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Abstract Exertional heat-related illness (EHRI) is comprised
of several states that afflict physically active persons when
exercising during conditions of high environmental heat
stress. Certain forms of EHRI may become life threatening if
not treated. Exertional heat stroke (EHS), characterized by a
core body temperature of >40 ° C and mental status changes,
is the most severe form of EHRI. EHS must be treated imme-
diately with rapid body cooling to reduce morbidity and
mortality. Many EHRI cases are preventable by following
heat acclimatization guidelines, modifying sports and exercise
sessions during conditions of high environmental heat stress,
maintaining adequate hydration, avoiding exertion in the heat
when ill, and by educating sports medicine personnel,
coaches, parents, and athletes on the early recognition and
prevention of EHRI. Heat exhaustion, exercise-associated
collapse, exercise-associated muscle cramps, exercise-
associated hyponatremia, and exertional rhabdomyolysis are
also described.
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Introduction

Exertional heat-related illness (EHRI) refers to a spectrum of
heat illnesses that occur during sports and exercise participa-
tion in conditions of environmental heat stress often
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characterized by high ambient temperatures and humidity
levels. The most serious form of EHRI, exertional heat stroke
(EHS), is among the leading causes of on-the-field sudden
death in athletes. The number of sports-related EHS deaths in
the United States has doubled since 1975, and more deaths
were reported between 2005 and 2009 than during any 5-year
period of the preceding 30 years [le, 2, 3¢, 4]. American
football is the sport associated with the greatest number of
EHRI fatalities in the United States [2]. The National Center
for Catastrophic Sports Injury Research database identified
heat illness as the third most common cause of sports-related
fatalities in US high school and college football players be-
tween the years of 1990 2010, accounting for 15.6 % (n=38)
of reported deaths. College football players were 3.8-times
more likely to perish from EHRI as compared with high
school football players [5¢]. The National High School
Sports-Related Injury Surveillance Study found that high
school football athletes experienced an 11.4-times higher rate
of EHRI time-loss events compared with athletes participating
in 8 other high school sports [3¢, 6+, 7¢]. The month of August,
which is typically associated with pre-season football camps,
accounted for 66.3 % of EHRI time-loss events [3¢, 7¢]. An
average of 5946 persons were treated annually in US hospital
emergency departments for EHRI (2.0 ED visits/100,000
population) with a hospitalization rate of 7.1 %. ED visits
were most common among males (72.5 %) and persons in the
15- to 19-year age group (35.6 %) [8, 9].

Thermoregulation

Body heat may be transferred by 4 mechanisms: (1) conduc-
tion, which refers to heat that flows from a cooler to a warmer
object by direct contact; (2) convection, which involves heat
transfer via air circulation at the body surface; (3) radiation,
which arises through the transmission of electromagnetic
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waves; and (4) evaporation, which occurs via sweat at the skin
surface. When the body is at rest or exercising moderately in
cooler temperatures, the majority of heat loss occurs through
conduction, convection, and radiation. As environmental heat
stress and exercise intensity increase, evaporation of sweat at
the skin surface becomes the predominant mechanism for
body heat dissipation. The hypothalamus triggers sweating
and increased cutaneous blood flow upon detection of an
elevation in core body temperature.

The wet-bulb globe temperature (WBGT), which deter-
mines the saturated immobile air temperature that would
impose an identical thermal load as the actual environment,
is the best measurement of external thermal load. Ambient dry
air temperature (standard thermometer), the true capacity of
air to evaporate water according to its relative humidity and air
velocity (wet-bulb thermometer), and solar radiation (globe
thermometer) readings each contribute to the calculation of
the WBGT [10e¢]. Hot temperatures reduce conductive heat
exchange between the air and skin because of the small
temperature gradient. High humidity reduces the efficacy of
sweating in releasing body heat because of high air water
vapor pressure. Lack of air movement and wind minimizes
convective heat dissipation. Infrared radiation adds to heat
absorption during exercise in the sun. Thus, conditions of high
temperature and humidity, still (windless) air, and extreme
solar radiation contribute to elevated environmental heat
stress.

Heat acclimatization refers to the gradual advancement of
physiological adaptations to exercise in conditions of high
environmental heat stress. The process occurs optimally over
10—14 days of heat stress exposure exercise sessions that last
60-90 minutes per day. Physiological changes include in-
creases in plasma volume, sweat rates, cutaneous vasodilation,
and aldosterone production; and decreases in urinary sodium
excretion, sweating threshold, sweat electrolyte content, and
heart rate at a given workload.

Risk factors for EHRI

Risk factors for EHRI may be internal or external. General
internal risk factors include a history of previous EHRI, poor
physical fitness level, lack of heat acclimatization, excessive
or inappropriate clothing, protective equipment, young or old
age, inadequate sleep, excessive motivation, and poor educa-
tion about EHRI. Medical conditions that may predispose to
EHRI are obesity, recent febrile illness, gastroenteritis, sickle
cell trait, sweat gland dysfunction, sunburn, poorly controlled
diabetes mellitus and hypertension, cardiovascular disease,
diabetes insipidus, and cystic fibrosis [11]. Recent concussion
with residual CNS dysfunction and prior history of malignant
hyperthermia are also linked to increased EHRI risk [12, 13].
Experimentally induced muscle-damaging exercise appears to
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be a risk factor for both subsequent acute kidney injury and
EHRI during exertional heat stress conditions [14, 15¢]. Total
heat loss measurements using direct calorimetry confirmed
that body heat dissipation is significantly impaired during
exertion in the heat in 40-70 year old men compared with
younger men [16].

Among the medications and supplements associated with
EHRI are stimulants (eg, amphetamines, methylphenidate,
ephedra, alpha agonists, and thyroid agonists), anticholiner-
gics, antihistamines, benzodiazepines, various cardiovascular
drugs (eg, beta blockers, calcium channel blockers, and di-
uretics), alcohol, laxatives, tricyclic antidepressants, antipsy-
chotics, and illegal drugs (eg, cocaine, heroin, lysergic acid
diethylamine, and phencyclidine) [11]. Attention deficit hy-
peractivity disorder stimulant medicines (eg, methylpheni-
date) have been shown to increase body temperatures during
activity in warm environments and perhaps enhance exercise
performance. These agents are hypothesized to increase EHRI
risk because of the inhibition of CNS signals intended to
decrease or discontinue exercise as the body temperature
rises [17¢]. Aspirin and clopidogrel ingestion were also
both shown to increase core body temperatures and pos-
sibly the risk of EHRI in middle-aged subjects engaged in
exercise under heat stress [18]. Ephedra has been linked
to EHRI risk through the activation of dopaminergic re-
ceptors with impairment of heat dissipation via vasocon-
striction [19]. Caffeine may increase the risk of EHRI
through diuresis, sympathetic nervous system stimulation,
and metabolic rate enhancement; although studies are
inconclusive [19]. Creatine and branched chain amino
acids (BCAA) have not yet been associated with a height-
ened EHRI risk [20, 21].

Environmental conditions of high heat stress (especially
WBGT >28 © C), is a critical external risk factor for EHRI.
Additional hazards include exercise intensity (>75 % VO2
max) and duration (>1 hour), poor awareness of the risks of
EHRI by the coach, parent, and athlete, lack of an EHRI
emergency action plan, delayed recognition and manage-
ment of early EHRI, and inadequate access to fluids and
shade [11].

Types of EHRI

The various EHRI types with their associated clinical signs,
symptoms, and criteria for diagnosis are summarized in Ta-
ble 1 [22]. Among the milder forms of EHRI is the self-limited
heat rash (also known as miliaria rubra and “prickly heat”) that
presents with a pruritic papulovesicular eruption over the
clothed areas, and heat edema that produces mild edema in
the dependent areas of the extremities. Both conditions are
associated with a normal core body temperature.
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Table 1 EHRI types and criteria for diagnosis (adapted with permission from Howe [22])

Condition Core temperature  Associated symptoms Associated signs

Heat edema  Normal None Mild edema in dependent areas

Heat rash Normal Pruritic rash Papulovesicular skin eruption on clothed areas

EAC Normal Dizziness, generalized weakness Loss of postural control, with rapid MS recovery once supine

EAMC Normal to <40 °C  Painful muscle contractions Affected muscles may feel firm to palpation

HE Normal to 40 °C Dizziness, malaise, fatigue, nausea, Flushed, profuse sweating, cold clammy skin, normal
vomiting, headache mental status

EHS >40 °C Possible history of HE symptoms Hot skin + sweating, CNS disturbance
before onset of MS changes

ER Normal to >40 °C  Severe muscle pain, + EHS, often T1CK levels, myoglobinuria, renal injury, 1K, cardiac

(if with EHS) associated with “novel over-exertion” arrhythmias
EAH Normal to 40 °C Peripheral edema, possible history Na <135 mg/dL, CNS disturbance

of HE symptoms before onset of MS changes

CNS central nervous system, £AC exercise-associated collapse, EAH exercise-associated hyponatremia, EAMC exercise-associated muscle cramps, EHS
exertional heatstroke, ER exertional rhabdomyolysis, HE heat exhaustion, A/S mental status.

Exercise-associated collapse

Exercise-associated collapse (EAC) may be defined as an
event in which the conscious athlete is unable to stand or walk
without assistance because of lightheadedness, faintness, diz-
ziness or syncope. EAC characteristically presents at the com-
pletion of a bout of strenuous physical activity, and accounts
for 59 %85 % of medical visits to marathon, ultramarathon,
and distance triathlon medical tents [23, 24]. The incidence of
EAC increases with higher ambient temperatures, humidity
levels, and levels of dehydration [23, 25]. Exercise-associated
postural hypotension (EAPH) is diagnosed when an athlete
with postexercise symptoms demonstrates a decline in systolic
blood pressure of at least 20 mm Hg upon rising from supine
position to an upright posture.

The etiology of EAC is multifactorial. Endurance training
in the athlete induces an increase in cardiac output and a
reduced resting heart rate. Concurrently, the actively exercis-
ing lower extremity muscles require greatly increased blood
flow that necessitates reduced peripheral vascular resistance.
The working skeletal muscles are forced to act as a “second
heart”, which promotes venous blood return to the heart. Upon
the discontinuation of endurance exercise, the second heart no
longer assists in the return of blood to the heart, leading to
venous pooling in the lower extremities and resultant ortho-
static intolerance. Heat stress contributes further to EAC and
orthostatic intolerance by directly reducing cardiac baroreflex
control, increasing cardiovascular strain with impairment of
aerobic exercise performance, and raising cerebral vascu-
lar resistance, which reduces the threshold for neurogenic
collapse [26].

Before confirming the diagnosis EAC, EHS and EAH must
be ruled out by determining that the core body temperature is
<40 ° C, an absence of mental status changes, and normal
serum sodium levels. The endurance sport athlete with EAC

should be treated initially with supine positioning in which the
legs are elevated 12-24 inches above the heart, and oral
rehydration as tolerated. The patient’s vital signs, rectal tem-
perature, and mental status must be continually reassessed.
Intravenous fluids may be administered if the patient is not
able to tolerate PO fluids. Criteria for discharge include being
able to ambulate on one’s own power and retaining normal
mental status. Hospital emergency department transfer should
be considered if the patient fails to meet these criteria within
1 hour [27¢]. Runners with prior episodes of EAC who are
prone to orthostatic intolerance, may consider wearing
lower extremity compression stockings to help prevent
recurrence [28].

Exercise-associated muscle cramps

Exercise-associated muscle cramps (EAMC) typically affect
the larger skeletal muscles during or after exercise in the heat.
Although EAMC is usually associated with excessive sweat
losses, the individual is not necessarily overheated and if so,
the core temperature does not exceed 40 °© C. Muscle twitches
occur initially with progression to severe and widespread
muscle spasms. Muscle fatigue, dehydration, high sweat rates,
and high sodium sweat concentrations predispose to EAMC
[29-31]. Muscle cramps may result when excessive sweat
sodium losses are replaced with hypotonic fluids, causing
extracellular fluid volume contraction and mechanical defor-
mation of nerve terminals during muscle shortening that ini-
tiates muscle hyperexcitability [32, 33]. Treatment options
include rest, prolonged passive muscle stretching, salt supple-
mentation through oral or IV fluids and salt-containing foods,
massage, and ice massage. Refractory muscle cramps may
require intravenous benzodiazepines. Prevention focuses on
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maintaining fluid and salt balance. Athletes at risk may be
“high volume” and/or “high sodium” sweaters. Case studies
have shown the efficacy of increasing dietary salt in reducing
muscle cramps in tennis players [33, 34]. Supplementation
with calcium salts, sodium bicarbonate, quinine, and dextrose
have not been shown to be effective in preventing EAMC.

Heat exhaustion

Heat exhaustion (HE) is the most common form of EHRI and
is characterized by hypotension and cardiovascular insuffi-
ciency in persons who become dehydrated while exercising
in conditions of environmental heat stress. Symptoms include
nausea and vomiting, tachycardia, dizziness, muscle cramps,
energy depletion, central fatigue, and syncope. Core body
temperature may be elevated but to no higher than 40 ° C,
and the mental status remains intact. HE is often difficult to
differentiate clinically from the early stages of exertional heat
stroke. The rectal temperature measurement provides es-
sential information to guide the appropriate management
of the athlete who collapses while exercising in the heat.
The initial treatment of HE involves discontinuation of the
activity, removal of clothing and sports equipment that restrict
heat dissipation, relocation to a cool shady area, supine posi-
tioning with the lower extremities elevated, oral rehydration,
monitoring of rectal temperature, vital signs, and mental sta-
tus, and consideration of ice towel application and/or ice water
immersion cooling therapy. Intravenous rehydration may be
administered. If core temperature rises to greater than 40 ° C
and/or if mental status changes develop, progression to EHS
must be assumed prompting the implementation of aggressive
cooling measures and activation of the EMS. Although there
are no clear and validated guidelines for return to play follow-
ing an episode of EH, common sense suggests that individuals
should abstain from exercise for at least 24 hours following
the resolution of all symptoms and laboratory abnormalities.

Exertional heatstroke

Exertional heatstroke (EHS) is a life-threatening medical con-
dition exemplified by a core body temperature that exceeds
40 ° C, CNS dysfunction, skeletal muscle injury, and multiple
organ damage. The markedly elevated core body temperature
may become irreversible without aggressive body cooling
measures because of thermoregulatory mechanism failure.
Early signs and symptoms of EHS are often similar to those
of HE and include clumsiness, stumbling, headache, nausea,
and dizziness. These may progress to apathy, confusion, and
impaired consciousness. Rectal temperature measurement is
essential to accurately assess core body temperature and con-
firm the diagnosis of EHS. Aural, oral, skin, temporal, and
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axillary temperature determinations do not sufficiently differ-
entiate between HE and early EHS [35-38]. Although the risk
for EHS is greatest when vigorous sustained exercise is per-
formed during environmental conditions in which the WBGT
is greater than 28 © C, EHS may also strike exercisers in cool
(8°—18 ° C) to moderate (18°-28 ° C) environments. This
suggests that physical conditioning inadequacies, poor heat
acclimatization, viral illnesses, and medications may produce
individual variations in EHS susceptibility [39, 40e¢].

Severe EHS ensues when the core body temperature
reaches a critically elevated threshold temperature of 41.6°—
42 ° C for a prolonged duration of time, leading to cellular
protein denaturation, damage, and interruption of normal
mechanisms [11, 41]. Untreated EHS may progress on to
multisystem organ damage, rhabdomyolysis, renal failure,
acute respiratory distress syndrome, liver damage,
hyperkalemia, hypercalcemia, cardiac arrhythmias, hypo-
glycemia, disseminated intravascular coagulation (DIC),
and death.

The “multiple hit” hypothesis proposes that a rapid onset of
core body temperature elevation compromises molecular tis-
sues protective mechanisms via the vagus nerve, in conjunc-
tion with endotoxin release and the production of pyrogenic
cytokines that further interfere with thermoregulation [42—44].
A systemic inflammatory response syndrome (SIRS) may
develop leading to vascular endothelial damage and a con-
sumptive coagulopathy via both the fibrinolysis and coagula-
tion pathways [44, 45¢]. The cardiovascular system becomes
challenged because of blood flow diversion from the viscera
to the skin and vital organs, producing intestinal ischemia,
increased epithelial membrane permeability, and endotoxin
leakage. Additionally, cerebral blood flow may be impaired,
causing cerebral edema, cerebellar atrophy, Purkinje layer
damage, and a breakdown of the “blood-brain” and “blood-
cerebrospinal fluid” barriers.[40ee, 45¢]

The early recognition and treatment of EHS with whole
body cooling is paramount to survival. Body cooling should
be instituted as early as possible and before transporting the
victim. The gold standard for rapid body cooling is cold water
and ice water immersion therapy (water temperature 2°—15 ©
C), preferably initiated within 10 minutes, in which case the
survival rate is near 100 % [46—48]. Cold water immersion
produces a 0.5 © C lowering of body temperature in the first
3 minutes, after which the rate of body temperature decline
typically accelerates. Total immersion cooling typically takes
about 20 minutes and should cease when the core body
temperature reaches 38.3°-38.9 ° C [11, 46]. Other effective
though less rapid cooling methods include the placement of
frequently rotating ice water soaked towels on the victim’s
head, trunk, and extremities, and ice packs on the neck,
axillae, and groin; and cool air mist exposure with fanning, a
technique that is most valuable when the ambient relative
humidity is low [49]. The immediate therapeutic goal is to
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reduce core body temperature to less than 38.9 © C as quickly
as possible. The primary difference between mild EHS and
severe EHS is determined by the duration of core body tem-
perature elevation. When body cooling is rapid and body core
temperature returns to normal range within 1 hour of the onset
of symptoms, most EHS victims recover fully [50]. Those
who are not cooled down quickly and are exposed to more
than a cumulative 60 © C/minute above the 40.5° body core
temperature (eg, 60 minutes at 41.5 ° C, or 30 minutes at
42.5 © C) are susceptible to severe EHS complications [11, 50,
51]. In addition to rapid body cooling, intravenous normal
saline fluid should be administered to improve organ tissue
perfusion and facilitate heat exchange, oxygenation, and the
removal of waste products. Seizures may be treated with
benzodiazepines. Rhabdomyolysis should be managed with
IV fluids and diuretics such a mannitol to limit renal cellular
destruction. EHS liver damage results in hepatitis and coagu-
lopathy, while heart muscle injury may provoke arrhythmias
that often convert to normal once cooling occurs.

There are no known comprehensive and validated guide-
lines for determining when it is safe for an athlete to return to
play after EHS [47, 50]. Experts recommend that return-to-
play decisions be based upon the severity of the EHS episode
[52]. Minimum recommendations are to abstain from all ex-
ercise for at least 7 days, at which time the EHS patient should
undergo a follow-up physical examination and recheck of
abnormal laboratory and imaging studies [11]. Once cleared
for return to physical activity, initial exercise sessions should
be conducted in a cool environment, and if well tolerated,
exercise intensity and duration can be gradually increased
along with progressive heat exposure over 2 weeks to achieve
reconditioning and heat acclimatization. The athlete may be
considered for full activity clearance once thermal tolerance is
achieved and after 2-4 weeks of such training. If return to
vigorous activity is delayed because of heat intolerance or a
recurrence of symptoms, laboratory exercise thermal testing
may be obtained. The Israeli Defense Forces use a standard
heat tolerance test (HTT) to assess readiness for return to
military activities [53-55, 56¢], although experts question
the validity and applicability of this test to determine safe
sports clearance for athletes [40+¢]. A new HTT protocol
was designed and utilized for an elite triathlete with prior
episodes of EHS [57].

Exertional rhabdomyolysis

Exertional rhabdomyolysis (ER) is an acute syndrome of
major muscle breakdown provoked by physical trauma, mus-
cle hypoxia, genetic defects, infections, elevations in body
temperature, metabolic and electrolyte disturbances, and ex-
cessive unaccustomed physical exercise. Muscle breakdown
products, electrolytes, myoglobin, and other proteins leak into

the blood stream. Serum creatine kinase levels typically rise
dramatically. ER presents clinically with muscle pain, sore-
ness, stiffness, and swelling, with progression to the loss of
mobility and weakness. Delayed onset muscle soreness
(DOMS) because of normal physical exercise training also
produces elevations of serum creatine kinase levels and may
be considered a non-life threatening mild form of ER. Features
that help differentiate life threatening severe ER from DOMS
include: muscle pain that is more severe and sustained than
expected; swelling of muscles and adjacent tissues; muscle
weakness; limitations of active and passive joint range of
motion; and the presence of myoglobinuria. “Novel overex-
ertion,” EHS, and exertional collapse in athletes with sickle
cell trait are important risk factors for ER. Prior history of EHS
(7-11 X increased risk), male gender, African-American eth-
nicity, younger age, less education, and shorter lengths of
military service are specific ER risk factors in soldiers [58].

The treatment of severe ER necessitates body-cooling mea-
sures if indicated, aggressive IV rehydration, activation of the
EMS, and renal dialysis when required. Coaches and athletes
should be educated on the prevention and early recognition of
ER secondary to novel overexertion with a particular attention
to new strength and conditioning drills, avoidance of high
intensity conditioning immediately following breaks from
conditioning, gradual progression in the intensity of a training
regimen, avoidance of punishment exercise, providing readily
available fluids during activity, promoting awareness of urine
color to help monitor an athlete’s hydration status, and in the
development of an emergency action plan for EHS and ER.
Case clusters of ER have been reported in groups of college
football players who engaged in intensive conditioning back-
squat drills immediately following the winter break [59], high
school football players who performed high numbers of rep-
etitions of chair dips alternated with pushups on the first day
of summer football camp [60], college swimmers required to
perform maximal numbers of squats and pushups repeatedly
on the first day of training after summer break [61], college
lacrosse players executing maximal sets of biceps curls on the
first day following a 3-month training break, and a women’s
college lacrosse team following strenuous punishment exer-
cise provoked by the first team loss of a competitive season
[62, 63].

Exercise-associated hyponatremia

Exercise-associated hyponatremia (EAH) is a potentially life-
threatening condition characterized by a reduced serum sodi-
um level (<135 mg/dL) and mental status changes. Most cases
affect endurance athletes who have ingested excessive quan-
tities of hypotonic fluid during prolonged (generally >3 hours)
physical activity, causing a dilutional hyponatremia. Con-
sumption of more oral fluids than are lost in the sweat may
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actually cause a weight gain during exercise. EAH most
commonly affects women, those with short stature, and ath-
letes with longer race times. Early symptoms include
vomiting, swelling of the hands and feet, restlessness, confu-
sion, wheezing, and fatigue. Any failure to reverse the low
plasma sodium concentration and osmolarity may cause pro-
gression to seizures, pulmonary edema, cerebral edema,
brainstem herniation, coma, respiratory arrest, and death
[64]. Circumstances that create the highest risks for severe
EAH complications are low absolute serum sodium value,
rapid rates of sodium level declines, and increased duration
of hyponatremia.

Sports medicine personnel should be aware of the signs of
EAH. These include overdrinking, nausea and vomiting, diz-
ziness, muscle twitching, peripheral tingling or swelling,
headache, disorientation, acute mental status changes, physi-
cal exhaustion, pulmonary embolus, seizures, and cerebral
edema. EAH must be strongly considered in any endurance
athlete who develops mental status changes. Portable, rapid
serum sodium measuring devices are readily available for use
in the field. Upon confirmation, EAH is best managed with
intravenous hypertonic saline (3 %—5 %) fluid and immediate
hospital emergency department transport. Mild symptoms
may be corrected using fluid restriction, salty food consump-
tion, or a small volume of hypertonic intravenous solution.

Decisions on appropriate return to play and prevention of
EAH should emphasize the establishment of individualized
hydration protocols based on personal sweat rates, sport dy-
namics, environmental factors, heat acclimatization status,
exercise duration, and exercise intensity. Athletes who
exercise in hot environments and sweat copiously
should be counseled to consume adequate dietary sodi-
um with meals, strive to correct fluid losses accumulat-
ed during exercise, and pay attention to body weight
changes, urine color, and thirst cues.

Prevention of EHRI

Several professional medical and sports organizations have
issued guidelines on the prevention of EHRI during sports
participation [10ee, 65¢¢, 66°¢, 67¢¢, 68, 692, 70, 71e¢]. The
Inter-Association Task Force (IATF) issued guidelines to re-
duce the risk of EHRI in secondary school athletes, including
an emphasis on pre-season heat acclimatization, recommen-
dations on the appropriate duration and intensity of sports
practices and gradual appliance of protective equipment that
restricts heat dissipation, sideline fluid and ice bags availabil-
ity, and the importance of a written emergency action plan
[65¢¢, 71e¢]. A recent survey of high school football trainers
assessed compliance with these guidelines and found that
20 % of respondents were involved in the management of at
least 1 episode of EHS during the past football season

@ Springer

(average 0.5+1.37 EHS event/program), and that programs
conformed well with recommendations to remove an affected
athlete’s equipment/clothing, relocate to a shady area, have ice
bags/coolers available, and develop a written policy for initi-
ating the Emergency Medical System (EMS). On the other
hand, compliance was low with such recommendations as: (1)
early activation of EMS for possible EHS (29 %); (2) taking
rectal temperatures (<1 %); (3) prompt usage of ice bath
immersion rapid body cooling therapy for suspected EHS
cases; (4) limits on practice durations; and (5) the gradual
introduction of football equipment. States with legisla-
tively mandated pre-season heat acclimatization and
EHRI prevention guidelines demonstrated higher rates
of accordance [7e, 65¢°, 72].

The TATF also developed best practice recommendations
for reducing sudden death during collegiate and secondary
school sports conditioning sessions. These suggestions em-
phasize gradual acclimatization, slow introduction of new
conditioning activities, avoidance of using exercise as punish-
ment, proper education and credentialing of strength and
conditioning staff, provision of appropriate medical coverage,
development of emergency action plans, and raising aware-
ness of medical conditions that may predispose to EHRI [67 e,
71ee]. American Academy of Pediatrics guidelines to reduce
EHRI risk in children and adolescents additionally encourage
strict activity modification if indicated by the measured
WBGT, avoidance of exercise if ill or recovering from a
febrile illness or gastroenteritis, training of coaches, athletic
trainers, and physical education teachers to monitor children
and adolescents closely for signs and symptoms of EHRI,
provision of 2 hours rest or longer between same day events,
and a universal commitment to the safety of the child and
adolescent [66°].

Table 2 summarizes EHRI preventative strategies. Heat
acclimatization is universally recognized as a critical strategy
for the prevention of HRI. Although optimal heat acclimati-
zation requires 60-90 minutes of daily gradually progressive
exercise during exposure to environmental heat stress over
1014 days, even a few days of progressive heat exposure will
benefit an athlete who intends to compete in a hot and humid
environment [73]. Heat acclimatization results in measurable
physiological changes that include increases in plasma
volume, sweat rate, and cutaneous vasodilation; and de-
creases in the sweating threshold, electrolyte content of
sweat, heart rate at a given physical workload, and urinary
sodium excretion. Successful heat acclimatization in-
creases work capacity in a hot and humid environment,
reduces rectal temperature during exercise in the heat, and
diminishes the risk for EHRI [74-76]. The NCAA imple-
mented heat acclimatization guidelines in 2003, with the
subsequent adoption of similar standards by the Nation-
al Football League and 13 state high school athletic
associations to date [77].
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Table 2 Strategies for the prevention of EHRI

* Heat acclimatization
o Gradual increase in practice duration
o Gradual increase in practice intensity
o Gradual increase in environmental heat exposure
o Gradual introduction of equipment that interferes with heat
dissipation
* Maintain hydration status
o Fluid availability
o Self-monitoring of hydration status
» Sideline preparation
o Medical availability
© Monitoring of WBGT
o Sideline fluid and ice availability
o Shade/air conditioning availability
o Rapid body cooling availability
o Rectal temperature measurement availability
o Written emergency action plan
* Education of staff on the early recognition and prevention of EHRI
* Preparticipation physical evaluation and ongoing medical evaluation
o EHRI risk factor identification
o Develop preventive strategies for athletes with risk factors
* Practice/competition scheduling
o Early or late in the day
o Adequate rest breaks between same-day events

o Modify or cancel practices/competitions based upon WBGT rec-
ommendations

» Maintain good physical conditioning
* Avoid exercise as punishment
* Avoid “novel” overexertion

* Pre-exercise cooling

EHRI exertional heat-related illness, WBGT wet-bulb globe temperature.

Maximum sweat rates vary by age, level of conditioning,
and the strenuousness of physical activity. Maximal sweat
rates range from 300700 mL/hour in 9—12 year old children,
2.5 liters/hour in elite adolescent tennis players, and as much
as 3 liters/hours in a trained 70 kg adult athlete [34, 78].
Investigations of elite male tennis players identified signifi-
cantly higher rectal temperatures (39.4° vs 38.7°), heart rates,
thermal comfort, thermal sensation, and perceived exertion
during 2-hour matches played in cool (WBGT = 19°) com-
pared with hot (WBGT = 34°) conditions [79¢]. Additionally,
time between points averaged 10 seconds longer during hot
playing conditions, suggesting a behavioral adaptation to
environmental heat stress [79¢].

The preparticipation physical evaluation and ongoing med-
ical assessments can help identify individuals who are most
susceptible to EHRI. Awareness of known risk factors for
EHRI, such as history of prior episodes, sickle cell trait, use
of certain medications, and recent febrile illnesses, can assist

in determining participation readiness and to provide educa-
tion and establish preventive strategies to help reduce EHRI
risk.

Maintenance of an athlete’s hydration status is essential to
preserve exercise capacity and reduce the risk of EHRI as each
1 % reduction in body weight because of fluid loss is associ-
ated with a core body temperature increase of 0.25 ° C and a
heart rate elevation of 610 beats per minute [80, 81]. Fluids
must be readily available pre-exercise, during exercise, and
postexercise. The athlete should self-monitor his/her hydra-
tion status with regular assessments of thirst, pre- and postex-
ercise body weights, and observation of urine color. The
presence of more than 1 of these self-assessment dehydration
markers indicates that dehydration is likely.

Thirst is a valuable indicator of dehydration but does not
develop until fluid losses reach 1 %2 % of body weight. Pre-
and postexercise body weight measurements can help guide
rehydration needs with each 1 kg of body mass loss during
exercise requiring 1 liter of fluid replacement preferably with-
in 2 hours after the completion of exercise. Urine color can be
assessed using a urine color chart in which darker urine
indicates a greater level of dehydration. Additionally, urine
specific gravity determination is may be helpful with levels of
<1.020 indicating a euhydrated state.

Adequate sodium intake is particularly essential during
periods of exercise in conditions of high environmental heat
stress as sodium sweat losses must be replaced and salt inges-
tion promotes the rehydration process. The consumption of
plain water causes a rapid fall in plasma sodium concentration
and osmolarity leading to decreased vasopressin and aldoste-
rone activity with concurrent increases in urinary output
[82—84]. As ingested sodium enters the cells, restoration of
extracellular fluid volume occurs via osmosis. Salt consump-
tion additionally increases thirst and oral rehydration fluid
palatability, which encourages the voluntarily consumption
of more fluids [82]. Intake of carbohydrate containing bever-
ages (3 %—12 % concentration) and carbohydrate-protein
containing beverages after exertion induced dehydration offer
additional advantages in promoting fluid retention and ther-
moregulation capacities compared with water alone [85-87].
A meta-analysis suggests that glycerol consumption can in-
duce a state of hyperhydration by increasing fluid retention
and potentially reduce EHRI risk [17¢, 88]. Cool or cold
beverages for ingestion are preferred to room temperature
fluids, and result in a 50 % greater consumption of liquids
during exercise [89].

Pre-game voluntary intravenous hyperhydration is a com-
mon practice in asymptomatic professional and collegiate
football players, although existing evidence does not support
arole in EHRI[90, 91]. A survey of NCAA Division I college
football athletic trainers disclosed that 30 % of programs used
pre-game intravenous fluids, administered to an average of 2—
3 players per game, with the intended purpose of preventing
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muscle cramps, heat illness, and dehydration. The primary
care team physician most commonly administered intrave-
nous fluids, 47 % were given at player request, and 24 %
reported the occurrence of intravenous infusion-related com-
plications [90].

The WBGT should be strictly monitored before and during
scheduled sports activities to assess environmental heat stress
and determine EHRI risk levels [11, 65¢]. Thresholds and
guidelines used to restrict or cancel sports practices and events
vary by organizations and sports governing bodies [70]. Ten-
nis officials at the January 2014 Australian Open in Mel-
bourne cited the “Extreme Heat Policy” when deciding to
suspend play for several hours because of center court tem-
peratures, which soared to 43 © C [92]. A Brazilian judge ruled
that mandatory water breaks should be implemented in the
2014 FIFA World Cup soccer tournament if the WBGT ex-
ceeds 32 © C, a ruling that first affected the United States vs
Portugal match in Manaus on June 22, 2014. The risks of
EHRI can be reduced by scheduling exercise sessions/
competitions during the early or late hours of the day to
minimize the effects of mid-day higher ambient temperatures
and levels of solar radiation. Clothing and protective equip-
ment should be appropriate for the activity and designed to
facilitate the dissipation of body heat through sweat
evaporation.

Among body pre-exercise cooling strategies considered to
possibly counteract the adverse effects of exercise-related
elevated core body temperatures are cold-water immersion
and the use of cooling vest garments. Both have been shown
to enhance exercise performance by some but not others. A
recent investigation found that external cooling vests worn by
football players during practice breaks in warm and humid
environmental conditions did not produce significantly lower
core body temperatures [93-95]. A recent meta-analysis of
exercise pre-cooling and cooling during exercise detected a
combined 6.7 %+0.9 % positive effect of using these tech-
niques on exercise performance. Additionally, pre-cooling led
to a statistically significant reduction in postexercise core
body temperature compared with controls, although
cooling during exercise did not show a similar effect
[96]. Evidence suggests a role for pre-cooling using
cold-water immersion to reduce the risk of EHRI in sus-
ceptible individuals. Limits should be placed on the long
pre-exercise warm-up as an additional strategy to reduce
EHRI risk as this can lead to an elevation in the core body
temperature, undesirable level of body heat storage, re-
duced performance, and excessive heat strain. Timing of
the warm-up should be conducted so as to allow ample
time to restore normal body temperature and to achieve
full rehydration. Finally, the Heat Illness Symptom Index
has been validated in college football players as a tool to
detect early EHRI based upon self-reporting of subjective
symptoms [97].
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Evidence-based future research is necessary to provide
further guidance in the prevention of EHRI. Ideas for research
include the characterization of true thermal cardiovascular
strain profiles, determination of sports specific safety thresh-
olds for restricting or canceling sports practices and competi-
tions, and optimization fluid pre-exercise, intra-exercise, and
postexercise hydration. Additional efforts should help to clar-
ify understanding of ideal pre-cooling and cooling during
competition tactics based upon the influences of genetic
differences to heat stress physical performance and ac-
climatization responses [10e].

Conclusions

EHRI includes several medical conditions that affect physi-
cally active persons who engage in exercise during circum-
stances of high environmental heat stress. The various forms
of EHRI may be differentiated based upon clinical presenta-
tions, physical findings, and laboratory determinations. EAC,
the most common medical condition presenting to marathon
medical tents, may only be diagnosed after ruling out EHS and
EAH, and typically responds readily to supine positioning
with the leg elevated. EAMC are associated with normal to
moderately elevated core body temperatures and frequently
involve exertion in the heat with mild to moderate dehydration
and excessive sweat salt loss.

Rectal temperature measurement is essential to differentiate
between HE (<40 ° C) and EHS (>40 ° C) as the initial clinical
presentations are often similar and the management strategies
differ substantially. EHS is the most severe form of EHRI and
is characterized by a marked elevation in core body tempera-
ture of (>40 ° C) and mental status changes. Rapid body
cooling must be implemented immediately to reduce EHS
morbidity and mortality. EAH manifests with mental status
changes and serum sodium levels of less than 135 mg/dL.
Serum sodium abnormalities must be rapidly corrected in the
presence of mental status changes.

Several professional medical organizations and sports
governing bodies have issued guidelines on the prevention
of EHRI. Heat acclimatization is widely recognized as a
critical strategy to help prevent EHRI. Additional useful pre-
ventive practices include fluid availability and maintenance of
adequate hydration, having an emergency action plan for
cases of EHS, modifying or cancelling exercise sessions under
circumstances of high environmental heat stress, awareness of
known EHRI risk factors such as sickle cell trait and current of
recent febrile illnesses, and education of sports medicine
personnel, coaches, and athletes on the early recognition,
management, and prevention of EHRI. Future research should
provide evidence-based recommendations to further reduce
the risks of EHRI in athletes.
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