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ABSTRACT 

 

Personal cooling garments (PCGs) are designed to relieve thermal stress in occupations 

that require the use of personal protective clothing (e.g. fire fighter, military personnel). 

The cooling source in PCGs is usually delivered continuously, which over long periods 

requires a large battery source. Intermittent cooling has been found to be as effective as 

continuous cooling at maintaining thermal balance. Based on the observation that larger 

improvements in thermal perceptions are associated with rapid changes in skin 

temperature, it was hypothesised that intermittent cooling could also enhance thermal 

perceptions (i.e. temperature sensation and thermal comfort). The overall aim of the studies 

presented in this thesis was to test this hypothesis. 

 

In order to detect differences between intermittent and continuous cooling on thermal 

perceptions, it was important to use a reliable measurement tool to assess perceptual 

responses in conditions where a PCG would be utilised. The first study described in this 

thesis assessed the reliability of a graphic visual analogue scale (VAS) against a Likert 

scale (LS) for validity and reproducibility in the measurement of thermal perceptions in 

non-uniform, dynamic thermal environments. The study involved three identical conditions 

in which thermal perceptions were measured by both the VAS and LS in response to 

changes in the torso microclimate. During the condition, participants walked (5km.hr
-1

, 2% 

incline) in a warm environment (35
o
C, 50% relative humidity [RH]) and wore clothing (1.2 

clo) that covered 88% of the body. The torso microclimate was manipulated by ventilating 

air of different temperatures and relative humidity through an air-perfused vest (APV). 

These thermal conditions were similar across all the studies presented in this thesis. The 

VAS were found to be slightly more reproducible for local thermal perceptions than the 

LS, and had greater validity during both stable and non-uniform, dynamic thermal 

environments. Therefore the use of the graphic VAS was adopted in all subsequent studies. 

 

To develop the intermittent cooling profiles that were assessed for their ability to enhance 

thermal perceptions, the second study involved ventilating different air temperatures (~15-

26
o
C) through the APV to determine what type of fluctuations in skin temperatures are 

required to enhance thermal perceptions. The results suggested that the rate of change in 

mean skin temperature ( sk) and torso skin temperatures ( sktorso) had a greater influence 

on thermal perceptions than absolute changes in sk and sktorso. The results also confirmed 

the results from the first study, that increasing evaporative heat loss at the skin surface was 
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the most effective method to manipulate the rate of change of skin temperatures, and 

consequently, thermal perceptions. 

 

To compare the capability of intermittent and continuous cooling profiles to enhance 

thermal perceptions, whilst maintaining thermal balance, the final study involved 

ventilating the APV with either fluctuating or continuous air velocities during both 

exercise and rest. Three different intermittent cooling profiles were used; sinusoidal, 

sawtooth and step-change. Upon completion of the experiment, participants stated their 

preferred cooling profile. Based on the results it was concluded that intermittent cooling, 

which had 50% less air flow than continuous, maintained both thermal balance and thermal 

comfort when compared to continuous cooling. Out of the intermittent cooling profiles, the 

sinusoidal profile produced significantly cooler sensations and was 4/11 participants‟ 

preferred choice.  

 

The results suggest that the presence of a significantly higher torso relative humidity 

(RHtorso) in the intermittent cooling profiles, compared to continuous profile, may have 

confounded their capability to enhance thermal perceptions over time. In addition, the 

cooling profile that was perceived to the „coolest‟ and/or the most „stable‟ was generally 

the participants‟ preferred choice. This suggests that large fluctuations in skin temperature 

are not always perceived favourably.  

 

Based on the studies conducted as part of this thesis, it is concluded that in order to 

minimise high levels of RHtorso and provide smoother transitions in temperature sensation, 

an optimal cooling profile should consist of: 1) a sinusoidal pattern with a frequency 

greater than 0.000139 Hz, 2) have a ratio of 2:1 ON/OFF periods, 3) OFF periods no 

longer than 3 minutes, 4) highest flow rate not to exceed 255 L.min
-1

, 5) provide a rate of 

change in sk and sktorso of ~0.29
o
C.min

-1
 and 0.78

o
C.min

-1
, respectively, and 6) the 

incorporation of a drying agent into the design of an APV. 
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CHAPTER 1  

Introduction 
 

Being homoeothermic mammals, humans are sensitive to changes in their thermal 

environment; small deviations (± 2
o
C) in their deep body temperature can lead to ill-health, 

and extreme deviations (+5
o
C or -10

o
C) can be fatal (Pugh, 1964; Robinson, 1963). Being 

„tropical mammals‟, in order to comfortably live in their environment, humans possess an 

autonomic thermoregulatory system that allows a naked man to maintain a constant deep 

body temperature (~37
o
C) in temperatures equivalent to that of the equatorial region 

(~26
o
C) from where humans evolved. This thermoregulatory system contains sensors, 

integration centres, and effector organs that controls mean body temperature within a 

narrow range.  However, humans possess a more powerful thermoregulatory control 

mechanism than that of the autonomic, in the form of behavioural responses (Bligh, 1998; 

Schlader et al., 2009).  

 

Behavioural responses such as wearing clothing, building shelter or modifying metabolic 

heat production have enabled humans to migrate away from equatorial regions and 

populate most of the land regions on earth; a move that may have been essential for their 

survival as a species (Bligh, 1998). The behavioural responses impose less strain on the 

energy and water reserves of the human body compared to the effector organ responses. 

Therefore they are considered to be a more efficient method of maintaining thermal 

balance. Behavioural responses are initiated by the conscious perception of the surrounding 

environment, which itself is derived from the integration of the physical sensations of 

temperature and an individual‟s preconceptions of that temperature. The main conscious 

perception believed to drive the behavioural responses is an individual‟s preconception of 

the thermal environment to cause either pleasure or pain, or, in other words, comfort or 

discomfort (Cabanac et al., 1971; Flouris & Cheung, 2009; Schlader et al., 2009) 

 

Within the field of thermophysiology, conscious perceptions of the surrounding thermal 

environment are known as temperature sensation and thermal comfort. Temperature 

sensation is the sensation that arises from the stimulation of the sensors that detect changes 

in temperature (i.e. thermoreceptors) (Hensel, 1981). Thermal comfort is more difficult to 

define as it is an individual‟s interpretation of that environment, but is generally accepted 

as „the state of mind which expresses satisfaction with the thermal environment‟ 
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(ASHRAE, 1992) or as a relief from thermal displeasure (Parsons, 2003, p.61). Both 

perceptions are used to help understand the behaviour of humans when exposed to many 

different kinds of thermal environments. 

 

The ability of humans to develop artificial environments (e.g. developments in air 

conditioning and heating) have enabled them to inhabit, work and perform physical 

activity for long durations in some of the most thermally challenging environments (i.e. 

environments where the body would otherwise be unable to maintain thermal balance by 

the effector responses). One such environment is the microclimate that is created when 

personal protective clothing (PPC) is worn. Examples include occupations such as 

firefighting, military personnel, offshore oil workers, construction and sports such as 

American Football.  

 

Personal protective clothing is typically, thick, multi-layered, and impermeable, all factors 

that limit water vapour permeability across the clothing (Cheung et al., 2000). Therefore, 

PPC acts as a barrier for heat transfer from the body. This promotes conditions of 

uncompensable heat strain, especially during activities that require a high metabolic rate. It 

is well documented that in humans, a 1-3
o
C rise in deep body temperature can induce 

fatigue (Gonzalez-Alonso et al., 1999; Nybo & Nielsen, 2001a) and reduce cognitive 

ability (Hancock, 1982; Hancock & Vasmatzidas, 2003), which in turn can have a 

detrimental effect on physical performance (Gonzalez-Alonso et al., 1999; Walters et al., 

2000) and the ability to perform work-related tasks (Montain et al., 1994; Sawka et al., 

1992). Personal cooling garments (PCGs), such as liquid or air-perfused garments, have 

been developed in order to combat the negative effects of PPC. These garments remove 

stored heat either through conduction, convection or evaporation, thereby helping to 

maintain thermal balance (McLellan et al., 1999; Speckman et al., 1988) and thermal 

comfort (Bomalaski et al., 1995; Chen et al., 1997; McLellan et al., 1999). 

 

In general, the cooling source delivered to the PCG is continuous, which can make these 

garments rather cumbersome; because in order to provide efficient cooling over long 

periods of time, the garments have to be either connected to a refrigeration and/or air 

conditioning system, or if personally mounted, supplied with a heavy duty battery. This 

can restrict the movement of the wearer and increase their metabolic activity. It is also 

possible that continuous cooling over long periods can diminish the thermal comfort the 

PCG provides as a level of adaptation towards the continuous physical stimuli may occur 
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either within the peripheral or central thermoreceptors, or at a conscious level, (de Dear & 

Brager, 2001; McIntyre, 1979; Zhang, 2003). One solution to this problem is to provide the 

cooling dynamically via intermittent cooling profiles. 

 

It has been established that larger improvements in thermal comfort are experienced during 

rapid temperature changes as opposed to constant temperatures, largely due to the dynamic 

characteristics of the thermoreceptors (de Dear et al., 1993; Zhang, 2003). This suggests 

the possibility that intermittent cooling, will not just maintain thermal comfort, but may 

actually improve it over time.  

 

In order to prevent situations where possible improvements in thermal perceptions may 

mask dangerous elevations in deep body temperature, it is important that intermittent 

cooling profiles also maintain thermal balance. Previous research has shown that 

intermittent cooling cycles (ratio 1:1) of up to 10 minutes are as effective at reducing 

stored heat as continuous cooling (Cadarette et al., 2006; Cheuvront et al., 2003; 

Stephenson et al., 2007). However, these conclusions are based on experiments that 

utilised liquid-perfused garments; therefore the efficacy of intermittent cooling in air-

ventilated garments is still unknown.   

 

There are also relatively few investigations that have evaluated the effects of intermittent 

cooling in PCGs during continuous exercise on thermal comfort. The results from these 

investigations are conflicting, with fluctuating skin temperatures being found to either 

increase (Hexamer & Werner, 1997), make no difference (Vernieuw et al., 2007), or 

decrease thermal comfort (Keatinge et al., 1986). These contradictory findings may be the 

result of the studies containing several limitations in their methods, e.g.  low sample size 

(Hexamer & Werner, 1997) and a limited frequency in the recordings of perceptual 

measurements (Vernieuw et al., 2007). Furthermore, these conclusions are drawn from the 

performance of liquid-perfused garments; therefore the effects of intermittent cooling 

profiles on thermal perceptions in air-perfused garments are still unknown.   

 

Intermittent cooling profiles come in many forms; ramp or step changes (rapid changes), 

cyclical (sinusoidal), or drifts (monotonic, steady changes). Several investigations have 

shown that the type of intermittent cooling can influence thermal comfort (Arens et al., 

1998; de Dear et al., 1993; Nevins et al., 1975; Sprague & McNall, 1970; Tanabe & 



17 

 

Kimura, 1984; Zhou et al., 2006), with sinusoidal profiles often being found to be the 

preferred choice (Tanabe & Kimura, 1984; Zhou et al., 2006). 

 

To the author‟s knowledge, the effects of different intermittent cooling profiles used in an 

air-perfused garment on thermal balance, or thermal comfort, has not been investigated. 

Considering the advantages of air-perfused garments over their liquid-perfused 

counterparts as portable cooling systems (e.g. less bulky, lower levels of skin wettedness) 

the work described in this thesis addressed this gap in our knowledge. Therefore the main 

objective of this thesis was to provide information on the optimal cooling profile to be used 

in an air-perfused vest that will maintain thermal balance and enhance thermal comfort. 

 

1.1 General hypothesis  

 

A total of three studies were completed to address the aim of this thesis. An additional 

study was undertaken as an extension to the first study, this study is presented in Appendix 

A. The following experimental hypotheses were the main research questions of this thesis 

to which were further expanded in the three studies presented. 

 

H11  A more sensitive tool than current Likert psycho-physical scales will be more 

reliable to assess thermal perceptions in a non-uniform, dynamic thermal 

environment (i.e. cooling the torso whilst deep body temperature is elevated). 

 

H21   Intermittent cooling ventilated through an air-perfused vest will not compromise 

thermal balance compared with continuous cooling. 

 

H31    Thermal comfort will be enhanced during intermittent cooling when compared to 

continuous cooling in an air-perfused vest.  

 

H41    Significant differences in thermal comfort will be established between different 

types of intermittent cooling profiles used in an air-perfused vest. 
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1.2 Overview of the investigation  

 

In order to distinguish the effects of different cooling profiles on thermal perceptions, it 

was necessary to use a reliable tool that accurately assesses thermal perceptual responses in 

a non-uniform, dynamic thermal environment. Current tools used to assess thermal 

perceptions (i.e. psycho-physical scales) have yet to be validated as a reliable method for 

measuring thermal perceptions in this type of environment. Therefore the aim of the first 

study (Chapter 4) was to evaluate suitable thermal psycho-physical scales for their 

reproducibility and validity in non-uniform, dynamic thermal environments.  

 

The second study (Chapter 5) investigated the rate of torso temperature change required to 

elicit the largest improvements in thermal perceptions. The results from this study were 

used to develop the intermittent cooling profiles that were evaluated in the final study 

(Chapter 6). The objective of the final study was to evaluate the effects of different 

intermittent cooling profiles on thermal balance and thermal perceptual responses.  

 

The additional study that is presented in Appendix A investigated whether brain activity, as 

measured by electroencephalography, could be used as an objective measurement of 

thermal comfort, which could potentially replace the current subjective psycho-physical 

scales.   

 

In order to provide some general background information underpinning the investigation 

and the general methods adopted, Chapters 2 and 3 provide a review of the relevant 

literature and detailed descriptions of the methods used in all of the studies. The final 

chapters discuss:  

 

a) the main conclusions drawn from the thesis that provide final recommendations for 

the use of intermittent cooling profiles in an air-perfused vest (Chapter 7). 

b) assumptions, limitations, and delimitations associated with the thesis (Chapter 8).  

c) recommendations for further research relating to the results included within this 

thesis (Chapter 9).  
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CHAPTER 2 

Literature Review 
 

The interaction between an individual and their thermal environment and how that 

individual translates this into a perception of thermal comfort is dependent on several 

processes; the physical, the physiological, neurophysiological and the psychological. 

Therefore the first purpose of this literature review is to examine these four processes and 

how they relate to the effects of different intermittent cooling profiles on thermal comfort. 

 

The second purpose of this review is to discuss the current techniques employed to 

measure thermal comfort; in order to determine the most appropriate method that will 

provide reliable evaluations of thermal comfort. Additionally, recent developments in the 

use of intermittent cooling profiles in personal cooling garments will be discussed and the 

implications for the design of intermittent cooling profiles considered.  

2.1 Physical Processes  

 

The physical processes are the interactions between an individual‟s skin, clothing and the 

external environment; for example the reflection or absorption of radiant heat. These 

interactions all provide physical stimuli to the body that drive autonomic or behavioural 

thermoregulation. 

 

The laws of thermodynamics are the main principles behind the physical processes. The 

first law states that „Energy can neither be created nor destroyed. It can only change 

forms‟. So in the case of humans performing exercise, potential energy stored in the body 

as carbohydrates or lipids is converted to kinetic energy (mechanical work) or thermal 

energy (endogenous heat). The second law states that „the entropy of an isolated system 

not in equilibrium will tend to increase over time until it approaches a maximum value at 

equilibrium‟. The metabolic system is inefficient with ~20% of potential energy being 

converted to mechanical work and the other ~80% lost as heat. Therefore based on the 

second law of thermodynamics, if the amount of heat generated during exercise is not lost, 

then heat storage will occur until thermal equilibrium is established between heat gain and 

heat loss. The mechanisms in which equilibrium, or thermal balance, is achieved are 

described by the heat balance equation: 
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S= M-(±W)-E±R±C±K  [W.m
-2

] 

 

Where: S= Heat storage [W.m
-2

] (the amount of heat that is accumulating within the tissues of the body), M= 

endogenous heat production (metabolism) [[W.m
-2

], W = work leaving (+) or entering (-) the system [W.m
-2

], 

E = heat exchange via evaporation (-) [W.m
-2

 . kPa
-1

], R = heat exchange via radiation (- for loss, + for gain) 

[W.m
-2

], C = heat exchange via convection (- for loss, + for gain)   [W.m
-2

], K =  heat exchange via 

conduction (- for loss, + for gain)   [W.m
-2

] (Parsons, 2003) 

 

The amount of heat gained within the body tissues is largely dependent upon heat 

production, but is also influenced by the external environment. The amount of heat gained 

from the external environment is largely dependent upon the thermal gradient between the 

skin and the external source of heat e.g. a higher air to skin temperature will promote heat 

gain. Heat exchange to and from the body can be estimated by measuring the different 

types of heat exchange in the environment (Equation 2.1). However this is a complex 

process that is further complicated by the addition of clothing. Clothing complicates the 

process by providing two additional pathways for heat exchange: 1) the air gap between 

the body and the clothing (i.e. boundary layer), and 2) between the clothing system and the 

ambient air (Havenith, 2002). The following section describes the different types of heat 

exchange and how they are affected by the addition of clothing. 

 

2.1.1 Convection  

Convection is the exchange of heat between molecules within a fluid medium (e.g. water 

or air) and can be expressed by equation 2.2. 

 

C (W.m
-2

) = hcdyn (Tsk – Ta) 

 

Where hcdyn is the dynamic convective heat transfer coefficient between skin and air, Tsk is skin temperature 

and Ta is ambient temperature (adapted from ISO 7933, 2002). 

 

The addition of clothing extends this calcultion to include the temperature difference 

between the clothing and the environment (Equation 2.3) 

 

C (W.m
-2

) = hcdyn x fcl x (Tcl – Ta) 

 

 

 

Convection can be described as „free‟ or „forced‟. Free convections usually have low flow 

rates that over time can compromise the capacity for heat exchange due to the development 

(2.1) 

(2.2) 

(2.3) 

Where hcdyn is the dynamic convective heat transfer coefficient between clothing and air, fcl is the clothing area 

factor,  Tcl is the temperature of the clothing and Ta is ambient temperature (ISO 7933, 2002). 
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of a boundary layer between the two fluids, which cause them to have the same 

temperature (Tipton, 2006). Forced convection occurs at higher air flow rates that can be 

created by air ventilation, high wind speeds and bodily movement. The amount of forced 

convection in air velocities up to 4 m.s
-1

 is best described by equation 2.4 and forced 

convection below 0.2 m.s
-1

 by equation 2.5. Forced convection is believed to reach its 

maximum at air speeds of ~ 4.2 m.s
-1 

(Havenith, 2002) 

 

hc = 8.3V
0.5 

hc = 3.1
 

 

Where hc is the forced convective heat transfer coefficient (W.m
-2

/
o
C

-1
) and V is the windspeed (m.s

-1
) 

(Parsons, 2003).  

 

2.1.2 Conduction  

Conduction is the heat exchange between two solid surfaces in direct contact with each 

other or in solid-fluid interfaces. Conduction is dependent upon the temperature gradient 

between the two surfaces, the surface area of contact, the thermal conductivity of each 

surface, and the distance across which the heat is conducted. In human skin, conduction 

can be expressed by equation 2.6: 

K = (k/l) (Tsk-Ta) 

 

 

 

The conductance at the body surface area is largely dependent upon the insulation of the 

tissues (Itis) (i.e. percentage of body fat), the clothing (Icl) and the insulation of air (Ia) that 

separates the skin surface from the inner surface of the clothing (largely determined by the 

distance of separation); all of which create a resistance to heat flow from the body tissues 

(Clark & Edholm, 1996).   

 

2.1.3 Radiation 

Radiation is the heat exchange between two surfaces in the form of wave energy that 

contain photons in the infrared range of the electromagnetic spectrum. Radiation is 

expressed by equation 2.7. 

 

 

(2.4) 

(2.6) 

(2.5) 

Where K equals conductive heat transfer (W.m
-2

), k equals conductance of the material (W.m
-2

.
o
C

-1
), l equals 

the distance through which heat is conducted (m), Tsk is mean skin temperature and Ta equals ambient 

temperature (Parsons, 2003). 
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R = hr ( sk - R) AD/A 

 

Where R is the radiant heat exchange (W/m
2
) hr is the heat transfer coefficient (W.m

-2
.
o
C

-1
), sk is mean skin 

temperature, R is mean radiant temperature of the surroundings and AD/A is the ratio of the area of the body 

exposed to radiant heat compared to the whole body surface area (Tipton, 2006) 

 

Like convection, radiation of the whole body surface area is affected by clothing as the 

emissivity (ε) of the skin generally remains constant (between 0.97-1.00), whereas ε of 

clothing is highly dependent upon the colour of the clothing (Clark & Edholm, 1996).   

 

2.1.4 Evaporation 

Evaporation is the conversion of a liquid into vapour and is dependent upon the saturation 

vapour pressure of the liquid substance at the current temperature and the water vapour 

pressure of the other medium (Equation 2.8). 

 

E = he (ps –pa) 

 

Where he = coefficient of evaporative heat exchange (W.m
-1

.kPa
-1

) ps saturated water vapour pressure at the 

current temperature, (in kPa) pa water vapour pressure (in kPa) (Tipton, 2006). 
 

Like convection, the evaporative coefficient is dependent upon air movement (Equation 

2.9). Increases in air movement decrease the boundary layer that settles on the surface of 

the object (i.e. the skin) this reduces the concentration of water molecules above the 

surface creating a more favourable gradient for evaporation. 

 

he = 124V
0.5

 

 

Where V is the wind speed. Increasing the temperature of the surface of the skin also increases the 

evaporation rate (Tipton, 2006). 

 

At rest, evaporation of water occurs from the lung (during respiration) and skin to the 

surrounding environment cumulating in a loss of 1 litre of water a day, which is equivalent 

to ~24kcal/h (28W). Evaporative heat loss becomes more important in hot environments 

where the ambient temperature exceeds that of the skin or during intense periods of 

exercise, where it can become the only avenue for heat loss. In this situation, thermal 

balance is dependent on the ratio between the required evaporative heat loss to remain in 

thermal balance (Ereq) and the maximal evaporative cooling that the environment will 

allow (Emax) (Havenith, 2002). Maximum evaporative heat loss from the skin (Esk) is 

(2.7) 

(2.8) 

(2.9) 
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dependent on the gradient between the saturated water vapour pressure at the skin 

temperature (psk) and the vapour pressure of the air surrounding the skin (pa) (Equation 

2.10). 

Esk (W.m
-2

) = (psk- pa) 

 

Clothing can also provide an evaporative resistance (Re,f [m
2

kPa
-1

.W
-1

]) that can impede 

evaporative heat loss, thereby reducing Emax. Like thermal resistance, the value of Re,f  can 

also vary depending on convection between the clothing layers, which can be influenced 

by the distance between the skin and clothing (McCullough et al., 1989). Clothing with 

high Re,f (i.e. personal protective clothing) can be very problematic in hot environments 

and during intense exercise as the main avenue for heat loss is restricted. In order to 

maintain thermal balance, the individual will have to resort to the behavioural 

thermoregulatory responses of either reducing the intensity of exercise or removing the 

clothing, which in some situations and occupations is not an option.  

 

2.1.5 Sensible and insensible heat loss 

Heat loss by R, C and K are generally known as „dry‟ or „sensible‟ heat loss as they do not 

require any loss of water from the body. Evaporative heat loss is generally considered 

„insensible‟ as it does result in the loss of water from the body. When naked at rest, heat 

balance can be achieved in air temperatures of ~28
o
C (Hardy & Soderstrom, 1938). In air 

temperatures below neutral mean skin temperature (~33
o
C), thermal balance is achieved 

mainly via the „sensible‟ heat loss mechanisms as a thermal gradient exists between the 

skin and air.  As the air temperature or intensity of exercise increases the reliance on 

insensible heat loss increases.  

 

It is evident that the physical processes play an important role in determining the thermal 

state of the human body, which in turn will affect thermal comfort, as these two variables 

are closely related (Fanger, 1970). Therefore the effect of these indices will have to be 

carefully considered and monitored in any experimental design involved in this thesis. This 

investigation will evaluate thermal perceptions in conditions that will elevate deep body 

temperature (i.e. exercising in a hot environment), therefore insensible heat loss is likely to 

be the main avenue for heat loss and as a result increasing Eactual will be the most effective 

way of improving thermal comfort and maintaining thermal balance.  

 

 

(2.10) 
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2.2. Physiological processes  

 

The physiological processes are all the thermoregulatory effector responses that maintain 

mean body temperature ( body) (i.e. vasomotor, sweating, and shivering); all of which have 

been shown to affect thermal comfort (Fukazawa & Havenith, 2009; Gagge et al., 1986; 

Toftum et al., 1998a). It has been suggested that these autonomic thermoregulatory 

responses are largely related to changes in deep body temperature (Frank et al., 1999), but 

local onsets can be initiated by local changes in skin temperature (Candas & Dufour, 2007; 

Cotter & Taylor, 2005; Crawshaw et al, 1975). It is suggested that behavioural 

thermoregulatory responses are initiated prior to the physiological processes in order to 

conserve the energy and water that is lost through shivering and sweating, respectively, 

thereby providing a more efficient thermoregulatory system (Bligh, 1998). The following 

section describes the thermoregulatory effector responses and their effect on thermal 

comfort.  

 

2.2.1 Sweating Response 

Sweat is excreted from the eccrine sweat glands in response to a rise in deep body 

temperature or local skin temperature. Sweat that is not evaporated from the skin surface 

can increase the level of skin wettedness (ω) at the skin surface, which has been found to 

negatively affect thermal comfort (Gagge et al., 1986; Toftum et al., 1998a; Winslow, 

1939).  

 

Skin wettedness is generally defined as either, the actual evaporated heat loss (Eactual) / 

maximal evaporated heat loss (Emax) (Gagge et al., 1937) or the fraction of total skin 

surface wet with perspiration (Gagge et al., 1986). Skin wettedness differs from relative 

humidity of the skin surface (RHsk), which has also been shown to affect thermal comfort 

as it takes into consideration the vapour pressure of the air surrounding the skin (Equation 

2.11). 

 

ω = [RHsk  - (Pa/ Ps,sk) ]/ [1-((Pa/ Ps,sk) ]    or    Eactual/ Emax                      

 

 

 

As ω is dependent upon the vapour pressure of the air surrounding the skin, it is suggested 

to be a more appropriate predictor of thermal comfort than RHsk, in warmer environments, 

(2.11) 

where Pa is the vapour pressure of the air surrounding the skin, (psk) is the saturated water vapour pressure 

at the skin temperature, Eactual is the total amount of sweat evaporated from the skin (W.m
-2

) and  Emax is the 

maximal amount of sweat that can be evaporated to the environment (Gagge et al., 1937, 1986). 
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or at higher metabolic rates (Atmaca & Yigit, 2006; Toftum et al., 1998a&b; Toftum & 

Fanger, 1999). In these types of conditions, high relative humidity (RH) generally causes 

an increase in air vapour pressure reducing the evaporative heat loss at the skin. This can 

result in an increase in both skin temperatures and sweat formation on the skin.  

 

Thermal neutrality or feelings of thermal comfort have been associated with a ω value of 

0.06 (Fanger, 1970; Gagge et al., 1969a). Feelings of thermal discomfort generally occur at 

ω levels between 0.2-0.3 during rest and 0.3-0.36 during exercise (Fukazawa & Havenith, 

2009; Gagge et al., 1969a; Nishi & Gagge, 1977). 

 

The actual mechanism by which humans detect changes in RHsk, or ω, is still unclear as no 

specific humidity sensors, such as hydroreceptors, have yet been identified in humans. 

Instead changes in RHsk are believed to be indirectly sensed by the skin, by both thermal 

(i.e. skin temperatures or heat transfer from the skin) and non-thermal mechanisms (i.e. 

stimulation of mechanoreceptors via either friction between skin and clothing or 

hydromeosis) (Fukazawa & Havenith, 2009; Gagge et al., 1986; Gwosdow et al., 1986; 

Newton et al., 2007 & 2009), with the former having more of an influence than the latter 

(Newton et al., 2009). 

 

2.2.2 Vasomotor Responses 

The vasomotor responses (i.e. vasodilatation or vasoconstriction) are responsible for 

controlling cutaneous blood flow and mainly modulate heat loss (see Kellogg, 2006 for 

review). They are most prominent over the range of mean body temperatures known as the 

„null zone‟; defined as the zone bound by the mean body thresholds for the onset of 

shivering and sweating (Mekjavik et al., 1991). It is unclear whether the vasomotor 

responses can directly influence thermal perceptions via neuronal receptors such as 

mechanoreceptors. However, it is well established that the vasomotor responses can affect 

thermal perceptions indirectly via changes in skin temperature (Cabanac et al., 1971; 

Candas & Dufour, 2007; Zhang, 2003). 

 

Vasoconstriction is probably more influential on thermal comfort than vasodilatation. 

Vasoconstriction produces large variations in local skin temperatures that can promote 

overall thermal discomfort in conditions where deep body temperature is unchanged or 

decreasing (Candas & Dufour, 2007), and overall thermal comfort in conditions where 

deep body temperature is elevated (Cabanac et al., 1971). Vasodilatation produces a more 
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universal distribution in local skin temperatures (Zhang, 2003) and therefore, local 

discomfort caused by large differences in skin temperature has less of an influence of 

overall discomfort. As vasodilatation is the vasomotor response that is more likely to occur 

in the conditions of the proposed investigation; the vasomotor changes will not be 

considered a primary variable that will influence thermal comfort and therefore will not be 

measured. 

 

2.2.3 Shivering 

Shivering has been associated with thermal discomfort due to accompanying low skin 

temperatures and increases in energy consumption (Chattonet & Cabanac, 1965; Prek, 

2006). Shivering is largely driven by a reduction in deep body temperature (Cheung et al., 

1995), as a result shivering is also unlikely to occur within the conditions of the proposed 

investigation. Therefore shivering is not regarded as a primary variable that will influence 

thermal comfort and not worthy of further discussion.  

 

To conclude, physiological processes play a major role in the regulation of mean body 

temperature, which is believed to be the main drive for thermal comfort (Cabanac et al., 

1971; Flouris & Cheung, 2009; Frank et al., 1999; Schlader et al., 2009). Within the 

conditions of the proposed investigation, of the effector responses, sweating will have the 

largest impact on thermal comfort and therefore will have to be taken into consideration in 

any experimental designs. 

 

2.3 Neurophysiological processes 

 

For the purpose of this review, the neurophysiological processes are defined as the 

processes that involve the sensory reception of signals from the skin, nose, eyes, and ears 

in response to the interaction of the body with its surrounding environment and clothing 

system. The neurophysiological and psychological processes are highly dependent upon 

each other; the psychological processes are governed by the neurophysiological to process 

the sensory information and the neurophysiological processes can be modified by the 

psychological (Craig, 2002). Another way of distinguishing between the two processes is 

through their involvement in autonomic and behavioural thermoregulation.  

 

Bligh (1998) provides an excellent description and distinction between the two types of 

thermoregulation. He defines autonomic thermoregulation as a reflexive pattern of effector 

responses that occurs autonomically. This type of thermoregulation requires little 
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dependence on the cerebral cortex and can occur at a subcortical level. By contrast, he 

describes behavioural thermoregulation as the involvement of the effector responses that 

require voluntary activity (e.g. increase physical activity, removal of clothing). These 

voluntary effector responses require conscious input and therefore are highly dependent on 

cerebral cortex activity. So for this review, the neurophysiological processes mainly 

involve autonomic thermoregulation, whereas the psychological processes best describe 

behavioural thermoregulation. 

 

2.3.1 Peripheral thermoreceptors 

The first step of the neurophysiological processes is the detection of thermal stimuli. 

Humans detect temperature through neuronal receptors (termed thermoreceptors) that are 

located within the superficial layers of the skin (cutaneous), oral and urogenital mucosa, 

and in deep body locations such as the oesophagus, stomach and large-intra-abdominal 

veins (Romanovsky, 2007). It is believed that thermoreceptors share similar properties 

(Bligh, 1998; Romanovsky, 2007), and the signals from each location converge somewhere 

in the neuronal pathway to provide an overall estimation of mean body temperature (Bligh, 

1998; Craig, 2002; Green & Akirav, 2007; Romanovsky, 2007); the temperature that is 

believed to largely dictate both autonomic and behavioural thermoregulatory responses 

(Cabanac et al., 1971; Flouris & Cheung, 2009; Frank et al., 1999; Schlader et al., 2009). 

Due to the location of the cutaneous thermoreceptors, the morphology and functional 

properties of these thermoreceptors have been studied extensively.  

 

Electrophysiological studies have shown that there are three major types of cutaneous 

thermoreceptors, cold-activated, heat-activated and pain-activated (nociceptors) (Hensel, 

1981). Each thermoreceptor is activated through a range of discrete temperatures that 

overlap with other thermoreceptors to provide a linear relationship between impulse 

frequency of thermoreceptors and temperature; thereby enabling humans to discriminate 

between different temperatures (Figure 2.2) (Hensel, 1981). The actual mechanism behind 

the activation of the thermoreceptors is still unknown. Recent evidence suggests that the 

transformation of specific ion channels present on the thermoreceptors, called temperature 

sensitive transient receptor potential (TRP) ion channels or thermoTRP's, are responsible 

for a change in thermoreceptors resting membrane potential (see Caterina, 2007 & 

Patapoutian et al., 2003  for review). Each ion channel is characterised by having a specific 

threshold temperature which, when crossed, activates the channel resulting in an inward 

movement of cations that results in an action potential (Okazawa et al., 2002; Peier et al., 
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2002 a & b). Cold and warm-activated receptors can also be differentiated by further 

differences in their morphology and functional properties.  
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Figure 2.2. The static firing frequency discharge of a cold activated receptor, warmth activated receptor and 

nerve pain fiber at different temperatures (Guyton, 1986) (the responses are modified from the 

original experiments by Zotterman, 1953) 

 

Cold-activated receptors are located more superficially within the subepidermal layer than 

of the heat-activated receptors (0.15-0.17 mm vs. 0.3-0.8 mm) (Hensel, 1981). There are 

also a greater number of cold-activated than heat-activated receptors in the cutaneous 

tissues. The speed of their neuronal signal transmission also differ due to differences in 

their mylineation; cold-activated signals travel by thin mylineated Aδ fibers (speed of 

transmission 20 m.s
-1

), whilst heat-activated signals travel via unmylineated C fibers 

(speed of transmission 0.5-0.7 m.s
-1

) (Hensel, 1981). These characteristics help explain the 

well established observation that humans are more sensitive to rapid changes in external 

cold stimuli than external heat (Gagge et al., 1967; Stolwijk, 1979; Zhang, 2003), 

especially within the first few milliseconds of cooling (Stancak et al., 2006). 

 

In animal studies, several cold-activated receptors also display „burst‟ like activity in their 

impulse frequency (Hensel, 1981; Kenshalo & Ducleaux, 1977). The function of this burst 

frequency is still unknown, as well as its existence in humans, but it has been proposed that 

the amount of „bursting‟, along with peak frequency, is processed within the central 

nervous system (CNS) for the discrimination between temperatures, as well as the rate of 

temperature change (Spray, 1986). This proposal has yet to be confirmed by either 

electrophysiological or neurophysiological studies and requires further investigation. 
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Even though the cold and warm-activated receptors display some different characteristics, 

once activated, they share the same pattern of frequency discharge during static and 

dynamic thermal stimuli. In stable thermal stimulation, the thermoreceptors produce a 

static frequency, which in cold-activated receptors has been shown to have a neuronal 

response adaptation time of between 30 to 50 seconds after cooling (Craig & Dostrovsky, 

1991; Dostrovsky & Hellon, 1978; Kenshalo & Ducleux, 1977). During dynamic thermal 

stimulation, both types of thermoreceptors display a prominent dynamic phase, with a 

transient overshoot in their frequency, this is then followed by a transient decrease to a new 

static frequency above basal levels (Dostrovsky & Hellon, 1978; Hensel, 1981; Okazawa et 

al., 2002) (Figure 2.3). The peak frequencies of cold-activated receptors have been found 

to occur between skin temperatures of 28
o
C and 33

o
C (Hensel, 1981; Hutchinson et al., 

1997) and ~ 27
o
C during the cooling of warm skin (Okazawa et al., 2002), this supports 

the findings of human psychometric studies (Arens et al., 1998; Zhao et al., 2006). 

 

Figure 2.3. The static and dynamic properties of both warm (top) and cold- activated (middle) receptors to 

constant and changing temperatures. The graph at the bottom right of the figure illustrates the 

transient temperatures to which the receptors respond to i.e. steady temperature (T1), up-step in 

temperature, followed by a down-step (T2) to a cooler temperature (T1). Taken from Hensel, 

1981. 

 

Human psychometric studies, along with electrophysiological studies, have identified that 

thermal sensation is not solely dependent upon the peak frequency of the cutaneous 

thermoreceptors elicited by certain temperatures, but also by the rate and duration of skin 

temperature change (Ring et al., 1991; de Dear et al, 1993). As previously discussed, 

cutaneous thermoreceptors display an overshoot in their frequency with a linear 

relationship occurring between the magnitude of the rate of skin temperature change and 
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peak frequency. This overshoot has been found to be reflected in human psychometric 

studies demonstrating the influence of this characteristic (de Dear et al, 1993; Nagano et 

al., 2005; Zhang, 2003; Zhou et al., 2004). Hensel (1981) also suggested that the 

magnitude of the temperature sensation is not solely dependent on the rate of change in 

temperature, but also its duration. Based on in vivo electrophysiological studies, it was 

suggested that it is not the peak frequency that determines the magnitude of thermal 

sensation, but the total number of neuronal impulses that is generated by the temperature 

change. Therefore, a slower temperature change can produce the same magnitude of 

temperature sensation as a faster temperature change, under the condition that the absolute 

change in skin temperature is the same in both cases (Kenshalo & Ducleux, 1977; 

Okazawa et al., 2002). 

 

Differences in regional cutaneous thermosensitivities have also been shown to affect 

temperature sensation (Crawshaw et al., 1975; Stevens, 1979; Stevens et al, 1974; Zhang 

& Zhao, 2006a; Zhang, 2003). Crawshaw et al. (1975) provided temperature sensitivity 

weighting factors for various regions of the body. The weightings included both area 

weighting and sensitivity coefficients during cooling and warming (see Table 2.1). Since 

then, several studies have attempted to model the effects of regional temperature changes 

on overall temperature sensation and thermal comfort (Nakamura et al., 2008; Zhang & 

Zhao, 2006 a & b; Zhang, 2003).  

 

The role of the peripheral thermoreceptors in thermoregulation is suggested to be pivotal 

for an efficient thermoregulatory system. Changes in skin temperature are proposed to 

provide an anticipatory signal that drives the behavioural thermoregulatory responses 

(Flouris & Cheung, 2009; Schlader et al., 2009) which, as previously mentioned, help 

reduce the requirement for the physiological effector responses. The behavioural responses 

are dependent on the cognition of sensory signals for the discrimination of temperature (i.e. 

temperature sensation) that will be discussed in more detail later. Equation 2.12 

summarises the effects of all the factors that determine temperature sensation related to the 

stimulation of the peripheral thermoreceptors; all of which need to be considered in the 

formulation of any intermittent cooling profile that is designed to enhance thermal comfort 

  

ET= f (T, dT/dt, F)                                  (2.12) 

 

Where ET (temperature sensation) is a function of absolute temperature (T), the rate of change in temperature 

(dT/dt), and the stimulus area (F) (Hensel, 1981).   
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Table 2.1.  The mean skin temperature (Tsk) weighting factors determined for the sensitivity of different 

bodily regions to warming and cooling established by Crawshaw et al. (1975). 

Bodily region 

Tsk 

(area weighting only) 

Tsk 

(area and sensitivity to 

warming) 

Tsk 

(area and sensitivity to 

cooling) 

Face 0.07 0.21 0.19 

Chest 0.09 0.10 0.08 

Upper Back 0.09 0.11 0.09 

Abdomen 0.18 0.17 0.12 

Upper legs 0.16 0.15 0.12 

Lower legs 0.16 0.08 0.15 

Upper arms 0.13 0.12 0.13 

Lower arms 0.12 0.006 0.12 

Overall 1.00 1.00 1.00 

 

2.3.2 Neuronal Pathways for autonomic thermoregulation  

It is generally accepted that the neuronal pathway responsible for the detection and 

discrimination of temperature is the spinothalamocortical pathway (Boulant, 2006; Craig, 

2002; Romanovsky, 2007) (Figure 2.4). This pathway determines the perception of the 

thermal environment which in turn drives the behavioural thermoregulatory responses 

(Craig et al., 2000, 2001).  The neuronal pathway for the autonomic effector responses is 

less clear, but several pathways have been suggested to be responsible  for autonomic 

thermoregulation, that occur at either a spinal, medullary, mesencephalic, and/or 

hypothalamic level, with the spinothalamocortical pathway acting as a modifier of the 

effector responses (Craig, 2002; Nakamura & Morrison, 2008). 

 

Both neuronal pathways that determine the autonomic and behavioural thermoregulatory 

responses originate within the temperature-sensitive regions of the Lamina I that are 

located superficially within the dorsal horn (see Boulant, 2006; Craig, 2002; Romanovsky, 

2007 for review). The Lamina I neurons receive afferent signals from nearly all the 

thermosensitive tissues within the body and are sensitive to other endogenous factors such 

as CO2, glucose, H
+
 ions  demonstrating their homeostatic function (see Craig, 2002 for 

review). They then project this information to many structures that include; the 

sympathetic neurons of the spinal cord, rostral ventrolateral and ventromedial medulla, and 

parabrachial nucleus (Craig & Dostrovsky, 1991; Craig et al., 2001; Davis et al., 1998; 

Nakamura & Morrison, 2008). The parabrachial nucleus is the main brainstem integration 

site of sensory information and projects this information to the periaqueductal grey (PAG), 
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Figure 2.4. The lamina I 

spinothalamocortical pathway responsible 

for the autonomic and behavioural 

thermoregulation (adapted from Craig, 

2002) 

hypothalamus and the limbic sensory and motor cortex 

(Augustine, 1996; Craig et al., 2000; Davis et al., 1998).  

 

Both the PAG (the main homeostatic site within the 

brainstem) and the hypothalamus (the main autonomic 

control centre of the brain) are very important in the role of 

both autonomic and behavioural thermoregulation. The 

hypothalamus contains neurons in its preoptic and anterior 

areas (PO/AH) that are well-known for their 

thermosensitivity, and are suggested to be responsible for 

the integration of all the sensory information necessary for 

the signalling of the thermal effector responses (Boulant, 

2006; Boulant et al., 1989; Griffin, 2004). In addition, both 

the PAG and hypothalamus structures project and receive 

sensory signals from the limbic sensory (i.e. insular) and 

motor cortex (i.e. anterior cingulate cortex) which serve to 

modify the effector responses in response to the conscious 

(i.e. perceptual) processing of the thermal environment such 

as prior experience (Craig, 2002) 

 

Due to their location in the CNS, there is less information 

on thermosensitive neurons in the PO/AH compared to 

those located in the periphery. However, it has been 

established that unlike the periphery, the majority of this 

thermosensitive region is composed of a combination of warm-sensitive and temperature-

insensitive neurons (Blatties, 1998; Boulant & Hardy, 1974; Boulant et al., 1989), with 

relatively few, if any, of cold-sensitive neurons (Boulant & Dean, 1986). It is suggested 

that a type of reciprocal crossing-inhibition occurs somewhere between the warm-sensitive 

and temperature insensitive neuronal pathways to the effector neurons that allow for 

control between the effector responses of heat loss (sweating, vasodilation) or heat gain 

(shivering, vasoconstriction) (Bligh, 1998). It is believed that this cross-inhibition is 

largely responsible for the tight regulation of mean body temperature (Boulant, 2006; 

Hammel, 1965) (Figure 2.5). 

 

Lamina I spinothalamocortical pathway 
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It is proposed that the firing frequency of the two PO/AH neurons cross when 

hypothalamic temperature, or mean body temperature reaches ~37
o
C supporting the 

proposed thermoregulatory role of the PO/AH (Bligh, 1998; Boulant, 2006; Hammel, 

1965) (Figure 2.5). Furthermore, like the Lamina I neurons, it has been shown that the 

warm-sensitive neurons are not only activated by increasing temperatures, but possibly 

other endogenous factors such as osmolarity, hormones and glucose (Boulant & Silva, 

1987, Silva & Boulant, 1986) that may explain the presence of an adjustable set body 

temperature in response to fever, menstruation and other pathologies.  

 

 

  

 

 

The information presented above that describes the neurophysiological pathways 

responsible for the detection of thermal stimuli is largely based on animal studies. 

Although such studies do provide an important framework to describe human 

physiological processes, several morphological differences and the methods used to obtain 

information, requires an appreciation of caveat when applying findings to humans. One 

example of a morphological difference relevant to the detection of temperature is the 

debate over the role of the parabrachial nucleus (PB) in humans. The parabrachial nucleus 

is believed to have a mediatory role between the lamina I neurons and the thalamus that 

results in either up or down-regulation of the thermoregulatory effector responses 

(Nakamura & Morrison, 2008; Augustine, 1996). However, the parabrachial nucleus has 

Figure 2.5.  

Boulant (2006) modified version of 

the neuronal model developed to 

explain the thermoregulatory role of 

the hypothalamic neurons. The 

model incorporates reciprocal 

crossing inhibition between the 

warm-sensitive (W) and 

temperature-insensitive (I) neurons 

to explain the tight control of the 

different effector responses (i.e. heat 

loss [w] and heat production [c]). 

SP= Lamina I.  FR = Firing 

frequency. The dotted lines indicate 

the frequency of the excitatory (++ 

and the inhibitory (-) synaptic 

inputs. 
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been suggested to only be involved in lower-order mammal physiology (e.g. rats, cats and 

mice) and not primates, where the insular cortex undertakes the role of the PB (Craig et al, 

2000). Therefore in humans it is suggested that the neuronal signal from the Lamina I by-

passes the PB and projects straight to the thalamus (Craig et al, 2000).  Methodological 

limitations include the influence of general anaesthetics that are regularly used in animal 

and human electrophysiological studies that, as discussed by Andrew (2009), can cause 

hypersensitivity of neurons.  

 

As animals cannot report how they feel, animal models are even more limited in describing 

the human neurophysiological pathways responsible for the hedonistic experience of 

certain thermal stimuli. Instead behavioural responses, such as a withdrawal from the 

stimulus or the thermoregulatory effector responses are used to reflect the discrimination of 

temperature. These responses do not necessarily reflect the hedonistic experience. 

However, advances in human brain imaging techniques such as positron emission 

topography (PET) and functional magnetic resonance imaging (fMRI) have enabled 

researchers to verify some animal models (Craig, 2002), and also provide more 

information on the neurophysiological pathways involved in thermal perception that will 

be discussed in the next section. 

 

2.4 Psychological Processes 

“all our notions are derived from perceptions, either by actual contact or by anology, or 

resemblance, or composition, with some slight aid from reasoning’’   

                                                                                           (Epicurus, Lives, 10:32) 

 

The psychological processes are the processes in which the brain integrates all the sensory 

information and forms a subjective perception of the thermal environment and clothing 

system (i.e. temperature sensation and thermal comfort). Several models have been 

developed to explain the psychological processes involved in the formation of perceptions 

that can be related to thermal perceptions (Auliciens, 1981; Craig, 2002; Hensel, 1976; 

Leventhal & Everhart, 1979). These models tend to involve information provided by both 

neurophysiological and psychophysiological studies. The following discussion on the 

perceptual processes will firstly describe the neurological evidence associated with the 

psychological processes, followed by the psychophysiological models.  
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2.4.1. Neurophysiological perceptual processes 

As previously mentioned the neuronal pathways associated with the conscious processing 

of the thermal environment also involve the spinothalamocortical pathway (Figure 2.6). 

This pathway is believed to originate in the postrolateral thalamus specifically the basal 

(VNb) and posterior (VMpo) regions of the ventromedial nucleus of the thalamus, this 

relays information from the Lamina I to the insular cortex, otherwise known as the sensory 

limbic motor cortex (Augustine, 1996; Craig et al., 1994, 2000; Davis et al., 1998; 

Romanovsky, 2007; Stancak et al., 2006). The insular cortex, specifically the posterior 

region, is mainly involved in temporal and spatial temperature discrimination and provides 

a topographical map of the thermal stimuli (Augustine, 1996; Craig et al., 2000).  The 

insular cortex is strongly associated with the anterior cingulate cortex (ACC) which has 

been found to be responsible for the motivational drive for behavioural responses (Frith & 

Frith, 1999; Paus, 2001).  

 

Both the insular and ACC are strongly connected to the amygdala, orbitofrontal cortex, 

prefrontal and primary motor cortex. Brain imaging studies have identified the amygdala 

as the area responsible for the discrimination of positive or negative awards (i.e. thermal 

comfort or discomfort) and therefore involved in the motivation to approach or withdraw 

from a situation (Kanosue et al., 2002). The orbitofrontal cortex has been suggested to be 

responsible for modifying the salience of any motivation or perception associated with a 

certain sensory event (Damasio et al., 2000; Kringlebach, 2005). The primary motor and 

prefrontal cortex is responsible for the activation of movement; therefore are suggested to 

be activated during dynamic sensory stimuli in order to maintain a level of motor 

preparation necessary for a „flight‟ response if the stimulus reaches dangerous levels. 

 

2.4.2. Psycho-Physiological model of perceptual processes. 

Perception of a sensory event is a very individual experience that can differ over time and 

often results in large inter-and intra-individual differences in subjective assessments 

(Fagarasanu & Kumar, 2002; McCormack et al., 1988; Wewers & Lowe, 1990). As the 

Greek philosopher, Epicurus, explains: 

 

“All knowledge begins with sensations which cannot be wrong as they are sensed and you 

cannot deny someone sensed something. It is only the interpretation of this sensation that 

can impair judgement and be considered a wrong error of judgement” 

                                                                                              (Epicurus, Lives 10:51) 
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This may help explain why in some situations subjective assessments of the thermal 

environment are not always strongly correlated with thermal physiological or physical 

measures (i.e. r = 0.3-0.6) (Frank et al., 1999; Kamon et al., 1974; Zhang, 2003), and 

supports the notion that temperature sensation and thermal comfort are two different 

perceptual experiences. In psychology, perceptions are believed to be affected by both 

situational and dispositional factors, both of which may be responsible for these 

individualised assessments of thermal environments (Noble & Robertson, 1996). 

Situational factors are any external (e.g. type of environment) or internal factors (e.g. 

previous experience of that environment) that are associated with the current sensory 

experience that can affect perception. Four main situational factors are expectations (or 

anticipation), self-efficacy, perceived control and attentional focus (McMorris, 2004). 

 

Expectation or anticipation of a certain environment can influence how people will rate 

their preference of that event. Generally a high expectation that is not met results in a 

lower rating in subjective assessments, and vice versa for low expectations (Noble & 

Robertson, 1996). For example, the results from a longitudinal survey that examined 

individuals‟ thermal preference of an urban space indicated that their responses were 

generally dictated by the time of year, or the previous day‟s temperature, rather than the 

actual ambient temperature (e.g. “its OK for this time of year”, “its winter, it is meant to be 

cold”) (Nikolopoulou & Steemers, 2003; Nikolopoulou et al., 2001). It is suggested that 

expectation, or anticipation, of a sensory cue can cause the cue to become the main focus 

of an individual‟s attention and, with the interaction of the short and long term memory, 

cause a person to become physiologically (e.g. elevated heart rate) and cognitively 

prepared for any forthcoming action associated with that cue. The level of preparedness is 

largely dependent upon how life-threatening the sensory cue is perceived to be (e.g. 

jumping into a frozen lake versus a local swimming pool). Both the physiological and 

cognitive responses caused by „expectation‟ are believed to influence perception (Öhman 

et al., 2000).  

 

 The interaction of both long and short term memory highlights the influence of 

„experience‟ on a person‟s expectation of a sensory cue. Many researchers have observed 

that prior experience of a situational event will influence a person‟s expectation of that 

event by either, increasing, decreasing or producing a more accurate expectation (Foulkes, 

1994; Johnson & Mathews, 1997). The type and level influence has been shown to be 
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largely dependent upon the frequency, recency and outcome of prior experience (Foulkes, 

1994; Johnson & Mathews, 1997). For example, people who have experienced a higher 

frequency of a certain situational event have been suggested to develop more accurate 

expectations and, dependent upon their previous experience (i.e. not a negative 

experience), generally have a more positive attitude towards to a subsequent occurrence 

(Rajecki, 1990). In addition, it is believed that more experienced people also have a 

tendency to possess higher expectations that can affect their overall perception (Foulkes, 

1994; Johnson & Mathews, 1997). 

 

The recency of a prior experience can also affect a person‟s expectation of a situational 

event as recent events are easier to recall within a person‟s memory (Foulkes, 1994; 

Johnson & Mathews, 1997). Therefore, a recent negative experience will create negative 

feelings towards a certain event and a recent positive experience will create the opposite. 

Both types of feelings can either increase or lower a person‟s expectation (Rajecki, 1990).   

 

Self-efficacy is an individual‟s belief, or perception, of their capability to engage a 

successful course of action in response to a situational event (Bandura, 1997). People with 

a low sense of self-efficacy are more likely to have a heightened sensitivity to changes in 

their physiological state which are associated with a level of anxiety (Bandura, 1997). It is 

believed that this associated anxiety is responsible for people with low self-efficacy rating 

changes in their environment less favourably than those with high self-efficacy (Bandura, 

1997). For example, individuals with a low self-efficacy of their physical ability are more 

likely to rate the same intensity of exercise (% of aerobic capacity) with a higher RPE 

score than those with a high sense of physical efficacy (McAuley & Courneya, 1992).  

 

Perceived control is the amount of control a person has over their surrounding 

environment. People who have more control of their thermal environment tend to accept a 

wider range of temperatures, or are less dissatisfied, compared to those who have no 

control (de Dear & Brager, 2002; Nikolopoulou & Steemers, 2003). For example, in an 

office environment, participants who were provided with personally controlled air-

conditioning systems reported being comfortable over a wider range of temperatures than 

those whose air conditioning systems were centrally controlled (de Dear & Brager, 2002). 

In another study, when individuals in an urban space were asked to rate their satisfaction 

with the thermal environment, ratings of uncomfortable and dissatisfied were generally 

higher in those that were using the space as a meeting place and were awaiting the arrival 
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of someone (Nikolopoulou & Steemers, 2003). The authors of the latter study concluded 

that perceived control of a thermal environment was more important than actual control. 

 

Attentional focus is when internal and external sensory cues compete with each other for 

attentional focus within an individual, which usually results with one dampening the other 

when it has reached a level of awareness (Noble & Robertson, 1996). As previously 

explained, once a sensory cue has reached a level of awareness it involves conscious 

processing which, through the involvement of memory (i.e. prior experience), can affect 

perception. Several exercise studies have suggested that the development of external 

attentional cues (e.g. music, scenic environment) can decrease the awareness of internal 

sensations especially in physical activities of light-moderate intensity, but not in high 

intensity exercises (Boutcher & Trenske, 1990; Rejeski & Rubisl, 1980). For example, 

when music is provided as an external sensory cue to people exercising at light (60% 

VO2max), moderate (75% VO2max) and high (85% VO2max) exercise intensities, rate of 

perceived exertion (RPE) scores are significantly lower in the light and moderate exercise 

intensities, compared to the „no music‟, but similar in the high (Boutcher & Trenske, 

1990).   

 

Dispositional factors are those that are more intrinsic and dependent upon the personality 

type of a person (McMorris, 2004). The main dispositional factors are self-representation 

and perceptual style (augmentors or reducers).  

 

Self- representation or self- construction is the motive to impress others, otherwise known 

as the „halo effect‟, which can affect how people rate subjective assessments of their 

environment, especially if it is related to any kind of performance. For example, in a study 

where participants were initially asked to rate their RPE during a 15 minute cycle at 50% 

VO2max, the authors found that in two subsequent rides in the presence of another rider, the 

subjects rated their RPE lower when cycling at 25% VO2max, but the same when cycling at 

75% VO2max (Hardy et al., 1986). This demonstrates how perception can be manipulated 

by social cues. In psychology, it is also believed that people can be differentiated as, high 

self-constructors or low self-constructors, with high self-constructors having a tendency to 

rate responses to sensory stimuli lower than low self-constructors (Noble & Robertson, 

1996). 
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Some cognitive psychologists believe that perceptions can also be affected by people‟s 

perceptual style (McMorris, 2004). People perceive the world differently, if we didn‟t 

people would tend to have the same personality and thoughts. The way people interpret the 

world is dependent upon their perceptual style. There are several perceptual styles that 

refer to either how a person prefers to process sensory information (e.g. visually, auditory 

or kinaesthetically) or how they interpret sensory information to formulate a perception 

(McMorris, 2004). Of the latter type, the “augmenters- reducer style” is probably the most 

pertinent to thermal comfort and temperature sensation. “Augmenters” are people who tend 

to exaggerate the information they receive. For example they may sense similar thermal 

stimuli, whether it is hot or cold, to be more extreme than others who are experiencing the 

same stimuli.  Reducers are the opposite and tend to interpret senses less than others 

(McMorris, 2004). 

 

Psychophysiological models are hypothetical models that attempt to explain the 

interactions of physiological and psychological components (cognitive-affective) of human 

responses to certain sensory stimuli. Leventhal and Everhart (1979) developed a psycho-

physiological model for the feeling of pain that can be applied to other stimuli such as 

thermal (Figure 2.6). The model involves four stages: encoding & elaboration, perception, 

attention selection and signal amplification that occur on either a preconscious or 

conscious level. The preconscious level involves the encoding of the sensory information 

into a sensory signal and the elaboration of this signal. It is at this stage where it is believed 

that the sensory signal can be modified by psychological processing. At the conscious level 

the sensory information enters the perceptual field to be discriminated, in the case of 

thermal stimuli as either hot or cold. At this level the sensory signal then reaches the 

attention channels, where it becomes focused and either amplified or diminished in 

response to information from the short or long-term memory. In their model, Leventhal 

and Everhart (1979) position the autonomic responses as a conscious process, which as 

previously discussed, can occur at a preconscious level and can modify thermal 

perceptions. 

 

Auliciems (1981) proposed a psychophysiological model for thermal comfort that 

incorporates the physiological, neurophysiological and perceptual processes. In this model 

the discriminatory process includes temperature sensation and both local and overall 

thermal discomfort. Thermal comfort can be defined as „the state which expresses   
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Figure 2.7.  A proposed psycho-physiological model for thermal comfort that is adapted from Auliciems 

(1981) and Leventhal and Everhart (1979). The shaded box includes all the physiological 

processes and the dotted box includes all the processes required for autonomic thermoregulation. 

 

 

 

Figure 2.6. A psycho-physiological model for the perception of a cold stimulus adapted from Leventhal and 

Everhart, (1979). 
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satisfaction with the thermal surrounding‟; therefore thermal comfort could replace 

satisfaction in Auliciem‟s model, otherwise described as the cognitive interpretation of 

temperature sensation and thermal comfort. Local thermal discomfort is acknowledged to 

affect overall thermal comfort (Cotter et al., 1996; Nakamura et al., 2008; Zhang, 2003) 

and therefore could remain at the level of discrimination. In his model, Auliciems 

introduces the term „thermopreferendum‟, which describes a person‟s decision on their 

preferred thermal state. This decision is based on their current level of thermal comfort and 

drives the behavioural thermoregulatory responses. The model also incorporates one of the 

psychological processes that can influence perceptions; thermal expectation. Figure 2.7 

displays the model proposed by Auliciems (1981), which has been modified to incorporate 

Leventhal and Everhart (1979) psycho-physiological model, along with some of the 

previously discussed neurophysiological and psychological processes.  

 

By examining the neurophysiological and perceptual processes that influence thermal 

perceptions, it is evident that many internal and external factors can influence the 

perception of thermal comfort and therefore the behavioural thermoregulatory responses.  

 

Within the neurophysiological processes, both deep body temperature and skin temperature 

play a role in the conscious perception of thermal comfort. However, due to its external 

location, skin temperature is the most sensitive to changes in the external environment and 

therefore easier to manipulate than deep body temperature in order to influence thermal 

perception.  Therefore, careful consideration and planning needs to take place in the design 

of the intermittent cooling profiles that will be evaluated in this thesis so skin temperature 

is manipulated to promote feelings of comfort, rather than discomfort, compared to 

continuous cooling. As the integration of thermal stimuli can be affected by other 

endogenous factors such as osmolarity and glucose, it is also important that the circulating 

levels of these variables are kept low within the participants by providing strict guidelines 

to follow prior to experimentation. 

   

With the potential for psychological factors to influence thermal perceptions, it is 

important to incorporate any possible influences in any experimental designs that examine 

thermal perceptual responses. Even though some of the psychological indices are hard to 

control without some form of psychological profiling or intervention, the adoption of some 

methodologies may reduce their impact (i.e. a familiarisation exposure to experimental 

conditions to reduce anticipation or eliminating any external factors that may influence the 
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participants‟ attentional focus e.g. video or music). Also the possibility of large individual 

differences in the thermal perceptions requires the adoption of a way of assessing thermal 

comfort that can detect and accommodate these individual differences.  

 

2.5 Assessing Thermal Comfort 

The thermal perceptions of temperature sensation and thermal comfort are generally 

measured by psycho-physical scales. Currently, there are no objective measures of thermal 

comfort. The oldest psycho-physical scale ever recorded is the Stellar magnitude scale that 

was developed by the Greek philosopher Hipparchus. This scale was used to assess the 

brightness of stars on a scale from 1 (brightest) to 6 (faintest) and is still used today in 

modern astronomy (Geischeider, 1997). Psycho-physical scales come in many different 

formats, but are generally either, categorical Likert scales, standard Visual Analogue 

Scales (VAS), categorical or graphic VAS, or short-form questionnaires. Thermal 

perceptual scales are generally formatted as unipolar or bipolar Likert categorical scales 

and are usually based on the American Society of Heating, Refrigerating and Air-

conditioning Engineers (ASHRAE) 7-point temperature scale (+3 very cold, 0 = Neutral, 

+3 Very Hot) and 4-point thermal comfort scale (1 = Comfortable to 4 = Very 

uncomfortable). Within the literature, between studies, the thermal perceptual scale may 

differ not just in their format, but also in the number and verbal representation of 

descriptors (Figure 2.8).   

 

The first recognised psycho-physiological scale in thermophysiological studies was the 

Bedford Thermal Scale which combined the perceptions of temperature sensation and 

thermal comfort into one scale (Bedford, 1936). The descriptors displayed on this scale 

assumed that the feeling of neither hot or cold was comfortable (1-Much too warm, 2- Too 

warm – 3- Comfortably warm, 4- Comfortable- 5-Comfortably cool- 6- Too cool 7- Much 

too cool).  However, it was later recognised that temperature sensation and thermal 

comfort were two different perceptions; temperature sensation being a more rational 

perceptual measurement of thermal status, and thermal comfort a more affective 

measurement of how a person‟s feels being at that thermal status. In essence, temperature 

sensation can be valued as the variable that drives thermal comfort and thermal comfort the 

variable that drives behavioural thermoregulation (Fanger, 1970; Gagge et al., 1967; 

Hensel, 1981). In response, Gagge et al., (1967) developed the previously described 7- 

point temperature sensation and 4- point thermal comfort scale that are incorporated into 
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ASHRAE standard 55 (ASHRAE, 1992) and ISO 7730/10551 (ISO 1994, 1995) guidelines 

for conducting investigations into thermal comfort.  
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The validity of the traditional categorical thermal perceptual scales is generally restricted 

to environments of a uniform thermal steady state. In recent years there has been an 

increase in the use of VAS for the evaluation of thermal comfort. This is probably in 

response to an increase in investigations that have assessed thermal perceptions during 

non-uniform, dynamic temperature changes, as opposed to stable, whole-body thermal 

exposures (Leon et al., 2004; Nagano et al., 2005; Vernieuw et al., 2007; Zhang, 2003). 

This increase in use of VAS over the traditional categorical Likert scales is most likely due 

to their greater sensitivity that makes them more applicable for assessing thermal 

perceptions in environments of a dynamic nature. Greater sensitivity of VAS to perceptual 

changes have been identified in psychological studies that assessed mood, depression, pain, 

fatigue and appetite (Cella & Perry, 1986; Flint et al., 2000; Grant et al., 1999; Pfennings 

A B 

D 

C 

Figure 2.8.  Different types of psycho-physiological scales used to assess thermal perceptions. A: graphic or grated 

VAS (Zhang, 2003), B: Traditional unipolar VAS (Hoffman & Pozos, 1989), C: 13 point 

categorical/Likert scale (Hollies, 1977), D: ASHRAE 7-point temperature sensation scale and 4-point 

thermal comfort scale (ASHRAE, 1992).  
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et al., 1995; Price et al., 1983; Scott & Huskinson, 1976). However, as of yet, this greater 

sensitivity has not been validated for thermal perceptual responses. 

  

A VAS comprises a line of a certain length that contains end anchors which are labelled as 

the extreme boundaries of the sensation, for example, very hot or very cold, very 

comfortable or very uncomfortable. It is recommended that a VAS should be at least 

100mm in length as anything less produces a greater error variance (Revill et al., 1976). It 

is also recommended that a VAS should be displayed as a horizontal line as it produces a 

more uniform distribution, is more repeatable, and is also more user friendly than a vertical 

line (Scott & Huskinson, 1976). The main advantages of VAS over Likert scales are: 1) 

they are simple and easy to construct, 2) easy to implement and score, 3) suitable for 

frequent use, and 4) they produce numerical values suitable for parametric statistical 

analyses (McCormack, et al., 1988; Price et al., 1983; Scott & Huskinson, 1976; Wewers 

& Lowe, 1990). The main disadvantage of VAS is that the responses are highly 

individualized making them, in most circumstances, unsuitable for the evaluation of group 

descriptions and therefore VAS are more suited for within-subject designs (McCormack et 

al., 1988; Svensson, 2000; Wewers & Lowe, 1990). 

 

There are two main types of VAS, a unipolar or bipolar scale. A unipolar scale is a scale 

that focuses on the extremes of the sensations, either high presence or no presence at all. A 

bipolar scale is used to rate a person‟s sensation through the extremes of what a sensation 

could be, for example very hot to very cold. The middle position is considered to be 

neutral, in the case of thermophysiology, neither hot nor cold. There is general agreement 

in thermophysiology that temperature sensation is a bipolar experience as it involves both 

warm and cold receptors (Parsons, 2003). Therefore it is recommended to use a bipolar 

scale as it is more sensitive than a unipolar, especially in thermoneutral conditions (ISO 

10551, 1995). Some VAS include descriptors within the boundary descriptors (graphic 

rating VAS) to give people more guidance to reporting the magnitude of the sensation they 

are experiencing, especially if they have no experience of psycho-physiological scales or 

the type of environment they are responding to (Scott & Huskinsson, 1976). Even though 

VAS have been adopted in thermal perceptual studies, unlike other perceptions such as 

pain, mood, depression, fatigue and appetite, the validity and reliability of VAS for the 

assessment of thermal perceptions has yet to be evaluated. 
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In thermal perceptual scales, the length of the interval between the descriptors is usually of 

an equal magnitude. However, some psycho-physical scales of other sensations arrange the 

intervals according to a logarithmic function or a power function (Green et al., 1993; Borg, 

1982). The reasoning behind this is the suggestion that the relationship between a physical 

stimuli and the perceptual response can be explained by a psychophysical equation which 

can either be logarithmic (Fechners-Webers law) or a power function (Stevens Power 

Law). The Borg scale (Borg, 1982), a scale that evaluates the rate of perceived effort a 

person uses to carry out a physical task, is an example of a psycho-physiological Likert 

categorical scale in which intervals are displayed in logarithmic function. The universal 

labelled magnitude scale (LMS) developed by Green et al., (1993) is an example of a VAS 

that contains intervals that are displayed according to a power function that has been 

calculated by the „magnitude of estimates‟ method (see Stevens, 1960 for review). In the 

development of the universal LMS, Green et al., (1993) calculated the relationship 

between the strength of cold stimuli and perceptual response to be a power function with a 

magnitude of 3.1 (Figure 2.9) 
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 To the author‟s knowledge, no study has quantified the logarithmic or power function of 

temperature sensation to both hot and cold stimuli in non-uniform, dynamic thermal 

conditions with the aim to develop a thermal perceptual scale. This is not surprising 

considering the complexity of both temperature sensation and thermal comfort responses to 

dynamic thermal stimuli, especially if both hot and cold sensations are considered; a 

phenomenon that will most likely occur during localised cooling in a hot environment. As 

Figure 2.9. 

Examples of psycho-physical scales that are 

based on either a power (A, Green et al.‟s, (1993) 

Universal LMS scale) or logarithmic function (B, 

Borg‟s (1982) rate of perceived exertion scale) 

that reflects the curvilinear relationship (see 

above) between physical stimuli and perceptual 

responses. 

A B 
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previously discussed, temperature sensation displays an asymmetric logistic function 

where the slope for cold sensation is ~ 15% steeper than for warm sensations (McIntyre, 

1980). For both temperature sensations, the slope of the curve is dependent on the 

magnitude of the rate of change in skin temperature, the current overall body thermal state, 

and the location of thermal stimuli (i.e. face vs. back) (Zhang, 2003). Figure 2.10 describes 

the influence of these characteristics on the asymmetric slopes. Developing a bipolar 

thermal perceptual scale that incorporates all these characteristics would be impossible and 

therefore psycho-physical scales with a linear function are generally used to measure the 

thermal perceptions, especially in whole body exposures.   

 

 

 
 

Based on the existing methods of assessing thermal perceptions, it appears that a VAS 

would be the most suitable type of psycho-physical scale for the conditions of this 

investigation (i.e. non-uniform, dynamic temperature changes). It is hypothesised that the 

greater sensitivity that the VAS provides will potentially detect any individual differences; 

thereby providing a more accurate interpretation of any experimental intervention adopted 

in this thesis to manipulate the thermal perceptions.  

 

A B 

C D 

Figure 2.10. The influence of rate of skin temperature change (B), location of regional cooling or heating (C), 

overall body thermal state (D) on the slope of hot and cold local sensations (A). C1 = slope for 

back and chest, C2 = hands. Taken from Zhang (2003). 
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Based on the present evidence, the VAS should be:  1) bipolar 2) a graphic VAS 3) a 

horizontal line of more than 100mm, and 4) contain descriptors that are displayed at equal 

intervals. However, as a VAS had not yet been validated as a reliable measure of the 

thermal perceptions in non-uniform, dynamic thermal environments, before it could be 

implemented in any intervention study associated with this thesis, a validation study had to 

be conducted in order to assess its reliability as a tool to assess thermal perceptions in these 

conditions.  

 

2.6 Thermal comfort in personal cooling garments 

 

In many situations, wearing personal protective clothing in hot environments or during 

high intensity activity can cause uncompensable heat strain resulting in the body being 

unable to maintain thermal balance (see Cheung et al., 2000 for review). As previously 

explained, this can induce fatigue, reduce cognitive ability and have a detrimental effect on 

physical performance and the ability to perform work-related tasks (Farervik & Reinersten, 

2003; Gonzalez-Alonso et al., 1999; Hancock, 1982; Montain et al., 1994; Nybo & 

Nielsen, 2001a; Sawka et al., 1992). In order to combat this problem, personal cooling 

garments (PCGs) have been developed to remove heat from the body either through 

conduction, convection or evaporation. The first commercially available PCG was 

manufactured in the early 1960s by the Royal Aircraft Establishment, Farnborough, as a 

way to relieve heat stress in air crewmen that were exposed to high radiant heat loads in 

aircraft cockpits. The PCG was composed of a water-perfused suit that was later developed 

for use in other industries such as astronautics and the military (see Nunneley, 1970 for 

review). Since these early models, PCGs have undergone many design modifications to 

enhance their efficiency and comfort, and are available in several forms, such as liquid-

perfused suits, ice or phase change garments, or air-perfused garments. The most recent 

development has involved making these garments portable, which has broadened their 

application to other groups such as law enforcement, firefighters and certain sporting 

disciplines such as sailing and American Football.  

 

Liquid-perfused and air-perfused garments are probably the most extensively investigated 

PCGs, with each form having their advantages and disadvantages depending upon the 

situations in which they are utilised. Liquid-perfused garments rely on conductive heat 

transfer, and due to the specific heat capacity of water, are more efficient at reducing heat 

storage than their air-perfused counterparts, especially in conditions of high temperatures 
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or high metabolic rates (i.e. ~ +38
o
C or 315 Watts) (Flouris & Cheung, 2009; Nunneley, 

1970; Speckman, 1988; Shapiro et al., 1982). However, they do have their drawbacks. 

Liquid-perfused garments tend to be heavier and restrict movement more than air-

ventilated garments, and therefore are likely to increase the wearer‟s metabolic rate and 

cause discomfort. In addition, due to condensation of water on the tubes that the liquid is 

circulated through, and the lack of an avenue for evaporative heat loss, wearing liquid-

perfused garments can result in high levels of skin wettedness that can worsen thermal 

comfort (see Nunneley, 1970 & Speckman, 1988 for review). Air-perfused garments 

enhance both convection and evaporation and therefore their cooling efficiency is largely 

dependent upon sweating. They are effective in relieving thermal strain caused by PPC 

(Barwood, et al., 2009; Chinevere, et al., 2008; Chen et al., 1997; Hadid et al., 2008) and 

in some conditions, if the air is cooled, considered to be more effective than liquid-

perfused garments (McLellan et al., 1999; Shapiro et al., 1982). Compared to liquid-

perfused garments, air-perfused garments are lighter, require less battery power, are less 

cumbersome and produce a much drier microclimate; therefore they are considered a more 

practical method of reducing heat storage without compromising thermal comfort 

(Barwood et al., 2009; Speckman et al., 1988). 

 

It is acknowledged that the cooling efficacy of air-perfused garments is largely dependent 

upon flow rate, temperature and the relative humidity of the ventilated air; all of which 

affect the thermal and moisture gradients between the skin and the air (Speckman, 1988; 

Kaufman, 2001). As a result, a large battery source is required to deliver optimal cooling 

over long periods of time, which in a portable system, can restrict the movement of the 

wearer and increase their metabolic rate. To combat this problem, it has been suggested to 

replace the commonly used continuous air ventilation, with intermittent air ventilation 

(Cadarette et al., 2006; Kolka et al., 2004; Xu et al., 2004).  

 

Providing cooling intermittently has been found to reduce power requirement by at least 

46% (Stephenson et al., 2007). Additionally, in liquid-perfused garments with equal 

intermittent cooling periods (i.e. either ON or OFF) of up to 10 minutes have been found to 

be just as effective at reducing thermal strain as continuous cooling (Cadarette et al., 2006; 

Kolka et al., 2004; Stephenson et al., 2007; Xu et al., 2004). It has been suggested that this 

efficiency can be explained by the ability of intermittent cooling to maintain mean skin 

temperature (Tsk) above the threshold for the onset of vasoconstriction (33
o
C), and to 

create a better deep body temperature to mean skin temperature gradient for heat 
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dissipation (Cheuvront et al., 2003; Cadarette et al., 2006). Another possible advantage of 

intermittent cooling versus continuous cooling is its effect on thermal comfort. 

 

Even though PCGs have been reported to produce improvements in thermal comfort 

(Bomalaski et al., 1995; Chen et al., 1997; Duffield et al., 2003; McLellan et al., 1999) 

conflicting evidence suggests that this is not always the case (Barwood et al., 2009; 

Barwood et al., 2006; Chinevere et al., 2008; Hadid et al., 2008). The methodology of 

reporting thermal comfort may explain some of these discrepancies. Some studies that 

reported positive benefits on thermal comfort used temperature sensation as an indicator of 

thermal comfort (Bomalaski et al., 1995; Duffield et al., 2003; McLellan et al., 1999) 

which, as previously discussed, is not always a reasonable assumption. It has been 

suggested that improvements in thermal comfort using PCGs may be compromised due to 

an adaptation of the cutaneous thermoreceptors in response to continuous cooling, whereas 

delivering cooling more dynamically may enhance thermal comfort due to the activation of 

the dynamic response of cold cutaneous thermoreceptors (Barwood et al., 2009). This 

notion is supported by investigations that examined the effects of intermittent cooling 

profiles through changes in air temperature or air velocity in office type environments 

(Nevins et al., 1975; Sprague & McNall, 1970; Tanabe & Kimura, 1984; Zhou et al., 

2006). In these investigations there is a general consensus that fluctuating temperatures or 

air flow, in comparison to stable temperatures or air flows, may improve individuals‟ 

thermal comfort in warm environments, but can cause discomfort in cooler ambient 

temperatures (< 26
o
C) (Fanger et al., 1988; Tanabe & Kimura, 1984; Xia et al., 2000; 

Zhou et al., 2004).  

 

To the author‟s knowledge, only one study has evaluated the effects of intermittent cooling 

in a PCG on thermal perceptions during continuous exercise. The results of the 

physiological and perceptual responses of this study are presented by two separate 

publications Vernieuw et al. (2007) and Stephenson et al. (2007), where Vernieuw et al. 

(2007) describes the perceptual.  The study involved eight trained males walking in 30
o
C, 

30% RH for 80 minutes whilst wearing a liquid-perfused garment that covered 72% of the 

body surface area (legs, 44%, torso, 22%, face 6%). The males were exposed to three 

different cooling profiles, continuous cooling (CC), intermittent cooling of 2 min ON and 2 

min OFF periods (PC), and cooling that was activated when Tsk reached 34.5
o
C and 

deactivated when Tsk reached 33.5
o
C (PCskin). There were no differences in the perceived 

thermal strain or heat storage between the three conditions, there was also no difference in 
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thermal comfort. However, PCskin provided similar temperature sensations to CC, which 

were both cooler than PC, even though PCskin had the highest overall mean skin 

temperature (Tsk) (33.86
o
C [PCskin] vs. 33.19

o
C [PC] and 32.33

o
C [CC]). The authors do 

not provide an explanation for this, but it is plausible that the PCskin condition elicited more 

fluctuations in skin temperatures, and/or possibly created a higher rate of skin temperature 

change than the other two cooling profiles; two variables which have been shown to 

influence thermal perceptions (Hensel, 1981; Nevins et al., 1975; Sprague & McNall, 

1970; Tanabe & Kimura, 1984; Zhou et al., 2006).  

 

There are several methodological approaches in the study by Vernieuw et al. (2007) that 

may have hindered the impact of intermittent cooling on thermal comfort when compared 

to that of continuous cooling. The absolute skin temperature change during the cooling 

periods was different for each of the conditions, with CC having the highest absolute 

change and PCskin the lowest, which can effect thermal perceptions (Gagge et al., 1967; 

Hensel, 1981; Zhang, 2003). In addition, perceptual measurements were recorded every 10 

minutes, therefore some of the measurements taken in the PCskin and PC conditions were 

taken during periods of no cooling. As a result, some of the effects of the dynamic 

temperature changes on thermal comfort may not have been measured. Finally, the type of 

intermittent profile was not controlled. In the PCskin condition, the ON and OFF stages 

were dependent upon the attainment in Tsk of 33.5
o
C or 34.5

o
C. The time course for these 

changes to occur greatly differed between individuals, which would have created highly 

individualised cooling profiles. Previous studies have shown that different intermittent 

cooling profiles (i.e. step changes, cyclical changes [sinusoidal), ramps or drifts 

[monotonic, steady changes]) have different effects on thermal perceptions, with sinusoidal 

wave patterns of a certain frequency generally being the preferred choice (Ring et al., 

1993; Tanabe & Kimura, 1984; Zhou et al., 2006). The latter methodological limitation 

may also explain the differences in temperature sensation between the two intermittent 

conditions, PCskin and PC. 

 

Several investigations have examined the effects of localised fluctuating air movements on 

thermal comfort (Fanger et al., 1998; Tanabe & Kimura, 1984; Wigo, 2005; Xia et al., 

2000; Zhou et al., 2006). In these investigations, fluctuating air flows of different profiles 

were created by either manipulating air turbulence intensity or velocity.  For example, 

Tanabe and Kimura (1984) exposed 64 participants to four different environmental 

conditions ranging from 27.9-31.5
o
C for 140 minutes, whilst at rest (1.1 MET). During the 
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exposure, different air movement patterns with the same mean air velocity were ventilated 

vertically onto the participant by two circulating fans. These air movement patterns 

included: 1) four sinusoidal wave patterns with periods of either: 10s, 30s, or 60s, 2) a step 

change with a period of 30s, and 3) an air flow of constant velocity. The results indicated 

that out of the different air movement patterns, regardless of mean skin temperature being 

similar between the patterns, sinusoidal wave patterns were perceived to be cooler than the 

others. The authors suggested that these cooler sensations are the result of an increase in 

the convective heat transfer coefficient (Mayer et al., 1987). They also suggested that the 

sinusoidal wave patterns cause greater stimulations of the cold-activated cutaneous 

thermoreceptors, where the maximum firing frequency sent to the brain has been suggested 

to occur around 0.5Hz (Ring et al., 1993; lv & Liu, 2007). Subsequent studies to Tanabe 

and Kimura (1984) also found sinusoidal wave patterns to elicit cooler sensations than 

other air movement patterns (Zhou et al., 2006; Zhao et al., 2006).  

 

Although there is a general consensus that people perceive fluctuating temperatures to be 

cooler than stable, their effect on thermal comfort appears to be dependent upon several 

factors that include: region and surface area of the body exposed, adapting skin 

temperature, frequency of fluctuations, and both the amplitude and rate of fluctuations; all 

of which are related to the characteristics of the cutaneous thermoreceptors (Ring et al., 

1991; Ring et al., 1993; lv & Liu, 2007). 

 

In conclusion, based on the literature reviewed, it is evident that fluctuating, as opposed to 

stable, skin temperatures have the potential to enhance thermal perceptions in APVs. This 

suggestion is derived from the evidence that the dynamic characteristics of the cold-

activated thermoreceptors are reflected in thermal perceptions (Gagge et al., 1967; de Dear 

et al., 1993; Nagano et al., 2005; Zhang, 2003; Zhou et al., 2004). It is also plausible that 

fluctuating temperatures may also prevent a level of adaptation to occur in response to a 

constant thermal stimulus either within the thermoreceptors, or at a more conscious level 

(de Dear & Brager, 2001; McIntyre, 1979; Zhang, 2003). However, this evidence is largely 

based on studies that exposed participants to localised or whole body cooling in much less 

thermally stressful environments, and therefore may not be applicable to the type of 

environments experienced when wearing personal protective clothing. In addition, the 

advantage of fluctuating temperatures has largely been reported for the perception of 

temperature sensation rather than thermal comfort, which may be the consequence of 

temperature sensation being more widely used as measure to reflect thermal comfort. 
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Nevertheless, it does result in some ambiguity on the benefit of fluctuating skin 

temperatures on thermal comfort. Therefore, the influence of fluctuating temperatures on 

thermal comfort requires further investigation, especially in PCGs. 

 

Intermittent cooling in liquid-perfused garments during continuous exercise has been 

shown to maintain a level of thermal balance similar to that of continuous cooling. 

However, to the author‟s knowledge, only one published study has investigated the benefit 

of intermittent cooling in liquid-perfused garments on thermal comfort (Vernieuw et al., 

2007). As previously highlighted, this study includes several methodological limitations 

that compromise the application of any conclusions to air-perfused garments or other 

methods of localised cooling. To date, no study has investigated the effects of intermittent 

cooling in air-perfused garments on both the physiological or thermal perceptual responses. 
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CHAPTER 3 

 

General methods 

 

Several experimental studies were undertaken in order to test the hypotheses of this thesis. 

These studies are detailed in Chapters 4, 5 and 6. All of the studies‟ protocols were 

approved by the University of Portsmouth Biosciences Research Ethics Committee.   

 

The methods for the measurement of several variables were similar between the studies 

and are detailed in this chapter. Any variables that are specific to a particular study are 

described within the chapter related to that study.   

 

3.1 Participants  

 

Volunteers were recruited from the University of Portsmouth student, staff and also local 

population through notices and posters displayed throughout the University of Portsmouth 

departmental buildings.  

 

Due to the effects of menstruation on thermoregulation (Inoue et al, 2005), only males 

were recruited for all studies included in this thesis. In addition, all participants were 

between the ages of 18-39 to meet requirements of the ethical guidelines published by the 

University of Portsmouth Biosciences Research Ethics Committee. The participants were 

all physically active to facilitate their completion of a study, and to be representative of the 

population likely to use an APV. “Physically active” was determined as participating in 

physical activity that elicits 60-80% of O2max at least three times a week. This was 

assessed by a pre-test health questionnaire (Appendix D). Each participant underwent a 

medical examination by an Independent Medical Officer and was assessed for the 

following exclusion criteria: history of heat illness, epilepsy, anaemia, ischaemic heart 

disease, chronic interstitial lung disease, peripheral vascular disease, diabetes mellitus, any 

other chronic cardiovascular and respiratory diseases, current or two week recovery of soft 

tissue injuries to lower limbs, and recent, or two week recovery, from being given „all 

clear‟ of bone injuries to lower limbs.  

 

Before participating in a study, each participant was briefed on the nature of the 

experimental study and given a Participant Information Sheet (Appendix E). These events 
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were completed prior to giving written consent to participate (Appendix F). In addition, 

each participant was instructed to avoid any vigorous strenuous activity and the 

consumption of alcohol, 24 hours prior to any experiment, and to abstain from food and 

caffeine, three hours prior to any experiment. It was also ensured that each participant 

arrived at the lab at the same time of day for any conditions of a study that were repeated 

on several occasions. This was imposed to minimise the effects of circadian rhythm on 

thermophysiological responses.  

 

3.2. General design 

 

As one of the main aims of this investigation is to provide guidelines for a more efficient 

and thermally comfortable APV, it was decided to test the effectiveness of ventilating 

different cooling profiles in conditions similar to those in which an APV would be utilised. 

Therefore, the mode and intensity of exercise for each of the experimental studies was 

walking on a treadmill at 5km.hr
-1

(1.39 m.s
-1

), at 2% gradient; an intensity that requires 30-

40% of an averagely fit male‟s O2max and equates to a work rate of ~ 225 W.m
-2

 or 425W 

(Cheuvront et al, 2003). This level of exercise intensity is commonly used to reflect 

performing military exercises over long durations (>2 hours) and/or exercise of a moderate 

intensity (Barwood et al, 2009; Chevront et al, 2003; Kaufman, 2001). Each exercise bout 

lasted more than an hour; this duration was chosen in order to provide adequate time to 

reach thermal stability and sufficient time to evaluate the cooling interventions experienced 

in each study. 

 

The environmental conditions were also similar to previous evaluations of the effects of 

APVs cooling capacity on thermal homeostasis and thermal perceptions (i.e. 35
o
C, 

50%RH) (Chen et al, 1997; Chinevere et al, 2008; Constable et al, 1994). They were also 

chosen to elicit moderate levels of thermal discomfort that would be sensitive to changes 

within and between cooling profiles; higher temperatures may have induced high levels of 

discomfort, which may have confounded any effects of the cooling profiles on thermal 

perceptions.   

 

3.3 Air Perfused Vest  

 

The air perfused vest (APV) used to implement the intermittent cooling profiles is shown 

in Figure 3.1. The APV (GORE
®
 Active cooling, W.L Gore & Associates, UK) was worn 

directly over the torso skin surface and covers a total surface area of ~ 0.34 m
2 

(~20% of 
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the
 
total body surface area). The APV is an adjustable garment that is fitted to the wearer 

by shoulder and waist Velcro straps and has a total weight of 0.56 kg. Air is forced into the 

APV by portable air blowers, or in the case of this investigation by a compressed air 

source, and enters the APV through an insertion tube that is orientated on the right hand 

side of the vest (Figure 3.1). The air is distributed to the front and back of the torso through 

a spacer mesh integrated vented system and delivered onto the skin through evenly 

distributed perforations in the outer layer of the mesh. This vented system is present 

throughout the whole garment with exception of the Velcro straps. Small rubber nodules 

are equally dispersed on the surface of the outer layer of the mesh to provide a gap 

between the surface of the skin and the outer layer. This air gap is required for an even 

distribution of air flow and is also used as a medium for adequate convective and 

evaporative heat exchange. The rubber nodules also prevent contact between the inner 

layer of the garment and the skin, which otherwise may cause irritation and discomfort.  

 

 

Figure 3.1. A = is the outer layer of the APV B = is the inner layer of the AVP that is worn directly over the 

skin. C = displays the rubber nodules that are evenly dispersed throughout the inner layer of the 

APV. Between each nodule is a tiny perforation where air is forced onto the skin.  

 

As previously noted in Chapter 2, the ability of an APV to remove heat and maintain 

thermal balance is dependent upon the temperature, relative humidity and velocity of the 

air (air flow rate) ventilated through the APV. Kaufman (2001) used a mixture of 

experimental evidence and the laws of thermodynamics to evaluate the effects of different 

combinations of air flow rates (50-300 L.min
-1

), temperatures (10-35
o
C) and relative 

Insertion tube 

Velcro straps A B 

Rubber nodules 

C 
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humidity (10-90%) on the ability of an APV to remove metabolic heat (kJ.min
-1

). Based on 

his results, Kaufman (2001) suggested that in order to remove 9.9 kJ.min
-1

 (which is 

equivalent to 30% O2max of a moderately fit male) the air flow rate should be greater than 

50 L.min
-1

 (1.76 ft
3
.min

-1
), regardless of the temperature or relative humidity of the air. For 

ventilated air of 35
o
C and 50% RH, the air flow rate must be greater than 200 L.min

-1
 (7.10 

ft
3
.min

-1
) increasing to 300L.min

-1
 (10.60 ft

3
.min

-1
) in 35

o
C and 70% RH. The results also 

suggest that modifying the air temperature, or relative humidity, can reduce the required 

rate of air flow that may not always be met by small portable air blowers. For example, by 

fixing the air temperature at 25
o
C, or RH at 40%, air flow rates of ≥ 100 L.min

-1
 (3.40 

ft
3
.min

-1
) and 150 L.min

-1 
(5.30 ft

3
.min

-1
), respectively, are effective in removing metabolic 

heat of 9.9 kJ.min
-1

.  

 

Even though Kaufman‟s calculations did not take into consideration the effects of ambient 

temperature or the thermal properties of an encapsulating garment on the cooling 

efficiency of the APVs, they do correspond well to the results of laboratory-based studies 

that incorporated these variables (Chen et al, 1997; Pimental et al, 1987; Speckman, 1988). 

In these studies, it is generally concluded that in ambient conditions below 32
o
C, 40% RH 

the cooling efficiency of APV start to plateau around 300L.min
-1

 (10 ft
3
.min

-1
) (Chen et al, 

1997; Speckman, 1998), with a linear relationship between the two indices still present in 

high ambient temperatures (e.g. +49
o
C) (Pimental et al, 1987; Speckman, 1998). In high 

ambient temperatures, lower ventilated air temperatures to that of thermoneutral 

temperatures are required to provide sufficient heat removal and ensure the comfort of the 

wearer (high air temperatures can cause skin irritation) (Pimental et al, 1987; Shapiro et al, 

1982). These recommendations provided guidelines for the composites of the air that were 

ventilated through the APV in each study.  

 

In all the studies presented in this thesis the flow rate of the air being perfused through the 

APV was measured by an anemometer that measured air flow in ft
3
.min

-1
. Therefore, the 

designs of the cooling profiles that were assessed in the study described in Chapter 6 were 

based on graduations of air flow measured in ft
3
.min

-1
. For a clearer presentation of 

methods and results the flow rates have not been converted into SI units for all sections of 

this thesis. Therefore for future reference, the conversion of ft
3
.min

-1 
to L.min

-1
 is 1 ft

3
.min

-

1
: 28.32 L.min

-1
. 
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3.4 Temperature monitoring 

 

3.4.1  Local and Mean Skin Temperature 

Local skin temperatures (Tsklocal) were measured by thermocouples (DS18B20 T-3, MSR, 

Switzerland; accuracy ±0.2
o
C [20

o
C-40

o
C]) that were attached to the skin using surgical 

dressing (3M
TM

Tegaderm
TM

 Transparent film dressing, 3M solutions, UK). Values were 

recorded by an MSR data logger (B10030, MSR, Switzerland) at 10s intervals. Data were 

downloaded to a data acquisition program (MSR PC Software v.4.14). All thermocouples 

were calibrated in a water bath against a NAMAS certified high precision mercury 

thermometer with a scale of 0.1
o
C, at temperatures ranging from 0-40

o
C.  

 

Mean skin temperature ( sk) was calculated using either 4 or 7 sites depending upon the 

experimental study. See Chapters 4, 5 and 6 for the specific calculations for the 

measurement of local and mean skin temperature. 

 

3.4.2  Deep Body Temperature 

While oesophageal temperature and tympanic membrane temperatures are more responsive 

indices for the measurement of heat storage than rectal temperature, especially during 

rewarming (Lee et al, 2000; Robinson et al, 1998), measurement of rectal temperature is 

usually tolerated better by participants (i.e. perceived to be more comfortable).  As the 

emphasis of the experimental studies was assessing thermal comfort, it was decided that 

rectal temperature would be a better site to measure heat storage.  This decision was also 

based on the observation that oesophageal temperature (a site that is sometimes perceived 

as comfortable as rectal), if not positioned properly beyond the trachea, can be affected by 

breathing and drinking (Mekjavic & Rempel, 1990), which could prove problematic as the 

participants during the studies were allowed to consume water ad libitum.      

 

Rectal temperature (Tre) was measured 12cm beyond the anal sphincter by a rectal 

thermistor (DS18B20, MSR, Switzerland; accuracy ±0.2
o
C [20

o
C-40

o
C). Data were 

recorded by an MSR (B10030, MSR, Switzerland) data acquisition system at 10s intervals. 

Data were downloaded to a data acquisition program (MSR PC Software v.4.14) and 

averaged over a minute. All thermistors were calibrated in water bath against a NAMAS 

certified high precision mercury thermometer with a scale of 0.1
o
C, at a temperatures 

ranging from 30-40
o
C.  
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3.4.3 Mean Body Temperature  

As the conditions in all the studies included in this investigation were warm (35
o
C, 

50%RH) and involved exercise, mean body temperature ( body) was calculated using 

equation 3.1 that is recommended for these types of conditions. 

 

b = 0.79 Tre + 0.21 sk       (Colin et al, 1971) 

 

3.4.4   Ambient temperature 

Dry bulb (Td), Wet Bulb (Tw) and Global (Tg) temperature were recorded (Grant, SQ1050, 

Grant Instruments, UK) and Wet Bulb Global Temperature was calculated by the 

following formula: 

WBGT = 0.7Td + 0.2Tw + 0.1Tg 

 

 

3.5 Relative humidity  
 

 

3.5.1. Ambient relative humidity 

Ambient relative humidity (RHamb) was measured by a hygrometer (HNP45A, Vaisala, 

MA, USA) accuracy; 0.25% at 35
o
C) and recorded by a data logger (Squirrel 1000 series, 

Grant instruments, Cambridge, UK) logger at 1 minute intervals. Data were downloaded to 

a data acquisition program (Squirrelview, Grant Instruments, UK). The relative humidity 

sensor was calibrated by the manufacturer using the dew-point method against 11.4% RH 

(LiCl ), 33.7% RH (MgCl) 98.8% (K2SO4). 

 

3.5.2. Local relative humidity 

Local relative humidity (RHlocal) was measured by relative humidity sensors (i.e. 

hygrometers) (SHT15, MSR, Switzerland; accuracy ±2% [10-90%]) and were recorded by 

a data logger (B10030, MSR, Switzerland) at 10s intervals. The hygrometers were attached 

to the skin using surgical dressing (3M
TM

Tegaderm
TM

 Transparent film dressing, 3M 

solutions, UK). Data were downloaded to a data acquisition program (MSR PC Software 

v.4.14) and averaged over a minute. The relative humidity sensors were calibrated 

manually using the dew-point method against 11.4% RH (LiCl ), 33.7% RH (MgCl) 98.8% 

(K2SO4). 

 

 

 

(3.1) 

(3.2) 
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3.6 Heart Rate 

 

Heart rate (HR) was measured using a Team Polar HR monitor (Team Polar, Polar
®
, 

Finland) that records HR every 6 seconds. Data were downloaded to a data acquisition 

program (Polar Precision, Polar
®
, Finland) and averaged over 1 minute intervals.  

 

3.7 Sweat Rate 

 

Sweat rate (sw) was calculated from the measurement of nude body mass and the volume 

of fluids consumed or excreted as urine. 

 

sw (L.h
-1

) = (Nude body mass [Before trial] – Nude body mass [After trial]) + (Volume of 

fluid consumed + Volume of fluid excreted) 

 

3.8 Perceptual Measures 

 

3.8.1 Thermal perceptions 

The psycho-physiological scales used to assess the local (torso) and whole-body thermal 

perceptions of thermal comfort and temperature sensation are described in Chapter 4.  For 

each subsequent study (Chapters 5 & 6), the scales were similar except for the removal of 

skin wettedness.  

 

 3.8.2 Rate of perceived exertion 

Rating of Perceived Exertion (RPE) was measured using the 15-point Borg (1971) scale 

that ranges between 6 and 20, where 7 = Very, very light, 9 = Very light, 11 = Fairly light, 

13 = Somewhat hard, 15 = Hard, 17 = Very hard, 19 = Very, very hard. RPE is considered 

to be an indirect measurement of fatigue (Borg, 1971). See individual studies (Chapters 5 

& 6) for a description of the frequency of measurements.  

 

3.9 Anthropometric measures 

Height was measured by a stadiometer (Harpenden stadiometer, Holtain, UK) and body 

mass was measured by Digital scales (OHAUS I-10, Canada) 

 

Body surface area (BSA) was determined by the following equation: 

 

BSA = 0.20247 Height (m)
0.725

 Weight(kg)
0.425

 (Dubois & Dubois, 1916) (3.3) 
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The sum of skin folds was measured by calipers (Harpenden Instruments, West Sussex, 

UK) from seven sites (triceps, biceps, subscapular, iliac crest, calf, thigh, supraspinale). 

 

Percentage of body fat (%BF) was calculated using the Siri equation (Siri, 1961) based on 

the body density (BD) that was estimated from the sum of skinfolds by the equation 

developed by Withers et al. (1987).  

 

% BF = 495/BD – 450 

 

BD = 1.0988 – 0.004 (X1) 

 
where X1 is the sum of seven skinfolds (triceps, biceps, subscapular, iliac crest, calf, thigh, supraspinale) 

 

 

3.10 Metabolic measurements 

 

The metabolic rate of the participants was measured during exercise in some of the 

experimental studies in order to ascertain the consistency in metabolic heat production 

between conditions. Metabolic rate was calculated from expired gases (FeO2 and FeCO2) 

that were collected from the participants during exercise. For each condition, it was 

assumed that the exercise intensity had reached a steady state during the last ten minutes, 

and therefore two minute samples of expired air were collected within these last ten 

minutes (Hans-Rudolph Mouthpeice, respiratory tubing, Douglas bag [Harvard 

Instruments]). The expired air was analysed to obtain the volumes of FeO2 and FeCO2 

(Servomex 1400, Servomex, UK) and total expired air (VE) measured by dry gas meter, 

Harvard, USA). Oxygen uptake (VO2) was calculated using the Haldane transformation and 

used to determine metabolic rate.  

 

 

 

 

 

 

 

 

 

 

 

 

(3.4) 

(3.5) 
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CHAPTER 4  

 

The reproducibility and validity of visual analogue scales that assess 

thermal perceptions in non-uniform, dynamic thermal environments 

 

4.1 INTRODUCTION 

 

In order to produce appropriate conclusions on the effects of ventilating different cooling 

profiles through an APV on thermal perceptions, it is essential that the psycho-

physiological scales used are valid, reliable and sensitive. Based on the current literature, a 

graphic VAS appears to be the most suitable for the conditions of the tests undertaken and 

reported within this thesis (i.e. non-uniform, dynamic temperature changes). The greater 

sensitivity provided by VAS will potentially allow any individual differences to be 

detected; thereby providing a more accurate interpretation of any experimental intervention 

assessed in this thesis. However, as a VAS had not yet been validated as a reliable measure 

of the thermal perceptions in non-uniform, dynamic thermal environments, it was 

important that this is ascertained prior to its use as a key measurement tool. 

 

In order to be a valid tool to accurately measure a certain phenomena, the tool must not 

only be able to detect differences within, or between, participants (convergent validity), but 

also do this on repeated occasions (Atkinson & Nevill 1998; Baumgarter, 1989; Bland & 

Altman, 1996; Hopkins, 2000). The latter criterion is a measure of the tool‟s reliability, 

otherwise known as reproducibility, repeatability, or consistency (Atkinson & Nevill, 

2006; Hopkins, 2000). Assessing the reliability of the proposed VAS not only provides 

information on the ability of the scale to detect differences, but also allows the ability to 

estimate the sample size of a study required to provide a certain level of statistical power 

and to estimate individual differences that may occur due to testing (Hopkins, 2000). Most 

thorough investigations that assess the reliability of a measurement tool consist of three 

aspects: 1) Method agreement i.e. comparing the measurement value of one tool compared 

to that of a gold standard  (concurrent validity), 2) measuring the consistency of 

measurement over repeated occasions, and 3) comparing the tool‟s relationship with an 

theoretical associated measure (convergent validity) (Atkinson & Nevill, 2006). 

 

Therefore the aim of the study reported in this Chapter was to measure the reproducibility 

and validity of the VAS when assessing thermal perceptions (i.e. temperature sensation, 

thermal comfort and skin wettedness) in conditions similar to the intervention studies 
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subsequentially reported in this thesis. In order to determine the validity and 

reproducibility of the VAS the following study involved five stages: 1) The adaptation of a 

suitable VAS from the literature for its application in subsequent intervention studies, 2) 

determination of the reproducibility of the VAS, 3) determination of the validity of the 

VAS from the relationships established with skin temperatures, 4) determination of the 

validity of VAS in both dynamic and stable conditions, and 5) comparison of the 

performance of the VAS with the previously validated ASHRAE Likert scales (LS). 

 

A second aim of this study was more exploratory. It was speculated that the results from 

this study would not only result in a reliability measure for the VAS, but also provide 

important methodological information that would be used to aid the design of subsequent 

studies. 

 

4.2 HYPOTHESES 

 

The experimental hypotheses (H1) were as follows: 

 

H11 The VAS will be more reproducible than the LS. 

 

H21      The validity of the VAS and LS will not be significantly different between the two 

scales during stable thermal stimuli.  

 

H31  The VAS will be a more valid measure of thermal perceptions during dynamic 

thermal stimuli than the LS. 

 

H41     For both the VAS and LS, there will be a stronger relationship (as measured by r)     

between the perceptual and physiological measures during stable thermal stimuli, 

compared to dynamic thermal stimuli. 

 

4.3 METHOD 

 

4.3.1 General design 

After the completion of a five day familiarisation program, nine physically active male 

participants completed a total of three randomised, single blind experiments, comprised of 

exercising at a moderate intensity (30%) in a hot environment (Mean [SD]: 35.00 [0.98]
o
C, 
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48.71 [3.00] % RH) for 130 minutes. In order to assess the reproducibility of each scale, 

the three experiments were identical. To determine the validity of each scale in a non-

uniform, dynamic thermal environment, the microclimate of the upper torso was controlled 

using an air-perfused vest (APV) connected to equipment that varies both air temperature 

and RH. Each of the three experiments consisted of two phases; the first phase acted as a 

stabilisation phase and involved perfusing the APV with 35
o
C, 30% RH air for a total of 60 

minutes, the second phase involved perfusing the APV with two intermittent periods of 

step changes in either temperature or RH. Each intermittent period lasted between 20-25 

minutes and was separated by a ten minute period of 35
o
C, 30% RH being perfused 

through the APV. Thermal perceptual responses of overall thermal comfort (TC), torso 

thermal comfort (TTC), overall temperature sensation (TS) torso temperature sensation 

(TTS), overall skin wettedness (SW) and torso skin wettedness (TSW) were collected 

every five minutes. Physiological measurements of rectal temperature (Tre), mean skin 

temperature ( sk), mean torso skin temperature ( sktorso) and heart rate (fc) were recorded 

every 10s.  

 

4.3.2. Sample size estimation 

At the time of this investigation, no previous study had assessed the reproducibility and 

validity of VAS to measure thermal perceptions in a non-uniform, dynamic thermal 

environment whilst exercising in the heat, and therefore a level of variance was obtained 

from most the representative experimental study in the literature (Zhang, 2003). The 

sample size was estimated from a two sample means power calculation with an alpha level 

of 0.05, a baseline variance of 0.4 (the standard deviation of the variability of temperature 

sensation and thermal comfort votings for the torso) and a difference to detect 0.5 scale 

unit. The power calculation identified that eight participants with three replicates were 

required in order to satisfy the power requirements of 0.8. However, twelve participants 

were initially recruited in order to ensure that the experiments were counter-balanced and 

account for the possibility of non-completion by some participants. 

 

4.3.3. Participants 

Nine physically active male subjects with the following characteristics; mean (SD) age 

20.4 (2.2) years, mass 73.18 (7.8) kg, body surface area (BSA) 1.90 (0.13) m
2
, body fat 

percentage (BF%) 13.15 (5.1%), O2peak 63.15 (8.9) mL.kg
-1

.min
-1

 completed the study. 

Before each condition, the participants were screened for the following characteristics, 



64 

 

BF% < 18.5 and O2peak > 48.2 mL.kg
-1

.min
-1

 to ensure that the sample was representative 

of an active population according to ACSM guidelines (ACSM, 2000). 

 

4.3.4. Main experimental design. 

 

4.3.4.1. Familiarisation 

A five day familiarisation program was carried out by each participant in order to minimise 

any acclimation and changes in perceptions to the hot environment between the three 

experiments. The design of the program was similar to that conducted in previous studies 

(Caderette et al., 2006; Cheuvront et al., 2003), but involved stepping instead of walking 

on a treadmill. Each participant visited the laboratory on five consecutive days at the same 

time of day. They performed 90 minutes of stepping at 12 steps.min
-1

 to the sound of a 

metronome onto a 22.5 cm step (equivalent to ~1L.min
-1

 VO2) in an ambient temperature 

of 35
o
C and 50% RH. Measurements of Tre, fc, and sweat rate (sw) were taken each day to 

determine the participants‟ level of acclimation. If any of the participants were not 

comfortable exercising in the environmental conditions after day five they were excluded 

from the study. At least 8-10 perceptual measurements of TS, TC and SW were taken 

during each of the five acclimation periods to familiarise the participants to the descriptors 

of the psycho-physiological scales and how to assess their thermal perceptions.  

 

4.3.4.2. Main trial 

Upon arrival, participants were instructed to empty their bladder after which their nude and 

clothed body masses were measured. Participants were then instructed to insert a rectal 

thermistor (MSR DS18B20) 12 cm beyond the anal sphincter. This was followed by a 

period of instrumentation which lasted approximately 30 minutes, enough time to allow 

deep body temperature to stabilise before entry into the environmental climatic chamber. 

Each participant wore polyester jogging trousers, lycra briefs, cotton boxer shorts, cotton 

long-sleeved shirt (~ clo = 1.2) and the APV (GORE
®
 Active cooling). See Chapter 3.3 for 

a description of the APV. The APV was worn directly over the skin of the torso underneath 

the long-sleeved shirt. The participants wore the same clothes for each experiment. Once 

instrumented, resting physiological measurements were taken, after which the participant 

entered the chamber for the commencement of the experiment. 

 

Before the experiment commenced, with the exception of the first, each participant 

remained standing on the treadmill for a period of five minutes to allow time for the final 
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preparation of the equipment. In the first experiment, the participant underwent a five 

minute period to familiarise them with the mode of entering their perceptual data whilst 

walking on the treadmill. After the five minute period, the participant started walking at 

5km.hr
-1

 (1.39 m.s
-1

), 2% incline.  

 

Each of the three experiments comprised of three phases. The first phase acted as a 

stabilisation phase (Stable phase) that involved perfusing the APV with 35
o
C, 30% RH air 

for a total of 60 minutes. In order to determine the sensitivity of each scale with regards to 

changes in thermal perceptions in non-uniform, dynamic thermal environments, the second 

phase involved perfusing the APV with two step changes in either temperature or RH 

(Dynamic phase). These changes are explained later in this section. Each intervention 

period lasted between 20-25 minutes and was separated by a ten minute period where the 

APV was perfused with air of 35
o
C, 30% RH. This time period had previously been shown 

to be sufficient to allow skin temperatures and thermal perceptual votes to return to 

baseline (Zhang, 2003). The order of changing temperature and RH was counter-balanced 

between the participants and kept the same for each experiment. This resulted in the 

formation of two groups that either had the RH (Group RH) or temperature (Group TEMP) 

change first. Thermal perceptual responses to both temperature and RH changes were 

assessed in this study, as the study also served to determine the performance of the VAS 

for a separate project that investigated thermal perceptual responses to changes in local 

RH.  

  

Thermal perceptions were taken every five minutes throughout the condition and were 

assessed by two scales, an adapted graphic VAS and the established LS (ASHRAE, 1992; 

Rissanen et al., 1991). The participants reported temperature sensation, thermal comfort 

and skin wettedness for both the torso and whole body (i.e. overall). The scales were 

digitised and displayed on a touchscreen monitor with the data stored automatically on a 

computer. Section 4.3.5 describes the design of the scales in more detail. 

 

Physiological measurements of fc, Tre sktorso and sk were recorded every 10s throughout 

the 130 minute test period. Water feedings of 50-60 mL were prescribed to be consumed 

after each subjective measurement. This method of water feeding was adopted to 

counteract any negative effects of dehydration and any positive effects of drinking on 

thermal perceptions. The amount of water prescribed to each participant matched their sw 

that was established in the familiarisation period. 
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Upon completion of each experiment, nude and clothed body mass were recorded, as well 

as the volume of water consumed during the experiment. These measures were taken to 

calculate the participant‟s sw. The participants were also instructed to consume a volume 

of water equivalent to 1.5 times the amount lost during the experiment. Each experiment 

was separated by a minimum of 48 hours and a maximum of six days. 

 

4.3.4.3 Changes in temperature and relative humidity 

The profile of the air that was circulated through the APV during the three conditions is 

displayed in Figure 4.3.1.  
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Figure 4.3.1   Profile of relative humidity and temperature changes of the air perfused through the vest in the 

TEMP Group. In the RH Group, the A and B were reversed so that the change in relative 

humidity was before the temperature change. NB. To maintain water vapour pressure, RH was 

also altered during the temperature change (A). 

 

The thermal composition of the air being passed through the APV was manipulated by 

specially designed equipment which is illustrated in Figure 4.3.2. The temperature of the 

air was altered by passing compressed air through a heater or cooler and the water vapour 

pressure (WVP) of the air was controlled by passing different ratios of the compressed air 

either through a humidifier or dehumidifier. The air flow rate was maintained at a rate of 

~190L.min
-1

. Based on previous evidence, this flow rate was believed to be sufficient to 

maintain thermal balance in air temperatures of 35
o
C (Kaufman, 2001) without subjecting 

the participant to large degrees of cooling that may affect the sensitivity of perceptual 

measures. 

 

 

Stable Dynamic 

A 
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Figure 4.3.2. A schematic diagram to illustrate the design of the equipment used to manipulate the air 

circulating through the APV. 

 

For the step change in temperature, the temperature of the air was lowered linearly by 10
o
C 

to 25
o
C over a period of ten minutes, it was kept at 25

o
C for five minutes, then increased at 

the same rate until it reached 35
o
C. The WVP of the air was maintained throughout the 

temperature change at 11.92g.m
-3

 (the WVP of 35
o
C and 30%) by altering RH. Water 

vapour pressure is the one of the main factors that modifies the rate of evaporative heat 

loss at the skin and at high levels can impair evaporative heat loss; this increases skin 

wettedness, which can effect thermal perceptions (Fukazawa & Havenith, 2009; Gagge et 

al., 1986; Nishi & Gagge, 1977). Therefore, in order to accurately assess the effect of 

changing the temperature of the microclimate on thermal perceptions, it is important not to 

confound this variable with any influence of skin wettedness. With WVP held constant, a 

change in air temperature to 25
o
C altered the relative humidity to 53% as a change in 

temperature alters the saturation vapour pressure of the air (see equation 4.1). This change 

in RH was used to control the ratio of gas passed through the humidifier to produce the 

required WVP.   

 

Saturation Vapour Pressure (g.m
3
)  

X 100 Relative Humidity (%) =  (4.1) 

Water Vapour Pressure (g.m
3
) 

APV  
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The time periods of the step change in the relative humidity of the air was different to the 

step change in temperature. The RH of the air was increased to 80% over a five minute 

period, it was kept at 80% for five minutes, then decreased back to 30% over ten minutes. 

The RH of the air was altered by a similar method to that of temperature, by first passing 

compressed air through a dehumidifier, then over a heater to achieve a constant 

temperature of 35
o
C. In order to control the WVP of the air entering the APV, the 

compressed air was then expanded by passing differing ratios of air either through a 

humidifier or remaining dry, after which it was remixed before entering the APV. The 

WVP of the air entering the APV was controlled between 9.2 and 11.92g.m
-3

. 

 

In order to determine the sensitivity of each of the psychological scales to changes in skin 

temperature, it was necessary that the changes in temperature and RH were of a sufficient 

magnitude to promote changes in thermal perceptions, but not too large that the thermal 

perceptions evoked were clustered at the end anchors of the scale. Clustering of thermal 

perceptions would censor the data; thereby compromising the ability to differentiate the 

sensitivity between the scales. Even though the changes in the air temperature and RH 

were within the previously mentioned criteria, the final choice of temperature and RH 

profiles in the study were largely governed by the limitations of the equipment. The 

temperature of 25
o
C was the lowest temperature obtainable by the equipment where the 

ramp rate could be carefully controlled and temperature sustained once it had been 

achieved. The asymmetric change in relative humidity (i.e. increased over five minutes, 

then decreased over ten minutes) was also used due to the equipment being able to best 

control these rates of change.  

 

4.3.5. Measurements 

Determination of peakOV 2   

O2peak was assessed using an incremental ramp test on a treadmill ergometer (Powerjog 

GX200, Birmingham, England). The test involved one minute stages that included a rise in 

gradient by 1% every minute for the first five minutes, then an increase in speed (0.1km. h
-

1
.5 s 

-1
) thereafter until volitional exhaustion or attainment of O2max. O2peak was 

determined as the highest VO2 attained during the test or the point in which the VO2  

plateaus (Draper et al., 1998). 
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Skin Temperature  

Local skin temperatures were recorded from twelve thermocouples (MSR DS18B20 T-3) 

at the following sites: head, hand, shoulder, chest, lower back, abdominal, forearm, foot, 

front thigh, back thigh, shin and calf.  

 

Due to technical difficulties with temperature thermocouples falling off on some of the 

participants, mean skin temperature ( sk) was calculated from four sites according to the 

equation developed and validated by Ramanathan (1964): 

 

sk= 0.3(TChest + TArm ) + 0.2 (TFront thigh + TCalf) 

 

Mean torso skin temperature ( sktorso) was evaluated from the chest and shoulder local skin 

temperatures. 

sktorso = (TChest + TShoulder)/2 

 

Thermal Perceptions 

Graphic visual analog scales (VAS) 

Graphic VAS were adapted from the scales developed by Zhang (2003). The graphic VAS 

were originally based on the ASHRAE (1992) thermal sensation and comfort scale, which 

was subsequently adapted by Hagino and Hara (1992), then again by Zhang (2003). These 

scales were chosen as they were used to develop models of temperature sensation and 

thermal comfort in non-uniform, dynamic thermal environments whilst at rest (1.1 MET). 

For the current study, the graphic VAS were presented on a touchscreen monitor. This 

method of presenting the scales was adopted to make the entry of perceptions easier for 

participants when walking. The VAS were also reoriented from being vertical aligned 

scales to horizontal, as previous investigations have shown horizontal scales produce less 

variability and are more user friendly than their vertical counterparts (Scott & Huskinson, 

1976; Sriwatanakul et al., 1983). The comfort scale was designed as a discomfort scale 

where the descriptors that related to positive feelings of thermal comfort were positioned at 

the lower end of the scale.  In addition, a skin wettedness graphic VAS containing seven 

descriptors originally from Rissanen et al. (1991) was also assessed due to the close 

association between skin wettedness and thermal comfort (Fukazawa & Havenith, 2009; 

Gagge et al., 1986; Nishi & Gagge, 1977). Figure 4.3.3 shows the scale as it was displayed 

on the touchscreen monitor alongside the LS. As the perceptual scales were designed to be 

displayed on a touchscreen monitor the actual length of the VAS were dictated by the size 
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of the touchscreen monitor. For all studies presented in this thesis, a 19” touchscreen 

monitor was used to display the perceptual scales resulting in each VAS being 32cm in 

length. Each VAS was comprised of 160 units that were recognized by the software. The 

length of the unit are also dependent upon the size of the touchscreen, which was 0.2cm for 

all the studies included in this thesis.  

 

Likert Scales (LS) 

The ASHRAE 7 and 4 point temperature sensation and thermal comfort LS were chosen to 

validate the adapted graphic VAS. These LS have been previously validated and are the 

most widely used scales to assess temperature sensation and thermal comfort (ASHRAE, 

1992; ISO 7933). The LS also included skin wettedness which was adapted from the scale 

used by Rissanen et al. (1991). The participants made their vote by placing a marker by the 

descriptor that best described their perceived thermal state at that moment in time (Figure 

4.3.3).  

 

Rather than leaving the marker in the same position, which would affect the repeatability 

of the scales, the markers on all scales were automatically returned after each entry to the 

middle in the graphic VAS and to the top in the LS. This was implemented to ensure the 

participant evaluated their thermal perception afresh on each occasion. Participants entered 

their perceptual data on the touchscreen using a stylus pen as illustrated in Figure 4.3.4. 

 

Assessment of the sensitivity of the VAS. 

The sensitivity of the measurement tool itself (i.e. moving the marker on the touchscreen 

using the stylus pen) was calculated prior to the main study. To measure this, seven 

participants were instructed to hit the same marker on each of the scales, ten consecutive 

times, whilst walking on the treadmill. For example, participant A was instructed to hit the 

descriptors comfortable, just comfortable, damp, very wet, hot, cool on the graphic VAS 

then dry, sweating profusely, slightly warm, cold, comfortable, and slightly comfortable on 

the LS. They repeated this ten times. The descriptors were randomly distributed so that the 

whole scale was included in the analysis. The results from this assessment were also used 

to measure any learning effect in the mode of entering the perceptual data on the 

touchscreen. 
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Figure 4.3.3. The VAS (A) and LS (B) as they were displayed on the touchscreen. The scales were presented 

to the participant one scale at a time. The red lines/dots correspond to the chosen perceptual 

vote. 
 

 

 

 

 

 

Figure 4.3.4.  
Participant entering his thermal perceptual 

responses using the graphic VAS, whilst 

walking at 5km.hr
-1

 in 35
o
C, 50% RH. 

Underneath the long sleeved cotton shirt, the 

participant is wearing the APV which is 

attached to the equipment designed to 

manipulate the torso microclimate.  

A B 
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4.4 STATISTICAL ANALYSES 

 

In order to assess the reproducibility of the participants‟ physiological and perceptual 

responses within and between the three experiments, a two-way (time-by-trial) repeated 

measures ANOVA was performed on all the physiological and perceptual measures from 

three time points during the experiments (45, 85, 125 minutes). These time points were 

selected as they coincided with the end of a stabilisation period that occurred before or 

after a change in either temperature or relative humidity (see Figure 4.3.1) and therefore 

were points in the experiment where the skin and body temperatures were most likely to be 

similar. After a significant F test, pair-wise comparisons were identified using Bonferroni 

significance post hoc procedure. As opposed to other measures of reproducibility such as 

limits of agreement and intra class coefficients that require larger sample sizes for accurate 

measures (i.e. +13 for three repeated experiments) (Hopkins, 2000), the reproducibility of 

the scales were determined by calculating the root mean square error (RMSE) and the 

coefficient of variance (CV) for each of the perceptual measures. For both VAS and LS, 

the RMSE was pooled from each participant and for each of the time points, to provide an 

overall RMSE for each of the perceptions. The CV for each of the perceptions was then 

calculated from the mean of the all the observations that corresponded to that perception. 

In order to evaluate the validity of both VAS and LS to assess thermal perceptions during 

stable (0-55minutes) and dynamic (60-130 minutes) thermal stimuli, Pearson product-

moment correlations were used to examine relationships between these scales and sk, 

sktorso, body, Tre within the two different thermal stimuli. To determine any differences in 

their validity, the strengths of any relationships within and between the VAS and LS were 

compared using a Fisher r to z transformation (Wilcox & Muska, 2002). Further analyses 

were performed in order to assess the physiological and perceptual responses due to the 

experimental procedures adopted. These analyses included using Pearson product-moment 

correlations to assess relationships between the physiological and thermal perceptions and 

the calculation of the absolute and rate of change of sktorso in response to the different 

changes in torso microclimate. Analyses were conducted using SPSS 14.0 statistical 

package and statistical significance was set at α = 0.05, with a trend in the data being 

considered as P = > 0.05 < 0.1. Results are displayed as mean (± SD). 
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4.5 RESULTS 

 

To provide a general background to the physiological and perceptual responses to the three 

experiments, the results from the GLM used to assess the reproducibility of the 

physiological and perceptual responses within, and between, the three experiments are 

presented first. This is then followed by the results from the analyses that assessed the 

reliability of both the VAS and LS.  

 

In addition, one of the participants was considered to be highly variable over the three 

experiments compared to the other eight subjects (i.e. there was no consistency in his 

voting, and on numerous occasions voting was ±2SD from the mean) and therefore was 

excluded from any analyses.  

 

4.5.1. Physiological responses 

The physiological responses of fc (108 [14] bpm), fluctuation in sk (~35.4-35.7
o
C), and 

sktorso (~ 35.8-36.8
o
C), were similar between the three experiments and three time points 

(Figures 4.5.2 & 4.5.4). The average rise in Tre in the three experiments was 0.61 (0.24)
o
C 

with end Tre being ~ 38.0 (0.38)
o
C (Figure 4.5.1). However, unlike the other physiological 

responses, there was a main effect for a difference in Tre to occur between the experiments 

(F = 5.390, r = 0.435, β = 0.750, P = 0.018), with this difference to occur between 

experiments 1 and 2 (P = 0.037). The difference between experiments 1 and 2 occurred at 

both 45 and 85 minutes and was 0.21
o
C and 0.20

o
C, respectively, which was considered of 

no practical importance. When all the experiments data are pooled together there was an 

effect for time on Tre (F = 23.84, r = 0.773, β = 0.999, P = 0.001). This difference occurs 

between 45 and both 85 and 125 minutes (P = 0.005), indicating that the participants 

reached a level of thermal stability between minutes 85 and 125. The differences between 

the time points were also <0.25
o
C and therefore considered of no practical importance. 

Therefore it can be considered that Tre was similar between the three time points (i.e. 45, 

85, and 125 minutes) and between the three experiments. 

 

Like Tre, a significant difference in body was also established between the experiments, 

however in this case, a post hoc analysis could not detect where this difference lay (F = 

4.699, r = 0.400, β = 0.687, P = 0.028). body increased throughout each experiment with 

significant differences occurring between initial body and time points 45 and 125 (F= 7.69, 

r = 0.532, β = 0.901, P = 0.005). It appears body stabilised between 45 and 85 minutes for 
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the remainder of the trial. body did significantly increase between 85 and 125minutes by -

0.15
o
C; an increase which could be considered of no practical importance (Figure 4.5.3).  
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Figure 4.5.1.  Mean rectal temperature over the three experiments (n=8) * = P= 0.037 between experiments 1 

and 2 at minutes 45 and 85, †= P = 0.019 between 45 and 125 minutes. NB. Each mean is 

calculated from both RH and TEMP groups and therefore do not reflect the changes 

experienced in each group (i.e. having either torso relative humidity or temperature changed 

first).  
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Figure 4.5.2.  Mean skin temperature over the three experiments (n=8). NB. Each mean is calculated from 

both RH and TEMP groups and therefore do not reflect the changes experienced in each group 

(i.e. having either torso relative humidity or temperature changed first).  
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Figure 4.5.3.  Mean body temperature over the three experiments (n=8). NB. Each mean is calculated from 

both RH and TEMP groups and therefore do not reflect the changes experienced in each group 

(i.e. having either torso relative humidity or temperature changed first).  
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Figure 4.5.4.  Mean torso temperature over the three experiments (n=8). NB. Each mean is calculated from 

both RH and TEMP groups and therefore do not reflect the changes experienced in each group 

(i.e. having either torso relative humidity or temperature changed first).  
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4.5.2. Thermal perceptual responses 

During both the dynamic and stable phases of the experiment, on both the graphic VAS 

and LS, temperature sensation and thermal comfort fluctuated between the same 

descriptors in response to any changes in the torso microclimate. Additionally, in both 

scales and in all the perceptions, the responses to the first step change during the dynamic 

phase were more pronounced than the second. See Figures 4.5.5-8 for a summary of the 

thermal perceptions.  

 

For TC, both scales demonstrated that the participants were comfortable at the beginning 

of each experiment. By minute 40 this level of thermal comfort had steadily decreased to 

slightly uncomfortable on the LS, or in between just-uncomfortable and just-comfortable 

on the graphic VAS. Thermal comfort continued to fluctuate around these descriptors for 

the rest of the experiment. For both scales, there was a trend for a difference to occur 

between the three experiments, but in both cases the difference was too weak to 

distinguish. For TTC, the comfort ratings did not significantly differ on each of the scales. 

The overall pattern of fluctuations in TTC was similar to that of TC, but were slightly more 

sensitive to the changes in the torso microclimate (i.e. the magnitude of the perceptual 

responses were larger). Between the experiments, there was no significant difference (nsd) 

in TTC on the graphic VAS, but on LS, there was a trend for a difference to occur between 

experiments 1 and 3 at minute 85 (P = 0.079). See Figures 4.5.5 & 4.5.6. 

 

For TS, with both scales the participants at the beginning of the experiment reported 

feeling neutral to slightly-warm. On both scales, participants felt warmer (warm) in 

response to the first step change. During the stabilisation phase between step changes, TS 

decreased back to either the original perception that was present prior to the change, or an 

„overshoot‟ occurred in the participants‟ response and they felt slightly cooler (Figure 

4.5.7). For both scales, the mean perceptual vote remained around this latter value for the 

rest of the experiment.  There was a trend for a difference to occur between the conditions 

on both graphic VAS and LS, but in both cases pair-wise comparisons could not detect 

where these differences occurred. For TTS, the votes were similar to TS, but like TTC, 

were more sensitive to the changes in the torso microclimate. The „overshoot‟ response 

after the first step change was more pronounced in TTS than TS (Figure 4.5.8).  For the 

rest of the experiment, mean TTS gradually returned back to the original perception that 

was present at the beginning of the experiment. A significant difference between the 

experiments occurred on both the scales, with TTS in the third experiment being perceived 
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to be cooler than the first in the LS at 85 minutes (P = 0.001), and cooler than both the first 

(P = 0.001) and second experiments (P = 0.027) in the graphic VAS, again at minute 85.  

 

The results of the thermal perceptual responses indicate that the step changes in air 

temperature and relative humidity were successful in influencing thermal perceptions. 

They also demonstrate „overshoots‟ to occur in the perceptions, especially in response to a 

reduction in RH. The differences between the experiments in all the thermal perceptions 

also suggest that there was possibly some adaptation to the sensation of the thermal stimuli 

taking place by the third experiment. 
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Figure 4.5.5.  Thermal comfort over the three experiments as measured by the graphic VAS and LS (n=8) * In 

order to make distinctions between the scales and between the three experiments, the variances 

within the scales are provided in Table 4.5.1. NB. The graphic VAS can be considered to be a 

thermal discomfort scale and therefore mirrors the perceptions measured on the LS. In addition, each 

mean is calculated from both RH and TEMP groups and therefore do not reflect the changes 

experienced in each group (i.e. having either torso relative humidity or temperature changed first).  

 

 



78 

 

1

2

3

4

0

20

40

60

80

100

120

140

160

0 10 20 30 40 50 60 70 80 90 100 110 120 130

T
T

C
 (L

S
)

T
T

C
 (V

A
S

)

Time (mins)

Trial 1 VAS

Trial 2 VAS

Trial 3 VAS

Trial 1 LS

Trial 2 LS

Trial 3 LS
Very Comfortable

Comfortable

Just Comfortable

Just Uncomfortable

Uncomfortable

Very Uncomfortable

Comfortable

Slightly
Uncomfortable

Uncomfortable

Very 
Uncomfortable

 

Figure 4.5.6.  Torso thermal comfort over the three experiments as measured by the graphic VAS and LS 

(n=8) * In order to make distinctions between the scales and between the three experiments, 

the variances within the scales are provided in Table 4.5.1. NB. The graphic VAS can be 

considered to be a thermal discomfort scale and therefore mirrors the perceptions measured on 

the LS. In addition, each mean is calculated from both RH and TEMP groups and therefore do 

not reflect the changes experienced in each group (i.e. having either torso relative humidity or 

temperature changed first).  
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Figure 4.5.7  Temperature sensation over the three experiments as measured by the graphic VAS and LS 

(n=8) * In order to make  distinctions between the scales and between the three experiments, 

the variances for each of the scales are provided in Table 4.5.1. In addition, each mean is 

calculated from both RH and TEMP groups and therefore do not reflect the changes 

experienced in each group (i.e. having either torso relative humidity or temperature changed 

first).  
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Figure 4.5.8.   Torso temperature sensation over the three conditions as measured by graphic VAS and LS 

(n=8) * In order to make distinctions between the scales and between the three conditions, the 

variance within the scales are provided in Table 4.5.1. In addition, each mean is calculated 

from both RH and TEMP groups and therefore do not reflect the changes experienced in each 

group (i.e. having either torso relative humidity or temperature changed first).  

 

 

4.5.3. Sensitivity of the tool. 

The sensitivity of the tool used to record the perceptual measures using the VAS (i.e. the 

touchscreen and associated software program) was calculated to be ±1.46 integers and was 

included in the analyses that determined the variability of the scale.  There was a learning 

effect in the mode of entry with the standard deviation of the measures stabilising after 

seven attempts. Therefore, in the five minute period of familiarisation before the start of 

the first experiment, the participants performed at least seven entries of perceptual data in 

order to minimise any learning effect. 

 

4.5.4. Reproducibility of the scales. 

The results suggest that the graphic VAS scales were more reproducible than the LS. The 

coefficient of variance (CV) was lower in all the thermal perceptions using the graphic 

VAS compared to the LS, except for overall thermal comfort (Table 4.5.1). In addition, 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% 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 
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descriptors for the assessment of TTC in the LS and 6 to 5 descriptors for TC in the 

graphic VAS.  

 

4.5.5. Validity of the scales 

The thermal perceptions measured by the graphic VAS significantly correlated with those 

measured by the LS with the strength of the relationships ranging between r = 0.71 and 

0.87 (P < 0.01) demonstrating high concurrent validity (Table 4.5.2). Both scales 

correlations with body sktorso, sk, Tre were within a similar range (r = 0.18 to 0.58). 

However, the strength of relationship between both body, sk, and both TC and TTC was 

significantly greater in the graphic VAS (Table 4.5.3). 

 

Table 4.5.1. The variability and reproducibility coefficients of the graphic VAS and LS.  

 

Scale  VAS LS 

 RMSE 

(n=8) 

CV (%) 

(n=8) 

RMSE 

(n=8) 

CV (%) 

(n=8) 

TTC 12.28 14.56 0.52 16.50 

TC 14.81 15.65 0.44 14.93 

TSW 15.83 14.73 0.83 24.95 

SW 11.39 9.85 0.72 23.70 

TTS 10.33 10.05 0.77 14.97 

TS 7.91 6.72 0.45 7.70 

 

 *  CV= the coefficient of variance, RMSE = Root mean square error. The results are displayed in reference 

to their scales i.e. for the graphic VAS scales the RMSE is the # of units on the 160 unit scale.  

 

 

Table 4.5.2. The correlations between the LS and graphic VAS scales (n=8). 

Perception TC TTC TS TTS SW TSW 

r 0.781 0.711 0.822 0.848 0.860 0.870 

     * All relationships between the two scales were significant (P < 0.01). 
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Table 4.5.3. The correlations established between the different thermal perceptions and 

physiological variables by the graphic VAS and LS over the whole experiment (n=8).  
 TC TTC TS TTS SW TSW 

Scale VAS LS VAS LS VAS LS VAS LS VAS LS VAS LS 

sktorso 0.366 0.297 0.329 0.339 0.465 0.399 0.319 0.341 0.342 0.345 0.248 0.216 

sk, 0.538
*† 

0.371 0.399
*† 

0.283 0.398 0.300 0.168 0.149 0.367 0.307 0.220 0.184 

body 0.576
*† 

0.447 0.468
*† 

0.389 0.402 0.333 0.149 0.161 0.427 0.434 0.317 0.337 

Tre 0.386 0.336 0.334 0.389 0.293 0.268 0.130 0.162 0.258 0.340 0.181 0.267 

 

 

Stable (0-55mins) vs. dynamic phases (60-130mins) 

For both the scales, the relationships between TC, TTC and body sktorso, sk, and Tre were 

similar for each of the phases examined (i.e. stable and dynamic). However, within the 

other perceptual measures there was a tendency for the relationships between the 

physiological and perceptual measures to be stronger during the stable phase than the 

dynamic. In both scales, the relationships with TS and all the physiological measures were 

significantly stronger in the stable phase than dynamic (P <0.05). For SW and TSW, with 

the LS, the relationship between SW and Tre was significantly stronger during the stable 

phase compared to dynamic (P < 0.05) and in the graphic VAS, a significant difference in 

the strength of the relationship between stable and dynamic occurs between TSW and body 

(P < 0.001). With LS, the relationships between TTS and both body and Tre were also 

stronger during the stable, than dynamic (P < 0.05). Between the two scales, graphic VAS 

established significantly stronger relationships between some of the physiological variables 

and perceptions in both the stable and dynamic phases compared to LS (Tables 4.5.4-7).   

 

The results demonstrate that, with the exception of TC and TTC, both scales were a more 

valid tool to measure thermal perceptual responses to stable skin temperatures, but the 

VAS was more sensitive to changes in TC, TTC and TS in response to fluctuating skin 

temperatures. 

 

Table 4.5.4. The correlations established between the different thermal perceptions and Tre 

within the graphic VAS and LS in the stable and dynamic phases (n = 8). 
 TC TTC TS TTS SW TSW 

Scale VAS LS VAS LS VAS LS VAS LS VAS LS VAS LS 

Stable 0.346 0.270 0.244 0.278 0.358* 0.335* 0.150 0.282* 0.284 0.301* 0.158 0.214* 

Dynamic 0.312 0.285 0.287 0.260 0.152 0.156 0.097 0.105 0.205 0.066 0.268 0.088 

* Significant difference between stable and dynamic within a scale (P < 0.05) 
 

* Significant relationships established (P < 0.05). †Significant difference between VAS and LS (P < 0.05) 
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Table 4.5.5. The correlations established between the different thermal perceptions and 

sktorso within the graphic VAS and LS in the stable and dynamic phases (n = 8). 
 TC TTC TS TTS SW TSW 

Scale VAS LS VAS LS VAS LS VAS LS VAS LS VAS LS 

Stable 0.408† 0.274 0.253 0.217 0.562* 0.519* 0.252 0.377 0.469 0.406 0.292 0.218 

Dynamic 0.319 0.288 0.361 0.382 0.385 0.304 0.347 0.323 0.277 0.345 0.205 0.190 

* Significant difference between stable and dynamic within a scale (P < 0.05), † significant difference 

between the graphic VAS and LS (P < 0.05). 
 

 

Table 4.5.6. The correlations established between the different thermal perceptions and sk 

within the graphic VAS and LS in the stable and dynamic phases (n = 8). 
 TC TTC TS TTS SW TSW 

Scale VAS LS VAS LS VAS LS VAS LS VAS LS VAS LS 

Stable 0.513† 0.343 0.311 0.225 0.466* 0.411* 0.135 0.243 0.472 0.381 0.290 0.245 

Dynamic 0.577† 0.393 0.474 0.313 0.345† 0.184 0.180 0.096 0.432 0.349 0.273 0.175 

 

 

 

 

Table 4.5.7. The correlations established between the different thermal perceptions and 

body within the graphic VAS and LS in the stable and dynamic phases (n=8). 
 TC TTC TS TTS SW TSW 

Scale VAS LS VAS LS VAS LS VAS LS VAS LS VAS LS 

Stable 0.496† 0.361 0.350 0.320 0.485* 0.441* 0.196 0.338* 0.428* 0.375 0.271* 0.272 

Dynamic 0.574† 0.433 0.472† 0.345 0.255 0.184 0.098 0.065 0.156 0.260 0.012 0.172 

* Significant difference between stable and dynamic within a scale (P < 0.05), † significant difference 

between the graphic VAS and LS (P < 0.05). 

 

 

4.5.6 Relationships between thermal perceptions 

Comparisons With both of the scales, apart from TTC, TS was more closely related to TC 

than the other thermal perceptions, and therefore is considered the better determinant of 

thermal comfort (Table 4.5.8). 

 

Table 4.5.8. The relationships between the thermal perceptual measures and thermal 

comfort in both graphic VAS and LS (n = 8). 

 

 

 

Perception TTC TS TTS SW TSW 

Scale VAS LS VAS LS VAS LS VAS LS VAS LS 

TC 0.900 0.819 0.534 0.472 0.358 0.273 0.432 0.297 0.426 0.375 

* Significant difference between stable and dynamic within a scale (P < 0.05), † significant difference 

between the graphic VAS and LS (P< 0.05). 
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4.5.7 Comparison of thermal perceptual responses to temperature and relative humidity 

changes 

From the comparisons of the perceptual responses between the TEMP and RH groups, it 

was observed that the magnitude of the perceptual response is greater during changes in the 

RH than changes in the temperature of the air ventilated through the APV. This 

observation is illustrated in Figure 4.5.9 which displays the changes in sktorso and TC of 

both the TEMP and RH groups within experiment 2 and is reflective of the both 

experiment 1 and 3.  For both of the groups, the change in relative humidity caused a 

greater change in both sktorso and TC than the change in temperature. The greater influence 

of a change in RH on the thermal perceptions in the RH group was also reflected in the 

mean data presented in Figures 4.5.5-8, as the largest deflection in thermal perceptions 

occurs during this first intervention period. 
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Figure 4.5.9.  Comparison of changes in Tsktorso and TC in the TEMP and RH groups over the three 

experiments (n=8). NB. TEMP had temperature step change first and RH had relative 

humidity change first. 

 

 

Figure 4.5.9 also demonstrates that the perceptual responses towards a change in the 

ventilated air of either RH or temperature were more pronounced when the type of change 

was the first step change i.e. at 60 minutes. Therefore, the following comparisons between 

the thermal perceptual responses to either a step change in air RH or temperature were 

from the first step change. The average change in TC in response to a step change in 
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relative humidity was ~+15-20 units during the increase to 80% RH and -15-25 units in the 

gradual decrease back to 30% RH. The magnitude of change in TC in response to a step 

change in temperature was much less, with a decrease in temperature promoting either an 

increase or decrease in TC of ~5-10 units and the increase in temperature back to 35
o
C 

eliciting an increase in TC of ~ 5 units. Across the experiments there were intra and inter-

individual differences between the thermal perceptual responses to temperature changes, 

with a decrease in temperature either causing increase or decrease in TC, whereas the 

increase in temperature generally caused participants to feel slightly more uncomfortable.   

 

To help explain the observation that perceptual responses were more sensitive to changes 

in the relative humidity than temperature, the rate and absolute change in sktorso was 

calculated for the first step change in which these changes occurred.  The absolute and rate 

of change in sktorso was higher during both the increase and decrease in RH than that seen 

with changes in temperature (Absolute change: +0.84
o
C vs. +0.44

o
C and -1.18

o
C vs. -

0.55
o
C, Rate of change: +0.084

o
C.min

-1 
vs. +0.030

o
C.min

-1 
and -0. 118

o
C.min

-1 
vs. -

0.037
o
C.min

-1
). In addition, the absolute and rate of change of sktorso were larger during 

the fall from 80% RH to 30%, than during the initial increase, which may partly explain 

the overshoot response that occurs in the perceptual measures. 

 

4.6 DISCUSSION 

Visual analogue scales (VAS) have been used in psychological research for over 60 years, 

however, within thermophysiology, the use of VAS is relatively new, with the first VAS 

being introduced in the late 1980s (Hoffman & Pozos, 1989). Therefore, the 

reproducibility and validity of VAS is well established in the measurement of perceptions 

such as pain, hunger, depression, breathlessness, and exertion during exercise (Flint et al., 

2000; Grant et al., 1999; Pfennings et al., 1995; Price et al., 1983), but not for thermal 

perceptions. The current study is the first to examine the reproducibility and validity of a 

VAS for the measurements of overall and local, temperature sensation, thermal comfort 

and skin wettedness in both stable and non-uniform, dynamic thermal environments. The 

results from this study support those found within clinical psychological research, with the 

VAS being more reproducible than the LS (Grant et al., 1999; Price et al., 1983) and 

having a greater sensitivity (Grant et al., 1999; Lee et al., 2009; Price et al., 1983; 

Pfennings et al., 1995; Sriwatanakul et al., 1983).  
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4.6.1 Reproducibility 

In some studies that have assessed the reliability of tools to measure objective data, a 

coefficient of variance (CV) below 10% has been arbitrarily chosen as an acceptable level 

of reliability (Hopkins, 2000). However, this level of acceptance is largely dependent upon 

the type of measure, and therefore should not be considered as the gold standard (Atkinson, 

2003). Due to a greater level of inter- and intra-individual variation, CVs in subjective data 

are relatively larger than objective data, ranging between 7-28% (Cella & Perry, 1986; 

Flint et al., 2000; Pfennings et al., 1995). Due to the construct of perceptual measures, that 

being of a more dynamic and subjective phenomena, it is difficult to provide guidelines to 

evaluate their reliability (Wewers & Lowe, 1990). However, within psychometric 

measures of pain, a CV below 20% is generally considered as a good indicator of 

reliability (Personal communication with Dr. Shaun Kilminster, Head of statistics and 

ethics, Institute of Naval Medicine, Gosport). The CVs of the thermal perceptions as 

measured with both the graphic VAS and LS were below 20%, with the exception of local 

and overall skin wettedness in the LS. It was also apparent that the CVs were numerically 

smaller in the graphic VAS than the LS, with the exception of thermal comfort. Therefore, 

it can be concluded that both scales are reproducible measures of subjective data, but the 

graphic VAS have a tendency to be slightly more reproducible.  

 

The variability in the RMSE as a percentage of the overall scale was relatively larger in the 

LS than the graphic VAS. The 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. Several reasons could account for this, but it is more likely 

to be due to the fact that any change in the LS accounts for 14-25% of the total scale 

compared to 0.08% in the VAS. In extreme cases, this variance reduced the number of 

descriptors the scales could distinguish, especially for TC and TTC. A greater reduction in 

the number of descriptors in both of the scales for TC and TTC, demonstrates that both 

scales are less able to discriminate between the perceptions of TC than TS. This is 

probably due to the construct of this measure that results in a greater level of inter-and intra 

individual variability (see Chapter 2 for review).  

 

The tendency for graphic VAS to be more reproducible may have been promoted by the 

design of the graphic VAS. Traditional VAS are comprised of a straight line with end 

anchors that define the extreme limits of a specific sensation i.e. very comfortable or very 

uncomfortable (Scott & Huskinson, 1976). The VAS used in the current investigation was 



86 

 

a graphic scale which combines a VAS with a categorical scale. This type of VAS has been 

identified to be more reproducible than the traditional VAS (Lee et al., 2009; Scott & 

Huskinson, 1976). It is believed that the inclusion of descriptors along the straight line 

decreases the variability within the scale, especially over repeated measures, as they aid the 

user in conveying their subjective feelings and also offer a reference point for the user to 

refer back to (Scott & Huskinson, 1976).  

 

4.6.2 Validity 

The graphic VAS demonstrated good concurrent validity and therefore the first hypothesis 

can be accepted. The strength of the relationships between the graphic VAS and LS within 

the separate thermal perceptual measures ranged between r = 0.71 and 0.87. The graphic 

VAS also demonstrated a tendency to have a greater level of convergent validity than the 

LS. The relationships between the physiological and perceptual measures tended to be 

stronger within the graphic VAS, especially within the perception of thermal comfort 

where this difference reached a level of significance in both the stable and dynamic phases. 

  

In the stable phase, the graphic VAS had significantly stronger relationships between 

thermal comfort and the physiological measures of sktorso, sk and body. During the 

dynamic phase, the greater sensitivity of the graphic VAS includes stronger relationships 

between sk and both TTC and TS, and body and both TC and TTC. A greater convergent 

validity of the graphic VAS than LS is also present during dynamic thermal stimuli. The 

graphic VAS possessed an equal capability to detect changes in the physiological measures 

in both the stable and dynamic phases, whereas the LS had relatively stronger relationships 

between the perceptual and physiological measures in the stable phase than in the dynamic. 

These findings indicate that the graphic VAS have a greater sensitivity to changes in the 

skin and body temperatures than the LS in both stable and dynamic phases and therefore 

the second hypothesis is accepted. 

 

A recent investigation that used a graphic VAS to assess temperature sensation in a 

dynamic thermal environment also found the graphic VAS to have a greater sensitivity to 

changes in skin temperature than a traditional categorical scale (Lee et al., 2009). In this 

investigation, the participants‟ whole body, head and hand temperature sensations were 

assessed every five minutes by both a 9-point Likert scale (CS) and a 9-point graphic VAS 

(graphic CS) during two cycles of 20 minutes of exercise (70-80% HRmax) followed by 

ten minutes of rest. The authors found, similar to the current investigation, that the 
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relationship between the temperature sensation and mean skin temperature was significant 

in the graphic CS, but insignificant in the CS. They also found that in dynamic thermal 

simulation (i.e. during exercise), the CS tended to overestimate the change in skin 

temperatures compared to graphic CS, and underestimate temperature sensation during 

rest. The authors suggest that these exaggerations in temperature sensations were probably 

a result of the participants being forced to choose between descriptors that may not truly 

reflect their sensation to the thermal stimuli.  

 

The characteristic of a VAS to enable finer adjustments explains the greater sensitivity in 

the VAS in both the study of Lee et al. (2009) and the current investigation. However, the 

greater ability of the VAS in the current investigation to assess changes in thermal comfort 

may also be due to the fact that the VAS contained six descriptors for thermal comfort, 

whilst the LS contained four. 

    

4.6.3 General relationships between the physiological and perceptual measures 

With both VAS and LS, body had the strongest relationship of the physiological variables 

with both TC and SW. Between Tre and sk, sk was the next best predictor of TC and SW, 

reinforcing the importance of skin temperature on thermal comfort in dynamic 

environments (Flouris & Cheung, 2009; Frank et al., 1999). Given the nature of the 

perception, it is not surprising that TS was more closely associated with the skin 

temperatures than the other physiological variables. What is interesting is that the 

relationship between TS and Tsktorso, was stronger than Tsk, demonstrating the effect of 

local sensation on overall sensation; an effect that has previously been observed in several 

investigations (Cotter et al., 1996; Zhang, 2003; Zhang & Zhoa, 2006a).  

 

Between the perceptual measures, overall and local TS, TTS and SW had relatively 

stronger relationships with the physiological variables during the stable phase, than the 

dynamic phase (except for TTS and sktorso), whereas the relationships with TC do not alter 

between the phases. Therefore, except for TC, we can accept the third hypothesis that the 

relationships between the physiological and perceptual stimuli would be weaker during the 

dynamic phase compared to the stable phase. The change in the relationships in TS and 

TTS between the two phases, i.e. weaker relationships during the dynamic phase, is 

probably due to its closer association with skin temperature, especially sktorso. Rapid 

changes in skin temperature promote „overshoots‟ in both the thermoreceptors and thermal 

sensations in relation to the change in absolute temperature, thereby weakening the 
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relationship (Dostrovsky & Hellon, 1978; de Dear et al., 1993; Nagano et al., 2005; Zhang, 

2003; Zhou et al., 2004). „Overshoots‟ in the thermal perceptions were present in the 

current study especially in response to changes in the relative humidity of the torso 

microclimate. These relationships may have also been affected by intra-individual 

differences in the response to the rapid changes in skin temperature; for example, a study 

that examined the individual responses of pain to temperature stimuli found that 60% of 

the total variance in pain scores measured by a VAS, were due to individual differences, 

whereas the temperature stimuli only accounted for 40% (Nielsen et al., 2005).  

 

Out of the three overall perceptions (i.e. TS, TC and SW), SW is relatively less associated 

with the physiological variables than the others. However, this is not surprising since the 

physiological variables with which SW is generally associated (i.e. relative humidity of the 

skin or the fraction of total skin surface wet with perspiration) were not measured in this 

study. Skin wettedness also demonstrated a weaker relationship with TC and was less 

reproducible than TS, and therefore the least accurate perception to determine thermal 

comfort in the conditions of the present study. The latter finding conflicts with previous 

evidence that suggest skin wettedness is one of the main determinants of thermal comfort 

(Fukazawa & Havenith, 2009; Gagge et al., 1986; Nishi & Gagge, 1977). However, these 

observations were generally based on the relationship between thermal comfort and the 

physiological measure of skin wettedness, rather than the perceptual measure. This may 

indicate that either: 1) Thermal comfort is not determined by the perception of skin 

wettedness, but the physiological impact (i.e. changes in skin temperature), or 2) the 

participants could not understand the concept or construct of the skin wettedness scale, 

both of which will increase the variability within the measure (McCormack et al., 1998).  

 

The results from the current study also indicated that there may have been a level of 

„adaptation‟ to the temperature stimuli occurring in the perceptual measures. By the 85
th

 

minute, TTS, as measured by the VAS, was significantly lower in the last experiment 

compared to the first and second experiment. This possible adaptation was also reflected in 

TC (measured by the VAS) and with TTC (measured by the LS), with both demonstrating 

a trend to be lower in the last experiments than the other two experiments. These 

differences occurred with no corresponding differences in the physiological parameters, 

indicating that this adaptation occurs somewhere along the neuronal pathways responsible 

for the conscious perception of thermal stimuli (see Chapter 2 for review). 
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4.6.4 Thermal perceptual responses to relative humidity and temperature changes 

Changing the RH of the microclimate was more effective in manipulating skin temperature 

than a change in temperature, which was reflected in the thermal perceptions. This 

difference in the capability to manipulate skin temperatures is not surprising considering 

the coefficient for evaporative heat loss is higher than both convective and conductive heat 

loss (see Chapter 2). To elicit step changes in RH, the water vapour pressure (WVP) was 

either increased or decreased, whereas it remained constant during the changes in 

temperature. These fluctuations in WVP of the air would have influenced the difference 

between the partial pressures of WVP at the skin surface and in the microclimate 

surrounding the skin thereby promoting differences in the rate of evaporative heat transfer 

(see Chapter 2 for equations).  

 

This difference between the two different step changes (i.e. step change in RH or 

temperature of the air) in their capability to manipulate both skin temperature and thermal 

perceptions provide an indication to the absolute and rate of change in torso skin 

temperature required to promote significant changes in the thermal perceptions. This 

information is useful for the design of the intermittent cooling profiles that will be 

evaluated in subsequent studies of this thesis.  

 

4.6.5 Suggestions for future studies 

The results from the current study have provided large amounts of information that will 

facilitate the design of the subsequent studies included in this thesis. The most relevant 

information is listed below:  

 

1) The graphic VAS are relatively more reliable to assess thermal perceptions than LS 

in non-uniform, dynamic thermal environments, and therefore should be utilised in 

future investigations conducted in this type of environment. 

2) Compared to TS, the perception of SW is not a good indicator of thermal comfort 

and less reproducible and therefore will not be collected in future studies. 

3) The variability of TC with the VAS is 15.0 units and should be used in order to 

evaluate the sample size required for future studies that utilise the scale. 

4) Mean rectal temperature took ~ 60 to 70 minutes to stabilise, a time period that 

should be taken into consideration in the designs of future intervention studies that 

require the achievement of thermal stability. 



90 

 

5) A step change in relative humidity of the torso microclimate is more effective at 

manipulating skin temperatures than step changes in temperature. 

6) It is important to randomise any interventions that are compared within a study due 

to a possible adaptation that may occur in the thermal perceptual responses in 

repeated exposures to thermal stimuli. 

 

4.7 CONCLUSION 

 

It is concluded that the graphic VAS should be used for the measurement of thermal 

perceptions especially, in non-uniform, dynamic thermal environments and therefore will 

be used in subsequent studies included in this thesis.  
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CHAPTER 5  

 

The influence of the rate of torso skin temperature change on thermal 

perceptions during moderate exercise in the heat 

 

5.1 INTRODUCTION 

 

It is well established that temperature sensation and  thermal comfort responses are 

dependent upon several factors such as: 1) rate of skin temperature change (Kenshalo & 

Holmes, 1968; Kenshalo & Ducleaux, 1977; Molinari et al., 1977),  2) absolute change in 

skin temperature (Kenshalo & Ducleaux, 1977; Zhang 2003),  3) size of stimulus area 

(Green & Zaharchuk, 2001; Stevens et al., 1974), 4) region of body (Green & Zaharchuk, 

2001; Stevens, 1979; Stevens & Choo, 1998; Zhang, 2003), 5) adapting skin temperature 

(de Dear et al., 1993; Kenshalo & Holmes, 1968; Molinari et al., 1977), and 6) initial deep 

body temperature (Chatonnet & Cabanac, 1965; Frank et al., 1999; Hensel, 1981). 

Therefore, it is important to consider each of these factors in the design of any intermittent 

cooling profile intended to enhance thermal comfort via fluctuations in local skin 

temperatures. Situations where an air-perfused vest (APV) will most likely be utilised 

restrict the ability to change factors five and six to enhance thermal comfort. These factors 

will be determined by the environmental conditions and exercise intensity, both of which 

either cannot be changed, or ideally should not be changed in order to maintain 

performance. Factors three and four are also restricted due to design of the APV that will 

be used to manipulate skin temperatures.  Therefore, the only factors that can be 

manipulated to enhance thermal comfort are; absolute and rate of change in torso skin 

temperature. 

 

In Chapter 4, guidelines were provided for the magnitudes of the absolute and rates of 

torso skin temperature change required to elicit significant changes in thermal comfort. 

These guidelines were established by examining the perceptual responses to step changes 

in either the relative humidity or temperature of the air perfused through an APV. It was 

concluded that a rate of change in torso skin temperature of between 0.084-0.118 
o
C.min

-1
 

was sufficient to cause significant changes in thermal perceptions, whereas a rate of 

0.043
o
C.min

-1
 was insufficient. It was also observed that changing the relative humidity of 

the air of the torso microclimate was more effective at manipulating skin temperature and 

thermal perceptions than changing the temperature of the air. Therefore it was concluded 
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that the design of any intermittent cooling profiles to be evaluated in subsequent studies 

should incorporate fluctuations in relative humidity of the perfused air, rather than 

temperature. However, this may pose a technical challenge. In order to control relative 

humidity, the fan that circulates air through the garment would have to incorporate a 

dehumidifier and humidifier that are electronically controlled. The equipment designed to 

control the relative humidity of the perfused air in the study described in Chapter 4 

struggled to control relative humidity outside the parameters of the specific step change. 

This level of control may be compromised to a greater extent in a micro level system or 

under more complex intermittent cooling profiles. In addition, a water source would have 

to be incorporated into the design of the APV, thus increasing the weight and bulk of the 

APV.  

 

Changing the temperature of the air perfused through an APV would be a more practical 

method of manipulating torso skin temperature. The temperature of the air could be easily 

controlled by the use of a Peltier system, vapour phase refrigeration or a compressed air 

source; technologies that have already been utilised in portable systems (Iverson & 

Carimella, 2008; Lepilov, 2006). However, in the study described in Chapter 4, a 10
o
C step 

change in the perfused air at a rate of 1.0
o
C.min

-1
 did not elicit significant changes in 

thermal perceptions, which poses the question: what changes in the temperature of the 

perfused air, and at what rate, are necessary to produce significant changes in thermal 

perceptions?  

 

From studies that have investigated the effects of the rate of change in local skin 

temperatures on thermal perceptions, it is quite clear that the rate of skin temperature 

change is positively correlated with changes in thermal comfort (Hensel, 1981; Hexamer & 

Werner, 1997; Keatinge et al., 1986; Zhang, 2003). Of these studies, Zhang (2003) is 

probably the most relevant to the current investigation. Zhang (2003) provided intermittent 

cooling to several regions of the body by an air source that was either heated or cooled. 

Intermittent cooling was provided whilst participants rested in several environmental 

conditions including ambient temperatures that could be considered to be warm and hot 

(i.e. 28
o
C and 32

o
C). The results from this study suggested that a rate of change in back 

and chest skin temperature of 0.41
o
C.min

-1 
improved thermal comfort by three points on a 

six point scale, whereas a change in back and chest skin temperature of 0.14 – 0.17
o
C.min

-1 

improved thermal comfort by one to two points. In this study the temperatures of air used 

for the faster and slower rates of change were 14 and 23-28
o
C respectively. The slower rate 
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of skin temperature change is similar to that caused by the relative humidity change in 

Chapter 4 (i.e. 0.118
o
C.min

-1
) and had a similar influence on thermal perceptions. 

 
Both 

rates of change in skin temperature were larger than that caused by the temperature change 

in Chapter 4, suggesting that perfused air temperatures lower than 25
o
C are required to 

significantly influence thermal perceptions. 

  

Zhang (2003) also found an exponential relationship between absolute local skin 

temperature change and thermal comfort, where the relationship between the two measures 

starts to plateau at a local temperature change of between 4-5
o
C. A similar exponential 

relationship has been identified for mean skin temperature in office environments, where 

the linear relationship between absolute mean skin temperature change and temperature 

sensation starts to plateau around -3
o
C and +1

o
C (Fiala & Lomas, 2001). During 

intermittent cooling in liquid-perfused garments, an absolute change of 1-2.3
o
C has not 

been found enough to elicit large changes in thermal comfort (Keatinge et al. 1986; 

Vernieuw et al., 2007). The disparity between the conclusions of these studies for the 

absolute temperature change required to significantly influence thermal perceptions, 

highlight that relationships between thermal perceptions and physiological changes are not 

always transferable between environmental conditions. 

 

These investigations provide some valuable information on the influence of the rate and 

absolute skin temperature change on thermal perceptions. However, they may not be 

applicable to the thermal conditions experienced by individuals wearing an APV whilst 

working, or exercising in a hot environment.  In each case, the experimental design either 

involved different methods of cooling (i.e. liquid-perfused garments), ambient 

temperatures and/or physical activity; all of which could influence thermal perceptual 

responses. Therefore, the aim of this study was to investigate the influence of the absolute 

and rate of torso skin temperature change caused by the perfusion of an APV on thermal 

perceptual responses during moderate exercise in a hot environment. The information from 

this study will be used to provide guidelines for the design of the intermittent cooling 

profiles that will be evaluated in subsequent studies. 
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5.2. HYPOTHESES 

 

 

The experimental hypotheses (H1) are as follows: 

 

H11   A faster rate of change in local and mean skin temperatures will cause significantly 

greater magnitudes of change in thermal perceptions (i.e. TC & TS). 

  

H21  A greater absolute change in local and mean skin temperatures will cause  

significantly  greater magnitudes of change in thermal perceptions (i.e. TC & TS). 

 

 

5.3 METHOD 

 

5.3.1 General design 

A group of twelve physically active male participants completed three single blind 

conditions in which they exercised at a moderate intensity (~30% O2peak) in a hot 

environment (Mean [SD]: 35.07 [0.54]
o
C, 52.14 [9.78] % RH) for approximately 70 

minutes. Each condition was separated by 2-4 days to minimise any acclimation and the 

order of the conditions was randomly assigned using a Latin square. The same clothing 

ensemble was worn by the participants, which was used in the study described in Chapter 

4, with the APV again being worn directly over the skin of the torso.  Each condition 

commenced with the participants running at a self-selected pace for ten minutes in order to 

raise deep body temperature and minimise the time to reach thermal stability. Upon 

cessation of the run, the APV was perfused with air that was the same temperature as 

ambient (~35
o
C) for 15 minutes. This was followed by two periods where the APV was 

ventilated with a lower temperature of either ~26
o
C, ~20

o
C, ~15

o
C (depending on the 

condition) until the participants‟ abdominal skin temperature fell by 2-3
o
C. Overall thermal 

comfort (TC), torso thermal comfort (TTC), temperature sensation (TS) and torso 

temperature sensation (TTS) were measured before and after the ten minute run, before and 

after specific cooling periods and at 1
o
C, 2

o
C and 3

o
C falls in abdominal skin temperature. 

 

5.3.2 Sample size estimation 

Sample size estimates were made a priori using α = 0.05, standard deviation of 15.0, a 

difference to detect 16.0 and β = 0.2. Power analysis revealed that eight participants each 

with three replicates were required to satisfy the power requirements of 0.8. However, 

twelve participants were recruited in order to satisfy the Latin square required for the 

randomization of the three conditions.  

A greater absolute change in local and mean skin temperatures will cause significantly 

greater magnitudes of change in thermal perceptions (i.e. TC & TS). 
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5.3.3. Participants 

The participants‟ characteristics are summarised in Table 5.3.1. Each participant was 

considered to be physically active by participating in physical activity that elicits 60-80% 

of O2max at least three times a week.  

 

Table 5.3.1 Mean (SD) participants characteristics (n = 12) 

Mass (kg) Height (m) Age (yrs) BSA (m
2
) 

% of body 

fat 

72.34 (8.26) 1.80 (0.07) 20.3 (1.3) 1.92 (0.13) 15.19 (4.71) 

 

5.3.4 Main Experimental Design 

 

5.3.4.1 Familiarisation with the thermal perceptions 

Before the commencement of their first condition, each participant visited the lab to 

undergo familiarisation to the perceptual scales. The familiarisation comprised two phases. 

The first phase involved providing the participant with a written description of the concept 

behind each of the perceptual measures that was originally adapted from Gagge et al. 

(1967) (Personal communication with Nigel Taylor, Associate Professor, University of 

Wollongong). See Appendices B and C. The second phase involved familiarising the 

participant to the mode of entering their thermal perceptions. It was identified in Chapter 4, 

that seven attempts were necessary for individuals to become familiar with the mode of 

entry (i.e. moving the marker on the graphic VAS using a stylus on a touchscreen). 

Therefore, after it was established that the participants understood the concept of the 

thermal perceptions, they walked on a treadmill at the same speed used in the main 

experiment (5km.hr
-1

, 2% incline) for a total of ten minutes, whilst entering thermal 

perceptions every minute. In order for the participant to become familiar with entering 

perceptions over the whole range of the graphic VAS, the participants were assigned with 

thermal perceptions that they had to enter, which were interspersed with their own 

evaluations of their thermal perception. The familiarisation took place in the same climatic 

chamber (Tamb = ~23
o
C) and experimental set up that was used in the main experiment. 

The psycho-physiological scales used to assess these perceptions were similar to those 

used in Chapter 4, but included some modifications that are described in Section 5.3.5  

 

5.3.4.2 Main experiment  

Each participant reported to the laboratory at the same time of day for each of the three 

conditions. Upon arrival the participants were instructed to empty their bladder before 
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nude and clothed body masses were measured. The participants then self-inserted a rectal 

thermistor (MSR DS18B20) 12 cm beyond the anal sphincter. Participants were then 

instrumented to measure local skin temperature (Tskloc), torso relative humidity (RHtorso), 

and heart rate (fc). Instrumentation took approximately 30 minutes in a room held at a 

constant temperature of ~23
o
C and 40% RH. Once instrumented, resting physiological 

measurements were taken, after which the participant entered the chamber for the 

commencement of the condition. 

 

In order to reduce the time taken to reach thermal stability that was experienced in the 

study described in Chapter 4 (i.e. ~ 60-70 mins.), each condition began with the participant 

jogging at a self-selected speed for ten minutes (mean [SD] speed = 9.3 [0.8] km.hr
-1

). A 

reduction in this time period was deemed necessary to prevent fatigue or boredom; both of 

which could influence thermal perceptions. A ten minute jog period at a self-selected speed 

has previously been shown to minimise the time period taken to reach thermal stability in 

similar experimental conditions to those of the current study (Newton et al., 2007).  

 

After the ten minute jog, the participant walked at 5km.hr
-1

, 2% incline for 15 minutes 

during which the APV was initially perfused with air of ~35
o
C. This 15 minute time period 

was shown in pilot tests to be of adequate length for the participants‟ torso skin 

temperatures to plateau. This period is called the „stabilisation period‟. After the 15 minute 

stabilisation period, the APV was perfused with one of the three different air temperatures 

(Air15 = ~15
o
C, Air20= ~20

o
C, Air26 = ~26

o
C) until the abdominal skin temperature reduced 

by 2-3
o
C. This period is called „Cooling Period 1‟ (C1). Once the abdominal skin 

temperature had fallen by 2 or 3
o
C, the APV was again perfused with air of ~35

o
C for 15 

minutes, a time period that was shown through pilot tests to be adequate for the 

stabilisation of torso skin temperatures after a cooling period. After this 15 minute period, 

the APV was again perfused with the same temperature of air as in Cooling Period 1 until 

the abdominal temperature dropped again by either 2 or 3
o
C. This period is called „Cooling 

Period 2‟ (CP2). See Figure 5.3.1 for schematic diagram of the study. 
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Figure 5.3.1. Schematic diagram of main experimental design. The solid lines represent the targeted  

changes in Tabdominal in response to the three different air temperatures. The jog period lasted 

10 minutes. The initial perfusion of ~35
o
C lasted 15 minutes. The duration of the two 

cooling periods were not the same for each rate due to the time taken for abdominal skin 

temperature to fall to 2 or 3
o
C was different for each air temperature * denotes the time 

point of when perceptual measurement were taken.  

  

 

An ideal absolute temperature fall in local skin temperature of 3-4
o
C was initially chosen 

because previous research has shown that a drop of 3-5
o
C is optimal for improving thermal 

comfort (Hexamer & Werner, 1997; Zhang, 2003). However, in the present experiment a 

temperature drop of only 3
o
C was achieved by Air15 and Air20, and a drop of only 2

o
C was 

achieved by Air26.  

 

The abdominal skin temperature (Tabdominal) was chosen as a site on the torso that represents 

an absolute fall in mean torso skin temperature ( sktorso). There were several reasons for 

this choice. Firstly, previous evidence has shown that local skin temps can negatively 

-1
o
C 

-2
o
C 

-3
o
C 

Initial ventilation of air (35oC) to AVP 
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Period Cooling Period 1 Cooling Period 2 

* 
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* 
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* 
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affect overall thermal comfort if it is too different from the average of other local and mean 

skin temperatures (Candas & Dufour 2007; Cotter et al., 1996; Zhang & Zhao, 2006b). 

From the results of pilot studies, Tabdominal was shown to be one of the two most responsive 

torso skin temperatures to the addition of cooled air into the APV, the other being the right 

oblique Tr.oblique; therefore, Tabdominal was selected as an attempt to prevent the negative 

effect of disproportionate changes in local skin temperature. Secondly, in human 

thermophysiological studies that are conducted in the heat, it is not uncommon for skin 

thermocouples to become detached from the skin. This would be problematic if sktorso was 

used, as some of its composite skin temperatures were not accessible under the APV for 

reattachment. Out of the Tr.oblique and Tabdominal, Tabdominal was the most accessible to re-

attach if the skin thermocouple became detached, further supporting its choice as the site to 

represent changes in sktorso 

 

Thermal perceptions (TC, TTC, TS, TTS) were measured at: 1) the beginning of the 

condition (time zero), 2) after the 10 minute jog, 3) before and after each cooling period, 

and 4) at each 1
o
C fall in Tabdominal in both C1 and C2. If a participant‟s Tabdominal did not 

reach the target of 2 or 3
o
C, thermal perceptions were taken at the time point at which the 

Tabdominal started to plateau. A plateau in abdominal skin temperature was defined as no 

change in abdominal skin temperature greater than ± 0.2
o
C for 30s; a time period which 

allows the participant sufficient time to make their vote within the local skin temperature 

adaptation time of 30-50s (Craig and Dostrovsky, 1991; Kenshalo & Ducleaux, 1977). 

Physiological measurements of rectal temperature (Tre), local skin temperature (Tskinlocal), 

and mean local relative humidity (RHlocal) were continuously recorded and viewed online 

at 10s intervals using a data acquisition system (B10030, MSR, Switzerland). They were 

analysed at 1 minute intervals and used to calculate mean skin temperature ( sk), ( sktorso) 

and torso relative humidity (RHtorso). Heart rate (fc) was manually recorded at 5 and 9.5 

minutes during the initial run period (Polar Beat, Polar Electro OY, Finland), and every 10 

minutes thereafter.  

 

Upon completion of each condition, in order to calculate the participant‟s sw, nude and 

clothed body mass were recorded, as well as the volume of water consumed during the 

condition. Participants were allowed to consume water ab libitum throughout each 

condition.  The participants were also instructed to consume a volume of water equivalent 

to 1.5 times the amount lost during the condition. Each condition was separated by a 

minimum of 48 hours and a maximum of 6 days. 
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5.3.4.3 Method of changing temperature 

The temperature of the air perfused through the APV was manipulated by diverting a 

compressed air source via a copper coil through water baths of either cold (0
o
C, 10

o
C, or 

20
o
C) or hot water (35

o
C) to provide air temperatures of ~15

o
C, ~20

o
C, ~26

o
C, or ~35

o
C, 

respectively. The water baths were located outside the chamber. The air was delivered 

back into the chamber via a combination of copper and reinforced polythene tubing, both 

of which were insulated to prevent heat loss or gain to/from the environment. The air was 

diverted to flow either through the hot or cold water baths via a 12V solenoid valve which 

was controlled by a switch that was located outside the chamber. The flow rate of the air 

supply to the APV was controlled at 12.3 ft
3
.min

-1 
(348 L.min

-1
), in order to create a 

homogenous microclimate underneath the APV. A flow rate of above 10 ft
3
.min

-1
 (283 

L.min
-1

) has been identified in air cooling garment studies as an effective flow rate  to 

provide sufficient cooling capacity to the torso in order to reduce heat storage of the body 

(Chen et al., 1997; Kaufman, 2001; Speckman et al., 1988). This flow rate was also the 

maximum flow rate that could be achieved within the lab. The RH of the air was low at 

~14% in the 35
o
C air and ~24% in the ~15

o
C air (Air15), which, based on the results of 

previous studies, should not have influenced thermal perceptions (Newton et al., 2009). 

 

5.3.5 Measurements  

Mean and local Skin temperature 

Local skin temperature (Tsklocal) was measured from seven selected sites (head, chest, 

forearm, hand, foot, calf and front thigh). Mean skin temperature ( sk) was calculated from 

seven sites by the seven–point method that was established by Hardy and Dubois (1938): 

 

sk = 0.07 THead + 0.35 TChest + 0.14TForearm + 0.05Thand + 0.07Foot + 0.13 TCalf  + 0.19TFront thigh 

 

Seven sites were chosen as it has been determined to be the most reliable reflection of sk 

available from the least number of skin sites (Choi et al., 1997; Olesen, 1984). 

 

Torso skin temperature ( sktorso) was calculated from the average of six thermocouples 

located on the torso: 

 

sktorso = Tl.Chest + Tr.Chest + Tl.Back + Tr.Back + Tabdominal + Tr.oblique /6 
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Figure 5.3.2. A schematic diagram of the equipment used to change the temperature of the air perfused 

through the APV. 

 

 

Torso Relative Humidity  

 

The local relative humidity (RHlocal) was measured from four sites: chest, upper back, 

abdomen and shoulder. The mean torso relative humidity (RHtorso) was calculated from the 

average of the four sites: 

 

RHtorso = (RHRight chest + RHAbdominal + RH left back + RHright back )/4 

 

 

 

Sweat Rate 

 

See Chapter 3.6  
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Thermal perceptions 

The thermal perceptions of overall and local temperature sensation and thermal comfort 

were measured by the graphic VAS that were assessed for their reliability in Chapter 4. 

However, based on the conclusions in Chapter 4, the perception of skin wettedness was not 

included as perceptual measure. In addition, unlike the method adopted in Chapter 4, the 

pointer remained at the position of the last entry as a point of reference as this method has 

been shown to provide more accurate measures over repeated measurements in 

longitudinal studies due to a reduction in variability (Scott & Huskinson, 1979).  

 

 Subjective comments 

At the end of the last condition each participant was instructed to verbally answer the 

following two questions. 

1. Out of the three trials which did you find the most comfortable and why? 

2. Do you have any other comments with regards to the trials and the effectiveness of 

the air perfused vest? 

 

The participants‟ comments were transcribed at the time of the interview. All the 

participants‟ comments were then collated into common themes. 

 

5.4. STATISTICAL ANALYSES 

 

One-way (condition) analyses of variance for repeated measures were used to establish 

whether the experimental method adopted was successful in producing significantly 

different rates and absolute changes in local and mean skin temperature. The same analyses 

of variance for repeated measures was also used to determine differences  between the 

magnitude of change in the thermal perceptions caused by the different rates and absolute 

changes in local and mean skin temperature. Two-way (time x condition) analyses of 

variance for repeated measures were used to establish whether changes occurred in the skin 

and body temperature within and between trials. The last analysis was conducted in order 

to establish whether either time, or the order of condition, confounded any differences 

present within the thermal perceptions. In all analyses of variance, for sphericity violations, 

the F values were corrected using the Greenhouse-Geisser procedure, in cases where this 

occurs, the modified degrees of freedom are provided after the adjusted F value. A 

significant F- test was further analysed with a Bonferroni post-hoc test to detect 

differences among means. Due to some of the skin thermocouples becoming detached from 
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the skin in some of the conditions, the sample size for the comparisons of skin 

temperatures over the three conditions were reduced to six, and for thermal perceptions, 

eight in C1 and nine in C2. In addition, during the Air26 condition, it was not possible to 

reduce TAbdominal by 3
o
C in all participants, and therefore for rate of skin temperature 

change, the thermal perceptions were assessed in the three conditions at a 2
o
C fall in 

TAbdominal. For the variable, absolute temperature, the thermal perceptions were only 

compared in the lower air temperature conditions, Air15 and Air20 at a 1, 2 and 3
o
C decrease 

in TAbdominal. To determine any differences between participants preferred air temperature 

the participants‟ choice of air temperatures were compared by a single binomial proportion 

test. Analyses were conducted using SPSS 15.0 statistical package and statistical 

significance was set at α = 0.05, with a trend in the data being considered as P = > 0.05 < 

0.1. Results are displayed as mean (± SD). 

 

5.5. RESULTS 

 

To provide a general background to the physiological and perceptual responses to the three 

different air temperatures, the results from the GLM used to assess the reproducibility of 

the physiological and perceptual responses within, and between, the three conditions are 

presented first. This is then followed by the results from the analyses that assessed the 

influence of rate and absolute change in local and mean skin temperatures on thermal 

perceptions.  

 

5.5.1 Physiological responses 

 Rectal Temperature 

The rectal temperatures were similar between the three conditions with initial and final Tre 

being 37.47 (0.29)
o
C and 38.12 (0.40)

o
C, respectively. The average ∆Tre in each trial was 

+0.66 (0.34)
o
C (Table 5.5.1). 

 

 

 

 

 

 

 

 Air15 Air20 Air26 

Initial End Diff Initial End Diff Initial End Diff 

Tre 

(
o
C) 

37.44 

(0.33) 

38.16 

(0.45) 

0.71 

(0.32) 

37.48 

(0.25) 

38.12 

(0.44) 

0.64 

(0.39) 

37.48 

(0.32) 

38.10 

(0.34) 

0.62 

(0.26) 

Table  5.5.1. Mean (SD) rectal temperature responses to the three different air temperatures 

                      (n = 12) 
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Mean Torso Skin Temperature 

There were no significant differences between initial sktorso over the three conditions in C1 

(Air15= 34.28 [0.62]
o
C, Air20 = 34.51 [0.38]

o
C, Air26 = 34.49 [0.49]

o
C, P <0.05) and C2 

(Air15 = 34.09 [0.62]
o
C, Air20 = 34.36 [0.38]

o
C, Air26 = 34.38 [0.48]

o
C, P <0.05). There 

were also no differences between the conditions in ∆ sktorso at the time points when the 

subjective measures were taken (i.e. when the TAbdominal had fallen by 1, 2 and 3
o
C). 

However there was a difference in the rate at which sktorso decreased between the three 

conditions. During C1, Air26 cooled significantly slower than that of both Air15 and Air20 

(P < 0.05), but there was no significant difference between Air15 and Air20. During C2, 

there was a significant difference between all the conditions in the rate of change in sktorso. 

See Table 5.5.2 for summary. 

 

Table 5.5.2. The mean (SD) rate of decrease in sktorso in response to the three air 

temperatures for a decline of ~1 and 2
o
C in abdominal skin temperature 

during cooling periods, 1 and 2 (n = 6). 

 Rate of Decrease in Tskinlocal(
o
C.min

-1
) 

Air Temp Cooling Period At ~ 1
o
C drop in 

TAbdominal 

At ~ 2
o
C drop in 

TAbdominal 

15 1 -0.357  (0.054) -0.378  (0.042) 

15 2 -0.458  (0.078) -0.492  (0.108) 

20 1 -0.274  (0.042) -0.279  (0.054) 

20 2 -0.282  (0.018) -0.308  (0.036) 

26 1 -0.154  (0.032)† -0.150 (0.030) † 

26 2 -0.161  (0.013) -0.134  (0.036) 
† significant slower rate of change than Air15  and Air20 (P < 0.05) 

 

Mean Skin Temperature 

sk declined significantly faster in Air15 than both Air20 and Air26 (P < 0.05). The rates at 

which sk fell were similar between Air20 and Air26. There were no significant differences 

in the rates of fall in sk between the two cooling periods (P > 0.05). See Table 5.5.3 for 

summary.  

Table 5.5.3. The mean (SD) rate of decrease in mean skin temperature in response to the 

three different air temperatures for ~ 2
o
C decline in abdominal skin 

temperature during cooling periods, 1 and 2 (n = 6). 

Air temp 

(
o
C) 

Cooling Period Rate of Decrease in 

skin (
o
C.min

-1
)  

15 1 -0.140 (0.024) † 

15 2 -0.136 (0.042) † 

20 1 -0.082 (0.036) 

20 2 -0.114 (0.036) 

26 1 -0.073 (0.036) 

26 2 -0.068 (0.042) 
† significant faster rate of change than Air20  and Air26 (P < 0.05) 
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Absolute skin temperature changes 

Tables 5.5.4 and 5.5.5 lists the absolute sktorso, sk changes at the points at which the 

perceptual measures were taken (i.e. changes in abdominal skin temperature of ~1 and 2
o
C) 

during both cooling periods. Even though the mean values between C1 and C2 suggest that 

the participants experienced a larger decrease in skin temperatures during C2, these 

differences were not significant. Figure 5.5.1 presents the skin and rectal temperatures 

responses of one of the participants to the three different air temperatures within an 

experimental run and is reflective of the responses observed by all the participants. 

 

Table 5.5.4. The mean (SD) absolute changes in local and mean skin temperatures in 

response to the three different air temperatures for a decline of ~ 1 and 2
o
C in 

abdominal skin temperature during cooling period 1 (n = 6). 
 Actual  Decrease in Skin 

Temperature (oC) 

Skin Temperature 
Site 

Air Temp  

(
o
C) 

At ~ 1oC drop 

TAbdominal 

At ~ 2oC drop in 

TAbdominal 

 sktorso 15 -0.77 (0.14) -1.39 (0.25) 

 sktorso 20 -0.75 (0.10) -1.41 (0.14) 

 sktorso 26 -0.71 (0.11) -1.07 (0.23) 

 sk 15 -0.25 (0.09) -0.50 (0.18) 

 sk 20 -0.27(0.17) -0.53 (0.24) 

 sk 26 -0.25 (0.23) -0.42 (0.19) 

 

 

Table 5.5.5.  The mean (SD) absolute changes in torso and mean skin temperatures in 

response to the three different air temperatures for a decline of ~ 1 and 2
o
C in 

abdominal skin temperature during cooling period 2 (n = 6). 
 Actual  Decrease in Skin 

Temperature (oC) 

Skin Temperature  Air Temp  

(
o
C) 

At ~ 1oC drop 

TAbdominal 

At ~ 2oC drop in 

TAbdominal 

 sktorso 15 -0.87 (0.10) -1.52 (0.10) 

 sktorso 20 -0.78 (0.11) -1.41 (0.17) 

 sktorso 26 -0.71 (0.35) -1.17 (0.32) 

 sk 15 -0.30 (0.09) -0.56 (0.12) 

 sk 20 -0.29 (0.17) -0.57 (0.20) 

 sk 26 -0.21 (0.29) -0.53 (0.17) 

 

 

Torso Relative Humidity 

Due to some of the relative humidity sensors becoming detached from the skin, the RHtorso 

could only be calculated from 8 participants across the three different air temperatures. 
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Figure 5.5.1. Comparison of one participant‟s (#8) skin temperature responses to the three different Air Temps. A= 

Air15, B= Air20 and C = Air26.   The initial drop in temperature corresponds to the initial insertion of 

air, whilst the subsequent two drops in skin temperatures correspond to the two cooling periods of 

cooled air. 

A 

B 

C 



106 

 

After the 10 minute run that took place the beginning of each trial, the average RHtorso was 

81.75 (5.09) % and was not significantly different (nsd) across the three conditions (P >  

0.05). The initial ventilation of air upon the cessation of running resulted in a fall in RHtorso 

of 40.91(3.21) % which also was nsd across the three conditions. For both cooling periods, 

the initial (41.23 [9.26] %) and final (end of cooling period) (40.56 [8.55] %)  RHtorso were 

nsd in all air temperatures (P > 0.05), suggesting that RHtorso should not have influenced 

thermal perceptions between the three conditions.  

 

5.5.2 Thermal Perceptual responses 

 

In all conditions, the initial jog of 10 minutes made all the participants hotter and more 

uncomfortable ([TTC = 100.89 (35.96); Just-uncomfortable], [TC = 98.39 (35.00); Just-

Uncomfortable], [TTS = 133.63 (13.52); Hot], [TS = 131.14 (13.46); Hot]). After the 15 

minute „stabilisation period‟, the participants were cooler and more comfortable ([TTC = 

71.50 (31.73); Just-comfortable to Just-uncomfortable], [TC = 77.47 (31.59); Just-

comfortable to Just-uncomfortable], [TTS = 95.69 (25.99); Slightly warm], [TS = 105.77 

(23.01); Slightly warm to Warm]. Therefore the initial ventilation of air that occurred 

during the „stabilisation period‟ caused an average decrease in thermal perceptions by the 

following magnitudes: TTC = -28.88 (22.49), TC = -20.92 (18.75), TTS = -37.94 (22.47), 

TS = -26.91 (18.16). These changes corresponded with significantly faster rates of changes 

in both mean and torso skin temperature than those of achieved in the cooling periods, i.e. -

-0.29 (0.13)
o
C.min

-1
 and -0.78 (0.24)

o
C.min

-1
, respectively. The faster rates of skin 

temperatures changes are probably the result of a larger amount of evaporative heat loss 

that occurred during the initial ventilation compared to the cooling periods. This is 

demonstrated by the 40% decrease in RHtorso in response to the initial ventilation of air as 

opposed to the ~1% decrease during the cooling periods (Section 5.5.1).  

The rate of skin temperature fall of the Tsklocal, sktorso, sk   had no significant influence on 

any of the thermal perceptions (TC, TTC, TS & TTS) during both C1 and C2 (Figures 

5.5.2 & 5.5.3).  
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Figure 5.5.2.Change in thermal perceptions in response to the different air temperatures during cooling 

period 1 (n=8) 

 
 

 

Figure 5.5.3.Change in thermal perceptions in response to the different air temperatures during cooling 

period 2 (n=9) 
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Figure 5.5.4 Change in thermal perceptions in response to the magnitude of change in Tabdominal for cooling  

period 1 (n =8) 

 

 

The magnitude of decline in Tsklocal, sktorso, sk did have an influence on thermal 

perceptions. During C1, a significant difference in TTS (-12.14) occurred between a ~1
o
C 

and ~3
o
C decrease in Tabdominal (Figure 5.5.4). During C2, the magnitude of decline in 

Tabdominal influenced the three thermal perceptions of TTC, TTS and TC. There was a 

significant difference in TTC between a decrease of ~1
o
C, and both ~2

o
C (meandifference 

-7.00) and ~3
o
C (mean difference -13.06). However there was no significant difference 

between a fall of 2
o
C and 3

o
C. For TC, there was a significant difference between ~1

o
C 

and ~2
o
C (-2.63). The differences in TTS were similar to those found in C1. Even though 

absolute temperature did appear to significantly influence thermal perceptions, the actual 

value of the mean difference between some of the thermal perceptions is not meaningful if 

the variability of the VAS for that thermal perception is taken into consideration. Tables 

5.5.6, 5.5.7 and 5.5.8 indicate which air temperatures and cooling periods produced 

significant changes in the thermal perceptions (TTC, TS, & TTS) when the variability of 

the scale for each perception is taken into consideration. The greater number of significant 

changes was experienced in TTS; no significant changes were established for TC. 

 

-3 -2 -1 
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Table 5.5.6. The air temperature and reduction in Tabdominal that promoted significant 

improvements in torso thermal comfort (displayed as mean [SD]) during 

both cooling periods (n= 8 [C1] and 9 [C2]). 

Air Temp  

(
o
C) 

At ~ oC drop 

TAbdominal 

Cooling Period ∆ TTC 

15 3 1 -15.14 (14.33) 

15 3 2 - 19.00 (19.97) 

20 1 1 -13.00 (14.24) 

20 2 1 - 18.37 (18.36) 

20 3 1 - 17.29 (21.65) 

 

 

Table 5.5.7. The air temperature and reduction in Tabdominal that promoted significant 

improvements in temperature sensation (displayed as mean [SD]) during 

both cooling periods (n= 8 [C1] and 9 [C2]). 
Air Temp  

(
o
C) 

At ~ oC drop 

TAbdominal 

Cooling Period ∆TS 

15 1 1 -10.50 (9.33) 

15 2 1 -13.38 (17.44) 

15 3 1 -19.57 (17.32) 

20 1 1 - 12.25 (12.61) 

20 2 1 - 15.13 (18.34) 

20 3 1 - 15.57 (25.24) 

26 2 1 - 9.63 (14.96) 

 

Table 5.5.8. The air temperature and reduction in Tabdominal that promoted significant 

improvements in torso temperature sensation (displayed as mean [SD]) 

during both cooling periods (n= 8 [C1] and 9 [C2]). 
Air Temp     

(
o
C) 

At ~ oC drop 

TAbdominal 

Cooling Period ∆ TTS 

15 1 1 -19.00 (19.80) 

15 2 1 -23.87 (26.57) 

15 3 1 - 30.29 (25.52) 

15 1 2 - 13.56 (11.80) 

15 2 2 - 23.67 (16.71) 

15 3 2 -  28.25 (16.31) 

20 1 1 - 16.75 (14.36) 

20 2 1 - 22.13 (21.72) 

20 3 1 - 29.13 (27.84) 

20 2 2 - 13.33 (14.59) 

20 3 2 - 21.13 (21.69) 

26 1 1 -12.13 (16.10) 

26 2 1 - 13.75 (17.32) 

 

 

5.5.3 Subjective comments 

In response to the two questions that examined the influence of the APV on thermal 

comfort between the three conditions, the majority of the participants (7/12) identified 

Air15 to be the most effective, with the main reason being that it elicited the coldest torso 

temperature. Air20 and Air26, both had one participant preferring that air temperature, with 
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one commenting that this was due to a lower torso temperature (Air20) and the other as his 

legs felt better in that condition (Air26). The latter reason may not be related to the 

ventilation of the torso, but rather due to some other cofactor (i.e. previous activity). Three 

of the participants could not distinguish any differences between the three conditions. Even 

though the responses suggest that the Air15 condition elicited the preferred rate of skin 

temperature change, statistically this ratio does not provide any evidence of a clear 

preference. To evaluate the statistical evidence of the subjective responses, a single 

binomial proportion test on a preference of three items was used to analyse the data. The 

results produced a wide 95% Exact (Clopper-Pearson) confidence interval that included 

33% (28% to 84%), which suggests no evidence of a clear preference for Air15. In order to 

be significant the 33% would have to fall outside the boundaries of the confidence interval.  

 

All of the participants commented that the largest improvement in thermal comfort they 

experienced was in response to the initial ventilation of air through the APV after the jog 

and not due to the ventilated air being cooled in C1 or C2. Interestingly, five of the 

subjects stated that the potential effect of the APV on overall comfort was negated by the 

„hot and sweaty‟ sensations felt on the rest of the body, especially in the hands and head. 

Some commented that the contrast of having a cool, dry torso, but hot and sweaty body, 

felt strange and not favourable. Below is one of the comments from one of the participants: 

 

“..the effect of my arm and torso being cold on thermal comfort was 

diminished due to my head being hot and sweaty”. 

 

 

5.6. DISCUSSION 

 

The main finding from this study is that within the conditions of the present study, the rate 

at which local and mean torso skin temperature are decreased by cool conditioned air did 

not significantly influence thermal perceptions of the whole body and torso. The results 

also confirm those found in Chapter 4, that a higher rate of skin temperature change can be 

achieved through decreases in relative humidity (i.e. decreases in WVP that would have 

been caused by the initial ventilation of air that took place after the jog), rather than air 

temperature. Therefore, ventilating the APV either continuously or intermittently with 

ambient air is equally effective at reducing thermal discomfort as using pre-cooled air. In 

addition, it is a more energy efficient method of enhancing thermal comfort. 
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It was hypothesised that the rate of local, mean torso skin temperature and mean skin 

temperature change would have an inverse relationship with thermal perceptions (i.e. a 

faster rate of skin temperature change would cause a larger decrease in thermal perceptions 

[uncomfortable to comfortable, hot to cold]). However, even though the experimental 

design was successful in eliciting different rates of decreases in local skin temperatures 

(e.g. abdominal between ~0.270 and 0.804
 o

C.min
-1

), mean torso temperature (between 

0.161
o
C.min

-1
 and 0.492

o
C.min

-1
) and mean skin temperature (between 0.068

 o
C.min

-1
 and 

0.140
o
C.min

-1
), they had no significant effect on thermal perceptions assessed by the VAS 

or the post-experiment qualitative interviews. Therefore, within the conditions of present 

experiment the experimental hypothesis is rejected.  It was also hypothesised that the 

magnitude of absolute decrease in local, mean torso and mean skin temperature would 

influence thermal perceptions. Even though meaningful significant differences were found 

in the local thermal perceptions (TTS & TTC) between a 1 and 3
o
C fall in abdominal 

temperature, these were not reflected in overall TC and TS.  Therefore, this experimental 

hypothesis is also rejected. Several factors may explain these results. 

   

Temperature sensation is dependent on several factors: 1) end absolute temperature, 2) 

absolute drop in skin temperature, 3) adapting temperature (the initial stable temperature), 

4) rate of change of temperature, and 5) stimulus area (Hensel, 1981). Thermal comfort can 

be considered the conscious interpretation of temperature sensation, hence the strong 

correlation between the two (Fanger, 1970; Zhang, 2003). Therefore, generally, thermal 

comfort will also be influenced by these factors. However, thermal comfort can also be 

influenced by the dispositional and situational psychological factors that were introduced 

in Chapter 2 (e.g. expectation, perceptual style and self-efficacy). 

 

In the current experiment, the absolute skin temperature change may not have been enough 

to elicit a significant change in TS. In Air26 we were only able to reduce the local skin 

temperature of the abdomen by ~2
o
C, and not ~3

o
C, therefore the thermal perceptions 

between the three rates were compared at a ~1
o
C and ~2

o
C drop in abdominal temperature. 

This ~2
o
C fall in abdominal skin temperature produced final absolute temperatures in the 

abdomen (between 31.52-30.63
o
C), right oblique (between 31.53-30.13

o
C) and chest 

(between 32.91-31.86
o
C). Peak firing frequencies of cold-activated receptors during 

cooling have been found to occur between skin temperatures of 33-28
o
C (Hensel, 1981; 

Hutchinson et al., 1997) and ~ 27
o
C during the cooling of warm skin (Hensel, 1981; 
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Okazawa et al., 2002), this supports the findings of human psychometric studies (Arens et 

al., 1998; Zhao et al., 2006). Even though the local skin temperatures are within the 33-

28
o
C boundary, they are at the upper end and much higher than that required for warm skin 

(initial skin temperature was in most cases above 33
o
C).  

 

The magnitude of decrease in local skin temperature may also not have been enough to 

elicit a strong enough signal from the cutaneous and central thermoreceptors to the higher 

centres of the brain that are responsible for the conscious processing of temperature 

sensation, which in turn promote a perceptual response.  Zhang (2003) reported significant 

changes in overall thermal perceptions with local skin temperature changes of between 3
o
C 

and 5
o
C, indicating that the local skin temperature change in the current study may not 

have been enough to influence thermal perceptions. However, the conditions in Zhang 

(2003) were different to the current study; the participants were at rest, exposed to cooler 

ambient conditions and wearing less insulative clothing (clo = ~ 0.32). A larger decrease in 

skin temperature maybe required for those who are exercising in hot conditions where the 

adapting skin temperature is higher.  As previously mentioned, even though significant 

differences were found between a fall of 1
o
C and 3

o
C in TC, they were not large enough to 

be meaningful when the within-subject variability of the VAS is taken into consideration. 

Larger declines in local skin temperatures (greater than 3
o
C) may be required to improve 

thermal comfort. Further studies are required to investigate this possibility.  

 

With regards to mean skin temperature, the frequency discharge from the cutaneous 

receptors in response to a decline in temperature may collectively not have been enough to 

cross a threshold within the somatosensory cortex that elicits a significant thermal 

perceptual response. Vernieuw et al. (2007) evaluated thermal perceptions in response to 

three different cooling profiles that were applied to a water-perfused garment whilst people 

were exercising in the heat. They were unable to distinguish any differences in thermal 

perceptions between continuous cooling and 2 intermittent cooling profiles that caused 

fluctuations in mean skin temperature between ~0.8-1.0
o
C. The addition of cooled air to 

the continuous ventilation of ambient air in the current study also caused a similar 

fluctuation in mean skin temperature with a mean amplitude of ~0.97
o
C. Keatinge et al. 

(1986) investigated the influence of fluctuating temperatures on physiological thermal 

indices in liquid-perfused garments. They found that a fluctuation of mean skin 

temperature with an amplitude of 1.5
o
C  did result in the participants being able to make a 

distinction between continuous cooling and three intermittent step changes of cooling and 
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non-cooling (2.5, 5 and 10minute ON/OFF periods). However, the subjective 

measurements appear to be anecdotal; it is not clear in their methods how this was 

measured so direct comparisons cannot be made with the current study and that of 

Vernieuw et al. (2007). In each case, the literature supports the suggestion that the drop in 

mean skin temperature was not enough to have a significant effect on thermal perceptions. 

 

The rate of the local, torso and mean skin temperature changes, or differences between the 

three rates of change, may also not have been enough to produce either a strong enough 

signal, or signals of significantly different magnitudes, from the thermoreceptors to the 

somatosensory cortex to produce a significant perceptual response. The initial ventilation 

of ambient air through the APV after the 10 minute jog produced a greater rate of change 

in skin temperature than the two air cooled cooling periods, and this was reflected in the 

thermal perceptual responses. The initial ventilation of air through the AVP improved 

thermal perceptions by: TC = -20.92, TTC = -28.89, TS = -26.91, TTS = -37.94, whereas 

the largest thermal perceptual changes produced by the three air cooled periods were: TC = 

-10.29, TTC = -19.00, TS = -19.57, TTS = -30.29. In both cases, these differences were not 

statistically significant, but interestingly the measured change in the mean and local skin 

temperature caused by the initial ventilation of air was smaller than the skin temperature 

changes caused by cooling the air during C1 and C2 (TAbdominal = -2.15
o
C vs. -3.02

o
C, TChest 

= -1.56
o
C vs. -2.04

o
C, TR.Oblique = -1.45

o
C vs. -4.15

o
C, sk = 0.52

o
C vs. 0.72

o
C). This 

suggests that rate of skin temperature change is a more powerful stimulus than the absolute 

fall in skin temperature for a significant thermal perceptual response. The responses in skin 

temperatures to the initial ventilation of air also suggest that, in the conditions of the 

present study, the rate of sk or sktorso change needs to be greater than -0.17
o
C.min

-1
, or 

0.49
o
C.min

-1
 respectively, and at least -0.29

o
C.min

-1
, or 0.78

o
C.min

-1
, in order to 

significantly influence thermal comfort (i.e. produce a sensation greater than the variability 

of the scale). These recommendations are similar to those provided in Chapter 4, 

highlighting the reproducibility of thermal conditions and perceptual responses between 

the two studies. 

 

The adapting temperature (the initial temperature of the skin prior to cooling) was similar 

between the initial ventilation of air and each of the cooling periods for all of the 

conditions (initial ventilation of ambient air = 35.8
o
C vs. cooled air periods = 35.5

o
C), and 

therefore, should not have been an influential cofactor. Instead the rate of rise in skin 

temperature and rectal temperature before the intervention of either the initial ventilation of 
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the air, or cooling the air, may have caused the differing response between the two 

interventions.  Due to the jog at the beginning of each condition, prior to the initial 

ventilation of air both rectal and skin temperatures were rising, whereas both body 

temperatures were stabilised before the two cooling periods. This may explain the 

differences between the initial thermal perceptions, prior to the different intervention 

periods. After the run, the thermal perceptual responses were higher than those before the 

start of each cooling period: TC = 98.39 vs. 77.47, TTC = 100.89 vs. 71.50, TS = 131.14 

vs. 105.77, TTS = 133.63 vs. 95.69. Behavioural responses, such as reducing power output 

during exercise or voluntary localised cooling, have been noted to occur through an  

„anticipatory mechanism‟ in response to rate of rise or fall in body heat storage or in skin 

temperature (Flouris & Cheung, 2009; Jay & Kenney, 2009a; Schlader et al., 2009; Tucker 

et al., 2006). These responses have been suggested to be largely associated with feelings of 

thermal discomfort rather than physiological variables (Jay & Kenney, 2009b; Marcora, 

2007). This „anticipatory mechanism‟ may explain the larger change in thermal perceptions 

due to the initial ventilation of ambient air, rather than the change in air temperature during 

the cooling periods. This finding also further supports the general hypothesis of this thesis, 

that thermal comfort is enhanced by fluctuating, rather than stable skin temperatures.  

 

The sensation of being hot and sweaty (i.e. skin wettedness) on the face, hand and the other 

body parts not covered by APV may have also influenced the participants‟ thermal 

perceptions and their inability to distinguish between the three different rates of decline in 

mean and local skin temperatures. The skin temperature of the face is reported to be one of 

the most influential regions for overall thermal comfort which, when modelled, generally 

has a higher weighting than the torso (Cotter & Taylor, 2005; Kato et al., 2001; Zhang, 

2003; Zhang & Zhao, 2006a). Localised cooling of the face has been shown not only to 

improve thermal comfort, but also reduce feelings of fatigue (Armada-de-Silva et al., 

2004; Mundel et al., 2007) and neuroendocrine responses associated with thermal strain 

and exhaustion (Mundel et al., 2007). The influence of the facial region on thermal 

comfort was highlighted in the investigation of Vernieuw et al. (2007). In this study a 

significant improvement in thermal comfort and temperature sensation from time point 

zero was only established when the hood of a chemical protective ensemble was removed 

in order to collect expired gases for the measurement of metabolic rate. Like the present 

study, Vernieuw et al. (2007) were unable to distinguish any differences in thermal 

perceptual responses from three different cooling interventions that were provided through 

a liquid-perfused garment. The sudden improvement in thermal perceptions due to the 
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removal of the hood, suggests that the potential improvements in thermal comfort were 

confounded by the thermal discomfort of a hot, sweaty head. Even though not statistically 

significant, 5/ 12 participants commented on the uncomfortable feelings of having a cool, 

dry torso, but a hot, sweaty head and/or hands; suggesting that in the present study, thermal 

comfort may have also been confounded by the sensation arising from a hot, sweaty head 

and/or hands.  

Non-uniformity in the feeling of temperature sensation within the body regions can 

increase thermal discomfort (Candas & Dufour, 2007; Fanger, 1970; Zhang & Zhao, 

2006b). A recent study that investigated the effects of regional cooling on thermal 

perceptions whilst at rest in a hot environment, observed that the majority of participants 

were dissatisfied with their environment, even though their overall temperature sensation 

was neutral. The reason for their dissatisfaction was the feeling of non-uniformity in 

temperature sensation between the regions of the body. This dissatisfaction was intensified 

as the disparity of temperature sensation between bodily regions increased (Zhang & Zhao, 

2006b). These observations may explain the subjective comments that expressed 

dissatisfaction with the two periods of air cooling. They may also help explain why the 

participants were unable to distinguish between the three different rates as they were more 

sensitive to the non-uniformity in temperature sensation between body parts. 

  

Another factor that may have influenced the participants‟ thermal perceptions is the vapour 

pressure between the skin surface and the air. In hot thermal environments, thermal 

discomfort has been recognized as being more associated with skin wettedness than local 

skin temperature (Fukazawa & Havenith, 2009; Havenith et al., 2002; Winslow et al., 

1939). However, more recent evidence suggests that it is the effect of  evaporative heat 

loss caused by either an increase, or decrease, in the air vapour pressure (Pa) on skin 

temperature that influences thermal perceptions, rather the absolute change in local RH 

(Newton et al., 2007; Newton et al., 2009); a phenomena that was reviewed in Chapter 4. 

Newton et al. (2009) investigated the influence on local RH changes (on the abdomen and 

chest) on thermal perceptions at neutral and elevated skin temperatures, they reported that 

a change in local RH similar to the present study (~44%) had a greater influence on 

thermal perceptions when the local skin temperature was elevated, because the participants 

experienced a greater rate of change in local skin temperature. It was reported that the 

change in thermal perceptions was not associated with an absolute local skin temperature 

change between 0.25- 1.9
o
C (a range similar to the present study), but rather the rate at 

which the local skin temperature decreased. The authors concluded that in warm 
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environments a reduction in relative humidity is perceived by people indirectly via a rate of 

heat transfer from the skin.  

 

The observations by Newton et al. (2009) are supported by the present study.  Prior to the 

initial ventilation of „ambient‟ air, the RHtorso was quite high (81.75%) with a 

corresponding skin water vapour pressure (Psk) of 4.49kPa, values that have previously 

been shown to cause thermal discomfort (see Chapter 4; Newton et al., 2007, 2009). The 

initial ventilation of „ambient‟ air during the „stabilisation period‟ reduced RHtorso by 

40.91% with an associated decrease of Psk to 2.04kPa; levels that are associated with 

thermal comfort (Newton et al., 2007, 2009). In contrast, during the cooling periods RHtorso 

hardly changed with an average reduction of only -0.66% with an associated decrease in 

Psk from 2.25 – 1.96 kPa. With regard to Psk, the participants were already thermally 

comfortable, which may explain why reducing the air temperature did not significantly 

change thermal perceptions. Like Newton et al. (2009), the reduction of RHtorso was 

associated with a greater rate of torso and mean skin temperature change than that caused 

by cooling the air. Therefore, it could be concluded that the greater influence on thermal 

perceptions caused by the initial ventilation of air through the APV was due to an increase 

in evaporative heat loss caused by a reduction in Pa, which has a greater capacity to 

promote heat loss than convection alone.  

 

Skin water vapour pressure may have influenced the thermal perceptions of the current 

study in another manner. A recent study that investigated the regional influence of skin 

wettedness on overall thermal comfort found that, unlike skin temperature, overall thermal 

comfort was not influenced by regional skin wettedness, but was associated with overall 

skin wettedness (Fukazawa & Havenith, 2009). In the same study, the limbs were found to 

have a higher sensitivity to skin wettedness than the torso. As it was only the torso that was 

ventilated with air, it is possible that the feeling of skin wettedness on the rest of the body 

may have attenuated any improvements of thermal comfort from the ventilating and 

cooling of the torso.  

 

Another important observation in the current study is that the quantitative perceptual 

results did reflect the qualitative results (i.e. the post-experiment interviews). Even though 

the ratio of people who stated a preference for Air15 (the condition that had the highest rate 

of skin temperature change) was higher than that of the others, the actual ratio was not 

statistically significantly different. This suggests that the participants were unable to 
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distinguish between the different rates of fall in mean and local skin temperature; thereby 

supporting the notion that the VAS used in the current study was a valid quantitative 

measure of thermal perceptions.  

 

5.7 CONCLUSION 

 

The results from the present study confirm those found in Chapter 4, in that, under the 

conditions of the study, a rate of change in mean and torso skin temperature of at least -

0.29
o
C.min

-1
 and 0.78

o
C.min

-1
 respectively, is required to significantly influence thermal 

perceptions. In addition, from the results of the initial ventilation of air that occurred 

during the „stabilisation period‟, the rate of skin temperature change appears to have a 

greater influence on thermal perceptions than absolute temperature changes.  

 

The results also provide important information for future designs of APV, in that cooling 

the air that is circulated through an APV does not provide any additional benefit on 

thermal perceptions compared to that of continuously ventilating an APV with ambient air. 

In the conditions of the present study, the heat loss via evaporation was more rapid than 

that caused by increasing the thermal gradient for convective heat loss. Therefore, for the 

design of the cooling profiles that will be evaluated subsequentially in this thesis, 

fluctuating ambient air through an APV may be a more efficient method to cause 

significant changes in thermal perceptions, than cooling the air. Due to the greater energy 

required to cool air, fluctuating ambient air will also improve the efficacy of any cooling 

profile used in an APV.  
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CHAPTER 6 

 

The effect of varying torso skin temperatures on thermal perceptions 

during moderate exercise in the heat 

 

6.1. INTRODUCTION 

The problems associated with continuous cooling in air-perfused garments were introduced 

in both Chapters 1 and 2, as were the potential advantages of providing the cooling source 

intermittently. It was concluded that intermittent cooling could not only maintain thermal 

balance, but possibly also enhance thermal comfort. From the results of the two studies 

described in Chapters 4 and 5, it was evident that fluctuating ambient air through an APV 

may be a more efficient method to enhance thermal comfort than fluctuating cooled air. 

This conclusion was based on the observation that fluctuating ambient air produced rates 

of change in skin temperatures that significantly influenced thermal comfort, whereas 

fluctuating cooled air provided no additional benefits on thermal comfort to the continuous 

perfusion of ambient air.  

 

Air velocities can be varied in many ways; i.e. step changes, sinusoidal, sawtooth or 

randomly. Differences in thermal perceptual responses to different types of intermittent air 

movements have been identified in air conditioning systems utilised in office environments 

(Fanger et al., 1998; de Dear et al., 1993; Tanabe & Kimura, 1984; Zhou et al., 2006; Zhao 

et al., 2006), with sinusoidal wave patterns of a low frequency (i.e. 0.2-0.5 Hz) generally 

being the preferred choice (Tanabe & Kimura, 1984; Zhao et al., 2006).  

 

Only one published study has evaluated the effects of intermittent cooling on thermal 

perceptions during continuous exercise in a hot environment (Vernieuw et al., 2007). In 

this study it was concluded that intermittent cooling provided no additional benefit to the 

participants‟ thermal perceptions to that of continuous cooling (See Chapter 2 for a 

summary of the main findings from this study). However, several limitations and 

methodological differences between the study of Vernieuw et al. (2007) and the current 

investigation compromise the validity of this conclusion for the current investigation. The 

majority of these limitations and methodological differences are also described in Chapter 

2, with the three most important being: 1) they used a liquid-cooled garment to provide 

intermittent cooling, 2) they did not control the form of intermittent cooling, and 3) the low 
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frequency of thermal perceptions measured during the dynamic periods of cooling may not 

have provided an accurate representation of the participants‟ overall perception of 

intermittent cooling. 

 

Currently, there are no studies that have investigated the effects of intermittent cooling in 

air-perfused garments on thermal perceptions during moderate exercise in a hot 

environment. Therefore the first aim of this study was to compare the effects of different 

types of intermittent cooling profiles with continuous cooling on both thermal perceptions 

and thermal balance. The information derived from the comparisons between the different 

cooling profiles was then used to satisfy the main aim of the study; to determine the 

optimal cooling profile to enhance thermal comfort in APVs.  

 

6.2 HYPOTHESES 

 

The experimental hypotheses (H1) were as follows: 

 

H11  There will be no significant difference in thermal balance between intermittent and  

continuous cooling. 

 

H21  Intermittent cooling profiles will cause greater improvements in thermal perceptions 

compared to continuous cooling. 

 

H31 Significant differences in thermal perceptions will be established between the   

intermittent cooling profiles. 

 

H41   An intermittent cooling profile that provides a gradual decrease in warming will have 

a more positive influence on thermal perceptions. 

 

 

6.3 METHOD 

 

6.3.1 General Design 

 

Twelve physically active male participants completed four, single blind conditions where 

they exercised at a moderate intensity (~ 30% O2max) in a hot environment (Mean [SD]: 

34.24 [0.40]
o
C, 49.60 [4.1]% RH, WBGT = 28.44 [0.75]

o
C ) for 72 minutes, followed by a 

33 minute period of rest. Each condition was separated by 1-4 days to minimise any 

acclimation and the order of the conditions was balanced using a Latin square. To 
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investigate the effects of different types of cooling profiles on thermal perceptions, the four 

conditions only differed by the cooling profile that was perfused through the APV. The 

four cooling profiles were: 1) continuous perfusion of ambient air (35
o
C, ~14% RH) into 

the vest at a flow rate of 12ft
3
.min

-1
 (339.8 L.min

-1
) (CC), 2) intermittent perfusion of 

ambient air at a flow rate of 12 ft
3
.min

-1
  in 6 minute ON/OFF periods (IConoff), 3) steadily 

increasing and decreasing the flow rate between 0 ft
3
.min

-1
  and 12 ft

3
.min

-1
 in equal 

increments (ICramp), and 4) an initial increase in flow rate from 0 ft
3
.min

-1
  to 12 ft

3
.min

-1
 

followed by a incremental decrease in flow rate to 0 ft
3
.min

-1 
(ICtriang). Cooling profiles 

IConoff, ICramp, ICtriang were designed to have a total flow of air during each condition of 630 

ft
3 

(17,841.61L) which was exactly half of that ventilated during CC (1260 ft
3
 

[35,683.20L]). See Figure 6.3.1 for a schematic diagram of each cooling profile. Thermal 

perceptual measures of overall thermal comfort (TC), torso thermal comfort (TTC) overall 

temperature sensation (TS), torso temperature sensation (TTS) were collected every three 

minutes. Physiological measurements of rectal temperature (Tre), mean skin temperature 

( sk), torso skin temperature ( sktorso) torso relative humidity (RHtorso) were continuously 

recorded every 10s throughout the condition. 

 

6.3.2 Sample size estimation 

As determined by power calculations with an alpha of 0.05, a baseline variance of 15.0 and 

difference to detect of 16.0, 11 participants each with four replicates were required in order 

to satisfy the power requirements of 0.8. However, a minimum of 12 participants were 

recruited to balance the order of the four conditions as calculated by a Latin square. 

 

6.3.3. Participants 

The participants‟ characteristics are summarised in Table 6.3.1. Each participant was 

considered to be physically active by participating in physical activity that elicits 60-80% 

of O2max at least three times a week.  

 

Table 6.3.1 Mean (SD) of participants characteristics (n = 12). 

Mass (kg) Height (m) Age (yrs) BSA (m
2
) 

% of body 

fat 

Skinfold 

thickness 

(7sites)(mm) 

73.12 (7.86) 1.78 (0.05) 24.3 (4.3) 1.90 (0.10) 11.31 (3.72) 77.56 (29.07) 
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6.3.4 Main Experimental design 

 

6.3.4.1 Familiarisation experiment 

Each participant underwent a familiarisation session identical to the session described in 

Chapter 5.3.4.1.  

 

6.3.4.2 Main experiment 

Upon arrival to the laboratory, the participants were instructed to empty their bladder 

before nude and clothed body masses were measured. The participants then self-inserted a 

rectal thermistor (MSR DS18B20) 12 cm beyond the anal sphincter. They were then 

CC IC6onoff 

Figure 6.3.1.  A schematic diagram of the different cooling profiles that were perfused through the APV throughout the 

exercise and rest periods.  The arrow indicates at which point of the cooling profile the initial ventilation was 

started. NB. 1ft
3
.min

-1
 = 28.32 L.min

-1
. 

ICtriang ICramp 
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instrumented for the measurement of local skin temperature (Tskloc), torso percentage 

relative humidity (RHtorso), and heart rate (fc). Instrumentation took approximately 30 

minutes in a room held at a constant temperature of ~23
o
C and 40% RH. The clothing 

worn for each condition was exactly the same as the ensemble described in Chapters 4 and 

5, including the APV described in Chapter 3.3. Like the studies described in Chapters 4 

and 5, the APV (GORE
®
 Active cooling) was worn directly over the skin underneath the 

cotton long-sleeved shirt. Once instrumented, resting physiological measurements were 

taken, after which, the participant entered the chamber for the commencement of the 

experiment. 

 

Before the experiment commenced, the participant remained standing on the treadmill for a 

period of five minutes to allow time for the final preparation of the equipment. After this 

five minute period, the participant entered their initial perceptual vote, which was directly 

followed by a ten minute jog at a self selected speed similar to what they would experience 

during a warm up for their specific sports. The speed of this jog was kept the same for each 

of the participants‟ conditions. Directly after the jog, the participant entered their „after 

jog‟ perceptual vote. Once this vote was entered, air (35
o
C, ~14% RH) was ventilated into 

the APV and the participant started their 72 minute walk on the treadmill at 5km.hr
-1

 (1.39 

m.s
-1

), 2% incline. The walk was followed by a resting period of 33 minutes where the 

participant sat on a wooden stool (Figure 6.3.2). During both the exercise and rest periods, 

the participant had one of the four cooling profiles described above ventilated through the 

APV.  

 

In order to make direct comparisons between the intermittent cooling profiles (IConoff , 

ICramp, ICtriang) and their effects on the thermal perceptions, the total flow of air  perfused 

through the APV during exercise and rest was the same for each cooling profile (630 ft
3
). 

The amount of air was exactly half of the total amount of air circulated during the CC 

condition. In addition, each intermittent cooling profile had the same cyclic period of 12 

minutes. A cyclic period of 12 minutes was chosen based on two pieces of evidence. The 

first is based on the results presented in Chapter 5, where the intra-individual variation for 

sk to fall by ~ 0.72
o
C was 3-6 minutes from the time of initial air perfusion. This change 

in sk elicited significant improvements in the thermal perceptions of: Mean (SD) -20.92 

(18.75), -28.89 (22.49), -26.91(18.15), and -37.94 (22.47) in TC, TTC, TS and TS, 

respectively. Therefore, a minimum of six minutes of cooling was thought necessary in 

order to promote significant changes in thermal perceptions for the majority of the 
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participants. Secondly, it is suggested that intermittent cooling profiles of 1:1 ON/OFF 

periods are optimal in maintaining a level of thermal balance equivalent to continuous 

cooling (Cheuvront et al., 2003; Mauriaux et al., 1984); therefore a 12 minute cooling 

cycle needs to be adopted for six minute ON periods. 

 

 

Figure 6.3.2. Experimental set up of participants walking (5km.hr
-1

, 2% incline) and resting in the ambient 

conditions of 35
o
C, 50%RH whilst different cooling profiles were ventilated through the APV 

that was worn underneath a long-sleeved cotton shirt. 

 

After the ten minute jog, each experiment started with an initial ventilation of air at a flow 

rate of 12ft
3
.min

-1 
for three minutes. This was incorporated to ensure that the initial 

ventilation of air through the APV experienced after the run, elicited similar thermal 

perceptual responses in all of the cooling profiles.  With the exception of the continuous 

profile, this three minute period was followed by the stage in the cooling profile where the 

rate of air flow started to be reduced. Figure 6.3.1 indicates at what stage in each of the 

cooling profiles the initial ventilation of air took place (see arrows).  

 

Some of the participants in the study described in Chapter 5 complained of warm-hot 

sensations in the facial region that had a negative impact on their overall comfort. It was 

concluded that the feelings of thermal discomfort promoted by the warm-hot sensations of 

the facial region may have confounded any benefits the different rates of change in torso 
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skin temperature had on the thermal perceptions. Therefore, to minimise this effect, air was 

circulated in the direction of the participant from a fan located 2.2m in front of the 

treadmill. The mean (SD) air velocity produced by the fan was 0.94 (0.064) m.s
-1

, and did 

not differ between each condition (P <0.05). An air flow of ~0.9 m.s
-1 

was chosen as it was 

within the range utilised by previous investigations that evaluated the effectiveness of 

cooling garments to maintain thermal balance during heat stress under protective clothing 

(0.9-1.33 m.s
-1

) (Cheuvront et al., 2003; Chinevere et al., 2008; Vernieuw et al., 2007). 

More importantly, it was also the most reliable air flow produced by any of the fans 

available within the laboratory. This was determined by a repeatability study that was 

performed prior to the commencement of the main experiment. The flow rate of the air was 

measured before and after each experiment by a calibrated anemometer (Meterman 

TMA10, Meterman Test Tools, Seattle, USA). 

 

6.3.4.3 Method of changing flow rate 

The air that was perfused through the APV was sourced from a compressor (Kaeser 

Compressions SX 3, Virginia, USA) that had a constant relative humidity of ~ 14%. The 

temperature of the air perfused through the APV was controlled by diverting the 

compressed air source via a copper coil through a water bath held constant at ~35
o
C. The 

air was then delivered to the APV via reinforced insulated polythene tubing to prevent any 

heat loss. The flow rate of the air was controlled by a microprocessor unit that operated a 

solenoid flow valve, which was manually adjusted to produce the desired flow rate (i.e. 0, 

3, 6, 9 or 12 ft
3
.min

-1
). See Figure 6.3.3 for a schematic diagram of the equipment utilised 

and Figure 6.3.4 for the equipment set up. The flow rate of the air was measured before 

and after each experiment by a calibrated anemometer (Flowcheck Y630, Micronel
®
, 

Switzerland) 

 

6.3.5. Measurements 

Perceptions of TC, TTC, TS, TTS were measured at the beginning of each experiment 

(time = -10 minutes), after the run (time = 0 minutes), and every subsequent 3
rd

 minute 

until the end of the experiment. The recording frequency of every three minutes was 

chosen for the subjective measurements as this ensured that subjective measurements were 

recorded during the different stages of each cooling profile (i.e. during warming, cooling or 

at a constant temperature). This was important in order to provide a true evaluation of how 

each cooling profile influenced thermal perception. The physiological measurements of 
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local skin temperature (Tskinloc), rectal temperature (Tre), torso relative humidity (RHtorso) 

were continuously recorded every 10s throughout the experiment.  

 

Nude and clothed body masses were taken before and after each experiment, as well as the 

volume of water consumed by the participant. These variables were measured to calculate 

sweat rate (sw), evaporative sweat loss (Eactual) and hydration status (i.e. percentage of 

body mass loss). Mean skin temperature, ( sk), torso skin temperature ( sktorso) torso 

relative humidity (RHtorso), and all anthropometric measures were calculated from the data 

recorded (see Chapter 3.9 and 6.2.4.7 for calculations). Heart rate (fc) and oxygen 

consumption ( O2) were measured in order to assess any differences in the physiological 

demand between the four conditions. Heart rate was recorded during the jog at 5 and 9.5 

minutes, then every 10 minutes during both exercise and rest. In order to assess O2, 

expired respiratory gases were collected for 2 minutes after 60 minutes of moderate 

exercise then analysed using the method that is described in Chapter 3.10. Ratings of 

perceived exertion (RPE) were taken alongside the measurement of fc in order to assess if 

the cooling profiles influenced the perceptual effort of performing exercise. See Chapter 

3.8.2 for a description of the measurement of RPE.  
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Figure 6.3.3.  Schematic diagram of the equipment used to control the flow rate of the air that was 

perfused through the APV. 
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A

 

 

A

B
12 ft3.min-112, 9, 6 , 3 or 0  ft3.min-1

C

D

 

 

 

 

 

 

Figure 6.3.4 
a) left, the inlet for the compressed air source into 

the APV. A= the entry of air via insulated tubing. 

b) below, the equipment used to control the flow 

rate and temperature of the air that was perfused 

through the APV. A = outlet of compressed air 

source, B = the flow gate valves operated by 

solenoid valves, C = hot water bath, D = reinforced 

rubber tubing that delivers air to APV. 
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6.3.5.1 Subjective comments 

After their last experiment, the participants were asked to describe the order they thought 

the cooling profiles were ventilated through the APV. They then answered the following 

questions:  

1) Which cooling profile would be your preferred choice? 

 

2) Why? 

 

3) What is your overall opinion on the performance of the APV to improve thermal 

comfort whilst exercising in a hot environment? 

 

4) What is your overall opinion of the air perfused vest’s usability? 
 

 

The participants‟ comments were transcribed and collated into common themes. The 

answer to the first question was also used to determine the participant‟s overall preference 

of cooling profile. 

 

6.3.5.2 Calculations 

 

Mean skin temperature 

Mean skin temperature ( sk) was calculated from eight sites by a modified version of the 

seven–point method originally established by Hardy and Dubois (1938) (ISO, 2002): 

 

sk = 0.07 THead + 0.175 TChest + 0.175TBack + 0.14TForearm + 0.05THand + 0.07Foot + 0.13 

TCalf  + 0.19TFront thigh 

 

 Torso skin temperature 

sktorso = 0.5 TChest + 0.5 TBack 

 

 Torso skin relative humidity 

RHtorso = 0.5 RHChest + 0.5 RHBack 

 

 Sweat rate  

See Chapter 3, Section 3.6. 
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 Evaporative sweat loss 

Evaporative sweat loss was determined as a ratio of evaporative versus non-evaporative 

sweat loss by the following equation: 

 

Eactual (%) = (∆ nude body mass - ∆ clothing mass/∆ nude body mass) X 100 

 

 Amplitude of the fluctuations in skin temperatures 

The following calculation was undertaken to evaluate whether the amplitude of change in 

both sk and sktorso influenced participants‟ perceptual responses to the different cooling 

profiles. In this calculation, the mean amplitude of change in both mean and torso skin 

temperatures within a cooling profile were calculated for each participant. The 

participants‟ mean amplitudes were then pooled together to provide an overall mean for 

each cooling profile. The amplitudes in response to the initial three minute ventilation of 

12ft
3
.min

-1
 air after the ten minute jog were not included in the overall means. This initial 

three minute period of ventilation usually resulted in the largest changes within both skin 

temperatures and therefore its inclusion would have exaggerated the overall mean 

amplitudes.  

 

Changes in physiological and perceptual measures over time 

To evaluate whether the skin temperatures and thermal perceptions changed over time, the 

average sk, sktorso, TS, TTS, TC, and TTC was calculated for both the first and last 

cooling cycles in each cooling profile, during both exercise and rest. This was calculated 

for each participant, which was then pooled together to provide an overall group mean. 

Similar to the calculation of amplitudes, the first cooling cycle was defined as the cycle 

that started after the initial three minute ventilation of 12ft
3
.min

-1
 air. 

 

 6.4 STATISTICAL ANALYSES 

 

In order to compare the effect of the different cooling profiles on thermal balance, the 

physiological measures of Tre, sk, body, sktorso, sweat production and Eactual were analysed 

using either a one-way (condition) or a two-way (time x condition) ANOVA with repeated 

measures at time points -10, 0, 25, 50, 75 and 105 minutes. The same analyses were 

performed to assess any differences between the cooling profiles within and between the 

exercise and rest periods. To evaluate any differences between the cooling profiles on the 

thermal perceptions, the same analyses were conducted on the perceptual measures (i.e. 
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TS, TTS, TC, and TTC). For sphericity violations, the F values were corrected using the 

Greenhouse-Geisser procedure, in cases where this occurs, the modified degrees of 

freedom are provided after the adjusted F value. In order to detect differences amongst 

means, a significant F-test, was further analysed with a Bonferroni post-hoc comparison 

test.  

 

To detect any differences between the cooling profiles on their influence on both the 

physiological and perceptual measures over time, the amount of change in both 

physiological and perceptual measures between the first and last cooling cycles within a 

cooling profile were compared using Paired-sample T-tests. This was completed for both 

the exercise and rest period.  

 

Determination of the optimum cooling profile 

The following analyses were performed in order to determine the optimum cooling profile 

to enhance thermal comfort when wearing APVs.  

 

1. Within-subject analysis 

Subjective measurements tend to have large inter-individual variability (Fagarasanu & 

Kumar, 2002). As a result, it is sometimes difficult to establish differences between 

conditions as any differences within individuals can be masked by the inter-individual 

variability. Therefore any conclusions drawn from analyses that use the group mean (i.e. 

general linear model [GLM]) are susceptible to Type II errors. To prevent this error, it was 

decided to perform a within-subject analysis on the physiological and thermal perceptual 

responses to the four different cooling profiles. 

 

The within-subjects analysis involved comparing each participant‟s physiological and 

thermal perceptual responses during each intermittent cooling profile with their responses 

to continuous cooling. For each participant, the cooling profiles were ranked in descending 

order according to which provided the most favourable thermal perception (i.e. the cooling 

profile that either produced the least discomfort or the coolest sensation were always 

ranked 1
st
).  These differences were also pooled together and evaluated for any significant 

differences between the intermittent cooling profiles using a GLM. 
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2. Amplitudes of fluctuations and rate of change in the skin temperatures. 

The amplitudes of change in sk and sktorso were compared between ICramp, ICtriang and 

IConoff using using either a one-way (condition) ANOVA with repeated measures  The 

same analyses were used to compare the rate of change in sktorso between between ICramp, 

ICtriang and IConoff.  

 

3. Correlations between physiological and the thermal perceptual measures   

Relationships between the physiological and perceptual variables were assessed by Pearson 

product-moment correlations. Differences between the different cooling profiles in the 

strength of any relationships within, and between, the measures were assessed using Fisher 

r to z transformation (Wilcox & Muska, 2002). The z scores were then used to make any 

comparisons using Paired-sample T-tests. The results from these analyses were used to 

provide information on the physiological factors that affect thermal perceptions. This 

information was then used to provide recommendations of the physiological characteristics 

the optimum cooling profile must provide in order to enhance thermal comfort. 

 

4. Overall preference of cooling profile 

Due to the small sample size, a single binominal proportion test was utilised to determine 

the participants‟ overall preference for a cooling profile as assessed by the post- 

experiment interviews.  

 

5. Determination of the optimum rate of air flow. 

To establish what rates of air flow in the intermittent cooling profiles caused either positive 

or negative deviations of thermal comfort compared to the continuous cooling profile 

(CC), the thermal perceptual measures for each of the intermittent cooling profiles were 

subtracted from CC. This process was completed for each of the participants, for each of 

the intermittent cooling profiles. The resultant values were plotted against time in order to 

establish at which time points thermal comfort was perceived better or worse than that of 

CC (i.e. any positive value represents time points in which the intermittent flow rate was 

perceived as either more uncomfortable than CC, whereas a negative value represents the 

opposite). To establish an accurate assessment of which air flow rates promoted feelings of 

thermal comfort or discomfort, it was necessary to use only the participants‟ data whose 

thermal comfort for the majority of the experiment oscillated from positive to negative 

values. Therefore only these participants were selected for the next stage of analysis. 
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The second part of the analysis involved assigning the negative or zero values with a 1, and 

positive values with a 0. These digits were then plotted against the flow rates in order to 

identify which flow rates promoted feelings of comfort/discomfort. The next step involved 

quantifying the occasions each rate of air flow provided feelings of either 

comfort/discomfort compared to CC. In order to do this, the total number of occasions each 

rate of air flow promoted these different thermal perceptions was calculated for each of the 

selected participants, for each of the intermittent cooling profiles. The total numbers of 

occasions were then pooled together to provide an overall mean for each of the air flow 

rates. 

 

All statistical analyses were performed using SPSS 16.0 software (SPSS Inc. Chicago, IL). 

Statistical significance was set at a level of α < 0.05, with a trend in the data being 

considered to occur if P = > 0.05 < 0.1. All data are presented as mean (±SD). 

 

6.5. RESULTS  

To provide a general background to the physiological and perceptual responses to the three 

different air temperatures the results from the GLM used to assess the reproducibility of 

the physiological and perceptual responses within and between the three conditions are 

presented first. This is then followed by the results from the analyses that assessed the 

influence of the different cooling profiles on the thermal perceptions.  

 

Two of the participants were removed from the analyses for the following reasons: 

 

Participant No. 4: Due to thermocouples becoming detached from the skin, the skin 

temperatures for this participant were not recorded for the whole of their last experimental 

run.  

Participant No. 7: Due to technical reasons, in two of the conditions, this participant‟s 

cooling profiles did not follow the exact profile originally designed; this may have affected 

their perceptual measurements.  

 

6.5.1 Physiological responses 

 

Oxygen consumption and Heart Rate 

The mean oxygen consumption of each of the participants was 1.16 (0.25) L.min
-1

 and was 

not significantly different (nsd) between the four cooling profiles, CC = 1.20 (0.27) L.min
-
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1
, IConoff = 1.11 (0.23) L.min

-1
, ICtriang = 1.20 (0.27) L.min

-1
, ICramp = 1.12 (0.25) L.min

-1
 (P 

> 0.05). During the exercise period heart rate was also nsd between the cooling profiles 

and did not change over time; CC = 107 (13) bpm, IConoff = 107 (15) bpm, ICtriang = 105 

(11) bpm, ICramp = 106 (14) bpm.  

 

Hydration status and Evaporative loss  

The hydration status of the participants at the end of an experiment was nsd between the 

cooling profiles with the average % of dehydration being -0.56 (0.52) % (CC = -0.54 

[0.48] %, IConoff = -0.46 [0.48] %, ICtriang = 1.22 [0.29] %, ICramp = 1.30 [0.29] %) (P > 

0.05). 

 

There was no main effect for condition with sweat loss, with the average sweat loss over 

the four cooling profiles being 1.21 (0.30) L or 0.63 L.hr
-1

 (CC = 1.14 [0.29] L, IConoff = 

1.16 [0.34] L, ICtriang = 1.22 [0.29] L, ICramp = 1.30 [0.29] L) (P > 0.05). 

 

The percentage of total sweat production that was evaporated from the skin (Eactual) was 

nsd between the conditions with the average Eactual over the four cooling profiles being 

86.53 (19.50) % (CC = 93.98 [4.22] %, IConoff = 81.24 [24.80] %, ICtriang = 78.89 [28.17] 

%, ICramp = 92.03 [5.44] %) (P > 0.05). The variability within Eactual was higher in IConoff 

and ICtriang due to four individuals, two in each cooling profile. These individuals had a 

much lower Eactual than in the other cooling profiles (~30-40%). However, when these 

participants were removed from the analyses, Eactual was still nsd between the cooling 

profiles and therefore the means from the ten individuals are presented.  

 

Rectal Temperature 

The average rectal temperature throughout an experimental run (i.e. during both exercise 

and rest) was nsd between the four cooling profiles with the mean Tre across the four 

cooling profiles being 37.96 (0.30)
o
C, and the mean increase in Tre being 0.44 (0.21)

o
C (P 

> 0.05). The mean increase and corresponding decrease in Tre during exercise and rest was 

also nsd between the four cooling profiles (P > 0.05) (Figure 6.5.1) 
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Figure 6.5.1. Mean Tre during exercise and rest in each cooling profile (n = 10) * significant difference  

between -10 and  all time points except for 105 minutes (P < 0.001),  † significant  difference 

between  25  and all time points except for 50 and 75 minutes  (P <0.001) Φ significant 

difference between 0 all time points except for 75 and 105 minutes (P <0.05).  

 

 

There was a significant main effect for time with Tre (F (1.7, 9) = 34.83, r = 0.813, β=1.00, 

P =0.000). In response to the self paced jog, Tre became significantly increased compared 

to the initial Tre (P < 0.001), after the run Tre still increased until it stabilised sometime 

between 25 and 75 minutes (0 vs. 25 mins; P < 0.01, 35 vs. 50 and 75; P > 0.05). By the 

75
th

 minute, rectal temperature became nsd from that at 0 mins, suggesting that Tre may 

have been falling slightly during the walk. During rest, Tre steadily declined until it reached 

a temperature nsd to that of the initial measurement (i.e. -10 minutes) (P > 0.05).  

 

Mean Skin Temperature 

Mean skin temperature between the four cooling profiles was nsd during both exercise and 

rest (P > 0.05). However, there was a difference in sk between exercise and rest in all of 

the conditions, with the average sk being lower during the rest period (CC: P = 0.015, 

IConoff: P = 0.005, ICtriang: P = 0.005 and ICramp: P = 0.006). See Table 6.5.1 and Figure 

6.5.2 for summary. 
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Figure 6.5.2.  Average mean skin temperature during exercise and rest in each cooling profile (n =10). 

 

 

Table 6.5.1. Average (SD) mean skin temperature during the whole experimental run, 

exercise and rest only (n =10). 

 CC IConoff ICtriang ICramp 

Tsk: Exercise and rest (
o
C) 35.74 (0.63) 35.73 (0.59) 35.69 (0.54) 35.75 (0.50) 

Tsk: Exercise (
o
C) 35.85 (0.57)* 35.84 (0.49)* 35.85 (0.45)* 35.89 (0.41)* 

Tsk: Rest (
o
C) 35.52 (0.79) 35.50 (0.72) 35.40 (0.71) 35.46 (0.75) 

* Significant difference between exercise and rest (P < 0.05) 

 

During exercise, the average sk over a cooling cycle did not significantly differ between 

the first and last cooling cycles in all of the cooling profiles, indicating that the cooling 

efficiency of each of the cooling profiles did not change over time. During rest, the average 

sk across a cooling cycle was significantly different between the first and last cooling 

cycles in all the conditions which was probably the result of the reduction in heat 

production (see Table 6.5.2 for summary). 
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Table 6.5.2. Average (SD) mean skin temperature of first and last cooling cycles for each 

of the cooling profiles during exercise and rest (n =10). 

 Exercise Rest 

 
Cycle 1 

(
o
C) 

Cycle 6 

(
o
C) 

Cycle 1 

(
o
C) 

Cycle 3 

(
o
C) 

CC 35.84 (0.54) 35.83 (0.61) 35.60 (0.77)* 35.44 (0.84) 

IConoff 35.89 (0.44) 35.80 (0.56) 35.69 (0.59)*
 

35.42 (0.89) 

ICtriang 35.93 (0.42) 35.81 (0.58) 35.52 (0.67)* 35.10 (0.94) 

ICramp 35.95 (0.35) 35.84 (0.49) 35.95 (0.68)*
 

35.37 (0.75) 

*
  
significant difference between first and last cooling cycle: CC: P = 0.039, IConoff: P = 0.004, ICtriang 

: P = 0.023, ICramp:  P = 0.002. 
 

 
 

Mean Torso Skin Temperature  

Mean torso skin temperature between the four cooling profiles was nsd during exercise and 

rest (P > 0.05). However, there was a difference in sktorso between exercise and rest in all 

of the conditions (Tables 6.5.3 and Figure 6.5.3). During exercise, in all of the cooling 

profiles the average sktorso across a cooling cycle was nsd from the first and last cooling 

cycles. However during the rest period, similar to sk, sktorso did decrease significantly (see 

Table 6.5.4 for summary). 

 

Table 6.5.3. Average (SD) mean torso skin temperature during the whole experimental 

run, during exercise and rest only (n =10). 

 CC IConoff ICtriang ICramp 

Tsktorso: Exercise and rest (
o
C) 35.62 (0.63) 35.73 (0.52) 35.67 (0.61) 35.65 (0.73) 

Tsktorso : Exercise (
o
C) 35.80 (0.54)* 35.96 (0.47)* 35.93 (0.52)* 35.93 (0.66)* 

Tsktorso: Rest (
o
C) 35.25 (0.86) 35.45 (0.32) 35.11 (0.87) 35.07 (0.95) 

 

 

 

 

Table 6.5.4. Average (SD) mean torso skin temperature for first and last cooling cycles for 

each of the cooling profiles during exercise and rest (n =10). 

 Exercise Rest 

 
Cycle 1 

(
o
C) 

Cycle 6 

(
o
C) 

Cycle 1 

(
o
C) 

Cycle 3 

(
o
C) 

CC 35.59 (0.63) 35.78 (0.57) 35.60 (0.77)
 

35.44 (0.84)
 

IConoff 36.05 (0.45) 35.84 (0.53) 35.69 (0.59) 35.37 (0.79) 

ICtriang 36.05 (0.53) 35.87 (0.54) 35.52 (0.67)* 35.23 (0.93) 

ICramp 36.09 (0.41) 35.80 (0.74) 35.95 (0.68)* 35.33 (0.83) 

*  significant difference between first and last cooling cycle:, ICtriang : P = 0.027, ICramp:  P = 0.023 

* Significant difference between exercise and rest CC: P = 0.005, IConoff, ICtriang and ICramp;  P = 0.001. 
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Figure 6.5.3. Average mean torso skin temperature during exercise and rest in each cooling profile (n = 10). 

 

 

Mean Torso Relative Humidity 

Between the four cooling profiles RHtorso was significantly lower in CC than all of the 

other conditions (P = 0.001) and significantly higher in IConoff
 
than all the other conditions 

(P = 0.001) (F = 121.75, r = 0.931, β = 0.989, P < 0.001). These differences occurred 

during both exercise and rest. There was a difference in RHtorso between exercise and rest 

for IConoff and ICramp; P = 0.001, and for ICtriang; P = 0.005, but not for CC (Table 6.5.5 and 

Figure 6.5.4). Additionally, during exercise and rest, none of the amplitudes in RHtorso in 

the intermittent cooling profiles were lower than the % maintained in CC. 

 

Table 6.5.5.  Average (SD) mean torso relative humidity during the whole experimental 

run, exercise and rest only (n = 10). 

 CC IConoff ICtriang ICramp 

RHtorso: Exercise and rest (%) 45.15 (7.74) † 66.17 (1.09) ¥ 59.32 (9.91) 59.52 (8.44) 

RHtorso :Exercise (%) 46.31 (8.62) † 68.37 (7.81)* ¥ 61.20 (8.92)* 62.03 (8.20)* 

RHtorso :Rest (%) 42.77 (7.36) † 61.29 (12.05) ¥ 55.28 (12.44) 54.29 (9.10) 

†  significant difference between CC and all (P < 0.001),    ¥  significant difference  between   IConoff  and all  

(P  < 0.001) , * significant difference between exercise and rest, IConoff and ICramp (P = 0.001), and for 

ICtriang  (P = 0.005). 
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Figure 6.5.4. Average mean torso relative humidity during exercise and rest in each cooling profile (n=10). 
 

 

During exercise, the average RHtorso across a cooling cycle was nsd between the first and 

last cooling cycles in all of the cooling profiles. However, during rest, a significant 

difference was established between the first and last cooling cycles for all of the cooling 

profiles (P < 0.001). This most likely occurred due to the cessation of exercise resulting in 

a decrease in participants‟ sweat production (see Table 6.5.6 for summary). 

 

Table 6.5.6.  Average (SD) mean torso relative humidity for first and last cooling cycles 

for each of the cooling profiles during exercise and rest (n =10). 

 Exercise Rest 

 
Cycle 1 

(%) 

Cycle 6 

(%) 

Cycle 1 

(%) 

Cycle 3 

(%) 

CC 49.61 (13.29) 47.67 (7.23) 44.49 (7.48)*
 

41.13 (7.61)
 

IConoff 67.67 (6.90)
 

67.43 (9.98)
 

64.64 (11.62)* 60.59 (12.90) 

ICtriang 63.29 (8.49) 61.75 (8.83) 59.91 (12.29)* 52.33 (12.85) 

ICramp 64.79 (7.64) 60.00 (10.99) 59.22 (9.56)* 51.97 (8.48) 

*
  
significant difference between first and last cooling cycle: CC:  P =0.001, IConoff:  P = 0.000, 

 ICtriang: P = 0.001, ICramp:  P = 0.000. 
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6.5.2. Thermal perceptions 

 

Rating of Perceived Exertion 

The rate of perceived exertion was nsd between the four cooling profiles, with a mean RPE 

of 10 (2) across the conditions (CC = 10 [2], IConoff = 10 [2], ICtriang = 10 [2], ICramp = 10 

[2]) (P > 0.05).  

 

Thermal comfort 

The participants‟ mean thermal comfort was nsd between the four cooling profiles during 

both exercise and rest. Thermal comfort was also nsd between exercise and rest in CC and 

IConoff; P < 0.05, but TC was significantly improved in the transition from exercise to rest 

in the two cooling profiles ICtriang: P = 0.023 and ICramp: P = 0.024 (Table 6.5.7 and Figure 

6.5.5).  

 

Table 6.5.7.    Mean (SD) thermal comfort during the whole experimental run, exercise 

and rest only (n = 10). 

 CC IConoff ICtriang ICramp 

TC: Exercise and rest  66.78 (29.17) 67.86 (23.17) 67.73 (24.78) 66.21 (25.52) 

TC: Exercise  69.25 (31.32) 70.52 (25.13) 72.50 (26.77)* 69.60 (27.60)* 

TC: Rest  62.31 (27.98) 62.88 (22.78) 59.73 (23.12) 59.76 (23.31) 

 

 

During exercise and rest, the average TC across a cooling cycle was nsd between the first 

and last cooling cycle in all the cooling profiles. However during exercise, for CC, there 

was a trend for TC to increase over time (P = 0.063) and during rest there was a trend for 

IConoff to decrease over time (P = 0.059). See Table 6.5.8 for summary.  

* significant difference between rest and exercise in  ICtriang: P = 0.023 and ICramp: P = 0.024   
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Figure 6.5.5. Mean thermal comfort during exercise and rest in each cooling profile (n=10). 

 

Table 6.5.8.    Mean (SD) thermal comfort for the first and last cooling cycles for each of 

the cooling profiles during exercise and rest (n =10). 

 Exercise Rest 

 Cycle 1 Cycle 6 Cycle 1 Cycle 3 

CC 62.28 (28.66)* 73.55 (35.52) 64.13 (29.35) 59.18 (26.85) 

IConoff 68.03 (26.66) 72.75 (26.48) 65.53 (21.95)* 58.78 (23.94) 

ICtriang 72.85 (27.58) 72.20 (25.06) 59.28 (21.58) 56.45 (24.32) 

ICramp 70.75 (28.00) 71.75 (30.00) 64.65 (25.68) 56.18 (23.22) 

* A trend for TC to differ between the first and last cooling cycle: CC: P = 0.063, IConoff : P = 0.059.  

 

Temperature sensation 

Temperature sensation was nsd between each of the cooling profiles during both exercise 

and rest. However, there was a trend for TS to be lower during rest than exercise in the 

cooling profiles, ICtriang (P = 0.074) and ICramp (P = 0.059), with no significant differences 

established in CC and IConoff (Table 6.5.9 and Figure 6.5.6) 

 

During both exercise and rest, the average TS across a cooling cycle was nsd between the 

first and last cycle in all of the cooling profiles (see Table 6.5.10 for summary). 
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Table 6.3.9.   Mean (SD) temperature sensation during the whole experimental run, 

exercise and rest only (n = 10). 

 CC IConoff ICtriang ICramp 

TS: Exercise and rest 89.91 (24.48) 93.09 (17.28) 95.72 (17.25) 90.09 (19.90) 

TS: Exercise 91.33 (26.51) 94.66 (18.51) 91.56 (27.32) 91.83 (20.34) 

TS: Rest 86.84 (22.60) 89.60 (16.28) 87.53 (26.02) 86.53 (20.67) 

 

 

Table 6.3.10.  Mean (SD) temperature sensation for first and last cooling cycles for each of 

the cooling profiles during exercise and rest (n = 10). 

 Exercise Rest 

 Cycle 1 Cycle 6 Cycle 1 Cycle 3 

CC 89.65 (19.78) 90.75 (30.00) 84.75 (25.35) 88.23 (19.95) 

IConoff 95.60 (16.92) 94.30 (20.00) 89.63 (16.02) 89.65 (16.66) 

ICtriang 97.80 (19.92) 96.50 (18.23) 92.75 (16.64) 94.08 (16.29) 

ICramp 92.55 (16.89) 92.33 (21.83) 86.08 (21.51) 87.23 (20.39) 

 

 

Torso Thermal Comfort 

Torso thermal comfort was nsd between each of the cooling profiles during exercise and 

rest. In all cooling profiles, except for CC, TTC was significantly greater (i.e. more 

uncomfortable) during exercise than rest in ICtriang (P = 0.009) and ICramp (P = 0.038), with 

a trend for participants to feel more comfortable in IConoff during rest:  P = 0.094 (Table 

6.5.11 and Figure 6.5.7).  
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Figure 6.5.6. Mean temperature sensation during exercise and rest in each cooling profile (n=10). 
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Table 6.5.11.  Mean (SD) torso thermal comfort during the whole experimental run, 

exercise only and rest only (n = 10). 

 CC IConoff ICtriang ICramp 

TTC: Exercise and rest 57.46 (24.63) 62.30 (20.89) 61.42 (24.12) 57.69 (22.98) 

TTC: Exercise 59.27 (27.77) 64.50 (22.54) 65.97 (26.67) 59.71 (27.60) 

TTC: Rest 53.93 (20.55) 58.37 (19.07) 53.70 (20.38) 53.33 19.47) 

* Significant difference between exercise and rest; IConoff :  P = 0.094, ICtriang : P= 0.009, ICramp: P = 0.038. 

 

During both exercise and rest, the average TTC across a cooling cycle was nsd between the 

first and last cycle in all of the cooling profiles (see Table 6.5.12 for summary). 

 

Table 6.5.12.  Mean (SD) torso thermal comfort for first and last cooling cycles for each of    

the cooling profiles during exercise and rest (n =10). 

 Exercise Rest 

 Cycle 1 Cycle 6 Cycle 1 Cycle 3 

CC 54.38 (26.14) 60.08 (31.48) 54.25 (22.96) 53.18 (20.65) 

IConoff 62.15 (19.94) 65.85 (24.47) 60.40 (19.29) 56.83 (19.67) 

ICtriang 65.05 (28.09) 66.80 (25.77) 52.98 (20.97) 51.73 (19.89) 

ICramp 61.75 (26.57) 61.58 (26.27) 56.15 (22.52) 52.35 (18.04) 
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Figure 6.5.7.  Mean torso thermal comfort throughout during exercise and rest in each cooling profile 

(n=10). 
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Torso temperature sensation 

There was a main effect for condition on TTS during exercise (F = 4.520, r = 0.334, β = 

0.831, P = 0.011), post hoc analysis identified that TTS was significantly lower in ICramp 

than both ICtriang (P = 0.000) and IConoff (P = 0.029). The TTS was nsd for both CC and 

ICramp. During rest, TTS was nsd between the cooling profiles. TTS between exercise and 

rest was only significantly different in the IConoff cooling profile (P = 0.021) (Table 6.5.13 

and Figure 6.5.8). 

 

Table 6.4.13.  Mean (SD) torso temperature sensation during whole experimental run, 

exercise only and rest only (n =10). 

 CC IConoff ICtriang ICramp 

TTS: Exercise and rest  76.91 (27.05) 81.43 (17.67) 85.05 (18.41) 75.30 (18.47) 

TTS: Exercise  76.73 (29.00) 82.85 (18.60)Ψ 87.20 (19.73) 75.88 (19.04)* 

TTS: Rest  77.41 (24.00) 77.10 (16.75) 82.55 (16.75) 73.28 (19.66) 

*significant difference exists between ICramp and IConoff (P= 0.021) and ICtriang (P= 0.000) Ψ = significant 

difference between exercise and rest (P = 0.021) 
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Figure 6.5.8. Mean torso temperature sensation during exercise and rest in each cooling profile (n=10). 

 

 

During exercise, the average TTS across a cooling cycle was nsd between the first and last 

cooling cycles in all the cooling profiles. During rest, there was a trend for TTS to increase 

over time in CC, but not in the other cooling profiles (P = 0.091) (Table 6.5.14 for 

summary). 
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Table 6.5.14.  Mean (SD) torso temperature sensation for the first and last cooling cycles 

for each of the cooling profiles during exercise and rest (n = 10). 

 Exercise Rest 

 Cycle 1 Cycle 6 Cycle 1 Cycle 3 

CC 72.38 (23.98) 78.20 (32.78) 72.55 (28.55) 81.48 (23.58) 

IConoff 82.78 (17.10) 82.75 (19.41) 76.38 (16.51) 76.78 (16.46) 

ICtriang 88.08
 
(19.44) 85.45 (20.06) 81.63 (15.63) 83.43 (15.88) 

ICramp 76.40 (17.40) 78.05 (20.95) 73.10 (20.59) 75.80 (19.81) 

 

 

6.5.3 Determination of the optimum cooling profile  

 

6.5.3.1  Within- subject analysis  

In order to prevent the possibility of making a Type II error, each participant‟s perceptual 

responses to the intermittent cooling profile were compared with the responses from CC. 

These differences were then ranked in descending order according to which provided the 

most favourable thermal perception i.e. the cooling profile that either produced the least 

discomfort or the coolest sensation were always ranked 1
st
. The proportion of cooling 

profiles ranked first was assessed for significance using a single binomial proportion test.  

 

The results of this analysis reflected the results calculated by the repeated-measures GLM 

as no cooling profile was ranked significantly higher than any other cooling profile, for any 

of the thermal perceptions. However, it did appear that ICramp was ranked either 1
st
 or 2

nd
 

on most occasions within all the thermal perceptions, especially within TTC and TTS. As a 

result, ICramp may produce more favourable perceptions other than TTS.  To assess this 

possibility a second analysis (One way ANOVA with repeated measures) was performed 

on the individual differences in thermal perceptions between each intermittent cooling 

profile and continuous cooling (see Section 6.4 for more detailed description).  

 

The results from this analysis detected differences between the intermittent cooling profiles 

within the thermal perceptual measures of TS, TTS and TTC, but not TC.  TS was 

significantly cooler in ICramp than ICtriang during exercise and a trend for ICramp to be cooler 

than ICtriang during rest, P =0.025 and P =0.091, respectively. TTS was also significantly 

cooler in ICramp than both IConoff (P = 0.012) and ICtriang (P = 0.000) during exercise, but 

during rest, there was only a trend for ICramp to be cooler than ICtriang (P = 0.058). In TTC, 

during rest, there was a trend for a difference to occur between ICtriang and IConoff, with 
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ICtriang being perceived to be more comfortable (P = 0.081). The results suggest that ICramp 

may have been preferred over ICtriang as the cooler sensations of the torso were also 

translated into a cooler whole body sensation. The results did not provide any further 

information on why ICramp was preferred over IConoff other than it provided cooler torso 

temperature sensation. 

 

6.5.3.2  Amplitudes of fluctuations and rate of change in the skin temperatures.  

To further understand the reason why ICramp was perceived to be cooler in both TTS and 

TS than the other intermittent cooling profiles, the amplitudes in sk and sktorso were 

compared between ICramp, ICtriang and IConoff.  Additionally, the rate of change in sktorso 

was calculated and also compared between the intermittent cooling profiles. 

 

The results indicated that there was nsd between the intermittent cooling profiles in the 

amplitudes of both sk and sktorso during both exercise and rest (P > 0.05). However, there 

was a significant difference between the intermittent cooling profiles for the rate of change 

in sktorso, with a significant difference occurring between ICtriang and IConoff, (P = 0.029) 

and a trend for a significant difference to occur between ICtriang and ICramp (P = 0.080). 

IConoff = 0.201 (0.02)
o
C.min

-1
, ICtriang = 0.300 (0.08)

o
C.min

-1
, ICramp = 0.200(0.05)

o
C.min

-1
 

(F = 8.879, r = 0.597, β =0.921, P = 0.043).  

 

6.5.3.3 Correlations between physiological and the thermal perceptual measures   

The relationships between the physiological and perceptual responses were examined for 

each of the intermittent cooling profiles to assess whether any of the physiological 

variables caused ICramp to be perceived significantly cooler than the other intermittent 

cooling profiles. The responses to CC were also examined to assess whether any 

physiological variable was responsible for the similarities between intermittent and 

continuous cooling. 

 

The only common significant difference between the intermittent cooling profiles in their 

relationships with the physiological variables was the stronger relationship between IConoff 

and RHtorso (Table 6.5.15). During exercise, the relationships between both sk and sktorso 

and TTS were not significantly different between ICramp and IConoff, both of which were 

statistically significantly stronger than the relationship present in the condition ICtriang. 

However, the relationship between TTS and RHtorso was significantly stronger in IConoff 

than both ICtriang and ICramp conditions. This suggests that ICramp may have been perceived 
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cooler than IConoff due to the possibility that the significantly higher RHtorso in IConoff may 

have negated any influence IConoff had on the skin temperatures.  

 

During exercise, IConoff also had significantly stronger relationships between RHtorso and 

other thermal perceptions; all of which were significantly different to the other cooling 

profiles, with the exception of ICtriang and the relationship between RHtorso and TC. 

However, during rest, IConoff only had a significantly stronger relationship than the other 

cooling profiles between RHtorso and both TC and TTC. This may explain why out of the 

cooling profiles, TTS was only significantly cooler during rest compared to exercise in 

IConoff, and during rest, only in IConoff did participants feel slightly more comfortable over 

time. In all cases the relationships between RHtorso and the thermal perceptions were 

relatively weak (r = 0.203), with exception of TTS during exercise where the relationship 

was of moderate strength (r = 0.469) (Field, 2005). 

 

Table 6.5.15. Summary of the correlations between thermal perceptual and physiological 

measures during exercise and rest (n = 10). 

 Exercise Rest 

 Tsk Tsktorso RHtorso Tre Tsk Tsktorso RHtorso Tre 

CC(TC) 0.468
**†

 0.414
*†

 -0.012
**

 0.054
**

 0.071 0.099 -0.012 0.213
*
 

CC(TS) 0.453
**

 0.513
**

 0.033
**

 0.167
**

 0.237
*
 0.406

**†
 -0.289

**
 0.176 

CC (TTC) 0.449 0.509 -0.154 -0.239 0.089 0.171 -0.144 -0.083 

CC (TTS) 0.534
**

 0.678
**

 -0.349 -0.086 0.353
**

 0.478
**

 -0.487
**

 -0.005 

IConoff(TC) 0.180
**

 0.193 0.203
**¥

 -0.153
**

 -0.164 -0.146 0.294
**†

 -0.202
*
 

IConoff(TS) 0.304
**

 0.326
**

 0.221
**†

 -0.229
**

 0.091 0.261
**

 0.029 -0.293
**

 

IConoff(TTC) 0.339
**

 0.367
**

 0.269
**†

 -0.227
**

 0.065 0.182 0.217
†
 -0.505

**
 

IConoff(TTS) 0.419
**

 0.518
**

 0.406
**†

 -0.201
**

 0.368
**

 0.549
**

 0.101 -0.349
**

 

ICtriang(TC) 0.001
**

 -0.101 0.147
**

 -0.357
**

 0.145 -0.069 0.139 -0.215
**

 

ICtriang(TS) 0.353
**

 0.303
**

 0.088
**

 -0.385
**

 0.189
**

 0.116
**

 -0.131
**

 -0.277
**

 

ICtriang(TTC) 0.001 0.007 0.173 -0.590 0.083 -0.045 0.073 -0.570
**

 

ICtriang(TTS) 0.310 0.434 0.202 -0.436 0.252 0.398
**

 -0.292 -0.348
**

 

ICramp(TC) 0.110
**

 -0.032 0.040
**

 -0.316
**

 -0.074 -0.152 0.106 -0.448
**†

 

ICramp(TS) 0.359
**

 0.199
**

 -0.032
**

 -0.264
**

 0.089 0.130 -0.078 -0.509
**†

 

ICramp(TTC) 0.255 0.255 0.090 -0.163 0.193 0.227 0.030 -0.411
**

 

ICramp(TTS) 0.499
**

 0.518
**

 0.109 -0.010 0.416
**

 0.569
**

 -0.133 -0.333
**

 

*
  Significant correlation at the 

 
P = 0.05 level. 

**  
Significant correlation at the 

 
P = 0.001 level. 

† 

significant difference to the other cooling profiles within either exercise or rest ( P < 0.05). ¥ significant 

difference between IConoff and both ICramp and CC within either exercise or rest. 
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6.5.3.4 Subjective Comments 

In the post-trial interviews, all participants could accurately recall the chronological order 

of the different cooling profiles that were assigned to them and therefore it was assumed 

that their subjective comments were specific to each of the cooling profiles. The 

participants‟ responses to the post-experiment interviews are detailed in Appendix G. As 

previously mentioned, participants 4 and 7 were excluded in the previous analyses of the 

physiological and perceptual measures in order to present relationships between the 

physiological and perceptual variables that were reflective of each other. However, unlike 

participant 7, participant 4 was only excluded due to technical issues in the measurement 

of skin temperature and therefore perceptual measures still remain valid. Therefore, it was 

decided that participant 4 should remain in the analysis that quantified the participants‟ 

preferred choice of cooling profile. 

 

Table 6.5.16 summarises the participants‟ preferred cooling profile as indicated by the 

post-experiment interviews. Out of the four cooling profiles, participants most preferred 

ICramp and CC, with both cooling profiles having the same ratio of participants selecting 

them as their preferred choice. However, their proportions of votes were not enough to be 

statistically significant from the other two cooling profiles. Based on the sample size and 

the option of four choices, in a single binominal proportion test a proportion of 4/12 

produced a wide 95% Exact (Clopper-Pearson) confidence interval that included 25% 

(12% to 68%), which suggested no evidence of a clear preference for ICramp or CC. A 

proportion of 6/11 is the required level for significance.  

 

Table 6.5.16.  Summary of participants preferred cooling profiles as indicated by post-

experiment interview (n =12). 

 CC IConoff ICtriang ICramp 

Ratio of preferred 

cooling profile 
4/11 1/11 2/11 4/11 

 

By examining the subjective comments of the participants, the factors that influenced the 

participants‟ choice of cooling profile fell into two common themes: 1) the cooling profile 

felt the coolest, and 2) the cooling profile felt the most stable. The top three reasons why 

the participants may not have chosen a cooling profile as their preferred choice were 

because it felt either: 1) too hot, 2) too cold, or 3) had too many fluctuations. In some cases 

when the participants were given a choice between coolth and fluctuations in temperatures, 

participants preferred having a non-fluctuating temperature than a cool one as they 

preferred an element of stability. 
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6.5.3.5 Determination of the optimum rate of air flow. 

Even though a larger proportion of participants selected an intermittent cooling profile as 

opposed to continuous cooling (7/11 vs. 4/11), it is not possible to ascertain which type of 

intermittent cooling profile was more effective in enhancing thermal comfort compared to 

continuous cooling. One major main reason for this was that at certain points in the 

intermittent cooling profiles (i.e. when the flow rate is reduced), the level of thermal 

discomfort felt by the participants rose to a level higher than that experienced during 

continuous cooling. This may have caused any benefit of the intermittent cooling profiles 

with regard to the thermal perceptions to be lost. In order to identify the ideal intermittent 

cooling profile, it was important to assess at what air flow rates within the intermittent 

cooling profiles this phenomena occurred. The method used to establish what rates of air 

flow in the intermittent cooling profiles caused either positive or negative deviations of 

thermal comfort compared to the continuous cooling profile (CC) is described in Section 

6.4. 

 

The higher air flow rates of 12ft
3
min.

-1
 and 9ft

3
min.

-1
 provided the greatest number of 

occasions where an intermittent cooling profile was perceived to be more comfortable than 

continuous cooling. In ICramp, the perfusion of 12ft
3
min.

-1
 air produced more favourable 

feelings of thermal comfort than CC in 1:3 occasions. In the same condition, a ratio of 1:5 

occasions was present for the flow rate of 9ft
3
min.

-1
 In ICtriang, the ratios were 1:2 for 

12ft
3
min.

-1
 and 1:12 for 6ft

3
min.

-1
. Finally, in ICtriang the ratio was 1:3 for 12ft

3
min.

-1
.   

 

The flow rates that produced a feeling of overall thermal comfort that was perceived to be 

more uncomfortable than CC were the lowest air flow rates of 3ft
3
min.

-1
 and 0ft

3
min.

-1
. In 

both ICramp and ICtriang conditions, perfusing the air flow rate of 3ft
3
min.

-1
 provided a level 

of thermal comfort that was more uncomfortable than CC in 1:4 occasions. In both 

conditions this ratio was higher than when no air was perfused through the APV (1:5 and 

1:6 for ICramp and ICtriang, respectively). This suggests that the ability of the intermittent 

cooling profiles to enhance thermal comfort when compared to CC was often lost at flow 

rates at or below 3ft
3
min.

-1
, which occurred before the air flow was switched off. In IConoff, 

in 1:4 occasions the level of comfort was more uncomfortable than CC at the air flow rate 

of 0ft
3
min.

-1
.  
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6.6 DISCUSSION 

 

In the current study, three different intermittent cooling profiles (i.e. step change [IConoff], 

sinusoidal [ICramp], and sawtooth [ICtriang]) were perfused through an APV and assessed for 

their effect on both thermal balance and thermal perceptions in comparison with 

continuous cooling. The results indicate that reducing the air flow through the APV by 

50% using an intermittent cooling profile does not negatively effect an individual‟s thermal 

balance, perception of fatigue or cardiovascular strain during moderate exercise in a hot 

environment. Therefore, the first hypothesis that there would be no difference between the 

four cooling profiles in maintaining thermal balance is accepted. In addition, reducing the 

air flow by 50% also does not negatively impact an individual‟s local and overall thermal 

comfort and temperature sensation. Therefore, the second hypothesis that there would be a 

difference in the thermal perceptions between intermittent and continuous cooling is 

rejected. Between the intermittent cooling profiles, the sinusoidal intermittent cooling 

profile (ICramp) significantly improved individuals‟ local and overall temperature sensation 

compared to the other intermittent cooling profiles. Therefore, the third and fourth 

hypotheses are accepted for torso and overall temperature sensation, but rejected for both 

local and overall thermal comfort. The subjective comments from the post-experiment 

interviews suggest that the two main characteristics that determined participants‟ 

preference in cooling profile were that the profile was „the coolest and/or most stable‟, and 

therefore should be considered in any recommended optimal cooling profile.  

 

6.6.1 Maintenance of thermal balance 

The results from the current study support previous observations that reducing the cooling 

capacity of a PCG via intermittent cooling does not negatively affect thermal balance 

(Cadarette et al., 2006; Cheuvront et al., 2003; Stephenson et al., 2007). In the current 

study, Tre, sk, and sweat production were similar between the cooling profiles illustrating 

the maintenance of thermal balance between the four cooling profiles.  

 

Few investigations have examined the effects of intermittent cooling using an air-perfused 

garment on thermal balance and thermal perceptions. However, in these studies, 

intermittent cooling was defined as providing cooling only during rest periods in work/rest 

cycles (Bomalaski et al., 1995; Chen et al., 1997), and therefore the results may not 

directly apply to the current study. As a result, to explain the maintenance of thermal 

balance requires referring to studies that compared CC with intermittent cooling in liquid-

perfused garments. In these studies, several reasons have been suggested for the 
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maintenance of thermal balance, the two main ones being: 1) the perfused liquid still acts 

as heat sink when not circulated through the garment (Cadarette et al., 2006; Cheuvront et 

al., 2003), and 2) fluctuating temperatures maintain a sk above the boundaries of the onset 

of vasoconstriction (~33
o
C), are thereby able to maintain an deep body temperature to sk 

gradient necessary for heat dissipation (Cadarette et al., 2006; Cheuvront et al., 2003; 

Stevenson et al., 2007).  

 

The reasons for the maintenance of thermal balance during intermittent cooling in air-

perfused garments are not so clear. In most cases, due to the thermal conductivity of air 

being 25 times lower than water (0.024 W.mK
-1

 vs. 0.58 W.mK
-1

), sk during continuous 

ventilation of ambient air rarely reaches the lower temperatures found in liquid-perfused 

garments that could cause vasoconstriction (Barwood et al., 2009; Bomalaski et al., 1995; 

Chen et al., 1997; Chinevere et al., 2008). In addition, once the air being ventilated 

through a garment during exercise is turned off, the main avenues for heat loss (i.e. 

evaporation and convection) are lost. A possible explanation is the suggestion that 

fluctuations in skin temperature enhance heat transfer at the skin by increasing the 

convective heat transfer coefficients between air and the skin surface (Mayer et al., 1987). 

This latter suggestion may be present in the current study as the sktorso and sk during each 

condition were similar between the intermittent and continuous cooling profiles.  

 

An alternative explanation for the similarity between continuous and intermittent cooling 

in maintaining thermal balance is that the thermal load in each condition was sufficiently 

matched by the amount of sweat evaporated from the regions of the body exposed to the 

surrounding environment. The sweat rate and evaporative heat loss were similar in the four 

cooling profiles. The fact that the overall evaporative heat loss was similar in the 

conditions is quite surprising considering that the overall air flow in the intermittent 

cooling profiles (i.e. ICtriang, IConoff, ICramp) was 50% percent less than that of the 

continuous cooling (CC). This difference was reflected in RHtorso, with RHtorso being ~ 

20% less in CC than the intermittent cooling profiles. The similarity between the cooling 

profiles in overall evaporative heat loss may be explained by the fact that the torso only 

represents ~20% of the overall body surface area (BSA), whereas the total BSA covered by 

clothing is ~ 88%, therefore ~68% of  the BSA available for evaporative heat loss is 

restricted.  
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Previous research has demonstrated that a regional variation exists in sweat production 

(Cotter et al., 1995; Fukazawa & Havenith, 2009; Havenith et al., 2008; Hertzman et al., 

1952) with the torso region being one of largest producers of sweat. Therefore, it could be 

argued that the evaporative heat loss from the torso may have compensated for the 

remaining 68% of the BSA that is covered by clothing.  However, the areas that were not 

covered by clothing were the hands and the face, which, although only reflects a small 

percentage of overall BSA (12%), have been found to contribute to ~ 37% of the overall 

regional sweat rate when the following regions; head, chest, scapula, abdomen, lower back, 

upper arm, forearm, hand, thigh, calf and foot, are summed (Cotter et al., 1995). In 

addition, the head generally has a slightly higher sweat rate than that of the torso (Cotter et 

al., 1995; Hertzman et al., 1952). Therefore, any differences in evaporative heat loss 

within the torso region may have been diminished when extrapolated to a more global 

estimation, but could occur in clothing ensembles that have a higher evaporative resistance 

and/or covers a larger BSA.  

  

6.6.2 Thermal perceptual responses to continuous vs. fluctuating temperatures. 

Figures 6.5.2-6.5.4 demonstrate that varying the flow rate in the intermittent cooling 

profiles were successful in producing significant fluctuations in sk, sktorso and RHtorso in 

comparison to continuous cooling. However, when compared to continuous cooling, these 

fluctuations in skin temperature did not appear to be of a sufficient magnitude to influence 

average thermal perceptions across a condition.  

 

The perception of thermal comfort is closely associated with Tbody and/or skin wettedness 

(ω), whereas temperature sensation is more related to skin temperatures (Cabanac et al., 

1971; Gagge et al., 1969; Fiala et al., 2001; Flouris & Cheung, 2009; Frank et al., 1999; 

Toftum et al., 1998a). Therefore it is not surprising that no significant differences were 

evident between the cooling profiles in the thermal perceptions of overall thermal comfort 

or temperature sensation, as for both Tre and sk, the average rise and absolute average 

across an experiment were similar between the cooling profiles. In addition, the sweat rate 

and evaporative heat loss, and therefore overall ω, over the whole experiment were also 

similar between the four cooling profiles. Based on the definition that ω = the actual 

evaporated heat loss (Eactual) / maximal evaporated heat loss (Emax) (Gagge et al., 1937), the 

overall ω in all conditions was ~ 0.14, which is below the threshold of thermal discomfort 

for both rest (0.2-0.3) and exercise (0.3-0.36) (Fukazawa & Havenith, 2009; Gagge et al., 

1986; Nishi & Gagge, 1977).  
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It is also possible that, within the intermittent cooling profiles, the magnitude of change in 

sk (+/- 0.5
o
C) caused by the fluctuations in air flow, may not have been enough to 

promote significant fluctuations in TS that would distinguish them from CC. Vernieuw et 

al. (2007) demonstrated that a fluctuation in sk of +/- ~1.0
o
C causes a significantly cooler 

TS in the intermittent cooling profiles compared with the continuous, suggesting that a 

magnitude of this extent may be required to elicit significantly cooler sensations for the 

whole body. However, sk was lower (33.5-34.5
o
C) in the study of Vernieuw et al. (2007) 

than the current study, and therefore the magnitude of change in sk may not be applicable 

for this investigation due to the sensitivity of cold sensations being increased at lower 

adapting temperatures (Fiala & Lomas, 2000; Hensel, 1981). In addition, the liquid-

perfused garment used in Vernieuw et al. (2007) covered a larger BSA (i.e. ~71%) and 

therefore changes in skin temperature were more evenly distributed across the regions of 

the body. Trying to increase the amplitude of change in mean skin temperature using an 

APV may create a non-uniform distribution in temperature sensation amongst the regions 

of the body which, as demonstrated in Chapter 5, can cause thermal discomfort (Candas & 

Dufour, 2007; Zhang & Zhao, 2006b). As a result, it is not clear what amplitude in skin 

temperatures are required to provide more favourable thermal perceptions than those 

experienced in continuous cooling.   

 

Based on the results from Chapter 5 and previous evidence (Newton et al, 2009), the 

amplitude of change in skin temperatures is not as effective at influencing thermal 

perceptions as the rate of change. Therefore, the rate of change in skin temperature caused 

by the intermittent cooling profiles may have been the factor preventing significant 

differences occurring between the intermittent and continuous cooling profiles in the 

average thermal perceptions across a condition. Even though the rate of sktorso change 

between the intermittent cooling profiles were between 0.2-0.3
o
C.min

-1
, which was slightly 

higher than that in Chapter 4, it was still lower than that recommended in Chapter 5 (i.e. 

greater than -0.49
o
C.min

-1
). It was also lower than the rate of temperature change (-

0.41
o
C.min

-1
)
 
that has previously been shown to improve thermal comfort by three points 

on a six point scale during localised cooling in a warm environment (Zhang, 2003).  

 

Although no differences between the intermittent and continuous cooling profiles were 

established in the thermal perceptions, there were differences between the intermittent 

profiles. In the ICramp condition, TTS and TS were significantly cooler than the other 
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intermittent cooling profiles. However, in ICramp they did not differ from CC. These cooler 

sensations do not appear to be related to absolute skin temperatures as the torso skin 

temperature was similar between the intermittent cooling profiles. It also does not appear 

to be related to the rate of skin temperature change, or amplitude in skin temperature 

change, as these values were also similar between ICramp and the other intermittent cooling 

profiles. Therefore another explanation is required. 

 

In studies that investigated the effects of different types of air movements on thermal 

perceptions, sinusoidal wave patterns were perceived to be cooler and in some cases more 

comfortable than continuous cooling and step changes (Xia et al, 2000; Tanabe & Kimura, 

1984; Zhao et al, 2006). As with the current study, mean skin temperature was also similar 

between the air movement patterns. It has been suggested that the ability of sinusoidal 

wave patterns to enhance temperature sensation is due to a greater stimulation of the 

thermoreceptors (Ring et al., 1993; lv & Liu, 2007).  Based on electrophysiological models 

and human psychophysiological studies, it has been suggested that the impulse frequency 

from the thermoreceptors peaks around temperature fluctuations of 0.5Hz -2Hz (Ring et 

al., 1993; lv & Liu, 2007) with lower frequencies of 0.016-0.5Hz being suggested for 

higher adapting skin temperatures of ~ 35
o
C due to the location of the warm 

thermoreceptors (Ring et al., 1993; Tanabe & Kimura, 1984). Lower frequencies are 

suggested to cause greater firing frequencies in the thermoreceptors due to a greater rate of 

change in skin temperature (Ring et al., 1993; lv & Liu, 2007). In the current study, the 

frequency of cyclic changes in the sinusoidal cooling profile was much lower (~ 

0.00139Hz) than previous studies which may explain the similarity between the 

intermittent and continuous cooling profiles in the average thermal perceptions across a 

condition.  

 

It could be argued that the other two intermittent cooling profiles also produced sinusoidal 

wave patterns in skin temperatures of the same frequency and therefore should have 

elicited the same temperature sensations as ICramp. Three factors may account for these 

differences in temperature sensation: 1) the rate of change in skin temperature 2) 

adaptation within the thermoreceptors, and 3) a significantly higher RHtorso in IConoff. 

 

Electrophysiological studies have shown that it is not necessarily the peak frequency that 

determines the magnitude of temperature sensation, but the total number of impulses sent 

from the thermoreceptors to the higher centres of the brain responsible for temperature 
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discrimination (Kenshalo & Ducleux, 1977; Okazawa et al., 2002). The rate of the 

reduction in skin temperature is slower in ICramp than ICtriang (Figure 6.3.3); therefore it is 

possible that the number of impulses sent to the brain was larger in ICramp than ICtriang, 

where a higher peak frequency may exist. A simpler explanation for the difference between 

ICtriang and ICramp, is that within a cooling cycle in ICtriang, three quarters of the time is spent 

warming the skin, whereas in ICramp the cooling and warming periods are equally dispersed 

within a cooling cycle (Figure 6.3.2).  

 

With regard to IConoff, the ICramp cooling profile may have been perceived to be cooler for 

two reasons. Firstly, a level of adaptation within the thermoreceptors may have occurred in 

IConoff during the ON periods (i.e. six minutes) when the highest air flow rate was perfused 

through the APV. This ON period was twice as long as the period where 12ft.min
-1

 was 

perfused in ICramp.  It has been observed in thermoreceptors that when dynamic stimulation 

ceases the neuronal activity returns to a steady state within 30s to 50s (Craig & 

Dostrovsky, 1991; Kenshalo & Ducleux, 1977). However, the adaptation time for 

temperature sensation can be up to several minutes because perceptions are processed 

centrally and therefore have longer decay constants (Hensel, 1981).The last three minutes 

of the ON period only improved TC by -0.85 (6.98) indicating that a level of adaptation in 

temperature sensation may have occurred in IConoff during cooling, and therefore attenuated 

TTS and TS. The second reason relates to the significantly higher RHtorso present in IConoff 

than the other cooling profiles. The higher RHtorso in IConoff may have confounded the 

influence that any reductions in skin temperature had on TTS and TS. This is exemplified 

by a significantly stronger relationship between TTS and RHtorso being present in IConoff 

compared to the other cooling profiles. 

 

The influence of RHtorso may also have compromised the ability of the intermittent cooling 

profiles to enhance the level of thermal comfort experienced during continuous cooling. In 

the current study, the strongest relationship between RHtorso and TC was present in IConoff, 

whereas as the weakest relationship existed in CC, which had the lowest RHtorso of all the 

cooling profiles. In fact, during each condition the amplitude of change in RHtorso in the 

intermittent cooling profiles never reached a level lower than that of CC. It was also 

observed that differences within the thermal perceptions were established between exercise 

and rest for the intermittent cooling profiles, but not for the continuous profile. In all the 

intermittent cooling profiles RHtorso was significantly reduced during the transition from 

exercise to rest, whereas, CC remained the same. These results indicate that any potential 
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benefit of an intermittent cooling profile on the thermal perceptions may have been 

confounded by the level of skin wettedness that was experienced during exercise, and 

therefore it is recommended that future designs of APVs intermittent cooling profiles 

should try to minimise RHtorso as much as possible. The addition of a drying agent to the 

perfused air may also help facilitate minimising RHtorso. 

 

6.6.3 Adaptation 

One factor that may explain why CC was not preferred by some individuals is the 

possibility that a level of adaptation to the thermal stimuli occurred during CC within the 

skin thermoreceptors. Adaptation is common with receptors and is believed to occur due to 

a reset in the reference set points as a measure to prevent neuronal fatigue. It is only when 

this new reference set point is exceeded that a neuronal signal is sent to the higher centres 

of the brain to be discriminated as a change in sensation. Adaptation to thermal stimuli is 

demonstrated through repeated exposures to thermal stimuli. Stevens and Stevens (1960) 

repeatedly exposed a small section of the forearm to repeated bouts of hot stimuli which 

caused a shift in the neutral set point of the forearm from 31.6
o
C to 33.0

o
C. 

  

In the current study, a level of adaptation may have occurred in the CC cooling profile. In 

this cooling profile, TC increased over time during exercise (i.e. participants became more 

uncomfortable) and TTS increased during rest with no corresponding change in local and 

mean skin temperatures. This did not occur in any of the other cooling profiles suggesting 

that the continuous thermal stimuli may have adjusted the neutral reference set point. As 

only very small fluctuations in skin temperature were present in CC, the adjusted neutral 

reference point may not have been exceeded. Therefore, in the case of TTS during rest, the 

neuronal signals sent to the higher centres of the brain may not have been enough to elicit 

the same cool sensation that was experienced at the beginning of the condition. In the case 

of TC during exercise, as TTS remained the same, a certain level of adaptation may have 

occurred that caused any small fluctuations in skin temperature to not be of a sufficient 

nature to be translated into a feeling of enhanced thermal comfort.  Therefore, it would be 

of interest to examine the effectiveness of cooling profiles during longer periods of 

exercise or rest, as a greater level of adaptation may occur in CC that could significantly 

alter an individual‟s choice of cooling profile. 
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6.6.4 Overall preference in cooling profiles. 

Based on the post-experiment interviews, it is inferred that individuals‟ choice of cooling 

profile is determined by the temperature sensation it provides and the amplitude of 

fluctuations in temperatures, in both cases, the lower the better. These two requirements 

are similar to those found in studies that have examined the effects of different air 

movements on thermal perceptions (Fanger et al., 1998; Tanabe & Kimura, 1984; Xia et 

al., 2000; Zhao et al, 2006). In these studies, when participants were exposed to warm 

environments, fluctuating air movements were generally preferred because they provided 

cooler temperature sensations (Fanger et al., 1998; Tanabe & Kimura, 1984; Xia et al., 

2000; Zhao et al, 2006). However, air movements of high velocities, or turbulence 

intensity, were not favoured as they produced feelings of „draft‟ or in some cases were 

described as „annoying‟ (Fanger et al., 1998; Tanabe & Kimura, 1984; Xia et al., 2000). 

This may explain why sinusoidal air movements are generally preferred over step changes 

as they provide a smoother transition in skin temperature and temperature sensation 

(Tanabe & Kimura, 1984). 

  

6.6.5 Determination of the optimal cooling profile. 

Through an examination of the rate of air flows that produced either positive or negative 

thermal perceptions compared to that of continuous cooling, it was evident that of the two 

highest flow rates (12ft
3
.min

-1
& 9ft

3
.min

-1
), 9ft

3
.min

-1
, was the most effective at enhancing 

thermal perceptions. This suggests that an intermittent step change profile (i.e. periods of 

ON & OFF) between 9 and 0ft
3
.min.

-1
, may be as effective at maintaining thermal comfort 

as continuous cooling with an air flow rate of 12ft
3
.min

-1
.  

 

For the suggested step change profile, thermal balance may be maintained by extending the 

length of the ON/OFF periods to a 2:1 ratio. This would provide the same total amount of 

air flow as that ventilated in the intermittent cooling profiles examined in the current study. 

A 2:1 ratio of ON/OFF periods would increase the amount of evaporative and convective 

heat loss within a cooling cycle and therefore may reduce the RHtorso that was experienced 

in IConoff. The possibility that a level of adaptation occurred in IConoff during the ON 

periods suggests that the ON period in this profile may have been too long. Therefore, a 

ratio of 4 minutes:2 minutes (ON/OFF) maybe a better option. These shorter periods will 

also increase the frequency of air movements which may have a positive influence on 

thermal perceptions. 
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One drawback of reducing the OFF period is that it may result in a reduction of 

improvements in thermal perceptions caused by the ON periods. A reduction in the OFF 

period may cause the adapting temperature to be lower, which may alter the rate of skin 

temperature change and in turn affect the magnitude of change in the thermal perceptions. 

However, this may not be the case as the magnitude of the change in the thermal 

perceptions was not significantly different between the cooling profiles, IConoff and ICtriang. 

These two profiles both had a step change from 0ft
3
.min.

-1
 to 12ft

3
.min.

-1
, but either after a 

three minute (ICtriang) or six minute (IConoff) interval of 0ft
3
.min.

-1
 (i.e. OFF period), 

suggesting that reducing the OFF period will not negatively effect thermal perception.  

 

So far only the benefit of an alternative step change intermittent cooling profile has been 

discussed, but this type of cooling profile may not necessarily be the optimum. Of the 

intermittent cooling profiles, ICramp produced significantly cooler sensations in TTS than 

the other intermittent cooling profiles. In addition, when given the choice of the four 

cooling profiles, out of the intermittent cooling profiles the majority of participants chose 

ICramp as their preferred cooling profile, which even though this was not statistically 

significant, suggests an overall preference for ICramp. Therefore, the possible optimal 

cooling profile could be a modified version of ICramp. Instead of having a simple step 

change profile between 9 and 0ft
3
.min.

-1
, an additional period of ventilating with an 

intermediate air flow rate could be incorporated. For example, in order to maintain an air 

flow rate of 630 ft
3
, the optimal cooling profile may consist of a three minute period of 

10ft.
3
min

-1
, a one minute period at 6ft.

3
min

-1
, and a two minute period of 0ft

3
.min

-1
. Further 

experiments will need to be conducted in order to establish any additional benefits of these 

proposed cooling profiles on thermal perceptions. 

 

6.7 CONCLUSION 

The results from the current study support the conclusions of previous investigations that 

reducing the cooling capacity of a cooling garment through an intermittent versus 

continuous cooling profile does not compromise thermal balance (Cadarette et al., 2006; 

Cheuvront et al., 2003; Stephenson et al., 2007), or thermal comfort (Vernieuw et al., 

2007), during moderate exercise in an hot environment. Therefore to improve the efficacy 

of an APV, it is recommended that an intermittent cooling profile rather than a continuous 

profile should be used. However, it is also concluded that several limitations in the design 

of the intermittent cooling profiles tested in the current study may have compromised their 

ability to enhance the level of thermal comfort experienced during continuous cooling. 
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Therefore, for conditions similar to the current study, it is recommended that the optimal 

intermittent cooling profile used in an APV may include the following: 

 

1) Fluctuating air flows of a sinusoidal wave pattern. This will not only provide cooler 

temperature sensations than step-change or sawtooth intermittent cooling profiles, 

but also require less battery power. Generally, the battery power required to switch 

from air flows of no velocity to a high velocity is greater than steadily increasing 

the velocity of air flow.  

2) The periods of no air flow within a cooling cycle should be less than three minutes. 

This is recommended to avoid feelings of thermal discomfort caused by either 

increases in skin temperature and/or skin wettedness.  

3) To maintain an average RHtorso similar to that seen with CC a ratio of 2:1 in 

ON/OFF periods maybe more preferable than a ratio of 1:1.  

4) The inclusion of some drying agent to the perfused air may reduce the negative 

effect of RHtorso on thermal perception. 

 

5) The highest air flow rate within a cycle does not have to exceed ~9ft
3
.min.

-1 
(255 

L.min
-1

). This flow rate in the sinusoidal wave pattern was sufficient to promote 

feelings of thermal comfort greater than continuous cooling. Higher flow rates may 

provide rates of change and amplitudes in skin temperatures that may be perceived 

as uncomfortable due to non-uniformity in temperature sensations. 

6) The cooling profile may be required to elicit a rate of torso skin temperature change 

greater than 0.30
o
C.min

-1
. However, this may not be the case during extended 

periods of cooling. 
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CHAPTER  7 
   

Summary and General Conclusion. 
 

The results from this thesis provide important information for the design of APVs that with 

further investigation may also be applicable to other air conditioning systems present in 

buildings and cars. The results provide further information on the effects of localised 

cooling of the torso on both physiological and perceptual responses during moderate 

exercise and rest in a hot environment. The thesis also provides a tool that has been 

validated for the measurement of local and overall thermal perceptions in non-uniform, 

dynamic thermal environments. 

 

As the conclusions from this investigation were largely based on perceptual data it was 

important that the method used to measure perceptions provided an accurate evaluation of 

participants‟ affective state. The study described in Chapter 4 concluded that a graphic 

visual analogue scale (VAS) provides a better representation of thermal perceptions in non-

uniform, dynamic environments than traditional Likert scales. This was due to the greater 

sensitivity and reproducibility of the VAS. Therefore, it was recommended that a graphic 

VAS should be utilised in studies which assess thermal perceptions, especially in non-

uniform, dynamic thermal environments. 

 

The studies in this thesis tested the hypothesis that thermal perceptions could be improved 

in a dynamic local microclimate compared to a stable local microclimate which, if 

confirmed, would be advantageous for reducing energy consumption in APVs. By varying 

the velocity of the air perfused through an APV, it was concluded that intermittent cooling, 

which had 50% less air flow than continuous cooling, maintains both thermal balance and  

thermal comfort compared to continuous cooling (Chapter 6). Therefore the second 

hypothesis of this thesis that there would be no difference in thermal balance between 

intermittent and continuous cooling is accepted, whereas the third hypothesis that 

intermittent cooling when compared to continuous will enhance thermal perceptions is 

rejected.   

 

It was suggested that participants‟ preference for a cooling profile was the result of the 

dynamic characteristics of thermoreceptors to: 1) produce overshoots in thermal 

perceptions (i.e. enhanced feelings of coolth), and/or 2) prevent a level of peripheral or 
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central adaptation to the thermal stimulus; a phenomena that may have occurred during 

continuous cooling (Chapter 6).  

 

It was suggested that the fluctuations in skin temperature caused by intermittent cooling 

may have maintained the same level of thermal balance as continuous cooling due to an 

increase in the convective heat transfer coefficients between the torso microclimate air and 

the skin surface (Mayer et al., 1987). Alternatively, thermal balance may have been 

maintained by the amount of evaporative heat loss from body regions other than the torso 

(e.g. head, hands).  

 

Although, intermittent cooling in general was the participants‟ preferred choice, no specific 

cooling profile differed significantly in its ability to enhance thermal comfort, or was the 

participants‟ preferred choice. Both physiological and perceptual factors were discussed in 

order to explain this lack of a distinction; the two main factors identified were: 

 

a) The relative humidity at the torso skin surface during exercise.  

The relative humidity of the torso microclimate during exercise was significantly 

higher in the intermittent cooling profiles compared to the continuous, especially in 

IConoff. Relative humidity was significantly reduced in the intermittent cooling 

profiles during the transition from exercise to rest, which coincided with significant 

improvements in thermal comfort, especially in IConoff. This did not occur with 

continuous cooling, suggesting that during exercise the level of torso relative 

humidity in the intermittent cooling profiles may have confounded any benefits 

they had over continuous cooling to enhance thermal comfort. Therefore it was 

recommended that an optimal intermittent cooling profile should be designed with 

the aim of minimising increases in the relative humidity of the torso. It is also 

suggested that, due to a lower levels of sweating, any advantages of intermittent 

cooling over continuous cooling may become more evident whilst at rest in a hot 

environment, rather than during exercise.  

 

b) Fluctuations in skin temperatures and RHtorso.  

The fluctuations in skin temperature and RHtorso caused by the intermittent cooling 

profiles were assessed in Chapter 6. In the intermittent cooling profiles, the periods 

where either no air flow or the lowest flow rate (3ft
3
.min

-1
) were perfused through 

the APV caused participants‟ to be less comfortable than that experienced during 
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continuous cooling. As a result, these periods may have counteracted any benefits 

the intermittent cooling profiles provided during the higher flow rates. This 

suggestion was supported by the observation that amongst the participants there 

were individual preferences for either fluctuating or stable temperatures that were 

not directly connected to the thermal stimulation caused by cooling of the torso. 

Some of the participants commented that they chose the continuous cooling profile 

because they preferred elements of stability, even if an intermittent cooling profile 

provided cooler sensations. Both observations support the hedonistic view that 

„pleasure‟, or in this case thermal comfort, arises from the avoidance of 

„displeasure‟ or thermal discomfort (Cabanac, 1971; Parsons, 2003).  

 

Although there were no significant differences between intermittent and continuous 

cooling in thermal comfort, intermittent cooling can still be considered advantageous in 

comparison with continuous cooling. The 50% reduction in air flow with the intermittent 

cooling profiles did not compromise thermal balance or thermal comfort, and therefore 

provide the same benefits as continuous cooling, but with less power use. This fact should 

allow for the design of a much lighter, less cumbersome APV, with the potential to 

enhance overall user comfort. Once the benefits of intermittent cooling were established, a 

secondary aim of this thesis was to provide recommendations for the type of intermittent 

cooling profile that should be used in an APV. 

 

Of the three intermittent cooling profiles assessed in Chapter 6 (i.e. step change [IConoff], 

sawtooth [ICtriang] and sinusoidal [ICramp]), the majority of participants chose the sinusoidal 

profile to be their overall preference in cooling profile (4/11), which even though was not 

statistically different it does reflect previous observations (Ring et al., 1993; Tanabe & 

Kimura, 1984). The sinusoidal cooling profile of ICramp provided significantly lower 

temperature sensations in both the torso and whole body, even though the absolute and rate 

of change in skin temperatures were identical to those in the other intermittent cooling 

profiles. It was suggested that the gradual step-up in the rate of air flow in ICramp enhanced 

temperature sensation due to a greater number of neuronal impulses being sent to the 

higher centres of the brain responsible for temperature discrimination. The greater number 

of neuronal impulses is proposed to then be consciously processed as a pleasant sensation.  

The preference for a sinusoidal cooling profile is also suggested to be due to the design of 

the ICramp providing smoother transitions in temperature sensations, as well as preventing 
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high levels of RHtorso and/or a level of adaptation to the thermal stimuli that was 

experienced in the other two intermittent cooling profiles.  

 

Based on the work completed in this thesis it is concluded that within the environmental 

conditions of this thesis: 

 

1) Graphic VAS are relatively more reliable to asses thermal perceptions that 

traditional Likert scales, especially in non-uniform, dynamic thermal environments  

(General hypothesis 1: Accepted) 

2) In comparison to temperature sensation, skin wettedness is a less reliable indicator 

of thermal comfort in non-uniform, dynamic thermal environments. 

3)  Varying air flow, or the water vapour pressure, of the air ventilated through an 

APV is more effective in manipulating skin temperatures and thermal perceptions 

than cooling the air.  

4) For localised cooling, the rate of change of in skin temperature has a greater 

influence on thermal perceptions than absolute change.  

5) A rate of change in mean skin temperature and mean torso skin temperature of 

~0.29
o
C.min

-1
 and ~0.78

 o
C.min

-1
, respectively, are required to significantly 

influence thermal perceptions.   

6) Intermittent cooling is just as effective as continuous cooling in maintaining 

thermal balance and thermal comfort during exercise in the heat.  

(General hypothesis 2: Accepted, General hypothesis 3:  Rejected) 

7) Out of the three intermittent cooling profiles (i.e. step change [IConoff], sawtooth 

[ICtriang] and sinusoidal [ICramp]) sinusoidal was the participants‟ preferred cooling 

profiles as it provided cooler temperature sensations and smoother transitions in 

temperature sensation. 

(General hypothesis 4: Accepted) 

8) The optimal cooling profile to be used in an APV should include the following: 

a. changes in air velocity that are of a sinusoidal wave pattern,  

b. a 2:1 ratio of ON/OFF periods  

c. OFF periods of no longer than three minutes,  

d. the highest flow rate to not exceed ~9ft
3
.min

-1
 (255 L.min

-1
),  

e. provide a total air flow of 630ft
3
 (17,841 L).  

f. a drying agent may a useful addition to a design of an APV in order to 

reduce levels of RHtorso. 
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From the recommendations in Chapter 6, a proposed optimal cooling profile was 

recommended (Figure 7.1). The cooling profile was designed to diminish the effect of the 

lower and highest air flow rates to promote feeling of thermal discomfort compared to 

continuous cooling and also to maintain a reduction in air flow of 50%.  

 

Further studies are required to ascertain whether the proposed cooling profile, and the other 

recommendations described in Chapter 6, enhances the level of thermal comfort an APV 

provides, whilst also maintaining thermal balance. It would also be useful to ascertain their 

effectiveness at higher exercise intensities and/or in environments of higher wet-bulb globe 

temperatures to see if the above recommendations can be extended to other types of 

environments and activities. 
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Figure 7.1 A schematic diagram of the proposed optimal cooling profile based on the findings of the 

studies included in this thesis. 
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CHAPTER  8 

 

 Assumptions, Limitation and Delimitations 

 
In all the studies presented, the results and conclusions are specific to the population (i.e. 

young healthy Caucasian males) and thermal conditions (i.e. 35
o
C, 50%RH, moderate 

exercise ~ 225 W.m
-2

, clothing ensemble) that were present in each of the studies. In 

addition, in Chapter 6, the results and conclusions related to the rest period are only valid 

for rest periods following exercise. Moreover, in all the studies presented, the results are 

the responses to the manipulation of the torso microclimate through the use of an APV. 

Therefore any conclusions are primarily applicable for the use of APV, but potentially 

could be utilised in other methods of cooling such as air conditioning systems present in 

buildings and cars. Further studies are required to determine if the results are applicable to 

these other methods of cooling. 

 

In all studies presented, the work rate of the participants was fixed at 5km.hr
-1

, 2% incline. 

This exercise intensity was chosen to ensure the ecological validity of the conclusions 

included in this thesis (i.e. the APV would be utilised by groups that operate at an average 

workload equivalent to moderate exercise). It was also chosen to enable the results from 

the studies to be compared with similar investigations that examined the effects of personal 

cooling garments on physiological and/or perceptual responses (Barwood et al., 2009; 

Cadarette et al., 2006; Stephenson et al., 2007; Vernieuw et al., 2007). Even though the 

participants involved in the studies were chosen to represent a moderately fit population, 

the absolute work rate may not have represented a similar relative exercise intensity 

(measured as a percentage of the participants‟ O2max) across the participants. Relative 

exercise intensity can affect both physiological and thermal perceptual responses (Gant et 

al., 2004; Huizenga et al., 2001) potentially causing between-subject variability within 

both of these measures. Nevertheless, this would have had minimal effect on the results of 

each study because: 1) it is assumed that the within-subject design of the studies would 

have eliminated, or reduced, the impact of any differences in participants‟ relative exercise 

intensity, and 2) it is still unclear what the main drive for thermal comfort, or its associated 

behaviours (i.e. reduction in exercise intensity or removal of clothing) are, especially 

during exercise in the heat (Schlader et al., 2009). It has been suggested that either the rate 

of rise of deep body temperature (Jay & Kenney, 2009a; Schlader et al., 2009; Tucker et 

al., 2006; Tatterson et al., 2000), a critical deep body temperature (Gonzalez-Alonso et al., 
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1999; Walters et al, 2000; Nybo & Nielsen, 2001a), skin temperature (Tucker et al., 2006) 

or body temperature (Flouris & Cheung, 2009) are the main determining factors of thermal 

comfort and its associated behaviours. Of these factors, the ones that are mostly related to 

relative exercise intensity (i.e. rate of rise in deep body temperature and critical deep body 

temperature) should not have impacted the results of the studies presented in this thesis. In 

all studies, each cooling intervention was administered when the participants were 

thermoregulating and in each study, deep body temperature does not exceed the suggested 

critical core temperature (~39.0
o
C) for the onset of fatigue (Gonzalez-Alonso et al., 1999; 

Walters et al, 2000; Selkirk & McLellan, 2001). 

 

For reasons that are explained in Chapter 3, in all the studies presented, rectal temperature 

was used as a measure of deep body temperature, rather than other more responsive 

locations in the body (i.e. oesophageal, gastrointestinal and tympanic). Therefore the deep 

body temperature responses to the dynamic changes reflect the temperature changes, but 

could be delayed in their response. However, based on previous evidence that utilised a 

gastrointestinal pill to measure deep body temperature (Stephenson et al., 2007) the time 

periods of the intermittent cooling should not have caused deep body temperature to 

change.  In addition, the dynamic response of rectal temperature has previously been 

shown to be sensitive enough to distinguish the cooling efficacy of different post-exercise 

cooling techniques such as whole body fanning, hand immersion and liquid-perfused 

garments (Barwood et al., 2009). Finally, mean skin temperature is believed to be the main 

driver for the perceptual responses to rapid changes in the thermal environment (Flouris & 

Cheung, 2009; Mower, 1976; Schlader et al., 2009). As a result, it is assumed that the use 

of rectal temperature should not have affected any conclusions included in this thesis.  

 

In all studies it was assumed that the air perfused through the APV was evenly distributed 

across the torso, even though there was only one point of entry for the air to enter the APV 

(Chapter 3). In the study described in Chapter 6, an anterior and posterior IR image of the 

torso was taken after each continuous cooling condition as a way to indirectly measure 

airflow distribution. The images indicated that air flow was evenly distributed, as the only 

differences in skin temperature to occur within the torso region were those that occur 

naturally within the body (i.e. back skin temperature lower than chest, and lower back skin 

temperature lower than upper back). However, IR imaging was not utilised during all 

conditions and as a result, it cannot be ascertained whether a uniform distribution was 

achieved during each condition. In addition, the APV was designed as a „one-size fits all‟ 
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garment. Even though measures were taken to ensure the APV fit was similar between and 

within individuals for all experimental runs (Chapter 3.3), it is possible that this was not 

always the case. A non-uniform distribution in local skin temperatures can promote local 

discomfort that can negatively affect overall thermal comfort (Candas & Dufour, 2007; 

Pellerin et al., 2004; Zhang & Zhao, 2006b). Therefore, any differences in air distribution 

between, or within-participants, may have had negative affects on thermal comfort and 

increased the variability in the physiological and perceptual measures. Together these 

issues would mask any differences that may have occurred between the cooling profiles on 

thermal comfort.  

 

In order to increase the reliability of perceptual measures over serial measurements, in the 

studies presented in Chapters 5 and 6, the pointer of the graphic VAS remained at the last 

thermal perception entered as a point of reference (Scott & Huskinson, 1979). This was 

different to the approach adopted in Chapter 4, where the pointer was returned to the centre 

of the scale after each entry in order to accurately assess the reproducibility of the graphic 

VAS. It is unknown how this change may have impacted upon the variability and/or the 

way people scored their response to the dynamic changes that occurred in the torso 

microclimate. Rhind et al (1980) observed that correlations between perceptual measures 

and other related indices were weaker when the pointer remains in position on a VAS, 

rather than being returned to some kind of baseline (i.e. 0 or centre point). Based on these 

observations, Rhind et al (1980) concluded that making the previous entry available to the 

participant resulted in them making unnecessary changes not related to actual changes in 

their perception of sensation, or feelings in response to a new sensory stimulus. In addition, 

it has also been suggested that leaving the pointer in the same position as the last entry may 

result in participants entering their perception in relation to the last entry, rather than the 

actual sensation they are experiencing at that moment in time (i.e. slightly warm or hot). 

This suggestion is based on the observation of clustering occurring around the original vote 

which, if correct, makes it difficult to interpret the amount of change that occurs within the 

VAS (Wewers & Lowe, 1990; Rhind et al, 1980).  

 

The aim of this thesis was to examine the type of cooling profile that caused the greatest 

reduction in thermal discomfort, therefore, the within-subject designs of Chapters 5 and 6 

should have reduced any problems associated with participants entering their vote in 

relation to their last entry. This is because we were primarily concerned with the amount of 

change in thermal comfort each cooling profile provided, rather than the actual level of 
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thermal comfort. However, it could be argued that it is still unknown what amount of 

change in thermal comfort, as measured by the graphic VAS, is necessary to cause a 

significant behavioural change that could influence the ability to perform specific sport or 

work-related tasks (i.e. reduction in exercise intensity and/or cognitive impairment). 

Further studies are required to address this issue. 
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CHAPTER  9  

 

Recommendations for further study 

 

The following studies are considered as a continuation to the work presented in this thesis.  

 

1) With regard to the graphic VAS, a study to determine the effect of leaving the 

pointer at the previously entered thermal perception would be useful in determining 

the impact of this approach on the studies described in Chapter 5 and 6. It would 

also be useful for the design of future studies that require repeated measures of 

perceptions within and between conditions.  

 

2)  Based on the results of the study described in Chapter 6, an intermittent cooling 

profile is presented as a possible optimal cooling profile for improving thermal 

comfort in APVs. However, before its implementation, it needs to be evaluated for 

its effect on both thermal perceptions and thermal balance in comparison to 

continuous cooling.  

 

3) It was evident in Chapter 6 that some level of adaptation occurred in the thermal 

perceptions (i.e. a gradual deterioration) in response to continuous cooling, during 

both exercise and rest. As a result, the ability of intermittent cooling to enhance 

thermal comfort in comparison to continuous cooling needs to be assessed over 

longer durations of exercise and rest; where significant differences may become 

apparent. 

 

4) Also in the study described in Chapter 6, it appeared that within the intermittent 

cooling profiles, more favourable thermal perceptions occurred during rest in 

comparison to exercise, whereas this difference was not evident in CC. This 

suggests that replacing continuous cooling with intermittent cooling maybe more 

beneficial during rest, than exercise. It also suggests that the benefit of intermittent 

cooling over continuous cooling may be compromised at higher thermal loads (i.e. 

higher exercise intensities and/or greater wet-bulb globe temperatures) when the 

cooling capacity of a cooling garment becomes more important in order to maintain 

thermal balance. In conditions of higher thermal loads, where conditions of 
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uncompensable heat loss are likely, the rate of rise in, or absolute deep body 

temperature may become the main determinant of thermal discomfort. Cabanac 

(1971) defines thermal „pleasure‟, or thermal comfort, as being dependent on 

whether the stimulus presented is useful in restoring thermal balance. As a result, 

under higher thermal loads, the potentially larger cooling capacity of continuous 

cooling may become more important in reducing thermal discomfort. However, it is 

not known whether the cooling capacity of the intermittent cooling profiles will be 

insufficient at higher thermal loads in comparison to continuous cooling. As a 

result, further studies are required to evaluate the performance of both continuous 

and intermittent cooling profiles to enhance thermal perceptions and maintain 

thermal balance in more varied environments, especially those of higher thermal 

loads.  

 

5) Although no significant differences were established between the cooling profiles 

in the measures of thermal comfort, it is unclear whether the differences that did 

occur reflected a significant behavioural change that could influence specific sport 

or work-related tasks. Due to this uncertainty, future studies that evaluate the 

performance of cooling profiles to enhance thermal comfort may want to include 

performance indicators such as improvements in exercise intensity, level of 

motivation or cognitive performance. The results from these studies could be used 

in subsequent studies to interpret the relevance of any magnitude of change in 

thermal comfort caused by a specific intervention.  
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APPENDIX A 

Can brain activity be used as an objective measure of thermal 

perception?  

 

A1. INTRODUCTION 

 

Subjective measurements are indirect measures of personal experience. They can be 

obtained quite quickly, easily, and inexpensively, and in most cases provide the only 

means for the assessment of people‟s opinions and preferences. However, they have their 

disadvantages; they are highly individualised and can be distorted by biasing factors such 

as misunderstanding of the subject matter, observer expectancies, the „halo effect‟ 

(subjects responding in a way they feel is expected of them), leniency and severity 

(Fagarasanu & Kumar, 2002, McCormack et al., 1988; Wewers & Lowe, 1990). This has 

led some researchers to challenge the validity and reliability of subjective measurements, 

suggesting that subjective measures are most valid when used as part of a within-subject 

design and unsuitable for group descriptions of subjective feelings (Fagarasanu & Kumar, 

2002; McCormack et al., 1988; Svensson, 2000). As a consequence a more objective 

measure of perception would be useful.  

 

In the field of thermophysiology, researchers have used the subjective measurements of 

thermal comfort and temperature sensation to assess preferences and opinions (i.e. 

perceptions) about specific thermal environments. Due to their close association, the 

objective measurements of deep body and skin temperature have previously been used to 

predict perceptions of the thermal environment (Fanger, 1970; McIntyre 1980; de Dear et 

al., 1993; Zhang, 2003). However, inter-individual differences due to factors such as age, 

gender, body composition and the type of environment (i.e. dynamic vs. stable) mean these 

measures do not always provide accurate evaluations of perceptual responses (Gagge et al., 

1967; Grivel & Candas, 1991; Nyberg et al., 2000; Zhang et al., 2001). Another objective 

measurement that has been associated with physiological responses to different thermal 

environments is electroencephalography (EEG) (Dubois et al., 1980; Youngstedt et al., 

1993; Nielsen et al., 2001; Rasmussen et al., 2004; Yao et al., 2008;). With perception 

being the cognitive interpretation of a sensory event, changes in brain activity may 

represent an objective measure of thermal perceptions.  

 



197 

 

Changes in brain activity have previously been explored as a possible objective measure 

for the perception of pain, with promising results (Coghill, et al., 2003). By exposing 

individuals to different levels of local thermal stimuli (35
o
C-49

o
C), correlations between 

neural activity in certain brain regions and the perception of pain were established to the 

extent that groups could be differentiated for their sensitivity to pain (Coghill, et al., 2003). 

Recent evidence suggests that relationships between changes in brain activity and thermal 

perceptions may also be present. Strong relationship between the α/β index (a measure of 

brain activity associated with arousal) and both deep body temperature (r = 0.95; P= 

0.0001) and rate of perceived exertion (RPE) (r = 0.98; P= 0.0001) have been found to 

occur during moderate exercise (60%VO2max) in the heat (42
o
C, 18%RH) (Nybo & 

Nielsen, 2001b). Rate of perceived exertion is the subjective measurement that can be 

defined as „the act of detecting and interpreting sensations arising from the body during 

physical exercise‟ (Noble & Robertson, 1996). As the definition suggests, RPE is a 

complex sensory experience involving many physiological and psychological factors that 

are associated with physical exercise such as pulmonary ventilation, heart rate, and blood 

pH (Noble & Robertson, 1996; Robertson, 1982). The observation that RPE is elevated 

during exercise in the heat with no associated changes in exercise intensity (Gonzalez-

Alonso et al., 1999; Pandolf et al., 1972; Nielsen et al., 2001) or deep body temperature 

(Pivarnik et al., 1998) has led to the suggestion that RPE may also reflect thermal 

perceptions of temperature sensation and thermal comfort (Noble & Robertson, 1996).  

 

The primary aim of this study was to evaluate the relationships between α and β brain 

activity, body temperature, TC, TS and RPE during exercise in the heat in order to 

determine whether brain activity could be used as an objective measure of thermal 

perception. Furthermore, due to the strong association between deep body temperature and 

both physical fatigue (Gonzalez-Alonso et al., 1999, Walters et al., 2000) and thermal 

perceptions (Fanger, 1970; Frank et al., 1999), it is hard to determine whether the changes 

in brain activity measured by Nybo and Nielsen (2001b) was driven solely by body 

temperature and/or RPE, or if thermal comfort could have been an influencing variable. 

Therefore, by comparing brain activity between incremental exercise and rest, rather than 

just continuous exercise, at either; the same Tre, or 1
o
C rise in Tre, a secondary aim of this 

study was to clarify the relationships between RPE, Tre and brain activity.  
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A2. HYPOTHESES 

 

The experimental hypotheses (H1) were as follows: 

 

H11  Relationships exist between participants‟ thermal perceptions (TC, TS) and α and β 

brain activity during prolonged dynamic exercise in the heat. 

 

H21  α and β brain activity will have relationships of a similar strength with the variables; 

deep body temperature, skin temperatures, RPE, TC and TS. 

 

A3. METHOD 

 

A3.1 General design 

After a test to evaluate the workload required to elicit 50, 75 and 85% maximum heart rate 

(MaxHR), the EEG activity of fifteen cortical regions were recorded (Trackit T24, 

Lifelines, UK) in five physically active males during three, 20 minute periods of cycling at 

work intensities that elicited 50 (EX1), 75 (EX2), and 85% (EX3) of their maximum heart 

rate, followed by 40 minutes of rest. Each experiment was conducted in an environmental 

chamber in the conditions of 35
o
C and 50% RH. Each participant wore a short sleeved 

cotton t-shirt and Lycra cycling shorts. The subjective measurements of thermal comfort 

(TC), temperature sensation (TS) and rate of perceived exertion (RPE) were taken 

alongside the measurements of α and β brain activity. Heart rate (HR), rectal temperature 

(Tre) and mean skin temperature ( sk) were continuously recorded throughout the 

experiment. 

 

A3.2 Sample size estimation 

 

At the time of the current investigation, no previous study had assessed brain activity as an 

objective measure of thermal perception; therefore a level of variance was obtained from 

most representative experimental study (Nielsen et al., 2001). The sample size was 

estimated from a two sample means for repeated measures power calculation with an alpha 

level of 0.05, a baseline variance of 71 (the standard deviation of the variability of α/β 

brain activity whilst exercising in the heat) and a difference to detect 130 (the difference 

required to achieve a level of significance between two samples). The power calculation 

identified that seven participants are required in order to satisfy the power requirements of 
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0.8. Due to the limited availability of equipment, seven participants were initially recruited 

for the study, however, only five participants were able to fully complete the study. 

 

A3.3 Participants 

Five physically active males, as assessed by health questionnaire, with the following 

characteristics; mean (SD) age 23 (1.3) yrs, mass 76.33 (11.7) kg, height 1.78 (0.10) m, 

BMI 24.0 (1.9) kg/m
2
 were recruited from the local community. The participants were 

fully informed of the experimental procedures prior to giving their written consent to 

participate.  

 

A3.4 Main Experimental Design. 

 

A3.4.1. Pre-experiment evaluation of exercise intensity. 

The workload required to elicit 50, 75 and 85% of the participants predicted maximum 

heart rate (MaxHR) was evaluated prior to the main experiment. After a five minute rest 

period to measure resting heart rate, the subject cycled on a cycle ergometer with no 

resistance at a pace (rpm) that felt comfortable to them. The participants chose their own 

comfortable pace in order to eliminate any possible brain activity associated with 

discomfort, or differed motor pattern, caused by an unfamiliar pacing strategy. The load 

was increased until the participant reached their target heart rate (50%MaxHR) and 

maintained it for five minutes. After a two minute break, the same procedure was used to 

evaluate the participants‟ 75% and 85% MaxHR. The evaluation took place in the same 

chamber and environmental conditions of the main experiment (35
o
C, 50%RH). The 

participants‟ maximum heart rate was calculated by 208 – 0.7 X Age (Tanaka et al., 2001). 

 

This evaluation also served as an opportunity to familiarise the participant with the 

experimental set up in an attempt to eliminate any possible effects of anxiety on brain 

activity.  

 

A3.4.2. Main experimental trial 

Each participant was instructed to avoid any vigorous strenuous activity and consumption 

of alcohol for 24 hours prior to the experiment, and to abstain from food and caffeine for 

three hours prior to the experiment. Upon arrival, participants were instructed to empty 

their bladder after which their nude and clothed body masses were measured. Participants 

were then instructed to insert a rectal thermistor (MSR DS18B20, MSR Electronics, 

Switzerland) 12 cm beyond the anal sphincter. The participants were then allowed to rest 
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for ~ 50 minutes in room temperature (~24
o
C) whilst they were instrumented with eight 

skin thermocouples (MSR DS18B20 T-3, MSR electronics, Switzerland) located at the 

forehead, upper back, chest, hand, upper front thigh, upper back thigh, calf and foot and 

the 15 EEG disk electrodes (Nihon Kohden NE-134A).  

 

After instrumentation, the participants entered the environmental chamber and remained 

seated on a cycle ergometer (Monark, 824E, Sweden) for a period of ten minutes whilst the 

impedance of the EEG disk electrodes was checked and resting EEG was recorded. After 

the ten minutes, the participant cycled for three, 20 minute periods of increasing intensity 

(i.e. 50%, 75% and 85%MaxHR), separated by two minute rest periods in which an EEG 

recording was taken. Upon cessation of the last exercise period, the participants rested for 

40 minutes on the cycle ergometer in an upright position.  

 

A3.5. Measurements 

 

A4.5.1. EEG recording 

 

Timing 

Resting EEG was recorded for two minutes (one minute with eyes open, one minute with 

eyes closed) just prior to the onset of exercise inside the environmental chamber. During 

the exercise period, EEG recordings were evaluated for 30s in the last minute of the each 

exercise period (19.5, 41.5, 63.5 minutes). Thirty second EEG recordings were also taken 

during the two minute rest periods (21.5, 43.5 minutes). During the 40 minute post exercise 

resting period, 30s EEG recording were taken at 4.5, 9.5, 19.5, 29.5 and 39.5 minutes. For 

each recording the participants were instructed to close their eyes and remain in a stable 

upright position in both the cycling and resting periods. 

 

Recording 

Fifteen Ag/AgCl disk electrodes (Nihon Kohden NE-134A) were affixed to the scalp at 

sites (Frontal: Fp2, F4, Fp1, F3, F7, F8, Cerebral: C4, C3, Cz, Parietal: P4, P3 Occipital: O2, O1, 

Temporal: T4, T3) according to the international 10-20 classification system (Jasper, 1958) 

(Figure A3.3.10). Prior to application, in order to obtain a good connection with the scalp 

and the electrode, the scalp was abraded with a skin preparation paste (Nu-PREP, 

Malaysia) and the hair underneath the electrode was best moved out of the way using a 

syringe. The electrodes were secured onto the scalp by adhesive glue (SLE Collodion 
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adhesive, UK) that was quickly dried by a battery powered air dryer. Each electrode was 

filled with electrolyte conducting gel (Ten20 conductive paste A0009) by a large syringe; 

impedance was kept below eight kOhms as recommended by Ebersole and Pedley, (2003). 

Impedance was monitored by the digitally displayed ambulatory recording system prior 

and throughout the experiment. Each monopolar recording was referenced to Cz.  

 

 

Figure A3.3.1 The international 10-20 classification system (Jasper, 1958). NB. F2 is the location for F8. 

 

The analogue EEG signal was amplified and AD converted (200Hz, 16bit) using a battery 

powered telemetry 24 channel ambulatory system (Trackit 24, Lifelines, UK). The signal 

conditioners had a set gain of 1000 and a bandwidth of 0.16Hz and 70Hz (-6dB).  A 50Hz 

notch filter was used to eliminate any artificial electrical artifacts. Neurofax EEG-9100 

(Nihon Kohden technology, Japan) software was used to collect and process the raw EEG 

recordings which were simultaneously digitally displayed throughout the experiment in 

order to establish, and possibly eliminate, any artifacts caused by movement of the eyes, 

sweat, or muscular activity. 

 

EEG Data reduction 

Brain Mapping (Nihon Kohden Technology, Japan) software was used to perform power 

spectrum analysis using fast Fourier transformation based on 6-s epochs of data (Hanning 

window). The 6-s epochs within the 30s recordings were chosen based on the requirements 
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of being free from any artifacts such as movement, movement of the eyes or grimacing that 

were either identified during the experiment, or subsequentially from their cyclic nature. 

 

To assess the effect of the exercise on brain activity the data were analysed as relative 

changes in amplitude of the bandwidths of  α (8-13 Hz) and β (13-40Hz) activity, rather 

than absolute changes; expressing the data as a percentage change from the participants‟ 

resting value, rather than absolute, served to correct for any intra-individual variability. 

These data were then used to calculate the ratio of α/β activity, a ratio that has previously 

been associated with level of arousal (Nielsen et al., 2001). 

 

A3.5.2 Mean skin temperature 

Due to technical difficulties, forehead skin temperatures were not recorded for all 

participants throughout all the experiments, therefore mean skin temperature was 

calculated from the following seven sites; right scapula, right chest, right posterior thigh, 

right anterior thigh, right calf, left hand and right foot using the equation developed by 

Olesen, 1984: 

 

sk = 0.214 (Tr.scapula) + 0.269(Tr.chest) + 0.084(Tl.hand) + 0.091(Tr.anteriorthigh) + 

0.111(Tr.posteriorthigh) + 0.155(Tr.calf) + 0.076(Tr.foot) 

 

A3.5.3 Subjective measures 

The subjective measures of thermal comfort, temperature sensation and RPE were 

measured by graphic visual analogue scales (VAS) that were adapted from Davey et al., 

2007 (see Chapter 4) and Borg, 1971. The VAS were displayed on a touchscreen monitor 

(Figure A3.1) 

 

A4.  STATISTICAL ANALYSES 

 

To evaluate any differences within experiments both One-Way ANOVA with repeated 

measures and paired-sample T-tests statistical analyses were performed on the 

physiological and perceptual mean data. After a significant F-test, pair-wise differences 

were identified using a Bonferroni post hoc procedure. Due to the violation of normality 

within some of the EEG measures, Spearman‟s Rho correlation coefficient was used to 

examine relationships between Tre, body, sk, TC, TS, RPE and brain activity at the fifteen 

cortical regions. In order to clarify the relationships between RPE, Tre and brain activity, 
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paired sample T-tests comparisons of percentage change in α/β activity were undertaken 

between the exercise and rest periods when: 1) the participants‟ Tre was at the same 

temperature 2) the participant‟s Tre  differed  by +1
o
C. As RPE is irrelevant during 

recovery, if RPE was the variable that drives changes in brain activity, it would be 

expected that a significant difference would occur in both of the latter analyses. Analyses 

were conducted using SPSS 14.0 statistical package and statistical significance was set at α 

= 0.05, with a trend in the data being considered if P = > 0.05 < 0.1. Results are displayed 

as mean (SD). 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

Figure A4.1. The perceptual scales as it was displayed on the touchscreen used to assess thermal perceptions 

(top and middle) and RPE (bottom) that was adapted from Davey et al., 2007 and Borg, 1971, 

respectively.  

 

A5 RESULTS 

 

One of the subjects was not able to complete the whole exercise period due to the 

attainment of the withdrawal rectal temperature of 39.0
o
C in the 53

rd
 minute. However, 

both physiological and subjective data were recorded for this participant upon the cessation 

of exercise, and therefore, all the data used in the analysis were obtained from the last 

minute of each exercise stage. In addition, due to movements artifacts of the forehead 

region, electrical activity in the Fp1 and Fp2 regions were excluded from the analyses 
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A5.1 Physiological data 

The design of the experiment was successful in eliciting significant changes in the 

physiological parameters of HR, Tre, and body between the three exercise stages, however, 

sk did not differ between exercise EX2 and EX3. It was also successful in eliciting 

changes in the physiological measures during the rest period (Table A5.1) 

 

Table A5.1. The mean (SD) physiological measures during the three exercises stages and 

recovery period (n = 5) 

 Initial Exercise (Stage) Rest (Mins) 

 0 1 2 3 5 10 20 30 40 

Tre 
37.35 

(0.37) 

37.42† 

(0.36) 

37.93† 

(0.48) 

38.57† 

(0.52) 

38.69¥ 

(0.54) 

38.70 

(0.54) 

38.56 

(0.56) 

38.39 

(0.59) 

38.23 

(0.62) 

Tsk 
34.74 

(0.70) 

35.75* 

(0.63) 

36.48 

(0.50) 

36.84 

(0.44) 

36.70¥ 

(0.46) 

36.51 

(0.46) 

36.15 

(0.58) 

35.80 

(0.63) 

35.54 

(0.71) 

Tbody 
36.77 

(0.41) 

37.04† 

(0.35) 

37.60† 

(0.47) 

38.20† 

(0.52) 

38.29¥ 

(0.53) 

38.26 

(0.52) 

38.08 

(0.51) 

37.88 

(0.53) 

37.70 

(0.54) 

HR 
75 

(11.5) 

102† 

(5.5) 

144† 

(15.2) 

173† 

(6.6) 

119¥ 

(10.0) 

108 

(11.7) 

98 

(10) 

98 

(12.8) 

95 

(12.8) 
* Indicates significant difference between the EX1 and EX3 (P < 0.05), †

 
significance difference between 

EX1, 2 and 3 (P < 0.05), ¥ significance difference between minute 5 and end of the rest period. 

 

A5.2 Subjective measurements 

The experiment design was also effective in causing significant changes in the three 

subjective measurements. The three exercise stages made the participants become 

significantly hotter and more uncomfortable, changing on average from comfortable to in 

between just-uncomfortable to uncomfortable, and from in between neutral to slightly 

warm to in between warm and hot. The rest period returned the participants back to their 

original comfort level, but slightly cooler than the initial temperature sensation. The 

intensity of the three exercise stages was successful in eliciting significant differences in 

the participants‟ perceived exertion between EX1 and EX2, but not between EX2 and EX3, 

indicating that the difference between the two intensities may not have been large enough 

(Table A5.2 ). 

 

Table A5.2 The mean (SD) subjective measures during the three exercises stages and 

recovery period (n = 5) 

 Initial Exercise (Stage) Rest (Mins) 

 0 1 2 3 5 10 20 30 40 

TC 
46.60 

(32.96) 

64.20* 

(33.09) 

90.60 

(33.09) 

115.20 

(36.38) 

82.20 ¥  

(46.29) 

74.80 

(48.24) 

63.40 

(41.44) 

61.60 

(41.36) 

48.60 

(38.03) 

TS 
34.74 

(0.70) 

110.00† 

(10.0) 

123.60 

(9.84) 

131.60 

(13.24) 

108.40¥ 

(29.50) 

88.40 

(34.21) 

84.00 

(34.21) 

81.60 

(32.16) 

74.00 

(27.49) 

RPE 
6 

(0) 

10* 

(1.8) 

14* 

(2.0) 

16 

(2.5) 
- - - - - 

* Indicates significant difference between the EX1 and EX3 (P < 0.05), †
 
significance difference between 

EX1, 2 and 3 (P < 0.05), ¥ significance difference between EX3 and end of rest period. 
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A5.3 Relationships between the physiological and perceptual measures and brain activity 

During exercise, several significant relationships were established between the activity of 

cortical regions and both the physiological and perceptual measures. Changes in the 

perceptual measures were generally associated with increases in α activity and/or decreases 

in β activity in certain cortical regions, therefore, in some cortical sites, resulting in an 

increase in the α/β index (Table A5.3). These associations were mainly concentrated within 

the frontal regions of the cerebral cortex and generally coincided with a relationship also 

being established with brain activity and one, or more, of the physiological measures. For 

example, in the case of TS, an increase in the perception of warmth resulted in an increase 

in the α/β index of cortical region F7; the same cortical region that is associated with 

increases in sk (Table A5.3).  

 

During exercise, the relationships between brain activity and the thermal perceptions of TC 

were not solely confined within the frontal regions with TC being associated with 

decreases in β activity in the occipital region (βO1). Also during exercise, out of the 

physiological measures, changes in sk caused greater effects on brain activity with more 

cortical regions being associated with changes in sk than the other physiological 

measures.   

 

During the rest period, any relationships established between the physiological and 

perceptual measures were also concentrated within the frontal regions of the brain (Table 

A5.4). Two exceptions were the cerebral region (C3 and C4) where increases in α activity 

were associated with changes in TC, TS and sk and within the occipital region where a 

relationship between O2 and Tre also was evident. In general, changes in TC and sk were 

predominantly associated with changes in brain activity.   

 

Table A5.3 Significant correlations between the subjective and physiological measures 

and the types of brain activity at the fifteen different cortical regions during 

exercise (n = 5) 
 Type and location of cortical brain activity                                                 

 αF3 αF4 αF7 βF3 βF4 α/βF3 α/βF7 βP3 α/βP3 βO1 

Variable           

TC 0.741
**

 0.634
*
   -0.660

*
     -0.689

**
 

TS       0.677
**

    

RPE 0.707
**

  0.556
*
   0.584

*
     

Tre      0.587
*
     

Tsk 0.596
*
   -0.596

*
  0.710

**
 0.578

*
 -0.644

*
 0.679

**
  

Tbody      0.657
**

 0.582
*
    

*
 = Relationship significant at the P = 0.05 level, 

**
 = Relationship significant at the P= 0.001 level 
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Table A5.4 Significant correlations between the subjective and physiological measures 

and the types of brain activity at the fifteen different cortical regions during 

rest (n=5) 

 Type and location of cortical brain activity 

 αF3 αF4 αF7 αF8 α/βF8 αC3 αC4 α/βC4 βO2 

Variable          

TC 0.627
*
 0.635

*
 0.573

*
 0.609

*
 0.542

*
 0.592

*
    

TS      0.508
*
  0.631

**
  

RPE          

Tre  0.627
*
       0.517

*
 

Tsk    0.531
*
 0.508

*
 0.550

*
 0.504

*
 0.580

*
  

Tbody  0.636
*
       -0.513

*
 

*
 = Relationship significant at the P = 0.05 level, 

**
 = Relationship significant at the P = 0.001 level 

 

 

A5.4 Relationships between the physiological and subjective measures. 

 

Table A5.5 summarises the relationships between the physiological and the perceptual 

measures. Strong correlations existed between RPE and the body temperatures (RPE vs. 

Tre: r = 0.832 and sk: r = 0.764, P <0.001), which were greater than the relationship with 

HR (RPE vs. HR: r = 0.633, P < 0.001). RPE was also significantly correlated with TC (r 

= 0.823, P < 0.001), demonstrating close associations between the three measures. 

 

Table A5.5. Relationships between the subjective and physiological measures during 

exercise (n = 5) 

 TC TS RPE Tre Tsk Tbody HR 

TC - 0.381 0.823
**

 0.670
**

 0.664
**

 0.752
**

 0.528 

TS 0.381 - 0.389 0.573
*
 0.642

*
 0.633

*
 0.544

*
 

RPE 0.823
**

 0.389 - 0.832
**

 0.764
**

 0.889
**

 0.633
**

 
*
 = Relationship significant at the P = 0.05 level, 

**
 = Relationship significant at the P = 0.001 level  

 

A5.5 Determination for the main drive for changes in brain activity; inner body 

temperature versus rate of perceived exertion.  

In order to clarify the relationships between RPE, Tre and brain activity, comparisons of 

percentage change in α/β index were undertaken between the exercise and rest periods 

when: 1) the participants‟ Tre was at the same temperature (as illustrated by the circles in 

Figure 5.1) and 2) the participant‟s Tre differed by +1
o
C (as illustrated by the squares in 

Figure 5.1). At the same Tre, the α/β index was only significantly elevated at the cortical 

region F4 (9.00 [22.37] % vs. 33.24 [10.66] %; P <0.05), but a 1
o
C increase in Tre caused 

an increase (P <0.05) in the α/β index in all the frontal regions (F3: 4.31 [32.52] % vs. 

58.99 [50.00] % ; F4: 11.50 [12.68] % vs. 48.74 [17.12] %; F7: -7.59 [10.87] % vs. 55.04 

[30.16] %; F8: 1.78 [17.22] % vs. 45.77 [24.12] %). This result suggests that out of Tre and 

RPE, Tre is the main cause for changes in brain activity. 
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A6. DISCUSSION 

In the present study, relationships between brain activity and thermal perceptions were 

established; therefore the first experimental hypothesis is accepted. Relationships between 

the thermal perceptions (TC & TS) and brain activity were mainly present in the frontal 

regions of the brain. Both thermal perceptions were also associated with other cortical 

regions; during exercise TC was related to the occipital cortical region (O1), whereas 

during rest, both TS and TC had strong relationships with brain activity in the cerebral 

region (C3 & C4). During exercise, relationships between RPE and brain activity were also 

established and were also concentrated within the frontal regions of the cerebral cortex. 

The strength of these relationships was similar to that of TC and TS and body 

temperatures; therefore, the second experimental hypothesis is accepted. However, the 

increases in RPE appear to be more closely associated with changes in thermal comfort and 

body temperatures, than the cardiovascular variables (i.e. heart rate) (Table A5.5). 

Moreover, the most substantial changes in brain activity appear to occur when deep body 

temperature is elevated (Section A4.5), both of which suggest, that in the conditions of the 

present study, brain activity is more closely related to body temperatures and thermal 

perceptions, than RPE.      

 

 

Figure 5.1. The rectal temperature of one of the participants during both the exercise and rest periods. The 

circles highlight the time point where brain activity was compared between exercise and rest at the 

same Tre. The squares highlight the time point where brain activity was compared between 

exercise and rest at a 1
o
C elevation in Tre  
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A6.1 Brain activity associated with the thermal perceptions 

The results from the present study agree with previous investigations where changes in 

brain activity associated with internal or external transient temperatures of the body (i.e. 

warming/cooling of skin or exercise in hot/cold conditions) mainly involve activation of 

the frontal region of the brain (Becerra et al., 1999; Kanosue et al., 2002; Nagishma, 2006; 

Nybo & Nielsen, 2001b; Stancak et al., 2006; Yao et al., 2008). Even though the spatial 

resolution of EEG signal is relatively poor in comparison to the brain imaging techniques, 

the EEG sites that are activated can provide useful information on the function of the 

neuroanatomy during certain sensory events (Davidson et al., 2000). Therefore it is not 

surprising that the frontal region was predominately activated as its anatomy include the 

primary motor cortex, prefrontal cortex, supplementary motor area, anterior cingulate 

cortex (ACC), amygdala, and the orbitofrontal cortex; all of which are involved in the 

processing of sensory information to produce an autonomic or behavioural response, and 

have been found to be activated during transient thermal stimuli (Becerra et al., 1999; 

Bradley, 2000; Craig, 2002; Craig et al., 2000; Davis et al., 1998; Kanosue et al., 2002; 

Nagishma, 2006; Stancak et al., 2006).  

 

It is believed that the afferent information from the thermoreceptors from Lamina I are 

carried to either, or both, the posterior and anterior insula, then projected to the primary 

motor cortex (PMC), prefrontal cortex, supplementary motor cortex and other areas of the 

frontal cortex (Augustine, 1996; Craig et al., 2000; Stancak et al., 2006).  It has been 

suggested that the PMC is activated during dynamic thermal stimuli in order to maintain a 

level of motor preparation necessary in order to initiate a „flight response‟ if the thermal 

stimuli reaches dangerous levels (Craig, 2002; Mateilli et al., 2004).   

 

The anterior cingulate cortex (ACC) is connected to the hypothalamus, amygdala and 

anterior insula and is associated with the processing of emotions and motivation for 

behavioral responses to sensory events (Craig, 2002; Damsio et al., 2000). The ACC is 

located in the medial frontal region and therefore its activation is generally recorded by F3 

and F4 (Ebersole & Pedley, 2003). This may explain why close relationships were 

established in the present study between these cortical sites (i.e. F3 and F4) and both RPE 

and TC, but not TS. Unlike TC and RPE, TS is generally associated with the 

discrimination of the thermal stimulus, rather than the processing of how that stimulus 

makes you „feel‟.  
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The other two frontal regions that are activated during thermosensory events are the 

orbitofrontal cortex and the amygdala. Both structures are located within the deeper 

regions of the frontal cortex and therefore are generally recorded by either one of the 

frontal cortical EEG sites (Ebersole & Pedley, 2003). The orbitofrontal cortex has been 

suggested to be responsible for modifying the salience of any emotion or motivation 

associated with a certain event (Damasio et al., 2000; Kringelbach, 2005). Damasio et al. 

(2000) describe that different patterns of activation of insula, secondary somatosensory 

cortex (associated with temperature discrimination) and ACC provide a „perceptual 

landscape‟ of the human‟s internal and external milieu, to which certain emotions are 

assigned. Damasio et al. (2000) suggest these emotions are modified by the orbitofrontal 

cortex in conjunction with the amygdala by the means of an „as-if-body loop‟ mechanism, 

which in turn drives the magnitude of motivation. Damasio et al.‟s „as-if-body loop‟ 

mechanism involves the integration of all the afferent sensory information with the 

assistance of the memory to form a somatosensory map within the brain that maybe 

independent from body signals (Damasio et al., 2000).  

 

By the use of brain imaging techniques, the amygdala has been identified as the area of the 

cortex responsible for the discrimination of positive or negative rewards that govern an 

approach or withdrawal response (Paton et al., 2006; Tsuchiya et al., 2009). The amygdala 

has also previously been associated with thermal discomfort (Kanosue et al., 2002). In 

their study Kanosue et al., (2002) gradually cooled then rewarmed their participants over a 

forty minute period, whilst collecting thermal discomfort votes. Functional MRI images 

revealed that the only brain region associated with thermal discomfort was the amygdala; 

no other regions that are generally associated with thermosensory events (i.e. the primary 

and secondary somatosensory cortex II [SI & II], anterior/posterior insula and ACC) were 

activated in response to the changing thermal environment. Kanosue et al. (2002) 

rationalise their findings to be due to the different method of cooling used in their study. 

Studies that identified other brain regions to be involved in temperature sensation usually 

provided thermal stimuli locally over a short period of time (i.e. 5s to 1 minute), which 

would have provided a rapid rate of local temperature change. This rapid change in skin 

temperature may cause afferent sensory signals to be sent to the cerebral cortex that are of 

a sufficient magnitude to activate the areas of the brain found to be associated with 

temperature sensation. As Kanosue et al. (2002) were mainly concerned with thermal 

comfort they used whole body cooling over a long period of time to manipulate mean body 

temperature. This would have a caused a slow rate of local and mean skin temperature 
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change, which may not have been of a significant magnitude to activate these regions. 

However, possible changes in mean body temperature may have been of a significant 

magnitude to be detected by the hypothalamus that projects afferent information to the 

amygdala. This rationale is speculative as no body temperatures were measured; but it is 

supported by another brain imaging study. Becerra et al. (1999) identified thresholds for 

the activation of the amygdala and hypothalamus during thermal stimulations of larger 

surface areas, and over longer durations, than those experienced in the majority of 

neurophysiological temperature sensation studies.  

 

The results from the present study support some of the findings of Kanosue et al. (2002). 

In the present study the thermal stimuli of warming and cooling, were also provided 

gradually over time. The slow changes in body temperatures may explain why thermal 

comfort was more closely associated with brain activity than TS, and why these 

associations were mainly concentrated in the frontal regions; the somatosensory cortex and 

insular are located within the cerebral and parietal regions. However, in contrast to 

Kanosue et al. (2002), the relationships between the thermal perceptions and the activation 

or deactivation of brain activity were not isolated to the frontal region. During exercise, 

thermal discomfort was also associated with deactivation in the occipital region, and 

during rest, both thermal discomfort and feelings of warmth were associated with 

activation within the cerebral region.  

 

The associations between the thermal perceptions and changes in activity within the 

cerebral region are not surprising considering this region contains the insula cortex. The 

insula cortex is responsible for receiving thermosensory afferent information from the 

Lamina I and is believed to be involved with spatial and intensity discrimination of 

temperature (Augustine, 1996; Craig et al., 2000; Davis et al., 1998). However, the 

relationship between TC and the occipital region is surprising considering it is the 

visuospatial processing centre of the brain (Bradley, 2000). The deactivation of this region 

in response to thermal discomfort may be the result of the relationship that exists between 

deep body temperature and TC, as changes in Tre were also associated with the occipital 

region (Exercise: Tre vs. βO1; r = -0.492; Rest: Tre vs. βO2; r = 0.517).  

 

Since the completion of this study, Yao et al. (2008) also found changes in brain activity to 

be sensitive to changes in temperature sensation. By exposing 20 individuals to a range of 

different ambient temperatures (21
o
C, 24

o
C, 26

o
C, and 29

o
C) whilst at rest, it was observed 
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that differences in the frequency of the EEG signal could distinguish different temperature 

sensations. During the exposures α activity was predominant under the temperature 

sensations of „neutral‟ and „slightly cool‟, whilst β activity was predominant under the 

temperature sensations of „hot‟ and „warm‟. Thermal comfort was not measured in the 

study; therefore, it is still unknown whether the changes in the EEG frequency were due to 

the group discriminating their sensation in temperature (i.e. temperature sensation) or how 

they „felt‟ about the temperature (i.e. thermal comfort). In the present study, the opposite 

occurred; increases in the sensations of „hot‟ and „thermal discomfort‟ were mainly 

associated with increases in α activity and, only during exercise, decreases in β activity, 

both of which indicate a decreased level of arousal. The difference between the amounts of 

thermal strain imposed on the participants may explain the differences between the studies. 

The participants in Yao et al. (2008) were exposed to cooler environments and were at rest, 

whereas the participants in the present study were exposed to warmer temperatures and 

were exercising, and therefore more likely to experience fatigue and a decrease in arousal.  

 

A6.2 Brain activation associated with body temperatures 

Considering the close relationships between thermal perceptions and body temperatures, it 

is not surprising that the cortical regions associated with changes in body temperatures 

were similar to those associated with thermal perceptions.  

 

During exercise, the cortical region (F3) associated with changes in Tre is the same as that 

found by other studies that involved exercise in the heat (Nielsen et al., 2001, Nybo & 

Nielsen, 2001; Rasmussen et al., 2004). However, the strength of the relationship in the 

present study is weaker than that seen in earlier studies (r = 0.67-0.94 vs. 0.59). This 

weaker association maybe due to the type of exercise adopted. The current study involved 

incremental exercise stages, whereas the other exercise studies involved continuous 

exercise. The incremental exercise stages may have affected brain activity in a manner that 

may have confounded the association between Tre and F3 brain activity. This suggestion is 

supported by the observation that the relationship between Tre and brain activity within the 

same frontal region (F4) is slightly stronger during rest than during exercise.  

 

Unlike previous exercise studies, in the present study sk was also correlated with brain 

activation and was found to be related to more cortical regions than Tre. Other than the 

frontal region, sk was also associated with changes in the cerebral region and the parietal 

region. The association with the cerebral region is most likely related to the presence of the 
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insula within this region. The association of sk with the parietal region can be explained 

by the presence of the somatosensory cortex (SI and SII) within this region. The SI and SII 

cortices have been identified as the areas involved in the integration of sensory information 

from the peripheral and integral thermo-sensitive neurons (Craig, 2002).  

 

A6.3 Relationships between the physiological and the perceptual measures 

The results from the present study demonstrate the complexity of the perception of RPE. 

The relationship between RPE and the body temperatures were stronger than heart rate, the 

physiological response that is usually associated with RPE (ACSM, 2000; Borg, 1982). 

This result supports the suggestion that RPE may represent many sensory experiences, 

rather than just one particular physiological variable, and in a given situation, more likely 

to represent the sensory experience that is more prominent in a person‟s attentional focus 

(Kamon et al. 1974; Noble & Robertson, 1996; Robertson et al., 1982).  In the current 

study, the sensory experience most prominent in the participant‟s attentional focus may 

have been their external and internal temperatures. The results of Nielson et al. (2001) 

support this suggestion, as they also found that during exercise in the heat, RPE was better 

correlated with body temperature than heart rate, whereas in thermoneutral conditions this 

predominance no longer existed. The results from the current study, also reinforce the 

suggestion that during exercise, especially in hot or cold environments, RPE incorporates 

the perception of thermal comfort (Kamon et al., 1974; Noble & Robertson, 1996) with a 

strong relationship being present between TC and RPE (r = 0.832).  

 

A7. CONCLUSION 

It is concluded that there is potential for EEG to be used as an objective measurement for 

thermal perceptions, especially thermal comfort. However, the differences between the 

findings of the present study and those of Yao et al. (2008) highlight that further 

investigations are required to ascertain the use of EEG  in different thermal environments 

(i.e. cold) and scenarios (i.e. during rest or exercise). 

 

The results from the present study also suggest that the conclusions of similar studies are 

somewhat misleading (Nielsen et al., 2001; Nybo & Nielsen, 2001; Rasmussen et al., 

2004). In these studies, the decreased arousal in the frontal region of the cerebral cortex 

during exercise in the heat is associated with RPE being represented as a sign of fatigue, 

whereas the results from the current study suggest that the decreased arousal was more 

closely related to changes in thermal comfort than RPE. Therefore the changes in RPE in 
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the previous studies probably reflected thermal comfort rather than cardiovascular stress or 

impaired muscle activation/function. Nevertheless, these changes in RPE may still have 

reflected fatigue due to the association of TC with deep body temperature. Further 

investigations are required to clarify the relationships between brain activity, RPE, TC, 

body temperatures and other physiological measures (i.e. muscle lactate, neuromuscular 

activation) at the onset of exhaustion, in order to determine what drives fatigue during 

exercise in the heat (i.e. peripheral or central mechanisms).  
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See Chapter 10. 
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APPENDICES B & C 

 

Instructions for the Temperature Sensation Scale 
 

During the test you will be asked to assess how your body temperature feels at that current 

moment in time. That is, we want you to rate your temperature sensation.  You will rate 

your temperature sensation on a sliding scale from very cold, to neutral (neither hot nor 

cold) to very hot.  

We would like you to firstly concern yourself with no particular area, such as your hands 

or feet, and just try and concentrate on your total body temperature sensation. You will 

then enter your rating on the digitalised „temperature sensation‟ sliding scale displayed on 

the touchscreen. 

We would then like you to concentrate on how your torso temperature feels (i.e. the area 

covered by the Air Perfused Vest). Once again, you will then enter your rating on the 

„torso temperature sensation‟ digitalised sliding scales that are directly below the 

„temperature sensation‟ scales displayed on the touchscreen. 

Only enter your rating when you are asked to do so. 

 

 

 

Instructions for the Thermal Discomfort Scale 
 

During the test you will be asked to assess how comfortable you feel with your current 

body temperature (i.e. are you comfortable at being, either hot, cold or warm). That is, we 

want you to rate your thermal discomfort.  You will rate your thermal discomfort on a 

sliding scale from very comfortable to very uncomfortable.  

We would like you to firstly concern yourself with no particular area, such as your hands 

or feet, and just try and concentrate on how comfortable you are with your total body 

temperature. You will then enter your rating on the digitalised „thermal comfort‟ sliding 

scale displayed on the touchscreen. 

We would then like you to concentrate how comfortable you are with your torso 

temperature i.e. the area covered by the Air Perfused Vest. Once again, you will then enter 

your rating on the „torso thermal comfort‟ digitalised sliding scales that are directly below 

the „thermal comfort‟ scales displayed on the touchscreen. 

Only enter your rating when you are asked to do so 
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APPENDIX D 
 
 
 
 
 
Medical-in-Confidence (When Completed) 
 

Exercise and Health History Questionnaire and Medical Examination Report 
 
Department of Sport & Exercise Science 
Pages 1 to 4 of this questionnaire should be completed by all volunteers participating in taught 
laboratories, student projects, or experiments conducted by the Department of Sport and Exercise 
Science, University of Portsmouth. This information allows the project/laboratory leader/supervisor 
to determine if it is safe for the volunteer to participate, or whether medical advice is required 
before proceeding. The information provided also gives a suitable history should a medical 
examination be required for particular studies. The medical examination report is completed by the 
Independent Medical Officer at pages (5 and 6). 
 
It is important that all volunteers answer all of the questions fully, and to the best of their 
knowledge. 
 
All information provided is treated as medical-in-confidence (the same as your personal medical 
records). 
 
Participant’s Details 
Full Name ………………………………………………………………… 
Date of Birth ……………………………………………………………… 
Date of completing this questionnaire…………………………………. 
 
Note for questions marked *, please delete as necessary 
 
Q1 How would you describe your current health status? 
Very unfit (sedentary) / Unfit / Moderately Fit / Very Fit* 
 
Q2 Do you undertake regular physical exercise? Yes / No* 
 
If Yes Please tell us what type of exercise? 
 
Light activities: heart beats slightly faster than usual, you can talk/sing while you are active 
(walking 
leisurely, stretching, vacuuming or light gardening) 
 
Moderate activities: your heart beats faster than normal, you can talk while you are active (fast 
walking, 
aerobics, strength training, swimming gently) 
 
Vigorous activities: your heart rate increases a lot, you cannot talk or your talking is broken up by 
large 
breaths while you are active (stair machine, jogging or running, tennis, squash, badminton, 
basketball, 
cycling) 
 
 
Q3 How frequently do you exercise? 
 
 
Q4 How often do you undertake exercise of a maximal nature? 
Never / Sometimes / Often* 
 
 
 



216 

 

 
 
 
 
Medical-in-Confidence (When Completed) 
Page 2 of 6 
 
Q5 How would you consider your present body weight? 
Underweight / Ideal weight / Slightly overweight / Very overweight* 
 
 
Q6 Are you a regular smoker? 
 
Yes / No* – if yes number per day……… 
 
 
 
Q7 Are you an occasional smoker? 
 
Yes / No* – if yes average per week……. 
 
 
 
Q8 Are you a previous smoker? 
 
Yes / No* – if yes how long since stopping ..…  
 
years 
 
Q9 Do you drink alcoholic drinks? Yes / No* 
 
If yes do you: have the occasional drink? Yes / No* 
 
have a drink every day? Yes / No* 
 
 
Q10 Have you had to consult your doctor within the last 6 months? 
Yes / No* – if yes give details 
 
 
Q11 Are you currently taking any form of medication including both prescribed and over the counter 
preparations? 
 
Yes / No* – if yes give details 
 
 
Q12 Do you have any allergies? Please include those to dressings e.g. elastoplasts. 
 
 
Q13 Have you ever suffered from any of the following? 
 
Asthma 
Diabetes 
Hypertension (high blood pressure) 
Any form of heart disorder 
Epilepsy 
If yes, please give details 
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Medical-in-Confidence (When Completed) 
Page 3 of 6 
 
Q14 Have you ever suffered from the following? 
 
Heat stroke, heat exhaustion or sunstroke 
Cold Illness or injury (non freezing cold injury or frostbite) 
Poor Circulation (including Raynauds phenomenon) 
Peripheral neuropathy 
If yes, please give details 
 
 
 
Q15 Please give details of any hospital admissions you have had 
 
 
Q16 Have you any other past medical history we have not already asked you about? 
 
 
Q17 Do you have any muscle, joint or back injury at present? 
 
 
Q18 Have you had to suspend any normal activity due to ill health or injury in the last month? 
 
 
Q19 Is there a history of heart disease or sudden cardiac death in your family? 
 
 
Q20 Are both parents still alive? 
 
 
Q21 Does anyone in your immediate family suffer with any serious medical condition? Please give 
details below. 
 
 
 
Q22 Do you suffer from, or have you ever suffered from the following 
 
Chest pain 
Chest pain on exercising 
Breathlessness on exertion 
Dizziness on exertion 
Collapse whilst exercising 
Palpitations 
If yes, please give details 
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Medical-in-Confidence (When Completed) 
Page 4 of 6 
 
 
Q23 Are you a blood donor? Yes / No* 
If yes, have you donated blood in the last week? Yes / No* 
 
 
 
Q24 For females only 
 
 
Please confirm here whether you may be pregnant: 
Not pregnant 
Unsure 
Pregnant* 
If unsure, please give the date of last menstrual period and details of current contraception: 
 
 
Q25 To the best of your knowledge are there any other reason(s) that may prevent you from 
successfully completing the tasks that have been explained to you by the lead academic 
/principal 
investigator and as described in the Participant Information Sheet? 
 
Yes / No* 
 
 
 
DECLARATION 
 
I understand that it is my responsibility to fully disclose information about my health in this 
questionnaire and that knowingly failing to do so may place me at risk during trial 
experiments. 
I also understand that if anything changes in my health circumstances between this 
screening 
questionnaire and / or medical examination and the date of my participation in the 
laboratory, 
student project or research study, it is my responsibility to fully inform the project officer or 
team, 
and that failure to do so, whether knowingly or unknowingly may place me at risk during 
tests or 
experiments. 
Signature of Participant ………………………………………………….. Date ………………………… 
Name of Academic / Principal Investigator ……………………………… 
Signature of Academic / Principal Investigator …………………………. Date ……………………….. 
Emergency Contact Details 
Please supply the name, address and telephone number of an emergency contact: (please print) 
Name …….………………………………… Relationship ……………………….…… 
Address 
…………………………………………………………………………………………………………………
… 
………….………………………………………………………………………………………………………
………….. 
Telephone number(s) ……………………………………………………………. 
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Medical-in-Confidence (When Completed) 
Page 5 of 6 
 
Examination Report (To be Completed by the Independent Medical Officer (or deputy): 
 
Participant Name: 
 
Date of Birth 
 
Date: 
 
Additional History: 
Resting Pulse Rate: normal/Abnormal 
Resting Blood Pressure ………. mmHg 
Cardiac Palpation normal/abnormal 
Chest percussion normal/abnormal 
Respiratory Rate ………. breaths/min 
Breath sounds normal/abnormal 
Tall, arachnodactyly, arched palate? Yes / No 
Viral/coryzal/febrile illness Yes / No 
 
 
Musculoskeletal System: 
Upper Limbs 
Lower Limbs 
 
 
 
 
 
CNS/PNS 
 
 
 
ECG: 
Sinus Rhythm Yes / No 
Short PR Interval Yes / No 
Q waves Yes / No 
Long QT interval (.440 ms) Yes / No 
ST Depression Yes / No 
St Elevation Yes / No 
Deep T wave Inversion in left chest leads Yes / No 
T wave inversion in right chest leads Yes / No 
Multiple ventricular ectopics Yes / No 
Left Bundle branch block Yes / No 
Delta waves Yes / No 
Accessory Pathway Yes / No 
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Medical-in-Confidence (When Completed) 
Page 6 of 6 
 
Pregnancy Test if required: 
Blood Test if required: 
 
 
 
Opinion 
Fit for all studies involving exercise 
VO2 max 
exposure to heat 
exposure to cold 
immersion 
hypoxia and simulated altitude 
Fit for specific study: 
 
 
Limitations: 
 
 
Review Date: 
 
 
 
Dr Daniel Roiz de Sa 
GMC Number: 4199638 
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APPENDIX E 
 
 
 
 
 
 
SUBJECT INFORMATION SHEET 
 

Dated:   
 
Principle Investigator: Sarah Davey 
Telephone:   
Email:   
 
 
Department of Sport & Exercise Science 
Spinnaker Building, Cambridge Road 
PORTSMOUTH, PO1 2ER 

    
PROJECT TITLE:   
 
You are asked to read this form carefully. If you consent to take part as a 
participant in the trial being undertaken by Miss Sarah Davey, then you 
should sign the consent form. If you have any queries, or are unsure or 
uncertain about anything, then you should not sign until your problem has 
been resolved and you are completely happy to volunteer. 
 
The study for which you are being asked to volunteer is being carried out in order 
to evaluate different types of torso cooling protocols on thermal perceptions 
(thermal comfort and temperature sensation) during exercise in the heat. The torso 
will be cooled using an air ventilated cooling garment (AVG) that is generally worn 
by individuals who partake in occupational and physical activities that require 
protective clothing such as fire fighters, military soldiers in order to relieve thermal 
stress. It is hoped that the results of the study will be used to provide information 
for future designs of AVG. 
 
Individuals that are suffering from an active lower limb injury or significant medical 
problems associated to exposure to hot environments should not par take in the 
study.  
 
After you have provided informed consent you will be requested to attend a total of 
five sessions. Your total time commitment is approximately 13 hours over the 
course of five days.  
 
Session 1 (approximate duration 1 hour) 
Upon arrival you will be asked to re-read the subject information sheet carefully 
and complete a health history questionnaire along with a consent form. You will 
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then have your body composition assed by taking measurements of skinfolds at 
eight sites with callipers. The eight sites to be measured are tricep, bicep, 
subscapular, iliac crest, abdominal, calf, thigh, supraspinale. You will then be 
asked to walk on a treadmill for 10 minutes whilst entering thermal perceptual 
measurements (how hot/comfortable you feel) on a touchscreen. The last 
procedure will allow you to become familiar with the experimental set up and 
assessing your thermal perceptions. 
 
 
Session 2, 3, 4 & 5 (approximate duration 3 hours) 
 
Each session will involve an initial period of instrumentation (~30 mins). You will 
then be required to exercise/rest in an environmental climatic chamber set at 35oC 
and 50% relative humidity (RH). The exercise period will involve an initial jog at a 
self selected speed for 10 minutes, followed by a 72 minute walk (5km.hr-1 and 2% 
incline) on a treadmill. For each trial, you will wear an air-cooled-garment (ACG) 
underneath a cotton long-sleeved shirt and jogging trousers. This clothing will be 
provided for you. For each session, please bring your own trainers, short shorts, 
and socks, as these will not be provided. The latter items of clothing that are not 
provided should be the same items for each trial. During the exercise period, air 
will be perfused through the ACG and you will be asked every three minutes to 
enter your thermal perceptions of the environment. Near the end of exercise, you 
will be asked to wear a mouthpiece and nose clip, to measure your oxygen uptake. 
This will provide us with information on how hard you are exercising.  The period 
of rest will last 33 minutes and just require you to sit on a stool and enter your 
thermal perceptions every three minutes. 
 
For the instrumentation, you will be instrumented with 12 skin thermistors, 5 
relative humidity sensors, and a heart rate monitor. You will also self-instrument a 
rectal thermistor for the measurement of your body temperature. Other 
measurements include pre- and post nude and clothed body masses that will be 
conducted in private room, which is only occupied by you; the measurement 
display is located outside the room.  

 
General  
Please arrive at the lab with trainers, shorts, socks, and shower kit (optional). We 
ask you to refrain from drinking alcoholic beverages, and undertaking strenuous 
exercise 24 hrs prior to arriving to the laboratory. We also ask you to refrain from 
drinking caffeinated beverages and consuming large meals, 3 hours prior to 
arriving to the lab. You may also be asked if we can video or photograph you 
performing the tasks. All photographs and video will be anonymised if shown to 
others (e.g. you won’t be able to be identified).    
 
You may at any time withdraw from the experiment. You do not have to give any 
reason, and no-one can attempt to dissuade you. If you ever require any further 
explanation, please do not hesitate to ask. If you refuse to give consent to 
participate in this study, or withdraw from it at a later time, that shall not prejudice 
you in any way, nor shall it prejudice your right to receive appropriate and timely 
medical care. 
 
If your participation in this study reveals any information that may be relevant to 
your present or future health, the Principal Investigator will disclose that 
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information to you in confidence, if you so wish. The Project Investigator may seek 
your consent to pass that information to your regular medical practitioner, but will 
not do so without your consent. 
 
Any information obtained during this trial will remain confidential as to your identity:  
if it can be specifically identified with you, your permission will be sought in writing 
before it will be published.  Other material, which cannot be identified with you, will 
be published or presented at meetings with the aim of benefiting others.  All 
information will be subject to the conditions of the Data Protection Act 1998 and 
subsequent statutory instruments. 
 
Experimental records, including paper records and computer files, will be held for 
a minimum of 30 years, in conditions appropriate for the storage of personal 
information. You have right of access to your records at any time. 
 
A full scientific protocol for this experiment has been approved by the University of 
Portsmouth Biosciences Research Ethics Committee. This protocol complies with 
all current legislation, including the This study complies, with the Declaration of 
Helsinki, as adopted at the 52nd WMA General Assembly, Edinburgh, October 
2000. Additional the protocol conforms to the convention on human rights and 
biomedicine concerning biomedical research. European Treaty Series No. 195, 
Strasbourg 25 January 2005. Further details of the approval will be provided to 
you if you wish, and you have a right to have a copy of the full protocol to retain, if 
you so request of the Project Officer. 
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APPENDIX F 
 

 
 
 
STUDY TITLE  
 
Please initial each box if content 
  
1.  I confirm that I have read and understood the attached 
information sheet for the above study. I confirm that I have had the 
opportunity to consider the information, ask questions and that these 
have been answered satisfactorily. 

 
 
2.  I understand that my participation is voluntary and that I am free to 
withdraw at any time without giving any reason without my legal rights 
being affected. 
 
3.  I agree to take part in this study 
 
 
 
 
 
Name of Participant:   Date:          Signature: 
 
 
__________________________________________________________ 
 
Name of Person taking    Date:          Signature: 
Consent: 
 
_________________________________________________________ 
 
 
 
Name of Witness:    Date:           Signature: 
 
__________________________________________________________
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APPENDIX G 
 

Table G.1 Summary of the subjective comments in response to the different cooling profiles implemented in the study in Chapter 6 (n = 12) 

Subject Preferred 

cooling profile 

Reason for choice Any other comments regarding the usability of APV 

1 ICramp ICramp was overall more comfortable, especially at 

an air flow rate of 9.0. They found 9.0 to be the 

most pleasant. The higher air flow rate of 12.0 was 

a little too cool. 

Overall very comfortable even though a little bulky. 

2 IConoff Preferred IConoff as they did not sweat as much, 

especially when compared with ICtriang 

The APV not only cooled the torso, but felt like cooled 

the rest of the body too. 

3 CC CC was the coolest.The participant did not like the 

fluctuating temperatures and preferred just one 

temperature, or just ON and OFF. 

The APV was too hot when no air was ventilated 

through.  

4 ICramp ICramp was the coolest. IConoff too fluctuating, not 

enough time for body to adjust. CC was too hot. 

Very good, but a little bulky. 

5 CC  CC was the coolest, but it did fade after 45s of 

being turned on. Did not like fluctuating 

temperatures and therefore IConoff was his least 

favourite, with no difference between ICtriang and 

ICramp 

The APV is too bulky. 

6 ICtriang In ICtriang the initial cooling lasts longer than the 

other IC profiles, but the not as cold as the CC 

which was too cool. 

The APV was more evenly distributed than first 

expected however a little too bulky and therefore would 

not take as an accessory. 

7 ICramp  ICramp was more comfortable going from hot to cold 

IConoff was too much of a change and therefore not 

comfortable 

The APV was comfortable, but would not want to wear 

it if the was air not on. 
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Table G.1 Cont:  

Subject Preferred cooling 

profile 

Reason for choice Any other comments regarding the usability of APV 

8 CC  CC provided a constant coolness which felt 

better than fluctuations in temperature. There 

were no differences between the other 3 cooling 

profiles. 

The APV was very comfortable and after awhile I did 

not notice wearing it. 

9 ICtriang Did not like the extreme temperature difference 

in torso and the arms and legs that CC provided. 

Too much fluctuation in temperature with IConoff, 

ICtriang had less extreme fluctuations. ICramp was 

too cold at the highest flow rates, which made 

his hands too cold. 

Did not like the non-uniformity in temperature the APV 

provided between the torso and arms and legs. But 

overall the APV was comfortable 

10 ICramp Could not really distinguish between them, but if 

had to, I would choose ICramp as it is the coolest.    

The jacket is comfortable, but do notice it being there 

when no air is blown through 

11 ICramp  Found ICramp to be the coolest throughout the 

experiment  

The APV is really comfortable, but a bit on the thick 

side. 

12 CC  CC wasn‟t the coolest, ICramp was, but preferred 

the stability of CC rather than fluctuations in 

temperatures. 

Doesn‟t notice the jacket, very comfortable. 
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