What is the effect on VO2 max during steady state exercise in hot environments compared to cold environments?

Introduction
Exercise is a stressor that effects heart rate (HR), stroke volume (SV) temperature and VO2 max (Gavrielatos et al., 2022). The level at which these factors increase has been suggested to effect performance (Shimazu et al., 2020). These factors, increase to a greater extent when exercise is performed in extreme environments (Périard, Eijsvogels and Daanen, 2021a). For example, in hot environments the body must manage the stress of the exercise. Management of stress through exercise is mainly conducted by thermoregulation, to avoid complications such as heat stroke and extreme muscle fatigue (Maughan, R. J., Shirreffs and Watson, 2007). In contrast, when in cold environments, HR must increase to ensure blood is transported to the working muscles as well as to key organs to reduce the risk of hypothermia, which can affect performance by reducing the speed of contraction in the working muscles(Nimmo, 2004).

During prolonged periods of steady state exercise, a phenomenon called cardiovascular drift occurs (Souissi et al., 2021a).Cardiovascular drift, is an increase in heart rate and decrease in stroke volume, despite the athlete reaching a steady heart rate (Souissi et al., 2021b). This happens due to an increase in metabolic stress, such as decreased VO2 max (Wingo, Stone and Ng, 2020). VO2 is the rate of maximum oxygen uptake during exercise, and a higher VO2 suggests that your body is better at absorbing oxygen and getting rid of carbon dioxide and other waste products during exercise (Vikmoen et al., 2016). The forementioned metabolic stress, hinders the expiration of carbon dioxide, leading to a build-up of other waste products, such as hydrogen, leading to fatigue within the working muscles (Sundberg and Fitts, 2019). This phenomenon is exacerbated in hot environments, due to thermoregulation occurring to reduce the risk of heat stroke and the compounding impacts this may have on performance (Périard, Eijsvogels and Daanen, 2021b). During exercise in heat, the process of thermoregulation requires blood to be transported both to the working muscles and to the skin, to assist in the cooling process via the process of perspiration (Siquier-Coll et al., 2019). Increased perspiration, such as that that occurs in extreme heat, can impact the fluid and electrolyte balance in the blood which impacts HR and SV (Siquier-Coll et al., 2019).  This causes an increase in heart rate due to a need for an increased volume of oxygenated blood in the body (Sundberg and Fitts, 2019). These compounding effects of heat during exercise can have a negative impact on performance (Maughan, R. J., Shirreffs and Watson, 2007).

In contrast, during exercise in cold environments, athletes will experience the effects of cardiovascular drift. However, to a less severe detriment to performance than in hot environments, due to the causes of cardiovascular drift in the cold, differing from the causes in the heat (Nimmo, 2004).
While exercise in the heat has a high risk of heat stroke and muscle damage, exercise in the cold has less severe consequences, due to there being many cheap and easily accessible methods to mitigate the risk of cold environments on athletes, such as layering clothing as well as covering up areas where heat gets lost from the body fastest, the head and hands (Hardy and DuBois, 1937). The main consequence of exercise in the cold, is heat loss and hypothermia, which occurs when core temperature drops lower than 35 and frost bite occurs, which happens when skin temperature reaches -0.5  (Fudge, 2016). The body must thermoregulate to ensure that core temperature does not drop below 35 and skin temperature stays above -0.5 (Fudge, 2016). Before these high-risk effects of exercise in the cold occur, there are other impacts that the cold may have on performance. Exercise in the cold has been suggested by (Renberg et al., 2020) to reduce the rate of force application and increase the amount of motor units required to produce equal force required in ambient or hot temperatures. A decrease of core body temperature (0.5-1.5 degrees) can result in a 10-40% decrease in capacity for oxygen supply to working muscles (Tipton, 2015). In addition, this maximum oxygen consumption is reduced by 10-30% when there is a reduction of core body temperature of 0.5-2degrees (Tipton, 2015), thereby negatively impacting time to exhaustion, which can be attributed to higher plasma lactate concentrations (BASES,2020). These factors highlight the importance of understanding the effects of cold and hot environments on performance and how to mitigate these risks (Shimazu et al., 2020). 

Method
Participants:
10, Male(N=6) university students (MeanSD, Age 268yrs, Weight 74.68.6kg, Height 174.467.8cm) participated in the study. All of whom had completed ParQ+ forms and informed consent to participate in the testing. All participants were required to not undergo any strenuous physical activity 24 hours prior to testing. The sample of participants was selected on a convenience sample as they were all available to part take in testing during set times.

Exercise Protocol:
A pilot was conducted prior to testing to establish VO2 max for all participants, meaning all participants would conduct a RAMP test on a Wattbike Atom (Wattbike, Nottingham,UK), starting at 100W for less conditioned participants, and 120 for more experienced participants. This would be on the minute for the duration of the 8–12-minute test, and the watt output increased by 20 watts. Upon this minute, a Douglas bag (Hans Rudolph, Kansas, USA) would be taken and measured. This continued until participants reached exhaustion, when a final Douglas bag was taken and measured to establish a VO2max. This would allow for prediction of 60% VO2max for the environmental laboratory testing.
Prior to testing for both VO2max and environmental labs, participants weight (Seca,Hamburg,Germany), height (with a stadiometer) (Seca 213,Seca,Hamburg,Germany), core temperature (using a Tympanic Thermometer) (Innovation Radiant Th809, Innovation,Radiant,Taiwan) and heart rate at rest (with Polar H7 heart rate chest strap) (Polar Electro,Warwick,UK), were measured. All participants were asked to avoid intense physical activity 24hours prior to testing.
Two environmental tests were completed, each with a week between tastings. Firstly, the hot environmental test was conducted in a room with increased temperature,26.7 and humidity at 69%, doors remained shut for the duration of the test. Temperature and humidity were measured using a barometer. Each participant would cycle on a Wattbike Atom X (Watbike,Nottingham,UK) continuously for 30 minutes at 60% of power output from pre-established VO2 max. At 10-minute intervals measures of temperature, heart rate, and rate of perceived exertion using the Borg scale  (Williams, 2017) were taken. Expired oxygen and carbon dioxide using Douglas 100l 2100 series 3 way stop-cock(Hans Rudolph,Kansas,USA), Servomex miniHF 5200(Servomex,Bristol,UK), Cranlea 995/2619 (20% O2,8% CO2) (Cranlea,Birmingham,UK), dry gas meter(Harvard DGM1,Harvard,MassachussetS,USA) and Hans Rudolph 2700 series large 2-way non-return breathable valve(Hans Rudolph, Kansas, USA). The same test was then repeated outside to establish effects during a cold environment, temperature in the cold test was 7.7 with a humidity of 68%.


Data analysis:
Data was analysed via paired T-test, comparing data from hot and cold labs. A confidence interval of 95% P=>0.005 was used to establish if there was a statistically significant outcome from forementioned T-test (Kallogjeri, Francis and Piccirillo, 2019). Cohens d measure was used to establish whether the effect size is small, moderate, or large effect size as this has been deemed the most appropriate way to understand the effect size of the confidence interval (Brydges, 2019).


Results:


Figure 1: Graph demonstrating the difference in temperature change in participants in hot and cold tests.  In the hot laboratory test, a statistical difference with a large effect size was seen at P=0.001, demonstrating a greater temperature change in hot environments than that of the cold environment.


Figure 2: Graph demonstrating the difference in heart rate change in participants in hot and cold tests. Here, the mean Heart rate difference was roughly 16 beats per minute (BPM), whereas the difference in the cold environment was 5BPM, a statistically significant difference at a large effect size P=0.001.


Figure 3: Graph demonstrating the difference in RPE change in participants in hot and cold tests. This illustrates that in hot laboratory test, the difference in mean rate of perceived exertion was roughly 4.5, and 2.5 in the cold laboratory showing to be non-statistically significant different, P=0.21. 


Figure 4: Graph demonstrating the difference in weight change in participants in hot and cold tests.  This demonstrates a greater change in body weight in the hot laboratory test in contrast to the cold laboratory test. Statistically significant at P=<0.017 to a large effect size.


Figure 5: Graph demonstrating the difference in VO2 change in participants in hot and cold tests. VO2 measures while appearing at first glance to show a difference the t-tests showed a statistically non-significant difference, P=<0.201 with a medium effect size.


Discussion:
Different environmental conditions can impact thermoregulation differently. Due to this, there is a differing effect on performance in prolonged exercise (Cheung and Ainslie, 2022). This happens to a more dramatic effect in hot and humid environments due to an increased need to cool the body down to prevent overheating and the comorbidities of overheating, such as dehydration, heat stroke and extreme muscle fatigue (Bouscaren, Millet and Racinais, 2019). Exercise in the heat often becomes more challenging at faster rates than exercising in cold environments. This is due to the phenomena known as cardiovascular drift, which is best described as the effect that occurs when a person has reached a steady state during exercise, but their heart rate and core temperature increase while stroke volume decreases (Shimazu et al., 2020). This occurs as thermoregulation attempts to keep the athletes’ muscles working during exercise as well as keep core temperature down (Souissi et al., 2021b). This process happens in both cold and hot temperatures (Wingo, Stone and Ng, 2020), according to the findings of this study of a heterogenous group of 10 university students, to have a larger effect on performance in hot environments than in cold environments, as was also demonstrated in a study by Maughan et al (2012) as this study saw an impaired effect on performance when comparing hot to cold environmental tests.
Following a well-established method for measuring sweat loss, by weighing the individual immediately prior to exercise and weighing them immediately post exercise. The amount of weight lost is an accurate representation of sweat loss (Cheuvront and Kenefick, 2017). This study saw a greater weight change (Figure 4) in the hot environment than in the cold environment, suggesting a greater volume of sweat loss. This loss of sweat, can also be attributed to causing an increase in HR and SV due to reducing fluid balance within blood, suggesting that more dehydrated athletes would be more impacted by this effect (Maughan, R. J., Shirreffs and Watson, 2007). 

One of the initial changes during prolonged steady state exercise alongside heart rate is temperature, as stress on the body increases as the duration of exercise increases (Périard, Eijsvogels and Daanen, 2021b). Temperature increase occurs as a waste product of the contraction of muscles during exercise (Notley et al., 2019). This increases heart rate as the body attempts to cool down and remove metabolic waste, such as hydrogen and lactate from the muscles (Notley et al., 2019). This happens on a statistically significant level (Table 1) in hot environments when comparing to the same change in cold environments as suggested in figure 1 and figure 2. In hot environments the body needs blood flow to working muscles and the skin to ensure that the blood can be brought to the surface of the body to be cooled (Klous et al., 2020), whereas, in cold environments the blood flow is sent to working muscles and is kept in and around core organs to ensure the core temperature of the athlete does not drop too low and cause hypothermia or frost bite (Castellani and Young, 2012).

The compounding impacts of the forementioned heartrate increase and core temperature on the athletes, lead to a statistically significant difference (Table 1), P=0.021, in rate of perceived exertion (Williams, 2017), when comparing the hot environment to the cold. This suggests that the participants perceived the required work more challenging in the hot environment than in the cold test, (Flouris and Schlader, 2015)also saw an alteration in perception of difficulty when comparing prolonged exercise in the heat to the cold. Studies suggests that RPE and temperature increases (Flouris and Schlader, 2015)are two of the main factors that can lead to a detriment in performance for athletes, as the perception of how difficult the exercise is has an impact on the athlete’s ability, even if other measures such as heart rate and temperature have not elevated higher than usual (Garcin et al., 1998). 
The greater increase in rate of perceived exertion in hot conditions as suggested in Figure 3, may be due to working at a greater heart rate than the participants are accustomed to at the set work rate. Another reasoning behind this may also be due to the increase of temperature and humidity (Garcin et al., 1998), which causes perspiration to remain on the skin, due to less evaporation and convection occurring to assist in the cooling process (Adams et al., 1992), as would be seen on a cooler, less humid day (Ravanelli, Imbeault and Jay, 2020a). This layer of perspiration on the skin, not only slows the cooling process but may also increase the RPE due to increased levels of discomfort, unrelated to how difficult the exercise may be (Garcin et al., 1998). As suggested by (Ravanelli, Imbeault and Jay, 2020b), the rate of sweat production is not driven by core temperature, but at the rate in which the evaporative process of sweat can occur. It was also suggested that total sweat production would be similar, irrespective of environment in a steady state test, but whole-body sweat would be greater (Ravanelli, Imbeault and Jay, 2020a). 

VO2 in this study was suggested to not be significantly impacted by the change in environment (Table 1) P=0.2. Further to this there was one participant who demonstrated abnormal VO2 at 20minutes during the hot environmental test the HR was elevated but VO2 decreased, this could be due to data collection error from equipment or the data collector entering the data wrong, this may be why the VO2 difference as seen in figure 5 resulted in non-statistically significant difference.


There were some limitations to the study conducted such as, both hot and cold laboratory tests were conducted on different days or weeks for certain individuals, meaning some participants had environments that were hotter and more humid, while others had cooler and less humid cold laboratories. This may have had some effect on the results. Further to this, testers had to enter and leave the hot laboratory to empty Douglas bags to take the measurements, which may have caused periods of slight cooling due to drafts entering the laboratory through the door, potentially affecting factors such as RPE. 
To conclude, this study and past literature suggests there is a larger impact on performance factors at higher temperature environments rather than in cold temperature environments. Therefore, finding methods to mitigate these issues is of utmost importance to athletes who travel to environments that are hotter and more humid than the environments they are acclimatised to.
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VO2 Change Hot vs Cold

1	1	VO2 CHANGE HOT	VO2 CHANGE COLD	4.7	1.9	


Temperature Change Hot vs Cold

1	1	TEMP CHANGE HOT	TEMP CHANGE COLD	1.3	0.4	


HR Change Hot vs Cold

HR CHANGE HOT	HR CHANGE COLD	15.8	5.3	


RPE Change Hot vs Cold

1	1	RPE CHANGE HOT 	RPE CHANGE COLD	4.5999999999999996	2.5	


Weight change Hot vs Cold

1	1	WEIGHT CHANGE HOT 	WEIGHT CHANGE COLD	0.7	0.3	


