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SELECT TOPICS IN HEAT STROKE 

Introduction 

The topic of environmental heat illness was last reviewed at this Grand Rounds 

nearly 10. years ago when we met in the Parkland Library. In that presentation I 

reviewed the cardiovascular, endocrine, eccrine, and renal responses to hard 

work in the heat. Emphasis was placed on the nature of the physiological 

responses to heating, major shifts of fluid volume, and electrolyte imbalances 

that often occur under such conditions. At that time, an attempt was made to 

subclassify heat stroke into two distinctive varieties; classical and 

exertional. In addition, an announcement was made that a bunch of bulls just 

flown from Scotland to Texas by President Johnson died shortly after arrival 

because of heat stroke. 

Since then, the interest in environmental heat illness has increased perceptibly 

for several reasons: (1) The popularity of jogging and competetive long 

distance racing has made these activities the most common cause of heat stroke 

and heat exhaustion at the present time, {2) Workman's Compensation awards for 

heat stroke injury, (3) A broadening clinical spectrum under the diagnostic 

entity of malignant hyperthermia, (4) Increasing understanding of the interrela

tionship be~ween heat production and ion transport, and (5) The ever- increasing 

-role of drugs as causes of hyperpyrexia. With these considerations in mind, the 

following topics will be examined in this review: 

(1) The differences between classicical heat stroke and exert ional heat 

stroke. 
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(2) Allegations that some cases of exertional heat stroke and rhab

domyolysis may represent patients who have subclinical or formes fruste 

malignant hyperthermia will be reviewed. This will include calcium regula

tion in the muscle cell and its relationship to cellular metabolism, injury, 

and necrosis. The status of pharmacal ogi c reduction of eleva ted myopl asmi c 

calcium concentration with dantrolene and verapamil will be mentioned. 

(3) Thermomuscular reactions incident to the use of neuroleptic drugs. 

(4) Some thoughts on endocrine hyperthermias (thyroid storm, heat stroke 

after removal of insulinomas and pheochromocytoma crisis). 

I. CLASSICAL VS EXERTIONAL HEAT STROKE 

Table I. Comparison of Classical and Exertional Heat Stroke* 

Age Group 
Health Status 
History of Febrile 
Illness or Immunization 
Activity Status 

Drug-Use 

Prodromal chills 
Prodromal cutis anserina 

- Sweating 
Respiratory Alkalosis 
Lactic Acidosis 
Acute Renal Failure 
Rhabdomyolysis 
Hyperuricemia 
Creatinine/urea N 
Increased CPK, Aldolase 
Hypocalcemia 

Classical 

Very young, very old 
Chronic illness common 
Unusual 

Sedentary 

Sweat depressants, 
Diuretics, Hal dol, 
Phenothiazines 
Common 
Common 
Usually absent 
Dominant 
Absent, mild 
< 5% 
Seldom severe 
Modest 
1:10 
Mild 
Uncommon 
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Exertional 

Men 15-45 
Usually heal thy 
Common 

Football, military 
recruits, competetive 
runners 
Amphetamines 

Usually absent 
Usually absent 
Often present 
Mild 
Often marked 
30% 
Prominent 
Prominent 
Elevated 
Marked 
Common 



*Features common to both, lack of heat acclimatization, dehydration , salt 
depletion, hyperthermia (106°F plus), cutaneous flushing and mottl ing, coma, 
psychotic behavior, convulsions while cooling, shock, ARDS, DIC, hypokalemia, 
hypernatremia, hypo-hyperphosphatemia, poikilothermia during recovery. 

Classical heat stroke usually affects the very young or the very ol d. 

Exertional heat stroke, once commonly seen in the laborers, seldom occurs in 

that group today. Mechanization, provisions for periodic cooling and availabi

lity of salt and water have essentially eliminated this disease am~n g those who 

work in the heat. Although farmers still work in the heat, field work is con

ducted inside air conditioned tractors so that exertional heat stroke in that 

group is also essentially gone. 

Classical heat stroke most often affects patients who are chronically ill from a 

variety of causes. Based upon the recent experience at Parkland Hospital during 

the heat waves of 1978 and 1980, patients with chronic cardiovascular disease 

led the list. Exertional heat stroke occurs almost always in young men (there 

has never been a case recorded in a woman) who are apparently heal thy and often 

in excellent physical condition. 

A history of drug use is common in both types of heat stroke. However, in 

patients with classical heat stroke, drugs used are generally diuret ics, sweat 

depressants, including anticholinergic drugs, drugs used to treat Parkinsonism, 

antihistamines, and tranquilizers. In contrast, a number of cases of exertional 

_ heat stroke have occurred in young persons who abuse amphetamines. As will be 

discussed later, neuroleptic drugs also increase the risk of heat stroke. 

Prodromal chills and goose flesh have been recalled by some patient s who develop 

classical heat stroke while their temperature is rising and before they become 

disoriented or unconscious. Chills probably signal the onset of t her-
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moregulatory failure and resemble the response to a pyrogen in which the body 

attempts to elevate its temperature further (1). Chills are usually absent i~ 

exertional heat stroke patients. However, if they do occur, it seems that the 

normal nervous system response to facilitate heat loss has been paradoxically 

replaced by vasoconstriction of skin vessels and shivering thermogenesis. 

Thereby, the endogenous heat load is actually being increased by the chill 

despite hyperthermia. In most patients with classical heat stroke thermal 

sweating is absent, the skin being hot, dry, and flushed. In exertional heat 

stroke, sweating and a cool clammy skin may be present in the presence of a 

markedly elevated core temperature. Such findings are compatible with the 

notion that excessive heating in exertional heat stroke occurs not as a result 

of thermoregulatory failure, but as a result of heat storage consequent to 

muscular contraction. The absence of sweating in the presence of hyperthermia 

is incontestable evidence of thermoregulatory failure that somehow occurs afte,r 

sustained hyperthermia. 

Acid base disorders are common in both types of heat stroke. Simple heating of 

a normal subject leads to hyperventilation and respiratory alkalosis. 

Respiratory alkalosis is the most common finding observed in classical heat 

stroke patients. However, if their illness is complicated by circulatory 

failure of shock, they may also present with lactic acidosis of modest degree. 

Recent studies by Dr. Anderson and his associates on patients with classical 

heat stroke observed here at Parkland during the·past three years strongly 

suggest that if blood lactate values on admission exceed 5 mmoles/liter, death 

is likely to occur (2). In contrast, young men with exertonal heat stroke 

almost always show lactic acidosis at the time of collapse. Acidosis may be 

extremely severe with lactate concentrations observed in excess of 25 
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m~oles/liter in conjunction with severe depression of arterial pH. Studies by 

Osnes (3) have shown that equally severe lactic acidosis can occur in normal 

individuals who perform intermittent exhaustive exercise which is not 

necessarily associated with hyperthermia. In contrast to classic heat stroke, 

lactic acidosis in exertional heat stroke does not necessarily predict a bad 

outcome since with proper treatment, it is readily reversible. 

Significant muscle necrosis is unusual in patients with classical heat stroke 

(4). In the recent PMH series, average CPK values were about 790 1~/L. In 

contrast, CPK values in patients with exertional heat stroke may exceed 100,000 

1~/L and are often associated with visible mYOglobinuria. The latter is almost 

never seen in classical heat stroke. Patients with exertional heat stroke often . 

show pronounced hyperuricemia, abnormal elevations of serum creatinine:urea 

nitrogen, ratio, elevated aldolase, SGOT, and LDH in serum, and ~pocalcemia. 

A number of features are common to both types of heat illness. Many patients 

have not become heat acclimatized and many are dehydrated or salt depleted. 

Prodromal psychotic behavior, coma, convulsions while cooling, shock, and acute 

respiratory distress syndrome also occur in both forms. Disseminated intra

vascular coagulation with thrombocytopenia, hypofibrinogenemia, elevated fibrin 

split products in plasma and urine, and comsumption of coagulation factors tends 

to be more severe in patients with exertional heat stroke but may be a prominent 

manifestation of either form. Hypokalemia, hypernatremia, hypophosphatemia, and 

hyperphosphatemia are common. Patients who survive severe-hyperthermia often 

demonstrate transient poikilothermia during recovery. 
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II. MALIGNANT HYPERTHERMIA 

Malignant hyperthermia is a rare hereditary disease characterized by rapidly 

developing hyperpyrexia, muscular rigidity and acidosis in patients undergoing 

major surgery. An extensive review was recently ·published by Gronert (5). 

Nearly all cases have occurred in patients undergoing general anesthesia 

employing a variety of anesthetic agents. Halothane used alone or in conjunc

tion with succinylcholine have been the most common offenders. Attacks have 

also occurred during anesthesia with cyclopropane, trichlorethylene, ethylene, 

ethyl ether, ethyl chloride, methoxyflurane and enflurane. Local anesthetics 

that depolarize muscle cells (xylocaine, not procaine) have also triggered 

attacks. Experimentally, s~veral drugs have been shown to aggravate or poten-

·tiate the effects of the aforementioned agents~ These include sympathomimetic 

amines, parasympatholytic drugs, cardiac glycosides and calcium salts (6). The 

condition is often heralded by the sudden appearance of ventricular ectopic 

activity, rapid deep respirations, unstable blood pressure and a sharp rise of 

body temperature. Britt (6) claims that body temperature may rise ·in a short 

period of time to 46° centigrade (114.8°F)! In 70% of cases, muscle rigidity 

appears after. the onset of fever. 

Laboratory findings indicate profound acidosis which may be related both to 

overproduction and retention of C02. Accordingly, the anesthesiologist will 

notice a marked increase in C02 prod~ction and a rapid exhaustion of soda lime 

that traps carbon dioxide. Metabolic acidosis also occurs due to accumulation 

of lactic acid. Hypoxemia, hyperglycemia, hyperphosphatemia, hypercalcemia, 

hypermagnesemia, and hyperkalemia are early findings. Later, serum calcium 

falls, and muscle enzymes such as creatinephosphokinase, or aldolase, become 
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markedly elevated reflecting rhabdomyolysis. As nearly always occurs in rhab

domyolysis associated with hyperthermia, disseminated intravascular coagulation 

may appear and is often severe in degree. Mortality in cases of acute malignant 

hyperthermia varies between 28% (5) and 70% (6). 

Much of this information on MH has been derived from experiments conducted on 

certain strains of pigs. Malignant hyperthermia or the porcine stress syndrome 

is of great economic importance to the swine· industry in this country. In fact, 

MH is so important in terms of money that the disease in man should be looked 

upon as a model for the disease in pigs. That malignant hyperthermia and PSS is 

rather widespread among strains of pigs explains why most pig farming is done 

in northern cooler climates. Susceptible pigs may develop the full blown 

syndrome of malignant hyperthermia under conditions of agitation, when they 

become exceptionally excited as during transport, or even when exposed to high 

environmental temperatures. They also develop the disease, quite similarly to 

susceptible human beings, when administered the same selection of phar

macological triggering substances. 

Although the precise cause of malignant hyperthermia in man is not clear, one or 

more of those mechanisms regulating intracellular calcium concentration appears 

to be defective. Their failure under certain pharmacologic influences allows 

intracellular calcium to rise. The most impressive evidence at this time {7} 

- suggests that the sarcolemmal reticulum of skeletal muscle is unstable and 

inappropriately releases calcium under a variety of triggering influences. The 

resulting increase of myoplasmic calcium concentration is then responsible for 

initiating certain biochemical agents that cause heating. 
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IDENTIFICATION OF MALIGNANT HYPERTHERMIA 

Malignant hyperthermia should be suspected in any person who gives a family 

history of death, fever, acidosis, rhabdomyolysis, or acute renal failure after 

general anesthesia. Suspicion should also be aroused if the patient about to be 

operated shows one of a variety of congenital musculoskeletal defects. These 

include (8) arthrogryposis, dislocation of the hip, congenital scoliosis, 

equine-varus deformity, genu varum, hernias, ptosis, strabismus» or undescended 

testes. In about 70% of patients with MH, CPK will be elevated. 

There are four types of tests that may be useful to identify MH. (1) Muscle 

contracture tests. There are a variety of~ vitro tests in which a fragment of 

skeletal muscle is incubated in one or more pharmacologic agents known to 

induce attacks. These include caffeine, halothane, succinylcholine and 

potassium. For example, in vitro, caffeine releases calcium from sarcoplasmic 

reti cul urn and induces ~ontract!Jre at l)lUCh lower concentr.ati ons in muscle from 

s 

Isolated muscle 
in the absence 
of' halothane 

0·1 0·25 O·S 

9·7 s·z 

'2. 4 6 16 23 .32. 
mM CAFFEIN-E 

Fig. t-Ca!Teine eontr:>cture oC isol:>tcd muscle !rom volunteers 
dbposeoi to mall~;na"t hyperthermia and Crorn cootruls. 
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patients with MH than those whose muscle is normal. This reaction is, . in 

addition, potentiated by halothane (9). This seems to be the most popular test 

for MH at present but it is difficult to perform reliably. (2} ATP depletion 

(10,11). Fragments of muscle are exposed to carbogen with or without halothane. 

ATP content is measured at 30-45 minutes. Enhancement of contractile response 

is associated with more rapid exhaustion of ATP stores. This test is difficult 

to standardize since ATP in muscle is labile and affected by many extraneous 

factors. (3) Sarcoplasmic reticulum (SR) calcium uptake. In low con

centration (0.5-1%) halothane stimulates calcium uptake by the SR. However, in 

higher concentrations, it causes calcium release. A dose-response curve must be 

determined. Such a test is usually performed in research laboratories (12). 

Platelet bioassay. The platelet possesses a calcium-ATP-actinomycin contractile 

system similar to that in skeletal muscle. Platelets incubated with halothane 

show a pronounced fall of ATP. The details of this procedure have not been 

published (13). The test is promising but not yet validated. 

NORMAL REGULATION OF CALCIUM CONCENTRATION IN THE MUSCLE CELL 

The free cytoplasmic calcium concentration in muscle is maintained at levels 

several orders of magnitude lower than the free calcium concentration in extra

cellular fluids. This is achieved by a complex system of ATP-energized pumps, 

Na-ca++ and H+ -ca++ exchange systems, ca++ channels, ca++ binding proteins and 

other ca++ binding components present in surface membranes, mitochondria, sar

coplasmic reticulum, nuclei and cytosol (15). 

Haintenance of intracellular ca++ homeostasis requires that ca++ entering by 

downhill flux from the extracellular fluid be removed by active transport 
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through ATP-dependent ca++ pumps or ion-ca++ exc_hange systems located on the 

surface membrane. The distribution of the remaining cell calcium among the 

intracellular organelles is defined by theCa affinity and relative con

centration of the ca++ pumps and ca++_binding proteins located within them. The 

sarcoplasmic reticulum appears to be the most important controlling factor since 

it not only contains most of the intracellular calcium, but its high capacity 

for active uptake and storage lowers cytoplasmic ca++ concentration below the 

1~~~1 where effectiye ca++ uptake by mito~hondria is possible. The calcium pump 

in the sarcoplasmic reticulum is an ATPase which is dependent upon magnesium and 

activated by very small concentrations of ionized calcium. The principle func

tions of the sarcoplasmic reticulum in skeletal muscle are three in number (16). 

First, the concentration of calcium in the myoplasm is reduced by active 

transport (uptake) into the sarcoplasmic reticulum. This in turn facilitates 

relaxation of skeletal muscle. Second, the sarcoplasmic reticulum is the sole 

source of calcium during activation of contraction by skeletal muscle. Release 

of calcium from the sarcoplasmic reticulum permits calcium to become bound to 

troponin and thereby removes the troponin-tropomycin complex that otherwise 

inhibits the actomysin system. Release of calcium from the sarcoplasmic reticu

lum during activation of contraction occurs at ten times the rate at which it 

occurs at rest. Third, the signal for calcium release arrives at the sar

coplasmic reticulum across poorly-defined connections from the T-tubule. · The 

latter is a tubular network of invaginations in the sarcolemmal membrane 

extending from the muscle surface to a termination adjacent to the sarcoplasmic 

reticulum. The membrane potential change of the T-tubule controls release of 

calcium from the sarcoplasmic reticulum and is the site of the 

"excitation-contraction coupling" phenomenon. 
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The protein exchange system located in the muscle cell wall ( sarcol:emma) permits 
exchange of sodium ions for calcium ions or hydrogen ions for calcium ions. 

MYOPLASM ( ca•; 
REST--- 0.5-1.0,oM 
ACTIVE-- 2.0- 5.0,oM 

This system is driven by an electrochemical gradient of either sodium or hydro
gen that exists across the cell membrane (17). Of great importance, besides 

11 



these transport systems that directly transport calcium ions, maintenance of 

optimal calcium ion concentration in the myoplasm is indirectly dependent upon 

the sodium potassium activated, magnesium dependent ATPase located in the cell 

wall. The latter enzyme, although affecting calcium concentration in the cell, 

has no primary action to transport calcium per~· The action of this enzyme 

system to remove sodium ions from the cell to the extracellular fiuid 

establishes a sodium gradient and also a resting membrane potential oriented so 

that the cell interior is negative. Both the sodium gradient across the cell 

and the negatively charged cell interior provide the electrochemical energy to 

draw sodium ions back into the cell so that they may exchange with calcium via 

the calcium-sodium exchange protein. According to Racker (18) this system is 

activated at a cytosolic calcium concentration of 50 ~M. Recall that the dif

fusible calcium concentration in extracellular fluid is about 2500 ~M. 

The possibility that defective enzyme function could be responsible for calcium 

accumulation in myoplasm has been reported. Calcium activated ATPase in the 

sarcoplasmic reticulum has altered temperature dependence (44). Mitochondrial 

accumulation of calcium may (12,45) or may not (46) be defective. Blockade of 

sodium potassium activated ATPase in the sarcolemmal membrane could also affect 

sodium:calcium exchange. Britt claims that cardiac glycosides adversely affect 

patients with MH (47). Experimentally, interference of Na,K-ATPase by digitalis 

in cardiac muscle and smooth muscle preparations causes a decrease in the 

transcellular sodium gradient and in turn allows calcium ions to increase in the 

cytoplasm of the cell and increase contractility. 

Other transport systems, for example adrenergic receptors, could function 

abnormally. Enhanced alpha adrenergic responsiveness has been proposed as a 
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triggering force in MH (5,49) since treatment with alpha-blockers has been 

claimed to ameliorate attacks (SO). Abnormal beta receptor function in muscle 

could also be important. There is evidence that insulin, by a mechanism 

resembling s-receptor activation (51), stimulates sodium efflux from muscle 

cells, electrically hyperpolarizes these cells and that this action can be inhi

bited by cardiac glycosides. As will be pointed out subsequently in this Grand 

Rounds, sudden insulin withdrawal following removal of an insulinoma from the 

pancreas has been complicated by unexplained heat stroke and death in 7 patients 

to date. Severe hyperthermia has also be observed in patients with diabetic 

ketoacidosis. Theoretically, insulin withdrawal in this instance might be tan

tamount to a-adrenergic hyperactivity. 

BIOCHEMICAL INTERACTION OF AN ELEVATED MYOPLASMIC CALCIUM, CELLULAR METABOLISM 

AND HEAT PRODUCTION IN MALIGNANT HYPERTHERMIA 

Since a high myoplasmic calcium concentration has bee.n implicated in the patho

genesis of MH, of special interest has been the demonstration that the known~ 

potent, triggering agents such as xylocaine, cardiac glycosides, caffeine, and 

perhaps even quinidine, may all increase myoplasmic calcium concentration. 

In contrast, a number of agents known to suppress or retard development of 

malignant hyperthermia serve to lower myoplasmic calcium concentration {6). 

These drugs include dantrolene, procaine, and varapamil (6). Presumably, the 

_high myoplasmic calcium concentration stimulates hypermetabolism which becomes 

self-propagating. In contrast to normal muscle contraction in which metabolic 

heat production diminishes upon cessation of exercise, in MH patients it con

tinues inexoribly in an uncontrollable state. 

The enormous rate of heat production that may occur in malignant hyperthermia 

could be the result of several factors: (1) Elevation of myoplasmic calcium 
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concentration (2) readily activates phosphorylase and in turn glycogenolysis. 

The produ~ts of this reaction are lactic acid and heat. (2) Production of glu

cose as a result of glycogenolysis would allow at least some of the glucose to 

be completely oxidized to carbon dioxide, water, and heat. This would explain 

the sudden increase of carbon dioxide production-observed in patients who are 

developing malignant hyperthermia. (3) It has been proposed that catecholamines 

could potentiate activation of phosphorylase kinase in patients with MH. 

Experimentally, injection of phenylephrine into MH-susceptible pigs (20) has 

induced attacks. However, it is unknown whether catecholamines play a role in 

triggering the disease in man. They could aggravate (i.e. potentiate a non

adrenergic trigger) by decreasing heat loss via cutaneous vasoconstriction. 

Glycolysis could simultaneously occur in more poorly perfused sections of muscle 

as a result of local anoxia. Hydrogen ions and lactate would be produced and 

would explain the simultaneous sudden appearance of acute metabolic acidosis and 

lactic acidosis. (4) Myoplasmic calcium elevation activates muscle contraction 

and produces heat. In fact, if muscle temperature becomes sufficiently 

elevated, the usual regulation of calcium by troponin binding becomes 

inoperative (21). (5) A number of events occur that could stimulate transport 

systems, all of which require ATP to be split for energy. These include the 

usual sodium leak into the myoplasm that occurs during cellular depolarization. 

It would likely also result from the release of calcium from the sarcoplasmic 

reticulum which in turn would increase activity of calcium pumps. (6) If 

mitochondrial calcium becomes sufficiently high (22) oxidative-phosphorylation 

becomes uncoupled. Thereby, rather than producing ATP, heat is produced in a 

vicious cycle. (7) Stimulation of non-shivering thermogenesis. The dominant 

tissue that produces heat in response to norepinephrine in non-shivering ther-
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mogenesis is brown fat. Norepinephrine depolarizes the brown fat cell by 

increasing its permeability to sodium. Intracellular sodium rises, and ATP-ase 

pumps are activated. The energy consumed to drive Na+ transport produces heat 

(23). It is unknown whether this mechanism is important as a source of heat in 

MH for adults, since they have very little brown· fat. Although norepinephrine 

levels may become markedly elevated in attacks of MH (20) and could conceivably 

act upon skeletal muscle sympathetic nerve endings (receptors) -whether such a 

response actually occurs seems to be controversial. Jansky clai ms that norepi

nephrine induces an increase in heat production across the leg and increases 

oxygen consumption 11 Consi derably .. in curari zed animals exposed to cold (24). 

Furthermore, based upon an increase in carcass cytochrome oxidase activity, he 

estimated that skeletal muscle is responsible for more than 50% of body heat 

generated by this process. Unfortunately, Dr •. Jansky provides rno data in his 

paper. According to Dr. Barbara Horwitz (25,26), not only does norepinephrine 

stimulate glycolysis in the rat, but also it electrically depolarizes muscle 

cells in vivo. Anything that depolarizes a cell permits sodium and calcium to 

enter from plasma and from that, it may be assumed that heat production would 

ensue as a result of glycolysis and accelerated pump acti .vity. Unfortunately, 

the role of non-shivering thermogenesis in MH has not been further explored. 

(8) Heat generation by futile cycles. Clark et al, working with Henry Lardy 

(27) have found evidence for accelerated cycling of fructose-6-phosphate and 

fructose 1,6-diphosphate in muscle of malignant hyperthermia pigs (fig. 3). 
11 Futile 11 cycling of fructose-6-P04 to fructose 1,6-di P04 generates heat by 

splitting ATP to ADP and pi. Halothane exposure caused a 6-8 fold increase in 

the rate of substrate cycling which was proportionate to the rise of 

temperature. Depletion of ATP, total adenine nucleotides and an increase of 

inosine occurred. This is the same biochemical cycling that has been shown to 

exist and facilitate a 11 Warm-up 11 in bumble bee flight muscle (28). 
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Fructose-

. 6-phosphate 

I . 

Fructose diphospha;~s~ \ E~::fructokinase 
- Hlo':J ADP 

Fructos..:-
1 ,6-dirhosrha t..: 

Net reaction: ATP + H,O ...... ADP+P, 

Fig. i Substrate cycling of fructos·~-6- phosphat..: with hydro-
:J lysis of ATP. · 

Accoring to Dr. Kosaku Uyeda, an increased myoplasmic calcium concentration that 

occurs in response to halothane action on the sarcoplasmic reticulum, could 

activate phosphofructokinase as well as fructose diphosphatase. He also points 

out that fructose diphosphatase is primarily an enzyme of gluconeogenesis. 

Since gluconeogenesis does not occur in human muscle, there is little reason for 

this enzyme to be there except to operate such a "futi 1 e" cycle or alternatively 

that during the process of evolution we have retained a bit of the bumble bee-

warm-up enzyme system. 

MECHANISMS OF CELLULAR INJURY INCIDENT TO AN ABNORMAL CYTOSOLIC CALCIUM 

CONCENTRATION 

Calcium concentration in injured or necrotic tissue i.s vi .rtually always 

increased. In our own studies on experimental myopathies due to potassium 

deficiency (29), phosphorus deficiency (30), exercise of trauma-induced 

rhabdomyolysis (31), magnesium deficiency (32), and rhabdomyolysis associated 

- with chronic alcoholism (33,34), tissue content of calcium has also been 

increased even before necrosis is evident. Prior to recent studies elucidating 

control mechanisms for cytosolic calcium concentration, it was assumed that the 

increased calcium content of injured or necrotic tissues was simply the result 

of dystrophic calcification (31). However, evidence obtained during the past 10 
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years clearly indicates that accumulation of calcium inside the celi is not 

necessarily the result of injury but rather could be a cause of cellular injury. 

-··Since the topic under discussion concerns muscle cells, corrments will be limited 

to that tissue. Impressive evidence exists implicating cytosolic calcium 

poisoning as an instrument of muscle cellular injury: (1) Administration of the 

ionophore A23187 permits accumulation of calcium ions in the myoplasm of muscle 

cells sufficient to induce injury (35). The evidence available thus far indica

tes that when cytosolic calcium concentration reaches a critical value, neutral 

proteases are activated which in turn decompose myofibrillar proteins (36). 

These enzymes are normally operative in muscle cells at a very low level of 

activity. At this activity, their function is to break down muscle fibers .in a 

slow, regulated fashion so as to permit reconstruction and growth. However, not 

only are they acti va.ted to higher but also to a destructive mode by high con

centrations of cellular calcium. Employing the ionophore technique, ultrastruc

tural lesions have been demonstrated which exactly mimick the earliest changes 

seen by electron microscopy in experimental rhabdomyolysis (35). These changes 

do not occur in the presence of verapamil, an agent that blocks calcium from 

entering the cell. 

(2) Employing myocardial cells in vitro, Bogin and his associates (37) have 

shown that calcium entry is facilitated by parathyroid hormone and that this 

maneuver is associated with impairment of cellular function. If the tissue is 

exposed to parathyroid hormone but calcium entry · is blocked by varapamil, cellu

lar dysfunction does not occur. 

(3) It is interesting to speculate that in those situations where parathyroid 

hormone (PTH) exists in high concentrations in the face of impaired sodium 

transport activity in the cell, such as acute rhabdomyolysis (38,39) or advanced 
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uremia, in which cases production of PTH is stimulated by hyperphosphatemia (40) 

calcium could well accumulate in a variety of tissues and be responsible for 

ongoing damage. In fact, a severe myopathy may occur with longstanding hyper

parathyroidism that cannot be ascribed to phosphorus deficiency (41,42). In 

these patients, striking improvement may occur following removal of the 

parathyroid adenoma (43). 

Can Sudden Death, Exertional Heat Stroke or Rhabdomyolysis in Athletes be 

the Result of Malignant Hyperthermia? 

David E. Wingard, an anesthesiologist in Omaha, presented a provocative paper at 

the 2nd International Symposium on MH held in Denver in 1977 (52). He described 

an increased incidence of sudden deaths unassociated with anesthesia in family 

members of patients with known malignant hyperthermia. He also described an 

unusual propensity to development of muscular ri gi di ty, 11 black-outs" and 

disorientation, and fever up to 107°F while driving or riding in an automobile 

in patients with proven malignant hyperthermia. In one Nebraska family with 

malignant hyperthermia, 12 members had died in separate automobile accidents 

which is about 600% higher than that for the general population. Third, and 

without evidence, Dr. Wingard extended this notion and proposed that some ath

letes who experience sudden death or exertional heat stroke and rhabdomyolysis 

have underlying malignant hyperthermia. By Wingards projection, one in every 

3,500 Americans carry the malignant hyperthermia gene. He estimated that at 

least 15,000 lives are lost yearly in the United States as a result of malignant 

hyperthermia, one-half of them during general surgery. Although his figures 

appear to suffer from "data torque'', the notion has been nationally popularized 

in the lay press (Fig. 4). 
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Inherited disease 
believed cause 
of sudden deaths 
Associated Press 

OMAHA, Neb. (AP) - Healthy athletes who 
die on the playilig field and patients who succumb 
unexpectedly in surgery may be victims of an in
herited muscular disorder, a researcher at the Uni
versity of Nebraska Medical Center says. 

The disorder, malignan_t hyperthermia, may be 
responsible for many deaths previously attributed 

. to heart attacks and strokes, according to Dr. Daniel 
Wingard. Malignant hyperthermia \5 a genetic syn
drome triggered without warning by exceptional 
stress, Wingard said in a recent interview. 

Wingard, an author~ty on the synd!"ome~ said it 
isn't as rare as once thought. He said he believes it 
claimed at least lS,OOO lives . in the United States 
last year, half of them during surgery. 

Malignant hyperthermia .is thought to be a dis
order in which a victim's mLiscles "fire or tense 
simultaneously" causing body- temperature to rise 
rapidly. Wingard said he believes at least one in 
every 3,500 Americans carries- the type of gene that 
makes a person susceptible to the syndrome. 

He cited a Fremont family in which 32 deaths 
were attributed to the syndrome. 

"We're talking about the deaths of young, 
healthy people, not old, sick people," he said . . "Not 
much (research) was done-on. it until the last sever
al years because it was thought to be so rare." 

Researchers have d.i$covered malignant hy~ 
perthermia is the primary cause of deaths while a 
patient· is under anesthesia and may account for 
many surgical and post-operative deaths, Wingard 
said. · · 

There hasn't been an anesthetic death attribut
ed to malignant hyperthermia in Nebraska for two 
years, Wingard said. He credited this to the in
creased awareness of the syndrome and approval 
given last year by the federal Food and Drug Ad
ministration for the intravenous use of the di-ug 
Dantrolene, which combats the malady. 

·He said ·he is most concerned about how the. 
syndrome- contributes_to the deaths · of young ath-
letes, especially football players. · 

In 1965, for example. Mack Lee Hill, a fullback 
for the- Kansas City Chiefs;· died unexpectedly dur
ing knee surgery. Malignant hyperthermia killed 
him, Wingard said, adding that the syn~ prob
ably causes most mysterioU:S athlete ~eaths.:~. · .. . · 
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The idea that exertional heat stroke or rhabdomyolysis victims may have some 

underlying abnormality deserves further examination. Several types of stress 

that have been considered as triggering factors for malignant hyperthermia aside 

from pharmacologic agents or anesthetics. According to Britt (6), these include 

high environmental temperature, infections, emotional excitement, muscle injury 

from a variety of influences, and exercise itself. Some of these patients have 

an assortment of neuromuscular complaints and may have persistently elevated 

CPK. They may or may not develop fever and if not, have been termed 

"normothermic malignant hyperthermia". Huckell and his co-workers described 

three patients with biopsy proven susceptibility to malignant hyperthermia who 

had never experienced a frank episode but had a strong positive family history 

of anesthetic-related death and unexplained sudden death. Each of these 

patients, ages 19, 22 and 37 years of age, had findings compatible with non

congestive cardiomyopathy and 2 had a history of repeated episodes of ventricu

lar fibrillation. One gave a history of quinidine-induced fever (53). 

It is to be emphasized that high environmental temperature, infection, emotional 

stress or other causes must be extremely unusual triggers for MH in man. 

Gronert observed that nearly all episodes reported in man were induced by 

general anesthesia (5). 

Unfortunately, studies to examine the possibility that the muscle cell defect 

responsible for malignant hyperthermia may exist in those who have survived 

exertional heat stroke have not been conducted. Consequently, Wingard•s theory 

is really no more than interesting speculation. Nevertheless, what is the 

current evidence that MH may be triggered by nonpharmacologic means? 

AN AWAKE EPISODE OF MALIGNANT HYPERTHERMIA 

Gronert (54) described a 42 year old man who complained that severe exercise or 

emotional stress induced episodes of arthralgia, malaise, soaking sweats, and 
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·fever up to 104 o. These. episodes waul d persist for 3 or 4 days and abate 

spontaneously. Thereafter, he felt exhausted and required several days for 

complete recovery. The patient was a muscular, slightly obese man who weighed 

90 kg. His strength was normal. All of the usual laboratory data (including 

CPK) were within normal limits. 

Based upon the notion that this patient might have the human counterpart of the 

porcine stress syndrome, a muscle biopsy was obtained for determination of its 

contractile response to caffeine . Figure 5 is reproduced from Gronert's paper 

and shows the results of this test. Gronert's case showed the same response as 

patients with malignant hyperthermia. Further studies were conducted to examine 

the effects of Dantrolene on this patient's symptomatic response. Dantr olene is 

an unique agent that probably interferes with the excitation-contraction pheno-
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menan and impairs release of calcium from sarcoplasmic reticulum. Discovery of 

this drug, initially developed as an antibiotic, represents a spectacular 

advance in this form of muscle disease since it has been used successful ly to 

treat and/or prevent attacks of malignant hyperthermia in patients undergoing 
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general anesthesia. After employing dantrolene prophylactically, the patient 

noted that further attacks under the usual precipitating circumstances were 

either very mild or did not occur at all. Since norepinephrine may induce 

cellular depolarization (26) and increase cytoplasmic calcium concentration (6)' 

Gronert postulated that episodes of severe emotional stress or exercise could 

have this effect by enhancing norepinephrine release. 

The obvious question that follows is how exercise or certain other nonphar

macologic triggering influences such as excitement or heating could be respon

sible for an attack of malignant hyperthermia. All of us have seen patients 

without apparent disease who cannot tolerate simple heating such as that 

incurred by sitting in a hot bath or that resulting from work in the heat. They 

often complain of anxiety, weakness, extreme discomfort and the usual symptoms 

one would derive from hyperventilation and respiratory alkalosis. They are 

usually passed off as neurotic. Of more importance, if such a subtle defect of 

muscle function as that found in MH does indeed increase the propensity to exer

tional heat stroke and rhabdomyolysis, perhaps this would explain why tne 

occurrence of such disasters often appears to be an idiosyncracy. In other 

words, if 500 young men whose health appears to be excellent are undergoing 

intensive training or are participating in a marathon, why is it that only one 

of them sustains heat stroke? It is possible that such an individual has a 

subtle defect of muscle cell transport that is brought out by a combination of 

emotional excitement associated with a competetive event, exhaustive exercise 

and skeletal muscle heating? Before answering this question let us examine the 

function of the sarcoplasmic reticulum in skeletal muscle and briefly review 

those mechanisms by which myoplasmic calcium concentration is kept within normal 

limits. 
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WHAT ARE THE POTENTIAL FACTORS IN EXHAUSTIVE EXERCISE THAT COULD INCREASE 

MYOPLASMIC CALCIUM TO A HARMFUL CONCENTRATION AND PERHAPS MI MIC THE CELLULAR 

CHANGES IN MH? 

One can visualize a number of general disturbances that would permit calcium 

concentration to become abnormally high in the myoplasm of the muscle cell 

during hard .work. These include membrane defects or injury, enzymatic 

abnormalities, defective transport systems, inadequate supplies or utilization 

of energy substrates, abnormal transcellular sodium or hydrogen gradients, and 

any of a variety of situations in which muscle membrane potential difference is 

abnormally low. 

As stated previously, there is evidence that the alpha adrener gic nervous system 

might be implicated as one of the triggering factors in malignant hyperthermia. 

This system has been blamed as an explanation for the single patient whose epi

sodes were induced by emotional excitement or severe ~xercise (54). Massive 
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elevations of plasma norepinephrine up to 1800 pg/ml may occur in exhaustive 

exercise (55,56). In a recent study by Silverberg and his co-workers (57), 
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plasma NE levels in normal subjects averaged 228 pg/ml supine and 526 in the 

upright position. Insulin-induced hypoglycemia resulted in elevations to 770 

pg/ml. To attain values such as those observed by others after massive exercise 

(55,56) requires NE infusions at a rate of 5000 pg/min (57). Silverberg's stu

dies also suggest that major metabolic affects of NE are activated at such 

levels. Such levels also occur in some patients with diabetic ketoacidosis 

(58) and as will be discussed later, DKA may be cause of "endocrine 

hyperthermia" (57). Presumably, norepinephrine would act on muscle cells by 

interacting with receptors or perhpas directly depolarize the T-tubule and in 

turn be responsible for release of calcium into the myoplasm (6). 

High environmental temperature or fever can induce attacks of MH in susceptible 

pigs. Sarcoplasmic reticulum of pigs releases calcium under conditions of a 

high temperature (7). The question follows whether or not fever in man could 

destabilize the SR and cause calcium release. Heat production and heat storage 

can be enormous in some persons as a result of sustained, exhaustive exercise. 

Many individuals who are in excellent physical condition and trained for 

endurance running generate core temperatures of approximately 103 to 104° upon 

completion of a 26 mile marathon when environmental conditions are ideal. In 

contrast, in hot weather, as little as 3~% dehydration can lead to marked 

storage of heat and under such conditions rectal temperatures of -106° or more 

are commonplace following completion of a similar competitive run. One runner 

completing a marathon showed a core temperature -of 107.9°F that was maintained 

for 44 minutes (59). Several studies have clearly shown that exhaustive exer

cise conducted in hot weather exaggerates the degree of tissue injury as indi

cated by release of muscle enzymes (60). Nevertheless, considering the large 

number of runners who subject themselves to such conditions~ only rarely does 
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clinically significant rhabdomyolysis or heat injury occur. I have found no 

evidence to indicate that heating up to 107.6°F in individuals who are 

apparently normal induces a state of sustained heat production once the heat 

source is removed. The effects of artifical passive heating above 107.6°F and 

its effects on tissue damage has not been examined (61). Thus, it does not 

appear that a normal individual can induce sufficient changes in skeletal muscle 

~ells to generate a syndrome resembling malignant hyperthermia, characterized by 

a sustained vicious cycle of heat production. 

The second question is, does evidence exist indicating that patients with 

malignant hyperthermia can induce an attack by exhaustive exercise? In pigs, 

this would appear to be the case. Although Gronert's case (54) suggests an 

affirmative answer, it is remarkable and pu~zling that two well known pro

fessional football players, one with proven and one who likely has malignant 

hyperthermia, have never experienced an attack as a result of physical exertion. 

Both are linemen and presumably each has become heated above 106°F as is custo

mary in such individuals during exhaustive training exercises in late summer, 

especially while wearing football gear. One of these individuals, Mark Lee 

Hill, died of malignant hyperthermia during general anesthesia for repair of an 

injured knee. The second, Mick Tingelhof, a former all-pro lineman on the 

Minnesota Vikings, has a family history of deaths under general anesthesia. 

This man displays a consistently elevated CPK as is characteristic of about 70% 

of afflicted patients. He is assumed to have ma.lignant hyperthermia. 

The fact that two athletes who presumably have become overheated periodically 

did not trigger attacks of malignant hyper.thermi a by this means although they 

are thought to have this disease does not totally exclude the possibility that 
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certain other factors might trigger such a response to exercise in su~ceptible 

individuals. For example, if an individual with MH were receiving a drug that 

facilitates an elevated myoplasmic calcium concentration (phenothiazines, 

dextroamphetamine, phencyclidine), it is possible that an attack of malignant 

hyperthermia could then be induced by exercise with its potentiating influence 

of heat and ATP depletion? Obviously, the best solution to this problem would 

be to examine survivors of exertional heat stroke and rhabdomyolysis for abnor

mal responsiveness of muscle contraction to graded concentrations of caffeine or 

other tests described earlier in this Grand Rounds. Such information lacking, 

one can say that at the present time that there is no positive evidence to indi

cate that patients susceptible to malignant hyperthermia can i ndl!lce an attack by 

exercise. 

Casual comments made during discussions of the ostensible relationship between 

exhaustive exercise and malignant hyperthermia have suggested the use of dantro

lene in atheletes who develop cramps or those who have demonstrated unusual 

febrile reactions or rhabdomyolysi s after exercise. Among other potentially 

serious effects, dantrolene produces substantial generalized muscle weakness and 

consequently would appear to be of little use to such individuals (62). 

Varapami 1 has been suggested for simi 1 ar reasons. However, it p.ropensi ty to 

reduce cardiac output could be potentially disastrous. 

III. THE NEUROLEPTIC MALIGNANT SYNDROME 

The neuroleptic malignant syndrome is another pharmacologic disorder that is 

potentially fatal and may present with increased muscular activity and 

hyperthermia. Although its cause is diametrically different from malignant 

hyperthermia, it can be readily confused with it as well as heat stroke. It is 
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also associated with extrapyramidal signs, alteration of consciousness and auto

nomic dysfunction. Most cases have occurred in patients taking haloperidol 

alone or with other drugs, especially lithium carbonate. Other drugs implicated 

included phenothiazines and thioxanthenes (63,64). Values exceeding 106° have 

been observed and have been confused with heat stroke. In this syndrome, rigi

dity and involuntary movements always preceed the onset of fever. Autonomic 

dysfunction is manifested by pallor, diaphoresis, sialorrhea, unstable blood 

pressure, tachycardia, pulmonary congestion, and tachypnea. Death is often due 

to hyperthermia, dehydration and exhaustion. In some cases, tachypneic hypoven

tilation from decreased chest wall compliance has required respiratory support. 

Rhabdomyolysi s has occurred presumably on the basis of persistent exhausti v_e 

muscular contractions and has been associated with elevation of CPK as high as 

15,000 IU/L. Many of the patients have displayed hypernatremia reflecting 

dehydration. It should be recalled that patients taking haloperidol who do not 

necessarily demonstrate signs of the neuroleptic malignant syndrome may also 

become severely hypernatremic. This presumably results from suppression of 

thirst recognition, a feature apparently unique to haloperidol. 

The neuroleptic malignant syndrome , is to be differentiated carefully from 

"lethal catatonia" which is not related to drug therapy. Muscular hypertonicity 

in NMS is most often characterized as 11 lead pipe" or 11 plastic 11 rigidity. 

Besides CPK elevations, polymorphonuclear leukocytosis with values up to 26,000 

cells per cubic millimeter may also occur. This can lead to a mistaken diagno

sis of meningoencephalitis, however in NMS, spinal fluid is within normal 

limits. 

It has been postulated that dopamine receptor blockade in the striatum increases 

thermogenesis by means of muscular spasticity and dystonia, resulting in an 
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enormous overproduction of heat. Dopamine receptor blockade in the hypothalamus 

presumably mediates the associated autonomic disturbances that interfere .with 

thermoregulation. Vasoconstriction of skin vessels despite hyperthermia pre

vents adequate loss of heat generated by muscular rigidity. Theoretically, 

sustained muscle contraction in such patients must be associated with sarcolem

mal depolarization and increased intracellular sodium and calcium 

concentrations. By this means, heat production could become exaggerated. 

Whether NMS is related to, or occurs in, patients with subclinical malignant 

hyperthermia is unknown. Wingard (52) and Gratz (65) has reported that halo

peridol and another parenteral neuroleptic drug, meperidol, may actually be use

ful in prevention of malignant hyperthermia. 

ENDOCRINE HYPERTHERMIA 

That slight fever may be a feature of a variety of endocrine disorders is well 

known. These disorders include hyperthyroidism, adrenocortical insufficiency, 

and rarely, progesterone administration (66). In those cases where other causes 

of fever can be excluded, it is assumed that the fever itself is the result of 

metabolism, dehydration and salt depletion. In the case of etiocholanolone 

fever, it has been shown that this androgen metabolite stimulates formation of 

1 ueukocyte pyrogen. In most of these instances, body temperatures seldom if 

ever exceed 102 to 103°F. 

On the other hand, there are four rather distinctive endocrine abnormalities in 

which true hyperpyrexia may occur and often be 1 ife threatening. These include 

thyroid storm, rare cases of diabetic ketoacidosis, pheochromocytoma storm, and 

in patients who have recently undergone removal of insulinomas. Unfortunately, 

few of the cases described have included information that one could use to 

determine whether the patient showed thermoregulatory failure. 
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Based upon the nature of the subject material presented so far, it would seem 

possible that the four types of endocrine disturbance that may result in true 

hyperpyrexia may well have certain factors in common with cases of exertional 

heat stroke, malignant hyperthermia, or hyperpyrexia induced by pharmacologic 

agents. 

SPECULATION ON THE POSSIBLE RELATIONSHIP BETWEEN SPECIFIC HORMONAL EFFECTS, 

DISTURBANCES OF ION TRANSPORT IN HYPERTHERMIA 

Hyperthyroidism and Thyroid Storm 

Based upon extensive studies on muscle by Edelman and his associates, thyroid 

hormone increases energy consumption and heat production as a result of 

increased sodium transport (67). These workers have shown a sequential response 

to experimental administration of triiodothyronine consisting of an increase in 

cellular permeability to sodium, an increased concentration of sodium in the 

cells, an increased sodium-potassium activated ATPase activity, an i ncrease in 

the number of pump units of ATPase per cell and coincident with increased sodium 

transport, an increase in oxygen consumption that can be blocked by suppression 

of ATPase activity with ouabain. The membrane potential of muscle cells at 

least intially, becomes hyperpolarized following administration of thyroid hor

mone. In contrast to such experimental studies usually performed over the 

course of only a few days, patients with longstanding hyperthyroidism show con

siderably different findings in skeletal muscle; Our own studies on 3 of these 

patients show that tissue content and cellular concentration of sodium is 

markedly elevated, membrane potential is substantially below normal values and 

cellular potassium content is abnormally low. Calcium content was twice normal. 

Based upon studies done on red cells from hyperthyroid patients (69), the 
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membrane becomes sufficiently permeable to sodium so that the leak outstrips the 

capacity of the pump to maintain a normal intracellular sodium concentration. 

Such a situation would explain accumulation of calcium in the myoplasm. 

Two important studies reported some years ago may have some relevance toward the 

foregoing findings. Roberts and her associates (10) showed that experimental 

administration of triiodothyronine to dogs induced clinical evidence of 

hyperthyroidism and simultaneously a negative phosphorus balance secondary to 

phosphaturia. They then examined the possibility that replacement of the 

phosphorus lost in the urine might have some salutary effect on the artifically 

induced thyrotoxicosis. Within a few days after initiating administration of 

phosphorus supplementation, the dogs showed changes characteristic of thyroid 

storm. Essentially similar observations were reported by Beisel and his asso

ciates on human volunteers (71). 

It is interesting that some form of stress is usually the precipitating event in 

patients with otherwise stab 1 e hyperthyroidism who then develop thyroid storm. 

Thus, a major infection, injury, parturition, anesthesia or major surgery for 

unexplained reasons result in rapid acceleration of metabolism so that fever 

(rarely up to 106°) may be seen. That this is not thermoregulatory failure is 

evident by the fact that sweating and cutaneous vasodilatation persist indi

cating that the fever is the result of increased metabolism and not a fai 1 ure of 

heat loss. 

Although no explanation has ever been offered why phosphate supplementation may 

apparently induce thyroid storm in patients or animals with thyrotoxicosis, one 

might speculate that phosphorus administration and the resulting increase of 

serum phosphorus concentration might rapidly increase production of parathyroid 
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hormone (72). If so, increased levels of parathyroid hormone could readily 

facilitate calcium entry into cells, thereby allowing cytoplasmic hypercalcemia 

to exert its effects tin mitochondrial ener~ production and other sources of 

ener~ production outside .the mitochrondria. I would like to stress that this 

is pure speculation since no evidence is available indicating that such a 

sequence occurs. However, such events would seem quite likely. 

HEAT STROKE FOLLOWING REMOVAL OF INSULINOMA 

In 1950 Howard and his associates reviewed 398 cases of insulinoma {73). 

Eighteen of these expired after surgical removal of the tumor. Five of the 

eighteen patients died of heat stroke following surgery. Autopsy examination 

failed to disclose any reason for hyperthermia. In 1955, Conn and Seltzer (74) 

reported a single case of a patient with insulinoma who was operated and died 

with a temperature of 41°C (106°F) 36 hours post-operatively. No reason for the 

death or fever could be found. Tormblom (75) reported the seventh case of death 

due to hyperthermia in a patient following removal of an insulinoma. This 

patient became febrile to 41°C (105.8°F) 36 hours following surgery and died on 

the sixth day. No explanation for hyperthermia or death could be found. In 6 

of the 7 cases, heat stroke occurred by the second postoperative day, in the 

remaining case on day 4. 

No meaningful explanation has ever been offered to account for postoperative 

heat stroke following removal of insulinomas. 

An ever increasing body of evidence clearly shows that insulin exerts marked 

effects upon sodium transport in nearly all tissues except the brain. 

Observations made in 1957 recently reviewed (76) by Zierler showed that even in 

31 



iJ 

the absence of glucose, insulin i~ capable of stimulating sodium eff lux from 

muscle cells and electrical hyperpolarization. The effects of insul in on intra

cellular sodium concentration and electrical hyperpolarization woul d suggest 

that. it would decrease intracellular calcium concentration. One of the 

unexplained facets of insulin media ted sodium transport was its i nhibi ti on by 

ouabain. Recent studies by Moore (77) have added substantially to ou r current 

knowledge of this phenomenon. Examining the effects of insulin on skeletal 

muscle, Moore has shown clearly that rather than directly stimulating sodium 

efflux from the muscle cell, the hormone actually facilitates entry of sodium 

into the cell in exchange for hydrogen ion. Two important effects ensue. 

First, increased sodium entry increases sodium concentration inside the cell 

thus activating the magnesium dependent, sodium potassium ATPase. T~is step 

would explain the ouabain inhibition of the action of insulin. Second, the 

exchange of sodium ion for hydrogen ion would result in no net chang:e of 

electrical transmembrane potential difference. However, the active t ransport of 

sodi urn from the cell to the outside by transport ATPase waul d then el evate the 

membrane potential of the cell by the electrogenic effects of the pu~Np . One 

might speculate that sudden withdrawal of insulin would permit accum~lation of 

sodium in the cell so as to reduce the transcellular sodium gradient, reduce the 

membrane potential and thereby permit accumulation of calcium ions i n the 

myoplasm. Heat production could thereby increase. Second, is it possible that 

repeated episodes of hypoglycemia induced by insulin could lead to .. t ertiary .. or 

autonomous over production of catecholamines and thereby explain the overproduc

tion of heat? Third, Brantigan and his co-workers showed that insuli n enhances 

calcium-binding by the sarcoplasmic reticulum (78). Thus, there is a possibi 

lity that the ability of the sarcoplasmic reticulum to bind calcium i ons could 
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be impaired following withdrawal of insulin. Fourth, some evidence indicates 

that insulin is necessary for the one-hydroxylation step of vitamin D synthesi s 

in the kidney. 1-25-dyhydroxy vitamin D may have an important effect on the 

transport of calcium in the cell (79) and its deficiency could conceivably per

mit an increased cytosolic calcium concentration to occur. As a result, 

increased heat production might occur. 

PHEOCHROMOCYTOMA STORM 

Among the many causes of prolonged and perplexing fevers, pheochromocytoma 

should always be given consideration. However, as a cause of hyperpyrexia, 

pheochromocytoma must be exceptionally rare. The following case i s under pre

paration for publication . Permission for its inclusion in th is grand rounds was 

kindly provided by Drs. Philip J. Olsson, Dale Blaise, J.C. Patel, J. Fierer, 

and Donald McRaven from the St. Francis Hospital Medical Center and University 

of Illinois, Peoria School of Medicine, Peoria, Illinois. 

A 26 year old man had been in good health except for bri ef episodes of 

weakness and palpitations for approximately 8 years that could be terminated 

by deep breathing or a Valsalva manuever. On the day of admission, he deve

loped severe weakness, palpitations, chest pain and back pain after playing 

basketball. His course was characterized by initial hypertension (210/110}, 

tachycardia (170), hyperthermia (106°F), tachypnea (45), and cyanosis. 

Anuria, hypoxia, pulmonary edema and muscle ·tenderness of the legs and back 

followed. He deteriorated rapidly and died in intractable ventricular 

tachycardia, heart failure, hypoxia, and renal failure. His 

electrocardiogram showed ST segment depression in leads II, III, AVF, and 

V4 -V6. A chest x- ray showed bilateral pulmonary infiltrates. Arterial 
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blood gases showed a P02 of 57, PC02 45, and pH 7.28. Hemoglobin con

centration was 17.3 grams/dl and hematocrit 51%. White blood cells numbered 

37,800/cubic millimeter with a left shift. CPK activity was 2,750 IU/liter. 

Serum electrolyte concentrations showed a sodium of 148, chloride 99, 

potassium 4.8 and total C02 23 rnmoles/liter. Blood urea nitrogen con

centration was 33 mg/dl and creatinine was 4.7. Serum calcium was 8.6 mg/dl 

and phosphorus 1.7 mg/dl. 

An autopsy conducted 342 hours after death showed a 50 gram pheochromocytoma. 

He also showed extensive myocardial necrosis with normal coronary arteries. 

Viral studies were negative. His serum myoglobin exceeded 250 ng/ml (normal 

6-85 ng/ml). Catecholamine blood levels were obtained on admission. 

Norepinephrine levels were 66,930 pg/ml (normal 100-400 pg/ml), epinephrine 

levels 14,920 pg/ml (normal less than 70 pg/ml) and dopamine 2,050 pg/ml 

(normal less than 30 pg/ml)! 

This case is a rather spectacular example of pheochromocytoma storm. The pri

mary manifestations included hypertension, hyperthermia, pulmonary edema, 

rhabdomyolysis, ventricular arrhythmia, myocardial necrosis, lactic acidosis, 

acute renal failure, and disseminated intravascular coagulation. The attack was 

induced by playing basketball and probably showed the highest plasma levels of 

catecholamines ever reported in the medical literature. I would assume that 

hyperthermia resulted from not only increased heat production as a result of 

norepinephrine and other catecholamines themselves but also because of simulta

neous cutaneous vasoconstriction that would impair heat loss. 
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SUMMARY 

I have presented a review of (1) Exertional heat stroke and rhabdomyolysiss (2) 

Malignant hyperthermia, (3) Neuroleptic malignant syndrome, and (4) Endocrine 

hyperthennias. 

In each of these, heat production and fever are major manifestations. They are 

derived from muscle metabolism with or without muscle contractions. Although 

hyperpyrexia, increased muscle metabolism, muscle injury and other manifesta

tions of these disorders are somewhat comparable, the primary stimuli were of 

different origins. In exertional heat stroke the stimulus is voluntary muscle 

contraction. In malignant hyperthermia, the defect apparently resides in skele

tal muscle cells whereupon heat generation is triggered by various pharmacologic 

agents. In the neuroleptic malignant syndrome the stimulus for heat generation 

in skeletal muscle is mediated through the corpus striatum and the hypothalmus 

in the central nervous system. Finally, the stimulus for heat generation in the 

endocrine hyperthermi as could represent a primary disturbance of cellular ion 

transport. In each of these instances, there is both direct as well as inferen

tial evidence that myoplasmic hypercalcemia may be an associated or even a pri

mary cause of increased cellular metabolism and heating. Finallys evidence is 

also presented that disruption of those processes regulating intracellular 

calcium concentration may activate a cascade of events leading to release and 

activation of intracellular enzymes that not only destroy the mus-cle cell but 

may well escape into the circulation and initiate cellular destructive processes 

in other vital organs. Besides skeletal muscle,- these other sites of injury 

include brain, bone marrow, formed elements of the blood, livers pancreas, 

lungs, heart, skin, sweat glands, and the gut. When such widespread tissue 

injury is induced by exercise itself, the more appropriate term for the scope of 
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the disease would seem to be exertional somatolysis. However, since the history 

of exertional death was apparently first described by the Greeks, perhaps a more 

descriptive term should be applied which not only recognizes the wide spread 

tissue damage, namely somatolysis, but also the nature of the precipitating 

event, namely the zeal to win. 

Pheidippedes was a Greek messenger who in 490 B.C. was dispatched to run 35.1 km 

from the plains of Marathon to Athens, with the news that the Athenians had · 

driven the Persians to the sea. After making his announcement, he dropped dead. 

The Marathon derived its name from the latter event. Just a day or two before, 

he completed a run of 240 km (150 miles). A run of this distance almost cer

tainly causes muscle cell injury despite one's physical status. In addition, he 

probably had a few retzina's that evening which undoubtedly poisoned his 

ion-pumps. When muscle cells are already injured, superimposed exhaustive 

effort will very likely result in acute rhabdomyolysis, hyperkalemia, lactic 

acidosis, or other potentially fatal events. 

Since wide spread organ damage is so common in these disorders, a term more 

appropriate would be somatolysis amphora. The amphora i.s the vessel containing 

the Olympic Fire carried by a runner announcing that the race is on. It 

impacts a sense of competition and indicates that a race is more than a race. 

It is something that must be won despite pain, cramps, numb legs, or hyper-

pyrexia - at any costs. It is possibly this last burst that could squeeze out 
... the mass of norepinephrine that could be a pharmacologic poison to the cell. p 
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