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Heat Stroke
Lisa R. Leon*1 and Abderrezak Bouchama2

ABSTRACT
Heat stroke is a life-threatening condition clinically diagnosed as a severe elevation in body
temperature with central nervous system dysfunction that often includes combativeness, delirium,
seizures, and coma. Classic heat stroke primarily occurs in immunocompromised individuals
during annual heat waves. Exertional heat stroke is observed in young fit individuals performing
strenuous physical activity in hot or temperature environments. Long-term consequences of heat
stroke are thought to be due to a systemic inflammatory response syndrome. This article provides
a comprehensive review of recent advances in the identification of risk factors that predispose
to heat stroke, the role of endotoxin and cytokines in mediation of multi-organ damage, the
incidence of hypothermia and fever during heat stroke recovery, clinical biomarkers of organ
damage severity, and protective cooling strategies. Risk factors include environmental factors,
medications, drug use, compromised health status, and genetic conditions. The role of endo-
toxin and cytokines is discussed in the framework of research conducted over 30 years ago that
requires reassessment to more clearly identify the role of these factors in the systemic inflam-
matory response syndrome. We challenge the notion that hypothalamic damage is responsible
for thermoregulatory disturbances during heat stroke recovery and highlight recent advances
in our understanding of the regulated nature of these responses. The need for more sensitive
clinical biomarkers of organ damage is examined. Conventional and emerging cooling methods
are discussed with reference to protection against peripheral organ damage and selective brain
cooling. Published 2015. Compr Physiol 5:611-647, 2015.

Introduction
Environmental heat exposure is a serious health hazard that
is responsible for more deaths than all other natural disasters
combined (73,233,243). Heat stroke incidence has increased
dramatically during the past few decades and will continue
to be a health concern as global climate change, expansion
of urban environments, and increased lifespan are realized
(70, 263). Heat stroke is clinically diagnosed as a severe ele-
vation in body temperature that occurs in the presence of
central nervous system (CNS) dysfunction and a history of
environmental heat exposure or vigorous physical exertion
(305, 403). The primary treatment for heat stroke is aggres-
sive cooling for rapid normalization of body temperature since
this strategy is associated with reduced risk of organ damage
(385). However, many patients experience multi-organ dys-
function during the hours, days and weeks of recovery despite
aggressive treatment, which increases the risk for long-term
disability and death (18, 92, 238, 349, 390).

Emerging evidence suggests that multi-organ damage
is a consequence of direct thermal injury to the tissues,
coagulopathies, and development of a systemic inflammatory
response syndrome (SIRS) that is stimulated by endotoxin,
cytokines and other immune modulators [Fig. 1; (47, 214,
324)]. During the past few decades, considerable emphasis
has been placed on delineating the actions of cytokines
in the mediation of the pathophysiological responses to
heat stroke (47, 50, 148, 152, 214, 223). Despite these
efforts, there remain knowledge gaps in our understanding

of the mechanisms mediating multi-organ damage, which has
hindered identification of novel clinical strategies to treat this
condition. The goal of this article is to provide a comprehen-
sive review of emerging research developments that include:
(1) identification of predisposing factors that may increase
heat stroke risk; (2) mechanisms mediating thermoregulatory
responses during recovery that occur in the absence of CNS
damage; (3) the role of endotoxin in stimulation of the
SIRS and endotoxin tolerance in reducing heat stroke risk
in physically fit individuals; (4) circulating biomarkers used
for clinical assessment of multi-organ damage in heat stroke
patients; and (5) conventional and emerging cooling methods
for clinical treatment and management.

The Heat Illness Continuum
Heat illnesses are best regarded as a series of conditions that
exist along a continuum of increasing severity that progress
from heat exhaustion to heat injury and heat stroke. There
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Figure 1 Schematic of the sequence of events occurring in response to heat stroke that stimulate
a systemic inflammatory response syndrome that leads to multi-organ dysfunction and death.

are minor heat-related syndromes, such as heat rash and heat
cramps that are not considered part of the heat illness con-
tinuum, but do commonly occur. This review is focused on
the more severe conditions within the heat illness continuum
with recognition that it may be difficult to distinguish between
these entities early in the course of clinical manifestation.

Heat exhaustion is considered a mild to moderate form
of heat illness that is characterized by an inability to sus-
tain cardiac output, often accompanied by moderate to severe
elevation of body temperature with dehydration and hot dry
skin due to the absence of sweating [i.e., anhydrosis (403)].
The signs and symptoms of heat exhaustion include fatigue,
dizziness, headache, nausea, vomiting, malaise, hypotension,
and tachycardia with potential for collapse. Heat exhaustion
can occur with or without exercise in hot environments and
may progress to a moderately severe condition without asso-
ciated organ damage. Heat exhaustion is often observed in the
elderly as a result of medications (e.g., diuretics), inadequate
water intake that leads to dehydration or preexisting cardio-
vascular insufficiency that predisposes to collapse. Treatment
should consist of placing the individual in a recumbent posi-
tion in a cool environment to normalize blood pressure. Oral
fluid ingestion with electrolytes is often adequate for recov-
ery, but IV fluid administration may be warranted in severely
dehydrated individuals.

Heat injury is a more severe form of heat illness charac-
terized by high body temperature with organ (e.g., kidney and
liver) and tissue (e.g., gut and skeletal muscle) damage (403).
Heat injury is an intermediate condition that involves more
serious complications than heat exhaustion, but less severe
complications than heat stroke. Organ dysfunction is typically
not observed during the early time course of heat injury mak-
ing it difficult to distinguish this condition from heat exhaus-
tion. However, heat injury may progress to heat stroke if the
patient is not rapidly cooled. Heat stroke is a life-threatening
condition characterized by profound CNS dysfunction, organ

(e.g., kidney and liver) and tissue (e.g., gut and skeletal mus-
cle) damage with high body temperature (403). The onset
of heat stroke is often acute without prodromal signs but
can be gradual (over hours or seldom days) with nonspecific
symptoms of weakness, loss of appetite, dizziness, fainting,
nausea, vomiting, headache, and restlessness or confusion
(47, 83, 107, 238). Neurological alteration is a main charac-
teristic feature of heat stroke that is dominant early during
clinical presentation as patients exhibit mental status changes
that may include delirium, deep coma, and seizures (58,413).
Focal neurological signs are rare with cerebrospinal fluid usu-
ally normal; however, increased white blood cell counts have
been observed.

Classic versus exertional heat stroke
Heat stroke may be further classified as “classic” or “exer-
tional” depending on the etiology of the condition (Table 1).
Classic heat stroke is observed primarily in sick and immuno-
compromised individuals (e.g., very young and elderly) with
high morbidity and mortality rates observed during annual
summer heat waves. Classic heat stroke is generally asso-
ciated with exposure to hot environments in the absence of
strenuous physical activity and hot, dry skin due to anhydro-
sis is common. Up to 60% of patients with classic heat stroke
are hospitalized or found dead within one day of reported
onset of illness, underlying the life-threatening character of
this condition (68, 172). It is essential that clinical signs and
symptoms of heat stroke are recognized promptly and rapid
cooling is initiated.

Exertional heat stroke is typically observed in healthy,
young, and otherwise physically fit individuals that collapse
during exercise-heat stress (403). Anhydrosis is an uncom-
mon finding in exertional heat stroke and many patients may
cool spontaneously following collapse. The risk for exer-
tional heat stroke is increased in individuals that are highly
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Table 1 Comparison of Classic versus Exertional Heat Stroke

Characteristic Classic Exertional

Age Very young, elderly Young (15-50 years), healthy

Health Often chronically ill Typically healthy

Febrile illness Unusual Common

Weather condition Heat wave Temperate or hot

Activity Sedentary Sustained or heavy exertion

Medications or drug use Diuretics, β-blockers, antihistamines,
antidepressants

Ergogenic aids, ecstasy, cocaine

Sweating Often absent Often present

Acid-base disturbance Mixed respiratory alkalosis and
metabolic acidosis

Severe metabolic acidosis

Calcium Normal Hypocalcemia

Potassium Normal Hyperkalemia; hypokalemia (∼30%)

Phosphate Hypophosphatemia Hyperphosphatemia

Blood glucose Hyperglycemia Hypoglycemia

Rhabdomyolysis Rarely severe Often severe

Acute renal failure Uncommon (∼5%) Common (∼25%)

DIC Mild Severe

CK Mild elevation Marked elevation

AST, ALT Mild elevation Marked

CK, creatine kinase; AST, aspartate aminotransferase; ALT, alanine aminotransferase; DIC, disseminated
intravascular coagulation.

motivated to perform strenuous physical activity in hot
weather (e.g., military personnel, athletes, and occupational
workers), indicating that behavioral influences are important
to consider in the etiology of this condition (3). Physical effort
unmatched to physical fitness was identified as a significant
risk factor for exertional heat stroke (298). However, in many
instances, exertional heat stroke occurs within the first 2 h
of exertion and not necessarily at high ambient temperatures.
The death rate from exertional heat stroke is relatively low
(∼3%-5%) compared to classic heat stroke, which is likely
a consequence of preexisting medical conditions in the latter
condition that increase thermoregulatory and cardiovascular
strain (70, 342, 346, 350).

Heat stroke diagnosis
The diagnosis of heat stroke is largely clinical and based
on the triad of hyperthermia, neurological abnormalities, and
a history of exposure to hot and humid weather or vigor-
ous muscle exertion. Disorders that can be mistaken for heat
stroke include neuroleptic malignant syndrome, malaria, and
meningitis. Neuroleptic malignant syndrome usually occurs
in patients on neuroleptic medications and manifests as
an extrapyramidal syndrome with autonomic dysfunction.
Although malaria and meningitis rarely cause hyperthermia
to the degree observed with heat stroke, specific workup
diagnostic to rule them in or out should be performed for

patients with a history of recent visits to an area endemic for
falciparum, or where there has recently been an outbreak of
meningitis. Neck rigidity is uncommon in heat stroke and
cerebrospinal fluid is usually normal, although occasional
pleocytosis has been observed.

Environmental heat stress and heat strain
Heat stress refers to conditions that increase body tempera-
ture whereas heat strain refers to the physiological responses
that ensue as a consequence of heat exposure. Heat stress
is typically described as compensable heat stress (CHS) or
uncompensable heat stress (UCHS). CHS and UCHS are
affected by biophysical (environment and clothing) as well
as biological (hydration status and acclimatization) factors.
CHS occurs when the rate of heat loss is in balance with heat
production such that a steady-state core temperature can be
sustained during physical activity. A physically fit individual
wearing light clothing while exercising in moderate heat and
low humidity conditions would typically experience CHS.
Under these conditions, core temperature can be sustained
at values substantially higher than normal (<40◦C) for rel-
atively long durations until dehydration or energy depletion
occur. UCHS occurs when an individual’s evaporative cool-
ing requirements are not supported due to environmental or
other conditions that impede cooling. An individual wearing
heavy protective clothing while exercising in a hot, humid
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environment would be expected to experience UCHS. Under
UCHS conditions, core temperature will increase to the point
of exhaustion. Even in individuals at low risk for UCHS, the
physiological demands for increased heat dissipation during
prolonged exercise-heat stress cannot be endured indefinitely
and often lead to circulatory insufficiency and collapse at
relatively mild temperatures.

There have been several attempts to develop a standard-
ized heat stress index that takes into consideration environ-
mental and physiological factors that affect physiological
strain and safety limits for heat exposure. In 1905, Haldane
advocated use of the wet bulb thermometer for determination
of heat stress severity based on experiments conducted in Cor-
nish tin and copper mines (141). Unfortunately, the wet bulb
was somewhat ineffective in dry load conditions and failed to
account for substantial radiant heat load. The wet bulb globe
thermometer (WGBT) was introduced to overcome the limita-
tions of the wet bulb alone by quantifying environmental heat
stress based on the natural wet bulb, black globe (measure of
radiant heat exchange), and dry bulb temperature (409). The
WBGT remains the most widely accepted heat stress index
in the world today, although its applicability across multiple
environmental/work scenarios and the inconvenience of mea-
suring globe temperature are limiting factors (105). Due to
inherent limitations in the heat stress indices that exist today,
efforts are ongoing to identify more appropriate measures that
consider environmental (air temperature, air humidity, radiant
heat exchange, and wind velocity), behavioral (metabolic rate
and clothing), and biological (genetics and sex) factors as well
as the physiological reactions to a given heat load [e.g., heart
rate and body temperature (105, 258, 339, 340)]. The reader
is directed to a number of reviews that describe heat stress
indices in existence today and their limitations with respect
to the number and complexity of interactions that need to be
considered in their application (32, 63, 257, 288).

Avenues of heat exchange
In order for body temperature to remain constant during envi-
ronmental heat exposure, heat loss must be equal to heat gain
and/or heat production (e.g., during exercise-heat stress). For
example, during physical exercise ∼20% of metabolic energy
is utilized for skeletal muscle contractions while the remain-
ing ∼80% is released as heat that must be dissipated to avoid
an increase in body temperature. Cardiovascular adjustments
are required to redirect blood flow from the heat-generating
organs in the core to the skin surface where heat is dissipated
to the environment by conduction, convection, radiation, or
evaporation. The regulation of skin blood flow is a primary
determinant of the effectiveness of heat transfer as are the
biophysical properties of the surrounding environment that
include air or water temperature, air or water motion, air
humidity, and solar or ground radiation (114).

Dry heat exchange is achieved by nonevaporative mech-
anisms that include conduction, convection, and radiation.
These mechanisms of heat exchange are only effective with

a temperature gradient between the skin surface and the sur-
rounding environment. Dry heat gain occurs when the envi-
ronmental temperature exceeds skin temperature and dry heat
loss occurs when skin temperature exceeds that of the envi-
ronment. Conduction occurs when a body surface is in direct
contact with a solid object and depends on thermal conduc-
tivity of the object as well as the amount of body surface
area in contact with the object. Conduction is typically an
ineffective mechanism of heat exchange due to behavioral
adjustments (e.g., wearing of shoes) that minimize thermal
exchange between the body and the object. Convective heat
exchange is facilitated by movement of the surrounding air
or water over the skin surface. The rate of convective heat
transfer will be significantly increased by wind, but this effect
varies depending on the type and amount of clothing. Water is
a more effective medium than air for convective heat transfer
due to its heat-transfer coefficient, which is ∼25 times greater
than air (371). Radiative heat exchange is electromagnetic
energy that is exchanged between the body and surrounding
objects and occurs independently of air temperature or veloc-
ity. All objects in our environment (sun, sky, ground, and man-
made objects) absorb and emit thermal radiation, but clothing
can reduce the radiant heat that impinges on the skin from
these environmental sources. Evaporation is a major avenue
of heat loss during exercise or when the environmental tem-
perature is equal to or exceeds skin temperature. In humans,
evaporative cooling is achieved as water secreted from sweat
glands onto the skin changes into vapor and removes heat.
Wetting of the skin from other water sources, such as rain
or manual dousing will also facilitate evaporation for skin
cooling. Approximately 580 kcal of heat is lost per liter of
evaporated sweat although this cooling benefit will be negated
if conditions fail to support evaporation causing sweat to accu-
mulate on the skin surface (127). Arteriovenous anastomoses
(AVAs) are collateral connections between adjacent blood
vessels that increase the volume of blood delivered to a par-
ticular tissue. Small mammals, such as rodents, do not possess
sweat glands, but achieve evaporative cooling by behavioral
spreading of salivary onto nonfurred, highly vascularized skin
surfaces (e.g., ears and paws). These areas of the body con-
tain an abundance of AVAs and a high surface area to facilitate
convective and evaporative heat loss.

Body heat storage (S) is affected by metabolic rate, work,
and the four avenues of heat exchange in the following man-
ner:

S = M − ( ± W ) ± (R + C) ± K − E

Where M is metabolic energy (heat) production, W is concen-
tric (positive) or eccentric (negative) mechanical work, R+C
is the rate of radiant and convective heat exchange, K is the
rate of conduction, and E is the rate of evaporative heat loss.
Body temperature will increase when S is positive (heat gain),
decrease when S is negative (heat loss), and remain relatively
stable when S equals zero (114).
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Physiological temperature regulation
Humans and other homeotherms are capable of maintaining
body temperature within a fairly narrow range (∼35-41◦C)
despite large fluctuations in environmental temperature. The
traditional view of the thermoregulatory control system is
based on a “set-point” theory, which presumes that sensory
receptors in the skin and core send thermal information to a
central integrator, typically identified as the preoptic area of
the anterior hypothalamus [POAH (53,170,292)]. Deviations
of body temperature (the regulated variable) from the set-
point temperature (the reference variable) within the POAH
results in a “load error” that elicits graded heat loss or heat
gain thermoeffector responses. The set-point temperature is
often referred to analogously as a thermostat setting that
controls all thermoregulatory responses. The magnitude of
change in the heat loss or heat gain effector responses that
are elicited following a change in heat storage is proportional
to the displacement of body temperature from the set-point
temperature. Thermal signals in the form of action potentials
are generated within skin and core thermal receptors includ-
ing warm- and cold-sensitive neurons within the POAH that
change their firing rate in response to warming and cooling,
respectively (53). Thermosensitivity of warm-sensitive neu-
rons is determined by the rate of spontaneous depolarization
between successive action potentials whereas sensitivity of
cold-sensitive neurons is thought to be due to inhibitory input
from nearby warm-sensitive neurons (417). A unique mor-
phological characteristic of POAH thermosensitive neurons
is the horizontal orientation of their dendrites toward other
brain regions (e.g., third ventricle and medial forebrain bun-
dle) that receive thermal signals from peripheral sites (136).
The schematics of the thermoregulatory control system have
been described in detail elsewhere (324).

A recent alternative theory suggests that thermoeffector
responses are controlled “automatically” without a central
integrator or reference to a set-point temperature. In this
model, each sensory neuron is wired through a number of
other neurons to an effector cell. Thermoeffector responses are
elicited only when a large number of coordinated neural (sen-
sory) networks send signals without the use of a central inte-
grator to their respective thermoeffector cells (195,196,310).
In this model, sensors are functioning as thermostats or com-
parators rather than true thermal sensory neurons that are
regulated downstream from the POAH. Despite compelling
architectural and functional evidence in support of this novel
theory, it has not yet gained wide acceptance within the physi-
ological community and the traditional set-point theory is the
accepted model that will be relied on for this review.

Hyperthermia during exercise or heat stress occurs inde-
pendently of an increase in the temperature set-point, which
distinguishes this core temperature response from fever
(Fig. 2). Hyperthermia generates a positive load error as body
temperature exceeds the set-point temperature and elicits heat
loss mechanisms to maintain thermal balance. Once exercise
or heat stress ceases, heat loss exceeds heat production/heat

gain and body temperature returns toward the set-point tem-
perature until thermal balance is reestablished.

Fever is defined as a regulated increase in the tempera-
ture set point and is characterized by a negative load error
that stimulates heat production (e.g., shivering and nonshiv-
ering thermogenesis) and heat conservation (e.g., use of blan-
kets and vasoconstriction) to increase body temperature (166).
The view of fever as an increase in the temperature set-point
was first proposed by Liebermeister in the 1800s who demon-
strated that the body temperature of a febrile rat returned to its
previously elevated level after experimental warming or cool-
ing of the POAH (219). Once fever is established and body
temperature oscillates around the new elevated temperature
set-point, there is a zero load error and the individual is con-
sidered normothermic (Fig. 2). Fever is a protective immune
response displayed by endotherms and ectothermic verte-
brates and invertebrates following exposure to environmen-
tal stimulants, such as pyrogens (e.g., endotoxin) and toxins
(132, 133, 186). Fever is also observed in heat stroke patients
and animal models during the days and weeks of recovery and
is regarded as a response to endotoxin leakage from damaged
gut membranes (212, 213, 238). Physicians have attempted
to alleviate fever to heat stroke using the administration of
nonsteroidal anti-inflammatory drugs (NSAIDs), but there
is currently no scientific evidence to support a role for the
cyclooxygenase pathway (the targets of NSAIDs inhibition)
in mediation of this response (34, 248, 321).

Hypothermia may occur as an unregulated or regulated
phenomenon. Unregulated hypothermia represents the condi-
tion during which heat loss exceeds heat production and body
temperature falls below the temperature set point (Fig. 2).
Environmental cold exposure or anesthesia are common stres-
sors that elicit unregulated decreases in body temperature,
Regulated hypothermia (also referred to as anapyrexia) occurs
in response to a regulated decrease in the temperature set-
point that results in a positive load error and stimulation
of heat loss mechanisms (e.g., vasodilation and splaying) to
decrease body temperature [(166) Fig. 2]. The Q10 effect sug-
gests that each 10◦C change in body temperature will be
associated with approximately twofold to threefold change in
enzymatic reaction rates (377). Based on this relationship, a
regulated decrease in body temperature is thought to protect
against organ damage by reducing the production of harmful
enzymatic end products (e.g., reactive oxygen species) that
compromise tissue and cellular function. Small rodents often
develop regulated hypothermia in response to severe environ-
mental insults (e.g., hypoxia, dehydration, heat stroke, and
toxins) whereas this response is less common in humans, per-
haps due to body scaling issues (i.e., smaller surface area
to body mass ratio) or clinical interventions that mask the
response.

Core temperature measurements

There is no “absolute” core temperature value that can be
relied on for a definitive assessment of heat stroke due to
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Hypothermia
(cold stress, anesthesia)

Hyperthermia
(heat stress, exercise)

Anapyrexia
(dehydration, hypoxia)

Fever
(infection, inflammation)

HP/HG > HL

HP/HG < HL

Tset
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Tc
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HP = HL

HP = HL
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Figure 2 Theoretical concept of unregulated and regulated changes in core temperature
(Tc) with reference to the temperature set point (Tset). (A) Hyperthermia represents an increase
in Tc in the absence of a change in Tset. In response to climatic heat stress, exercise or the
combination of these factors, heat gain (HG), and/or heat production (HP) exceed heat loss (HL)
and Tc rises above Tset as the organism becomes hyperthermic. Following removal from the
heat, cooling or cessation of exercise, HL exceeds HG/HP and Tc returns to baseline. (B) Fever is
defined as a regulated increase in body temperature that is actively established and defended
by behavioral and autonomic thermoeffector responses. An increase in heat conservation (HC)
and/or HG and decrease in HL stimulate a rise in Tc to a new elevated level. The rising phase of
fever is associated with shivering (increases HP), the use of blankets (increase HC) until a new
elevated level of Tc is attained. Note that while fever is maintained, Tc oscillates around Tset and
the individual is considered normothermic with HP=HL. Once fever breaks, HL exceeds HC/HP
as the individual sweats, removes clothing, etc. to return Tc to the baseline level. Reprinted,
with permission, from (209).

wide interindividual variability as well as temperature vari-
ability among different body sites. Temperature within a deep
body region will vary as a function of the metabolic rate
of surrounding tissues, local blood flow changes, and tem-
perature gradients that exist between adjacent tissues. Skin
temperature is the most accessible measurement, but is influ-
enced by changes in blood flow, sweat secretion, environmen-
tal influences on heat exchange mechanisms (i.e., evaporative
cooling and radiation) or inaccurate measurements such as
occurs with a loss of sensor contact with the skin surface
(352).

The ideal site for measurement of core temperature should
be convenient, unbiased by the environmental conditions
and reflective of small changes in arterial blood tempera-
ture. Esophageal temperature is considered the most accurate
noninvasive measure of core temperature in humans that is
rapidly responsive to changes in blood temperature, although
this method is not feasible in unresponsive or combative heat
stroke patients. Rectal temperature is slightly higher than
esophageal temperature and responds more slowly to transient
changes in core temperature, such as occurs during exercise.
Tympanic auditory canal temperatures are biased by head
skin temperature and provide values that may be higher or
lower than steady-state rectal and esophageal temperatures
(135, 241).

Radiotelemetry provides remote sensing of core tempera-
ture (as well as other physiological variables, such as heart rate
and blood pressure), which has significantly improved exper-
imental animal models by minimizing stress-hyperthermia in
response to restraint and/or handling for rectal temperature
measurements (215). These devices support analysis across
consecutive circadian cycles throughout the lifetime of an
animal, which has significantly improved our understanding
of heat stroke-recovery responses in the past few decades.
Radiotelemetry is also an effective method for core tem-
perature measurements in human volunteers, although pill
temperatures will vary as the pill travels through the gas-
trointestinal (GI) tract (130). The least reliable technology
for core temperature measurement are temporal artery tem-
perature scans, which are unrepresentative of rectal or core
temperature (71, 115, 231, 312).

Epidemiology and risk factors
Heat waves are defined as three or more consecutive days
during which the environmental temperature exceeds 32.2◦C
with the majority of heat illness hospitalizations observed
within 24 h of the onset of these events (92,262,297). Extrin-
sic factors that may increase risk of classic heat stroke include
clothing that impedes heat dissipation, poorly ventilated
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Table 2 Risk Factors for Serious Heat Illness

Risk factor Effect

Environmental factors
Heat waves
High humidity
Lack of air movement
Urban heat islands
Lack of air conditioning

Prolonged environmental heat exposure
Impedes evaporative cooling
Impedes convective cooling
Higher intensity, longer duration environmental heat exposure
Impedes evaporative, convective cooling

Medications (classic)
Diuretics
Anticholinergics (Atropine)
β-blockers (Propranolol)
Antihistamines
Antidepressants
Alcohol
NSAIDs (Aspirin, Acetaminophen)

Dehydration and salt, potassium and calcium depletion
Impaired sweating
Reduced blood pressure; reduced skin blood flow
Impaired sweating
Increased heat production
Diuresis, impaired vasomotor reflexes
Increased gut and liver toxicity

Drug Use (Exertional)
Ergogenic aids (Ephedrine)
Ecstacy (MDMA)

Ritalin
NSAIDs (Aleve)

Increased activity and heat production, impaired sweating
Increased heart rate and blood pressure; sweating or chills;

increased muscle tension
Increased heart rate and blood pressure; excessive sweating
Increased gut and liver toxicity

Compromised Health Status
Viral or bacterial infection
Fever
Skin disorders
Cardiovascular insufficiency

Augmented hyperthermic response; immunocompromised
Augmented hyperthermic response
Local inflammation; impaired sweating
Orthostatic intolerance

Genetic conditions
Malignant hyperthermia
TLR4 polymorphisms

Increased metabolic heat production
Endotoxin hyporesponsiveness

NSAIDs, nonsteroidal anti-inflammatory drugs; MDMA, 3,4-methylenedioxymethamphetamine; TLR, toll-
like receptor.

residences, living alone with an inability or unwillingness to
leave one’s home, residing on the top floor of concrete build-
ings (heat rises and concrete traps heat), and lack of prop-
erly functioning air conditioning units, or refusal to use those
units due to socioeconomic or other considerations [(45,262)
Table 2]. Urban dwellings are exposed to higher intensity and
longer duration environmental heat exposure mainly due to
concrete that traps heat, which does not rapidly dissipate with
decreasing nighttime temperatures (81). Approximately 80%
of the US population resides in metropolitan areas with the
urban elderly particularly vulnerable to classic heat stroke
due to physical frailty, limited financial resources, and/or iso-
lation in their residences. Air conditioners are considered
one of the most important protective factors for sedentary,
elderly individuals, and the very young whereas fan cooling
is an ineffective strategy (92, 262). Metropolitan cities expe-
rience higher temperatures than surrounding urban areas due
to reduced vegetation and large areas of pavement (“urban
heat islands”), which affects the manner in which water and
heat are exchanged between the land and atmosphere (204).
Temperatures may be 30 to 40◦C higher on asphalt roads and
roof tops compared to the surrounding air (110). Across the
entire land mass of the United States, the surface temperature
increased ∼0.3◦C per century because of decreased vegeta-
tion during urban development (173).

Intrinsic risk factors for classic heat stroke include under-
lying illness, cardiovascular insufficiency, and use of alcohol
and medications (Table 2). Concurrent infections may predis-
pose to heat stroke as individuals develop a fever which is
compounded by additional heat exposure or they may already
reside in an immunocompromised state that limits their abil-
ity to rapidly resolve the systemic inflammatory response that
ensues following heat stroke collapse (69, 200, 357). Infants
are at increased risk for classic heat stroke due to high surface
area to body mass ratio (accelerates heat gain), limited mech-
anisms of adaptive thermoregulation (e.g., suppressed behav-
ioral adjustments), increased risk for dehydration, and pre-
existing respiratory infections. Cardiovascular insufficiency
(regardless of age) compromises reflexive adjustments to
environmental heat stress resulting in the inability to main-
tain adequate cardiac output, which predisposes to circulatory
collapse (22, 200, 218, 382). Animal studies have also shown
a reduction in thermotolerance in spontaneously hyperten-
sive rats (405). Alcohol consumption is a risk factor due to
metabolic stimulation and inhibition of vasomotor reflexes
that normally facilitate heat dissipation. The majority of
patients admitted to Chicago’s Cook County Hospital during a
July 1916 heat wave had consumed alcoholic beverages within
24 h preceding the event (122). The high elderly death rate
(>600) during the Chicago 1995 heat wave was associated
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with alcohol abuse, diuretics, aspirin use, hypertension, and
preexisting infections (92). NSAIDs (e.g., naproxen and
aspirin) are one of the most common prescription and over-
the-counter medications used to treat physical ailments of
the elderly. The effect of high environmental temperatures on
NSAIDs toxicity has not been well-appreciated despite early
reports showing increased aspirin toxicity (measured as lethal-
ity) in rats passively exposed to 36◦C versus a thermoneutral
environment (131).

Risk factors predisposing to exertional heat illness are
often more difficult to identify since many victims are young,
physically fit and collapse despite practicing sound heat mit-
igation procedures. Table 2 provides a list of predisposing
factors for exertional heat stroke that have been categorized
according to physiological limitations, environmental factors,
organization practices, training schedules, and medical treat-
ment practices. Although exertional heat stroke patients may
cool spontaneously due to the cessation of metabolic heat pro-
duction and a retained capacity to sweat, accurate diagnosis
and rapid cooling are the most effective treatments to miti-
gate organ damage and ensure survival. Interestingly, many
exertional heat stroke victims experience the same condi-
tion(s) multiple times with no adverse event, are concurrently
exposed to the same condition as other individuals that did
not experience heat stroke, and often collapse unexpectedly
during the early stages of heat exposure (70,263). These obser-
vations suggest that some victims are more vulnerable on a
particular day despite exposure to what might be considered
an otherwise innocuous event. Approximately 50% of Marine
Corps recruits that collapsed from heat stroke were consid-
ered low to medium risk suggesting that physical fitness, low
body mass index, and/or heat acclimatization are not always
sufficient protection (119). Anecdotal evidence suggests that
prior bouts of illness or inflammation may increase the risk of
exertional heat illness regardless of age, acclimatization sta-
tus, or other known risk factors (119). In Singapore, a young
victim had been ill for 3 days prior to collapsing from heat
stroke while performing physical exercise in a relatively cool
environment (78). The occurrence of exertional heat stroke
during the early stages of an exercise bout suggests the vic-
tim was in an immunocompromised state on that particular
day (70, 346). Carter et al. (70) showed under controlled lab-
oratory conditions that cellulitis (i.e., friction blisters) was a
predisposing factor to idiosyncratic hyperthermia in a young,
healthy male volunteer during mild, low intensity exercise in
a hot environment (Fig. 3). The rapid development of hyper-
thermia in some heat stroke victims suggests that fever from
a preexisting illness may augment the normal hyperthermic
response to exercise.

Several mechanisms have been proposed to account for
increased heat stroke risk in individuals with recent illness
or inflammation. Dehydration compromises thermoregula-
tory control mechanisms and was a risk factor in young
male runners that suffered heat stroke following respiratory
or GI illness (301). Yet dehydration alone cannot account
for idiosyncratic cases of exertional heat illness since other
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Figure 3 Idiosyncratic hyperthermia during mild, low-intensity exer-
cise in a hot environment. Higher rectal temperature during exercise-
heat stress on day 3 was associated with cellulitis. Reprinted, with per-
mission, from (69).

subclinical conditions (e.g., cellulitis) that had no effect on
hydration level were still associated with exacerbated hyper-
thermia during exercise-heat stress (70). Proinflammatory
cytokines, such as interleukin (IL)-1β and IL-6 are known
regulators of fever during infection and are often increased
in the circulation and organs of heat stroke patients and ani-
mal models (50,51,210,223). Experimental animals injected
with Escherichia coli lipopolysaccharide (LPS; a nonprolif-
erating component of the gram-negative bacteria cell wall)
or Salmonella enteritidis LPS developed more rapid hyper-
thermia with more robust plasma IL-1β, tumor necrosis factor
(TNF)α, and IL-6 responses as well as elevated liver enzymes
during heat exposure compared to vehicle-injected controls
(37, 143, 220). Infection and heat stroke induce similar ther-
moregulatory (e.g., fever and hypothermia) and inflammatory
(e.g., heat shock proteins and cytokines) responses suggesting
shared mechanisms may mediate the SIRS that culminates in
multi-organ dysfunction or failure.

An alternative hypothesis suggests that prodromal viral
illness may deactivate molecular inflammatory pathways that
normally protect against organ damage during heat exposure
(357). Viruses produce double-stranded RNA (dsRNA) during
replication, which stimulates sickness behaviors associated
with the “flu syndrome” (236). Interferon (IFN) is thought
to mediate body temperature alterations (fever and hypother-
mia), anorexia, and lethargy in response to dsRNA, but IL-1,
IL-6, and TNF have also been implicated in these sickness
responses (109, 174, 176, 185, 237, 375). IFNγ was elevated
in exertional heat injury victims and considered a potential
biomarker of susceptibility to organ dysfunction (232, 357).
Murine endothelial cells showed greater apoptotic death in
response to heat shock when pretreated with IFNγ supporting
a mechanistic role for this cytokine in cellular vulnerability
(2). Marine Corps recruits that collapsed from exertional heat
injury after a bout of viral illness (pneumonia and mononu-
cleosis) showed higher IFN-inducible (IFI) gene expression
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than individuals exposed to the same conditions that did not
experience exertional heat injury (357). Similarly, sudden heat
stroke death of young soldiers in the Israeli Army was precip-
itated by febrile illness, including upper respiratory infection,
gastroenteritis, and meningitis during the two weeks prior
to death (200). Convergent stimulation of cytokine or other
inflammatory pathways that mediate sickness behaviors to
infection may accelerate hyperthermia and exacerbate heat
illness severity (47, 155, 186, 206).

The rapid development of hyperthermia that leads to heat
stroke in otherwise low- to medium-risk individuals may
be due to activation of neuronal pathways of thermogene-
sis in the liver following pathogen exposure (36). The liver
reticuloendothelial system (RES) is comprised of monocytes,
macrophages, and Kupffer cells that detect pathogens and
stimulate the complement cascade for rapid, local produc-
tion of prostaglandin E2 [PGE2 (36)]. The binding of locally
produced PGE2 to receptors on afferent (vagal) neurons pro-
jecting to the POAH are expected to evoke behavioral and
autonomic mechanisms of heat production/heat conservation
and inhibit mechanisms of heat loss for rapid generation of
fever (36). Neuronal thermogenesis is an effective mecha-
nism for rapid fever development during infection and could
rapidly increase body temperature during heat exposure.

Skin disorders and burns
Skin is the largest organ of the body and an important area
for effective heat exchange with the environment. There are
a number of skin disorders that can adversely affect tem-
perature control and increase susceptibility to heat illness.
Miliaria rubra (also known as prickly heat, sweat rash, or heat
rash) occurs when the sweat gland ducts become blocked with
dead skin cells or bacteria (e.g., Staphylococcus epidermidis).
Obstruction of the sweat glands causes eccrine secretions to
accumulate in the ducts or leak into the deeper layers of
the epidermis, causing a local inflammatory reaction asso-
ciated with redness and blister-like lesions. This condition
can increase heat illness risk when a large area of the skin is
affected. Experimentally induced miliaria rubra (40%-70% of
total body surface area) of healthy male volunteers increased
body heat storage and reduced exercise performance time in
a hot environment compared to the responses of individuals
in a nonrash state (285). Exercise-heat intolerance may occur
with miliaria rubra covering as little as 20% of the body sur-
face and can persist up to 3 weeks after the rash appears to
have resolved (284).

Sunburn is an epidermal and dermal reaction to ultraviolet
radiation that causes skin injury (128). Sweating sensitivity,
forearm, and back sweat rates were significantly lower 24 h
after an artificial sunburn compared to responses observed
in protected (control) body regions (283). Severe sunburn to
major portions of the body may result in systemic toxicity
as evidenced by symptoms including chills, fever, nausea,
and delirium (158). Sunburn effects on sweating appear to
be locally mediated and independent of any effects on CNS

mechanisms of sudomotor control (283). Sunburn effects
on the sweat glands and the dermal vasculature may persist
beyond the period that the skin appears to be completely
healed.

Burn-related injuries were reported in ∼180,000 individ-
uals in the United States from 2002 to 2012 with extensive
skin grafts often required to treat the affected areas (14).
The most common type of skin graft is referred to as split-
thickness which consists of the entire epidermis and a portion
of the dermis from a noninjured body site that is grafted to
the burned area. Thermoregulatory control is dependent on
full integrity of the skin including functional sweat glands
and sweat ducts that maintain neural innervation and vascu-
larization. Most split-thickness grafts do not contain func-
tional sweat glands such that revascularization and neural
control of blood flow must be reestablished at the grafted
site for thermoregulatory control to be supported. There are
several reports of higher rectal temperature and diminished
thermal tolerance in patients with healed burns over 40%
of their body (30, 314, 336, 338). In a small study (N = 2-
3 patients per group), burns on 60% or greater surface area
of the skin showed moderate increases in rectal temperature
and heart rate, which did not differ from unburned subjects
(21). Although these findings contradict other observations of
the effect of burns on the human thermoregulatory response,
additional studies are needed to confirm the findings from
this small study. Davis et al. (88) showed attenuated cuta-
neous vasodilation at the grafted site of burn victims fol-
lowing whole body heating that persisted for >4 years after
surgery. Conversely, vasoconstrictor responses to whole body
cooling remained intact in grafted skin regardless of surgical
recovery time (89). These findings suggest that grafted skin
is capable of normal reinnervation of the cutaneous vasocon-
strictor response, but the vasodilator limb of thermoregulatory
control appears to be compromised. The mechanisms respon-
sible for these selective vasomotor responses in skin grafted
individuals remain to be elucidated. A comprehensive review
of the cutaneous vascular and sudomotor responses in human
skin grafts is provided elsewhere (86).

Malignant hyperthermia
Malignant hyperthermia (MH) is a pharmocogenetic disorder
characterized by hypercapnia, tachycardia, metabolic acido-
sis, muscle rigidity, and late onset of hyperthermia (93). The
MH syndrome is triggered by exposure to volatile anesthet-
ics (e.g., halothane and isoflurane) or succinylcholine which
induces massive release of calcium from the type I ryanodine
receptor (RyR1) of the sarcoplasmic reticulum of skeletal
muscle (277). cDNA cloning studies have identified three dis-
tinct isoforms of the RyR in mammalian tissues (246). RyR1
and RyR2 are abundantly expressed in skeletal and cardiac
muscle whereas RyR3 is predominantly expressed in smooth
muscle and epithelial cells with lower levels observed in neu-
rons, skeletal and cardiac muscle (124). RyR1 and RyR2 share
>60% amino acid sequence identity and respond similarly to
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a number of substances including caffeine, Ca2+, Mg2+, and
ATP (365). MH-susceptible individuals are identified by caf-
feine, halothane, or 4-chloro-m-cresol stimulation of skeletal
muscle biopsies using an in vitro contracture test (313, 418).

Dantrolene is a postsynaptic skeletal muscle relaxant that
inhibits calcium release from the sarcoplasmic reticulum by
either direct or indirect interaction with the RyR1 receptor
(287). Recent studies suggest that dantrolene may also interact
with the RyR2 receptor although these interactions appear to
be dependent on posttranslational modification of Ca2+ chan-
nels and/or gene expression of an accessory protein (290).
Dantrolene sodium is currently the only effective pharmaco-
logic treatment for MH and is used in conjunction with cessa-
tion of anesthesia and rapid cooling to prevent heat stroke in
these patients. Mortality rates of untreated MH patients may
exceed 90% but survival has significantly increased due to
improved monitoring standards, early detection, and dantro-
lene treatment (227).

MH has been identified in several animal species, includ-
ing dogs (274), boars (332), cats (29), and horses (13), but
the most common experimental animal is a porcine model
that possesses a single RyR1 gene mutation in skeletal mus-
cle. These animals develop the MH syndrome in response to
inhalational anesthetics as well as exercise, heat, and other
stressors. Exposure to mild exercise prior to anesthesia accel-
erated progression of the MH syndrome and shortened the
latency to death, suggesting inflammatory mediators released
by skeletal muscle may predispose to MH (378). A small
subset (∼5%-10%) of MH patients also develop reactions to
exercise, heat exposure, and emotional stress, which has led
to the hypothesis that excessive Ca2+ release from the RyR1
is an underlying etiology for both MH and exertional heat
stroke (93, 395). However, excessive skeletal muscle Ca2+

release has not been implicated as a mechanism of heat stroke
pathophysiology in normal (non-MH) patients or animal mod-
els and dantrolene efficacy has not been established for heat
stroke. Dantrolene was evaluated for efficacy of a nonexer-
tional anesthetized canine heat stroke model (body temper-
ature = 43◦C), but failed to show an effect on cooling rate,
hemoconcentration, prothrombin time (one of several clini-
cal measures of disseminated intravascular coagulation; DIC),
mean arterial blood gas responses, serum chemistries, or organ
damage through 12 h of recovery (15). Similarly, therapeutic
intervention of an immature pig heat stroke model (body tem-
perature = 43◦C) with dantrolene and conventional cooling
did not significantly improve cardiovascular responses com-
pared to conventional cooling methods alone (419). Moran
et al. (256) reported enhanced cooling of rats following treat-
ment with dantrolene compared to saline at the time of heat
stroke collapse (body temperature ≤43◦C), but the effect of
dantrolene alone on the body temperature of nonheated con-
trol rats was not examined. In a sheep model of heat stroke,
dantrolene did not provide a significant benefit compared to
conventional cooling methods consisting of fluid resuscita-
tion, sponging with room temperature water, mechanical fan-
ning, and gastric lavage (419). Channa et al. (76) reported

more rapid cooling time of heat stroke patients treated with
dantrolene compared to conventional cooling methods alone,
but neurological sequelae during recovery were virtually iden-
tical between groups. In a randomized double-blind controlled
study of heat stroke patients, dantrolene sodium treatment had
no effect on mean cooling times, complications, or recovery
as determined by the mean number of hospital days (42).

With the exception of heat cramps, muscle rigidity is
not an exertional heat stroke symptom of non-MH patients
whereas this is one of the primary manifestations of the MH
syndrome. As such, an inability to demonstrate efficacy of
dantrolene for the treatment of heat stroke is likely due to
differing etiologies for the development of these conditions.
Prophylactic treatment with dantrolene also appears unwar-
ranted as heat stroke patients often display heart, kidney, and
liver dysfunction and chronic dantrolene treatment adversely
affects the function of these organs (74, 205, 278, 290, 328).

Heat stroke complications
Despite normalization of core temperature with cooling, up
to a third of heat stroke patients continue to display core tem-
perature disturbances and progression to multi-organ system
dysfunction or failure (42, 238). Complications may range
from a sustained alteration of the level of consciousness to
full-blown DIC, acute respiratory distress syndrome (ARDS),
acute kidney, cardiac, GI, and liver dysfunction or failure
(Table 3). Necropsy studies in human victims of classic and
exertional heat stroke as well as animal heat stroke mod-
els suggest that end organ failure is primarily due to heat-
induced necrotic and apoptotic cell death with contributions
from widespread microthrombosis, hemorrhage, and inflam-
matory injury [(52, 61, 62, 238) Fig. 4].

Table 3 Frequency of Organ Dysfunction in 486 Classic Heat Stroke
Patients Admitted to ICU During the United States and European Heat
Waves

Organ dysfunction
Number of
patients (n)

Frequency
range (%)

CNS 418 80.3-100

Cardiovascular 255 43.4-65.2

Hematologic 275 3.6-75

Respiratory 415 47-98.8

Renal 307 34.9-74.6

Liver 141 0-2.4

Hospital mortality 486 21-65

Neurologic impairment at
hospital discharge

141 33-100

Additional mortality at 1-year 39 9-28

Adapted from references (18,92,251).
Organ dysfunctions were defined as follows: Central Nervous System
(GCS < 8); cardiovascular (need of vasoactive drugs); hematologic
(platelet count < 150,000); respiratory (need for mechanical ventila-
tion); renal (serum creatinine > 120 μmol/L); and liver (bilirubin >

20 μmol/L).
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Figure 4 Hematoxylin and eosin (H&E) of multiple organ damage in heat stroke and control baboons. (A) H & E.
Controls, no abnormalities (A, D, G, J, and M). Severe heat stroke baboons (B, E, H, K, and N) display vascular con-
gestion and/or hemorrhage (straight arrows), thrombi (arrow-heads), increased inflammatory cells (dashed arrows),
and disruption of architecture (asterisks). Moderate heat stroke shows similar changes but less severe (C, F, I, L, and
O). Reprinted with permission, from (303).

Body temperature responses

Hyperthermia is the most outstanding feature of heat stroke
and core temperature is often relied on to distinguish the level
of heat severity. However, a low core temperature should not
rule out heat stroke, if the history and physical findings are
otherwise consistent with the diagnosis. Body temperature at

the time of clinical presentation may vary considerably due to
delayed measurement (cooling or other clinical interventions
prior to temperature measurement), individual differences in
acclimatization status, or different anatomical sties of tem-
perature measurement. As such, the maximum recorded body
temperature of heat stroke victims may show poor correlation
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with the extent of organ damage. Rectal temperatures as
high as 42.7◦C were reported in competitive runners with no
adverse clinical signs suggesting acclimatization to repeated
hyperthermia during intensive training regimens provided
protection against organ damage (240). Wide-ranging values
have also been reported for lethal body temperature of
experimental animals including monkeys [∼44.5◦C (120)],
dogs [37.7-41.7◦C (5,101)], cats [∼43.5◦C (5)], sheep [43.7-
44.0◦C (142)], rats [40.4-45.4◦C (5,102,159,230,279,405)],
mice [38.7-45◦C (212, 402, 406)], and salamanders [∼33◦C
(164)]. The wide variability in experimental heat stroke
temperatures is largely a consequence of differences in exper-
imental design, although species differences in body size and
other physiological factors that affect heat exchange likely
contribute.

The body temperature profile displayed during heat expo-
sure in experimental animals is characterized as a triphasic
hyperthermic curve. This response consists of a rapid increase
in body temperature on initial heat exposure followed by
establishment of an equilibrium plateau, which represents the
period during which physiological and behavioral reflexes are
stimulated to enhance heat loss and reduce heat gain. The final
phase of hyperthermia is characterized by a rapid increase
in body temperature due to thermoregulatory breakdown that
leads to collapse (279). This body temperature response is pre-
dictable and highly reproducible among experimental models
and has been used to identify strain and species differences in
heat stroke tolerance (50, 211, 212, 220, 223, 405, 406).

It is unknown if the hyperthermic response of humans
shows a similar triphasic profile. Thermal area (i.e., the area
under the hyperthermia curve) represents the time–intensity
relationship of heat exposure, which has been shown to cor-
relate with heat stroke severity in a variety of animal models
(52, 161, 212, 341). Similarly, rapid cooling for minimization

of the area under the curve is the most effective treatment
for heat stroke patients (72, 346, 407) In addition to the body
temperature response to heat stroke, downstream signaling
events initiate a complex cascade of inflammatory pathways
that have been investigated as the ultimate mediators of multi-
organ dysfunction and death (52, 207, 308).

Hypothermia and/or recurrent hyperthermia (also referred
to as fever) are body temperature responses that are often dis-
played by heat stroke patients and animal models during the
hours, days, and weeks of recovery (212,238,346). Aggressive
cooling of heat stroke patients may cause a rapid undershoot
of body temperature to <37◦C whereas hypothermia to tem-
peratures as low as ∼30◦C are commonly observed in small
rodents allowed to passively cool (212, 213, 230, 311, 406).
Hypothermia in heat stroke patients was suggested to be a
dysregulated thermoregulatory response following thermal
damage to the POAH (238). Yet, there is no clinical or exper-
imental evidence to indicate that the POAH is damaged in
response to heat stroke despite evidence of extensive histolog-
ical damage to other CNS regions (125,154,213,238). Mala-
mud et al. (238) performed autopsy of 125 military exertional
heat stroke victims and failed to detect histological damage to
the POAH despite the occurrence of hypothermia, recurrent
hyperthermia, cerebral edema, degeneration of the Purkinje
cells of the cerebellum and extensive histological damage
to peripheral organs, including the spleen, liver, and kidney.
Experimental animal models often display hypothermia dur-
ing heat stroke recovery, but recent evidence suggests this is
a regulated response that occurs in response to a decrease
in the temperature set point [Table 4 (213)]. Hypothermia
in heat stroke mice occurred in the absence of histological
damage to the POAH (219). The infrequent observation of
hypothermia in heat stroke patients is not particularly sur-
prising given the smaller surface area to body mass ratio of

Table 4 Hypothermia and Fever During Heat Stroke Recovery

Species
Body temperature
after collapse

Hypothermia during
recovery Fever References

Cat NS 33.5, 35.0◦C NR (5)

Guinea Pig NS 37◦C NR (5)
43.9◦C 34◦C NR (311)

Mouse 42◦C 32◦C NR (406)
38.7-41.9◦C 29-35◦C NR (402)
42.4, 42.7,
43.0◦C

29-32◦C ∼1◦C
(∼8 h)

(90,211-213)

Rat 41.5-42.8◦C 35-36◦C NR (230)

Salamander 33.7◦C 10◦C below controls
(3 days)

— (164)

Human 36.5-44◦C
38.5-44◦C
38-42◦C

∼1◦C
—
—

>5◦C above normal
24 hours to 7 days
37.4-38◦C
(3-21 days of recovery)

(238)
(22)
(346)

NS, not specified; NR, not recorded due to short observation period; —, body temperature response not observed;
human maximum body temperature was recorded following cooling treatments.
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Figure 5 Cerebellar atrophy is a common heat stroke response shown by computer tomography (CT) scan. A 45-
year-old man was unconscious and hyperthermic with convulsions at the time of hospital admission. (A) Cerebellum
appeared normal 2 weeks following collapse, but showed progressive atrophy from 10 weeks (B) to 11 weeks (C) of
recovery. Hypothalamic damage was not reported in this patient. With, kind permission, from Springer Science and
Business Media (12).

humans compared to mice (creates a larger thermal inertia for
heat dissipation) and the multitude of clinical interventions
that may mask the response. It remains unknown if cooling
of heat stroke patients to a hypothermic level will provide
protection against organ damage, such as occurs with the use
of clinically induced hypothermia for the treatment of other
severe conditions, including cardiac arrest (167), traumatic
brain injury (163), and stroke (97, 239).

The most common thermoregulatory response observed
during heat stroke recovery of patients and animal models is
recurrent hyperthermia [also referred to as rebound hyperther-
mia or fever; Table 4 (212, 238, 248, 346)]. A rapid increase
in body temperature during the initial hours following heat
stroke is typically regarded as a compensatory peripheral
vasoconstriction response to cooling of the skin surface with
ice packs; conversely, protracted episodes have traditionally
been regarded as disturbances in CNS thermoregulatory con-
trol related to POAH damage (238). Similar to the discus-
sion of hypothermia control, there is no evidence to sup-
port the hypothesis that recurrent hyperthermia is due to a
lack of thermoregulatory control since patients and animal
models that display this body temperature response do not
exhibit POAH damage (213, 238, 346). Interestingly, exer-
tional heat stroke patients rapidly reestablished hyperthermia
following cessation of clinical cooling, which is reminiscent
of Liebermeister’s experimental observations of the reestab-
lishment of fever in rats following experimental cooling of
the POAH (219, 238). Fever in the most severe exertional
heat stroke cases occurred within 3 days of collapse and was
associated with petechial hemorrhages of the ventricle walls
and hypothalamus [region not specified (346)]. Fever also
occurred in mild heat stroke cases that did not experience his-
tological damage to the POAH (346). The Purkinje cells of
the cerebellum are particularly heat sensitive such that cere-
bellar atrophy is a common clinical observation that is asso-
ciated with ataxia or other functional impairments [(12, 244)

Fig. 5]. Severe CNS dysfunction (e.g., coma) was associated
with cerebral edema that presented as a loss of gray-white
matter discrimination, which was the only notable abnormal-
ity (366). Neurological impairments in heat stroke patients are
thought to be a consequence of increased intracranial pressure
from reduced cerebral blood flow, cerebral ischemia, and pos-
sibly intracranial hemorrhage (272). Despite the emergence
of sensitive imaging technologies for clinical assessments,
damage to the POAH region has not been documented in
heat stroke victims that present with CNS and neurological
abnormalities.

Fever represents an adaptive immune response to infec-
tion and inflammation whereas recurrent hyperthermia has
been anecdotally associated with poor outcome in heat stroke
patients. An amateur long-distance runner was hospitalized
for 10 days following collapse from exertional heat stroke
during a 6-mile foot race (248). Moderate fever (>38◦C)
was evident during the first 4 days of hospitalization, but
on the 10th day the patient experienced convulsions and a
rapid increase of body temperature to 41◦C; rapid cooling
and aspirin were ineffective in reducing body temperature
and the patient died (248). The potent antipyretic actions of
classic NSAIDs (such as aspirin) are attributed primarily to
cyclooxygenase inhibition and reduced production of PGE2,
which is considered the POAH mediator of fever during bac-
terial infection. The inability of aspirin to inhibit the rapid rise
in body temperature of the long-distance runner suggests this
was not a true fever response, but rather a pathologic response
to increased metabolic heat production induced by convul-
sions. Indomethacin is an NSAID with potent antipyretic
actions in mice yet had no effect on the fever responses dis-
played by mice the day following classic heat stroke collapse
[(34, 198, 199) Fig. 6]. Given the lack of NSAIDs efficacy
on the fever response to heat stroke, additional research is
required to delineate the mechanisms mediating this body
temperature response during recovery. Many physicians treat
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Figure 6 Mice display ∼1◦C fever the day following heat stroke
that is not attenuated by prior treatment with the nonsteroidal anti-
inflammatory drug, indomethacin. Responses compared to mice that
received no drug or indomethacin in the absence of heat stroke.
Indomethacin had no effect on normal (resting) core temperature.
(A) Circadian core temperature responses; (B) 12-h average daytime
responses. Reprinted, with permission, from (34).

heat stroke patients with NSAIDs, but these drugs are con-
traindicated for this condition due to potential toxic effects on
the liver and the association of this treatment with the need for
liver transplantation in some patients (125,153,154,321,389).

Cardiovascular dysfunction with heat stroke
The primary cardiovascular adjustment to heat stress is
vasoconstriction of splanchnic blood flow with concomitant
cutaneous vasodilation to facilitate heat dissipation (318).
Reductions in splanchnic blood flow are mediated by thermal
receptor stimulation and increased sympathetic activity with
heat and exercise having additive effects on these responses
(317). Hyperthermia, high skin blood flow and dehydration
contribute to a reduction in venous pressure and diastolic
filling, the latter of which is compensated with increased
cardiac contractility in an attempt to maintain adequate stroke
volume (59, 317, 362). The competing thermoregulatory and
metabolic demands during heat stress can impose significant
strain on the cardiovascular system that often results in
syncope and orthostatic intolerance. Aged individuals are

particularly susceptible to these symptoms due to preexisting
cardiovascular insufficiency or medications that impede nor-
mal cardiovascular adjustments to heat stress (18,22,45,218).
Austin and Berry (22) examined 100 cases of classic heat
stroke and found cardiovascular illness in 84% of patients.
Similarly, Levine (218) found classic heat stroke mortalities
in the elderly (200 cases) to be associated with arteriosclerotic
heart disease (72%) and hypertension (12%). During the
European heat wave of 2003, France reported ∼15,000
classic heat stroke deaths in 9 days with cardiovascular and
pulmonary illnesses identified as contributing factors to the
high death toll (18, 197, 251).

Cardiovascular abnormalities in heat stroke (regardless
of age or other predisposing factors) may include a weak
or irregular pulse, ventricular tachycardia, multiform ven-
tricular premature complexes (PVCs) and arterial hypoten-
sion (101, 201, 247). Tachycardia and tachypnea are com-
mon and accompanied by hypotension in approximately one
third of classic heat stroke cases (42). More detailed cardiac
abnormalities have been reported in heat stroke patients than
animal models and include PVCs, ST segment depression,
and T-wave changes consistent with myocardial ischemia
and infarction, sinus tachycardia, and hypo- or hyperten-
sion that present with or without global myocardial dam-
age (7,9,85,182,238,335,337,342,346,414). Hypocalcemia
and hyperkalemia have been implicated in Q-T interval pro-
longation and S-T segment abnormalities, respectively, with
heat stroke (7, 190). S-T segment alterations were observed
in Bantu miners for up to ∼5 months of recovery and thought
to reflect myocardial injury as evidenced by subendocardial
and myocardial hemorrhages with marked interstitial edema
(182). Myocardial damage was associated with elevated
venous pressure and pulmonary edema whereas subendocar-
dial petechial hemorrhages and localized areas of myocar-
dial necrosis are common autopsy findings (190, 238, 346).
Yarom et al. (415) proposed that endomyocardial fibrosis
may be an endemic condition in the tropics due to the toxic
effects of prolonged environmental heat exposure on cardiac
tissue. Rats exposed to 34◦C and 40% humidity for up to
2 months displayed numerous cardiac histological changes
including focal necrosis, cellular infiltration, and occasional
calcification, but only slight fibrosis (415). Whereas diffuse S-
T segment changes and myocardial ischemia are commonly
reported, myocardial infarction is considered a rare conse-
quence in young heat stroke survivors (117).

Dehydration and electrolyte disturbances

Sweat rates may range from 0.3 to ∼3 L/h during athletic
or occupational activities, depending on the environmental
conditions, type, duration, and intensity of work (79, 178).
Water depletion dehydration develops when the rate of water
replacement is not adequate due to a mismatch between fluid
intake and sweat loss, lack of water availability, or diuretic
medications. If high sweat rates are maintained without ade-
quate replenishment of lost water, this can cause electrolyte

624 Volume 5, April 2015



JWBT335-c140017 JWBT335-CompPhys-3G Printer: Yet to Come February 18, 2015 15:42 8in×10.75in

Comprehensive Physiology Heat Stroke Pathophysiology

imbalances that impede the efficiency of autonomic mech-
anisms of thermoregulatory control. Severe hypernatremic
dehydration is associated with brain edema, intracranial hem-
orrhage, hemorrhagic infarcts, and permanent brain damage
(259).

Sodium, potassium, calcium, and magnesium plasma
concentrations are usually normal and hemoconcentration
is uncommon with classic heat stroke (42, 43). This is
in contrast to exertional heat stroke where hyponatremia,
hypocalcemia, hyperkalemia, and hypoglycemia may occur
(189, 348). Symptomatic hyponatremia is a relatively rare
condition, but has been observed in marathon runners and
military recruits during training exercises in response to over-
consumption of hypotonic fluids with inadequate replace-
ment of sodium losses (254, 273). Intracellular swelling as
a consequence of hyponatremia may cause CNS dysfunction.
Hypocalcemia has been attributed to rhabdomyolysis due to
sequestration of calcium by the skeletal muscle, but may not
be the only causal factor (191, 360). Potassium is a potent
vasodilator of blood vessels to skeletal and cardiac muscle
and excess loss of this electrolyte can lead to hypokalemia
resulting in decreased sweat volume, cardiovascular instabil-
ity and reductions in muscle blood flow that predispose to
rhabdomyolysis (192, 334).

Hyperkalemia may be a consequence of release of potas-
sium from liver or muscle or a shift of potassium from cells
to plasma due to acidosis (64, 184, 361) and has been associ-
ated with heat stroke deaths during annual heat waves (360).
Hyperkalemia has been implicated as a cause of ST-segment
elevation and may precipitate these symptoms in classic heat
stroke patients (217). Hypokalemia may be a consequence of
overproduction of aldosterone, excessive sweating, or res-
piratory alkalosis resulting in polyuria and increased uri-
nary potassium loss (360, 393). Potassium deficiency has
been associated with increased lactate dehydrogenase (LDH),
aspartate aminotransferase (AST), and creatine phosphok-
inase activities in humans and dogs (193, 380). Potassium
deficiency of various causes may be due to the loss of muscle
cell membrane integrity or enhanced membrane permeability.

Acid base disturbances

Hyperventilation and elevation of core temperature will result
in respiratory alkalosis, which may be masked in exertional
heat stroke patients by metabolic acidosis due to increased
glycolysis and hyperlacticacidemia (77, 261). Mixed respi-
ratory alkalosis with metabolic acidosis is the predominant
acid-base alteration in most patients with classic heat stroke
(42, 92, 360). Acute compensatory respiratory alkalosis may
occur in response to increased respiratory effort; after sev-
eral hours, a mixed clinical picture of acidosis and alkalosis
may lead to a predominant metabolic acidosis due to sus-
tained organ damage. Severe metabolic acidosis is a common
manifestation of exertional heat stroke and may be a con-
sequence of an impaired ability of the liver to rapidly clear
lactic acid from skeletal muscle for glucose conversion (189).

Classic heat stroke was associated with respiratory alkalosis
following by progressive metabolic acidosis and decreased
bicarbonate levels at temperatures above 42◦C in dogs (235).
The presence of respiratory alkalosis, metabolic acidosis or
both will be dependent on the contributing factors and dura-
tion of heat exposure. Elevated CO2 with accompanying tis-
sue acidosis and reduced pH may impair thermoregulation
via excitation of hypothalamic warm-sensitive neurons that
receive afferent input from peripheral chemo- and barorecep-
tors (367-369). Stimulation of warm-sensitive neurons within
the POAH would cause a reduction in heat-loss responses
and facilitate the development of severe hyperthermia dur-
ing heat exposure. CO2 effects on POAH neurons appear to
be due to changes in pH as warm-sensitive neurons within
hypothalamic tissue slices decreased their firing rate to iso-
capnic acidosis (i.e., normal CO2 with decreased pH), but not
isohydric hypercapnia [i.e., increased CO2 with normal pH;
Fig. 7 (404)].

Hematologic disturbances
Hematologic disturbances usually consist of leukocytosis,
normal hematocrit values, and normal or low platelet counts
(40). Leukocytosis is due to both neutrophilia and lympho-
cytosis. There is a significant alteration in the distribution
of lymphocyte subsets reflected by a marked decrease in the
ratio of T-helper cells (CD4) to –suppressor/cytotoxic cells
(CD8) together with an increase in natural killer cells (CD16).
Thrombocytopenia may be associated with DIC.

Coagulopathy is a common complication of severe heat
stroke. It ranges from subclinical activation of coagulation
and fibrinolysis to fatal hemorrhagic diathesis and widespread
microthrombosis in most organs of the body at necropsy
(11, 41, 238). A number of clinical studies attributed cell
injury, end organ failure and death in heat stroke to exces-
sive activation of coagulation and its extreme manifestation
of DIC (11,92,104,245,251,354). Microvascular thrombosis
is characterized by fibrin deposition and/or platelet aggre-
gation that occludes arterioles and capillaries (216). Coag-
ulopathy may worsen during the first few days after cool-
ing and result in bleeding diathesis (11, 78, 238). Bleeding
diathesis (also known as consumptive coagulation) is charac-
terized by excessive blood loss as the consumption of platelets
and coagulation proteins outpaces production (20, 28). Heat
stroke patients may experience hemorrhagic complications
such as prolonged bleeding from venipuncture sites or other
areas, including the gums (183). Thermal injury to the vascu-
lar endothelium is considered the primary event that initiates
coagulation in heat stroke patients (41, 47, 260). In vitro heat
exposure (43-44◦C) was shown to activate platelet aggrega-
tion and cause irreversible hyperaggregation that persisted
despite cooling (113, 400). Treatment of cancer patients with
whole body hyperthermia treatment at body temperatures
as low as 39◦C was associated with decreased fibrinogen
and plasminogen, altered factor VII activity at 41.8◦C and
decreased platelet concentrations through 18 h of recovery
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Figure 7 Firing rate responses of two warm-sensitive neurons in a preoptic hypothalamic tissue
slice. Each record shows spontaneous firing rate (impulses/s) and tissue slice temperature (◦C) with
thermal coefficient expressed as imp·s−1·◦C−1 (A) Decreased firing rate of a warm-sensitive neuron
during hypercapnia and isocapnic acidosis. (B) Decreased firing rate of a warm-sensitive neuron to
two hypercapnic exposures with no response during isohydric hypercapnia. Reprinted, with permission,
from (404).

(363). Experimental studies in baboons demonstrated that
the tissue factor/factor VII pathway initiates the activation
of coagulation (38,303). Importantly, its complete neutraliza-
tion with a tissue factor/factor VII pathway inhibitor failed
to decrease cellular injury and organ dysfunction, suggesting
that coagulation activation is not a prerequisite of cell injury,
organ failure, and death in classic heat stroke (38).

IL-1, TNF, activated protein C (APC) and high mobil-
ity group box 1 (HMGBI) have all been implicated in the
regulation of coagulation, anticoagulation, and fibrinolytic
pathways. Cytokine modulation of DIC is supported by sev-
eral lines of evidence including: (i) increased plasma levels
of IL-1β, IL-6, and TNF in patients with DIC, with high
IL-6 correlating with organ failure (386-388), (ii) IL-1, IL-
2, IL-6, IL-8, IL-10, IL-12, and TNF-induced alteration in
coagulation (23, 169, 264, 293, 379), and (iii) efficacy of neu-
tralizing cytokine antibodies for attenuation of coagulation
(282, 327). In the Paris heat wave of 2003, a link was estab-
lished between elevated circulating levels of proinflammatory
cytokines, neutrophil activation, and coagulation in elderly

classic heat stroke patients (162). HMGB1 is a 30 kDa pro-
tein constitutively expressed in the nuclei of eukaryotic cells.
HMGB1 signals through advanced glycation end-products
(RAGE) and Toll-like receptor (TLR)2 and TLR4 to induce
nuclear NF-κB translocation for transcriptional control of
cytokines (253, 286, 394, 411). HMGB1 in combination with
thrombin causes excess fibrin deposition in glomeruli, pro-
longed clotting times, and increased sepsis mortality com-
pared to thrombin alone (165). Tissue factor is a cell surface
receptor expressed by monocytes and vascular endothelial
cells; increased expression of tissue factor results in initi-
ation of the coagulation cascade. Tissue factor expression
is stimulated by IL-1α, IL-1β, IL-6, IL-8, TNF, leukemia
inhibitory factor, IFNγ, and monocyte chemoattractant
protein (MCP)-1 whereas TGFβ, IL-4, IL-10, and IL-13
inhibit this protein (91, 157, 264, 293, 331). HMGB1 stimu-
lated vascular endothelial cells to express tissue factor mRNA
and protein in a concentration- and time-dependent manner
(234). This response was attenuated following neutralizing
antibody blockade of RAGE, TLR2, and TLR4 receptors
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indicating the effects of HMGB1 are mediated through these
receptors (234). HMGB1 stimulated tissue factor expression
on monocytes and inhibited the APC pathway in vitro (165).
Cytokines can also modulate the protein C-protein S anti-
coagulation pathway at several levels, preventing proteolytic
cleavage of several factors (Va and VIIIa) involved in the
coagulation pathway (299, 410).

Gut Epithelial Permeability and
Bacterial Translocation
The primary cardiovascular response to heat exposure is an
increase in skin blood flow, which facilitates dry heat loss
to the environment and a reduction in total body heat stor-
age. Increased skin blood flow is facilitated by a reduction
in splanchnic blood flow, which is a compensatory response
to maintain mean arterial pressure while blood is shunted
to the skin surface for thermoregulatory control. The GI
mucosa normally protects the systemic environment from bac-
terial products contained within its lumen. However, sustained
restrictions in splanchnic blood flow results in ATP depletion,
hypoxia, free radical production, acidosis, and cellular dys-
function that makes the GI mucosa “leaky” allowing gram-
negative and gram-positive bacteria to translocate into the
portal or systemic circulation (126,145-147). Oxygen tension
is naturally lower at the tip of the intestinal villus compared to
arterial blood. A blood flow reduction is expected to decrease
tissue oxygenation and increase mucosal acidosis leading to
epithelial cell injury (26, 280). Hyperthermia in combination
with cellular hypoxic stress has been associated with GI dam-
age that promotes bacterial translocation into the systemic
circulation (145, 203). Large regional zones of hypoxic cells
in the intestinal mucosa of rats were particularly evident in the
villi (145). The high metabolic rate of the upper intestine com-
pared to the other regions suggests this region would be more
susceptible to hypoxia (345). In vitro models have demon-
strated that hyperthermia alone (typically in the same range
as that associated with intestinal damage in vivo) is sufficient
to cause epithelial barrier disruption or damage and changes
in tight junction protein expression that may be a mechanism
that mediates increased permeability (98, 203, 271). Direct
comparison between in vitro hyperthermia and in vivo heat
stroke indicated that the pattern of intestinal injury differs
between these models, although it may simply be a conse-
quence of more prolonged, severe heat exposure in most cell
culture systems (271).

It has been suggested that hyperthermia during heat expo-
sure results from an inability to dissipate heat as well as
an increase in the temperature set point that initiates fever
in response to endotoxin leakage from damaged gut mem-
branes (143, 144). Fever in combination with heat exposure
will accelerate the increase in body temperature resulting in
more rapid collapse to heat stroke. Several studies examined
the effect of a peripheral injection of LPS on the body tem-
perature response of experimental animal models during heat

exposure. In a rat model of heat stroke, low and high doses of
LPS had no effect on body temperature to heat stress, whereas
moderate doses improved thermal tolerance by shifting the
critical thermal maximum (the minimum lethal body temper-
ature) from 42.7 to 43.1◦C (67). Conversely, indomethacin
is a potent inhibitor of LPS-induced fever that had no effect
on heat-induced hyperthermia suggesting the temperature set
point was not altered during heat exposure (67). Rabbits
injected with LPS showed a significantly faster increase and
longer duration of hyperthermia than vehicle-treated animals
once they were returned to a temperate environment (37).
Indomethacin abated hyperthermia during heat exposure of
rabbits, which differed from the lack of effect of this NSAID
on the response of rats to a similar combination of stimuli.
Additional experimentation will be required to determine if
discrepancies in the effect of NSAIDs on hyperthermia during
LPS and heat exposure is due to nonspecific effects of the drug
on normal body temperature or species-specific responses that
remain to be elucidated (37, 323).

The liver RES is the major clearance site for endotoxin
and this function is likely responsible for inconsistencies in the
ability to detect circulating endotoxin under mild or moderate
heat stroke conditions. In a rat model of classic heat stroke,
chemical (zymosan), bacterial (endotoxin), and environmen-
tal (prior heat stress) stimulation of the RES was effective
in reducing heat stroke mortality whereas inhibition of the
RES worsened outcome (103). However, there appears to be
a core temperature threshold above which the RES may no
longer function optimally due to heat-induced damage that
causes liver dysfunction. Splanchnic blood flow is decreased
at temperatures of ∼40◦C but compromised liver function is
typically not observed until core temperature exceeds ∼41 to
42◦C (54, 78, 180). Hall et al. (147) showed an association
between increased oxidative stress and portal endotoxemia
in rats heated to a colonic temperature of 41.5◦C, but cir-
culating endotoxin was undetectable. In primates, elevations
in circulating endotoxin were detectable as core tempera-
ture approached 41.5◦C with a precipitous increase observed
at ∼43.0◦C (120). Few studies have cultured bacteria from
classic heat stroke patients, but LPS was observed in the cir-
culation of patients with core temperature ∼42◦C (51). A
fatal exertional heat stroke patient that experienced hyperther-
mia >43◦C presented with circulating endotoxin and gram-
negative sepsis that was associated with severe necrosis of the
liver (134).

Physically fit individuals may be more resistant to heat
stroke due to bacterial tolerance that develops following endo-
toxin exposure during repeated bouts of strenuous physical
activity. Training adaptations were associated with lower cir-
culating endotoxin and elevated anti-inflammatory cytokine
levels compared to those observed in untrained individuals
(333). Endurance trained rats were able to perform more
work, sustain a greater thermal load and experience higher rec-
tal temperatures than untrained rats prior to collapsing from
exhaustion (111). Training not only reduced the rate of rise in
body temperature, but imparted a survival advantage at body
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temperatures up to ∼42.6 to 43◦C (111). Importantly, these
rats were trained for 6 weeks in a cool environment to pre-
vent repeated hyperthermia exposures indicating that thermal
tolerance was not the mechanism responsible for improved
heat stroke survival (111). Physically trained sheep showed
improvements in cardiovascular capacity, as evidenced by
higher cardiac output and lower heart rate, that was associ-
ated with increased blood flow to the brain and ileum during
heat exposure (322). Indomethacin attenuated hyperthermia
of sedentary, but not fit sheep suggesting training improved
gut barrier membrane integrity and reduced intestinal endo-
toxin leakage and the induction of fever during heat exposure
(322).

Despite the potential benefits of physical training, ultra-
endurance activities are often associated with symptoms that
mimic those observed in severely ill (e.g., septic or heat stroke)
patients. Increased circulating endotoxin levels in patients can
manifest as several types of symptoms including dizziness,
nausea, fever, and GI complaints that may include vomit-
ing and diarrhea (381). Severe diarrhea and vomiting may
occur with exertional heat stroke (151). Ultraendurance ath-
letes often report GI problems such as intestinal cramps, diar-
rhea, or blood loss in the feces that may be indicative of
increased intestinal permeability (60,177,300,302,364). The
majority (∼81%) of runners participating in the Comrades
Marathon showed high circulating endotoxin levels follow-
ing completion of the race that correlated with the incidence
of nausea, vomiting, and/or diarrhea (56). Although endo-
toxemia after strenuous or ultraendurance exercise has been
reported, this finding does not always correlate with gut symp-
toms (25, 255). Increased LPS and IgG anti-LPS levels did
not correlate with GI symptoms during running or cycling in
ironman triathletes (171). Decreased IgG antiendotoxin lev-
els during the days following long distance athletic events
suggests continual leakage of endotoxin is occurring during
the protracted recovery period (56, 171). Ibuprofen use the
day prior or during a 160-km ultramarathon race was associ-
ated with 106% increase in plasma LPS levels compared to
athletes that did not use the drug (267). Race time, GI dis-
comfort, muscle damage, and perception of muscle soreness
did not differ between groups (267). NSAIDs have not been
shown to alleviate muscle soreness or muscle damage fol-
lowing contraction-induced muscle injury (99, 291, 374), but
increased GI permeability and decreased kidney glomerular
filtration rate have been observed (106, 202, 320, 351). These
findings suggest that NSAIDs usage may exacerbate organ
damage with exertional heat stroke, but this hypothesis has
not been tested.

Oral antibiotics were effective in reducing hyperthermia
and the incidence of endotoxemia in several heat stroke mod-
els. The rise in core temperature and incidence of endotox-
emia in rabbits was reduced with oral antibiotics (65). Dogs
pretreated with an antibiotic regimen that reduced gut lumen
bacterial content experienced more than threefold increase in
classic heat stroke survival compared to untreated controls
[rectal temperature ∼43.5◦C (66)]. In primates, pretreatment

with anti-LPS hyperimmune serum was effective in reversing
mortality following severe classic heat stress, but the protec-
tive effect was no longer evident with ∼0.3◦C further increase
in rectal temperature [43.5 vs. 43.8◦C (121)]. Therefore, heat
cytotoxicity alone may account for mortality under extreme
heat stroke conditions. Dubose et al. (102) reported similar
findings in endotoxin-tolerant rats which were protected from
classic heat stroke mortality under moderate, but not severe
heat stress.

Systemic Inflammation and Organ
Damage
The systemic inflammatory response syndrome
The sequelae of classic and exertional heat stroke are
thought to be a consequence of high tissue temperatures and
underperfusion of the vascular beds that induces oxida-
tive/nitrosative stress and cellular damage (203). Prolonged
heat exposure can compromise cardiovascular adjustments
and lead to exercise-induced syncope, myocardial ischemia
and circulatory failure. Endotoxemia following reduced per-
fusion of the viscera and resultant cytokine production have
been implicated in a SIRS that often culminates in multi-organ
dysfunction syndrome and death (47). Histological damage to
the gut, kidney, liver, and other peripheral organs are common
with both classic and exertional heat stroke, but the molecular
inflammatory mechanisms mediating these changes remain
poorly understood (18, 238, 347).

A standard clinical heat panel comprised of a Compre-
hensive Metabolic Profile, Complete Blood Count (CBC),
creatine kinase (CK), and urinalysis is currently used to
assess organ damage during heat stroke hospitalizations (276).
Physicians are reliant on circulating and physiological mea-
surements for acute management of heat stroke; however,
these are not always reliable indicators of residual organ dam-
age and may result in a return to normal activities or return
to “play” despite increased risk of a subsequent heat event
(275,390). Provided below is a description of current clinical
biomarkers of organ damage as well as additional biomarkers
that are not currently used for heat stroke assessment, but may
improve diagnostic accuracy of heat stroke severity.

Biomarkers and mediators of organ damage
Traditional clinical biomarkers of damage include high circu-
lating CK levels (skeletal muscle), blood urea nitrogen (BUN;
kidney), AST (liver), and ALT (liver). Many of these biomark-
ers are altered by heat as well as exhaustive exercise and
released by multiple organs and tissues, which limits their
diagnostic value for accurate clinical assessment of organ
damage (129). High circulating CK levels may be indicative of
rhabdomyolysis, myocardial infarction, muscular dystrophy,
or acute renal failure (289, 391). BUN is reflective of blood
urea content, which is secreted from the liver and removed by
the kidneys. As such, elevated BUN concentrations may be
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indicative of impaired liver or renal function. Alternatively,
high BUN levels may be unrelated to heat stroke as they are
increased with fever, burns, and consumption of high protein
diets (4,315). AST and ALT are common clinical biomarkers
of liver function in heat stroke patients despite multiple tissue
sources and occasional false-negative results. AST is released
by the liver as well as skeletal muscle and may be reflective
of congestive heart failure, viral hepatitis, mononucleosis, or
muscle injury. ALT is released by red blood cells as well as the
liver, heart, skeletal muscle, kidney, and brain. Unfortunately,
many heat stroke patients have preexisting conditions that
elevate biomarkers in the absence of heat stress, which limits
their reliability for accurate organ damage assessment in these
patients (129, 139, 344). Furthermore, exercise may induce
similar inflammatory mediators as heat stress suggesting that
distinctions between these stimuli may depend on the level as
well as the pattern of release (160, 179). High enzyme levels
are often observed during the acute phase of recovery in clas-
sic heat stroke patients whereas they tend to peak later (∼24-
48 h) during recovery in exertional heat stroke patients (140).

Rhabdomyolysis is a form of skeletal muscle injury caused
by the leakage of muscle cell contents into the circulation or
extracellular fluid. Myoglobin released from damaged mus-
cle cells is filtered and metabolized by the kidneys. Elevations
of circulating CK concentration indicative of muscle injury
are observed in classic heat stroke patients; however, overt
rhabdomyolysis with acute kidney injury occurs more fre-
quently with exertional heat stroke. The renal threshold for
filtration of myoglobin is exceeded with severe muscle dam-
age causing protein to appear in the urine as a reddish-brown
color (112). Myoglobin toxicity to the kidney nephrons causes
overproduction of uric acid, leading to acute renal failure,
coagulopathy, and death if not rapidly detected and treated
(24, 112, 226, 289, 393). Clinical markers of rhabdomyoly-
sis include myoglobin, CK, adolase, LDH, ALT, and AST,
which are influenced by several additional factors [type, inten-
sity, and duration of exercise, gender, temperature, altitude
(82, 249, 309)].

HMGB1 is secreted by necrotic cells as well as oxidative
stress-challenged macrophages (294, 325, 370). Peak plasma
HMGB1 levels were detected in exertional heat stroke patients
within 6 to 13 h of clinical presentation and showed a pos-
itive correlation (r = 0.798) with the Acute Physiology and
Chronic Health Evaluation II (APACHE II) score (373). The
APACHE II score is not specific to heat stroke, but is a clin-
ical classification system used to determine disease severity
of ICU patients (187). Receiver operating characteristic curve
(ROC) analysis identified HMGB1 as having similar sensitiv-
ity and specificity as the APACHE II score for prediction of
heat stroke lethality (373). In a rat classic heat stroke model,
plasma and liver HMGB1 levels were significantly increased
at 77 min of heat exposure (body temperature = 43◦C) and
correlated with plasma ALT and AST (372). Pretreatment
with a HMGB1 monoclonal antibody significantly attenuated
plasma ALT, AST, IL-1β, IL-6, and TNFα and alleviated
liver pathology as evidenced by reduced swelling of hepatic

sinusoid endothelial cells (372). The ability of anti-HMGB1
antibody to attenuate gut barrier dysfunction, decrease bac-
terial translocation, and lower circulating cytokine concen-
trations following hemorrhage shock suggests this strategy
may be a potential therapeutic to ameliorate morbidity of heat
stroke patients (412).

The paucity of early, noninvasive, predictive biomarkers
of organ damage has impeded identification of effective treat-
ments to mitigate organ damage in a timely manner. There-
fore, the identification of new circulating biochemical markers
is required to aid in more accurate diagnosis and treatment
of heat stroke. Two new biomarker candidates include neu-
trophil gelatinase-associated lipocalin (NGAL; also known
as 24p3, uterocalin or neu-related lipocalin) and cardiac
troponin I (cTnI). NGAL is purported to overcome limita-
tions of relying on serum creatinine for early diagnosis and
prognostication of acute kidney injury as well as myocardial
infarction with heat stroke (6, 326). NGAL is produced in
renal tubular cells as well as intestinal tissues and liver, but
shown to be an accurate predictor of the development of acute
kidney injury and mortality in a number of clinical conditions
(6, 138). In patients with ST-segment elevation myocardial
infarction, high circulating NGAL levels were a significant
predictor for long-term mortality and major adverse cardio-
vascular events (6). Marathon runners showed approximately
fivefold increase in urine NGAL suggesting a link between
cardiovascular exhaustion and changes in renal filtration func-
tion with exhaustive exercise (242). NGAL was also identified
as a robust, accurate and early sentinel marker of liver injury to
bacterial infection and NSAIDs toxicity (376). A standardized
point-of-care kit is available for plasma NGAL measurements
with quantitative results available within ∼15 min from small
blood volumes whereas urine NGAL is measurable with an
immunoassay that provides results within 35 min (95). As
such, NGAL is a novel sensitive biomarker of organ damage
that has the potential for integration into current standards of
clinical care for heat stroke

Cardiac troponin I (cTnI) is a highly conserved protein
that is present exclusively in cardiac muscle and has higher
sensitivity than CK-MB or troponin T for detection of cardiac
myocyte damage (1,17). Exertional heat stroke was associated
with cTnI levels in a dog that experienced systolic hypoten-
sion, multiform PVCs, and irregular myocardial echogenicity
with poor left ventricular systolic function (247). Loewenstein
et al. (229) proposed fingerstick testing of cTnI for point-of-
care assessment of acute coronary syndrome, but the feasi-
bility of this methodology for the determination of cardiac
damage with heat stroke remains to be determined.

Multi-Organ Damage During Heat
Stroke Recovery
Encephalopathy
Figure 8 provides schematic representation of the mechanisms
that are thought to mediate multi-organ damage in response to
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Figure 8 Mechanisms implicated in the pathophysiological responses to heat stroke that often cul-
minate in multi-organ damage and failure. Hyperthermia causes a reduction in cerebral blood flow
that may be the initiating stimulus for increased blood brain barrier permeability and brain injury.
Hypothalamic damage has been thought to mediate hypothermia and/or recurrent hyperthermia dur-
ing heat stroke recovery, although there are no clinical or experimental data to support this hypothesis.
Skin blood flow is increased during heat exposure to facilitate heat loss to the environment and limit
hyperthermia. This response is supported by a decrease in gut blood flow that facilitates redistribu-
tion of blood to the skin surface. Gut ischemia causes the gut to become “leaky,” which facilitates
passage of endotoxin into the systemic circulation. Cytokines, chemokines, and other inflammatory
mediators are thought to be initiated by immune responses to endotoxin. Thermal injury to the vas-
cular endothelium and initiation of coagulation/fibrinolysis pathways leads to arteriole and capillary
occlusion (microvascular thrombosis) or excessive bleeding (consumptive coagulation). Gray shading
represents hypothetical mechanisms of injury. Reprinted with permission, from (214).

heat stroke. Heat stroke severity is primarily attributable to the
extent of injury incurred by the brain, gut, kidney, liver, and
skeletal muscle (specific to exertion). Encephalopathy is a uni-
versal manifestation of heat stroke, occurring abruptly and can
be severe in most of the cases. This is perhaps the reason why
this illness is labeled as a stroke (189,348,413). Brain hyper-
thermia is a consequence of whole-body hyperthermia induc-
ing an increase in cerebral metabolic rate, and a reduction
in cerebral blood flow (272). The encephalopathy improves
dramatically by cooling in 70% to 90% of heat stroke patients
(42, 413). The remainder do not regain consciousness and/or
develop seizures or focal motor deficit (413). The blood-
brain barrier allows the selective entry of substances (e.g.,
glucose) into the brain while blocking the entry of other sub-
stances (e.g., bacteria). Increased blood brain barrier perme-
ability facilitates protein and pathogen leakage from the sys-
temic circulation into the brain, but neurological impairments
are considered a consequence of increased intracranial pres-
sure and autonomic dysfunction that culminates in cerebral
ischemia or hemorrhage (272). Postmortem analysis reveals
an edematous brain with patches of congestion and petechial
hemorrhages (83, 221, 238). Comparable histologic findings

of neuronal cell death and Purkinje cells shrinkage and dis-
appearance were reproduced in non-human primate model of
heatstroke (Fig. 9). The mechanisms of CNS injury are not
well understood but studies in an experimental rat model of
classic heat stroke identified ischemia as a major cause and
demonstrated that it is secondary to increased intracranial
pressure and decreased cerebral flow, resulting in extensive
neuronal injury (83, 222-224). Persistent functional disability
attributed in large part to neurologic damage is observed in
76% to 100% of the patients that survived classic heat stroke
after 1- and 2-years follow-up period, respectively, after hos-
pital discharge (18, 92, 189, 238, 413).

The most conspicuous histological damage to the CNS
of heat stroke patients includes progressive degeneration of
neurons in the cerebellum and cerebral cortex with conges-
tion, edema, and microhemorrhages at autopsy (238, 346).
To date, there are no clinical or experimental studies demon-
strating structural damage to the POAH following heat stroke
[(213,238,346,366) Table 5]. In the 1995 Chicago heat wave,
atrophy, infarcts of the cerebellum, and edema were evident
in elderly classic heat stroke victims. Computerized tomog-
raphy (CT) scans also revealed a severe loss of gray-white
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(A) (B)

(C)

(D) (E)

Figure 9 Hematoxylin and eosin stain of tissue sections in control and heat stressed study
groups. BRAIN: (A) Normal pallidum in sham-heated controls; (B) early neuronal necrosis
(arrows) in scattered neurons. Normal neurons (white arrowheads) in moderate heat stroke;
(C) widespread neuronal necrosis (arrows) in severe heatstroke; (D) normal cerebellum: normal
Purkinje cells (white arrowheads) in sham-heated controls; (E) early Purkinje cells necrosis (solid
arrows) and normal Purkinje cells (white arrowheads) in moderate heat stroke. Reprinted, with
permission, from (52).

matter discrimination (GWMD), which was associated with
headache, coma, the absence of normal reflexive responses
and multi-organ dysfunction (366). The loss of GMWD is a
consequence of increased brain water content, which is in line
with the occurrence of edema in heat stroke victims. Cyto-
plasmic eosinophilia and nuclear pyknosis in the scattered
neurons of the hippocampus and pallidum as well as in the
Purkinje cells were observed in severely classic heat stroked
baboons (50). The Purkinje cells of the cerebellum appear to
be particularly sensitive to heat injury with the progression
of cerebellar atrophy readily apparent in magnetic resonance
images of heat stroke victims that experienced ataxia or other
functional impairments (12, 244).

Gut injury
Figure 10 shows micrographs of sloughing and histological
damage to epithelial gut membranes that are thought to facil-
itate endotoxin leakage into the systemic circulation (203).
Dilation of the central lacteals of intestinal villi are com-
monly observed at temperatures >41.5◦C (52,147,203,210).
Regional differences in GI susceptibility are observed in
a variety of species during acute heat stroke recovery
(52, 271, 416).

Regional differences in GI damage are expected to affect
the type of immune response that is elicited during heat
stroke recovery since the species and density of bacteria differ
along the length of the intestine (271,392). Bacteria known to
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Table 5 Brain Injury in Heat Stroke Patients

Age/gender

Body
temperature
(◦C) Imaging technique(s) Abnormal findings

41/M NR DWI Corpus callosum and cerebellum lesions (day 4);
cerebellar atrophy (day 90)

CT scan; MRI Cerebellar atrophy

75/F 42.2◦C MRI Brainstem and cerebellar atrophy (month 2; year 1)

39/M 42◦C MRI None

39/F 41.1◦C MRI, CSF None

53/F 40◦C MRI Normal (admission); cerebellar and cerebral atrophy
(month 2)

46/M 42◦C High b-value DWI
MRI

Bilateral dentate nuclei lesions
Cerebellar atrophy (day 44)

50/F 43.2◦C CT scan Normal (day 7); cerebellar atrophy (month 5)

45/M 42.7◦C MRI Normal (2 weeks); cerebellar atrophy (years 1 and 2)

44/F 42.1◦C CT scan (admission; month 3);
MRI (day 3)

Normal
Normal

2/F NR MRI Cerebellar, parietooccipital, and hippocampi lesions
(day 5)

18-41/M&F ≤41◦C H&E (autopsy) Cerebral edema; neuronal degeneration; reduced
Purkinje cells; lack of hypothalamic damage; cerebral
hemorrhages

66/M 42.5◦C H&E (autopsy) Total Purkinje cell loss; normal hypothalamus

79/F 42.9◦C CT scan
H&E (autopsy)

Cerebral edema (day 2)
Neuronal degeneration in hippocampus, parietal cortex,

thalamus, cerebellum, spinal cord

36/M >42◦C Pneumoencephalography (year 11) Mild cerebral and moderate cerebellar atrophy

CSF, cerebrospinal fluid; CT, computed tomography; DWI, diffusion weighted imaging; MRI, magnetic resonance imaging; NR, not reported. Year
of follow-up is shown in parentheses.

translocate across the GI mucosa include E. coli, Klebsiella
pneumonia, and Pseudomona aeuruginosa, although these are
most commonly observed in severely ill patients presenting
with complicating infections (399,401). Bacterial cultures are
not routinely performed in heat stroke patients and many stud-
ies have failed to detect circulating endotoxin using traditional
assays such as the Limulus amoebocyte lysate test (80, 147).

Toll-like receptors (TLRs) are a class of pattern recog-
nition receptors (PRRs) that aid in the maintenance of a
healthy gut barrier, while also recognizing pattern associ-
ated molecular patterns on the cell surface of endotoxin and
other invading pathogens (168, 252, 383). Ten human and 12
mouse TLRs have been identified and the specific pathogenic
ligands that activate these PRRs are known. In the 1960s, a
spontaneous mutation in the TLR4 gene was discovered in
C3H/HeJ mice, which has been an important animal model
to determine the role of TLR4 in endotoxin and heat stroke
responsiveness. C3H/HeJ mice displayed more profound and
sustained hypothermia, more rapid induction of circulat-
ing IL-1β, IL-6, TNFα, HMGB1 levels, more severe liver
damage, and increased classic heat stroke mortality than wild-
type mice during 72 h of recovery (90). Purified A box protein

(a specific antagonist of HMGB1) protected C3H/HeJ mice
from lethality when provided immediately prior to heat expo-
sure (90). Given that TLR4 polymorphisms exist in humans,
this may be one (of several) genetic factors that predispose to
mortality during the systemic inflammatory response to heat
stroke (16, 108).

Rhabdomyolysis and kidney injury
Exertional heat stroke is often associated with rhabdomy-
olysis. Rhabdomyolysis is most often observed with novel,
strenuous overexertion, and clinical evidence suggests that
dehydration increases the likelihood or severity of acute renal
failure associated with this condition (10,27). Acute renal fail-
ure is a common complication of severe exertional heat stroke
occurring in ∼25% to 30% of patients (188, 238, 346). Ele-
vations of circulating CK concentration indicative of muscle
injury are observed in classic heat stroke patients; however,
overt rhabdomyolysis with acute kidney injury occurs more
frequently with exertional heat stroke (154).

In patients that survive >24 h, severe hypotension,
dehydration, BUN, and oliguria are associated with tubular
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Control rat Heat stressed rat 1

Heat stressed rat 2 Heat stressed rat 3

Figure 10 Transmission electron micrographs of small intestinal
epithelial cells of heat stroked rats. Partial photograph of adjacent
enterocytes showing damage to the microvilli of heat stroke rats com-
pared to controls. Reprinted, with permission, from (203).

necrosis or intertubular edema of the kidney (238). Red and
white cells are usually present in the urine along with hyaline
and granular casts as well as mild to moderate proteinuria
(330). Reduced renal blood flow subsequent to heat-induced
hypotension, hypohydration, and peripheral vasodilation are
contributing factors to renal dysfunction along with direct
thermal injury (330). A decrease in renal blood flow is due to
active renal sympathetic nerve activity and will be greater
if the individual is exercising in the heat and dehydrated
(295). Myoglobinuria and elevated blood viscosity resulting
from DIC may further contribute to acute oliguric renal fail-
ure (296, 330, 355, 384). The incidence of acute renal failure
ranges from 5% in classic heat stroke to 25% in exertional
heat stroke.

Acute lung injury
Acute lung injury ranges from mild hypoxemia to ARDS
(92, 104, 189). The incidence of ARDS ranges from 10% to
23% with a classic heat stroke mortality rate of 75% in a
single study (92, 104). The development of DIC was a major
risk factor (104). Pulmonary edema is a consistent finding in

a baboon classic heat stroke model and is found at autopsy in
60% of classic and exertional heat stroke cases (238, 303).

Liver injury
The time course of liver damage differs from that of the other
organs and is often not observed until several days following
heat exposure (94,266,319). Liver damage of exertional heat
stroke patients was characterized by centrilobular degener-
ation and necrosis with parenchymal damage that was only
evident at >30 h of recovery (238). Liver injury is character-
ized by an early increase in AST and LDH which peak after 3
to 4 days, and increase in bilirubin by the second or third day.

Elevated bilirubin levels reflect hemolysis as well as
hepatic dysfunction and remain elevated for several days.
Histologic findings consist of centrilobular necrosis with
extensive cholestasis (154). Rare cases of fulminant liver
failure have been described (154). Liver damage with heat
stroke is thought to be a result of the damaging effects of
hyperthermia in combination with hypoxia, ischemia, and/or
DIC (180,181). Similar combinatorial factors contributing to
liver dysfunction have been reported in sepsis patients (96).
Fatty liver changes are due to an inability of mitochondria
to utilize fat or may reflect enhanced breakdown of fat and
are typically observed in the most severe cases (78, 206).
Hyperglycemia or hypoglycemia may be due to dysfunction
of phosphoenolpyruvate carboxykinase, which is a regulatory
enzyme of the liver’s gluconeogenic pathway (41, 206, 210).
Bacteria are rarely cultured from the systemic circulation and
this may merely be a consequence of resident macrophages
in the lungs and liver eliminating micro-organisms from the
central venous and portal blood, respectively (268, 269). As
such, liver dysfunction may contribute to increased circulat-
ing endotoxin levels in heat stroke patients due to the bacterial
clearance function of this organ (55, 269). Acute liver failure
is documented in 5% of exertional heat stroke patients with
hypophosphatemia a predictive biomarker of this condition
(118, 189). Liver transplantation has been suggested as a
potential treatment for exertional heat stroke patients although
patients have succumbed despite this treatment; others with
recurrent and/or extensive liver damage have displayed
complete biochemical and histologic recovery without trans-
plantation (31, 33, 153, 154, 321, 358, 359). Treatment of heat
stroke patients with antipyretic drugs, such as acetaminophen
(e.g., Tylenol) has been associated with hepatic failure and
the need for liver transplantation (125, 153, 154, 321, 389).
The benefit of liver transplantation for exertional heat stroke
patients remains controversial due to poor and limited results
of the procedure; therefore, proper interpretation of prognostic
criteria is crucial before considering a patient for this surgical
intervention as reviewed in (140).

Despite clinical treatment, organ dysfunction often per-
sists for several months or years and increases the risk of
mortality. The France 2003 heat wave was associated with
increased mortality rates from day 28 of hospitalization (58%)

Volume 5, April 2015 633



JWBT335-c140017 JWBT335-CompPhys-3G Printer: Yet to Come February 18, 2015 15:42 8in×10.75in

Heat Stroke Pathophysiology Comprehensive Physiology

through the second year of recovery [71% (18)]. Military exer-
tional heat stroke patients showed approximately twofold to
threefold increased risk of death from cardiovascular, kidney,
and liver disease within 30 years of hospitalization (390).
Clinical responses occurring shortly after heat stroke collapse
and clinical presentation are generally recognized and treat-
able. However, those occurring during the months and years
following hospitalization are underreported and the mecha-
nisms responsible for long-term decrements in organ function
remain poorly understood.

Cytokines and Chemokines
Cytokines are a class of immune modulators that have been
implicated in the adverse consequences of the SIRS based
on data correlating high circulating levels of these proteins
with heat stroke morbidity and mortality. Increased circulat-
ing levels of IL-1α, IL-1β, IL-1 receptor antagonist (IL-1ra,
a naturally occurring antagonist of IL-1), IL-6, soluble IL-
6 receptor (sIL-6R), IL-8, IL-10, IL-12, IFNγ, TNFα, and
soluble TNF receptor (sTNFR) I and II concentrations are
commonly observed at the time of heat stroke collapse or
shortly after cooling (39,46,50-52,148,149,152,210,211,223,
232). The reader is referred to a recent review that describes
these responses in more detail (324). There appears to be an
association between high IFNγ levels or high IFI gene expres-
sion and preexisting viral infection in classic and exertional
heat stroke patients (39, 357). Elevated IFI gene expression
and IFNγ levels are a clinical measure of viral or intracellular
bacterial infection that were observed in exertional heat stroke
patients with preexisting infections [e.g., mononucleosis and
pneumonia (357)]. Anecdotal evidence and controlled labora-
tory studies in humans and animal models suggest that concur-
rent or preexisting inflammatory or infectious conditions may
increase heat stroke risk (37, 69, 143, 225). This effect may
be due to the potentiation of hyperthermia during the early
stages of heat exposure or deactivation of cytokine pathways
that normally protect against cellular damage (2, 69, 357).
Murine endothelial cells experienced greater apoptotic death
in response to heat shock following pretreatment with IFNγ

supporting a mechanistic role for this cytokine in cellular
vulnerability (2).

The most consistent cytokine observation has been corre-
lation of high circulating IL-6 levels with heat stroke morbid-
ity/mortality. IL-6 is typically elevated in 100% of classic heat
stroke patient populations, levels tend to be highest in patients
that do not survive, and sustainment of high IL-6 levels during
cooling is correlated with heat stroke severity (39, 52). Yet,
IL-6 knockout mice showed a tendency toward increased heat
stroke mortality compared to their wild-type counterparts
suggesting this cytokine has anti-inflammatory actions that
are required for recovery (208). Unfortunately, few studies
have examined the dynamic relationship of IL-6 (or other
cytokines) with their soluble receptors in the heat stroke
syndrome (148). Soluble cytokine receptors act as agonists or

antagonists of cytokine actions and their role in the SIRS to
heat stroke remains to be identified. It has been suggested that
the sIL-6R can function as an agonist or antagonist of IL-6
actions depending on the ratio of this protein to IL-6 in the
circulation or the immediate cellular milieu (194,329). Since
mortality of IL-6 knockout mice was observed at hypothermia
depth when maximal circulating concentrations of IL-6 and
the sIL-6R were observed in wild-type mice, the actions of
IL-6 at this time point of heat stroke recovery are difficult
to delineate (210, 211). Thus, while baseline (permissive)
actions of IL-6 appear to be essential for heat stroke survival,
there remains poor understanding of IL-6 actions within the
cytokine “milieu” or the downstream signaling events that
mediate multi-organ failure and death.

Unfortunately, limitations in our understanding of the
actions of cytokines in heat stroke are not unique to IL-6,
but also exist with respect to TNF actions in this syndrome.
An intriguing study conducted in classic heat stroke patients
(a small cohort study of N = 3) showed increasing sIL-6R and
sTNFRII levels (a natural antagonist of TNF) in nonsurvivors
compared to survivors from 6 to 24 h of recovery, respectively,
following hospital admission (232). These findings suggest
TNF has protective anti-inflammatory actions, which is con-
gruent with the response of TNFR knockout mice (mice that
do not express TNF receptors) that experienced greater mor-
tality than their wild-type controls during the second day of
heat stroke recovery (207). Taken together, our current under-
standing of the role of cytokine in the SIRS to heat stroke
suggests that high circulating levels may contribute to mor-
bidity, but permissive actions appear to be essential for sur-
vival. Additional studies are required to determine the time
course of cytokine actions as well as the complex network
of interactions occurring in the cellular milieu that determine
organ (dys)function during progression of the SIRS.

Chemokines (chemotactic cytokines) are a family of pro-
teins that control leukocyte migration and activation for host
immune surveillance during homeostatic and inflammatory
conditions. The chemokine family is divided into functionally
related subgroups with CC and CXC chemokines representing
the largest groups with receptors localized to several cell types
in the periphery and CNS. Most chemokines are considered
proinflammatory due to the association with T-helper 1 (Th1)
cell infiltrate and Th1 cytokine expression (e.g., IFNγ, IL-2,
and IL-12) at the site of inflammation (316). DNA microar-
ray analysis of heat shocked peripheral blood mononuclear
cells from healthy adults showed decreased expression of
macrophage inflammatory protein (MIP)-1α, and β, IFNβ2,
and IL-2, but the effect of these changes on protein translation
were not investigated (356). Military recruits that developed
exertional heat stroke during training exercises displayed sig-
nificant elevations of several cytokines (IL-1β, TNFα, IL-6,
IFNγ, IL-2R, IL-4, and IL-10) and chemokines (IL-8, mono-
cyte chemoattractant protein [MCP]-1, and RANTES) during
active cooling following clinical admission (232). IL-6, IFNγ,
IL-2R, and MCP-1 were positively correlated with the Sim-
plified Acute Physiology Score, but were independent of the
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degree of hyperthermia [∼41◦C (232)] and all cytokines and
chemokines returned to control levels during the acute recov-
ery phase. Blood neutrophils and monocytes isolated from
classic heat stroke patients that collapsed during the 2003
France heat wave displayed significantly increased basal IL-
8 production ex vivo, which was indicative of an activated
state of these cells (162). Ex vivo stimulation of neutrophils
with LPS induced significantly greater IL-8 production in heat
stroke patients compared to controls and correlated with reac-
tive oxygen species generation (162). In a mouse model of
heat stroke, cytokine (IL-1β, IL-6, and TNFα) and chemokine
(MCP-1, MIP-1α and β, and CX3CR1) gene expression pro-
files in the POAH coincided with expression of glial acti-
vation markers, suggesting glia or infiltrating macrophages
are a source of these proteins in this brain region (34). Inter-
estingly, increased cytokine and chemokine gene expression
changes were observed despite a lack of histological damage
to the POAH suggesting these may be compensatory inflam-
matory changes that are important for heat stroke recovery
(34). Table 6 summarizes the direction of changes observed
in cytokines and chemokines during heat stroke recovery.

Treatment
There are two main objectives in treating heat stroke: imme-
diate cooling with concomitant support of airways, breathing,
and circulation and the management of late or postcooling
complications. No pharmacological treatment has been found
to be beneficial. Antipyretics have no role in heat stroke and
may be toxic to the liver, whereas experimental findings in a
primate classic heat stroke model do not support the clinical
use of corticosteroids or activated protein C in the prevention
or treatment of classic heat stroke (48, 49).

Cooling methods
The primary treatment for heat stroke is to reduce body tem-
perature as quickly as possible since there is ample evidence,
albeit indirect, that the severity of tissue damage is related to
both the duration and degree of hyperthermia (57, 84, 385).
Rapid dissipation of heat is accomplished by increasing
the temperature gradient (conduction), water vapor pressure
(evaporation), and velocity of air (convection) between the
skin and the surrounding air (47). Several external or inter-
nal techniques have been devised based on these principles
[Table 7 (44, 353)]. Heat stroke prognosis is quite good with
an early diagnosis and rapid cooling whereas risk of mor-
bidity/mortality is higher with delayed or ineffective cooling
(57, 84, 305).

Conventional cooling techniques
Conductive cooling

This is a direct transfer of heat down a temperature gradient
from the body to cooler objects (e.g., ice) in direct contact with

the skin. Immersion in an ice-water bath, cooling blanket, or
packing the whole or part of the body in ice chips or slush, for
example, ice packs to the groin, neck, and axillae, have been
used (218, 401). Since all these methods result in skin vaso-
constriction, vigorous massaging of the skin is recommended.

Evaporative cooling

This is based on the physical principle that the conversion of
1.7 ml of water to a gaseous phase consumes 1 kcal of heat
(107,397,408). The efficiency of evaporative cooling depends
on a high water-vapor pressure gradient accomplished by con-
tinuously spraying the skin with water and blowing hot air to
keep it warm (107,397,408). Based on this principle of dissi-
pation of heat, a special bed has been developed to accelerate
evaporative cooling from warm skin (397), whereby finely
atomized water under pressure and at 15◦C temperature is
sprayed over the whole body surface. The spray is combined
with warm air at 45◦C to maintain skin temperature around 30
to 33◦C thereby preventing vasoconstriction. This maximizes
both skin blood flow and vapor pressure gradients between
skin and the air. This cooling method has been used on victims
of classic heat stroke during the pilgrimage to Makkah. In the
absence of such a bed, effective cooling can be achieved as
follows: place the naked patient on his or her side (to avoid
aspiration) and cover as much skin area as possible with fine
gauze sheets (8), spray the gauze intermittently with water at
room temperature to keep the skin temperature at 30 to 33◦C,
while continuously fanning the patient.

Other cooling methods

These include infusion of cold normal saline or ringer lactate
solution, iced gastric, bladder, and colonic lavage (18,92,251).
Peritoneal lavage have been investigated in animals and used
infrequently in humans.

Novel cooling techniques
A rapidly increasing number of new generation cooling
devices have been emerging following the findings that
induced-hypothermia may be beneficial in patients’ postcar-
diac arrest to prevent and/or attenuate anoxic brain damage
(Table 7). These cooling devices include catheters using ice-
cold fluids circulating in a closed circuit, transnasal system
designed to cool selectively the brain, and cold-air or water
pads and blankets controlled with sophisticated algorithms.
These new cooling devices may prove to be beneficial to
patients with heat stroke by accelerating cooling and improv-
ing patient’s comfort. However, their efficacy must be rigor-
ously tested in hyperthermic patients and not just extrapolated
from studies on induced-hypothermia, because these are two
distinct pathophysiological conditions.

Selection of optimal cooling methods
There is no evidence to support the superiority of any one
cooling technique for the treatment of heat stroke patients
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Table 6 Cytokine and Chemokine Gene and Protein Expression Changes to Heat Stroke

Response Heat stroke
Whole body/in vitro
hyperthermia

Cytokines

IFNα ↑ (357)

IFNβ ↓ (356) (304)

IFNγ ↑ (39,232)

↔ (100,304)

IL-1β ↑ (34,39,75,223,224,228,
232,398)

(87,116,343)

↔ (50) (281)

IL-1α ↑ (35,51,265,308)

IL-1ra
sIL-1RI
sIL-1RII

↑
↑
↑

(50,152)
(155)
(155)

IL-2 ↑ (123)

IL-2R ↑ (149,232)

IL-4 ↑
↔

(232)
(50)

IL-6 ↑ (34,39,116,148,152,232,
307,308)

↓ (356)

↔ (281)

sIL-6R ↓
↑

(148)
(211)

IL-10 ↑ (46,50,232,307,308)

IL-12 ↓ (50,210)

TNFα ↑ (34,51,75,232) (87)

↓
↔

(398]
(35,50,148)

(35,137,281)

TNFβ ↔ (148)

sTNFRI ↑ (50,148) (306)

sTNFRII
G-CSF

↑
↑

(50,148,152)
(307)

(306)

Chemokines

MCP-1 ↑ (34,232)

MIP-1α
MIP-1β

↓
↑

(34,356)
(34)

MIP-2 ↑ (356)

RANTES ↑ (232)

C3aR1
CX3CR1

↓
↔

(34)
(34)

IFN, interferon; IL, interleukin; IL-1ra, IL-1 receptor antagonist; sIL-1R, soluble IL-1 receptor; sIL-6R, soluble IL-6
receptor; TNF, tumor necrosis factor; sTNFR, soluble tumor necrosis factor receptor; G-CSF, granulocyte colony
stimulating factor; MCP, monocyte chemoattractrant protein; MIP, macrophage inflammatory protein; RANTES,
regulated on activation, normal T cell expressed and secreted; C3aR, complement component 3a receptor; CX3CR1,
fractalkine receptor. Asterisk indicates gene expression, rather than protein was measured.
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Table 7 Conventional and Emerging Cooling Methods

Methods of cooling

Conventional cooling techniques
Cooling based on conduction∗
Ice pack applied to head, neck, and groin
Immersion in cold water
Cold water or air circulating cooling blankets

Cooling based on evaporation and convection
Fanning undressed patient at room temperature (20-22◦C)
Wetting of the body surface during continuous fanning
Use of body-cooling unit†

Cooling based on conduction and convection
Infusion of normal saline or ringer lactate solution at 4◦C
Iced gastric, colonic, bladder, and peritoneal lavage

Novel cooling techniques‡
Water circulating gel coated energy transfer pads
Central veins cooling catheters using ice-cold fluids circulating in a

closed circuit
Extracorporeal circulation cooling system
Selective brain cooling using intranasal nasal delivery of a mixture of

high flow gas and cold liquid

∗Conductive cooling lower the skin temperature <30◦C, triggering
cutaneous vasoconstriction and shivering. Keeping skin temperature
around 33◦C with concomitant spray of tepid water or hot air and/or
vigorous massaging of the skin is recommended.
†A body-cooling unit is a special bed that sprays atomized water at
15◦C and warm air at 45◦C over the whole body surface to keep the
temperature of the wet skin between 32 and 33◦C.
‡New generation of cooling methods used for the induction of
hypothermia postcardiac arrest. Their efficacy has not been tested in
heat stroke.

(44, 353). Two recent systematic reviews failed to identify
robust randomized clinical trials, and found that most of
the studies were observational case-series. Nevertheless, their
findings suggest that immersion in iced water is effective
among young people, military personnel, and athletes with
exertional heat stroke. There is no optimal cooling technique
in classic heat stroke. The effects of noninvasive, evaporative,
or conductive-based cooling techniques, singly or combined,
appeared to be comparable. There is also no evidence of a
specific endpoint temperature at which to halt cooling. A
rectal temperature of less than 39◦C appears to be safe in
terms of mortality in heat stroke but associated long-term
morbidity, particularly neurological, has not yet been estab-
lished. Induced hypothermia has shown promise for several
neurological and cardiovascular emergencies, including acute
stroke and postcardiac arrest. This therapeutic has not been
evaluated for effectiveness with classic or exertional heat
stroke, but may be effective for cooling severe refractory cases
of hyperthermia (19, 156, 270).

Management
The management of heat stroke pre- and in-hospital is sum-
marized in Table 8.

Table 8 Diagnosis and Management of Heat Stroke

A. Diagnosis

1 Exposure to high ambient temperature (heat wave, summer
time, closed car, and occupational hazard) or strenuous
exercise

2 Alteration in mental status (delirium, seizures, or coma)

3 Core temperature > 40◦C measured with rectal probe

B. Management of hyperthermia and concomitant resuscitation

1 Hyperthermia

a. Move the patient to a cooler place, and remove his or her
clothing

b. Immerse young patients with exertional heatstroke in cold
water, if not available, continuous dousing with cold water.
Initiate external cooling‡: in elderly patients with classic heat
stroke using cold packs on the neck, axillae, and groin;
continuous fanning; and spraying of the skin with water at
25 to 30◦C.

c. Monitor core and skin temperature during cooling and keep
skin temperature 30 to 33◦C. Halt cooling when core
temperature <39◦C.

d. Transfer the patient to an emergency department

2 Initial resuscitation

a. Position an unconscious patient on his or her side and clear
the airway; consider elective intubation if inability to protect
the airways.

b. Administer oxygen at 4 L/min to enhance arterial oxygen
saturation >90%

c. Give isotonic crystalloid (normal saline)

C. Supportive therapy

1 Encephalopathy

a. Endotracheal intubation for impaired gag or cough reflexes

b. Benzodiazepines to control seizures

2 Acute circulatory failure

a. Administer Crystalloids to keep mean arterial pressure
>65 mmHg

b. Consider vasopressors therapy if fluid fails to improve blood
pressure, heart rate, and organ perfusion (urine output)

3 Rhabdomyolysis and acute kdney injury

a. Expand volume with normal saline and administer
intravenously furosemide, and sodium bicarbonate to
prevent myoglobin-induced renal injury

b. Monitor serum potassium and calcium levels and treat
hyperkalemia to prevent life-threatening cardiac arrhythmia

4 Disseminated intravascular coagulation
Fresh frozen plasma and platelets can be given to control

active bleeding
Heparin has been used but its efficacy and safety remain to

be proved

5 Acute respiratory distress syndrome
Intubation and mechanical ventilation should be instituted

immediately
Positive end-expiratory pressure (PEEP) may be necessary to

achieve adequate oxygenation

6 Liver failure
Depletion of clotting factors and encephalopathy should be

treated with standard therapy. Occasionally, orthotopic
liver transplant is necessary.
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Pre-hospital management

Rectal temperature should be measured promptly in patient
with mental status alteration during strenuous exercise or
exposed to a high ambient temperature. The patient should
be moved to a cooler place immediately (preferably indoors)
and his/her clothing removed. Cooling measures are started in
situ and must continue throughout transportation to a hospital.
Young people, military personnel, and athletes with exertional
heat stroke should be immersed immediately in iced-water or
alternatively doused with tap water. Elderly with classic heat
stroke should be fanned continuously and the skin can be kept
wet with water. Alternatively, cold packs can be placed on the
neck, in the axillae and the groin.

In-hospital management

Once in the emergency room, the rectal temperature should be
monitored continuously, preferably with a thermistor probe.
This should be inserted into the rectum to a depth of 20 cm to
obtain a core temperature (189). Skin temperature should also
be monitored as it is essential to keep it around 33◦C (397).
Cooling is continued until the core temperature is below 39◦C
(42, 189). The cooling method used should be the one with
which the emergency room staff are most familiar. While cool-
ing the patient, arterial blood gas, serum electrolyte concen-
trations, CBC, lactic acid level, and coagulation profile should
be determined. Resuscitative measures similar to those used
in other conditions may be needed in heat stroke, but cooling
takes priority.

Organ support
Central nervous system

The treatment of neurologic complications in heat stroke
is directed at the contributory factors responsible for
the encephalopathy (hyperthermia, dehydration, cerebral
and hypoperfusion). Unfortunately, the neuropathologic
substrates (cerebral edema, punctuate hemorrhages, and
neuronal necrosis) are not amenable to treatment. Agitation
and seizures may be treated with parenteral diazepam or
lorazepam. Sustained coma with impaired gag and cough
reflexes may require endotracheal intubation to protect the
airways and general supportive care such as restoration of
normal blood pressure and prevention of hypoxia. The value
of hyperventilation, mannitol, the administration of steroids,
or the initiation of intracranial pressure monitoring is
unclear.

Cardiovascular

Hypotension usually responds to volume replacement with
crystalloid and to cooling. In rare cases, hemodynamic mon-
itoring may be necessary, so that fluids or inotropic support
can be titrated.

Pulmonary

Airway intubation and mechanical ventilation should be based
on a clinical assessment of the patient rather than arterial
blood gas determinations because of the difficulty in defin-
ing normality in hyperthermic conditions. However, oxygen
should be provided at a sufficiently high concentration with
high flow or a rebreath mask to achieve an arterial oxygen
saturation greater than 90%. If severe hypoxemia persists, as
in the patient with the common complications of aspiration
pneumonitis and ARDS, intubation and mechanical ventila-
tion should be instituted immediately. Positive end-expiratory
pressure may be necessary to achieve adequate oxygenation.

Renal system and electrolytes

Rhabdomyolysis should be treated with adequate fluid
replacement to maintain a good urine blood flow (2-
3 ml/kg/h). Alkalinization may be helpful to pre-
vent myoglobin-induced renal failure. Hyperglycemia and
hypophosphatemia observed in classic heat stroke subside
after cooling with no specific treatment (42). Hypo- or hyper-
kalemia associated with ECG changes should be treated as
usual with careful administration of potassium or glucose,
insulin, calcium, and NaHCO3, according to standard guide-
lines. Complex electrolyte imbalance, severe lactic acidosis
and anuric renal failure may require early hemodialysis.

Coagulopathy

Bleeding is common in heat stroke patients and hemorrhagic
diathesis is constant in fatal cases. The bleeding is due to
depletion of antithrombin III, protein C, and platelets sec-
ondary to DIC (11). Fresh frozen plasma and platelets should
be administered to control active bleeding. Heparin has been
used to treat DIC, but its efficacy and safety remain to be
proved (396).

Gastrointestinal

Vomiting and diarrhea are commonly seen in patients with
heat stroke and cease after cooling, with no specific treatment.
Vomiting predisposes the unconscious heat stroke patient to
aspiration. This can be avoided by placing the patient in the
lateral decubitus position during cooling. Liver failure with
depletion of clotting factors and encephalopathy should be
treated with standard therapy. Occasionally, orthotropic liver
transplant is necessary (154).

Outcome
The hospital mortality rate in classic heat stroke ranges from
10% to 65% whereas that of exertional heat stroke is 3%
to 5% (342, 346). The prevalence of functional impairment
with varying degrees of severity in near-fatal classic heat-
stroke ranges from 76% to 100% at hospital discharge. The
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functional disability is sustained with no improvement or even
worsening after 1- and 2-years follow-up period (18,92). The
heterogeneity of patients may account for such wide ranges
in functional outcome, including neurologic as well as mor-
tality; hence, there is a need to develop an index of heat stroke
severity at presentation that would allow comparison of across
studies. Several indices have been proposed, but universal
acceptance and application of a single paradigm to evaluate
heat stroke etiology does not currently exist (175, 250, 298).
Similarly, several clinical and biochemical prognostic factors
which may identify those patients more likely to succumb
have been proposed, however none have been validated yet
(189). These factors include age, degree of hyperthermia, neu-
rological symptoms (42), plasma concentrations of liver and
muscle enzymes [AST, CPK, respectively (189)], cytokines
[IL-6 (39)], and the presence of lactic acidosis (150).

Multivariate analysis (hazard ratio and 95% confidence
interval) identified the presence at admission of anuria (5.24;
2.29-12.03), coma (2.95; 1.26-6.91), cardiovascular failure
(2.43; 1.14-5.17), high body temperature (1.01; 1.00-1.49),
prolonged prothrombin time, (2.44; 1.65-3.63), and use of
vasoactive drugs (1.50; 1.01-2.23) within the first day in the
ICU, as significant independent variable for heat stroke mor-
tality (18, 251).

Conclusions
As discussed in this review, there remain significant gaps
in our understanding of the pathophysiological mechanisms
that mediate multi-organ damage to heat stroke. However,
recent research efforts highlight a number of promising new
approaches for prevention and/or treatment of this condition.
For several decades, endotoxin leakage across ischemic dam-
aged gut membranes was thought to be the primary stimulus
for initiation of the SIRS that leads to multi-organ damage.
However, the inability to consistently detect circulating endo-
toxin in heat stroke patients and animal models suggests other
factors need to be considered in the etiology of this syn-
drome. Similarly, the use of more sensitive imaging technolo-
gies for the assessment of brain injury indicates that POAH
damage should not be considered the sole causal factor for
core temperature disturbances during recovery. Recent focus
on the identification of novel risk factors and organ damage
biomarkers suggest that heat stroke shares similar etiologies
and downstream effects as other injurious conditions. As such,
thermal injury is best viewed as the initiating stimulus of the
heat stroke syndrome with the effectiveness of innate and
adaptive immune responses determining the time course of
resolution of the SIRS and the extent of multi-organ damage.
Rapid and aggressive cooling of heat stroke patients continues
to be an effective strategy for the mitigation of organ dam-
age on clinical admission, but induced hypothermia should be
tested for its efficacy in preventing anoxic brain damage, as
its protection has been demonstrated for other severe clinical
conditions.
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