Body-Cooling Paradigm in Sport: Maximizing Safety and Performance During
Competition
By: William M. Adams, Yuri Hosokawa, and Douglas J. Casa
Adams WM, Hosokawa Y, Casa DJ. Body-Cooling Paradigm in Sport: Maximizing Safety and
Performance During Competition. Journal of Sport Rehabilitation. 2016;25(4):382-394.
Accepted author manuscript version reprinted, by permission, from Journal of Sport
Rehabilitation, 2016, 25 (4): 382-394, https://doi.org/10.1123/jsr.2015-0008. © Human
Kinetics, Inc.
***Note: Tables may be found at the end of this document.
Abstract:
Context: Although body cooling has both performance and safety benefits, knowledge on
optimizing cooling during specific sport competition is limited. Objectives: To identify when,
during sport competition, it is optimal for body cooling and to identify optimal body-cooling
modalities to enhance safety and maximize sport performance. Evidence Acquisition: A
comprehensive literature search was conducted to identify articles with specific context
regarding body cooling, sport performance, and cooling modalities used during sport
competition. A search of scientific peer-reviewed literature examining the effects of body
cooling on exercise performance was done to examine the influence of body cooling on exercise
performance. Subsequently, a literature search was done to identify effective cooling modalities
that have been shown to improve exercise performance. Evidence Synthesis: The cooling
modalities that are most effective in cooling the body during sport competition depend on the
sport, timing of cooling, and feasibility based on the constraints of the sports rules and
regulations. Factoring in the length of breaks (halftime substitutions, etc), the equipment worn
during competition, and the cooling modalities that offer the greatest potential to cool must be
considered in each individual sport. Conclusions: Scientific evidence supports using body
cooling as a method of improving performance during sport competition. Developing a strategy
to use cooling modalities that are scientifically evidence-based to improve performance while
maximizing athlete’s safety warrants further investigation.
Keywords: cooling modality | body temperature | cooling rate | review
Article:
Athletes competing in competitive sports strive to maximize athletic performance (increased
strength, faster completion times in timed aerobic and anaerobic events, increased cognition in
sport-specific skills, and increased exercise capacity in competitions of set time duration) to
perform at the highest level. During competition, especially in the heat, it is not uncommon for
athletes to reach body temperatures in the range of 39°C to 40°C, which could have negative
effects on performance and increase the risk of heat illness.1,2 To combat these potentially

deleterious effects, athletes often use various body-cooling techniques to lower or mitigate the
rise in body temperature during competition.
There are currently 2 hypotheses that account for the negative physiological and performance
effects that increasing body temperature has on athletic performance: the critical-temperature
hypothesis and the anticipatory hypothesis. The critical-temperature hypothesis centers on the
concept that the body will decrease intensity when body temperature reaches a “critical
threshold” of 40°C to prevent exertional heat stroke (EHS) from occurring.1,3,4 The anticipatory
model states that the brain will anticipate the increase in body temperature and thus alter
intensity during exercise to prevent body temperature from reaching unsafe levels.5–7 In both
theories, exercise performance is negatively affected as body temperature increases. Keeping the
body cool during competition allows athletes to perform for longer periods and at a higher
intensity, especially during intense exercise in the heat.8–10
The ability to enhance recovery after an intense bout of exercise has received increasing
attention, especially at the professional and elite settings, where athletes are looking to find a
legal, competitive edge over their opponents. Exercise elicits a stress response on the body,
primarily from the increase in body temperature during exercise. Reducing the level of stress on
the body after exercise by lowering body temperature helps the body recover more quickly and
thus allows it to perform better in subsequent training sessions or competitions.11 Postexercise
cooling has been shown to reduce inflammation, heart rate, and cardiac output and to provide
analgesic effects that can assist in reducing recovery time.12–14
At rest, body temperature is closely regulated at or close to 37°C. However, during exercise,
body temperature increases due to the metabolically produced heat from the exercising muscles.2
To regulate the increase in body temperature, mechanisms of conduction, convection, and
evaporation are used to dissipate heat. When the body is under uncompensable heat stress and is
unable to dissipate heat at the rate at which it is produced, the risk of EHS drastically increases
and it becomes crucial for rapid body cooling to minimize the time that rectal temperature is
above 40°C.15–18 If the body is not rapidly cooled, the complications and prognosis of EHS may
include renal failure, liver failure, rhabdomyolysis, coagulopathy, cardiac disorders (eg,
arrhythmia, congestive heart failure, hypotension), pulmonary disorders (eg, pulmonary edema,
respiratory distress syndrome), central nervous system damage, cognitive impairment, and
death.15,17,19 In the context of EHS treatment, the National Athletic Trainers’ Association20 and
American College of Sports Medicine21 have published guidelines that indicate whole-body
cold-water immersion (CWI) as the most effective cooling method.
Objectives
While evidence has shown that body cooling during competition has performance, recovery, and
safety benefits, there are no comprehensive reviews on how to use body cooling to maximize
athletic performance during competition. The purpose of this review is 2-fold: to identify when
during sport competition it is optimal for body cooling and to identify optimal body-cooling
modalities to enhance safety and to maximize sport performance. Throughout this review,
performance refers to factors associated with improved outcomes in sport competition: increased

strength, faster completion times in timed aerobic and anaerobic events, increased cognition in
sport-specific skills, and increased exercise capacity in competitions of set time duration.
Review of Cooling Modalities
Various cooling modalities are available to assist with body cooling before, during, and after
competition. The decision to use specific cooling modalities during sport competition is based on
the individual sport, the timing to implement the cooling modality (precompetition, during
competition, postcompetition), accessibility, space required to use the cooling modality, and the
equipment or clothing requirements of the sport. The following sections outline the most
commonly used cooling modalities and the associated scientific evidence that supports their
implementation in body cooling.
Whole- or Partial-Body CWI
Due to water’s capacity for thermal conductivity and potential for heat transfer, whole-body CWI
is very effective in decreasing body temperature and is considered the gold standard for
treatment of EHS.22,23 Evidence also supports CWI as an effective modality to enhance
performance when used before exercise and postexercise.13,24 Reducing body temperature before
competition permits athletes to exercise at a higher intensity by increasing heat-storage capacity,
which can improve performance. Reducing body temperature quickly after competition allows
for improved recovery, thus providing potential performance enhancements for subsequent bouts
of exercise. CWI, both whole-body and partial-body, is implemented by submersing the body
into circulating ice water (~2–10°C) until body temperature is lowered to determined levels.25,26
CWI has the ability to reduce body temperature at the cooling rates of 0.25°C/min to
0.35°C/min, which is the fastest and most efficient method in the current literature.27–2Water Dousing
Water dousing can be used to cool the body but is only recommended when it is implemented
continuously, such as with a cold shower or cold water from a hose.16 Previous literature30,31 has
shown that water dousing is sufficient in cooling the body when applied for 45 to 60 minutes.
While evidence shows that water dousing can decrease body temperature in the range of 0.6°C to
2.5°C,30,31 the rate of cooling is affected by the water temperature and the duration of treatment
time. In a competitive sports setting, water dousing is best used after competition in enhancing
postexercise recovery13 to prevent decrements in performance during subsequent bouts of
exercise due to the amount of time it requires to effectively cool the body.
Ice Towels
Ice-towel application can be an alternative method to cool the body when an immersion tub is
not accessible.32 Improvements in exercise performance have been observed with application of
ice towels before the start of exercise,33,34 but limited evidence exists on the effect of ice towels
on performance when used during exercise. Ice towels can be implemented with ease and low
cost, requiring only a few towels, ice, water, and a cooler. To implement, a cooler (or any
container what will hold liquid) is filled with ice and water and the towels are submerged into the

ice water. The ice towels are then placed on the athlete and rotated. They should be recooled
every 2 to 3 minutes, covering as much body surface as possible to obtain a maximal cooling
effect. Ice towels can also be used as an effective modality for athlete safety due to the ability of
the ice towel to mitigate the rise in body temperature and to allow for expedient reduction in
body temperature after exercise; the cooling rate for ice-towel application is 0.1°C/min.35,36
Ice Bags
Placing ice bags on the peripheral arteries is often seen in the athletic setting to help reduce body
temperature. Placing ice bags over the peripheral arteries, in areas such as the axillae, groin, and
back of the neck, allows the blood passing through the arteries to be cooled. The cooled blood
then circulates to the rest of the body, which helps lower body temperature. Some evidence has
supported the use of ice bags to improve performance, with reported performance improvements
on the magnitude of 5.6%.37 Although this modality is often used due to its accessibility and easy
implementation, the extent to which it can cool the body over other modalities is rather low, with
a cooling rate on the order of 0.03°C/min.38
Fans (With and Without Mist)
Both fans and misting fans that are most commonly seen on the sidelines of American football
games are purported to keep athletes cool after they return to the sideline from being on the field.
A fan that has an adequate ability to deliver cool air to the athletes may not be practical in other
sports such as soccer, basketball, and ice hockey due to the limited space on the sideline. In
addition, the average cooling rate for methods that use fans are rather poor, ranging from
0.02°C/min to 0.11°C/min. The relatively lower cooling rate refers to when only the fan is used,
and the relatively higher cooling rate refers to when the fan is used in conjunction with coldwater mist.36,39,40 In addition, there is no evidence examining the influence of fan use on
improved performance, thus prompting further investigation into the applicability of its use in
sport settings.
Hand Cooling
Hand cooling refers to cooling the hands and/or forearms to elicit a reduction in body
temperature. Evidence has supported that cooling the hands and forearms in cold water has
resulted in the mitigation in the rise of body temperature.41,42 Other technologies available to
athletes are devices that cool the body by placing one’s hand in a chamber, where cold water is
continuously circulated concomitantly while a negative pressure is applied to the hand. These
devices have shown the ability to attenuate the rise in body temperature during exercise43,44 by
applying subatmospheric pressure to draw blood into the hand, which vasodilates the veins
returning blood to the heart. The concurrent circulation of cold water cools the venous blood
entering the hand, which then returns to the heart to help cool the body. Evidence has also
supported the use of hand cooling in reducing physiological heat strain44 and improving
performance.43,45 While there is evidence showing that hand cooling attenuates the rise of body
temperature during exercise and improves performance, its effectiveness in preexercise and
postexercise body cooling remains questionable due to the low cooling rate of 0.05°C/min.43,46,47

Head Cooling
For the purposes of this review, head cooling refers to a method in which a device is worn on an
athlete’s head. Head-cooling devices are available in different forms: from cooling helmets that
store cold water in the inner portion of the helmet to devices that use both air and liquid pumps
that function to pressurize and circulate chilled coolant to the outer, middle, and inner layers of
the headliner. The surface of the cooling device possesses the ability to cling closely to the skin,
which further encourages the heat transfer between the unit and the athlete’s skin via conduction.
Few studies have evaluated the ability of a head-cooling device to reduce body temperature.
Hayashi and Tokura48 found that body temperature during exercise was attenuated during
approximately 60 minutes of cycling in a hot environment when head cooling was worn. In
contrast, Mündel et al49 and Ansley et al50 discovered that body temperature postexercise was
unchanged when head cooling was used compared with no cooling. The effect of head cooling
on exercise performance is limited, although evidence does support its use in increasing time to
fatigue.50
Ice/Cooling Vest
Ice/cooling vests are designed to hold cold compresses in close proximity to the torso’s skin
surface to optimize cooling via conduction. Other ice/cooling vests also exist that use convection
and phase change to invoke body cooling while being worn. Due to their portability, ice/cooling
vests can be used before competition, during breaks (such as halftime), and throughout
competition itself. Since the athletes are not likely to be logistically compromised from the use of
ice/cooling vests before competition, this modality may be more practical to use than CWI,
which requires athletes to take the time to immerse themselves in a tub of water before
competition. While some studies showed attenuation in the rise in body temperature and heart
rate and improvement in performance,51–53 other studies observed no significant improvement in
performance.54,55 The conflicting evidence regarding the effectiveness of ice/cooling vests can be
partially attributed to the cooling rate, as it is reported to be 0.05°C/min.39
Cooling Garments
Loose-fitting, moisture-wicking clothing made of synthetic fibers has been shown to promote
heat loss via enhanced evaporation of sweat and increased airflow to the skin.56 This type of
clothing allows the heat trapped in the microenvironment created between the garment and body
to be dissipated more efficiently.57 In addition to wearable clothing, there are products (ie,
cooling towels) that stimulate the evaporative cooling mechanism by having layers of micropores
within the fabric that “actively” cool the skin by using the enthalpy of vaporization. Although
moisture-wicking clothing is the apparel of choice when exercising in the heat, no research has
demonstrated the effectiveness of the evaporative cooling capacity of the fabric to actively cool
the body and enhance athletic performance in the heat.58
Hydration
Hydration is the most widely used tool to keep athletes cool during exercise. It is well
established in the scientific literature that fluid losses greater that 2% of body mass loss can

cause deleterious effects on exercise performance.59,60 More specifically, body-mass losses of
greater than 2% have been shown to decrease overall strength, power, aerobic capacity, and
cognition.61,62 In addition to the detrimental effects on exercise performance, literature has shown
that for every 1% loss of body mass due to dehydration, temperature increases at a rate of 0.22°C
and heart rate increases 3 beats/min.63,64 Beginning exercise in a hypohydrated state will cause an
athlete to begin exercise at an increased body temperature. In such situations, especially during
intense exercise in the heat, the risk of exertional heat illness increases if fluid losses are not
minimized. It is recommended that minimizing fluid losses before, during, and after competition
with help maintain an appropriate level of hydration and maximize exercise performance.
Ice-Slushy Drinks
Ice-slushy drinks (mixtures of crushed ice with water or other electrolyte-containing beverages)
have garnered support to assist in body cooling. The acting mechanism in which the body cools
with the slushy drink is by creating a heat sink in the exercising person’s visceral organs, thus
cooling the body from the core to the periphery. Scientific literature65–68 has identified ice slushy
drinks as being effective in lowering body temperature during exercise and enhancing
performance due to increased exercise capacity. Evidence also shows that exercise performance
is enhanced when athletes consume cold fluids rather than temperate fluids.69
Discussion
As aforementioned, keeping the body cool during competition, by using either precooling
strategies or strategies to mitigate the rise in body temperature during competition, has the
potential to improve athletic performance.70 As body temperature increases during exercise, there
is a competition within the body as to how the blood is distributed. During exercise, blood is
distributed to the skin to dissipate the heat that is produced from the working muscles.
Concomitantly, the working muscles require blood flow to receive the oxygen necessary to
optimally perform. As body temperature rises, there is an increased demand for blood to be
distributed to the skin to further aid in heat dissipation. As the blood flow increases at the skin
with the rise in body temperature, the blood available to the muscles will be decreased, thus
decreasing their ability to optimally perform.
Sport competition places physiological stress on the body, but each sport places unique
physiological strains on the body due to the various demands of the sport (protective equipment
worn, length of the competition, playing surface, ability for substitutions, etc). Table 1 represents
18 sports or events along with the characteristics of each sport to demonstrate the uniqueness of
each. The aim of this table is to identify times and modes in which cooling modalities can be
used in each sport to optimize body cooling during competition, with the hope to enhance
performance.
The effect of body cooling on improving performance has been well established in the scientific
literature.11,24,37,51,71 Ranalli et al51 found 4.25% and 0.66% improvements in aerobic and
anaerobic performance, respectively, when cooling modalities were used. Likewise, Wegmann et
al37 found a 6.6% improvement in performance when cooling was used during exercise in the
heat, with the largest improvements occurring during endurance events. While cold drinks and

cool packs have shown the largest improvements in performance when examining the influence
of the modality itself,37 it is suggested that using multiple forms of cooling may provide a greater
benefit for performance.24
The timing of body cooling has also been well investigated, particularly with cooling before
exercise. The improvement in performance from precooling focuses on the premise that lowering
body temperature below its set point before exercise allows athletes to exercise at a higher
intensity during exercise as they are afforded a greater temperature gradient before performance
is adversely affected.51,72,73 A recent meta-analytical review24 found that precooling improved
exercise performance by a factor of 5.7% overall, with mixed cooling methods (ie, CWI and
cooling vests) providing the largest improvement in exercise performance (7.3%)
Cooling postexercise has also been investigated in that cooling the body postexercise allows
athletes to recover more quickly and thus have the potential to improve their performance in
subsequent competition.11,13 It is postulated that high internal thermal loads, often seen after
intense exercise in the heat, result in the degradation of exercise performance and lengthen the
time for the body to recover.2 Furthermore, it is believed that exercise-induced hyperthermia
causes a centrally mediated reduction in voluntary muscle activation and force that can have
adverse effects on performance.74,75 Morrison et al76 found that hyperthermia-induced inhibition
of voluntary muscle activation was reversed with cooling, and other evidence shows that
postexercise cooling had beneficial effects on performance during subsequent bouts of
exercise.77,78 Although further investigation is warranted to determine the exact mechanisms that
act on improved performance after postexercise cooling, using cooling after exercise reduces the
thermal load placed on the body and enhances the ability to recover.
Cooling during exercise has not been as extensively investigated, but is has been proposed that
exercise performance improves by a factor of 7.0% when cooling is implemented.24 Wearing
cooling vests during exercise has shown the greatest improvement in exercise performance
(20.4%),79 whereas other evidence shows that ingesting cold water improves exercise
performance by 12.4%.80 Although cooling during exercise has shown improvements in
performance, difficulties will arise when attempting to implement 1 modality across all sports
due to the individual nature of each sport. The rules and regulations of the sport dictate the
number of breaks, length of breaks, number of substitutions during play, and protective
equipment worn. All of these factors may change the cooling strategies used to mitigate the rise
in athletes’ body temperature.
Identifying the timing to apply cooling modalities in the sports listed in Table 1 relies on finding
the appropriate cooling modalities that are practical to the respective sport and also the period of
time required to effectively cool the body given the modality’s cooling rate. With a plethora of
purported cooling modalities that are available on the consumer market, using modalities that
have been shown to be efficacious in mitigating the rise in body temperature during exercise is of
utmost importance. Table 2 identifies common cooling modalities that are used in sport settings
and indicates both the feasibility and the efficacy of the device itself respective to each sport
listed in Table 1.

CWI has been shown to be the most effective in resulting in a large decrease in body
temperature. Although evidence supports using CWI to improve performance, there is also
evidence supporting a performance decrement.81,82 Determining the length of cooling is essential,
as evidence indicates that aerobic performance improvements have been shown in most cases
when there was a 1.5°C drop in body temperature before exercise, whereas drops of 1.9°C in
body temperature have shown a decline in aerobic performance.82 Depending on the cooling
modality used, the length of the cooling period, especially during preexercise cooling, should be
considered. Having knowledge of the cooling rates of the modalities is helpful for determining
the appropriate length of cooling that will result in favorable outcomes.
In terms of cooling efficiency, CWI has been shown to have the highest cooling rate in cooling
hyperthermic athletes.83 However, it should be noted that the practicality of this method varies
between sports due to the rules and regulations of each sport. In American football, for example,
CWI is only feasible during the postcompetition period due to the athletes’ protective equipment
and the inability for them to readily cool the body unless the equipment is taken off. However,
contrary to American football, soccer provides more opportunities to use CWI as a cooling
modality due to the minimal equipment needed to participate in the sport. Thus, soccer athletes
have the ability to use CWI pregame, during halftime, and postgame for body cooling.
Regardless of the practicality of the cooling modalities, the sport itself could also lead to the
inability to implement body cooling. For example, professional and international-level soccer
only allow a maximum of 3 substitutions throughout an entire game. This means that all but 3
athletes will be required to play the entire game. A new rule at the international level permits a
fourth substitution in the event that a competition needs overtime to decide the outcome. This
new rule, however, may not provide benefit for the other athletes required to play the entire
match. If the game is in a location of extreme environmental conditions such as what occurred in
Brazil during the 2014 World Cup and the 2016 Olympic Games, athletes are confronted with
extreme conditions that could pose both performance and health risks while their ability to cool
during the game is limited. For soccer, when environmental conditions exceed 32°C wet bulb
globe temperature an additional 5-minute break is allotted during both the first and second
halves, which allows an added opportunity for athletes to use an effective form of body cooling.
In cases where the construct of the sport itself limits the times and abilities to cool, these athletes
would benefit from using modalities such as CWI during pregame, halftime, and postgame since
the rate at which they will cool is maximized versus other modalities.
Another consideration in identifying the timing and practicality of cooling modality is its
efficacy. Although numerous types of modalities are used during sport (misting fans, headcooling devices, hand-cooling devices, etc), there is a lack of evidence supporting the
effectiveness of these devices in cooling the body at a rate in which performance benefits are
noticeable. Further consideration must be taken into account for cooling modalities that create
the perception of cooling when in reality there is no change in body temperature or a greater
increase in postexercise body temperature.66,67,84,85 The perception of feeling cool to improve
performance is at odds with safety; athletes perceiving that they feel cool when physiologically
there are no changes in body temperature may increase their risk of heat illness. Future research
examining these cooling modalities must be done to identify their benefit, not only with their

ability to effectively cool the athlete for performance gains and risk mitigation but also in terms
of cost-effectiveness, as some cooling modalities could be costly in a team-sport environment.
Conclusions
Mitigating the rise of body temperature during athletic competition acts as both an ergogenic aid
for improving performance and a safety measure for preventing heat illnesses such as EHS.
Since optimal timing to cool the body varies across sports, it becomes crucial to identify sportspecific cooling modalities to be used to maximize body cooling during competition. Coaches,
athletic trainers, and strength and conditioning coaches should be cognizant of effective cooling
modalities and implement cooling strategies based on available scientific literature. Cooling
plans should include which cooling modalities to use, how long to use them, and when to use
them during competition.
References
1. González-Alonso J, Teller C, Andersen SL, Jensen FB, Hyldig T, Nielsen B. Influence of
body temperature on the development of fatigue during prolonged exercise in the heat. J Appl
Physiol. 1999;86(3):1032–1039.
2. Wendt D, van Loon LJC, Lichtenbelt WD van M. Thermoregulation during exercise in the
heat: strategies for maintaining health and performance. Sports Med. 2007;37(8):669–682.
doi:10.2165/00007256-200737080-00002
3. Nielsen B, Hales JR, Strange S, Christensen NJ, Warberg J, Saltin B. Human circulatory and
thermoregulatory adaptations with heat acclimation and exercise in a hot, dry environment. J
Physiol. 1993;460:467–485. doi:10.1113/jphysiol.1993.sp019482
4. González-Alonso J, Calbet JA, Nielsen B. Muscle blood flow is reduced with dehydration
during prolonged exercise in humans. J Physiol. 1998;513(Pt 3):895–905. doi:10.1111/j.14697793.1998.895ba.x
5. Marino FE, Lambert MI, Noakes TD. Superior performance of African runners in warm
humid but not in cool environmental conditions. J Appl Physiol. 2004;96(1):124–130.
doi:10.1152/japplphysiol.00582.2003
6. Marino FE, Kay D, Serwach N. Exercise time to fatigue and the critical limiting temperature:
effect of hydration. J Therm Biol. 2004;29(1):21–29. doi:10.1016/j.jtherbio.2003.08.008
7. Tucker R, Rauch L, Harley YXR, Noakes TD. Impaired exercise performance in the heat is
associated with an anticipatory reduction in skeletal muscle recruitment. Pflugers Arch.
2004;448(4):422–430.
8. Olschewski H, Brück K. Thermoregulatory, cardiovascular, and muscular factors related to
exercise after precooling. J Appl Physiol. 1988;64(2):803–811.

9. Schmidt V, Brück K. Effect of a precooling maneuver on body temperature and exercise
performance. J Appl Physiol. 1981;50(4):772–778.
10. Hessemer V, Langusch D, Brück LK, Bödeker RH, Breidenbach T. Effect of slightly lowered
body temperatures on endurance performance in humans. J Appl Physiol. 1984;57(6):1731–
1737.
11. Poppendieck W, Faude O, Wegmann M, Meyer T. Cooling and performance recovery of
trained athletes: a meta-analytical review. Int J Sports Physiol Perform. 2013;8(3):227–242.
doi:10.1123/ijspp.8.3.227
12. Bleakley CM, Davison GW. What is the biochemical and physiological rationale for using
cold-water immersion in sports recovery?: a systematic review. Br J Sports Med.
2010;44(3):179–187. doi:10.1136/bjsm.2009.065565
13. Duffield R. Cooling interventions for the protection and recovery of exercise performance
from exercise-induced heat stress. Med Sport Sci. 2008;53:89–103. doi:10.1159/000151552
14. Cheung K, Hume P, Maxwell L. Delayed onset muscle soreness : treatment strategies and
performance factors. Sports Med. 2003;33(2):145–164. doi:10.2165/00007256-20033302000005
15. Bouchama A, Knochel JP. Heat stroke. N Engl J Med. 2002;346(25):1978–1988.
doi:10.1056/NEJMra011089
16. Casa DJ, McDermott BP, Lee EC, Yeargin SW, Armstrong LE, Maresh CM. Cold water
immersion: the gold standard for exertional heatstroke treatment. Exerc Sport Sci Rev.
2007;35(3):141–149. doi:10.1097/jes.0b013e3180a02bec
17. Hashim IA. Clinical biochemistry of hyperthermia. Ann Clin Biochem. 2010;47(Pt 6):516–
523. doi:10.1258/acb.2010.010186
18. Adams WM, Hosokawa Y, Casa DJ. The timing of exertional heat stroke survival starts prior
to collapse. Curr Sports Med Rep. 2015;14(4):273–274. doi:10.1249/JSR.0000000000000166
19. Epstein Y, Roberts WO. The pathophysiology of heat stroke: an integrative view of the final
common pathway. Scand J Med Sci Sports. 2011;21(6):742–748. doi:10.1111/j.16000838.2011.01333.x
20. Casa DJ, DeMartini JK, Bergeron MF, et al. National Athletic Trainers’ Association position
statement: exertional heat illnesses. J Athl Train. 2015;50(9):986–1000. doi:10.4085/1062-605050.9.07
21. Armstrong LE, Casa DJ, Millard-Stafford M, Moran DS, Pyne SW, Roberts WO. American
College of Sports Medicine position stand: exertional heat illness during training and
competition. Med Sci Sports Exerc. 2007;39(3):556–572. doi:10.1249/MSS.0b013e31802fa199

22. Toner M, McArdle W. Human thermoregulatory responses to acute cold stress with special
reference to water immersion. In: Fregly M, Blatteis CM, eds. Handbook of Physiology, Section
4, Environmental Physiology. New York: Oxford University Press; 1996:379–418.
23. Golden F, Tipton M. Essentials of Sea Survival. Champaign, IL: Human Kinetics; 2002.
24. Bongers CC, Thijssen DH, Veltmeijer MT, Hopman MT, Eijsvogels TM. Precooling and
percooling (cooling during exercise) both improve performance in the heat: a meta-analytical
review. Br J Sports Med. 2015;49(6):377–384.
25. Casa DJ, Kenny GP, Taylor NAS. Immersion treatment for exertional hyperthermia: cold or
temperate water? Med Sci Sports Exerc. 2010;42(7):1246–1252.
doi:10.1249/MSS.0b013e3181e26cbb
26. Hosokawa Y, Adams WM, Belval LN, Vandermark LW, Casa DJ. Tarp-assisted cooling as a
method of whole-body cooling in hyperthermic individuals [published online ahead of print
November 4, 2016]. Ann Emerg Med.
27. Armstrong LE, Crago AE, Adams R, Roberts WO, Maresh CM. Whole-body cooling of
hyperthermic runners: comparison of two field therapies. Am J Emerg Med. 1996;14(4):355–358.
doi:10.1016/S0735-6757(96)90048-0
28. Clements JM, Casa DJ, Knight J, et al. Ice-water immersion and cold-water immersion
provide similar cooling rates in runners with exercise-induced hyperthermia. J Athl Train.
2002;37(2):146–150.
29. Costrini A. Emergency treatment of exertional heatstroke and comparison of whole body
cooling techniques. Med Sci Sports Exerc. 1990;22(1):15–18. doi:10.1249/00005768199002000-00004
30. Drust B, Cable NT, Reilly T. Investigation of the effects of the pre-cooling on the
physiological responses to soccer-specific intermittent exercise. Eur J Appl Physiol. 2000;81(12):11–17. doi:10.1007/PL00013782
31. Heled Y, Rav-Acha M, Shani Y, Epstein Y, Moran DS. The “golden hour” for heatstroke
treatment. Mil Med. 2004;169(3):184–186. doi:10.7205/MILMED.169.3.184
32. Casa DJ, Armstrong LE, Kenny GP, O’Connor FG, Huggins RA. Exertional heat stroke: new
concepts regarding cause and care. Curr Sports Med Rep. 2012;11(3):115–123.
doi:10.1249/JSR.0b013e31825615cc
33. Minett GM, Duffield R, Marino FE, Portus M. Volume-dependent response of precooling for
intermittent-sprint exercise in the heat. Med Sci Sports Exerc. 2011;43(9):1760–1769.
doi:10.1249/MSS.0b013e318211be3e

34. Myler G, Hahn A, Tumilty D. The effect of preliminary skin cooling on performance of
rowers in hot conditions. Excel. 1989;6(1):17–21.
35. McDermott BP, Casa DJ, Ganio MS, et al. Acute whole-body cooling for exercise-induced
hyperthermia: a systematic review. J Athl Train. 2009;44(1):84–93. doi:10.4085/1062-605044.1.84
36. Yeargin SW, Casa DJ, McClung JM, et al. Body cooling between two bouts of exercise in
the heat enhances subsequent performance. J Strength Cond Res. 2006;20(2):383–389.
37. Wegmann M, Faude O, Poppendieck W, Hecksteden A, Fröhlich M, Meyer T. Pre-cooling
and sports performance: a meta-analytical review. Sports Med. 2012;42(7):545–564.
doi:10.2165/11630550-000000000-00000
38. Kielblock AJ, Van Rensburg JP, Franz RM. Body cooling as a method for reducing
hyperthermia: an evaluation of techniques. S Afr Med J. 1986;69(6):378–380.
39. DeMartini JK, Ranalli GF, Casa DJ, et al. Comparison of body cooling methods on
physiological and perceptual measures of mildly hyperthermic athletes. J Strength Cond Res.
2011;25(8):2065–2074. doi:10.1519/JSC.0b013e3182259b1d
40. Mitchell JB, Schiller ER, Miller JR, Dugas JP. The influence of different external cooling
methods on thermoregulatory responses before and after intense intermittent exercise in the heat.
J Strength Cond Res. 2001;15(2):247–254.
41. Giesbrecht GG, Wu MP, White MD, Johnston CE, Bristow GK. Isolated effects of peripheral
arm and central body cooling on arm performance. Aviat Space Environ Med. 1995;66(10):968–
975.
42. Giesbrecht GG, Jamieson C, Cahill F. Cooling hyperthermic firefighters by immersing
forearms and hands in 10°C and 20°C water. Aviat Space Environ Med. 2007;78(6):561–567.
43. Grahn DA, Cao VH, Heller HC. Heat extraction through the palm of one hand improves
aerobic exercise endurance in a hot environment. J Appl Physiol. 2005;99(3):972–978.
doi:10.1152/japplphysiol.00093.2005
44. Zhang Y, Bishop PA, Casaru C, Davis JK. A new hand-cooling device to enhance firefighter
heat strain recovery. J Occup Environ Hyg. 2009;6(5):283–288.
doi:10.1080/15459620902790277
45. Goosey-Tolfrey V, Swainson M, Boyd C, Atkinson G, Tolfrey K. The effectiveness of hand
cooling at reducing exercise-induced hyperthermia and improving distance-race performance in
wheelchair and able-bodied athletes. J Appl Physiol. 2008;105(1):37–43.
doi:10.1152/japplphysiol.01084.2007

46. Hostler D, Reis SE, Bednez JC, Kerin S, Suyama J. Comparison of active cooling devices
with passive cooling for rehabilitation of firefighters performing exercise in thermal protective
clothing: a report from the Fireground Rehab Evaluation (FIRE) trial. Prehosp Emerg Care.
2010;14(3):300–309. doi:10.3109/10903121003770654
47. Adams WM, Hosokawa Y, Adams EL, Belval LN, Huggins RA, Casa DJ. Reduction in body
temperature using hand cooling versus passive rest after exercise in the heat. J Sci Med Sport.
2016;19(11):936–940. doi:10.1016/j.jsams.2016.02.006
48. Hayashi C, Tokura H. Effects of head cooling on sweat rate in exercising subjects wearing
protective clothing and mask for pesticide. Appl Hum Sci. 1996;15(4):149–154.
doi:10.2114/jpa.15.149
49. Mündel T, Bunn SJ, Hooper PL, Jones DA. The effects of face cooling during hyperthermic
exercise in man: evidence for an integrated thermal, neuroendocrine and behavioural response.
Exp Physiol. 2007;92(1):187–195. doi:10.1113/expphysiol.2006.034934
50. Ansley L, Marvin G, Sharma A, Kendall MJ, Jones DA, Bridge MW. The effects of head
cooling on endurance and neuroendocrine responses to exercise in warm conditions. Physiol Res.
2008;57(6):863–872.
51. Ranalli GF, Demartini JK, Casa DJ, McDermott BP, Armstrong LE, Maresh CM. Effect of
body cooling on subsequent aerobic and anaerobic exercise performance: a systematic review. J
Strength Cond Res. 2010;24(12):3488–3496. doi:10.1519/JSC.0b013e3181fb3e15
52. Arngrïmsson SA, Petitt DS, Stueck MG, Jorgensen DK, Cureton KJ. Cooling vest worn
during active warm-up improves 5-km run performance in the heat. J Appl Physiol.
2004;96(5):1867–1874. doi:10.1152/japplphysiol.00979.2003
53. Hornery DJ, Papalia S, Mujika I, Hahn A. Physiological and performance benefits of
halftime cooling. J Sci Med Sport. 2005;8(1):15–25. doi:10.1016/S1440-2440(05)80020-9
54. Duffield R, Dawson B, Bishop D, Fitzsimons M, Lawrence S. Effect of wearing an ice
cooling jacket on repeat sprint performance in warm/humid conditions. Br J Sports Med.
2003;37(2):164–169. doi:10.1136/bjsm.37.2.164
55. Cheung S, Robinson A. The influence of upper-body pre-cooling on repeated sprint
performance in moderate ambient temperatures. J Sports Sci. 2004;22(7):605–612.
doi:10.1080/02640410310001655813
56. Wickwire J, Bishop PA, Green JM, et al. Physiological and comfort effects of commercial
“wicking” clothing under a bulletproof vest. Int J Ind Ergon. 2007;37(7):643–651.
doi:10.1016/j.ergon.2007.04.001

57. Gonzalez R. Biophysics of heat transfer and clothing considerations. In: Pandolf KP, ed.
Human Performance Physiology and Environmental Medicine at Terrestrial Extremes.
Indianapolis, IN: Benchmark Press; 1988:45–95.
58. Davis J-K, Bishop PA. Impact of clothing on exercise in the heat. Sports Med.
2013;43(8):695–706. doi:10.1007/s40279-013-0047-8
59. Sawka MN, Burke LM, Eichner ER, Maughan RJ, Montain SJ, Stachenfeld NS. American
College of Sports Medicine position stand: exercise and fluid replacement. Med Sci Sports
Exerc. 2007;39(2):377–390.
60. Casa DJ, Armstrong LE, Hillman SK, et al. National Athletic Trainers’ Association position
statement: fluid replacement for athletes. J Athl Train. 2000;35(2):212–224.
61. Judelson DA, Maresh CM, Anderson JM, et al. Hydration and muscular performance: does
fluid balance affect strength, power and high-intensity endurance? Sports Med.
2007;37(10):907–921. doi:10.2165/00007256-200737100-00006
62. Lieberman HR. Hydration and cognition: a critical review and recommendations for future
research. J Am Coll Nutr. 2007;26(5 Suppl):555S–561S. doi:10.1080/07315724.2007.10719658
63. Huggins R, Martschinske J, Applegate K, Armstrong L, Casa D. Influence of dehydration on
internal body temperature changes during exercise in the heat: a meta-analysis. Med Sci Sports
Exerc. 2012;44(S5):791.
64. Adams WM, Ferraro EM, Huggins RA, Casa DJ. Influence of body mass loss on changes in
heart rate during exercise in the heat: a systematic review. J Strength Cond Res.
2014;28(8):2380–2389. doi:10.1519/JSC.0000000000000501
65. Stanley J, Leveritt M, Peake JM. Thermoregulatory responses to ice-slush beverage ingestion
and exercise in the heat. Eur J Appl Physiol. 2010;110(6):1163–1173. doi:10.1007/s00421-0101607-3
66. Siegel R, Maté J, Brearley MB, Watson G, Nosaka K, Laursen PB. Ice slurry ingestion
increases core temperature capacity and running time in the heat. Med Sci Sports Exerc.
2010;42(4):717–725. doi:10.1249/MSS.0b013e3181bf257a
67. Siegel R, Maté J, Watson G, Nosaka K, Laursen PB. Precooling with ice slurry ingestion
leads to similar run times to exhaustion in the heat as cold water immersion. J Sports Sci.
2012;30(2):155–165. doi:10.1080/02640414.2011.625968
68. Siegel R, Laursen PB. Keeping your cool: possible mechanisms for enhanced exercise
performance in the heat with internal cooling methods. Sports Med. 2012;42(2):89–98.
doi:10.2165/11596870-000000000-00000

69. Burdon CA, O’Connor HT, Gifford JA, Shirreffs SM. Influence of beverage temperature on
exercise performance in the heat: a systematic review. Int J Sport Nutr Exerc Metab.
2010;20(2):166–174. doi:10.1123/ijsnem.20.2.166
70. Tyler CJ, Sunderland C, Cheung SS. The effect of cooling prior to and during exercise on
exercise performance and capacity in the heat: a meta-analysis. Br J Sports Med. 2015;49(1):7–
13.
71. Tyler CJ, Sunderland C, Cheung SS. The effect of cooling prior to and during exercise on
exercise performance and capacity in the heat: a meta-analysis. Br J Sports Med. 2015;49(1):7–
13. doi:10.1136/bjsports-2012-091739
72. Quod MJ, Martin DT, Laursen PB. Cooling athletes before competition in the heat:
comparison of techniques and practical considerations. Sports Med. 2006;36(8):671–682.
doi:10.2165/00007256-200636080-00004
73. Ross MLR, Garvican LA, Jeacocke NA, et al. Novel precooling strategy enhances time trial
cycling in the heat. Med Sci Sports Exerc. 2011;43(1):123–133.
doi:10.1249/MSS.0b013e3181e93210
74. Martin PG, Marino FE, Rattey J, Kay D, Cannon J. Reduced voluntary activation of human
skeletal muscle during shortening and lengthening contractions in whole body hyperthermia. Exp
Physiol. 2005;90(2):225–236. doi:10.1113/expphysiol.2004.028977
75. Thomas MM, Cheung SS, Elder GC, Sleivert GG. Voluntary muscle activation is impaired
by core temperature rather than local muscle temperature. J Appl Physiol. 2006;100(4):1361–
1369. doi:10.1152/japplphysiol.00945.2005
76. Morrison S, Sleivert GG, Cheung SS. Passive hyperthermia reduces voluntary activation and
isometric force production. Eur J Appl Physiol. 2004;91(5-6):729–736. doi:10.1007/s00421-0041063-z
77. Vaile J, Halson S, Gill N, Dawson B. Effect of cold water immersion on repeat cycling
performance and thermoregulation in the heat. J Sports Sci. 2008;26(5):431–440.
doi:10.1080/02640410701567425
78. Lane KN, Wenger HA. Effect of selected recovery conditions on performance of repeated
bouts of intermittent cycling separated by 24 hours. J Strength Cond Res. 2004;18(4):855–860.
79. Luomala MJ, Oksa J, Salmi JA, et al. Adding a cooling vest during cycling improves
performance in warm and humid conditions. J Therm Biol. 2012;37(1):47–55.
doi:10.1016/j.jtherbio.2011.10.009
80. Mündel T, King J, Collacott E, Jones DA. Drink temperature influences fluid intake and
endurance capacity in men during exercise in a hot, dry environment. Exp Physiol.
2006;91(5):925–933. doi:10.1113/expphysiol.2006.034223

81. Mitchell JB, McFarlin BK, Dugas JP. The effect of pre-exercise cooling on high intensity
running performance in the heat. Int J Sports Med. 2003;24(2):118–124. doi:10.1055/s-200338203
82. Bergh U, Ekblom B. Physical performance and peak aerobic power at different body
temperatures. J Appl Physiol. 1979;46(5):885–889.
83. Casa DJ, Armstrong LE, Ganio MS, Yeargin SW. Exertional heat stroke in competitive
athletes. Curr Sports Med Rep. 2005;4(6):309–317.
doi:10.1097/01.CSMR.0000306292.64954.da
84. Cleary MA, Toy MG, Lopez RM. Thermoregulatory, cardiovascular, and perceptual
responses to intermittent cooling during exercise in a hot, humid outdoor environment. J
Strength Cond Res. 2014;28(3):792–806.
85. Yeo ZW, Fan PWP, Nio AQX, Byrne C, Lee JKW. Ice slurry on outdoor running
performance in heat. Int J Sports Med. 2012;33(11):859–866. PubMed doi:10.1055/s-00321304643

Table 1. Summary of Individual Sport Characteristics in Terms of Competition Rules and Regulations

Table 2. Optimal Cooling Modalities and Times of Implementation Across Sport Competition

