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The aim of this review is twofold: 1) provide a brief discussion surrounding the interindividual variability that has been observed within the context of heat acclimation/acclimatization, body cooling, and hydration strategies, and 2) provide the reader with a practitioner-focused approach for creating individualized heat mitigation strategies. Considering individual variability for heat acclimation and heat acclimatization, various body cooling strategies, and hydration assessment/fluid replacement is important to maximize effects of these strategies, which lead to better performance and health outcomes. There are many factors to consider, and comprehensive approaches are required. The evidenced-informed decision is critical when making an individual approach, and data will help to make decisions effectively. It is important to keep adjusting the approach based on observed data as data is useful information to check if the approach is effective. Specific considerations to individualize the plan are discussed in this review.
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INTRODUCTION
The associated thermoregulatory, (Sawka et al., 1992; Galloway and Maughan, 1997; González-Alonso et al., 1999; Otani et al., 2017), cardiovascular, (González-Alonso et al., 1999; Nassis and Geladas, 2002), metabolic, (Jentjens et al., 2002), and neuromuscular (Nybo and Nielsen, 2001; Morrison et al., 2004; Baillot et al., 2021) changes that occur during exercise in the heat are known to result in declines in aerobic, (Galloway and Maughan, 1997), repeated sprint, (Drust et al., 2005), repeated force production, (Thomas et al., 2006), and cognitive (Racinais et al., 2008) performance. These physiologic (Sawka et al., 1985; Sawka et al., 1992; Mn, 1992; González-Alonso et al., 1995; González-Alonso et al., 1997; Logan-Sprenger et al., 2012; Chou et al., 2018) and performance (Stearns et al., 2009; Casa et al., 2010; Lopez et al., 2011; Distefano et al., 2013; Otani et al., 2016; Adams et al., 2017) outcomes in response to exercise heat stress are further exacerbated by dehydration, which often accompanies exercise. Further, the metabolic heat production from exercise in combination with exposure to environmental heat increases the risk of heat related illness. Given the consequences that can occur from exercising heat stress, it is imperative that effective mitigation strategies are in place to optimize human health and performance.
To mitigate performance-related declines and heat-related illness risk, heat acclimation (HA) (performed in the artificial environmental chamber), heat acclimatization (HAz) (naturally occurring), body cooling, and hydration strategies have been shown to be impactful when used in practical settings. (Marino, 2002; Yeargin et al., 2006; Lorenzo et al., 2010; Chalmers et al., 2014; Alhadad et al., 2019; Douzi et al., 2019; Kerr et al., 2019; Racinais et al., 2021). However, inter-individual differences associated with factors such as fitness level, (Alhadad et al., 2019), anthropometric, (Wickham et al., 2021), biological sex, (Wickham et al., 2021), gene expression, (Sonna et al., 2007), and external factors, such as exercise intensity, (Maunder et al., 2020), volume, (Pryor et al., 2019), and environmental conditions (Galloway and Maughan, 1997) may influence the effectiveness of these strategies. While there is knowledge on the general effects of exercise heat stress on health and performance outcomes, and how individual variability may alter the magnitude of the efficacy of associated heat mitigation strategies, there is no literature on how to develop effective individualized strategies to optimize the former outcomes. Furthermore, traditionally these strategies are performed in isolation with little attention paid to the synergistic effects that each strategy or factor has on the achievement of the goal. Therefore, the aim of this narrative review is twofold: 1) provide a brief discussion surrounding the interindividual variability that has been observed within the context of heat acclimation/acclimatization, body cooling, and hydration strategies, and 2) provide the reader with a practitioner-focused approach for creating individualized heat mitigation strategies. The focus of this paper is professional and elite sports situations where appropriate staff, resources, and money are available to maximize heat mitigation strategies while logistical and environmental constrains still may apply to this setting.
HEAT ACCLIMATION AND HEAT ACCLIMATIZATION
Heat acclimation and heat acclimatization are some of the most impactful heat mitigation strategies (Tyler et al., 2016). Both HA and HAz utilize intentional and structured repeated exposures to hot environments that are designed to elicit an increase in internal body temperature and induce profuse sweating; the associated physiological and psychological adaptations occurring as a result of the stress on the body improves physical performance and decreases the risk of exertional heat illness (Armstrong et al., 1987; Pandolf, 1998; Shapiro et al., 1998; Benjamin et al., 2021d; Sekiguchi et al., 2021a). It is important to note that 10–14 days of repeated heat exposure are optimal for inducing most of the physiological adaptions incurred by HA/HAz. Following the induction of HA/HAz, the utilization of intermittent heat training (IHT; e.g., 1–2 d/wk of heat exposure) is an effective method to minimize the extent of decay (Daanen et al., 2018), and extend the period of time an individual can benefit from the physiologic adaptions that have occurred (Benjamin et al., 2021a; Sekiguchi et al., 2021b). Minimizing the magnitude of HA/HAz decay improves the feasibility of using this strategy in and around competition, while also optimizing performance by lowering fatigue and enhancing readiness (Benjamin et al., 2021a; Sekiguchi et al., 2021a).
Many factors have been shown to impact the magnitude of the physiologic adaptations induced by HA/HAz (Périard et al., 2015; Tyler et al., 2016). External factors such as exercise intensity and duration, length and frequency of heat exposure, recovery from heat exposure, and different settings (e.g., different types of sports, occupational, military) (Sekiguchi et al., 2021b), and internal factors, such as fitness level (Alkemade et al., 2021), lean body mass (Wickham et al., 2021), body fat percentage (Wickham et al., 2021), body surface area (Wickham et al., 2021), biologic sex differences (Wickham et al., 2021), gene characteristics (Périard et al., 2015), and body’s response to heat prior to HA/HAz (Ravanelli et al., 2019), collectively influence the body’s response to heat exposure. Additionally, adaptations in different variables (e.g., physiological, thermoregulatory) are independent and an adaptation in one variable does not necessarily demonstrate the similar adaptation to other variables (Corbett et al., 2018). As a result, each individual responds to heat exposure differently, which leads to individual differences in the magnitude of induction, decay, and maintenance of HA/HAz associated adaptations.
Our previous work (Benjamin et al., 2021d; 2021a; Sekiguchi et al., 2021a) explored HA/HAz induction, maintenance and decay among endurance-trained athletes. In this study, participants underwent a period of HAz via outdoor endurance training throughout the summer months. This was then followed by 5 days of HA within a controlled laboratory setting and then 8 weeks of maintenance where participants were assigned either a 1 d/wk IHT exposure, 2 d/wk IHT exposure, or no IHT exposure to determine the changes in associated physiologic and performance adaptations across the testing period. Figure 1 indicates individual responses to HAz and HA from this work (Benjamin et al., 2021d; Sekiguchi et al., 2021b). Individual variability of adaptations in internal body temperature, heart rate, sweat rate, and time trial performance to HAz and HA can be observed, indicated by the color of the line (Green: positive adaptation, Red: not positive adaptation) as well as the slope of the line which demonstrates the magnitude of adaptations (Figure 1). Further, Table 1 demonstrates the range of adaptations with HAz and HA and the degree of maintenance during 8 weeks of IHT between individuals (Benjamin et al., 2021d; Benjamin et al., 20212021a; Sekiguchi et al., 2021a). It can be observed within Figure 1; Table 1 that the magnitude of physiological (e.g., internal body temperature, heart rate, sweating responses) and performance (time trial) adaptations to HA, HAz, and IHT, demonstrated individual differences despite participants adhering to the similar methodologic protocol.
[image: Figure 1]FIGURE 1 | Individual responses in internal body temperature, heart rate, sweat rate, and time trial performance to heat acclimatization (HAz, summer training) and heat acclimation (HA, 5 days of heat exposure in the laboratory) in endurance-trained athletes (Benjamin et al., 2021d; Sekiguchi et al., 2021a). Green line indicates individuals who demonstrated the positive adaptations, and red line indicates who did not show the positive adaptations. Internal body temperature: 60% improved from HAz, 68% improved from HA. Heart rate: 76% improved from HAz, 68% improved from HA. Sweat rate: 36% improved from HAz, 64% improved from HA. Time trial performance: 56% improved from HAz, 78% improved from HA.
TABLE 1 | The range of adaptations to heat acclimatization (HAz), heat acclimation (HA), and the degree of maintenance with no intermittent heat training (IHT), once per week of IHT, and twice per week of IHT for 8 weeks (Benjamin et al., 2021a; Sekiguchi et al., 2021b). Data is described as the range of each individual (mean ± standard deviation) of the group in percent change.
[image: Table 1]Considering the individual differences observed in our work, (Alkemade et al., 2021; Benjamin et al., 2021d; Benjamin et al., 20212021a; Sekiguchi et al., 2021b; Saillant et al., 2022), it is critical to create individualized HAz, HA, and IHT plans. While many other factors can be considered to customize the plan, for example, individuals who do not show gradual adaptions with a few times (3–4 days) of heat exposure as some adaptations should begin to be observed around this time, (Armstrong and Maresh, 1991; Périard et al., 2015), most likely require longer or stronger heat exposure to induce adaptations by increasing the duration, intensity, or environmental conditions. On the other hand, individuals who respond to adaptations with heat exposure well might not need the long length of heat exposure compared to others as evidence indicates 5 days of HA can induce adaptations including sweat rate when the magnitude of heat exposure is high (Benjamin et al., 2021d). This also applies to IHT following HA and/or HAz, and the sports scientist or other responsible personnel should observe the individual response to heat exposure during IHT and decide the number of heat exposures per week to prevent decay (Benjamin et al., 2021a; Sekiguchi et al., 2021a). Additionally, the appropriate amount of recovery from heat exposure might be different for each individual, and it is critical to decide the balance between heat exposure and recovery by monitoring individual response and the level of adaptations (Weller et al., 2007; Benjamin et al., 2021d; Benjamin et al., 2021a; Sekiguchi et al., 2021b). Readiness, recovery, and fitness status can be changed each day after training in the heat based on prescribed training load and the progress of adaptations to heat exposure (Buchheit et al., 2013). It is recommended to adjust training intensity, volume and recovery practices based on individual response in order to induce optimal heat adaptations but not accumulated fatigue or maladaptation (Casadio et al., 2017). For example, training intensity and volume for sports training should decrease when an athlete’s overall workload exceeds the level to which she/he has been exposed or indicated an excessive fatigue level that might not be tolerable.
A consideration to incorporate alongside the implementation of HA/HAz strategies in elite sport is an athlete’s heat tolerance and responsiveness. This is most important for athletes with a recent history of sustaining an exertional heat stroke (EHS) where they may be a risk of heat intolerance. Testing one’s heat tolerance should be integrated into the individualized HA/HAz of the graded rehabilitation following EHS with the intention to assess the individual’s heat tolerance and examine their response to heat exposure. While the known prevalence of heat intolerance is low, this tertiary injury prevention strategy should be regarded as an added component for ensuring a comprehensive approach to HA/HAz.
The intensity and environmental conditions of the testing should be guided by the anticipated levels at which the athlete will experience these respective factors, otherwise the response observed from testing might not provide meaningful information (Ravanelli et al., 2019). Additionally, sport specificity is critical, therefore the frequency, intensity, time, and type of testing need to be considered when deciding testing (Sekiguchi et al., 2021a). For example, it might be important for intermittent athletes to use intermittent exercise for testing to mimic exercise patter along with intensity and duration of exercise while steady-state exercise can be used for endurance athletes. In addition, using objective and reproducible methods to assess heat tolerance and response to heat exposure can aid the practitioner in determining the effectiveness of the rehabilitation program during the implementation of HA/HAz (Sekiguchi et al., 2021b). The protocol should collect all relevant physiologic variables that the practitioner is able to, in addition to all safety related variables (e.g., internal body temperature, heart rate etc.).
BODY COOLING
Pre-, per-, and post-body cooling strategies are popular methods used by athletes to optimize athletic recovery and performance when exposed to environmental heat stress (Racinais et al., 2015; Bongers et al., 2017). Meta-analytical reviews on pre-cooling and per-cooling on performance benefits (e.g., finish time, completed distance, time to exhaustion, power output, intermittent sprint, time trial) generally demonstrate improvements, with greater improvements in endurance performance (Jones et al., 2012; Wegmann et al., 2012; Bongers et al., 2015; Jiang et al., 2022). Selection of the ideal cooling strategy will depend on varying sport-specific considerations (e.g., timing, frequency, accessible body part, number of athletes), environmental conditions (e.g., dry-heat, wet-heat, airflow), available resources, the objective for body cooling (e.g., reduction in internal body temperature, improved exercise performance, improved perceived heat stress), and individual preferences (Adams et al., 2016). Outside of the cooling capacity of a given cooling method or modality, the ability to reduce internal body temperature is proportional to the temperature of the cooling source, frequency, duration, and size of the body surface area cooled (Bongers et al., 2017). A mixed cooling method that utilizes multiple cooling strategies is more effective than a single strategy alone (Bongers et al., 2015; 2017), with a cooling strategy that can target the core (e.g., face, neck, head, torso) exhibiting greater performance benefits than those that are applied on limbs only (Jiang et al., 2022). Short duration exercise performance can increase 2%–5% as muscle temperature increases 1°C, but those performance impair as core temperature increases (Racinais and Oksa, 2010). In this case, an ideal cooling method will be maintaining muscle temperatures while keeping core temperature lower. In general, cooling during exercise can enhance both aerobic and anaerobic exercise performance with a greater benefit for aerobic exercise (Douzi et al., 2019). Furthermore, the effect of body cooling on skill performance seems to be case by case as pre-cooling by cold water immersion (CWI) decreased throwing accuracy in American football (Bradley et al., 2019) but per-cooling by ice slurry ingestion did not affect pitching accuracy in softball (Numata et al., 2023). Therefore, the type of sports are important factors to consider when implementing cooling.
A few studies have explored the influence of individual factors that may alter the impact of these cooling strategies. Body fat percentage (Lemire et al., 2009; Godek et al., 2017; Koenig et al., 2022), body mass or lean body mass (Lemire et al., 2009; Godek et al., 2017; Koenig et al., 2022), body surface area (Godek et al., 2017), and body surface area to body mass or lean body mass ratio (Lemire et al., 2009; Godek et al., 2017; Koenig et al., 2022), have all been shown to be important determinants of cooling rates during CWI with hyperthermia. Athletes with a considerably high body fat percentage (approximately 30% or greater) exhibited slow CWI cooling rates when compared to lean (approximately 10%) athletes (Godek et al., 2017). However, the influence of body fat percentage may be minimal when it falls in the range of 10%–30% (Lemire et al., 2009; Koenig et al., 2022). Furthermore, the influence of body surface area, body mass, lean body mass, and body surface area to body mass or lean body mass ratio on cooling rates is inconclusive with mixed results (Lemire et al., 2009; Koenig et al., 2022). It should be noted that these findings are limited to the results from studies that utilized CWI, which has the strongest cooling capacity among the common cooling strategies (Racinais et al., 2015). Future studies are warranted to investigate the impact of morphological characteristics on cooling rates in other external cooling methods that utilize convection and conduction as the primary means of heat transfer to identify and design an individualized body cooling method. Internal body cooling strategies (e.g., ice slurry ingestion, cold fluid ingestion) have also gained popularity among athletes (Racinais et al., 2015). Iwata et al. investigated the influence of sex (male, n = 12, body mass = 65.8 ± 10.3 kg; female, n = 12, body mass = 58.2 ± 10.0 kg) on cooling rates in a study that prescribed 7.5g kg−1 ice slurry ingestion during exercise (Iwata et al., 2020). They found no difference in cooling rates, which is likely attributed to the fact that the ingestion amount is adjusted by participants’ body mass. However, further studies will be required to investigate sex differences in body cooling and its effect on performance and recovery (Hutchins et al., 2021).
Lastly, the majority of studies that tested the efficacy of body cooling strategies under heat stress were conducted in laboratory settings, with relatively small sample sizes (Jones et al., 2012; Bongers et al., 2015; Rodríguez et al., 2020; Cao et al., 2022; Jiang et al., 2022). This brings a challenge in interpreting and applying results to real-world settings that account for individual variabilities since the study participant recruitment usually selects individuals with similar morphological or physical characteristics to examine the influence of a given cooling strategy (Jones et al., 2012). Therefore, due to the paucity of research in identifying reasons for individual variability associated with various body cooling methods (Figure 2), customization of optimal body cooling strategies should rather focus on the type of sports, timing, and feasibility of implementation, while gauging the maximal cooling capacity of a given method can offer. Also, it is extremely important to consider which part of the body needs to be cooled vs. not to maximize the cooling effects but also not to cause the negative effect of body cooling in some sports.
[image: Figure 2]FIGURE 2 | Rectal temperature data extracted from a simulated soccer match study using ice-water dousing by Benjamin et al. (2021b): (1) warm-up + performance battery + intermittent exercise, (2) first 10-min cooling break, (3) performance battery + intermittent exercise, (4) first 5-min cooling break, (5) intermittent exercise, (6) second 10-min cooling break, (7) performance battery + intermittent exercise, (8) second 5-min cooling break, (9) intermittent exercise + performance battery. Note that range of change in rectal temperature during cooling (blue shaded area) varies by individual.
HYDRATION AND BODY FLUID BALANCE
Water is the most essential nutrient to sustain life, and in the context of sport, is an important consideration for optimizing health and performance. Despite the advancements in the understanding of body water regulation and the development of evidence-informed strategies to mitigate acute water losses, the dynamic nature of body water homeostasis and associated complexities driving hydration status, gaps in the body of knowledge in the context of sport and personalized hydration strategies persist. In the context of optimizing hydration strategies on an individual level, considerations surrounding the assessment of hydration status and the utilization of individualized fluid intake plans must be prioritized. The following sections provide a succinct overview related to the day-to-day fluctuation of hydration status at the intra- and inter-individual levels followed by considerations needed to inform proper fluid intake strategies.
Hydration status
Sports coaches, strength and conditioning coaches, and sports medicine professionals commonly instruct their athletes to arrive at the next training session or game ‘hydrated’. While there are good intentions behind this encouragement, the application is often lost in translation. This notion of ‘being hydrated’ is difficult to confidently achieve for athletes and fitness enthusiasts alike because fluid movement is dynamic in the human body and behavioral and socioeconomic factors influence fluid intake behavior, (Armstrong and Kavouras, 2019), and there is not a gold standard way to assess hydration (Armstrong, 2007). Rather, scientists and professionals who work with athletes must build a case for a particular person’s hydration status by completing several valid assessments, including urine color, urine specific gravity (USG), urine and plasma osmolality, plasma volume changes following exercise, thirst sensation, assessment of fluid regulatory hormones such as arginine vasopressin, and body mass changes or succumb to selecting the single most feasible method that may not capture the true hydration state of that athlete. In an athletic setting where establishing hydration status is commonplace, it is critical that those responsible for assessing and communicating hydration status to athletes consider several factors and the potential for error when interpreting hydration data. Therefore, in the field setting, the weight, urine color, and thirst (WUT) Venn diagram is suggested to assess hydration status, especially on the filed settings (Adams et al., 2024; Keefe et al., 2024; Keefe et al., 2025). Assessing hydration status appropriately is a key first step to create hydration strategy to mitigate negative impact of heat by optimizing fluid balance as without understanding of the current hydration status, it is not feasible to creative effective plan.
Body mass, specifically changes in body mass following physical activity, is perhaps the most feasible and commonly used method to assess hydration status. In many instances, the athlete is weighed prior to the start of a session with a goal of keeping total water losses to <2% of total body mass (Sawka et al., 2007). When more reliable information is desired, a 3-day baseline body mass can be used to establish daily fluctuations of fluid by deeming any changes from that baseline fluctuations in hydration status. One limitation to this method is that many athletes do not complete daily or 3-day baseline assessments in a euhydrated state, resulting in an underestimation of a euhydrated baseline body mass. This not only has implications for assessing hydration status prior to exercise but also when prescribing fluid to prevent >2% body mass loss. The following data provides an example of this concept using data published in a previous study (Benjamin et al., 2021b).
In the Figure 3, participants were instructed to arrive at 3-day baseline assessments first thing in the morning euhydrated (Benjamin et al., 2021b). If their USG>1.025, participants were required to reschedule the visit and repeat the 3-day baseline (Benjamin et al., 2021b). Following the baseline, participants completed experimental trials in which they were instructed to arrive following a fluid intake protocol (confirmed by USG<1.020) or following a fluid restriction protocol (Benjamin et al., 2021b). If post-exercise body mass had not been compared to 3 days baseline body mass when calculating body mass loss, it would appear that the participant was not above the 2% body mass loss following exercise because the difference from the start of the trial was so small. Therefore, body mass loss does not indicate % dehydration in this case; for athletes who start exercise in a dehydrated state, this scenario is likely to result in the athlete not being aware of their true hydration status.
[image: Figure 3]FIGURE 3 | Body mass loss and “true” hydration status (Benjamin et al., 2021b).
This idea can be visualized from data collected from a collegiate soccer team over the course of pre-season (Sekiguchi et al., 2019). Figure 4 demonstrates that day-to-day fluctuations in body mass loss from training are relatively mild and rarely exceed 2%. However, if this is the only method used to assess hydration, athletes who are dehydrated may begin practice in a deficit. Therefore, those individuals require much less body mass loss to meet the 2%–3% body mass loss that is associated with negative performance implications. In this case, athletes who lost very little body mass in the session may think they are euhydrated but are in fact dehydrated because they started the session in a deficit.
[image: Figure 4]FIGURE 4 | Individual variabilities of hydration status measured by (a) body mass loss, (b) urine specific gravity, (c) urine color in athletes. Urine was assessed before training and games and body mas was measured before and after (Sekiguchi et al., 2019).
Fluid intake plans
Prior to discussing actionable solutions to drive a personalized approach to optimizing hydration strategies in sports and physical activity, it is important to highlight that current evidence-based recommendations are largely focused and isolated to the acute time periods surrounding sports participation (immediately prior to, during, and following sport) (Sawka et al., 2007; McDermott et al., 2017; Belval et al., 2019). It has been well established at the population level, that only 40%–60% of individuals meet daily fluid intake recommendations (Drewnowski et al., 2013b; Drewnowski et al., 2013a; Guelinckx et al., 2015a; Guelinckx et al., 2015b; Chang et al., 2016; Rosinger and Herrick, 2016). While the human body maintains normal body water at the day level through various hormonally-driven regulatory processes, not meeting daily fluid intake recommendations has been associated with adverse health outcomes and increased risks of morbidity and mortality (Thornton, 2014; Chang et al., 2016; Stookey et al., 2020; Dmitrieva et al., 2023). As hydration science continues to advance and evolve on topics related to optimizing personalized hydration strategies during sports, it is imperative that considerations surrounding daily fluid intake on health across the lifespan be incorporated into sports applications.
Current recommendations suggest that, in the context of sport participation, athletes arrive euhydrated, minimize fluid losses during exercise, and replace remaining losses following exercise (Sawka et al., 2007; McDermott et al., 2017; Belval et al., 2019). While this approach to maintaining proper hydration status is theoretically simplistic, there are many factors that may influence an athlete’s ability to attenuate dehydration-mediated adverse outcomes. Individual, inter-individual, and organizational factors can both independently and in combination influence one’s hydration needs, which must be incorporated into the development of individual fluid intake strategies (Figure 5) (Belval et al., 2019). While much of this discussion has focused on the adverse effects of dehydration, we must not neglect the potential concerns related to over-hydration and the risk of hyponatremia (Hew-Butler et al., 2015). By minimizing fluid losses based on fluid needs rather than prescribing a universal and absolute volume of fluid to consume, practitioners can thereby reduce the risk of hyponatremia.
[image: Figure 5]FIGURE 5 | Individual, inter-individual, and organizational factors to develop individual fluid intake strategies. IOM, Institute of Medicine; EFSA, European Food Safety Authority; AVP, Arginine Vasopressin; USG, Urine Specific Gravity; UOSMO, Urine Osmolality, Ucol, Urine Color; BM, Body Mass; SR, Sweat Rate; HA, Heat Acclimation; CHO, Carbohydrate; BML, Body Mass Loss.
In addition to the factors that influence one’s ability to maintain proper hydration status during sport, it would be remiss to not discuss beverage-specific considerations that should be incorporated into individual hydration plans. Beverage selection should consider factors such as gastric emptying/absorption rates, palatability, temperature, and availability (Baker and Jeukendrup, 2014). For example, water temperature between 15°C and 21°C is recommended to enhance the palatability (Sawka et al., 2007). Interestingly, colder water intake (e.g., 5°C) decreases the amount of fluid ingestion as well as sweating response (Hosseinlou et al., 2013). Also, the carbohydrate concentration should not exceed 8% to maintain gastric emptying rate (Jentjens et al., 2005; Wallis et al., 2005; Sawka et al., 2007). In the context of sports, water is the ideal beverage type to optimize hydration. However, the incorporation of other beverages such as carbohydrate-electrolyte beverages can be considered in circumstances where sports participation involves prolonged (>75 min) intense exercise, especially in hot environmental conditions.
Other considerations surrounding optimal beverage composition pertain to the timing of exercise. Following exercise, it is not uncommon for individuals to remain in a net-negative body water state (e.g., dehydration) which is often driven by factors such as voluntary hydration (Greenleaf, 1992). Given the importance of restoring remaining body water losses following exercise, and understanding the variability in sports schedules and timing of exercise, being intentional with selecting hydration beverages that have a greater fluid retention capacity (Maughan et al., 2016; Clarke et al., 2019; Bechke et al., 2022), may serve as an advantageous solution to negate the potential compounding effects of dehydration (Godek et al., 2005b; Godek et al., 2005a).
With the continued study of hydration science, future directions must involve approaches that address acute and longer-term impacts of fluid intake on health and performance. Not only is it important to identify and optimize sport-specific hydration strategies (e.g., team sport-based vs. individual sport-based strategies, age-related strategies, etc.), but also important to identify hydration strategies that can be implemented to drive healthy behavior changes.
Variability and individualization of the sweating response and its components
It is well established that hydration status, before and during sport, properly managing fluid intake strategies is essential to minimize the adverse health and performance outcomes related to dehydration. The addition of environmental heat stress further exacerbates the detrimental effects of dehydration on physiologic function during exercise (Buono and Wall, 2000; Adams et al., 2014), thus developing effective strategies for the assessment of fluid losses and subsequent fluid needs is important. To adequately replace one’s fluid losses during exercise, it is critical to understand the mechanism through which these losses are derived (sweating), the composition of that fluid lost, and the factors that influence its rate and composition. A variety of factors influence the control of one’s sweat rate and sweat composition such as heat acclimatization status (Pandolf et al., 1988; Nielsen et al., 1997; Périard et al., 2015), level of training (Buono and Sjoholm, 1988), hydration status (Sawka et al., 1985), environmental conditions (Cleary et al., 2014), altitude/hypoxia (Kolka et al., 1987), clothing (McLellan et al., 1992; Havenith, 1999), body mass (Dennis and Noakes, 1999; Buresh et al., 2005), biologic sex (Gagnon and Kenny, 2011), circadian rhythm (Stephenson and Kolka, 1988), maturation (Inbar et al., 2004), age (Kenney and Fowler, 1988), and even diet (Armstrong et al., 1985). It is critical to understand that each of these factors contributes to sweat rate and composition in their own dynamic and individualized manner (Baker, 2017), thus precise measurement at a given “snapshot in time” is critical to the interpretation and clinical application of sweat measurement.
Sweat is comprised primarily of water and sodium chloride (NaCl), but is also comprised of other micronutrients such as potassium (K+), calcium, magnesium, iron, zinc, and copper (Baker, 2019). Sodium (Na+) is the largest constituent of sweat and thus is the most reported in the literature with chloride (Cl−1) following closely. Individual variation of the concentration of Na+ has been reported previously across a variety of sports (Baker et al., 2016; Baker et al., 2022; Davis et al., 2016; Barnes et al., 2019; Rollo et al., 2021), and commonly ranges from 10 to 90 mmol⋅L−1 for regional sweat and 20–80 mmol⋅L−1 for whole-body sweat measures (Baker et al., 2016; Barnes et al., 2019), however, Na+ varies with intensity by up to ∼150% at the highest intensities (Baker et al., 2019). Sodium replacement is important to achieve full fluid balance restoration, especially athletes who perform events impacted by hydration status (Casa et al., 2010; Cheuvront and Kenefick, 2014; Adams et al., 2017; Benjamin et al., 2021b; Racinais et al., 2021). Also, sodium increases glucose absorption in the small intestine (Shirreffs et al., 2004). Whole-body Cl−1 measures often range from 20–70 mmol⋅L−1 with the final levels of Na and Cl being primarily determined by the extent of the reabsorption of Na by the duct itself (Shirreffs and Maughan, 1997). For these reasons, it is difficult to determine an athlete’s individual needs for optimal electrolyte replacement during one’s training or macro-cycle and even more so, during or after individual exercise sessions, without precise measures or techniques.
Whole-body sweat electrolyte testing methods
A variety of sweat testing measures are utilized in sports science to determine the composition of the sweat and the volume of electrolytes lost. Two of the most utilized are the whole body washdown (WBW) technique and the regional absorbent sweat patch prediction technique. The WBW technique is arguably still considered the “gold standard” measure for determining whole-body sweat electrolyte concentration and was first developed by Dill et al. (1933) and refined by Shirreffs and Maughan (1997). The methods of the WBW are described in detail by Armstrong and Casa in 2009 (Armstrong and Casa, 2009) and are commonly used in laboratory settings where the proper equipment is available. That said, the body of knowledge in the area estimation of whole body electrolyte losses via regional absorbent sweat patch prediction by Baker et al. (2020) has emerged as a more field expedient and practical measure (Barnes et al., 2019). This method was once determined to overestimate the actual electrolyte concentrations and whole-body losses (Shirreffs and Maughan, 1997), but has now been cross-validated with predicted whole-body sweat Na+ from all sites within a mean bias of 0–5 mmol⋅L−1 and within a 95% LOA of ±12–17 mmol⋅L−1 compared with measured whole-body sweat Na+ (Baker et al., 2020). Regardless of the method used to assess whole-body electrolyte losses, the issues of individualization and variability remain. With variabilities in the amount of Na+, it necessitates the need for precise individualized recommendations for electrolyte replenishment during and post-exercise in an effort to maintain normal blood Na+ levels and to avoid hyponatremia, especially during long duration events at lower intensities.
SPORTS SCIENCE PRACTICAL APPLICATION
Considering individual variability for heat acclimation and heat acclimatization, various body cooling strategies, and hydration assessment/fluid replacement is important to maximize effects of these strategies, which lead to better performance and health outcomes. There are many factors to consider (Figure 6), and comprehensive approaches are required. The evidenced-informed decision is critical when making an individual approach, and data will help to make decisions effectively (Figure 7). Therefore, the first step will be the needs analysis and measuring athlete’s response and status by validated and reliable tools. It is important to consider what information can be obtained from variables before monitoring. Then, data will be analyzed to provide meaningful information from collected data. Traditional group analysis might not be appropriate here as the response is varied between each athlete (Rhea, 2004; Ward et al., 2018). Also, the approach to individual sports and team sports are different due to factors, such as the number of target competitions, frequency of the competitions, the duration of training period, and the number of athletes in the team. After understanding athlete status, an individual approach can be taken based on the goals and needs of each athlete. This process can be constantly repeated, and it is important to keep adjusting the approach based on observed data as it is useful information to check if the approach is effective. As summarized in Table 2, each strategy requires specific considerations when individualizing the plan.
[image: Figure 6]FIGURE 6 | Factors to consider when determining and implementing individualized heat mitigation strategies.
[image: Figure 7]FIGURE 7 | Conceptual process of evidence-based individual heat mitigation approach.
TABLE 2 | Specific considerations when creating an individualized plan.
[image: Table 2]Limitations of individual approach might be the requirements of extra cost, human resources, and time depending on the situation. Therefore, it is also important to be flexible in the approach to take and find the best evidence-based solution in each scenario. However, this approach might be essential to maximize heat mitigation strategies, including decrease the negative impact of heat stress and dehydration, which could be one of the factors deciding the results of competition. Heat acclimation and heat acclimatization, various body cooling strategies, and hydration assessment/fluid replacement can improve exercise performance in a relatively easy and cost and time-efficient way (Sawka et al., 2007; Bongers et al., 2015; Tyler et al., 2016). It is important to emphasize that no matter what training the athlete performs if these factors are not considered on the game day, athletes’ performance might not reach their maximum. Future directions would be gathering evidence and information about how to take individual approaches and what outcomes can be observed by each approach.
EXAMPLES OF HEAT MITIGATION STRATEGIES BASED ON SPECIFIC SCENARIOS
Examples of individualized heat mitigation plans are described for three different scenarios below. The heat mitigation strategies are different for each scenario based on factors, such as the type of sports, the period of the preparation, environmental conditions, and the situation of competition day. While individual sports have typically one target race/competition, team sports have multiple competitions throughout the season, which also leads to different approaches.
Scenario 1: Kona triathlon world championship
A 35-year-old female athlete residing in the Southern Hemisphere will be competing in the 2025 Kona Triathlon World Championships, which is held in Kona, Hawaii in October. The expected environmental conditions are: ambient temperature, 33°C–24°C (90°F–75°F); relative humidity, 80%; water temperature, ∼27°C (∼80°C). The athlete will be traveling to Kona 7 days prior to the race from her home.
Individualized heat acclimation/acclimatization strategies:
•Perform 10–14 days of a heat acclimation protocol 4–6 weeks prior to race day (- 4 weeks from the race).
- 90 min exercise (run or bike) in an environmental controlled chamber (33°C and 50% humidity).
- Try to achieve core temperature above 38.5°C for a minimum of 60 min during each session.
- Humidity can be gradually increased to 80% over the course of the acclimation period to mimic the expected racing conditions.
•Modify training volume and intensity based on heat acclimation training in order not to accumulate fatigue, and in alignment with the current training regimen.
•Perform intermittent heat training once or twice a week for 2 weeks prior to travel to Kona (−3 and −2 weeks from the race).
- Exercise protocol can be the same as a heat acclimation session.
- This session can be performed as part of “easy” training day.
•After arriving in Kona, perform one training session (∼90 min of exercise) at 33°C and 80% humidity. The rest of the training can be done when the environmental conditions are cooler to adequately prepare for the race and optimize the potential for peak performance.
Individualized body cooling strategies for competition:
•Note: All planned cooling strategies should be practiced prior to race day in order to limit the implementation of anything “new” to the athlete on the day of the race itself.
•Prepare and load a squeeze bottle filled with ice and water at the swim-to-bike transition area; this bottle is prepared for water dousing during the bike segment as this strategy can be used to maximize both convective and evaporative heat loss during cycling (>30 km⋅h−1). If possible, the water bottle is insulated to keep fluid chilled.
•Throughout the bike course, there will be aid stations where water bottles (plastic bottles with caps) are provided. Considerations need to be made to determine the amount of water to be used for hydration vs. cooling/dousing.
•Prepare an insulated water bottle at the bike-to-run transition area; during ice slurry or chilled fluid at the transition.
•The run course will also have aid stations with water; during this segment of the race, water is provided in cups. Use water dousing strategies during the run segment. If aid stations have ice, consider packing jersey compartments with ice.
•Wet clothes may cause chafing–apply tape and/or lubricants to protect areas where friction may occur.
Individualized hydration strategy
•During training, determine daily fluid needs to ensure euhydration day-to-day. Using daily, and first morning, assessments of body weight, urine color, and thirst are useful and low-cost strategies to determine the adequacy of water intake. Body weight loss >1%, dark colored urine, and/or increased thirst perception indicates inadequacy of fluid intake the day prior.
•Assess sweat rate during training at race pace for bike and run disciplines to determine fluid losses and associated fluid needs to minimize fluid losses. Ideally, this should be assessed at multiple times throughout the training cycle, including in environmental conditions that are expected on race day.
•The race day hydration strategy should include considerations for both fluid losses as well as overall nutrition/energy needs. Identifying beverages containing carbohydrates and electrolytes that can be tolerated during exercise should be explored and be supplemented in addition to water.
•During race day, ensure that the practiced hydration strategy is followed. This includes what occurs across disciplines as well as during the swim - bike, and bike - run transitions.
•Determining post-race fluid losses and replenishing remaining losses in the 24 h following the race is important to aid recovery.
Scenario 2: international soccer tournament
A national soccer team will be participating in an international soccer tournament that is scheduled to take place during the summer months (average 29°C–32°C). Players are currently in their normal off-season training cycle and practices take place in a relatively cooler geographical location (average 20°C–22°C). The team will be traveling to the tournament location 14 days prior to the first match for the team’s pre-tournament training camp to adjust for training in the respective environmental conditions and to assist in overcoming jet lag.
Individualized heat acclimation/acclimatization strategies:
•Prior to international travel to the team’s training camp: perform passive heat acclimation (e.g., 30–45 min of sauna or hot bath following daily training sessions).
•During the first week of the international training camp prior to the start of the tournament, training needs to be performed in mild environmental conditions when workload is relatively high but can be done in relatively high environmental conditions when the workload is low to maintain heat exposure but not accumulate fatigue.
•During the second week of training camp, the volume needs to be decreased gradually so does heat exposure to prepare for the first game at the good overall condition, which includes fitness and heat adaptation Table 3.
TABLE 3 | Training load and heat exposure magnitude.
[image: Table 3]Individualized body cooling strategies for competition:
•Pre-game warm-up session: prepare ice slurry for all athletes (7.5 g per kilogram in body weight) and cooling vests for starting members.
•Towel off sweat, drink chilled fluid and/or ice slurry, and partial body immersion (forearm or lower leg) during half-time. Prepare a bucket filled with ice and water per athlete. If partial body immersion is not feasible, use cooling vests.
•Post-game recovery using whole-body cold-water immersion or contrast bath ending with cold water immersion.
Individualized hydration strategies
• During training, determine daily fluid needs to ensure euhydration day-to-day. Using daily, and first morning, assessments of body weight, urine color, and thirst are useful and low-cost strategies to determine the adequacy of water intake. Body weight loss >1%, dark colored urine, and/or increased thirst perception indicates inadequacy of fluid intake the day prior.
•Ensure an euhydrated arrival prior to each competition match.
•Use available break times (e.g., half time, schedule cooling breaks when environmental conditions require implementation of a cooling break) to minimize fluid losses.
•Fluid replacement should include water and could be supplemented by a carbohydrate electrolyte beverage, especially when competition is occurring in hot environmental conditions and the athlete is participating in the entire match.
Scenario 3: American football
A National Football League team is commencing their fall training camp with the camp being held at a nearby university July 24 - August 11th. All training sessions occur outdoors between 1,500–1,700 h daily and takes place on a natural grass playing field. Ambient temperatures will range from 26–30°C with a relative humidity being approximately 80%.
Individualized heat acclimation/acclimatization strategies:
•2 weeks prior to the start of preseason, an athlete starts performing 10–14 heat acclimation sessions in the same environmental condition as preseason training is performed.
•Exercise can be 60–90 min moderate exercise to maintain core temperature above 38.5°C for ∼60 min.
•The duration of exercise can be gradually increased as the session goes.
•No heat acclimation session from 2 days prior to the start of preseason to recover from heat acclimation. Once preseason starts, follow league mandated heat acclimatization protocol.
•After the preseason, once a week of intermittent heat training is performed to maintain adaptations throughout the competitive season. This can be done as part of aerobic exercise training day for the recovery.
Individualized body cooling strategies during pre-season football practices:
•Prepare a cooling zone with a tent (shade), cold-water immersion bath, ice chest filled with ice, chilled fluid, mist fan, and ice towels. The size of the cooling area and amount of equipment (e.g., misting fans, ice towels, etc.) should be large enough to cover all members of a given unit (e.g., offensive players) at the same time.
•Helmets should be taken off during water breaks to maximize evaporative heat loss. Use combinations of water dousing, ice towels, misting fan, and chilled fluid intake for per-cooling during practice sessions.
•Post-training recovery using whole-body cold-water immersion or contrast bath ending with cold water immersion.
Individualized hydration strategies
•During training, determine daily fluid needs to ensure euhydration day-to-day. Using daily, and first morning, assessments of body weight, urine color, and thirst are useful and low-cost strategies to determine the adequacy of water intake. Body weight loss >1%, dark colored urine, and/or increased thirst perception indicates inadequacy of fluid intake the day prior.
•Ensure an euhydrated arrival prior to each training session.
•Consume fluids during training and during breaks to minimize fluid losses. Fluids should primarily be water, however carbohydrate electrolyte beverages can also be incorporated, especially during prolonged (>75 min) and intense training in hot environmental conditions.
•Organizationally, the team should provide unlimited access to fluids to all athletes during training. Similarly, the team should be adequately staffed to ensure access to fluid is unlimited.
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leat mitigation strategy

Specific considerations to individualization

Heat Acclimation
Heat Acclimatization

Body Cooling

Hydration

« Select exercise modality (training and testing) based on sports specificity
« Adjust intensity and volume based on individual responses to heat exposure

« Decide optimal length based on_individual responses to maximize effects but minimize fatigue

« Select the frequency of intermitent heat training based on individual response and schedule of sports

« Monitor individual workload in- sports activity to maintain the balance between heat acclimation/acclimatization and  sports

« Select cooling modality based on_sports, timing, feasibility, cooling capacity, and individual characteristics
« Decide cooling duration based onindividual response to cooling and  the feasibility

« Monitor changes in performance and health outcomes resulting from the implemented cooling strategy

« As these factors change, cooling modality and duration mightbe adjusted

« Select hydration assessment methods fitting individual situationsbased on sports and feasibility
« Interpret hydration assessment data_appropriately

« Determine day to day and sports. specific fluid needs

« Implement a fluid intake plan based on hydration assessment

« As exercise factors (e.g., intensity, duration, type), environmental conditions, and individual characteristics change, the
fluid intake plan needs to be adjusted
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