance during military work in cold environments is fundamental 
to functional capacity. Food intake is regulated by a complex neuronal and hormonal network, 
which is affected by the thermal environment, physical workload, and mental stress. 
Neuropeptide Y (NPY) is an important orexigenic hormone. The excretion of NPY is 
activated in hunger center when the need of energy intake is increasing and deactivated when 
the energy balance has been stabilized (Konturek et al. 2005). NPY has also been reported to 
reflect mental stress balance. During uncontrollable acute psychological stress, the levels of 
NPY release are reduced (Morgan et al. 2002). Modern techniques of heart rate (HR) and 
heart rate variability (HRV) analyses have improved the opportunities to estimate physical 
activity and energy consumption indirectly (Saalasti 2003). In field studies, combining 
various non-invasive methods allows us to collect a larger body of data concerning energy 
balance during environmentally demanding operations. In this study, we evaluated the 
associations between the estimated energy consumption and hormonal responses of healthy 
young men during military operations in a cold environment. 
 
METHODS 
Subjects. The study group consisted of 13 young and healthy conscripts (Table 1). Their body 
composition was analysed by the whole body impedance method (InBody 330, Biospace, 
South Korea). Maximal oxygen consumption (VO2max) and individual HR and HRV 
responses were measured through an exercise test on a treadmill (Vmax, SensorMedics, 
USA). The treadmill running was continued until exhaustion. The laboratory measurements 
were performed after five months military service and three weeks before the field exercise. 
The research protocol was reviewed and approved in advance by the Institutional Research 
Committee and the Coordinating Ethics Committee of the Hospital District of Helsinki and 
Uusimaa (Finland). The subjects gave written informed consent before the experimental 
sessions and were not paid for their participation. 
 
Table 1. Physical characteristics of the subjects.  
 Age, 

years 
Height, 

cm 
Weight, 

kg 
Fat percentage, 

% 
VO2max 

ml/kg·min-

1 
Mean 19.7 179.6 74.1 13.0 49.9 
±SD 0.8 6.0 8.9 1.6 2.5 
Range 19─21 173─192 63─88 9.9─17.1 40.2─57.9 

   
Experimental design. The conscripts participated in a two-week combat exercise in 
December, and the field measurements were made during the rehearsal. The weather was cold 
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and dry. The environmental temperature dropped from -5° C to -18 °C during the monitoring 
period. Energy intake was not controlled. 
 
Physiological recordings. Energy consumption was calculated indirectly from HR and HRV 
responses during the exercise. The circulatory signals were collected by R-R interval thoracic 
belt and saved in wriststop computer (Suunto t6, Finland). The analyses were made by special 
software for circulatory and metabolic calculations (Firstbeat Technologies Ltd., version 
1.4.1, 2006, Finland). The novel algorithm allowed us to separate the periods of physical 
activities from the inactive phases. In the analyses the findings of the circulatory profile 
during the VO2max test were used to improve the accuracy of the field recordings. The 
recordings began in the morning (between 8 and 9 a.m.) and continued for 24 hours.  
 
The salivary NPY samples were collected in the morning and after 12 hours of various 
physical activities during the military operations. The samples were taken with 5 minutes free 
excretion technique and frozen immediately to -70 °C. The NPY was analysed in the 
Biomonitoring Laboratory of FIOH (RIA, Phoenix Pharmaceuticals). Mental stress was 
evaluated by a three item Visual Analogue Scale: sleepiness, anxiety, and physical strain. The 
salivary cortisol levels were also analyzed. The samples were collected with Salivette 
technique.  
 
Statistical analyses. SPSS (version 12.01, SPSS Inc, USA) software was employed in the 
statistical analyses, and the correlations were tested with Pearson’s method. A level of 
probability of p<0.05 was considered statistically significant.  
 
RESULTS 
The mean metabolic strain during military field operations. The mean metabolic activity 
level of the conscripts during the periods of physical work was 4.3 (2.8−5. 9) MET (metabolic 
equivalent). The periods of heavy exercise (over 75% of the measured individual VO2max) 
varied individually from 14 to 37 min in a day. The R-R interval recording of one subject and 
the morning NPY sample of another subject did not succeed technically.  
 
Caloric energy consumption, mental strain, and salivary hormones. There was a highly 
significant positive correlation (r=0.789 and p=0.001) between the highest hourly caloric 
energy consumption and increase in the salivary NPY level (Figure 1). Augmentation in 
salivary cortisol excretion correlated significantly to increased mental discomfort during the 
12-hour period, as assessed by the subjective VAS levels during the rehearsal (r = 0.634, p= 
0.03). No correlation, however, was found between changes in cortisol and NPY levels.  
 
DISCUSSION 
Energy balance during military field operations plays an important role in the maintenance of 
physical and mental functional capacity of soldiers. In this study, a significant association was 
found between the elevation in NPY levels and physical activity in cold environment. These 
results are in accordance with other previous studies in which the increase of NPY secretion 
has been suggested to indicate the activation of energy metabolism (Vats 2005). It should, 
however, be noticed that the prominent decreases of NPY were associated with low levels of 
physical activity. In some cases, physical inactivity might reflect negative mental well-being 
of soldiers (Morgan 2002). These findings also reveal the usefulness of integrated, non-
invasive monitoring in the assessment of physiological strain in hazardous environments.  
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The limitations of our study are the small number of subjects, uncontrolled energy intake, and 
relatively short follow-up time for the assessment of psychophysiological well-being. 
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Figure 1. The correlation between the salivary neuropeptide Y (NPY) change and highest 
mean hourly energy consumption (kcal/h) among healthy military conscripts during follow up 
in cold environment (N= 11).   
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INTRODUCTION 
In Japan, industrial accidents due to occupational heat disorders have recently occurred in 
many outdoor workplaces such as civil engineering and construction work during the summer 
seasons. According to official data from the Japanese Ministry of Health, Labour and 
Welfare, between the years 2001-03, ~500 workers were absent from work for more than 4 
days, with more than 60 documented deaths due to heat disorders. Thus, the prevention of 
occupational heat disorders has become an urgent occupational health issue in Japanese 
society. 
 
So far, several permissible levels for heat stress exposure have been proposed domestically 
(Japan Society for Occupational Health, 2006) and internationally (American Conference of 
Governmental Industrial Hygienists (ACGIH, 2006) and International Standard Organization 
(ISO7243, 2003)) to help prevent heat disorders at work. All of these heat exposure limits are 
based on WBGT (Wet Bulb Globe Temperature) measurements, mainly because WBGT is a 
simple, practical and relatively reliable index for comprehensively assessing heat stress 
resulting from air temperature, humidity, air movement and heat radiation measurements in 
hot environments. Nevertheless, the application of WBGT is not popular in many hot 
workplaces in Japan. As a result, little information is available on how much Japanese hot 
workers are exposed to heat stress in relation to WBGT. This study reports the current 
situation of heat exposure and the resultant heat strain among workers of outdoor and indoor 
workplaces in summer. Based on the findings, the future issue to prevent occupational heat 
stress will be discussed. 
 
METHODS 
Several field surveys were carried out in Japan between August and September, 2005, during 
which time five different hot workplaces outdoors and indoors were investigated. The outdoor 
workplaces consisted of a high-rise apartment construction site, a school building construction 
site, and telephone wire connection work (linesmen); whereas the indoor workplaces a small 
metal processing factory and a large steel foundry. A total of 60 presumably heat-acclimatized 
workers (aged 21-67 y) from the above workplaces participated. For assessing environmental 
heat stress during work, dry-bulb, wet-bulb and globe temperatures, relative humidity and air 
velocity were measured every one minute and WBGT index was calculated. WBGT less than 
28°C were adopted as a permissible level of heat stress according to the ISO reference values 
because the metabolic rate of the workers was estimated moderate and the workers 
themselves were presumed to be heat-acclimated (ISO7243, 2003). Oral temperature 
immediately after each work shift, heart rate during work and body weight loss between pre-
work and post-work were measured as indices of physiological strains, together with thermal 
discomfort and hot sensation as indices of subjective heat strain. Symptoms of heat disorders 
(dizziness, nausea, headache, tinnitus, fatigue, sluggishness, lameness, myalgia, comvulsion, 
sensory abnormality of limb etc.) were also checked after work. For assessing the 
physiological heat strain, oral temperature below 38.5°C, heart rate below (180-age) bpm and 
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body weight loss less than 1.5% were adopted as a permissible level of heat strain according 
to the ACGIH criteria (ACGIH, 2006).  
 
RESULTS 
Heat stress in the workplaces: Table 1 shows maximal, minimal and average values of 
WBGT measured during a working day in the five workplaces investigated. In every 
workplace excluding the metal processing factory, the average values of measured WBGT 
during work were higher than 28°C (the reference value of the ISO for heat exposure limit for 
acclimated workers with moderate metabolic rates). The highest WBGT during work was 
measured at the high-rise apartment construction site, the telephone linesmen, the school 
building construction, a metal processing factory and a steel foundry, with values of 32.4, 
34.0, 31.5, 29.5 and 33.8°C, respectively. The metal processing factory also had several local 
hot work spots where the workers were working for short time periods, but frequently in such 
extreme heat stress that the values of WBGT exceeded 40-50°C. 
 
Table 1. Maximal, minimal and average values of WBGT (°C) during a working day.  

Workplace investigated WBGT-Max WBGT-Min WBGT-Average 
High-rise apartment construction site32.426.529.5 
Telephone linesmen34.025.630.8 
School building construction site31.525.728.6 
Metal processing factory29.520.325.1 
Steel foundry33.828.030.8 

 
Heat strain of workers: Almost all workers investigated excluding two workers (a school 
building construction worker aged 30 years and a steel foundry worker aged 53 years) had 
normal oral temperature level below 38°C immediately after work, despite the fact that 
environmental heat stress tended to exceed the permissible level of heat exposure during 
work. Heart rate during work exceeded the safety limit of ACGIH (180-age) bpm in many 
workers involved in construction work and at the steel foundry. Body weight loss during work 
was found in almost all workers investigated (the school building construction, the metal 
processing factory and the steel plant), many of whom had body weight loss exceeding 1.5 % 
and some of whom exceeding 3% (3.6% in a carpenter aged 21 years, 3.3% in a carpenter 
aged 64 years, 4.1-4.2% in a steel plant worker aged 54 years). Most of the workers in every 
workplace felt uncomfortably hot during work and some of them reported feeling extremely 
hot and uncomfortable. Several symptoms relating to heat disorders were experienced by 
more than half of the workers at the high-rise apartment construction site and among two of 
the telephone linesmen. 
 
DISCUSSION 
The ISO7243 (2003) has proposed reference values of heat exposure limits for heat-
acclimated and heat-unacclimated persons by physical work intensity (metabolic rates). Since 
the present study was carried out from mid-summer to late summer, the workers investigated 
are considered to be a predominately heat-acclimated population. Their physical work 
intensity (metabolic rates) could be categorized into light and medium levels as the workers 
investigated consisted of carpenters, tradesman, guardsman, reinforcing-bar placer, 
steeplejack, electrician and furnace workers. Therefore, the reference value of heat exposure 
limit for the workers participated in these surveys is estimated 28•30°C in WBGT. 
 
The results of this study, however, clearly showed that the measured WBGT in every hot 
workplace exceeded the reference values for heat exposure limits. Furthermore, there were 
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some indoor furnace workplaces which have extremely high heat stress conditions, the 
WBGT of which is 40•50°C, where the workers were repeatedly performing their jobs for 
short time. Again, although the reference value of the ISO is based on the premise of light 
summer clothing, the workers were required to wear heavy clothing such as long-sleeved 
clothes, long trousers, safety gloves and boots, helmet for ensuring their safety, without 
regard to the prevention of heat stress. Moreover, the outdoor construction workers were also 
carrying tools weighing around 5kg, while the indoor furnace workers were wearing 
additional radiant heat protective clothing during their work. In reality therefore, their 
clothing conditions differ greatly from the kind of light-duty summer garments specified by 
the ISO, which suggests that the current reference values of the ISO seriously underestimate 
the propensity for heat stress to which workers are actually exposed. Thus, most of the 
workers investigated were exposed to severe heat stress due to both the physical environment 
and the clothing they were required to wear. Nevertheless, the body core temperature (oral 
temperature) of almost all the workers was below 38°C, which suggests that their 
thermoregulatory function is well adapted to hot work. On the other hand, many workers 
experienced body weight loss (some exceeding 3 %) during work, which suggests that they do 
not rehydrate sufficiently as a compensation for excessive body water loss due to heavy 
sweating. Furthermore, there were also some workers whose heart rate during work exceeded 
the permissible level proposed by the ACGIH (2006): (180-age) bpm for all workplaces. 
Regarding subjective heat strain, most of the workers felt uncomfortably hot during work, 
which suggests that these hot workplaces are never physically comfortable. In outdoor 
construction work, relatively higher number of workers experienced subjective symptoms for 
heat-related disorders. 
 
Future needs: Since the present study was carried out between mid-summer and late summer, 
the workers investigated are considered to be a predominately heat-acclimated population. 
That may be one of the main reasons why almost all workers were well adapted in terms of 
body temperature regulation, despite the facts that (i) the environmental heat stress in every 
workplace exceeded the ISO heat exposure limit reference values and that (ii) the workers had 
an additional heat load due to the requirement to wear heavy protective clothing and 
equipment for safety reasons. If the field survey were to have been carried out during early 
summer in July, different findings might have been obtained. Many cases of occupational heat 
disorders generally occur between early summer and mid-summer in recent years. In order to 
know more about heat strain among workers and the true risks of heat disorders for a given 
heat stress, we will need to carry out similar field surveys in early summer, when sudden hot 
climate change threatens Japan, and workers are less well-adapted to heat stress. 
 
In addition, we also need to revise the current ISO reference values for heat exposure limits, 
which presumes the wearing of light summer clothing. As reported in the present study, 
workers were required to wear heavy clothing such as long-sleeved shirts, long trousers, 
safety gloves, boots, helmets, and to carry tools weighing around 5kg. Some workers are 
additionally required to wear additional radiant heat protective clothing. The current reference 
value of the ISO, therefore, appears to underestimate the heat stress to which workers are 
actually exposed. Furthermore, it is essential to develop a quicker and more reliable method 
for monitoring body core temperature during work. This would enable us to assess a net heat 
strain and risk of heat disorders resulting from internal and external heat loads regardless of 
environmental heat stress and clothing conditions. 
 
CONCLUSION 
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The above results can be summarized as follows: (1) There are many outdoor workplaces 
which are likely to exceed the reference value of ISO and TLV of ACGIH for heat stress even 
late summer, as well as midsummer. (2) During indoor work in front of a furnace in metal 
manufacturing and steel plants, the workers are likely to be intermittently exposed to short-
term and extreme heat stress, which exceeds the reference values of WBGT. (3) Wearing 
protective clothing together with tools during work is likely to cause additional heat stress to 
the workers. (4) Despite these findings, body core temperature of the workers tends to remain 
below the upper safety limit of ISO and ACGIH. This suggests body temperature is well 
regulated among certain workers. (5) However, the greater body weight loss after work 
suggests insufficient hydration during work. (6) Heart rate during work tended to exceed the 
safety limit during work in many of the workers. (7) Many workers feel hot and 
uncomfortable during work, a fact suggestive of heat strain. Some workers also demonstrated 
subjective symptoms of heat disorders. Overall, these findings suggest that while many 
workers in hot work environments seem well adapted to heat stress, the potential for heat 
disorders is likely to exist among them. 
 
REFERENCES 
The Japan Society for Occupational Health, 2006. Occupational Exposure Limits for Heat 

Stress. J. Occup. Health. 48, 302. 
ACGIH, 2006. Heat stress and heat strain. 2006 TLV and BEIs. 182-199. American 

Conference of Governmental Industrial Hygienists, Cincinnati. 
ISO7243, 2003. Hot environments – Estimation of the heat stress on working man, based on 

the WBGT index (wet bulb globe temperature), International Standard Organization, 
Geneve. 



Occupational Thermal Problems 

 587 

HORSEBACK MUSTERING IN NORTHERN AUSTRALIA: THE 
PHYSIOLOGICAL AND COGNITIVE EFFECTS. 

Nigel A.S. Taylor1, Joanne N. Caldwell1, Rodd Dyer2 
1Human Performance Laboratories, University of Wollongong, Wollongong, Australia 
2Meat and Livestock Australia, Livestock Production Innovation, Brisbane, Australia 

Contact person: nigel_taylor@uow.edu.au 
 
INTRODUCTION 
The hottest months encountered on northern Australian cattle stations are from September to 
November, where the climate is both hot and dry, and it is during these months that horseback 
cattle mustering occurs. Stockmen wear clothing that restricts heat loss (collared shirts and 
long trousers), yet protective helmets have recently been introduced into the cattle industry 
(AS/NZS 3838:2006), as part of the increasing occupational health and safety responsibilities 
of pastoral companies. Anecdotal evidence points to the possibility that protective helmets 
may increase the probability of stockmen developing heat illness, or experiencing reduced 
workplace performance. Herein, we describe the working and thermal environment on these 
cattle stations, and provide an overview of the metabolic demands, and the concurrent 
physiological and cognitive strain encountered during horseback mustering in a hot-dry 
environment, whilst stockmen wore an equestrian helmet (Taylor and Caldwell, 2007). In 
subsequent investigations, we evaluated heat penetration through various forms of headwear 
(Caldwell and Taylor, 2007), and completed laboratory-based trials in which the 
physiological impact of an equestrian helmet, relative to the traditional felt hat, was evaluated 
(Caldwell et al., 2007). 
 
METHODS 
Data for the climatic conditions (Bureau of Meteorology, Australia) and the working 
environment (clothing insulation, skin surface area coverage, riding velocity, work rates and 
physiological responses) were collected from field observations (Victoria River Downs 
station; Figure 1). The latter were collected across a broad range of climatic and working 
conditions (November), using male and female stockmen from four cattle stations. These 
stations have an average size of 2,350 km2 and carry in excess of 22,000 cattle, and are 
situated 320-590 km to the south of Katherine (Australia), or approximately 6-7o above the 
Tropic of Capricorn. The climate of this region is tropical in summer, due to the strong 
monsoon season. However, during spring, the climate is much hotter and much drier, and this 
season was to focus for this project. 
 
Thirty-eight sets of heart rate data were obtained (30-sec intervals; Polar Electro Sports 
Tester, Finland), including 27 mustering trials, from which were derived the oxygen uptake 
and metabolic heat production associated with mustering. Heart rates were previously 
calibrated (N=6) against simultaneous measures of oxygen uptake and carbon dioxide 
production. 
 
In addition, sixteen stockmen participated in eighteen horseback trials (wearing helmets; 
Figure 1), which involved complete instrumentation for core (gastrointestinal capsule (Jonah); 
VitalSense, Mini Mitter Co. Inc, OR, U.S.A.), skin and clothing temperatures (MSR data 
logger, Prospective Concepts AG, Switzerland). Trials varied in duration, but averaged 
approximately 5 hours. Physiological data were recorded continuously, with cognitive 
function and psychophysical tests performed before and after each trial. Cognitive function 
was evaluated using the Mini-Cog rapid assessment battery (Shephard and Kosslyn, 2005) 
administered via a personal digital assistant (PDA, PalmOne, Tungsten C). Following the 
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completion of seven learning trials for each subject, four cognitive function tests were 
administered: vigilance, working memory, problem solving and perceptual reaction time. 
Subjects voluntarily rehydrated throughout, and the average air temperature was 35.7oC 
(0800-1600 hours). A portable global positioning system was mounted on each stockman, 
with output data revealing an average riding velocity of 5.2 km.h-1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Instrumented subject ready for field testing. 
 
 
RESULTS 
Across the three months of interest (September-November: 2006), the mean 24-hour air 
temperature was 28.5oC, while the relative humidity was 40.5%. For each month, the peak air 
temperatures progressively increased, and occurred between 1500-1600 hours, with 
significant cooling only occurring after work. Over the years 1991-2006, the average monthly 
maxima were: September: 35.5oC; October: 37.3oC; November: 38.1oC. Fortunately, at these 
times, the relative humidity was very low (<25%). However, stockmen encountered a 10-
15oC elevation in air temperature during work. The Heat Strain Index was used to quantify the 
thermal impact of the combined work and environmental conditions. On average, these 
conditions were thermally uncompensable, with this state occurring at a progressively earlier 
time of day within each month: 1200 hours in September, 1000 hours in October and at 0900 
in November.  
 
The mean heart rate during mustering was 104 beats.min-1; only 35 beats.min-1 above resting 
heart rate. This represented a 26% increase, relative to the heart rate reserve. It was concluded 
that horseback mustering, while sometimes being very stressful, is not a consistently high-
intensity job, with almost 90% of the work time (237.8 min) being at an intensity <50% of the 
heart rate reserve. Less than 3% (9 min) of the time was spent at intensities greater than 70%, 
and only 1% (2.9 min) at work rates greater than 80%.  
 
Using gender-specific calibration equations, oxygen uptakes and the corresponding metabolic 
heat productions were derived for cattle mustering. The predicted metabolic heat production 
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ranged between 178-333 W (females) and 212-542 W (males), with the corresponding 
external work rate ranges being 36-67 W (females) and 42-108 W (males). On average, these 
data represented only 25-40% (females) and 30-45% (males) of the maximal capacity for 
healthy adults of average physical fitness. Such work rates are quite sustainable for 5-8 hours 
in healthy adults.  
 
Approximately 66% of all core temperatures were within the range 37.3-37.7oC, and 66% of 
the peak temperatures ranged between 37.6-38.8oC. Only one stockman exceeded a core 
temperature of 39oC, while four others had peaks >38.5oC, but <39oC. All stockmen 
commenced these trials in an adequately hydrated state. However, on average, a 1.8% 
dehydration was observed.  
 
To evaluate the possible impact of the equestrian helmet on thermal strain, sensors were 
positioned within the air trapped beneath both the helmet and shirt. The temperatures of these 
air spaces did not differ significantly (P>0.05). That is, both the shirt and helmet behaved 
similarly with respect to heat transfer, such that the helmet did not appear to disadvantage 
stockmen more than would any other garment worn on the head. 
 
On average, stockmen reported significantly greater psychophysical strain following 
mustering (P<0.05). In addition, significant cognitive performance decrements were observed 
for vigilance and reasoning (P<0.05).  
 
DISCUSSION 
It is abundantly clear that this environment is, on average, thermally uncompensable during 
the mustering season. However, from the physiological observations, and projected metabolic 
heat production, it is evident that horseback mustering is a relatively low-intensity activity, 
interspersed with short periods of high-intensity work. This activity level was also reflected 
within core temperature measures, which rarely climbed above values associated with light-
moderate physical activity. Thus, whilst the climatic state was uncompensable for most of the 
working day, stockmen were able to modulate work rates such that the progressive rise in core 
temperature was kept below levels that might lead to heat illness. From sensors located within 
the helmets and clothing, it was observed that the helmet, though unpleasant to wear, did not 
appear to behave in a manner that would thermally disadvantage the stockmen. 
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INTRODUCTION 
In military manoeuvres, soldiers are often exposed to various stresses such as prolonged and 
strenuous physical exercise combined with sleep, energy and fluid deficiency, extreme 
ambient temperature and time pressure. During prolonged manoeuvres, cardiovascular and 
respiratory capacities, energy metabolism and neuromuscular performance may limit physical 
performance (Nindl et al. 2002). However, the knowledge of the effects of long-term military 
manoeuvres on the above mentioned factors is sparse. Therefore, the purpose of this study 
was to investigate whether a long-term (12 days) military manoeuvre affects soldiers' 
neuromuscular and cardiovascular performance in winter conditions. 
 
METHODS 
Twenty-three male joggers participated in this study ((mean ±SD): age 19.7 ±0.7 y, height 
176.4 ±6.8 cm, body mass 71.5 ±9.9 kg, body fat 14.0 ±2.6%). Prior to participation all 
subjects were briefed on the nature of the study and they gave a written consent to act as 
voluntary subjects. Each subject participated three times in neuromuscular and cardiovascular 
performance tests. The tests were carried out three days before the manoeuvre (T1), at the 5th 
day of the manoeuvre (T2) and at the 12th day of the manoeuvre (after a 6-days shooting 
training period) (T3). Body mass and amount of subcutaneous fat was measured during each 
test. Six neuromuscular performance tests were performed. Maximal voluntary isometric leg 
extension (LE) at the knee angle of 120° was performed in a seated position using leg 
extension dynamometer and strain gauge (Hur leg extension/curl, Hur Ltd, Finland and 
Newtest 200, Newtest Ltd, Finland). Static jump (SJ), counter movement jump (CMJ) and 
drop-jump (DJ) (40-cm bench) were performed on a contact mat (PowerTimer, Newtest Ltd, 
Finland). Rising heights of the body centre of gravity of the jumps were calculated by the 
measured flight time, while anaerobic power (AP) was calculated by five consecutive CMJs 
(Bosco et al. 1983). Maximal isometric rotation of the wrist (WR) was performed by twisting 
a key, fixed to a strain gauge dynamometer (rotation dynamometer, Newtest Ltd, Finland), 
using a thumb and two fingers (index and middle). Two maximal trials were performed in 
each test, and the best result was taken for further analysis. To assess cardiovascular 
performance capacity a maximal oxygen consumption test (maxVO2) on a bicycle ergometer 
(Ergoline 100, Ergoline Gmbh, Germany) was performed. Similarly as neuromuscular tests 
the test was carried out at the same time points T1, T2 and T3 as described above. During the 
test external load (starting from 75 W) was increased by 25 W every two minutes until 
exhaustion. Oxygen consumption (Metamax 3B, Cortex Biophysik Gmbh, Germany) and 
heart rate (Polar 810, Polar Electro Ltd, Finland) were measured continuously and maximal 
work load each subject was able to reach was recorded. From the data maximal oxygen 
consumption (maxVO2), ventilation (VE), work load (WL) and heart rate (HR) was analysed. 
All the tests were performed in a random order but taking care that before maxVO2 test there 
was sufficient recovery time (at least 30 minutes) from previous test(s).  
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RESULTS 
During the 12 day manoeuvre, ambient temperature varied between -20-2°C. Body mass and 
the amount of subcutaneous fat declined significantly during the manoeuvre being 70.8 ±9.7 
kg and 70.3 ±9.4 kg and 13.4 ±2.5% and 12.8 ±2.6% on T2 and T3, respectively. Table 1 
shows that SJ increased (p<0.05) and only WR declined (p<0.01) on T2 and T3 as compared 
to T1. Maximal force of the leg extensors did not change but, the rate of force production 
decreased from the initial value of 13046 ±6411 N·s-1 to 9269 ± 5088 N·s-1 (p<0.001). Figure 
1 additionally demonstrates that the force-time curve shifted to the right and to a lower level, 
due to prolonged military manoeuvre. 
 
Table 1 Mean (±SD) values of physical performance before and after the manoeuvre. 
Exercise T1 T2 T3 
LE (N) 1233 ±255 1204 ±292 1210 ±256 
SJ (cm) 29.0 ±3.6 32.1 ±4.8* 31.8 ±3.5* 
CMJ (cm) 35.2 ±4.6 35.1 ±4.8 34.3 ±4.6 
DJ (cm) 20.5 ±5.6 20.2 ±4.6 21.3 ±5.2 
AP (W/kg) 25.7 ±4.0 25.9 ±4.3 25.5 ±3.4 
WR (N) 49 ±10 43 ±7** 46 ±11 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: The averaged force-time curves recorded before and after (5 and 12 days) the 
manoeuvre. 
 
In cardiovascular capacity assessment a significant decline in relation to T1 was observed 
only in maximal heart rate. A slightly decreasing tendency was observed in other parameters 
(Table 2). 
 
Table 2 Mean (±SE) maximal oxygen consumption (maxVO2), maximal ventilation (VE), 
maximal work load (WL) and maximal heart rate (HR) in the maxVO2 test. 
Parameter T1 T2 T3 
VO2 (ml/kg/min) 45.1 ±1.1 45.2 ±1.5 43.9 ±1.1 
VE (l/min) 118 ±5 118 ±7 110 ±5 
WL (W) 257 ±8 256 ±10 249 ±8 
HR (beats/min) 188 ±2 181 ±3* 178 ±3* 
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DISCUSSION 
Twelve days of military winter manoeuvre had a minor effect on soldiers' neuromuscular 
performance capacity. It seems that the soldiers were not engaged in sustained overexertion 
during the manoeuvre. In fact, based on heart rate measurements during the manoeuvre it was 
estimated that the mean workload varied between light and moderate. According to Nindl et 
al. (2002) decrements in physical performance were mainly restricted to muscle groups that 
were over-utilized without adequate recovery during <3 days manoeuvreal stress. In the 
present study, T2 was carried out after a 3-hours rest and T3 after a night sleep and, therefore, 
the subjects had most likely recovered to some extent. Moreover, body mass loss was less 
than 2% which may not be enough to decrease physical performance. However, signs of 
fatigue were observed in the rate of force production of the lower limbs and in the task that 
recruits small muscle groups. 
 
Similarly, winter time military manoeuvre had no effect on soldiers' maximal oxygen 
consumption, ventilation and ergometer work load. This also refers to that the manoeuvre 
performed was not strenuous enough to produce long term fatigue. On the other hand, the 
subjects had a possibility to recover. Therefore, the results from maxVO2 tests need to be 
interpreted taking that possibility into account. However, heart rate was significantly lower 
both in T2 and T3 in relation to T1, while significant change was not observed in other 
parameters. This may reflect increased efficiency of cardiac function (e.g. reduced end 
systolic volume) or increased plasma volume possibly due to training effect induced by the 12 
day military manoeuvre. In conclusion, soldiers were predominantly able to maintain their 
physical performance capacity during a long-term military manoeuvre in the cold. 
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INTRODUCTION 
During the last decades, the improvement of Occupational Safety and Health (OSH) is giving 
rise to updated and improved international and national legislation and to the promotion of 
public awareness, education and investigation in OSH. As a consequence, different research 
studies are being developed in order to characterise the present working conditions. The 
occupational exposure to cold environments is one example and it represents a specific field 
of the thermal exposure which is almost unknown in Portugal (Oliveira et al., 2005). 
Traditionally, the study of heat stress is more common due to our mild climate, and this may 
be the reason why cold stress has not been addressed so far. Therefore, a field study 
comprising industrial environments was carried out among activities with cold stress 
conditions, namely in the food industry. Fish, meat and milk-food production, conservation 
and distribution industrial units, hypermarkets and supermarkets were considered. In addition, 
a few industrial units from the pharmaceutical distribution were also included. The present 
survey supports a description of the occupational cold exposure in the Portuguese industry 
and highlights that the number of people working under such thermal conditions is much 
more important than it was initially predicted by the authors. 
 
METHODS 
The evaluation of thermal stress level is mainly supported by measurements of the physical 
parameters [air and mean radiant temperatures (ta and tr), air velocity (va) and humidity (rh)] 
and estimation of the individual parameters [metabolic rate (M) and the thermal insulation of 
clothing (Icl)], which are assessed in terms of the Required Clothing Insulation Index, IREQ. 
Developed by Holmér (1984) and adopted by ISO as a Technical Report (ISO/TR 11079, 
1993), the IREQ index provides a method to assess the thermal stress associated with the 
exposure to cold environments. It applies to continuous, intermittent and occasional exposure 
either for indoor or outdoor work. Two levels of physiological strain, defined in terms of 
mean skin temperature, skin wettedness and change in body heat content are proposed: 
IREQneutral and IREQmin. The clothing insulation required to maintain thermal equilibrium 
(IREQmin) and thermal comfort (IREQneutral) are calculated by satisfying the equations: 

ECEWM
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IREQ
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clsk
−−−−

−
=  (1) CRECEWM resres +=−−−−  (2) 

where skt  and clt  are the mean skin temperature and the mean clothing surface temperature 
[ºC], M is the metabolic rate, W is the effective mechanical work, Eres, Cres, E, R and C 
[W/m2] are the heat exchanges by respiratory evaporation and convection, by evaporation, by 
radiation and by convection, respectively. 
When the resultant clothing insulation of the selected ensemble (Iclr) is less than the calculated 
required clothing insulation (IREQ), exposure has to be time-limited to prevent progressive 
body cooling. Thus, a duration limited exposure (DLE) is defined in terms of the 
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recommended maximum time of exposure with available or selected clothing. It can be 
calculated for both levels of strain from: 

S
Q

DLE lim=  (3) CRECEWMS resres −−−−−−=  (4) 

where Qlim and S are the body limit heat loss and the rate of change in heat content [W/m2]. 
 
RESULTS 
The present survey was realised in 8 out of 18 provinces of Portugal main land. The sample 
gathered consists of 32 industrial units and a total of 101 workplaces, embracing freezing and 
refrigerating chambers and ambient/controlled air temperature workplaces. The measurements 
were carried out according to ISO 7726 (1998) using equipment from Testo, namely the data 
loggers 175-T2, 175-H2 and 445. The activity level, M, was estimated according to ISO 8996 
(1990), using the methods of level II of accuracy. The standard procedure consisted on adding 
the metabolic rates corresponding to the posture, the type of work, the body motion related to 
the work speed and the basal metabolic rate, for each single activity. Whenever we got 
authorization from the workers, the metabolic rate estimation was based on heart rate 
measurements. The thermal insulation of the ensemble, Icl, was calculated following ISO 9920 
(1995) by adding the values corresponding to each garment. For this purpose a questionnaire 
with a set of figures representing different types of garments was used and the workers were 
asked to identify the garments worn. To illustrate the measurements of the physical 
parameters, Figure 1 shows the results of ta in each workplace. 

 

 
Figure 1. Air temperature results. 

In Figure 1 three types of workplaces can be identified and associated with different 
environmental conditions. The freezing chambers show air temperatures between -15 and -
25ºC. Refrigerating stores are characterised by a temperature range from 0-10ºC, and the 
workplaces with ambient or controlled air temperature by ta values between 10-25ºC. 
 
Figure 2 shows the resultant clothing insulation (Iclr) and the required clothing insulation in 
terms of the neutral (IREQneutral) and minimal (IREQmin) levels for all workplaces under 
analysis. It clearly shows that the ensembles commonly used are inadequate. The freezing 
chambers represent the most severe case since all the workplaces reveal situations with 
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insufficient clothing insulation (Iclr < IREQmín). The opposite situation is also frequent as in a 
number of workplaces the selected clothing ensemble provides too much insulation 
(Iclr>IREQneutral). The analysis of the relationships between the resultant clothing insulation 
and the required clothing insulation, for both IREQneutral and IREQmin criteria, shows that the 
actual increase shown by Iclr is still far away from the ideal conditions depicted by both IREQ 
growing rates. Therefore, further attention must be given to these issues in order to carefully 
adapt the choice of clothing according to the activity and to the work environment. 
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Figure 2. IREQneutral, IREQmin and Iclr values in each workplace. 

 
The relationship between DLE and IREQ is represented in Figure 3 where the higher values of 
IREQ are seen to correspond to the lower values of DLE. The IREQ ranged between 0,86 and 
2,63 clo while the DLE variation was between 0,42 and 6,41 hours. In addition, a clear 
distinction can be pointed out between freezing and refrigerating cold chambers. The results 
show that the refrigerating chambers led to higher DLE values and lower IREQ values, while 
the freezing stores are characterised by a higher level of strain, hence lower duration limited 
exposures and higher demands in terms of clothing insulation. 
Figure 4 summarizes the present survey and shows that in the majority of workplaces the 
selected clothing insulation provides more than sufficient protection (Iclr>IREQneutral). 
Nevertheless, the percentage of workplaces that have shown situations of Iclr < IREQmín is 
also significant, particularly in the fish industry. This fact and the reports made during the 
visits to the five fish industries analysed, in which the authors could realise that the time of 
exposure in the freezing chambers are sometimes very significant and usually exceeds the 
DLE, support the conclusion that the fish industry is probably the most critical one. Thus, 
particular attention should be given to this activity sector, even more because situations where 
the cooling of extremities may appear are also quite frequent. 
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Figure 3  DLE versus IREQ (minimal level) Figure 4  Statistical results  

 
DISCUSSION 
The results show that the environmental conditions clearly define different types of 
workplaces and demonstrate that a significant percentage of workers are repeatedly exposed 
to extreme conditions with insufficient clothing insulation. The low temperatures found in the 
refrigerating and in the freezing chambers, associated with prolonged exposures, clearly 
suggest the need for changes in the work/rest regimes, particularly when the time needed to 
complete the required tasks exceeds the recommended duration limited exposure. The present 
work contributes to the awareness of occupational cold exposure in the Portuguese industries. 
Furthermore it enables a discussion of several topics related to OSH, namely the definition of 
preventing procedures, the implementation of good practices, the improvement of working 
conditions and the reduction of health problems related with cold environments. 
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METABOLIC ANALYSIS OF IN-SITU WORK PERFROMED IN A 
CANADIAN DEEP MINE 

1Maté, J., 1G.P.  Kenny, 1F. D. Beaulieu, 2S. Hardcastle, 1O. Jay,  1F.D.Reardon 
1University of Ottawa, School of Human Kinetics, 1Laboratory of Human Bioenergetics and 

Environmental Physiology Ottawa, Ontario, Canada; and, 2Natural Resources Canada’s 
Mining and Mineral Sciences Laboratories Sudbury, Ontario, Canada. 

Contact Person: freardon@uottawa.ca 
 
Higher ambient temperatures are being experienced by mining personnel as current practices 
allow for mining to occur at greater depths. The American Conference of Governmental 
Industrial Hygienists published Threshold Limit Values® that are based on the wet bulb globe 
temperature (WBGT).  Accompanying the high variability in the jobs performed and also in 
the workers body size, body composition, and physical efficiency, there is a need to account 
for these variables in establishing “best practice” work standards for deep Canadian mines. 
The purpose of this investigation was to establish the metabolic energy expenditure under 
typical mining conditions for selected common mining jobs.  The results are presented from 
the first phase of a multi phase project.  
  
Six common in-situ mining jobs were evaluated according to a five level work intensity scale 
(ISO 7243), with concurrent deep tissue (core) and skin temperature measurements.  These 
six jobs were categorized into three groups according to similar metabolic energy 
expenditures for statistical analysis. These groups consisted of: Bolting and Scooptram™ 
(Group BOL), Production drill, Conventional Mining, and Shotcrete (Group PRO), and 
Services (Group SER)  Average dry bulb, relative humidity, and an indirect WBGT were 
Group BOL (26.1 ± 2.5 °C, 64.0 ± 18.4 %, 23.5 ± 2.8°C) Group PRO (26.4 ± 2.2°C, 61.3 ± 
20.5 %, 21.7 ± 1.9°C) and Group SER (24.0 ±4.6°C, 55.9 ± 25.2 %, 25.7 ± 1.3) respectively.   
Average subject characteristics were: 40 yrs, 1.70 ± 0.31 m, 83.6 ± 20.3 kg, 20.6 ± 7.3 % 
body fat, and 1.96 ± 0.39 BSA. Significant differences were observed between all three job 
groups (Group BOL, PRO, and SER) at intensity levels of 2 (P = 0.033), 4 (P = 0.033), and 5 
(P = 0.047). Means and standard deviations of metabolic energy expenditures measured for 
groups BOL, PRO, and SER were 284.8 ± 91.6 W,           602.0 ± 194.5 W, and 735.9 ± 199.5 
W accordingly.  Maximum metabolic energy expenditures observed in each group were 
1104.1 W, 958.6 W, and 1080.4 W BOL, PRO SER respectively.  The proportion of work 
time spent using upper body versus lower body movements differed significantly amongst the 
three groups (P < 0.001).  These were 90 % verus 75 % for BOL, 83 % versus 30 % for PRO 
and 84 % versus 53 % for SER for upper versus lower body movements respectively.  
Changes from baseline to end of work shift deep tissue temperature were Group BOL 0.4 ± 
0.2°C, Group PRO 0.3 ± 0.2°C, and Group SER 0.2 ± 0.2°C.  Differences in the change were 
found to be significant             (P < 0.001) in all groups. Change in mean skin temperature 
from baseline to end of work shift were Group BOL 1.4 ± 1.5°C, Group PRO 1.4 ± 0.8°C, and 
Group SER 2.0 ± 1.7°C.  In groups PRO (P < 0.001) and SER (P = 0.034) significant 
differences were identified.These findings show that metabolic energy expenditure appeared 
to be largely dependent on the type of mining job. Further, under these environmental 
conditions the miners do not appear to be in a state of uncompensated heat stress.  Miners 
may be at a greater risk of heat stress when exposed to higher ambient temperature and 
humidity conditions when performing the same work intensity.   
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EFFECT OF COOLING ON UPPER ARM MOVEMENTS DURING A 
REPETITIVE TASK 

Hugo Piedrahita1, Juha Oksa2, Hannu Rintamäki2, Erja Sormunen2 and Christer Malm1,3 
1Luleå University of Technology, Luleå, Sweden 

2Finnish Institute of Occupational Health, Laboratory of Physiology, Oulu, Finland 
3The Muscle Research Group, Anatomy section, Umeå University, Sweden 

Contact person: hugo.piedrahita@ltu.se 
 
INTRODUCTION 
Although has been demonstrated that cooling deteriorate all parameters of the muscular 
performance, less studies has been performed to test the effect of cooling on the coordination 
and direction of the upper arm movement. In one study Meigal A.Y. et al. 1998 found that the 
voluntary movements and postural can be affected by cold shivering. Mäkinen T. et al. (2005) 
demonstrated measuring the postural sway between healthy subjects, that postural control is 
impaired in cold conditions. They established that that the subjects had to perform more 
corrective movements in the cold due to changes in their sensory functions or neuromuscular 
control. In other study Oksa J. et al. (1997), found that in comparison with thermoneutral 
conditions, the exposure to cold increased the duration of the contact, stretch and shortening 
phases and take-off velocity of the subjects performing a maximal rebound jump, leading to 
decreased muscle performance. The increased level of co-contraction of the agonist-
antagonist muscle pair and decreased activity of the agonist muscle during shortening phase 
may in part explain the decreased muscle performance found. 
 
This study was designed to investigate the effects of cooling on upper arm motion trajectories 
during handling repetitive light weights in a horizontal plane. We hypothesised that 
performing manual task repeatedly in cold conditions can lead to increase the muscular strain, 
which induce changes in the motor coordination (multi-joint trajectories) to minimize the heat 
loss and assure an economical activation of the fatiguing muscles. These changes could be 
traduced in a high risk for musculoskeletal disorders in the long term. 
 
METHODS 
Ten healthy female subjects volunteer for the study. They performed one-handed repetitive 
task while standing in front of a table during one hour. Six small boxes weighting 0.5 kg each 
were used such as objects to move. Six different angles destinations between 30º and 220º 
were established. The task was performed in two different conditions: 10ºC (Cold condition) 
and 25ºC (Neutral condition). Two video cameras (front and lateral) were used for recording 
the movement trajectories of the head, shoulder, elbow, wrist and hip on the right side of the 
body. The data were digitalized and processed using automatic tracking of objects in an image 
sequencing software, WinAnalize. Figure 1 shows the schematic representation of the set-up 
experiment. 
 
RESULTS 
At the end of the working period in all anatomic reference points at Cold condition the 
estimated area under the curve (AUC) of the x/y ratios during one complete cycle (20 
seconds) was higher compared with Neutral, with exception of the Wrist where we found a 
small decreased. Significant differences were found only at the Elbow level, Table 1. The 
differences of the areas were affected by the “y” axe predominantly. We observed also than in 
Cold condition the estimated AUC in Cold condition was higher at the end (60 minute) 
compared with the first minute in all anatomic references points except at the Wrist level 
where a small decreased was observed. 



Environmental Ergonomics XII  
Igor B. Mekjavic, Stelios N. Kounalakis & Nigel A.S. Taylor (Eds.),  © BIOMED, Ljubljana 2007 

 600 

 
Figure 1: Schematic representation of the workstation 
 
Table 1: Estimated area under the curve (AUC) of the x/y ratios between Cold and Neutral 
condition – 10 subjects. 

 Cold Neutral 
 1 min 60 min 1 min 60 min 
Wrist 16.7 (0.4) 16.3 (0.4) 17.1 (0.5) 16.9 (0.5) 
Shoulder 1.88 (0.08)  2.17 (0.097)* 1.94 (0.09) 2.13 (0.11)* 
Hip 1.76 (0.09) 1.96 (0.10) 1.94 (0.09) 1.88 (0.09) 
Head  2.37 (0.13)   2.76 (0.14) * 2.31 (0.12) 2.54 (0.16) 
Elbow 6.28 (0.25) 6.35(0.24)† 5.99 (0.24)  6.00 (0.24) 

*Significant differences at 60 minute compared with 1 minute at the same conditions 
† Significant differences at 60 minute compared with Thermoneutral conditions 
 
DISCUSSION 
The main results of our research indicate that cooling changed the elbow trajectories (high 
motion amplitude) at the end of the working period. These changes probably are affecting the 
motor coordination on upper arm with the intention to maintain the end point trajectory 
constant. The increased fatigue observed in previous studies in cold conditions and the 
changes observed in the motor coordination on upper arm could help to explain the high risk 
of suffering some musculoskeletal problems. 
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PERIPHERAL SKIN TEMPERATURES DURING 12 DAYS MILITARY 
MANOEUVRE IN WINTER CONDITIONS 
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1Finnish Institute of Occupational Health, Oulu, Finland 

2Department of Physiology, University of Oulu, Oulu, Finland 
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INTRODUCTION 
In sustained military operations, soldiers are often exposed to various stresses such as 
prolonged and strenuous physical exercise combined with sleep, energy and fluid deficiency, 
extreme ambient temperature and time pressure. Thermal responses of soldiers are rarely 
monitored with continuous daily measurements and therefore it would be important to know 
if there exists tissue temperatures low enough to cause risk for performance loss or tissue 
damages in winter. Castellani et al. (2003) studied the effects of a 3.5 day military operation 
on thermoregulatory responses to cold stress but made the measurements after the operation. 
Rintamäki et al. (1993) showed that a long-term exposure to cold during field training may 
develop local cold acclimatization of the periphery. The purpose of this study was to examine 
peripheral skin temperatures, persistence of possible individual differences in peripheral skin 
temperatures throughout the manoeuvre and any signs of local acclimatization to cold during 
the manoeuvre in winter conditions.  
 
METHODS 
The subjects were 8 male joggers. Their physical characteristics were (mean ± SE): age 19.8 
±0.2 y, height 175.8 ±2.7 cm, body mass 72.4 ±3.0 kg and body fat 14.8 ±1.0 %. The study 
was approved by the Ethic Committee of the Hospital District of Helsinki and Uusimaa, 
Finland. All subjects were informed of all details of the experimental procedures. Each 
subject gave his written informed consent prior the experiment. 
 
During the manoeuvre mean ambient temperature was -5°C with a range of -20-2°C and mean 
velocity of the wind was 0.7 m/s (range 0 - 3.1 m/s). Mean relative humidity was 92% and 
total amount of snow fall was 17 mm/12 days. The soldiers were wearing military combat 
clothing which thermal insulation varied 0.112-0.438 m2K/W depending on the amount of 
layers worn in different weather or activity conditions. They slept in heated tents.  
 
The 12-day military manoeuvre was carried out in December and it consisted of a combat 
training (C) followed by a combat shooting training (CS). Skin temperature was measured at 
seven sites using thermistors (NTC DC95, Digi-key, USA). Temperatures were saved at 1 
min intervals into a data logger (SmartReaderPlus8, ACRSystems, Canada). Mean skin 
temperature (Tsk) was calculated as an area weighted average. Heart rate was recorded by a 
heart rate monitor (Polar S610i™, Polar Electro Oy, Finland) and saved at 1-min intervals.  
 
For 1.5 days between the training periods the monitoring equipments were taken off the 
subjects and no measurements were performed. In addition, on day 1 and day 12 only a part 
of the days were active military training and therefore the measured data are excluded from 
the analysis. Only data from active time, between 0530 and 1800 were selected for the 
analysis.  
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RESULTS 
Mean ambient temperature at day time ranged from -2 to -12 °C and 1 to -6 °C during combat 
(C) and combat shooting (CS), respectively. Daily mean heart rate was slightly higher during 
C (97-106 beats/min) compared to CS (83-95 beats/min).  Body mass decreased by ca. 6 % to 
68.4 ±2.8 kg (p<0.001) and body fat by ~10 % to 13.4 ±0.8 % (p<0.05) as a result of the 12 
days manoeuvre.  
 
Percentage of low (between 7 and 15 °C) finger temperature (Tfinger) ranged from 10-40 % 
during the manoeuvre (Figure 1A), higher percentage existing during CS. Foot temperature 
(Tfoot) below 25 °C was common (Figure 1B). Tfoot distributed more evenly during C and CS. 
Day number 7 was the coldest day during the manoeuvre according to the finger and foot 
temperature. 
 

Figure 1 Daily percentage of the finger (A) and foot (B) temperature divided to temperature 
groups. Days 2-5: combat training and days 7-11: combat shooting training. 
 
Individual characteristics and average Tsk during combat and combat shooting training are 
shown in Table 1. Tsk showed a minor increase during the manoeuvre. 
 
Table 1: Individual characteristics at the beginning of the manoeuvre and the average Tsk 
during combat (C) and combat shooting (CS). Av= average from eight subjects. 
subject body mass body fat VO2max average Tsk °C 
 kg % ml/kg/min C CS 
1 70.53 15.8 42.6 29.9 ±0.04 30.4 ±0.03 
2 83.07 15.0 39.7 30.2 ±0.03 30.4 ±0.03 
3 74.43 14.5 46.3 30.4 ±0.03 30.7 ±0.05 
4 63.77 12.9 40.9 31.3 ±0.03 - 
5 84.23 17.4 39.1 28.0 ±0.06 28.9 ±0.04 
6 73.93 18.0 43.2 30.3 ±0.03 30.0 ±0.04 
7 68.42 14.5 34.4 30.5 ±0.04 30.8 ±0.04 
8 60.47 10.3 56.9 30.4 ±0.04 30.9 ±0.04 
av 72.4 ±3.0 14.8 ±1.0 42.9 ±2.3 29.9 ±0.3 30.3 ±0.3 

 
Individual daily mean Tfinger and Tfoot were mainly below 25 and 30°C, respectively (Table 2). 
Mean value and the lowest quintile (lowest 20%) (Q1) of Tfinger were significantly lower 
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during CS compared to C. Subjects having cold fingers had also cold feet. There was a 
positive correlation (r=0.557) between the Q1 of Tfinger and Tfoot during CS.  
 
Physical characteristics and peripheral skin temperatures showed no correlation. Only slight 
relationship (ns) between %BF and Q1 finger temperature during CS was detected. Subject #6 
with high %BF and moderate physical fitness showed the highest mean and Q1 Tfinger and the 
decrement during the combat shooting was the smallest.  
 
Table 2: Individual mean (±SE) and the lowest quintile (Q1) finger and foot temperatures 
during combat and combat shooting training. av = average from eight subjects. * p < 0.001. 
subj mean Tfinger °C Q1 Tfinger °C mean Tfoot °C Q1 Tfoot °C 
 C CS C CS C CS C CS 
1 24.3 ±0.1 21.5 ±0.1 16.0 13.8 27.8 ±0.1 28.0 ±0.1 24.5 24.1 
2 19.9 ±0.1 17.1 ±0.1 13.3 11.2 27.5 ±0.1 26.9 ±0.1 24.3 22.4 
3 22.4 ±0.1 19.7 ±0.1 15.4 14.2 31.7 ±0.1 31.3 ±0.1 30.2 29.5 
4 22.0 ±0.1 19.3 ±0.2 14.1 12.3 30.2 ±0.1 29.8 ±0.1 27.3 26.7 
5 23.1 ±0.1 17.5 ±0.3 14.4 11.3 23.0 ±0.1 25.9 ±0.1 17.5 20.9 
6 25.6 ±0.1 22.9 ±0.1 17.1 16.0 29.9 ±0.1 29.0 ±0.1 26.5 25.5 
7 23.9 ±0.1 22.2 ±0.2 15.6 13.3 31.9 ±0.1 30.8 ±0.1 30.3 28.8 
8 23.9 ±0.1 19.5 ±0.2 15.2 11.7 28.7 ±0.1 27.3 ±0.1 26.0 24.1 
av 23.1 ±0.6 19.8 

±0.7* 
15.1 
±0.4 

13.0 
±0.6* 

28.8 ±1.0 28.7 ±0.7 25.8 
±1.4 

25.2 
±1.1 

 
DISCUSSION 
Peripheral skin temperatures decreased to low level during the manoeuvre and they tended to 
be colder at the end of the manoeuvre compared to the beginning. During CS the finger 
temperatures were below 16°C (2°C lower than during C) which must have affected 
negatively to the manual performance, as also expressed in subjective ratings.   
 
Feet temperatures showed smaller decrement during combat shooting compared to the fingers. 
Nevertheless, feet temperature decreased to surprisingly low level during the daily training 
periods. It can be assumed that blood flow in the foot is decreased in the observed foot 
temperatures. According to Allwood and Burry (1951) decrement of skin temperature below 
~30°C decreases blood flow in the foot almost to minimum. During long-term cold exposures 
low foot temperature and consequently decreased blood flow expose to a risk of non-freezing 
cold injuries.  
 
The individual property of having cold fingers and feet persisted throughout the manoeuvre. 
The same trend was also seen in those subjects with warm fingers. Individually, the subjects 
with cold fingers had also cold feet.  
 
No development of local cold acclimatization was seen during the winter manoeuvre. Local 
cold acclimatization usually develops in two weeks if the extremities, especially fingers and 
hands, are daily exposed to cold. Ambient temperature was to some extent higher but wind 
was slightly stronger at the latter part of the manoeuvre compared to the beginning. Moreover, 
the combat training was physically more active than combat shooting training. Greater 
cooling of the fingers during CS may also be caused by more frequent handling of cold 
weapons and equipment with bare hands. Therefore, different tasks, activity level and ambient 
climate conditions during combat and combat shooting may have masked the possible cold 
acclimatization effects. Because the military manoeuvre was performed in December the 
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soldiers might have already, to some extent, acclimatized to winter climate during the 
preceding weeks.  
 
In conclusion, peripheral skin temperatures decreased to low levels, especially during combat 
shooting, increasing the risk of deterioration of manual dexterity and decreasing blood flow in 
the feet. Individual characteristic of cold or warm fingers seemed to persist throughout the 
manoeuvre in the cold. No local acclimatization to cold was seen during the manoeuvre. 
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PRODUCTIVITY LOSS FROM COLD 
Daniel A. Goldman and Ralph F Goldman, PhD. 

COMFORT TECHNOLOGY, Inc., Natick, MA., USA 
Contact person: Ralphgoldman@CS.com 

 
INTRODUCTION 
Factors in cold weather productivity loss that should be considered include: 
(1) The synovial fluid lubricating skeletal joints thickens, reducing finger agility.  
(2) The skin dries, leading to a reduction in finger tactility. 
(3) Skeletal muscles shorten if cooled, leading (inter alia) to a reduction in grip strength.  
(4) Cold weather clothing reduces mobility (M ↑ 4%/layer) and constrains arm motion.  
(4) ANY protective hand wear causes a greater loss of tactility and agility than cold per se. (5) 
Protective headwear may interfere with hearing and vision; some interfere with speech.  
(6) Clothing worn next to the skin (i.e., gloves, socks, underwear) tends to accumulate sweat 
when performing heavier physical work and producing more heat than can be lost without 
sweating.  
(7) “Warmer” clothing does not produce extra heat, but only reduces the rate of heat loss from 
the body.  
(8) Only increasing active physical work increases body heat production; tasks that limit 
mobility, e.g., connecting wires, soldering pipe connections, etc., only increase heat 
production slightly.  
(9) “BEHAVIORAL” temperature mechanisms against cold include adding clothing and 
becoming increasingly active.  
(10) The PHYSIOLOGICAL first line of defense against cold is vasoconstriction; i.e., 
reducing the blood flow from the body core (where the metabolic heat is produced) to the 
shell (i.e., the skin, where core heat must be delivered by the blood flow so that it can be 
eliminated from the body.  
(11) The PHYSIOLOGICAL second line of defense is shivering.  The maximum rate of 
shivering heat production is ≈525 kcal/hr, and at this level the body is a non-functional 
quivering block of tissue. Shivering decreases the air layer, and clothing, insulation and may 
actually result in a net increase in body heat loss unless there is a high total Clo value. 
 
The greatest source of productivity loss: 
Based on experience as well as knowledge of the literature, the greatest losses of productivity 
result from the absence of the worker from the work site. Certainly, the time spent by a 
worker on a re-warming break, although essential to being able to continue to work after the 
break, represents a totally non-productive interval.  Experience also suggests that the worker 
must be re-warmed before accumulating a heat debt of ~ 80 kcal of body heat store, or may 
require such draconian re-warming that the worker will be unable to return to work that day. 
One must view the work site, re-warming facilities, and the nature of the physical work and 
its surroundings to accurately calculate the rate of body heat production and loss. This can be 
used to determine the time before re-warming is essential, and the time that the workers will 
require to get to the re-warming station, re-warm (usually 20 min), and get back to the job 
site. 
 
METHODS 
Once one views the work site, re-warming facilities and their nature, and the nature of the 
physical work and its surroundings, one can calculate the rate of body heat production, and 
loss and, thus, the time before re-warming is essential, and also estimate the time required to 
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re-warm the worker (usually at least 20 minutes) plus the time to get to and from the re-
warming area. 
 
Heat loss from the skin surface through the clothing and surface still air layer is a linear 
function of the difference between the skin temperature and the ambient air temperature, as 
controlled by the resistance to heat transfer afforded by the insulation of the clothing and 
surface still air layer; the insulation unit used for clothing is the “Clo”, with 1 Clo of 
insulation requiring the transfer of 5.55 kcal of heat per square meter of skin surface area per 
hour per degree Centigrade difference between the skin and air temperatures; i.e.: 
 
“Dry heat loss” (Hr+c) =5.55 x S.A. x (Tskin – Tair)/hour 
 
This equation can be used to calculate the heat that MUST and WILL be lost in a given 
ambient environment, as a function of the clothing insulation, air temperature and surface 
area.  Note that 1 R unit is ≈  a Clo value of 1.14.  An “average” American workman has a 
total body surface area of ~ 1.8 m2 (square meters).  A “comfortable” average Tskin  (MWST- 
mean value, weighted by temperature site surface area) is ~ 33 º C (= 91.4 ºF); body surface 
cooling as a result of the initially mild, vasoconstriction to conserve deep body heat in the 
cold, will reduce MWST to 32 º C (= 89.6 ºF).  We used 32 º C as the Tskin value for our 
calculations of body heat transfer.  One can use the Clo values of individual clothing items, as 
shown below, to calculate the overall clothing insulation value to use in our calculations of 
body heat exchange. 
 

CLOTHING ITEMClo VALUE      
Long Underwear  0.20 
Heavy Long Sleeve Sweater 0.37 
Bib-Overalls 0.41 
Waist Length Heavy Jacket 0.49 
Heavy, Knee length Sox 0.08 
Heavy Boots 0.08 
Navy type Knitted Watch Cap 0.05 
Total of individual item Clo values =  1.68 

 
80% of individual item Clo values  =  1.35 

Plus value of external surface “calm” air layer  =  0.71 
Total clothing + surface air layer Clo =  2.06 

Note: Hand-wear is not included because it may well be task precluded! 
 

RESULTS 
Using this value of 2.0 Clo in our calculations of body heat exchange, we can generate the 
work times until re-warming is required, as a function of the heat production and ambient 
environmental conditions.  These data are presented in the Figure. 
 
DISCUSSION 
These predictions, made several years after a very large construction project was completed, 
showed remarkable agreement with the documented intervals between the ad lib re-warming 
periods taken by the workforce. 
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CARDIOVASCULAR SYMPTOMS LIMIT THE HEAT STRESS 
EXERCISE OF ROOF AND ASPHALT WORKERS? 

Henna Hämäläinen, Raija Ilmarinen, Harri Lindholm, Heli Sistonen, Kaarina Eklöf 
Health and Work Ability, Finnish Institute of Occupational Health (FIOH), Helsinki, Finland 

Contact person: henna.hamalainen@ttl.fi 
 
INTRODUCTION 
Good physical fitness improves the capacity of an employee to adapt to a hot and humid 
working environment. Excellent maximal oxygen consumption (VO2max), however, does not 
protect against the detrimental effects of high heat stress. In addition to physical fitness, heat 
tolerance depends on age, sex, cardiorespiratory fitness, training history, overweight, health, 
and medication. Genetic factors also affect individual thermal regulation. Circulatory 
insufficiency usually precedes excessive elevation of body temperatures in the limitation of 
physical performance of a normal worker in a hot and humid environment. Rapid changes in 
systolic blood pressure often constitute the first sign of failing circulation. In such cases also 
the risk of work-related accidents is elevated. 
 
The aim of this study was to investigate the responses of heat stress test (HST) on roof and 
asphalt workers. The main interest was especially the responses of heart and cardiovascular 
function during the test. Also the possible usefulness of heart rate variability (HRV) in 
recognizing and anticipating hemodynamic failure during HST was on focus.  
 
METHODS 
The study group consisted of 13 healthy and voluntary professional male roof and asphalt 
workers with an average age of 35 (25-49) y, height of 177 (171-190) cm, weight of 85 (58-
129) kg, body area of 2.0 (1.7-2.5) m2, body mass index (BMI) of 27 (20-36) kg/m2, and 
evaluated VO2max of 37 (22-49) ml/kg/min. The subjects gave written consent before the 
experiment and received no payment for their participation in the study. Before the HST, a 
medical examination was performed and the aerobic fitness of the participants was evaluated 
by submaximal bicycle ergometer (Ergoline, Bitz, Germany) test. VO2max was calculated 
indirectly from the heart rate response by utilizing the FitWare software (Fitware Pro 3, 
Tamro Med-Lab, Finland). The termination point of the submaximal bicycle ergometer test 
was reached when the heart rate was 85% of the age-related (Jones 1988) maximum heart 
rate. Individual correlation between heart rate and oxygen consumption was measured during 
the test (Vmax29, SensorMedics Corporation, USA).  
 
A HST, standardized by FIOH, was used to evaluate the physiological responses reflecting 
heat strain. The test was performed in a climatic chamber under carefully controlled thermal 
conditions (Ta 35°C, RH 65%, va <0.3 ms-1). The protocol of HST was approved by the 
Institutional Ethics Committee and the Coordinating Ethics Committee of the Hospital 
District of Helsinki and Uusimaa (Finland). The maximum duration of HST was 60 min, and 
in case any of the termination criteria were attained the test was terminated earlier. The 
termination criteria were: rectal temperature (Tre) ≥39.5°C, the subject's own desire to 
terminate the test, drop of systolic blood pressure >20 mmHg, objective signs of exertional 
exhaustion, or clinical signs of imbalance in thermal or cardiovascular function. 
 
The HST protocol consisted of moderate exercise of about 40% of individual VO2max on a 
bicycle ergometer (Monark 818E, Sweden). During HST, ECG was online-monitored (BM3 
Plus, Bionet, Korea) and heart rate and HRV were measured with Suunto t6 wrist computer 
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(Suunto, Finland). Tre was continuously measured by a flexible thermistor probe (YSI 401, 
Yellow Springs Instrument Co., USA) at the depth of 10 cm, and skin temperatures (Tsk) were 
measured at the shin, hand, scapula and neck (YSI 427, Yellow Springs Instrument Co., USA) 
and registered once a minute (Veritec Instrument Type 1400, Canada). Brachial blood 
pressure (BP) was measured every 10 minutes of HST, except in the final stages of the test 
when it was measured every 5 minutes. 
 
Oxygen consumption was measured three times in 3-5 min (breath by breath, Vmax29, 
SensorMedics Corporation, USA). The first collection of respiratory gases was performed 
before the subject began the exercise (sitting on a cycle in climatic chamber), the second 
sample collection was made after 25 to 35 min of exercise, and the final VO2 analysis was 
conducted when it was objectively evaluated that the subject would terminate the test in the 
next 5-8 min. 
 
The ratings of perceived exertion (RPE) using Borg scale and subjective evaluations of 
thermal comfort and thermal sensation modified from ISO 10551, as well as skin wettedness, 
were recorded at 10 minute intervals during the HST. The subjects were allowed to drink 
water ad libitum and the amount of water drunk was measured. Nude weight was measured 
before and after HST, and sweat loss was determined by the weight change of the subject.  
 
Calculation of physiological variables 
Mean skin temperature ( skT ) was calculated using weighting coefficients (Olesen 1984) and 
mean body temperature ( bT ) using the weighting coefficients of 0.9 for Tre and 0.1 for Tsk. 
Change in heat storage (∆ S) for heat exposure time was calculated from changes inTb using 
the 0.97 Wh/kg°C for specific heat of the body. 
 
HRV analysis and calculations, as well as calculation of EPOC, which is defined as the excess 
oxygen consumed during recovery from exercise as compared to resting oxygen consumption, 
were carried out with FirstBeat Pro Softaware (FirstBeat Technologies Ltd, version 1.4.1, 
2006, Finland). These variables are calculated individually and reported for the first 5 minutes 
(=start), the period between 20 and 25 min into the test (=20−25 min), and the final five 
minutes (=end) of HST.  
 
Statistics 
Statistical analysis was carried out with SPSS 14.0 (SPSS Inc, Chicago, USA). The normality 
of the variables was tested (Shapiro-Wilk test), and the paired sample t-test and a non-
parametric test were used in statistical analysis. Correlation was tested with Pearson 
Correlation with the level of significance at p < 0.05 and the level of high significance at       
p < 0.01. 
 
RESULTS 
Only three subjects completed the full 60 minutes of the test, and the duration of HST varied 
between 21 and 60 minutes. With seven subjects, the test was terminated between the 50-60 
min of duration. In three cases the test was terminated in less than 40 min. 
 
The external workload remained stable during the test. The average heart rate, however, 
increased continuously. During the first 25 min of HST, the average heart rate increased by 
20% (p< 0.01). At the termination point, the average heart rate was 27% higher than at the 
start of HST (p< 0.01). The average EPOC values increased during the first 25 min of the test 
to 31.7 (7.3-72.3) ml/kg from the resting average value. The average end-of-exercise EPOC 
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value was 110.8 (19.1-186.2) ml/kg and the elevation from the average EPOC value of 20-25 
min into the test was statistically highly significant (p< 0.01). The average values and ranges 
for the heart rate and EPOC are presented in Table 1. 
 
The average Tsk at the beginning of the test was 34.8 (33.8-35.5)°C, and during the 
termination it was 36.4 (35.5-37.1)°C (Table 1). The elevation was statistically highly 
significant (p< 0.01). At the beginning of the test the Tre varied from 36.8-37.5°C and the 
end-of-exercise values varied from 37.5-38.7°C (Table 1 and Figure 1). The change in Tre was 
highly significant (p< 0.01). Even those three subjects who completed the full 60 min HST 
did not reach the ethically imposed Tre limit of 39.5°C. During the HST mean change in ∆S, 
calculated for tolerated heat exposure time, was 48.6 (32.6-72.0) Wm-2. 
 
Table 1. Physiological responses during HST (** p<0.01). 

 
The end-of-exercise RPE was on average 17 (very hard) and the range was from 14-20. 
Subjects reported their thermal sensation as hot and thermal comfort as very uncomfortable on 
average. The subjects described their skin as watery wet on average. 
 
Individual responses in systolic blood pressure (SBP) varied greatly during the heat stress test. 
In the beginning, the average SBP was 119 (104-138 mmHg), after 20 min of exercise 151 
(124-176) mmHg, and after 30 min 148 (120-184) mmHg. The average SBP was 144 (120-
208) mmHg at the time of termination. In some cases the drop in SBP before termination was 
very sudden (Figure 1).  
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Figure 1. Mean Tre (red) and individual lines (left) during HST. Mean systolic blood pressure 
(red) and individual lines (right) during HST. 
 
The difference (∆SBP) between the highest and end-of-exercise systolic blood pressure 
ranged from 0 mmHg to 40 mmHg. The ∆SBP and the HF-component of the heart rate 
variability during the end of the test correlated negatively and the correlation was statistically 

 Start (n=13) 20-25 min (n=13) End-of-exercise (n=13) 
Heart rate, bpm 113 (101-128) 142 (123-165)** 155 (132-170)** 
EPOC (ml/kg) 1.5 (0.6-2.9) 31.7 (7.3-72.3) 110.8 (19.1-186.2)** 
Tsk, °C 34.8 (33.8-35.5) 36.0 (35.4-36.8)** 36.4 (35.5-37.1)** 
Tre, °C 37.3 (36.8-37.5) 37.6 (37.2-37.9)** 38.2 (37.5-38.7)** 
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highly significant (p< 0.01). The same correlation was not seen between ∆ SBP and the end 
heart rate of the test. The scatterplots of the correlations are presented in Figure 2. 
 

       
Figure 2. The relationships of change in SBP vs. heart rate (left) and SBP vs. HF-component 
of heart rate variability (right ) are presented in scatterplot figures. 
 
DISCUSSION 
This study confirms the finding of our earlier studies (Ilmarinen and Lindholm 2000) that 
elevation of body core temperature is not usually the limiting factor in heat stress exercise. 
The most typical reason for termination of HST was excessive drop of SBP. In HST this 
phenomenon is contributed to elevated heart rate and decreased plasma volume. The 
consequence is rapid hemodynamic change, which can cause, for example, heat illness and 
heat syncope. One of the most important findings of this study was that change in SPB 
correlated more significantly with the HF-component of heart rate variability than with heart 
rate alone. The HF-component of HRV may prove a useful tool in the assessment of 
hemodynamic balance in a laboratory environment and perhaps also in field studies. 
 
This study also showed that the intended duration of HST should be 60 min. This is enough 
time for cardiovascular changes to occur and for factors possibly limiting heat tolerance and 
physical performance in heat to appear. In this study, as well as in some earlier reports, it 
seems that in healthy individuals the limitations of heat tolerance do not usually appear in the 
first 30 min of the heat stress test. 
 
ACKNOWLEDGEMENTS 
The authors appreciate the financial support of the Finnish Work Environmental Fund and the 
assistance of Finnish Roofing Association and Finnish Asphalt Association. Warm thanks are 
also due to Finnish Road Administration and the roofing enterprises ICOPAL Ltd, AL-Katot 
Ltd, and Lemminkäinen Corp. 
 
REFERENCES 
Ilmarinen, R. and Lindholm, H. 2000. The influence of age and gender on thermoregulatory 

control during heat stress. Environmental Ergonomics IX, p 19-22, Shaker Verlag, 
Aachen, Germany.  

Olesen, B. 1984. How many sites are necessary to estimate a mean skin temperature? Thermal 
Physiology (ed. J. Hales), p 33-38, Raven Press, New York. 

r =-0.736 r = 0.250 



Environmental Ergonomics XII  
Igor B. Mekjavic, Stelios N. Kounalakis & Nigel A.S. Taylor (Eds.),  © BIOMED, Ljubljana 2007 

 612 

HEAT STRESS AND EXPOSURE TO UV RADIATION 
IN ROOF WORK 

Raija Ilmarinen1, Henna Hämäläinen1, Harri Lindholm1, Maila Hietanen2, 
Patrick von Nandelstadh2 

1Health and Work Ability, 2Work Environment Development, 
Finnish Institute of Occupational Health, Helsinki, Finland 

Contact person: raija.ilmarinen@ttl.fi 
INTRODUCTION 
Heat stress combined with solar ultraviolet (UV) radiation is an occupational health issue in 
outdoor work during summer months. As a result of high heat stress levels, mental confusion 
related to heat illnesses may predispose workers to unsafe activities and the risk of accidents 
increases. Adverse effects of exposure to UV radiation focus on eyes and skin. Short term 
exposure can result in photokeratitis of the eyes and erythema ("burning") of the skin. Long 
term exposure can cause cataracts of the lens, premature skin ageing, and different types of 
skin cancer.  
 
This field study was conducted to elucidate the physiological effects of heat stress, and to 
determine the daily UV dose during sunny summer months among roof workers. The results 
are used to develop guidelines for Finnish outdoor workers for the prevention of harmful 
thermal health effects, and to evaluate the need for protective clothing against UV radiation. 
 
METHODS 
Subjects. Nine voluntary and healthy professional roof workers with an average age of 35 
(25−49) y, height of 176 (171−185) cm, weight of 79 (58−108) kg, BMI of 25 (20−36) kg/m2, 
body fat percentage of 19 (9−33)%, and body area of 1.9 (1.7−2.2) m2 participated the study. 
Before the experiments, the subjects underwent a medical check-up including a clinical 
cardiopulmonary exercise test and a heat stress test. The subjects had no history of heat-
related diseases and their average evaluated maxOV 2& was 40.0 (33.3−49.2) ml/kg·min-1. 
 
The research protocol was reviewed and approved in advance by the Institutional Research 
Committee and the Coordinating Ethics Committee of the Hospital District of Helsinki and 
Uusimaa (Finland). The subjects gave written informed consent before the experiments and 
received no payment for their participation.  
 
Measurements at work sites. The physiological field measurements were conducted during 
normal working days at several roof paving sites in southern Finland in June 2006. The 
registrations of UV radiation were carried out in June and July 2005 and 2006. The subjects 
were clad in protective clothing they received from employers. After instrumentation the 
measurements started at about 7 am and continued until about 15 pm. 
 
Daily local weather was received from the weather stations of Finnish Meteorological 
Institute near working sites.  Air (Ta) and globe temperatures (Tg) at working sites were 
measured continuously (Veritec Instrument Type 1400), and relative humidity (RH) and air 
velocity (Va) were recorded every two hours (Vaisala Humicap HMI 31 and ALNOR F70). 
WBGT-index was calculated for hot working days.  
 
Workers' exposure to solar ultraviolet radiation was measured and the daily UV dose was 
determined by using personal electronic data loggers (Gigahertz-Optik Model X2000-4). Each 
dose meter contains two detectors: one for measuring the UV-A radiation (320−400 nm) 
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and one for measuring the biologically weighted total UV radiation (200-400 nm).  
Each subject carried three dose meters attached to clothing at lower neck, shoulder and chest 

(Figure 1). The corresponding daily solar UV radiation dose of the working area was 
measured with one dosemeter directed vertically towards the sky at a fixed point at the work 
site (reference value). The daily UV dose was compared to the biologically weighted UV 
radiation limit value for eight-hour workday exposure, 30 J/m2.  

 

                                     
 
Figure 1. Typical work posture of a roof worker during waterproofing. UV dosemeters 
situated at lower neck, shoulder and chest. 
 
Physiological responses reflecting heat stress were registered during two hot working days (Ta 
≥ 20 °C at 7 am). Control measurements were made during neutral working days (Ta <15°C at 
7 am). Heart rate (HR) and heart rate variability (HRV) were continuously recorded by a 
Suunto t6 wrist computer and analyzed using special software for ambulatory HRV analyses 
(Firstbeat Technologies Ltd., version 1.4.1, 2006, Finland). The RMSSD (the square root of 
the mean of sum of the squares of differences between adjacent RR intervals) was used as an 
index of HRV. Rectal temperature (Tre) and skin temperatures (Tsk) at seven sites, were 
measured continuously (YSI 427 and YSI 401) and registered every five minutes (Veritec 
Instrument Type 1400). Mean skin temperature ( skT ) was calculated as an arithmetic mean 
and, correspondingly, mean body temperature ( bT ) was calculated using the weighting 
coefficients 0.67 for Tre and 0.33 for skT . The change in storage of body heat (∆S) for certain 
periods of exposure was calculated from changes in bT using 0.97 Wh/kg·ºC for specific heat 
of the body. Nude weight was measured (Digi DS-28A-K150) before and after the exercise 
and daily fluid intake was registered. Lack of information on food intake and urination 
prevented the determination of sweat loss. On working days, saliva samples (Salivette 
collecting tubes) were taken (30 s) immediately after waking up in the morning, 30 and 60 
min after awakening, and before sleep. Free salivary cortisol was analyzed using a time-
resolved immunoassay with fluorometric detection. Subjective thermal evaluations and 
ratings of perceived exertion were requested several times during working hours.  
 
Statistics. Means ±SD and ranges were used for describing the data. The normality of the 
distributions was assessed using the Kolmogorov-Smirnov test. Differences in physiological 
strain between working days were analyzed by GCM ANOVA using SPSS for Windows 
12.0.1 (SPSS inc, Chicago, Ill, USA). A level of probability of p<0.05 was considered 
statistically significant.  
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RESULTS 
Thermal factors measured at roofing sites are given in Table 1. WBGT values calculated for 
hot working days were <20°C in the morning and varied from 24-27°C in the afternoon.  
 
Table 1. The range of thermal factors measured at roofing work sites.  
 Control day (N=9) 1. Hot day (N = 9) 2. Hot day (N = 8) 
Thermal Factor 07:00 14:00 07:00 14:00 07:00 14:00 
Ta, °C 10 − 15 14 − 18 20 − 21 24 − 29 24 − 25 23 − 26 
Tg, °C 9 − 24 18 − 36 23 − 28 27 − 42 27 − 40 26 − 40 
RH, % 35 − 97 27 − 86 42 − 62 27 − 63 45 − 51 34 − 55 
Va, ms-1 0.2 − 4.0 1.0−5.0 0.2 − 4.0 0.2 − 8.0 1.8 − 3.0 1.7 − 3.0 

 
The daily UV doses depended on the work tasks, work postures, and especially on working 
hours. High UV exposures were recorded especially during the few hours around noon. 
Figure 2 shows a typical example on UV doses measured at different body sites during 
working hours. 
 

C
he

st C
he

st

C
he

st

Lo
w

er
 n

ec
k

Lo
w

er
 n

ec
k

Lo
w

er
 n

ec
k

S
ho

ul
de

r

S
ho

ul
de

r

S
ho

ul
de

r

R
ef

er
en

ce

R
ef

er
en

ce

R
ef

er
en

ce

0

50

100

150

200

250

300

350

18°C / 37% 20°C / 35% 22°C / 34%

7-11 11-14 14-15
 Thermal conditions (Ta/ RH) and time of day (h)

U
V 

ra
di

an
t e

xp
os

ur
e 

(J
/m

²)

30

Figure 2.  UV exposure 
measured on June 16, 2006.  
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biologically weighted UV 
radiation exposure limit value 
of 30 J/m2. 
 

 
Physiological responses. During hot working days average HR and minimum HR were 
significantly higher compared to control days (Table 2). No differences were found in peak 
HRs between weather conditions. HRpeak varied from 67-80% HRmax for contol days and 
from 72-82 for the first hot day and from 58-91% HRmax for the second hot day. The mean 
of RMSSD-index decreased during hot days and correlated particularly with repeated warm 
exposures.  
 
Table 2. Working HR and average HR % estimated1) HRmax for control days and first and 
second hot working days (non-consecutive) in roof work. Values are means±SD (ranges) for 
the last five working hours.    
 Control day (N=9) 1. Hot day (N = 9) 2. Hot day (N = 8) 
HRaverage,  min-

1 
96 ± 8.7 (83 − 110) 102 ± 9.1 (84 − 115)* 105 ± 10.3 (88 − 114) * 

HRmin, min-1 69 ± 7.7 (59 − 79) 77 ± 10.0 (61 − 89)* 78 ± 8.1 (69 − 89) * 
HRpeak, min-1

 133±11.1 (122 −149) 141±10.7 (129 − 154) 143±16.1 (110 − 158) 
HRaverage 

 % HRmax1) 
53 ± 3.9 (46 − 59) 55 ± 3.7 (48 − 61) 57 ± 6.1 (46 − 66) 

RMSSD-index 20.3 ± 9.5 (11 − 44) 16.7 ± 7.7 (10 − 36) 16.8 ± 8.5 (9 − 35) * 



Occupational Thermal Problems 

 615 

1) estimated (208 - 0.7 x age)   *P <0.05 
Diurnal salivary cortisol was used to 
monitor the mental stress component during 
the work under different thermal conditions. 
The awakening response was augmented 
during hot days compared to the neutral 
control day, but the difference was not 
statistically significant (Figure 3).  
 
Figure 3.  Diurnal salivary cortisol profile 
during control days (─) and first (─) and 
second (─) hot working days.  
(1=immediately, 2=30 min, 3=60 min after 
awaking, 4=before the sleep)  
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Body temperatures. Rapid changes in Tre and in S in the range of 36.4−37.9°C and 0.7−45.2 
W/m2 were mainly dependent on the changes in metabolic rate (MR) for work tasks with 
estimated MR of about 130−200 W/m2. No differences were found in Tre between control and 
hot working days. The mean Tre was 37.4 ±1.2°C on average for all working days. ∆S for 
control day was +3.6 (±1.7) W/m2, and correspondingly +5.8 (±4.6) W/m2 for the first hot day 
and 6.4 (±3.5) W/m2  for the second hot day. The differences were not significant. During 
control days skT varied between 28.5-34.5ºC and during hot days between 31.0-36.0ºC. 
Highest individual skin temperatures of 38-39.5°C were measured for foot instep, which was 
effected by hot bitumen and the flame of blast lamp Other Tsk peak values were from 37-38°C 
for thigh, neck-shoulder and chest. 
     
Daily fluid intake was on average 1.2 (±0.3) L for control day, and correspondingly 2.1 (±0.9) 
L for the first hot day and 2.2 (±1.3) L for the second hot day. The corresponding average 
weight changes were -0.1 (±0.6) L, -0.3 (±0.8) L, and -1.0 (±0.7) L.   
 
DISCUSSION 
The heat related strain was mainly reflected in circulatory indicators of stress. Repeated 
exposures during the first days of heat wave require particular attention. Subjective feelings of 
thermal discomfort (hot−very hot) and heat strain during hot working days may be better 
explained by high Tsk caused by direct solar thermal radiation than an increase in body core 
temperature. The results of the UV measurements indicate that exposure of roof workers to 
solar radiation may exceed the recommended daily limit values. In addition, UV exposure of 
workers' shoulder or lower neck areas can be very high compared with facial exposure. 
Because of the cumulative risk of health effects of UV radiation, it is important that advice on 
adequate protection against solar UV radiation is provided, especially in the case of young 
roof and other outdoor workers. 
 
The results indicate the need for good work practices in hot outdoor work. However, more 
physiological data, especially registered for consecutive working days during prolonged heat 
waves, are needed before the development of the guidelines for Finnish outdoor workers.  
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BODY TEMPERATURE DOES NOT INFLUENCE NEURAL CONTROL 
IN A CYCLICAL LOAD-LIFTING TASK IN THE COLD 

Stephen S. Cheung, Luke F. Reynolds, Constance L. Tweedie, Robin L. Gillingham, 
David A. Westwood 

Dalhousie University, Halifax, Canada 
Contact person: stephen.cheung@brocku.ca 

 
INTRODUCTION 
During exposure of the hands to cold, gross and fine manual dexterity is rapidly impaired. 
These changes may result from peripheral vasoconstriction and concomitant reductions in 
blood flow, increases in joint viscosity, and/or decreases in muscle/nerve conduction that 
occur upon cold exposure. Indeed, changes in body heat content may actually be a better 
predictor of hand function than finger temperature during cold exposure, as hand function, 
including hand grip strength and finger tapping performance, was maintained during cold 
exposure when body heat content was increased both before and throughout exposure via a 
liquid conditioning garment. Accordingly, one potentially important factor in the neural 
control of grip force with cold hands is core temperature. Pre-warming the body may 
influence grip control when manipulating objects with cold hands. However, studies to date 
have not explored the co-ordination between grip and load force in object manipulation tasks 
under core temperature alterations. 
 
The primary objective of this study was to determine if mild (0.5ºC) increases and decreases 
in core temperature modulate the effects of hand cooling (<10ºC) on manual dexterity, tactile 
sensitivity, and grip-load force dynamics in a cyclical load-lifting task. The load-lifting task 
was carried out with and without visual information to determine if vision can be used to 
compensate for reduced somatosensory afference. Based on previous research suggesting a 
minimal contribution of somatosensory afference to the co-ordination of manipulation 
dynamics, we predicted no effect of altered core temperature on the timing of grip- and load-
force minima and maxima in the load-lifting task. However, based on previous research 
suggesting a contribution from somatosensory afference to the overall magnitude of 
manipulation forces, and manual dexterity tasks, we predicted effects of reduced core 
temperature on these tasks. 
 
METHODS 
Eleven healthy subjects (6 males, 5 females), ten right-hand dominant and one left-hand 
dominant, completed the study, with testing performed on the dominant (writing) hand. 
Experimental conditions included: (1) thermoneutral core temperature, (2) warm core 
temperature (pre-heated by 0.5oC), and (3) cool core temperature (pre-cooled by 0.5oC). 
These three conditions were identical in instrumentation and manual function testing. Subjects 
donned a liquid conditioning garment and were transferred to a custom-made environmental 
chamber for the manipulation of core temperature. Upon reaching target core temperatures in 
the warm and cool conditions, or following a constant time period in the thermoneutral 
condition, subjects were moved from the chamber to another thermoneutral area (~22oC; 
~50% relative humidity (RH)) of the laboratory for the manual testing phase. Grip strength 
was assessed using a grip dynamometer. The dominant hand was then placed in an enclosed 
cooling box (air temperature = -15oC; <20% RH) to lower Tskin to < 10oC. Immediately upon 
hand insertion into the cooling box, tactile sensitivity was assessed via a two-point 
discrimination test, manual dexterity was assessed using the Purdue Pegboard Assembly task, 
and thermal sensation and thermal comfort scores were assessed. The cooling box consisted 
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of a freezer cooling unit and fan mounted on the ceiling of a custom-made clear Plexiglass 
box with insulated arm holes, achieving cooling via convection. Grip strength, tactile 
sensitivity, manual dexterity, thermal sensation and thermal comfort were assessed again 
following hand cooling. Subjects then performed the cyclical load-lifting task inside the 
cooling box. A cold fan was used as necessary to maintain subject hand Tskin between 5-10oC. 
Grip strength, tactile sensitivity, manual dexterity, thermal sensation and thermal comfort 
were assessed for a third time following the final lift. After the completion of each trial, 
subjects’ hands were rewarmed by immersion in a 35oC water bath. Throughout the trial, grip 
strength was the only assessment performed outside the cooling box. 
 
The lifting task was a continuous vertical oscillation lifting task. Subjects were instructed to 
perform a cyclical up-and-down motion of the arm while lifting an object (140 g) that was 
mounted with a 6-axis force-torque transducer (Nano F/T 17; ATI Industrial Automation, 
Apex, NC, USA), which measured the changes in load force induced by the lifting task as 
well as the grip force used to counteract the load forces. The transducer was held using a 
horizontal pinch grip, with the pads of the index finger and thumb on the opposing sides of its 
surface. For each lift, subjects grasped the force transducer and moved the object up and 
down in pace with an auditory metronome (1.53 Hz). The amplitude of the movement was 
approximately 20 cm, with the minimum and maximum positions visually marked on the side 
of the environmental box. 
 
Three lifts were performed in the vision and no-vision conditions, for a total of 6 lifts per 
thermal condition. Lift duration was 15 s, with a 30-60 s rest period between lifts. Maximum 
pinch force and minimum slip force, requiring subjects to slowly reduce their grip until the 
object slipped out of their hand, were recorded before hand cooling, following hand cooling 
(but before the lifts), and following the lifts to determine coefficients of friction across the 
conditions. 
 
RESULTS 
Target core temperatures were consistently achieved in the warm (+0.5oC) and cool (-0.5oC) 
conditions (Table 1). Target hand Tskin (<10ºC) was also consistently achieved in all trials, 
with no differences in index, thumb, and FDI temperatures across thermal conditions (p=0.12, 
p=0.64, and p=0.57, respectively).  
 
There was a significant main effect of thermal condition (p<0.041) on load force, but no 
effect of vision (p=0.46) and no interaction (p=0.90). Load force differed only between the 
thermoneutral and warm conditions (p=0.046). For grip force, there were no effects of thermal 
condition (p=0.99) or vision (p=0.41) and no interaction (p=0.53). 
 
Mean time lags and the standard deviation of time lags were unaffected by thermal condition 
(p=0.85 and p=0.54, respectively) and vision (p=0.57 and p=0.16, respectively). There was no 
interaction (p=0.69) for the standard deviation measure, but there was (p<0.015) for mean 
time lags. Simple effects analysis revealed a difference in mean time lag between the vision 
and blindfolded states only in the warm condition (p<0.004). See Table 2 for grip force, load 
force, and time lag data across conditions. 
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Table 1. Temperature, tactile sensitivity, and manual dexterity data at distinct timepoints 
across conditions. Tre = rectal temperature; TS = thermal sensation; TC  = thermal comfort; 
PPA= Purdue pegboard assembly. T1 = timepoint 1; T2 = timepoint 2; T3 = timepoint 3. Data 
are presented as mean (SD). 

THERMONEUTRAL COOL WARM  
 T1* T2 T3 T1 T2 T3 T1 T2 T3 
Tre (°C) † 
 

37.5 
(0.2) 

37.3 
(0.2) 

37.2 
(0.2) 

37.5 
(0.2) 

36.9 
(0.2) 

36.6 
(0.2) 

37.4 
(0.2) 

37.8 
(0.5) 

37.5 
(0.3) 

TS‡ ** 
 

4.9 
(0.8) 

1.5 
(0.7) 

1.5 
(0.7) 

3.1 
(1.6) 

1.1 
(0.6) 

0.9 
(0.5) 

5.9 
(0.9) 

2.6 
(1.9) 

2.9 
(1.9) 

TC‡ ** 
 

1.0 
(0.2) 

3.5 
(0.7) 

3.5 
(0.9) 

2.4 
(1.1) 

4.0 
(0.7) 

4.3 
(0.6) 

1.7 
(1.2) 

3.0 
(0.8) 

2.8 
(1.2) 

Hand grip 
(N) 

42.2 
(13.6) 

33.2 
(12.3) 

38.6 
(11.8) 

35.5 
(14.2) 

35.2 
(13.8) 

34.4 
(11.1) 

38.0 
(12.9) 

35.7 
(15.5) 

39.0 
(13.4) 

Sensitivity 
(mm)‡ ** 

2.02 
(0.20) 

2.82 
(1.22) 

3.22 
(0.92) 

2.53 
(0.78) 

7.9 
(8.35) 

5.67 
(4.27) 

2.24 
(0.38) 

3.44 
(1.06) 

2.95 
(0.96) 

PPA 
(# pegs)‡ ** 

14.4 
(1.3) 

11.6 
(2.0) 

11.2 
(1.8) 

12.4 
(2.1) 

10.0 
(2.0) 

8.9 
(2.6) 

14.4 
(1.5) 

10.9 
(1.8) 

10.6 
(2.2) 

* For Tre, T1 = pre-thermal manipulation; T2 = post-thermal manipulation but pre-hand 
cooling; and T3 = midpoint of hand-cooling protocol. For all other measures, T1 = pre-hand 
cooling; T2 = immediately post-hand cooling; and T3 = midpoint of lifting task 
† Condition x time interaction (p<0.001); Tre did not differ between conditions at T1, but 
differed between all three conditions at T2 and T3  
‡ Main effect of condition (p<0.05) 
** Main effect of time (p<0.05) 
 
 
Table 2.  Grip force, load force, and time lag data across thermal conditions and visual states. 
N = newtons; SD = standard deviation. Data are presented as mean (SD). 

THERMONEUTRAL COOL WARM  
Vision Blindfold Vision Blindfold Vision Blindfold 

Load force (N) 
 

1.93* 
(1.29) 

1.66* 
(1.03) 

2.07 
(0.96) 

1.92 (1.12) 1.26 
(0.86) 

1.24 
(0.94) 

Grip force (N) 
 

5.52 
(3.55) 

6.87 
(2.19) 

6.72 
(3.06) 

5.96 (2.57) 6.23 
(2.40) 

6.62 
(3.64) 

Time lag (ms) 
 

-2.52 
(20.79) 

-3.62 
(16.37) 

-5.86 
(16.70) 

-4.53 
(14.16) 

-4.53 
(23.06) 

2.24† 
(26.65) 

Time Lag SD 
(ms) 

37.54 
(9.54) 

40.32 
(8.83) 

38.83 
(10.21) 

40.04 
(10.13) 

42.59 
(15.59) 

39.97 
(8.77) 

* Statistical difference between the Thermoneutral and Warm conditions (p=0.046) 
† Statistical difference between Vision and Blindfold states in the Warm condition (p<0.004) 
 
 
DISCUSSION 
As predicted, tactile sensitivity and manual dexterity were impaired following hand cooling in 
all three thermal conditions. Moreover, both measures were impaired in the cool condition 
relative to the other thermal conditions even though index finger, thumb, and FDI skin 
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temperatures were the same across conditions. These results suggest that core cooling 
potentiates the deteriorating effects of hand cooling on manual performance.  
 
That the synchronous coupling of grip and load forces was remarkably well-preserved in the 
absence of sensory (tactile, visual) feedback signifies the importance of central motor 
processing in regulating grip control. Moreover, the large time delays associated with nerve 
conduction mean that the feedforward specification of grip and load forces cannot possibly be 
guided solely via afferent feedback. Our findings indicate that small core temperature 
fluctuations do not influence the good overall temporal co-ordination of grip and load forces. 
That core temperature alterations did not induce measurable changes in grasping efficiency 
and temporal synchronicity signifies the sizeable contribution of internal models to accurate 
object manipulation. As well, it suggests that the neural control of grasping is not only 
resistive to thermal changes in the periphery, but also to changes in the central milieu. 
 
Given the relationship we observed between the cooler core temperature and reduced manual 
dexterity and tactile sensitivity, it is interesting that core cooling did not influence any of the 
measured manipulation dynamics in the cyclical load-lifting task. The impairments seen in 
manual dexterity as a function of core temperature demonstrate that some aspects of 
sensorimotor control are influenced by thermal alterations. However, the fact that 
manipulation dynamics and timing were insensitive to the same thermal alterations implies 
that these sensorimotor parameters are controlled, at least in part, by different neural 
mechanisms. It is not yet clear what those mechanisms might be, and why some are sensitive 
to core temperature whereas others are not. 
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ESTIMATION OF THE CONTRIBUTION OF SOLAR RADIATION TO 
THERMAL STRESS DURING OUTDOOR ACTIVITY 

Ju Youn Kwon, Ken Parsons 
Human Thermal Environments Laboratory, Department of Human Sciences, Loughborough 

University, Loughborough, Leicestershire LE11 3TU 
United Kingdom 

Contact person: j.y.kwon@lboro.ac.uk 
 
INTRODUCTION 
The sun provides heat in the form of electro-magnetic radiation to the surface of the earth’s 
atmosphere at a level of around 1370 Wm-2  (Monteith and Unsworth (1990); Parsons 
(2003)). This arrives on the surface of the earth at a maximum of around 1000 Wm-2, 
depending upon weather conditions. People working outdoors will receive this heat as part of 
their thermal environment. Some of the heat will be absorbed by the person and it will 
influence the heat exchange between the body and the environment. Any comprehensive 
method for assessing thermal strain in outdoor conditions must therefore consider the 
contribution of solar radiation. It was the aim of this study to estimate the contribution of 
solar radiation to people when working outdoors using three methods: human subjects; a 
thermal manikin and theoretical analysis. The results not only provide estimates of the 
contribution of solar radiation but also of the relative strengths of the three methods used. 
 
METHODS 
STUDY ONE: Estimation of the contribution of the sun to thermal stress using a human 
subject: A fit male subject (30 y, 1.76 m, 91 kg) conducted a step test for one hour at 20 steps 
per min with a step height of 0.2 m, first in a car park outdoors in the sun and later at the same 
time of day, in a thermal chamber. The subject was weighed before and after the ‘exposure’ 
using Mettler 1D1 Multi-range Digital Dynamic Scales. Oral temperature was measured 
before and after the exposure using a mercury in glass clinical thermometer. Heart rate was 
measured using a Polar Sports Tester. Environmental conditions were recorded around the 
subject. Air temperature was measured using shielded thermistors placed at heights equally 
spaced from 0.2 m to 1.7 m. Globe temperature was recorded at 1 m and 1.6 m both in the 
shade and in the sun (outdoors). Radiation levels were measured using a Skye pyranometer 
SP 1110. Air velocity was measured using a hot wire anemometer. Humidity was measured 
using a whirling hygrometer. Clothing worn was a white cotton/polyester shirt, beige trousers, 
briefs, socks and trainers. 
 
RESULTS 
The environmental conditions outdoors and in the thermal chamber are presented in Table 1. 
It can be seen that conditions indoors were a good simulation, on average, of the outdoor 
conditions but indoors the globe temperature and hence mean radiant temperature were close 
to air temperature as there is no contribution from the sun. 
 
Humidity and solar radiation in outdoor condition and indoor humidity were relatively 
constant at 54%, 423 Wm-2, and 52% respectively. The fluctuation in conditions over the one 
hour of exposure is shown in Figure 1. Of particular interest is the simulation of air 
movement. Indoors this was achieved using fans. In practice it is difficult to simulate the 
three-dimensional and dynamic nature of air movement around a subject so it is assumed that 
simulation on average provides a good approximation to heat transfer conditions. 
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Table 1: Environmental conditions outdoors and in the thermal chamber  

 Outdoors Indoors 
Air temperature, ta(ºC) 23 23 
Mean radiant temperature, tr(ºC) 33 23 
Air velocity, v(ms-1) 0.75 0.73 
Relative humidity, ø(%) 54 52 
Solar radiation(Wm-2) 423  
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Figure 1: Environmental conditions outdoors and in the thermal chamber 
 
The weights of the subject before and after the exposure and calculated sweat production are 
presented in Table 2. 
 
Table 2: Weight of subject and clothing and sweat production.(g) 

 Outdoors Indoors 

 Before After Before After 

Semi-nude Weight 91037 90406 88538 88145 

Clothed Weight 91780 91207 89188 88818 

Weight of clothing 743 801 650 673 
Sweat 
production(g/h)  557  310 

 
It can be concluded that the subject produced 247g/h of additional sweat due to the 
contribution of the sun. This can be interpreted as adding a thermal load of 80 Wm-2 to the 
body. 
 
STUDY TWO: Estimation of the contribution of the sun to thermal stress using a thermal 
manikin: The thermal manikin was suspended near to the subject during the experiment 
carried out indoors and outdoors (STUDY 1) and hence under identical conditions. The heat 
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required to maintain each of 20 segments (and hence overall) at 34oC was measured (see 
Figures 2 and 3). 
 

 
Figure 2: Human subject and thermal manikin outdoors. 

 
Figure 3: Human subject and thermal manikin indoors. 
 
Table 3: Environmental conditions and assumptions made in the calculation of body heat 
exchange 

Thermal condition Values Units 
Air temperature, ta 23 °C 
Mean radiant temperature, tr 33 °C 
Relative humidity, ø 54 % 
Air velocity, v 0.75 m/s 
Metabolic rate (stepping), M 284 Wm-2 
External work, W 0 Wm-2 

Rcl 0.085 m2.°C.W-1 
Clothing 

Re,cl 0.015 m2 kPa W-1 
Skin temperature, tsk 35 °C 
ε 0.95  
Ar/AD  0.77  
LR 16.5 K kPa-1 
AD 2.07 m2 
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The heat required to maintain manikin skin temperature at 34oC was 78 Wm-2 on average 
indoors and 37 Wm-2 on average outdoors. It can be concluded that the contribution of the sun 
to the thermal load on the manikin is therefore 41Wm-2. 
 
STUDY THREE: Estimation of the contribution of the sun to thermal stress using theoretical 
analyses: A body heat equation was determined for conditions in Study One and Two above 
for outdoor conditions where actual radiant temperatures were used in the calculation as well 
as conditions that assume radiant temperatures were equal to air temperatures. Assumptions 
made and environmental conditions used are presented in Table 3. The body heat equations 
are shown in Table 4 (see Parsons 2003). 
 
Table 4: Calculations of the body heat equation  

Outdoors(ta = 23ºC, tr = 33ºC) Outdoors(ta = tr = 23ºC) 

resresreq ECRCWME −−−−−=  
       = 284 – 0 – 91 – 10 – 4 – 22 
       = 157 

resresreq ECRCWME −−−−−=  
       = 284 – 0 – 91 – 60 – 4 – 22 
       = 107 

It can be concluded that the additional thermal load caused by the sun is 50 Wm-2. 
 
DISCUSSION AND CONCLUSION 
The three methods provided different but comparable estimates of the contribution of solar 
load to thermal strain when working in the heat. Naturally this is for the specific conditions 
investigated and further studies would be required to account for other factors such as time of 
day and season as well as weather conditions and type of clothing. Each method made 
different assumptions and it may be regarded as useful to take a three ‘direction’ approach to 
this problem. Other studies have found similar results McNeill (1998) and if one is prepared 
to accept a ‘rule of thumb’ to this practical problem then working in the full sun may add 80 
Wm-2 to the thermal load on the body requiring in the heat for example and additional 0.25 
litres of sweat per hour to be produced when wearing normal clothing. 
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COLD EXPOSURE OF BARE HANDS AT LOW METABOLIC RATES: 
CAN GLOVES BE REMOVED FOR SHORT PERIODS WHILE 

WEARING WARM CLOTHES? 
K. J. Glitz1, U. Seibel1, U. Rohde1, A. Sievert2, D. Ridder3 and D. Leyk1, 2 
1Central Institute of the Bundeswehr Medical Service Koblenz, Germany 

2German Sport University Cologne, Germany 
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Contact person: karljochenglitz@bundeswehr.org 
 
 
INTRODUCTION 
In the cold, restrictions of manual dexterity are described below a local hand skin temperature 
of 15°C (Heus et al. 1995). Adequate hand skin temperature can be maintained by gloves or 
by high metabolic rates, however, gloves may restrict manual dexterity. Therefore, cold 
acclimated personnel performing jobs with high metabolic rates (e.g. construction workers, 
workers in cold-storage depots) frequently remove their gloves for short periods to execute 
delicate manual tasks to compensate for perceived or actual encumbrance. Estimating the 
practicability of jobs with low metabolic rates in the cold (e.g. steering and control tasks), 
restrictions of sufficient manual dexterity and reduced thermal comfort have to be expected 
when gloves are removed. But are manual dexterity or coordination and hand-grip strength 
really affected by cold exposure while clothes with proper thermal insulation are worn? 
 
METHODS 
Sixteen cold acclimated volunteers (male, 22.2 ±4.8 y; 178 ±6 cm; 74.5 ±8.5 kg; clothes: ~2 
clo) were exposed to cold in a climatic chamber (-5°C, vair<1m/s) for one hour. The subjects 
were familiarized with the test procedures and, prior to cold exposure, baseline measurements 
of all tests were taken under room temperature and these served as controls. The study was 
approved by the Ethics Committee of the medical association of the Federal State Rhineland-
Palatinate, Germany. 
 
Tympanic membrane temperature was taken directly before and immediately after cold 
exposure. Heart rate, mean body skin temperature according to Ramanathan and hand skin 
temperatures (dominant hand: little finger; non dominant hand: back of hand, thumb, middle 
finger and little finger) were measured continuously. Data were supervised on-line to prevent 
cold induced injury. Self-perceived thermal sensations ratings of the body and the hands 
[comfortable (0) - icy (6)] were ascertained. 
 
The study included two different conditions: bare hands (B) or thick gloves (G). The “gloved” 
variant (G) involved initial light handywork with concurrent exposure to moist conditions at 
the beginning. A manual dexterity test (screw/bolt skill test) was conducted after minute 26. 
Gloves were removed after minute 43 and under both conditions the effects on manual 
coordination were assessed by means of a hand-steadiness device. Using their dominant hand, 
the subjects had to hold a pencil with a metal pin (diameter 2 mm) as steady as possible in a 
bore of 3.8 mm diameter and the contacts were recorded over 32 s (Leyk et al. 2006). Finally, 
maximal isometric hand-grip force of both hands was recorded over 15 s using a hand-grip 
ergometer as described previously (Leyk et al. 2007). Statistical analyses were conducted by 
the software STATISTICA and SPSS.  
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RESULTS 
Mean heart rates ( x ±SD) were similar under both conditions: 84 ±9 b/min with B and 85 ±8 
b/min with G (p>0.05). Neither core nor mean body skin temperatures showed statistical 
differences between the two conditions: With variant B, tympanic membrane temperature 
( x ±SD) decreased from 37.0 ±0.5°C to 35.9 ±0.6°C (p<0.001) and with variant G from 36.7 
±0.4°C to 35.9 ±0.7°C (p<0.001). Mean body skin temperature ( x ±SD) fell from 33.8 
±0.4°C to 32.3 ±0.6°C (B, p<0.001) and from 33.8 ±0.7°C to 32.4 ±0.9°C (G, p<0.001).  
 
Skin temperature of the non dominant hand showed a graduation from the back of hand 
(highest level) to the thumb, to the middle finger and to the little finger (lowest level). The 
Figure presents the skin temperature of the little finger from the dominant hand as an 
illustration for the low skin temperatures of the hands. Temperature fell below the 15°C limit 
in minute 8 with variant B and in minute 43 with the variant G. After removing the gloves in 
variant G, the temperature rapidly decreased below 10°C and reached the level of variant B. 
In the end the temperatures ( x ±SD) were 7.3 ±1.8°C (B) and 7.3 ±2.0°C (G).  
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Figure. Skin temperatures of the little finger from the dominant hand (values are means, 
n=16) with bare hands (B) or wearing thick gloves for about ¾ of the time (G). The 
screw/bolt skill test was performed after minute 26. Gloves were removed after minute 43 and 
the hand-steadiness test was administrated. 
 
Self-perceived thermal sensation of the body steadily remained at a comfortable level 
(between 0 and 1) under both conditions: For variant B ( x ±SD) mean scores of 0.1 ±0.2 at 
the beginning and 0.5 ±0.7 in the end of cold exposure were recorded. With variant G the 
ratings were 0.1 ±0.2 at the beginning and 0.6 ±0.8 in the end. Self-perceived thermal 
sensation of the hands demonstrated the influence of the cold: With variant B ( x ±SD) it was 
0.4±0.6 at the beginning and increased to 4.1 ±0.9 (p<0.001) in the end of cold exposure. 
With variant G the rating changed from 0.2 ±0.4 to 3.2 ±1.0 (p<0.001).  
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In the screw/bolt skill test performance time ( x ±SD) with bare hands (B) was 123 ±26 s in 
the control and 134 ±25 s in the cold (p>0.05). Compared to thick gloves (G) there was a 
statistically significant decrement (p<0.001): Time to completion was 187 ±64 s in the control 
and 220 ±52 s in the cold (p<0.01). In spite of the low hand skin temperatures, differences 
( x ±SD) in the hand-steadiness test between control (B: 13.6 ±11.4 contacts; G: 15.6 ±15.8 
contacts) and cold (B: 25.4 ±25.5 contacts; G: 24.4 ±26.0 contacts) were negligible and no 
statistical differences could be found.  
 
Even maximal isometric hand-grip force of the dominant hand showed minor differences: 
With variant B it was 497 ±88 N in the control and remained at this level with 500 ±79 N in 
the end of cold exposure ( x ±SD). With variant G the force was 502 ±82 N (control) and 526 
±83 N (cold). Although this last result led to statistically significant differences between the 
two conditions in the cold (p<0.05) and between the control and the cold with G (p<0.05), the 
absolute difference was less than 6% between B and G in the end of cold exposure. For the 
non-dominant hand, no difference was found.  
 
DISCUSSION 
In this study, the thermal insulation restricted a distinct decrease of core or mean body skin 
temperature and was sufficient to maintain thermal comfort of the body. But the low 
metabolic rates (illustrated by low heart rates) were insufficient to keep the hands warm. Even 
with gloves the skin temperature of the little finger reached the 15°C limit, and the remaining 
benefit of the thermal insulation was rapidly lost when gloves were removed. But in spite of 
decreasing hand skin temperatures and increasing thermal discomfort of the hands, the effects 
of cold on manual dexterity or coordination and hand-grip strength were negligible, even 
when the hand skin temperature dropped below 10°C. 
 
To estimate the practicability of work in the cold, it is necessary to take core and mean body 
skin temperature in consideration. The isolated application of a firm 15°C limit for the local 
skin temperature of the hands is not convenient while there is no great heat loss of core and 
muscle. So gloves can be removed for short periods to compensate for perceived or actual 
encumbrance, and cold acclimated individuals will still be able to perform delicate manual 
tasks.  
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PHYSIOLOGICAL ASSESSMENT OF FIREFIGHTERS 
UNDERTAKING URBAN SEARCH AND RESCUE 
James Carter, David Wilkinson, Victoria Richmond, Mark Rayson 

Optimal Performance Ltd, Bristol, United Kingdom 
Contact person: james@optimalperformance.co.uk 

 
INTRODUCTION 
The UK has a long and successful record for Urban Search and Rescue (USAR). While the 
requirement for the UK Fire and Rescue Service (FRS) to provide USAR capability is not 
new, the importance of the USAR role was boosted in the aftermath of the World Trade 
Centre incident in September 2001. Volunteers for UK USAR training are screened and 
selected by their FRS, though this process remains to be formalised and standardised across 
the country. It takes three weeks to train USAR operators in the skills required, including 
shoring, cutting, drilling and the use of search cameras and listening devices. The USAR 
capability includes a number of items of heavy equipment to lift, cut and remove rubble from 
collapsed structures, and to find casualties. Add in the burdens of the operator’s Personal 
Protective Equipment (PPE) and Respiratory Protective Equipment (RPE), the extremely 
confined space in which the operators are often required to work, and a hostile environment 
including heat, dust and danger, and the net result is an extremely demanding role.   
 
In recent years, we have undertaken physiological assessments of a variety of conventional 
and chemical, biological, radiological and nuclear (CBRN) roles commissioned by the 
UKFRS (Carter et al, 2006, Rayson et al, 2005). However, despite its emerging importance, 
there has been a lack of research carried out to document the physical demands of USAR 
activities. Consequently, this project attempted to expand the evidence base quantifying the 
physical stress and strain to which firefighters are subjected in the USAR role.   
 
METHODS 
Eighteen USAR qualified firefighters (17 males, age (mean ± standard deviation (SD)): 39 ±7 
y, body mass: 85 ±10 kg, and estimated maximal oxygen consumption ( V

.
O2max): 45 ±7 

ml.kg-1.min-1) undertook a USAR trial, comprising a 180 min morning work bout and a 180 
min afternoon work bout separated by a 90 min recovery period. The trials were carried out at 
the USAR training facility at the Fire Service College, Moreton-in-Marsh, UK. Each bout 
consisted of clearing and removal of building debris to allow access to the rescue area inside 
the collapsed building and the subsequent breaching (breaking through with hydraulic drills 
and cutters) through two concrete slabs using standard USAR techniques and equipment. 
Once the breaches had been successfully completed the participants extracted a casualty 
positioned just beyond each breach. Typically, four of the six-person team would be working 
inside the building at any one time and the other two would be resting outside the building but 
inside the facility hangar. The team would then rotate within pairs every 10-15 min. During 
the bouts and recovery period, participants had access to water ad libitum.   
 
On the night before their trial (22:00 hours) participants swallowed a radio telemetry pill, 
enabling their core body temperature to be monitored as the pill passed through the gastro-
intestinal tract (HQ Inc, Palmetto, Fl, USA). On the morning of the trial participants were 
weighed semi-nude and asked to swallow another telemetry pill in the advent they defecated 
the first pill at a later stage during the day (n=4). The two pills had different frequencies (262 
kHz and 300 kHz) to avoid interference.  For participants who had defecated the first pill, 
fluid intake was restricted during the trial to avoid any possible temperature ‘contamination’ 



Environmental Ergonomics XII  
Igor B. Mekjavic, Stelios N. Kounalakis & Nigel A.S. Taylor (Eds.),  © BIOMED, Ljubljana 2007 

 628 

from the cold fluid. Participants were monitored for core body temperature, skin temperature, 
heart rate and body mass changes and fluid intake to estimate sweat loss. In addition, 
subjective ratings of perceived exertion and body discomfort were also provided by 
participants before and after each bout. The thermal and cardiovascular responses to the trial, 
including both work bouts, were described and compared using analysis of variance 
(ANOVA) with Tukey’s HSD or t-tests where appropriate. Heart rate data were expressed as 
a percentage of Heart Rate Reserve (%HRR) according to Howley’s (2001) classification 
system. Data reported as mean ± SD.  
 
RESULTS 
The mean ambient temperature immediately surrounding the participants was 19 ±1°C and 21 
±1°C in the morning and afternoon bouts, respectively (p<0.001). The 180 min work time was 
achieved in all six bouts, with the work time slightly reduced in all three afternoon bouts due 
to the teams completing all required tasks (Table 1). In four bouts both casualties were 
successfully recovered, although only one team rescued the casualty during the morning 
bouts.  All split times were reduced in the afternoon compared to the morning bout apart from 
the second casualty rescue.        
 

Table 1: Bout outcome and split times (mean ± SD). 

 
Bout 

Start 1st 
Breach 
(min) 

Take 1st 
Rest 
(min) 

Rescue 1st 
Casualty 

(min) 

Start 2nd 
Breach 
(min) 

Rescue 2nd 
Casualty 

(min) 

Total 
Duration 

(min) 

am 22 ± 5 32 ± 7   70 ± 10 80 ± 3 110 ± 0 180 ± 1 
pm 11 ± 3 20 ± 7 44 ± 3 50 ± 6   128 ± 25 173 ± 4 

Where ‘Take 1st Rest’ refers to the time when the first two participants within the USAR team began the first 
rest period. 

 
There were no significant differences in pre, post, mean and peak core temperatures between 
bouts.  The similar pre temperatures between bouts indicate that the 90 min recovery was 
sufficient to allow participants to cool adequately. The range of peak core temperatures 
attained by the participants was 37.8 to 38.8 °C in the morning trial and 37.8 to 39.0 °C in the 
afternoon trial. The duration spent with a core temperature in excess of 38, 38.5 and 39 °C is 
shown in Table 2. The relatively large SD values reported for the time spent above 38 and 
38.5 °C indicate the large inter-subject variability. Factors such as work rate, body 
composition, acclimation status and aerobic fitness would contribute to this variability. 
Table 2: Duration spent with a core temperature in excess of 38, 38.5 and 39°C (mean ± SD). 

Threshold Morning Bout (min) Afternoon Bout (min) 
> 38.0 °C 70 ± 58 63 ± 51 
> 38.5 °C   6 ± 14   6 ± 25 
> 39.0 °C 0 ± 0 0 ± 0 

 
The average mean skin temperature in the morning and afternoon bouts was 33.3 ±0.5°C and 
33.5 ±0.4°C, respectively, with no difference between bouts. The mean %HRR for both bouts 
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corresponded to Howley’s ‘moderate’ intensity zone. There was a tendency (p=0.07) for the 
afternoon bout to have a higher mean %HRR compared to the morning bout; a difference 
equating to 3 ±5 %HRR. However, when the data were expressed as amount of time the 
participants spent working in Howley’s different zones of intensity, there was no difference 
between bouts (p=0.20). The greatest amount of time was spent in the light (20-39 %HRR) 
and moderate (40-59 %HRR) intensity zones. There was no difference between bouts for 
mean fluid intake, estimated sweat loss and estimated sweat rate (0.007 L.min-1). Of note, 
participants began the afternoon bout with a significantly lower body mass compared to the 
morning bout (-0.4 ±0.5 kg, p<0.01), suggesting that participants did not consume sufficient 
fluid during the lunch break to replace fluid lost during the morning trial.  
 

The subjective ratings of perceived exertion are shown in Figure 1. The delta change in 
perceived exertion was greater for the morning bout, which may indicate that participants 
found that bout more physically demanding than the afternoon bout. However, this can be 

Figure 1: Subjective rating of perceived exertion during the USAR bouts. 
(*) Significantly different from corresponding to am value (p<0.001)  
(†) Significant different from corresponding pre value (p<0.001). 

 
 
explained by the difference in ‘pre’ ratings (am: 7.0 ±1 vs. pm: 12 ±3, p<0.001) and the 
residual fatigue existing from the morning bout. There was greater body discomfort after the 
afternoon compared to after the morning bout.  Twenty two percent of all body parts were 
reported by participants as suffering from moderate to great discomfort following the morning 
bout vs. 65% of body parts following the afternoon bout.  Body parts most affected included 
the neck, upper and lower back, right and left arm, right and left thigh, and both knees.  The 
90 min break separating the two bouts was adequate to allow recovery for all body parts 
except the lower back - 11% of participants reported significant discomfort prior to 
commencing the afternoon bout. 
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DISCUSSION 
In conclusion, under the thermoneutral conditions studied, all participants successfully coped 
with the physical demands imposed on them during the morning and afternoon bouts. The 
thermal and cardiovascular responses to both bouts were moderate and unremarkable. 
Performance on the afternoon bout was not substantially degraded, with a greater proportion 
of successful casualties recovered compared to the morning bout.  No differences in core or 
skin temperatures, heart rate or fluid loss were reported between bouts.  These data indicate 
that the improved casualty recovery rate and faster split times in the afternoon bout were a 
consequence of familiarisation from the morning bout. As a result of the physical exertion 
experienced during the morning bout, participants reported greater subjective fatigue, thermal 
sensation and body discomfort during the subsequent afternoon bout.  It is suspected, 
although not known, that this fatigue and discomfort would significantly impact on 
performance on subsequent days. Further work is required to determine the physical demands 
of multi-day USAR deployments, as degradation of performance is anticipated on subsequent 
days, as well in conditions of high ambient temperatures (≥30°C). 
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DEVELOPMENT OF PHYSIOLOGICAL FUNCTIONAL CAPACITY  
IN AUSTRALIAN NAVY DIVERS 

Herb Groeller, Nigel A.S. Taylor 
Human Performance Laboratories, University of Wollongong, Wollongong, Australia 

Contact person: hgroell@uow.edu.au 
 
INTRODUCTION 
Clearance Divers are the specialist divers of the Australian Defence Force (ADF), who 
undertake a wide variety of land- and water-based activities. Diving personnel are employed 
into one of three operational elements within a diving team: (i) Mine Countermeasures; (ii) 
Maritime Tactical Operations; and (iii) Underwater Battle Damage Repair. Clearance Divers 
from these teams fulfil various operational roles, for example: mine countermeasures diving; 
explosive ordnance disposal and demolitions support, clandestine reconnaissance and survey, 
post-damage repair; ship protection against mining and surface swimmer saboteur attack; 
operational maritime survey; and defence aid to the civil community. Divers prepare for these 
often very strenuous duties by engaging in a combination of daily, compulsory physical 
training, supplemented with extensive voluntary physical training. The combination of 
strenuous duties and physical training regimens expose divers to increased risk of injury. 
More than 95% of divers reported injuries whilst undertaking their duties, and of all the 
injuries incurred by Clearance Divers in a two-year period, 72% could be attributed to 
physical training. This rate of injury was significantly higher than observed in other 
Australian Defence Force personnel (50%). 
 
Therefore, the objectives of this investigation were: (i) to study the key physiological 
demands of tasks performed by Clearance Divers, (ii) to assess the physical fitness of divers, 
(iii) to examine the suitability of physical training regimens to meet these task demands, and 
(iv) to develop a system to enhance diver capability through improved physical training and 
rehabilitation regimens. 
 
METHODS 
Subjective assessment: In consultation with Royal Australian Navy (RAN) personnel, an 
extensive survey was administered to 54 divers. The questionnaire was designed to screen 
divers in whom maximal physical fitness testing would be contraindicated, to evaluate the 
incidence of work-related injuries in the sample of divers studied, to evaluate the habitual 
physical activity patterns of these divers, and to obtain from that sample, subjective 
assessments of the difficulty of selected routine, tasks and the frequency with which these 
tasks are performed.  
 
Field-based fitness assessment: Since it was determined through consultation with 
commanding officers, that the current members of AUSCDT1 were performing their duties to 
a high level of efficiency and success, it was deemed appropriate to evaluate the physical 
fitness of a sample of the current Clearance Diver population, and thereby gain an 
appreciation of the physical attributes associated with successful work performance (Taylor 
and Groeller, 2003). To perform this assessment, a battery of field-based fitness tests were 
employed, and administered to 54 divers. Five categories of physical fitness attributes were 
evaluated: cardiorespiratory and local muscle endurance, local muscle strength, muscle 
power, flexibility and anthropometry.  
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Physical and physiological assessment: The trade tasks analysed were categorised into one of 
three classifications: (i) Land-based materials handling tasks: Observations were made of the 
loading of selected equipment items onto a standard RAN truck (tray height: 1.5 metres), and 
the handling and carriage of these items over terrain closely matching that which might 
reasonably be expected within an operational setting. (ii) Water-based materials handling 
tasks: Within this category, divers reproduced a range of operational scenarios, and performed 
these tasks under both ideal and worst-case conditions. (iii) Modes of operational insertion: 
Divers completed various tasks, wearing operation-specific equipment and breathing 
apparatus, and performed these tasks under both ideal and worst-case conditions. 
   
Ambulatory cardiovascular strain was evaluated during each of the tasks from heart rate, 
determined from ventricular depolarisation (Sport Tester, Polar, Polar Electro Oy, Finland). 
Data were sampled at 15-sec intervals and downloaded to computer for subsequent analysis. 
Divers were acquainted with, and asked to provide subjective votes of their perceived 
physical exertion (RPE: Borg, 1962), in response to the question: "How hard are you 
exercising?".  

 
Training programme intervention: A nine-week programme of modified compulsory and 
voluntary physical training was implemented for nine divers.  
 
RESULTS 
Task difficulty evaluations are presented in Table 1. Endurance swimming, jackstay handling, 
Zodiac and outboard motor handling, and Zodiac entry and exit were considered the most 
stressful tasks.   
 
Table 1: Subjective evaluations of selected physically-demanding tasks. Divers (N=54) rated 
task difficulty (1-10: 1 = desk work, 10 = most strenuous), and the frequency of task 
performance within an average month (stress = difficult * frequency). 

Category Task Difficulty Frequency Stress 

1 Truck loading and unloading 6.4 (2.0) 5.7 (5.9) 33.5 
 Zodiac handling 6.4 (1.5) 9.9 (7.9) 63.4 
 Zodiac outboard handling 6.9 (1.7) 9.2 (6.6) 61.3 
 Bomb suit handling 5.6 (1.7) 3.2 (3.0) 12.8 

2 Mine lifting bag handling 6.6 (1.6) 4.2 (4.6) 26 
 Jackstay handling 8.2 (1.7) 5.8 (7.1) 48.7 
 Underwater handling (cables, etc.) 6.5 (1.6) 4.6 (6.1) 28.4 

3 Zodiac exit and entry 6.6 (1.6) 8.5 (6.7) 55.4 
 Ship (ladder) water exit and entry 7.0 (1.9) 5.0 (5.1) 33.7 
 Endurance swim 8.3 (1.6) 6.7 (6.8) 51.8 
 Fast roping 6.2 (1.7) 3.0 (3.8) 18.5 

 

Physical and physiological evaluation: Clearance Divers must handle more than 1,500 
items during a typical operational loadout, with a total mass of >43,000 kg, with 14 of 
these items being greater than, or equal to the average body mass of the divers tested. 
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All items were lifted, or lowered, vertically 1.5 m from the ground to truck tray 
height. The typical carriage distance was 120 m for all items.  

Figure 1: Total, high-impact and low-impact training time for project participants 
(N=9) and non-participants (N=12) * denotes a significant difference (P< 0.05). 

Forty-four percent of these tasks involved lift and carrying activities conducted on land, and 
using primarily the upper-body muscle groups. Twenty-two percent involved tasks associated 
with arm pulling, but utilising both the upper- and lower-body musculature. On the basis of 
current diver strength measurements, it may be concluded that satisfactory performance of 
these duties would require an upper-body strength-mass ratio of between 1.2-1.6 (Taylor et 
al., 2000).   
 
Table 2: Summary of observations relating to cardiovascular strain (N =3-5 divers). 

Task Average  
heart rate 

Maximal  
heart rate 

Cardiovascular 
impulse 

Cardiovascular 
load 

Bauer compressor carriage 155.6 180 580.2 15.0 

LAR V "stomping" 139.4 159.5 826.4 24.8 

Bomb suit 133 170 1773.8 56 

Jackstay handling: water  
wind up 

151.3 176 84.3 12.8 

Jackstay handling: water  
pull up 

145.3 177 652.8 10 

Ladder climb 126.9 152.8 389.9 13.2 

LAR V hard swim 131 165.5 10026.4 130.6 

 A5800 easy swim 95.7 108 5481.3 92 

A5800 hard swim 104 121 3925.8 65.9 
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Twenty-two percent of the physically-demanding tasks were associated with carrying loads, 
but also utilising the whole body to perform the activity. To satisfactorily perform these tasks, 
one must be able to carry a load of 50-60 kg over distances from 100-220 metres. The most 
commonly performed general movement action involved upper-body lift and carriage (39% of 
observed tasks). The second most common primary fitness attribute associated with this trade 
was local muscle endurance; identified within 39% of the observed tasks (Table 2).  
 
Analysis of training volume and modality: An evaluation of the physical training undertaken 
by the divers, indicated <20% reported to compulsory physical training, and only 12% of the 
all voluntary training was focused specifically on Clearance Diver, task-specific fitness. Total 
training volume and high impact activities (e.g. running) of were significantly reduced after 
nine weeks of supervised physical training (Figure 1), and this occurred without a decline in 
the physical fitness performance indices (Groeller et al. 2003).  
 
DISCUSSION 
The majority of Clearance Diver activities require the carriage of materials in challenging 
environments. Upper-body strength, and trunk control and stability are important for the 
successful performance of these tasks. Lower-limb endurance, specifically non-weight 
bearing water finning was the second most important physical attribute for Clearance Divers. 
Failure of existing training regimens to target these task demands leaves divers poorly 
prepared to tolerate the routine loads of work. Furthermore, elevated volumes of weight-
bearing, high-impact activities appear to raise the risk of musculoskeletal injury. Prolonged 
modification of current training practices, will significantly improve Australian Clearance 
Diver capability, and this is currently taking place within both dive teams. 
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