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Abstract 

 

The primary purpose of the study was to assess the effectiveness of different cooling 

regimes within a liquid cooling garment (LCG) to provide physiological thermal 

balance and subjective thermal comfort during different intensities of physical exertion. 

The second purpose was to examine the dynamics of finger temperature (Tfing) and 

finger heat flux (HFfing) responses to changes in thermal indices reflecting the thermal 

status of the body core and/or shell. Eight males ages 28.9±8.3 completed an 

exercise protocol consisting of 4 stages of treadmill walking/running (300-600 Watts) 

and one rest stage. Four different cooling regimes were tested in separate sessions: 

subjective cooling control by participant selecting the skin surface cooled (CON1); 

choice of different inlet water temperatures (Tin), whole body cooling (CON2); fixed Tin; 

at 70C, whole body cooling (CON3); adjusted Tin based on different metabolic rates of 

exercise, whole body cooling (CON4). CON1/2 were acceptable means of LCG 

cooling control, but showed disadvantages because of delays in self-initiated cooling 

and frequent failure to select an appropriate cooling intensity. CON3 exhibited the 

highest amount of heat flow, but was not significantly more effective than CON4 in 

lowering core temperature (Tcore), heart rate, and perceived exertion. In addition, 

CON3 caused thermal discomfort and a high level of cold on the skin surface. CON4 

appeared an effective cooling regime to support thermal balance and subjective 

comfort. Sweat rate was positively related to increase in Tcore; however, effects of 

regional skin wetness on development of thermal discomfort were inconclusive. The 

dynamics of Tfing/HFfing were highly associated with body heat content and mean body 
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temperature and indicated its potential use as thermal indices to monitor thermal 

balance of the body. In addition, attention needs to be paid to non-thermoregulatory 

factors that also influence the dynamics of these indices. The findings suggest that 

future studies need to focus on harnessing human thermodynamic characteristics to 

advance the cooling capacity and design of a LCG. The combination of both 

conductive and convective cooling regimes seems optimal to better support human 

thermal balance and comfort under physical exertion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 v

Table of Contents 

 Page 

Acknowledgments 

Dedication 

Abstract 

Table of Contents 

List of Tables 

List of Figures 

List of Abbreviations 

 

Chapter 1: Introduction 

1.1. Statement of the problem 

1.2. Purpose of the study 

1.3. Specific aims of the study 

1.4. Hypotheses 

Chapter 2: Literature Review 

     2.1. Human thermoregulation 

     2.2. Physiological and thermoregulatory response to heat stress 

     2.3. Thermal sensation and comfort 

     2.4. Overview of a Liquid Cooling Garment (LCG) 

     2.5. Determination of human thermal status 

 

ⅰ 

ⅱ 

ⅲ 

ⅴ 

ⅶ 

ix 

xi 

 

 

1 

3 

4 

5 

 

6 

10 

15 

17 

20 

 



 vi 

Chapter 3: Methodology 

     3.1. Study participants 

     3.2. Experimental Liquid Cooling Garment (LCG) 

     3.3. Experimental protocols and procedure 

     3.4. Measurements 

     3.5. Calculations 

     3.6. Data management and statistical analysis 

Chapter 4: Results 

     4.1. Metabolic Rate 

     4.2. Condition 1 

     4.3. Condition 2 

     4.4. Condition 3 

     4.5. Condition 4 

4.6. Comparison across conditions 1-4 

Chapter 5: Discussion 

Chapter 6: Conclusion 

References 

 

26 

27 

28 

32 

35 

37 

 

39 

40 

46 

52 

56 

60 

75 

88 

91 

 

 

 

 

 



 vii 

List of Tables 

 

Table                                                                       Page 

3.1. Anthropometric characteristics of participants 

3.2. Specifications of the multi-compartment MACS-Delphi 

3.3. Summary of experimental cooling conditions 1-4 

4.1. Correlation between Tfing and HFfing separated by exercise and rest stages in CON1 

4.2. Changes in thermal ratings, RPE and HR by baseline, cooling initiation, and maximum 

cooling in CON1 

4.3. Correlation between Tfing and HFfing separated by exercise and rest stages in CON2 

4.4. Changes in thermal ratings, RPE and HR by baseline, cooling initiation, and maximum 

cooling in CON2 

4.5. Correlation between Tfing and HFfing separated by exercise and rest stages in CON3  

4.6. Correlation between Tfing and HFfing separated by exercise and rest stages in CON4 

4.7. Comparison of changes in Tcore in CON1-4 

4.8. Tfing responses at the beginning of exercise stage 1 and 4 in CON1-4 

4.9. Comparison of changes in HR in CON1-4 

4.10. Comparison of mean H by stages in CON1-4 

4.11. Comparison of evaporative, non-evaporative sweat loss, and total weight loss in 

CON1-4 

4.12. Comparison of heat loss by evaporation and conduction in CON1-4 

4.13. Comparison of changes in subjective thermal ratings in CON1-4 

27 

28 

30 

42 

 

44 

48 

 

50 

54 

58 

60 

65 

66 

67 

 

68 

69 

71 



 viii 

4.14. Changes in regional skin wetness between pre and post session in CON1-4 (N=8) 

4.15. Summary of correlation coefficients between Tfing/HFfing and thermoregulatory 

 variables in CON1-4 (N=8) 

73 

 

74 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 ix 

List of Figures 

 

Figure                                                                      Page 

4.1. Mean metabolic rates achieved during the exercise protocol in CON1-4 ( N=8) 

4.2. Mean Tcore, Tskin, Tb and H responses in CON1 

4.3. Mean Tfing and HFfing responses in CON1 

4.4. Total frequency of cooling change by stages in CON1 ( N=8) 

4.5. Changes in thermal comfort, heat and cold sensation by pre-session, stage 2, stage 3, 

and post-session in CON1 

4.6. Mean Tcore, Tskin, and H responses in CON2 

4.7. Mean Tfing and HFfing responses in CON2 

4.8. Total frequency of cooling change by stages in CON2 (N=8) 

4.9. Changes in thermal comfort, heat and cold sensation by pre-session, stage 2, stage3, 

and post-session in CON2 

4.10. Mean Tcore, Tskin, and H responses in CON3 

4.11. Mean Tfing and HFfing responses in CON3 

4.12 Changes in thermal comfort, heat and cold sensation by pre-session, stage 2, stage 3, 

and post-session in CON3 

4.13. Mean Tcore, Tskin, Tb, and H responses in CON4 

4.14. Mean Tfing and HFfing responses in CON4 

4.15. Changes in thermal comfort, heat and cold sensation by pre-session, stage 2, stage3, 

and post-session in CON4 

39 

40 

41 

43 

 

45 

46 

47 

49 

 

51 

52 

53 

 

55 

56 

57 

 

59 



 x 

4.16. The dynamics of mean Tcore in CON1-4 

4.17. The dynamics of mean Tskin in CON1-4 

4.18. The dynamics of mean Tb in CON1-4 

4.19. The dynamics of mean Tfing in CON1-4 

4.20. Comparison of changes in RPE by stages in CON1-4 

4.21. Mean changes in subjective thermal ratings in CON1-2 

61 

62 

63 

64 

70 

72 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 xi 

List of Abbreviations 

 

AD 

H 

Hb 

∆Hb 

HFfing 

HR 

∆HR 

RPE 

SR 

Tb 

Tcore 

∆Tcore 

Tre 

Tfing 

Tskin 

VAS 

W 

Wtloss 

Dubois Body Surface Area (m
2
) 

Garment Heat Flow (kcal·min
-1

) 

Body Heat Content (kcal·min
-1

) 

Change in Body Heat Content (kcal·kg
-1

·°C
-1

) 

Finger Heat Flux (W·m
2
) 

Heart Rate (beats·min
-1

) 

Change in HR (beats·min
-1

) 

Ratings of Perceived Exertion (6-20 Borg Scale) 

Whole Body Sweat Rate (L) 

Mean Body Temperature (°C) 

Core Temperature (°C) 

Change in Core temperature (°C) 

Rectal Temperature (°C) 

Finger Temperature (°C) 

Skin Temperature (°C) 

Visual Analogue Scale (1-100) 

Skin Wetness (Arbitrary unit: 90-999) 

Weight Loss (kg) 

 

 



 １ 

CHAPTER 1: Introduction 

 

 

1.1. Statement of the problem 

 

Over the decades, a voluminous amount of investigations have focused on human 

physiological and thermoregulatory responses to heat stress in various aspects, and 

the fact that heat stress conditions produced by the environment and metabolic heat 

production compromise both efficiency and duration of work and/or physical activity 

has been unanimously accepted. Furthermore, industrial development rapidly creates 

more hostile and hazardous working environments so that workers must wear and/or 

facilitate protective clothing/ensembles for protection from harmful environments. 

However, those individuals who wear protective clothing are also at a great risk of 

heat stress due to the delay of heat dissipation through the clothing.  

 

Therefore, a significant amount of effort has been made to develop a microclimate 

cooling system which provides an effective protection for those individuals at high risk 

of heat stress and injuries. Since the first microclimate cooling system was introduced 

for space missions in the late 1950’s, there has been a magnificent progress in the 

cooling system enhanced by engineering application, smart materials, physiological 

concepts, and a number of other interdisciplinary efforts. Despite a remarkable 

progress in the development of the system, several aspects necessary to advance the 
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system have not been clearly addressed or show contradictory results from various 

research groups. 

 

Metabolic heat production when environmental conditions are constant is proportional 

to exercise intensity in exercising subjects. Thus the intensity of cooling provided to 

compensate the metabolic heat must meet the rate of heat production yielded at a 

given metabolic rate. Otherwise, failure in the appropriate level of cooling leads to 

either overcooling or accumulation of heat causing an increase in core temperature. 

The adjustment of cooling provided to exercising subjects becomes more complicated 

if exercise intensity varies over time. Therefore, understanding of the physiological 

responses of the human body to different levels of cooling under different intensities of 

exercise is necessary for optimizing the control of the cooling system. 

  

Moreover, an automatic thermal feedback system crucial for optimizing the control of 

a cooling system has not been successfully developed yet because of the difficulty in 

the development of a simple and non-invasive feedback index for system control.  

Among various research works on the index development, Koscheyev and his 

colleagues (Coca, 2005; Koscheyev, Leon, & Coca, 2005; Koscheyev, Leon, Coca, 

Kim, & Trevino, 2006; Koscheyev, Leon, & Trevino, 2006) have shown the possibility 

of using finger temperature (Tfing) and/or finger heat flux (HFfing) as thermal feedback 

indices for the automatic control of the cooling system; informative values of Tfing and 

HFfing to monitor overall thermal status of the body in various heat deficit/surplus 

conditions were found. However, the study only tested resting subjects with a passive 
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implementation of cooling/warming. Thus, there is a need to study and integrate the 

indices for exercising subjects. 

 

1.2. Purpose of the study 

 

The primary purpose of this study is to investigate effective cooling regimens for the 

control of a liquid cooling garment (LCG) during exercise at different level of metabolic 

rates yielding different ranges of metabolic heat stress and examine physiological 

responses to varied level of cooling intensity. Thus, the study design encompassed 

different cooling regimes characterized by cooling control based on subjective 

perception and passive cooling control. Cooling control by subjective perception was 

further divided into two conditions: control of cooling intensity by means of either 

different amounts of coverage of the body surface cooled or different inlet water 

temperature provided to entire LCG. In passive cooling control, two different cooling 

regimes were tested: fixed inlet water temperature throughout the entire session and 

adjusted inlet water temperature dependent on different level of metabolic rate. These 

conditions were examined in terms of the cooling effects on physiological thermal 

balance, subjective thermal comfort, and other physiological variables which influence 

human performance. 

 

Further, the study examined the dynamics of Tfing and HFfing in responding to changes 

in thermal status of the body while performing exercise at different ranges of 

metabolic intensities within a LCG. Thus, relationships of various thermoregulatory 
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indices which represent thermal status of core and/or shell of the body to Tfing/HFfing 

responses were examined. The aim was to provide integrated information for the 

further investigation of the development of Tfing/HFfing indices for the monitoring of 

thermal status of the human body. This investigation should provide better 

understanding of human thermoregulatory responses to exercise within a LCG and 

propose features necessary for the advancement of a microclimate cooling system to 

support physiological thermal balance and subjective thermal comfort. 

 

1.3. Specific aims of the study 

 

The specific aims of this study are: 

(1) To investigate the effects of manual cooling control of a LCG on subjective 

thermal comfort/sensation, human thermal balance, and other physiological 

variables. 

(2) To compare the effectiveness of the two different cooling regimes for a LCG; 

(1) fixed inlet water temperature and (2) adjusted inlet water temperature for 

different metabolic rates, 

(3) To examine and compare physiological and thermoregulatory variables 

derived during exercise when different rates of cooling are provided, 

(4) To investigate the relationship of Tfing and HFfing to thermoregulatory variables 

reflecting the thermal status of the body during exercise, 

(5) To propose the optimal and practical features for the advancement of a LCG. 
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1.4. Hypotheses 

 

The study tested the following alternative hypotheses; 

HA1: Subjective cooling control of the LCG relying on subjective thermal comfort 

and perception will be less effective than the other cooling conditions 

evaluated in terms of time of cooling initiation and selection of an 

appropriate level of cooling intensity to suppress heat stress in varied 

metabolic rates of exercise. 

HA2: The CON4 cooling regime - adjusted Tin depending on different metabolic 

rates at a given exercise intensity will be effective in terms of lowering Tcore 

and supporting subjective thermal comfort. 

HA3: Subjective thermal comfort while performing exercise will be influenced not 

only by a level of Tcore, but also a level of Tskin. Thus, the intensity of cooling 

applied on the skin surface will influence thermal comfort. 

HA4: The relationship of Tfing and HFfing to Hb will exhibit a high correlation during 

the entire course of the exercise/rest protocol. Thus, Tfing/HFfing will be 

appropriate indices reflecting the thermal status of the body. 

HA5: There will be non-thermoregulatory factors that influence Tfing dynamics 

during exercise. 
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CHAPTER 2: Literature Review 

 

 

2.1. Human Thermoregulation 

 

Human beings as homeotherms; a warm blooded species, must maintain a stable 

core body temperature (Tcore) of around 370C for the body to function properly, and live 

within a narrow range of Tcore. If Tcore either increases or decreases beyond a level that 

human body cells are fundamentally accustomed to, both health and physical ability 

can be severely compromised.  

 

2.1.1. Human thermoregulation systems 

Humans have two thermoregulataion systems: behavioral and physiological 

thermoregulation systems. Behavioral thermoregulation is a powerful 

thermoregulatory response which is driven by conscious and active efforts such as 

seeking a shelter, wearing cloth, changing posture, and/or any other means to keep 

the body within a thermally comfortable range (Parsons, 2003). Therefore, this system 

greatly affects human thermal environments. Since such behavioral responses 

regulated by subjective thermal sensations are highly influenced by individual 

experience, thermal stimuli for the behavioral thermoregulation are neither uniformly 

recognized nor elicit the same response in all individuals.  
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Unlike behavioral thermoregulation, physiological thermoregulation is regulated by the 

autonomic nervous system and involuntary physiological responses. Such responses 

include the regulation of heat flow between the core and the skin by either 

vasodilation or vasoconstriction, regulation of metabolic heat production, and sweating 

(Pandolf, Sawka, & Gonzalez, 1988). It is generally agreed that the body dissipates 

heat by vasodilation and sweating to counter against an elevation in body temperature, 

and the body preserves or produces heat by vasoconstriction and shivering to counter 

a decrease in body temperature. Another fundamental agreement is that main control 

center for the physiological thermoregulation is the hypothalamus. Temperature 

changes are first detected by warm and cold receptors which are situated in the 

hypothalamus, spinal cord, medulla, and some parts in the core, as well as across all 

skin of the body.  Then signals from those sites are integrated in the hypothalamus, 

and proper responses are activated. While there has been general agreement on 

what physiological responses take place when the body is thermally stimulated, there 

are some different models of human thermoregulation in terms of regulated and 

controlled variables. In general, the variable which the body acts to maintain within a 

narrow limit is called the regulated variable; temperature, and the degree or quantity 

which the body controls in order to accomplish homeostasis is called the controlled 

variable such as vasomotor and sweating responses. Stolwijk and Hardy (1965) 

suggested a closed loop/negative feed back system in which the thermal response 

and changes in the controlled variables are proportional to the displacements of the 

regulated variables from the set point. On the other hand, McIntyre (1980) proposed 

that the thermoregulatory response is activated when brain temperature rises above 
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the set point. While these two models provide a different structure and mechanism of 

thermoregulatory reactions, they explain human thermoregulatory responses in the 

similar way (Parsons, 2003) in terms of the body’s protective mechanism to thermal 

stresses. 

 

2.1.2. Heat balance mechanism 

Heat balance in humans refers to the balance between heat input by environmental 

factors combined with metabolic heat, and heat output from the body to its 

surrounding environments. Thus, the internal temperature of the body can be 

maintained at a homeostatic level when balance is achieved between the two factors. 

If heat input is greater than output, there is a positive heat balance and body 

temperature increases. If heat input is less than output, there is a negative heat 

balance and body temperature decreases. The heat balance mechanism of the body 

can be explained by the following equation. 

 

S = M – W + E + R + C + K 

Where S is the rate of heat storage in the body; M is rate of metabolic heat; W is rate 

of mechanical work by the body; E is evaporation; R is radiation; C is convection; K is 

conduction.  

 

Based on the equation above, heat balance is achieved when S is equal to the sum of 

internal heat source; M – W, and heat gain or loss by the four types of heat exchange. 

Therefore, body temperature increases when S > 0, and body temperature decreases 
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when S < 0. In terms of thermal balance by the process of heat loss and heat gain, 

the equation below is more practical to apply to the measurement of human heat 

balance. 

 

M – W = ( C + R + Esk ) + ( Cres + Eres ) 

Where C is rate of convective heat loss from the skin; R is rate of radiative heat loss 

from the skin; Esk is rate of total evaporative heat loss from the skin; Cres rate of 

convective heat loss from respiration; Eres is rate of evaporative heat loss from 

respiration.  

 

This practical approach reflects the fact that heat balance is achieved by heat 

production in the body and heat loss through the skin and radiation; therefore, it 

enables us to quantify each of the values above to see if a person is in the state of 

thermal balance. While it is not necessary to provide all the equations and inclusive 

explanations for the components of the equation, it is of importance to view the rate of 

heat production in the body expressed as M – W above; where M is the rate of 

metabolic heat and W is the rate of mechanical work. Heat in the body is generally 

produced during the process in which the body uses oxygen to burn nutrients for its 

energy sources. In this process, most energy is released in the form of heat while only 

a small amount of energy can be used for the mechanical work of the body. It is 

generally agreed that no more than 25 percent of total metabolic energy is utilized for 

the mechanical energy. It means that more than 75 percent of total metabolic energy 

is released as heat (Pandolf, Sawka, & Gonzalez, 1988; Parsons, 2003). Therefore, M 



 １０ 

is always greater than W in the above equation and also in actual practice. In addition, 

the body surface area is directly related to heat exchange between the body and the 

environment while total metabolic heat production varies with many factors such as 

body size, composition, age, endocrine system, etc. 

 

2.2. Physiological and thermoregulatory response to heat stress 

 

2.2.1. Cardiovascular and circulatory response to heat stress 

Thermoregulatory blood circulation to skin is affected in two ways; local temperature 

on the vascular smooth muscle for local vasoconstriction or vasodilation, and core 

and skin temperature on the total body for blood flow between core and skin (Pandolf, 

Sawka, & Gonzalez, 1988). In either way, increased blood flow from the core to the 

skin during heat stress is the function of heat dissipation. When the warm blood 

passes from the core to the skin, it flows through superficial veins and tissues where 

the temperature is usually lower than in the core parts of the body. Then a certain 

amount of heat in the blood is dissipated on its way to the skin, and cooled blood is 

returned to the core. The rate of core to skin heat transfer by skin blood flow largely 

relies on the rate of skin blood flow and the temperature difference between the core 

and skin (Pandolf, Sawka, & Gonzalez, 1988). Since exercise in the heat causes rapid 

and greater heat accumulation, the body accelerates thermoregulatory skin blood flow 

for heat dissipation. However, there are several compensatory cardiovascular 

responses for the peripheral pooling of blood. Blood flow to the spleen and kidney is 

reduced by the proportion to exercise intensity. Also, sympathetic nervous tone is 
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further stimulated to increase heart rate and cardiac contraction. This mechanism 

helps the body maintain cardiac output necessary to perform exercise at a given 

intensity. If the compensatory mechanisms are not sufficient to supply blood to both 

working muscle and skin, exercise performance is impaired and body temperature 

keeps increasing to a dangerous level in hot environments.  

 

2.2.3. Sweating and evaporative heat loss during heat stress 

It is obvious that exercise in the heat produces greater amount of metabolic heat than 

in moderate or cold environments, which then increases Tcore unless heat is dissipated 

by any of the heat exchange mechanisms. During exercise in hot environments, sweat 

evaporation becomes the dominant means of heat exchange, especially when 

convective current over the body and/or heat loss by radiation is not effective enough 

for metabolic heat dissipation. In humans, there are two major types of sweat glands: 

eccrine and apocrine. The former is the dominant gland secreting sweat onto the skin 

surface; about 1.6 to 4 million eccrine glands are distributed on the body (Kuno, 1956), 

with the highest concentration found on the sole of the foot and palm of the hand. The 

sweating mechanism is very complicated and a number of variables influence sweat 

rate such as mental and physical stimuli for sweating activation, and non-uniform 

onset and/or termination of local and whole body sweating. In general, 

thermoregulatory sweating begins within a few seconds to minutes from the onset of 

exercise and is influenced by both Tskin and Tcore at different body temperature status. 

(Beaumont & Bulard, 1963). For example, Tcore influence sweating more than Tskin 

when skin temperature is at steady state while sweating rate is more proportional to 
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Tskin when Tcore is at steady state. However, it is obvious that during exercise in a hot 

environment, both Tcore and skin temperature increases so that the body sweats more 

profusely. Unlike other mammals, evaporative heat loss through respiration is small, 

therefore, human beings need to evaporate more sweat secreted onto the skin for a 

better heat exchange. In thermal physiology, it is assumed that approximately 0.58 

kcal of heat is lost when one gram of sweat is vaporized (Pandolf, Sawka, & Gonzalez, 

1988).  

 

The rate of sweat evaporation is highly relient on two factors: the water vapor 

pressure and air movement. As humidity level increases, the rate of sweat 

evaporation on the skin decreases, which only causes body water loss. Therefore, in 

a hot and humid environment, rapid air movement over the skin; forced convection, 

helps promote sweat evaporation on skin. 

 

2.2.3 Exercise metabolism and response to heat stress 

Since prolonged exercise even in a moderate environment increases core 

temperature, reduction in exercise capacity and performance becomes greater, and 

magnitude of core temperature elevation is greater when exercise is performed in the 

heat. The decrease in exercise capability in the heat is mostly because of progressive 

dehydration caused by prolonged sweat loss with negative consequences for 

cardiovascular responses and thermoregulatory function, and overwhelming 

compensatory responses (Gonzalez, Berglund, & Gagge, 1999). 
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There have been a number of investigations evaluating whether Tcore elevation is 

more influenced by exercise intensity or environmental temperature. Nielsen (1962) 

reported that the magnitude of Tcore elevation is more proportional to exercise intensity, 

but is likely independent of the environmental conditions. However, this finding is only 

true when exercise intensity changes in a consistent environmental condition. While it 

seems logical that Tcore increases more as exercise intensity increases at a given 

environmental condition, other studies (Pandolf, Sawka, & Gonzalez, 1988) found that 

Tcore  reaches a steady state during exercise as metabolic rate increases. Thus, Tcore 

response to heat stress during exercise is highly dependant on change in exercise 

intensity determined by the individuals’ relative metabolic rate in a given 

environmental condition.  

 

In general, exercise increases 5 to 15 times the resting metabolic rate, and the 

amount of energy released as heat varies with exercise type and/or intensity of a 

selected exercise. With existing controversies, most studies investigating how 

exercise in the heat influences metabolic rate reported that reduction in maximal 

oxygen uptake is much greater in a hot environment compared to a moderate 

environment (Klausen, Dill, Phillops, & McGregor, 1967; Saltin, Gagge, & Stolwijk, 

1972). Based on these studies, maximal oxygen uptake is possibly reduced at the rate 

of 0.2 to 0.7 liters·min-1 in a hot environment. The mechanism for the reduced oxygen 

uptake was mainly explained by the blood redistribution from the central body to the 

cutaneous vasculature. Thus, both the effective central blood volume and cardiac 

filling pressure decrease, which then leads to insufficient blood supply to the working 
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muscles (Pandolf, Sawka, & Gonzalez, 1988). Exercise in the heat not only reduces 

maximal oxygen uptake, but also requires a greater metabolic rate at a given exercise 

intensity. Several studies reported (Gonzalez-Alonso, Teller, Andersen, Jensen, Hyldig, 

& Nielsen, 1999; Hargreaves & Febbraio, 1998; Nybo, 2008; Pandolf, Sawka, & 

Gonzalez, 1988) that the metabolic requirement at a given exercise intensity 

increases as ambient temperature increases mainly due to the fact of the elevated 

dependence on anaerobic metabolism which causes additional metabolic output at a 

given exercise level. Therefore, the level of lactate formation becomes greater in both 

plasma and working muscles. Physiological mechanisms responsible for increased 

anaerobic metabolism are not fully understood as yet, but it may be due to (1) local 

tissue hypoxia caused by increased blood redistribution from working muscles to 

cutaneous vasculature for heat dissipation; (2) increased use of fast twitch muscle 

fibers in the heat or reduced skeletal muscle efficiency (Pandolf, Sawka, & Gonzalez, 

1988). Therefore, performing exercise in the heat is more challenging compared to 

that in a thermoneutral environment due to reduced oxygen uptake, elevated total 

energy expenditure at a given exercise intensity, and increased cardiac and 

circulatory strain. 

 

2.2.4. Acclimatization to heat stress 

The term heat acclimatization refers to adaptive changes of the body in terms of 

reduced physiological strain and promotion of the heat exchange mechanism of the 

body. Heat acclimatization can be achieved by experiencing prolonged and repeated 

exposures to a hot environment. The benefits of this practice include two parts: 
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reduced heart rate and cardiovascular strain associated with a given rate of exercise 

in the heat, and improved sweating production for heat dissipation at a given core 

temperature and heat stress. Most researches report a gradual decrease in HR with 

increase in stroke volume increases (Senay & D. Mitchell, 1976; Wyndham, 1968). 

Mechanisms responsible for heart rate decrease as an acclimatization effect could be 

explained by three mechanisms; increased in plasma volume, reduction in periphery 

blood pooling, and decreased rate of core temperature elevation (Pandolf, Sawka, & 

Gonzalez, 1988). Another major thermoregulatory benefit of heat acclimatization is an 

increased sweating ability. While individuals in general sustain no more than 2 hours 

of sweating during exercise in the heat, fully acclimatized individuals have higher 

sweat rates approximately 1.5 to 3 liters per hour (Kuno, 1956). Such increased sweat 

rates are due to the hypertrophy of sweat glands enabling a greater amount of sweat 

secretion and increased sensitivity to thermal stress which causes an earlier onset of 

sweat secretion for evaporative heat exchange. In addition, change in sweat 

composition has been reported as a consequence of heat acclimatization; i.e., less 

sodium excretion 

 

2.3. Thermal sensation and comfort 

 

2.3.1. Thermal sensation 

Thermal sensation refers to how people feel about their surrounding environments; 

therefore, thermal sensations are sensory and psychological experience (Parsons, 

2003). In physiology, thermal sensation is the expression of how a person perceives 
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stimulation acquired from thermal receptors on the skin. However, thermal sensation 

labeled as either cold or hot varies with different individuals even if the degree of 

thermal signals is the same. Therefore, it is more reliable to use a 

psychological/subjective approach. Fanger (Fanger, 1970) defined thermal sensation 

as the thermal state of the body and not as an environmental component. Although 

thermal sensation is how the individual experiences, - the state of the thermoreceptors 

and not the physical environment, some researchers related thermal sensation to 

body temperature values. It is well known that cold sensation can be determined by 

Tskin while warm sensation is more dependent on Tcore than Tskin (Chatonnet & 

Cabanac, 1965). This mechanism explains the fact that individuals can feel cool with a 

relatively high Tcore and/or Tskin if cooled air flows over the skin surface.  

 

2.3.2. Thermal comfort 

The term thermal comfort has been defined from both physiological and psychological 

perspectives. From the physiological point of view, thermal comfort is defined as a 

thermal equilibrium in the absence of thermoregulatory responses: sweating and 

shivering. However, from the psychological point of view, thermal comfort can occur 

even when the body is not in a state of thermal balance. Moreover, thermal comfort is 

often defined as “The condition of mind which expresses satisfaction with the thermal 

environment” (ASHRAE, 1966; ISO7730, 1984). With these definitions, an individual’s 

degree of thermal comfort in the same environment is not always the same, but 

changeable depending on one’s emotional and physical conditions such as the 

menstrual cycle in women. Also, during exercise some sweating may help achieve 
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thermal comfort while sweating at rest causes discomfort. This discrepancy can occur 

because in general a stimulus causing loss of heat produces displeasure if an 

individual is too cold while there is a pleasant feeling if a stimulus causes heat gain 

when an individual is in a cooled state. Therefore, thermal pleasure does not always 

occur at thermal neutrality (Cabanac, 1981). Thus, a number of variables interact and 

have an influence on the degree and/or state of thermal comfort. 

 

Although it is difficult to measure all of the variables affecting one’s thermal comfort, 

the American Society of Heating, Refrigerating, and Air-Conditioning Engineers 

(ASHRAE, 1989a) designates six most important factors determining thermal comfort; 

air temperature, relative humidity, air velocity, radiation, metabolic rate, and clothing 

insulation. Using these six measurable parameters, significant efforts were made to 

establish a range of predictable physical conditions and environment for thermal 

comfort. ASHRAE (1989b) suggest an operative temperature range for thermal 

comfort between 28.880C to 31.110C for the nude state and 22.770C to 27.220C for 

normally clothed sedentary individual. Normal clothing is expressed as 0.6 clo, where 

1 clo equals to 0.0180C·kcal·m-2·h-1. This state corresponds to the clothing insulation 

for a person at resting in comfort in a normally ventilated room (air velocity of V=10 

cm·s-1) 

 

2.4. Overview of a Liquid Cooling Garment (LCG) 

 

A personal microclimate cooling system was first introduced during the early years of 



 １８ 

the Gemini and Apollo missions. The insulative layers of the space suit greatly 

diminish heat exchange between the body and the environments, which leads to an 

accumulation of metabolic heat and a rise in body temperature. Therefore, astronauts 

required a means of body cooling compensating for the heat production. The cooling 

system developed in this era was a convective cooling system which provided cooled 

gas over the body; therefore, metabolic heat was removed by promoting heat 

exchange by convection and evaporation (Nunneley, 1970). However, metabolic heat 

production was far greater than the rate of heat removal by the gas cooling system, 

and the need for a stronger cooling was evident. In 1962, the first prototype of LCG 

composed of water tubes distributed over the body and an external heat sink 

providing coolant was introduced for the Royal Aircraft Establishment (Nunneley, 

1970). Since that time, different types of LCGs have been developed serving as a 

personalized microclimate cooling system that remove excess metabolic heat and/or 

cooling down the body to prevent heat stress in extreme environments. 

 

The basic structure of a LCG itself is not complicated. It is primarily a set or a number 

of plastic tubes composing a network intertwined or attached inside the garment 

where cooled water circulates and heat is extracted by the direct or close contact of 

the tubes with the skin. However, at present there are various types of LCGs exist at 

present. The heat removal capacity of the most current LCGs ranges from 500 to 600 

Watts within protective clothing, and 300 to 350 Watts when worn alone (Flouris & 

Cheung, 2006). This heat removal rate may not be sufficient for heat removal under 

physical exertion in certain circumstances. On the other hand, a fixed rate of such 
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heat removal capacity of the garment can cause overcooling (Flouris & Cheung, 2006; 

Kuznets, 1980; Nunneley, 1970), and thermal discomfort (Koscheyev, Leon, & Trevino, 

2003; Leon, Koscheyev, List, & Coca, 2003). 

 

While the design concept of a LCG is simple, a number of physiological and 

bioengineering considerations influence the heat removal capacity of the system. 

These considerations include amount of tubing coverage and distribution over the 

body, coolant flow rate, and inlet water temperature, properties of the garment textile, 

etc. There are also human factors existing that affect the heat removal rate such as 

body surface area, metabolic heat production, body composition, and vascular 

conductance (Coca, 2005).  

 

A LCG is usually constructed with an even distribution of tubing on the greater part of 

the body, but this pattern does not take advantage of different morphologic and 

thermodynamic characteristics of the human body (Flouris & Cheung, 2006). The 

most current research on advancing the effectiveness of a LCG has applied 

physiological principles for its design. Those approaches include strategically 

distributing the tubing network on the body areas with high thermal conductivity, thus 

reducing the amount of tubing, and using individual thermal profiles for both efficiency 

and thermal comfort support. Further extensive research is required to assess 

physiological responses and human thermodynamics within the cooling garment; 

however current research by Koscheyev and colleagues (Koscheyev, Leon, Coca, & 

Trevino, 2006; Koscheyev, Leon, & Trevino, 2002) has demonstrated the possibility of 
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developing thermodynamically energy efficient and thermal comfort-supportive LCG in 

which heat removal capacity is not significantly different from conventional cooling 

garments. 

 

2.5. Determination of human thermal status 

 

2.5.1. Core temperature (Tcore) 

As discussed in the introduction, human beings as a homeothermic species must 

maintain Tcore within a naturally accustomed range; efforts to stabilize Tcore occur 

through autonomic nervous system function and human behavior. Despite the fact 

that human Tcore is generally considered around 370C with some variations among 

individuals, the definition for Tcore does not exist mainly because the core tissues have 

not been defined yet (Parsons, 2003). Therefore, in practice Tcore refers to the internal 

temperature of the body and is represented as temperature on a specific 

measurement site considered part of the body core (Pandolf, Sawka, & Gonzalez, 

1988; Parsons, 2003). 

 

Tcore can be measured on several different parts of the body; these measurement sites 

include the esophagus, ear canal, tympanic membrane, sublingual, rectum, 

pulmonary artery and gastrointestinal tract. Measuring internal temperature from one 

of or a combination of these body sites allows researchers to investigate how the 

body responds to the changes in Tcore. Changes in Tcore from different measurement 

sites respond in a similar fashion to changes in work and/or environmental conditions. 
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Tcore measurement at each site has its own advantages and disadvantages regarding 

its efficacy for a specific condition and as an informative value representing a reliable 

internal temperature change. 

 

It is generally agreed that temperature in esophagus and pulmonary artery best 

represents the internal body temperature and exhibits a rapid response to changes in 

central blood temperature (1992; Nielsen & Nielsen, 1962). Temperature on these 

sites is also well matched with temperature in the hypothalamus. Thus, Tcore 

measurements on esophagus and pulmonary artery provide an accurate value for 

assessing the thermal status of the body. However, it is difficult to place a temperature 

sensor on these sites, and it also restricts body’s movement which is often necessary 

for human thermoregulation research. 

 

Some studies have shown that temperature measurements from the tympanic 

membrane and ear canal are informative in terms of responding to changes in body 

heat content and also representing hypothalamic temperature. However, temperature 

on these sites is highly influenced by a rapid change in environmental temperature 

(Cooper, Cranston, & Snell, 1964), and contaminated by temperature changes on the 

face and/or head (Edwards, Belyavin, & Harrison, 1978; Koscheyev, Leon, Hubel, 

Tranchida, & Nelson, 2000; Livingstone, Grayson, Frim, Allen, & Limmer, 1982). 

Compared to other body sites, oral temperature can be quickly taken, and the process 

is relatively safe and causes less discomfort and pain. However, oral temperature is 

easily and greatly influenced by food and drink consumption, speaking, and 
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respiration, which makes the use of oral temperature unreliable as a thermal index.  

 

Measurement of rectal temperature (Tre) measurement is most widely employed by 

physiologists and has several advantages: Tre noninvasively reflects temperature of 

deep organs, causes relatively less pain and discomfort than some other measures, 

and allows for movement and/or exercise in a laboratory or field setting. However, Tre 

is usually higher than in the hypothalamus, pulmonary artery, and other body sites’ 

temperature (Andre, Gustave, & Jacques, 1992; Parsons, 2003). Informativeness of 

Tre is compromised by its characteristic; slow response time in relation to change in 

skin temperature, body heat content, and environmental thermal stress (Koscheyev, 

Leon, & Trevino, 2003; Pandolf, Sawka, & Gonzalez, 1988). 

 

The advantages of gastrointestinal tract temperature are similar to those of rectal 

temperature. While extended time and range of physical movement can be possible if 

temperature is measured by a temperature pill, temperature variation is greater 

depending on position of the pill within the intestinal track (Grayson & Durotoye, 1971; 

Livingstone, Grayson, Frim, Allen, & Limmer, 1983) and individual differences in 

transit speed. Thus, it is also not appropriate to use as a sensitive thermal index. 

 

2.5.2. Skin temperature (Tskin) 

Unlike Tcore, skin temperature which is also referred to as shell temperature varies 

over a different body part, shows dissimilar responses under uniform thermal stress, 

and most important elicits vasomotor responses to a great extent. Some studies were 
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conducted to investigate a single skin site which possibly represents overall thermal 

status of the body such as mastoid fossa (Kuznetz, Malkeman, Michaelova, Utechin, 

Hartchenko, & Yakoveva, 1989) and medial thigh (Mitchell & Wyndham, 1969). 

However, these sites also appeared to be highly influenced by rapid change in 

ambient temperature and/or movement states. 

 

Thus, generally temperature on several skin sites is measured for the estimation of 

Tskin. Different formulas have been developed over the decades using weight average 

of different skin sites. Different sites are given different weights in different formulas 

The number of the skin sites used for different formulas varies from 3 (Burton, 1935) 

to 14 (Olesen, Fanger, & Bassing, 1972). The optimal Tskin is usually considered 

around 330C. Although in thermoneutral environment, there are significantly different 

temperatures on different local body areas. Specific local body temperatures affect 

local thermal comfort even if one feels overall thermal comfort; this limits the use of 

skin temperature limited as a means of monitoring overall thermal status or indicating 

thermal comfort by verbal report. 

 

2.5.3. Previous work on finger temperature (Tfing) and finger heat flux (HFfing) 

It is generally agreed that the extremities of the body are more sensitive and respond 

more quickly to changes in thermal exposure due to intense vasodilation and 

vasoconstriction. Such vasomotor responses are considered protective reactions of 

the body to maintain thermal homeostasis against thermal stress (Burton & Edholm, 

1955; Pandolf, Sawka, & Gonzalez, 1988). These responses are more sensitive and 
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evident in the fingers. Compared to other extremities, the fingers have there are high 

concentrations of arteriovenous anastomoses with less muscle tissues which allows 

for a great extent of blood distribution of (Burton, 1939). Therefore, the amount of 

blood distributed and the speed of blood current to the fingers greatly changes in 

response to a change in thermal status of the body and/or environmental stress. 

 

Burton (1939) first revealed that finger blood flow decreases at a low body 

temperature whereas it increases at high body temperature. He also showed the 

possibility of body temperature regulation by adjusting the average blood flow to the 

fingers within a certain range. Results from recent studies (Brajkovic & Ducharme, 

2003; Brajkovic, Ducharme, & Frim, 1998; Flouris, Cheung, Fowles, Kruisselbrink, 

Westwood, Carrillo, & Murphy, 2006) also demonstrate that Tfing is highly influenced by 

body heat contents (Hb). This suggests that finger temperature reflects changes in 

thermal status of the body. Also, it is well known that Tfing is more influenced by 

thermal stress on the overall body and/or trunk than direct thermal stress on the 

hands and finger, unlike temperature responses from the lower limbs and other skin 

parts. Thus, the measurement of changes in Tfing can provide information on ongoing 

thermal stress on the overall body with a minimal bias in some circumstances. 

 

Koscheyev and colleagues (Koscheyev, Coca, Leon, & Dancisak, 2002; Koscheyev, 

Leon, & Coca, 2005; Koscheyev, Leon, Coca, Kim, & Trevino, 2006; Koscheyev, Leon, 

& Trevino, 2006) have tested the characteristics and informativeness of Tfing within a 

microclimate cooling/warming system, and demonstrated the possibility of using Tfing 
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and finger heat flux (HFfing) as a means of predicting thermal status of the body under 

both uniform and nonuniform body thermal stress conditions. The results 

demonstrated that the trend of Tfing first represents changes in thermal status for both 

heat surplus and deficit when the skin surface is exposed to thermal stress, and that a 

high correlation exists between Tfing/HFflux and Hb within the vasomotor zone. 

Furthermore, Coca (Coca, 2005) examined the dynamics of Tfing responses to thermal 

stress conditions where physiological thermal imbalance and thermal discomfort 

develop, and reported that Tfing indices are informative in predicting both heat 

deficit/surplus of the body and the development of thermal discomfort. 
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CHAPTER 3: Methodology 

 

 

3.1. Study participants 

 

Eight healthy male volunteers (two causations and six Asians) from the University and 

community population participated in this study. Prior to study participation, all 

participants were given a health screening evaluation by a physician, and performed a 

sub-maximal graded exercise testing set at 85% of their age predicted maximal heart 

rate to examine electrocardiogram, blood pressure and chronotropic responses to 

exercise stress. Body surface area (AD) was calculated by previously determined 

formula (DuBois & DuBois, 1916), and body composition was assessed using air-

displacement plethysmography method (BOD POD; Life Measurement Instruments, 

Concord, CA) with a predicted value for an individuals’ residual lung volume based on 

the body surface area. This study was approved by the University of Minnesota’s 

Institutional Review Board (IRB) for human subject research. Written informed 

consents were obtained from all study participants with a session of verbal orientation 

to all experimental procedures. 
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Table 3.1.  

Anthropometric characteristics of participants 

 Age(yrs) Height(m) Weight(kg) BMI(kg/m
2
) Fat(%) LBM(%)

a
 AD(m

2
)
b
 

Mean(SD) 28.9(8.3) 1.8(0.1) 77.1(11.1) 24.6(3.3) 18(3.9) 82.1(3.9) 1.9(0.1) 

a: Lean body mass 

b: Dubois body surface area (DuBois & DuBois, 1916) 

 

3.2. Experimental Liquid Cooling Garment (LCG) 

 

The multi-compartments LCG was tested and used as a microclimate cooling system. 

The garment consists of the three independent cooling regions; (region 1) head, chest, 

and back, (region 2) forearm, and side abdomen, and (region 3) thigh, and cooled 

water provided into each region is controlled by a in/outlet regulator attached to the 

side waist of the garment. For cooling condition 1, three regional combinations were 

chosen as expressed minimum; (region 1), medium; (region 1 and 2), and maximum; 

(region 1, 2, and 3), in terms of cooling intensity whereas the whole garment; (region 

1, 2, and 3), was used for the other three cooling conditions.  

Since the flow rate of the garment varies and much influenced by a participant-

garment fit as well as physical movement, flow rate was measured during each 

experimental session to calculate heat flow. 
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Table 3.2.  

Specifications of the multi-compartment MACS-Delphi 

Garment
a
 

Weight (kg) 

Garment 

material 

Tubing length 

(m) 

Flow rate
b
 

(kg/min) 

Tubing 

material 

Tubing ID/OD 

(mm) 

1.4 Spandex PE 55.4 0.55 PVC 2.4/4.0 

a: Garment weight when tubing was filled with water 

b: Flow rate when the garment was not worn 

 

3.3. Experimental protocols and procedure 

 

3.3.1. Exercise protocol 

The standard treadmill exercise protocol for a test of cooling garments (Koscheyev & 

Leon, 2008) was modified for this study. The exercise protocol consisted of four 

stages of treadmill exercise and one stage of rest sitting on a chair. The exercise 

stages were designed for participants to walk and/or run at different metabolic rates at 

each stage; 300, 400, 500, and 600 watts. Each stage lasted 20 minutes and the total 

duration was 100 minutes. 

 

3.3.2. Cooling protocol 

Condition 1 (CON1) 

The participants decided when to initiate body cooling and control the cooling intensity 

by choosing one of the three different cooling regions shown in pictures below. 

Participants’ decision on the cooling controls was solely dependent on their own 

subjective feelings, but no physiological data such as core temperature and heart rate 
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were provided. Temperature of the inlet water provided to the cooling garment was 

constant at 150C throughout an experimental session. 

 

 

Condition 2 (CON2) 

The initiation of the body cooing and cooling intensity was also controlled by the 

participants as condition 1. However, participants controlled cooling intensity by 

selecting one of the three different inlet water temperatures: 100C; maximum, 150C; 

medium and 200C; minimum, for cooling the entire garment. 

 

Condition 3 (CON3) 

Body cooling was initiated at the onset of the exercise and maintained throughout the 

entire experimental session. The entire garment was used for the body cooling and 

the inlet water temperature was constant at 70C throughout the experimental session.  

 

Condition 4 (CON4) 

The cooling regime was the same as condition 3. However, the inlet water 

temperature provided varied by each stage. The adjusted inlet water temperatures for 

different exercise intensity levels were 15, 12, 18, 7, and 100C for 300W, 400W, Rest, 

600W, and 500W, respectively. 
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Table 3.3.  

Summary of experimental cooling conditions 1-4 

 CON1 CON2 CON3 CON4 

Subjective 

cooling control 
yes yes no no 

Body area cooled 

by the LCG 
varied

a
 total LCG total LCG total LCG 

Tin (
0
C) 15 10, 15, 20 7 7,10,12,15,20 

Cooling Initiation varied
b
 varied

b
 

at the beginning of 

exercise 

at the beginning of 

exercise 

Cooling duration varied
c
 varied

c
 entire duration entire duration 

a: Participants chose among three different LCG regional combinations described above 

b: Participants decided when to initiate body cooling by the LCG 

c: Depending on cooling initiation time 

 

3.3.3. Environmental chamber condition 

All experimental trials were conducted in an environmental chamber where air 

temperature, relative humidity level can be controlled. Since the study was designed 

to focus on the effects of different levels of cooling against a metabolic heat stress 

rather than environmental heat stress, a thermoneutral environment condition was set 

up. Therefore, the chamber conditions were constantly maintained at an air 

temperature of 22±10C and relative humidity at 18±1% throughout the entire 

experimental trials 

 

3.3.4. Procedure 

Participants were directed not to perform vigorous physical activity at least twenty four 

hours prior to the session and not to have a meal at least four hours prior to their 
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scheduled trials; however, fluid replacement was encouraged to avoid dehydrational 

exhaustion. On arrival to the testing laboratory, participants undressed to just donned 

in their underwear; they inserted the rectal probe by themselves as instructed at an 

experimental orientation. Then, participants donned the cooling garment after 

placement of skin and finger heat flux sensors on various skin sites. Once the 

experimental preparation was completed, participants were seated and rested on a 

chair for thermal stabilization; pre-stage. At this time, all baseline measurements were 

performed and Tcore and Tskin and other physiological variables were carefully 

monitored to assure that the participants were at a steady resting condition and that 

the placement of sensors was correct to avoid failure in data acquisition. Once all 

preparation process was accomplished, the participants were informed which of the 

four experimental cooling condition would be tested by a random selection of the 

conditions. Although all participants were given instructions on how to control inlet 

water temperature and the garment cooling regions at the experimental orientation, 

prior to the initiation of the exercise protocol a short practice time was provided to 

avoid mistakes or complications in the cooling control before the initiation of the 

exercise protocol. The four cooling conditions were randomly assigned, and the 

participants performed a total four experimental trials in the environmental chamber. 

Each of the four trials was separated by at least three days to avoid a gradual 

acclimation effect and provide the participants sufficient time for recovery. While the 

participants performed the treadmill exercise protocol with a given cooling condition as 

described above, all physiological and thermoregulatory data as well as the cooling 

control were continuously monitored throughout the entire experimental session. 
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3.4 Measurements 

 

3.4.1. Thermal measurements 

Core temperature (Tcore): Rectal temperature (Tre) was measured by rectal probe 

(model 401A, YSI, Yellow Springs, OH) for the estimation of Tcore. The temperature 

probe was inserted 13cm into rectum by the participants, and Tre was monitored 

during a pre-stage to verify the accurate placement of the rectal probe and 

temperature reading.  

Skin temperature: Skin temperature was measured by skin thermistors (model 409A, 

YSI, Yellow Springs, OH) attached to the skin surface by surgical tape. For the 

calculation of mean skin temperature (Tskin), temperature on seven skin sites was 

measured; forehead, abdomen, forearm, hand, abdomen, thigh, shin, and instep. 

Factory calibrated rectal probe and skin thermistors demonstrate the measurement 

accuracy of ±0.10C from 25 to 450C. Tcore and skin temperatures were continuously 

monitored and recorded using a customized Labview data acquisition system (2017 

Ethernet multimeter, Keithly Instruments, Cleveland, OH) throughout the entire 

session. 

 

Finger temperature (Tfing) heat flux (HFfing): Customized wireless finger temperature 

and heat flux sensors were placed on the middle distal phalanx of the right hand. The 

sensors demonstrate a measurement accuracy and sensitivity of ±0.10C and 

50mv/watt/cm2, respectively. Tfing and HFfing data were also continuously recorded by 

the Vital Sense wireless monitoring system (Mini Mitter, Co., Bend, OR). 
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3.4.2. Physiological measurements 

Metabolic Rate: Participants’ metabolic rate at a given exercise intensity set for the 

exercise protocol; 300, 400, 500, and 600 watts, was measured using CPX/D system 

(Medical Graphics Corporation, Saint Paul, MN). Since individuals’ metabolic rate 

responding to the same treadmill speed is not uniform, but is highly dependent on a 

level of physical fitness and functional capacity, an individualized treadmill speed (no 

adjustment in treadmill grade) for the exercise intensity at each stage was determined 

by monitoring level of oxygen consumption (ℓ·kg-1·min-1) responding to each exercise 

intensity of the exercise protocol. 

 

Heart Rate (HR): HR was continuously monitored using a portable heart rate recorder 

(Polar Electro, USA) throughout the whole session. 

 

Blood Pressure (BP): BP was measured at a pre and post session, and the end of 

each stage. 

 

3.4.3. Subjective measurements 

Thermal Comfort Perception and Thermal Sensation: Thermal comfort perception for 

seven categories; overall, head, trunk, arms, hands, legs, and feet, were measured 

using visual analog scales (Hoffman & Pozos, 1989; Leon, Koscheyev, & Stone, 2008; 

Steven, Srinivasa, Christian, & Godstein, 1999) which have been proven to provide 

high test-retest reliability from 0.95 to 0.99 (Wewers & Lowe, 1990). For thermal 

sensation, both subjective feelings of heat and cold were measured separately by the 
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use of unidimensional scales. Prior research indicated that subjects could experience 

both heat and cold simultaneously (Koscheyev, Leon, Hubel, Tranchida, & Nelson, 

2000). To avoid a scale conversion mistake and retrospective influence, the scales 

were programmed and displayed one at a time on a separate touch screen. Each 

scale was constructed as a 25cm line anchored by “None” on the left end and 

“Maximal” on the right end. The rating values were automatically converted and stored 

by E-prime data analysis software (Psychology Software Tools, Pittsburgh, PA) from 0 

(none) to 100 (maximal). The measurements were taken at pre and post session and 

the end of stage 3 and 4 

 

Ratings of Perceived Exertion (RPE): Perceived exertion was measured using 6-20 

Borg scale at the end of stage 1, 2, 4, and 5. 

 

In addition to the subjective measurements described above, participants were 

instructed to provide their overall thermal comfort, heat/cold sensations, and RPE 

every time they changed a cooling intensity during an experimental session in cooling 

conditions 1 and 2. 

 

3.4.4. Additional measurements 

Regional Skin Wetness: Wetness on six skin surfaces; forehead, chest, forearm, hand, 

thigh, and foot, were measured by DPM 9003 (NOVA Technology Corporation, 

Glucester, MA). Skin wetness data were presented in arbitrary unit; a relative value 

converted for electrical impedance on skin surface from 90; the most dryness, to 999; 

the most wetness. 
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Evaporative Sweat Loss: A participant’s nude body weight difference between the pre 

and post session was calculated for evaporative sweat loss. Insensible water loss by 

the respiratory tract was not independently calculated, but assumed to be a part of 

evaporative sweat loss. 

 

Non-evaporative sweat loss: The weight of the experimental garment was measured 

at pre and post session to calculate non-evaporative sweat loss.  

 

3.5 Calculations 

 

3.5.1. Mean skin temperature (Tskin) 

The weighted average method with temperature on seven skin sites (Hardy & DuBois, 

1938) was adopted for the calculation of Tskin as follows. 

Tskin = (Foreheadⅹ.07) + (Forearmⅹ.14) + (Handⅹ.05) + (Abdomenⅹ.35) + 

(Thighⅹ.19) + (Shinⅹ.13) + (Instepⅹ.07) 

 

3.5.1. Mean body temperature (Tb) 

Tb was calculated by the integration of Tcore and Tskin with the known weighting 

coefficient as follows. 

Tb = [xTc + (1-x)Tsk] 

 

Where x is the weighting coefficient of 0.8; therefore, weighted proportion of Tcore and 

Tskin for Tb were 80% and 20%, respectively. 
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3.5.2. Body heat content (Hb) 

Hb was calculated by thermometric method using (Tb) with the known formula as 

follows. 

Hb = Tb×BM×0.83 

 

Where Tb is mean body temperature, BM is body mass in kg, 0.83 is specific heat of 

the body in kcal·kg-1·°C-1 

 

Since Hb was calculated for every minute, change in Hb (∆Hb) was also calculated as 

∆Hb at time t1 represents changes from time t0 to t1 as follows. 

∆Hb = Hb(t) – Hb(t-1) 

 

3.5.3. Heat flow (H) 

To estimate the amount of heat extracted by the cooling garment, H was calculated as 

follows. 

H (kcal/min) = mw Cw (Tin-Tout) 

 

Where, mw : water flow rate (l·min-1); Cw : the specific heat of water, 1kcal·kg-1·℃-1; Tin : 

inlet water temperature (  ); T℃ out : outlet water temperature ( )℃ . 

 

3.5.4. Change in heart rate (△HR) 

△HR was calculated as follows. 

△HR = HRe – HR0 

 

where, HRr = HR at the end point of an experimental session 

HR0 = HR at rest in thermal neutrality; pre-stage. 
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3.6. Data management and statistical analysis 

 

The Labview data acquisition system aggregates Tcore and skin temperature data at 

30 seconds intervals. The Vital Sense wireless monitoring system summarizes three 

values of data measured each 1 minute as one mean value. Thus, all temperature 

and HFfing data were reproduced on a 1 minute basis, and therefore, hundred data 

values were obtained for each temperature and heat flux variable per each session.  

All variables measured were first calculated and presented as mean and standard 

deviation values for each session across all cooling conditions. Pearson’s correlation 

coefficients were used to determine the relationship between thermoregulatory 

variables representing thermal status of the body and Tfing/HFfing for each condition. 

Since the square of the coefficient is equal to the percent of the variances in one 

variable correlated to the variances in the other variable, a correlation value equal to 

and/or greater than ±0.7 was considered a strong correlation. Thus, at least 50% of 

variances in two variables are related to each other. Paired samples t-test were used 

to compare pre and post session changes in Tcore, HR, regional skin wetness, sweat 

loss, and subjective ratings within condition. A one-way repeated measures ANOVA 

was used to compare the group means of Tcore, evaporative/non-evaporative sweat 

loss, total weight change, and △HR across the four cooling conditions. The 

Bonferroni post hoc test was then performed to identify the statistical significance of 

the values compared. The significance level for all statistical analyses was set at 

alpha = 0.05; therefore, a result was considered statistically significant when p-value 
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was less than 0.05. All statistical analyses were performed by the statistics software 

package (SPSS: Version 17, SPSS Inc, Chicago, IL). 
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CHAPTER 4: Results 

 

 

4.1. Metabolic rate 

 

Mean metabolic rates of the participants during the exercise protocol are presented at 

Figure 4.1. The participants achieved performance at the intended metabolic rates 

within an acceptable range of variation, except at the first stage due to the difficulty in 

maintaining a steady-state metabolism with an adjustment of treadmill speed at a low 

intensity of exercise. However, the trend of metabolic rates was consistent across all 

experimental sessions 
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Figure 4.1 

Mean metabolic rates achieved during the exercise protocol in CON1-4 (N=8) 



 ４０ 

4.2. Condition 1 

 

The relationship of Tfing and HFfing to the thermal variables analysis using the group 

mean correlation was Tb; r=+0.78 (p<0.01) and Hb; r=+0.78 (p<0.01) for Tfing, and H; 

r=+0.76 (p<0.01) for HFfing. The mean change in Tcore, Tskin, Tb, and HR from the 

baseline to the end point was 0.890C (0.09), -1.380C (1.3), 0.430C (0.23), and 67 

beats/min (9.9), respectively. 
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Figure 4.2 

Mean Tcore, Tskin, Tb , and H responses in CON1 

Note: Stage 1 – exercise at 300 watts, Stage 2 – exercise at 400 watts, Stage 3 – rest seated on a chair, 

Stage 4 – exercise at 600 watts, and Stage 5 – exercise at 500 watts; duration of each stage – 20 

minutes 
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The correlation between Tfing and HFfing throughout CON1 demonstrated no statistical 

significance; r=0.152(p=0.13). However, Tfing and HFfing demonstrated a significant 

strong correlation; r=0.87(p<0.01) during exercise, and r=0.46(p<0.05) during rest 

when exercise and resting stages were separately analyzed. 
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Figure 4.3 

Mean Tfing and HFfing responses in CON1 

Note: Stage 1 – exercise at 300 watts, Stage 2 – exercise at 400 watts, Stage 3 – rest seated on a chair, 

Stage 4 – exercise at 600 watts, and Stage 5 – exercise at 500 watts; duration of each stage – 20 

minutes 
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Table 4.1 

Correlation between Tfing and HFfing separated by exercise and rest stages in CON1 

Correlation (N=8) HFfing [ex]
a
 HFfing [re]

b
 

Tfing [ex] 0.87**  

Tfing [re]  0.46* 

*. p-value significant at the 0.05 level. 

**. p-value significant at the 0.01 level.  

a. [ex] indicates exercise stages.  

b. [ex] indicates rest stage: stage 3. 

Note: Exercise stages - stage 1,2,4 and 5 (300, 400, 600, and 500 watts, respectively), Rest stage – 

stage 3 (seated on a chair); duration of each stage – 20 minutes 
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The mean time to the point where the participants initiated garment cooling was 

13.6(6.3) minutes, and the mean frequency of the cooling change throughout an 

experimental session was 4.1(1.6) times for CON1. Figure 4.4 shows the total 

frequency of cooling changes by all participants at each stage. 
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Figure 4.4 

Total frequency of cooling change by stages in CON1 (N=8) 

Note: Stage 1 – exercise at 300 watts, Stage 2 – exercise at 400 watts, Stage 3 – rest seated on a chair, 

Stage 4 – exercise at 600 watts, and Stage 5 – exercise at 500 watts; duration of each stage – 20 

minutes 
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Table 4.2 

Changes in thermal ratings, RPE and HR by baseline, cooling initiation, and maximum 

cooling in CON1 

Condition 1 (N=8) Baseline
a
 Cooling Initiation

b
 Maximum Cooling

c
 

Heat Sensation 

Cold Sensation 

Thermal Comfort 

RPE 

HR 

7.0(3.0) 

5.3(6.1) 

85.8(13.4) 

 

73.6(6.3) 

35.9(16.1) 

7.1(3.2) 

51.3(31.7) 

9.1(1.5) 

92(10.1) 

57.3(57..3) 

18.9(18.9) 

49.3(49.3) 

13.7(13.7) 

140.5(140.5) 

a: Baseline measurements were obtained 1 minute prior to the start of each session. 

b: Values were measured at the time the participants initiated garment cooling. 

c: Values were measured at the time the participants initiated maximum garment cooling. 

Note: subjective thermal ratings are on a scale from 0 (none) to 100 (maximal) 
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The mean change in thermal comfort, heat, and cold sensation from pre to post 

session was -45.8 (21.3), 63.8(16.2), and 4.1 (10.3), respectively. Figure 4.5 shows 

overall changes in the three subjective ratings in Con1. 
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Figure 4.5 

Changes in thermal comfort, heat, and cold sensation by pre-session, stage 2, and 

stage 3, and post-session in CON1 

Note: subjective thermal ratings are on a scale from 0 (none) to 100 (maximal) 
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4.3. Condition 2 

 

The relationship of Tfing and HFfing to the thermal variables analyzed by mean 

correlation was Tb; r=+0.731 (p<0.01) and Hb; r=+0.715 (p<0.01) for Tfing, and no 

variables demonstrated a strong correlation greater than ±0.70 for HFfing. The mean 

change in Tcore, Tskin, Tb, and HR from the baseline to the end point was 0.75 0C (0.17), 

-1.23 0C (1.45), 0.35 0C (0.31), and 60 beats/min (10.4), respectively. 
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Figure 4.6 

Mean Tcore, Tskin, Tb , and H responses in CON2 

Note: Stage 1 – exercise at 300 watts, Stage 2 – exercise at 400 watts, Stage 3 – rest seated on a chair, 

Stage 4 – exercise at 600 watts, and Stage 5 – exercise at 500 watts; duration of each stage – 20 

minutes 
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The correlation between Tfing and HFfing throughout the CON2 was not statistically 

significant; r=0.183(p=0.06). However, Tfing and HFfing demonstrated a significant 

strong correlation; r=0.74(p<0.01) during exercise, but no significant correlation; 

r=0.25(p=0.28) during rest when exercise and resting stages were separately 

analyzed. 
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Figure 4.7 

Mean Tfing and HFfing responses in CON2 

Note: Stage 1 – exercise at 300 watts, Stage 2 – exercise at 400 watts, Stage 3 – rest seated on a chair, 

Stage 4 – exercise at 600 watts, and Stage 5 – exercise at 500 watts; duration of each stage – 20 

minutes 
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Table 4.3 

Correlation between Tfing and HFfing separated by exercise and rest stages in CON2 

Correlation (N=8) HFfing [ex]
a
 HFfing [re]

b
 

Tfing [ex] 0.74**  

Tfing [re]  0.25 

**. p-value significant at the 0.01 level.  

a. [ex] indicates exercise stages.  

b. [ex] indicates rest stage: stage 3. 

Note: Exercise stages - stage 1,2,4 and 5 (300, 400, 600, and 500 watts, respectively), Rest stage – 

stage 3 (seated on a chair); duration of each stage – 20 minutes 
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The mean time to the point where the participants initiated garment cooling was 

10.6(5.6) minutes, and the mean frequency of the cooling change throughout an 

experiment was 3.8(1.4) for CON2. Table 4.4 shows the total frequency of cooling 

changes by participants at each stage 
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Figure 4.8.  

Total frequency of cooling change by stages under in CON2 (N=8) 

Note: Stage 1 – exercise at 300 watts, Stage 2 – exercise at 400 watts, Stage 3 – rest seated on a chair, 

Stage 4 – exercise at 600 watts, and Stage 5 – exercise at 500 watts; duration of each stage – 20 

minutes 
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Table 4.4 

Changes in thermal ratings, RPE and HR by baseline, cooling initiation, and maximum 

cooling in CON2 

Condition 2 (N=8) Baseline
a
 Cooling Initiation

b
 Maximum Cooling

c
 

Heat Sensation 

Cold Sensation 

Thermal Comfort 

RPE 

HR 

10.0(7.6) 

3.0(3.5) 

80.8(17.8) 

 

75.9(4.4) 

39.6(21.0) 

2.0(3.6) 

48.3(19.4) 

8.7(2.0) 

92.3(8.8) 

55.7(15.3) 

14.9(13.7) 

51.9(18.4) 

13.1(1.3) 

142.1(8.1) 

a: Baseline measurements were acquired 1 minute prior to the initiation of each session. 

b: Values were measured at the time the participants initiated the garment cooling. 

c: Values were measured at the time the participants initiated the maximum garment cooling. 

Note: subjective thermal ratings are on a scale from 0 (none) to 100 (maximal) 
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The mean change in thermal comfort, heat, and cold sensation between pre and post 

session was -38.8(15.4), 50.1(21.2), and 17.8(19.2), respectively. Figure 4.9 shows 

overall changes in the three subjective ratings in CON2. 
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Figure 4.9 

Changes in thermal comfort, heat, and cold sensation by pre-session, stage 2, and 

stage 3, and post-session in CON2 

Note: subjective thermal ratings are on a scale from 0 (none) to 100 (maximal) 
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4.4. Condition 3 

 

The relationship of Tfing and HFfing to the thermal variables analyzed by mean 

correlation was Tcore; r=+0.76 (p<0.01), Tb; r=0.85(p<0.01), and Hb; r=0.85(p<0.01) for 

HFfing while no variable showed a strong correlation greater than r=±0.7 for Tfing. The 

mean change in Tcore, Tskin, Tb, and HR from the baseline to the end point was 0.540C 

(0.06), -1.740C (0.72), 0.160C (0.25), and 46 beats/min (6.8), respectively. 
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Figure 4.10 

Mean Tcore, Tskin, Tb , and H responses in CON3 

Note: Stage 1 – exercise at 300 watts, Stage 2 – exercise at 400 watts, Stage 3 – rest seated on a chair, 

Stage 4 – exercise at 600 watts, and Stage 5 – exercise at 500 watts; duration of each stage – 20 

minutes 
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The correlation between Tfing and HFfing throughout CON3 demonstrated a significant, 

but weak relationship; r=0.35(p<0.01). However, Tfing and HFfing showed significant 

strong correlation; r=0.71(p<0.01) during exercise, r=0.66(p<0.01) during rest and 

when exercise and resting stages were separately analyzed. 

 

20.00

22.00

24.00

26.00

28.00

30.00

32.00

34.00

36.00

0 20 40 60 80 100

Time(min)

T
e
m

p
e
ra

tu
re

(°
C

)

40.00

60.00

80.00

100.00

120.00

140.00

160.00

180.00

200.00

H
e
a
t 
F
lu

x(
W

/m
²)

Tfing

HFfing

 

Figure 4.11 

Mean Tfing and HFfing responses in CON3 

Note: Stage 1 – exercise at 300 watts, Stage 2 – exercise at 400 watts, Stage 3 – rest seated on a chair, 

Stage 4 – exercise at 600 watts, and Stage 5 – exercise at 500 watts; duration of each stage – 20 

minutes 
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Table 4.5. 

Correlation between Tfing and HFfing separated by exercise and rest stages in CON3 

Correlation (N=8) HFfing [ex]
a
 HFfing [re]

b
 

Tfing [ex] 0.71**  

Tfing [re]  0.66** 

**. p-value significant at the 0.01 level.  

a. [ex] indicates exercise stages.  

b. [ex] indicates rest stage: stage 3. 

Note: Exercise stages - stage 1,2,4 and 5 (300, 400, 600, and 500 watts, respectively), Rest stage – 

stage 3 (seated on a chair); duration of each stage – 20 minutes 
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The mean change in thermal comfort, heat, and cold sensation from pre to post 

session was -24(13.7), 19(15.2), and 31.4(15.1), respectively. Figure 4.12 shows the 

overall changes in the three subjective ratings in CON3. 
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Figure 4.12 

Changes in thermal comfort, heat, and cold sensation by pre-session, stage 2, and 

stage 3, and post-session in CON3 

Note: subjective thermal ratings are on a scale from 0 (none) to 100 (maximal) 
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4.5. Condition 4 

 

The relationship of Tfing and HFfing to the thermal variables analyzed using mean 

correlation was Tb; r=+0.75 (p<0.01) and Hb; r=+0.76 (p<0.01) for Tfing, and Tcore; 

r=+0.81 (p<0.01), Tb; r=+0.8 (p<0.01), and Hb; r=+0.78 for HFfing. Mean change in Tcore, 

Tskin, Tb, and HR from the baseline to the end point was 0.690C (0.12), -1.680C (0.96), 

0.210C (0.35), and 53 beats/min (9.9), respectively. 
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Figure 4.13 

Mean Tcore, Tskin, Tb , and H responses in CON4 

Note: Stage 1 – exercise at 300 watts, Stage 2 – exercise at 400 watts, Stage 3 – rest seated on a chair, 

Stage 4 – exercise at 600 watts, and Stage 5 – exercise at 500 watts; duration of each stage – 20 

minutes 
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The relationship between Tfing and HFfing throughout CON4 demonstrated a statistically 

significant, but weak correlation; r=0.38(p<0.01). However, Tfing and HFfing showed a 

substantially higher correlation; r=0.80(p<0.01) during exercise when exercise and 

resting stages were separately analyzed. 
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Figure 4.14 

Mean Tfing and HFfing responses in CON4 

Note: Stage 1 – exercise at 300 watts, Stage 2 – exercise at 400 watts, Stage 3 – rest seated on a chair, 

Stage 4 – exercise at 600 watts, and Stage 5 – exercise at 500 watts; duration of each stage – 20 

minutes 
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Table 4.6 

Correlation between Tfing and HFfing separated by exercise and rest stages in CON4 

Correlation (N=8) HFfing [ex]
a
 HFfing [re]

b
 

Tfing [ex] 0.80**  

Tfing [re]  0.08* 

*. p-value significant at the 0.05 level. 

**. p-value significant at the 0.01 level.  

a. [ex] indicates exercise stages.  

b. [ex] indicates rest stage: stage 3. 

Note: Exercise stages - stage 1,2,4 and 5 (300, 400, 600, and 500 watts, respectively), Rest stage – 

stage 3 (seated on a chair); duration of each stage – 20 minutes 
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The mean change in thermal comfort, heat, and cold sensation from pre to post 

session was -16.6(6.5), 29.3(13.4), and 3.3(6.3), respectively. Figure 4.4 shows the 

overall changes in the three subjective ratings in CON4. 
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Figure 4.15 

Changes in thermal comfort, heat, and cold sensation by pre-session, stage 2, and 

stage 3, and post-session in CON4 

Note: subjective thermal ratings are on a scale from 0 (none) to 100 (maximal) 
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4.6. Comparison across conditions 1- 4 

 

The mean change in Tcore from the baseline to the end of the experimental stage for 

each condition is presented in Table 4.7 The mean difference among the conditions 

analyzed using one-way ANOVA with Bonferroni post-hoc test showed significant 

difference (p<0.05) between CON1/2 and CON3, but no difference was observed 

between CON3 and CON4 in terms of cooling effect on Tcore. 

 

Table 4.7 

Comparison of changes in Tcore in CON1-4 

Condition 

(N=8) 
Baseline

a
 End Point Total Change

b
 

ANOVA 

(Bonferroni Test) 

1 37.18(0.21) 38.07(0.24) 0.89(0.09) 1*>3 , 1*>4 

2 37.17(0.23) 37.92(0.21) 0.75(0.17) 2**>3 

3 37.17(0.22) 37.71(0.24) 0.54(0.06) 3**<1 , 3**<2 

4 37.01(0.36) 37.70(0.18) 0.69(0.12) 4*<1 

*. p-value significant at the 0.05 level 

**. p-value significant at the 0.01 level 

a: Baseline Tcore was measured 1 minute prior to the initiation of each session. 

b: Values represent a difference in Tcore between baseline and end of stage 5. 
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Figure 4.16 shows the dynamics of mean Tcore throughout the entire time course in 

cooling conditions 1-4. Statistical differences among the conditions at each stage are 

consistent with the results presented in table 4.7 
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Figure 4.16 

The dynamics of mean Tcore in CON1-4 

Note: The number in parentheses indicates the particular cooling condition, Stage 1 – exercise at 300 

watts, Stage 2 – exercise at 400 watts, Stage 3 – rest seated on a chair, Stage 4 – exercise at 600 watts, 

and Stage 5 – exercise at 500 watts; duration of each stage – 20 minutes 
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Figure 4.17 shows the dynamics of mean Tskin throughout the entire session in cooling 

conditions 1-4. In all conditions, there was a trend for Tskin to decrease from the 

beginning of the experimental session, except for fluctuations/increases at the 

beginning of a session in CON1 and CON2 when a participant delayed the initiation of 

the garment cooling. Thus, an elevation in Tskin was observed to a certain extent, but 

Tskin followed a decreasing trend with the initiation of the cooling. The mean difference 

among the conditions analyzed using one-way ANOVA with Bonferroni post-hoc test 

indicated a significant difference (p<0.05) among the comparison of all conditions 

throughout an entire session, except between CON1 and CON2. 
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Figure 4.17 

The dynamics of group mean Tskin in CON1-4 

Note: The number in parentheses indicates the particular cooling condition, Stage 1 – exercise at 300 

watts, Stage 2 – exercise at 400 watts, Stage 3 – rest seated on a chair, Stage 4 – exercise at 600 watts, 

and Stage 5 – exercise at 500 watts; duration of each stage – 20 minutes 
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Figure 4.18 shows the dynamics of mean Tb throughout the entire time course in 

cooling conditions 1-4. The trend of Tb in CON1 and CON2 was similar to each other, 

and also in CON3 and CON4. The mean difference among the conditions analyzed by 

one-way ANOVA with Bonferroni post-hoc test showed a statistically significant 

difference (p<0.01) between CON1/CON2 and CON3 for all stages. 
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Figure 4.18. 

The dynamics of mean Tb in CON1-4 

Note: The number in parentheses indicates the particular cooling condition, Stage 1 – exercise at 300 

watts, Stage 2 – exercise at 400 watts, Stage 3 – rest seated on a chair, Stage 4 – exercise at 600 watts, 

and Stage 5 – exercise at 500 watts; duration of each stage – 20 minutes 
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Figure 4.19 shows the dynamics of mean Tfing throughout the entire time course in 

cooling conditions 1-4. Tfing in CON1 and CON2 were constantly higher and less 

fluctuated than that in CON3 and CON4. Different Tfing responses among conditions 

were prominent during the first minutes of exercise at stage 1 and 4, and these results 

are summarized in Table 4.8. Mean difference among the conditions analyzed by one-

way ANOVA with Bonferroni post-hoc test showed a statistically significant difference 

(p<0.01) between CON1/CON2 and CON3 for all stages. No statistical difference was 

observed between CON3 and CON4. 
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Figure 4.19 

The dynamics of mean Tfing in CON1-4 

Note: The number in parentheses indicates the particular cooling condition, Stage 1 – exercise at 300 

watts, Stage 2 – exercise at 400 watts, Stage 3 – rest seated on a chair, Stage 4 – exercise at 600 watts, 

and Stage 5 – exercise at 500 watts; duration of each stage – 20 minutes 
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Table 4.8 

Tfing responses at the beginning of exercise stage 1 and 4 in CON1-4 

Tfing responses (N=8) Condition 1 Condition 2 Condition 3 Condition 4 

 

 

Stage 1 

 

ANOVA 

Baseline(
0
C)

a
 

Lowest Decline (
0
C)

b
 

Difference(
0
C) 

Duration (min) 

Bonferroni Test 

32.55(2.58) 

31.13(3.17) 

-1.42(0.76) 

5.38(2.77) 

1* < 3, 4 

33.34(1.58) 

31.67(1.85) 

-1.67(1.02) 

6.00(3.51) 

2* < 3 

31.79(1.43) 

27.04(2.31) 

-4.75(2.48) 

10.13(3.48) 

3*> 1, 2, 3 

32.77(1.29) 

28.27(3.11) 

-4.50(3.51) 

8.75(1.75) 

4* > 1, 2 

 

 

Stage 4 

 

ANOVA - 

Baseline(
0
C) 

Lowest Decline (
0
C)

b
 

Difference(
0
C) 

Duration (min) 

Bonferroni Test 

33.66(1.15) 

31.07(1.29) 

-2.58(1.03) 

5.88(2.03) 

1* < 3, 4 

32.43(1.78) 

29.45(1.58) 

-2.98(1.43) 

7.25(1.67) 

= 

29.12(1.75) 

25.55(1.55) 

-3.57(1.59) 

9.13(1.89) 

3* > 1 

32.22(1.81) 

27.30(2.62) 

-4.93(2.12) 

8.75(2.19) 

4* > 1 

*. p-value significant at the 0.05 level 

=: indicates no statistical significance in any comparison 

a: Baseline is the Tfing value at the beginning of Stage 1 and Stage 4, respectively. 

b: Lowest decline refers to the lowest decline in Tfing during Stage 1 and Stage 4, respectively, before Tfing 

begins to rise again. 
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Mean change in HR from the baseline to the end of the experimental stage for each 

condition is presented in Table 4.9. The mean difference among the conditions 

analyzed by one-way ANOVA with Bonferroni post-hoc test showed significant 

difference (p<0.05) between CON1/2 and CON3, but no significant difference was 

observed between CON3 and CON4 in terms of cooling effect on HR. 

 

Table 4.9 

Comparison of changes in HR in CON1-4 

Condition 

(N=8) 
Baseline

a
 End Point Total Change

b
 

ANOVA 

(Bonferroni Test) 

1 69.9 (6.3) 136.9 (14.3) 67 (9.9) 1*>3, 4 

2 71.5 (4.4) 131.5 (12.8) 60 (10.4) 2**>3, 2*>4 

3 71.4 (5.7) 117.6 (9.1) 46 (6.8) 3**<1, 2 

4 70.3 (3.8) 123.3 (11.9) 53 (9.9) 4**<1, 4*<2 

*. p-value significant at the 0.05 level.  

**.p-value significant at the 0.01 level. 

a: Baseline HR was measured 1 minute prior to the initiation of each session. 

b: Values represent a difference in HR between baseline and end of stage 5. 
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The mean H from the baseline to the end of the experimental stage for each condition 

is presented in Table 4.10. Mean difference among conditions analyzed by one-way 

ANOVA with Bonferroni post-hoc test was statistically significant (p<0.05) among all 

conditions. The descending order in garment heat flow was as follows; CON3, CON4, 

CON2, and CON1. 

 

Table 4.10 

Comparison of mean H by stages in CON1-4 

Stages 
Condition 

(N=8) 
1 2 3 4 5 

Mean  

(kcal/min) 

ANOVA 

(BonferroniTest) 

1 0.49(0.36) 1.39(0.28) 1.11(0.26) 1.94(0.76) 2.87(0.08) 1.56(0.08) 1*<2, 3, 4 

2 1.08(0.71) 2.39(0.33) 2.22(0.24) 2.80(0.57) 3.84(0.09) 2.47(0.09) 2*>1, 2*<3, 4 

3 4.10(0.85) 3.70(0.04) 3.30(0.17) 3.70(0.21) 4.00(0.02) 3.76(0.31) 3* > 1,2,4 

4 2.50(0.36) 2.80(0.14) 1.60(0.13) 3.90(0.33) 3.50(0.16) 2.86(0.27) 4* >1,2, 4*<3 

*. p-value significant at the 0.05 level. 

Note: All values calculated by the heat flow formula are minus indicating heat extraction. 
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The mean evaporative, non-evaporative sweat loss, and total weight loss in each 

condition are presented in Table 4.11. The mean difference among the conditions 

analyzed by one-way ANOVA with Bonferroni post-hoc test showed significant 

differences (p<0.05) between CON1/2 and CON3, and CON1 and CON4 in both 

evaporative sweat loss and total weight loss. There were no significant differences 

among any condition in non-evaporative sweat loss.  

 

Table 4.11 

Comparison of evaporative, non-evaporative sweat loss, and total weight loss in 

CON1-4 

Evaporative Loss(kg) Non-Evaporative Loss(kg) Total Weight Loss(kg) 
Condition 

(N=8) 
ANOVA -Bonferroni Test 

1 
0.65 (0.11) 

1* > 3 

0.08 (0.03) 

= 

0.73 (0.12) 

1**>3, 1* >4 

2 
0.62 (0.14) 

2* > 3 

0.08 (0.01) 

= 

0.7 (0.13) 

2*>3 

3 
0.46 (0.07) 

3*<1 , 3*<2 

0.06 (0.02) 

= 

0.51 (0.08) 

3**<1 , 3*<1 

4 
0.51 (0.07) 

= 

0.06 (0.01) 

= 

0.57 (0.07) 

4* < 1 

*. p-value significant at the 0.05 level.  

**. p-value significant at the 0.01 level. 

=: indicates no statistical significance in any comparison 
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Table 4.12 

Comparison of heat loss by evaporation and conduction in CON1-4 

Condition (N=8) Evaporation
a 
(kcal) Conduction

b 
(kcal) Total (kcal) 

1 377 156 533 

2 359.6 247 606.6 

3 266.8 376 642.8 

4 295.8 286 581.8 

a: Heat loss by evaporation was calculated based on values for evaporative sweat loss with the 

assumption that 1 gram of sweat evaporation is equal to 0.58kcal of heat loss 

b: indicates garment heat flow (H) (kcal·min
-1

) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 ７０ 

Figure 4.20 shows the mean change in RPE from the first measurement at the end of 

stage 1 to the end of the stage 5 for each condition is presented in Table 4. The mean 

difference among the conditions analyzed by one-way ANOVA with Bonferroni post-

hoc test showed significant difference (p<0.05) between CON1 and CON3/4 in terms 

of cooling effect on RPE; no significance was observed between CON3 and CON4. 
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Figure 4.20 

Comparison of changes in RPE by stages in CON1-4 

Note: RPE ratings are on a scale from 6 to 20, Stage 1 – exercise at 300 watts, Stage 2 – exercise 

at 400 watts, Stage 4 – exercise at 600 watts, and Stage 5 – exercise at 500 watts; duration of each 

stage – 20 minutes 
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Table 4.13 

Comparison of changes in subjective thermal ratings in CON1-4 

Condition 1 Condition 2 Condition 3 Condition 4 
Thermal Ratings (N=8) 

ANOVA - Bonferroni Test 

Heat Sensation 
63.8 (16.2) 

1* > 3, 4 

50.1 (21.2) 

2* > 3 

19.0 (15.2) 

3* < 1, 2 

29.3 (13.4) 

4* < 1 

Cold Sensation 
4.1 (10.3) 

1* < 3 

17.8 (19.2) 

= 

31.4 (15.1) 

3* > 1, 3 

3.3 (6.3) 

4* < 3 

Thermal Comfort 
-45.8 (21.3) 

1* < 3, 4 

-38.8 (15.4) 

2* < 4 

-24.0 (13.7) 

3* > 1 

-16.6 (6.5) 

4* > 1, 2 

*. p-value significant at the 0.05 level.  

=: indicates no statistical significance in any comparison 

Note: subjective thermal ratings are on a scale from 0 (none) to 100 (maximal) 
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Figure 4.21 

Mean changes in subjective thermal ratings in CON1/2 

Heat: overall body heat sensation  

Cold: overall body cold sensation  

Comfort: overall body thermal comfort 

Note: subjective thermal ratings are on a scale from 0 (none) to 100 (maximal) 
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Table 4.14. 

Changes in regional skin wetness between pre and post session in CON1-4 (N=8) 

Condition 1 Condition 2 Condition 3 Condition 4 

 

Pre Post Change Pre Post Change Pre Post Change Pre Post Change 

Forehead 211.3(82.6) 548.8(132.7) 337.5(127.6) 222.0(53.9) 573.3(141.4) 351.3(129.2) 187.5(76.8) 420.6(113.9) 233.1(72.8) 198.5(45.3) 496.1(150.1) 297.6(116.6) 

Chest 169.0(66.0) 669.3(90.7) 500.3(82.7) 179.4(58.8) 625.5(43.1) 473.1(80.7) 173.8(41.9) 542.6(73.5) 368.9(88.8) 176.3(43) 618.8(86.9) 442.5(93.8) 

Forearm 135.5(48.5) 598.5(60.6) 463.0(84.8) 175.0(71.5) 522.0(89.3) 347.0(86.3) 127.8(27.6) 411.0(67.2) 283.3(80.4) 118.8(20.1) 519.0(54.8) 400.3(41.2) 

Hand 139.0(45.6) 325.5(97.1) 186.5(109.5) 148.5(55.8) 333.8(173.2) 185.3(150.9) 109.3(9.1) 214.3(61.2) 105.0(55.2) 106.5(3.3) 319.8(124.6) 213.3(123.8) 

Thigh 126.0(35.1) 328.0(122.5) 202.0(118.6) 119.8(20.7) 333.8(149.0) 219.0(142.5) 118.5(19.7) 257.5(74.8) 139.0(64.3) 126.0(27.4) 251.5(76.9) 125.5(71.2) 

Foot 151.3(41.4) 334.5(129.3) 183.3(125.1) 166.8(56.1) 344.0(145.7) 177.3(126.2) 171.3(72.4) 312.8(90.5) 141.5(73.1) 175.5(76.3) 343.6(75.6) 168.1(67.2) 

Note: Skin wetness values are in arbitrary unist; converted for electrical impedance on skin surface from 90 (the most dryness) to 999 (the most wetness), 

All values in changes between Pre and Post regional skin wetness measurements demonstrated statistical significance (p<0.05) in all conditions 
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Table 4.15. 

Summary of correlation coefficients between Tfing/HFfing and thermoregulatory variables in CON1-4 (N=8) 

*. indicates p-value is significant at the 0.05 level 

**. indicates p-value is significant at the 0.01 level 

 

 

Condition 1 Tfing HFfing Tcore Tskin Tb Hb ∆Hb H 

- 0.15** 0.66** -0.35** 0.78** 0.79** -0.28** 0.54** Tfing 

HFfing 0.15** - 0.64** -0.52** 0.60** 0.60** 0.23* 0.76** 

Condition 2 Tfing HFfing Tcore Tskin Tb Hb ∆Hb H 

- 0.183 0.48** 0.06 0.73** 0.72** -0.27** 0.4** Tfing 

HFfing 0.183 - 0.49** -0.23* 0.55** 0.54** 0.43** 0.50** 

Condition 3 Tfing HFfing Tcore Tskin Tb Hb ∆Hb H 

- 0.35** 0.45** 0.54** 0.68** 0.67** -0.37** 0.15 Tfing 

HFfing 0.35** - 0.76** 0.40** 0.85** 0.85** 0.34** 0.42** 

Condition 4 Tfing HFfing Tcore Tskin Tb Hb ∆Hb H 

- 0.38** 0.51** 0.36** 0.75** 0.76** -0.29** -0.31** Tfing 

HFfing 0.38** - 0.81** -0.19 0.80** 0.78** 0.22* 0.47** 



 ７５ 

CHAPTER 5: Discussion 

 

 

Efficacy of subjective cooling control and influence of thermal comfort and 

sensation 

The present study examined the efficacy of subjective cooling control in terms of its 

effects on Tcore and how subjective thermal comfort and sensation influences the 

cooling control. The results of the present study showed that there was a considerable 

time delay in cooling initiation and that the participants changed cooling intensity with 

disregard to a level of metabolic rate. The initiation of cooling was delayed 

approximately 14 minutes in CON1 and 11 minutes in CON2. During the period of 

cooling delay, the increase in Tcore ranged from 0.1 to 0.4 0C. This increase does not 

seem to be a critically high elevation of Tcore, although the participants showed higher 

HR at approximately 10 beats per minute and reported higher RPE at the end of stage 

1 compared to findings in CON3 and CON4. The participants changed a cooling 

intensity approximately 4 times during an entire session; however, individual 

differences ranged from 2 to 7 times. On average, changes in cooling intensity made 

during the rest stage were to decrease cooling intensity; maximum cooling was 

preferred during stage 4 in which exercise intensity was highest. However, this 

tendency was not present in all participants.  
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The studies have shown that manual control of a cooling garment in response to 

changes in subjective thermal comfort and sensation is not optimal, but an acceptable 

means of control (Flouris & Cheung, 2006; Hexamer & Werner, 1995; Nunneley, 

1970). The main disadvantage is that errors in subjective cooling control are mostly 

made by inaccurate timing of cooling control, reading to overcooling or overwarming 

(Nunneley, 1970). Moreover, subjective recognition of thermal status can be delayed 

further, considering the fact that heat output does not promptly change in response to 

alterations in metabolic rate, but requires some time to reach a steady state (Nunneley, 

1970; Webb & Annis, 1968). Previous studies also reported that pre-cooling increases 

heat storage capacity of the body by initially decreasing body temperature and delays 

elevation in Tcore reaching a threshold at which physical exertion becomes greater and 

work efficiency decreases (Booth, Marino, & Ward, 1997; Hessemer, Langusch, Bruck, 

Bodeker, & Breidenbach, 1984; Lee & Haymes, 1995). Gonzalez-Alonso et al. (1999) 

reported that time to exhaustion is conversely related to initial body temperature. In 

this regard, lowering Tcore prior to the onset of exercise is highly important. However, 

an individual can have similar advantage by the immediate body cooling at the onset 

of physical work/exercise where neither elevation in body heat storage nor metabolic 

heat production is high. Thus, the results suggest that body cooling needs to occur at 

the point when physical activity is initiated, even if the individuals’ perception is that 

he/she does not require body cooling. Therefore, In terms of effectiveness, subjective 

cooling control has limitations and is not an optimal means of LCG cooling control as 

hypothesized (HA1) in the present study. 
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Hexamer and Werner (1995) reported that in subjective cooling control, individuals are 

motivated to change cooling intensity when their thermal comfort change, thus, 

thermal comfort is the controlling variable for behavioral thermoregulation. However, 

this study measured subjective ratings by a nominal unipolar scale, from 

“Uncomfortable” to “Comfortable” for thermal comfort, and “Very cold” to “Very hot” for 

thermal sensation,. Thus, there is no metric to assess the degree of changes in 

thermal comfort, and it is uncertain how thermal comfort and sensation interact to 

results in changes in cooling control. In the present study, as shown Tables 4.2, 4.4, 

and Figure 4.21, thermal comfort at the time of cooling initiation was approximately 40 

percent lower than that at baseline, while heat sensation increased 2 to 3 fold, with no 

changes in cold sensation. Thus, it appears that the decrease in thermal comfort was 

a function of increase in heat sensation, and that changes drove the participants to 

initiate garment cooling. Interestingly, the degree of changes in both thermal comfort 

and heat sensation ratings were in a highly similar manner among participants in both 

CON1 and CON2, although the time to cooling initiation varied among participant.. On 

the other hand, in CON1 and CON2, changes in thermal ratings from the time of 

cooling initiation to the point when the participants chose maximal cooling showed 

significant increase in both heat and cold sensation, but no significant change in 

thermal comfort. This result directly conflicts with the findings of Hexamer and Werner. 

Although it is uncertain why increases in heat sensation did not contribute to further 

development of discomfort, the participants chose the maximum cooling in response 

to greater heat sensation. Another interesting point is that the participants also 

exhibited increases in cold sensation when choosing the maximal cooling. Chatonnet 
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and Cabanac (1965) reported that cold sensation is primarily influenced by Tskin while 

heat sensation is primarily influenced by Tcore. Thus, it is likely that participants 

perceived the need for further cooling as a reaction to elevation in internal body 

temperature, but also experienced greater cold because of garment cooling in 

previous stages. 

 

Physiological and thermoregulatory responses to different levels of conductive 

skin cooling by the LCG 

Previous studies revealed that the maximal tolerable rate of heat storage is up to 175 

Watts per hour which elicits a level of Tb at approximately 400C, however, the rate of 

heat storage at less than 88 Watts per hour - an elevation in Tb less than 1.20C, is 

considered to function to avoid impairment of physical capacity (Hexamer & Werner, 

1995; Nunneley, 1970; Webb, 1971). Despite the fact that all cooling conditions were 

effective based on the criteria above; the group mean increase in Tcore in any condition 

was not greater than 0.90C as shown on Table 4.7. Significant differences were 

observed in both physiological and subjective measurements among the conditions. 

The group mean for total heat extraction was the highest in CON3 and the lowest in 

CON1, the same results were found for elevation of core temperature. These findings 

are robust because the level of cooling intensity and the means of cooling control 

were different between CON1/2 and CON3 such as subjective vs. fixed cooling control 

and the lowest Tin regime in CON3. 
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In terms of cooling effectiveness among the different conditions, the cooling regime in 

CON3 was the most powerful compared tor the other three conditions. Regarding 

cooling effects on ∆HR and RPE, the group mean measurements demonstrated 

favorable results in CON3/4 over CON1/2 indicating that both cooling regimes in 

CON3/4 were effective in decreasing thermal stress on HR, and subjective feelings 

about physical exertion during exercise. On the other hand, the findings demonstrated 

an interesting point in that the cooling regime of CON3 was not significantly different 

from that of CON4 in terms of cooling effects on ∆Tcore, ∆HR, RPE, evaporative sweat 

loss, and Wtloss while H was significantly higher in CON3 than in CON4. At this point, a 

question arises as to why a higher amount of H in CON3 did not read to a significantly 

lower Tcore than in CON4. As shown in Table 4.10, a significant amount of H was 

observed in stage 1 and 2 in CON3, whereas amount of H in CON4 was proportional 

to increase in metabolic rates in each stage in CON4. These results suggest that the 

body might have undergone cutaneous vasoconstriction when an intensive cooling 

regime was imposed on the body surface during the early stages of exercise protocol 

in CON3. It is well known that changes in skin temperature is a function of blood flow 

to skin surface and heat contents of underlying tissues, and decrease in skin 

temperature leads to vasoconstriction and reduction in blood flow from core to shell of 

the body which then functions to preserve heat contents for core parts of the body . 

Thus, heat exchanges between deep cores to shell of the body were restricted, and a 

great amount of heat removed by skin cooling was mostly from underlying tissues of 

the shell, but not from core parts of the body in CON3. This result shows that the 

intensive cooling regime on the body surface in CON3 caused a reduced rate of heat 
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exchange between the core and skin which led to a reduced rate of Tcore cooling.  

Moreover, it is important to note that CON4 cooling regime was even more favorable 

in terms of the participants’ subjective ratings; thermal comfort, heat/cold sensation, 

compared to CON3, thus supporting the effectiveness of CON4 cooling regime as 

hypothesized in HA2. Development of thermal discomfort was greater in CON3, in 

spite of a lesser elevation in Tcore, than in CON4. As demonstrated in Table 4.13, the 

cooling regime in CON3 was more effective in limiting the development of heat, but 

imposed cold on the skin surface subjectively experienced as approximately 10 times 

higher than in CON4. A previous investigation (Steven, Srinivasa, Christian, & 

Godstein, 1999) reported that skin temperature greatly contributes to subjective 

thermal comfort rather than physiological thermoregulatory responses. Since these 

studies used resting subjects with a passive means of heating and/or cooling, a 

limitation may exist in generalizing about the contribution of Tskin and Tcore to subjective 

thermal comfort and sensation in exercising subjects. However, the results of the 

current demonstrating that thermal comfort does not always rely on physiological 

thermal balance of the body, but is also influenced by the level of heat/cold sensation 

imposed on the skin surface, is consistent with the findings of Steven et al. Thus, it is 

reasonable to assume that the cooling regime in CON3 was effective in lowering Tcore 

and lessening the development of heat sensation; however, this cooling regime also 

contributed to a decrease in thermal comfort due to the intensive cooling application 

on the skin surface. Therefore, hypothesis 3 (HA3) in the present study is confirmed in 

that thermal comfort is highly influenced by Tskin if cooling on the skin surface provided 

by a LCG lowers Tskin below the comfort range. 
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Another interesting point is that sweat rate was proportional to an elevation in Tcore. As 

demonstrated in Table 4.11, a descending order of the conditions for evaporative 

sweat loss and Wtloss, was as follows: CON1, 2, 4, and 3. This result is the same as 

the order of the elevation in Tcore. This result is also consistent with the findings of a 

previous study (Wyss, Brengelmann, Johnson, Rowell, & Niederberger, 1974) which 

reported that Tcore plays the main role in determining the rate of sweating, and that 

effects of Tskin are insignificant.  

 

Relationship of Tfing and HFfing to thermal status of the body 

A number of studies have shown that Tfing is strongly linked with thermoregulatory 

factors which may indicate the thermal status of the body such as Tcore (Cooper, 

johnson, & Spalding, 1964),  Tskin (Kiess & Lockhart, 1970), Hb (Brajkovic & 

Ducharme, 2003; Flouris, Cheung, Fowles, Kruisselbrink, Westwood, Carrillo, & 

Murphy, 2006), and the rate of heat insertion/removal (Coca, 2005; Koscheyev, Leon, 

& Coca, 2005). 

  

The results of the present study regarding the relationship of Tfing and HFfing to the 

thermoregulatory variables of the body showed statistically significant correlation in Tb 

and Hb with highly significant r-values across all conditions. However, other indicators 

such as Tcore, Tskin, ∆Hb, and H, were not statistically significant, weak r-values, or 

inconsistent across the conditions, which limits general confirmation of the relationship. 

These findings confirm hypothesis (HA4) of the present study and are consistent with 

the recent results of the studies of Brajkovic and Ducharme (2003), and Flouris et al. 
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(2006) in terms of a strong association between Tfing and Hb. Koscheyev et al. (2005) 

also reported that Tfing and HFfing are strongly correlated with the rate of heat 

insertion/removal in both uniform and non-uniform thermal stress conditions. This 

study used a direct measurement of the rate of heat insertion/removal by means of a 

warming/cooling garment calorimetry method instead of Hb. Thus, the result of the 

present study is also in line with the findings of the study by Koscheyev et al. The 

dynamics of Tfing and HFfing in the present study appears to be more related to 

changes in internal body temperature than on peripheral parts of the body. The reason 

is that Tskin in all conditions continuously decline throughout the entire session except 

for a small increase and/or fluctuation during rest stage. However, Tfing and HFfing 

appeared more concomitant with changes in Tcore than changes in Tskin when a steady 

state is achieved. 

 

An interesting point that was not observed in the studies cited above is that Tfing 

drastically decreased at the onset of exercise in stage 1 and 4, while the changes in 

Tfing dynamics were consistent with changes in Hb and Tb in later points of each stage. 

As shown in Figure 4.19, Tfing starts falling at the beginning of exercise stage 1 for 

certain duration, and then rebounds. The same trend appears at the beginning of 

stage 4 in which participants start to exercise again after 20 minutes rest in stage 3. 

Previous investigations showed that blood flow to the skin, visceral organs, as well as 

non working muscles significantly decreases due to the vasoconstriction evoked by 

the non-thermoregulatory reflex (Johnson, 1986; Johnson & Park, 1982; Zelis, Mason, 

& Braunwald, 1969). Such response at the beginning of exercise is a necessary 



 ８３ 

physiological adjustment to increase cardiac output so that more blood is supplied to 

working muscles, and physical performance at a given level is maintained (Blair, 

Glover, & Roddie, 1960; Christensen, Nielsen, & Hannisdahl, 1942). Vasoconstriction 

by the non-thermoregulatory reflex is diminished as exercise duration is prolonged, 

and then blood flow to the skin increases as a function of the thermoregulatory reflex 

for heat dissipation (Johnson, 1986; Johnson & Park, 1982; Kellogg, Johnson, & 

Kosiba, 1991).  

 

Another interesting point to note is that an elevation in Tfing following the initial decline 

was observed after 5 to 6 minutes in CON1/2 compared to 8 to 10minutes in CON3/4. 

Also, the decrease in finger temperature was much greater in CON3/4 than in 

CON1/2, as summarized at Table 4.8. It has been observed that cooling of a greater 

body surface area when skin temperature is maintained at a thermoneutral level elicits 

a sympathetic vasoconstriction (Alvarez, Zhao, Kosiba, & Johnson, 2006). Also, the 

study by Gonzalez-Alonso et al. (1999) reported a decrease in forearm blood flow 

during the first 3-8 minutes of exercise, and a significantly lower blood flow in a pre-

cooled group than a control group. This result supports the current findings since the 

initiation of cooling was delayed in CON1/2, while total garment cooling was provided 

at the onset of exercise in CON3/4. Thus, the mechanism responsible for the greater 

and longer drop in Tfing was cutaneous vasoconstriction evoked by the garment 

cooling, and such response in Tfing becomes greater if the level of skin cooling is 

greater, evidenced by the difference between CON3 and CON4. In addition, the Tfing 

response at the beginning of exercise in stage 4 was more acute than in stage 1 in 
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terms of duration and degree of Tfing decline. This difference occurred because of a 

higher level of exercise metabolic rate in stage 4 than in stage 1, consistent with the 

findings of Gonzalez (1981) that the tone of vasoconstriction in muscle vessels 

becomes greater in proportion to the intensity of exercise. 

 

The present study demonstrated statistically insignificant or weak correlations 

between Tfing and HFfing which is contrary to the results of the studies by Koscheyev st 

al. (2005) and Coca (2005). This contradictory result appears to be caused primarily 

by a lack of correspondence of Tfing and HFfing during rest stages. However, the 

correlation between the two indices is highly significant during exercise stages across 

the all conditions, when exercise and rest stages were separately analyzed. As shown 

in Figure 4.3, 4.7, 4.11, and 4.14, the dynamics of Tfing and HFflux during the rest stage 

is different from the exercise stages, especially during the first few minutes as the 

participants stopped exercising and began the rest stage seated on a chair; there is 

an increase in Tfing and a decrease in HFfing. This opposite response is thought to be 

due to two factors: blood redistribution to the skin surface (finger) for heat dissipation 

and changes in convective current surrounding the heat flux sensor. As mentioned 

above, sympathetic nervous tone becomes greater at the onset of exercise to achieve 

cardiac output necessary to maintain a given metabolic rate for exercise, and this is 

achieved by a function of non-thermoregulatory vasoconstriction and selective blood 

supply to working muscles. On the other hand, parasympathetic activity becomes 

dominant at the termination of exercise and during recovery, which causes a decrease 

in cardiac output and blood redistribution to the skin surfaces. Thus, blood flow to the 
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extremities gradually increases which could have led to the increase in Tfing. On the 

other hand, a degree of HFfing is highly influenced not only by temperature on the 

finger surface, but convective current surrounding the outer surface of the heat flux 

sensor. During exercise, temperature of the convective current over the sensor is 

almost stable and unlikely to be influenced by dry heat flow from the body in a 

laboratory condition unless the room temperature is drastically changed. Thus, HFfing 

responses are highly reliant on changes in Tfing. However, during rest in a sitting 

position, the hands are usually placed close to the body. In this state, dry heat flux 

from the body, especially the lower extremities, could have influenced the air 

temperature surrounding the outer surface of the heat flux sensor, which led to a 

decrease in HFfing. Thus, hypothesis (HA5) of the present study is confirmed in that 

there are non-thermoregulatory factors influencing the dynamic of Tfing, especially 

through the function of physiological adjustment in exercise and rest states. 

 

Practical considerations on the advancements of cooling systems for 

supporting thermal balance and comfort 

As discussed earlier, sweat evaporation is the major mechanism for heat dissipation, 

especially during exercise, and the body produces more sweat as body temperature 

increases. As shown Table 4.11, total Wtloss and evaporative sweat loss was 

proportional to the increase in Tcore. There is a methodological limitation to assume 

that the amount of evaporative sweat loss calculated was directly accounted by the 

heat loss by evaporation as presented in Table 4.12. However, it is obvious that the 

body produced more sweat to promote heat exchange by sweat evaporation in CON1 
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and CON2, which suggests that these cooling regimes were not sufficient to support 

the body in thermal balance. On the other hand, both the level of evaporative sweat 

loss and Wtloss in CON3 were the minimum among all the conditions. However, CON3 

failed to provide a more effective cooling effect on Tcore, and caused the development 

of thermal discomfort to a great extent than in CON4. Although CON4 appeared to 

induce more evaporative sweat loss and total Wtloss, adjustments in the level of Tin 

based on changes in metabolic rate appeared to be an effective cooling regime in 

terms of lowering Tcore and providing thermal comfort with minimal cold stress. 

Nevertheless, from the practical point of view, constantly adjusting the Tin entering a 

cooling garment based on variations in metabolic rate is a challenging task, and 

requires other complicated devices which limits a wearer’s movement and possibly 

compromises the efficiency of the system. 

 

Conventional engineering approaches for the advancement of a LCG have focused 

on the capability of conductive heat extraction by intensifying Tin, coolant flow rate, 

and/or tubing coverage over the body (Flouris & Cheung, 2006). However, as the 

results from the present study show, simply intensifying cooling application on the skin 

surface does not take advantage of thermodynamic characteristics of the human body 

and even impairs subjective comfort. From this point of view, other cooling strategies 

need to be developed. Smart design of the tubing distribution on body parts with high 

thermal conductivity could avoid extensive vasoconstriction of the skin so that 

convective heat transfer from the core to the shell of the body increases, resulting in a 

greater amount of heat dissipation. The effectiveness of this approach has been 
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demonstrated in the study by Koscheyev and Leon (2008). Also, the combination of 

conductive and convective system seems to be necessary to optimize the cooling 

system. It is well known that a convective cooling system alone does not effectively 

provides an appropriate level of cooling that offsets the amount of metabolic heat 

produced by even low intensity tasks (Nunneley, 1970). However, it is important to 

note that a convective cooling system removes heat by promoting sweat evaporation 

while a low temperature on the skin surface caused by conductive cooling impedes 

vaporization of sweat and easily causes skin vasoconstriction. Thus, the combination 

of both systems possibly aggregates heat dissipation and supports thermal comfort 

with a minimization of skin vasoconstriction.  
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CHAPTER 6: Conclusion 

 

 

Despite the fact that scientific investigations of human thermoregulation over the 

decades have made voluminous efforts for the advancement of a LCG, manual 

principles of cooling control relying on subjective thermal comfort and/or sensation are 

still in practice. Moreover, the development and application of an accurate thermal 

index for the automatic control of the LCG to support both thermal comfort and 

physical performance are not still in practice. There is also a need for the better 

understanding of human thermoregulatory factors while working in a LCG and its 

influence on human thermal comfort. The main purpose of the present study was to 

investigate effective cooling regimes by scrutinizing human physiological and 

thermoregulatory responses with participants working in a cooling garment. The 

secondary purpose of the study was to investigate relationship between Tfing and HFfing 

with various thermal indices that represent the thermal status of the human body in 

order to assess the possible application of Tfing and HFfing for the prediction of thermal 

status of the human body. 

 

The findings of the present study are summarized as follows. 

 

(1) Subjective control of a cooling garment relying on subjective perception of 

thermal comfort and sensation was an acceptable control technique in terms 
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of lowering Tcore. However, cooling initiation was significantly delayed which 

contributed to a greater increase of Tcore in later stages of exercise. Failure in 

choosing an appropriate cooling intensity was often observed which led to 

overwarming or overcooling. 

 

(2) Subjective heat and cold sensation in certain conditions were independent 

from each other, and changes in thermal comfort were not always dependant 

on changes in heat and cold sensation. Also, an individual could feel colder 

even at a higher Tcore if Tskin progressively decreased beyond the comfort 

range due to intensive cooling on the skin surface. 

 

(3) The cooling regime in CON4 in which Tin was adjusted based on metabolic 

rate at a given stage was more effective in lowering Tcore, and supporting 

subjective thermal comfort than in CON3 where Tin was maintained at 

constantly low temperature. Although the cooling regime in CON3 extracted 

significantly higher amount of heat, it did not result in a significant effect on 

Tcore
 because of a reduced rate of heat exchange between the core and shell 

of the body. Indeed, the strong cooling regime on the skin surface induced 

cutaneous vasoconstriction and cold sensation. 

 

(4) Whole body sweat rate was positively related to elevation in Tcore. It was 

concluded that the body produced more sweat to dissipate more heat by 

means of sweat evaporation when metabolic heat during exercise was not 
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effectively removed, causing increase in body temperature. Regional body 

wetness was greater in the condition with a greater whole body sweat rate. 

However, its effect on the development of subjective thermal discomfort was 

not conclusive. 

 

(5) The relationship of Tfing and HFfing to thermoregulatory factors indicating the 

thermal status of the body appeared highly correlated with Hb and Tb in all 

conditions. This finding is consistent with previous investigations, and 

showed informativeness and the potential of Tfing and HFfing for practical 

applications in monitoring of thermal status of the body. 

 

Finally, the present study suggests the following considerations for future studies and 

practical applications 

 

(1) Promoting cooling capacity of the LCG by maximizing total coverage of the 

body surface cooled and/or providing a low temperature coolant seems to be 

neither effective nor takes advantage of human thermodynamic 

characteristics. Thus, research efforts on the advancement of the LCG to 

provide thermal comfort and protect from heat stress needs to focus on 

human factors such as thermal conductivity of tissues, individualized thermal 

profiles, and sudomotor responses. 
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(2) Adjustment of Tin based on metabolic rates at a given level of physical 

performance was an effective cooling regime. However, determination of a 

specific level of Tin that optimizes human body cooling during physical 

performance at a given level of metabolic rates is uncertain, and requires 

further study. Moreover, how variations in coolant flow rate influences body 

cooling also needs to be examined since flow rate is another major factor 

determining the heat removal rate of the LCG. 

 

(3) A combination of convective and conductive cooling systems may 

significantly improve the efficiency of metabolic heat removal and support 

subjective thermal comfort, at the same time preventing cutaneous 

vasoconstriction, and decreasing body wetness. 

 

(4) Special attention needs to be paid to non-thermoregulatory factors affecting 

changes in Tfing and HFfing dynamics as observed at the onset and after the 

cessation of exercise in order to develop of Tfing/HFfing indices to monitor 

thermal status of the body. 

 

Limitations of the study 

The major limitations were the relatively small sample size, primarily Asian 

participants, and no gender differences, which is a limitation in generalizing the results 

of the study to the general population. However, homogeneity of the participants was 

high as shown in anthropometric characteristics so that the results of the present 
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study demonstrate high reliability for the conclusions of the study based on this 

subject sample. It is possible that there might have been some gender differences, for 

example, level of Tcore elevation during exercise and/or a different cooling rate by the 

LCG. It is also unclear whether any racial differences in thermoregulation might have 

existed. Another limitation of the study was confounding variables that may influence 

the dynamics of Tfing and HFfing. For example, the position of the hands during the rest 

stage while seated on a chair could possibly influence Tfing and HFfing, because the 

posture was neither same among individuals nor consistent across experimental 

sessions.  
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