Does Heat Stress Elicit Different Physiological Effects on Men and Women During Exercise
Introduction 
As climate change increases global temperatures, more people are exposed to heat stress during exercise (Race to Beat the Heat: Climate Change Impacts Physical Activity. 2022). Exercising in hot environments requires the nervous and endocrine systems to monitor and regulate internal changes within the body (Racinais et al., 2022). As endotherms, our body temperature is regulated and maintained at 37°C, a body temperature that exceeds 41°C may lead to serious heat related illnesses such as hyperthermia, dehydration or even death (De Korte et al., 2021). Understanding how the body responds to heat stress during exercise is essential to keep the body functioning efficiently and to mitigate the associated dangers.
Research suggests that as body core temperature increases, greater demands are placed on the circulatory and muscular system to counterbalance the effects of metabolic and environmental heat (De Korte et al., 2021). Exercise causes an increase in core temperature due to the metabolic heat created by the working muscles. Heat from the outside environment can further increase core temperature, as heat is radiated into the body through the skin (Donnan et al., 2022). Thermoregulation is the body’s ability to detect, react and regulate its core temperature, which is determined by the body’s capacity to dissipate heat via thermal radiation, conduction, convection, and evaporation (Brotherhood, 2008). The hypothalamus within the brain can detect a change of heat within the blood and signal for the blood vessels to dilate, known as vasodilation. This increases blood flow to the surface of the skin, where the heat within the blood can be dissipated out into the environment, cooling the blood and therefore the body’s core temperature (Hargreaves, 2008). Furthermore, the central nervous systems (CNS) peripheral skin thermoreceptors detect an increase in temperature, transmitting a signal via the afferent nerves to the hypothalamus. The nervous system activates sweat glands within the body via a signal from the efferent nerves, and sweat is secreted to the surface of the skin. Once at the surface of the skin, the sweat must evaporate to transfer heat into the environment as water vapour, to cool the body and lower its core temperature (Machado-Moreira et al., 2008). 
It is known that windy environments can accelerate the evaporative cooling process. However, if the outside environment’s temperature and humidity is higher than the temperature of the skin surface, it can reduce evaporation, causing a higher sweat rate to try and cool the body. This increases the loss of body water and the risk of dehydration (Giersch et al., 2021) suggesting that sufficient hydration prior to exercise is essential. A loss of body fluid results in a decrease in the volume of blood plasma, implying there is less blood circulating within the blood vessels and less blood available to fill the ventricles of the heart thus decreasing the heart‘s stroke volume per minute (Giersch et al., 2021). However, as there is still a demand for oxygen to be delivered to the working muscles during exercise, the nervous system signals for the heart to beat faster, to compensate for the reduction in stroke volume. Furthermore, due to the cooling requirements of the body the heart must continue to pump blood to the surface of the skin to dissipate heat, placing more demand on the circulatory system to maintain a comfortable core temperature during exercise.
If the process of thermoregulation is unbale to cool the body and meet the demands of exercise, the CNS will function as a safety mechanism to prevent the risks of heat related illnesses, by impairing the recruitment of motor units and the firing rate of muscles to stop movement (Tucker et al., 2004). The reduction of movement reduces the rate at which heat is produced by the working muscles and, in addition, lowers the work rate of the heart as there is less demand for oxygen. In turn, more blood can be diverted to the surface of the skin for heat dissipation, cooling the core temperature. Once the body has successfully reduced its core temperature, the peripheral skin receptors return a signal to the hypothalamus to constrict blood vessels and to stop sweat secretion, returning the body to homeostasis (Schlader, Stannard and Mundel, 2011). 
To date there is speculation that the physiological adaptation to heat stress during exercise differs between sexes. A study proposed that the differences in body composition between sexes, such as body surface area (BSA) to body mass ratio, body fat percentage and muscle mass, influence thermoregulation (Giersch et al., 2022). Furthermore, a study by De’Souza, Notley and Kenny (2020), implied that the sudomotor which is the autonomic nervous systems control of sweat gland activity, is less active in women which could be due to the sudomotor sensitivity or the physical size of the sweat glands. Another study suggested that women have a slower metabolic heat rate (Gagnon et al., 2008). However, in contradiction a study that monitored metabolic heat production at low intensity exercise relative to VO2max, showed that men and women’s metabolic heat production were equal (Gagnon and Kenny, 2012).
Although there is a vast amount of research on the physiological effects of heat stress on exercise, women are under-represented when compared to men (Santisteban et al., 2022). Therefore, the aim of this study is to evaluate the physiological differences in VO2 (ml/kg/min), core temperature (°C), heart rate (HR), rate of perceived exertion (RPE) and fluid loss (Lbs) between males and females when exercising in heat.
Method
Participants
14 (M=9, F=5) healthy sport science students with a mixture of sporting backgrounds (football, boxing, mixed martial arts, triathlon), volunteered to take part in the experiment at the University of Wales Trinity Saint David, Carmarthen. All participants gave verbal consent to take part in the study and participants with known injuries were excluded from the experiment. The physical characteristics of the participants are presented in table 1.
	 
	 
	 
	 
	 

	 
	
	
	
	 Table 1

	 
	Participant's Characteristics 
	
	
	 

	 
	
	
	
	 

	 
	
	Men
	Women
	 

	 
	 
	Mean ± SD
	Mean ± SD
	 

	 
	Age, years
	29.6 ± 8.04
	26.4 ± 7.33
	 

	 
	Height, centimetres
	177.8 ± 6.85
	165.2 ± 4.09
	 

	 
	Weight, kilograms
	78.9 ± 8.09
	66.4 ± 9.41
	 

	 
	 
	 
	 
	 



VO2max Test
[bookmark: _Int_mVQOsLwu]The participants took part in a VO2max ramp test at the University of Wales Trinity Saint David, Carmarthen, using the Wattbike Atom x (Wattbike, Nottingham, UK) in an ambient setting of 45% humidity, 18°C and 743 mmHg. The max ramp test is a pre-set programme within the Wattbike Atom x that requires participants to start cycling at a set low intensity wattage which is agreed upon by the participant and practitioner. The set wattage automatically increases by 20 watts every minute until exhaustion is reached. Participants wore a Polar H10, heart rate chest strap monitor (Polar Electro, Warwick, UK) to measure the heart rate in beats per minute (bpm). Every 2 minutes, a 30 second sample of the participant's expired air was collected via a mouthpiece, breathing tube and Douglas bag (Hans Rudolph, Kansas, USA) along with the participants’ heart rate and rate of perceived exertion (RPE) on a scale of 1-20. The gas concentration within the Douglas bag was analysed using the Servomex Gas Analyser (Servomex, Bristol, Warwick, UK) and Calibration gas (Cranlea, Birmingham, UK) to quantify the volume of O2 (L/min), CO2 (L/min) and bag volume (L). A 60 second sample was extracted from the Douglas bag, which is equal to the removal of 1.8L of air. This process was repeated until the participant indicated when they were about to reach exhaustion. At this point, the participant was verbally encouraged to continue whilst a final 30 second sample of expired air was collected. The max heart rate, max wattage and RPE were also noted. The data was extracted from the test and input into a Microsoft Excel gas calculation spreadsheet.
Sub-maximal Exercise in a Hot Environment
The participants took part in a 30-minute experiment inside a heated laboratory room at the University of Wales Trinity Saint David, Carmarthen. The room conditions were recorded as 31°C and 70% humidity. The experiment involved cycling on a Wattbike Atom x (Wattbike, Nottingham, UK) at 60% of the participant’s maximum wattage, taken from the VO2 max test. The weight of the participant was taken before and after the experiment. Core temperature was taken before the test using a Tympanic Thermometer (Innovation, radiant, Taiwan) and at every 10-minute interval. Participants wore a Polar H10, heart rate chest strap monitor (Polar Electro, Warwick, UK) to measure the heart rate in beats per minute (bpm). The heart rate (HR) and Rate of perceived exertion (RPE) on a scale of 1-20, were also recorded at 10-minute intervals. A 60 second sample of the participant's expired air was collected via a mouthpiece, breathing tube and Douglas bag (Hans Rudolph, Kansas, USA) at minutes 9, 19 and 29. The gas concentration within the Douglas bag was analysed using the Servomex Gas Analyser (Servomex, Bristol, Warwick, UK) and Calibration gas (Cranlea, Birmingham, UK) to quantify the volume of O2 (L/min), CO2 (L/min) and bag volume (L). A 60 second sample was extracted from the Douglas bag, which is equal to the removal of 1.8L of air.
Data Analysis
Data was presented as mean ± standard deviation across variables of VO2 (ml/kg/min), core temperature (°C), heart rate (HR), rate of perceived exertion (RPE) and fluid loss, derived from Microsoft Excel. The Statistical package for the Social Sciences (SPSS) was used to complete independent t-tests. Statistical significance was set at a p value of p<0.05, a confidence level of 95%.
Results
A summary of the mean variables is presented in table 2, as an overview of the study. 
	
	 
	 
	 
	 
	 
	 
	Table 2
	 

	 
	Mean Overview of the Study Variables
	
	
	
	
	 

	 
	
	
	
	
	
	
	
	 

	 
	
	
	
	
	
	
	
	 

	 
	
	Men
	Women
	 

	 
	Time (mins)
	10
	20
	30
	10
	20
	30
	 

	 
	 
	 
	 
	 
	 
	 
	 
	 

	 
	VO2
	33.9
	34.9
	38.2
	31.7
	34.8
	35.4
	 

	 
	RPE
	11.1
	13.8
	15.9
	11.7
	14.3
	16.4
	 

	 
	HR
	167.1
	178.2
	182.6
	171.8
	180.8
	187
	 

	 
	Core Temperature
	35.8
	37.4
	38.2
	35.7
	37.4
	38.6
	 

	 
	 
	 
	 
	 
	 
	 
	 
	



Figure 1 shows that on average, men had a higher change in VO2, RPE, HR and core temperature between minutes 10 to 30 of the experiment with an average of 4.3 ± 6.15, 4.7 ± 1.73, 15.6 ± 7.07 and 1.3 ± 0.72 in comparison with the women’s average of 3.9 ± 7.00, 4.4 ± 1.71, 14.4 ± 7.95 and 1.2 ± 0.78. A paired t-test on each of the variables showed no statistical difference, with a p-value of 0.683, 0.152, 0.217 and 0.128, respectively.
Figure 1. Changes in mean volume of oxygen (VO2), mean rate of perceived exertion (RPE), mean heart rate (HR) and mean temperature (°c) between minutes 10-30 of static cycling in a hot environment.
Figure 2 shows that on average, men produced a greater oxygen uptake then the women on the 10th, 20th and 30th minute of the experiment. With an average oxygen uptake of 33.9 ± 9.99, 34.9 ± 9.49 and 38.2 ± 9.63 compared to the women’s average of 31.7 ± 9.43, 34.8 ± 8.43 and 35.46 ± 8.46. A paired t-test comparison showed no significant difference in oxygen uptake between the sexes, with a p value of 0.172.
[image: ]Figure 2. Mean oxygen uptake (ml/kg/min) at intervals of 10 minutes during 30 minutes of static cycling.
[bookmark: _Int_vQFu78l7][bookmark: _Int_MdT0hFUz]Figure 3 shows that on average, men had a higher starting core temperature of 35.8°c ± 0.85 compared to the women’s average of 35.7°c ± 0.82. At the 10th minute, the men and women had an average core temperature of 37.4°c ± 0.52 and 37.4°c ± 0.41. At the 20th minute the women had a higher average core temperature of 38.3°c ± 0.82 compared to the men’s average of 38.2°c ± 0.74. At the 30th minute, the men and women had an average core temperature of 38.6°c ± 0.81 and 38.6°c ± 0.86. A paired t-test comparison showed no significant difference in core temperature between the sexes, with a p value of 1.000.
Figure 3. Mean core temperature (°c) at intervals of 10 minutes, over 30 minutes of static cycling in a hot environment. 
In figure 4, the women showed a higher average heart rate than the men on the 10th,20th and 30th minute. With an average heart of 171.8 ± 16.89, 180.8 ± 16.79 and 187.0 ± 16.28 compared to the men’s average of 167.1 ± 18.25, 176.2 ± 18.06 and 182.6 ± 17.50. From the 10th to 20th minute, the women’s average heart rate ranged from 171.1 to 185.5bpm. In comparison, the men’s average heart rate ranged from 167.1 to 182.6bpm. A paired t-test comparison showed a significant difference in heart rate between the sexes, with a p value of 0.008.
Figure 4. Mean heart rate (HR) at intervals of 10 minutes, during 30 minutes of static cycling in a hot environment.
Figure 5 shows that on average, women experienced a higher RPE then the men at the 10th, 20th and 30th minute. With an average RPE of 11.7 ± 1.49, 14.3 ± 2.15 and 16.4 ± 2.62. compared to the men’s average of 11.1 ± 2.03, 13.8 ± 2.15 and 15.9 ± 2.54. A paired t-test comparison showed a significant difference in RPE between the sexes, with a p value of 0.004.
Figure 5. Mean rate of perceived exertion (RPE) at intervals of 10 minutes, over 30 minutes of static cycling in a hot environment.
Figure 6 shows that women had a higher fluid loss then the men after 30 minutes of exercise. With an average weight loss of 0.8 ± 0.48 compared to the men’s average of 0.7 ± 0.45. A paired t-test comparison showed no significant difference in fluid loss between the sexes.
Figure 6. Mean difference between pre and post bodyweight after 30 minutes of static cycling in a hot environment.
Discussion
The purpose of this study was to evaluate whether heat stress during exercise would elicit different physiological changes between sexes. Many studies have stated that body composition impacts thermoregulation and is a reason for differences amongst sexes (Iyoho, et al., 2017). Leaner individuals have a greater heat storage capacity compared to individuals with a higher body fat percentage. During a sustained-intensity exercise, individuals with a lower body fat percentage, experienced a slower rise in core temperature compared to individuals with a higher body fat percentage (Dougherty et al., 2010). Suggesting that leaner individuals have more buffering capabilities and therefore, can cope better under heat stress. Because of their genetic makeup, women naturally have a higher body fat percentage. As well as, a lower oxygen carrying capacity due to haemoglobin and haematocrit levels, which could be a disadvantage when exercising in heat (Tiller et al., 2021). Although men started with a higher core temperature in this study, presumably because of their larger body size and heat storage capacity (Kenny et al., 2010). This study showed that there was no significant difference in core temperature between the sexes. A reason for this could be, that metabolic heat production generated by the working muscles, is assumed to be lower in women than men (Notley et al., 2021). Therefore, making up for the extra heat rise caused by the additional body fat percentage. However, the design of this study mitigated the assumed differences in heat production by having all participants perform the experiment at 60% of their maximum power output, which was derived from their VO2max test. Therefore, ensuring metabolic heat production was the same for both sexes.
Despite the relative workload of the experiment, the women’s cardiorespiratory system had to work harder at each 10-minute interval. A paired t-test comparing the heart rate differences between the sexes, confirmed a significant difference with an outcome of <0.05. Suggesting there is a difference in cardiac drift or fitness levels. It is said, that in general, males have a higher average VO2max when compared to females (Santisteban et al., 2022). This correlates with the information shown in figure 2, where the male participants showed a higher oxygen uptake overall. Therefore, the heart is more efficient at delivering a higher volume of blood (stroke volume) with each beat per minute, resulting in a lower heart rate during exercise. Another aspect to consider for a change in heart rate, during a fixed-intensity exercise is known as cardiac drift. Cardiac drift can be defined as an upward rise in heart rate, with a parallel decrease in stroke volume, in response to a change of core temperature (Brockmann et al., 2022). It has been suggested that women have a lower sweat rate than men, either due to the size of the sweat glands or the responses of the sudomotor itself (Gagnon and Kenny, 2012). When women are unable to meet the demands of heat stress via sweat dissipation, the heart is forced to beat faster so it can pump more blood to the surface of the skin and cool the body’s core temperature. Which could explain the differences in heart rate between the sexes. This is especially relevant in un-compensable conditions that lower the rate of evaporation into the surrounding environment. This is seen a disadvantage for women exercising in heat. However, as women sweat less, they retain vital fluids such as water, electrolytes, and blood plasma, making them less susceptible to dehydration. In comparison men lose more fluids and therefore the heart must compensate for the reduction of blood plasma by increasing the heart rate. Explaining why there was a steady increase of cardiac drift for both sexes, although there is a significant difference in heart rate. Curiously, and in contradiction to the theory of women sweating less, this study shows that the women lost an average of 0.01lbs more weight over 30 minutes of exercise than the men.
[bookmark: _Int_5eXs7XRS]A recent study by Tiller, N.B. et al. (2021) proposes that women have a greater resistance to fatigue in prolonged activity. This is because of neuromuscular and contractile aspects, and lower energy requirements. Aswell as a higher relative ratio of oxidated type 1 muscle fibres to body mass. Interestingly, this study shows that women experienced a higher rate of perceived exertion, at each stage of the experiment, with a significant p value of <0.05. This suggests that women experienced more psychological discomfort, despite their core temperatures remaining somewhat the same as the men. This could be linked to the previous suggestion that women are unable to secrete as much sweat as men. Possibly leading to a higher rate of perceived exertion or thermal discomfort.
Limitations and Further Research
The small study group size was a limitation of this study, impacting the reliability and validity of the experiment. The different sporting backgrounds of the individuals may influence the results, with individuals that participant in sports such as triathlons, being more accustomed to the protocol equipment. It is also unknown, what stage of the menstrual cycle the female participants were at, during the experiment or if they were currently using a contraceptive. Both could potentially elevate the starting core temperature by 0.3-0.5°c (Stone et al., 2021). Future research should include the distinct stages of the menstrual cycle and thermal sensation. As well as this, participants should be matched by body composition to distinguish whether the differences between sexes are physiological or not.
Conclusion
This study has shown that there is a significant difference in HR and RPE between the sexes. All other variables showed no significant differences. Although, in agreement with other studies, it does appear that men have a higher oxygen carrying capacity than women. With a larger study group this could become significant. Because of the lack of studies, more research is needed to establish if there are definitive physiological differences between men and women when exercising under hot and humid conditions.
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