Comparison of physiological response to exercise in hot vs cold environments.
Humans are homeothermic and core temperature (CT) is kept between 35.6-40°C for optimal physiological function (Yousef & Varcallo, 2022). Thermoneutral values at rest are between ~36-38°C and are maintained by equal heat gain and loss (Cramer et al., 2022). Temperatures above and below thermoneutral can impede activity and cause injury (Rao & Mohan, 2021). Failure to maintain intensity in a particular mode of exercise under hot or cold conditions affects exercise performance and health (Burtscher et al., 2012; Bushman, 2018).
Athletes adapt to exercise and enhance performance by increasing stroke volume (SV), the amount of blood pumped out of the left ventricle of the heart with each systolic contraction (Bruss & Raja, 2022), and cardiac function, which reduces resting heart rate (RHR) (Rivera-Brown & Frontera, 2012). Elite RHR can be reduced from 60-90 BPM (Avram et al., 2019) to 30 BPM (Nanchen, 2018), indicating enhanced cardiovascular efficiency. Maximum heart rate (HR) can be calculated using the calculation 220 - age (American College of Sports Medicine, 2018), 208 - (0.7 x age) (Tanaka et al., 2010), or more precisely with an incremental test until exhaustion (Berglund et al., 2019).
Blood flow is redirected to the most metabolically demanding muscles during exercise (Delp and Laughlin, 1998). The sympathetic nervous system causes vasoconstriction in less active tissues and reroutes blood to active muscles, where vasodilation occurs (Delp & Laughlin, 1998). As cardiac function and venous return increase, cardiac output (volume of blood pumped from the heart in litres per minute) rises (Joyce & Wang, 2021). Respiration increases immediately with the onset of exercise, at low-intensity tidal volume increases, and at high intensity both tidal volume and respiration frequency increase (Gallagher et al., 1987). This is attributed to exercise-induced lactate buffering, raising CO2 levels (Péronnet & Aguilaniu, 2006). 
When the skin temperature rises, vasodilation facilitates heat loss via the skin (Wong & Hollowed, 2017).  Increased skin blood flow reduces venous return to the heart, and sweating decreases blood volume, raising haemoconcentration. This causes dehydration and CT rise, triggering cardiovascular drift (CVD) (Sawka et al., 1993; Colye & Gonzalez-Alonso 2001). CVD is the maintenance of cardiac output and exercise intensity with an ascending HR, decreasing SV, and preload (Polsinelli et al., 2021; Colye & Gonzalez-Alonso 2001). CVD occurs approximately 10 minutes after continuous submaximal exercise in a neutral or warm climate (Rowell, 1974) and increases CT (Fritzsche et al., 1999). Preload—the left ventricle's filling pressure following diastole—determines heart blood volume (O'Keefe & Singh, 2022). Hot conditions decrease VO2 max (Saltin et al., 1972; Sawka, & Young, 2000), and even 2% fluid loss can significantly lower VO2 max (Buskirk et al., 2000; Webster et al., 1990).
Temperature homeostasis is regulated by the body's thermoregulatory systems (Beker et al., 2018). Muscle contraction transfers metabolic heat from muscles to the blood and out of the core to prevent heat retention and increased CT. Conduction, convection, radiation, and evaporation influence skin-environment heat exchange. (Sawka & Young, 2006). As exposure and temperature increase, the body physiologically responds acutely by either acclimating (days/weeks) or acclimatising (months/years) (Castellani & Young, 2016).
Artificial exposures like saunas, ice water immersion, and cryotherapy are viable conditions for acclimating or acclimatising (Shalaby et al., 2021).  Increased skin blood flow and perspiration promote CT heat loss. Excessive perspiration promotes dehydration, which increases in hotter climates and reduces performance further compared with colder climates (Maughan & Shirreffs, 2004; Murray 2007). Shivering and vasoconstriction conserve heat (Sawka & Young, 2006). Humans can withstand extreme temperatures, although exercise in these temperatures can impair thermoregulation (Esh et al., 2021). Hyperthermia and hypothermia are the most extreme thermoregulatory states (Osilla, Marsidi & Sharma, 2022).
Hyperthermia is a rise in CT over the hypothalamic set point caused by heat dissipation impairment (Bouchama & Knochel, 2002). Hyperthermia causes tachycardia, dizziness, paraesthesia, muscle cramps, hypotension, delirium, seizures, and coma, according to Cheshire (2016). During heat waves, heat exhaustion, heatstroke, dehydration, and electrolyte imbalances increase hospital admissions (Vaneckova & Bambrick, 2013). Heat stress increases heart rate during submaximal activity (Arngrimsson et al., 2003; Nora'eni, et al., 2021; Zhu, et al., 2018).
Hypothermia occurs when the body's CT drops below 35°C (Turk, 2010; Tveita, & Sieck, 2022). Drowsiness, exhaustion, slurred speech, slow or weak pulse, shivering, impaired mental function, mydriasis, hypotension, cardiac dysrhythmia, malfunction, and cardiac arrest are symptoms. Hypothermia is twice as fatal as hyperthermia (Ross, 2022; Terézia, 2022). Prior et al., (2007) and Siegrist et al., (2006) observed that cold exposure elevates heart rate, and Galloway and Maughan (1997) reported that cycling fatigue was greater at 11 °C than at 4 °C, 21 °C, or 31 °C. These findings contradict Parkin et al., (1999), who reported that after 3 °C, the maximal time to fatigue at the same intensity was produced, possibly indicating that climate temperatures between 3 and 11 °C may enhance exercise performance (Galloway and Maughan, 1997).
Abbiss et al., (2010) reported that endurance cyclists' CT rose faster in hot vs cold climates. Researchers also noted that exercising in a hotter climate decreased power output, and they hypothesised this was the body's strategy of avoiding a critical CT. Tucker et al., (2004) observed comparable results. In Tucker et al., (2006) study, participants cycled in 35°C and 15°C environments while maintaining a constant rating of perceived effort (RPE) of 16 (Borg 1982). Researchers determined that power production declined linearly, and faster in hotter climates. Maw et al., (1993) reported similar findings and that RPE was significantly lower in cold vs hot temperatures and participants found cycling in hot conditions more difficult and uncomfortable.
In extreme temperatures, the body uses thermoregulatory defences to conserve or promote heat loss to return to normothermia (Kurz, 2008).

Hypothesis: Submaximal cycling under polarised temperature conditions will have different physiological and thermoregulatory responses.
















Method. 
Study Design.
Before the hot and cold experiments, an 8-15-minute VO2 max and average power (W) test were performed. The test was conducted in a laboratory at 19°C and 52% humidity, a Wattbike Pro cycle ergometer (Wattbike, Nottingham, UK, 2022) was utilised at low-intensity power output and increased air resistance each minute to volitional exhaustion. Participants were requested to maintain a cadence of 70-80 RPM while wearing a Polar H10 heart-rate band to monitor HR (Polar Electro, Warwick, UK). Each minute, average HR, power, and perceived exertion on the Borg scale were recorded. Participants used the nasal clip and mouthpiece every other minute to collect the last 30 seconds of expired air. A 30-second expired air sample was collected and analysed in a 100-litre Douglas bag using a Servomex miniHF 5200 (Servomex, Bristol, UK) and a Harvard dry gas metre (Harvard Apparatus, Massachusetts, United States). At least 30s of their final expired air was collected when cycling at max when participants were within 1 minute of exhaustion and had an RPE of 19-20 on the Borg scale. The highest HR and average power were recorded in the final minute, with a respiratory exchange ratio (RER) of 1.15 or higher.
The subsequent studies used each participant's 60% VO2 (PO60max) power output.

Participants.
Seven male and five female UWTSD university sport science students were tested with a mean (±SD) age of 28.6 (±8.5) years and body weight of 73.3kg (±10.1). Participants were informed of the study's goals, methods, and risks. Informed consent and completion of the physical activity readiness questionnaire (PAR-Q) (Warburton et al., 2018), were obtained.


Exercise Protocol.
For the hot climate test, participants cycled a Wattbike Cycle ergometer at PO60max for 30 minutes at a temperature of 26.7 °C and humidity was 69%rh in a laboratory. An Innovation Radiant Th809 tympanic thermometer (Innovation, Radiant, Taiwan) measured CT every 10 minutes from the start of the experiments.  HR and RPE were recorded at the onset and every 10 minutes. A 60-second expired gas sample was taken every 10 minutes using the Douglas bag method (Hopker et al., 2012) and analysed using a Servomex Mini Pump 5200 (Servomex, Bristol, UK) and a Harvard dry gas metre (Harvard Apparatus, Massachusetts, United States). Pre- and post-testing weight (Kg) was recorded.
Cold climate testing underwent the same protocol except for taking place outside at a temperature of 7.7°C and humidity was 68%rh one week after the hot climate test. 

Data Analysis. 
After data collection, the mean (M) scores and standard deviations (SD) were calculated in Excel before utilising SPSS software for statistical analysis. Results were analysed using paired sample T-test. A value of P <0.05 was considered significant. The effect size of any statistical significance will be represented by eta squared. According to Cohen (1988), Eta squared can range between 0 and infinity with a small effect = 0.01; a moderate effect = 0.06; and a large effect is 0.14.







Results.
Core temperature.
Figure 1. displays the average temperature of participants exercising in the hot climate was 37.5oC, within the optimal physiological range of 35.6-40°C stated by (Yousef & Varcallo, 2022).

Figure 1. 

Evaluating the impact of the climate on the CT displayed a greater rise in the hot climate (M=1.3°C, SD=0.7) compared with the cold climate (M=0.4°C, SD=1.1) (see Figure 2.) although it is not statistically significant (P = 0.063).

Figure 2.

Two participants' CT fluctuated over the 30-minute cold test. At the 10-minute stage, two participants’ CT had dropped since the initial onset of exercise and was recorded at 34oC and 34.3oC (see Figure 3). However, their CT increased overall during the 30 minutes of exercise.
Figure 3.
Heart Rate.  
The hot climate displayed a greater increase effect on HR (M=15.8BPM, SD=7.3) compared with the cold climate. HR increased in the cold climate by (M=5.3 BPM, SD=7.4) (see Figure 4.). This result is statistically significant, displaying a P value of <.0001 with a large effect size of 0.68. 
Figure 4.
RPE.
The RPE score of the participants in the cold climate was (M=2.5, SD=1.8) and rose in the hot climate to (M=4.6, SD=1.8) (see Figure 5.), displaying a statistical significance with a P value = 0.021 and a large effect size of 0.39.

Figure 5.
VO2.
The VO2 mean score difference from 10-30 minutes, increased in the hot climate by (M=4.7, SD=6.5) and (M=1.9, SD=2.4) in the cold climate (see Figure 6.), although is not statistically significant (P value = 0.204).

Figure 6.

VO2 Anomaly. 
The VO2 change for participant 5 shows a decrease of 9.7 ml/kg/min in the hot climate (see figure 7).

Figure 7.

Weight change. 
All participants weighed lighter post-testing in both the hot and cold climates. The weight loss in the hot climate was (M=0.7kg, SD=0.5kg) and the weight loss in the cold climate was (M=0.30kg, SD=0.1kg) (see Figure 8.)  with a P value = 0.17 displaying statistical significance and a large effect size of 0.41.

Figure 8. 
Discussion.
This study aimed to examine the physiological and thermoregulatory responses in polarised climates. 

Heart Rate.
The findings demonstrate that hot temperatures increase HR more than cold temperatures when exercising sub-maximally. This study supports Arngrimsson et al., (2003), Nora'eni et al., (2021), and Zhu et al., (2018) findings and the hypothesis that various physiological and thermoregulatory responses to extreme climate arise. Exercise in hot climates has the practical implications of remaining within target HR zones by moderating exercise intensity and avoiding sweat-induced hypohydration by matching fluid and electrolyte consumption to sweat loss (Sawka, & Young, 2000), postponing the increase in haemoconcentration and the onset of cardiac drift.

Core Temperature.
CT displayed a trend of increasing more in hot climates, corroborating Sawka et al., (1993) & Abbiss et al., (2010) although is not statistically significant.  The results for two participants exercising in the cold climate showed CT as low as 34°C which would according to Turk, (2010) & Tveita, & Sieck, (2022), indicate hypothermia. However, neither displayed any associated symptoms such as drowsiness, slurred speech, or a slow weak pulse (Ross, 2022) indicating that the temperature readings were inaccurate or likely recorded incorrectly.  This further impedes hot test CT reading reliability, which could have impacted data mean and statistical significance. Thus, future research might duplicate Abbiss et al., (2010) and measure CT with a sterile disposable rectal thermometer for a more precise readout (Ganio et al., 2009). The average temperature of participants exercising in the hot climate was 37.5°C (Figure 1.), not exceeding the CT range of 35.6-40°C which according to Yousef & Varcallo, (2022) preserves optimal physiological function. The 30-minute test may be too brief to impact the participant's physiology. This study's hot climate temperature was 26.7°C, lower than Abbiss et al., (2010) of 33.7°C (+0.5°C) and Tucker et al., (2004) of 35°C.  Future research should replicate this study at temperatures like the aforementioned; to see if it evokes a larger spike in CT and if power output decreases further as a physiological defensive measure to avoid critical CT.

Rate of Perceived Effort.
Participants perceive exercise exertion to be more difficult in a hot vs cold climate, supporting Tucker et al., (2006) and Maw et al., (1993). Maw et al., (1993) hypothesised that heat-induced alterations in RPE were driven by changes in skin vasomotor tone and impacts of heat on the chest. Tucker et al., (2006) proposed that: heat storage rate; afferent input from epidermal thermoreceptors and hypothalamic thermoregulation; and a feed-forward calculation of heat storage, interact to maintain thermal homeostasis by restricting exercise exertion output to prevent critical heat accumulation. This demonstrates that exercise is governed by an anticipatory, complex physiological response. RPE increase and core temperature are related (Armada-da-Silva et al., 2004). Head cooling protocols like spraying the face with cold water during exercise can reduce heat stress (Nunneley et al., 1982); RPE (Armada-da-Silva et al., 2004), and peak value temperatures. Despite being only 3-4% of the body, the head is a considerable factor in subjective comfort. Critical core heating can decrease performance; however, head cooling can substantially reverse this. Head cooling is recommended when heat exposure makes thermoneutrality unlikely (Nunneley et al., 1982; Stevens, Taylor & Dascombe, 2017). 



Weight loss.
Greater weight loss through fluid loss occurred in the hot vs cold climate. Previous research has established that CVD is correlated to the increase in CT during prolonged exercise, dehydration, and hyperthermia appears to emphasise CVD through increased HR (Colye & Gonzalez-Alonso 2001). Colye & Gonzalez-Alonso (2001) observed that preventing dehydration through fluid consumption resulted in a stable cardiovascular response in SV and CT, demonstrating the relationship between CVD and hydration. Hydrating with fluids and electrolytes during prolonged continuous exercise increases plasma volume, maintaining blood pressure for longer (Rehrer, 2001; Wendt et al., 2007). If fluids are not regularly replaced, stroke volume and blood pressure fall, forcing muscles to operate anaerobically and exhaust rapidly (Rehrer, 2001). Euhydration prolongs plasma volume, reducing fatigue (Von Duvillard et al., 2008; Wendt et al., 2007). Walsh et al., (1994), similarly noted that cycling time to fatigue was 51% longer when participants consumed fluids to avoid dehydration while Below et al., (1995), remarked that cyclists rode 6.5% quicker if they consumed fluids during exercise, illustrating the importance of euhydration.  

VO2
Although not statistically significant, the rise in VO2 ml/kg/min from 10-30 min, indicates an increase in oxygen demand, with VO2 displaying a trend to increase greater in hot vs cold conditions. Saltin et al., (1972); Sawka, & Young, (2000); Buskirk et al., (2000); Webster et al., (1990) support this observation, all reporting that increased dehydration is related to a decline in VO2 max which is exacerbated in hotter climates. Participant 5 data (Figure 7.) deviates from the expected trend presented by the other participants, a significant decrease in work intensity would have been expected with the drop in VO2, which could be indicative of a data recording or instrument error affecting statistical significance.
Conclusion. 
The participants’ physiological and thermoregulatory responses whilst cycling sub-maximally were greater in the hot climate compared to the cold climate. There were anomalies in the data of two participants in the cold testing concerning CT, indicating that the study would benefit from being repeated. Participants exercising in the hot climate displayed a greater increase in heart rate and RPE compared to the cold climate.  Changes in body weight were also greater in the hot environment. The changes in HR, RPE and weight were statistically significant. However, despite increasing more in the hot climate compared to the cold climate, the change in core temperature and VO2 was not statistically significant. A repeat study with more participants, or merging data from other sources, may allow statistical significance for these factors to be identified in future research.
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Participants Temperature in Hot Climate

temperature	
start	10 minute	20 minute	30 minute	average temperature	35.799999999999997	37.299999999999997	38.1	38.6	37.449999999999996	time


Temperature Degree Celcius



Core Temperature Change over 30-minute submaximal exercise in Hot vs Cold environment 

Hot
Cold

0.74873630912762734	1.0698343117256315	0.74873630912762734	1.0698343117256315	1.2666666666666699	0.44999999999999929	Core Temp change °C



Results of two participants core temperature changes exercising in a cold environment

Participant A	
0	10	20	30	34.1	34.299999999999997	35.299999999999997	34.299999999999997	Participant b	
0	10	20	30	35.799999999999997	34	36.4	36.700000000000003	TIME in minutes


CORE TEMPERATURE
degrees celcius



HR change over 30-minute submaximal exercise in hot vs cold environment

Hot 
Cold

7.3003735894442103	7.399324293474371	7.3003735894442103	7.399324293474371	15.75	5.25	Heart Rate Change bpm



RPE change over 30-minute submaximal exercise in Hot vs Cold environment

Hot
Cold

1.8319554050414559	1.7837651700316894	1.8319554050414559	1.7837651700316894	4.583333333333333	2.5	RPE Rating (Borg Scale) 



VO2 change over 30-minute submaximal exercise in Hot vs Cold environment

Hot
Cold

6.5057084490655139	2.4141627571855682	6.5057084490655139	2.4141627571855682	4.7333333333333334	1.8500000000000005	VO2 change (ml/kg/min)



'Participants VO2 Change 10-30 Minute in Hot Climate '

VO2 change 10-30	1.2999999999999972	12.100000000000001	11.400000000000002	8.8000000000000007	-9.6999999999999957	9	5.1999999999999957	-3.6000000000000014	1.7999999999999972	3.6999999999999957	10.100000000000001	6.7000000000000028	Participants


VO2 change 10-30 min



Weight Loss over 30-minute submaximal exercise in Hot vs Cold environment

Hot
Cold

0.46928378698530704	0.14142135623730792	0.46928378698530704	0.14142135623730792	0.67499999999999838	0.29999999999999716	Weight Loss Kg



