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Abstract 

 

Heat acclimation training programmes induces physiological adaptations to improve 

thermoregulatory, cardiovascular, sudomotor and metabolic responses during 

exercise in hot conditions. Such adaptations include increased sweat rate, improved 

maximal oxygen uptake, lowered resting and exercising core temperatures and heart 

rate in the heat. It is argued that these adaptations can also promote an ergogenic 

effect. The aim of this study is to analyse the effectiveness of a 3-week intermittent 

exercise heat acclimation intervention on performance and physiological response 

during exercise at both temperate and hot environmental conditions. 8 physically 

active males (age: 24 ± 4 years, height: 183 ± 6cm, body mass: 91 ± 17kg, body fat 

%: 17.6 ± 9.0%) were recruited. A 15-minute cycling time trial in hot (35°C, 30% RH) 

and temperate (~13°C, ~30% RH) as well as the Yo-Yo IRL1 in temperate conditions 

were performed. Following heat acclimation, significant improvements were 

observed within time trial performance (heat; +1.02km, P < 0.001, temperate; 

+0.775km, P = 0.006), local sweat rate (heat; +1.083mgs/cm2min-1, P = 0.002) and 

estimated V̇O2 max (temperate; +1.96ml.kg-1min-1, P = 0.035). An intermittent 3-week 

heat acclimation protocol proved beneficial to performance in hot and temperate 

conditions. ~45 minutes of heat exposure comprising of repeated sprints and steady-

paced cycling demonstrates that traditional high volume training is not essential to 

drive thermophysiological adaptations.  
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1) Introduction 

 

Athletes involved in team sports or track and field events often face the challenge of 

competing in extreme environmental conditions (Saunders et al. 2019). Many 

sporting events often occur within hot climates which imposes substantial thermal 

stress upon competing athletes. This can result in performance decrements 

compared to temperate environments, with optimal exercise conditions ~13°C 

(Girard and Racinais 2014). Exercising in hot conditions promotes onset of exercise-

induced physiological strain caused by alterations within air temperature, air humidity 

and air current velocity (Verdaguer-Codina et al. 1992). Additionally, thermal strain is 

increased during strenuous exercise (e.g. marathon running) in the heat by clothing 

covering the skins surface which limits sweat evaporation; as well as inadequate 

acclimation status and increased fat mass. Combined, these all attribute to increased 

heat production and impaired heat loss mechanisms (Eichner 2002). This reduces 

central blood volume and arterial oxygen pressure as well as elevating core 

temperature (Racinais et al. 2015), significantly increasing the risk of attaining heat-

illness during exercise (Verdaguer-Codina et al. 1992).  

 

Exercising in conditions exceeding 20°C results in a decrease in time to exhaustion 

– especially noteworthy as exercise prolongs over 45-minutes (Armstrong et al. 

2007). Consequently, this was a serious risk for athletes competing in the 2019 IAAF 

World Championships in Doha, Qatar – with environmental temperatures reaching 

38°C (Racinais et al. 2019. These conditions promote a thermal-induced rise in core 

temperature during exercise, potentially reaching a critical state at around 41/42°C 

(Verdaguer-Codina et al. 1992). These dangerous internal temperatures increases 
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the risk of attaining heat-related illnesses and withdrawal from competition (Bermon 

and Adami 2020).  

 

There are several high profile examples of heat stress affecting performance from 

previous events. Callum Hawkins was a Scottish marathon runner participating in the 

2018 Commonwealth Games in Queensland, Australia. Marathoners had to 

participate in an ambient temperature of 30°C, contributing to Callum’s collapse 2km 

from the end of the race due to heat exhaustion (Muniz-Pardos et al. 2019). Gabriela 

Andersen (Switzerland) experienced a similar finish to a marathon race in the 1984 

Olympics in Los Angeles, California. In temperatures reaching 32°C, she completed 

the final 200 metres of the marathon in an estimated two and a half minutes (Schulz 

2015). Each of these athletes experienced thermal-induced exhaustion – causing a 

loss of cognitive function and increased neuromuscular fatigue (Pryor et al. 2019). 

This is the result of significantly elevated core temperatures, which may have risen 

over 42°C (Eichner 2002) and decreased relative work output due to robust 

cardiocirculatory strain (Angerer et al. 2008).  

 

Therefore, it is imperative that athletes implement strategies within their training 

programme prior to competition in hot environments to alleviate its delirious effects. 

In the 2015 Beijing IAAF Championships, ~15% of 207 surveyed athletes were 

unacclimatised to the heat even with prior temperature projections between 26-33oC 

and 73% relative humidity (Reeve et al. 2019). This contributed to the five athletes 

suffering from exertional heat illness in endurance events (Periard et al. 2017). It is 

also estimated also that the mean global temperature will raise by 1.5oC between the 
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years 2030-2052, presenting further challenges for athletes to combat the effects of 

heat stroke on exercise (Periard. Eijvogels and Daanen 2021).  

 

1.1) Physiological Impact of Heat Stress 

Heat stress refers to the physiological and thermoregulatory imbalances observed as 

a result of exposure to hot conditions (Périard, Racinais and Sawka, 2015). This is 

prevalent during exercise, where ~0.3-0.9% performance decrease for every 1ºC 

increase in ambient temperatures exceeding 13ºC (Lorenzo et al., 2010) with greater 

declines occurring in temperatures exceeding 30ºC (Racinais et al. 2015). 

Conversely, environmental temperatures ranging from 30-35°C improves single 

sprint performance due to a faster rate of PCr utilisation – particularly within those 

expressing myosin heavy chain IIA isoforms (Wingfield et al., 2016). However, an 

increase as low as ~0.4°C in rectal temperature has shown to inhibit neural drive and 

voluntary activation of muscle fibres, reducing mean power output across repeated 

sprints (Wingfield et al., 2016). During periods of heat stress, the hypothalamus 

detects high temperatures and responds to this stressor by stimulating the release of 

plasma epinephrine (Periard, Eijsvogels and Daanen 2021). These hormones 

increase Na+/K+ ATPase activity, which requires substantial quantity of ATP and 

therefore is linked to the earlier glycogen depletion during exercise (Baumgard and 

Rhoads 2013). As a result, this limits ATP bioavailability during the latter stages of 

endurance exercise which impairs energy output and performance. 

 

Extended bouts of exercise in hot conditions induces dehydration – characterised by 

a 3% loss in body water and 2% loss in body mass (Cheuvront et al. 2010). A high 

sweat rate during exercise (0.5 – 2.0L/hr) in hot conditions results in a ~10% 
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decrease in blood volume created by a water balance deficit (Periard, Eijsvogels and 

Daanen 2021). Water imbalances impairs electrical gradient development across 

cells, decreasing motor unit recruitment. This is increased further by the high 

electrolyte-percentage composition via sweat. This results in the loss of Na+ and K+ 

which disturbs intracellular-extracellular balance (Buono et al. 2018). As a result, the 

onset of fatigue occurs earlier via both central and peripheral mechanisms. 

 

 1.1.1 – Peripheral and Central Fatigue 

Peripheral fatigue accounts for the accumulation of metabolites such as hydrogen 

and inorganic phosphate within skeletal muscle during vigorous exercise (Zajac et al. 

2015). Combined with the depletion of ATP, PCr and glycogen which act as key 

energy providers and regulators, this suppresses neural excitations and skeletal 

muscle contractions (Amann 2011). Due to the narrower temperature gradient 

between the core and skin, skin blood flow must increase which causes a rise in 

relative heart rate to maintain central blood flow (Nybo 2008). The ability to maintain 

cardiac output in hyperthermic conditions is impaired due to lower stroke volume, 

arising due to a decreased diastolic filling period associated with increased heart rate 

(Zajac et al. 2015). Anaerobic metabolism appears to accelerate in hot conditions, 

which causes an increased decline of ATP ad PCr stores and increasing muscular 

lactate and H+ (Nybo 2008). Therefore, cross bridge formation is impaired and force 

production is reduced. For these reasons, it has been proposed that peripheral 

factors affecting V̇O2 max in the heat represent the primary causes of fatigue 

(Periard, Caillaud and Thompson 2011).  

 



 
 

16 

Central fatigue refers to the reduction of motor recruitment to sustain muscular force 

despite maximal voluntary effort (Meeusen et al. 2006). The prime modulator for 

central fatigue originates from tryptophan, which more readily crosses the blood-

brain barrier during exercise than at rest (McMorris, Barwood and Corbett 2018). 

Breakdown of this compound eventually forms serotonin, which is linked with 

feelings of tiredness and lethargy as well as cognitive impairment (Newsholme and 

Blomstrand 2006). The circulation of dopamine and monoamines also contributes to 

central dysfunction by reducing motor recruitment and disrupting mental function 

(Meeusen et al. 2006). The main determinant of central fatigue appears to be the 

rise in core temperature rather than the rise in localised neuromuscular temperature 

(Nybo 2008). Rises in core temperature are associated with hyperventilation which 

results in a decreased carbon dioxide arterial tension. Thus, cerebral blood flow can 

be lowered by as much as 20-25%, affecting cerebral metabolism and therefore 

skeletal muscle oxygen delivery (Nybo and Secher 2004). The stimulation of type III 

and IV afferents which is responsible for sensations of pain within skeletal muscle 

contributes to impaired central drive (McCord and Kaufman 2009). These afferents 

increase in sensitivity within hyperthermic conditions – therefore, the decline in motor 

unit recruitment may not represent a central failure per se (McCord and Kaufman 

2009). 

 

1.1.2 – Hot-Humid Conditions 

High levels of humidity hinder evaporative heat loss due to the low evaporation 

potential caused by the high ambient vapour pressure gradient (Brotherhood, 2008). 

This becomes a major limitation during exercise in wet-hot environments as 

evaporation acts as the primary avenue for heat loss during exercise (>80%), 
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therefore imposing a greater thermoregulatory strain (Lim, Byrne and Lee 2008). 

This means that core body temperatures could soar to temperatures that could result 

in life-threatening injury and trauma (Rav-Acha et al., 2004). When core body 

temperatures reach ~38ºC, protein denaturation provokes the circulation of 

endotoxins, caused by the release of inflammatory mediators leading to impaired 

cellular function (Periard. Eijvogels and Daanen 2021).  

 

High temperatures combined with high humidity levels substantially increases 

perceptions of work intensity as well as a loss of cognitive function and thermal 

tolerance (Brotherhood, 2008). Periard and Racinais (2015) investigated the 

physiological and performance responses to exercise in hot (35°C, 60% RH) and 

temperate (18°C, 40% RH) conditions. Participants completed 4x16.5-minute cycle 

ergometer time trials separated by 5 minute rest periods. Decline in peak power 

output was significantly greater in hot conditions (-25.9 ± 10.2%) than cool (-10.0 ± 

6.5%), Additionally, V̇O2 peak significantly declined across the four trials in hot 

conditions (97 ± 5, 89 ± 7, 85 ± 10 and 85 ± 10% V̇O2 max) compared to cool 

conditions (97 ± 4, 94 ± 4, 93 ± 4, 92 ± 5% V̇O2 max), as well as significantly 

increased perceptions of thermal strain in the hot conditions compared to cool. 

Within this study, a significantly higher rise in core temperature was observed in hot 

conditions reaching final values of 39.4 ± 0.7ºC compared to 38.6 ± 0.3ºC in the cool 

trial.  

 

This rise in core temperature has been well documented previously, accounted by 

decreased plasma volume and increased rate of perceived exertion (Ibrahim et al. 

2017). As a result, the rise in core temperature initiates a conscious awareness of 
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heat strain provoking a decrease in work rate and pacing ability to reduce risk of heat 

stroke (Corbett et al. 2018). Furthermore, the rise in core temperature is associated 

with early onset of anaerobic threshold and the accumulation of stress hormones 

and lactate (Rahimi et al, 2019). In response to heat-stress during exercise, 

thermoregulation is initiated through several behavioural and physiological 

adjustments in order to maintain homeostasis and a stable core temperature (Periard 

and Eijvogels, 2021). 

 

1.2) Physiological Response to Heat Stress 

1.2.1 - The Role of the Hypothalamus and Vasodilation/Vasoconstriction 

The hypothalamus is a group of specialised neurons located at the base of the brain 

acting as the internal thermostat (Saper & Lowell, 2014). The critical threshold of the 

hypothalamus in humans is 37ºC, with deviation from this initiating a protective 

response (Wendt et al., 2007). The anterior region of the hypothalamus is 

responsible in detecting changes in blood temperature, alongside transient receptor 

potential channel vanilloids (TRPV’s) sensing and responding to thermal changes in 

local environments (Nakashimo et al. 2010). Thermal receptors in the skin monitor 

changes in blood temperature which is sent to the CNS to stimulate the anterior 

hypothalamus (Xie & Dorsky, 2017). Following this, the posterior hypothalamus acts 

in response to the elevated activity of the anterior hypothalamus and initiates 

responses to allow the body to conserve or lose heat (Xie & Dorsky, 2017).  

 

In response to vigorous exercise leading to increased thermal imbalance, the 

posterior hypothalamus initiates several physiological responses to bring core 

temperature back down towards 37ºC (Wendt et al., 2007). This triggers the 
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sympathetic nervous system to promote cutaneous vasodilation via the sympathetic 

cholinergic active vasodilator system, which transports blood towards the skin to 

allow for heat exchange to the environment (Wong and Hollowed 2017). The 

magnitude of skin blood flow is affected by both skin and core temperature. A 1ºC 

rise in skin temperature accounts for 10-30% thermoregulatory drive of vasodilation 

and 1ºC rise in internal temperature accounts for 70-90% vasodilation response 

(Periard et al., 2021). As heat is dissipated to peripheral environment, this reduces 

skin, muscle and core temperatures (Gagnon, Jay and Kenny 2013). However, as 

exercise in the heat prolongs, central drive takes precedence over heat dissipation to 

fuel exercise, which promotes reflex cutaneous vasoconstriction (Periard et al. 

2021).  

 

Vasoconstriction forces a marked plateau of skin blood flow due to the prioritisation 

of circulatory regulation over thermoregulatory control, accelerating the rate of core 

temperature rise (Hargreaves, 2008). Yet, vasoconstriction is critical to alleviate risk 

posed towards renal and liver complications as witnessed during prolonged heat 

stress (Sawka et al. 2002). This increases blood pressure by allowing greater 

venous return to maintain cardiac output during exerting exercise which is common 

in dehydrated athletes where stroke and plasma volumes are reduced (Hargreaves, 

2008). As a result of these mechanisms, heat dissipation strategies are impeded, 

resulting in sweating and hydration status becoming key influencers in maintaining 

thermal balance (Wilson et al. 2017). 
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1.2.2 - Sweating and Dehydration 

The number of eccrine glands varies between 1.6-4.0 million amongst humans, with 

the greatest density of these glands located on the forehead, upper limbs and trunk 

of the lower limbs (Shibasaki, Wilson and Crandall 2006). These glands are initiated 

a few seconds into exercise to provide a cooling effect via evaporative heat loss 

(Koop & Tadi, 2020). Sweat secreted by the eccrine glands is controlled by their 

local and mean skin temperature. This is caused by the binding of acetylcholine to 

muscarinic receptors on the sweat gland, increasing the permeability of K+ and Cl- 

channels initiating the release of isotonic fluid (Wendt et al., 2007). Sweating causes 

a reduction in plasma volume and combined with a high composition of Na+ and K+ 

within sweat, this severely impairs delivery of these salts to working muscles (Baker, 

2019). As a result of this electrolyte imbalance, this may contribute towards whole-

body muscle cramps and exercise-induced hyponatremia – characterised by an 

accelerated rate of physical and mental fatigue (Rosner and Kirven 2007). As 

exercise in the heat continues, sweat production will eventually become inadequate 

because of dehydration.  

 

Dehydration decreases cardiovascular stability and is prevalent amongst athletes 

exercising in hot conditions for ≥30 minutes (Morgan, Patterson and Nimmo 2004). 

This reduces diastolic ventricular filling periods, resulting in a decreased arterial 

oxygen pressure and increased circulation of stress hormones aldosterone, AVP and 

cortisol (Garrett et al 2014). Performance has shown to substantially decrease when 

dehydration induces a loss of >2% body mass (Edwards and Noakes 2009). Such 

losses cause intracellular and extracellular fluid deficits resulting a drop in heat 

dissipation strategies, sweat rate and cutaneous blood flow (Edwards and Noakes 
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2009). Rehydration strategies during exercise include consuming 2.5-5ml/kg body 

mass of 6.9% electrolyte-carbohydrate beverage to improve exercise capacity 

(Nicholas et al. 1995). This helps to maintain sweat production, plasma volume and 

electrolyte delivery to active skeletal muscle during exercise. To combat the 

heightened physiological strain during exercise in the heat, the body possesses 4 

avenues of heat dissipation. 

 

1.2.3 - Evaporation, Radiation, Convection and Conduction 

Evaporation is the greatest heat loss mechanism during exercise (Koop & Tadi, 

2020). This occurs via ventilation, diffusion and sweating – with the latter providing 

approximately 2.43kJ heat loss for every ml sweat evaporated (Wendt et al., 2007). 

The rate of evaporative heat loss increases with higher exercise intensities, with 

repeated sprints potentially promoting sweat rates of >2.5l.hour-1 (Wendt et al., 

2007). Additionally, the percentage contribution of evaporative heat loss varies with 

air humidity, air velocity (both inverse relationships) and environmental skin 

exposure (positive relationship) (Berman 2006). Evaporation is most effective when 

a large water vapour gradient exists between the skin and surrounding air. Thus, hot-

wet climates severely impairs evaporative ability, leading to increased thermal 

perception at a given temperature (Gagnon et al. 2013). The hypothalamus activates 

the eccrine glands to promote sweating onto the skin to allow this to occur. Sweat 

contains NaCl as the primary electrolyte with K+, Cl- and Mg2+ present in smaller 

amounts (Wendt et al. 2007). Within heat-acclimatised individuals, Na+ reabsorption 

rate increases and therefore the evaporative potential and plasma electrolytes 

increase. 
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Radiation is another heat loss mechanism, aiding to maintain exercise intensity and 

reduce physiological strain during exercise. Radiation involves heat transfer in the 

form of infrared heat rays occurring in all objects above 0ºC, contributing towards 

60% of total heat loss at rest in temperate environments (Koop & Tadi, 2020). Heat 

travels from hotter environments to cooler environments; therefore, rays are emitted 

from the hotter core temperature to the cooler environmental temperature during 

exercise (Kurz, 2008). Should environmental temperature exceed skin temperature, 

this will result in a gain of dry heat via radiation (Hutchins, 2021). If this is combined 

with a small water vapour gradient between the skin and environment (i.e., high 

humidity levels), prolonged exercise should be avoided as there is a severe risk of 

heat stroke. The other avenues of heat loss working concurrently with evaporation 

and radiation are convection and conduction. 

 

Convection refers to displacement of air velocity travelling across the skin’s surface 

(Hargreaves 2008). This mechanism changes amongst individuals and 

environmental variability, with higher wind speeds, travelling against the direction of 

wind and increased skin surface area exposure all increasing convective heat loss 

(Periard et al. 2021). In humid conditions, convection aids with evaporative heat loss 

as it helps to remove saturated water vapour that may lie on the skin (Periard et al., 

2021). Conduction refers to the loss of molecular kinetic energy in the form of heat 

from the skin to the surroundings (Hutchins, 2021). Like radiation, this process 

requires a high gradient between skin and environmental temperature to be effective. 

At very high temperatures (~43ºC), conductive heat loss cannot occur (Hutchins, 

2021). Convection and conduction combined contribute to ~15% total heat loss at 

rest in cool conditions but is progressively reduced when temperatures increase. 
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1.2.4 - Conscious Behavioural Thermoregulation 

Body temperature can be reduced via physiological and behavioural regulations. 

Conscious behavioural thermoregulation is often the first line of defence to maintain 

heat balance during exercise in any environment (Flouris & Schlader, 2015). This 

includes basic actions such as removing items of clothing, drinking cold fluids and a 

reduction in exercise intensity (Periard et al., 2021). Removing items of clothing  

exposes more skin to the environment, increasing the rates of evaporative and 

convective heat loss (Davis and Bishop 2013). During exercise, it is recommended 

that athletes wear a blended mixture of synthetic and cotton fibre clothing; with 

cotton or bamboo fibres allowing for moisture absorption and soybean fibres 

possessing heat transfer properties (Davis et al. 2017). The increased moisture 

permeability enhances evaporative heat loss and therefore improving thermal 

comfort. In moderate environments, a mixed blend of synthetic and natural fibre 

clothing significantly reduces skin temperature, microenvironment temperature and 

thermal strain (Dai et al. 2008). These actions from the athlete delays physiological 

heat responses, allowing a greater central blood flow for prolonged periods and 

maintenance of exercise intensity (Flouris & Schlader 2015). When subjected to 

increased thermal strain during exercise, athletes can undertake percooling which 

helps alleviate imposed environmental strain.  

 

Percooling involves the athlete utilising strategies to cool down during exercise 

(Douzi et al., 2020) This is widely utilised amongst team sports where matches 

played in hot conditions will grant players a “cooling break”, where players will often 

wrap ice towels around their neck and ingest a cold electrolyte-based drink. The use 

of ice towels around the head and neck is a popular percooling method as large 
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densities of cold-sensitive thermal receptors are located at these sites, leading to a 

greater magnitude of cooling sensation (Cao et al., 2021). Although the head and 

neck constitute towards 10% of total body surface area, this method is just as 

effective as cooling 60% total body surface area using a cool water system suit, with 

hands and feet cooling providing an effective alternative (Douzi et al., 2020). These 

external strategies lowers skin temperature, which cools cutaneous bloodflow and 

alleviates the demand for vasodilation (Cao et al., 2021). Additional percooling 

methods include the ingestion of ice slurry to reduce internal temperature which 

reduces the level of cardiovascular strain imposed on the athlete (Maley et al., 

2020). As well as regulating core temperature during exercise, numerous strategies 

can be undertaken prior to exercise to reduce the implications of heat stress during 

exercise. 

 

Precooling is the application of cooling the athlete before exercise to improve 

performance in hot conditions (Bongers et al., 2015). This has become a popular 

strategy in the heat due its ability to improve the capacity to store metabolic and 

environmental heat and reduce core temperatures at the beginning of exercise 

(Duffield et al. 2010). This delays the initial rapid rise in core temperature during 

exercise, decreasing perceptions of thermal strain during exercise and prolonging 

exercise intensity during exercise in the heat (Duffield et al. 2010). However, due to 

venue facilities and time constraints this often limits the precooling techniques that 

can be used prior to competition. Additionally, pre-cooling can counteract the 

benefits of a warm-up as decreased muscle temperatures reduce motor recruitment 

(Castle et al. 2006). Precooling strategies can be sub-categorised as either internal 

or external methods, with each having respective benefits.  
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Internal precooling refers to the ingestion of a cold beverage/product (often ice slurry 

at -1ºC) before exercise. This strategy has become the preferred method of 

precooling amongst team sport athletes due to its ease of administration and 

simplicity (Ross et al., 2013). Prior to exercise, ingestion of a cold beverage cools 

internal thermoreceptors - decreasing core temperature to reduce cutaneous 

circulation (James et al., 2015). Beverages at 4ºC have improved cycling time to 

exhaustion (23 ± 6%) and lowered rectal temperature (0.5 ± 0.1ºC) (Lee, Shirreffs 

and Maughan 2008), thus increasing the thermal gradient between core and 

environmental temperatures and decreasing thermoregulatory strain (Duffield et al. 

2009). Subsequently, this initial decrease in core temperature enables athletes to 

prolong exercise intensity as it extends time to reach core temperatures >38.5ºC. 

This maintains volume of central blood flow for extended periods as there is less 

demand for vasodilation (James et al. 2015).  

 

External precooling approaches directly cool the skin. This involves the usage of 

immersion baths, ice packs (ranging from -10 to -15ºC) and cool water suits (Ross et 

al. 2013). Typically, the most effective external cooling strategy is whole-body 

immersion into cold environments. This provides the greatest decrease in whole-

body skin temperature, previously shown to decrease by 4.7ºC (Ross et al. 2013). 

This results in a marked cooling of blood whilst vasodilation occurs, a decrease in 

thermal strain and delay in sweat production (James et al. 2015). The comparison of 

internal, external and a combined (internal and external) precooling approach has 

been researched previously amongst team sports.  
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Combined approaches (ice pack on quadriceps and ice slurry ingestion) have shown 

moderate improvements in total (108 ± 57m), high speed (56 ± 46m) and variable 

run (15 ± 5m) distance covered with no changes observed from external (ice packs) 

and internal (ice slurry ingestion) precooling groups (Aldous et al. 2019). Additionally, 

first half thermal sensation (combined; -1.0 ± 0.5, INT.; -0.63 ± 0.26), rectal 

(combined; -0.6 ± 0.1ºC, INT.; -0.66 ± -0.26ºC) and skin (combined; -1.1 ± 0.3ºC) 

temperatures were improved following their respective approaches, with no changes 

observed during exercise following external precooling. No effects were observed for 

performance and physiological markers during the 2nd 45-minute exercise bout from 

all precooling methods. This suggests that the benefits of precooling may be limited 

to the first ~45 minutes of exercise until core temperatures begin to rise above 39ºC 

(Aldous et al. 2019). Although this study suggests an advantageous effect of 

combined approaches, this concept is still largely equivocal (Aldous et al. 2019).  

 

Ice slurry ingestion significantly improved running velocity at respective blood lactate 

concentrations (+0.3km.hr-1 at 2mmol.L-1, +0.2km/hr at 3.5mmol.L-1), and only 

external cooling (ice vests, forearm immersion, ice towels) significantly benefits the 

delay in rise of the physiological strain index (James et al. 2015). Therefore, it is 

suggested that internal precooling is suited towards short/moderate (sprinting 

events, team sport competition) duration events due to its immediate impact on 

lowering core temperature (Duffield et al. 2009). Whereas external precooling is 

deemed most effective for endurance competition (marathon running) by delaying 

the rise in core temperature and maintaining central blood flow for longer (James et 

al. 2015).  
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1.3) Heat Acclimation 

Heat acclimation refers to the physiologic adaptations obtained from repeated heat 

exposure via artificial environments to improve thermal tolerance (McArdle et al., 

2006). In a passive or active manner, regular heat exposure before competition has 

shown to reduce the detrimental effects that hot environments pose to exercise 

(Heathcote et al., 2018). Many acclimation devices such as environmental 

chambers, tents and houses have been developed for athletes to either exercise, 

sleep or rest in to promote physiological adaptations (Casadio et al., 2017). 

Acclimation protocols are popular amongst athletes living in cooler climates who are 

having to travel for competition at drastically warmer climates (Périard et al., 2015). 

This is prevalent during the Winter seasons in Australia where some Australia 

Football League players may travel from home venues at 12-18ºC to away venues at 

30-35ºC (Kelly et al., 2016). Therefore, teams based in hot climates may possess a 

physical advantage as athletes obtain long-term physiological heat acclimation 

adaptations to alleviate the detrimental heat-stress effects (Mee et al., 2015). The 

aim of heat acclimation protocols is for the athlete to undergo thermoregulatory, 

cardiovascular, metabolic and haematological adaptations in response to continuous 

heat exposure (Corbett et al., 2018). For these adaptations to occur, athletes can 

undertake numerous heat acclimation training methods with isothermal training (also 

known as controlled hyperthermia) suggested to be the most beneficial (Benjamin et 

al., 2019). 

 

The isothermal training method requires athletes exercising until they reach a certain 

core temperature (typically 38.5ºC) for at least one hour (Benjamin et al., 2019). This 

is the recommended method of heat acclimation as core temperatures should be 
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≥38.5ºC to elicit adaptations (Gibson, Mee, Taylor et al., 2015). Despite this, 

isothermal training requires constant recording of core temperature during exercise 

which may be limited due to technological or financial constraints (Gibson, Mee, 

Tuttle et al. 2015). Another acclimation training method is a fixed-intensity method. 

This method involves athletes exercising at a set intensity derived from pre-

acclimation temperate training (Waldron et al., 2019). As no core temperature 

measures are required, this may become a preferable way to acclimate (Gibson et 

al., 2015). However, this method does not guarantee achieving sufficient heat strain 

to promote optimal adaptations. Both methods of heat acclimation promote an 

increase in the number of heat shock proteins (HSP’s), developing a state of 

acquired cellular thermotolerance (Gibson et al. 2015). This is achieved by HSP’s 

binding to thermal-induced denatured proteins and restoring their functionality during 

periods of heat stress (Amorim et al., 2015) 

 

Performance in the heat is improved following heat acclimation due to its benefits on 

thermoregulation, maximal aerobic capacity, and thermal comfort (Daanen et al., 

2018). This is achieved via improved skin cooling, redistribution of blood volume, 

sweat rate and plasma volume expansion (Périard et al., 2015). The magnitude of 

heat acclimation adaptations rely on multiple factors, including acclimation duration, 

intensity of training sessions and how specific the training stimulus mirrors the 

demand of exercise performance (Wingfield et al., 2016). 
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1.3.1 - Short-Term Heat Acclimation 

The extent of adaptation following a heat acclimation intervention is dependent on 

the duration of the intervention (Daanen, Periard and Racinais 2018). Long term heat 

acclimation is required for full acclimation, however there is evidence that short term 

heat acclimation (STHA) alleviates the thermal decrements and improve 

performance in the heat (Reeve et al. 2019). Following 5 days of heat acclimation, 

cycling time to exhaustion and exercise capacity were improved by 7% in hot 

conditions (Garrett et al. 2012). Initial haematological and cardiovascular responses 

within the first 4 days of heat exposure include blood plasma expansion and a 

decrease in exercising heart rate (Rahimi et al. 2019). This is regulated by 

erythropoietin; released in response to the decreased arterial pressure, improving 

tissue oxygen delivery during exercise in the heat (Oberholzer et al. 2019). Other 

cardiovascular responses include an increase in stroke volume and cardiac output - 

contributing to improvements in V̇O2 max in the heat, and up to 80% total adaptation 

obtained from long-term acclimation (Moss et al. 2020).  

 

James et al. (2017) investigated the effectiveness of a 5-day heat acclimation 

protocol on physiological responses and running 5km performance in the heat (32°C, 

60% RH). Acclimation training consisted of 5x90 minute training sessions (36.6 ± 

0.8°C, 59 ± 9% RH) using controlled hyperthermia on a cycle ergometer to maintain 

a core temperature of at least 38.5°C for 60-minutes at a self-selected intensity. A 

significant improvement in 5km time trial was observed within the acclimation group 

(-6.2% ± 5.5%) as well as a between-groups statistical difference in V̇O2 max 

(Acclimation; +4.0 ± 2.2 ml/kg/min. Control; 1.9 ± 3.7ml/kg/min). Furthermore, 

significant improvements were witnessed amongst resting (-0.15°C) and exercising (-
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0.21°C) core temperatures, mean exercise heart rate (-3bpm), RER (-0.08) and 

thermal sensation following 5-day heat acclimation protocol. Results from this study 

highlights the benefits of STHA due to its ability to elicit improvements in a short time 

period, which is receiving a growing interest within team-sports.  

 

During repeated sprint protocols in 40°C on a cycle ergometer, mean power output 

has shown to be significantly less (558.0 ± 146.9W) when compared to the same test 

at 20°C (617.5 ± 122.6W) (Drust et al., 2005). Therefore, it may be necessary for 

teams based in cooler climates to undertake heat acclimation protocols when 

travelling to hotter climates to physically compete against their opponents for the 

duration of a match (Chalmers et al., 2014). Teams having to manage in-season 

schedules may not have time to undertake medium or long-term heat acclimation 

protocols. Therefore, STHA protocols may be a realistic and appropriate approach 

for many competitive teams (Pryor et al., 2019).  

 

1.3.2 - Medium-Term Heat Acclimation 

Medium-term heat acclimation (MTHA) (8-13 days) is often the most utilised 

acclimation duration due to the sudomotor and perceptual benefits in addition to 

STHA adaptations (Moss et al., 2020). Metabolic adaptations are observed here as 

adjustments are made to benefit energy reserves at cellular, tissue and organ levels 

to combat the decreased oxygen consumption during exercise in the heat 

(Dervisevik et al., 2011). As such, the increased activity and content of glycogen 

phosphorylase to promote glycogenesis promotes an increased mass of glycogen 

stores in the heart and liver (Eynan et al., 2002). This promotes glycogen sparing 

and improves energy production during prolonged exercise. Sudomotor adaptations, 
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not regularly attained during STHA, are imposed following MTHA to improve thermal 

resilience in the heat  (Willmott et al., 2015).   

 

During this extended acclimation period, sudomotor adaptations are enhanced to 

improve evaporative heat loss mechanisms. This is achieved by the initiation of 

sweat response at a lower core temperature, as well as a larger volume of sweat 

output at a given core temperature (Relf et al., 2020). This increases total body-

cooling capacity during exercise; however, this escalates the risk of ion loss 

(primarily Na+ and K+) and imbalanced osmotic pressure regulation between 

intracellular and extracellular fluid (Klous et al., 2020). In response to this, heat 

acclimation improves the ability of sweat glands to reabsorb these ions and produce 

a more dilute sweat (Benjamin et al., 2019). This is achieved via an increased 

circulation of aldosterone – attenuating the expression of the epithelial sodium 

channel into the apical membrane of the eccrine sweat duct. This improves sodium 

channels reabsorption efficiency in the reproductive duct (Buono et al., 2018). 

Contrastingly, limited research has focused on the physiology of potassium and 

chloride reabsorption (Klous et al., 2020). 

 

Moss et al. (2020) researched the time-course response in physiological and 

perceptual responses to short term (7 days) and medium term (12 days) heat 

acclimation utilising the isothermal training method (target core temperature – 

38.5°C). Participants performed 45-minute cycling heat stress tests (40°C, 50% RH) 

following short-term and medium-term acclimation, with both durations providing 

significant improvements in physiological, perceptual and performance measures 

compared to pre-testing. Resting heart rate (-8 ± 16bpm) and resting rectal 
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temperature (-0.38 ± 0.26°C) were significantly lowered following short-term 

acclimation however remained unaltered following medium-term acclimation, 

mirroring previous findings that these adaptations occur at an initial rapid rate and 

are not enhanced. Despite this, medium-term heat acclimation has shown to provide 

a more “complete” adaptation when compared to short-term. Participants during the 

heat stress-tests reported lower perceptions of thermal sensation despite no 

changes in exercising skin and rectal temperatures. This is likely due to the 

significantly higher whole-body sweat rate produced following MTHA (1.76L.hr-1) but 

not STHA when compared to pre-acclimation (1.39 L.h-1). As such, MTHA does not 

appear to impose a greater magnitude of adaptations from a cardiovascular and 

haematological perspective. However, the sudomotor and perceptual benefits gained 

following MTHA provides the athlete with a progressive improvement in performance 

as acclimation prolongs.  

 

1.3.3 - Long-Term Heat Acclimation 

Long-term heat acclimation (≥14 days) has demonstrated to have the greatest effect 

of eliciting optimal thermal tolerance adaptations (Benjamin et al., 2019). At this 

duration of acclimation, optimal heat transfer is attained from the body’s core to the 

skin and to the environment. This arises following increases in external HSP72 

content following 15 days heat acclimation, suggesting cellular adaptations continue 

following MTHA (Périard et al., 2015). LTHA induces an improved heat storage 

capacity as a result from optimised thermal, sudomotor, cardiovascular, 

neuromuscular and metabolic adaptations and improved fluid balance (Périard et al. 

2015). Although these adaptations are observed during STHA and MTHA, LTHA 

appears to enhance these responses to a greater magnitude.  
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Following LTHA, total body water increases by 2-3L or 5-7%. While this has a 

detrimental effect on body mass, this is outweighed by the improved ability to 

maintain hydration status during exercise by minimising water cellular deficits 

(Periard et al., 2021). Further, the increase in body water provokes a delay in 

reaching lactate threshold and improves power output at lactate threshold. This is 

due to the increased body water enhancing lactate removal through increased 

splanchnic circulation (Periard et al. 2015). Additionally, an increased sensitivity of 

adrenal glands secrete catecholamines which increases delivery of ATP to active 

skeletal muscle (Périard et al., 2015). LTHA also increases lipid oxidation during 

prolonged exercise to promote carbohydrate sparing. As a result, glycogen 

bioavailability may be improved following LTHA compared to STHA and MTHA. This 

improves the athlete’s ability to regulate pacing strategies and assure a higher 

energy output when exercising in the heat (Périard et al., 2015).  

 

Molloy et al (2013) investigated the physiological responses associated following a 

14-day heat acclimation protocol at 35°C and 35% RH completing a 30-minute daily 

run at 75% V̇O2 max. Across the 14 days, there were significant physiological 

response improvements of peak exercising heart rate (-14 bpm), resting plasma 

volume (+3.3%) and RPE (-1.5). This study demonstrates more robust responses 

compared to studies with shorter acclimation durations, with no changes in maximal 

heart rate (Lorenzo et al. 2010 – 10 days acclimation) and only a -0.4 decrease in 

RPE (Schmit et al. 2017 – 8 days acclimation). This suggests that LTHA induces a 

greater acclimation response compared to studies with lower durations.   
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1.3.4 - Heat Acclimation Training Intensity  

Training intensity should be considered for heat acclimation programmes to 

maximise adaptations and responses. Heat acclimation training intensity should 

mimic the physiological demands of the event/sport the athlete competes in 

(Heathcote et al., 2018). This will promote the greatest sport-specific adaptations 

possible that relate to competition, improving physical performance (Heathcote et al., 

2018). Traditionally, heat acclimation protocols have involved athletes completing 

low-intensity/high-volume (50-60% V̇O2 max, ≥60 minutes) sessions to elevate skin 

and core temperatures to 38.5°C for 1-2 hours per session (Stephenson, Tolfrey and 

Goosey-Tolfrey 2019). However, this would be difficult to implement into a team-

sport regime due to scheduling difficulties from matches, sponsorship commitments 

and tactical training (Duvnjak-Zaknich et al., 2019). One of the defining 

characteristics within team-sports is to perform intermittent-based exercise for 

prolonged periods. For these athletes particularly, this reduces the training specificity 

of long duration protocols (Périard et al. 2020). Therefore there is a need to explore 

more team sport specific training paradigms during heat acclimation. 

Repeated sprints acclimation protocols could benefit team-sport athletes to maintain 

repeated sprint performance during competition. Few studies have explored the 

effectiveness of utilising repeated sprints within a HA protocol, but some evidence 

backs up its ability to promote adaptations. Périard et al. (2020) recruited male team-

sport athletes to complete five heat acclimation sessions for seven days consisting of 

repeated sprint training in both hot (40°C, 40% RH) and cool (20°C, 40% RH) 

conditions. The HA protocol consisted of four sets of 5x6s maximal cycling sprints 

separated by 24s passive recovery between sprints and 5 minutes passive rest 

between sets. Following sprint acclimation in the heat, significant improvements 
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were observed in skin temperature (-0.6°C), thermal sensation (-0.5 units) and 

whole-body sweat rate (+0.2L.hr-1) when compared to the repeated sprint protocol in 

cool conditions. Additionally, a significant increase in mean (+79W) and peak (+67W) 

power was observed during repeated sprints during heat acclimation. Distance 

covered in the Yo-Yo IRL1 Test increased to a larger effect in the heat (315m, d = 

1.18 ) than temperate (207m, d = 0.51). This reinforces the effectiveness of repeated 

sprints within a heat acclimation protocol, with added specificity benefits to team 

sport athletes. Other studies have explored the modification of acclimation training 

intensity, with some investigating the impact of moderate intensity/low volume heat 

acclimation protocols (Périard et al., 2020).  

It is suggested that moderate-intensity/low volume (~35 minutes, 75% V̇O2 max) 

protocols exhibit similar complete adaptations to that of a low-intensity/moderate-

volume (60 minutes, 50% V̇O2 max) protocols (Reeve et al., 2019), but some 

research contradicts this. Wingfield et al. (2016) examined the comparison of 30-

minutes high intensity (30HI) and 90-minutes low intensity (90LI) acclimation 

protocols on performance and physiological markers during a 20km cycling time trial 

and 5x6 maximal repeated sprints at 33°C and 60% RH. Compared to baseline, 

measures of mean core temperature (-0.33°C) and 20km time trial (5.9 ± 7.1% 

improvement) were only significantly improved in 90LI group, whereas only mean 

sprint power output (459 ± 82W) was significantly improved for 30HI. Therefore, 

specific heat acclimation protocols are relevant for promoting aerobic or anaerobic 

adaptations respectively, which should be programmed in accordance with the 

demands of competition (Wingfield et al., 2016). Despite this, passive heat training 

protocols have been developed and are effective alternative acclimation methods if 

active protocols are inaccessible.  
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Passive HA protocols have been utilised by athletes to obtain the relevant heat 

acclimation protocols without the excessive exercise stress (Stephenson et al., 

2019). Their benefits have been well documented, with saunas, heat chambers, 

immersion baths and water-perfused suits being developed and utilised within 

athletic settings (Ko et al., 2020). These devices are recommended to be 

implemented after heat/temperate exercise to continue the elevation of core 

temperature to achieve heat acclimation and training adaptations (Pryor et al., 2019). 

Furthermore, the advantages of temperature control, site-specific heating, and 

implementation practicalities into training programs (e.g. tapering periods) 

contributes towards an increased use of passive HA (Heathcote et al., 2018).  

Stanley et al. (2015) investigated the effect of post-exercise sauna exposure (87°C, 

11% RH) amongst seven well-trained cyclists for 10 days. Each participant remained 

in the sauna for 30 minutes following their usual training sessions. Following heat 

acclimation, a large increase was observed with plasma volume expansion 

(+17.8%), a moderate reduction in waking heart rate (-10.2%) and 60 second heart 

rate recovery following exercise (-15.6%). Despite this, no improvements in peak 

power were observed during a graded cycling test following the 10 days. However, 

participants in this study completed their post-acclimation testing ~15 days following 

the final acclimation session (Stanley et al., 2015). Most adaptations attained during 

testing at this point will have been lost, as previous studies suggest that 1 day of 

acclimation is lost for every 2 consecutive days lacking sufficient heat exposure 

(Daanen et al., 2018).  

Contrasting to this study, Scoon et al. (2007) demonstrated performance benefits  

following passive acclimation. Time-to-exhaustion performance improved by 32% 
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following a similar acclimation protocol (post-running sauna bathing at 89.9°C for 12 

days) (Scoon et al., 2007), demonstrating the capacity of passive heat acclimation to 

significantly improve aerobic performance in hot conditions (Scoon et al., 2007). 

Additionally, an 11-day passive acclimation protocol was undertaken in a climatic 

chamber (48-50°C, 50% RH) for one hour without the inclusion of physical activity 

prior to heat exposure unlike the aforementioned study (Racinais, Wilson and 

Periard 2017). Results showed an increase in time to reach Tcore 39°C (+9 minutes) 

and sweat rate (+0.7L.hr-1) as well as a decrease in mean heart rate (-10 bpm). 

These studies indicate that injured athletes may maintain fitness capacity via passive 

heat acclimation despite being unable to undergo physical training (Racinais, Wilson 

and Periard 2017). Additionally, these strategies can be implemented following 

training sessions to impose adaptations without potential de-training effects often 

observed when training in the heat (Pryor et al., 2019). All these acclimation training 

methods improve exercise performance in the heat, and research gives evidence of 

the ergogenic effect within temperate conditions also (Pallubinsky et al., 2017).  

 

1.4) Heat Acclimation and Temperate Conditions 

Temperate condition improvements are believed to be improved via a reduced 

cardiovascular and thermoregulatory strain via increased plasma volume, V̇O2 max 

and vasodilation (McCleave et al., 2017). Additionally, there is an upregulation of 

HIF-1 protein levels following heat acclimation (Maloyan et al. (2005). This stimulates 

the release of erythropoietin to increase the number of red blood cells, increasing the 

delivery of oxygen to working cells (Maloyan et al., 2005). As a result, heat 
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acclimation has received considerable interest from coaches and athletes due to its 

cross-over potential benefits to temperate conditions (Buchheit et al., 2011). 

Buchheit et al. (2011) explored the physiological and performance adaptations 

following a 7-day heat acclimation training camp amongst 15 Danish and Faroe 

Island Division soccer players. Training took place 5-6 times lasting 60 – 95 minutes 

in temperatures ranging from 38.7 – 42.6°C, including at least one competitive game 

per week. Following acclimation, Yo-Yo IRL1 performance was significantly 

improved (7 ± 9%) which was associated with a decrease in exercising heart rate [-

0.64 (-0.84; -0.28)]. This is a substantial increase in Yo-Yo performance for well-

trained soccer players within their in-season programme where fitness levels tend to 

plateau (Buchheit et al., 2011). Performance improvements here are thought to be 

accounted by the increased cardiac output resulting from improved myocardial 

efficiency and reduced relative exercise intensity, alongside plasma volume 

expansion (Buchheit et al., 2011). Also, it is reported that generally 6-8 weeks of 

intense aerobic training is necessary to increase Yo-Yo IRL1 performance from 15-

35% (Bangsbo et al., 2008). However, due to the lack of a training group, the risk of 

a training effect cannot be ruled out (Buchheit et al., 2011).  

Lorenzo et al. also reported benefits to performance in cool conditions following a 

10-day heat acclimation protocol in 12 highly trained endurance cyclists, with training 

conditions set at 40°C and 30% RH. The training protocol, consisting of 2x45 

minutes of pedalling on a cycle ergometer at 50% V̇O2 max, induced significant 

improvements in V̇O2 max (5% - 66.8 ± 2.1 vs. 70.2 ± 50.9kJ), time trial performance 

(6% - 879.8 ± 48.5 vs. 934.7 ± 50.9 kJ), power output at lactate threshold (5% - 3.88 

± 0.82 vs. 4.09 ± 0.76W/kg), plasma volume (6.5 ± 1.5%) and maximal cardiac 
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output (9.1 ± 3.4%) – all within cool conditions (13°C). The inclusion of a control 

group in Lorenzo and colleague’s study undergoing the same training protocol at 

temperate conditions emphasises the acclimation effect within this study. Alike 

Buchheit et al. (2011) study, participants here were well-trained therefore would 

unlikely benefit from a 10-day training protocol as represented in the control group 

(Buchheit et al., 2011). Combined, these studies demonstrate the basis for 

implementing heat acclimation regimes into team-athletes training – alongside 

positive findings from McCleave et al. (2017) and Neal, Corbett and Tipton (2016). 

Despite this, some research shows no performance improvements and therefore the 

capacity for heat acclimation to improve temperate performance remains equivocal. 

Karlsen et al. (2015) recruited 18 competitive male cyclists to undergo a 2-week 

cycle ergometer heat acclimation protocol at conditions of 34.3°C and 18% RH. Total 

heat exposure for each session lasted 14 hours 40 minutes ± 4:40 per week, with 

testing temperatures at 4.7°C and 13.2°C and relative humidity’s of 29% and 39% 

respectively. Performance measures of time trial total time (43.4km), power output, 

V̇O2 max and exercise efficiency showed no significant improvements within these 

cool conditions. Since some testing sessions took place at 4.7°C, these conditions 

are undesirably cold, which may have impeded performance (Galloway & Maughan, 

1997). At these temperatures, the cooler muscle’s ability to generate force is 

impeded and the rate of glycolysis is increased, resulting in a lower exercise intensity 

at lactate threshold and a greater rate of glycogen depletion (Doubt, 1991). 

Therefore, during post-testing, these conditions may provoke a reduced exercise 

capacity rather than a non-acclimation effect - contributing to non-significant 

improvements.  
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Similar results were found from Keiser et al. (2015), where seven well-trained males 

underwent a cycle ergometer heat acclimation protocol at temperatures ranging from 

37-39°C and 30% RH. Following 10 days heat acclimation with 90 minute heat 

exposures, no significant improvements were witnessed within time trial distance (30 

minutes) or V̇O2 max within cool conditions. Due to the low sample size, this 

increases the chance of type 2 statistical error – reducing the likelihood of observing 

positive correlations between physiological adaptations and performance output 

(Kesier et al. 2015). Additionally, temperate condition post-testing took place 4/5 

days following acclimation. This increases the potential risk of acclimation decay with 

a reported one-day of acclimation adaptations lost for every 2 consecutive days 

without sufficient heat exposure (Daanen et al., 2018). 

Due to these conflicting findings, uncertainty surrounds the impact of heat 

acclimation on temperate exercise performance. Thus, further research needs to be 

conducted to underpin the physiological mechanisms associated with any significant 

results when comparing heat and temperate performance (Neal et al., 2016). The 

aim of this study is to analyse the effectiveness of a 3-week intermittent exercise 

heat acclimation intervention on performance and physiological response during 

exercise at both temperate and hot environmental conditions. Our main objective of 

this research was to determine if heat acclimation adaptations provide an ergogenic 

effect within temperate conditions. This study also assessed the differences of 

physiological adaptations attained from an intermittent-based HIT heat acclimation 

protocol compared to traditional low volume/high intensity approaches. Following 3-

weeks heat acclimation, it is hypothesised that: 1) In the heat, significant increases 

will be observed within localised sweat rate and time trial performance; 2) In the 

heat, significant reductions will be observed in mean exercising core temperature, 



 
 

41 

mean skin temperature, mean muscle temperature and maximal resting heart rate; 

3) In temperate conditions, significant increases will be observed within distance 

covered during time trial and Yo-Yo IR1; 4) No significant improvements will be seen 

in temperate condition sweat rate, skin temperature, muscle temperature, estimated 

core temperature and maximal heart rate. 
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2) Methods 

 

2.1) Research Design 

A pre-test/post-test experimental design was utilised within this study. Three testing 

phases were conducted – baseline, post control and post acclimation, each 

consisting of three tests. Participants were required to participate within both the 

control and acclimation periods, totalling 9-weeks for the study duration per 

participant. Given that the homeostatic stress during exercise is different between 

individuals (Mann, Lamberts and Lambert 2014) by experiencing a different internal 

response to heat stress (Havenith et al. 1998), then this would impact on time trial 

performance. Therefore, if a separate control group was utilised, this would lead to 

greater variability in outcome measures. Thus, a self-controlled design was used 

where participants were asked to continue with their own training for 3 weeks after 

baseline testing and retested before undertaking the training intervention. A study 

overview is shown in figure 1:  

Figure 1– Overview of pre-test/post-test research experimental design 
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2.2) Participants, Sampling and Recruitment 

Eight physically active males (age: 24 ± 4 years, height: 183 ± 6cm, body mass: 91 ± 

17kg, body fat %: 17.6 ± 9.0%) were recruited for this study. All participants were 

required to meet the following inclusion criteria: 1) No previous exposure to heat 

and/or altitude over the last 6 months (>1500m, 30°C); 2) Participate in exercise for 

at least 90 minutes per week; 3) No recent injuries within the previous 3 months 

(Schmidt et al. 2018) (Chapman, Stray-Gundersen and Levine 1998) (Stray-

Gundersen, Chapman and Levine 2001). 

 

Participants were recruited via email to undergraduate students and sent a 

participant information sheet, providing an overview of procedures and expectations 

for each athlete. All participants had the opportunity to ask questions prior to giving 

informed consent. Participants completed a Physical Activity Readiness 

Questionnaire (PAR-Q) during their arrival at the first testing session. The study was 

approved by the ethics committee of Abertay University (EMS4285).  

 

2.3) Testing Procedures 

Participants were asked to avoid alcohol and caffeine consumption at least 2 hours 

prior as well as no strenuous exercise 24 hours before testing sessions (Wingfield et 

al. 2016). Upon arrival to testing, participants had their height (cm), body mass (kg) 

and body fat percentage recorded using scales (Tanita TBF 300-A; Tanita Europe 

BV, Manchester, England) and a portable stadiometer (SECA; Hamburg, Germany). 

 

Time trial is a performance measure that is directly related to endurance 

performance (Levine and Stray-Gundersen 1997) and has been frequently utilised to 
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examine heat and performance interactions (Racinais et al. 2015; James et al. 2018; 

Lorenzo et al. 2011). A fixed resistance was utilised in the time trial (3kg) in order for 

participants to produce an equal amount of work (Kulaksız et al. 2016).  

 

The other test used was the Yo-Yo intermittent Recovery Test Level 1 (Yo-Yo IRL1). 

The Yo-Yo IRL1 is an endurance test used to estimate aerobic capacity. In team 

sports players the Yo-Yo test has been shown to be directly related to incremental 

V̇O2 max (Krustrup et al. 2003; Longo et al. 2017) with a high level of reproducibility 

(Krustrup et al. 2003). It has been shown to be able to differentiate endurance 

capacity between soccer players and long distance runners (Rajan and Rajalakshmi 

2021). Therefore a field-based approach to determine endurance capacity in 

temperate conditions from the Yo-Yo Test. 

 

2.3.1 - 15-Minute Time Trial: 

Participants completed both time-trials on a cycle ergometer (Monark Ergomedic 

874E; Varberg, Sweden) in the climate tent (custom built – Abertay University) in hot 

conditions (35°C, 30% humidity) and temperate conditions (~13°C, ~30% humidity). 

Participants then had a bioharness (Zephyr Technology Corporation; Annapolis, MD) 

connected to allow constant measurement of heart rate and estimation of core 

temperature. Zephyr core temperature and heart rate systems have provided good to 

excellent quality evidence of reliable and valid measurements (Nazari et al. 2018). 

This recorded mean resting, exercising and recovery heart rate alongside maximal 

exercising heart rate. These measures were also recorded for core temperature as 

well as skin and muscle temperatures. Participants had a thermocouple taped to the 

middle of the vastus lateralis to measure skin temperature, with the thermocouple 
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connected to a data logger that recorded temperature every 10 seconds (Elltech). 

On the other leg another thermocouple was attached to the skin and covered in a 

4mm thick neoprene patch to allow estimation of muscle temperature (Miller et al. 

2005). A 4mm neoprene patch was used to prevent heat exchange from the skin to 

the environment, resulting in skin temperature underneath the neoprene patch 

reflecting temperatures of underlying tissues (Flouris, Webb and Kenny 2015). A pre-

weighed 5x5cm square absorbent patch was then attached to the centre of the chest 

to allow determination of localised sweat rate (Buono et al. 2008). It was determined 

that the sweat absorbent patch could hold ~10mls of sweat by weighing the patch at 

full saturation prior to data collection. 

 

Upon entering the tent, participants adjusted the cycle seat height then remained in a 

seated position for 10-minutes within the climate tent to analyse resting measures 

prior to exercise. Participants were required to perform a 3-minute warm-up in both 

conditions at a self-regulated pace. When the test began, participants were required 

to pedal against 3kg resistance to cover as much distance as possible within 15-

minutes. Participants were not blinded to distance, speed and rpm during the trial to 

assist pacing strategies and prevent premature exhaustion (Micklewright et al. 2010). 

Following the time trial, participants were required to rest in a seated position for 10 

minutes in the same exercising conditions to measure recovery rate. All equipment 

was removed from the participant upon leaving the tent and the absorbent sweat 

patch was re-weighed to calculate localised sweat rate. 

 

Fold change was calculated following the heat and temperate time trials to describe 

the degree of performance change following heat acclimation: 
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Fold Change = Heat and Temperate Time Trial Distance Difference (km)/Distance 

Covered in Temperate Time Trial (km) 

 

Sweat rate was calculated by weighing the absorbent sweat patch in grams before 

and after exercise using scales set to three decimal points (GM Series). To 

determine localised sweat rate, sweat production during exercise was inputted into 

the following formula: 

Localised sweat rate = [Change in Sweat Patch Weight (g) x Size of Sweat 

Patch (cm)]/Time(min) 

 

Additionally, measurements of muscle temperature represent a response delay; 

therefore, all raw muscle temperature data were inputted into a calculator to 

represent true values collected during rest, exercise, and recovery (Flouris et al., 

2015). Raw muscle temperature data were inputted into their relevant equation: 

- VLtemp during rest = (iDISK x 0.597) – (IDISKlag2 x 0.439) + (iDISKlag3 x 0.554) 

– (iDISKlag4 x 0.709) + 14.767 

- VLtemp during exercise = (iDISK x 0.599) – (IDISKlag4 x 0.311) + 16.63 

- VLtemp during recovery = (iDISK x 0.657) – (IDISKlag4 x 0.538) + 13.283 

 

This is a cost-effective and non-invasive method proven to accurately measure 

muscle temperature (Carrillo, Cheung and Flouris 2011). iDISKlag represents the 

variable used to calculate the differences at 1, 2, 3 and 4 minute intervals to account 

for the delay (Flouris et al., 2015).  
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Total heart beat index has been proposed as a simple method to assess the 

physiological cost of movement (Hood et al. 2002) and has generally been used in a 

rehabilitation setting during walking. In the current study it has been applied to time 

trial performance to determine cost efficiency of each time trial and was calculated 

as follows: 

Total Heart Beat Index = [Mean Exercising Heart Rate x Duration of Time Trial 

(minutes))/Distance Covered in Time Trial (km) 

 

On a separate day the time trial was completed inside the tent in temperate room 

conditions (18°C) using the same protocols as mentioned. These tests were 

conducted in a randomised control manner. Randomisation was induced by the 

researcher randomly allocating the three tests a number. Participants randomly 

selected three numbers in an order which determined the order of tests. 

 

2.3.2 - Yo-Yo Intermittent Recovery Test (Level 1) (Yo-Yo IRL1): 

The Yo-Yo IRL1 was completed at temperate conditions on a dry pavement surface 

to allow for optimal turning conditions. The aim of this test is to complete as many 

2x20m shuttle runs as possible separated by 10 seconds active recovery (Figure 2). 

Participants started at the start position and upon hearing the first beep, they were 

required to jog to the 20m turn-around line. Upon hearing the second beep, 

participants were required to turn 180 degrees and reach the finish line before the 

final beep. 10-seconds active recovery was granted after each 2x20m runs, with 

participants walking to the 5m turn around line and waiting at the start position at a 

complete stop until they started running again when hearing the next beep (Figure 
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2). The demands of this test increases as time prolongs, with the time between 

2x20m shuttle beeps becoming shorter, requiring participants to run faster. 

Participants always had 10-seconds active recovery during all stages of the test.  

Figure 2 – Yo-Yo IRL1 setup 

 

2.3.3 - Post-Control Testing 

Following baseline testing, participants were urged to maintain their regular training 

schedule and carry out their normal activities away from the university for three 

weeks. Participants were asked to report any modifications to their normal training 

schedules to potentially account for any variability within results that arise between 

baseline and post control testing. Following three weeks, participants repeated 

testing at the same time of day in a randomised manner. Subsequently, the 

acclimation training intervention commenced. 

 

2.3.4 - Training Intervention 

Participants completed three weeks of heat acclimation training within the climate 

tent set at 35°C and 30% relative humidity. Heat acclimation training consisted of 

cycle ergometer repeated sprints (Table 3) which was followed by 30-minutes 

pedalling against 3kg resistance at 60-70% maximal heart rate. During these 

sessions, participants wore the bioharness to monitor heart rate and estimated core 
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temperature during the 30-minutes pedalling. This was to ensure that participants 

were within the heart rate threshold to provide consistency across each participant’s 

acclimation protocol, as well ensuring core temperatures did not exceed the critical 

threshold of 40°C (Periard, Eijsvogels and Daanen 2021).      

 

Each participant attended the Human Performance Laboratory at Abertay University 

three times per week to undergo acclimation sessions. During these sessions, 

participants could drink water only to maintain hydration status. The brake cradle 

dropped when the participant reached 100RPM, indicating the beginning of the 

sprint. The number of repeated sprints increased following each week of training to 

induce progressive overload and to maintain relative training intensity (Table 3).  

 
Training Week Duration (s) Repetitions Intensity (% of 

body mass) 
 

Rest (s) 

Week 1 8 8 7.5 20 

Week 2 8 10 7.5 20 

Week 3 8 12 7.5  20 

Table 1 – Repeated sprint training plan for participants in the control and heat 

acclimation training groups. 

 

2.3.5 - Post-Acclimation Testing 

Post-acclimation testing commenced at least 24 hours following from the final 

acclimation session. This ensured that participants had a sufficient recovery time as 

well as mitigating any risk of acclimation decay, often observed rapidly without heat 

exposure (Daanen, Racinais and Periard 2018). This testing procedure followed the 
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same methods as the two previous testing blocks in a randomised manner to allow 

for the comparison of pre and post acclimation data.  

 

2.4) Data Analysis 

Data was exported from Zephyr OmniSense and ElitechLog software systems to 

Microsoft Excel (2016). Each data set from OmniSense was collected at a sampling 

rate of 1 second. These data sets were processed to calculate mean resting, 

exercising and recovery heart rate and core temperatures, as well as maximal heart 

rate and core temperature during exercise. Data was extracted from ElitechLog at a 

sampling rate of 10 seconds. These were processed to calculate skin and muscle 

mean temperature during rest, exercise, and recovery, as well as maximal exercising 

temperature. 

 

2.5) Statistical Analysis 

All data are presented as means ± standard deviation. Processed data was 

statistically analysed using Jamovi (Version:1.0.1). A Greenhouse-Geisser test was 

used to test normality of data (P > 0.05). Following this, a repeated measures 

ANOVA was used to determine significant differences between control and 

intervention periods, with significance threshold set at P < 0.05. Where significant 

differences existed, a LSD post-hoc test was used to determine significance between 

time points.. Partial eta squared (n2p) were calculated for effect sizes for the 

repeated-measures ANOVA (small – 0.02, medium – 0.13, large – 0.26) (Bakeman, 

2005).  
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 3.1.2 – Fold Change 

There was a significant difference in fold change in time trial performance between 

hot and temperate conditions (P = 0.016; n2p = 0.447; Table 2). There were no 

significant differences between baseline and post control (P = 0.172; Table 2). 

Following acclimation, there was a significant difference compared to post control (P 

= 0.016; Table 2) but not baseline (P = 0.424; Table 2). 

 

Table 2 – Fold change for distance covered in heat to temperate time trial. a; post 

intervention significantly different from post control (P = 0.016) 

Baseline Post Control Post Acclimation 

-0.057 ± 0.058 -0.086 ± 0.047 -0.030 ± 0.039a 

 

3.2) Sweat Rate 

There was a significant main effect for time with sweat rate in hot (P = 0.002, n2p = 

0.678; Figure 4) but not in temperate conditions (P = 0.737, n2p = 0.009; Figure 4). 

There were no significant differences in sweat rate between baseline and post 

control in either hot (P = 0.637; Figure 4) or temperate (P = 0.737; Figure 4) 

conditions. Following acclimation, there were significant improvements in sweat rate 

compared to baseline (P = 0.002; Figure 4) and post control (P = 0.004; Figure 4) in 

hot conditions. In the temperate condition there were no significant improvements in 

sweat rate post acclimation compared to baseline (P = 0.941; Figure 4) and post 

control (P = 0.793; Figure 4).
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Table 3 – Rest, exercise and recovery skin temperature (°C) in both hot and 

temperate conditions. a; P = 0.002, n2p = 0.650 compared to baseline in hot 

conditions; b; P = 0.014, n2p = 0.650 compared to post control in hot conditions. 

 

Hot Temperate 

Baseline 
(°C) 

Post 
Control (°C) 

Post 
Acclimation 

(°C) 

Baseline 
(°C) 

Post 
Control (°C) 

Post 
Acclimation 

(°C) 

Resting 
(mean) 

33.78 ± 
0.63 

32.71 ± 
0.90 

31.77 ± 
0.75a,b 

30.22 ± 
1.47 

29.11 ± 
0.68 

29.89 ± 
0.79 

Exercise 
(mean) 

34.46 ± 
1.04 

34.80 ± 
0.92 

34.15 ± 
0.84 

30.58 ± 
1.27 

29.53 ± 
0.50 

30.44 ± 
0.96 

Exercise 
(max) 

35.87 ± 
0.83 

35.78 ± 
1.15 

35.60 ± 
1.00 

31.69 ± 
1.40 

31.21 ± 
2.18 

31.80 ± 
1.71 

Recovery 
(mean) 

35.38 ± 
1.09 

35.92 ± 
1.01 

35.65 ± 
0.87 

31.73 ± 
1.70 

30.30 ± 
0.76 

31.63 ± 
1.08 

 
 

3.4) Muscle Temperature 

There was a significant main effect for time with resting muscle temperate in 

temperate (P = 0.016, n2p = 0.274; Table 4) but not in hot conditions (P = 0.059 , n2p 

= 0.247; Table 4). There was a significant decrease in resting muscle temperature 

between baseline and post control in temperate (P = 0.016; Table 4) but not in hot 

conditions (P = 0.141; Table 4). No other significant differences were found in 

muscle temperature during hot and temperate conditions at rest, exercise and 

recovery (P > 0.05; Table 4).  
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Table 4 – Rest, exercise and recovery muscle temperature (°C) in both hot and 

temperate conditions. a; P = 0.016, n2p = 0.274 compared to baseline in temperate 

conditions 

 
 
 
3.5) Estimated �̇�𝐕O2 Max 

There was a significant main effect for time with estimated V̇O2 max in temperate 

conditions (P = 0.035 , n2p = 0.284; Figure 5). There was no significant difference in 

estimated V̇O2 max between baseline and post control in temperate (P = 0.392; 

Figure 5) conditions. Following acclimation, there were significant improvements in 

estimated V̇O2 max compared to baseline (P = 0.035; Figure 5) but not post control 

(P = 0.169; Figure 5) in temperate conditions

 

Hot Temperate 

Baseline 
(°C) 

Post 
Control (°C) 

Post 
Acclimation 

(°C) 

Baseline 
(°C) 

Post 
Control (°C) 

Post 
Acclimation 

(°C) 

Resting 
(mean) 

34.57 ± 
0.62 

34.08 ± 
0.54 

33.96 ± 
0.58 

33.65 ± 
0.72 

33.24 ± 
0.66a 

33.20 ± 
0.61 

Exercise 
(mean) 

35.42 ± 
0.61 

35.31 ± 
0.33 

35.14 ± 
0.46 

34.07 ± 
0.73 

34.05 ± 
0.67 

33.83 ± 
0.65 

Exercise 
(max) 

37.79 ± 
0.68 

37.71 ± 
0.46 

37.69 ± 
0.55 

36.14 ± 
0.91 

36.57 ± 
0.70 

36.23 ± 
0.88 

Recovery 
(mean) 

36.47 ± 
0.71 

36.38 ± 
0.43 

36.30 ± 
0.51 

35.15 ± 
0.96 

35.36 ± 
0.68 

35.07 ± 
0.78 
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Figure 5: estimated V̇O2 max in temperate conditions. * represents the significant 

increase between baseline – post intervention in temperate conditions (P < 0.035, 

n2p = 0.284). 

 

3.6) Heart Rate 

No significant differences were found in heart rate during hot and temperate 

conditions at rest, exercise and recovery (P > 0.05; Table 5).  
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Table 5 – Rest, exercise and recovery heart rate (bpm) in both hot and temperate 

conditions.  

 

Hot Temperate 

Baseline 
(bpm) 

Post 
Control 
(bpm) 

Post 
Acclimation 

(bpm) 

Baseline 
(bpm) 

Post 
Control 
(bpm) 

Post 
Acclimation 

(bpm) 

Resting 
(mean) 89 ± 8 87 ± 8 86 ± 9 74 ± 7 75 ± 7 75 ± 9 

Exercise 
(mean) 173 ± 4 170 ± 5 169 ± 3 162 ± 9 161 ± 6 163 ± 5 

Exercise 
(max) 192 ± 4 190 ± 8 191 ± 6 186 ± 11 186 ± 9 189 ± 8 

Recovery 
(mean) 129 ± 4 128 ± 7 130 ± 8 123 ± 11 120 ± 6 121 ± 6 

 

3.6.1 - Total Heart Beat Index 

There was a significant main effect for time with total heart beat index in hot 

conditions (P = 0.005, n2p = 0.646; Table 6) but not in temperate conditions (P = 

0.059 , n2p = 0.500; Table 6). There were no significant differences in total heart beat 

index between baseline and post control in hot (P = 0.384; Table 6) and temperate 

conditions (P = 0,189; Table 6). Following acclimation, there were significant 

improvements in total heart beat index compared to baseline (P = 0.005; Table 6) 

and post control (P = 0.05; Table 6) in hot conditions. In temperate conditions there 

were no significant improvements in total heart beat index post acclimation 

compared to baseline (P = 0.121; Table 6) and post control (P = 0.923; Table 6). 
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Table 6 – Total heart beat index (beats.km-1) in both hot and temperate conditions. 

a; P = 0.005, n2p = 0.646 compared to baseline in hot conditions; b; P = 0.05, n2p = 

0.646 compared to post control in hot conditions. 

 Baseline (beats.km-1) Post Control 
(beats.km-1) 

Post Acclimation 
(beats.km-1) 

Heat  354 ± 56 340 ± 44 314 ± 34a, b 

Temperate 324 ± 22 309 ± 30 307 ± 27 

 

 

3.7) Core Temperature 

No significant differences were found in core temperature during hot and temperate 

conditions at rest, exercise and recovery (P > 0.05; Table 7). 
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Table 7 – Rest, exercise and recovery core temperature (°C) in both hot and 

temperate conditions

 

Hot Temperate 

Baseline 
(°C) 

Post 
Control (°C) 

Post 
Acclimation 

(°C) 

Baseline 
(°C) 

Post 
Control (°C) 

Post 
Acclimation 

(°C) 

Resting 
(mean) 

37.20 ± 
0.44 

37.20 ± 
0.39 

36.47 ± 
0.39 

37.05 ± 
0.58 

36.57 ± 
0.62 

37.04 ± 
0.48 

Exercise 
(mean) 

37.69 ± 
0.22 

37.69 ± 
0.21 

37.45 ± 
0.30 

37.50 ± 
0.32 

37.24 ± 
0.44 

37.55 ± 
0.27 

Exercise 
(max) 

38.13 ± 
0.27 

38.08 ± 
0.25 

37.97 ± 
0.42 

37.79 ± 
0.29 

37.73 ± 
0.25 

37.90 ± 
0.14 

Recovery 
(mean) 

38.13 ± 
0.19 

38.10 ± 
0.17 

38.00 ± 
0.23 

37.90 ± 
0.22 

37.82 ± 
0.18 

37.94 ± 
0.11 
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4) Discussion 

 

The aim of this study was to analyse the effectiveness of a 3-week exercise heat 

acclimation on performance and physiological response during exercise in both hot 

and temperate environmental conditions. Following a 9-day staggered heat 

acclimation protocol, post-acclimation heat time trial performance (7.96 ± 0.93km) 

was significantly improved compared to baseline (7.18 ± 1.19km) and post control 

(7.30 ± 1.06km). Temperate conditions time trial was significantly improved post-

acclimation (8.23 ± 1.03km) compared to baseline (7.59 ± 0.98km). Sweat rate in the 

heat was significantly increased post acclimation (1.75 ± 1.25mg.cm-2.min-1) 

compared to baseline (0.67 ± 0.56mg.cm-2.min-1) and post control (0.80 ± 

0.59mg.cm-2.min-1). Estimated V̇O2 max was significantly improved in temperate 

conditions following heat acclimation (45.47 ± 3.73ml.kg-1.min-1) compared to 

baseline (43.51 ± 2.70ml.kg.-1min-1). It was hypothesised that following 3-weeks of 

heat acclimation, improvements would be observed within sweat rate (heat only), 

time trial performance (heat and temperate) and estimated V̇O2 max (temperate). 

However, no significant reductions were observed in muscle and core temperatures 

in the heat, contrasting to our expectations. Therefore, the hypothesis for this study 

is partially accepted.  
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4.1) 15 Minute Time Trial 

4.1.1 - Time Trial Performance in Hot Conditions  

There was a significant improvement in heat time trial performance following the 

acclimation protocol compared to baseline (11%) and post control (9%; Figure 3).  

Improvement in time trial performance in hot conditions has been documented 

previously (Périard et al. 2015). An increased distance of 780m (compared to 

baseline) and 660m (compared to post control) was reported during the 15 minute 

time trial (Figure 3). In contrast Kirby et al (2018) only reported a 260m increase in 

15 minute time trial in the heat after 9 days of continuous heat acclimation. Both 

studies utilised a repeated sprint protocol to elevate metabolic heat load. However 

Kirby utilised female participants compared to all male in the current study, 

suggesting a sex difference in magnitude of response. Alternatively it is unusual to 

do HIT sessions continuously with most studies separating HIT sessions by at least 

48h (Fernandez-Fernandez et al. 2012; Baldi et al. 2017) as in this study. It is 

possible that continuous HIT does not allow enough recovery to maximise 

adaptations, meaning cumulative training fatigue has limited performance. Further 

work is required to ascertain why the differences are seen. Only female participants 

were utilised within Kirby (2018)’s study, where menstrual cycle and contraceptive 

pill intake was not tracked. It has been suggested that female’s thermoregulatory 

capabilities are reduced during the luteal phase of the menstrual cycle, where 

average core temperature and relative energy expenditure is increased during 

exercise (Zhang et al. 2020). It is possible that these factors negatively affected time-

trial performance amongst some participants, reflecting a reduced acclimatory 

response than what is true.   
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Using a continuous moderate intensity cycle exercise protocol, James et al (2017) 

report a 20 second improvement in 5km run time trial equating to a 6% improvement 

in time trial performance. In contrast a 8-12% increase is reported in the 15 minute 

time trial performance. This may suggest that a high intensity training approach is 

more effective than continuous exercise for inducing heat acclimation. Although care 

must be taken here due to the greater number of training/exposure sessions in the 

current study. However, HIT has been shown to produce a higher metabolic load 

then continuous exercise of a similar energy cost (Peake et al. 2014). 

 

The purpose of any heat acclimation protocol is to increase the body’s 

thermoregulation capacity and efficiency to maintain work output and performance 

(Chalmers et al. 2014). An internal temperature “reset” (lowering of core 

temperature) prior to exercise is often observed, allowing for greater percentage of 

cardiac output to be diverted centrally rather than cutaneously - increasing oxygen 

and electrolyte delivery to active skeletal muscle (Rahimi et al. 2019). It is well 

documented that following a heat acclimation protocol, there is improved V̇O2 max in 

the heat and therefore increase exercise capacity due to reducing relative exercise 

intensity in the heat (Lorenzo et al. 2010). This is due to a reduction in submaximal 

oxygen uptake requirements through the core temperature reset and possibly due to 

an increased circulation of erythropoietin – resulting in plasma volume expansion 

and increased stroke volume leading to a reduction in heart rate (James et al. 2017). 

This increase volume of central blood flow is further attenuated by the increase of 

core-to-skin temperature gradient – characterised by the lowering of skin 

temperature due to the earlier onset of sweat response following acclimation (Kirby 

2018).  
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4.1.2 Time Trial Performance in Temperate Conditions 

Figure 3 shows the significant improvements observed following heat acclimation of 

8.5% (8,24 ± 1.03km) compared to baseline (7.59 ± 0.98km), suggesting that heat 

acclimation possesses a cross-over effect to benefit temperate performance (Figure 

3). These are similar improvements to those observed in Kirby et al (2018) study, 

with participants improving temperate (15°C) 15-minute time trial performance by 

6.8%. Additionally, a 6% performance increase was noted from Lorenzo et al. (2010) 

during a temperate (13°C) 60-minute time trial. Both of these studies implemented 

different training intensities. Lorenzo et al. (2010) utilised the traditional “low intensity 

high volume” training approach. However, Kirby at al. (2018), like the current study, 

uses repeated sprint training as part of the heat acclimation protocol, albeit different 

in duration of sprints and rest times. Contrastingly, Corbett et al (2022) observed no 

significant improvements in post-acclimation performance (427 ± 83 KJ) compared to 

pre-acclimation (417 ± 90KJ) following a medium-term (11-day) heat acclimation 

protocol during a 30-minute cycling temperate time trial. This results exists despite 

the significant improvements in exercising rectal temperature (-0.43°C) and heart 

rate (-20bpm), whole body sweat rate (+0.37L.hr-1) and plasma volume (+10.1%). It 

is likely the large plasma volume expansion is counteracted by hemodilution and 

decreases tissue oxygen delivery per litre of blood (Karlsen et al. 2015). This 

contrasting result reinforces the equivocal nature of temperate performance 

response following heat acclimation, especially considering the improvement in 

temperate V̇O2 max found in this study (Corbett et al. 2022).  

 

Results in our study also show a significant increase in fold change between the hot 

and temperate conditions from post-control (-0.086 ± 0.05) to post acclimation (-
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0.030 ± 0.04) (P = 0.006, n2p= 0.429; Table 2) with a significant effect of time (P = 

0.02) – reflecting a narrower average difference in distance between the heat and 

temperate time trials post intervention (-0.26 ± 0.35) compared to post control (-0.68 

± 0.35). This suggests that there is a greater acclimation than training response in 

the current study since the magnitude of performance improvements is not as high 

compared to the heat. Generally, fold change was lower at baseline compared to 

post-acclimation; however, one participant cycled further in the heat time trial than in 

temperate at baseline which with a small sample effects the statistical outcome.  

 

This result reinforces the specificity of adaptations favouring hot conditions due to 

enhanced thermoregulatory responses which are not stimulated in temperate 

conditions (Buchheit et al. 2011). In hot conditions, improved thermoregulatory 

responses to heat are stimulated because of high temperatures and metabolic load – 

including an earlier onset of sweating, increased sweat dilution (increasing 

evaporative heat loss), increased skin blood flow and improved thermal comfort 

(Periard et al. 2021). This reflects the increased resilience to hot temperatures during 

exercise – so much that it nearly matches performance in temperate conditions 

(Figure 3). The environmental stressor is lessened in temperate conditions, therefore 

sudomotor and blood flow adaptations do not contribute to an improved exercise 

capacity (Karlsen et al. 2015). However, increased plasma volume and increased 

erythropoietin circulation has been linked with an increased haemoglobin mass and 

higher capacity for oxygen delivery in temperate conditions (Mikkelsen et al. 2019). 

These physiological changes may have contributed towards increased work output in 

temperate conditions, but requires further research.  
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4.2) Sweat Rate 

4.2.1 - Sweat Rate in Hot Conditions 

There was a significant increase in sweat rate during the 15 minute time trial in hot 

conditions following heat acclimation (1.75 ± 1.25mgs.cm2.min-1) compared to 

baseline (0.67 ± 0.56mgs.cm2/min-1) and post control (0.80 ± 0.59mgs/cm2/min-1; 

Figure 4). It has been shown that generally, sudomotor adaptations occur following 

MTHA (Relf et al. 2020; Corbett et al. 2018), and that STHA does not provide 

sufficient total thermal exposure to promote sweat adaptations. Our results are align 

with previous research where average chest sweat rate significantly increased 

following 8-day heat acclimation (1.86 ± 0.26mgs.cm2.min-1) compared to baseline 

(1.43 ± 0.15mgs.cm2.min-1) (Shvartz et al. 1979). The magnitude of local sweat rate 

change was substantially higher in our study compared to Shvartz and colleagues. 

Shvartz utilised low intensity cycling at 50% V̇O2 max at 39.8°C during heat 

acclimation. Repeated sprints used in our protocol will have likely produced a greater 

sweat rate during acclimation sessions compared to Shvartz due to the positive 

correlation of exercise intensity and sweat rate (Holmes et al. 2011). Repeated 

sprints likely increase the size and density of eccrine glands and therefore sweat 

output per gland compared to low intensity interventions (Holmes et al. 2016). 

Previously, no changes in localised sweat rate at the chest or back have been 

observed regardless of exercise intensity using traditional heat acclimation of long 

exposure low intensity cycling with no mention of fluid intake during sessions 

(Poirier, Gagnon and Kenny 2016). 

 

Moss et al. (2020) report significant improvements in whole body sweat rate 

following 10-day heat acclimation (1.40 ± 0.30L.hr-1) compared to pre acclimation 
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(0.94 ± 0.16L.hr-1) and STHA (1.06 ± 0.23L.hr-1). In this study, alike our study, 

participants maintained euhydration via water intake ad libitum to prevent 

dehydration and minimise excessive thermal discomfort during the acclimation 

protocol. Euhydration methods have shown to initiate sudomotor adaptations as 

early as during short-term protocols (Mee et al. 2015).  

 

Maintaining hydration during heat acclimation sessions increases the sensitivity and 

activity of eccrine glands compared to dehydrated participants (Garrett et al. 2014). 

This is due to an improved sweat potential via water intake, improving 

thermoeffectors sensitivity and delivering a more prompt thermal response to 

increases in core temperature (Kirby et al. 2018). Mee et al. (2015) demonstrated 

that sweat rate was improved following a short term (5-day) consecutive protocol 

(40°C, 40% RH) when hydration levels were maintained. This suggests that during 

our study, significant increases in sweat rate may have been observed from a much 

earlier stage in the acclimation protocol due to maintenance of hydration (~3-4 days). 

Furthermore, post acclimation sweat rate compared to baseline increased by 161% 

in our study, whereas other studies noting significant increases of 25% (Kirby et al. 

2018).  

 

Permissive dehydration during heat acclimation protocols is thought to facilitate fluid-

regulatory, cardiovascular and thermal strain, promoting higher tissue temperatures, 

hypervolemia and a greater response of stress-hormones – primarily aldosterone, 

AVP and cortisol (Garrett et al. 2014). However, it is theorised that exercise-induced 

dehydration has shown to expand plasma volume and decrease relative heart rate 

quicker compared to euhydration protocols (Pethick et al. 2019). This loss of body 
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water (hyperosmotic hypovolemia) causes an increased release of aldosterone, 

which is an important mediator of post-exercise plasma volume expansion. 

Therefore, plasma volume may be expanded via increased fluid-electrolyte retention, 

in addition to the oncotic effects of intravascular protaltein (Travers et al. 2020).  

 

Following any heat acclimation protocol, inducing dehydration or euhydration, sweat 

rate is increased - which contributes towards an athlete’s thermal tolerance. This is 

due to the reduced absolute core temperature threshold for sweating, increased 

sweat volume relative to core temperature per eccrine gland and a more dilute sweat 

production due to greater reabsorption of sodium via sodium channels (Smith and 

Havenith, 2019). These adaptations combine to contribute towards improving 

evaporative heat loss mechanisms and reducing the temperature of cutaneous blood 

flow, thus stunting the sharp rise in core temperature and improving endurance 

performance in hot conditions (Periard, Racinais and Sawka, 2015).  

 

4.2.2 - Sweat Rate in Temperate Conditions 

Sweat rate remained unaffected during the 15-minute time trial in temperate 

conditions following heat acclimation (Figure 4). To our knowledge, no local sweat 

rates have been studied in temperate conditions following heat acclimation, with all 

studies using whole-body approaches. This results contrasts with Corbett et al. 

(2022), who found a significant increase in whole body sweat rate (0.37 ± 0.31L.hr-1) 

following an 11-day heat acclimation protocol when exercising in temperate 

conditions (11°C, 60% RH). This is likely due to the extended length and 

environmental conditions of the time-trial utilised by Corbett and colleagues where 

sweat data was collected. Participants completed their temperate time trials at 11°C 
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and 60% relative humidity (Wet Bulb Globe Temperature (WBGT) – 18°C), which 

has been shown to decrease exercise performance by 3.3% compared to WBGT’s of 

10°C (Ely et al. 2007). This magnitude of humidity may have impeded evaporative 

heat loss, due to a lower vapour pressure gradient which decreases evaporative 

potential (Maia, DaSilva and Loureiro 2005). This results in a sharper rise in core 

temperature due to impeded heat loss, stimulating an earlier sweat response 

(Sobolewski et al. 2021). Additionally, with Corbett and colleague’s time trial lasting 

15-minutes longer than ours, internal temperature continues to rise for prolonged 

periods, providing a greater stimulus for sweat production. It is likely that this was 

simply not the case during our 15-minute temperate time-trial, due to the shortened 

time-trial duration alongside the cooler conditions (WBGT – 11°C).  

 

However, this contrasting finding does suggest prolonged heat exposure possesses 

the ability to increase sweat response during temperate exercise conditions, where 

the driven sweat stimulus is predominantly non-thermal (Machado-Moreira et al. 

2005). It should also be considered that our study analysed localised sweat rate on 

the chest whereas most research analyses whole-body sweat rates (Kirby, Lucas 

and Lucas 2019; James et al. 2018). Whole body sweat rate is the traditional method 

for analysing sweat loss, as it accounts for all 1.6-4.0 million eccrine glands across 

the body and can be easily compared with similar research (Harker, 2013). 

Furthermore, any two different localised body sweat locations are subject to different 

sweat rates. This is due to varied densities of eccrine glands and potentially non-

glabrous regions subject to increased sensitivity of thermal stress (Machado-Moreira 

et al. 2008). Sweat redistribution occurs following heat acclimation, with higher 

relative increases observed on the forearm and chest (Smith and Havenith 2019; 
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Patterson, Stocks and Taylor 2004). Associating two different data sets, with 

one/both utilising localised methods, can therefore be difficult to interpret despite 

obtaining the same statistical result. 

 

4.3) Skin Temperature 

4.3.1 - Skin Temperature in Hot Conditions 

Average resting skin temperature in hot conditions significantly decreased following 

heat acclimation (31.8 ± 0.8°C) compared to baseline testing (33.8 ± 0.6°C) in hot 

conditions (Table 3). To our knowledge, only one study has investigated the impact 

of heat acclimation of resting skin temperature in hot conditions. This was conducted 

by Pallubinsky et al (2017), who reported a significant decrease in average proximal 

(scapula, upper chest, lower back and abdomen) skin temperature during rest (-0.22 

± 0.29°C) at 33.3 ± 0.4°C, 22.3 ± 6.6% RH following a 7-day passive heat 

acclimation protocol. This demonstrates the potential delay in warming of the body in 

hot conditions following heat acclimation, due to the decreased temperature gradient 

between the core and skin (Racinais et al. 2019). This inhibits the active vasodilation 

response – resulting in a delayed shift in the vasodilation threshold response to 

increased core temperatures (Ely et al. 2010). This alteration in blood flow allows the 

body to rapidly facilitate heat loss mechanisms via vasodilation during exercise, 

improving the athlete’s thermal tolerance capabilities particularly at the start of 

exercise (Pallubinsky et al. 2017). This accounts for the improved total resilience to 

heat stress, contributing to the significant improvement in time trial performance in 

hot conditions.  
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When moderate-intensity exercise is initiated, the initial vasoconstriction response 

diverts blood flow towards active skeletal muscle (Periard, Eijsvogels and Daanen 

2021). Shortly afterwards, especially in conditions where ambient temperature 

exceeds skin temperature, a rapid blood flow change towards peripheral sites is 

initiated via vasodilation to dissipate metabolically generated heat carried within the 

blood (Barry et al. 2020). Following heat acclimation, a delay in this response 

represents the ability to tolerate higher temperatures and increases relative exercise 

capacity – often expressed by a lower exercising skin temperature (Kelly et al. 2016). 

Zurawlew, Mee and Walsh (2018) suggests this is an acclimation response rather 

than an exercise training response. The performance of a 40-minute running protocol 

in hot conditions (33°C, 40% RH) was investigated following a passive heat 

acclimation protocol. This protocol consisted of hot water immersion at 40°C, which 

took place immediately following the 40-minutes submaximal running in hot 

conditions (33°C, 40% RH). The acclimation group presented significant decreases 

in end of exercise skin temperature post acclimation (34.11 ± 0.85°C) compared to 

pre acclimation (35.01 ± 0.93°C). Whereas the control group of this study, 

completing the protocol in thermoneutral conditions (exercise – 18°C; water 

immersion – 33°C) showed no significant performance or physiological changes – 

suggesting no effect of exercise training in temperate conditions on thermoregulatory 

response.  

 

There were no significant changes in mean exercising skin temperature in hot 

conditions at baseline (34.46 ± 1.04°C; table 3), post control (34.80 ± 0.92°C) or post 

acclimation (34.15 ± 0.84°C). These results are similar as those observed from Kelly 

et al (2016) who observed non-significant changes in mean exercising skin 
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temperature during a submaximal exercise test in hot conditions (37.9 ± 0.7°C, 28.5 

± 7.0 RH). This study undertook a similar acclimation protocol to ours, completing a 

total of 5x27 minute HIT sessions on non-consecutive days, consisting of 30s sprints 

at 90% V̇O2 max with 30s active recovery at 30% V̇O2 max. This may suggest that 

HIT, or the low intensity exercise that follows, fails to impose a sufficient thermal 

impulse to drive thermal responses to heat stress during exercise (Kelly et al. 2016). 

Alternatively, skin temperature change during exercise may be a longer-term 

acclimation change.  

 

Following 6 days of heat acclimation at 37°C using moderate intensity exercise there 

was no change in skin temperature during a time trial in the heat (Fujii et al. 2012). 

When continuous exercise has been used at 40°C, small changes in skin 

temperature are noted following short term acclimation and after long term 

acclimation is reduced by 3.1% when core temperature is increased above 38.5°C 

(Gibson et al. 2015), which is similar to the decrease seen in this study (-4.1 ± 5.3%). 

Therefore, core temperature increase appears to drive adaptation in skin 

temperature. If a hotter external temperature was used in this study, then it is 

possible that a more robust adaptation of skin temperature would have occurred. 

Despite this, the magnitude of our exercise skin temperature results align with 

previous significant findings (Gibson et al. 2015) therefore a greater sample size may 

have resulted in a result of significance.  
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4.3.2 - Skin Temperature in Temperate Conditions 

No significant changes were observed from any skin temperature measurements 

during rest, exercise and recovery in temperate conditions (Table 3). Skin 

temperature changes are specific adaptations to facilitate tolerance to heat stress 

(Kirby 2018). This is primarily due to no changes in skin blood flow demands since 

ambient temperatures are lower than skin temperatures. This means metabolically 

generated heat can be efficiently transferred from peripheral sites to the environment 

without increased skin blood flow requirements (Periard, Eijsvogels and Daanen 

2021). This concept can be related to research conducted by Ely et al. (2010), 

demonstrating ~17% less work was performed during a 15-minute self-paced cycling 

trial in 40°C compared to 20°C. This performance decrease was linked to the ~5°C 

increase in skin temperature and unlikely related to core temperature changes as 

this parameter remained similar in hot and temperate conditions (~38.2°C). 

 

4.4) Muscle Temperature 

4.4.1 - Muscle Temperature in Hot Conditions 

No significant changes were observed in estimated muscle temperature following 

acclimation in hot conditions (Table 4). To our knowledge, no other study has 

investigated the effect of skeletal muscle temperature following heat acclimation. 

However, previous research has demonstrated that skeletal muscle blood flow 

requirements remain unchanged following heat acclimation (Nielsen et al. 1993, 

Kirwan et al. 1987). This suggests no significant changes in muscle temperature 

following heat acclimation which would agree with our study, due to the seemingly 

positive correlation with muscle blood flow and muscle temperature (Periard, 

Eijsvogels and Daanen 2021). However, despite our results of non-significance, a 
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substantial 1.76% (-0.61°C) decrease in muscle temperature was observed during 

rest at hot conditions following heat acclimation. This may reflect the resilience 

against hot environments and inhibits the immediate rise in internal temperatures 

(Kirwan et al. 1987). Additionally, this decrease potentially suggests a change in 

skeletal muscle metabolism in the heat. 

 

It has been proposed that skeletal muscle blood flow (and potentially temperature) 

would increase following heat acclimation as a result of increased cardiac output and 

total central blood flow (Periard et al. 2016). However, a decreased accumulation of 

force inhibiting hydrogen and inorganic phosphate, as well as an increased calcium 

release efficiency from the sarcoplasmic reticulum may counteract the potential 

increases in muscle temperature (Periard, Eijsvogels and Daanen 2021). The build-

up of these metabolites have been related to increases in muscle temperature, 

therefore the delay in muscle temperature rise may inhibit the build-up of these 

detrimental metabolites. Carbohydrate utilisation, also linked with increased muscle 

temperatures, may be decreased with greater free fatty acid breakdown (Periard, 

Eijsvogels and Daanen 2021). With these potential mechanisms combined, this may 

reflect an improvement in combatting the thermal-induced strain in addition to 

considerations in skin temperature decreases. Considering the lack of research 

conducted assessing muscle temperature following heat acclimation, these 

physiological mechanisms are purely speculative and additional research is required.     

 

Similarly to core and skin temperatures, a longer heat acclimation protocol or 

stronger thermal impulse may have promoted greater adaptation of muscle 

temperature. Additionally, there were issues with the neoprene patch remaining 
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attached to the skin due to high sweat rates. Consequently, some muscle 

temperature results could not be collected and may not truly reflect muscle 

temperature.  

 

4.4.2 - Muscle Temperature in Temperate Conditions  

Muscle temperature in temperate conditions following heat acclimation remained 

unchanged (table 4), suggesting potential adaptations attained do not translate to a 

15-minute time trial in temperate conditions. Similar to core and skin temperatures, 

the thermal stimulus is weakened which maintains thermoregulatory balance during 

resting periods. Should the time-trial have been extended to ~40 minutes where 

exercise-induced thermophysiological imbalances are imposed, an effect on 

exercising muscle temperature may have been observed. This would have allowed 

acclimation adaptations to regulate muscle temperatures to reflect an improved 

thermal tolerance within the skeletal muscle. Thermoneutral conditions allow for a 

stable central cardiac output supply with unchanged peripheral demand following 

heat acclimation. Further research is required to analyse physiological contributions 

in muscle temperature following heat acclimation during temperate conditions. 

 

4.5) Estimated �̇�𝐕O2 Max 

4.5.1 - Estimated V̇O2 Max in Temperate Conditions 

Estimated V̇O2 max, conducted via the Yo-Yo Intermittent Recovery Test (Level 1) in 

temperate conditions was significantly improved post acclimation (45.47 ± 3.73ml.kg-

1min-1) compared to baseline (43.51 ± 2.70ml.kg-1min-1) – a 4.5% performance 

improvement (Figure 5). A similar but slightly greater improvement was reported by 

Buchheit et al (2011), where estimated V̇O2 max performance was improved by 7% 
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following a 7-day training camp in Qatar. Exposure to hot field-based climates 

(acclimatisation) as observed in Buchheit et al. (2011) has been suggested as a 

more optimal method of promoting specific responses during competition within 

those exact conditions (Periard et al. 2016). Although heat acclimatisation and 

acclimation mimic the same thermoregulatory and cardiovascular adaptations, 

acclimatisation-based participants will likely be exposed to prolonged durations of 

daily heat exposures due to residing in those climates (Periard, Racinais and Sawka 

2015). Acclimation participants may only be exposed to the heat for around 60-90 

minutes daily. Thus, the daily thermal impulse imposed on acclimatisation 

participants will likely exceed those within acclimation, acquiring cellular thermal 

tolerance earlier and to a more considerable extent (Periard, Racinais and Sawka 

2015). Although this may only account for a minimal improvement, this may explain 

the greater improvement in Yo-Yo performance compared to our study.  

 

Following a 10-day heat acclimation protocol at 40°C, Lorenzo et al. (2010) observed 

a significant improvement in temperate condition V̇O2 max post acclimation (70.2 ± 

2.4 ml.kg-1min-1) compared to pre acclimation (66.9 ± 2.1 ml.kg-1min-1). This 5% 

result is similar to our 4.5% V̇O2 max improvement in temperate conditions – which 

was likely contributed by the same environmental conditions employed by Lorenzo 

and colleagues as us (13°C, 30% RH). Additionally, Lorenzo utilised gas analysis 

which is considered as the most precise method to analyse V̇O2 max (Kleinloog et al. 

2021). Considering the similarity between ours and Lorenzo colleague’s results, this 

may support the Yo-Yo Test as a valid strategy to record V̇O2 max as previously 

proposed (Bangsbo 2008). However, the accuracy of this result may have been 

impeded by Lorenzo and colleagues as V̇O2 max tests were completed 45-minutes 
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following a lactate threshold test. This potentially leads to an earlier onset of 

exhaustion and does not reflect the true extent of V̇O2 max improvements.  

 

It is likely that a combination of training and acclimation contributed to our significant 

improvement (Figure 5). Repeated sprint training in temperate conditions increases 

V̇O2 max in temperate conditions. A protocol of 5-8 x (5 x 25 to 35m sprints: 21s rest 

– 3d/wk, 5 weeks) significantly improved V̇O2 max by 5.1% (Schneiker and Bishop 

2008). A protocol of 3 x (5 x 4s sprints: 16s rest – 3d/wk, 4 weeks) also significantly 

improved V̇O2 max by 2% (Serpiello et al. 2011). Therefore, the 4.3% increase in our 

study may reflect the ergogenic effect of repeated sprints and likely increased V̇O2 

max combined with the effect of heat exposure. Heat acclimation (4 x [5 x 6s sprints], 

24s rest) has shown to benefit Yo-Yo performance (+315m, d=1.18) greater than a 

temperate training intervention (+207m, d=1.18) (Periard et al. 2020), suggesting 

heat acclimation benefits aerobic capacity but by a smaller magnitude compared to 

training alone.  

 

4.6) Heart Rate 

4.6.1 - Heart Rate in Hot Conditions 

Heart rate at rest and during exercise remained unchanged following heat 

acclimation in our study (Table 5). This is in contrast to what others have found, 

where heart rate measures significantly decrease following heat acclimation (Travers 

et al. 2020; Alkemade et al. 2021). James et al. (2017) observed a significant 

decrease in mean exercising heart rate (-3bpm) following 5 days acclimation, 

compared to our 0.4bpm reduction from post control to post intervention. Each 

acclimation session completed from James and colleagues utilised the isothermal 
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training method with ~90 minutes total heat exposure per session, with core 

temperature maintained above 38.5°C. This is roughly double the duration of heat 

exposure per session compared to our study, suggesting that either greater 

exposure or prolonged elevation of core temperature is crucial to see cardiovascular 

adaptation to acclimation. Alternatively more frequent exposure to heat is required to 

induce cardiac adaptations. James et al. (2017) exposed participants for 5 

continuous days which may reduce acclimation decay between exposures to heat 

stress (Daanen, Racinais and Periard 2018). Indeed, it has been suggested that the 

onset of heat acclimation adaptations are delayed following an intermittent protocol 

with 2-3 days between heat exposures (Pryor et al. 2019). Final exercise heart rate 

is significantly decreased following continuous approach (13 ± 12bpm) whereas no 

changes have been observed with the same protocol using a staggered approach (5 

± 13bpm) (Gill and Sleivert 2001). Alkemade et al. (2021) also suggests that 

participants with smaller body mass are more likely to undergo heart rate changes 

following heat acclimation. These individuals are more reliant on dry-heat exchange, 

stimulating greater vasomotor responses to heat acclimation (Alkemade et al. 2021). 

Future research may investigate the main effect of heat acclimation on heart rate 

with interaction effects of body mass/dimensions or heat exchange mechanisms.  

 

The lack of changes in heart rate may represent an increased exercise capacity 

within hot conditions. It has been established that relative exercise intensity 

decreases in hot conditions following heat acclimation due to the delayed rise in core 

temperature (Barry et al. 2020; Ravanelli et al. 2019). However, our time trial was not 

set to a standardised exercise intensity and participants were required to cover as 

much distance as possible in the allocated time. Therefore, an increase in work 
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output was represented by an increased cadence on our 3kg loaded cycle 

ergometer, leading to greater distance covered (Figure 3). This increased cycling 

cadence post-acclimation compared to baseline, which counteracts potential 

reductions in heart rate in order to achieve the furthest distance covered (Lepers et 

al. 2001). Mean exercising heart rate was shown to increase at 20% higher cadence 

by 1.5% HRmax during a 30 minute time trial (Lepers, Millet and Maffiuletti 2001). 

When total heart beat index was calculated, there was a significant reduction 

compared to baseline or post control (Table 6). This suggests that there is a greater 

cardiac efficiency after acclimation which allows for a greater workload for the same 

heart rate. However more research is needed to investigate the impact of this 

acclimation protocol on cardiovascular function. 

 

4.6.2 - Heart Rate in Temperate Conditions 

No changes in heart rate (Table 5) and total heart beat index (Table 6) were 

observed at temperate conditions. This contrasts with previous research where 

mean exercising heart rate has decreased following 5-days heat acclimation in 

temperate conditions (Neal et al. 2016). As previously mentioned, this may reflect 

the superiority of isothermal training methods compared to fixed heart-rate methods, 

as well as the practicality of permissive dehydration. Measures of deep/skin 

temperature, sympathetic nervous activity (plasma epinephrine concentrations) may 

have decreased with an increased venous tone to improve oxygen pulse (Garrett et 

al. 2009).  

 

Additionally, Neal and colleagues observed an improvement in temperate condition 

lactate threshold which likely contributed to the decreased heart rate result. The 
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transition of fast to slow myosin isoforms may have contributed to improve the rate of 

lactate removal, improving oxygen supply to active skeletal muscle (Corbett et al. 

2014). Further, Neal and colleagues conducted temperate exercise at 22°C, 60% 

RH. Compared to our study, these conditions may have imposed a ~6% thermal-

induced performance decrement (Lorenzo et al. 2010). Within these conditions, 

adaptations such as plasma volume expansion may have had a cross-over effect to 

reduce heart rate and may reflect the importance of testing in optimal exercising 

conditions when assessing temperate performance. This may be indicated by 

Lorenzo and colleague’s study, observing no changes in heart rate measures 

following heat acclimation in temperate conditions that mirror ours (13°C, 30% RH). 

This helps to achieve a more accurate understanding of the cross-over effect of heat 

acclimation to temperate conditions. Therefore, future studies assessing temperate 

exercise performance following heat acclimation should opt to analyse lactate 

measures and contractile properties to underpin mechanisms for heart rate and 

performance outcomes. 

 

4.7) Core Temperature 

4.7.1 - Core Temperature in Hot Conditions 

No significant changes were observed within core temperatures during rest, exercise 

and recovery within hot conditions (Table 7). Significant decreases in core 

temperature have been observed previously at rest (-0.15°C, 0.4% decrease) and 

exercise (-0.21°C, 0.55% decrease) at 32°C and 60% RH following a 5-day 

continuous heat acclimation protocol (James et al. 2015). The isothermal training 

method was utilised in this study - which maintains thermal stress by manipulating 

exercise intensity (Gibson et al. 2015). The purpose of the isothermal acclimation 
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method is to extend the period of time spent with an elevated core temperature at 

least 38.5°C. This temperature is regarded as the minimum threshold to elicit heat 

adaptations due to the inability to sustain cardiac output, triggering competing 

demands of central/peripheral blood flow (Periard, Eijsvogels and Daanen 2021). 

There was also a longer heat stress exposure within James’s study (60 minutes with 

core temp > 38.5°C) compared to ~45 minutes within our study. 

 

Additionally, isothermal training is a safe acclimation method due to the constant 

monitoring of core temperature, ensuring that it does not soar to temperatures where 

heat stroke becomes a significant risk (>39.5°C) (Lei and Wang 2021). Therefore, 

using the isothermal acclimation protocol over the controlled heart-rate method in the 

30 minutes post- sprints in our study may have enhanced our acclimation 

adaptations. Despite this, the magnitude of core temperature reduction in our study 

at rest (mean - 1.96% decrease) and exercise (mean – 0.6%) appear very similar to 

the significant findings reported by James and colleagues (rest Tcore - ~0.4% 

decrease; exercise Tcore - ~0.55% decrease). An increased duration of acclimation 

protocol and/or an increased participant sample size may have been required for 

these changes to reach significance. This has been shown previously where a long 

term protocol (10 days) was required to observe a significant decrease in mean core 

temperature (37.54 ± 0.28°C) as opposed to a short term protocol (5 days) (37.69 ± 

0.32°C) compared to baseline measures (37.64 ± 0.23°C) (Kirby 2018).  

 

The results from our study align with the findings from Kelly et al. (2016) where no 

significant changes were observed in core temperature following a 5-day 

consecutive heat acclimation. The protocol utilised HIT training similar to ours – 
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involving 3x5 minute work periods alternating between 30s at 90% and 30% V̇O2 

work rate peak. Considering traditional HIT protocols require a low volume of 

training, this may result in an inadequate thermal stimulus imposed. Taylor (2000) 

suggests that a sufficient thermal impulse is only imposed when core temperatures 

rises of 1°C above basal are achieved. Within our study, core temperature was not 

analysed during heat acclimation sessions meaning thermal impulse may not have 

been strong enough in this study. If this was not to be the case, it is likely that there 

were an insufficient heat shock protein response to significantly reduce core 

temperature parameters.  

 

Heat shock proteins contribute towards acquired cellular thermotolerance – 

conveying cytoprotection against heat stress via reductions in physiological strain 

(Gibson et al. 2015). Particularly HSP72, their role is to repair denatured and 

malfolded proteins resulting from excessive heat strain and act as catalysts to 

manufacture protein complexes (Sandström et al. 2008). Resulting from repeated 

exposures >33°C, HSP gene transcription is boosted and intracellular skeletal 

muscle HSP’s are increased (Amorim et al. 2015). The expression of HSP72 mRNA 

has shown to increase by 50% following a fixed intensity heat acclimation protocol 

with no changes observed following a control period (Gibson et al. 2015). As a result, 

the rate of protein remodelling during periods of heat stress is improved following 

heat acclimation (Sandström et al. 2008), which likely contributed to the percentage 

decrease in mean resting and exercising core temperatures seen in the current 

study.  
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4.7.2 - Core Temperature in Temperate Conditions 

No significant changes were observed in core temperature following heat acclimation 

(Table 7). Mean core temperature has previously decreased by 0.8% following a 10-

day heat acclimation protocol (Kirby 2018), contrasting with our 0.13% increase. It 

has been suggested that acclimation adaptations can be transferred to stunt the rise 

of core temperatures in temperate environments as well as the heat (Kirby 2018). 

This includes the lowered sweat and vasodilation onset threshold which are 

imperative thermoregulatory responses during exercise (Periard, Racinais and 

Sawka 2015). This may have been observed with an extended acclimation protocol 

incorporating continuous sessions which is deemed the optimal method to impose 

thermal adaptations (Gill and Sleivert 2001). However, core temperatures are less 

strained in temperate conditions due to the decreased thermal stressor compared to 

hot environments. Therefore, the adaptations attained via heat acclimation 

responsible for heat balance are impeded, which may contribute towards our 

contrasting results with Kirby (2018). This suggests the ergogenic effect of heat 

acclimation is likely contributed by alternative adaptations. This may include plasma 

volume expansion and an upregulation of HIF-1 – augmenting cardiac efficiency and 

oxygen delivery to active skeletal muscle (Periard, Racinais and Sawka 2015). 
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4.8) Practical Implications 

Continuous heat acclimation protocols possess the benefit of driving physiological 

adaptations within a shorter time period than temperate training (Pryor et al. 2019), 

ideal for athletes capable of maintaining high training volume (e.g. pre-season). 

Although continuous protocols have reported adaptations to a greater magnitude (Gil 

and Sleivert 2001), the present study reflects the benefits of intermittent-session 

approaches (2-3 days stagger). Staggered approaches allow for recovery between 

sessions and would be more useful during seasons to prevent overloading (Duvnjak-

Zaknich et al. 2019). This approach allows athletes to develop physical condition 

without impairing their heavier training schedule. Evidence also exists of a heat-

temperate cross-over effect (Figures 4 and 6). Therefore, athletes should opt to 

undertake heat acclimation protocols to gain a physical advantage over their 

opponents in temperate conditions as well as hot environments. 

 

Our study indicates a sufficient thermal impulse was imposed using a high 

intensity/low volume training approach at 35°C and 30% RH, through changes in 

sweat rate (Figure 4) and performance (Figure 3). This meant that the duration of 

each session lasted only for ~45 minutes, where traditional high volume methods 

often require 90-120 minutes of total heat exposure (Gil and Sleivert 2001). 

Therefore, a high intensity staggered heat acclimation protocol may be a much more 

time-efficient and convenient process than using a continuous isothermal approach. 

Implementing repeated sprints for team sports athletes also specifies training to 

mirror competition demands (Sunderland, Morris and Nevill 2008) and provides 

opportunities for progressive overload to ensure sufficient thermal stimulus over 

time.  
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Future research should investigate additional physiological adaptations within 

staggered high intensity heat acclimation protocols. This should highlight the 

physiological decay observed between sessions and compare these responses with 

a continuous training group with the same training workload. Hot and temperate 

conditions should be investigated, with blood plasma volume, hematocrit, HSP 

accumulation and blood flow requirements analysed. This will aid the understanding 

of cardiovascular and thermoregulatory efficiency differences associated with 

changes in training frequency.  

 

The impact of sex on heat acclimation should also be investigated more extensively. 

Although no major differences exist following heat acclimation (Pandolf, Sawka and 

Shapiro 1985), physiological differences suggests acquiring cellular thermotolerance 

may differ between males and females. Thermosensitivity increases amongst 

females during the luteal menstrual phase of the menstrual cycle, contributing to 

impaired performance (Tenaglia, McLellan and Klentrou 1999). This is due to the 

decreased circulation of oestrogen resulting in a decreased number of basal HSP’s 

(Kirby 2018). Comparing the effect of sex between number of HSP’s and thermal 

tolerance, and how they improve performance in hot conditions following heat 

acclimation should also be considered in future research.   

 

An interdisciplinary approach may be investigated to understand the effects of heat 

acclimation on psychological and biomechanical parameters. This may account for 

some performance improvements that physiological mechanisms cannot account for. 

This may include electromyographical analysis of skeletal muscle prime movers of 
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the exercise and the use of short questionnaires during exercise to assess 

psychological impact of heat stress.  

 

4.9) Limitations 

In order to minimise the transmission of COVID-19 amidst the pandemic, our 

protocol had to be scaled back numerous times to ensure COVID-security and safety 

of the researchers and participants. As such, V̇O2 max analysis had to be conducted 

via field testing using the Yo-Yo IRL1 test. Gas analysis is the gold standard method 

for collecting V̇O2 max data, reflecting the possibility of imprecision due to the 

exclusion of gas exchange analysis (Buttar, Saboo and Kacker 2019). Despite this, 

the Yo-Yo test has proven to be a reliable method in achieving repeatable V̇O2 max 

results (Grgic et al. 2019). This means that should any invalid results exist, post-

acclimation results will increase/decrease relative to the heat acclimation adaptations 

imposed. Research has demonstrated that the Yo-Yo test has previously estimated 

V̇O2 max with accuracy when compared to gas analysis protocols (Castagna et al. 

2008).   

 

COVID-19 constraints also enforced a reduced sample size for this study due to the 

time delay of re-opening of the exercise. Consequently, this eliminated the inclusion 

of a control group where the argument of a training effect could have been reduced. 

The inclusion of a control period poses the risk of a “learning effect” which may be 

reflected in changes from baseline-post control. However this was minimised as 

participants undertook a familiarisation session prior to data collection. Since only 

eight participants were analysed, this means that substantial changes in 

performance and physiological measures may not be significant. For example, core 
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and muscle temperature, where significant changes have been observed in previous 

studies with changes as low as 0.15°C (James et al. 2015).  

 

5) Conclusion 

 

Results from our study indicate that a staggered 9-day heat acclimation protocol 

benefits performance and physiological outcomes in both hot and temperate 

conditions (Figures 4, 5, 6). Repeated sprints as part of a staggered heat acclimation 

approach has shown to be viable heat acclimation method, however with adaptations 

likely to a lesser magnitude compared to isothermal approaches. This high intensity 

training method allows coaches/athletes to implement training programmes specific 

to competition demands whilst attaining the ergogenic benefit of repeated heat 

stress. Future research should examine additional physiological changes associated 

with staggered and daily heat acclimation protocols, including plasma volume, 

haematocrit and HSP expression.  
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