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Abstract

Exertional heat illness (EHI) risk is a serious concern among athletes, laborers, and warfighters. 

US Governing organizations have established various activity modification guidelines (AMGs) 

and other risk mitigation plans to help ensure the health and safety of their workers. The extent of 

metabolic heat production and heat gain that ensue from their work are the core reasons for EHI in 

the aforementioned population. Therefore, the major focus of AMGs in all settings is to modulate 

the work intensity and duration with additional modification in adjustable extrinsic risk factors 

(e.g., clothing, equipment) and intrinsic risk factors (e.g., heat acclimatization, fitness, hydration 

status). Future studies should continue to integrate more physiological (e.g., valid body fluid 

balance, internal body temperature) and biometeorological factors (e.g., cumulative heat stress) to 
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the existing heat risk assessment models to reduce the assumptions and limitations in them. Future 

interagency collaboration to advance heat mitigation plans among physically active population 

is desired to maximize the existing resources and data to facilitate advancement in AMGs for 

environmental heat.
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Introduction

Diverse occupational settings put athletes, service members, and employees at risk of 

exertional heat illnesses (EHIs) or death due to excessive heat exposure. Increasingly 

warm conditions observed in recent years further necessitate risk reduction strategies, 

such as activity modification. Activity modification guidelines (AMGs) for heat stress 

aim to optimize performance, maintain work efficiency, and protect individuals from 

EHIs and their associated morbidity and mortality. Currently, athletic, occupational, and 

military settings have separate AMGs, and utilize a variety of heat indices (e.g., wet bulb 

globe temperature [WBGT], heat index [HI]) to quantify potential for environmental heat 

stress under varying thermal loads. At first glance, AMGs from different settings share 

common features; however, no previous attempt has been made to identify opportunities to 

harmonize guidelines where possible. In addition, such an opportunity allows for insights 

into policy development and implementation, and recognition of important research gaps 

and applications for use beyond their current settings.

In pursuit of AMG comparison and harmonization, the Korey Stringer Institute convened an 

interagency, interdisciplinary team of US-based heat health experts. The Korey Stringer 

Institute, housed at the University of Connecticut, is a nonprofit organization focused 

on providing research, education, advocacy, and consultation to maximize performance, 

optimize safety, and prevent sudden death for the athlete, warfighter, and laborer. The team 

of experts compared current approaches to activity modification and identified opportunities 

to expand and improve upon these approaches. Particular consideration was given to the 

guidelines within the context of projected increase in frequency and intensity of heat waves, 

as well as associated increased heat-related human health consequences (Crimmins et al. 

2016) and economic losses (Wenz and Levermann 2016). This meeting of experts was 

convened under the auspices of the National Integrated Heat Health Information System 

(NIHHIS), an interagency, multidisciplinary, and nationwide system intended to inform 

decision-making for heat health risk reduction from long-term planning to short-term 

responses. Here, we document the outcomes of the discussion and provide opportunities 

for future research and application of AMGs.

AMGs outline how to identify and assess potentially unhealthy levels of physical exertion 

given the current or predicted environmental conditions and give guidelines for modifying 

activity level or behavior to remain healthy. AMGs are established by various methods (e.g., 

governing bodies, working groups, and consensus panels), often for a specific demographic 
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of worker, athlete, or warfighter. In all AMGs, environmental conditions (e.g., heat) are 

primary variables. Most AMGs utilize the WBGT to assess risk of exposure to the heat 

hazard. Compared to simpler, traditional metrics (e.g., air temperature, or temperature-

humidity only metrics like HI), WBGT better accounts for heat exchange between the 

individual and the environment, by integrating the influence of temperature, humidity, 

radiant heat (e.g., solar radiation), and air movement. Other indices can be used as well, 

with varying degrees of complexity, predictability, and interoperability (e.g., air temperature, 

HI, Humidex, Universal Thermal Climate Index [UTCI]).

In addition to an environmental variable, most AMGs account for the individual’s level of 

physical activity or work load, which when combined with environmental heat stress, allows 

total heat stress to be determined. Guidelines can also address personal vulnerability factors 

such as personal protective equipment (PPE) and heat acclimatization status (e.g., (Casa 

et al. 2012a, b, 2013; Navy and Marine Corps Public Health Center 2014; NIOSH 2016; 

Secretary of the Air Force 2016; Department of the Army Headquarters 2016; ACGIH 2017; 

Occupational Safety and Health Administration 2017a)).

After identifying hazard, exposure, and vulnerability components, various interventions 

are recommended by AMGs to modify these elements of risk—from adequate hydration 

to reduced work intensity and increased rest cycles. For example, the heat AMG by the 

Georgia High School Association specifies that athletes must be given unlimited access to 

hydration and that the rest breaks should be taken in areas where exposure to direct sunlight 

is avoided (Georgia High School Association 2016). Advanced weather forecasts and in 

situ observations can also inform measures to heat risk. Although current predictability of 

complex indicators such as WBGT is limited to less than 1 week lead time (Ministry of 

the Environment Government of Japan), simpler indicators (e.g., HI) may be predicted with 

more lead time, and may allow for longer-range planning. For example, temperature and 

dew point (or relative humidity) can be predicted up to ≈12 days in advance. In contrast, 

parameters such cloud cover (i.e., the inverse of solar exposure) and wind speed can only be 

predicted 2–3 days in advance (Haiden et al. 2015). For such predictions to have practical 

significance, the forecasted values should at least predict WBGT within the same AMG risk 

category (Cheuvront et al. 2015).

Understanding the methodology behind various guidelines is an essential first step toward 

comparing the indices and extending them for improved use. This paper will critically 

examine heat AMGs currently used in athletic, occupational, and military settings in the 

USA to: (1) identify strengths and weaknesses of commonly used heat stress indices, (2) 

compare current AMGs and different assumptions of each, and (3) establish an expert 

consensus on directions for future research on heat safety standards for activity modification 

and their implementation.

Activity modification guideline enforcement in the USA

Recommendations for occupational heat activity modification standards have been issued 

since 1972 by the National Institute for Occupational Safety and Health (NIOSH), which 

is part of the US Centers for Disease Control and Prevention (CDC), in response to an 
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act of Congress (Occupational Safety and Health Act of 1970). These guidelines were 

reiterated by NIOSH in 2016 (NIOSH 2016) and are consistent with workplace heat AMGs 

published by the American Conference of Governmental Industrial Hygienists® (ACGIH), 

a US-based organization of occupational and environmental hygienists (ACGIH 2017). 

Heat guidelines are communicated to the Occupational Safety and Health Administration 

(OSHA) for regulatory consideration, while the NIOSH and ACGIH are not regulatory 

bodies. OSHA enforces workplace safety and health regulations at most private sector 

employers across the USA and its territories. In most US states, OSHA regulates heat 

stress under the General Duty Clause (section 5[a][1] of the Occupational Safety and Health 

Act of 1970; https://www.osha.gov/laws-regs/oshact/toc), which stipulates that employers 

must furnish workplaces that are free of recognized hazards causing or likely to cause 

serious harm or death. OSHA also tracks workplace injuries and deaths resulting from heat 

and other occupational exposures and provides publicly available data on these outcomes 

(Occupational Safety and Health Administration 2017b; Tustin et al. 2018). However, some 

situations have been identified that limit the implementation of these guidelines. A recent 

report by Tustin et al. (2018) found that all cases of EHS fatalities among outdoor workers 

(n = 14) were exposed to environments where WBGT-based occupational exposure limits 

were exceeded. For example, heat strain in migrant workers is often undocumented, and the 

resulting negative consequences of occupational heat exposure are underreported (Jackson 

and Rosenberg 2010).

Standards in athletic settings are established by various governing bodies for sports (e.g., 

the National Collegiate Athletic Association, state high school activities associations, youth 

sport leagues), most of which are not subject to federal or state agency regulations. One 

of the few administrative controls being implemented at this date is the consideration 

for hydration breaks by the Fédération Internationale de Football Association (FIFA) 

(The Associated Press 2014). FIFA recommends that an extra hydration break should be 

considered at the 30th minute of each half when the environmental condition exceeds 

32 °C in WBGT, which was mandated during the FIFA Brazil World Cup in 2014 (The 

Associated Press 2014). In tennis, the International Tennis Federation and the World Tennis 

Association employ the WBGT-based AMG by the American College of Sports Medicine 

(Armstrong et al. 2007) for junior tennis players and female tennis players (Racinais et 

al. 2015). In US high school athletics, many state high school athletics associations have 

also adopted environmental monitoring and subsequent activity modification to prevent EHI 

(Kerr et al. 2014). Some mass participation athletic events, such as distance races, have 

also adopted environmental monitoring to activate activity modification plans. These plans 

inform participants about the conditions and potential for heat stress and guide race aid 

stations to prepare sufficient resources so as to not overwhelm local medical services (Mears 

and Watson 2015).

In the US Department of Defense (DoD), the Technical Bulletin, Medical 507 

(Headquarters, Department of the Army and Air Force 2013) is prepared by the Department 

of Army and Air Force to provide guidance for heat stress control and casualty management. 

The first TB MED 507 was published in July in 1980 as a joint publication with the Navy 

and Air Force (Headquarters, Departments of the Army and Air Force 1980). The next TB 

MED 507 was not published until March 2003 and again was a joint publication with the Air 
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Force (Headquarters, Departments of the Army and Air Force 2003); it replaced the 1980 

version. However, in 1991, the US Army Research Institute of Environmental Medicine 

in Natick, Massachusetts, published a document entitled “Heat Illness: A Handbook for 

Medical Officers” because the first TB MED 507 was not up-to-date. The TB MED 

has again been revised, but each version was developed to provide guidance on heat 

stress control. The newest bulletin is for military and civilian health care providers and 

allied medical personnel so they are able to develop preventive programs for protecting 

military personnel from the potential adverse health effects of working in the heat. Some 

of the key preventive measures include understanding risk factors, the importance of fluid 

replacement, how to use WBGT appropriately, the body’s responses and adaptations to 

heat, and the different types of heat casualties. The TB MED 507 also delineates the roles 

of unit commanders, medical officers, medics, and combat lifesavers in their coordination 

of education, planning, and managing to achieve the stated goal. The bulletin is directive 

in nature and specifically states that unit commanders will perform a series of actions to 

maintain their troops. Three of such actions are to ensure acclimatization of warfighters; 

provide adequate clothing, shade, and sunscreens to prevent sunburn; and implementation of 

appropriate fluid replacement guidance and work-rest cycles, when possible. Likewise, the 

medical officer is provided directives in the form of “unit medical officers will.” Again, the 

directives relate to work load and work/rest cycles, education with regard to risk mitigation, 

recognizing keys signs of impending heat illness, and many other topics. Thus, over the past 

38 years, at least four formal documents for heat stress mitigation have been put forward 

within the DoD.

Heat stress indices

As previously described, environmental variables to estimate external heat exposure include 

air temperature, humidity, wind speed, and radiant heat. Behavioral factors such as 

metabolic activity and clothing/equipment are also considered by some heat indices (Epstein 

and Moran 2006). Multiple heat exposure metrics are available that account for these factors 

with varying degrees of sophistication. The simplest measures are direct observations of 

meteorological variables that do not include information on behavioral factors. Empirical 
heat indices are based on empirical studies of human comfort, and rationale indices use a 

human heat budget approach (i.e., balance between environmental and metabolic heat loads) 

to account for both environmental and behavioral factors.

Here, we present a sample of heat measures commonly used by various governmental 

agencies and governing bodies worldwide, including their main benefits and limitations, 

with examples of direct and rationale approaches (Table 1). Air temperature is a simple 

direct measure that uses a thermometer sheltered from the sun and expresses the extent of 

hot and cold. (American Meteorological Society 2018) It is widely measured at weather 

stations and thus has wide applicability and is easy to interpret; however, it does not 

account for other meteorological factors such as humidity, wind speed, or radiant energy 

that influence the human heat balance. The appropriateness of air temperature to infer heat 

stress may vary by climate zone. For example, the use of temperature to estimate heat 

stress in humid climates such as the Southeastern USA may grossly underestimate thermal 
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discomfort, but it may be more suitable in dry climate such as the desert Southwest (US 

Department of Commerce 2018).

In North America, the HI (USA) and the Humidex (Canada) are more complex measures 

that incorporate both air temperature and humidity with the resulting value provided on an 

adapted “feels like” temperature scale. The HI is the primary heat measure used by the 

National Oceanic and Atmospheric Administration’s National Weather Service in issuing 

public messages on heat safety (Hawkins et al. 2016) while the Humidex is used in a 

similar way by Environment and Climate Change Canada (Government of Canada 2017). 

The HI is a simplified version of the complex human energy budget model of the Apparent 

Temperature (AT) by Steadman (Steadman 1979a, b). The AT is simplified into the HI by 

holding clothing (long trousers and short-sleeved shirt) and metabolic factors (person is 

walking at 5 km/h) constant, assuming an individual is in the shade, and controlling other 

environmental factors (e.g., wind) (Rothfusz 1990) (Table 1). The simplified version of the 

HI is thus limited with respect to changes in activity, clothing, sun intensity, and wind 

speed. The Humidex is a discomfort index derived by Anderson (Anderson 1965). It was 

definitively introduced by Masterton and Richardson and is related to a degree of discomfort 

with no empirical basis. In its original creation, the Humidex formulation was based on 

two assumptions of thermoregulation: (1) the “neutral point” of the human body (where 

the body is neither losing or gaining heat) occurs at an air temperature range of 27 to 30 

°C for standard conditions (i.e., nude male, still air, resting), and (2) if the air temperature 

and RH exceeds 32 and 75%, respectively (or a psychrometric wet bulb of 28 °C), the 

body cannot continue to maintain equilibrium (Bair and Ruffner 1977). The final categorical 

ranges for the Humidex are simply based on “… a public relations value in a weather service 

and conveys, in a simple way to the layman a general idea of atmospheric discomfort” 

(Landsberg and World Meteorological Organization 1972). Based on such simplicity, the 

Humidex also suffers from limitations due to human behavior, sun and wind exposure. 

Alfano et al. (d’Ambrosio Alfano et al. 2011) provide detailed comparisons, limitations, 

and calculations of the Humidex. Today, it is used in most Canadian provinces and by the 

Canadian Center for Occupational Health and Safety for monitoring outdoor work in the 

heat. Both the HI and Humidex are widely available as they can be derived from weather 

station data. The assumptions, however, may lead to inaccuracies of the actual heat strain in 

particular cases such as athletes or laborers who may be in the sun and/or highly active.

The WBGT is a direct measure that is designed to account for the influences of 

air temperature, radiant heating, wind speed, and humidity on heat stress (Yaglou and 

Minard 1957; International Organization for Standardization 2017). It is widely employed 

by military agencies, occupational safety agencies, and governing bodies in athletics 

(Armstrong et al. 2007; Headquarters, Department of the Army and Air Force 2013; NIOSH 

2016). Often, these organizations also consider activity and/or clothing to set guidelines and 

recommendations for behavior modification during excessive heat (Table 2). The WBGT 

is not commonly measured at weather stations but rather should be collected onsite with a 

measuring device. However, models are available and can be used to estimate the WBGT 

by using meteorological data routinely measured at high-end weather stations (Lemke and 

Kjellstrom 2012). The severity of heat stress based on WBGT is sometimes misunderstood 

because the calculated values may be lower than air temperatures depending on the amount 
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of solar radiation and water vapor present in air (d’Ambrosio Alfano et al. 2014). For 

example, a combination of an air temperature of 35 °C and a relative humidity of 50% 

under full sun will result in approximately 35 °C in WBGT, whereas the resulting HI 

in the same condition is 41 °C. Based on its initial creation (see [Budd 2008] for a 

detailed review), caveats to its use exist. Analyses from the 1950s show that exertional 

heat stroke deaths were not solely attributed to the high WBGT as they occurred across a 

range of temperatures, with increased mortality among those who were unfit, obese, and 

unacclimatized recruits during basic training (Budd 2008). Therefore, authors of the original 

WBGT studies (Schickele 1947; Cook 1955) concluded that “no single heat limit can be set 

to apply to all situations” (Yaglou and Minard 1957).

Finally, the UTCI is a fully rationale index, where activity and clothing levels can be 

adjusted within the model to optimize the index for particular needs (Bröde et al. 2012). The 

UTCI can also be presented as a temperature scale with 10 categorical designations ranging 

from “extreme cold stress” to “extreme heat stress”. Recent research by Bröde et al. (Bröde 

et al. 2017) introduced a procedure for adjusting the UTCI to those extended conditions of 

high metabolic activity and clothing insulation over longer durations. However, UTCI is new 

for most people, and thus the interpretation of the categories is not widely known, which can 

result in confusion and misuse of a new, more complicated index.

Heat risk considerations

Overview of the heat balance equation

Normal physiological function requires deep body temperature regulation. The rate and 

amount of the heat exchange is governed by the fundamental laws of thermodynamics. The 

rate of heat exchange with the environment is a function of air temperature and humidity, 

skin temperature, air velocity, evaporation of sweat, radiant temperature, and type, amount, 

and characteristics of the clothing worn (Parsons 2014). The following is a simple version of 

the heat balance equation:

M − W = C + R + K + E + S (1)

where: (M – W) = total metabolism minus external work performed, C = convective heat 

exchange, R = radiative heat exchange, K = conductive heat exchange, E = evaporative heat 

loss, and S = change in body heat content.

The heat balance equation contains both physiological and environmental factors that affect 

heat exchange. These factors may determine individual vulnerability to environmental 

heat stress. For example, evaporative heat loss is a primary means for heat loss in hot 

environments and/or when generating a high level of metabolic heat. However, a low skin-

to-air vapor pressure gradient and/or clothing permeability may prevent evaporative sweat 

from the skin and thus limit evaporative cooling (Vanos et al. 2010). This ability to evaporate 

sweat is described by the ratio of required evaporation needed to maintain thermoregulation 

(Ereq) to the maximum evaporation allowed by the external environment (Emax) (i.e., Ereq/

Emax). Ereq is calculated based on convection, radiation, and metabolic heat loads. It is used 

for heat stress assessment by a method entitled the “Required Sweat Rate” (ISO7933 2004), 
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later revised to the “Predicted Heat Strain” (Malchaire et al. 2001; ISO7933 2004). Emax is 

determined based on the vapor pressure gradient, clothing resistance, and wind speed, to a 

maximum of 390 W m−2 (Parsons 2014). As suggested by Belding and Hatch, when Emax 

> Ereq, body temperature can be controlled; however, if Emax < Ereq, sweat evaporation and 

cooling are limited (Brotherhood 2008).

Factors that increase the rate of heat gain to the body or diminish the rate of heat dissipation 

away from the body may predispose athletes, workers, and warfighters to EHIs. Factors 

affecting heat exchange can be classified as either intrinsic (inherent to the individual) or 

extrinsic (a feature of their environment). Figure 1 plots common intrinsic and extrinsic risk 

factors associated with EHIs. Most of the risk factors associated with exertion in the heat are 

somewhat modifiable (quadrant IV in Fig. 1). However, both intrinsic and extrinsic factors 

must be addressed to minimize the risk of EHIs. Catastrophic and fatal outcomes from heat 

stress typically occur when there is a perfect storm of intrinsic and extrinsic risks (Rav-Acha 

et al. 2004; Tustin et al. 2018).

Intrinsic risk factors

The largest contributor to heat gain is the metabolic heat production resulting from muscular 

work, which is primarily dictated by the intensity and efficiency of movement (Whipp and 

Wasserman 1969). Therefore, individuals who are more fit perform more efficient work 

and demonstrate lower body temperatures during exercise by the heat when completing a 

given absolute workload, compared to individuals who are less fit (Smoljanić et al. 2014). 

This inefficiency can be further compounded by the extra mass carried in obese individuals 

(Bedno et al. 2014; Moyen et al. 2016). Diminished thermoregulatory responses that may 

also result from aging (Kenny et al. 2010; Stapleton et al. 2015), cardiovascular disease 

(Balmain et al. 2017), and diabetes (Carter et al. 2014; Kenny et al. 2016) are also being 

explored as vulnerabilities associated with the ability to work in the heat. Thus, certain 

individuals may need specific AMGs. Due to the recognition that personal risk factors can 

predispose individuals to EHI, some occupational AMGs recommend that these individuals 

be exposed to lower levels of environmental heat (Table 2). For example, ACGIH states 

that its heat Threshold Limit Value (TLV®) only applies to workers without predisposing 

medical conditions (ACGIH 2017).

As expected, conditions that compromise thermoregulation also elevate risk for EHI and 

classical heat injury, particularly among workers who are older (i.e., > 65 years of age), 

obese (BMI > 30), or have certain medical conditions (cardiovascular disease, diabetes, and 

taking certain medications) (NIOSH 2016). Older individuals sweat less in response to heat 

and may have chronic hypohydration (Kenny et al. 2010; Stapleton et al. 2015). Obesity is 

a risk factor for an increased susceptibility to heat injury because high body fat results in a 

greater physical effort (increased V
.

O2 at any given level of activity), which then leads to an 

increase in metabolically produced body heat. In addition, high body fat results in a decrease 

in body surface area relative to body volume, which becomes less ideal for loss of body heat. 

All of these factors reduce heat transfer from the obese individual to the environment (Wells 

and Buskirk 1971; Vroman et al. 1983).
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Finally, workers of any age or body mass who are taking certain medications are at elevated 

risk for the development of heat stroke. The list of medications is comprehensive and 

beyond the scope of this paper (see NIOSH 2016 table 4.2 for a list of commonly used 

medications that affect heat tolerance). Particularly risky medications include those affecting 

cardiac function (beta blockers), which prevent cutaneous vasodilation, thus limiting the 

efficacy of this thermoregulatory mechanism. In addition, common diuretics used for 

treating hypertension have the potential for inducting dehydration in workers.

In workers, most fatal EHIs occur during the first week after a person starts a new job 

in a warm environment (Arbury et al. 2016). Likewise, most EHIs occur in the first week 

of American football practice (Cooper et al. 2016), or military recruits originating from 

northern states (Carter et al. 2005). These findings suggest that lack of heat acclimatization 

and physical readiness (i.e., fitness) are important intrinsic risk factors. Occupational 

guidelines suggest that employers create a formal plan to allow newly hired workers, 

and those who return after an extended absence, time to adapt to environmental stress 

(NIOSH 2016). Similar policies have been adopted for American football (Casa et al. 2009). 

Population specific guidelines are discussed in detail in a later section.

Behavioral factors (i.e., motivation to work hard to impress a new boss, coach, or supervisor 

or to make money) may also put newly hired workers at risk. In cases of exertional heat 

stroke, it is common for individuals performing exercise not matched to their fitness level, 

compounded by a hypermotivation to perform well, to create situations wherein their heat 

gain exceeds their ability to dissipate heat (Rav-Acha et al. 2004).

Febrile illnesses and underlying infections, whether symptomatic or sub-clinical, also 

limit exercise in the heat due to a diminished range of safe body temperatures and a 

pro-inflammatory state (Cleary 2007). These can be further complicated by drugs or 

supplements that increase metabolism, like amphetamine derivatives (Bailes et al. 2002). 

Globally, whether through sweat-based fluid losses or another mechanism, hypohydration 

increases the thermoregulatory strain of a given workload and should be minimized to 

help keep exercising individuals safe (Cheuvront et al. 2005). Therefore, any factor that 

influences hydration (e.g., alcohol consumption, medications) can be broadly considered a 

risk.

Genetically, malignant hyperthermia (Hosokawa et al. 2017), along with other 

polymorphisms that alter skeletal muscle metabolism (Li et al. 2014), may in theory 

predispose individuals to EHIs. Finally, individuals with a previous medical history of EHIs 

may be predisposed to future heat injuries, either due to an underlying condition or damage 

from the initial heat illness (Casa et al. 2015).

Extrinsic risk factors

Key extrinsic factors that dictate the capacity for human activity in the heat incorporate 

ambient conditions and organizational risk reduction strategies; these are both covered in 

more detail below. However, it is important to consider that extrinsic risks can be magnified 

by clothing and equipment. Encapsulating PPEs (e.g., firefighter bunker gear; nuclear, 

biological, and chemical warfare equipment; or football uniforms) limit heat exchange 
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because the protective layer of clothing blocks heat losses through convection, conduction, 

and emitted radiation—the other primary means for heat exchange with the environment 

(as in Eq. 1) (Armstrong et al. 2010; Parsons 2014; Costello et al. 2015). Furthermore, the 

increased clothing weight and reduced ergonomics from the PPEs will result in increased 

metabolic rate (Dorman and Havenith 2009).

Another important extrinsic factor to be noted is self-pacing (Miller et al. 2011; Jay and 

Brotherhood 2016). For example, in occupational settings, the mechanism of pay may alter 

worker behaviors in that those who are paid piecemeal (i.e., by basket) may decide to 

avoid breaks because they can negatively impact their earnings (CDC 2008; Mitchell et al. 

2018). Workers who are less productive in the heat may often compensate for their lower 

productivity by working longer hours (Sahu et al. 2013), which may also be the result of 

self-pacing and the need to meet a quota. This type of financial compensation is an issue in 

low-income populations (Fleischer et al. 2013). From a sport or athletics perspective, there 

are many times an athlete may be either highly motivated or does not have control over their 

work-to-rest ratio, which could push them into the realm of exertional heat stroke (Rav-Acha 

et al. 2004).

Comparison of activity modification guidelines in the heat

Extreme heat risk reductions start with identification and reduction of heat stress hazards. 

Some of these hazards may be inherent to the work setting and may be inevitable (e.g., 

firefighting, outdoor sports, combat training). Therefore, modifications in the total exposure 
time and work intensity are commonly utilized to set limits on the maximal heat production 

(i.e., total heat strain as a time weighted factor), thereby reducing the heat strain (Armstrong 

et al. 2007; Headquarters, Department of the Army and Air Force 2013; ACGIH 2017). 

Additionally, various engineering, administrative, and personal controls have been proposed 

to serve as preventative measures in optimizing the work environment (Armstrong et al. 

2007; Headquarters, Department of the Army and Air Force 2013; Casa et al. 2015; NIOSH 

2016; ACGIH 2017; Occupational Safety and Health Administration 2017a).

Table 2 summarizes key characteristics of AMGs used in the occupational, athletic, and 

military settings (Armstrong et al. 2007; Headquarters, Department of the Army and 

Air Force 2013; Casa et al. 2015; NIOSH 2016; ACGIH 2017; Occupational Safety and 

Health Administration 2017a). Each setting has unique assumptions that represent traditional 

contexts in which one may be exposed to extreme heat (Table 2). All examples included 

in the table utilize WBGT as the standard measurement to quantify the environmental heat. 

As the WBGT value increases, allowable work duration, allowable work intensity, and the 

work-to-rest ratio are reduced (i.e., less work hour with longer breaks).

In occupational settings, engineering controls are implemented to modify metabolic heat 

production, or to increase heat loss through convection, radiation, or evaporation. (NIOSH 

2016; ACGIH 2017; Occupational Safety and Health Administration 2017a). Engineering 

controls might include those that increase air velocity (e.g., cooling fans in rest stations, 

ventilated clothing), reflective or heat absorbing shielding or barriers, and reduction of steam 

leaks, wet floors, or humidity. Other engineering controls may be more straightforward, such 
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as using powered assistance for heavy tasks, providing air conditioning or shaded areas at 

worksites for breaks. It should be noted that fans may have limited effectiveness in extreme 

wet-heat environments (e.g., air temperature at 42 °C with relative humidity greater than 

60%) (Gagnon et al. 2017). Administrative controls in occupational settings may include: 

limiting time in the heat and/or increasing recovery time in a cool area (e.g., work/rest 

schedules); reducing the metabolic demands of the job (e.g., mechanization, use of special 

tools, increasing the number of workers per task, limiting strenuous tasks); instituting a 

heat acclimatization plan and increasing physical fitness; implementing a buddy system 

to watch for early signs and symptoms of heat intolerance; providing adequate amounts 

of cool, potable water near the work area and encouraging all workers to drink (i.e., 1 

cup [0.24 L] of water or other fluids every 15–20 min); and requiring workers to conduct 

self-monitoring (e.g., monitoring work and recovery heart rate) and creating a work group 

(e.g., workers, a qualified health care provider, and a safety manager) to make decisions 

on self-monitoring options and standard operating procedures (NIOSH 2016; ACGIH 2017; 

Occupational Safety and Health Administration 2017a).

In addition, a heat alert program (HAP) should be implemented if a heat wave is forecasted. 

The HAP provides procedures to follow in the event a Heat Alert is declared, emphasizing 

prevention and early recognition of heat-related illnesses. Workplace training programs 
should also be implemented for all workers and their supervisors who work in areas where 

there is reasonable likelihood of EHI (NIOSH 2016; ACGIH 2017; Occupational Safety and 

Health Administration 2017a). Training should include information on heat stress hazards, 

risk factors, proper hydration, heat protective clothing and equipment, acclimatization, 

signs and symptoms, first aid, and specific criteria to call emergency medical services. 

Additionally, supervisors should also receive training on how to monitor weather reports 

and advisories, as well as how to use adjusted temperature scales (e.g., WBGT and HI) for 

decision-making concerning protective measures (Table 1). Recommended alert limit (RAL) 

and recommended exposure limit (REL) serve as the action limit (AL) and threshold limit 

value (TLV) for unacclimatized and non-acclimatized workers, respectively (NIOSH 2016; 

ACGIH 2017). These limits are calculated using the metabolic rate (M) in watts, and the unit 

of derived TLV and AL is in WBGT (°C) (ACGIH 2017):

TLV = 56.7 − 11.5log10M (2)

AL = 59.9 − 14.1log10M (3)

When engineering and administrative controls are not enough, PPE and clothing provide 

supplemental protection (NIOSH 2016; ACGIH 2017; Occupational Safety and Health 

Administration 2017a). PPE that may reduce heat stress include fire proximity suits, 

water-cooled garments, air-cooled garments, cooling vests, wetted over-garments, ventilated 

clothing, sun hats, and light-colored clothing.

In athletics, heat-specific activity modification within competition rules and protective 

equipment guidelines are limited. Most risk reduction interventions are focused on activity 

modification during training through the adjustment of exercise duration, intensity, work-to-
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rest ratio, and amount of equipment worn (Armstrong et al. 2007; Casa et al. 2015). In 

the USA, American football has received special attention because of their vulnerability 

to EHI due to the multiple factors unique to the sport: preseason training starting in the 

midst of the summer, requirement to wear protective equipment, high-intensity intermittent 

exercise, and large body mass (Grundstein et al. 2012). Collegiate and some secondary 

school state high school organizations have implemented American football-specific heat 

acclimatization programs to mandate gradual introduction to workouts during the first 10–12 

days of the preseason in summer months (Casa et al. 2009; National Collegiate Athletic 

Association 2013). This strategy is now widely implemented in varied sport settings, both 

in individual and team sports (Sunderland et al. 2008; James et al. 2017; Casadio et al. 

2017). Importantly, key factors such as hydration and fitness status can greatly impact the 

influence of heat acclimatization. If an individual is hypohydrated, the benefits can be 

negated (Sawka et al. 1983); in contrast, a highly fit individual will already have an increase 

in their individual sweat rate, one of the benefits that accompanies heat acclimatization. 

Heat acclimatization through exercise can increase sweat rate by as much as 20 ± 10%, 

thereby reducing body temperature for a given workload (Daanen et al. 2018). Changes 

in factors that influence heat acclimation (e.g., changes in fitness, hydration, or overall 

acclimatization status) may therefore impact risk for heat illness. The National Athletic 

Trainers’ Association also recommends to provide opportunities to cool the body when 

the environmental condition exceeds 30 °C in WBGT (Casa et al. 2015). In fact pre and 
per-cooling are common methods used in the athletic settings, which aim to lower the 

internal body temperature to maximize the capacity of temperature gain or to moderate 

the rapid rise in internal body temperature, respectively (Adams et al. 2016). The type, 

timing, and duration of cooling modalities should be dictated by the nature of sport for 

practical application, such as the difference in game intermissions, substitution limits, and 

amount of equipment worn, and there is currently no restriction in the usage of such 

interventions as long as they are not invasive nor harmful to the athletes (Adams et al. 

2016). Although there are varying results to support and refute the benefits of body cooling, 

most literature supports its effectiveness in reducing physiological strain associated under 

appropriate cooling modalities (McDermott et al. 2009). Generally speaking, as it pertains to 

cooling modalities, the larger the surface area that is cooled, the longer the duration, and the 

colder the modality, the greater the benefit (McDermott et al. 2009). Because performance 

optimization in the heat and EHI prevention are inextricably associated in an athletic 

context, teams with well-trained coaches and sports medicine teams often implement the 

aforementioned strategies without being prompted by the governing organizations (Casadio 

et al. 2017). However, this is frequently not the case in youth and recreational levels where 

financial resources and heat illness prevention knowledge may be limited. In recent years, 

several state high school athletics associations and youth sport governing bodies have been 

encouraged to promote emergency health and safety best practices related to heat illness 

(Casa et al. 2013; Huggins et al. 2017). In response to these task force documents, many 

have incorporated educational contents to equip coaches with proper knowledge regarding 

EHI prevention (Kerr et al. 2014; Adams et al. 2017). However, there is minimal research 

regarding the effectiveness of this education or adoption of these best-practice policy 

recommendations. Reports of fatal exertional heat stroke cases strongly suggest a lack of 
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awareness among the coaches in recognizing the EHI risks and supports continued effort to 

correct the misconceptions regarding EHI risk (Adams et al. 2014; Valdes et al. 2014).

Within the US Army, a five-step risk management process is used by the unit command 

teams to mitigate EHI risk (Army 2014). Risk management is a continuous, dynamic process 

that occurs throughout both planning and execution of training and operational activities. 

The steps include: (1) identify the hazards, (2) assess the hazards, (3) develop controls and 

make risk decisions, (4) implement controls, and (5) supervise and evaluate.

Identification of heat hazards includes gathering information on current and future weather 

conditions, uniform requirements, and physical fitness of warfighters. Assessment of 

training areas for terrain, available shade, and proximity of medical support provide 

additional key information. By assessing the hazards for impact on operations, command 

teams determine the level of associated risk. High ambient temperatures and humidity 

for several days will increase the risk of EHI (Wallace et al. 2005). Warfighters who are 

not acclimatized will also be at increased risk (Rav-Acha et al. 2004). Commanders then 

estimate the probability of EHI and the expected severity (from negligible to catastrophic), 

and predict the level of risk with a risk assessment matrix (Army 2014). Specific controls, 

such as fluid replacement and work-to-rest ratio guidelines for warfighters performing 

training or operations in the heat are summarized in the Technical Bulletin Heat Stress 

Control and Heat Casualty Management (TB MED 507) (Headquarters, Department of 

the Army and Air Force 2013). These guidelines as listed will sustain performance and 

hydration for at least 4 h in the specified heat category and have recently been revalidated for 

an update of TB MED 507. Medical support planning is an additional control, also directed 

by TB MED 507 treatment guidelines. A comprehensive treatment plan, from point of injury 

through definitive hospital care, is created, resourced, and evaluated. Unit level medical 

providers deliver essential input to commanders for this risk management step. Once a 

training event or operational mission commences, command teams provide supervision 

and ongoing risk management. Training may be discontinued, or a mission aborted, if 

unexpected conditions arise, or if increasing numbers of EHI compromise the training 

or mission intent. Surveillance of EHI further contributes to the planning process. Heat 

exhaustion and exertional heat stroke are currently reportable medical events under the 2017 

Armed Forces Reportable Medical Events Guidelines (Armed Forces Health Surveillance 

Branch 2017). This system provides EHI information to commanders and medical providers 

to incorporate into their future risk management process.

Comparison of heat acclimation and acclimatization guidelines

Between 1980 and 2015, 44 EHS fatalities occurred during preseason high school football 

(Attanasio et al. 2016); however, only one death was documented from the states that 

has implemented the heat acclimatization guidelines, which lends some support AMG’s 

efficacy. Heat acclimation can be defined as a complex series of adaptations that occur in 

a controlled environment over the course of 7 to 14 days (Armstrong and Maresh 1991). 

Heat acclimatization is the same process but occurs in a natural environment, which is the 

most common for military personnel, athletes, and outdoor laborers to experience. Heat 

acclimation/acclimatization adaptions lead to reductions in heart rate, decreased body and 
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skin temperature responses, decreased perceived exertion, increased sweat rate, hastened 

sweat onset, decreased sodium losses in sweat and urine, increased stroke volume, increased 

plasma volume, and an overall enhanced ability to physically exert oneself in the heat 

(Armstrong and Maresh 1991; Pawelczyk 2001).

Acclimation is known to depend on volume, intensity, and maintenance of an elevated 

body temperature during physical activity (Pandolf 1979; Armstrong and Maresh 1991). 

Additionally, it is reported that acclimation in hot and dry environments elicits a lower 

increase in sweat rate compared to heat acclimatization occurring in hot and humid 

environments (Armstrong and Maresh 1991). Below, we outline population-specific (athlete, 

laborer, or warfighter) guidelines that have been published for the implementation of heat 

acclimatization within each of the listed cohorts. A comparison of heat acclimatization 

recommendations and guidelines is also summarized in Table 3.

Laborers

The OSHA technical manual (OTM) provides information about workplace hazards and 

controls to OSHA’s Compliance Safety and Health Officers to ensure safe work conditions 

(Occupational Safety and Health Administration 2017a). The OTM states that employers 

should use a structured program to help workers acclimatize to the heat and provides the 

following guidelines: (1) increase the time each day, over a 7- to 14-day period that an 

unacclimatized worker is exposed to heat stress while the worker conducts normal work 

activities and (2) acclimatized workers who are not exposed to high heat loads for a week 

or more may need some time to re-acclimatize—typically 2 or 3 days. While this second 

point is accurate, it should be noted that most of the adaptive changes gained from the 

acclimatization will be lost without heat exposure for more than a week (Daanen et al. 

2018). In such a circumstance, one may need to start the acclimatization process from the 

beginning.

NIOSH states “employers should have an acclimatization plan for new and returning 

workers, because lack of acclimatization has been shown to be a major factor associated 

with worker heat-related illness and death” (NIOSH 2016). To ensure that workers are 

acclimatized, NIOSH recommends employers include heat acclimatization questions within 

the preplacement medical evaluation. For implementing an acclimatization plan, NIOSH 

recommends: (1) gradually increase workers’ time in hot conditions over 7 to 14 days; (2) 

for new workers, the schedule should be no more than 20% of the usual duration of work in 

the heat on day 1 and no more than 20% increase on each additional day; (3) for workers 

with previous experience, the schedule should be no more than 50% of the usual duration 

of work in the heat on day 1, 60% on day 2, 80% on day 3, and 100% on day 4; (4) 

non-physically fit workers require more time to fully acclimatize; (5) closely supervise new 

employees for the first 14 days or until they are fully acclimatized; (6) acclimatization can 

be maintained for a few days of non-heat exposure; (7) taking breaks in air conditioning will 

not affect acclimatization; and (8) absence from work in the heat for a week or more results 

in a significant loss in the beneficial adaptations.

The ACGIH also puts forth guidelines for heat acclimatization (ACGIH 2017). While this 

publication is specifically directed at threshold limit values (TLVs) or biological exposure 
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indices (BEIs), the value of heat acclimatization within both of these is acknowledged. 

The main recommendations state: (1) full heat acclimatization requires up to 3 weeks of 

continued physical activity under heat stress conditions similar to those anticipated for the 

work and (2) a noticeable loss occurs after 4 days of the discontinued activity.

Athletes and the physically active

It has been recommended that heat acclimatization be implemented during the preseason 

period for both high school (Casa et al. 2009) and college athletes (Casa et al. 2012a). This 

recommendation has been highlighted in more recent years due to the number of athlete 

deaths that have occurred during the first few days when athletes return to activity (Bergeron 

et al. 2005; Grundstein et al. 2012; Kerr et al. 2013; Casa et al. 2013). It is recommended 

that all athletes follow a heat acclimatization program at the start of all preseason or return 

to activity periods (Casa et al. 2012a, b, 2013). The main recommendations can be seen 

in Table 3. Starting with the first day of preseason practice, these guidelines allow the 

introduction of longer practice sessions and protective equipment. It should be noted that 

while these recommendations are specific to sports with equipment/helmets, it should not 

prohibit other sports from following the guidelines.

Warfighters

Each branch of the US Military has its own version of acclimatization schedules and AMGs 

for the primary purpose of reducing EHI in a training environment. They share several 

concepts about acclimatization; for example, they occur over days to weeks and require near 

daily sweat-inducing exertion in target environmental conditions.

Air Force policy states “An individual is considered acclimatized if he or she has undertaken 

at least two continuous hours of work or exercise in five of the last seven days, or 10 of 

the last 14 days in the same environmental conditions as the proposed activity” (Secretary 

of the Air Force 2016). The Air Force and Army use a table of workload versus WBGT to 

determine modification of the work/rest cycle; however, the Air Force further limits work 

based on acclimatization status.

From the Army, the heat acclimatization guidelines suggest, “Most Soldiers’ physiological 

responses to heat stress improve in 10-14 days of exposure to heat and regular strenuous 

exercise. Factors to consider in acclimatizing Soldiers are the WBGT index; work rates 

and duration; uniform and equipment; and Soldiers’ physical and mental conditions.” 

(Department of the Army Headquarters 2016).

The U.S. Navy, in NAVMED P-5010-3, Heat And Cold Stress Injuries (Navy and Marine 

Corps Public Health Center 2014), states: “Acclimation is important to prevent heat stress 

injuries. Acclimation can best be accomplished by exposing individuals to a gradual increase 

in physical training and work in a hot, humid environment over a period of days or weeks. 

Various body systems adapt at different rates, but two thirds or more of the adaptation may 

be obtained within 5 days.” Lastly, all branches of the US military acknowledge that combat 

operations may require activity that does not comply with these guidelines.
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Limitations and future research

As is apparent in the preceding sections, numerous efforts are in place across diverse 

sectors to protect individuals from EHIs and heat mortality. However, preventable EHIs and 

EHS death still occur in athletics (4.42 EHI per 100,000 athlete exposures in high school 

American football players (Kerr et al. 2013)), military (1.96 EHIs per 1000 person-years 

(Armed Forces Health Surveillance Bureau 2017)), and occupational settings (0.22 EHS 

fatalities per 1000,000 workers (Gubernot et al. 2015)). Therefore, further research is needed 

concerning heat health impacts and implementation of AMGs. Several lines of research 

will be required to better understand attributes of human-environment heat exchange during 

real-world experiences. These should include validation and evaluation of current AMGs; 

environmental monitoring of personal exposures; real-time monitoring of individuals with 

new mobile biometrics; data collection on diverse, vulnerable populations; mathematical 

modeling; and finally, combinations of these approaches.

Systematic validation and evaluation of guidelines

Despite the availability of AMGs, data on how well they actually perform to limit 

heat casualties are typically lacking. Active surveillance and data on adherence to the 

particular guidelines are critical for validation and to improve the quality of actions or 

responses. Currently, the data on EHI and death are limited, likely underreported, and 

rely heavily on reports from medical professionals and case reports (Rav-Acha et al. 

2004; Carter et al. 2005; Grundstein et al. 2012; Gubernot et al. 2015; Tustin et al. 

2018). Identifying and reporting a heat-related injury can be confounded by medical 

coding, inconsistencies with terminology, and/or comorbid medical conditions or symptoms 

resembling other conditions. Examples of existing database include: National Center for 

Catastrophic Injury in Sport (http://nccsir.unc.edu), National Collegiate Athletic Association 

(https://www.sportinjuryreport.org/NCAAReport), the Armed Forces Health Surveillance 

Center, and OSHA for tracking heat illnesses that occur when employees are at work. Efforts 

to coordinate and merge medical, environmental, and physiologic data would be important 

for validation and evaluation of current guidelines (Minard 1961; Attanasio et al. 2016). 

It is often difficult to study the true efficacy of AMG, due to a lack of similar control 

groups to quantify the magnitude of changes (i.e., reduction in EHI morbidity) (Toloo et al. 

2013). For example, a heat warning system has shown to reduce EHI (Toloo et al. 2013); 

however, little is known about these system’s optimal timings, as this is difficult to study 

when accounting for multiple real-world factors (e.g., population awareness, willingness to 

change, sociodemographic factors).

Environmental monitoring of personal exposures

For AMGs to be applied in an accurate manner, decision makers require data at fine 

micro-scales that are spatially and temporally congruent with the health impact (Solís et al. 

2017). This is particularly important when weather information underestimates the actual 

environment experienced at the field or work sites (Cheuvront et al. 2005), which may 

demand people to stay active in potentially harmful environment. Although the use of 

portable devices to monitor environments in specific known locations is becoming more 

common, new mobile technologies are required to understand and respond when exposed 
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to extreme heat in remote environments (e.g., farmworkers in fields, workers in mines, 

firefighters, deployed Service members). Monitoring individually experienced temperatures 

(IET) (Kuras et al. 2017) with miniaturized sensors (e.g., iButtons®, Kestrel Drops®) 

can assess exposure-response relationships in non-laboratory settings. This may facilitate 

individualistic AMGs in groups who are working outdoors and exposed to lengthy heat 

exposure under shifting microenvironments throughout the day (Sugg et al. 2018). Heat 

exposure (and thus potential physiological strain) is based on temperature, radiation, wind, 

and vapor pressure, plus metabolic activity and clothing (Kuras et al. 2017; Hosokawa 

et al. 2018). Identifying variables related to personal environmental monitoring that result 

in clinically important difference (i.e., decreased EHI incidents, increased performance) 

coupled with wearable devices that measure physiological loads will maximize the use of 

limited resources and help direct future guidelines. When wearable devices are not practical, 

parameterizations based on studies from wearables are needed so that individual impacts can 

be modeled without direct observations. Predictive models should include individual factors 

that modulate human thermal comfort and response, such as gender, fitness, and body mass 

(Zhang et al. 2001).

At the same time, in order for AMGs to be relevant to early warning systems and long-

term planning to reduce heat risk, they must be scalable to meet spatial and temporal 

resolutions available in weather and climate models. Studies to connect micro-scale 

environmental exposure monitoring with macroscale remotely sensed information available 

from satellites and in situ observations from ground-based stations can identify accurate 

ways to “downscale” coarser predictions from traditional environmental observing systems 

to make them applicable to activity modification decision-making needs.

Physiological monitoring of heat stain through wearable technologies

AMGs targeting individuals within a group are needed but will only be possible when 

physiological monitoring is continuously updated, and integrated into group physical 

activities. For example, real-time feedback of hydration status and internal body temperature 

during heat exposures may allow for prescribed, individualized activity modification, 

yet there remains a need for further development and testing of sensor accuracy and 

real-world applicability. Many techniques used to assess core temperature or hydration 

(e.g., blood draws, urine samples, and nude body weights) are not realistic in many field 

settings and definitely not in remote locations, especially when monitoring large number 

of people. Skin temperature, heart rate, and possibly sweat responses can be captured 

using new technologies with Bluetooth-enabled epidermal electrodes (Bandodkar et al. 

2014; Choi et al. 2018) or commercially wearable activity sensors (Düking et al. 2016; 

Guo et al. 2017). For example, flexible microfluid devices adhered to human skin can 

collect and analyze sweat during exercise through colorimetric assays to detect lactate, 

glucose, and chloride ion concentrations and can be further integrated with smartphones 

(Koh et al. 2016). With real-time knowledge of heat-health biomarkers, individual-level 

information can be used to dictate work-to-rest ratios, inform optimal training regimes 

and fluid or electrolyte replacement, inform individualized heat acclimatization schedules, 

limit individuals from reaching critical heat-health thresholds, provide guidance for 

implementing heat acclimatization guidelines during initial heat exposures, and in the 
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worst-case scenarios provide an initial assessment of exertional heat stroke. Monitoring 

of continuous, real-time core body temperature during activity remains challenging. Other 

research using direct temperature measurement via ingestible thermometer pills (e.g., e-

Celsisus®, HQInc, VitalSense®) as well as indirect temperature measurement via the zero-

heat flux thermometry, regression and multi-parameter estimation approaches, or sequential 

heart rate estimated internal temperature (ECTemp™) have also created opportunities for 

monitoring and applying individualized AMGs in these same populations (Huggins et al. 

2018). However, the feasibility of these measurements, locale, and cost associated with 

larger numbers remains challenging. Currently, no noninvasive device can accurately assess 

core body temperature within mean bias of less than 0.27 °C from rectal temperature 

during exercise, which is the level of accuracy required to minimize the possibility of 

failing to identify dangerous hyperthermia (Casa et al. 2007; Ganio et al. 2009). The most 

accurate methods (e.g., pulmonary artery, esophageal, rectal, and ingestible thermistor) are 

not feasible for constant, real-time assessment, and at this time we do not believe a suitable 

solution that meets the rigor of acceptable standards can be recommended at this time (Casa 

et al. 2007; Ganio et al. 2009).

As technological development in this area emerge, emphasis should be given to long-term 

observations in acute heat-health outcomes (e.g., dehydration, elevated core temperature) 

associated with prolonged exposure to extreme heat, which are crucial for improving the 

current AMGs through evidence-based statistical analyses. Such long-term monitoring of 

health impacts would improve understanding the acute, chronic, or delayed impacts of 

extreme heat exposure. For example, victims of previous EHI may also be more vulnerable 

to future heat-related incidents: long-term monitoring could help explain this connection 

(Stacey et al. 2015; Nelson et al. 2018). Furthermore, chronic kidney disease (CKD) is found 

to be associated with prolonged exposure to high heat and dehydration, and is one of the first 

documented health epidemics associated with climate change (Glaser et al. 2016). Research 

into the cause and origin of CKD is ongoing; a recent comprehensive review indicates that 

occupational heat exposure may (Wesseling et al. 2013) or may not be (Herath et al. 2018) a 

causal factor. Further long-term studies are needed.

Considerations for individual circumstances and special populations

A paucity of research is available surrounding special considerations for individuals with 

potential heat vulnerabilities. Individual vulnerabilities include: those with chronic diseases 

(Nerbass et al. 2017) or taking medications that decrease the ability to thermoregulate 

(Leon and Bouchama 2015), amputees (Klenck and Gebke 2007; Ghoseiri and Safari 2014), 

persons with spinal cord injuries (Bhambhani 2002; Griggs et al. 2015), persons with mental 

disabilities (Patel and Greydanus 2010), children and elderly (Leon and Bouchama 2015), 

those with diabetes (Kenny et al. 2016), and individuals with previous EHI (including 

exertional heat stroke) (Stacey et al. 2015). Collecting real-time physiological data on such 

populations would be important in assessing approaches for mitigating the modifiable risks. 

In a health care setting, ensuring such information is collected via clinical reporting, is 

linked to outcome information such as ICD (International Classification of Diseases) codes, 

and is accessible to researchers regardless of the health system of origin, would support 

much larger studies. Furthermore, at a policy level, robust representation of vulnerability 
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characteristics in censuses and the American Community Survey would enable longer-term 

planning and preparedness when matched with environmental exposure predictions.

Mathematical modeling of real-time data

Sensor technologies measuring internal temperature, sweat and heart rate, and other 

biometrics, coupled with mathematical predictive models, could potentially minimize the 

incidence of heat injuries. Although AMGs are critical for limiting the numbers of heat 

injuries during various types of physical training, early recognition of an individual’s heat 

load will be key in the future. Indirect methods of predicting internal body temperature 

by using noninvasive methods have been investigated; however, validity of these models 

requires further research (Buller et al. 2015). Furthermore, current models lack the 

outcomes-based research necessary to function as standalone tools in the environment 

laborers, warfighters, and athletes require. The relationship between modeled or measured 

physiological strain and necessary interventions to modify that strain is poorly understood. 

For example, ACGH TLWs are modeled on the basis of keeping body temperature less than 

38.5 °C, but little evidence is available to support this threshold temperature.

Researchers (Gribok et al. 2007, 2008, 2010; Laxminarayan et al. 2015) have developed 

data-driven models (artificial neural networks and autoregression), which use time series 

of recent-past measurements of internal temperature (via ingestible pills) to predict when 

activity modifications and cooling strategies should be applied. Their latest model suggested 

a 20-min auto-regressive model prediction window and a temperature alert threshold of 

39 °C could be useful (Laxminarayan et al. 2015). They concluded these parameters 

should be sufficient to ensure legitimate alerts and allow for proactive interventions. Future 

research should focus on investigating the potential role of other physiological measures 

coupled with perceptions of heat load in the mathematical models. Importantly, individual 

monitoring under various environmental and exercise conditions could be used to develop 

algorithms for tracking risk of heat stress and predicting the need for activity modifications. 

Such approaches have already been tested for learning how to distinguish a wounded and 

bleeding Service member from one who is engaged in exercise or differentiating central 

hypovolemia from physical activity (Rickards et al. 2014). The same concepts could be 

pursued for predicting who will be at risk for EHI. Ultimately, a system capable of 

reliably predicting individual physiologic and perceived strain and generating alerts to 

modify activity and institute cooling strategies real-time will be essential for reducing the 

morbidity and mortality associated with EHIs. Importantly, qualitative data for perceived 

discomfort and effort should also be collected in future research as they are key features 

of heat exposure and EHI risk. Furthermore, once an accurate methodology is established, 

additional considerations should be made to address items such as information overload, 

usability in varying environmental conditions, how the tool will be used to make decisions 

and take actions, battery power, durability, and data security.

Environmental predictions

Provided ample lead time and planning, extreme heat exposure can often be prevented 

in athletic, occupational, and military settings (e.g., by rescheduling practices and games, 

installing shade at a worksite, shortening total exposure time). Predictions of weather and 
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climate variables such as temperature, humidity, wind speed, and cloud cover (the inverse 

of solar exposure) can be employed to make determinations about these protective actions 

at many timescales. However, these predictions vary in skill not only across parameters 

(Haiden et al. 2015), but also in time and space (Becker et al. 2014). The use of recurring 

climate patterns, such as the El Nino Southern Oscillation (ENSO), as data source improve 

predictions in some regions of the world (Arribas et al. 2010), but are also known to 

succumb to “predictability barriers” at certain times of year (Duan and Wei 2013).

Research is needed to improve predictions of these complementary environmental 

variables to facilitate the forecasts of several heat indices which could supplement direct 

measurements in real-time as well as improve early warning, planning, and preparedness 

(Fig. 2). Additionally, as these variables are often combined to derive more complex indices 

such as WBGT or UTCI, more research into the predictability of complex indices using 

the forecasted complementary environmental variables is needed. Social science research on 

improving forecast communications to the public, including the provision of accompanying 

uncertainty information, would improve the utility of existing and novel prediction products 

at this scale.

Of particular note are forecasts at the seasonal to sub-seasonal scale (S2S). S2S predictions 

fill a gap between short-term deterministic weather forecasts and longer-term, probabilistic 

seasonal to inter-annual predictions. These predictions have improved dramatically over 

the past several decades as a result of strong investment in understanding climate modes 

which operate at this time scale (Vitart and Robertson 2018), community modeling exercises 

(Mariotti et al. 2018), and sustained observations (McPhaden et al. 2009), and this presents 

new opportunities to use information that had not yet been previously available (White et 

al. 2017). Predictions 3–4 weeks in advance, and monthly to seasonal predictions, could 

be used to make scheduling decisions and to alert managers to evaluate acclimatization 

and readiness in advance of extreme heat, if the information meets the user needs 

identified through field exploration and application (Ray and Webb 2016). For that reason, 

improvements in user perceptions and communication strategies should not be neglected 

when considering the environmental prediction delivery methods.

Climate predictions, such as those already issued by the US National Climate Assessment 

and the Intergovernmental Panel on Climate Change, are useful in a general sense (USGCRP 

2018), but additional research on the impacts of extreme heat for the vulnerable groups 

identified here, and adaptive strategies to address them, are needed in order to make 

interventions less reactive and more proactive—including changing policies and regulations 

governing how urban areas are developed. Additionally, more usable fine-scale spatial 

predictions and applications of climate information developed in close consultation with 

those who make decisions to protect these vulnerable groups.

Economic impacts of extreme heat mediated by activity modification

Beyond the need for adequate health data, limited information is available concerning 

the economic impact of implementing heat AMGs. The decline in economic productivity 

due to rising temperature is related to labor supply (Graff Zivin and Neidell 2014) and 

labor productivity (Hsiang 2010). Although an increasing number of research studies have 

Hosokawa et al. Page 20

Int J Biometeorol. Author manuscript; available in PMC 2023 March 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



addressed the economic productivity concerns of working in hot environments (Kjellstrom 

et al. 2009; Dunne et al. 2013; Stoecklin-Marois et al. 2013; Zander et al. 2015), minimal 

research has explored either the compliance costs or the intersection of climate extremes, 

health, and economics, and/or historical/projected trends at these intersections.

Importantly, further research is also needed to express the potential compliance costs and 

benefits to those using AMGs. Compliance costs in the context of heat activity guidelines 

refer to the financial cost burden for time lost because of heat injury and lost worker output 

due to conforming to extreme heat guidelines (Nerbass et al. 2017). Dunne et al. (Dunne 

et al. 2013) reported that “heat stress impaired global labor capacity by up to 10%”, and 

the 2012 DARA and Climate Vulnerable Forum report (DARA 2012) estimated net costs of 

USD $2.4 trillion by 2030 attributed to heat-related reductions in work productivity alone. 

A comparative review of the costs of AMGs versus heat casualties has not been identified 

and is needed. In addition to occupational compliance costs, compliance costs in athletics 

can result in high social and monetary costs of postponing or canceling a sporting event. To 

balance costs versus health risks, studies to examine the external validity of WBGT or other 

indicators for inferring the extent of economic impact are warranted.

The future effectiveness of activity modification guidelines

The frequency, intensity, and duration of heat waves are increasing and today’s AMGs may 

not be enough to keep people safe under future conditions. The need for proactive usage of 

AMGs based on mathematical models, forecasts, and other data may be further increased 

in the future to determine event and work cancelations (Hinkson 2017). In some places, 

there may not be enough “safe” days to conduct physical activity/labor if we follow the 

current guidelines due to the worsening of extreme heat condition (Grundstein et al. 2013). 

Additionally, guidelines surrounding cumulative heat stress may be needed as there may 

be fewer days where individuals are reprieved from high heat in the future (Wallace et 

al. 2005). Integration of physiological and biometeorological factors will help individuals 

identify the timing for optimal productivity while still accounting for safety. This is 

particularly important if the magnitude of heat stress continues to intensify and temperature 

levels reach those of uncompensable heat stress by human thermoregulatory system. In 

such a scenario, behavioral modifications to balance the heat stress from physiological and 

biometeorological influence are key.

Conclusion

Various heat indices and AMGs have been introduced to the athletic, occupational, and 

military settings to safeguard the health and optimize the work environment for athletes, 

laborers, and warfighters. Future interagency collaboration to advance heat mitigation plans 

among physically active population is desired to maximize the existing resources and data 

to facilitate advancement in AMGs for environmental heat. Specifically, the following key 

points should be considered. Agencies should: (1) learn from each other’s AMGs and related 

experiences, (2) leverage data collection and research capabilities to engage in more formal 

collaboration, and (3) continue dialoguing and utilize the Delphi technique to ultimately 

come to a consensus regarding AMGs for heat. Whereas AMGs have allowed governing 
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organizations to systematically address the heat stress, further improvements are warranted 

to quantify the effectiveness of such AMGs, integrate physiological and biometeorological 

components, and reduce the assumptions and limitations in current models.
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Fig. 1. 
Cartesian coordinate graph displaying factors that influence body heat balance when 

performing physical activity in the heat. Horizontal axis weighs the degree to which the 

factor is modifiable (+) or non-modifiable (−). Vertical axis weighs whether the factor is 

influenced by extrinsic variable (+) or intrinsic variable (−) of the exercising individual
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Fig. 2. 
A model illustrating different time scales of environmental observations and their relations 

to extreme heat management strategies
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