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Abstract 

In the first study of this thesis 10 males and 10 females walked on a 

treadmill with a ~10 km/h wind and an ambient temperature of -8°C. The 

hypotheses tested included: 1) females will have lower skin temperature and 

surface heat flux while all other physiological responses are similar when 

compared to male, 2) within each sex, an elasticized (E) coat versus a non-

elasticized (NE) coat would give a diminished physiological strain and 3) that 

within each sex, the E coat versus the NE coat would give a better thermal 

comfort. Results in this first study showed some differences in physiological 

responses between the sexes, that males had higher thermal comfort ratings in 

an E versus a NE coat during exercise (p<0.05). In the second study, it was 

hypothesized that females would have greater sensitivity to skin temperature 

changes than males on the hand, back and chest. The results showed females 

versus males were less sensitive to temperature changes only on the chest (p 

<0.05).  In conclusion, in the first study some physiological responses differed 

between the sexes, the E compared to the NE coat provided no beneficial 

physiological responses within each sex and finally the E versus the NE coat 

provided greater thermal comfort in males. In the second study females were 

less sensitive to cold stimuli on the chest compared to males. 

Keywords:  Cold Stress; Clothing Physiology; Cutaneous Temperature 
Sensitivity; Exercise; Sex; Thermal Comfort 
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Executive Summary 

This thesis investigates the effect of mild cold exposure on physiological 

and cognitive responses of males and females while wearing different clothing 

ensembles during light exercise. The first chapter of this thesis gives a literature 

review on physiological responses in cold environments, heat exchange 

principles, differences in these cold physiological responses between the sexes, 

cutaneous temperature sensitivity, the effect of menstrual cycle on female body 

temperature, clothing physiology plus physiological and cognitive responses to 

the cold.  The chapter is completed with a rationale for the studies in the thesis 

as well as the hypotheses that are addressed in the two studies given in the 

thesis.  The second chapter presents a study on the effect of different clothing 

ensembles on cold on physiological and thermal comfort responses between 

sexes during light exercise. It was hypothesized for the same cold conditions and 

same light intensity exercise that males and females in each coat type would 

have similar core temperatures, oxygen consumption rate, and heart rate but 

females would have lower skin temperature and surface heat flux. Our results did 

not have the hypothesized outcomes, absolute oxygen consumption rate was 

greater in males compared to females and heart rate were significantly greater in 

females compared to males due to their greater apparent relative work rate. Skin 

temperatures and heat flux were not different between sexes.  It was also 

hypothesized that within each sex, an E coat would give a diminished 

physiological response to the cold compared to a NE coat for core temperature, 
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oxygen consumption rate, heart rate, skin temperature and surface heat flux. Our 

results were not in agreement with this hypothesis, as females had a significantly 

lower skin temperature when wearing an E coat compared to a NE coat. Finally it 

was hypothesized that an E coat would give a better regional and overall thermal 

comfort relative to that of a NE coat. For males, our results were in agreement 

with our hypothesis as males reported significantly greater thermal comfort at 

multiple sites and overall during cold exercise wearing an E version coat 

compared to a NE coat during exercise with arm movement whereas females 

had no differences in thermal comfort between the two coat types. The third 

chapter presents a study on sex differences of cutaneous temperature sensitivity 

responses to surface cold in males and females and how cutaneous 

thermosensitivity participates in the overall thermoregulatory response to cold. It 

was hypothesized that females would be more sensitive to cutaneous 

temperature changes compared to males.  Our results did not support our 

hypothesis that females would be more sensitive to cutaneous temperature 

changes compared to males. On the dorsum of the hand and upper back males 

and females had the same cutaneous temperature sensitivity and contrary to the 

hypothesis, females were less sensitive on the chest compared to males.
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Introduction 

Exposure to the cold induces heat loss and disrupts thermal balance 

which leads to responses by the body’s thermoregulatory system so as to 

regulate core temperature (3). These responses include vasoconstriction in the 

periphery, shivering thermogenesis (ST) from skeletal muscle contractions, and 

non-shivering thermogenesis (NST) from brown adipose tissue and/or skeletal 

muscles, which results in the release of heat from macronutrients and aids in the 

maintenance of thermal balance (7, 69, 78). Initial effects of the cold on the 

human body leads to a decrease in peripheral skin temperature due to 

vasoconstriction and reductions in skin temperature alone can induce an 

increase in both ST and NST (3, 84). With an acute exposure long enough to 

induce a decrease in core temperature this also contributes to the induction of 

these cold defense responses (78). Cognitively, in these cold conditions there is 

a decrease in thermal comfort which is influenced by factors including sex (5) 

core temperature and skin temperature (72). There is also supporting evidence 

that suggests the role of cutaneous temperature sensitive neurons that express 

transient receptor potential (TRP) membrane channels are important for 

detecting cold and enabling an appropriate cold response (71). TRPA1 channels 
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are activated by noxious cold when dry bulb temperature is less than 17˚C while 

TRPM8 operates between 25 to 28˚C. These receptors are located on the free 

endings of the Aδ and C fibers and may be critical for linking cognitive 

responses and physiological responses to cold exposure (47, 71).  

An essential aid to help sustain thermal balance in humans is the use of 

clothing or technical apparel. In a cold environment, clothing help in slowing the 

rate of heat loss due to convection and conduction from the body surface to the 

ambient environment by providing a microenvironment between the skin and 

clothing (32). Autonomic thermoregulatory and behavioral responses, the latter 

including choice of protective clothing, allows exposure to environments with mild 

to extreme cold with the maintenance of thermal comfort. 

1.1. Literature Review 

1.1.1. Physiological Response to Cold Stress 

Heat Exchange 

Clothing and other behavioural thermoregulation strategies are effective at 

aiding humans to maintain thermal balance in cold environments. When cold 

stress overcomes the effectiveness of behavioural thermoregulation, there is a 

whole body physiological response to the cold that will assist with maintaining 

thermal balance and contribute to the regulation of core temperature. The net 

rate of heat storage (S) to and from the human body is determined by the sum of 
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the Metabolic (+HM), conductive (±HCD), convective (±HCV), radiative (±HR) and 

evaporative (±HEV) rates of heat exchange and rate external work (W) (Equation 

1) (2, 55). 

S = HM ± W ± HCD ± HCV ± HR ± HEV….......(Equation 1) 

  Heat transferred from metabolic activity is dissipated to the blood vessels 

which results in convective heat exchange to the tissues which transfers heat by 

conduction and convection to the surface of the skin (9). Once heat has been 

transported to the surface of the skin, it can be dissipated to the environment. 

Heat exchange also occurs between the human body and the environment 

through conduction, convection, radiation and evaporation. If the net balance or 

heat storage is positive then there is an overall heat gain by the body, and if it 

heat storage is negative then there is an overall heat loss by the body. 

The human body will utilize conduction and convective heat exchange to 

transfer heat to the environment during cold stress (2, 81). Conduction rates vary 

depending on how much surface area is in direct contact with the ground or other 

objects. At rest standing upright only about 3% of total body surface area is in 

contact with the ground, and while lying supine there can be an increase of about 

8-12% of total body surface area (2).  

Convection, heat dissipation to and from the body surface to the 

surrounding gas or liquid, is influenced by the convective heat transfer coefficient 
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which takes into account the diffusion of gas or liquid and bulk convective 

movement of heat and the ambient temperature and skin temperature (2). As the 

heat transfer coefficient is a property of the liquid or gas responsible for 

convection there is a difference in heat exchange due to cold air versus cold 

water immersion. It is suggested that the convective heat exchange from cold 

water compared to cool air is up to 70 times larger for identical temperature 

conditions (55, 91). It is also important to realize that there is a gradient of heated 

air surrounding the body with air in a cool environment becoming progressively 

cooler a greater distances from the skin surface. Moving air disrupts this gradient 

and instead cool air is often in contact with the skin surface. With disruption of 

this gradient, wind increases convective heat exchange at the body surface (55, 

65). This is especially important in clothing physiology. In a moving individual the 

core is relatively stable in movement compared to the extremities. The swinging 

motion of the extremities during movement, cause a greater heat dissipation as 

air is being disrupted faster (63). This contributes to a greater heat loss due to 

convection on the extremities compared to the core body (63).  

Vasomotor Cold Response and Convective Heat Exchange: Skin 

Temperature 

 During cold exposure, the body attempts to regulate core temperature with 

a peripheral cutaneous vasoconstriction that is critical for maintaining thermal 

balance (55). As core temperature decreases, there is an increase of peripheral 

vasoconstriction. Lopez et al. (54) have shown that onset of vasoconstriction 
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occurs when esophageal temperature was decreased to 36.7⁰C in males and to 

37.1⁰C in females when skin temperature were held at 36.6⁰C.  The underlying 

mechanism for vasoconstriction is controlled by sympathetic nervous system (9, 

49, 78). The decrease in skin and core temperature results in a release of 

norepinephrine by sympathetic fibers. Norepinephrine then acts on α1 and α2 

receptors of the vascular smooth muscle of the cutaneous arterioles which 

promotes vasoconstriction (49). Plasma norepinephrine levels monitored during 

cold immersion study and were found to increase along with metabolic rate 

during the immersion period (46). Frank et al. (24) used cold saline-infusion to 

highlight the role of norepinephrine’s immediate role in the cold response and 

showed a decrease in skin and core temperature due to increase norepinephrine 

concentration in the blood.  As well, there is evidence that supports neuropeptide 

Y acting as a co-transmitter in promoting vasoconstriction (49). Neuropeptide Y is 

released by sympathetic fibers and acts on NPY Y1 receptors to promote 

vasoconstriction of the smooth muscle of the cutaneous arterioles (49). 

 With peripheral vasoconstriction, there is a decrease in blood flow to the 

extremities or the periphery (8, 70). This has the thermoregulatory advantage of 

decreasing the convective heat exchange capabilities of the body with the 

ambient environment as less heat is being transported to the surface of the skin 

(2). As well, due to a reduction in the core compartment size, which includes the 

region of the deep organs, from vasoconstriction, there is an increase in thermal 

insulation (8, 12).  Overall thermal insulation of the core increases as skin 
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temperature decreases (8, 80). While vasoconstriction may aid in defending core 

temperature, due to decrease in blood flow to the periphery, this gives an 

increased susceptibility to cold injury as temperatures and perfusion can drop 

severely depending on the length and magnitude of cold exposure.  

Due to differences in subcutaneous tissue distribution in the arms and the 

legs, there is an increase in blood flow to the arms compared to the legs due to 

less subcutaneous tissue (59). As McArdle et al. demonstrates this results in a 

greater convective heat exchange at the upper body compared to the lower body 

for the same metabolic rate (58, 59). McArdle et al. show that there is a greater 

core temperature decrease in an arm exercise protocol compared to a leg 

exercise protocol for the same metabolic rate due to greater convective heat 

exchange when using the upper body compared to the lower body (58). This 

emphasizes the importance of analyzing whole body exercise protocols when 

performing light exercise in the cold instead of focusing on just the lower limbs or 

the upper limbs. 

Metabolic Heat Transfer, Oxygen Consumption and Heart Rate in Cold 

Environments 

 Cold-induced increases of heat release from skeletal muscle make an 

important contribution to regulation of aiding core temperature. The body relies 

on shivering of skeletal muscle for core temperature regulation, shivering is 

involuntary muscle contractions that contribute to maintaining thermal balance in 

the cold. Shivering can increase metabolic rate by two to five times compared to 
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resting metabolic rate (19, 59, 90). TRP channels TRPA1 and TRPM8 in 

cutaneous cold sensitive neurons detect a decrease in skin temperature, as well 

as afferent A fibers, group II delta & group IV dorsal root fibers which integrate at 

the dorsomedial hypothalamus (16). The shivering signal is sent down the spinal 

cord via the lateral column utilizing alpha and gamma motor neurons to activate 

skeletal muscle contractions and this gives a release of metabolic heat. These 

asynchronous muscle fiber contractions also gives energy released from the 

hydrolysis of high energy phosphate bonds in ATP (69). ST and NST can be 

quantified and measured using electromyography (EMG), indirect calorimetry 

and direct calorimetry.  

 Metabolic heat from skeletal muscle through either voluntary skeletal 

muscle contraction or shivering can be quantified using indirect calorimetry to 

give whole-body oxygen consumption (VO2). During an increase in metabolic 

heat transfer from skeletal muscle there is an increase in VO2. For ST, it was 

originally believed that longer exposure to cold will result in a decrease in 

glycogen use (56). Studies investigating passive rewarming refute this belief as 

individuals who rewarm from a hypothermic state by ST showed no difference in 

rewarming response if they had low or normal in glycogen stores, as monitored 

by muscle biopsy (62). As more muscles begin to shiver this will lead to an 

increase in VO2 (19). This has allowed the development of predictive formulas for 

determining the metabolic response due to shivering or light exercise (19). An 

increase in VO2 from skeletal muscle metabolic activity will result in an increase 
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demand for oxygen by the body (19). The net result is an increase in cardiac 

output (55) comprised of increases in both heart rate and stroke volume. 

The rate at which metabolic heat exchange is occurring due to voluntary 

physical activity is highly dependent on intensity, environmental conditions, and 

type of exercise (58). At low intensity physical activity in a cold environment, VO2 

is seen to either be higher or the same compared to warm temperature condition 

(58, 92). If metabolic activity from exercise is insufficient in maintaining both core 

and skin temperature, ST will aid in maintaining thermal balance by increasing 

metabolic activity. In low intensity physical activity, heart rate has been reported 

to be lower in cold conditions than compared to warm conditions while there is an 

increase in stroke volume to increase cardiac output compared to warm 

conditions (92). It is believed the increase in cardiac output is due to an increase 

in cardiac preload from an increase in central blood volume from vasoconstriction 

due to cold stress (55, 92). Consequently, in the cold one should expect lower 

heart rates than what might be expected for the same intensity exercise in warm 

conditions. It is important to note, that when utilizing clothing in the cold, the 

‘hobbling effect’.  The hobbling effect is the binding of clothing to the body, can 

increase the workload and therefore heart rate for the participant (64).  It is also 

important to note that thermal insulation from muscle and fat changes when 

resting and performing exercise. Park et al. (67) have shown that during exercise 

body insulation decreases by ~75% from that at rest.  
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Differences in Physiological Cold Defense Response between the 
Sexes 

A cold response is seen in both males and females after there are 

decreases of either core body temperature or skin temperatures. Cold exposure 

leads to vasoconstriction, ST and NST to regulate core temperature (3, 49, 83). 

Evidence suggests, however, that due to the physiological and anatomical 

differences in males and females, there is a difference in the cold response 

between sexes (85). Wagner & Horvath measured and monitored physiological 

responses of men and women between the ages of 20 and 30 during cold air 

exposure at 10⁰C who wore minimal clothing and found that women have more 

stable core temperatures compared to men, more rapid metabolic responses 

compared to men and a lower skin temperature compared to men when exposed 

to the cold (85).  Wagner & Horvath attribute the physiological sex difference due 

to body composition and the role of body adiposity in assisting with thermal 

insulation (85). Body size, body shape, body composition and hormonal effects of 

the menstrual cycle may all be responsible for differences in physiological 

responses to the cold between sexes (8, 55). With respect to body composition, 

women on average have larger amount of subcutaneous adipose tissue 

compared to men. Females aged 20 to 29 were reported to have an average 

body fat percentage of 10-54% while males aged 20 to 29 had a body 

percentage ranging from 5-38%(18). Thicker amounts of subcutaneous tissue will 

result in greater thermal insulation and would theoretically minimize heat 

dissipation from the body to the environment (55, 67, 92). While core 
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temperature is effectively maintained due to thermal insulation and a more 

pronounced vasoconstriction, the extremities are more susceptible to cold injury. 

This highlights the importance of proper clothing selection in cold environments 

(8). Males and females will display similar core temperature decreases at 

ambient temperatures as low as 5⁰C but there is a difference of 1-2⁰C lower skin 

temperature in women compared to males (33). This has been attributed to a 

more pronounced vasoconstriction seen in women which results in a decrease in 

arterial blood flow to the extremities such as the hand and feet. (8). Due to a 

more pronounced vasoconstriction which results in a lower skin temperature at 

the hands and feet in females compared to males, females are more susceptible 

to cold injury and thus there is an emphasis on providing proper insulation 

through clothing design to protect females from cold stress and minimizing the 

risk of cold injury (8, 55). 

When comparing identical thermal insulation between women and men, 

women have greater surface area to volume ratio and smaller body mass (59). 

This results in a larger surface area for convective heat exchange to occur thus 

leading to greater heat dissipation. When similar body fat percentage women and 

males were immersed in 20⁰C cold-water, women rectal temperature dropped by 

1.6⁰C, while men rectal temperature dropped by only 1.1⁰C (59). When body fat 

percentage is controlled, there is a sex difference in core temperature regulation 

possibly due to difference in surface area and body mass between sexes. 
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With respect to metabolic activity differences between sexes, the literature 

indicates that cold air exposure will result in a net increase in overall metabolic 

heat transfer but women and men show similar increases in its magnitude (8, 

91). When the type of thermogenesis is partitioned into ST and NST it is shown 

that young women show a 15% greater NST compared to males due to a delay 

in the shivering response in females (86). The onset of shivering was shown to 

be delayed in women, occurring 0.3 to 1.2⁰C later for the same  ambient 

temperatures compared to males (86).  

Tikuisis et al.’s result reinforce that sex differences in thermoregulation are 

due to body composition as they found no differences in rectal temperature 

cooling and metabolic rates between sexes when exposed to cold water at 18⁰C 

after correcting for body fatness and body surface area (82).  

Transient receptor potential (TRP) channels participate in temperature 

sensation and are another factor that could play a role in cold response. The 

TRP channels are found in temperature sensitive neurons (71) and temperature 

detection is determined by these TRP channels. There are various classes of 

TRP channels that operate on a wide range of temperatures. TRP channels that 

are relevant to the cold response are the TRPM8 and TRPA1. TRPM8 operates 

between 25 to 28˚C and can also be activated by menthol and isiothiocyanates 

(47, 71, 74). TRPA1 is more actively seen in extreme cold environments as it is 

activated when temperatures decrease below 17˚C (47). Agonists for the TRPA1 

include menthol, clove oil and ginger (47, 71). These channels transmit their 
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temperature detection to Aδ and C fibers which travel through the dorsal horn of 

the spinal cord and integrate at the dorsal medial hypothalamus (47, 71). These 

TRP channels are the putative link between cold sensitive neurons and both 

thermal perception as well as physiological responses to the cold. Cutaneous 

temperature sensitivity testing is a means of assessment of temperature 

sensitivity in humans. , this method it is reasoned will give a better understanding 

of the relationship between TRP channels and the physiological cold response 

plus it may help identify the physiological reason as to why males and females 

respond to cold differently.  

1.1.2. Cutaneous Temperature Sensitivity 

It is argued that cutaneous temperature sensitivity, specifically peripheral 

thermosensitivity, may play an important role in determining temperature 

dependent behavioural responses (29, 30). Gerr & Letz (27) in a comprehensive 

study of 4,462 male Vietnam-era veterans evaluating the adverse health effects 

of those who served in the war, suggest that cutaneous thermal thresholds are 

influenced by many different factors including body mass index (BMI) (27), race 

(27, 76), age (4, 17, 76), and skin temperature (23, 27).  In Gerr & Letz’s (27) 

comprehensive study found that BMI, skin temperature, smoking and race have 

moderate positive effects on finger thermal thresholds, while smoking, race, age, 

height, and BMI had positive association with toe thermal thresholds.  

Additionally, the effects of thermode probe application have also shown to be an 
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influential factor in thermal threshold testing (36). The biological mechanism for 

these variables effect on thermal thresholds, however, remains unknown.  

While Gerr and Letz (27) and others (17, 27, 30, 34, 48, 52, 53) analyzed 

influences such as age, BMI and height involved with thermal threshold 

detection, no agreement has been reached on the sex specific differences in 

cutaneous thermal thresholds between males and females. Golja et al. have 

shown that females have lower thermal thresholds compared to males, 

specifically females have greater thermal discrimination. Thermal discrimination 

is the ability to detect small changes in surface skin temperature compared to 

males, however there is a lack of a clear physiological explanation for these 

differences (17, 30, 53). Golja et al.’s (30) study improved on previous thermal 

threshold studies by using non-elderly volunteers and by using an equal number 

of males and females. A previous study only looked at elderly population and 

unequal number of males and females supporting that the study’s results may 

not be applicable to younger populations (14). Golja et al. (30) hypothesized that 

differences in thermosensitivity among sexes could be related to a greater 

temperature sensitive neuron density in women when compared to men (11). 

The larger quantity of cutaneous temperature sensitive neurons in females 

versus males they reasoned would lead to greater spatial summation of receptor 

signals leading to greater thermosensitivity at all ranges of temperatures (21). 

Alternatively, they also suggest from their research that differences in 

thermosensitivity between sexes may be due to greater skin thickness among 
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men compared to women which would lead to an increase time to respond to a 

temperature stimulus for men, indicative of lower thermosensitivity (30). While 

Golja et al. looked at sex differences in thermal thresholds, their study did not 

control for fluctuations in core temperatures due to the menstrual cycle in 

women. As sex is important factor in thermal threshold detection, it is necessary 

to identify differences in thermal threshold among sexes to properly understand 

the underlying physiological mechanism involved in thermosensitivity and the 

cold response. 

1.1.3. Menstrual Cycle & Body Temperature 

When looking at differences in male and female thermal thresholds as well 

as differences in physiological responses and thermal comfort votes in cold 

environments it is important to be aware of the hormonal effects of the female 

menstrual cycles on core temperature, skin blood flow and skin temperature (57). 

Physiologically, estradiol, luteinizing hormone (LH) and progesterone have a 

strong influence on the vascular activity and this leads to menstrual cycle-

dependent changes in core temperature (50). Estradiol and progesterone each 

increase in concentration during the luteal phase (50). High plasma 

concentrations of progesterone cause the cutaneous vasodilation threshold to 

shift to higher core temperatures and also affects the water-sodium balance (10). 

Consequently, high plasma concentrations of progesterone results in an increase 

in core temperature of about 0.3 to 0.6⁰C following ovulation during the luteal 

phase compared to the follicular phase in females. Sodenberg et al. (79) 
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investigated the effects of thermal cold perception during late follicular, mid-luteal 

phase and early follicular phase and found a significantly lower thermal cold 

perception threshold during late follicular phase and mid-luteal phase compared 

to early follicular phase. Sodenberg et al. (79) believe that these differences are 

attributed to high estradiol concentration which they claim act on the thin 

myelinated fibers influencing thermal perception. So for studies of thermal 

thresholds the study design needed requires data on female menstrual cycle, 

specifically which phase the female volunteers are experiencing during testing 

session so that the effects of the menstrual cycle can be properly taken into 

account. 

1.1.4. Clothing Physiology 

Clothing Thermal Properties  

A major component of the human physiological response to the cold is 

behavioural and this includes utilizing protective clothing or technical apparel. 

The basic thermal insulation properties of clothing help with retaining warmth and 

allowing for humans to survive in cold weather conditions (37-39, 43). Thus a 

comprehensive understanding of the clothing construction is essential for 

understanding the cognitive as well as physiological responses to the cold. The 

ideal clothing design for cold environment focuses on minimizing heat loss due to 

cold stress (35). Humans wearing clothing are in a dynamic environment and 

when they are moving or exercising this affects the ability for clothing to prevent 
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heat loss. When designing clothing for cold environments, to account for 

fluctuating conditions, clothing should be able to optimally protect at a wide range 

of temperatures (35, 44). While there is a focus on preventing heat loss, there is 

also consideration for preventing heat accumulation from exercise in cold 

environments (39). For clothing testing 5 major components can be assessed: 

heat resistance, vapour resistance, water tightness, air permeability and wicking 

(35).  

The basic thermal insulation or heat resistance is an intrinsic property of 

clothing independent of the environment. Thermal insulation represents the 

resistance to heat exchange between the skin and the clothing surface due to 

convective or radiative heat exchange (35). In the cold it is important for retention 

of heat, while in hot conditions it is important for preventing heat accumulation. 

The main mode of heat exchange in clothing apparel is through convection of 

heat to and from the air (68). 

Thermal insulation is the reciprocal of clothing conductivity. Gagge et al 

developed the clo unit for thermal insulation that is an expression of the amount 

of thermal insulation expressed per unit surface area (25). One clo is defined as 

the thermal insulation required to keep a clothed resting individual warm and 

comfortable at an ambient temperature of 21°C in a room ventilation with of air at 

1 m/s (13, 25). Higher clo values correspond to a specific fabric giving more 

insulation. 
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Thermal insulation values can be determined using static thermal 

manikins or using a hot plate apparatus that emits a temperature gradient (35). 

Heat loss through a fabric sample at a set temperature gradient from the static 

thermal manikin or hot plate is assessed at a set ambient temperature. As these 

types of tests are static and as such they are often poor representation of human 

physiology. The thermal insulation values do not provide an absolute 

determination of clothing thermoregulatory properties and effectiveness in active 

settings (43, 44). In a dynamic setting there is movement, humidity differences 

and changes in wind velocity. These can greatly influence the thermal 

effectiveness of clothing. To aim for more practical thermal insulation values, 

thermal insulation corrected values are required and employed to more 

accurately represent the thermal insulation of clothing (43, 44). 

One of the design methods employed in cold weather technical apparel to 

retain heat is by minimizing the circulation of air due to convection in the 

microenvironment. The microenvironment is the space between the inner layer of 

clothing and the surface of the skin (32).  The convection in the 

microenvironment is dependent on clothing ventilation which has an inverse 

relationship between air permeability and thermal insulation of clothing (32, 35). It 

is reasoned that constructions that maximize retention of still air will perform 

better in cold weather conditions as they resist the cooling due to convection 

(32). A phenomenon known as ‘clothing pumping’ occurs when there is human 

movement while wearing clothing. This results in circulation of trapped air with 
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the ambient environment. With ‘clothing pumping’ there is a decrease in 

microenvironment temperature due to convection in the clothing-skin 

microenvironment (32).  It is believed with proper fabric selection and garment 

construction, clothing ventilation can be minimized to provide an ideal 

microenvironment for humans in cold conditions. This suggests that an 

elasticized version of a winter coat with ‘box baffles’ relative to a non-elasticized 

winter coat will provide a greater maintenance of thermal balance as it will 

minimize the loss of still air due to or convection evident with ‘clothing pumping’.  

Water penetration must also be taken into consideration when selecting 

proper fabric for clothing design in cold environments. If water is able to 

penetrate the clothing layer in cold environment, there will be a greater amount of 

heat loss due to convection to the surrounding environment (35). Proper 

waterproofing is necessary to ensure adequate defense against convective heat 

loss. When designing clothing with waterproofing in mind, it is important to note 

that water proofing will reduce vapour permeability (35). This could affect the 

ability for the clothing to perform ideally in exercise conditions, as the ability to 

remove excess heat accumulation by evaporation becomes more difficult. 

Waterproofing is also advantageous in assisting with wind proofing of clothing 

(35). A proper balance of waterproofing and vapour permeability is required to 

reach ideal maintain temperatures over a wide range in cold environments with 

light exercise. 
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Wicking has an important role in assisting with thermal comfort during cold 

exposure. Discomfort is often reported when liquid is present on the skin (35, 72). 

Proper wicking fabrics are effective at removing liquids from the skin, this aids in 

removing skin surface sweat which facilitates evaporation (32). With the removal 

of sweat from the skin, there will be removal of discomfort. While this may not be 

an important property in static cold exposure, proper wicking is necessary in 

exercise conditions and is applicable for clothing designed for workers in the cold 

(35). Assessment of wicking ability has been performed by hanging strips of 

fabric, wetting them for a fixed period of time and then quantifying their ability to 

wick (35). Newer objective measures of assessing wicking of fabrics have 

employed electrical conductivity testing which involved running a current to 

quantify the water absorption speed of the fabric (35). 

Fabric Selection 

In recent years, there is an increased focus on developing athletic apparel 

designed to maintain thermal balance and keep the athlete cool due to a demand 

for increase in performance. Specifically, in performance athletic wear such as 

for running, there is a need to keep athletes dry and cool during physical activity. 

This trend has led to increased research in fabric analysis and selection (43).  In 

hot environments, a major component of sports apparel fabric is the ability to 

wick sweat away from the skin into the clothing allowing for cooling of the skin 

temperature (32). Similarly, ventilation must be considered as well. Air movement 

is important in cooling the body as flowing air will cool the body while trapped air 
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would keep the wearer warm. Thus when assessing clothing ventilation there is 

an inverse relationship between air permeability and thermal insulation (32). The 

more permeable the clothing ensemble the less the ensemble will be able to 

retain heat in the microenvironment and thus will result in a cooler environment 

(42). 

A previous study focused on the size of the fabric: small, medium and 

large knits – representing differences in air permeability with the large knits 

representing highest air permeability and the small knits representing the lowest 

air permeability (31). The results showed that the large knits gave a lower torso 

skin temperature as well as a lower perceived hotness (31).  

When selecting for fabrics there are two major factors to consider: 

Absorption ability and moisture transport in clothing (32). Natural fibers such as 

cotton and wool have very effective absorption ability  as they can wick moisture 

from the skin much better than other fabrics (15). Due to their strong absorption 

ability, however, natural fibers also retain the sweat in the fabric much longer 

compared to other fabrics (15). Furthermore, cotton and wool also have low 

thermal conductivities which may lead to higher core and skin temperature in 

exercise activities (40, 43).  

Conversely, in hot environments synthetic fabrics such as polyester are 

not very effective at sweat absorption. However, these fabrics are very effective 

in transport of moisture through clothing. Heat loss due to evaporation of sweat is 
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more accessible to the ambient environment in synthetic fabrics.  Due to the 

strong absorption properties of cotton and wool, they retain the moisture and 

cannot spread the moisture to other regions of the fabric (32). From these fabric 

properties, there is an increase focus on creating fabric blends that can maximize 

both water absorption and moisture transport. Currently, a mixture of these 

fabrics consisting of 92% nylon and 8% spandex has been shown to be the most 

promising at maximizing water absorption and moisture transport compared to 

other fabric blends (45).  

In terms of clothing fabric assessment, there is much needed focus on 

replicating exercise conditions (13, 42). Clothing fabric choices are most often 

assessed in conditions seen in general work (38, 42). Due to the rise in 

popularity of sport specific fabric analysis there is a need for fabric testing in 

exercise conditions seen in the sport of interest. For example, many fabric tests 

used long-sleeve shirts. For many sports short-sleeve shirts are much more 

commonly used and recent studies have shown differences in results between 

long-sleeved shirts and short-sleeved shirts in maintaining thermal balance (26). 

While fabric choices have been shown to have influence on skin 

temperature in resting conditions, the evidence supports that there is no 

significant thermal balance differences between synthetic and natural fabrics 

during work-related condition (45, 51). There is a need for assessments in 

exercise conditions to establish any potential differences in thermal balance 

between synthetic and natural fabrics. 
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Thermal Manikins 

Thermal manikins are an effective research instruments used in clothing 

physiology. During the early 1940s, the earliest research thermal manikins were 

developed and this consisted of a single segment copper manikin for military 

purposes (44). Thermal manikin have been developed and improved for over 60 

years. There are hundreds of manikin iterations, each milestone bringing on 

significant improvements and features (Table 2).  

Thermal manikins in clothing assessment is a popular resource used to 

study clothing heat transfer characteristics (44, 60). A wide variety of 

measurements can be tested when using thermal manikins and these include: 

thermal insulation of clothing, sweating rate and air movement around the human 

body (60). The thermal manikin can be used to simulate human body heat 

exchange with the environment as well as whole body and local heat fluxes.  

Thermal manikins also allow measurement of heat exchange, integration of dry 

heat losses, objective measurements of clothing thermal insulation and they help 

by providing clothing insulation and evaporative resistance values for prediction 

models (44). Thermal manikins also can be used in many different environmental 

conditions including those with high or low ambient temperatures, with humid or 

dry air and with or without wind (44). 

Early prototypes of thermal manikins could only change temperature on a 

whole-body level (44). During the development process it was clear to 
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researchers that there was a need to control multiple individual segments in 

thermal manikins to replicate human physiology. This has led to current thermal 

manikins to control at least 15 body segments or function as a single whole body 

(44, 60). Multiple segment control has led to thermal manikin assessment in 

asymmetric thermal environments (44). The ability to control these segments 

contributes to improved heat radiation and accuracy of measurements (60). 

Additionally, the development of joint-moving manikins have helped simulate 

human movement and exercise thus providing a more accurate representation of 

human physiology.  

Current reliability and reproducibility of thermal manikins in research 

settings have been maximized to an acceptable range from previous iterations of 

thermal manikins (1, 44). Repeatability within labs has a variability of about 2-4% 

in thermal insulation measurements (44). Between labs, reproducibility has a 

variability of about 5-10% (44). Future developments of thermal manikins require 

standardization of construction and build among the industry (44). With 

standardization, this can lead to improving accuracy and reliability in research 

involving thermal manikins. 

In recent years thermal manikins have been moving forward in two distinct 

directions. Similar to the history of thermal manikin, one path continues to 

develop multi-function thermal manikins in research settings. Major 

breakthroughs include thermal manikins that can produce sweat and mimic 

human walking movements. As well there has been a creation of gender specific 
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manikins (44). The other trend in thermal manikin development is the creation of 

simple, reliable cost effective thermal manikins (44). This trend is popular in 

industry settings and most often these types of thermal manikins use whole-body 

control for assessing thermal insulation.  

While thermal manikins are effective at assessing static thermoregulatory 

responses in clothing physiology, they are less effective in dynamic situations. 

Furthermore, with respect to human clothing testing a large component is related 

to thermal comfort and cognitive response. At this time, thermal manikins are 

unable to provide thermal comfort responses and this is a significant limitation in 

cold clothing physiology. 

 

1.1.5. Thermal Perception at Rest and Light Exercise 

Human Cognitive Response to the Environment 

Temperature sensitive neurons in the skin are integrated into the 

peripheral nervous system and play a role in thermal perception (74). Through 

thermal perception an individual can determine if they are in a state of thermal 

comfort or if they can perceive an uncomfortable thermal state. Thermal comfort 

is defined as the satisfactory or indifferent response to the thermal environment 

(72). The main determinants of thermal comfort are suggested to be both core 

and skin temperatures (22, 73). When comparing hyperthermic and 

normothermic conditions, Schlader et al. determined that skin temperature was 
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more influential on thermal comfort compared to core temperature (72, 73). 

Schlader et al. cooled skin temperature while increasing the core temperature 

through exercise and found that subjects still felt thermally comfortable (22, 72, 

73). Additionally, when core temperature was maintained while skin temperature 

was increased there were increased reports of thermal discomforts. During 

cooling, once hyperthermic state was achieved core temperature showed to be 

the main factor determining thermal comfort (72). Consequently, Schlader et al. 

concluded that skin temperature was more influential on thermal comfort 

compared to core temperature for hyperthermic conditions (73).  In exercise in 

the heat, recent research suggest that skin wetness due to sweating also 

influences thermal comfort (20). It is believed that once a certain amount of 

sweat is generated thermal comfort decreases due to this unwanted wet stimuli 

from sweat (20).  

Thermal sensation also plays an important role in behavioural responses 

to changes in temperature. Thermal sensation is described as the ability to 

discriminate temperature differences in a thermal environment (73). From 

extensive research in thermal sensation, evidence suggest that thermal 

sensation is mainly influenced by skin temperature during both rest and exercise 

(22, 87). Gerrett et al. suggest, however, that thermal sensation may be less 

sensitive during exercise compared to rest as a larger change in temperature is 

required to be detectable (28). Thus, skin temperature is an important factor in 
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thermal sensation, and may play an influencing role when considering cutaneous 

temperature sensitivity evaluations such with a cooled thermode probe. 

 

 

Sex Differences in Thermal Perception 

Tikuisis et al. and Wagner & Horvath suggest that thermoregulatory 

changes in core and skin temperature are mostly due to sex differences in body 

composition (82, 85). Karjalainen (2012) in a review on the topic of gender and 

thermal comfort, and pilot studies in our lab, show that females have similar core 

and skin temperature changes in response to cold relative to males. It is then 

expected that males and females would experience similar thermal comfort in 

identical climate conditions; however, this result is reported infrequently. Instead, 

thermal comfort results reveal that females typically report a much colder 

experience than males (48). It is reasoned that this difference arises from 

differences in cutaneous temperature sensitivity between sexes. Golja et al. 

show females are still more thermosensitive compared to males without control 

for hormonal differences in menstrual cycle (30). Consequently for studies of 

thermal comfort the literature supports that females will report lower thermal 

comfort in similar conditions compared to males. Investigating the relationship 

between thermal comfort and cutaneous temperature neurons may reveal the 

mechanism as to why these differences are commonly reported. This knowledge 
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has important considerations on design of clothing for active females in cold 

environments. 
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1.2. Rationale 

Studies have shown that the cold response between sexes is different due 

to both physiological and anatomical influences (8, 59, 82). As well, in identical 

climatic conditions, females have reported a lower thermal comfort compared to 

males (48). Previous literature links these differences to body composition, 

adiposity and thermal insulation. Park et al. (67) have shown that during exercise 

body insulation decreases by ~75% from that at rest, however, when females 

and males are compared in cold exercise conditions there is still difference in 

physiological responses to the cold (58).   Recent research in TRP channels 

suggest that cold response differences between sexes is due to difference in 

cutaneous temperature sensitive neurons density (30). There is evidence that 

females are more sensitive through cutaneous temperature sensitivity testing to 

the cold in the periphery compared to males (30). It is reasonable to believe that 

temperature sensitive neurons may contribute to the underlying physiological 

mechanism involved in thermosensitivity and cold responses. 

Cognitive responses to the cold are typically with the utilization of 

protective clothing. Basic thermal insulation properties of clothing aid in retaining 

warmth and thermal comfort in cold weather conditions through minimization of 

conductive heat exchange (40, 41). Through ‘clothing pumping’ from movement 

in cold environment, undesirable circulation of trapped air occurs and results in 

cooling of the skin and core temperature as well as thermal comfort (2). It follows 

that an elasticized version winter coat, that minimized the effects of ‘clothing 
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pumping would be more effective in maintaining thermal balance and thermal 

comfort. 

1.3. Hypothesis 

1.3.1. Study 1: Effect of Mild Cold Exposure on Cognitive and 
Physiological Responses between Males and Females 
Wearing Different Clothing Ensembles 

It was hypothesized for the same cold conditions and same light intensity 

exercise that males and females in each coat type would have similar core 

temperatures, oxygen consumption rate, and heart rate but females would have 

lower skin temperature and surface heat flux. It was also hypothesized that within 

each sex, an elasticized coat that minimizes clothing ventilation would give a 

diminished physiological responses to the cold compared to a non-elasticized 

coat for core temperature, oxygen consumption rate, heart rate, skin temperature 

and surface heat flux. It was hypothesized that within each sex, the elasticized 

coat would give a better regional and overall thermal comfort relative to that of a 

non-elasticized coat. 

1.3.2. Study 2: Differences in Cutaneous Temperature Sensitivity 
between Males and Females 

After controlling for confounding influences of thermode application 

pressure, for cutaneous temperature sensitivity testing using the method of limits 

and method levels, it was hypothesized that females would be more sensitive to 
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temperature changes on the skin compared to males. It was also hypothesized 

that females would be more sensitive to temperature changes on the skin on the 

dorsum of the hand, chest, and upper back compared to males when assessed 

using the Method of Levels and Method of Limits. 
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Effect of Mild Cold Exposure on Cognitive and 
Physiological Responses between Males and 
Females Wearing Different Clothing Ensembles 

2.1. Introduction 

Under a cold stress, the human body responds with both a vasomotor 

response to give a peripheral vasoconstriction and a metabolic response 

comprised of Shivering Thermogenesis (ST) and Non Shivering Thermogenesis 

(NST) that collectively helps regulate core temperature (3, 49, 84). Due to 

underlying physiological and anatomical differences, males and females respond 

differently to cold exposure (85). Wagner & Horvath showed that during cold air 

exposure at 10°C, while wearing minimal clothing, women relative to men have 

more stable core temperatures, more rapid metabolic responses and a lower skin 

temperature (85). Wagner & Horvath concluded physiological sex differences are 

due to body composition and the role of body adiposity in assisting with thermal 

insulation. Tikuisis et al. also concluded that sex differences during cold 

exposure in thermoregulation are due to body composition as they found no 

differences in rectal temperature cooling and metabolic rates after correcting for 

body fatness and body surface area (82). Current literature supports that body 
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adiposity is an important determinant of thermal insulation and core temperature 

regulation for both sexes when exposed at rest to cold environments (8, 82, 85). 

The sex related differences in the physiological cold response are less 

clear during exercise. Park et al investigated the percent contribution of insulation 

from muscle and from fat to total body insulation. They found that as exercise 

intensity increased, there is a progressive drop in total body insulation to a value 

of ~ 25% of the resting value (67). Park et al’s study showed the 75% drop of 

total body insulation was due to the removal of skeletal muscle insulation, as it 

became perfused during exercise, and this supports the need for excellent 

thermal protection from winter garments during exercise in cold environments.  

Evidence indicates that sex differences to cold are not limited to 

physiology. Rather, there are reports of sex differences for thermal comfort vote 

responses to the same cold stress (48). Previous pilot studies in our lab and as 

shown in the literature review by Karjalanina, support that females who 

experience identical cold stress as men while wearing similar clothing ensembles 

report a lower thermal comfort (48). It is reasoned that this difference arises from 

differences in cutaneous temperature sensitivity between sexes as reported on in 

study 2 in Chapter 3 of this thesis. 

One of the first behavioural responses is using clothing to assist in 

maintaining core and skin temperatures. Cold weather technical apparel is 

designed to minimize circulation of air due to convection and to provide a warm 
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microenvironment for the individual (2, 32, 41). Ideally, cold weather technical 

apparel minimizes clothing ventilation and maximizes thermal insulation to help 

improve thermal comfort of the user.  

One technical apparel design approach to improve winter coat 

performance is to create ‘box baffles’ with circumferential elastic bands to 

minimize clothing ventilation. The success of these ‘box baffles designs’ should 

be reflected by a higher skin temperature and lower surface heat flux while 

maintaining core temperature compared to a non-elasticized coat without box 

baffles. Furthermore, as clothing ventilation would be minimized, the elasticized 

version of the coat with box baffles should give greater thermal comfort when 

compared to a non-elasticized version in identical cold conditions. It was 

hypothesized for the same cold conditions and same light intensity exercise that 

males and females in each coat type would have similar core temperatures, 

oxygen consumption rate, and heart rate but females would have lower skin 

temperature and surface heat flux. It was also hypothesized that within each sex, 

an elasticized coat would give a diminished physiological responses to the cold 

compared to a non-elasticized coat for core temperature, oxygen consumption 

rate, heart rate, skin temperature and surface heat flux. It was also hypothesized 

that within each sex, the elasticized coat would give a better regional and overall 

thermal comfort relative to that of a non-elasticized coat. 
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2.2. Methods 

2.2.1. Ethics 

Approval for this study was obtained from the Simon Fraser University 

Office of Research Ethics. Each participant was provided the option of removing 

themselves from the study at any point at ant any time, without reason. 

2.2.2. Participants 

The participant was given an orientation in the laboratory of the equipment 

involved in this study and an explanation of the protocol. At the orientation, the 

participant could ask any questions they had about the study and they completed 

a Physical Activity Readiness Questionnaire (PAR-Q) and a health screen 

questionnaire. At the end of the orientation, the participant was given a 24 h 

reflection period. After the 24 h of reflection, an informed consent was given to 

the participant to be reviewed and signed. Upon arrival for their first testing 

session, each participant reviewed and signed the informed consent. 

Each participant for the male and female groups was recruited to fit a 

medium size clothing ensemble. The measurements employed included a 40” 

chest, 30” waist, 40” hips, 34” arms and 31.5” inseam for males. For females: 36” 

chest, 28” waist, 39” hips, 31’ arms and 29” inseam. During the orientation 

session, each participant took time to ensure the clothing ensemble fit.  
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The recruited males had a mean age (± SD) of 25 (5) while females had a 

mean age of 30(8). Males had an average height of 1.80 m (0.07) and an 

average weight of 77.4 kg (6.7). Females had an average height of 1.69 (0.05) m 

and an average weight of 64.7 kg (5.4). Seven females were in follicular phase of 

the menstrual cycle, 2 females were in luteal phase and 1 female had 

amenorrhea. 

A difference in oxygen consumption of 1.3 ml/(kg∙min), based on previous 

pilot studies in the laboratory for metabolic responses to cold environments, was 

determined to be the difference in means worth detecting. With α = 0.05, 80% 

power and SD = 1 ml/(kg∙min) a sample size of 20 total participants (10 males 

and 10 females) are required to detect biologically important effects. We 

performed 5 power calculations based on the rectal temperature, mean skin 

temperature, whole body thermal comfort, heat flux, and oxygen consumption. 

For rectal temperature, based on pilot study data, it was determined that a 

difference of 0.3⁰C with SD = 0.2⁰C would require 7 males and 7 females. For 

mean skin temperature based on pilot study data, it was determined that a 

difference of 3.5⁰C with SD = 2.5⁰C would also require 7 males and 7 females. 

For thermal comfort, based on pilot study data, it was determined that a thermal 

comfort difference of 1.0 with SD = 0.5 would require 4 males and 4 females. For 

heat flux, based on pilot study data, it was determined that a difference of 20W 

with SD = 15W would require 9 males and 9 females. For cutaneous temperature 

sensitivity, it was determined that a difference of 0.4⁰C and a SD = 0.4⁰C would 
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require a sample size of 5 males and 5 females. All sample size justification 

calculations were set at an α = 0.05, 80% power. Oxygen consumption sample 

size determination was selected as it required the most participants. A summary 

of the sample size justification can be seen in Table 2.1. 

2.2.3. Instrumentation 

Metabolic and Ventilation Variables 

 During each testing session, each participant wore a nose clip and 

breathed through mouthpiece. The mouthpiece was connected to a Hans-

Rudolph non-rebreathing valve which moved expired air to a 3.8 cm diameter 

tube and subsequently to a mixing box. The Hans-Rudolph non-rebreathing 

connected also a two-way mass flow sensor (Sensormedics, Yorba Linda, CA, 

USA). Analysis of fractions of O2 and CO2 in expired gases in the mixing box and 

data collection was performed by gas analysers in a breath-by-breath metabolic 

cart (Vmax 299c, Sensormedics, Yorba Linda, CA, USA). The inspiratory and 

expiratory gas flow rates were assessed by the mass flow sensor.  

 The mass flow sensor was calibrated for volume using a 3L syringe. The 

metabolic cart gas analysers were calibrated using two calibration gas tanks one 

with a composition of 26% O2, balance N2 and the other 16% O2, 4% CO2 and 

balanced N2. All calibrations were done at room temperature. 
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Skin and Core Temperature and Surface Heat Flux 

 Skin temperature and surface heat flux were detected at seven sites using 

thermocouples for skin temperature and surface heat flux disks for heat flux 

(Thermonetics, California USA). The seven sites for skin temperature and 

surface heat flux were measured on the upper back (TUB & HFUB), lower back 

(TLB & HLB), chest (TCH & HFCH), abdomen (TAB & HFAB), upper arm (TUA & HFUA) 

and lower arm (TLA & HFLA). Heat flux discs and skin thermocouples were 

attached at the seven sites using hypoallergenic tape (Transpore, 3M, St. Paul, 

MN, USA) (Figure 2.1.). Mean skin temperature was calculated using the 

unweighted mean of the seven measured sites. Similarly, mean heat flux was 

determined using the unweighted mean of the seven measured sites.  

Thermocouples used in skin temperature measurements were calibrated using a 

temperature controlled water bath (VWR Int, Model 1196, West Chester, Penn 

USA) in which the temperature was monitored by a traceable platinum 

thermometer (Fisher Scientific, Nepean, ON, Canada). Heat flux disks were 

calibrated using a copper encased temperature controlled water bath (VWR Int, 

Model 1196, West Chester, Penn USA). 

 Core temperature was measured using a rectal thermistor (DeRoyal TN, 

USA). The rectal thermistor was 30 cm in length and was inserted 10 cm past the 

external rectal sphincter. Prior to testing, the rectal thermistors were calibrated in 

a temperature controlled water bath (VWR Int, Model 1196, West Chester, Penn 
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USA) while being monitored by a traceable platinum thermometer (Fisher 

Scientific, Nepean, ON, Canada). 

Thermal Comfort 

 Thermal comfort ratings were assessed using a scale developed by 

Havenith (35). The comfort rating scale began with 2 being ‘comfortable warm’ 

and -10 at the lowest end of the scale being ‘extremely cold’ (Figure 2.2). 

Thermal comfort was assessed at the seven sites at which skin temperature 

thermocouples and surface heat flux were located: upper back, lower back, 

chest, abdomen, upper arm, posterior shoulder, lower arm. As well, overall 

thermal comfort was assessed for the individual at each measurement time point. 

. 

Clothing Ensemble 

Each participant will wear standardized clothing ensembles consisting of 

outerwear pants, long johns, base layer undershirt, gloves, goggles, face mask, 

toque, and boots (Mountain Equipment Co-op, Vancouver, BC, Canada). 

Additionally, volunteers wore either a non-elasticized (NE) or elasticized (E) 

version of a polyester outerwear jacket (Mountain Equipment Co-op, Vancouver, 

BC, Canada) for one of their two testing days. The outerwear jackets were non-

wicking, non-waterproof with a thermal insulation of 1.656 clo and air 

permeability of 0.004 m3·s-1·m-2. The E coats utilized a ‘box baffle’ design which 

prevented air and coat material from shifting so as to minimize clothing 
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ventilation. The clothing ensembles were all medium in size with the following 

measurements: 40” chest, 30” waist, 40” hips, 34” arms and 31.5” inseam for 

males. For females: 36” chest, 28” waist, 39” hips, 31’ arms and 29” inseam. The 

clothing ensemble over top of the skin temperature thermocouples and heat flux 

disc and will be worn prior to entering the cold chamber. 

2.2.4. Data Acquisition 

Skin temperature and surface heat flux were collected using a skin 

temperature and heat flux transducer discs (Thermonetics, California, USA). The 

heat flux disc use two thermocouples monitoring the temperature gradient to 

determine heat flow direction and magnitude, which were sampled at a rate of 40 

Hz and recorded every 20 s connected to a data acquisition system connected to 

a computer running LabVIEW software (Ver. 7.1, National Instruments, Austin, 

TX, USA). Similarly core temperature was recorded using a thermistor connected 

to a data acquisition system connected to a computer running LabVIEW software 

(Ver. 7.1, National Instruments, Austin, TX, USA). Additionally, all physiological 

data was recorded periodically every 3 minutes by hand on data sheets and kept 

in a binder.  

 . Thermal comfort ratings were collected by hand and recorded on data 

sheets every 3 min prior to and during trials in the climatic chamber All data 

sheets were then transferred to a spreadsheet on a computer and data sheets 

were stored in a binder. 
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2.2.5. Protocol 

Each participant had two trials on separate days with one trial for each 

outerwear jacket. Females were tested on successive days to avoid confounding 

results due to the menstrual cycle.  After instrumentation, each volunteer wore 

one of the two jackets and sat at rest for 5 min outside of the climatic chamber at 

room temperature, this was called Warm Sitting Rest (WRS). Following the initial 

rest, each participant entered the climatic chamber set at -8⁰C (Tenney 

Engineering Inc., Union, NJ, USA). For the first 5 min in the chamber the 

participant was in the Cold Rest while Upright (CRU). Next, the participant 

walked at 5 km/h on the treadmill for 20 min, where the first 10 min of this stage 

the participant was in the Cold Exercising and Walking (CEW) with no arm 

movements. During this time a fan was blowing wind at ~10 km/h to simulate 

walking conditions. After 10 min of walking, each participant began an arm 

movement involving a pulley system to simulate Nordic skiing conditions or Cold 

Exercise Walking with Arm movement (CEWA). After the 20 min of exercise, the 

participant was in Cold Sitting at Rest (CRS) for another 5 min. After the 

conclusion of CRS, the testing session was complete for that outerwear. 

2.2.6. Statistical Analysis 

The physiological outcome variables of interest from each volunteer in the 

climatic chamber testing portion are skin temperature, core temperature, thermal 

comfort, surface heat flux, oxygen consumption, and heart rate.  
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The main effect of Sex (Male, Female), Outerwear Jacket (Non-

Elasticized, Elasticized) and their interaction (Sex x Outerwear Jacket) were 

computed and examined using a 2-Factor Mixed Model ANOVA by SPSS 

software (Version 23, Surrey, UK). Sex was a non-repeated between-subjects 

factor and Outerwear Jacket was set as the repeated within-subject factor.  

Follow-up testing, was with an unpaired t-test to compare the means of 

either Sex or Outerwear Jacket if a main effect of Sex by Outerwear Jacket were 

detected in the ANOVA model. Results are to be considered statistically 

significant if p<0.05. 

2.3. Results 

Comparing sexes divided by coat types, there was no significant 

difference in mTSK (Figure 2.3) and mHF (Figure 2.4) during all activity states 

while wearing either NE or E coats. There was a significantly greater TRE of 

~0.2°C in females vs. males when wearing NE at all activity levels (Figure 2.5). 

These differences in TRE responses between the sexes were removed when 

assessing ΔTRE (Figure 2.6).  

Between the sexes wearing either NE or E coat types absolute VO2 

(L/min) was significantly greater in males than females by ~ 0.1 L during CRU, 

CEW and CEWA (p<0.05) for both NE and E coat types (Figure 2.7). When 

normalizing for weight, there was no sex differences in VO2 (Figure 2.8). Females 
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had a heart rate response during and/or after exercise that was significantly 

greater by ~10-15 bpm compared to males in both NE and E coat types (Figure 

2.8).  

Females in NE coats had a significantly greater mTSK (Figure 2.9) 

compared to the E coat during CEW (p<0.05) and CEWA (p<0.05). In the NE 

coat females had an mTSK 29.5⁰C (1.1⁰C) during CEWA while in the E coat mTSK 

was at 28.9⁰C (0.89⁰C).  For both males and females between coat types there 

was no significant difference in TRE (Figure 2.10), ΔTRE (Figure 2.11) and mHF 

(Figure 2.12) for all activity states. For VO2, there was a significant difference 

during CEW (p<0.05) between coat types for females. While wearing NE coat, 

females gave a VO2 of 0.95 L/min (0.12 L/min) compared to a lower response in 

the E coat which had a VO2 of 0.84 L/min (0.09 L/min). Men had the same VO2 

response in both coat types (Figure 2.13).  

Assessing thermal comfort (TC) at the 7 measured sites and overall, 

males reported a significantly higher TC during CEWA on UB (p<0.05), AB 

(p<0.05), LA (p<0.05), UA (p<0.05) and overall (OV) (p<0.05) in the E coat 

compared to the NE coat. Males reported a TCUB of -1.0 (1.0), a TCAB of -0.9 

(1.5), a TCLA of -1.0 (1.1), a TCUA -0.7 (1.4) and a TCOV -1.4 (1.2) in the NE coat 

compared to the E coat which reported higher TCUB of -0.2 (1.2), TCAB of -

0.2(1.6), TCLA of -0.4 (1.1), TCUA -0.3 (0.9) and TCOV of -0.6 (1.2). There was no 

significant differences in TC for females at the 7 measured sties and overall. 
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2.4. Discussion 

When sex comparisons were made for the two coat types, there was no 

physiological differences due to cold stress in skin temperature, change in core 

temperature and heat flux. Instead, males had greater absolute oxygen 

consumption rate while wearing both coat types compared to females, and 

females had a greater heart rate during the exercise protocol compared to males. 

This suggests that females may have been working at a greater intensity 

compared to males. It is of note the differences in VO2 disappeared after values 

were normalized for body weight differences between sexes. When assessing 

differences in coat types within each sex, it was revealed that females in the 

elasticized coats showed a decrease in skin temperature in comparison to the 

non-elasticized coat during exercise condition. This result was unexpected since 

the elasticized coat should be greater at trapping more still air in cold conditions 

and providing greater thermal insulation than the non-elasticised coat. Results 

indicated that during cold stress females generally had higher rectal 

temperatures supporting that female core temperature remains elevated 

compared to men during cold stress.  

For thermal comfort our results show that there were advantages for the 

elasticized coat compared to a non-elasticized coat for males during exercise 

with arm movement. The results indicate, at least for males, that successful 
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design of an elasticized clothing garment with box baffles can provide greater 

regional and overall thermal comfort when compared to a non-elasticized 

version. 

With respect to skin temperature and heat flux sex differences in the cold, 

our results are not entirely the same as that reported in the literature (8, 75, 82, 

85). Burse, and other experts in the field indicated that females will often have 

lower skin temperatures during cold exposure due to a greater vasoconstriction 

(8, 55). While this was not revealed in our results, this may be due to difference 

in experimental protocol. In our study, we utilized the cold weather clothing to aid 

in maintenance thermal balance. This supports that proper utilization of technical 

apparel for cold weather conditions can alleviate the strong vasoconstriction cold 

responses in skin temperature seen in females. A higher core temperature in 

females compared to males for exercise in the cold is consistent with the 

literature (6, 10, 50, 57, 79). The difference seen in core temperature might be 

attributed to the effects of the menstrual cycle. In females, there is an increase in 

core temperature of about 0.3 to 0.6⁰C following ovulation during the luteal phase 

compared to the follicular phase (10, 79). In this study, however, 7 of 10 females 

were in the follicular phase and one was had amenorrhea that speaks against 

this view.  

Our results showed no difference for skin temperature in males between 

coat types indicative of no difference in heat retention by either of the coats in 

cold weather conditions. For females, the elasticized coat was less effective at 
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maintaining skin temperatures compared to the non-elasticized coats. The 

reason for this difference for females remains to be resolved in a future study. 

Females typically display a more pronounced vasoconstriction of the periphery 

compared to males which may contribute to this explanation (8, 55).  

Some limitations arose during thermal comfort assessment. It may be 

advantageous in future studies utilizing Havenith et al.’s thermal comfort scale to 

use a continuous scale for thermal comfort instead of whole integers used in this 

study. This would provide greater resolution when performing analysis of thermal 

comfort and may provide less variation in reported comfort ratings. Future studies 

employ a greater difference in clothing ventilation through the construction of the 

clothing ensemble to further emphasize the potential thermoregulatory effects of 

trapping still air in the microenvironment.  As well as sweat rates could be 

compared between sexes as another potential course or variation contributing to 

these outcomes.  Secondly, as seen in sex differences in oxygen consumption 

and heart rate, it seems that the work load given by the treadmill speed should 

be standardize to control for these variables. To ensure that all participants are 

working at the same workload, it would best to improve this methodology by 

performing a VO2 max test for each volunteer prior to cold stress to set their work 

rates as a percentage of their maximum VO2. This would provide greater insight 

when comparing male and female physiology as well as clothing physiology.  
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Conclusion 

It was hypothesized that for the same cold conditions and same light 

intensity of exercise, males and females in each coat type would have similar 

core temperature, oxygen consumption rate, and heart rates plus that females 

vs. males would have lower skin temperature and surface heat flux. Our results 

did not have the hypothesized outcomes, absolute oxygen consumption rate and 

metabolic heat release were greater in males than females whereas heart rate 

were significantly greater in females compared to males. Skin temperatures and 

heat flux were not different between the sexes.  It was hypothesized that an 

elasticized coat will give a diminished physiological strain to cold stress than a 

non-elasticized coat. Our results were not in agreement with this hypothesis, as 

females had a significantly lower skin temperature when wearing an elasticized 

coat compared to a non-elasticized coat. Finally it was hypothesized that an 

elasticized coat would give a better regional and overall thermal comfort relative 

to that of a non-elasticized coat. For males, our results were in agreement with 

our hypothesis as males reported significantly greater thermal comfort at multiple 

sites and overall during cold during exercise with arm movement while wearing 

an elasticized coat compared to a non-elasticized coat whereas females had no 

differences in thermal comfort between the two coat types.  
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2.5. Tables 

Table 2.1  Sample size justification of the different physiological variables. α-level was set at 
0.05 and power was set at 0.80.  

From data collected in a December 2014 MEC pilot study 
  

Outcome Variable Difference in Means 

Worth Detecting 

Standard Deviation Number of 

Participants 

Rectal Temperature 0.3°C 0.2°C 7 males, 7 females 

Mean skin 

Temperature 

3.5°C 2.5°C 7 males, 7 females 

Whole body Thermal 

Comfort 

1.0 0.5 4 males, 4 females 

Mean Surface Heat 

flux 

20 W 15 W 9 males, 9 females 

Cutaneous 

Temperature 

Sensitivity 

0.4°C 0.4°C 5 males, 5 females 

Oxygen Consumption 1.3 ml/(kg∙min) 1 ml/(kg∙min) 10 males, 10 

females 
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Table 2.2 Table of characteristics for both male and female participants; values are the mean 
±SD.  

 

Participant Sex Height (m) Weight (kg) BMI (kg m-2) Age (y) 

#1 Male 1.79 77.9 21.3 22 

#2 Male 1.81 72.2 22.0 22 

#3 Male 1.85 76.2 22.3 22 

#4 Male 1.89 85.2 23.6 23 

#5 Male 1.75 68.9 22.5 32 

#6 Male 1.82 72.1 21.5 23 

#7 Male 1.63 81.2 30.6 29 

#8 Male 1.86 83.9 24.3 24 

#9 Male 1.79 87.3 27.3 36 

#10 Male 1.78 69.1 21.8 25 

#11 Female 1.66 58.9 21.2 28 

#12 Female 1.75 69.9 22.8 29 

#13 Female 1.65 65.5 24.0 19 

#14 Female 1.68 70.6 24.7 44 

#15 Female 1.62 57.3 21.7 23 

#16 Female 1.71 59.8 20.3 21 

#17 Female 1.68 72.8 25.8 37 

#18 Female 1.68 61.2 21.7 28 

#19 Female 1.79 66.1 20.6 40 

#20 Female 1.69 66.6 23.0 34 

Mean Male 1.79 (0.07) 77.4 (6.7) 24.0 (2.8) 25 (5) 

Mean Female 1.69 (0.04) 64.8 (5.4) 22.6 (1.8) 30 (8) 

 p-values 0.001 <0.001 0.16 0.203 
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2.6. Figures 

 

Figure 2.1 Seven sites of skin temperature thermocouples, heat flux discs and thermal comfort 
location. 
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Figure 2.2 Thermal comfort rating scale used in thermal comfort assessment from Havenith et 
al. (1992). 
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Figure 2.3 Mean skin temperature response for both NE and E winter coats. 
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Figure 2.4 Mean heat flux response for both NE and E winter coats 
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Figure 2.5 Core temperature response for both NE and E winter coats; * p<0.05 
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Figure 2.6 ∆ Core temperature response for both NE and E winter coats 
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Figure 2.7 Absolute oxygen consumption response for both NE and E winter coats;  * p<0.05 
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Figure 2.8 Relative oxygen consumption response for both NE and E winter coats 
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Figure 2.9 Heart rate response for both NE and E winter coats; * p<0.05 
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Figure 2.10 Mean skin temperature response between males and females divided by non-

elasticized coat and elasticized coat; * p<0.05 
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Figure 2.11 Rectal temperature response between males and females divided by non-elasticized 

coat and elasticized coat 
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Figure 2.12 Change in rectal temperature response between males and females divided by non-

elasticized coat and elasticized coat 
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Figure 2.13 Mean heat flux response between males and females divided by non-elasticized coat 
and elasticized coat 

-250

-200

-150

-100

-50

0

WRS CRU CEW CEWA CRS

M
ea

n
 H

ea
t 

Fl
u

x 
(W

)

Activity State

Male

NE E
N= 10

-250

-200

-150

-100

-50

0

WRS CRU CEW CEWA CRS

M
ea

n
 H

ea
t 

Fl
u

x 
(W

)

Activity State

Female

NE E
N= 10



 

62 

 

  
Figure 2.14 Oxygen consumption between males and females divided by non-elasticized coat 

and elasticized coat; * p<0.05 
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Figure 2.15 Heart rate between males and females divided by non-elasticized coat and 

elasticized coat 
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Figure 2.16 Upper back thermal comfort (TCUB) comparing both NE and E coat for males and 
females; * p<0.05 
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Figure 2.17 Lower back thermal comfort (TCLB) comparing both NE and E coat for males and 
females 
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Figure 2.18 Chest thermal comfort (TCCH) comparing both NE and E coat for males and females 
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Figure 2.19 Abdomen thermal comfort (TCAB) comparing both NE and E coat for males and 
females; * p<0.05 
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Figure 2.20 Lower Arm thermal comfort (TCLA) comparing both NE and E coat for males and 
females; * p<0.05 
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Figure 2.21 Posterior shoulder thermal comfort (TCPS) comparing both NE and E coat for males 
and females 
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Figure 2.22 Upper arm thermal comfort (TCUA) comparing both NE and E coat for males and 
females; * p<0.05 
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Figure 2.23 Overall thermal comfort (TCOV) comparing both NE and E coat for males and 
females; * p<0.05 
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Differences in Cutaneous Temperature Sensitivity 
between Males and Females 

3.1. Introduction 

While it is widely believed that human body composition and adipose 

tissue insulation plays a large role in sex difference cognitive and physiological 

response to cold (55, 82, 85), it is argued that cutaneous temperature sensitivity 

neurons play an important role in determining temperature dependent 

behavioural responses (29, 30). Recently, transient receptor potential (TRP) 

channels have been linked with temperature detection and sensation (71).  

These TRP channels provide a putative link between cold sensitive neurons and 

thermal perception as well as physiological responses to the cold. Many different 

factors including body mass index (BMI) (27), race (27, 76), age (4, 17, 76), and 

skin temperature (23, 27) influence cutaneous temperature sensitivity.  Even 

pressure of application of the thermode probe has been shown to be an 

influential factor in thermal threshold testing (36).  

No agreement has been reached on the sex specific differences in 

cutaneous thermal thresholds (17, 27, 30, 34, 48, 52, 53).  While Golja et al. 
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have shown that females have lower thermal thresholds compared to males, 

there is a lack of a clear physiological mechanism to explain these differences 

(17, 30, 53). It was suggested that thermosensitivity differences among sexes 

could be related women having a greater temperature sensitive neuron density 

compared to men (11, 30). More concentrated cutaneous temperature sensitive 

neurons would lead to greater spatial summation of receptor signals leading to 

greater thermosensitivity in women compared to men. It has also been 

suggested that differences in thermosensitivity between sexes may be due to 

greater skin thickness among men compared to women which would influence 

time to respond to temperature stimuli in men compared to women, decreasing 

thermosensitivity in men (30).  Few studies have controlled for fluctuations in 

core temperatures due to the menstrual cycle hormones in women. As sex is 

important factor in thermal threshold detection, it is necessary to identify 

differences in thermal threshold among sexes to properly understand the 

underlying physiological mechanism involved in thermosensitivity and the cold 

response. Furthermore, few studies have controlled for the effect of pressure 

during thermal cutaneous temperature sensitivity.  

In this study after controlling for confounding influences of thermode 

application pressure, for cutaneous temperature sensitivity testing using the 

Method of Limits and Method Levels, it was hypothesized that females would be 

more sensitive to temperature changes on the skin compared to males. It was 

also hypothesized that females would be more sensitive to temperature changes 
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on the skin on the dorsum of the hand, chest, and upper back compared to 

males when assessed using the Method of Levels and Method of Limits. 

3.2. Methods 

3.2.1. Ethics 

Approval for this study was obtained from the Simon Fraser University 

Office of Research Ethics. The participant was provided the option of removing 

themselves from the study at any point at ant any time, without reason. 

3.2.2. Participants 

The participant was given an orientation in the laboratory of the equipment 

involved in this study and an explanation of the protocol. At the orientation, the 

participant could ask any questions they had about the study and they completed 

a Physical Activity Readiness Questionnaire (PAR-Q) and a health screen 

questionnaire. At the end of the orientation, the participant was given a 24 h 

reflection period. After the 24 h of reflection, an informed consent was given to 

the participant to be reviewed and signed. Upon arrival for their first testing 

session, each participant reviewed and signed the informed consent. 

Each participant for the male and female groups was recruited to fit a 

medium size clothing ensemble. The measurements employed included a 40” 

chest, 30” waist, 40” hips, 34” arms and 31.5” inseam for males. For females: 36” 
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chest, 28” waist, 39” hips, 31’ arms and 29” inseam. During the orientation 

session, each participant took time to ensure the clothing ensemble fit.  

The recruited males had a mean age (± SD) of 25 (5) while females had a 

mean age of 30 (8). Males had an average height of 1.80 m (0.07) and an 

average weight of 77.4 kg (6.7). Females had an average height of 1.69 (0.04) 

and an average weight of 64.7 kg (5.4). Seven females were in follicular phase of 

the menstrual cycle, 2 females were in luteal phase and 1 female was had 

amenorrhea. A summary of the sample size justification can be seen in Table 

2.1. 

3.2.3. Instrumentation 

Cutaneous Temperature Sensitivity 

 Pressure application of the thermode probe was assessed using two 

round Force Sensing Resistors® (FSR®, Interlink Electronics, Camarillo, CA, 

USA) with an area of 0.16 cm2. A 15.82 cm2 plexiglass rings and a plastic collar 

shaft (Zoro, Inc, Buffalo Grove, IL, USA) attached to a thermode probe (NTE-2A, 

Physitemp Instruments Inc., Clifton, NJ, USA). The force sensing resistors were 

mounted on opposite sides of one of the upper plexiglass rings. Both resistors 

were placed in between the rings such that when pressure was being applied to 

the tip of the probes the force sensors were activated to detect the forces. This 

set-up allowed for simultaneous thermal threshold and pressure sensitivity 

detection. Both the thermode probe and the force sensing resistors were 
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connected to a National Instruments data acquisition system (SCXI-1000, Austin, 

TX, USA) controlled by a computer with LabVIEW software (Ver. 7.1, National 

Instruments, Austin, TX, USA). 

 The thermode probe employs a Peltier element which allows for control of 

the heat flux generated by applying current throughout the probe. Temperatures 

are simulated via a stream of cooled water from the pump and tank unit in the 

Physitemp (NTE-2A, Physitemp Instruments Inc., Clifton, NJ, USA).  Data was 

collected by a data acquisition system controlled by LabVIEW software and 

stored on a laptop. Additionally, data was also recorded by hand on data sheets 

and kept in a binder. 

Skin and Core Temperature and Surface Heat Flux 

 Skin temperature at each testing site sites using thermocouples 

(Thermonetics, California USA). The testing sites were measured at the upper 

back (TUB), dorsum of the hand (TH) and chest (TCH). Skin thermocouples were 

attached at the testing sites using hypoallergenic tape (Transpore, 3M, St. Paul, 

MN, USA). Thermocouples used in skin temperature measurements was 

calibrated using a temperature controlled water bath (VWR Int, Model 1196, 

West Chester, Penn USA) in which the temperature was monitored by a platinum 

thermometer (Fisher Scientific, Nepean, ON, Canada 
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3.2.4. Data Acquisition 

Skin temperature was sampled at a rate of 40 Hz and recorded every 1 s. 

The thermocouple was connected to a data acquisition system connected to a 

computer running LabVIEW software (Ver. 7.1, National Instruments, Austin, TX, 

USA).  

 Cutaneous temperature sensitivity temperatures was collected by the data 

acquisition system connected to a computer running LabVIEW software (Ver. 

7.1, National Instruments, Austin, TX, USA). Pressure was maintained at 1.96 N 

and was monitored and collected by the data acquisition system connected to a 

computer running LabVIEW software (Ver. 7.1, National Instruments, Austin, TX, 

USA). Data was also recorded by hand using data sheets.  

3.2.5. Protocol 

Testing took place at room temperature at approximately 22°C and each 

testing session took about 30 min. Each male participant laid supine topless 

whereas females wore a sports bra. This duration was chosen to prevent limb 

cooling and to limit the time to prevent a decline in alertness. During thermal 

threshold testing, the thermode was applied at 1.96 N of force to maintain 

constant pressure. Two testing methods were employed: (1) Method of Limits 

and (2) Method of Levels. Testing occurred at three sites on the body, the dorsal 

surface of the hand, chest, and the upper back. The dorsum of the hand was 

chosen to represent the periphery and the chest and upper back were selected to 
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represent the core region. The order of the two methods employed and the order 

of the tested sites were randomized. Two minute silent rest period between 

methods took place for the participant to familiarize with the pre-test temperature 

of 32°C. 

While the volunteer was seated, the thermode was set to a resting pre-test 

temperature of 32°C, one of the two methods was employed. Using the (1) 

Method of Limits, the temperature of the thermode probe was decreased at a 

steady rate 1°C/s from 32°C. Once the volunteer detected any change in 

temperature, he or she gave an audible “yes” response. The time and 

temperature at which the positive “yes” response was given was recorded and 

the procedure was repeated for 6 trials. The average of the 6 trials was 

considered the thermal threshold value for the Method of Limits. 

For the (2) Method of Levels, temperatures was initially decrease by 4°C 

from resting pre-test temperature of 32°C and then would quickly return back to 

32°C. From each probe temperature the next decrement was halved from the 

previous decrement in temperature. For example the decrements were 4°C, 2°C, 

1°C, 0.5°C, 0.2°C, 0.1°C, so we set temperatures at 32°C, 28°C, 26°C, 25°C, 

24.5°C, 24.3°C, 24.2°C. When a response temperature level was detectable by 

the participant they provided an audible “yes” and the temperature increments 

increased by halving from previous temperature levels. When a “no” was given – 

signaling the participant can no longer detect changes, the decrements were 
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doubled instead. The mean temperature between the last “yes’ and the “no” is 

taken and it is used as a thermal threshold value for data analysis. 

3.2.6. Statistical Analysis 

For cutaneous temperature sensitivity testing, cold threshold values were 

assessed using the mean of the six trials per measurement site from the Method 

of Limits and by taking the mean response value in the Method of Levels. Cold 

threshold values for both methods were determined for each of the three sites: 

Dorsum of the hand, chest, and upper back. Differences in cold threshold values 

were assessed between sexes using two-tailed unpaired t-tests with SPSS 

software (Version 23, Surrey, UK). Results were considered statistically 

significant if p<0.05.  

3.3. Results 

There was no significant difference in CST on the dorsum of the hand and 

using the method of levels (Fig. 3.1; p = 0.49) or the method of limits (Fig. 3.4; p 

= 0.17). 

There was a trend on the chest (Fig. 3.2) using the method of levels (p = 

0.092) for greater CST for males than females and male had significantly greater 

(p = 0.047) CST than females on the chest using the method of limits (Fig. 3.5). 

The method of levels on the chest (Fig. 3.2) showed that males could 

discriminate at 2.0°C (1.5°C) while females required larger temperatures to 
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discriminate at 3.8°C (3.2°C). With the method of limits on the chest (Fig. 3.5), 

males could discriminate temperatures on average at 4.0°C (1.3°C), while 

females discriminated at a higher temperature of 5.9°C (2.7°C).  

On the upper back, there was no significant difference in CST using the 

method of levels (Fig. 3.3; p = 0.19) or the method limits (Fig 3.6; p = 0.94) 

3.4. Discussion 

Results from CST using both Method of Limits and Method of Levels 

indicated that females are less sensitive to temperature changes on the chest 

compared to males. On the dorsum of the hand and at the upper back location 

there was no difference detected in temperature differentiation. While no 

difference was detected, females did on average have smaller thermal thresholds 

compared to males at the dorsum of the hand using the Method of Limits, as well 

females had a lower thermal threshold using the Method of Levels at the upper 

back. From our results we showed that chest thermosensitivity in women was 

less sensitive compared to males which may be explained due to underlying 

anatomical and physiological differences between the sexes. 

Golja et al. have shown that when assessing peripheral thermosensitivity, 

females tend to be more sensitive to temperature changes when compared to 

males (30). Our results indicate male and female thermosensitivity was the same 

on the dorsum of the hand and the upper back. Few studies in the literature have 
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looked at thermosensitivity at the chest or core region of the body (61). Our 

results give a novel indication that at the region of the chest females are less 

thermosensitive to males. The upper back was selected as a testing location as it 

was believed that there is a large amount of brown adipose tissue that may play 

a role in thermosensitivity (66). Our results indicate that there is not enough 

difference in temperature sensitivity in this region between sexes to detect a 

difference. Importantly, this study also shows these novel results while controlling 

for the application pressure of the thermode probe – removing it as a 

confounding factor commonly seen in CST. 

It is widely accepted that cutaneous temperature sensitivity is due to 

detection by cutaneous temperature neurons (20, 71, 88). Golja et al have 

suggested that sex differences in cutaneous temperature sensitivity may arise 

from differences in concentration of temperature sensitive neuron (29, 30). Our 

results seem to be in agreement with this mechanism. It could be that there is 

less concentration of temperature sensitive neurons in females compared to 

males at the chest region of the body (11). Another suggested mechanism linked 

cutaneous temperature sensitivity with thickness of the skin (29, 30). As women 

have thinner skin in the periphery, they would have decrease time to respond to 

a temperature stimulus which is suggestive of a lower thermosensitivity (30). This 

was not seen in our results at the chest as women had a much more delayed 

response to the cold compared to males. In the cold females rely on a more 

pronounced vasoconstriction compared to males in order to maintain thermal 
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balance (8, 55). This supports the results that females have greater 

thermosensitivity at the periphery, however, because the chest region does not 

need to undergo vasoconstriction as aggressively in the cold compared to the 

periphery, there less reliance on a need to detect cold in the chest region. It 

could be due to a greater concentration of temperature sensitive neurons 

elsewhere in the body that females are less thermosensitive compared to males 

at the chest. 

It has been shown many factors can influence CST (4, 17, 20, 27, 29, 30, 

50, 71, 77, 89). In our study, we used a novel pressure sensing thermode to 

standardize pressure to minimize any confounding results that may be due to 

variability of pressure of application. While we standardized as many parameters 

as possible, there are always other factors that could play a role in influencing 

thermosensitivity. As was mentioned earlier, skin thickness may play a role in 

thermosensitivity (30). Future studies looking at sex differences could look for 

standardization of skin thickness using ultrasound screening for temperature 

sensitivity testing through skin fold measurement before CST. This could assist in 

reducing variability seen in our results and may reveal novel mechanism on sex 

differences in thermosensitivity.  

Conclusion 

The hypothesis was that females would be more sensitive to temperature 

changes on the skin on the dorsum of the hand, chest, and upper back 
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compared to males when assessed using the method of levels and method of 

limits. The data did not support the hypothesis for measurements on the dorsum 

of the hand and upper back.  Contrary to the hypothesis it was shown that 

females are significantly less sensitive to temperature changes on the chest 

compared to the males.  
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3.5. Tables 

Table 3.1 Means and standard deviation of thermode pressure, skin 
temperature (TSK) and dry bulb temperature (TDB) for both methods 
and on all 3 sites. 

  Method of Levels Method of Limits 

  Dorsum 
of the 
Hand 

Upper 
Back 

Chest Dorsum 
of the 
Hand 

Upper 
Back 

Chest 

Thermode 
Pressure 

Male 1.95N 
(0.07) 

1.98N 
(0.10) 

1.93N 
(0.08) 

1.91N 
(0.05) 

1.95N 
(0.08) 

1.87N 
(0.11) 

 Female 1.95N 
(0.08) 

1.90N 
(0.04) 

1.90N 
(0.06) 

1.91N 
(0.05) 

1.93N 
(0.10) 

1.91N 
(0.03) 

TSK Male 31.7°C 
(1.1) 

33.3°C 
(1.1) 

32.9°C 
(0.5) 

31.0°C 
(1.1) 

32.6°C 
(1.2) 

32.3°C 
(0.4) 

 Female 31.2°C 
(3.1) 

32.6°C 
(3.6) 

32.4°C 
(3.5) 

31.0°C 
(2.1) 

32.6°C 
(2.9) 

32.4°C 
(2.8) 

TDB Male 25.0°C 
(0.7) 

24.9°C 
(0.8) 

25.1°C 
(0.7) 

25.0°C 
(0.9) 

24.9°C 
(0.9) 

25.0°C 
(0.8) 

 Female 25.0°C 
(0.7) 

24.7°C 
(0.6) 

24.8°C 
(0.7) 

24.8°C 
(0.7) 

24.7°C 
(0.7) 

24.8°C 
(0.8) 
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3.6. Figures 

 
Figure 3.1 Sample of data for one volunteer using the Method of Limits 
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Figure 3.2 Absolute values of temperature change at the dorsum of the hand using the Methods 
of Levels.  
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Figure 3.3 Absolute values of temperature change at the chest using the Methods of Levels.. 
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Figure 3.4 Absolute values of temperature change at the upper back using the Methods of 
Levels.   
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Figure 3.5 Absolute values of temperature change at the dorsum of the hand using the Methods 
of Limits. 
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Figure 3.6 Absolute values of temperature change at the chest using the Methods of Limits; * 
p<0.05 
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Figure 3.7 Absolute values of temperature change at the upper back using the Methods of 
Limits.. 
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