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Abstract 
 

Exercise in hot conditions alters the physiological response to the ensuing exercise 

bout and may hasten the onset of fatigue. Regardless of the environment, often pre-

exercise procedures are employed in order to ensure the commencement of exercise in an 

optimally prepared state to perform. Two such pre-exercise procedures often proposed as 

being of benefit involve warming up and pre-cooling, respectively. While both have been 

shown to have ergogenic benefits, they are somewhat contradictory in nature. It is well 

documented that optimal muscular function of the contractile fibres occurs with an 

increased muscle temperature. Accordingly, the practice of a warm up prior to exercise 

commencement is endemic to most sports and athletes and is often based on the premise 

of increasing muscle temperature. In contrast, it is equally well documented that reducing 

body temperature by cooling the periphery of the body, including the musculature, is also 

ergogenic for exercise performance. Accordingly, the practice of pre-cooling is regularly 

used by athletes from a range of sports and environments. This contradiction between 

increasing and decreasing respective body temperatures to improve exercise performance 

raises interesting questions regarding the mechanisms behind the regulation of exercise 
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in the heat. Consequently, the underlying physiological mechanisms to both warm up and 

pre-cooling procedures are seemingly related to thermoregulatory control. As such, this 

chapter will review the respective literature on both warm up and pre-cooling in relation 

to exercise in the heat. Included in this synthesis of relevant literature will be the 

physiological and performance responses to these respective pre-exercise interventions in 

the heat. Additionally, a comparison of the respective roles and interaction of both 

procedures will be discussed and finally, recommendations for the integration of both 

practices will be provided.  

 

 

Introduction 
 

Core and muscle temperature have been respectively shown to affect exercise 

performance in both a positive and negative manner, depending on the type of exercise bout 

performed (Nybo and Nielsen 2001; Mohr et al., 2006). It is well documented that force 

production is enhanced in muscle fibres as muscle temperature is elevated above resting 

values (Brinkhorst et al., 1977; Bergh and Ekblom 1979). Conversely, it is also well 

documented that elevated core temperatures can be detrimental to performance during 

prolonged exercise (Gonzalez-Alonso et al., 1999; Drust et al., 2005; Uckert and Joch 2007). 

Accordingly, this presents a well documented dichotomy in body temperature regulation 

during exercise; where the respective maintenance of elevated muscle temperatures and 

suppression of core temperature are required for optimal, prolonged muscle force production 

(Bishop 2003a; Mohr et al., 2006; Uckert and Joch 2007). When the surrounding 

environmental temperature or humidity are elevated, these conditions compound the 

maintenance of elevated muscle and reduced core temperatures (Reilly et al., 2006). 

Regardless, prior to commencement of most competitive or training exercise sessions, it is 

common for athletes to perform pre-exercise strategies to optimise the ensuing exercise bout. 

Two common pre-exercise strategies that are often utilised involve warm-up and pre-cooling 

(Bishop et al., 2003a; Duffield et al., 2003), for which the respective benefits are seemingly 

opposed. Given the almost uniform use of warm-up procedures by athletes in all conditions 

and common implementation of pre-cooling procedures in warm to hot conditions, these two 

opposing pre-exercise strategies are common in the athletic environment (Marino 2002; 

Bishop 2003a). Accordingly, this chapter will explore this paradox of thermoregulatory 

function and the methods used by athletes to optimise ensuing exercise performance in hot 

environmental conditions.  

The need for warm-up activities prior to exercise is heavily engrained in the psyche and 

attitudes of coaches and athletes, and the engagement in these procedures are almost 

universal to most athletes. Warm-up procedures often involve the use of passive or low to 

moderate exercise intensities and are often developed specifically for the requirements of the 

respective situation. To date, there are equivocal findings on the use of warm-up practices to 

improve sports-based exercise performance (Bishop 2003b); however, the general consensus 

is that the physiological responses to a warm-up benefit the ensuing exercise bout (Bishop 

2003b). These physiological responses are generally related to the increase in temperature 

associated with either the passive or active procedures used (Morrison et al., 2004; Mohr et 
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al., 2004). It is well documented that increased muscle temperatures result in an optimised 

contractile force production, and hence the primary benefit of a warm-up is to increase 

muscle temperature (Mohr et al., 2004). In addition, other non-temperature dependent 

mechanisms may exist, including an increased VO2, increased post-activation potentiation, 

improved nerve conduction or altered biochemical environments (Bishop 2003a). During 

exercise in the heat, while the elevation of muscle temperature to improve contractile 

function is of benefit, the resulting increase in core temperature prior to exercise 

commencement can be detrimental during the ensuing bout (Gonzalez-Alonso et al., 1999; 

Drust et al., 2005; Uckert and Joch 2007). Despite this limitation, the benefits to other non-

temperature related physiological mechanisms and psychological preparation, as well as 

muscle temperature, often results in the use of warm-up procedures regardless of 

environmental conditions.  

The process of pre-cooling involves the application of cold micro-environments to 

reduce skin, muscle or core temperature (Drust et al., 2000; Castle et al., 2006; Duffield and 

Marino 2007). The procedures of pre-cooling for exercise bouts in warm to hot environments 

has grown in popularity in recent times, with procedures including whole-body procedures 

such as cold water immersion, and cold showers or part-body procedures such as a variety of 

cooling garments. To date, the laboratory evidence supports the use of pre-cooling to improve 

exercise performance and blunt the rise in core temperature during prolonged continuous and 

intermittent performance in the heat (Arngrímsson et al., 2004; Castle et al., 2006). However, 

it is apparent that a dose-response relationship may exist, in that larger interventions (whole-

body) may result in a more effective blunting in the rise in core temperature and improved 

performance (Duffield and Marino 2007). Despite these results, pre-cooling in field-based 

environments where the use of larger, full-body cooling procedures is difficult is yet to be 

fully substantiated (Reilly et al., 2006). However, the current evidence indicates that the 

process of pre-cooling athletes prior to exercise in the heat is effective in blunting the rise in 

core temperature and improving performance (Reilly et al., 2006, Quod et al., 2006). 

Conversely, the process of cooling can also reduce muscle temperature (Castle et al., 2006), 

which as stated previously, reduces the ability of muscle fibres to maximise force output 

(Brinkhorst et al., 1977). Hence regardless of the potential improvements in thermoregulatory 

function, pre-cooling prior to exercise may act to blunt the ability to maximise power output 

and reduce ensuing exercise performance (Crowley et al., 1991).  

Therefore, both warm-up and pre-cooling procedures are common practices for athletes 

in a range of environmental temperatures, including warm conditions. Both procedures have 

been shown to have benefits for ensuing exercise performance, yet the proposed mechanisms 

seem to be in opposition. While the benefits of a warm-up are proposed to stem from the 

increase in muscle temperature, the benefits of pre-cooling are conversely proposed to be 

based on the suppression of skin, muscle and core temperature (Bishop 2003a; Mohr et al., 

2006). As such, the paradox of whether to engage in either warm-up or pre-cooling 

procedures prior to exercise in the heat seems to be related to thermoregulatory function. 

Accordingly, this chapter will review the respective literature on both procedures in relation 

to exercise in the heat. A discussion of the physiological responses and effects on exercise 

performance of the respective procedures and a comparison of the respective roles and 
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interaction of both procedures will be covered. Finally, recommendations for the integration 

of both practices and the role for a combined intervention will be provided.  

 

 

Warm-up Prior to Exercise in the Heat 
 

Whilst there is some disparity in the research literature, it is generally agreed that 

undertaking an appropriately structured warm up will enhance the ensuing exercise 

performance (Bishop 2003a). The term ‗warm-up‘ is used almost universally to describe 

preparative strategies prior to exercise, since temperature related mechanisms are generally 

considered to be the main source of this ergogenic activity (for a review see Bishop 2003a). 

The temperature effects associated with a warm-up include a catalysing of neural functioning 

(Davies and Young 1983; Gray et al., 2006), metabolic reactions (Febbraio et al., 1996; Gray 

et al., 2006), and oxygen delivery to the muscle (Burnley et al., 2000; Gray and Nimmo 

2001), with a decreased viscous resistance of muscles and joints (Proske and Morgan 1999; 

Wiktorsson-Moller et al., 2003); the latter of which has also been purported to reduce the risk 

of injury (Woods et al., 2007). However there are also a number of non-temperature related 

benefits of warm-ups, and as such the term ‗acid up‘ has also been used to describe the 

change in biochemical properties of the muscle fibre following warm up (Gerbino et al., 

1996). The warm-up associated increase in baseline VO2 would presumably suppress the 

requirement for glycolytic activity in the initial stages (Gray and Nimmo 2001; Robergs et 

al., 1991), sparing the anaerobic capacity for later in the bout. Other purported non-

temperature related benefits of a warm up include post activation potentiation (Gossen and 

Sale 2000; Young et al., 1998) and an increased psychological preparedness.  

Warm-ups typically involve active moderate-intensity continuous exercise of the major 

muscle groups. This metabolic conversion of chemical to mechanical energy required for 

muscle actions and limb movement operates at an efficiency of 25% at best and 

consequently, a large portion of energy produced is released as heat (Lindinger 1999). 

Exercising muscles generate heat at a rate directly proportional to the intensity of the work 

performed (Saltin et al., 1968), and at moderate work-rates muscle temperature begins to rise 

within 5 minutes, continuing to increase at a rate between 0.1 - 0.4 ºC min-1 (Gray and 

Nimmo 2001; Gregson et al., 2002). This heat moves from the contracting skeletal muscle to 

surrounding tissues by conduction and convective flow of lymph and venous blood. 

Accordingly, there is an ensuing accumulation of heat in the core (Gleeson 1998), occurring 

at a lower rate of 0.02 - 0.05 ºC min-1 (Bishop and Maxwell 2008; Gregson et al., 2002).  

Alternatively, this increase in body and muscle temperature can also be achieved 

passively, with the added advantage that there is no depletion of energy substrates. Pre-

warming via passive procedures can be broadly classified into two categories: wet-heating 

and dry-heating. Wet-heating techniques such as hot water immersion via a shower, bath, or 

sauna are the quickest way of raising body temperature because of the high temperature 

conductance of liquids. Hot water immersion (42 - 44 ºC) can result in an elevation of core 

and muscle temperature by 0.03 - 0.06 ºC min-1 (Brown et al., 2008; Gregson et al., 2002, 

2005) and 0.08 - 0.13 ºC min-1 (Gray et al., 2006; Gregson et al., 2002, 2005), respectively. 

Alternatively, dry-heating methods such as hot-pads, diathermy, massage and high ambient 
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temperatures have been administered with varied success. For example, Drust et al. (2003) 

observed comparatively low heat transfer to muscle (0.033 ºC min-1) using massage, with no 

temperature change in muscle treated with ultra-sound. Whereas exposure to a very hot and 

humid environment (45 ºC, 70% relative humidity) has increased core (0.033 ºC min-1) and 

muscle (0.083 ºC min-1) temperature at comparable rates to hot water immersion (Gray and 

Nimmo 2001).  

The complex myriad of physiological responses to the varied warm up techniques means 

there are many factors to consider when designing an appropriate warm-up, such as the event 

characteristics, facilities, pre-event protocols and the recovery period between the warm up 

and the beginning of the event. The complication is compounded when the event is to be 

undertaken in hot environmental conditions. However, despite the physiological responses to 

warm-up procedures, the key requirement of these activities is to improve ensuring exercise 

performance. 

 

 

Performance Benefits of a Warm-up 

 

Power Performance 

The performance enhancement of power following warm up activities are well 

established. Both active (Mohr et al., 2004; Racinais et al., 2005) and passive (Gray et al., 

2006; Racinais et al., 2007) means of raising muscular temperature have been reported to 

increase power output. The mechanisms behind this phenomenon are still debated, possible 

temperature-related causes include the decreased resistance of the muscles and joints and the 

increase in nerve conduction rate. This would suggest a passive elevation of the local 

temperature would also provide the same benefits (Racinais et al., 2007). Therefore if power-

based exercise bouts are to be undertaken in the heat, the ambient conditions alone might 

improve performance (Falk et al., 1998; Linnane et al., 2004). However combining the effects 

of a passive warm up with exposure to hot conditions is not additive, and points to a ‗ceiling‘ 

effect, above which an increase in temperature does not further improve muscular 

performance (Racinais et al., 2004), potentially due to their similar effect on neuromuscular 

efficiency (Racinais et al., 2005). Alternatively, an active warm-up promotes non-temperature 

related benefits (e.g. post-activation potentiation), thus provided an appropriate active warm 

up is administered and the recovery period from this activity is sufficient to enable the 

resynthesis of high energy phosphates, this method may be of further benefit to power-related 

performance (O‘Brien et al., 1997). Whilst a very high intra-muscular temperature can cause 

fatigue (Febbraio et al., 1996), it is very unlikely that an active warm up in hot conditions 

will negatively influence power output. Therefore since cooling of the muscle is detrimental 

to this type of performance (Cheung and Sleivert, 2004; Racinais et al., 2007), it is suggested 

that active warm ups are undertaken prior to power performance in hot environmental 

conditions.  

 

High-intensity Performance 

It is generally considered that high-intensity exercise of a short duration (< 10 min) is 

improved after a warm-up (Brown et al., 2008; Hajoglou et al., 2005). Although, to date there 
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is limited data available on exercise of this nature performed in warm to hot conditions. 

O‘Brien et al. (1997) observed an increase in a 60s supra-maximal bout in hot conditions, 

where in contrast, 4-km time-trial performance (Altareki et al., 2008) and high-intensity 

intermittent exercise to exhaustion (Maxwell et al., 1996) have been reported to be reduced in 

the heat. Whilst the heat generated from muscle metabolism during high-intensity exercise is 

considerable, and is compounded in intermittent exercise scenarios (Drust et al., 2000; 

Ekblom et al., 1971), the degree of heat stress attained in such short-duration activities would 

not reach the typical range in which hyperthermia related fatigue is evident. It has been 

speculated that the body regulates heat content (Webb, 1995) and that a given increase in heat 

content (McLellan et al., 2000), or a high rate of heat storage (Altareki et al., 2008) rather 

than the attainment of an absolute core temperature, might be responsible for the reduced 

performance in this exercise domain. Therefore, whilst raising the body temperature in a 

warm up as a consequence of either active or passive heating is recommended given its more 

comprehensive evidence base, pre-event core temperature should not exceed 38 ºC, and the 

intensity and duration of the warm up should be manipulated to reduce the rate of heat 

storage. This might be achieved passively using hot water immersion, which has been shown 

to be successful for this type of exercise (Brown et al., 2008). Although since the temperature 

of the muscle is more important for producing muscular power than central body temperature 

(Falk et al., 1998; Stewart et al., 2003), adopting an active warm up in these circumstances is 

more appropriate, especially since non-temperature related effects might further enhance the 

performance potential.  

 

Endurance Performance 

During prolonged exercise bouts there is some evidence that an active warm up does not 

impact upon prolonged repeated sprint performance in either moderate (Bishop and Claudius, 

2005) or hot environmental conditions (Bishop and Maxwell, 2008). Alternatively, there 

appears to be a consensus from prolonged steady-state (Gregson et al., 2002), incremental 

(Ukert and Jock 2007) and intermittent (Gregson et al., 2005) fixed-intensity exercise models 

that warm-up is detrimental to this type of performance. Furthermore, this decrement in 

prolonged exercise performance is apparent subsequent to both active and passive warm-ups 

(Gregson et al., 2002, 2005). Consequently it is thought that the increased body temperature 

generated by a priori warm-up, rather than alterations in metabolism, is deleterious to 

exercise performance. The resultant decreased capacity for heat storage and increased 

thermoregulatory strain leads to an earlier attainment of a high critical core temperature that 

has been shown to result in fatigue (Galloway and Maughan, 1997; Gonzalez-Alonso et al., 

1999), even in moderate ambient temperatures (Gregson et al., 2002, 2005). In addition, the 

development of a high muscle temperature (> 40 ºC) may result in dysfunction in intra-

muscular metabolic processes and also contribute to fatigue (Febbraio et al., 1996). The 

evidence from fixed-intensity, time-to-exhaustion exercise models suggests that a warm up 

preceding prolonged activity is ergolytic, although when performance is self-paced, such as 

prolonged intermittent sprint work, there are no detrimental effects (Bishop and Claudius, 

2005; Bishop and Maxwell, 2008), as long as the warm up intensity is not too high (Datson et 

al., 2007). The disparity between these aforementioned findings is most likely explained by 

the different exercise models. Fixed intensity protocols do not enable researchers to test the 
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efficacy of warm up procedures on initial performance, which may have consequences for the 

ensuing pacing strategies adopted. Therefore if athletes abandon warm up strategies to 

alleviate the potential thermoregulatory strain, initial muscular performance may be inhibited 

(Hajoglou et al., 2005), not to mention the negative connotations for mental preparation and 

injury epidemiology. Thus there is a thermoregulatory paradox, between preparing the 

muscle optimally for work, whilst reducing the thermal strain on the muscle and whole body 

to alleviate thermal related fatigue.  

One solution might be to reduce the overall intensity and/or duration of the active warm 

up in high ambient temperatures, as this has been shown to sustain repeated sprint 

performance during soccer-specific intermittent exercise (Datson et al., 2007). Alternatively, 

engaging in active exercise before a performance bout, which would elevate muscle 

temperature while concurrently operating strategies to decrease the thermal load via 

conductive, convective and evaporative heat transfer might be beneficial. The vaporisation of 

sweat is the major source of heat dissipation even in humid environments. Therefore wearing 

appropriate ‗breathable‘ clothing and maintaining hydration status will enhance evaporative 

cooling without developing circulatory and thermal strain. Furthermore, increasing the 

convective air-flow using fans or preparing without stationary ergometers may also be 

efficacious. Finally, decreasing the peripheral temperature to increase the core-to-skin 

temperature gradient and facilitate conductive heat transfer to the shell will also enhance heat 

loss. Methods such as pre-cooling, and cooling of the body during the warm-up with ice-

jackets, application of ice-packs to the trunk, neck and head have been shown to be 

successful (Marino 2002, Quod et al., 2006) and may allow the benefits of warm up 

procedures without associated negative responses for exercise in the heat.  

 

 

Pre-cooling prior to Exercise in the Heat 
 

Pre-cooling involves the reduction or suppression of either skin, muscle or core 

temperature by the application of cold micro-environments to the periphery of the body 

(Marino 2002). Common methods in laboratory studies involve cooling by cold-water 

immersion, cold showers or cold rooms (Olschewski and Brück 1988; Kay et al., 1999; 

Wilson et al., 2002), while more practical, part-body methods include cooling vests, cold 

water sprays and cold packs (Duffield et al., 2003; Arngrímsson et al., 2003; Castle et al., 

2006). From a collection of research, it is evident that the greater the duration and extent of 

cooling stimulus applied, the greater the reduction in muscle and core temperature 

(Yanagisawa et al., 2007). Moreover, while a longer or more involved cooling stimulus may 

result in greater performance improvement (Duffield and Marino 2007) this is not always the 

case (Kay et al., 1999). However, a growing collection of research literature indicates that in 

warm environmental conditions, when an effective cooling procedure is implemented (greater 

than 15 min and to a reasonable proportion of the body), exercise performance benefits are 

likely (Marino 2002; Quod et al., 2006).  

Physiological Responses to Pre-cooling for Exercise in the Heat 
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By providing a sufficient cooling stimulus, regardless of the method used, a range of 

systemic, contractile and neural physiological responses occur, which in turn may be of 

benefit for exercise in the heat (Marino 2002; Quod et al., 2006; Wendt et al., 2007). On a 

whole-body or systemic scale, pre-cooling results in significant local and whole-body 

reductions in skin temperature (Hessemer et al., 1984; Duffield and Marino 2007), and given 

the stimulus is applied for a sufficient duration, can reduce muscle temperature (Beelen and 

Sargeant 1991; Castle et al., 2006) and reduce the rise in core temperature (Olschewski and 

Brück 1988; Wilson et al., 2002). In turn the reduction in skin and muscle temperature 

increases the heat gradient between the internal and peripheral regions, providing what has 

been termed a ‗heat sink‘ to improve heat storage (Marino 2002; Reilly et al., 2006). 

Additionally, given the increased heat gradient between areas of heat production (muscle) 

and heat release (cutaneous), it is proposed pre-cooling provides an improved heat transport 

system (Booth et al., 1997). Due to the improved efficiency of convective and conductive 

mechanisms, the reliance on evaporation is reduced, in turn preserving blood volume (Lee 

and Haymes 1995). Additionally, pre-cooling can either reduce core temperature prior to 

exercise commencement or alternatively reduce the rate of rise during exercise (Olschewski 

and Brück 1988; Wilson et al., 2002). It is proposed that the improved ability to store or 

dissipate heat via improved convective and conductive mechanisms results in a slower rise in 

core temperature for the same workload and muscle heat production (Olschewski and Brück 

1988; Lee and Haymes 1995; Marino 2002). Therefore, an important aspect of the pre-

cooling process is to improve the capacity of the body to store, transport and release heat 

generated from the exercising musculature.  

The reduction in skin, muscle and/or core temperature prior to or during exercise in the 

heat, results in a reduced physiological load on various other systems. It is well established 

that exercising in cooler environments or following pre-cooling in the heat reduces 

cardiovascular strain (Hessemer et al., 1984; Olschewski and Brück 1988; Lee and Haymes 

1995). It is proposed that the reduced heart rate values noted during exercise following pre-

cooling in the heat results from the reduced need for peripheral vasoconstriction to facilitate 

heat loss (Lee and Haymes 1995). Additionally, pre-cooling is proposed to improve central 

blood volume, due to reduced peripheral (epidermal) vasoconstriction, thus resulting in an 

increased availability of blood flow to supply exercising musculature (Olschewski and Brück 

1988). In turn the improved availability of muscle blood flow in an environment where 

demands on circulation are increased, results in improvements in O2 pulse and arterial-venous 

O2 difference (Hessemer et al., 1984; Olschewski and Brück 1988). However, despite reports 

of improved muscle O2 uptake, there is equivocal evidence to suggest improvement in VO2 

following pre-cooling for exercise in the heat (Hessemer et al., 1984; Beelen and Sargeant 

1991). 

While pre-cooling prior to exercise in the heat improves heat storage and transport and 

reduces the cardiovascular load encountered during the bout, the effect of cooling the 

contractile element of the muscle does not optimally prepare the muscle for the ensuing 

exercise bout (Holewijn and Heus 1992). During exercise the afferent feedback from the 

contracting skeletal musculature overrides the effect of cooling on muscle blood flow; 

however, at rest local vasoconstriction from cooling procedures results in a reduction in 

muscle blood flow (Taber et al., 1992). Moreover, reducing muscle temperature reduces 
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cellular metabolism via both a reduction in the haemoglobin/myoglobin concentration and 

also the activity of rate limiting glycolytic enzymes (Yanagisawa et al., 2007; Febbraio et al., 

1996). Additionally, reduced muscle temperatures may result in minor negative changes to 

the muscle and tendon stiffness and passive resistance encountered during contraction 

(Bishop 2003a). Finally, cooling a resting muscle has also been shown to slow nerve 

conduction velocity (Karvonen 1992). Thus while, pre-cooling may provide a reduced 

systemic load during exercise, the process of lowering muscle temperature can diminish 

contractile function (Holewijn and Heus 1992). Accordingly, early research literature 

highlights that the force-velocity contraction profile of the contractile unit is slowed at lower 

temperatures (Brinkhorst et al., 1977; Bergh and Ekblom 1979).  

Thus we have a contradictory state following pre-cooling prior to exercise in the heat, 

with a reduction in the load placed on many of the physiological systems, yet muscle fibres 

that are not optimally prepared for the ensuing bout. However, overarching both these 

respective physiological structures are the effects on central nervous system (CNS) function. 

Reductions in core, and to a lesser extent muscle, temperature have been shown to prevent 

the reduction in voluntary activation that is present during exercise in the heat (Tucker et al., 

2004). Passive heating experiments have highlighted that increases in core temperature 

suppress the activation of the exercising muscle (Morrison et al., 2004). It is thought this 

suppression of voluntary force production results in response or anticipation of the growing 

thermoregulatory load, and acts to protect the body from excess thermal stress (Marino 

2002). Accordingly, during exercise in the heat, muscle fibre contraction and recruitment are 

proposed to be reduced by inhibitory neural signals from the CNS in response or anticipation 

of the growing thermal load. Hence, this reduced neural recruitment results in a reduced 

exercise performance to maintain the tolerable endogenous heat load (Marino 2002). 

Reductions and recovery of maximal voluntary force have been shown with manipulations of 

core temperature, independent of cardiovascular or exercise based responses (Morrison et al., 

2004; Tucker et al., 2004). Thus, while yet to be shown in pre-cooling studies; it is thought 

that the reduction or suppression of core temperature reduces the inhibitory signals that 

normally result in a reduction in muscle recruitment during exercise in the heat (Marino 

2002).  

In summary, the prolonged application (>15-min) of cool micro-environments to the 

body can result in a reduction in the load on the thermoregulatory system, principally through 

the reductions in cardiovascular load. Paradoxically, the application of these cold micro-

environments to the muscle can reduce the potential readiness for optimal force production 

during muscle contraction. However, for prolonged exercise in the heat, the prevention in the 

decline in voluntary force by the CNS may provide the stimulus for improved exercise 

performance noted with pre-cooling in the heat.  

 

 

 

 

Performance Responses to Pre-cooling for Exercise in the Heat 
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The effects of pre-cooling on exercise performance, to some extent depend on the type 

and duration of exercise performed. In general, exercise of brief durations and maximal 

intensity are not improved by pre-cooling, while pre-cooling for prolonged continuous and 

intermittent exercise tends to be ergogenic. Again, given that a sufficient cooling stimulus is 

delivered, the physiological responses detailed earlier tend to be present for 20 – 30 min 

(Marino 2002) and accordingly, research involving prolonged exercise longer than 8-min in 

duration in warm conditions predominately reports performance benefits (Marino 2002; Quod 

et al., 2006). Alternatively, performance of short duration (less than 5-min), maximal efforts 

are often not improved, or may even be reduced by pre-cooling, regardless of environmental 

conditions (Crowley et al., 1991; Sleivert et al., 2001). As outlined previously, pre-cooling 

may slow nerve conduction, slow the function of glycolytic enzymes and increase muscle-

tendon resistance (Bishop 2003a). Accordingly, given the primary mechanisms purported to 

be responsible for pre-cooling benefits relate to improved thermoregulatory function, reduced 

cardiovascular load and reduced CNS inhibition, it is not surprising the effects of pre-cooling 

on maximal intensity efforts are negligible. 

Traditionally, the bulk of pre-cooling research literature has focussed on the effects of 

pre-cooling on prolonged, continuous, endurance exercise (Quod et al., 2006). Whether it be 

constant-intensity or free-paced (Lee and Haymes 1995; Kay et al., 1999), time-to-

exhaustion, set distance or distance covered (Booth et al., 1997; Arngrímsson et al., 2003) the 

act of pre-cooling has generally been shown to be ergogenic in the heat. Early studies 

involving pre-cooling methods often used fixed-intensity protocols for finite durations or 

until volitional exhaustion, reporting either suppressed physiological responses to matched 

intensities for at least 20-min (Hessemer et al., 1984) or longer times to exhaustion (Lee and 

Haymes 1995). The extent of the increase in time to exhaustion following pre-cooling seems 

dependent on the intensity of exercise and type of intervention used, however, improvements 

range between 1 -15% (Olschewski and Brück 1988; Quod et al., 2006). More recent research 

has incorporated free or self-paced exercise protocols, also demonstrating improved 

performances in the heat following pre-cooling (Booth et al., 1997; Kay et al., 1999; 

Arngrímsson et al., 2003). While a wide selection of free-paced exercise protocols exists in 

the research literature, in general performance benefits are reported to range between 1 - 6 % 

(Kay et al., 1999; Quod et al., 2006). Traditionally, these improvements have been linked to 

the reduced cardiovascular load and improved O2 delivery (Hessemer et al., 1984; 

Olschewski and Brück 1988). However, more recent research highlights the prevention of 

reduced muscle recruitment and selection of faster pacing strategies a mechanism of 

performance improvement (Kay et al., 1999; Marino 2002).  

Initial results of research using prolonged intermittent-sprint protocols did not report 

performance improvements following pre-cooling (Drust et al., 2000; Duffield et al., 2003; 

Cheung and Robinson 2004). However, more recent evidence indicates pre-cooling may also 

benefit team sport type exercise (Castle et al., 2006; Duffield and Marino 2007). These 

differences may result in the use of fixed versus free paced intensities and the amount and 

duration of repeated sprint efforts. Castle et al. (2006) have recently reported a better 

maintenance of repeated 5-sec sprint efforts with various cooling methods while the control 

condition exhibited a greater decline over a 40-min protocol. Moreover, Duffield and Marino 

(2007) demonstrated improved sub-maximal, free-paced running between sprint efforts 
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following full-body cooling, similar to previous studies using continuous endurance 

protocols. Given the similarity in recent intermittent-sprint data with that of previous 

continuous protocols, it is reasonable to assume similar mechanisms resulting in the 

performance improvements. Again, hypotheses of performance improvement relate to the 

prevention of reduced muscle recruitment in the heat due to the improved heat transport and 

storage properties following pre-cooling (Marino 2002; Nybo 2008). Therefore, while the 

body of research literature for simulated team-sport exercise is much smaller than that 

reporting continuous exercise, recent evidence indicates similarities in performance benefits 

following pre-cooling in the heat.  

In summary, the implementation of pre-cooling exposures prior to performing prolonged 

duration exercise in the heat results in a reduced thermoregulatory and cardiovascular load. 

While the process of cooling may act to reduce the functionality of the muscle fibre, the 

resulting potential reduction in CNS inhibition and reduced physiological stress is potentially 

the cause of the ergogenic benefits noted during exercise performance in the heat. 

Accordingly, a predominance of research literature incorporating pre-cooling manoeuvres 

prior to endurance exercise in the heat show this intervention to be ergogenic in nature.  

 

 

A Combined role For warm-up and  

Pre-cooling in the Heat 
 

In regard to warm-up prior to exercise in the heat, evidence indicates that the increase in 

thermoregulatory strain may have negative consequences for ensuing prolonged exercise 

performance (Uckert and Joch 2007; Bishop and Maxwell 2008). However, the benefits for 

contractile function, VO2, psychological arousal and athlete readiness cannot be ignored. 

Conversely, pre-cooling may have benefits for prolonged exercise in the heat, but 

commencing exercise with a cooler muscle temperature may have an initial ergolytic effect 

(Mohr et al., 2006). While both responses seem mutually exclusive, the practice of respective 

procedures can be mutually inclusive to allow optimal performance in the heat. Multiple 

studies have recently purported the benefits of engaging in pre-cooling, followed by warm-up 

activities where the pre-cooling stimulus is maintained during and after the warm-up 

(Arngrímsson et al., 2003; Castle et al., 2006; Duffield and Marino 2007). This combined 

process of warm-up with pre-cooling allows the active engagement in increasing muscle 

temperature, increasing VO2 and improving muscle-tendon function, while providing a 

continued ‗heat sink‘ to blunt the ensuing rise in core temperature. By allowing an increased 

muscle and suppressed core temperature respectively, contractile function is not inhibited yet 

the systemic physiological and thermoregulatory load is reduced and the associated reduction 

in voluntary force production evident when exercising in the heat may be delayed or 

prevented.  

While these processes may seem in opposition, the benefits of both practices may be 

incorporated into pre-exercise strategies to limit the performance reduction in the heat. As 

highlighted in previous studies, cooling interventions may be used during warm-up 

procedures through the use of portable cooling devices including ice-vests and cold packs to 

the quadriceps during activities such as running and cycling (Arngrímsson et al., 2003; Castle 
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et al., 2006; Duffield and Marino 2007). Cooling of the quadriceps seems in contrast to the 

aim of ensuring muscle temperature is optimal for force production. However, as long as a 

post-cooling warm up is employed to ensure muscle temperature is elevated for the start of 

exercise, these actions can have a powerful effect to act as a heat sink for the major heat 

producing muscles during exercise. Additionally, these procedures may be used to continue 

the cooling exposure during the warm-up, following prior cooling exposure (Duffield and 

Marino 2007). Given that the physiological responses to cooling last from 20 -40-min, the 

longer the cooling exposure can be maintained until exercise commencement, the more likely 

performance will be improved. Hence, in warm environments, by cooling the body prior to 

warm-up and then maintaining cooling procedures during or after warm-up, it permits an 

increase in muscle temperature, yet continues to blunt the rise in core temperature (Castle et 

al., 2006; Duffield and Marino 2007).  

In a practical sense, this may have some logistical difficulties, however with practice; 

athletes can easily pre-cool prior to the warm-up with cold showers, ice-baths and cool-

rooms, followed by warm-up activities with torso and neck cooling (ice-vests), before final 

game/training preparation. Previous research has used whole-body cooling (ice-bath) 

followed by warm-up with cooling vests (Duffield and Marino 2007), multiple cooling 

interventions pre-exercise (ice packs, cold baths, vests) followed by cold packs to the 

quadriceps during cycling warm-up (Castle et al., 2006) or cooling vests before and during a 

running warm-up (Arngrímsson et al., 2003). Regardless of the actual mode, ideally the aim 

is to limit the disruption to pre-exercise preparation and allow sufficient warm-up to be 

physiologically and psychologically prepared for exercise, yet start the exercise bout with a 

lower thermoregulatory strain via reduced cardiovascular and thermal stress and delay the 

possible protective CNS reduction of muscle recruitment.  

 

 

Conclusion 
 

Despite evidence to indicate that engagement in respective procedures of either warm-up 

or pre-cooling is a thermoregulatory paradox, both interventions can be used in a symbiotic 

fashion during pre-exercise routines. While the pre-exercise cooling of a muscle fibre may 

result in reduced power output and a warm-up induced increase in pre-exercise core 

temperature may reduce ensuing performance, if used properly, pre-cooling and warm-up 

procedures may provide optimal benefits for exercise in the heat. Accordingly, by engaging 

in pre-cooling procedures to reduce core body and muscle temperatures before using a warm-

up, combined with pre-cooling procedures to increase muscle temperature, VO2, neural drive 

and arousal while limiting the thermoregulatory strain, athletes may be optimally prepared to 

commence training or competition sessions in warm environmental conditions. In conclusion, 

it is recommended that athletes utilise both pre-cooling and warm-up procedures when 

exercising in warm environmental temperatures. While the best methods will depend on the 

individual circumstances, the use of portable and practical interventions such cooling 

garments to be worn before, during and after warm-up procedures is highly recommended.  
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