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In brief: This article reviews the causes and
treatment of the common heat illnesses—
heat syncope, heat exhaustion, and exer-
tional heatstroke. The authors discuss the ef-
fectiveness of cooling heatstroke victims in
ice water vs water that has been cooled to a
temperature of 15° C. The latter method is
more practical and has been found as effec-
tive as cooling with ice water. The authors
also present the energy depletion model,
which shows the cycle that results in re-
duced exercise/heat tolerance and signifi-
cant morbidity and mortality in victims of ex-
ercise-induced hyperthermia. This model
predicts that cellular/metabolic processes
and deficits operate for some time after hy-
perthermia has subsided with cooling.

he potential conductance of the vas-
culature (skin, 7 L-min-"; viscera, 3
L-min-";and muscle. 6510 70 L'min™')
1s enormous and far exceeds the
pumping capacity of the normal human heart
(about 22 L-min~").! Since the combined blood
flow requirements of these vascular beds can-
not be met in a person who is experiencing heat
stress while exercising in an upright position. an
inherent competition takes place between the
mechanisms that maintain blood pressure and
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Table 1. Diagnosis and Treatment of the Most Common Heat llinesses*

Diagnosis Treatment

Heat cramps Associated with whole-body salt deficiency. Cramps occur  Oral 0 1% saline solution (two 10-grain salt tablets in 1 L
in abdomtnal wall and large muscles of the extremities but water) or IV 0 5-1 0 L normal saline solution
differ from exertion-induced cramps. entire muscle not
involved: cramp appears to wander because individual IV solutions, used when symptoms include nausea and
muscle bundies contract. Plasma Na* deficit; urine NaCl vomiting, bring rapid relief with no lasting sequelae

concentration from a trace to 3 gm/L; 51 mEq/L. with
specific gravity > 1.016. Observed mostly in
unacclimatized individuals

Heat exhaustion  Inability to continue activity in the heat. Symptoms may Type 1 and 2. Rest and cooling increase venous return to
include nausea, vomiting, irritability, headache, ‘heat heart Mixed sait/water depletion 1s usually seen Replace
sensations’ on head and trunk, orthostatic changes, water and electrolytes based on measures of serum Na”
syncope. dyspnea, weakness, piloerection. T, up1o33°C,  protein. BUN, Hct, pulse, BP, or orthostatic changes Afie
depending on the physical activity that preceded overt the duration of exercise and heat exposure and the amount
ilness and the point at which temperature was first of fluid intake are determined, water and electrolyte loss
recorded. Sweating is profuse. Mental function and may be estimated as 1 5 L water and 2 gm NaCl per hour
thermoregulation are mildly impaired. Acclimatization of continuous, moderate to heavy exercise (Typical losses
reduces incidence of symptoms. There are three types of during a 4-hr work shift in harsh conditions are 6.0 L water
heat exhaustion; the first two involve peripheral vascular and 8 gm NaCl))
collapse:

Type 3: Rest, cooling and rebreathing of expired air
1 Water depletion. Hypohydration, prominent thirst;

cramps seldom seen; onset possible with a few hours of The prognosis is best when mental acurty 1s not altered

exercise. and when serum enzymes are not elevated. Immadiate
return to work/exercise is inadvisable, except in mildes?

2. Salt depletion. Prominent fatigue, cramps, vomiting, cases: allow 24-48 hr for recovery

progressive weakness: thirst seidom observed; onset

within 3-5 days.

3. Nonclassic exercise-induced. Tetany, carpopedal
spasms, at-dominal cramps, syncope, respirator ; alkalosis
(allinduced by hyperventilation); absence of primary salt
or water depletion; onset of overt symptoms is acute.

Exertional Thermoregulatory failure. T, of 39.4°-40.6° C or higher. A true medical emergency. Intubate patient if comatose or

heatstroke Other symptoms include elevated serum enzymes (AST, convulsing. If cardiovascular difficulties are severe or if
ALT, LDH, CPK), hypotension, vomiting, diarrhea, coma, peripheral blood flow is compromised. use conductive
convulisions, and frank impairment of mental function and cooling by immersing the patient in ice water. iImmersion
temperature regulation. Sweating may or may not be therapy not only provides the fastest cooling rate when T,
present. Onset may be rapid in patients who have been is > 40.6° C, but also improves venous return and cardiac
exercising. output via skin vasoconstriction and the effects of

hydrostatic pressure. Seek a cooling rate of 0.15° C-min-!
until T,, reaches 37.88° C, then monitor. in most cases the
T, reaches 37.8° C within 30 min. Monitor T, for rebound
hyperthermia at regular intervals for 24-48 hr. Administer IV
fluids judiciously (1.0-1.5 L); consider possible pulmonary
edema. Analyze serum enzymes and coagulation factors
for seven days. Monitor renal and acid-base status.
Complications may include CNS damage. renal failure,
rhabdomyolysis, DIC, and hepatic or myocardial necrosis
The prognosis is best when peak T, is < 42.2° C, serum
AST < 1,000 U/L in the first 24 hr, and duration of corma is
- > 2 hr. The mortality rate (10%-80%) is directly related to
®* . the duration and intensity of hyperthermia as well as to the
speed and effectiveness of diagnosis and treatment
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*Abbiqujagigns ]
ALT alange aminotransferase DIC disseminated intravascular coagulation
AST aspartate aminotransferase Hct hematocnt
BP blood pressure IV intravenous, intravenously
BUN bilood urea nitrogen LDH lactate dehydrogenase
CNS cardtdl nervous system T. rectal temperature

CPK cregline phosphokinase
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these that maintain blood flow to support mus-
cle metabolism and thermoregulation.

The regulation of these competing mecha-
nmsms is complex. For example, a rise in skin
blood flow increases cutaneous venous volume,
which not only enhances heat loss from the skin
but also creates a reduction in effective central
blood volume. It has long been held that a fall
in blood pressure under these conditions is
avoided because of a reduction in splanchnic
and renal blood flow via increased splanchnic
vasoconstriction. This attempt to maintain
blood pressure at the expense of the liver, kid-
neys. and other organs seems to account for the
high rate of hepatic and renal complications in
exertional heatstroke.

Depending on the intensity and duration of
exercise-induced hyperthermia. cardiovascular
compensation begins to fail. At some point the
affected individual ceases 1o work, or collapses
with one of the characteristic heat illnesses, eg.
heat syncope. heat exhaustion, or hcatstroke;
the conditicn 1s diagnosed and therapy ‘nitiated
(table 1). Classic therapy addresses ti'e basic
physiologic causes of distress and matches the
treatment with the stress; e, have the ~atient
cease activity, lay the patient down, cool the the
patient’s body, and replace fluid/electrolyte def-
icits.

Heat Syncope

Even standing quietly in the heat before (or
more commonly after) exercise results in an in-
crease in venous volume in skin and limbs, de-
pendent upon muscle contraction and venous
valves to adequate cardiac filling pressure. If fill-
ing pressure and stroke volume decline rapidly.
a fall in cardiac output and blood pressure will
occur, resulting in syncope. The diagnosis of
heat syncope 1s based on the observation of a
short-term fainting episode in the absence of el-
evated rectal temperature. Recumbency, rest.
avoidance of sudden or prolonged standing, and
oral replacement of fluid/electrolyte deficits are
adequate treatment. Heat syncope is typically
categorized as a syndrome distinct from heat
exhaustion (table 2).

Heat Exhaustion

Volume Depletion. Heat exhaustion is typi-
cally a problem of depleted volume of the body"
circulating fluid or plasma.’* Tac forms of de-
hydration constitute the most widely recog-

THE PHYSICIAN AND SPORTSMEDICINE @ Vo1 1/ *No G June 83

Table 2. Intemational Statistical Classification of Heat

llinesses*

9920 Heatstroke and sunstroke (apoplexy, pyrexia, ictus solis,
siriasis, thermoplegia)

992.1  Heat syncope (collapse)

9922 Heat cramps

9923 Heat exhaustion, anhydrotic (prostration due to water
depletion)

9924  Heat exhaustion (prostration due to salt and water depletion)

9925 Heat exhaustion, unspecified (prostration not otherwise
specified)

9926 Heat fatique, transient

9927 Heatedema

9928  Other heat effects

9929  Unspecified

* Adapted with permission from the Manual of the international Statistical
Classification of Diseases, Injuries, and Causes of Death. Geneva, World

Health Organization, 1977, p 535

nized categories o. heat exhaustion: salt deple-
tion and water depletion. Dehydration due to
salt depletion (low dietary NaCl. high losses of
NaCl, or both) results in a loss of extracellular
fluid and in reduced plasma volume, cardiac
output. and blood pressure; 1t is neither charac-
terized by thirst nor relieved by ingestion of
salt-free fluids.

Dehydration primarily due to water depriva-
tion or fluid loss is characterized by thirst and
oliguria, and is reheved by the ingestion of wa-
ter. Severe heat exhaustion due to salt depletion
produces a form of peripheral vascular collapse
that closely resembles traumatic shock because
in this situation, plasma volume contributes
one fourth of the extraceilular deficit. Water de-
pletion. with a comparable decline in total body
water, does not produce peripheral vascular col-
lapse because the plasma volume contributes
only one twelfth of the total fluid deficit, and lit-
tle or no protein leaves the vascular compart-
ment.>* Heat exhaustion duc tc water depletion
is more likely to lead to heatstroke than is heat
exhaustion due to salt depletion. Because of the
similarities 1n symptoms, differentiating be-
tween these two forms of heat exhaustion may
be difhicult. Our observations made during lab-
oratory and field studies® suggest that patients
often have symptoms of moderate to severe
salt-depletion heat exhaustion, yet are not clini-
cally salt depleted. In fact we emphasized in a
1986 rcport® that pure forms of salt-depletion
aind water-depletion heat exhaustion are rare be-
causc body fluid losses (eg, diarrhea. vomitus,
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sweat, urine) involve mixed water and salt
losses. Reduced levels of urine and plasma so-
dium and chloride seem to be the only consis-
tent diagnostic index.

Heat Cramps. Heat cramps are a frequent
complication of heat exhaustion, but they some-
times occur as the only complaint, with mini-
mal systemic symptoms. Hyponatremia and
hypochloremia confirm a diagnosis of heat
cramps. Leithead and Gunn’ reported that the
urine of 40 healthy field laborers contained
10 gm NaCl per liter of urine, while field labor-
ers with heat cramps lost only 4 gm NaCl per li-
ter. The laborers with heat cramps were con-
sci ing salt by decreacing uripary exeretion 2
symptom of a wiole-body deficit. Similarly,
Talbot® observed serum sodium levels ranging
from 121 to 140 mEq/L (normal range, 135 to
145 mEq/L) in 32 patients with heat cramps.

We have previously described cases in which
other conditions (eg, hyperventilation-induced
tetany, gastrointestinal infections) have been
mistaken for heat cramps.? Heat cramps in vol-
untary skeletal muscle affect only a few muscle
bundles, and as one bundle relaxes, an adjacent
bundle contracts for one to three minutes. This
gives tiie impression that the cramp wanders
over the affected muscle. Although the pain of
seore heat cramps is excruciating, the following
treatment is rapid and effective: intravenous
(IV) saline (0.5 to 1.0 L normal saline) or 1%
oral NaCl solution (two 10-grain salt tablets
crushed in 1 L water).

A nonclassic form of heat exhaustion also has
been reported®; it is characterized by hyperven-
tilation. respiratory alkalosis, increased pH,
tetany, carpopedal spasms, and abdominal
cramps. This type of heat exhaustion is inde-
pendent of lactic acidosis and salt/water deple-
tion; it has been noted in unacclimatized sol-
diers who were involved in speed marching.
Syncope may be observed, but the cause prob-
ably involves reduced cerebral blood flow due
to hyperventilation rather than venous pooling.
Treatment includes rest, cooling, and rebreath-
ing of expired air.

Volume Repletion. Oral rehydration therapy
with appropriate fluids is generally preferred in
ambulatory patients who have no symptoms of
central nervous system dysfunction and who
are free of vomiting and diarrhea. On the other
hand, because exercise-induced heat exhaustion
is primarily a volume depletion problem, IV
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therapy results in rapid recovery. Highly moti-
vated, otherwise healthy adult victims of heat
exhaustion from intense competition or exer-
tion may require up to 4 L of IV fluid. For ex-
ample, the 1985 Boston Marathon took place on
a warm day in April (75° F) at a time of year
when few runners would be acclimatizcd to heat
(in contrast, the average daily maximum tem-
perature in Boston during April 1986 was
54.6° F). In the medical tent at the finish line, IV
fluid was administered to 158 runners with heat
exhaustion. Later it was ¢stimated that 90% of
these patients recovered and walked away from
the tent within 15 to 20 minutes.® Similar cases
Af rarmid recovery from heat exhausticn haove
beenreported by militaryr.  'ics using IV ther-
apy in Grenada and Germany. s-urthermore,
our review of the clinical literature indicates that
there is no agreement on a preferred I'V solution
to use in the treatment of heat exhaustion.’
However, theory suggests that a saline solution
will provide a longer-lasting benefit for extracel-
luiar/intravascular fluid deficits than a glucose
solution.’

Although heat exhaustion is a milder form of
heat illness than is heatstroke. it 1s the most
common form of heat illness observed in ath-
letic and military populations.!" The classic
case of exercise-induced heat exhaustion with
fluid/electrolyte depletion can be distinguished
from heatstroke by (1) the degree of central nei-
vous system derangement, (2) rectal tempera-
ture below 40° C (104° F), and (3) insignificant
changes in serum enzymes (eg, lactate dehydro-
genase, creatine phosphokinase, alanine ami-
notransferase, aspartate aminotransferase) for
48 hours. Howev- - t~~v¢ is a small subgroup of
heat-injury patiei .- wt ¢ have high rectal tem-
peratures, hypotens: - - ad confusion; these in-
dividuals fall somewhere between heat exhaus-
tion and heatstroke. When the diagnosis is in
doubt, they should be treated for heatstroke,
since this injury can be fatal.

Heatstroke and Hyperthermia

Costrini et al'! and Hubbard'2 noted that the
pathophysiology of heat exhaustion and heat-
stroke may be similar and hypothesized that
they may represent a continuum of diseases
rather than separate entities. However, it must
be remembered that symptoms of heat exhaus-
tion and heatstroke may occur independently of




one another. Experimental studies on rats pro-
vide some support for this hypothesis. We
reported?’ that a temperature of 40.4° C repre-
sented a threshold hyperthermia. above which
heatstroke mortalities occurred in exercised.
heat-stresscd rats. A mean {( = SE) core temper-
ature of 41.5° = 0.1° C at exhaustion produced a
50% mortality rate within 24 hours. Thesc re-
sults suggest a continuum. in that the probabil-
ity of mortality seemed irectly related to the
core iemperature at collapse. These findings
also emphasizc our observation that if victims
of hypotensive heat injury are left unconscious
and untreated. their condition may progress
from severe heat exhaustion to heatstroke.

In our animal model° the longer the rats exer-
cised. the higher their core temperature rose.
and the more likely they were to incur a seri-
ous case of hyperthermia. This is analogous to
human victims. These individuals—usually
young, highly motivated. and healthy—are es-
sentially unaware of the severity of their hy-
perthermia, in contrast to the more familiar
sensations of fatigue or exhaustion.™ We previ-
ously reported'® that an Olympic marathoner
produced metabolic heat in excess of 1,400 kcai

per hour. Uinder conditions that imit heat dis-
sipation, this rate of heat storage could have ap-
proximated 0.5° C per minute. and heatstroke
levels of hyperthermia could have occurred
within 10 to 12 minutes. The lack of pain and
the apparent subtlety of symptoms of evolving
hyperthermia often allow athletes who may be
driven by pride and discipline to voluntarily in-
crease exercise intensity during the latter stages
of competition.

Cooling Strategies

During the medical emergency of heatstroke.
mortality is closely related to the duration and
intensity of hyperthermia. But how effective is
the process of cooling heatstroke victims? Cos-
trini et al'' demonstrated that immersion of 13
exertional heatstroke patients {rectal tempera-
ture > 106° F) in a tub of ice and water. com-
bined with massage of the extremities. resulted
in a 100% survival rate. Although opponents of
ice water immersion emphasize the negative as-
pects of miense cutaneous vasoconstriction in
the cooling process. it must also be recognized
that acute circulatory failure occurs in 80% of
heatstroke deaths and that aggressive cooling




markedly decrsases cardiovascular complica-
tions.'!!¢

In their 1959 review of methods of cooling hy-
perthermic subjects, Wyndham et al'’ strongly
denounced cooling with ice water. Yet later find-
ings from the same laboratorv'® indicated that
between 1969 and 1980 the ratio of heatstroke
fatalities to incidents rose among gold miners,
despite a reduced incidence of heatstroke. It is
relevant that the treatment of heatstroke did not
include ice water immersion. Peripheral vaso-
constriction via cold water immersion repre-
sents a physiologicallv pertinent means of re-
storing blood pressure. If vasoconstriction is
induced before IV treatment, the risk of over-
zealous fluid administration—which can lead
to pulmonary congestion or edema—may be
avoided.

Since a delay in cooling heatstroke paticnts
increases the risk of serious injury, military
medics attempt to cool such casualties in the
field as close to the point of collapse as possible.
However, the amount of icc that would be
needed to cool casualties as well as to provide
cool drinking water represents an overwhelm-
ing logistic burden. We calculate that 37.1 kg
(82 Ib) of ice weuld be required to cool an 80-kg
man from 45° 10 37° C in a tub of water that has
been equilibrated with an air temperature of
43° E In practice,"* up to 400 Ib of ice has been
used for each patient. Therefore, the develop-
ment and use of small, mobile water chillers to
provide water at 15° C both for cooling casual-
ties and for drinking was a necessary compro-
mise. In fact Magazanik et al" reported that hy-
perthermic dogs were cooled as effectively in
15° C water as in ice water. If both ice and
chilled water are unavailable, IV fluid replace-
ment is indicated. An additional benefit of IV
therapy is that other compounds can be added
rapidly to the vascular compartment.

We have examined a promising adjunct to [V
therapy.?® Taking advantage of the well-known
cutancous flush that is induced by niacin, we hy-
pothesized that this flush would counteract va-
soconstriction during cold water immersion,
thereby promoting cooling of the body core. Im-
portant to a complete understanding of these
data is the fact that the niacin-induced flush oc-
curs with no alteration in blood pressure or
heart rate at cool ambient temperatures (eg.
72° F). Our preliminary findings indicate that
oral nicotinic acid resulted in lower core tem-
peratures (35.2° to 36.6° C) than controls (36.7°
to 37.3° C) during 90 minutes of water immer-
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Table 3. Hypothetical Characteristics of a Site of Cellular
Heatstroke Injury

Same membrane structure as other cells

Are temperature-sensitive

Function is related to changes in cell volume

Function adapts during endurance training

Function adapts during the heat-acclimatization response
Function is related to heat tolerance and fatigue during exercise
Ability to generate heat

Structure and function may be irreversibly changed

Energy Depletion Model

® Increased rate of neurotransmitter or neuromuscular activity
® |ncreased rate of cell membrane depolarization

/ N\

® Reduced steady-state cedular ® Increased rate of energy

energy levels consumption/production
® Increased levels of ~== ¢ |ncreased rate of ion
hyperthermia/dehydration flux/pumping
® |ncreased sodium permeability/ ® Increased rate of heat
Na* —H* exchange production

e Swelling of celis, fatigue,
collapse

the permeability of the celf to sodium iuns and stimulate the sodium pump,
which burdens the cell with an additional energy drain. This model predicts that
cellular /metabolic processes and deficits operate for some time after
hyperthermia has subsided with cooling.

sion. Additionally, body cooling was greater in
30° C water than in 25° or 28° C water, which
confirms that shivering and vasoconstriction
counteract net heat loss. The striking feature of
this finding was the magnitude of body cooling
in relatively temperate water (30° C), which in-
duced little shivering. We suggest that some op-
timal combination of niacin and IV diazepam
(to control shivering) might be used someday as
an adjunct to enhance whole-body cooling.
¢ven in heatstroke victims immersed in tem-
perate water.

The Pathophysiology of Heatstroke

We compiled a list*' of hypothetical charac-
teristics of a site of cellular heatstroke injury that
would relate the physical effects of heat stress to
the physiologic manifestations of heat strain
(table 3). Cell membranes are in direct contact
with hot blood, lymph, and extracellular fluid:
they must function in some way to balance the
destabilizing effects of extracellular chianges on
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A few heat-injured patients have symptoms that place them somewhere
behseen heal wxiiaustion and heatstroke; however, they should be treated for
heatstroke, since this injury can be fatal.

the intracellular milieu. Basically, key extracel-
lular factors increase the permeability of the cell
to sodium ions and stimulate the sodium
pump. which burdens the cell with an additional
energy drain (the energy depletion model.
figure 1).

Hypcrthermia and exercise drive the sodium
pump?' in the following ways:

(. Hyperthermia increases intracellular acid-
ity. which stimulates a Na*-H * exchange.

2. Hyperthermia increases the kinetic energy
and diffusion of ions in solution. which in-
creases sodium permeability.

3. Heat storage is generally accompanied by
hypohydration (sweating and voluntary dehy-
dration). which increases sodium permeability
hy increasing the extracellular sodium concen-
tration. This suggests that the hyperthermia of
dehydration is due in part to a general increase
in cellular heat production.

4. Hyperthermia increases the frequency of
neural stimulation (nicotinic, cholinergic) nec-

¢ssary 1o mamtain muscie force. which -
creases the sodium-potassium  flux  across
nerves and stimulated muscles.

5. Hyperthermia and exercise produce -
gional ischemia (early splanchnic. late cerebral).
which increases regional acidosis and Na * flux.

6. Heat storage and exercise increase musca-
rinic and nicotinic cholinergic stimulation au-
tonomically and voluntarily. which increases
Na* flux.

Sodium-potassium adenosine triphospha-
tase (AT Pase) activity is regarded as i Chiey-
matic equivalent of the sodium pump and ac-
counts for a high proportion (20% to 45%) of the
total energy used n resiing cells.’! Active so-
dium transport is present in all cells. The active
transport of either sodium or potassium re-
quires the presence of the other on the opposite
side of the membrane and takes place against
both concentration and electrical gradients.
This active transport is tightly coupled and re-
quires that one molecuic of adenosisie triphos-
phate (ATP) be hydrolyzed in order to return
three sodium 1ons to the exterior of the ceil in
exchange for two potassium ions. The velocity
of active transport depends on the concentra-
tions of the cations at their respective binding
sites and is remarkably sensitive to an excess of
sodium ions inside the cell membrane. Because
pumping activity increascs approximately in
proportion to the third power of the sodium
concentration, a doubling of internal sodium
concentration results in an cightfold increase in
ATP hydrolysis. Thus any factor or condition
that stimulates the flux of sodium into the cell
will increase ATP use and heat production and
will be an energy drain on the organism.

The Energy Depletion Model

The energy depletion model (figure 1) had its
roots in two key observations:

1. There was an apparent paradox between
the dogma that heat was the sole noxious agent
precipitating heatstroke and the observation
that morbidity and mortality are significantly
higher associated with exercise-induced hy-
perthermia than with equivalent hyperthermia
alone.'?

2. Treadmill performance (with work done at
a constant speed and grade in our nonsweating
animal model) was significantly and inversely
related to heating rate.?' In ¢ther words, the heat
stored in the cell adversely affects performance
or increases fatigue. Administration of physo-
stigmine or dinitrophenol to worsen the situa-
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tion followed and extended the relationship.

The energy depletion model suggests that an
exercise-induced thermal imbalance leads to an
energy imbalance within the cells and requires
the hypothetical creation of an ion-pumping
motor (the sodium pump) fueled primarily by
st celysis? and a set of conditions to run it at
high speed to the point of overload and damage.
The hypothetical accelerator is the rate at which
sodium leaks into cells. This leak rate is now
seen to have significant autogenerating or posi-
tive feedback potential. We have Jdiagrammed
this dynamic relationship between rate of heat
gain, increased membrane permeability, cellu-
lar energy depletion. and increased neurotrans-
mitter activity as a cycle that leads to reduced
heat tolerance during exercise and significant
morbidity and mortality.

The outcome of this proposed pathophysio-
logic mechanism would depend on many fac-
tors. including the duration. intensity. and rate
of heating as well as variations in regional and

local circulation. The cascade undoubtedly be-
gins with heat, 1s accelerated by acidity, and 1s
gradually worsened by hypohydration. This hy-
pothesis fits comfortably within the framework
of our clinical experience and provides a clear.
rational basis for the importance and urgency of
cooling, which reduces an additional source of
heat production (ie, sodium-potassium AT Pase
activity). This is also consistent with the recog-
nition by neurosurgeons and cardiovascular
surgeons that hypothermia provides clinical
protection from circulatory arrest by lowering
the basal metabolic rate. Cooling restricts Na *

channels. delays energy depletion. delays K * ef-
flux. and stabilizes the cell membrane.** The en-
ergy depletion model therefore supports the im-
portance of body cooling as a primary form of
treatment of heatstroke. PSM

Address correspondence to Roger W, Hubbard, PhD. US
Army Rescarch Institute of Environmental Medicine, Heat
Research Division, Natick, MA 01760-3(X)7.

References
1. Rowell LB: General principles of vascular control. in
Human Circulation:  Regulaticn  During  Physical
Stress. New York, Oxtord University Press Inc, 1986,
pp 843
2. Elkinton JR, Danowski TS. Winkler AW: Hemody-
namic changes in salt depietion and in dehydration. J
Chn Invest 1946:25:120-129
3. Hubbard RW, Armstrong LE: The heat illnesses: bio-
chemical, ultrastructural and fluid electrolyte consid-
crations. 1in Pandolt KB. Sawka MN. Gonzalez RR
(eds): Human Performance, Physiology and Environ-
mental Medicine at Terrestrial Extremes. Indianapolis,
Benchmark Press Inc. 1988, pp 305-359
4. Armstrong LE. Hubbard RW, Szlvk PC, et al: Heat in-
tolerance. heat exhaustion montitored: a case report.
Aviat Space Environ Med 1988:59:262-266
. Hubbard RW, Szlyk PC. Armstrong LE: Influence of
thirst and fluid palaiabiiity on fluid ingestion during
exercise. in Gisolfh CV (ed): Perspectives in Exercise
Sciences and Sports Medicine, ol 3. Indianapotis.
Benchmark Press [nc. to be published
6. Hubbard RW, Armstrong LE, Evans PK. ct al: Long-
Term Water and Salt Deficits: A Military Perspective,
in Predicting Decrements in Military Performance
Due to Inadequate Nutritton. Washington. DC., Na-
tional Academy Press. 1986, pp 2948
. Letthead CS. Gunn ER: The actiology of cane cutter's
cramps in British Guiana. in Environmental Physiol-
ogy and Psychology in Arid Conditions. Leige. Bel-
gium, UNESCO. 1964, pp 13-17
8. Talbot JH: Heat cramps. in Medicine. Baltimore, Wil-
llams & Wilkins, 1935, pp 323-376
9. Boyd AE, Bellar GA: Acid-base changes in Jat cxhaus;

wn

~1

tion during basic training. Proc Army Sci Conf 197288 .

114-125

10. Nash HL: Treating thermal injury: disagreement heats
up. Phys Sportsmed 1985:13(7):134-144

11, Costrini AM. Pitt HA. Gustatson AB, et al: Cardiovas-
cular and metabolic manifestations of heat stroke and

THEPHYSICIAN AND SPORTSMEDICINE ® voi 1 * Na B e June 89

severe heat exhaustion. Am J Med 1979:66:296-302

2. Hubbard RW: Effects of exercise in the heat on predis-
position 10 heatstroke. Med Sci Sports 1979:11:66-71

13. Hubbard RW. Matthew WT. Linduska JD. ¢t al: The
laboratory rat as a model for hyperthermic syndromes
in humans. AmJ Physiol 1976:231:1119-1123

14. Armstrong LE, Hubbard RW, Kraemer WJ. et al: Signs
and symptoms of heat exhaustion during strenuous ex-
ercise. Ann Sports Med 1987:3:182-189

15. Armstrong LF. Hubbard RW. Jones BH. et at: Prepar-
ing Alberto Salazar for the heat of the 1984 Olympic
Marathon. Phys Sportsmed 1986:14(3).73-81

16. O'Donnell TF Jr. Clowes GH Jr The circulatory ab-
normalitics ot heat stroke. N Engl ) Med 1972:287:734
737

17. Wyndham CH. Strydom NB. Cooke HM. et al: Meth-
ads of cooling subjects with hyperpyrexia. J Appl Phys-
0l 1959:14:771-776

18. Kiclblock AJ. Schutte PC, Hitge JJ, etal: The Recogni-
tion, Treatmem and Diagnosis of Heatstroke in the
Gold Mining Industry. Johannesburg, Chamber of
Mines of South Africa. Research Report No. 33/81.
1981

19, Magazanik A. Epstein Y. Udassin R. ctal: Tap water. an
efficient method for cooling heatstroke viciims—a
model in dogs. Aviat Space Environ Med 1980:51:864-
867

20. Hubbard RW, Armstrong LE. Young AJ: Rapid hypo-
thermia subsequent to oral nicotinic acid ingestion and
immersion in warm (30 degrees C) water. letter. Am J
Emerg Med 1988 6:316-317

21. Hubbard RW. Matthew CB. Durkot MJ. etal: Novel ap-

proaches to the pathophysiology of heatstroke: the en-

~ergy depletion model. Ann Emerg Med 1987:16:1066-

- M

22 "Astrup J Energy-requiring cell functions in the isch-
emic brain. Their critical supply and possible inhibi-
tion in protective therapy. J Neurosurg 1982:56:482-
497




