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AAN MY OUERS 



To this circumfiance the op• 
prcffion on my breath mufi be partly imputed, the bloo<l 
being forced into my lungs quicker than it could pafs 
through them; and hence it may very rcafonably be con• 
jectured, that fhould an heat of this kind ever be pufhed 
fo far as to prove fatal, it will be found to have kilk<l by 
an accumulation of blood in the lungs, or fome other 
immediate effc.ll of an accelerated circulation 

Charles Blagden: "Further Experiments and Observations 

in an Heated Room" 

Philos. Tran. R. Soc. Land. 65, 484-494 (1775) 
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I N T R O D U C T I O N 

The physiological effects imposed by environmental heat is 

an event which most people experience during life. These 

effects may vary from the common slight discomfort to the 

extreme which is characterised by wide-spread tissue damage, 

often culminating in death. Heatstroke is the most serious 

heat disorder; indeed its known occurrence dates back to 

Biblical times: "And it came to pass when the sun did arise 

that God prepared a vehement east wind; and the sun beat 

down on the head of Jonah that he fainted and wished in him

self to die ..... " (Jonah 4:8). In more recent times, the 

occurrence of heatstroke has been especially evident during 

the Middle-East campaigns of both world wars, in heat waves, 

and, in South Africa, in the gold-mining industry. 

Despite the wealth of information which is currently avail

able, both clinical and experimental, a critical review of 

the literature indicates that the pathogenesis of heatstroke 

has not been clarified adequately. The major problems can 

probably be ascribed to the fact that (a) heatstroke is 

characterised by a rapid onset so that little or no knowledge 

of the prodromal stage exists, (b) therapeutic measures may 

to some extent obscure relevant clinical signs, (c) the un

predictability of the affliction, and (d) variables such as 

age, sex, race, degree of acclimatisation and climate. 

By virtue of the gold-mining industry (vide supra), the 

physiological responses to environmental heat exposure have 
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been the subject of ~ntensive research in South Africa. In 

general, research has been conducted along the following lines: 

(a) Measurements of physiological responses to subacute 

levels of heat stress and the prevention of heatstroke 

by artificial acclimatisation (acclimation) have been 

conducted by Professors Wyndham, Strydom and their co

workers of the Human Sciences Laboratory (currently the 

Industrial Hygiene Division) of the Chamber of Mines. 

(b) Extensive clinical studies of heatstroke patients have 

been undertaken by Professor M.C. Kew and co-workers 

of the University of the Witwatersrand. 

(c) The induction of heatstroke in animals and the sub

sequent assessment of tissue damage at cellular and 

biochemical level have been investigated by several 

workers, most notably Professor F.J. Burger, currently 

of the University of Durban-Westville. 

Without distracting from the valuable contribution made in each 

instance, it is clear that the pathogenesis of heatstroke rests 

on extrapolation: subacute heat stress is extrapolated to 

events that initiate heatstroke, clinical findings are back

extrapolated to a probable origin and animal studies attempt 

to bridge the gap by extrapolation from animal to man. 

From the preceding passages it therefore becomes clear that 

the researcher into the field of the physiology and pathology 

of environmental heat stress is faced with a formidable task 



in that he deals with a mercurial and dangerous affliction 

which, by virtue of these self same properties, defies 

attempts at proper analysis and evaluation. 

OBJECTIVES 

This thesis concerns cardiovascular responses to induced 

heat stress in animals. In order to state the objectives 

with clarity, a brief review of the pertinent aspects of 

thermal homeostasis during heat exposure, as well as the 

development of heatstroke, is warranted. 

Figure 1 shows that thermal homeostasis is maintained by 

cardiovascular adjustments and evaporative heat loss through 

sweating. According to Belding (1967) the cardiovascular 

system represents the "first line of defence" although, 

quantitatively, the sweat mechanism is the more significant 

avenue of heat dissipation. Failure of either or both 

mechanisms may result in an increase in body temperature and 

the possible establishment of a vicious cycle, heatstroke. 

3. 

The pathogenesis of heatstroke is largely unknown. Direct 

thermal damage is at least partly responsible (Shibolet et al, 

1967; Sohar et al, 1968) but for the rest, the "multifactorial" 

hypothesis of B~lehr~dek (1967), a view supported by Burger 

(1972), is probably the most plausible explanation to date. 

The crucial issue in the current context, however, does not 

concern cell damage as such but rather the events that occur 
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prior to cell damage, and which may lead to the establishment 

of a self-perpetuating heatstroke. These events are related 

to cardiovascular performance and sweating and in this respect 

impaired sweating is regarded as of paramount importance. 

According to Leithead and Lind (1964): "The major question 

which is unanswered (i.e., in the pathogenesis of heatstroke -

Author) is whether cessation of sweating precedes or follows 

hyperpyrexia". Cardiovascular malfunction, as a major factor, 

is relegated to a position of secondary importance. Since 

the cardiovascular system is charged with (a) the transport of 

metabolic heat from the core to the periphery, (b) facilitating 

radiative heat loss by peripheral vasodilation, (c) the con

current perfusion of all other vital centres, and, (d) 

effecting an adequate dermal perfusion rate, thereby main

taining the integrity of the sweat mechanism (Kuno, 1956), it 

is therefore somewhat surprising that "circulatory failure, 

either peripheral or cardiac in origin, is an occasional com

plication of heatstroke but by no means an invariable finding" 

(Minard and Coprnan, 1963). 

The validity of the above statement is not questioned as such. 

However, in view of the thermoregulatory status accorded the 

cardiovascular system by Belding (1967), the possibility exists 

that a transient or inapparent cardiovascular insufficiency may 

well constitute the trigger mechanism of a self-perpetuating 

hyperthermia. Indeed, it is characteristic of a vicious 

cycle sequence of events that removal of the "trigger" (e.g., 
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transient cardiovascular insufficiency) by no means breaks 

the cycle. Thus, the first objective concerns the relation

ship between various degrees of heat exposure and cardio

vascular function and malfunction. 

The second objective stems from observations that {a) a 

iroderate elevation in body temperature enhances cardiac 

efficiency {Singh, 1963) and that {b) pronounced heatstroke 

is often associated with myocardial infarction {Malamud et aL, 

1946; Knochel et aL, 1961) or, at least some sign ·of myo

cardial damage {Kew, 1969). It is reasonable to assume that 

between these extremes a transition stage is reached where 

myocardial function may become impaired. The second objective 

therefore concerns {a) the possible identification and analysis 

of such a transition in terms of parameters of contractility 

and cellular integrity, and {b) in the event of such an 

occurrence, the relationship thereof to the prevailing haemo

dynamic status. 

The final objective is based on the conclusion that the 

mechanism of circulatory failure of acute hyperthermia has not 

been clarified adequately {O'Donnell and Clowes, 1972). 

According to Daily and Harrison {1948) the mechanism of 

failure is peripheral in origin while Gold {1960) postulates 

high-output cardiac failure as the primary event. Although 

Daily and Harrison's view represents the general consensus of 

opinion, there appears to be definite merit in Gold's hypo-

thesis. The final objective therefore represents a fresh 



7. 

attempt to shed light on these conflicting views and, in fact, 

is merely a definite restatement of the latter part of the 

second objective. 

The general theme of this thesis is therefore an evaluation 

of cardiovascular function during acute, experimental heat 

stress. The experimental techniques and approaches, motivated 

and described in detail elsewhere, essentially comprise an 

evaluation of electrocardiographic, haemodynamic and sub

cellular parameters of cardiovascular function. 



C H A P T E R 1 

REVIEW OF THE LITERATURE 

Since time immemorial man has been fascinated by the heart: 

it has served as a source of poetic inspiration, an object 

8. 

of religious rituals and, relatively recently, has become an 

object of scientific research. Undoubtedly, this pre

occupation may be attributed mainly to the "automatic" pump 

action of the heart. In addition, from a physiological 

point of view, the functional integrity of the heart and 

vascular system represents a common denominator in the funda

mental well-being not only of individual organs but also of 

the organism as a whole. Conversely, cardiovascular mal

function may well be of fundamental significance in the 

aetiology of apparently unrelated diseases. One of the 

·objectives of this investigation is to evaluate the latter 

thesis with reference to the circulatory stress imposed by 

hyperthermia and consequently considerable emphasis will be 

placed on these aspects in this review of the literature. 

This investigation is essentially a study of cardiovascular 

responses to heat stress with special reference to the heart. 

At the outset therefore, general aspects of thermal homeo

stasis are discussed in conjunction with the thermoregulatory 

.function of the cardiovascular system, cardiovascular failure, 

hyperthermia and heatstroke as well as clinical and experi

mental findings. 



1.1 HEAT STRESS AND HEA TSTROKE: GENERAL ASPECTS 

1.1.1 HISTORICAL ASPECTS 

Man is equipped with a thermoregulatory system admirably 

suited to life in hot climates: He is in possession of a 

sweat mechanism which effects evaporative heat loss, a cir

culatory system well adapted to meet the demands of thermo-

regulation and a skin practically devoid of hair. Yet, 
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despite these physical and physiological attributes, heat

stroke is one of the oldest recorded afflictions known to 

man. Biblical references to fatalities caused by heatstroke 

are found in Jonah 4: 8 and 2 Kings 4: 18-20. The ancient 

Arabians termed the disease "siriasis" after the star Sirius 

which "follows the sun" during the hot summer months (Wil s on, 

1940). In 1743, eleven thousand people died in the streets 

of Peking from heatstroke (Levie, 1859). According to El 

Halawani (1964) heat illnesses accounted for over 800 deaths 

out of one and a quarter million pilgrims in the 1959-60 pil

grimages to Mecca. Haseeb and Fayiz (1958) reported the 

deaths of 187 out of 281 prisoners locked overnight in a ward 

intended for occupation by 16 soldiers in the town of Kosti, 

Sudan, 1956. Both world wars exerted their toll of heat

stroke victims, especially in the Middle-East campaigns, while 

Alistair Mars, recounting his exploits during World War II, 

reported heatstroke in submarines operated in the Pacific 

Ocean. 
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The existence of a thermoregulatory system gradually dawned 

on man. One of the earliest references relates to Lining's 

observation in 1748 namely, that his body temperature remained 

constant while exposed to an environmental temperature of so0 c. 

Shortly afterwards, in 1768, Lind demonstrated the beneficial 

influence of acclimatisation to heat (Leithead and Lind, 1964). 

In spite of the contributions of these early pioneers, heat-

stroke still remains an enigma. The fact that the incidence 

of heatstroke has been drastically reduced during the last 

few decades is perhaps a greater reflection of man's awareness 

of potential hazards and effective acclimatisation procedures 

in industry rather than of his understanding of the affliction. 

Heatstroke is regarded as one of the few true medical emer

gencies (Eichler et al, 1969) and if treatment is not in

stituted promptly, it carries a mortality rate of up to 80% 

(Kew, 1976). In summary, the words of Leithead and Lind 

(1964) accurately state the case: 

0 "And with a body temperature of 40,6 Cone patient 

walks into the clinic whereas another dies in 

convulsions and coma". 

1.1.2 HEATSTROKE: PREDISPOSING FACTORS AND THE CLINICAL 

PICTURE 

Although this study is not directly concerned with heatstroke 

as such, it is deemed appropriate to present this section in 

order that the aims of the current project may be seen in 

greater perspective. 



The charac~eristics of the human thermostat are such that 

while it regulates the body core temperature within 

extremely narrow limits, it will permit under certain cir

cumstances (e.g. exercise} an elevation in body temperature 

which is not only physiological and normal, but also bene-

ficial. However, a similar elevation in body temperature 
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under different circumstances may be regarded as grossly ab

normal since the elevated temperature is not consonant with 

the degree of physical effort expended. Under such circum-

standes, the condition is described as hyperthermia and while 

in general the thermoregulatory system remains fully operative, 

the condition potentially constitutes a grave danger in that 

it may trigger a self-perpetuating and self-destructive 

vicious cycle sequence of events, heatstroke. 

Heatstroke has been defined as a disorder of thermoregulation 

characterised by a total absence of sweating, a self-perpet

uating hyperthermia usually of 41,1°c (l06°F} and higher, and 

severe disturbances of consciousness and brain function (Minard 

and Copman, 1963}. A major objection to such a definition is 

the setting of an apparently arbitrary temperature (Leithead 

and Lind, 1964}. In addition, sweat cessation is not always 

one of the cardinal signs of heatstroke since heatstroke may 

occur not only from failure of the thermoregulatory system 

but also from overloading of its capacity (Shibolet et al, 

1967; Kew, 1976). 

Predisposing factors include both environmental and physic-

logical aspects. From an environmental point of view, the 
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best criterion appears to be the "wet-bulb temperature" which 

takes into account in a single measurement the effects of 

temperature, humidity and wind velocity (Eichler et al, 1969). 

According to Kew (1976)a wet-bulb temperature of 32°c re

presents the upper limit for moderate physical exertion 

irrespective of the degree of acclimitisation. Heat waves, 

or dramatic changes in weather, have a profound effect on the 

incidence of heatstroke (Ferguson and O'Brien, 1960; Kumar 

et al, 1964). For example, Leithead (1960) reported that 

during a sudden increase in humidity during the dry summers 

of Kuwait, seasonally-acclimatised road workers exhibited ad-

vanced signs of syncope. From a physiological point of view 

the incidence of heatstroke is high in unacclimatised in

dividuals (Cook, 1955; Yaglou and Minard, 1957), children in 

the age group O - 10 years (Kumar et al, 1964) and in elderly 

people (Gold, 1960). Apart from these "high-risk" groups, 

a small fraction of the population appears to be heat in

tolerant, revealing no sign which might account for this in

herent susceptibility to heat (Minard and Copman, 1963; Kew, 

1976). Finally, it is not only the degree of hyperthermia 

which predisposes to the development of heatstroke but also 

the duration of heat exposure (Kew, 1968). 

Heatstroke is usually characterised by widespread tissue 

damage. These findings, based on clinical and autopsy 

findings, are extremely well-documented e.g., cardiac damage 

(Metz, 1940; Malamud et al, 1946; Knochel et al, 1961; Kew, 

1969; Kew et al, 1969; 1971), central nervous system dis

turbances (Malamud et al, 1946; Gore and Isaacson, 1949; 
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Ferguson and O'Brien 1960; Kew et al, 1967a; 1971), liver 

damage (Malamud et al, 1946; Herman and Sullivan, 1959; Kew, 

1969; Kew et al, 1970b; 1971) and renal damage (Baxter and 

Tesc~an, 1958; Kew et al , 1967b; 1970a; 1971; Schrier et 

al, 1970). Although many tissues are damaged in heatstroke, 

the patient's outcome depends mainly on the degree of injury 

to the brain, kidney and liver (Kew et al, 1971), the latter 

two organs being damaged almost invariably in heatstroke. 

The preceding passage serves to illustrate the extent of 

damage sustained during heatstroke. A comprehensive account 

naturally falls outside the scope of this study but reference 

will be made (elsewherein this review) to more specific 

details which are of greater relevance. 

1.2 THE PHYSIOLOGY OF CARDIOVASCULAR FUNCTION DURING THERMAL 

STRESS 

1.2.1 THERMOREGULATORY RESPONSES OF THE CARDIOVASCULAR 

SYSTEM DURING HEAT EXPOSURE 

The cardiovascular system fulfils a prominent role during heat 

exposure: not only is it charged with the convective trans

port of metabolic heat from the core to the periphery, but 

also it enhances radiative heat loss to the surroundings by 

invoking peripheral vasodilation, thereby increasing the 

temperature gradient between the periphery and its environment 

(Leithead and Lind, 1964). By virtue of its high conductivity 

and specific heat, blood presents an ideal medium of heat 

transport (Robinson, 1963). Furthermore, the functional 

integrity of the sweat mechanism is partly maintained by an 
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adequate dermal perfusion rate (Kuno, 1956). It is there

fore not surprising that Belding (1967) regards the cardio

vascular system as the "first line of defence" to an elevation 

of body temperature. 

The principal circulatory adjustments which occur during heat 

exposure are (a) peripheral vasodilation and (b) a compen

satory vasoconstriction in other vascular beds, notably that 

of the splanchnic area (Robinson, 1963; Leithead and Lind, 

1964; Rowell et al, 1965). The relative fall in the cir

culating blood volume that may ensue is not only compensated 

for by vasoconstriction but also by the withdrawal of fluid 

from extravascular spaces (Bass and Henschell, 1956), while 

augmented secretions of antidiuretic hormone (Hellman and 

Weiner, 1953) and aldosterone (Streeten et al, 1960) are 

implicated to a lesser extent. According to Robinson (1963), 

an increase in cardiac output also takes place but the advan

tage inherent in this adjustment is largely cancelled due to 

the inconsistency of this event. This finding appears to be 

substantiated in a different form by the observations of 

Rowell et al (1966), namely, that the added demands made on 

the circulatory system during heat dissipation are met by 

repartitioning the cardiac output rather than by increasing 

it. Potentially, however, these circulatory adaptations 

present a threat in so far that the cardiac reserve may be 

lowered to a critical level, an observation which explains 

the susceptibility of cardiac patients to hot environments 

as well as why such patients provide a particularly sensitive 
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index to thermal stress (Burch e t aZ, 1961). 

During acclimatisation to heat, the initial period is 

generally characterised by the presence of circulatory strain. 

The significant aspect is that circulatory strain is referable 

to an inadequate perfusion of non-skin areas (skeletal muscle, 

brain, etc) while an adequate circulation of the skin is 

effected (Wood and Bass, 1960). According to Bass and Hens

chell (1956) circulatory strain is alleviated during that 

stage of the acclimatisation process when splanchnic vasocon

striction exerts its beneficial effect and is manifested by 

·. · · · ·• ... dec::·:r;-ea-ses in rectal temperature and heart rate (Lind and Bass, 

1963). The concept has therefore been extended that the 

major adaptation during acclimatisation to heat may be regarded 

as circulatory (Bass, 1963; Horvath and Howell, 1964). 

Although it is generally accepted that the three major cardio

vascular adaptations include (a) an increased maximal cardiac 

output, (b) a decreased peak heart rate and (c) an increased 

stroke volume (Rowell et aZ, 1966; Wyndham et aZ, 1968), it 

is doubtful whether a diminished splanchnic blood flow can 

compensate for the combined losses of plasma water into muscle, 

repartitioning of blood flow to muscle and skin and losses of 

extracellular fluid volume in the form of sweat (Knochel, 

1974). The net effect is a sharp diminution of the effective 

arterial blood volume, an event considered to be physiologically 

deleterious. 
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From the preceding discussion emerges a point of particular 

significance, especially so in view of its relevance to this 

study, namely, that the thermoregulatory commitments of the 

cardiovascular system enjoy a priority status to the cost of 

other organs and systems. Further support for this view is 

based on the observation of Belding (1967) that the limiting 

factor to exercise in heat appears to be the fraction of the 

maximal cardiac output (approximately 40%) which is directed 

to the skin in contrast to exercise in a thermally neutral 

environment where the limiting factor appears to be the frac

tion directed to skeletal muscle (approximately 90%). Cardio

vascular insufficiency during the initial stages of acclim

itisation is therefore directly attributable to an inability 

to maintain an adequate perfusion of vital centres other than 

the skin (Bass, 1963). It is also clear that the keystone 

to man's ability to tolerate hard work in a hot environment 

is not only his capacity to increase, but also to sustain, 

cardiovascular performance (Knochel, 1974). 

1.2.2 CARDIOVASCULAR STRAIN AND FAILURE DURING HEAT STRESS 

Cardiovascular strain, as evidenced by tachycardia and arterial 

hypotension (Belding, 1967) is a consistent finding during heat 

exposure of the unacclimatised individual (Hill, 1920; Robin

son and Gerking , 1947; Daily and Harrison, 1948; Webb, 1959; 

Gold, 1960; Minard and Copman, 1963; Fo1kow et al, 1965; 

Belding, 1967) and as such is regarded as the primary physio

logical strain (Hatch,1963) as well as an indication of the 



total physiological stress (Gold, 1961). 

During acute heat stress, as mentioned previously, nearly 

50% of the maximal cardiac output may eventually be shunted 

to the skin (Belding, 1967) before circulatory failure in-

evitably must occur. This failure is characterised by a 

17. 

sudden and drastic fall in the cardiac output (Asmussen, 

1940; Ferguson and O'Brien, 1960; Gold, 1960; Williams et 

al, 1962; Folkow et al,1965). According to Minard and 

Copman (1963) circulatory failure is the more common conse

quence of intolerable heat stress and is seldom encountered 

in heatstroke proper. Bass (1963) regards circulatory 

collapse as a protective mechanism and explains this phenom

enon as follows: "Figuratively, then, the body bows its head 

to the less dangerous foe - syncope - thus avoiding or at 

least postponing engagement with the more ominous enemy -

heatstroke". 

In contrast, the absence of gross cardiovascular malfunction 

in heatstroke is a finding which cannot be readily explained 

in view of the major contribution of the cardiovascular sys

tem in thermoregulation. For example, on the basis of sys

tolic hypotension as a manifestation of cardiovascular in

sufficiency, only 19 to 27% of the fatal heatstroke cases 

reported by Ferris et al (1938), Malamud et al (1946) and 

Austin and Berry (1956), exhibited pressures of below 100 mm 

Hg prior to death. Although Kew (1969) found myocardial 

damage in the majority of heatstroke cases, "in no case was 
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the damage sufficiently severe for overt cardiac failure to 

develop". Yet, in the same publication, Kew expresses the 

opinion that the tissue injury associated with heatstroke 

may be caused, amongst others, by tissue anoxia secondary to 

the hypotension and circulatory collapse which may occur in 

the acute stage. Although direct thermal injury is at least 

partly responsible in tissue damage, it has been reported by 

Schrier et aZ (1970) that hypotension may precipitate acute 

oliguric renal failure. It remains but to point out that 

renal damage is invariably present in heatstroke (Kew et aZ, 

1967b; Kew, 1969), although a direct "cause-effect" relation-

ship remains speculative. In summary, it appears that 

cardiovascular insufficiency, in some form or another, is 

often encountered in heatstroke victims but it is not re

garded as a primary factor in the pathogenesis of tissue 

damage. 

1.2.3 THE MECHANISM OF CARDIOVASCULAR FAILURE 

Attempts to elucidate the mechanism of cardiovascular failure 

of heat stress have been a subject of considerable controversy 

in the past. In 1948, Daily and Harrison posed the following 

question: "What are the mechanisms of circulatory collapse 

which complicates stroke? Is it cardiac or peripheral? Ob

viously, rational treatment must depend on an understanding 

of the type of failure present". According to Daily and 

Harrison (1948) the mechanism of circulatory failure may be 

regarded as peripheral although the cardiac reserve is lowered. 

These findings represent the general consensus of opinion. 



In contrast, Gold (1960) states that" ... the primary event 

in the circulatory collapse o f heat pyrexia is high-output 
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cardiac failure ... " It is patently clear that t here exists 

a vast difference in views concerning the mechanism of 

failure and consequently a more detailed analysis of the 

respective results and interpretations is warranted. 

Essentially, Daily and Harrison's view is based on the finding 

that venous pressure did not . increase during induced hyper

therrnia. Circulatory failure was signified by a sudden, 

drastic fall in cardiac output and was ascribed to the abolish

ment of splanchnic vasoconstriction due to "the accumulation 

of acid metabolites" although the cardiac reserve was reduced. 

Gold's hypothesis of high-output cardiac failure sterns from 

the observation that during heat stress venous pressure in

creased precipitously irnrnediatly prior to the fall in cardiac 

output. These findings were explained as follows: "The greatly 

diminished peripheral resista~ce allows for an abundantly 

rapid venous return, which in turn increases the cardiac out

put. Assuming the left side of the heart cannot keep pace 

with the right, this increase in venous return results in an 

elevation of venous pressure •.. ", the sequel to this event 

being high-output cardiac failure. Gold, by citing Cecil 

and Loeb's Textbook of Medicine (8th edition, W.B . Saunders, 

Philadelphia) stresses the fact that in diseases characterised 

by a high cardiac output while the pat~ent is at rest (e.g., 

anaemia, thyrotoxicosis, etc.) circulatory failure usually 

develops before the resting cardiac output falls and thus 

can mask an underlying cardiac failure. 
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These widely differing views must, however, be placed in 

proper perspective. Daily and Harrison experimented with 

mice, rats and dogs while Gold used human volunteers. Daily 

and Harrison subjected their animals to an environmental 

temperature of 45 - so0 c (humidity unknown) and Gold sub

jected his volunteers to temperatures varying from 54,4°c to 

71,1°c at humidity levels of up to 26 mm Hg vapour pressure. 

Animals were allowed to achieve a rectal temperature of up to 

43°c while human volunteers in Gold's study were removed from 

the heat chamber in obvious distress at rectal temperatures 

0 of just over 40 C. It is patently clear that the respective 

methods employed feature radical differences despite having a 

common aim. The consequent emergence of two widely differing 

views is therefore perhaps a logical outcome. 

A more detailed analysis of Daily and Harrison's hypothesis 

(1948) reveals that their findings could not explain the 

clinical occurrence of pulmonary congestion which often mani

fests itself in heatstroke (Wilson, 1940; Logue and Hanson, 

1946; Kumar, et al, 1964). Essentially,_ pulmonary congestion 

may result from any factor that displaces blood from the sys

temic to the pulmonary circulation (Rushmer, 1970), one such 

mechanism being systemic venous constriction. One therefore 

may assume the following sequence of events: left heart 

failure, pulmonary hypertension, right heart failure and 

ultimately, an elevated venous pressure. It appears, however, 

that there is ample evidence in the literature that pulmonary 

congestion in heatstroke is not always the result of cardiac 
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insufficiency and may occur prior to cardiac failure (Werko, 

1962). Wallace and Bushby (1944) observed an increase in 

venous pressure during therapeutic hyperthermia but r e garded 

this event as compatible wi t h an increased venous return and 

not as being indicative of congestive cardiac failure. 

In contrast, Knochel e t al (1961) observed an elevation in 

venous pressure, in agreement with the findings of Gold (1960 ), 

as well as pulmonary congestion associated with myocardial 

damage. Kumar et al (1964) reported a mortality fi gure o f 

47% in heatstroke of which 50% of deaths were ascribed to 

central vasomotor failure and the remainder to pulmona ry 

oedema coupled to central vasomotor failure. Whi le the 

vascular collapse could have been due to cardiac failure, 

none of these cases exhibited any signs of cardiac i nvolve

ment. On the other hand, the fact that Daily and Harrison 

(1948) could not explain the clinical occurrence of pulmonary 

congestion in the light of t heir own experiments, need not b e 

relevant at all. In support, reference is made to the finding s 

of Ferris e t a l (1938) who reported the absence of c ongestive 

cardiac failure in 12 severe cases of heatstroke while, 

according to Schrire (1963), pulMonary congestion is t he usual 

consequence of congestive cardiac failure. By implication , 

therefore, pulmonary congestion is not a constant f i nding in 

heatstroke and even when present, cannot be regarded as a 

manifestation of cardiac failure in view. of the findings of 

Kumar e t al (1964) (vide sup ra). This in turn suggests that 
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pulmonary congestion in heatstroke may result from some factor 

other than a circulatory abnormality, possibly from direct 

thermal effects per s e . 

An analysis of the arterio-venous oxygen differences (A-V-0
2

) 

recorded in the respective studies of Daily and Harrison (1948), 

and Gold (1960), shows little agreement. In Gold's subjects, 

the A-V-·0 2 decreased and this decrease was ascribed to an in

crease in the venous oxygen content. Although Gold did not 

seek to interpret this finding in detail, one assumes that it 

reflects a rapid dermal perfusion rate which is partly main-

tained by effective splanchnic vasoconstriction. If under 

these circumstances the circulation fails, it would be reason

able to ascribe it to cardiac failure and not to peripheral 

failure. In contrast, Daily and Harrison's measurements 

reveal an initial decrease in the A-v-o 2 which increases 

drastically in the terminal stages; the latter event being 

ascribed to a greater oxygen extraction following peripheral 

failure. Of significance is the fact that this sudden up-

surge in the A-v-o 2 difference occurs prior to the fall in 

cardiac output thus reinforcing the concept of peripheral 

vascular collapse. In direct support Folkow e t ai (1965) 

stated that the critical decrease in venous return in heat 

syncope is the result of excessive peripheral vasodilation. 

Although the hypothesis of peripheral failure propounded by 

Daily and Harrison (1948) represents the general consensus of 

opinion, there are definite indications of cardiac involve

ment in the mechanism of circulatory failure (Borden et al, 
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1945; Knochel et aZ, 1961). The cardiac reserve is 

depleted beyond doubt (Daily and Harrison, 1948; Kub i cek et 

aZ, 1958) and although the magnitude of cardiac damage sus

tained in heatstroke appears to be insufficient to produce 

overt cardiac failure (Kew, 1969), it is not known whether, 

in the words of Gold (1960), a high-output cardiac f ailure 

may be the "triggering-mechanism of circulatory collapse". 

In the light of the apparent existence of two contradictory 

theories concerning the mechanism of circulatory fa i lure, 

the author recently deemed i t necessary to reassess cardio

vascular function during acute, experimental hyperthermia in 

rats (Kielblock, 1973). From the experimental findings it 

was clear that death could ultimately be ascribed to those 

factors which caused a fatal reduction in peripheral resis

tance. It did, however, appear that the fatal reduction in 

peripheral resistance was preceded by a high-output cardiac 

failure and thus, in the words of Gold (1960), becomes the 

"primary event" in circulatory failure of acute heat stress. 

This finding does not necessarily detract from the observations 

of Daily and Harrison (1948) in that a reduced cardiac reserve, 

as opposed to overt failure, merely represents a difference in 

degree of cardiac insufficiency. 

The most likely explanation for the reduction in peripheral 

resistance probably is the abolishment of splanchnic vasocon

striction following tissue damage in this area,in conjunction 

with an already widely dilated skin capillary network. This 



view is based on the findings of Burger et al (1970a) who 

demonstrated the extreme susceptibility of tissues of the 

splanchnic area to heat damage under identical experimental 

conditions as described in the author's paper (v id e s u pra). 

Of significance in this context are the findings of Rowell 
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et al (1968) who observed that during exercise in a hot 

environment (48,9°c DB, 2s0 c WB), unacclimatised young males 

exhibited a hepatic venous blood temperature of 41,6°c (lo7°F) 

while the core temperature was 4o,o0 c (lo4°F). In the final 

analysis, the findings reported above must to a certain extent 

remain inconclusive in view of the fact that once again, a 

different set of procedures and conditions was employed from 

those used by Daily and Harrison (1948) and by Gold (1960). 

Finally, to emphasise the complexity of the problem, reference 

can be made to the treatment of hypotension incident to heat

stroke as prescribed by Knochel (1974). He . suggests that 

although "the pronounced peripheral vasodilatation during 

hyperpyrexia will often respond to cooling alone •. large 

quantities of .. plasma expanders .. may overload the central 

circulation and produce acute pulmonary edema" and "if hypo

tension persists after cooling, appropriate agents used in 

therapy of cardiogenic shock should be administered since the 

patient may have myocardial damage from heat injury per s e or 

lactic acidosis". In view of the preceding therapeutic 

measures advocated by Knochel (1974), it appears that Daily 

and Harrison's original question concerning the mechanism of 

circulatory collapse ("Is it cardiac or peripheral?") remains 

largely unanswered. 



1.2.4 CIRCULATORY FAILURE AS A PRIMARY FACTOR IN THE 

PATHOGENESIS OF HEATSTROKE 
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A review of the literature reveals that circulatory failure, 

either cardiac or peripheral in origin, is not regarded as 

a primary factor in the pathogenesis of heatstroke (Minard 

and Copman, 1963). This view is supported by the extent of 

myocardial damage in the clinical reports of Kew (1969): 

" •.. in no case was the (myocardial) damage sufficiently 

severe for overt cardiac failure to develop". Of particular 

relevance, however, is whether cardiovascular failure, either 

cardiac or peripheral in origin, overt or transient, could 

initiate a vicious cycle sequence of events culminating in 

tissue damage. With this end in mind, a brief discussion 

of the literature concerning the role of circulatory failure 

in the pathogenesis of heatstroke is warranted. 

Minard and Copman (1963) state that circulatory failure is 

the more usual response to acute heat stress and is seldom 

encountered in heatstroke proper. Apart from the "protection" 

afforded by syncope (Bass, 1963), the underlying physiology 

as to why circulatory failure is involved in one set of con

ditions and not in another, remains obscure. 

Gold (1960) demonstrated that the elevation in venous pressure 

following high-output cardiac failure was accompanied by 

cessation of sweating. He subsequently postulated that this 

elevation in venous pressure was ultimately responsible for 

the cessation of sweating characteristic of heatstroke. 
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According to Minard and Copman (1963) Gold observed "severe 

circulatory strain in a subject whose central thermoregulatory 

mechanisms, though under stress, were fully operative". 

Minard and Copman (1963) furthermore state that since there i s 

clear evidence clinically that cessation of sweating occurs i n 

the absence of circulatory failure, the mechanism of sweat 

cessation should be sought not in an elevation of venous 

pressure, as suggested by Gold, but elsewhere. This is in 

accord with the findings of Kuno (1956) who observed t hat 

ischaemia is the only circulatory change conducive t o sweat 

cessation. 

On the other hand, an elevation of venous pressure may not 

necessarily be indicative of an increase in flow rate~ In 

fact, the contrary might apply in that the elevated venous 

pressure is the result of an inadequate capacity of the right 

heart to handle the prevailing venous return thereby enforcing 

a venous build-up of blood, a condition described as "back-

ward failure" (Rushmer, 1970). Such circumstances may 

promote the functional equivalent of ischaemia in view of the 

stagnant state of blood and would be reflected by an increased 

A-v-o2 as reported by Daily and Harrison (1948). In the 

light of current concepts the above considerations may well 

explain Gold's conclusion that sweat cessation is referable 

to an elevated venous pressure secondary to cardiac insuffi

ciency. 
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A second point of criticism levelled against Gold is that the 

diminished sweating reported by him may be regarded as an 

example of "fatigue of sweating" and the picture of circu

latory collapse akin to heat syncope (Leithead and Lind, 1964). 

Al though the validity of this statement is not questioned as 

such, it must be pointed out that the mechanism of "fatigue 

of sweating" is largely unknown except that it is independent 

of water depletion (Leithead and Lind, 1964). In any event, 

the question of sweat cessation may in all probability be of 

no consequence: according to Shibolet et al (1967) sweat 

cessation is not always one of the cardinal signs of incipient 

heatstroke since heatstroke may result not only from failure 

of the thermoregulatory system but also from overloading of 

its capacity. 

Finally, in support of cardiovascular malfunction as a patho

genic factor, reference can be made to the classic report on 

the autopsy findings in 125 fatal cases of heatstroke sub

mitted by Malamud et al (1946) wherein they state: "Most of 

the lesions apart from those in the brain can be attributed 

to the anoxia and circulatory failure incident to shock". 

1.3 MANIFESTATIONS OF HEAT STRESS 

1.3.1 CLINICAL FINDINGS 

Clinical findings in established cases of heatstroke, though 

often obscured by therapeutic measures, may to a certain 
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extent yield valuable information pertaining to the prodromal 

sequence of events which, characteristically, is seldom mani

fest. For this reason, such findings require further con

sideration in the context of this study. 

1.3.1.1 ELECTROCARDIOGRAPHY AND SERUM ELECTROLYTES 

Electrocardiographic evidence of myocardial damage appears to 

be a constant finding in heatstroke and reflects a wide range 

of abnormalities. The most common abnormality pertains to 

T-wave changes (Metz, 1940; Logue and Hanson, 1946; Malamud 

et al, 1946; Herman and Sullivan, 1959; Gold, 1960; Fer

guson and O'Brien, 1960; Kew, 1969; Kew et al, 1969) which 

therefore indicates an abnormal repolarisation pattern. Pro

minent U-waves (Logue and Hanson, 1946), tachycardia and atrial 

fibrillation (Ferguson and O'Brien, 1960) and a high incidence 

of ST-segments abnormalities (Kew et al, 1969; Knochel, 1974) 

have also been observed. 

Limited information is available regarding the EKG obtained 

during the prodromal period. Clagett (1944), in a series of 

fever therapy cases, concluded that the majority of changes 

was insignificant and probably due to the effect of tachy-

cardia. In contrast, Gold (1960) observed inverted T-waves, 

ST-segment depression, ectopic foci and extra-systoles during 

experimentally induced hyperthermia. Whether the latter 

observations are significant or not, remains speculative. 
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In view of the variety of EKG-abnormalities reported, it 

appears difficult, if not impossible, to interpret these 

findings except to discern between "normal" and "abnormal". 

Although Kew (1969) established a good correlation between 

EKG-abnormalities and elevated LD-levels in serum, no relation

ship could be detected between the level of serum LD and the 

type of EKG-abnormality. Moreover, electrocardiographic 

changes could be referable not only to myocardial damage but 

to secondary factors such as electrolyte imbalance. 

Serum electrolytes ,especially potassium, are known to exhibit 

significant changes during various stages of heat stress, in

cluding heatstroke. In view of the potentially profound 

effect of variations of serum potassium levels on cardio

vascular function, this aspect is briefly discussed below. 

Mild exposure to heat with concomitant hyperventilation often 

results in hypokalaemia (Daily and Harrison, 1948; Iampietro, 

1963). Performance of strenuous physical labour in heat is 

generally accompanied by hyperkalaemia (Kilburn, 1966; Spurr 

and Barlow, 1970) while in heatstroke proper both hypokalaemia 

(Knochel et al, 1961; Shibolet et al, 1967) and hyperkalaemia 

(Austin and Berry, 1956; Baxter and Teschan, 1958) have been 

observed. Hyperkalaemia also appears to be a consistent 

finding in experimental heat stress in animals (Barlow et al, 

1956, Spurr and Barlow, 1959a, 1959b, 1970; Burger et al, 

1970b; Kielblock, 1972). 
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According to Spurr and Barlow (1959b} the basic cause of 

hyperkalaemia is due to cellular damage and a subsequent 

efflux of potassium although epinephrine release may at least 

be partly responsible. The primary sources of potassium 

appear to be the liver, jejunum, connective tissue (Spurr and 

Barlow, 1970) and muscle (Kilburn, 1966). 

Hyperkalaemia exhibits a characteristic electrocardiographic 

pattern (Burch and Winsor, 1960; Pryor and Blount, 1 966) and 

depresses cardiac function i n several ways (Herndon et al, 

1955; Greenspan et al, 1965; Winsor, 1968). However, pro

nounced hyperkalaemia has been observed in the absence of any 

electrocardiographic sign thereof (Spurr and Barlow, 1959a; 

Kielblock, 1972), a phenomenon ascribed to an observed con

comitant intracellular elevation of cardiac potassium content 

(Spurr and Barlow, 1959a), whereby the ratio of extra- to 

intracellular potassium remains unaltered. 

Of greater significance perhaps is the potent vasodilatory 

effect of potassium (Kjellmer, 1965; Laurell and Fernow, 

1966; Skinner and Powell, 1967). In severe heat stress, 

therefore, hyperkalaemia may well be implicated in circulatory 

failure along this avenue. On the other hand, hypokalaemia 

may have an equally disastrous effect: Knochel e t al (1970) 

demonstrated a sharp fall in cardiac output in dogs during 

exercise. 
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Although many other changes in serum and tissue electrolytes 

have been reported in the literature, a detailed discussion 

thereof falls outside the scope of this review. 

In summary it therefore appears that despite the extensive 

electrocardiographic evidence of myocardial damage reported 

in the literature, no clear patterns emerge. Moreover, in 

the presence of observed electrolyte imbalance, the inter

pretation of the EKG becomes an extremely hazardous affair. 

1.3. 1.2 SERUM ENZYME LEVELS 

The diagnosis of heatstroke, which is readily based on certain 

clinical findings as well as a .knowledge of the prevailing 

environmental conditions, is often complicated during the pre

sentation of atypical symptoms. Although elevated serum 

enzyme levels in heatstroke have been reported by many re

searchers and clinicians, the significance thereof has ap

paren~ly been largely underrated. Relatively recently, how

ever, Kew e t al, (1967a) proposed the use of serum enzyme 

estimations to enable a more accurate diagnosis of the 

affliction. Subsequent findings have amply substantiated 

this approach not only from a diagnostic point of view but 

also in establishing the severity and extent of tissue damage 

as well as the general prognosis (Kew et al, 1967a; Kew et 

al, ·1971). 

A review of the literature indicates that an elevation of 

serum enzyme levels is a consistent finding in heatstroke 
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(Herman and Sullivan, 1959; Shibolet et ai, 1962; Wyndham et ai 

1974; Kew et ai, 1967a; Kew 1969; Kew et ai, 1969; Kew 

et ai, 1971). Of especial prognostic significance is the 

elevation of AST in that it is regarded as an indicator of 

the severity of tissue damage (Kew et ai, 1967a; Kew et ai, 

1971) while an elevation in CK in cerebrospinal fluid may pro

vide a good index of neurological damage (Kew et ai, 1967a.) 

Furthermore, ALT and LD levels are almost invariably increased 

in heatstroke (Kew et al, 1971) and the former enzyme also in 

artificially induced fever (Gupta et al, 1963). An analysis 

of the isoenzyme pattern of LD reveals a significant increase 

in the LD1 -fraction in 69% of cases (Kew, 1969), a finding 

which is in agreement with the observations of others (Gore 

and Isaacson, 1949; Shibolet et ai, 1967). Although cardiac 

damage was definitely sustained in the cases reported by Kew 

(1969) and Kew et ai, (1971), the damage was insufficient to 

produce overt cardiac failure. An elevation in serum CK, 

accompanied by electrocardiographic evidence of myocardial 

damage, strongly suggests a cardiac origin, although skeletal 

muscle may also be the source thereof (Kew et ai, 1967a). 

A final consideration concerns the elevation of serum enzyme 

levels during ~xercise where a physiological increase in core 

temperature takes place (Garbus et ai, 1964; Schrier et ai, 

1970). In this context, the observations of Rowell et ai, 

(1968) in untrained young men exercising in a hot atmosphere 

(WB = 2s0 c), are highly significant: " temperature of 

hepatic venous blood rose as high as 41,6°c (107°F) while 
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simultaneous core temperature was 4o,o0 c (lo4°F)". These 

findings are in agreement with those reported by Gilat et al , 

(1963) who recorded rectal temperatures of 42°c (107,6°F) i n 

physically conditioned men performing strenous work. It is 

therefore logical to assume that exercise induced hyperthermia 

could well lead to tissue damage. 

Limited data are ava ilable concerning serum enzyme estimations 

in experimentally-induced h y perthermia in animals, a lthough 

elevated LD-isoenzyme levels of myocardial origin have been 

reported after exercise in untrained rats (Garbus et al , 1964); 

Papadopoulos et al , 1967). These elevations correlated wi t h 

evidence of cardiac damage on the basis of histologi cal 

examinations. 

1.3.1. 3 CARDIOVA SCULAR FUNCTION 

According to Knochel (1974) "the most critical determinant of 

man's defence against environmental heat resides in the in-

tegrity of his cardiovascular system ... " It therefore 

follows in the first instance that any form of cardiovascular 

disease could jeopardise survival, a deduction readily sub

stantiated by the adverse effects of environmental heat on 

patients with congestive heart failure (Burch, 1946; Burch 

and Hyman, 1957; Ansari and Burch, 1969). In 100 selected 

cases reported by Austin and Berry (1956), 84% of patients 

had some form of cardiovascular disease while Levine (1969) 

reported 25 fatal cases of hyperpyrexia of which 72 % exhibited 

arteriosclerotic heart disease. 
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While the above references pertain to elderly people and in

valids, fatal heatstroke can occur in perfectly healthy, 

highly acclimatised and physically conditioned individuals 

when heat dissipation is exceeded by endogenous heat produc

tion (e.g. sustained strenous p~ysical labour in heat). 

Whereas cardiovascular involvement is patently clear in the 

former group, it is less evident as a primary factor in the 

latter although by no means irrelevant. To illustrate the 

extent of cardiovascular involvement in the latter group, 

extracts of a number of case reports are given. 

CASE 1. 1 A 20-year old football player was admitted to 

hospital after having collapsed during practice. His 

0 0 rectal temperature exceeded 42,2 C (LOB F), the pulse 

rate was l60 beats per minute and his blood pressure 80/0 

mm Hg. One hour later, after having received only BOO ml 

of fluid intravenously, he showed signs of frank pulmonary 

oedema. After lB hours the EKG showed ST-T changes com-

patible with acute posterior myocardial ischaemia. He 

died approximately 36 hours after admission. 

CASE 2. 1 A 2l-year old Vietnam veteran was admitted to 

hospital because of insomnia, agitation and confusion. 

Approximately one week later heatstroke developed. His 

rectal temperature was 43,3°C (ll0°F) his pulse l40 beats 

per minute and his blood pressure 60/40 mm Hg. Despite 

cooling, his bl9od pressure did not respond. He died 3 

days after the onset of heatstroke. 



CASE 3. 2 A l9-year old man collapsed at the end of a 

strenuous lO-km run. Upon admission to hospital, his 

temperature was 40°c (l04°FJ, his pulse l40 and the blood 

pressure ?0/40 mm Hg. After fluid therapy, the blood 

pressure rose to l20/80 mm Hg while a pulse rate of l44 

beats per minute was recorded. The patient remained in 

stupor. On the third day the blood pressure suddenly 

dropped to 0. There was no response to epinephrine nor 

to hydrocortisone. He died shortly afterwards. 

CASE 4. 2 A l9-year old man was admitted to hospital 

after a strenuous march, exhibiting typical signs of 

heatstroke. 0 0 The rectal temperature was 4l,6 C (l06,8 F) 

and hypotension, subsequently partly alleviated by nore-

pinephrine, was present. 

admission. 

He died 64 hours after 

CASE 5. 2 A 20-year old man was admitted to hospital 

after a l5-km march. His rectal temperature was 42,5°c 

(lOB,5°F) and hypotension was present which did not 

respond to intravenously administered norepinephrine. He 

died 48 hours after admission. 

Case reports by Knochel (1974) 1 , Shibolet et al (1962) 2 , 

and Herman and Sullivan (1959) 3 . 
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CASE 6. 3 
A 23-year old man undergoing military servioe 

beoame unoonsoious a short while after leaving praotioe on 

the rifle range. On admission his reotal temperature was 

0 0 42,2 C (lOB F), pulse lBO and blood pressure l20/80 mm Hg. 

During the examination his blood pressure fell to 76/0 mm 

Hg. Ioe paoks and intravenous fluid administration had a 

benefioial effeot. He was eventually disoharged with no 

serious after-effeots. 
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A striking feature in the above cases is the presence of cir

culatory shock on admission (Cases 1 - 5) or soon thereafter 

(Case 6). In all instances (except Cases 2 and 6) strenuous 

physical exercise preceded collapse while therapeutic measures 

met with little success in most of the cases (1, 2, 4 and 5). 

The important question which arises is whether circulatory 

failure could have initiated the onset of heatstroke or whether 

it merely is the result thereof. Case 1 not only strongly 

supports the former speculation but also suggests cardiac 

failure as a primary factor in the observed circulatory collapse. 

The presentation of these case reports, and the emphasis placed 

on circulatory collapse, are by no means intended to give the 

impression of being representative of heatstroke cases. For 

example, in a number of cases reported by Ferguson and O'Brien 

(1960) the blood pressure on admission was generally normal 

(130/80) or even hypertensive (180/70). The major difference 

between the latter and those cited in this review is that 

Ferguson and O'Brien's cases were elderly individuals living 
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sedentary lives and who were exposed to increases in environ-

mental heat. It would, however, appear that in certain 

situations circulatory instability is a prominent feature 

which may well play a major part in the pathogenesis of heat

stroke. · 

1.3.2 EXPERIMENTAL FINDING S 

It is generally accepted that heat per se is at least partly 

responsible for cellular damage and as such must play a sig-

nificant part in the pathogenesis of heatstroke. According 

to Michaeli (1969) "the aet iology of heatstroke is variable, 

but. the pathogenesi~ is similar in all cases. It is the 

widespread cellular damage due to heat which is the base of 

the process". While the validity of this statement is recog-

nised in the current study, this thesis concerns the role of 

a specific system (the cardiovascular system) in general and 

a specific organ (the heart) in particular. However, in so 

far that the basic mechanism of tissue damage is referable to 

cellular and subcellular malfunction, an aspect which is an 

integral part of this study, the following review is presented. 

The most sensitive indicator of heat damage appears to be the 

reduction in the in vitro oxygen uptake (Q0 ) of tissues 
2 

(Burger and Engelbrecht, 1967). Using this criterion, Burger 

et al (1970a) concluded that liver, spleen, small intestine 

and skeletal muscle were the most heat sensitive of those 

tissues investigated. It is interesting to note that with 
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the exception of skeletal muscle, these tissues are perfused 

by the splanchnic circulation which may account for their par

ticular susceptibility to heat dama~e "during the period of 

diminished splanchnic flow" described by Daily and Harrison 

(1948). Of further significance is the fact that whereas 

these findings were based on the reduction in Q0 after 10 
2 

minutes of exposure to a core temperature of 42,s0 c, exposure 

for 20 minutes to the same temperature did not significantly 

lower the Q0 of cardiac muscle. In another series of experi-
2 

ments (Burger and Engelbrecht, 1966; 1967) an analysis of the 

results obtained from a wide variety of tissues indicates a 

relatively high degree of heat sensitivity of cardiac muscle 

in comparison with others. It must be pointed out that in 

the latter series (Burger and Engelbrecht, 1966; 1967) tissues 

were incubated while subjected to heat whereas in the former 

(Burger et al, 1970a) the intact animal was subjected to heat 

and only thereafter the tissues removed and incubated. Whereas 

the former series represents a more "physiological" situation, 

an interesting conclusion may be reached, namely, that while 

cardiac tissue is essentially heat senstive (similar to 

skeletal muscle), the in vivo state of affairs affords pro

tection to cardiac tissue by some mechanism (circulatory?) 

which does not extend to skeletal muscle. As far as the 

apparent discrepancy between the in vivo and in vi t ro 

situations (vide supra) is concerned, Burger {1972) established 

that the heat sensitivity of tissues in vivo differed from the 

heat sensitivity in vitro. 
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In the above context, the findings of Opie et al, (1965) are 

noteworthy. Isolated perfused rat hearts were subjected to 

supranormal temperatures and while "unaltered mechanical 

performance ••. at high temperatures" was observed, evidence 

of biochemical damage (fall in myocardial ATP content and an 

increased LD output, creatine output and ammonia production) 

became evident at a perfusate temperature of 41°c. The bio-

chemical derangement appears to be in conflict with the main-

tenance of mechanical performance. According to the authors, 

the observed biochemical changes are likely to be caused by 

the direct effect of hyperthermia on myocardial cellular meta-

bolism. In vivo, heat exposure is accompanied, initially at 

least, by a hyperkinetic circulation. In so far that this 

condition was not simulated in the isolated perfused heart 

system, the extent of biochemical derangement observed in 

these experiments could well be responsible for overt cardiac 

failure in vivo. 

Of further significance are the findings of Burger et al 

(1970b) who were able to demonstrate an acute lactic acidosis 

in the blood of hyperthermic animals. According to Wildenthal 

et al, (1968) lactic acidosis exerts a direct negative ino

tropic effect on the left ventricle and reduces ventricular 

responsiveness to exogenous catecholamines. By implication 

therefore, theoretically at least, cardiac function in vivo 

will not only be burdened by a hyperkinetic circulation but 

will also be depressed by secondary factors such as acidosis 

during heat exposure. 
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In the current study it is intended to largely duplicate the 

experimental procedures of Burger and his co-workers with 

regard to (a) the choice of experimental animals, (b) the 

level of hyperthermia and (c) the approximate duration thereof. 

The foregoing review is therefore particularly relevant to the 

current study. 

1.4 THE EXPERIMENTAL MODEL 

The current study employs an animal model and in so far that 

rats do not sweat, it may be argued that this feature pre

cludes the extrapolation of animal data to man. In point 

of fact, according to Bynum et al (1977), the absence of a 

sweat mechanism in most laboratory animals has constituted a 

serious obstacle in the development of animal models in the 

past, the major objection being related to the fact that 

sweat cessation was regarded as one of the cardinal signs of 

heatstroke. This has since been questioned in view of the 

observation that heatstroke may occur in the presence of 

profuse sweating (Shibolet et al, 1967; Eichler et al, 1969), 

an observation which has paved the way to the development of 

animal models. 

The choice of the laboratory rat as experimental model in the 

current study is motivated in the next chapter (Section 2.1) 

and the validity of the model is discussed in the final chapter 

(Section 5.2). It remains to point out that the laboratory 

rat has recently been extensively employed in similar studies 

(Hubbard et al, 1976; 1977; 1978). 
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1.5 SUMMARY 

The cardiovascular system is regarded as the "first line of 

defence" to an elevation in body temperature, and cardio

vascular adaptations as the major event during acclimatisation 

to heat. Although cardiovascular strain is a consistent 

finding during heat exposure of unacclimatised individuals, 

circulatory failure is not regarded as a primary factor in 

the pathogenesis of tissue damage in heatstroke. Certain 

findings do, however, support a contrary view. In this 

respect it would appear that exercise-induced heatstroke 

manifests profound circulatory instability which may constitute 

the cause/result of the initiation of heatstroke. In contrast, 

heatstroke of environmental origin per se, exhibits little 

cardiovascular involvement. 

The mechanism of circulatory failure during heat exposure is 

explained by conflicting theories. Electrocardiographic and 

serum enzyme analyses consistently reflect some form of myo

cardial damage but the magnitude of damage is not regarded as 

sufficient to cause circulatory failure. In addition, cardiac 

tissue, inherently susceptible to heat damage in v i t ro , appears 

to be heat resistant in vivo, although serious biochemical 

derangements have been denonstrated. 
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CH APTER II 

MATERIALS AND METHODS 

The objectives of this study have been detailed at the outset 

and the relevant background presented in the literature survey. 

In its widest sense, these objectives concern an evaluation of 

cardiac performance during conditions of stress. For this 

purpose, certain techniques and procedures were adopted and 

in as much as this was deemed highly relevant, the selection 

of these techniques and procedures is motivated in this chap

ter where applicable. The experimental protocol is summarised 

schematically in Figure 2.1. 

2.1 EXPERIMENTAL ANIMALS 

Male albino rats (Rattus norvegicus) of 250 - 300 g were 

exclusively used in all experiments. This body mass corre

sponds to an age of about 3 months and the rats may therefore 

be classed as young, healthy adults. On the basis of the 

findings of Kumar et al (1964) and Gold (1960), which demonstrate 

the heat intolerance of the young and the aged respectively, 

this stage of development is likely to represent a maximal 

natural tolerance to heat in the animals. 

All animals were bred and raised in a constant environment 

room (temperature : 20°c; relative humidity : 65%). The rat 

pellet diet (Epol) was supplemented twice~weekly with raw 

vegetables and skimmed milk. These procedures were adopted 
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FIGURE 2.1 EXPERIMENTAL PROTOCOL 

SELECTION OF ANIMALS 

SELECTION OF ANAESTHETIC ......... 
AGENT ~ 

SELECTION OF PARAMETERS 
OF CARDIOVASCULAR FUNCTION~ 

EVALUATION OF PARAMETERS 
OF CARDIOVASCULAR FUNCTION 

ADRENALINE, ETC . .J 

' 

EVALUATION OF ANAESTHETIC 
AGENT 

METABOLIC RATE 

CARDIOVASCULAR FUNCTION 

MYOCARDIAL QO 
2 

ESTIMATION OF STROKE VOLUME BY 
THE PRESSURE PULSE CONTOUR 
METHOD 

EVALUATION 

L ARTERIAL CAPACITANCE 

lDOPPLER CORRELATION 

INDUCTION OF HEAT STRESS 

PARAMETERS OF .JCARDIOVASCULt FUNCTION ~ MYOCARDIAL INTEGRITY 

HEAT STRESS C 
CORE, SKIN AND ELECTROCAR- TISSUE ELECTROLYTES 
MEAN BODY DIOGRAPHY 
TEMPERATURE OXIDATIVE CAPACITY 

ARTERIAL ( Q
O 

) 
HEAT STORAGE PRESSURE 2 

HEART RATE TEMPORAL RE
LATIONSHIPS 

STROKE VOLUME 

CARDIAC OUTPUT 

VASCULAR RESISTANCE 



44. 

to ensure uniform growth and metabolic rates and to eliminate 

seasonal acclimatisation. For practical purposes, the 

animals were regarded as unacclimatised. All animals were 

fasted for 24 hours prior to an experiment; water being 

available ad libitum. 

The choice of the albino rat as experimental animal is based 

on several factors not the least of which is, as was pointed 

out above, the relative ease with which variables such as age, 

mass, metabolic rate and state of acclimatisation may be con

trolled. The second consideration sterns from the observation 

that the rat, with a large body surface area to mass ratio, 

experiences a greater degree of physiological stress at a 

given environmental heat load than do larger animals (Schmidt-

Nielsen, 1964). This means that the time factor in these 

experiments is reduced considerably and that the influence of 

various experimental interventions per se e.g., anaesthesia, 

catheterization, etc., is not as profound as in longer experi

ments. Thirdly, in much research of this nature rats have been 

used extensively. Examples are in vitro and in vivo tissue 

damage assessments (Burger and Fuhrman, 1964 a and b; Burger 

and Engelbrecht, 1966, 1967 and Burger et al, 1970 a and 

b), heat tolerance studies (Baker and Horvath, 1964), cardio

vascular function during heat stress (Daily and Harrison, 1948; 

Opie et al, 1965) and comprehensive biochemical analyses 

(Burger, 1972). The obvious advantage of the wide usage of 

rats is that the interpretation of newer findings is greatly 

facilitated. 
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There are, however, certain disadvantages attached to the use 

of rats as experimental animals in studies of this nature. 

These pertain largely to the limited number of measurements 

which may be recorded simultaneously in small animals. Also, 

due to their small size, blood and tissue analyses are re

stricted to a relatively small number and consequently a large 

number of animals may have to be used to derive statistically 

meaningful data. Probably the only formidable obstacle, 

however, concerns attempts to extrapolate such data to man. 

Despite these problems, it was nevertheless concluded that 

the use of rats, especially in view of the amount of research 

already published, is justified , and that the advantages 

clearly outweigh the disadvantages. 

2.2 ANAESTHESIA 

2.2.1 CHOICE OF ANAESTHETIC AGENT 

For the purpose of the current investigation sodium pento

barbitone anaesthesia ("Sagatal", Maybaker, S.A.) appeared 

to be the most suitable anaesthetic agent. The ultra short

acting thiobarbiturates, due to the toxic effect of the sulphur 

atom, and the phenobarbiturates, due to their long lasting 

effects (Sharpless, 1966), were both deemed unsuitable, while 

the indiscriminate use of ether causes marked bradycardia 

(Kisch, 1953). The extensive usage of sodium pentobarbitone 

in similar experiments was regarded as a further recommendation. 



2.2.2. DOSAGE AND ADMINISTRATION 

In compliance with the Helsinki Declaration regarding the 

proper use, care and treatment of experimental animals, and 
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by virtue of surgical intervention (carotid catheterization), 

all animals were anaesthetised by an intraperitoneal injection 

of sodium pentobarbitone. The dosage was 40 mg/kg body mass. 

The stock anaesthetic (60 mg/ml) was diluted with a solution 

of 0,85% sodium chloride to give a final concentration of 

10 mg/ml. 

2.2.3 EVALUATION OF SODIUM PENTOBARBITONE 

Sodium pentobarbitone anaesthesia exhibits a demonstrable 

suppression of cardiovascular function which is manifested in 

decreases in heart rate, cardiac output, mean arterial pressure 

and total peripheral resistance (Sharpless, 1966; Pretorius 

et al, 1966; Kielblock 1972). According to Rieke and 

Everett (1957), pentobarbitone anaesthesia also causes a re

distribution of blood in rats so that increases in blood 

volume occur in the splanchnic organs, the skin and genitalia 

while decreases occur in the central nervous system, bone and 

skeletal and cardiac muscle. 

While the effects of sodium pentobarbitone anae~thesia des

cribed above are widely held to be negligible in normothermic 

animals, the effects of this drug during thermal stress have 

not been adequately described. According to Setnicar and 

and Temelcou (1961) the induction of hypothermia during 
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anaesthesia results in a decrease in the rate of catabolism 

of the drug. Whether the opposite occurs during hyperthermia, 

is not known. However, an increase in ammonia production, 

over and above the increase observed in unanaesthetised 

animals, has been reported during experimental hyperthermia 

(Burger and Fuhrman 1964b) and although the potentially 

cytotoxic ammonia may aggravate the condition of hyperthermia, 

cytotoxic elevations (8 - 12µg/ml of blood) were not en

countered as a result of the induction of hyperthermia. 

In so far as the primary site of action of sodium pentobar

bitone is the central nervous system (Whitehead and Virtue, 

1965), it was reasonable to assume that central thermoregulation 

would be impaired during anaesthesia, and that this impairment, 

while possibly exhibiting negligible effects in normothermic 

animals, could result in profound intolerance to thermal stress. 

The implication of impaired thermoregulation due to anaesthesia, 

in investigations concerning thermoregulation, is that so

called control animals may be rendered grossly abnormal, to 

such an extent, in fact, that the experimental model becomes 

meaningless in a physiological sense. It was therefore 

deemed necessary to delineate the effects of pentobarbitone 

anaesthesia on the integrity of thermoregulation, not only 

in normothermic animals but also in animals subjected to heat. 

In order to gain more insight, these preliminary studies were 

extended to include the stress of cold so that the full spec

trum of thermal stress could be evaluated in the anaesthetised 

animals. 
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Selected animals were divided into two main categories viz., 

unanaesthetised and anaesthetised. Each category was then 

subdivided into three subgroups, namely, hyperthermia, normo

thermia and hypothermia. The groups were then sub j ected to 

environmental temperatures of 45, 20 and s0 c, respectively, 

for a period of 30 minutes i.e., the approximate minimum 

duration of anaesthesia during normothermic conditions. 

During this period, the heart rate and core and skin tempera-

tures were monitored every 5 minutes. These measurements 

are described in details under appropriate headings elsewhere 

in this chapter. 

At the end of this period, metabolic rate was assessed on the 

basis of oxygen consumption, the principle of the method being 

the relationship between metabolic rate and oxygen consumption. 

The apparatus (Palmer} consists of an airtight chamber con

taining a soda-lime carbon dioxide absorbent and a small fan 

to circulate air within the chamber. An inlet is the means 

by which oxygen is introduced into the chamber. 

is connected to a water manometer. 

The outlet 

The animal was placed within the chamber and, with a second 

outlet open to atmospheric air, allowed to become accustomed 

to its new surroundings. The chamber was then sealed off 

from the atmosphere after which 20 ml of oxygen was injected 

into the chamber by means of a pre-filled syringe,. the 

initial level of the water column being noted immediately 

after the introduction of oxygen. The difference between 
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this level and that recorded when the chamber was open to the 

atm::>sphere, was regarded as the equivalent of 20 ml of oxygen. 

After 5 minutes, the volume of oxygen consumed was calculated 

from the proportionality between the vertical deflection in 

the level of fluid in the manometer and 20 ml of oxygen. This 

volume was then converted to oxygen consumption in litres per 

hour under conditions of standard temperature and pressure. 

Assuming an RQ of 0,91 (Zarrow et al, 1964) the energy 

expenditure was calculated at a caloric equivalent of 4,93C 

per litre of oxygen consumed (20,64 kJ/1 of o2 ) and, using 

the formula of Engelbrecht (1964) for body surface area (A): 

A= (m01666 x 11,36)/104 

where A is given in m2 and ming body mass, metabolic rate 

was finally expressed in C/m2/h. 

2.3 INDUCTION OF HEAT STRESS 

Heat stress was induced in a cabinet of special design (Figure 

2.2). The cabinet was constructed of "Perspex" and consisted 

of a base and a lid of which one of its four sides had been 

omitted and, instead, attached to the base. This side served 

as a terminal board through which the EKG electrodes, the PCG 

cable, carotid catheter and the core and skin temperature 

thermistors were led to the interior of the cabinet. The lid 

was placed on the base in special slots which ensured a 



FIGURE 2.2: THE INDUCTION OF HEAT STRESS (ABOVE) AND 

MEASUREMENTS OF THE EKG , PCG AND ARTERIAL 

(CAROTID) PRESSURE ( BELOW ) 
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reasonably airtight seal. An outlet valve was fitted into 

the roof of the lid. Heat was generated by a standard, high-

capacity "Shandon" drying oven and ducted into the cabinet 

via its base. Using the oven thermostat for coarse settings, 

the temperature within the cabinet could be controlled to 

within± 0,1°c of the desired value by manipulation of the 

outlet valve. No measurable temperature gradients could be 

detected within the cabinet. The relative humidity varied 

between 10 and 15% within the cabinet. 

Anaesthetised experimental animals were placed on a special 

platform in the supine position. Following carotid cathe-

terisation, the EKG leads, the PCG microphone and the 

temperature probes were positioned and the lid replaced. The 

desired cabinet temperature could be re-established within 

less than one minute. 

The major advantage afforded by this design, in contrast to 

the water-bath method of induction of heat stress, is the 

relatively large amount of data which may be recorded con-

currently. Secondly, in so far as the various leads do not 

have to be relocated between obtaining control and experimental 

recordings, as would have been necessary for the water-bath 

method, a direct and more meaningful comparison could be made 

between base-line and experimental data. It was estimated 

that the heat load induced by this method, at an air tem

perature of 45°c, is approximately 30% less than that induced 

by the water-bath method where the animal was partially sub-

o 
merged at a water temperature of 42 C. 



2.4 MEA SUREMENT S OF CARDIOVASCU LAR FU NCTION 

2.4.1 BASIC RECORDINGS AND INSTRUMENTATIO N 

The basic recordings comprised the electrocardiogram (EKG), 

the phonocardiogram (PCG) and arterial (carotid) pressure. 

All the basic data were relayed to an Elema-Schonander 

"Mingograf 81" 8-channel polygraph. 
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This recorder is equipped with, amongst others, six EKG

amplifiers, a phonocardiogram pre-amplifier (EMT 21) and an 

electromanometer (EMT 31). The "Mingograph 81" employs a 

recording system with ink-jet galvanometers providing re

cordings in rectilinear co-ordinates. The principle is that 

writing fluid is jetted directly onto writing paper at a 

pressure of about 25 atmospheres. 

Due to the low inertia of the writing system, high fidelity 

recordings are obtained. The frequency response of the 

combined galvanometer and final amplifier is practically 

linear from d-c to 500 Hz and some 10% down at 700 Hz. 

The final amplifiers were calibrated to give a 2 cm deflection 

per lmV-impulse for EKG and PCG recordings while pressure was 

calibrated against a mercury manometer so as to give a 3,3 cm 

deflection per 100 mm Hg. These calibrations, as well as 

the recording speed of 250 mm per second, were rechecked 

regularly. 



2.4.1.1 ELECTROCARDIOGRAPHY 

The EKG was recorded from sub-cutaneous needle electrodes 

placed in the axillae and the lower abdomen, immediately 

medial to the anterior superior iliac spine (Figure 2.2). 

For electrocardiographic analyses, a programme was selected 

to give leads I, II, III, aVR, aVL and aVF. 

2.4.1.2 PHONOCARDIOGRAPHY 

53. 

The heart sounds were picked up by means of a piezo-electrical 

microphone (Elema-Schonander EMT 25C) placed in the mid-

sternal area (Figure 2.2). The full spectrum of heart sounds 

was subsequently subjected to electronic filtering (EMT 21) 

which allowed the registration of 6 PCG's having the following 

characteristics -

PCG-CHANNEL FREQUENCY(Hz) 
NO OPTIMUM RANGE 

1 12 0 - 200 

2 150 12 - 600 

3 200 ~- 800 

4 500 150 - 1200 

5 700 300 - 1200 

6 400 12 - 1000 

For analytical purposes other than pure electrocardiography, 

a programme was selected to include EKG lead II (channel 1) 

as monitor, PCG leads 2 - 6 (channels 2 - 6), while channels 

7 and 8 were allocated to pressure recordings. The advantage 
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of recording as many as 5 PCG's was noted in a previous study 

(Kielblock, 1972) where, it was found that, during drastic 

alterations in cardiovascular function, greater reliance may 

be placed on channels other than those used routinely for 

analytical purposes. 

2.4.1.3 BLOOD PRESSURE 

Blood pressure was measured directly by catheterization of 

the left common carotid artery (Figure 2.3). The catheter 

("Intramedic" PE 50) was heparinized prior to being placed 

in position by way of an incision in the carotid wall. About 

0,2 ml of saline was injected into the general circulation via 

the carotid catheter to ensure that no air bubbles were lodged 

in the system, thereby causing a "damped" pressure recording. 

The pressure transducer (EMT 34) was calibrated against a 

mercury manometer at the start of all experiments. The volume 

displacement of the transducer constituted 0,09 mm3 / 100 mm Hg. 

2.4.2 ANALYTICAL PROCEDURES 

All measurements were the mean of 5 consecutive heart beats 

at any given point during an experiment. All basic measure-

ments were made in mm and by using appropriate correction 

factors, converted into the appropriate units. For analytical 

purposes a recording speed of 250 mm per second was chosen. 

The EKG and pressure calibrations were set to lmV = 2 cm and 



FIGURE 2.3: CAROTID CATHETERIZATION 

The exposed artery (above) &S hemisected prior to insertion 

of the catheter (below) . For demonstration purposes , 

blood was drawn into the catheter. 
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100 mm Hg= 3,3 cm, respectively, in all cases. The basic 

measurements were obtained by using an electronic digitizer, 

the raw information thus obtained being relayed to a pro

grammed Wang computer. 

2.4.2.1 EKG-INTERVAL MEASUREMENTS 

In order to assess rhythm and the integrity of cardiac con

ductivity, certain temporal relationships were determined. 

Atria-ventricular continuity was evaluated in terms of the 

PQ-time (by convention, PR), ventricular repolarization by 

the QT-time, which, according to Rushmer (1970), is probably 

the only electrocardiographic indication of possible meta-

bolic disturbances. To allow for rate, QTc was also deter-

mined and expressed in conventional units (seconds): 

QTC =QT/ ffiR 

The upper limit in humans is reported as 0,425 seconds. 

Finally, the RR'-interval was used in calculating heart rate. 

2.4.2.2 EKG-AMPLITUDE MEASUREMENTS 

Although the P- and T-wave amplitudes were checked in all the 

standard leads, they were not analysed except where gross 

changes became noticeable. 

The majority of electrocardiographic data derived was from 

analyses of the QRS-complex of the standard leads. Firstly 
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the direction and magnitude of the mean frontal QRS vector 

were determined according to conventional methods based on 

Einthoven's equilateral triangle. The second consideration 

is based on the direct proportionality between heart size and 

the QRS-complex as reported by Manoach (1971), and left ven

tricular function and the sum of the R-wave amplitudes in 

selected leads as reported by Gottwik et al (1978). 

2.4.2.3 PRESSURE PULSE CONTOUR ANALYSES 

(a) From the directly recorded pressure pulse, the basic 

measurements comprised arterial (carotid) systol.ic and dia

stolic pressures while pulse pressure and mean arterial 

pressure could readily be calculated. The latter was computed 

as functional mean arterial pressure (mean perfusion pressure) 

as distinct from arithmetic mean pressure. Systolic pressure 

serves as an index of ventricular contraction, diastolic 

pressure as an index of peripheral resistance while mean 

arterial pressure reflects the general competence of the vaso

motor system (Valbonna, 1974). The various components of the 

pressure pulse were, however, also subjected to further 

analysis (vide infra). 

According to Rushmer (1970) the most sensitive indicators of 

cardiac performance are the rates of change of cardiovascular 

responses which, amongst others, include the rate of change 

of pressure (dP/dt). In this context, the rate of rise of 

central arterial pressure is regarded as an important 
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criterion of ventricular performance and capability, i.e., 

cardiac contractility. However, in order to obtain 

meaningful information concerning cardiac contractility, it 

would appear that dP/dt should be measured so as to yield a 

maximum rate of change in pressure i.e., during early sys

tole (Noble et a i 1966a; Schlant, 1978a; Hurst and Schlant, 

1978), a measure little affected by heart rate changes (Noble 

et al, 1966b). Furthermore, it is evident that dP/dt should 

also be evaluated in terms of peak systolic pressure. For 

example, during enhanced sympathetic discharge, the rate of 

pressure rise is increased to a greater extent than the 

absolute peak pressure elevation (Rushmer, 1970). The 

measurement, and subsequent evaluation of dP/dt is therefore 

in accordance with these views. 

A second consideration concerns total peripheral resistance. 

After closure of the aortic valves, the rate of pressure 

decline is determined by the end-systolic pressure, the flow 

rate through the peripheral resistances and the diastolic 

interval, the minimal diastolic pressure being determined 

primarily by total peripheral resistance and heart rate (Rush

mer, 1970). The use of diastolic pressure per se, as a 

measure of peripheral resistance, should therefore not proceed 

without due caution. 

(b) Stroke Volume 

Further analysis of the pressure pulse contour stems from the 

observation that the arterial pressure pulse contour is 

physically related to the stroke volume output and, theoret-
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ically at least, provides the means for estimating cardiac 

output from beat to beat (Guyton, 1963). "The pulse contour 

method has one very important potential advantage. It permits 

computation of the stroke volume of individual cycles, even 

though its accuracy may be limited" (Rushmer, 1970). The 

advantage afforded by this method was particularly relevant 

to the current experimental model wherein many and varied 

stroke volume changes were anticipated. In this respect the 

use of the Fick-principle method or indicator- and thermo

dilution techniques were deemed impractical and undesirable 

for continuous monitoring. 

The method employed is based on the method of Warner and his 

associates (Warner et ai, 1953; Warner, 1954; Warner, 1966) 

as described by Guyton (1963). In essence, the method 

relates the area of the pressure pulse to stroke volume. 

Compared with the Fick-principle method, the indirect method 

exhibits an error of only ±9% (Guyton, 1963). 

The Warner formula for stroke volume (SV), 

SV = c(P d - Pb) (l+S /D) c a a a 

features only one unknown factor which cannot be derived from 

the pressure pulse, i.e., c, the capacitance of the arterial 

tree (the other symbols are explained in Figure 2.4). In 

the present study, arterial capacitance was estimated by rapid 

exsanguination via the aorta at a site just proximal to its 



FIGURE 2.4 ESTIMATION OF STROKE VOLUME FROM THE ARTERIAL 

PRESSURE PULSE ACCORDING TO THE WARNER METHOD 

PCG 

PRESSURE 

s : Systolic drainage area 
a 

D : Diastolic drainage area 
a 

t: Transmission time 

The Warner formula for stroke volume (SV) is: 

SV = c(P d-Pab) (l+S /D) c a a 

In the present study diastolic pressure was 

substituted for Pab (See text). 
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FIGURE 2.5 ARTERIAL CAPACITANCE 
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bifurcation while simultaneously monitoring arterial pressure. 

This procedure is based on the conclusions of Guyton et aZ 

{1956), namely that "the large arteries are probably re

sponsible for most of the characteristics of the pressure

volume curves" and that "total capacitance of the small 

arteries calculates to be insignificant in comparison with 

total capacitance of the large arteries". 

Arterial capacitance was determined in 5 animals having a 

mean mass of 278±7,5g {Mean ±SD). The change in volume {dV) 

per unit change in mean arterial pressure (dP), is presented 

in Figure 2.5. An analysis of the capacitance curve confirms 

the fundamental principle that for a given value for dP, the 

corresponding value for dV initially becomes smaller as the 

mean pressure increases, but that eventually a linear relation

ship tends to develop. In the present investigation, the 

latter event seems to apply above diastolic pressures of about 

120 to 130 mm Hg, in other words dV becomes directly propor

tional to dP. 

The relationship between dV and dP constitutes capacitance: 

c = dV/dP 

Rearrangement of the above equation shows that 

dV = c.dP 

and, in as much as dP is represented in the Warner formula 

as (Ped - Pab), the latter formula may be abbreviated to 



In the present study the difference between Pa and Pb was 

experimentally found to be negligible, and the term Pab was 

consequently ignored in favour of substitution of diastolic 

pressure. In contrast, since the difference between P 
C 
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(systolic pressure, denoted Ps in the current study) and Pd 

(end-systolic pressure, denoted P in the current study) was es 

not only significant, but also subject to considerable varia-

tion, Ped was retained in all calculations. From a practical 

point of view, dV was determined from Table 2.1 and not from 

the capacitance curve itself. The latter table is s imply a 

convenient reference which allows dV to be read off directly. 

The indirect method of stroke volume estimation was then re

lated to the ultrasonic Doppler-based systolic velocity in-

tegral. The method employed was based on that of Colocousis 

et al (1977) wherein stroke volume was determined over a wide 

range of cardiac output variations (sequential exsanguination 

and fluid infusions) and correlated with the thermodilution 

method, the correlation being reported as r = 0,95 ±0,04SD's. 

In the latter study (Colocousis et al, 1977), the area of the 

aortic blood velocity integral was related to stroke volume. 

For the purpose of the current investigation it was concluded 

that this technique would serve as a reliable index of the 

validity of the Warner method. 

In the present investigation, blood flow was measured in the 

exposed right common carotid artery by means of the Doppler 



64. 

TABLE 2.1 PRESSURE-VOLUME RELATIONSHIPS IN THE ARTERIAL 

SYSTEMIC TREE 

From the pressure-volume curve of the arterial systemic tree 

the volume change (dV in mlxlo-1 ) per unit change in pressure 

(dP in mm Hg) was obtained from the equation for capacitance 

( c) : 

c = dV/dP 

The table below only lists relevant data within the operating 

pressure range. The "pulse pressure" is related to a specific 

volume change at given diastolic pressures. 

Diastolic Mean of systolic and end-systolic pressure 

pressure 10 15 20 25 30 35 40 45 50 55 60 65 

80 7 9 12 14 16 18 20 21 23 25 26 27 

85 6 8 10 12 14 16 17 19 21 22 23 24 

90 5 7 9 11 13 14 16 18 19 20 21 22 

95 5 7 9 10 12 13 14 15 16 17 18 19 

100 4 6 8 9 11 12 13 14 15 16 17 18 

105 4 6 7 9 10 11 12 13 14 15 16 17 

110 4 6 7 8 9 10 11 12 13 14 15 16 

115 3 5 7 8 9 10 11 12 13 14 15 16 

120 3 5 7 8 9 10 11 12 13 14 15 16 

125 3 5 6 7 8 9 10 11 12 13 14 15 

130 3 5 6 7 8 9 10 11 12 13 14 15 

135 2 3 4 5 6 7 8 9 10 11 12 13 

140 2 3 4 5 6 7 8 9 10 11 12 13 

etc. (dV remains linearly related to pulse pressure) 



technique ("Directional Doppler", Model 806-C, Parks Elec

tronics, Oregon), the probe positioned on the artery at a 

recommended angle of 45° to the flow origin. Arterial 

pressure was simultaneously recorded from the left common 

carotid. Variations in flow were induced by mild exsan-
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guination and norepinephrine (4µg in 0,2 ml of 0,85% saline, 

i.a.). The results obtained are presented in Table 2.2 and 

three representative recordings in Figure 2.6. 

An analysis of the results in Table 2.2 indicates that the 

Warner formula yields stroke volume values that are in good 

correlation with flow rate (r=0,831±0,089 SD). Of par-

ticular interest is the observation that Reference 1 (mild 

exsanguination)exhibits a "pulse pressure" of 18 mm Hg which, 

at a diastolic pressure of 100 mm Hg, corresponds to a volume 

change (dV) of 8 units. In contrast, Reference 7 exhibits 

a 200% increase in pulse pressure which only elicits a 57% 

increase in av. Placed in perspective, Reference 7 exhibits 

a mere 7,6% increase in stroke volume. These findings are in 

accordance with generally accepted principles and it was there

fore concluded that despite the limitations of the method, 

pressure pulse contour analyses provide a simple yet reliable 

method of estimating stroke volume on a semiquantitative basis. 

The potential of the method merits an in-depth investig~tion. 

2.4.2.4 SYSTOLIC TIME INTERVALS 

Systolic time interval measurements are parameters of cardiac 

function i.e., the contractile state of the left ventricular 
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TABLE 2.2 ESTIMATION OF STROKE VOLUME USING THE PRESSURE PULSE 

CONTOUR METHOD & THE ULTRASONIC DOPPLER-BASED FLOW RATE 

Reference Pressure Pulse Area Stroke Volume 
No. Pd (P -P ) av s D S /0 Warner Doppler s es a a a a 

1 100 18 8 44 57 0,77 14,16 447 

2 160 24 5 91 106 0,86 9,30 302 

3 160 27 6 99 112 0,88 11,28 287 

4 178 42 8 133 133 1,00 16 ,00 379 

5 190 33 7 113 122 0,93 13,51 360 

6 190 36 7 135 122 1,11 14,77 410 

7 193 54 11 218 175 1,25 24,75 481 

NOTES: 

1. Values are the means of 5 experiments. 

2. Categories: Mild exsanguination - Reference 1 

Control - Reference 2 and 3 

Hypertension 
(Norepinephrine) - Reference 4 - 7 

3. Pressure in mm Hg. 

4. dV in ml X 10-l 

5. Pulse areas in mm2 . 

6. Doppler flow volume proportional to area in 2 mm . 

7. Coefficient of correlation between stroke volume 

estimations: r = + 0,831±0,089SD 



67. 

FIGURE 2.6 THE RELATIONSHIP BETWEEN THE DOPPLER-BASED FLOW RATE 

AND THE PRESSURE PULSE DURING (A) MILD EXSANGUINATION 1 

(B) CONTROL LEVELS AND (C) NORADRENALINE INFUSION 

A B 

200 

mm Hg 

100 

100 msec 

Tracings of right carotid blood flow (upper) while simultaneously 
monitcring left carotid pressure (lower). 

The area under the flow curve, the systolic velocity integral is 
in direct proportion to stroke volume exhibiting a correlation 
coefficient of r = +0,831 with the Warner method of estimating 
stroke volume from the , pressure pulse contour. 

According to Colocousis et al (1977)*, area rather than peak 
velocity is a more r el iable indicator of stroke volume when 
using the Doppler technique. 

~ Circulation 56 914 - 917 
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myocardium (Ahmed et al, 1972) and as such yields a simplified 

semiquantitative measure of circulatory impairment in abnormal 

cardiac function (Weissler et a l , 1969). These measurements, 

in conjunction with others pertaining to the cardiac cycle, 

.are schematically presented in Figure 2.7. 

For the analysis of any given cardiac cycle, the electrocardio-

graphic Q-wave served as reference point. The two basic 

measurements comprised (a) total electromechanical systole i.e., 

from Q to the onset of the second heart sound (QS 2 ) and (b) 

ejection time (ET) i.e., from the onset of the rise of the 

pressure pulse to the nadir of the incisura on the descena t ng 

limb. From these, the pre-ejection period (PEP) could be 

determined: 

PEP = QS 2 ET 

PEP is that fraction of the QS 2 which precedes left ventricular 

ejection (PEP cannot be directly read off in view of the time 

lag which occurs for the pulse to travel from the left ventricle 

to the carotid). The procedure to estimate PEP indirectly is 

in accordance with the method of Harris (1974) and also in 

agreement with the method of Weissler et al (1968; 1969) where 

systolic time intervals were obtained from the carotid pulse, 

EKG and the PCG. 

In view of the anticipated changes in heart rate, the influence 

of the latter on these intervals had to be considered. 



FIGURE 2.? TEMPORAL MEASUREMENTS WITHIN THE CARDIAC CYCLE 
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According to Harris (1974) QS 2 and ET vary inversely with 

heart rate while heart rate per se does not influence PEP. 

The latter phenomenon is explained by the fact that an in

crease in heart rate elicits a decrease in PEP through an 

abbreviation of all intervals of the cardiac cycle but which 

is countered by the aortic diastolic (increase) and left 

ventricular end-diastolic (decrease) pressure gradient. 

This gradient increases with heart rate, a view also sub

scribed to by Blumberger and Meiners (1965) and Harley et al 

(1969). 

In view of the foregoing, PEP was not corrected for heart rate. 

However, ET was corrected for heart rate according to the 

method of Pigott et al (1971): 

where ET is the corrected ET and RR the cardiac cycle. 
C 

The PEP/ET ratio was used as an index of the contractile state 

of the heart since it has been shown to increase in cardiac 

failure (Weissler et al, 1969; Ahmed et al, 1972) and to 

decrease in exercise (Pigott et al, 1971). According to 

Blumberger and Meiners (1965), the inverse relationship i.e., 

ET/PEP (referred to as the "haemodynamic ratio") is propor

tional to stroke volume. 
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2.4.2.5 HEART RATE 

Although heart rate measurements per s e are of obvious 

importance in evaluating the circulatory status at any given 

instant, it was also considered important to relate heart 

rate to various other measurements. 

The reduction of the various intervals of the cardiac cycle 

during cardioacceleration is accomplished by (a) a moderate 

reduction in the duration of systole and (b) a significantly 

greater reduction in the diastolic filling interval (Rushmer, 

1970). In other words, a physiological elevation in heart 

rate should exhibit an increase in the duration of systole 

relative to heart rate, or an increase in the systole/dia-

stole ratio. For this purpose, the Qs 2;s 2Q ratio (electro-

mechanical systole/electromechanical diastole) was determined. 

The second relationship is based on cardiac responses to 

exercise, as envisaged by Rushmer (1970) in terms of the 

Frank-Starling mechanism. During exercise, cardiac output 

is increased by two mechanisms. Firstly, an increased stroke 

volume occurs in response to an increase in venous return 

which, in turn, is facilitated by the pumping action of the 

contracting muscles. Secondly, the fall in arterial pressure 

as a result of regional vasodilation, elicits cardioacceleration 

via the pressure receptor pathway. It would also appear that 

the degree of cardioacceleration would depend on the degree 

of compensatory vasoconstriction, an event which would be 

manifested in terms of mean arterial pressure (Valbonna, 1974) 
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as well as the level of exertion. Thus, ,within physio-

logical levels of exertion, although the systolic arterial 

pressure is characteristically elevated, mean arterial pressure 

remains essentially unchanged. "If a drop in arterial 

pressure occurs at all, it is so transient at the beginning 

of exertion that it cannot be consistently demonstrated in 

man or experimental animals" (Rushmer, 1970). It was there-

fore deemed important to relate heart rate to mean arterial 

pressure as an index of cardiovascular strain, a view not 

without precedent (Belding, 1967). 

2.4.3 EVALUATION OF ANALYTICAL PROCEDURES 

Although the assessment of cardiovascular function was largely 

based on accepted methods and techniques, it was nevertheless 

deemed important to re-evaluate some of these procedures with

in the current context. The method of evaluation was based 

on the approach of other investigators (Piemme et al, 1966; 

Rademeyer, 1969), whereby, through the infusion of selected 

drugs, certain desired circulatory changes could be induced. 

These changes pertain mainly to cardiac contractility, stroke 

volume and total vascular resistance. 

The drugs selected, the respective dosages and effects are 

summarised in Table 2.3. In some instances the precise 

physiological dosage for rats could not be ascertained 

and consequently the human dosage per kg, was scaled 

down to an estimated animal dosage. The desired amount was 
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infused intra-arterially in 0,2 ml of 0,85% of NaCl in order 

to minimise volume effects on the circulation. The mean 

changes were then determined, each animal acting as its own 

control. 

Myocardial contractility was evaluated in terms of two basic 

parameters, namely (a) the maximum rate of change in carotid 

pressure at the onset of systole (dP/dt ) and (b) the ratio max 

of the pre-ejection period to ejection time (PEP/ET). The 

use of dP/dt is based on the view of Noble et a l (1966a), max 

Hurst and Schlant (1978) and Schlant (1978a) and in so far as 

this measure is little affected by heart rate (Noble et al, 

1966b), no correction was made for rate. However, in similar 

studies, dP/dt was expressed in terms of left ventricular end

diastolic pressure in an attempt to correct the influence of 

pre- and afterload on contractility (Mirvis e t al, 1978; 

Schmidt and Hoppe, 1978). Although these researchers could 

not demonstrate marked differences between the corrected and 

uncorrected forms, it was nevertheless decided to employ the 

same principle in this evaluation by the use of the equation 

below: 

= (dP/dt ) / - IP:'d max 

where the square root of diastolic pressure is used in con

formation with standard procedures employed for correction. 

The ratio PEP/ET is also regarded as a sensitive measure of 

myocardial contractility and, in contrast to dP/dt, has been 



extensively evaluated by means of the carotid pulse tracing 

(Weissler et aZ, 1969; Pigott et aZ, 1971; Ahmed e t aZ, 
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1972; Harris, 1974). This measure also correlates well with 

the angiographically (Garrard et aZ, 1970) and Tc - 99m 

albumin measured ejection fraction (Qureshi e t aZ, 1978). 

According to Harris (1974), PEP is not dependant on heart rate 

and may thus be left uncorrected. ET, however, does require 

correction. In the present study, ET was corrected in 

accordance with the method of Pigott e t aZ (1971) and Cohn 

(1978): 

ETC = ET I /RR 

With reference to propranolol infusion (Table 2.3) the cor

rected version (ET) appears to confer greater sensitivity on 
C 

PEP/ET (as PEP/ETC) as a measure of contractility than the 

uncorrected form. 

Vascular resistance to blood flow is in actual fact calculated 

by analogy to Ohm's law: 

Resistance (R) = Pressure (P) / Flow (F) 

which, according to Fransch (1978), refers to the mean pressure 

differential across the vascular bed divided by blood flow or 

cardiac output (Q). On the assumption that the mean pressure 

gradient would be given by the mean arterial pressure (P) 
m 

minus the so-called critical flow pressure of 20 mm Hg (Schlant, 
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TABLE 2.3 EVALUATION OF PARAMETERS OF CARDIOVASCULAR FUNCTION 

Feature Parameter Control Change Observed 

investigated employed level 
(mean) A N p I 

Heart Rate 332 -4 
+t 

-21 -30 +2 
- - --------
Cardiac dP/dt 2,55 max +121 +28 -20 +26 

Contractility dP/dt 0,25 +116 +12 -26 +57 
C 

PEP/ET 0,52 -17 -36 -10 * -10 

PEP/ET 7,10 -16 -29 +7 -12 
C ----------

Stroke Volume Pulse Contour 1,11 +56 * +28 -13 +25 
----------
Vascular pd 131 +5 

+4 
+21 +15 -35 

Resistance (P -20) /Q 0,334 m -8 +26 +63 -47 

Dosage - µg/0,2 ml 20 4 200 0,2 

Notes: 

1. The drugs employed are, respectively, adrenaline, 

noradrenaline, propranolol,isoproterenol and regitin. 

2. 
+4 

The asterisks ( ) denote changes opposite to the 

postulated responses according to Charlier (1971), 

Laurence (1973) and Goldberg and Hsieh (1978). 

3. The changes observed represent the means of two 

experiments in each case and therefore merely reflect 

tendencies. 

4. The units employed are in accord with, those pertaining 

to this study. 

5. PEP/ET is inversely related to contractility. 

(%) 

R 

+23 

+177 

+319 

-28 

-34 

+62 

-54 

-63 

50 



1978a), stroke volume being determined by the Warner method 

(2.4.2.3), the above equation may be modified as follows: 

R = (P - 20) / Q 
m 
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Using this equation {simplified to P/Q in Table 2.3) the cal

culated total peripheral resistance, in arbitrary units, is 

in each instance in exact agreement with the postulated re-

sponse. Conversion into cgs units does not add to the in-

trinsic significance of these measurements {Fransch, 1978) 

and was consequently omitted. 

There is general consensus that in the absence of other 

measures, diastolic pressure is a fair reflection of total 

peripheral resistance (R). With the exception of adrenaline 

infusion, this surmise could be verified experimentally. In 

the case of adrenaline it is likely that the unexpected re

sponses {diastolic pressure and heart rate) represent the 

outcome of homeostatic compensation. The underlying prin-

ciple is that the minimum diastolic pressure is determined 

not only by peripheral resistance, but also by heart rate 

{Rushmer, 1970). It is therefore concluded that while dia-

stolic pressure is an insensitive measure of actual changes 

in peripheral resistance, it nevertheless seems a fair re

flection of the effective peripheral resistance. 

Despite the cursory nature of this investigation it was never

theless concluded that the use of these parameters of cardio

vascular function is also applicable to the laboratory rat, 

and hence fully justifiable in this study. 



2.5 MEASUREMENTS OF HEAT STRESS 

The assessment of physiological heat stress was limited to 

measurements of body temperature and the derivation of cer-

tain indices. These aspects are described below. 

2.5.1 BASIC MEASUREMENTS AND INSTRUMENTATION 

77. 

All temperature measurements were performed by means of an 

electrical thermometer which has the decided advantage over 

its mercury counterpart of having remote read-out capabilities 

(Figure 2.2). 

Two basic measurements were performed. Core temperature 

(Tc) was measured after introducing a YSI (Yellow Springs In

struments) "302" rectal probe to a depth of about 7 cm into 

the colon by way of the rectal orifice. The recording site 

was at the left colic flexure and consequently represents 

deep or core temperature as opposed to rectal temperature. 

Skin temperature (T) was measured on the anterior surface of 
s 

the base of the tail with a YSI "409" skin temperature probe. 

The probe, wrapped in cotton wool, was held in position with 

adhesive plaster, the latter procedure simultaneously holding 

the rectal probe in position. 

Both probes consist of a thermistor temperature sensing element 

connected to a telephone jack by means of a shielded lead wire. 

The probes plug into the thermometer unit (YSI "Thermistemp 

Tele-thermometer" Model 46-TUC) and temperature readings were 
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directly obtained in degrees centigrade by way of a Wheat-

stone bridge. The accuracy of the system, according to 

manufacturer's specification, is ±1% of the scale which 

spans 11°c. Several operating ranges may be selected, 

namely, 0-11, 10-21, 20-31, 30-41 and 40-51°c. These op-

erating ranges greatly facilitated the simultaneous measure

ment of various and varying temperatures on the same instru-

ment i.e., T , T and using probe "405", air temperature. 
C S 

The entire system was regularly checked against a certified 

mercury thermometer. 

2.5.2 ASSESSMENT OF HEAT STRESS 

The assessment of heat stress was primarily based on the heat 

storage index of Burton {1935) where mean body temperature 

{T) is related to core {T) and skin {T) temperatures: 
m C S 

+ 0,33 T in °c 
s 

Since the specific heat of the body tissues (collectively) is 

0,83 C/kg/ 0 c, body heat storage (S) may be calculated as 

follows: 

S = 0,83 m.T in C 
m 

where mis body mass in kg. From the formula for body surface 

area {A) for rats {Section 2.2.3) heat storage may now be ex

pressed in terms of unit surface area (C/m2): 



and from the rate of rise of T, Smay finally be expressed 
m 

in terms of C/m2/h. 

In as much as the accuracy of T depends not only on the 
m 
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number of T measurements, but also on the particular weighting 
s 

factors, body heat storage is more appropriately designated 

an index rather than the absolute value that it implies 

(Minard and Copman, 1963). The use of the term "index" is 

therefore also applicable to this study. 

2.6 BIOCHEMICAL PARAMETERS OF MYOCARDIAL I NTEGRITY AND 

FUNCTION AT CELLULAR LE VEL 

The objectives of this study, as have been stated before, con

cern the evaluation of cardiovascular performance during acute, 

experimental hyperthermia, with specific reference to cardiac 

function. While much may be gleaned from measurements of 

gross cardiovascular responses, it is critical that such 

findings be correlated with events occurring at cellular and 

subcellular level. With this objective in mind, two approaches 

were adopted. It was decided to measure firstly, the intra-

cellular myocardial potassium and sodium levels and, secondly, 

myocardial cellular oxygen consumption. 

2.6.1 MYOCARDIAL POTASSIUM AND SODIUM LEVELS 

The choice of this approach was based on the sensitivity of 

the intracellular K+/Na+ ratio as an indicator of the advent 

myocardial infarction, or conversely, the reversibility of 

trauma (McVie, 1970; Cherry and Meiners, 1971). The under-



lying principle concerns the particular distribution of K+ 

and Na+ across the cell membrane, a distribution which is 
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maintained hy the so-called "Na+ -pump" mechanism. On cell 

death, these ions follow the dictates of the existing dif

fusion gradients and soon the levels of these ions approach 

those of the extracellular fluid. Since the numerator and 

the denominator in the ratio change in the opposite sense, 

the K+/Na+ ratio of infarcted cells falls. According to 

McVie (1970), this method is therefore highly applicable in 

the detection of the early infarct. 

2.6.1.1. BASIC METHODOLOGY AND INSTRUMENTATION 

K+ and Na+ were determined by flame spectrophotometry (Woot

ten, 1964) with a Carl Zeiss Model PMQ II spectrophotometer, 

the light source of which was replaced by a burner and atomizer 

attachment. An oxyacetylene flame was used throughout, the 

gas flow being regulated at 100 mm WS acetylene and 0,3 kg/cm2 

oxygen. 

Stock solutions of NaCl and KCl were prepared by dissolving 

58,5 g NaCl and 74,6 g KCl in double distilled water, respec

tively, the final solutions being made up to 1 litre so as to 

yield concentrations of 1000 mEq/1 in each instance. The 

salts were analytical grade reagents and were dried i n an oven 

for 3 hours prior to use. 

Standard solutions were prepared in accordance with the re

commendation of Tietz (1970) whereby Na+ is added to the K+ 

standards in a concentration comparable with that anticipated 
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in the fluid under investigation. This addition compensates 

for the slight enhancement by Na+ in the measurement of K+. 

The procedure was reversed for the Na+ standards. The pre-

paration of the standard solutions is given in Table 2.4. 

The final standards were then used to obtain the relationship 

between concentration and transmittance. In each instance, 

double distilled water was used as a blank. The effective 

transmittance of each standard was obtained by subtracting 

the registered deflection of the blank from that of the stan-

dard. The transmittance of the standards was obtained by 

setting the apparatus to 100% transmission using the highest 

standard, this setting then being used to determine the trans

mittance of the lower standards. 

+ For Na, a wavelength of 590 nm and a slit width of 0,01 mm 

+ was used and for K, a wavelength of 769 nm and a slit width 

of 0,15 mm. The accuracy of the respective wavelengths was 

tested by contaminating known and identical standards with, 

in the case of Na+, low and high K+ standards, and in the 

case of K+, low and high Na+ standards. Since the respective 

transmittances were unaltered by contamination, it was con

cluded that the wavelengths of choice were absolutely specific 

in each instance. 

The standard curve for Na+ exhibited a linear relationship 

between transmission and concentration above a concentration 

level 0,2 mEq/1, the slope of the curve corresponding to a 



TABLE 2.4 COMPOSITION OF STANDARD SOL UTIONS 

SODIUM 

Stock Na+-ml 0 1 2 3 4 5 6 7 8 9 10 11 12 
Stock K+ -ml 9 9 9 9 9 9 9 9 9 9 9 9 9 
Water -ml 91 90 89 88 87 86 85 84 83 82 81 80 79 
Na+ cone. -mEq/1 0 10 20 30 40 so 60 70 80 90 100 110 120 

POTASSIUM 

Stock K+ -ml 0 1 2 3 4 5 6 7 8 9 10 11 12 

Stock Na +-ml 6 6 6 6 6 6 6 6 6 6 6 6 6 

Water -ml 94 93 92 91 90 89 88 87 86 85 84 83 82 

K+conc.-mEq/1 0 10 20 30 40 so 60 70 80 90 100 110 120 

In each instance, the above standards were then diluted 

(1 in 100) to give the following final concentrations: 
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13 14 15 

9 9 9 

78 77 76 

130 140 150 

13 14 15 

6 6 6 

81 80 79 

130 140 150 

Na +-mEq/1 

J<+ -mEq/1 
0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0 1,1 1,2 1,3 1,4 1,5 

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0 1,1 1,2 1,3 1,4 1,5 
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transmittance of 56,2 units per unit concentration. In the 

+ case of K, a linear relationship was also established between 

transmission and concentration, the curve originating from the 

"O" point of both axes. The slope of the curve corresponded 

to a transmittance of 66,7 units per unit concentration. 

2.6.1.2 DETERMINATION OF MYOCARDIAL K+ AND Na+ 

The method employed was a modification of the method of McVie 

(1970). Excised rat hearts were trimmed in order to remove 

the pericardium and all connective tissue including the large 

coronary vessels. The hearts were washed in double distilled 

water and blotted to remove all traces of excess water and 

blood. Two rat hearts were then pooled and chopped into small 

pieces. The mass was accurately determined to the nearest lg, 

and double distilled water added to give a mass-to-volume ratio 

of exactly 1 in 20. The heart tissue was subsequently homo-

genized in a Waring blender. 

In contrast to the method of McVie (1970), which subsequently 

employed a glass homogenizer, 10 ml of 0,75 N HN0 3 was added 

to the homogenate for every 1,0 g of heart tissue, the exact 

volume being determined by the mass. The tubes were then 

sealed and digestion allowed to proceed for approximately 18 

hours whereafter the solution was boiled for 3 hours to 

facilitate further digestion. 

In the final instance, the cell debris was spun down at 1000 

r.p.m. for 10 minutes and K+ and Na+ determined in a 1 in 5 

dilution of the supernatant, the final level in each instance 
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being expressed in terms of the mass of the tissue from which 

it had originated. 

2.6.1.3 EXPERIMENTAL GROUPS 

The basic approach was to subject experimental animals to 

varying times of exposure to heat. In as much as it was 

deemed important to perform survival studies in this instance, 

the choice of a specific maximum duration of exposure was 

based on the animal's ability to survive heat exposure by at 

least 48 hours. In the light of certain preliminary findings, 

an exposure time of 50 minutes (maximum) was selected. In 

addition, other groups were subjected to exposure times of 20, 

30 and 40 minutes respectively in order to obtain findings of 

a more intermediate nature. In two of these groups, the myo

cardial K+ and Na+ levels were determined (a) immediately 

after termination of heat stress, (b) 24 and (c) 48 hours 

after termination of heat stress. The latter groups (30 and 

50 minute exposure times, respectively) were selected on the 

basis of findings obtained immediately on termination of heat 

stress (See Chapter 4: Results). 

2.6.2 MYOCARDIAL OXYGEN CONSUMPTION 

In the context of interrelating haemodynamic parameters of 

. cardiovascular performance and metabolic parameters of cardiac 

function, it was considered important to evaluate the overall 

"metabolic status" of the heart with specific reference to 

the ventricles. According to Burger and Fuhrman (1964a and 

b) and Burger (1972), the most sensitive criterion of cell 
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injury is reflected by a decreased myocardial cellular oxygen 

uptake (Q0 }. 
2 

Although this measure cannot pinpoint the 

actual site of dysfunction when the Q0 falls, it serves as 
2 

an indicator of the integrity of the oxidative machinery of 

the cell. In the current study the measurement of Q
0 

was 
2 

employed accordingly i.e., to quantitate the extent of dys-

function (if any} with reference to the prevailing haemo

dynamic status. 

2.6.2.1 GENERAL PRINCIPLES OF THE METHOD 

Myocardial oxygen consumption was determined by a manometric 

technique using the Warburg apparatus. In all instances, 

the basic methodology was in strict accordance with the 

methods described by Umbreit et al (1964). 

The manometric technique of estimating the exchange of gases 

is based on the principle that at constant temperature and a 

constant volume of space, changes in the gas volume within 

that space will be reflected by changes in pressure within 

the system. In order, therefore, to calculate changes in 

gas volumes, it is necessary to know the volume of the reaction 

flask, the volume of the reaction medium in the flask, the 

temperature of operation and the density of the fluid in the mano-

meter used to achieve constant volume. Providing that the 

measurement only involves one gas, the amount of gas exchanged 

may be calculated. In this particular investigation oxygen 

was consumed, evolved carbon dioxide being absorbed. 
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2.7.2.2. THE WARBURG APPARATUS 

The Warburg apparatus employed in this study was of standard 

design. A total of 7 manometers were used simultaneously, 

each manometer being matched to a specific reaction flask 

(Carl Zeiss NS 14,5) with a side-arm gas vent. During actual 

estimations of o0 , the flasks were suspended in a constant 
2 

temperature water bath which incorporated a shaking mechanism 

(B.Braun} to provide agitation of the contents of the reaction 

medium and to facilitate gas exchange. 

(a} Reaction flasks, manometers and calibration procedures 

The objective was to calibrate the system so that oxygen con

sumption could be calculated from observed pressure differences 

i.e., the volume of oxygen consumed is equal to the pressure 

evolved multiplied by an appropriate constant. This constant, 

the so-called flask constant (k}, in its finally derived form, 

is given by the following equation: 

k = Iv (273/T}+Vf.al/P g 0 

where V is the volume of the gas phase in the flask and its g 

connecting tubes down to the reference point on the closed 

arm of the manometer, T the temperature of operation in °A, 

Vf the volume of fluid in the flask, a the Bunsen coefficient 

for oxygen and P the standard pressure (760 mm Hg} in terms 
0 

of the manometer fluid. The composition of this fluid 

(Brodie} results in a final density of 1,033 so that P
0 

in 
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terms of Brodie's fluid, is given by the following equation: 

P = 760 x 13,60 / 1,033 
0 

= 10 ooo mm 

The term 13,60 represents the density of Hg. 

0 All experiments were performed at 42,0 C. The choice of 42°c 

is motivated in Section 4.3. For the specific reaction medium, 

the Bunsen coefficient for the solubility of oxygen was 0,0224. 

The volume of the reaction medium was 3,0 ml while the centre 

well of the reaction flask contained 0,2 ml of 10% KOH as 

carbon dioxide absorbent. The total fluid volume (Vf) in the 

flask was, therefore, 3,2 ml (3200 µl). 

In order to compensate for environmental pressure and temperature 

fluctuations, one of the manometers was used as a thermobarometer. 

The total volume of fluid placed in the reaction flask was 

identical to that used in the experimental flasks i.e., 3,2 ml. 

For this purpose, reaction medium was used. Corrections were 

made in the following manner: If the pressure in the thermo

barometer rises (increased water temperature or decreased 

atmospheric pressure), the rise in the thermobarometer reading 

is added to that of the experimental manometers; a fall in 

the thermobarometer reading being subtracted. This procedure 

only applies when experimental manometers reflect a decrease 

in pressure i.e., as in this case, due to oxygen being consumed. 



88. 

(b) Preparation of equipment and basic procedures 

Immediately prior to the actual estimation of Q
0

, the 
2 

attachment joints of the manometer, the three-way stopcock 

and the sidearm stopper on the reaction flasks were carefully 

greased with silicon paste. Air bubbles in the manometer 

fluid columns were eliminated by alternately raising and 

lowering the fluid levels. 

The reaction flasks were packed in ice and· 3,0 ml of suspension 

medium added to each flask, an additional 0,2 ml being added 

to the thermobarometer. Tissue slices of recorded mass were 

then transferred to the chilled flasks whereupon 0,2 ml of 10% 

KOH was carefully pipetted into the centre well of each flask. 

The rim of the centre well was lightly greased with petroleum 

jelly to prevent the efflux of KOH into the reaction medium 

during the shaking process. Whatman 44 filter paper squares 

(2 x 2 cm) were made into rolls and inserted into the centre 

well thus increasing the area of absorption for evolved carbon 

dioxide. 

All the manometers were subsequently gassed simultaneously 

with 100% oxygen for a period of not less than 7 minutes. 

At the end of this period the air vent was sealed with the 

side-arm stopper, complete sealing off of the reaction flask 

being effected by way of the manometer stopcock. The flasks 

were then transferred to the waterbath and attached to the 

shaker mechanism which, at a rate of 100 oscillations per 

minute through a 3-cm arc, promoted rapid gas exchanges 
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between the fluid and gas phases within the reaction flask. 

Since the temperature of operation induced a rapid expansion 

of gas within the reaction flasks, this pressure build-up had 

to be released through the air vent by means of the sidearm 

stopper until thermal equilibration between the flask contents 

and the waterbath had been achieved. This period of equi-

libration lasted approximately 15 minutes. 

At the end of the period of equilibration, a reference point 

was selected on the closed arm of the manometer, usually at 

the 150 or 250 mm mark. Prior to any reading, the fluid 

level in the closed arm was adjusted to this mark in con

formation to the principle of constant volume. Readings were 

taken at 10-minute intervals over a period of 60 minutes, the 

pressure difference in the two arms being recorded in mm and 

corrected by means of the thermobarometer. 

were taken to the nearest mm or 0,5 mm. 

2.6.2.3 INCUBATION MEDIUM 

The readings 

The incubation (reaction) medium was based on the original 

media of Webb et al (1949) and Krebs (1950) and used in its 

current form according to the modification proposed by Burger 

(1972). All solutions were prepared by using only "AR" 

graded reagents (Merck) and double distilled water. The 

exact compGsition of the final medium is given in Table 2.5. 
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2.6.2.4 PREPARATION OF TISSUES 

Hearts from decapitated animals were rapidly excised and 

chilled in the incubation medium at a temperature of approx

imately s0 c. The hearts were then transferred to Petri 

dishes packed in ice and placed on filter paper soaked in 

chilled incubation medium. After removal of all connective 

tissue, the aorta, other large vessels and the atria, the 

ventricles were sliced into sections of approximately 0,5 mm 

using a Stadie-Riggs microtome. 

discarded. 

The first slice was always 

The tissue slices were then lightly blotted and rapidly 

weighed on a torsion balance (White Electrical Instrument Co). 

Approximately 100 mg of tissue was then placed into each 

reaction flask, the flask number and corresponding tissue mass 

being carefully recorded. 

In m::>st experiments, a control, an anaesthetised control and 

an experimental animal were used simultaneously, each animal 

being represented in duplicate in the respective reaction 

flasks. The animals destined for anaesthetised controls and 

for heat exposure (experimental) were anaesthetised at the 

same time and, depending on the exposure time, sacrificed at 

the same time, the normal control included. 
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TABLE 2.5 COMPOSITION OF INCUBA?ION MEDIUM 

Component Stock Concentration Volume of Stock 
mM ml 

NaCl 112,54 95 

KCl 4,74 4 

CaC1 2 2,54 3 

MgS04 .7H 20 1,18 1 

Na-pyruvate 4,92 4 

Na-fumarate 5,38 7 

Na-L-glutamate 4,92 4 

Glucose 11,54 5 

Phosphate buffer 
~ 

5,38 7 

100 ml 

25 ml 

pH= 7,4 



2.6.2.5 CALCULATION OF QO 
2 
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After each 10-minute interval, the thermobarometer corrected 

pressure difference in mm Brodie's fluid was multiplied by 

the flask constant to obtain oxygen consumption in micro-

liters (µl). This value was subsequently expressed in terms 

of mg wet weight of tissue per hour: 

= µl o2 /mg/ hour 

2.? STATISTICAL METHODS 

Statistical analyses of the results were performed by analyses 

of variance and polynomial regression. The specific method 

will be referred to where applicable while further details of 

the method will be described in an appropriate appendix. 
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CH APTER III 

THE INFLUENCE OF PENTOBARBITONE ANAESTHESIA ON THERMOREGULATION 

AND CARDIOVASCULAR FUNCTION 

3.1 RESULTS 

The influence of pentobarbitone anaesthesia on thermoregulation 

was investigated by measurements of heart rate, metabolic rate, 

mean body temperature and body heat storage during various 

conditions of thermal stress. In each instance, unanaesthe-

tised ~nimals were used as controls. Since blood pressure 

could not be measured in unanaesthetised animals, this aspect 

will be considered as a separate entity. The influence of 

anaesthesia on myocardial oxygen consumption (Q0 ) was in-
2 

vestigated independently. 

In this investigation, 6 groups of animals were used, each 

group consisting of 7 animals. With the obvious exception 

of group NU (vide infra: ~ormothermic, ~nanaesthetised), all 

groups were investigated at 5-minute intervals over a period 

of 30 minutes, i.e., the approximate duration of anaesthesia. 

Metabolic rate was only measured at the end of this period. 

The groups were respectively subjected to the following com

binations of thermal stress and anaesthesia and designated 

accordingly: 
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Group Environment Anaesthesia 

designation oc 

* NU ±20 NO 
+4 

NA ±20 YES 

HU 45 NO 

HA 45 YES 

cu 5 NO 

CA 5 YES 

* room temperature. 

The influence of the above environmental conditions on meta

bolic rate, in conjunction with anaesthesia, is given in 

Table 3.1.1 and summarised below: 

u 
A 

U-A 

N 

23,78 

15,43 

8,35 

H 

15,23 

11,46 

3,77 

C 

19,83 

21,07 

- 1,24 

A statistical analysis of this table (Appendix 1) indicates 

a significant reduction in metabolic rate in anaesthetised 

normothermic animals at a level of significance of 1%. A 

similarly significant reduction in metabolic rate was ob

served in unanaesthetised animals exposed to heat but the 

slight reduction exhibited by cold exposed animals, both 
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TABLE 3.1 METABOLIC RATE & BODY HEAT STORAGE IN THERMAL STRESS 

Group Mass(g) Metabolic rate(C/h/m2 ) 
3.1.1 

n=7 Mean Range Mean SD Range 

NU 272 252-310 23,78 2,59 21-28 
NA 285 258-312 15,43 1,72 13-18 
HU 283 250-312 15,23 1,83 12-18 
HA 282 230-312 11,46 2,43 8-15 
cu 279 252-299 19,83 2,83 15-23 
CA 257 220-290 21,07 2,17 17-23 

N: ±20°C H: 45°c C: s0 c U: Unanaesthetised 
A: Anaesthetised. 

Group Mean body temperature (OC) _lT 2E 
3 .1.2 

m 
n=7 0 minutes(x) SD 0+30 minutes(y) SD 

NU 32,04 0,58 32,04 0,58 100 
NA 32,04 0,58 30,50 1,31 95 
HU 32,04 0,58 39,33 0,47 77 
HA 32,04 0,58 41,46 0,81 71 
cu 32,04 0,58 27,92 0,74 87 
CA 32,04 0,58 22,96 0,92 72 

[x- c /cx-y> 
2 

> ix] lT = (0,67xTc)+(0,33xTS) 2E = .100 m 

Group Body area Body heat 2 storage(C/m )-S t.s 
3. 1. 3 n=7 (m2) O minutes 0+30 minutes (C/h/m2 ) 

NU 0,0475 152,3 152,3 0 
NA 0,0490 152,3 147,2 -10,2 
HU 0,0488 152,3 189,3 +74,0 
HA 0,0487 152,3 199,3 +94,0 
cu 0,0483 152,3 133,9 -36,8 
CA 0,0458 152,3 106,9 -90,8 



anaesthetised and unanaesthetised, was not regarded as sig

nificant. 

The combined effects of both heat and anaesthesia are mani

fested in group HA. Using group HU as a reference, meta

bolic rate was found to be significantly reduced at a level 
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of significance of 5%. However, the reduction in metabolic 

rate due to anaesthesia in normothermic animals was signifi

cantly greater than the reduction due to anaesthesia in hyper-

thermic animals. Conversely, the effect of anaesthesia in 

terms of metabolic rate, is reduced in a relative sense during 

hyperthermia. 

The overall outcome of the various experimental interventions 

on thermoregulation is presented in Tables 3.1.2 and 3.1.3 

and Figures 3.1 and 3.2. It is evident that groups HU, HA 

and CA were incapable of maintaining thermal equilibrium in 

terms of both mean body temperature and body heat storage. 

In contrast, using the respective means ±3 standard deviations 

(to include 99,73% of the population), it is also apparent that 

thermal equilibrium was not significantly affected in groups 

NA and CU. Furthermore, while the effect of anaesthesia is 

generally seen to impair thermoregulation, this is only sig

nificantly so during cold exposure i.e., in group CU. Within 

the precise context of this study, mean body temperature and 

body heat storage were not significantly altered by the use 

of sodium pentobarbitone anaesthesia during heat stress. 
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FIGURE 3.1 BODY TEMPERATURE CHANGES DURING COLD EXPOSURE (5°CJ 

40 

------. --- Tc --- - - --- -- ---
30 

------ Tm --- --- - --0 ---C 

\ 
20 ' ' ' ' ' ' ' ' ' ' ..... 

' ...... - Ts 10 
....... -------- --

0 5 10 15 20 25 30 

EXPOSURE TIME (min) 

unanaesthetized 

anaesthetized 



98. 

FIGURE 3. 2 BODY TEMPERATURE CHANGES DURING HEAT EXP OSURE (45° C) 
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FI GURE 3 . 3 THE RELATIONSHIP BETWEEN HEART RATE AND MEAN 

BODY TEMPE RA TURE DURING THERMAL STRESS 
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The relationship between mean body temperature and heart rate 

for groups HU, HA, CU and CA is shown in Figure 3.3. The 

intersect of the axes for mean body temperature and heart 

rate represents the respective means for group NU, each mean 

being equated to a numerical value of 100. All changes ob-

served were accordingly converted. From Figure 3.3 it is 

evident that the relationship between mean body temperature 

and heart rate for the various groups is strikingly different 

in each case. Thus, unanaesthetised animals, with a rela

tively greater efficiency of thermoregulation, exhibit de

creased heart rates in heat and increased heart rates in cold. 

Virtually opposite responses occur in the anaesthetised animals. 

Furthermore, whereas the relationship between mean body tem

perature and heart rate is represented throughout by a near 

smooth curve in anaestheti$ed animals, the terminal stages of 

this relationship, in unanaesthetised animals, are characterised 

by pronounced oscillatory patterns. An attempt was made in 

Figure 3.3 to emphasise these features. This oscillatory 

pattern was not the consequence of a wide range of individual 

values since all these animals exhibited this pattern in

dividually. 

An attempt was also made to establish the influence of anaes

thesia on various parameters of cardiovascular function 

during the course of anaesthesia at room temperature conditions. 

The value of this analysis is extremely limited since, for ob

vious reasons, control data could not be obtained for unanaes

thetised animals. The picture which emerged is one of general 
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depression of cardiovascular function. Heart rate was de-

creased by about 10% while the 7% fall in mean arterial 

pressure was related more to a fall in systolic pressure 

(9%) than to a fall in diastolic pressure (5%). None of 

these findings represented significant changes and, therefore, 

they merely reflect a general tendency. 

In the final instance, the influence of pentobarbitone anaes

thesia on oxygen consumption of left ventricle tissue slices 

was investigated. This measurement is the so-called Q
0 

and 
2 

is expressed in microlitres of oxygen consumed per mg of tissue 

per hour. The basic method is described in detail in the 

previous chapter. The influence of anaesthesia was measured 

immediately after the onset of anaesthesia and subsequently 

after intervals of 40 and 85 minutes, respectively. The 

choice of an interval of 40 minutes is based on the observation 

that the duration of anaesthesia generally does not effectively 

exceed 30 to 35 minutes. The remaining time interval re- · 

presents an interval where the obvious signs of anaesthesia 

have worn off. 

The results of this investigation are given in Table 3.2 and 

graphically presented in Figure 3.4. Statistical analysis 

of the data was performed by analysis of variance, the details 

of which appear in Appendix 2. 

given below: 

A summary of the data is 
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TABLE 3.2 THE INFLUENCE OF Na-PENTOBARBITONE ANAESTHESIA 

ON MYOCARDIAL OXYGEN CONSUMPTION (QO ) 
2 

Duration of .. Oo 2 (µ1/mg/h) 

0 

(onset) 

0+40 

0+85 

Note: 

Group 

Cl 
(n=15) 

. c2 
(n=15) 

Cl 
(n=lO) 

c2 
(n=lO) 

Cl 
(n=20) 

c2 
(n=20) 

'"c . 
1· 

C2: 

Incubation time 
10 20 30 

Mean 3,062 2,671 2,512 

SD 0,374 0,184 0,260 

SEM 0,118 0,058 0,082 

Mean . 2,856 2,451 2,162 

SD 0,473 0,315 0,326 

SEM 0,15 0,1 0,103 

Mean 3,114 2,785 2,220 

SD 0,664 0,382 0,354 

SEM 0,21 0,121 0,112 

Mean 2,835 2,640 2,222 

SD 0,354 0,305 0,270 

SEM 0,112 0,096 0,085 

Mean 2,821 2,289 1,931 

SD 0,690 0,555 0,483 

SEM 0,154 0,124 0,108 

Mean 2,726 2,274 1,979 

SD 0,642 0,632 0,496 

SEM 0,144 0,141 0,111 

unanaesthetised control 

anaesthetised animal 

40 

1,896 

0,465 

0,147 

1,908 

0,379 

0,12 

2,057 

0,418 

0,132 

2,121 

o, 289 

0,091 

1,896 

0,365 

0,082 

1,933 

0,441 

0,099 

(min) 
50 60 

2,120 2,069 

0,263 0,285 

0,083 0,090 

1,865 1,802 

0,336 0,334 

0,106 0,106 

1,886 1,836 

0,418 0,308 

0,132 0,907 

1,951 1,855 

0,353 o, 249 

0,112 0,079 

1,799 1,711 

0,382 0,359 

0,085 0,080 

1,761 1,705 

0,392 0, 321 

0,083 0,072 

After 40 minutes the animals are strictly speaking 

no longer anaesthetised. 



FIGURE 3.4 THE INFLUENCE OF ANAESTHESIA ON MYOCARDIAL 

OXYGEN CONSUMPTION (QO ) 
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Time 

interval 

0 

0+40 

0+85 

2,492 

2,316 

2,075 

2,174 

2,271 

2,063 

~ c
1

: unanaesthetised control 

c2 : anaesthetised animals. 

% change from 

c1 to c2 

- 12,76 

1,94 

0,58 

An analysis of variance indicates that over the period of 
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incubation, Q0 changes significantly. 
2 

This is evident in 

Figure 3.4 and is largely referable to a relatively sharp 

initial decline prior to attaining steady-state conditions. 

Furthermore, the difference between c1 and c2 over the period 

of incubation does not change significantly, i.e. statis

tically the o
0 

curves lie parallel to one another for all 
2 

levels of anaesthesia. 

The most important finding pertains to the observation that 

immediately after the onset of anaesthesia, the o
0 

is sig-
2 

nificantly lower than its unanaesthetised control but 40 

minutes after, and subsequently, there is no statistically 

significant difference between the two groups. 

SUMMARY: 

(a) The effect of anaesthesia on metabolic rate depended 

on the environmental temperature on the basis of 

a statistical evaluation. 



(b) The reduction in metabolic rate due to anaesthesia 

observed in hyperthermic animals was significantly 

less than the reduction in metabolic rate due to 

anaesthesia observed in normothermic animals. 
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(c) Anaesthesia generally appeared to reduce the effi

ciency of thermoregulation but this reduction, while 

highly significant during hypothermic conditions, was 

not regarded as significant during hyperthermia nor at 

room temperature. 

(d) The relationship between mean body temperature and 

heart rate was significantly altered by anaesthesia 

during both hype~and hypothermia. 

(e) During anaesthesia, normothermic animals exhibited 

slight decreases in heart rate and mean arterial 

pressure. 

nificant. 

These changes were not regarded as sig-

(f) Immediately after the onset of anaesthesia, a sig

nificant decrease in Q0 is evident. This decrease, 
2 

is, however, abolished after 40 minutes so that no 

significant difference exists between the control 

animal and the anaesthetised animal. 

J.2 DISCUSSION 

One of the characteristics of mammalian thermoregulation is 

that of continuous proportional control (CPC). Essentially, 

this means that the physiological effector action is propor

tional in magnitude to the thermal load error that tends to 
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displace body temperature from its set point. Consequently, 

this concept accounts for the great stability of physiological 

temperature control during moderate exposures to heat and to 

cold (Hardy and Hammel, 1963). It is therefore not surprising 

that impairment of centrally mediated mechanisms of thermo

regulation depresses CPC, resulting in a widening of the so

called "dead-zone" of thermoregulation, as was demonstrated in 

hypothalectomized and anaesthetised dogs (Keller and Hare, 

1932). Thus, within the context of a study concerning roam-

malian thermoregulation and where the experimental techniques 

employed necessitated the use of an anaesthetic agent, the 

findings of Keller and Hare (1932) and Hardy and Hammel (1963) 

become highly relevant. For this reason the influence of 

pentobarbitone anaesthesia on thermoregulation was investigated 

over a wider spectrum of thermal stress than just heat. 

Under normothermic conditions, the normal metabolic rate of 

adult rats of 28 C/h/m2 (Zarrow et al, 1964) is reduced by 

about 50% following the induction of moderate pentobarbitone 

anaesthesia (Sellers and You, 1950), an event which is accom

panied and characterised by a slightly hypokinetic circulation 

(Drill, 1958; Pretorius et al, 1966, Sharpless, 1966; Rade-

meyer, 1969). These findings were re-affirmed in the present 

study: metabolic rate was reduced from a normal value of 

about 24 C/h/m2 by 35% while a hypokinetic circulation was 

reflected in slight, albeit definitive reductions in heart 

rate and mean arterial pressure. The latter findings are in 

complete agreement with those described by Sharpless (1966). 
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Despite the significant reduction in metabolic rate observed 

at room temperature (±2o0 c), the overall efficiency of thermo

regulation was not significantly impaired by anaesthesia, mean 

body temperature and body heat storage being only slightly 

reduced. Since adjustments in metabolic rate are regarded as 

one of the major effector mechanisms of thermoregulation 

(chemical thermoregulation), it follows that in this context, 

the brunt of thermoregulatory activity must fall on the other 

major effector mechanism, namely, vasomotor adjustments, i.e., 

physical thermoregulation. In the complete absence of any 

apparent compensatory vasomotor adjustments, it is clear that 

the mechanisms involved in the maintenance of normothermia 

must reside at different levels. 

According to Rieke and Everett (1957) a redistribution of the 

blood volumes of several vascular beds occurs during pento

barbitone anaesthesia in rats so that significant increases 

in blood volume were found in the organs of the splanchnic 

circulation, the kidney, the reproductive organs and the 

skin; decreases being recorded in the heart, skeletal muscle 

and bone. In as much as it may be argued that an increase in 

the skin blood volume would enhance heat dissipation, and con

sequently tend to lower the mean body temperature, it is 

equally likely that an increase in blood volume of the splanch

nic organs would exert a beneficial influence by counteracting 

heat loss. This argument finds support in the current ob

servation in that the slight reduction in mean body temperature 

may be ascribed, to a greater extent, to a lowering of skin 

temperature than to a lowering of core temperature. A tenta-
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tive hypothesis may therefore be forwarded, namely, that 

under normothermic conditions the slight reduction in the 

efficiency of thermoregulation due to pentobarbitone anaes

thesia represents the outcome between severe suppression of 

chemical thermoregulation and intact physical compensation. 

The slight reduction in the efficiency of thermoregulation 

is nevertheless in complete accord with the concept of a 

"widening of the dead-zone of physiological temperature 

control". 

During cold exposure, however, the above hypothesis no longer 

seems to hold true: In both anaesthetised and unanaesthetised 

animals the respective metabolic rates fall within normal, un-

anaesthetised limits. In the case of the anaesthetised animals 

it would appear likely that the "dead-zone" had been exceeded 

in agreement with the findings of Keller and Hare (1932). Yet, 

despite the relatively high metabolic rate, significant de

creases in mean temperature and body heat storage occurred in 

the anaesthetised animals. On the basis of findings of in

creased skin blood volumes (Rieke and Everett, 1957) and the 

abolishment of dermal vasocontriction (Whitehead and Virtue, 

1965) during pentobarbitone anaesthesia, the inability to 

resist hypothermia seems referable to inadequate vasomotor 

adjustments rather than to a metabolic factor. While be

havioural responses cannot be ignored, it is significant that 

unanaesthetised animals were able to maintain mean body tem

perature within the lower limits of normal and at virtually 

the same metabolic rate as normothermic controls. 
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The greater efficiency of thermoregulation of unanaesthetised 

animals in cold was also associated with a marked increase in 

heart rate. According to Sjostrand (1976), such a response 

i.e., an increased heart rate, is the result of an increase 

of the central blood volume (volume of blood in the large 

veins and heart) so that the outflow of blood flow to the 

systemic circulation is augmented, thus preventing overload 

of the lesser circulation. The increased cardiac output then 

shifts the balance between the filtration and resorption of 

water at the capillaries towards a net increase in filtration. 

A fall in central volume would elicit an opposite sequence of 

events. 

Since the central blood volume is on a level with the total 

blood volume, an elevated central blood volume could conceiv

ably result from peripheral vasoconstriction, which occurs as 

an initial response to cold exposure (Horvath and Howell, 1964). 

This relative increase in blood volume, having been transferred 

to the central reservoir, could then explain the observed 

cardioacceleration in unanaesthetised animals subjected to 

cold. Similarly, the sustained decrease in heart rate ob-

served in anaesthetised animals during cold exposure, may 

result from a fall in central blood volume due to an anaes

thesia induced dermal vasodilation (Rieke and Everett, 1957; 

Whitehead and Virtue, 1965). 

During heat exposure, the difference in the efficiency of 

thermoregulation between anaesthetised and unanaesthetised 



animals was not significant, the latter group exhibiting a 

slightly lower terminal mean body temperature. According 
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to Setnicar and Temelcou (1961), hypothermic conditions 

prolong the duration of anaesthesia due to a decreased cata

bolism of the barbiturate. Under these conditions the 

toxicity of the drug was also increased. In the absence of 

any direct evidence, it may be speculated that the negligible 

difference in the efficiency of thermoregulation observed 

between anaesthetised and unanaesthetised animals in heat 

may be related to an increased rate of drug catabolism at 

supranormal temperatures. 

However, in both groups significant reductions in metabolic 

rate (over normothermic controls) were observed during heat 

exposure. Clearly, such reductions constitute a considerable 

physiological benefit in so far as heat gain from an environ

mental source is not compounded by a simultaneous heat gain 

from a metabolic origin. The reduction in metabolic rate 

constitutes an adjustment of chemical thermoregulation which 

is a normal response in rats suddenly exposed to hot environ

ments (Gelineo, 1964) and during estivation (Schmidt-Nielsen, 

1964) • As in cold exposure, it therefore appears likely that 

chemical thermoregulation is not suppressed by pentobarbitone 

anaesthesia during heat exposure. 

Considering the relationship between mean body temperature 

and heart rate, it was apparent that unanaesthetised animals 

maintained a decreased, albeit oscillatory, heart rate response 
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pattern. In terms of the concepts of Sjostrand (1976) (vide 

supra), such a response would occur in response to a fall in 

central blood volume, the underlying mechanism being referable 

to a relative fall in total blood volume in response to rapid 

and efficient dermal vasodilation. 

In contrast, anaesthetised animals exhibited an increase in 

heart rate, a response which may be traced ·back to an inability 

to effect adequate dermal vasodilation. In further support 

of this conclusion is the observation that despite the added 

advantage afforded by a lower metabolic rate, anaesthetised 

animals are, if anything, less efficient in resisting hyper-

thermia than unanaesthetised animals. By implication, at 

least, it would appear that the slightly lower efficiency of 

thermoregulation of anaesthetised animals exposed to heat 

resides in an inadequacy of vasomotor control to elicit 

effective dermal vasodilation. 

With reference to the heart specifically, the significant 

reduction in Q
0 

immediately after the onset of anaesthesia 
2 

indicates that the resulting hypokinetic circulation may be 

partly referable to a suppression of the intracellular oxi-

dative capacity. While there is general consensus that car-

diac contractility is decreased by barbiturates, the actual 

site of dysfunction remains largely obscure. On the basis 

of the findings of Morris and King (1962) it appears that the 

point of inactivation may in fact be on or near the flavo-

proteins in the respiratory chain. Speculatively, such an 

event could directly lead to diminished contractility. The 
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diminished contractility could however, also result from a 

redistribution of intracellular calcium due to sodium pento

barbitone (Nayler and Szeto, 1972), but the link between 

suppressed oxidative capacity and intracellular calcium re-

distribution remains uncertain in this context. However, 

despite the initial suppression of oxygen utilization, it is 

patently clear that after 40 minutes, this suppression is 

completely abolished and the normal oxidative capacity is 

reinstated. 

In terms of the experimental observations of this investigation, 

and in terms of the relevant literature, the following con

clusions were made: 

(a) The effects of anaesthesia under normothermic con

ditions differ significantly from the effects exerted 

during thermal stress. 

(b) Under normothermic conditions, pentobarbitone anaes

thesia depresses chemical thermoregulation but not 

physical thermoregulation. 

(c) During thermal stress, central vasomotor control 

appears to be unresponsive to the demands of thermo

regulation as a result of pentobarbitone anaesthesia. 

Chemical thermoregulation is not, however, signifi

cantly affected. 

(d) During heat stress, the reduction of effective vaso

motor control, as a result of anaesthesia, is likely 

to constitute an additional burden on cardiac function, 

especially during the initial stages of anaesthesia. 



(e) During hyperthermia, the use of pentobarbitone 

anaesthesia does not significantly alter the 

overall efficiency of thermoregulation and, 

from this point of view, its use i n experiments 

of this nature seems fully justifiable. 

(f) Pentobarbitone anaesthesia suppresses the over

all oxidative capacity of myocardial tissue but 

only during the initial stages of anaesthesia. 

112 . 
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CH APTER IV 

RESULTS 

The main objective of this study concerns an evaluation of 

cardiovascular function during acute, experimental hyper

thermia with specific reference to events which may potentiate 

circulatory failure. Within the latter context, the emphasis 

falls on the integrity of cardiac function as motivated at the 

outset (See: Introduction). The fundamental approach, there

fore, was to relate certain subcellular parameters of cardiac 

integrity (myocardial oxidative capacity and electrolyte 

balance) to the prevailing haemodynamic status at successi•,e 

stages of progressive hyperthermia. 

The presentation of the results of this study is largely based 

on the various experimental techniques employed and, therefore, 

comprises 4 major sections viz., body temperature changes (4.1), 

cardiovascular function in general (4.2), myocardial oxidative 

capacity (4.3) and myocardial electrolyte balance (4.4). In 

each instance, reference will be made to the statistical methods 

employed, the details of which are presented as an appendix to 

the study. Finally, an integrated view of the cardiovascular 

function is presented by way of a review of the results (4.5). 

All animals were exposed to an environmental temperature of 

45°c. No attempt was made to alter humidity from the pre-

vailing atmospheric level. On the basis of meteorological 
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data, it appears that in general relative humidity fluctuated 

between approximately 60 and 70%, while concurrent measure

ments within the cabinet exhibited reductions to between 10 

and 15%. 

4.1 MEASUREMENTS OF BODY TEMPERATURE 

The basic measurements comprised core (Tc) and skin tern-

perature (T ), respectively. s These measurements were then 

used to determine mean body temperature (Tm) and body heat 

storage (S). The details of these measurements and cal-

culations appear in Chapter 2. 

Body temperatures were measured at 10-minute intervals during 

the entire period of heat exposure which lasted until cir-

culatory failure occurred. These findings, summarised in 

Table 4.1, were then subjected to an analysis of variance 

(Appendix 3) in order to establish the level of significance 

between the means for a particular measurement over the period 

of heat exposure. In all of the above cases, the differences 

between the means for any particular measurement over time 

were found to be highly significant at the 0,5% level of 

significance. Consequently each measurement was then sub-

jected to a polynomial regression analysis to establish the 

true nature of the changes between the means. For this pur-

pose, all the data collected to establish a particular mean, 

not only the means per se, were employed. The results of 

this analysis indicate that (a) Tc conforms to a linear 

relationship, (b) Tm and S conform to a second-order curve 
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TABLE 4.1 BODY TEMPERATURE CHANGES DURING HEAT STRESS 

Measurement Exposure Time (min) 
.(oC) 0 10 20 30 40 so 60 70 80 

Tc Mean 3712 37.,3 37,9 38,8 39,6 40,3 40,9 41,5 41,9 

SD 0,42 0,39 0,49 0,59 o,53 0,53 0,54 0,51 0,47 

Ts Mean 28,5 37,4 39,0 40, 7 40,3 40,6 41,1 41,3 41,5 

SD 1,11 1,32 o,53 3,01 0,44 0,45 0,48 0,32 0,22 

TIii Mean 34,3 37,3 38,3 39,1 39,8 40,4 41,0 41,4 41,8 

SD 0,47 0,62 0,36 0,44 0,49 0,48 0,49 0,42 0,34 

Note: On the basis of an analysis of variance, the difference 

between the means was established to be significant 

at the 0,5% level of significance (Appendix 1} for all 

of the above measurements. Subsequent analysis (Poly-

nornial regression} indicates a first order relationship 

for T, a second order for T and a third order for T. 
C rn S 

The fitted values are given below: 

Measurement Exposure Time (min) 
(OC) 0 10 20 30 40 so 60 70 80 

Tc 36,9 37,5 38,2 38,8 39,5 40,l 40,8 41,4 42,1 

Ts 29,4 35,7 39,3 40,9 41,2 40,9 40,4 40,6 42,1 

TIii 35,0 36,6 37,9 39,0 39,9 40,7 41,2 41,5 41,6 
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while (c) T exhibits a third-order relationship. 
s In each 
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instance, fitted values for T , T , Tm ands were calculated. 
C S 

Tc and Ts are graphically displayed in Figure 4.10 at the 

end of this chapter. 

An analysis of Table 4.1 indicates that at a point in time 

just prior to circulatory failure (0+70 minutes), T exhibits 
s 

the greatest overall change, constituting an elevation of 45% 

of its initial value. In contrast, the most significant 

difference between means over the entire period of heat 

exposure pertains to Tm (Appendix 3). This observation may 

be readily explained by following the time-course for T: 
s 

within 10 minutes after the onset of heat stress, T reaches 
s 

a value of about 68% of its terminal value and, in fact, sub-

sequently overshoots and exceeds T until just prior to cir
c 

culatory fai°lure. Thus, 20 minutes after the onset of heat 

stress, the time course for Ts only accounts for a further 19% 

of its overall change and hence the entire time-course assumes 

the shape of a rectangular hyperbola. The overall significance 

between means for Tm therefore appears to be related firstly to 

rapid changes in Ts while Tc remains relatively constant and 

secondly, during the latter stages, to a steady elevation i n 

Tc while Ts remains relatively constant. It is therefore con-

eluded that Tm represents the most sensitive overall index of 

changes in body temperature. Body heat storage, s, which 

exhibits a high level of significance between means over the 

period of heat exposure (Appendix 3), is represented by a 

second-order time-course and, in this sense, shows a close 
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correlation to Tm. In the context of the present study, 

however, the calculation of s does not appear to afford any 

advantage over that of T. 
m 

4.2 CARDIOVASCULAR FUNCTION 

Cardiovascular function during heat stress was investigated 

in a group of 10 male albino rats (Rattus norvegiaus) with a 

mean mass of 273,0±18,7g (Mean±SD). Measurements of cardio-

vascular function and body temperature were carried out con-

currently. The electrocardiogram, phonocardiogram and 

arterial (carotid) blood pressure recordings were obtained at 

10-minute intervals during heat exposure until circulatory 

failure occurred (vide infra). 

The general circulatory response pattern to heat was remark

ably similar in all animals despite considerable temporal 

variation. For example, peak arterial pressure was recorded 

after a mean exposure time of 75,0±14,3 minutes with a range 

of 60 to 100 minutes. In view of the fact that this variation 

could not be ascribed to animal size or the rate of change of 

body temperature, including body heat storage, the temporal 

variation was related to individual animal variation. 

Individual variation obviously represents a complication in 

the interpretation of pooled data. In order to overcome this 

problem it was decided to choose a single event in time as a 

reference point instead of chronological time per se. The 

event chosen was a maximum elevation in systolic pressure prior 
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to the inevitable subsequent fall heralding the onset of cir-

culatory failure. In as much as this study concerns the 

mechanism of circulatory failure, and in as much as arterial 

pressure changes would allow a distinction between events pre

ceding failure and those following on failure, the choice of 

arterial pressure changes as a marker event was considered 

justifiable. In this sense the time-base referred to in this 

section could be regarded as "artificial time" in that it re

presents a mean time at which certain events occur. The 

exception to this is "O" minutes of heat exposure where the 

values reported truly represent control levels. With reference 

to the introductory paragraph and the identification of cir

culatory failure: the onset of circulatory failure was iden

tified as that point where a decrease in systolic pressure 

first becomes noticeable after a sustained hyperkinetic cir

culation, overt failure being identified subsequently by a 

characteristic pressure pulse. Representative recordings of 

these phenomena are presented elsewhere in this section and 

will be specifically referred to. 

A total of 45 measurements was made at each 10-minute inter

val for each animal. · The raw data were punched into a Wang 

computer and at the outset, the respective means, standard 

deviations (SD) and standard errors of the means (SEM) were 

computed. The data were then subjected to an analysis of 

variance in order to establish the level of significance be

tween the means of a particular measurement over time. The 

outcome of this treatment is presented in Table 4.2.1, the 

details of which are given in Appendix 3. 
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TABLE 4.2 SUMMARY OF STATISTICAL ANALYSES OF CIRCULATORY 

RESPONSES 

4.2.1 ANALYSIS OF VARIANCE 

F-value LOS 1 p-value Measurement 2 

< 2 ,OS NS 3 >0,05 QT; EKG R-waves (mV); QRS (msec) ; 

QRS vector; summated R-waves; EKG 

s-waves (mV); summated S-waves; 

S /D · a a' T; dP/dtmax; dP/dt; 
C QSl ; -c 

QS2/S2Q, ET C 

> 2 ,OS 5% <0,05 f/Pm; sv 

> 2, 74 1% <0,01 

> 3,033 0,5% <0,005 f; PQ; QT. 
c' arterial pressures; 

dP/dt ; mean QSl; PEP; ET; PEP/ETC; 

DT; SlS2; QS2; S2Q; Q; R. 

1 Level of significance. 

2 Abbreviations explained in text and in separate list 

(See: Appendix 5). 

3 NS: Not significant. 

4.2.2 POLYNOMIAL REGRESSION ANALYSIS 

Nature of Curve 

1st Order 

2nd Order 

Measurement 

f; 

ET · c' 

arterial pressures; QS 1 ; PEP; 

PEP/ETC; DT; s 1s 2 ; QS 2 ; S2Q; 

f/P · m' SV; Q; R. 

PQ; dP/dt ; mean 
p -P 

s es 
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All measurements which proved to be statistically insignificant 

were excluded from further analysis. The remainder was sub-

jecteq to a polynomial regression analysis in order to establish 

the true nature of the differences between the means (Table 

4.2.2). At the outset a first order equation (linear) was 

fitted to the data. This procedure was then repeated using a 

second order equation. On the basis of the significance of 

the increase in the multiple coefficient of determination, it 

could be established whether the contribution of the second 

order equation was significant, or not. If significant, the 

process was repeated for third, fourth, etc., order equations. 

The process terminated as soon as the added order did not 

contribute significantly. 

Having thus established the appropriate order of the poly

nomial equation, fitted values were obtained for each exposure 

time. Differences between the observed means and fitted 

values reflect the closeness of fit. In some instances this 

procedure contributed significantly to the interpretation of 

results but it is equally clear that blind adherence to fitted 

values could create a false impression in certain circumstances. 

For example, systolic pressure is given as a first order 

equation; this ignores the fact that systolic pressure 

exhibits a definite fall at the onset of circulatory failure 

which, due to individual variation, cannot be demonstrated 

stati5tically. 
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4.2.1 ELECTROCARDIOGRAPHY 

Electrocardiographic analyses were performed on the standard 

limb leads (EKG I-III) at a calibration of 2cm/mV and a 

recording speed of 250 mm/sec. The technique is detailed in 

Chapter 2. Apart from measuring the RR'-interval (cardiac 

cycle) in order to estimate heart rate (f=60000/RR in msec), 

the EKG was analysed to determine the PQ-, QRS- and QT-inter

vals as well as the respective amplitudes of the R- and S-waves 

in the standard leads. These basic measurements were then 

used to determine the corrected QT-interval (QT =QT/t'RR'), 
C 

and the direction and amplitude of the mean QRS-vector, the 

latter determination being based on Einthoven's equilateral 

triangle. Finally, the individual R- and S-waves in each 

lead were summated to respectively yield Rt and St. Normal 

electrocardiograms are presented in Figure 4.1. 

The only electrocardiographic measurements which changed sig

nificantly (Table 4.2) were the PQ-interval and QTc. The 

ORS-duration remained remarkably constant at 12 msec although 

a slight increase became noticeable in the terminal stage of 

heat exposure. None of the QRS-waves (Rand S) changed sig-

nificantly over the course of heat exposure so that the mean 

QRS-vector direction remained more or less constant at +62,1±4,24° 

(Mean ±SD) with a range of +55 to +69°. The amplitude of the 

mean QRS-vector exhibited a tendency to increase to a peak just 

prior to circulatory failure whereupon an abrupt fall became 
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TABLE 4. 3 ELECTROCARDIOGRAPHIC ANALYSES (l) 

Measurement Exposure time (min) 

OT 
(msec) 

R-I 

R-II 

R-III 

Rt 

S-I 

S-II 

S-III 

st 

ORS-vector 

Notes: 

0 10 20 30 40 50 60 70 80 

Mean 49-,0 48,0 48,2 47,6 46,0 46,6 46,4 49,0 49,8 
SD 3,2 3,9 2,4 3,9 3,0 3,4 3,9 5,6 7,6 

Hean 6,7 7,2 6,8 6,9 7,1 6,8 7,8 7,3 6,7 
SD 2,3 2,1 2,7 2,2 2,6 3,1 4,1 3,0 3,2 

Hean 12,9 12,8 12,1 12,1 12,2 12,4 13,3 12,6 10,2 
SD 3,2 3,3 2,7 1,7 2,2 2,2 2,1 2,2 2,8 

Mean 8,2 · 7,9 8,0 7,7 7,5 7,8 8,5 8,2 7,6 
SD 2,3 2,2 2,2 2,2 2,2 2,4 2,7 2,5 2,9 

Mean 27,8 27,8 26,9 26,7 26,7 27 ,o 29,1 28,1 24,4 
SD 5,9 5,4 5,0 3,7 4,3 3,9 4,0 4 ,o 5,5 

Hean 4,9 4,2 4,5 4,3 4,4 4,0 4 ,o 4,2 5,3 
SD 2,1 1,6 1,9 1,7 1,7 1.8 1,6 2,4 4,8 

Mean 6,2 6,2 5,6 5,0 5,2 5.9 5.2 5,2 5,8 
SD 2,3 1,8 1,8 , 2,1 1.6 2,5 1,5 2,0 3. 3 

Mean 5,2 5,1 4,0 4,1 4,0 ·4,2 5,1 5,5 5,7 
SD 2,3 2,6 2,3 2,4 2,4 2,0 2,5 2,9 3,4 

Hean 16,3 15,5 13,1 13,5 13 ,6 13 ,4 14,3 14,9 16,7 
SD 4,2 4,1 2,7 3,5 3,0 2,4 2,7 3,9 7,2 

Direction ( 0) +63 +55 +69 +60 +64 +64 +63 +58 +63 
Magnitude (mV) 0,58 0,66 0,64 o, 72 0,75 0,64 0,76 0,68 0,40 

1. All amplitude measurements (Rand S) are given in 

mm, 1 mm being equal to 0,05 mV. 

2. In all instances the difference between the means 

was not regarded as statistically significant. 

(See Table 4. 2). 
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TABLE 4.4 ELECTROCARDIOGRAPHIC ANALYSES (2) 

Measurement Exposure Time (min) 

0 10 20 30 40 50 60 70 80 

PO Mean 47,6 45,4 44,6 43,0 41,0 41,2 41,2 41,6 41,4 

(mscc) SD 2,3 3,7 3,3 3,9 4,2 3,2 3,3 3,4 4,6 

OTC Mean 0,125 0,128 0,131 0,130 0,128 0,133 0,134 0,147 0,156 

SD 0,007 0,011 0,005 0,013 0,011 0,010 0,011 0,023 0,019 

Note: On the basis of an analysis of variance, the difference 

between the means was established to be significant at 

the 0,5% level of significance, i.e. P<0,005 (Table 4.2). 

In both instances a polynomial regression analysis yields 

a second order relationship. 

given below: 

The fitted values are 

Exposure Time (min) 
Measurement 

60 70 0 10 20 30 40 50 

PO 47,6 45, 7 44,l 42,8 41,9 41,3 41, 1 41,2 

OTC 0,125 0,120 0,130 0,130 0,130 0,131 o,136 0,l.44 

80 

41,6 

0 , 157 
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FIGURE 4.1 THE NORMAL EKG, PCG AND CAROTID PRESSURE PULSE 
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evident. An opposite pattern was characteristic of Rt. 

Neither of these tendencies was considered significant from 

a statistical point of view. 

sented in Table 4.3. 

The above findings are pre-

As mentioned above, the PO-interval and QTc were the only 

electrocardiographic measurements which exhibited significant 

differences between their respective means during heat ex-

posure. An analysis of the data is presented in Table 4.4. 

With reference to the fitted values it is evident that the 

decrease in PQ is rapid during the initial stages of exposure 

and accounts for 89% of its maximum decrease within the first 

40 minutes. There also exists a slight tendency for PQ to 

increase towards the terminal stages. A gradual increase in 

QT, initially, is followed by a dramatic terminal increase so 
C 

that during the last 20 minutes the increase in QTc represents 

66% of the overall change. 

A consistent finding was ST-segment depression. This event 

became evident just before circulatory failure and progressively 

zoore extensive. Evidence of this phenomenon is provided in 

Figures 4.1 - 5. 

4.2.2. ARTERIAL PRESSURE 

Arterial pressure was measured by catheterization of the left 

common carotid artery. The techniques employed, as well as 

the calibration procedures, are described in detail in Chapter 
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FIGURE 4 . 3 THE HYPERKINETIC CIRCULATION 

~ EKG II 

I 

I ,I · 1 , ""°\~I ; 
' \ ' ; I 
! :. i 
' J 

A ;, \ 
I ; 

• I : \~vJ Y0vv~\ ' 

1 

I 10 0 mse c 1 

mm Hg 

100 

f 

127. 



128. 

FIGURE 4.4 THE COMMENCEMENT OF CIRCULATORY FAILURE 
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FIGURE 4.5 PROFO UND CIRCULATORY FAILURE 
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2. For analytical purposes a recording speed of 250 mm/sec 

and an amplification setting of 3mm Hg per 1 mm were used 

throughout. Apart from systolic (P) and diastolic pressure 
s 

(Pa), the anacrotic shoulder pressure (Px) on the ascending 

limb, and the end-systolic pressure (Pes) on the descending 

limb of the pressure pulse were also measured, Pes being 

measured at the dicrotic notch (incisura). Pulse pressure 

(Pp) was obtained by simply subtracting Pa from Ps. Finally, 

mean arterial pressure (Pm) was determined by multiplying the 

ratio of the ejection time-to-diastolic time and P, and adding p 

this value to Pa· The terms ejection time and diastolic time, 

as applicable to this study, are defined in the next subsection 

(4.2.3). Since Px was related to cardiac contractility, and 

P to peripheral resistance, these measurements will be 
es 

referred to in subsections 4.2.4 and 4.2.6, respectively. 

An analysis of Table 4.5 reveals general increases in all 

measurements until the commencement of circulatory failure, 

maximum levels coinciding at the same point in time. In all 

instances the difference between the respective means changed 

significantly over the period of heat exposure at a level of 

significance of 0,5% (Table 4.2). 

Further analysis of Table 4.5 indicates that, with the excep

tion of the terminal stage (0+80 minutes), two distinct phases 

exist. During the first 40 minutes the pressure increases are 

gradual while the subsequent phase is characterised by dramatic 

increases in pressure. The relative changes (% of overall 

maximum change) illustrate the difference between the two phases: 
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TABLE 4.5 ARTERIAL PRESSURE CHANGES DURING HEAT STRESS 

Measurement Exposure Time (min) 
(mm Hg) 0 10 20 30 40 50 60 70 80 

ps Mean 156,5 166,3 156,2 167,1 167,4 179,5 192,2 211,0 186,3 

(systolic) SD 19,2 18,2 21,0 13,0 18,2 16,0 11,4 15 , 4 31,9 

Pd Mean 127,7 134 ,9 135,9 135,2 134,6 140,9 148,1 153,6 13 9 ,9 

(diastolic) SD 13,9 13,1 12,8 12,2 13,4 8,1 8, 5 11,6 17,8 

Pm Mean 143 ,1 - 150 ,9 151,5 152,5 151,6 160,7 171 ,5 183,l 164,5 

(mean) SD 16,3 15,1 15 ,5 12,2 15,4 12 ,4 9,3 12,4 22, 9 

Notes: 1. On the basis of an analysis of variance, the 
difference between the means for each individual 
measurement is significant at the 0,5% level of 
significance. 

2. A polynomial regression analysis reveals first 
order (linear) equations in each instance. Fitted 
values are omitted since this procedure obscures 
the advent of circulatory failure (0+80 minutes). 

3. Pulse pressure (P) is omitted since its values 
may readily be deFived (Ps-Pd). 

TABLE 4.6 THE RATIO OF HEART RATE TO MEAN ARTERIAL PRESSURE 

Measurement 

Mean 
SD 

Exposure Time (min) 

2,76 2,84 2,88 2,88 3, 01 2 ,94 2,88 2,82 3,39 
0,25 0,22 0, 33 0,33 0,4 2 0,32 0,25 0,27 0 , 68 

Note: Changes between means are significant at the 5% level 
of significance, the relationship be ing linear in 
general (Table 4.2). 
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Phase Relative change ( % ) 

(minutes 
p Pd p 

s m 

0-40 +20 +27 +40 

40-70 +80 +73 +60 

In view of the effect of heart rate on, especially, diastolic 

pressure (Rushmer, 1970), the above changes should also be 

related to corresponding changes in heart rate. Although 

specific reference to heart rate is made in the next subsection 

(4.2.3), the heart rate changes during the above phases account 

for 48 and 52%, respectively. 

The most striking overall increase pertains to P (34,8% of 
s 

control levels), followed by Pm (27,9%), and Pd (20,3%). These 

calculations are substantiated by the respective absolute F

values (Appendix 3). 

The terminal stage is characterised by decreases in all pressure 

measurements and therefore represents the onset of circulatory 

failure. In most instances the experiments were terminated 

at this stage in order to estimate myocardial oxidative 

capacity (Section 4.3), thus preventing damage which would 

result in findings meaningless within the context of the 

objectives of this study. 

In some instances, however, overt failure was allowed to occur 

in order to study the pressure pulse contour immediately prior 

to death. This pressure pulse is very unlike the normotensive 
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FIGURE 4 . 6 ARTERIAL PRESSURE CHANGES DURING HEAT STRESS 
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pulse and was not always associated with gross hypotension 

but rather with a particular circulatory status. The impli

cation is that pressure levels per se may not necessarily 

serve as parameters of the integrity of overall cardiovascular 

function. This observation merits further discussion (Chap

ter 5). 

The changes which occur in the pressure pulse contour, from 

normotension to overt circulatory failure, are presented in 

Figure 4.6 as a synopsis in order to facilitate direct com

parisons. It is evident that during the first phase of heat 

exposure the changes in pulse contour may be regarded as subtle. 

In contrast, it is equally clear that the pulse contour sub

sequently changes in a most dramatic manner (50-70 minutes), 

eloquent of a massive hyperkinetic circulatio.n. According to 

Hurst and Schlant (1978) this may be regarded as a typical 

"water hammer" pulse which is characterised by a rapid upstroke 

followed by an equally rapid downstroke, the latter also 

occurring in systole. Further analysis indicates the complete 

absence of bisferiens phenomena. 

With the onset of circulatory failure (0+80 minutes) the pulse 

contour still exhibits the "water hammer" characteristics, 

albeit on a smaller scale. With the exception of heart rate, 

absolute pressure levels once again seem inadequate in pro

viding a clear distinction between a physiologically elevated 

arterial pressure and levels associated with the advent of cir-

cuiatory failure. In this respect the ratio f/P (heart rate 
m 

to mean arterial pressure) appears to be of merit. An analysis 
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of Table 4.6 reveals that over the first 70 minutes of heat 

stress, the change in this ratio accounts for only 10% of 

the overall maximum change, a 90% change being recorded during 

circulatory failure. In the final stage (overt failure), the 

pressure pulse exhibits bisferiens phenomena. 

4.2.3 TEMPORAL RELATIONSHIPS 

Temporal relationships within the cardiac cycle were measured 

at a recording speed of 250 mm/sec. Each 1 mm of recording 

paper therefore represents 4 msec. All measurements were 

made in accordance with conventional procedures. These 

measurements comprised (a) ventricular electromechanical 

coupling time (QS1 ), (b) the pre-ejection period (PEP), (c) 

the ejection time (ET), (d) diastolic time (DT), (e) mechanical 

systole (s1s2), (f) electromechanical systole (QS 2 ) and (g) 

electromechanical diastole (S 2Q). These intervals are dis-

cussed and presented semi-schematically in Chapter 2, Figure 

2.7. 

Although the RR'-interval (duration of the cardiac cycle) was 

measured, it is omitted from the results since it was primarily 

employed to estimate heart rate (f). The RR'-interval may, 

however, be readily derived from the following equation: 

RR' = 60000/f msec. 

The RR'-interval was also employed to derive "rate corrected" 

measurements. This procedure applied to os1 (Qs1_c) and ET 

(ET) and was achieved by dividing the absolute value by the 
C 
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square root of RR' according to standard practice. In 

addition to the above direct measurements, the os
2
;s2Q-ratio 

was also determined while subtracting ET from s
1

s
2 

yielded 

the isovolumic contraction time (IVCT). With the exception 

of QSl-c' ETC and the Qs 2;s2Q-ratio, an analysis of variance 

(Table 4.2.1) indicates that in all instances the difference 

between the means over the period of heat exposure changed 

significantly at the 0,5% level of significance, the respec

tive relationships conforming to a first order (linear) 

equation (Table 4.2.2). 

in Table 4.7. 

The relevant findings are presented 

An analysis of Table 4.7 reflects a general shortening of all 

time intervals within the cardiac cycle which may be regarded 

as a logical sequel to an increase in heart rate. Th e rela

tive (%) overall changes are given in Table 4.8. The RR'

interval decreases by 27,5% and it is evident that the rela

tive decreases in PEP, DT and s 1s 2 are generally of the same 

order. It is also evident that Qs 1 and QS 2 are relatively 

insensitive to an increase in heart rate while s 2Q and IVCT 

exhibit tendencies in the opposite direction. With the excep

tion of IVCT it therefore seems as if the general decrease in 

the RR'-interval is achieved at the expense of electromechani cal 

diastole (S 2Q) rather than decreases in systolic time intervals. 

On the basis that the time-course of heat exposure prior to 

circulatory failure, may be divided into two distinct phases 

in terms of arterial pressure changes (Section 4.2 . 2), the 

relative overall changes were analysed to delineate changes 
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TABLE 4.7 TEMPORAL RELATIONSHIPS OF THE CARDIAC CYCLE DURING 

HEAT STRESS 

Measurement Exposure Time (minutes) 
(msec) 0 lO 20 30 40 so 60 70 80 

Heart rate - f .. Hean 394 427 432 437 451 470 493 515 544 

Notes: 

(c.p.s.) 
os1 

PEP 

ET 

DT 

SlS2 

os 2 

s2o 
IVCT" .. 

1. 

2.* 

SD ·41 25 21 35 31 37 42 48 
Mean 15,4 14,4 13 ,8 12,8 13,0 12,4 12,8 12,0 

SD 2,8 2,1 1,9 1,0 1,7 1,3 1,7 0,9 
Mean 40,0 35,6 35,8 36,6 33,2 32,8 32,0 28,4 

SD S,l 2,3 3,6 2,1 2,5 3,3 3,1 2,5 
Mean 56,6 55,0 54,6 53,0 52,2 49,0 48 , 8 49,2 

SD 5,5 5 , 1 2,9 3,4 4,7 4,3 4,1 5 , 3 
Mean 96,0 85,4 84,6 86,2 82,6 75,4 74 ,0 67 , 6 

SD 17,4 7,8 5,2 8,5 6,8 7,5 8,9 7,4 
Mean 73,4 70,2 68,8 66,6 64,4 60,6 60,0 59,2 

SD 7,1 4,5 4,1 3,5 3,5 5,3 4,9 4,9 
Mean 87,8 84,6 82,6 79,4 77 ,4 73,0 72,8 71,6 

SD 10,1 7,7 5,2 3,5 3,8 5,1 4,5 4,1 
Mean 68,3 56,8 56,3 59,1 55,9 55,4 50,0 46,4 

SD 12,9 10,2 5,3 9,3 6,8 11,1 8,1 7,8 
Mean 16,8 15,2 14,2 13,6 12,2 11,6 11, 2 10,0 

On the basis of an analysis of variance, the 
difference between the means is significant at the 
0,5% level of significance for all of the above 
measurements. Subsequent analysis (Polynomial 
regression) indicates first order equations in all 
instances. 
The cardiac cycle length, RR', is given by: 

RR' = 60000/f in msec. 

3.**rvcT represents derived data: 

43 
11,8 
1,1 

29,4 
2,8 

43,6 
7 ,8 

67 , 8 
7 , 4 

53,6 
7,4 

65,6 
6 , 2 

44,3 
6,1 

10 ,0 
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TABLE 4.8 RELATIVE CHANGES IN TEMP ORAL RELATIONSHIPS OF THE 

CARDIAC CYCLE DURING HEA T STRESS 

Interval RR' QSl PEP ET DT S1S2 QS2 S2Q IVCT 

Max. change (%) 27,5 23,0 26,5 22,9 _29 ,4 27,0 25,3 35,0 

Phase 1 change (%) 46 67 59 34 47 45 47 52 

Phase 2 change (%) 54 33 41 66 53 55 53 48 

Notes: 1. In all instances the percentages are negative, thus 
reflecting decreases. 

2. Phase 1 and 2 changes are expressed as percentages 
of the overall maximum change. 

3. Phase 1 represents 0-40 minutes of heat exposure; 
Phase 2 representing 40-80 minutes. 

TABLE 4.9 CARDIAC CONTRACTILITY VARIATIONS DURING HEAT S~RESS 

Measure 
0 10 

Exposure Time (min) 
20 30 40 so 60 70 80 

PEP/ET Mean 8,83 7,75 7,74 7,55 7,41 7,66 7,36 6,23 7,38 
C 

SD 1,49 1,06 0,79 0,46 0,83 1,29 1,27 0,60 1,97 

Notes: 1. By convention, contractility is inversely related 
to PEP/ETC. 

2. Fitted values (first order equation) are omi t ted 
since terminal changes are obscured by this 
procedure. 

40 

68 

32 
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which occur during the first 40 minutes of heat exposure from 

those which occur subsequently. This analysis is also pre

sented in Table 4.8 where the relative (%) changes which occur 

during the first 40 minutes (Phase 1) are compared with those 

which occur during the latter half of the exposure time (Phase 

2), the comparison being made in terms of the maximum overall 

change. 

An analysis of the above treatment indicates that the RR'-in

terval decreases slightly more (54% of the overall decrease) 

during Phase 2 than during Phase 1 (46%). Virtually the same 

order of changes apply to DT, s 1s 2 and QS 2 and it would there

fore appear that these time intervals are closely related to 

changes in the RR'-interval, irrespective of the phase of ex-

posure. However, it is also evident that during Phase 1 Qs1 , 

PEP, IVCT and, to a lesser extent, s 2Q, undergo extensive tem

poral decreases which are in sharp contrast to the corresponding 

decrease in the RR'-interval. During the same period, the 

decline in ET appears to be the least affected by the reduction 

in the RR'-interval. The initial phase of cardioacceleration 

(0 to 40 minutes) is therefore characterised by a dramatic 

decline in the pre-ejection time intervals (Qs1 , PEP and IVCT) 

and a slight decline in electromechanical diastole, while 

ejection time remains relatively unaffected. Thus, while the 

initial reduction in the RR'-interval is chiefly related to pre

ejection and electromechanical diastole phenomena, it is equally 

true that the subsequent, and more extensive, reduction in the 

RR'-interval occurs chiefly at the expense of a reduction in 

ejection time. 
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In the final instance it is deduced that while the overall 

effect of cardioacceleration is manifested in a reduction in 

electromechanical diastole, a clear distinction exists be

tween changes that occur during the initial phase of heat 

exposure and those characterising the terminal phase. 

4.2.4 CARDIAC CONTRACTILITY 

The assessment of cardiac contractility was initially based 

on two parameters, namely, the ratio of the pre-ejection period 

to ejection time (PEP/ET) and the initial rate of carotid 

pressure rise following ejection (dP/dt). These parameters, 

as well as certain theoretically derived modifications, were 

qualitatively evaluated by means of various pharmacological 

agents (Section 2.4.3) and employed in the current study. Of 

these, only two proved to yield statistically significant 

changes in contractility i.e., dP/dtmean and PEP/ETC (Appendix 

3). Although dP/dtmean represents statistically meaningful 

changes, its use as an index of contractility appears to be 

extremely limited in a physiological sense. For example, to 

anticipate matters, in the terminal stage (0+80 min) all para

meters of cardiac function point to failure while dP/dt inmean 

dicates enhanced contractility. This finding suggests that 

dP/dt may be subject to misinterpretation during gross changes 

in the pressure pulse contour, especially when based on changes 

in P. 
X 

PEP/ET is widely held as a satisfactory index of cardiac con

tractility (Weissler et al, 1968; 1969; Garrard et al, 1970; 
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Ahmed e t al, 1972; Mart i n et al, 1972; Cohn, 1978). However, 

since ET per se is generally corrected for rate, the index was 

modified to incorporate the corrected form (ET), i.e., PEP/ET. 
C C 

In the present study the difference between the means changed 

significantly over the time of exposure at a level of signifi

cance of 0,5% (Appendix 3), the changes in PEP/ETC being re

presented by a first order (linear)equation on the basis of a 

polynomial regression analysis (Table 4.2). The original data 

is given in Table 4.9 (below Table 4.8) and graphically pre

sented in Figure 4.10 at the end of this chapter. 

By convention, PEP/ETC is inversely related to cardiac con-

tractility. An analysis of the means presented in Table 4.9 

reflects four stages during the period of heat exposure, namely 

(a) an initial rapid increase in contractility, (b) a sustained 

enhanced level of contractility, (c) a further, dramatic increase 

in contractility and finally, (d) a terminal decrease. Further 

analysis reveals that the overall maximum increase in con-

tractility constitutes 29,4% of the control level. Within the 

first 20 minutes of heat exposure the change in contractility 

accounts for 42% of the maximum overall change. It remains 

relatively constant for the following period of 30 minutes (3% 

further increase). During the last 20 minutes prior to cir-

culatory failure (50-70 minutes), the contractility exhibits 

an increase of 55% . of the maximum overall change achieving 

peak levels at 0+70 minutes of exposure. With the onset of 

circulatory failure the increase in PEP/ETC reflects diminishing 

contractile power. These results do not therefore reflect any 

loss of contractile power prior to circulatory failure. 



142. 

4. 2.5 CARDIAC OUTP UT 

The estimation of cardiac output was based on the Warner me thod 

of determining stroke volume from the arterial pressure pu lse 

contour. The choice of this method and the details thereof 

are described in Chapter 2. A cursory evaluation of the War-

ner method, using flow rate as reference, indicates that the 

indirect method provides a sufficiently reliable method of 

estimating stroke volume within the context of this s tudy. 

The variations in car diac output during heat stress are pre

sented in Table 4.10 in conjunction with the components of 

this measure, stroke volume and heart rate. Table 4.10 in

dicates that over the period of heat exposure, a general in

crease in cardiac output occurs prior to an abrupt t ermina l 

decrease. These changes are closely related to changes in 

stroke volume and heart rate with the exception that the 

latter continues to rise during the terminal stage while car

diac output and stroke volume fall. 

Further analysis of Table 4.10 reveals that prior to circulatory 

failure, the overall increase in cardiac output constitutes 

122% of its control value. However, it is also evident t hat 

the increase in cardiac output during the initial stagEBof heat 

exposure (0-40 minutes) does not match the subsequent elevation 

(40-70 minutes). Thus, during the initial s t ages t he i ncrease 

in cardiac output constitutes only 29% of its overall maximum 

elevation, with stroke volume and heart rate exhibiting i ncreases 

of 26 and 47% of their respective maximum elevations. During 

the subsequent stage (40~70 minutes) the converse applies in 
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TABLE 4. lO CARDIAC OUTPUT VARIATIONS DURING HEAT STRESS 

Measurement Exposure Time (min) 

(arbitrary units) 0 10 20 30 40 so 60 70 80 

Cardiac Output Mean 416 493 548 584 564 61 8 723 924 717 

(Q) SD 142 146 . 162 182 179 20 5 219 310 29 3 

Stroke Volume Mean 1,06 1 , 16 1,26 1,33 1,25 1, 29 1,46 1, 80 1 ,33 

(SV) SD 0,33 0,33 0 , 3 3 0,3 9 0,39 0, 39 0,4 4 0,6 2 o , 56 

Heart Rate Mean 394 ~ 427 432 437 451 471 493 515 544 

(fin c.p . s.) SD 41 25 21 35 31 37 42 48 4 3 

Note: On the basis of an analysis of variance, the difference 

between the means was established to be significant at 

the 0,5% level of significance in the case of Q and f , 

respectively, and in the case of SV at the 5% level o f 

significance . In all instances a polynomial regress i o n 

analysis yields a first order equation. Fitted values 

are omitted in as much as this procedure obscures the 

decreases in Q and SV with the advent of circulatory 

failure (0+80 minutes). 
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terms of overall maximum elevations: cardiac output changes 

by 71%, stroke volume by 74%, and heart rate by 53%. 

The above calculations clearly illustrate that the period 

immediately prior to failure (40-70 minutes) is characterised 

by relatively enormous changes in comparison with the initial 

stage. Moreover, whereas the initial increase in cardiac 

output is largely related to cardioacceleration, the most sig

nificant contribution during the subsequent stage is related 

to stroke volume elevations. Finally, it is also evident 

that when circulatory failure eventually occurs (0+80 minutes), 

the fall in cardiac output is referable to a fall in stroke 

volume. 

In conclusion it appears that the variations in cardiac output 

during heat stress may be placed in three distinct but over

lapping stages: (a) An initial heart rate stimulated increase 

of moderate dimensions, (b) a subsequent extensive elevation 

primarily associated stroke volume increases and (c) a terminal 

fall associated with a reduction in stroke volume despite sus

tained cardioacceleration. 

4.2.6 . PERIPHERAL RESISTANCE 

Peripheral resistance, R, was primarily assessed by the analogy 

to Ohm' s law: 

Resistance = Pressure/~low 

In the current study, the above relationship was modified to 
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give the following equation: 

R = (P - 20) / Q 
m 

Secondly, according to Hurst and Schlant (1978), the rapid 

pressure decline following peak systolic pressure (''collapsing 

pulse") signifies a fall in peripheral resistance. This fea-

ture of the pressure pulse was accordingly quantitated in 

terms of the difference between the peak systolic and end-

systolic (dicrotic) pressure i.e., P -P . s es The changes in 

both these parameters of peripheral resistance are presented 

in Table 4.11. 

An analysis of Table 4.11 shows an initial (0-20 minutes) rapid 

decline in R which accounts for 46% of the overall maximum 

change, the latter change constituting a decrease of 38% of the 

control level. During the next 30 minutes (20-50 minutes), 

the change in Risa negligible 3% decrement. However, this 

period of constancy is followed by a further dramatic decrease 

in R (50-70 minutes) which accounts for a further 52% fall in 

terms of the maximum overall change. In the terminal stage 

(70-80 minutes) R exhibits an increase which, in as much as 

this period represents the advent of circulatory failure, is 

ascribed to the fact that the cardiac output is falling at a 

greater rate than mean arterial pressure. 

The term P -P as an index of peripheral resistance, is 
s es' 

inversely related to resistance. The pattern of changes is 

slightly different from that of R in so far as prior to 

failure, only two distinct stages can be identified. The 
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TABLE 4.11 PERIPHERAL VASCULA R RESISTANCE CHANGES DURING 

HEAT STRESS 

Measurement Exposure Time (min) 
0 10 20 30 40 50 60 70 

R Mean 0,314 0,286 0,259 0,255 0,268 0,256 0,231 0,194 

(arbitrary units) SD 0,082 0,090 0,078 0,106 o, 132 0,087 0,083 0,066 

p -P 
s es 

Mean 10,2 11, 7 11,0 11,9 13 ,8 17,2 20, 7 30,2 

(mm Hg) SD 3,8 3,9 4,7 3,9 5,6 7,1 6,9 8,7 

p -P 
s es 

(fitted values) .. 10,2 10,5 11,4 12,9 14,9 17,6 20,8 24,7 

Notes: 1. On the basis of an analysis of variance, the 

difference between the means was established to be 

significant at the 0,5% level of significance in 

both instances (Appendix 3). Subsequent analysis 

(Polynomial regression) indicates a first order 

relationship for R while P -P conforms to a s es 
~ . 

second order equation (Table 4.2.2) 

2 . The term P -P reflects the difference between 
s es 

peak systolic and end-systolic pressure. 

80 

0,225 

0,080 

25,5 

11,7 

29,l 
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first 40 minutes show a gradual fall in resistance which 

accounts for only 18% of the overall maximum change of 196%. 

The second stage (40-70 minutes) is characterised by a drama

tic further reduction in resistance which accounts for 82% of 

the maximum overall change. In the terminal stage (failure) 

the term Ps-Pes reflects an increase in resistance which in 

this respect is related to a greater fall in P than in P 
s es 

Despite the slightly different response pattern, both para

meters of peripheral vascular resistance exhibit similarities. 

Combining the two, it may be deduced that changes in resis

tance are characterised by three distinct stages. The first 

stage of heat exposure, identified as the first 40 to 50 

minutes of heat exposure, is characterised by a moderate fall 

in vascular resistance, followed by the second stage wherein 

a further drastic reduction in resistance becomes manifest. 

The final stage (70-80 minutes) is characterised by an increase 

in peripheral resistance in the presence of circulatory failure. 

Of significance in this context is the observation that arterial 

pressure falls despite an apparent increase in vascular resis-

tance. An analysis of the parameters employed reveals that 

the apparent increase in resistance is related to a decrease in 

cardiac output in the case of R, and a reduction in systolic 

pressure in the case of P -P s es 

SUMMARY 

An analysis of the circulatory changes which occur during heat 

stress indicates the existence of three distinct, albeit over-
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lapping, stages. The first stage (0-45 minutes, approxi-

mately) is associated with rapid changes of a moderate extent. 

The second stage (45-70 minutes) is characterised by dramatic 

further changes leading to the establishment of a true hyper

kinetic circulation prior to the terminal stage of circulatory 

collapse. 

4 . 3 MYOCARDIAL OXYGEN CONSUMPTI ON 

Myocardial oxygen consumption (Q0 ) was estimated in a group 
2 

of animals exposed to varying degrees of heat stress. Strictly 

speaking, the term "myocardial oxygen consumption" is a mis

nomer within the context of this study since in actual fact it 

is a measure of the integrity or intactness of the overall 

oxidative capacity of the cell in the absence of the demands 

of contraction. 

The methodology is described in detail in Chapter 2 (2.6.2). 

It is important, however, to point out that in this study 

heart slices were incubated at a temperature of 42°c and not 

at the more conventional level of 38°c. This choice is based 

on the findings of Burger (1972), namely, that a temperature 

of 42°c represents the optimum temperature for achieving maxi-

mum Q0 values for heart tissue. 
2 

In as much as this tern-

perature therefore appears to confer a greater measure of 

sensitivity, a temperature of 42°c was also adopted in this 

study. 

In its entirety, this investigation had a dual purpose, namely, 

to establish (a) the influence of the anaesthetic agent on 
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TABLE 4.12 THE INFLUENCE OF VARIOUS LEVELS OF HEAT STRESS 

ON MYOCARDIA L OXYGEN CONSUMPTION (QO ) 
2 

Duration of Oo 
heat stress 

~ 2 Group Incubation Time (min} 
(min} 10 20 30 40 50 

40 c2 Mean 2,835 2,640 2,222 2,121 1,951 

(n=l0} SD 0,354 0 ,305 0,270 0,289 0,353 

SEM 0,112 0,096 0,085 0,091 0,112 

E Mean 2,839 2,658 2,258 2,077 1,907 

(n=l0} SD 0,293 0,200 0,153 0,313 0,304 

SEM 0,093 0,063 0,048 0,099 0,096 

70 c2 Mean 2,950 2,477 2,201 1,970 1,840 

(n=20} SD 0,510 0,392 0,344 0,402 0,430 

SEM 0,114 0,088 0,077 0,09 0,096 

E Mean 2,797 2,252 1,981 1,746 1,664 

(n=20} SD 0,543 0,418 0,456 0,518 0,495 

SEM 0,121 0,093 0,102 0,116 0,111 

80 c2 Mean 2,726 2,274 1,979 1,933 1,761 

(n=20} SD 0,642 0,632 0,496 0,441 0,392 

SEM 0,144 0,141 0,111 0,099 0,088 

E Mean 2,323 1,952 1,569 1,464 1,393 

(n=20} SD 0,497 0,448 0,458 0,294 0,326 

SEM 0,111 0,100 0,102 0,066 0,073 

Anaesthetised control. 

E Anaesthetised, hyperthermic animal. 

Note: Statistical analysis of the results is presented in 

Appendix 4. 

60 

1,855 

0,249 

0,079 

l,80~ 

0,330 

0,104 

1,876 

0,491 

0,11 

1,604 

0,559 

0,125 

1,705 

0,321 

0,072 

1,282 

0,272 

0,061 
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myocardial oxygen consumption and (b} the influence of heat 

stress on myocardial oxygen consumption. The former study 

indicates that the effect of anaesthesia is completely 

abolished after a pe~iod of 40 minutes in both normo- and 

hyperthermic animals (Chapter 3). 

Animals were subjected to three levels of heat stress, in each 

instance appropriate normothermic control levels being re-

corded simultaneously. The first level of stress constitutes 

an exposure time of 40 minutes. At this stage the animals 

are only slightly hyperthermic (Table 4.1) while the cir

culatory changes may be regarded as moderately hyperkinetic 

(Section 4.2). In view of the extent of individual variation 

referred to earlier on (Section 4.2: Introduction}, the 

selection of subsequent levels was based on certain marker 

events rather than on a specific time interval per s e . The 

second level of stress was therefore based on the attainment 

of maximal arterial pressure and the final level on the pre-

sence of definite signs of circulatory failure. The corre-

sponding mean times for the latter events to occur were, re

spectively, 70 and 80 minutes after the commencement of heat 

stress. 

The results of this investigation are given in Table 4.12 and 

are graphically displayed in Figure 4.7. Statistical analyses 

were performed by an analysis of variance, the particular treat

ment being regarded as conservative (Troskie, 1978). The 

details of this analysis appear in Appendix 4. The pertinent 
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FIGURE 4.7 MYOCARDIAL OXYGEN CONSUMPT ION (Qo J 
DURING HEA T EXPOSURE 2 
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findings are given below: 

{a) For both control and experimental animals, irrespective 

of the level of stress, the changes in Q0 during the 
2 

period of incubation conform to a second degree poly-

nomial according to the method of orthogonal poly-

nomials. (This relationship is exemplified in Figure 

4.7 and is in general agreement with the findings of 

Webb et al (1949) and Burger (1972), according to whom 

the Q
0 

of heart slices, in contrast to most other 
2 

tissues, exhibits a gradual decline throughout the 

period of incubation). 

{b) The foregoing impiies that during the period of in

cubation, the difference between the respective means 

for control and experimental values does not change 

significantly, i.e., irrespective of the level of 

stress, the respective Q
0 

curves run parallel to one 
2 

another. 

{c) At 0+40 minutes of heat exposure there is no statis

tical difference between control and experimental Q0 2 
levels. At 0+70 minutes the difference is just sig-

nificant at the 5% level of significance while at 0+80 

minutes, at the 1% level of significance. 

Seen in broader perspective, the above findings indicate that 

the reduction in Q
0 

during the latter two stages represents a 
. 2 

general depression which, in both instances, is evident from 

the onset of the period of incubation. In other words, the 

significant reduction in Q0 cannot be ascribed to factors 
2 
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which only become operative dur i ng the period of incubation. 

In terms of circulatory events it is also clear that during 

the initial period of heat exposure associated with moderate 

responses, myocardial Q
0 

is completely unaffected (-0,004% 
2 

of control value). However, with the attainment of a peak 

hyperkinetic circulation, Q0 is already depressed by 9,5% 
2 

and when circulatory failure becomes apparent, by 19,4%. 

SUMMARY 

Myocardial oxygen consumption is significantly reduced prior 

to circulatory failure, an event which is compounded at the 

onset of heart failure. 

4.4 MYOCARDIAL ELECTROLYTES 

An analysis of the results presented in Section 4.2 indicates 

that the circulatory responses to heat stress are characterised 

by three distinct stages (See "Summary" to 4.2), the first 

stage of which was associated with changes of moderate extent. 

The primary objective of this investigation was, therefore, to 

firstly establish the extent to which myocardial K+ and Na+ 

levels were altered and, secondly, to establish whether such 

changes were of reversible or irreversible nature. 

Myocardial K+ and Na+ levels were determined by flame spectra-

photometry. The methodology is detailed in Chapter 2 (2.6.1). 

Animals were subjected to heat stress for periods of 20, 30, 40 

and 50 minutes, respectively. The choice of a maximum exposure 
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TABLE 4.13 MYOCARDIAL K+ AND Na+ LEVELS DURING HEAT STRESS 

Exposure Time Electrolytes (mEq/1) Ratio Deviation 
K+ Na+ K+/Na+ from control (%) 

(min) Mean SD Mean SD Mean SD K+ Na+ 

O(control)" 66,95 2,14 31,12 3,77 2,24 0,19 

0+20+ ·72,27 2,59 36,22 2, 71 2,03 0,18 +7,9 +16,4 

0+30+ 75,82 2,94 35,47 4,06 2,19 0,21 +13,2 +14 ,0 

0+40+ 79,42 5,88 37,57 4 ,so 2,12 0,10 +18,6 +20,7 

0+50+ 78,30 7,21 37,57 3,56 2,09 0,23 +17 ,o +20,7 

* n = 12 

+ n = 4 

TABLE 4.14 MYOCARDIAL K+ AND Na+ LEVELS FOLLOWING HEAT STRESS 

Post-Exposure Electrolytes (mEq/1) Ratio Deviation 

period K+ Na+ K+/Na+ from control (%) 

(hours) Mean SD Mean SD Mean SD K+ Na+ 

24(30) .. 75,15 4,17 35,32 2,01 2,13 0,06 +12,2 +13,5 

48 (30) 66_,30 3,52 31,35 4,51 2,16 0,02 - 0,01 +0,007 

24 (50) 77 ,40 3·,09 31,15 4,66 2,36 0,26 +15,6 +0,001 

48 (50) 68, 77 1,35 32,92 4 ,09 2,11 0,22 + 2,7 + 5,7 

*n = 4 in each instance 

Note: The figures in brackets indicate the period of heat 

exposure prior to a given survival period or post

exposure period. 
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time of 50 minutes was based on the observation that this 

period is representative of the stage of moderate circulatory 

changes. A second consideration was to ensure that the ani-

mals would be able to survive heat stress by at least 48 hours 

in order to establish the extent of reversibility. Since it 

was not anticipated that meaningful changes would become evi

dent after only 10 minutes of exposure, this interval was 

omitted. 

The results of this investigation are presented in Tables 4.13 

and 4.14, the former pertaining to findings observed during 

heat stress; the latter to findings observed at various 

periods subsequent to exposure to heat. Statistical inter-

pretation was simply based on whether particular means differ 

from the control by at least two standard deviations. Under 

such circumstances the chances that the two observations belong 

to the same population are 1 in 20. These aspects are graph-

ically displayed in Figures 4.8 and 4.9. 

An analysis of Table 4.13 and Figure 4.8 indicates a general 

direct relationship between myocardial electrolyte levels and 

the exposure time. In both instances peak values are achieved 

after 40 minutes of exposure. However, it is also clear that 

K+ is already significantly elevated above control levels after 

30 minutes while a similar elevation only becomes evident after 

. + 
50 minutes in the case of Na. The changes in the K+/Na+ 

ratio were not considered to alter significantly. 

Following heat stress (Figure 4.9) myocardial K+ levels remain 
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FIGURE 4.9 MYO CARDIAL K+ AND Na+ LEVELS FOLLOWI NG HEAT 
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elevated 24 hours after exposure to heat stress, those ani

mals having been subjected to a SO-minute exposure time 

exhibiting slightly higher levels than those having been sub-

jected to a 30-minute exposure time. However, it is clear 

that after 48 hours, irrespective of the period of heat 

exposure, K+ levels return to control levels. 

The changes in myocardial Na+ content following heat stress 

are also presented in Figure 4.9. In this instance it is 

clear that a return to control levels occurs within 24 hours 

following heat exposure, irrespective of the exposure time. 

This relatively rapid return to normal is in contrast with 

the rate at which K+ levels return to ·control levels. 

SUMMARY 

The initial stages of heat stress, characterised by moderate 

circulatory changes, are associated with elevated myocardial 

K+ and Na+ levels which in the case of K+ become significantly 

+ elevated after 30 minutes and in the case of Na, after 50 

minutes of heat exposure. + Following heat stress, Na levels 

return to -control levels within 24 hours, irrespective of the 

exposure time, while K+ levels return to normal only after 48 

hours following heat stress, again irrespective of the duration 

of exposure. In terms of myocardial electrolyte levels, the 

above findings indicate that the initial period of heat 

exposure (0-50 minutes) is not associated with changes of a 

permanent nature. 
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4.5 REVIEW 

In reviewing the experimental findings presented in this chap

ter, a distinction can be made between measurements exhibiting 

significant changes over the period of heat exposure and those 

which were not subject to significant change. 

is given in Appendix 3. 

This distinction 

With regard to measurements which essentially remained constant 

throughout the period of heat exposure, perhaps the most 

striking feature pertains to the constancy of the electrocar

diographic QRS-complex as well as the uncorrected QT-interval. 

The significance of this finding is discussed in the next 

chapter. 

Of further interest was the fact that the ratio of the systolic 

area to the diastolic area of the pressure pulse (S /D) also . a a 

did not change significantly. The implication· of this finding 

is that, in as much as this factor is employed in the estimation 

of stroke volume, the significant changes obseryed in stroke 

volume are related to the factor dV in the Warner equation 

(Section 2.4.2.3) and not so much to the ratio itself. Of the 

various parameters employed to assess cardiac contractility 

(dP/dt , dP/dt, PEP/ET and dP/dt ) , only PEP/ET proved max c c mean c 

to be of use. Further discussion of the above findings does 

not appear to have merit and is, therefore, dispensed with at 

this point. 

The majority of measurements employed to evaluate cardio

vascular function during heat exposure did, however, reflect 
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significant changes. The general pattern which emerges 

indicates the existence of three distinct phases: the first 

stage (a) is characterised by moderate circulatory changes 

and represents a period of approximately 45 (40-50) minutes 

following the onset of heat exposure. The second stage (b) 

is associated with the establishment of a hyperkinetic cir

culation which reaches a peak 70 minutes after the commence

ment of heat stress. During the final stage, (c) circulatory 

failure occurs. This review is, therefore, an attempt to 

describe the characteristics of each of the above stages in 

order to interrelate the most important observations in this 

study. A graphical synopsis of the more important observa

tions is presented in Figure 4.10. 

(a) The changes occurring in the first stage have been des-

cribed as moderate. However, an analysis of these changes 

indicates that the term "moderate" may be qualified so as to 

distinguish between changes of moderate extent showing gradual 

change and those also of moderate extent exhibiting, however, 

rapid initial change. The former category is exemplified by 

the gradual increase in core temperature. The rate of change 

recorded is virtually of the same order as observed f or sys

tolic pressure, diastolic pressure and mean arterial pressure 

while the same also holds true for heart rate, stroke volume , 

and cardiac output. It would therefore appear that a certain 

relationship exists between core temperature and the general 

haemodynamic status. 
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FIG URE 4 .10 INTERRELATIONSHIP OF MAJOR CIRCULATORY AND BODY 

TEMPERATURE CHANGES DURING HEAT EXPOSURE 
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Further analyses reveal that (a) the initial increase in car

diac output is more significantly influenced by cardioaccelera

tion than by stroke volume and (b) that the gradual elevation 

in mean arterial pressure is related more to an increase in 

diastolic pressure than to an increase in systolic pressure. 

The latter observation is in keeping with the fact that 

mechanical diastole is not shortened to a disproportionately 

greater extent than the reduction in the cardiac cycle. 

In contrast with core temperature, skin temperature increases 

dramatically over the first 20 minutes of heat exposure, its 

rate of change subsequently tapering off. The consequence is 

that mean body temperature also exhibits a rapid, initial 

elevation. These rates of change are paralleled by an in-

crease in contractility and a fall in peripheral vascular re

sistance. Of further significance is the fact that although 

the rate of cardioacceleration is gradual, the rate of decrease 

in the pre-ejection time intervals (Qs 1 , PEP and IVCT) exceeds 

the rate of decrease of the cardiac cycle. The fact that total 

electromechanical systole (Qs 2 ) is not altered significantly by 

these reductions, is ascribed to the fact that the ejection time 

is reduced to a lesser extent than the reduction in the cardiac 

cycle. These findings suggest a possible relationship between, 

on the one hand, changes in skin and mean body temperatures and, 

on the other hand, cardiac contractility and the pre-ejection 

time intervals. 
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Although peripheral vascular resistance appears to exhibit 

an initial rapid decline, it should be borne in mind that, 

statistically, the changes in vascular resistance conform to 

a first order equation. This implies that the initial 

changes in vascular resistance conform to changes in core 

temperature rather than to changes in skin or mean body tern-

perature. Such a deduction is substantiated by considering 

the initial changes in the term P -P 
s es using this term as 

index of peripheral vascular resistance, it is evident that, 

statistically, the initial changes are indicative of a gradual 

decline in resistance rather than of a rapid reduction confor m

ing .to the initial time course of, for example, skin t emperatur e. 

At the end of this period, myocardial oxygen consumption is 

unaltered from control levels while myocardial K+ and Na+ con-

tent is significantly elevated. 

slightly increased. 

The QT -interval is only 
C 

(b) The second stage is characterised by the establishment of 

a hyperkinetic circulation. During this stage, the changes 

in body temperatures are gradual and generally linear (Table 

4.1) and, · therefore, do not appear to have any direct bearing 

on any of the events leading to the establishment of a hyper-

kinetic circulation. From Figure 4.10 it is evident, however, 

that with the exception of the initial period of heat exposure 

(0-10 minutes), body core temperature for the first time begins 

to exceed skin temperature. A sensitive plot of the fitted 

values for core and skin temperature (Figure 5.1) indicates a 
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cross-over point at an exposure time of 0+57 minutes, i.e., 

core temperature begins to exceed skin temperature. In as 

much as the establishment of a hyperkinetic circulation might 

have been referable to the above event, the observation that 

core temperature begins to exceed skin temperature at a point 

in time which practically coincides with the advent of the 

hyperkinetic circulation, is regarded as significant. The 

possible implications of this observation are discussed in 

the next chapter. 

One of the most striking features of this stage, is the ele

vation in mean arterial pressure which in contrast with the 

first stage, is achieved by an increase in systolic pressure 

rather than through an increase in diastolic pressure. The 

increase in mean arterial pressure is therefore also related 

to an increase in pulse pressure. Of further note is the 

observation that the above events are associated with further 

cardioacceleration, an observation which merits further dis

cussion in view of the relationship between heart rate and 

diastolic pressure. 

The increase in mean arterial pressure is associated with 

similar changes in cardiac output but as shown previously 

(Section 4.2.5), the increase in cardiac output during this 

stage is largely referable to an increase in stroke volume 

rather than to an increase in heart rate. Since the ele-

vation in mean arterial pressure is related chiefly to an 

increase in systolic pressure, and in view also of the 

relationship between flow and pressure, it seems likely that 
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a definite relationship exists between systolic pressure 

changes and stroke volume changes. Of further interest in 

this context is the observation that, on the basis of changes 

in PEP/ET, the above events probably are manifestations of 
C 

an increase in cardiac contractility. It is also significant 

that whereas the reduction in the cardiac cycle during the 

initial stages occurred at the expense of pre-ejection inter

vals, as well as electromechanical diastole, the reduction in 

cycle length during this stage occurs chiefly at the expense 

of the ejection time (Section 4.2.3). 

The prevailing haemodynamic status during this stage is also 

characterised by a further fall in peripheral vascular resis-

tance. This observation is substantiated by an independent 

parameter (P -P ) , which is indicative of a rapid fall in s es 

peripheral vascular resistance during this stage (Table 4.11). 

In as much as resistance is equated to a pressure difference 

per unit change in flow, the fall in resistance means that 

from a mathematical point of view, flow rate (cardiac output) 

increases more than the pressure differential. To the extent 

that it may be argued that adequate compensation to a fall in 

peripheral vascular resistance could have been achieved by an 

augmented cardiac output without inducing hypertension, the 

current findings merit careful consideration since a cursory 

evaluation suggests an element of overcompensation. This 

deduction is based on the fact that a state of hypertension 

arose despite a fall in vascular resistance (Figure 4.10). 

This observation is of particular significance and will be 

specifically referred to in the next chapter. 
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Of a more ominous nature is the fact that although enhanced 

cardiac performance is reflected by at least two parameters 

(PEP/ETc and systolic pressure}, certain others point towards 

the advent of pump dysfunction. An analysis of the EKG pre

sented in Figure 4.3, which is representative of this stage, 

reveals the development of ST-segment depression while a · 

marked increase in the QTc-interval also becomes apparent 

(Figure 4.10}. Finally, immediately prior to the onset of 

failure (0+70 minutes}, myocardial oxidative capacity is sig

nificantly depressed (Figure 4.10}. The above findings merit 

careful consideration especially in view of the observation 

that enhanced mechanical performance is achieved in the face 

of signs indicative of pump dysfunction. 

(c} The terminal stage represents the onset of circulatory 

failure. The fall in mean arterial pressure which charac-

terised this stage, is related more to a fall in systolic 

pressure than to a fall in diastolic pressure. Concurrently, 

cardiac output also falls and it is apparent that this fall 

must be ascribed solely to a fall in stroke volume since 

cardioacceleration is maintained throughout (Figure 4.10). 

The fall in systolic pressure and in stroke volume is also 

associated with diminished cardiac contractility and it is 

concluded that these events bear a definite relationship to 

one another. Two electrocardiographic parameters which also 

appear to have a direct relationship to the above observations 
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are (a) an extension of ST-segment depression (Figure 4.4) 

and (b) a further increase in the QTc-interval (Figure 4.10). 

Of crucial importance in this context is the fact that myo

cardial oxidative capacity (Q0 ), already compromised at the 
2 

onset of the terminal stage, undergoes an extensive further 

reduction (Figure 4.10). 

Although peripheral vascular resistance exhibits a tendency 

to increase, also in terms of the index Ps-Pes' the potential 

benefit of this response is clearly inadequate and in all 

probability is simply a manifestation of the fact that the 

· reduction in cardiac output exceeds the reduction in mean 

arterial pressure. 

While most experiments were discontinued at this stage, overt 

failure was allowed to occur in a selected number of animals. 

Immediately prior to death the pressure pu lse contour was 

grossly distorted. Apart from hypotension, the major feature 

was the development of a typical bisferiens pulse (Figure 4.5) 

accompanied by a marked left axis deviation. Although Cheyne-

Stokes breathing was most apparent, overt signs of convulsions 

were generally absent. A detailed analysis of these events 

was not, however, considered as being relevant to this study. 

SUMMARY 

The experimental findings presented in this chapter pertain to 

an analysis of cardiovascular function during acute, experi

mental heat stress with special reference to the development 

of circulatory failure. The general response pattern 
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indicates the existence of three distinct, albeit overlapping, 

stages. 

below: 

The essentials of each of these stages are described 

STAGE 1 (0-45 MINUTES): One of the most dramatic events 

associated with this stage i~ the rapid change in skin 

temperature and, to a lesser extent, mean body temperature. 

The circulatory response to the higher body temperature may 

be described as ·rapid but of moderate extent. The general 

picture is one of well-adjusted compensation. 

STAGE 2 (45-70 MINUTES): The second stage is characterised 

by the establishment of a hyperkinetic circulation. A 

major feature is a further decrease in peripheral vascular 

resistance which is accompanied by an increase in mean 

arterial pressure. The latter event was considered as 

being indicative of over-compensation to a fall in resistance 

and was related to a disproportionate increase in cardiac 

contractility and stroke volume. Despite enhanced mechanical 

performance, signs of pump dysfunction become evident during 

this stage. 

STAGE 3 (70-80 MINUTES): This stage represents the advent of 

circulatory failure. The parameters investigated indicate 

that cardiac function is compromised. 

This summary forms the basis for the subsequent discussion and 

interpretation of the results (Chapter 5) . 
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C H A P T E R V 

D.ISCUSSION 

This study concerns an evaluation of cardiovascular function 

during acute experimental heat stress with particular reference 

to the mechanism of circulatory failure. By way of an intro-

duction, the original objectives are restated (5.1) and the 

validity of the experimental model is discussed (5.2). Re

commendations pertaining to possible further avenues of re

search are given in Appendix 6. 

5.J OBJECTIVES 

Heatstroke is regarded as one of the few true medical emer

gencies (Eichler et al, 1969; Hubbard et al, 1976) and if 

effective treatment is not instituted promptly, carries a 

mortality rate of up to 80% (Kew, 1976). Under such circum-. 
stances, where treatment takes priority over investigation, 

and in view of the mercurial onset of the affliction, little 

or no knowledge of the prodromal period exists. The first 

objective, therefore, represents an attempt to elucidate an 

aspect of the prodromal stage of heatstroke, namely cardio

vascular function. 

The evaluation of cardiovascular function during the prodromal 

stage is based on the observation that the cardiovascular sys

tem "apparently takes the brunt of heat exposure" (Gold, 1960) 

and that it represents the "first line of defence" against the 
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threat of an elevated body temperature (Belding, 1967). An 

a priori deduction may therefore be made, namely, that the 

genesis of heatstroke is causally related to cardiovascular 

insufficiency and failure. Such a view is supported by the 

experimental findings (dogs)of Frankel et al (1963) and also 

by the autopsy findings in 125 fatal cases of heatstroke re

ported by Malamud et al (1946): "Most of the lesions apart 

from those in the brain can be attributed to the anoxia and 

circulatory failure incident to shock''. 

A critical review of the literature does not, however, unequi

vocally support a concept of cardiovascular insufficiency as 

primary factor in the pathogenesis of heatstroke. For example, 

according to Minard and Copman (1963), "circulatory failure ... 

is an occasional complication of heatstroke but by no means an 

invariable finding". This view is in contrast to the findings 

of O'Donnell and Clowes (1972), namely that acute circulatory 

failure has been observed to precede death in more than 80% of 

cases of human heatstroke. In view of the vast number of 

interacting factors involved in the genesis of heatstroke, both 

environmental and physiological, it would therefore seem diffi

cult to establish a clear causal relationship between cir

culatory failure and heatstroke, if such a relationship exists 

at all. In this respect the fundamental problem seems to con

cern whether thermoregulatory mechanisms fail or whether they 

are merely overloaded (Shibolet et al, 1967; Kew, 1976). In 

as much as the primary physiological strain experienced during 

heat exposure of the unacclimatised individual may be regarded 
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as circulatory (Hatch, 1963), the second objective represents 

an attempt to establish the particular sequence of circulatory 

events culminating in heat death against a background of cir

culatory failure or, conversely, circulatory overload. 

The final objective concerns the mechanism of circulatory 

failure. The statement of this problem is by no means origi

nal. In 1948 Daily and Harrison posed the following questions: 

"What are the mechanisms of circulatory collapse which com

plicate stroke? Is it cardiac or peripheral? Obviously, 

rational treatment must depend upon an understanding of the 

type of failure present". 

A review of the literature indicates that the general consensus 

of opinion supports the concept of peripheral blood pooling 

(peripheral vascular collapse) originally propounded by Daily 

and Harrison (1948). This view is indirectly supported by 

the extent of myocardial damage reported in heatstroke victims 

by Kew (1969): " ... in no case was the (myocardial) damage 

sufficiently severe for overt cardiac failure to occur". In 

contrast, according to Gold (1960), the primary event in cir

culatory failure is a high-output (forward) cardiac failure. 

This view, too, is not without support (Moore et al, 1966). 

Moreover, the data obtained by O'Donnell and Clowes (1972) 

fail to support either the concept of decreased venous return 

due to peripheral pooling or whether right heart failure is 

due to a myocardial defect or to elevated pulmonary vascular 

resistance. The latter authors were led to conclude that 
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the mechanism of cardiovascular collapse during heatstroke in 

man had not been established beyond doubt. It is also not 

insignificant that the therapeutic measures advocated by Kno

chel (1974) in the treatment of hypotension incident to heat

stroke (Section 1.2.3) eloquently substantiate the conflicting 

views on the mechanism of circulatory failure. Although it 

is not implied that only a single mechanism exists, the final 

objective, therefore, represents a fresh attempt to shed light 

on this apparently controversial issue since it is evident 

that Daily and Harrison's original queries of 1948 are still 

largely unanswered. 

5.2 THE EXPERIMENTAL MODEL 

In a study of this nature, wherein it is intended to simulate 

a condition of acute heat stress which is probably akin to the 

prodromal period of heatstroke, it is obvious that the in-

vestigator must resort to an animal study. The relevant per-

spectives which govern this approach are stated in the intro

duction to this study (p. 1-2) and it is perhaps appropriate 

to quote Kew (1976) in this context: "Elucidation ... of the 

pathogenesis of heatstroke has been hampered by ... the high 

mortality, which rules out experimental induction of heat-

stroke in man". While the need for an animal model is amply 

justifiable in the present context, morphological and possibly 

other differences may preclude direct animal-to-man extra

polation. It is, therefore, necessary to assess the validity 

of the current experimental model. 



173. 

In this particular study, the rat was used as experimental 

animal. This choice is motivated in Chapter 2 (2.1) and is 

largely based on the extensive use of rats in studies of this 

nature. Examples are: in vitro and in vi vo tissue damage 

assessments (Burger and Fuhrman, 1964 a and b; Burger et a l , 

1970 a and b), heat tolerance studies (Baker and Horvath, 1964), 

circulatory responses (Daily and Harrison, 1948), cardiac 

function (Opie et al , 1965), metabolic studies (Burger, 1972) 

and tissue injury (Hubbard et al, 1976). 

While the above choice may be justified simply on the basis 

of precedent, the experimental techniques employed in this 

study necessitated the use of an anaesthetic agent (Na-pento

barbitone). In as much as normal thermoregulatory activities 

may be suppressed by this intervention, the implication exists 

that so-called control animals may be rendered grossly ab

normal, to such an extent, in fact, that the experimental 

model becomes meaningless in a physiological sense. For this 

reason a detailed preli~inary investigation was carried out in 

order to establish the extent to which the experimental model 

is influenced (Chapter 3). The results of this inv~stigation 

indicated that while most parameters are demonstrably affected, 

the adverse effects of anaesthesia are completely abolished 

after approximately 30 minutes following the onset of heat 

exposure. This may be ascribed to two factors, namely (a) 

that the particular dosage used (40 mg/kg body mass) represents 

the lower limit of the recommended dosage for rats (Chiueh and 

Kopin, 1978) and (b) that the induction of heat stress 
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apparently decreases the duration and effect of anaesthesia, 

probably by enhanced catabolism. In as much as the narcotic 

effect of hyperthermia becomes evident at a stage which prac

tically coincides with the abolishment of the effects of Na

pentobarbitone, re-administration of the latter becomes super

fluous. Moreover, since the initial responses to heat ex

posure were observed to conform largely to a "normal'' response 

pattern, it was concluded that the discrete use of Na-pento

barbitone anaesthesia did not significantly compromise the 

overall efficiency of thermoregulation. 

In this study the emphasis falls on cardiovascular function 

with particular reference to the heart. While a detailed 

description of various aspects of normothermic cardiovascular 

function may be extracted from the results reported in Chapter 

4, the general circulatory status of the rat merits comment in 

a comparative sense. Firstly, the EKG of small mammals ex

hibits all the characteristics of larger mammals with slower 

heart rates (Kisch, 1953). The Q-wave is, however, absent 

from the normal EKG of a rat (Norman et al, 1961). Secondly, 

according to Chiueh and Kopin (1978), the mean resting heart 

rate of anaesthetised rats is 336 beats per minute with an 

arterial pulse fluctuation of 158/133 mm Hg. The current 

findings are in good agreement, namely 393 and 156/127, re-

spectively. However, although arterial pressure is slightly 

hypertensive in relation to man, it is equally evident that 

the pulse contour (Figure 4.1) closely resembles that of man. 

Thirdly, experimental evidence also suggests that on the basis 

of ballistic accelerations, the higher dynamic functions of 
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the heart in all species of mammals are very similar (Juznic, 

1973). Finally, according to Guyton (1963), it seems likely 

that cardiac output regulation in lower mammals (e.g. the rat) 

is both qualitatively and quantitatively identical to that in 

man. 

In comparison with man, however, the results of the present 

study suggest that the extent of cardioacceleration exhibited 

by rats is not as extensive, and probably does not constitute 

more than a 100% increase, but that rats are capable of achiev

ing arterial pressure elevations at least of the same order 

generally associated with man subjected to stress. The general 

impression is therefore that the rat does not exhibit the same 

flexibility of cardiovascular response as that observed in man. 

This deduction is probably related to the observation that the 

rodent heart is functioning closer to its maximum contractile 

range than the hearts of larger mammals (Henderson et al, 1974). 

On the other hand, according to Guyton (1963), tissue perfusion 

(cardiac output) per unit mass in the rat is three-fold that of 

man. It is therefore concluded that the characteristics of 

the rodent cardiovascular system are such that they do not pre

clude comparison with the cardiovascular system of man. 

The penultimate question concerns the validity of the specific 

animal model. Until relatively recently, the major objection 

against animal models stemmed from the definition of heatstroke, 

in particular from the fact that the pathogenesis of heatstroke 

depended on sweat cessation. This has since been questioned 

(Shibolet et al, 1967; Eichler et al, 1969) and in subsequent 
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definitions (Kew, 1969; 1976) the terms "sweat cessation" 

and "failure of the sweat mechanism" are conspicuously absent. 

In as much as most laboratory mammals do not sweat, Bynum et 

al (1977) were led to conclude that "if heatstroke represents 

an absence of effective thermoregulation, an animal model per

mits a cautious comparison of organ system responses between 

species in which normal thermoregulatory mechanisms are markedly 

different". It remains but to point out that in this instance 

the laboratory rat is regarded as a suitable animal (Hubbard 

et al, 1976; 1977). 

In the final instance, as has been stated at the outset (5.1), 

the current experimental model is intended to simulate the 

prodromal period of heatstroke. In order to delineate this 

period, it seems necessary to identify at least two trans

itional stages, namely (a) a point at which "normal" homeo

static responses herald the onset of a crisis, and which may 

be considered as a prelude to heatstroke, and (b) a point at 

which the ensuing crisis may be regarded as heatstroke proper. 

The prodromal period is therefore interposed between these 

transitions. On the basis of the current findings, the ad-

vent of the prodromal period is discernible by the dramatic 

rates of change in most parameters after a period of about 50 

minutes following the commencement of heat exposure (Figure 

4.10). However, defining the second transition is not as 

easy a task and for this purpose resort is made to the defi

nition of heatstroke. 

According to Kew (1976), heatstroke represents a condition in 



177. 

which elevated body temperature itself causes tissue damage. 

In the present study, the only criterion of tissue damage is 

related to the significant reduction in myocardial Q
0 

which 
0 2 

is incurred at a core temperature of 41,5±0,51 C (Mean±SD). 

In this context the findings of Hubbard et al (1976) namely, 

that a mortality rate of 10% in rats exposed to core tem

peratures of 41°c changes to 48% on achieving core tempera-

tures of 41,5°c, are of particular significance. Moreover, 

according to Bynum et al (1977) the point at which the cardiac 

output abruptly drops could be used to define the occurrence 

of significant heat injury. Since the present study re-

vealed a similar fall in cardiac output immediately after 

the onset of myocardial "damage" (Figure 4.10), the views ex

pressed by both Hubbard et al (1976) and Bynum et al (1977) 

coincide to support the belief that the onset of heatstroke 

in the present study occurs at a point in time approximately 

70 minutes after the commencement of heat exposure and, hence, 

that the prodromal period encompasses the 50- to 70-minute 

period of heat exposure. 

The preceding deduction cannot, however, be applied rigidly, 

the fundamental question being concerned with the relation

ship between core temperature, the duration of hyperthermia 

and the extent of tissue damage. For example, for a specific 

animal model (dog) it could be demonstrated that heatstroke 

occurred only at rectal temperatures in excess of 43°c (Shapiro 

et al, 1973) while in man, heatstroke has been reported to 

0 
occur at a rectal temperature as low as 39,5 C (Kew, 1976). 

Moreover, in the present study, the assessment of tissue 
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damage rests on a single organ, the heart, which, in contras t 

to other tissues (e.g. the liver), is relatively insensitive 

to heat damage (Burger, 1972). The distinct possibility 
-

therefore exists that heatstroke, as defined in terms of 

significant tissue damage, could have resulted at a stage 

earlier than the 70-minute period. On the basis of survival 

studies (Section 4.4), however, it is equally unlikely that 

heatstroke could have commenced at a stage earlier than the 

SO-minute exposure time. 

Of further importance in this context is the observation that 

the rate of fall in vascular resistance increases greatly 

after the 60-minute period of heat exposure. In view of the 

extreme heat sensitivity of the organs of the splanchnic area 

(Burger et ai, 1970a), it is not inconceivable that the re

duction in vascular resistance may be referable to the abolish

ment of splanchnic vasoconstriction, secondary to tissue damage 

in this area. A detailed discussion of these aspects is given 

in the following sections (5.3.1 and 5.3.2). The dramatic 

fall in vascular resistance at this stage may therefore be a 

manifestation of the onset of heatstroke. Moreover, with the 

exception of the initial stages of heat exposure (0+10 minutes), 

an analysis of Table 4.1 reveals that core temperature begins 

to exceed skin temperature only after about 65 minutes following 

the onset of heat exposure. Furthermore, it may be shown on a 

statistical basis that skin temperature actually exhibits a 

slight decline 50 minutes after the commencement of heat ex

posure (Figure 5.1), a finding also observed in a similar study 

(Hubbard et ai, 1974). These findings are interpreted to 
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FIGURE 5.1 FITTED BODY CORE AND SKIN TEMPERATURE CHANGES 
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mean that at a cruc i al poin t, skin tempera ture is l owe r ed at 

the expense of an elevated core temperature: It i s as if 

the dermal circulation i s "coupl ed" with the splanchnic c i r

culation, an event which can only occur if compensat ory 

splanchnic vasoconstriction is abolished. 

In the absence of any contradictory evidence, it is therefore 

assumed that the transition to heatstroke occurs withi n the 

60- to - 70-minute period of heat exposure. 

5.3 CARDIO VA SCULAR FUNC TION DURI NG EXP ERIMENTAL HYPERTHERMIA 

An analysis of the results presented in Chapter 4 indicates 

that the circulatory response pattern to heat exposure is 

characterised by three d i stinct, albeit overlapping, stage s 

namely, compensation, crisis and failure. These divisions 

form the basis of the subsequent discussion. 

5.3 . 1 INITIAL RESPONSES 

During the initial 40 to 50 minutes of heat exposure, cir

culatory responses to an elevated body temperature present a 

picture of well-adjusted homeostatic compensation. This 

general impression is based on a review of the liter ature. 

Within the context of the thermoregulatory role of t he cardio

vascular system, the primary circulatory event must be regarded 

as the rapid initial fall in total peripheral vascular resis

tance (Figure 4.10) which has its main origin in dermal vaso

dilatation (Belding, 1967). The resulting increase in skin 
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blood flow, which under these circumstances constitutes the 

functional equivalent of, if not a genuine, arterio-venous 

shunt (Gold, 1960), predisposes to heat dissipation. How

ever, despite the beneficial effects of an augmented dermal 

perfusion rate, it is patently clear that dermal vasodilata

tion per se would precipitate a relative fall in circulating 

blood volume (functional hypovolaemia) in the absence of 

homeostatic compensation (Knochel, 1974; Hubbard et a l, 1978). 

The primary mechanism by which functional hypovolaemia is 

averted constitutes a repartitioning of the cardiac output 

(Rowell et al, 1966) by means of compensatory constrictions 

in other vascular beds, notably the splanchnic circulation 

(Robinson, 1963; Leithead and Lind, 1964; Rowell et al , 

1965), non-exercising muscle (Hales and Dampney, 1975) and 

the kidney (Gilbert, 1978). Compensation may also occur in 

the form of an increased cardiac output but according to Rob

inson (1963), this is not a consistent finding. 

The present findings indicate that the fall in vascular resis

tance is accompanied by an increase in cardiac output. On 

the basis of the view expressed by Knochel (1974) and Hales 

and Dampney (1975), it may be deduced that the occurrence of 

the latter event is indicative of inadequate compensatory vaso

constriction. The observation that the mean arterial pressure 

remains virtually unaltered (Figure 4.10) would support this 

deduction. However, it may also be argued that the thermo-

regulatory demands imposed on the circulation could not be 

met entirely be repartitioning of the cardiac output, and that 
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the concurrent increase in cardiac output provides additional 

augmentation of dermal perfusion. In this context, the in-

crease in cardiac output is a manifestation of the severity 

of the physiological stress imposed by heat rather than of 

an inadequacy of compensatory constrictions. Further ref-

erance to this deduction will be made elsewhere in this section. 

The overall increase in cardiac output during the initial 

stage of heat exposure was regarded as moderate (Chapter 4: 

4.2.5). Further analyses reveal that the increase in cardiac 

output is achieved primarily by an increase in heart rate, 

stroke volume increases being of secondary importance. These 

findings are in agreement with the observation that the most 

simple and effective way of increasing cardiac output is by 

increasing heart rate (Schlant, 1978a) with moderate in

creases in stroke volume (Rushrner, 1970). 

The reduction in cardiac cycle length during cardioacceleration 

generally occurs at the cost of the diastolic period (Rushmer, 

1970). This was confirmed in the present study. However, 

it is also evident that the reduction in the cardiac cycle was 

associated with significant reductions in the pre-ejection 

periods viz., the conventional pre-ejection period (PEP), 

electromechanical systole (QS1 ) and the isovolumic contraction 

time (IVCT). In as much as the ejection time (ET) decreased 

in direct proportion to the reduction in cardiac cycle length, 

the ratio PEP/ET was also reduced. Collectively, these re

ductions are indicative of enhanced cardiac contractility 
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(Weissler et ai, 1969;_ Ahmed et ai, 1972; Harris, 1974; 

Siegel, 1978) and are manifested in an increase in stroke 

volume. Although a physiologically induced positive ino

tropism (e.g. catecholamine release) cannot be excluded, the 

findings of Singh (1963) suggest that the enhanced contract

ility, and subsequent increase in stroke volume, may also be 

related to an elevation in body temperature per se. Of 

further note is the observation that the only significant 

electrocardiographic alteration pertains to a reduction in 

the PQ-interval. This reduction is especially evident during, 

and limited to, the initial stage of heat exposure and con

sequently the overall changes in the PQ-interval conform to a 

second order equation. According to Marriott and Meyerburg 

(1978), the reduction in the PQ-interval may be regarded as 

the normal sequel to an increase in heart rate. 

The preceding considerations suggest that during the initial 

stage of heat exposure, cardiac function conforms to a response 

pattern which is closely related to that observed during mild 

physical exertion. Despite a marked decrease in vascular re-

sistance, mean arterial pressure generally remains unaltered, 

an event which may be construed as being indicative of the 

overall competence of vasomotor control (Valbonna, 1974). The 

fact that diastolic pressure does not fall is referable to the 

proportionality between heart rate and diastolic pressure (Rush

mer, 1970) and to the fact that diastolic pressure and vascular 

resistance are independent of one another in the presence of 

adequate compensatory mechanisms (O'Rourke, 1971). 
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Having thus established that the initial circulatory responses 

to heat exposure may be considered as "normal", it remains to 

relate these responses to changes in body temperature. With

in the context of the scope of this study, it must be em

phasised, however, that the respective temperature measurements 

may not be truly representative of what they are implied to be. 

The obvious shortcomings are related to the fact that (a) skin 

temperature was measured at a single, convenient site, (b) 

mean body temperature is no more than an arithmetical index 

and that (c) core temperature, although considered superior to 

rectal temperature measurements, is still only a substitute 

for the almost inaccessible hypothalamic temperatures. 

With due recognition of the problems inherent in correlating 

body temperature inputs to the thermoregulatory system and 

thermoregulatory effector action, an attempt was nevertheless 

made to establish a relationship between body temperature 

changes and circulatory responses. This attemp t is justified 

as follows: firstly, there appears to be general consensus 

that the regulated variable in mammalian thermoregulation is 

temperature per se (Hardy and Hammel, 1963). The second con

sideration is of a more practical nature, namely that the very 

nature of the hyperpyrexic state, including heatstroke, pre

cludes accurate assessments of thermal gradients within the 

body and that much reliance falls on routinely employed 

measurements such as those used in the present study. 

An analysis of the results reported in Chapter 4 (4.1) in

dicates that the most dramatic initial changes in body tern-
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perature pertain to elevations in skin t e mperature a nd mean 

body temperature. Of especial significa nce is the f act 

tr.at the initial c ha nges in ski n and mean body tem~e~atures, 

respectively, exhibit second ord er characteristics. 

Comparing changes in body temperatures and circulator y re

sponses during the first 20 minutes of hea t exposure (Figure 

4.10), it is apparent that in the absence of any mark ed change 

in core temperature, none of the circulato ry respons e s is 

governed by core temperature. However, in view of the doub t 

concerning the existence of afferent pathways for warm recep

tion from the skin to the anterior hypothalamic regions (Ben

zinger e t aZ, 1963), it is equally doubtful whether t he initia l 

circulatory responses are related to the dramatic skin tem

perature elevation. In agreement with t he finding s of Gon

zalez e t aZ, (1978), it is concluded that the initial change s 

in skin temperature merely represent a proportionality to the 

prevailing environmental temperature. 

The relationship between skin temperature and ambient tem

perature should not, however, be seen in isolation s i nce, ir

respective of any weighting factor, changes in skin temperature 

are reflected in changes in mean body temperature. In as muc h 

as mean body temperature is regarded as an important input to 

the thermoregulatory system (Mitchell, 1972), it is evident 

that skin temperature must be implicated in the physiological 

effector action of the thermoregulatory centre. The pre

ceding arguments lead to a tentative conclusion, namely that 

the initial general circulatory response to heat exposure is 
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governed by mean body temperature. This conclusion is also 

qualitatively substantiated by the findings of Mitchell (1972). 

The changes in mean body temperature over the entire period 

of heat exposure are relevant to the present discussion. 

During the initial period of heat exposure it is evident that 

skin temperature changes account for the major alterations in 

mean body temperature while during the latter stage, when skin 

temperature remains virtually constant, the same may be said 

for core temperature (Section 4.1). It is therefore not sur

prising that, of the three measurements, mean body temperature 

exhibits the most statistically significant overall change 

and, in this respect, provides the most sensitive measure of 

the actual thermal state of the body. This conclusion is in 

complete agreement with the finding of Gonzalez et al (1978) 

that mean body temperature was considered as a significant 

indicator of physiological strain. 

While mean body temperature may be regarded as an accurate 

reflection of physiological stress from a thermal point of 

view, it is equally clear that the only circulatory parameter 

of physiological stress is represented by heart rate changes. 

This deduction is based on the fact that although the heart 

rate response conforms to a first order equation statistically, 

it is the only circulatory measure which resembles the time

course for mean body temperature over the entire period of 

heat exposure. For example, the fall in cardiac output in 

the terminal stage would erroneously indicate alleviation of 

stress. The conclusion that heart rate also serves as an 
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index of physiological heat stress is in agreement with the 

views of others (Gold, 1961; Hatch, 1963; Berglund and 

Gonzalez, 1977). 

An objective of this investigation was also to establish 

whether the combined effects of a hyperkinetic circulation 

and hyperthermia, during the initial stage of heat exposure 

(0-50 minutes), could induce changes in myocardial electro

lytes of sufficient magnitude to explain, in part at least, 

subsequent circulatory failure. It was assumed that if such 

changes did occur at all, they need not necessarily become 

manifest immediately upon the termination of heat exposure; 

consequently certain animals were allowed to survive these 

subacute exposures to heat for fixed periods prior to assaying 

myocardial K+ and Na+ content. The results of this invest-

igation are given in Chapter 4 (4.4). 

Of fundamental importance is the fact that ischaemic injury 

of the myocardium results in K+ loss, an event which might 

be due to a failure of energy producing mechanisms or K+ re

tention mechanisms (Jennings et al, 1957; Corday and Lang, 

1978). According to McVie (1970), one of the most sensitive 

methods for detecting inapparent myocardial infarction is the 

determination of the myocardial K+/Na+ ratio, which falls with-

in minutes after the onset of anoxia. Changes in this ratio 

have also been shown to correlate well with other parameters 

of infarction and consequently the ratio (K+/Na+) provides a 

sensitive method to establish infarction at necropsy (Hearse 

et al, 1977). 
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The principle of the approach is based on the observation that 

after myocardial infarction, one of the first changes which 

occurs in cardiac cells is a loss of K+ and a gain in Na+ so 

that 24 hours after infarction, the intracellular electrolyte 

pattern resembles that of the extracellular fluid (Cherry and 

Meiners, 1971). In this study the approach was slightly 

+ + different in so far as the K /Na ratio was used more as an 

indicator of the reversibility of changes which may have 

occurred during heat stress, rather than in the detection of 

myocardial infarction. 

An analysis of the results reported in the previous chapter 

(Section 4.4), with specific reference to Table 4.8, reveals 

a steady decline in the K+/Na+ ratio over the initial stage 

of heat exposure. This decline was not regarded as being 

statistically significant and consequently, in terms of a 

decrease in the K+/Na+ ratio as a marker for myocardial damage, 

inapparent myocardial failure in the initial stages of heat 

exposure may be ruled out as a factor contributing to the 

eventual circulatory failure. This view is also substantiated 

by the observation that a normal ratio is reinstated within 48 

hours following heat exposure, an observation which also in

dicates total reversibility. 

A more detailed analysis reveals absolute increases in both 

myocardial K+ and Na+ content over the initial stage of heat 

exposure. The slight decline in the K+/Na+ ratio is attributed 

to the fact that the myocardial Na+ increase exceeds the myo-

cardial K+ increase in a relative sense. These absolute in-
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creases in myocardial K+ and Na+ content are in general 

agreement with the findings of other investigators in the 

same field of study (Spurr and Barlow, 1959a; 1970). Since 

control levels for both K+ and Na+ are reinstated within 48 

hours following heat exposure, the conclusion that irre

versible electrolyte changes do not occur during the initial 

stage of heat exposure, is reaffirmed. This conclusion,that 

the inherent intactness of the cell membranes is maintained, 

is indirectly supported by the findings of Burger and Engel

brecht (1966) who observed that no leakage of K+ and Na+ 

occurred from heart slices (rat) subjected to supranormal 

temperatures. 

The preceding discussion suggests that the changes in myo

cardial electrolytes merely reflect changes of a transient 

nature in membrane permeability, an event known to occur in 

the hyperpyrexic state (Spurr and Barlow, 1959a). However, 

to anticipate matters at this stage, the effect of elevated 

myocardial K+ and Na+ levels may be of crucial importance 

with regard to sustained cardiac function. In view of the 

+ ++ competition between Na and Ca for intracellular membrane-

located receptor sites, an elevated Na+ content may well shift 

the normal Ca++ /Na+ ratio sufficiently so as to bring about re

duced myocardial contractility {Nayler et al, 1971; Schlant, 

1978b) and in this sense it may contribute, to an unknown 

extent, to the mechanism of circulatory failure. In this 

context it is perhaps of interest to note that although myo

cardial K+ remains essentially unaltered during congestive 

cardiac failure, Na+ increases significantly (Benson et al, 

1956). 
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The increased myocardial K+ content may be referable to in

creased plasma levels (Spurr and Barlow, 1959a), this finding 

often being associated with hyperthermia (Kanter, 1954; Bar

low et al,1956; Spurr and Barlow, 1959a; 1959b; 1970; Bur-

ger et al,1970b; Kielblock, 1972). It is therefore unlikely 

that appreciable changes in the K+ gradient could have occurred 

across the myocardial plasmalernrna. This deduction is based 

on the complete absence of electrocardiographic evidence of 

disturbed ionic ratios throughout the entire period of heat 

exposure and is in agreement with the findings and deductions 

of Spurr and Barlow (1959a). 

Although not measured in the present study, previous invest

igations under identical experimental conditions (Burger et 

al, 1970b; Kielblock, 1972) reveal extensive plasma K+ ele-

vations in the hyperthermic rat. In view of the vaso-

dilatory effect of hyperkalaemia (Skinner and Powell, 1967; 

Schlant, 1978c), the possibility exists that a crucial abolish

ment of vasoconstriction could ensue, thereby potentiating cir-

culatory failure. Hyperkalaemia also produces generalised 

muscle weakness and flaccid paralysis, the heart being more 

sensitive than skeletal muscle (Christy and Clements, 1978). 

However, in the absence of any direct evidence, these views 

concerning the potential reduction in cardiac contractility 

by Ca++ - Na+ competition, and the possible role of hyper

kalaemia in circulatory failure, must remain speculative. 

A review of the events which characterise the initial stage 

of heat exposure, leads to a tentative conclusion that the 
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entire circulatory response to heat exposure is governed by 

the mean body temperature input to the therll'K)regulatory sys

tem. The primary circulatory event is a reduction in peri

pheral vascular resistance due to dermal vasodilatation, in 

order to enhance cutaneous blood flow and heat dissipation. 

The concurrent elevation in cardiac output is regarded as 

being indicative of the fact that repartitioning of the car

diac output is inadequate in itself to meet the thermo-

regulatory demands imposed by the environment. The overall 

competence of vasomotor control is exemplified in the con-

stancy of mean arterial pressure. The changes in myocardial 

electrolyte content are regarded as consistent with the hyper

pyrexic state, while the transient nature of these changes 

rules out inapparent myocardial damage during the initial 

stage of heat exposure. This finding is in keeping with the 

absence of any form of electrocardiographic abnormality. Myo

cardial oxidative capacity (Q0 } remains unimpaired at the end 
2 

of this stage. The overall picture is one of well-adjusted 

compensation to the physiological stress of heat. 

5.3.2 THE HYPERKINETIC STAGE 

This stage commences approximately 50 minutes after the onset 

of heat exposure and lasts about 20 minutes. The major 

feature of this stage is the development of a hyperkinetic cir-

culation of no uncertain dimensions (Figure 4.10}. As men-

tioned earlier (5.2), it seems likely that this stage may be 

regarded as the prodromal period of heatstroke and, although 

the precise onset of heatstroke cannot be identified unequi-
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vocally, it was concluded that the terminal stage is character-

istic of heatstroke. It is likely, as in the initial stage, 

that the primary circulatory event may be regarded as a further 

dramatic fall in vascular resistance, a fall which constitutes 

over 50% of the overall maximum fall within a period of 25% of 

the total exposure time (Section 4.2.6). The fall in vascular 

resistance is substantiated by the significant increase in the 

difference between the systolic and end-systolic pressures, a 

feature which has been described as the "collapsing pulse", and 

which is indicative of a fall in vascular resistance (Hurst and 

Schlant, 1978). In this instance, however, the reduction in 

vascular resistance cannot be ascribed to dermal vasodilatation 

in as much as it may be assumed that the dermal vessels are 

maximally dilated. Under comparable experimental conditions, 

Daily and Harrison (1948) ascribed the reduction in vascular 

resistance in this critical stage to an abolishment of splan

chnic vasoconstriction as a result of (a) thermal damage to 

the vasomotor centre and (b) the accumulation of acid metabolites 

during the period of diminished splanchnic blood flow. 

However, according to Burger (1972), central nervous system 

tissue, in comparison with other tissue types, is remarkably 

insensitive to thermal damage in vivo. Burger (1972) could 

also demonstrate that while many tissues are damaged beyond 

doubt in experimental hyperthermia, the significance of damage 

to each specific tissue in the pathogenesis of heatstroke re-

mains unanswered. Moreover, in the rat at least, it is un-

likely that the primary cause could be ascribed to central 

nervous system damage in view of the relative heat insensitivity 
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of this tissue (Burger, 1972). It is therefore concluded 

that it is improbable that the reduction in vascular resis

tance is referable to impaired central control. 

The preceding deduction implies that local factors are in

volved in the primary abolishment of splanchnic vasoconstric

tion. Although the precise mechanism is not clear, it seems 

likely that the abolishment of splanchnic vasoconstriction is 

referable to excess lactate (Daily and Harrison, 1948; Fran

kel et al, 1963; Burger et al, 1970b), direct thermal damage 

to the heat sensitive organs of the splanchnic circulation 

(Burger et al, 1970a; Burger 1972) and hyperkalaemia, the 

role of which has been discussed in the previous section (5.3.1). 

Moreover, it is also likely that the abolishment of splanchnic 

vasoconstriction may be explained by "autoregulatory escape" 

(Rushmer, 1970) ,whereby prolonged stimulation of intestinal 

vasoconstrictor fibers is followed by apparently spontaneous 

vasodilation. These observations provide the most plausible 

explanation for the marked reduction in vascular resistance. 

The fall in vascular resistance is associated with an equally 

dramatic increase in cardiac output. At first glance the 

latter response may be regarded as a perfectly normal com-

pensatory measure. However, the fact that the increase in 

cardiac output is also associated with a concurrent elevation 

in mean arterial pressure (Figure 4.10) is indicative of over

compensation. Moreover, as pointed out in the previous chap-

. ter (Section 4.2.5), the increase in cardiac output, and con

sequently also the extent of overcompensation, is predominantly 
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referable to a massive increase in stroke volume, rather than 

an increase in heart rate. This view is substantiated by a 

marked further increase in contractility (Section 4.2.4) and 

also by virtue of the fact that the increase in mean arterial 

pressure stems from a disproportionate rise in systolic and 

hence pulse pressure. According to Valbonna (1974) the latter 

event is a reflection of enhanced left ventricular contraction 

force. 

The increase in stroke volume during this stage is not re

garded as a normal response; more specifically, it is re

garded as a supranormal response. In the present context, 

this phenomenon is associated with "extremely severe exertion" 

(Rushmer, 1970). The same phenomenon also occurs in chron

ically high output states resulting from anaemia, thyro

toxicosis, an arterio-venous fistula (Bishop et al, 1955; Gold, 

1960), tissue injury, trauma and sepsis (O'Donnell and Clowes, 

1972). It is therefore patently clear that the exaggerated 

rise in stroke volume observed in this study is a manifestation 

of some abnormality, specifically, the functional equivalent 

of a massive arterio-venous fistula. 

These views lead to the conclusion that the disproportionate 

increase in stroke volume is directly attributable to the 

critical reduction in vascular resistance. Of interest is 

the fact that this increase in stroke volume occurs under cir

cumstances which, potentially, are conducive to a decrease in 

venous return. This observation is not unique since it has 

been observed to occur during heat stress in man: "Despite 
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a fall in right sided filling pressure, stroke volume rises 

further suggesting some positive inotropic stimulation" (Gil

bert, 1978). The importance of positive ihotropism in this 

context requires extensive reference to Schlant (1978b): "One 

of the more important acute adjustments to heart failure is a 

reflex increase in autonomic sympathetic excitation to the 

heart The acutely increased sympathetic impulses to the 

heart stimulate the local release of norepinephrine and there

by produce beta stimulation with an increase in ••• myocardial 

contractility. Norepinephrine also increases the rate of 

ventricular relaxation which further contributes to increased 

ventricular filling. In addition, the generalised increased 

sympathetic activity and the release of norepinephrine from 

the adrenal medulla ... contribute toward increasing myocardial 

contractility". 

Thus, considering the entire interaction between, on the one 

hand, the detrimental reduction in vascular resistance and on 

the other, the disproportionate increase in stroke volume, it 

is clear that the link may be provided by excessive differential 

sympathetic discharge and/or catecholamine release. The extent 

of positive inotropism imparted is probably directly related 

to the magnitude of the crisis. Moreover, it is likely that 

excessive catecholamine release is directly responsible for 

the unwarranted erosion of the cardiac reserve which inexor

ably hastens the onset of circulatory failure (Section 5.3.2). 

This view is based on the findings of Mosinger et al, (1978) 

that the retrograde infusion of natural catecholamines in

duced irreversible morphological changes in the rat heart and 
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was preceded by lactate dehydrogenase release. These 

findings clearly demonstrate the potential cardiotoxic effect 

of catecholamines, an event which may not be unrelated to the 

present findings. 

A point of extreme interest which emerges on analysis of the 

above reference to Schlant (1978b), is his observation that 

sympathetic discharge in this context is reflexly elicited by 

heart failure. The present findings tend to substantiate a 

view of imminent failure. A consistent finding prior to cir-

culatory failure was progressive ST-segment depression, an 

event which has also been reported in dogs in an advanced 

state of hyperthermia (Goldberg et al, 1952). In the absence 

of hypokalaemia, ST-segment depression represents a non

specific imbalance between coronary arterial oxygen supply 

and haemodynamic demands; factors which may augment such 

demands are elevated systolic pressures and exertional tachy

cardia (Bruce and Irving, 1978). Since these are the very 

factors which characterise the haernodynamic status at the on

set of ST-segment depression in the current study, and in the 

deduced absence of hypokalaemia, it is concluded that the ob

served depression in the ST-segment manifests the fact that 

myocardial oxygen demand exceeds the supply thereof. It is 

also a reflection of left ventricular strain (Castellanos and 

Meyerburg, 1978). 

A. second finding considered indicative of imminent cardiac 

failure, is related to changes in the QTc-interval (Figure 

4.10). During the last 30 minutes of heat exposure the change 
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in QT constitutes 74% of its maximum overall change (Table 
C 

4.4). Perhaps of greater significance is the fact that the 

changes in QT conform to a second order equation, so that 
C 

the changes during the latter period of heat exposure are true 

reflections of the progressive delay in the corrected ven-

tricular repolarization time. According to Rushmer (1970), 

QT is probably the only electrocardiographic sign of a meta-

bolic disturbance of the myocardium. Although a prolonged 

QT-interval may also be associated with hypocalcaemia (Cas

tellanos and Meyerburg, 1978), this explanation is rejected 

in view of the findings of Burger et al (1970b), namely that 

the blood calcium levels remained essentially unaltered during 

experimental hyperthermia. It is therefore concluded that 

the prolongation of the QT -interval, which becomes evident 
C 

at the commencement of this stage, is a manifestation of a 

metabolic disturbance of the myocardium. 

Apart from ST-segment depression and prolongation of the QTc

interval, no electrocardiographic evidence indicative of myo

cardial dysfunction could be detected during this stage. This 

observation leads to the conclusion that cardiac conductivity 

remains essentially intact. Moreover, using the Qs 1-interval 

as an index of electromechanical coupling (Table 4.7), and 

PEP/ET as an index of contractility (Table 4.9), it is patently 
C 

clear that overall cardiac function is apparently unimpaired, 

despite progressive erosion of its reserve. In this context, 

the present findings suggest ST-segment and QTc-interval changes 

may be of the most sensitive electrocardiographic parameters 

of a decrease in cardiac reserve. In as much as similar 
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changes have been observed to occur in cases of human heat

stroke (Kew, 1969; Kew et al , 1969), it seems likely that 

such changes may be of special significance when associated 

with a heat-induced hyper kinetic circulation. 

The final indicator of imminent cardiac failure pertains to 

the reduction in myocardial oxygen consumption (Q0 ) which 
2 

becomes evident during this stage. At the commencement of 

this stage, myocardial oxygen consumption proceeded in a nor-

mal fashion. However, it is clear that at the end of this 

stage (50-70 minutes of heat exposure), myocardial oxygen con-

sumption is severely depressed. It is likely that a pro-

gressive fall occurs during this stage (Chapter 4: 4.3). 

According to Burger (1972), the measurement of Q
0 

by means 
2 

of the Warburg technique may be regarded as an ideal method 

of assessing tissue damage, irrespective of the mechanism of 

damage. In the strictest sense of the word, Q0 is a re-
2 

flection of the overall competence of the oxidative machinery 

of the cell i.e., cellular oxidative capacity. An analysis 

of the results presented in Chapter 4 (4.3) indicates that 

myocardial oxidative capacity is significantly reduced at the 

end of this stage (50-70 minutes). This reduction is barely 

significant at the 5% level of significance but, in view of the 

conservative nature of the statistical treatment (Troskie, 1978), 

the reduction is real and valid. It is therefore concluded 

that myocardial oxidative capacity only becomes significantly 

reduced 70 minutes after the commencement of heat exposure, and 

not at any prior stage. 
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From the preceding discussions it is clear that the progressive 

depletion in cardiac reserve, which ultimately culminates' in a 

significant reduction in cellular oxidative capacity, proceeds 

in the complete absence of impaired mechanical performance. 

This finding is not without precedent: according to Schlant 

(1978b), most (cardiac) patients exhibit myocardial dysfunction 

prior to pump dysfunction and failure, and also prior to clin

ical signs of congestive cardiac failure. 

A review of the events which characterise this stage indicates 

that the primary event is the dramatic reduction in vascular 

resistance. This reduction is ascribed to the abolishment of 

splanchnic vasoconstriction subsequent to a combination of auto

regulatory escape of splanchnic constriction and local tissue 

damage. The fall in vascular resistance is countered by an 

increase in cardiac output with a concurrent reduction in car

diac reserve. Myocardial oxygen demand outstrips the supply 

thereof. Central recognition of an impending crisis is mani

fested in a further increase in stroke volume, most probably 

mediated through augmented sympathetic discharge. The resul-

tant increase in cardiac output is in excess of the demands of 

homeostatic compensation. This leads to a further reduction 

in cardiac reserve and the consequent establishment of a vicious 

cycle. 

5.3.3 THE TERMINAL STAGE: CIRCULATORY FAILURE 

Circulatory failure becomes evident after a mean exposure time 

of 70 minutes. At this stage the pulse contour is still 
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typically hyperkinetic and the only initial sign of failure 

is a fall in mean arterial pressure. The fall in mean ar-

terial pressure is ascribed to a greater fall in systolic 

than diastolic pressure and, according to Valbonna (1974), 

consequently signifies a reduction in left ventricular force 

of contraction. This interpretation is substantiated by a 

corresponding fall in stroke volume and, in terms of PEP/ET , 
C 

decreased contractility which, according to Qureshi et at 

(1978), is also a manifestation of left ventricular failure. 

Despite sustained cardioacceleration, the cardiac output falls. 

The fall in cardiac output is therefore exclusively referable 

to a fall in stroke volume. Moreover, the rate of fall in 

cardiac output exceeds the rate of fall in mean arterial 

pressure and, in view of the apparent increase in total vas

cular resistance, it is unlikely that circulatory failure is 

solely related to peripheral vascular collapse. This deduction 

is supported by the establishment of a bisferiens pulse (Figure 

4.5) which, according to O'Rourke (1971) and Hurst and Schlant 

(1978), may be associated with aortic stenosis i.e., an "ob-

struction" to flow. The development of a bisferiens pulse in 

the presence of low vascular resistance places emphasis on the 

extent to which cardiac mechanical function deteriorates. 

In the absence of any electrocardiographic evidence of dis

turbances in cardiac conductivity (with the possible exception 

of a slight increase in the QRS-duration), it is clear that 

the mechanism of failure must reside elsewhere. In this re-

spect it is probable that cardiac failure is referable to a 
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critical further reduction in myocardial oxidative capacity 

(Q0 ). This event is reflected in a progressive prolongation 
2 

of the QTc-interval and an intensification of ST-segment de-

press ion. These findings collectively suggest that cardiac 

failure in the terminal stage is primarily due to a serious 

biochemical derangement of myocardial energy transformation 

mechanisms. 

The patterns of changes in mean arterial pressure and heart 

rate observed during this stage are identical to those re

ported by Frankel et al (1963) in the terminal stage of pro-

gressive hyperthermia in dogs. Immediately prior to death, 

the haemodynamic status also shows a close correlation to 

that reported in several instances of fatal human heatstroke 

( Chapter 1: 1 . 3. 1. 3) . The advent and establishment of meta-

bolic malfunction has also been demonstrated to occur in iso

lated perfused rat hearts subjected to supranormal temperatures. 

(Opie et al, 1965). 

The major feature of the terminal stage is cardiac failure. 

5.4 THE PATHOGENESIS OF HEATSTROKE IN TERMS OF CIRCULATORY 

FAILURE 

The pre-eminent role of the circulation in thermoregulation 

(Gold, 1960; Hatch, 1963; Belding, 1967; Knochel, 1974) 

and the apparent absence of gross cardiovascular malfunction 

(Ferguson and O' Brien, 1960; Minard and Copman, 1963; Kew, 

1969), at first glance collectively constitute a contradiction. 

The general consensus is simply that circulatory failure, when 
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present, ·complicates heatstroke and in this sense, it seems 

as if circulatory failure is the result of heatstroke and not 

the cause thereof (Chapter 1: 1.2.4). 

The results of this study indicate that tissue (cardiac) 

damage precedes overt circulatory failure, a finding which 

conforms to generally accepted views. However, a more de-

tailed analysis reveals that overt circulatory failure is 

preceded by a severe reduction in total vascular res i stance. 

Moreover, this fall is regarded as physiologically deleterious . 

(Section 5.3.2) and its establishment may therefore be of 

fundamental importance to an understanding of the pathogenesis 

of heatstroke. 

A review of the literature (Section 1.1.2) indicates that 

heatstroke is associated with wide-spread tissue damage, the 

kidney and the liver being damaged almost invariably (Kew et 

al, 1971). Animal analogies essentially reveal the same 

findings: according to Burger e t al (1970a), the most sen

sitive tissues to in vivo heat damage are the liver, spleen, 

small intestine and skeletal muscle, the kidney being only 

slightly less sensitive. Thus, with the exception of the 

kidney and skeletal muscle, respectively, both clinical and 

experimental findings suggest that the organs of the splanch

nic circulation are particularly sensitive to heat damage and 

if any particular organ may be singled out, it is likely to be 

the liver. 

On the basis that the liver is representative of the organs 
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of the splanchnic circulation, the question arises as to 

which factors render the liver so sensitive to damage in 

heatstroke. That direct thermal damage is at least partly 

implicated may be deduced from the findings of Rowell et al 

(1968), namely that in young men subjected to environmental 

heat stress, the hepatic venous temperature rose to 41,6°c 

and in fact exceeded the concurrently recorded core tern-

0 perature of 40,0 C. However, Burger (1972) could demon-

strate that despite the in vivo heat sensitivity exhibited 

by hepatic tissue, the in vitro tolerance is remarkably high. 

A clue to the reason for this discrepancy is provided by con

sidering the circulatory adjustments to heat in the intact ani-

rnal, specifically splanchnic vasoconstriction. While the bene-

ficial effect of this adjustment is patently clear (Section 

5.3.1), splanchnic vasoconstriction simultaneously imposes a 

restriction on the transfer of metabolic heat from the core 

to the periphery (Vide supra: Rowell et al, 1968). 

adjustment is potentially conducive to thermal damage. 

Such an 

While the sensitivity of liver tissue to heat damage may be 

referable to a particular vasomotor adjustment, it is also 

interesting to consider cardiac tissue in this context. An 

analysis of the findings of Burger and co-workers (Burger and 

Engelbrecht, 1966; 1967; Burger et al, 1970a, Burger, 1972) 

indicates that while cardiac tissue is inherently susceptible 

to heat damage in vitro, it appears to be relatively insen-

sitive to heat damage in the intact animal. The possibility 

once again occurs that the apparent discrepancy may be related 
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to the fact that during in vivo heat exposure, the rapid flow 

of blood through the heart would facilitate heat transfer as 

well as adequate oxygenation, thereby retarding the onset of 

thermal damage. In as much as a reduction in renal and non

exercising muscle blood flow has been demonstrated to occur in 

man exposed to heat (Gilbert, 1978), the likelihood exists that 

the susceptibility of these tissues to thermal damage may also 

be referable to inadequate heat dissipation. In view of the 

inherent susceptibility of renal and muscle tissue to thermal 

damage (Burger et ai, 1970a), compensatory constriction of the 

respective vascular beds would simply aggravate the damage. 

The preceding discussion indicates that tissue damage is likely 

to occur primarily in organs in which compensatory vasocon

striction occurs. This argument does not explain the high 

incidence of central nervous system disturbances in human heat

stroke (Kew, 1976), but it also does not exclude the possiblity 

that brain damage may occur secondarily to damage in other 

areas. In vivo,rat brain tissue is regarded as relatively 

insensitive to heat injury (Burger, 1970a) but whether the same 

relative insensitivity applies to human brain tissue is, for 

obvious reasons, uncertain. However, if the above argument is 

valid, it may be concluded that the initial thermal damaqe 

associated with heatstroke is not the result of circulatory 

failure but, in fact, directly attributable to the competence 

of compensatory vasoconstriction. Moreover, in view of the 

extreme sensitivity of the liver to hypoxia (Burger, 1972), 

thermal dam~ge may be aggravated by a hypoxic state incident 

to sustained vasoconstriction. 
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On the other hand, Daily and Harrison (1948) regarded the 

abolishment of compensatory splanchnic vasoconstriction during 

experimental hyperthermia as a significant event which, in the 

present study, ·- is manifested in a dramatic secondary reduction 

in total vascular resistance (Section 5.3.2). The crucial 

abolishment of splanchnic vasoconstriction may be related to 

many factors e.g., observed hyperkalaemia under directly com

parable experimental conditions (Burger, 1970b; Kielblock, 

1972), local acidosis (Daily and Harrison, 1948; Rushmer, 1970), 

generalised acidosis (Burger 1972) or "autoregulatory escape" 

(Rushmer, 1970). Since the abolishment of splanchnic vasocon

striction may be regarded as an impairment of the circulation, 

it may "result in a further rise in core temperature" (Kew, 1976). 

The present findings substantiate this view in that the fall in 

vascular resistance at this stage is associated with a slight, 

but significant, reduction in skin temperature, an event which 

is interpreted to mean that the reduction in skin temperature 

occurs at the cost of a further elevation of core temperature 

(Section 5.3.2). In as much as this critical further elevation 

in core temperature may be directly attributable to the abolish

ment of splanchnic vasoconstriction, the ensuing tissue damage 

is the result of circulatory failure, as suggested by Frankel 

et al, (1963). 

However, in view of the extensive damage which becomes evident 

in the organs of splanchnic circulation during experimental 

heatstroke (Burger, 1972), it is equally likely that the abolish

ment of splanchnic vasoconstriction may be explained solely in 

terms of local damage. In this sense, therefore, it would be 
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extremely difficult to establish a direct causal relationship 

between thermal damage and failure of splanchnic cons tr iction 

in the light of the present experimental findings. In con

junction with the directly comparable studies of Burger (1972), 

the present findings do however suggest that the pathogenesis 

of heatstroke is related to an interaction of the preceding 

events. A tentative hypothesis is therefore presented that 

the initial sequence of events which lead to the establishment 

of heatstroke, is as follows: the beneficial effects of com

pensatory vasoconstriction during prolonged heat stress are 

largely cancelled by the development of local hypoxia, which 

is aggravated by a thermally stimulated increase in cellular 

respiration and consequent anaerobism. The liver appears to 

be the crucial organ in this context. Irrespective of the 

precise mechanism, splanchnic vasoconstriction is abolished. 

This results in a further increase in core temperature, which 

causes local tissue damage or compounds existing damage. This 

sequence is likely to constitute a primary vicious cycle and 

may occur in the apparent absence of ca rdio v a scular mal functi on . 

5.5 THE MECHANISM OF CARDIOVASCULAR FAILURE 

A review of the literature (Section 1.2.4) indicates that cir

culatory failure is not a consistent finding in heatstroke but 

rather the consequence of acute, prolonged exposure of the un

acclimatised individual. The present findings (Section 5.4) 

suggest that while overt circulatory failure may not necessarily 

be a consistent finding, inapparent cardiovascular malfunction 

may constitute a significant event in the pathogenesis of heat-
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stroke. On the other hand, gross cardiovascular fa i l u re has 

been observed to precede death in many instances of h uman 

heatstroke (O'Donnell and Clowes, 1972) and it therefore seems 

necessary to review the entire mechanism of cardiovascular 

failure in its widest perspectives. 

The mechanism of cardiovascular failure during the physio

logical stress imposed by heat is explained in terms of two 

apparently contradictory mechanisms. Daily and Harrison (1948) 

were led to conclude that the observed collapse was primarily 

due to underfilling of a generally dilated capillary bed. This 

led to the concept of ''peripheral pooling". In 1960, however, 

Gold postulated a novel hypothesis, namely that 11 
••• the pri

mary event in circulatory failure of heat pyrexia is high-out

put cardiac failure" and that "high-output failure is the trig

gering mechanism of circulatory failure". Further attempts to 

elucidate the precise mechanism of failure have not met with 

much success. For example, the data obtained by O'Donnell and 

Clowes (1972) fail to support either the concept of peripheral 

pooling or whether cardiac failure is due to a myocardial de

fect or to elevated pulmonary vascular resistance. The latter 

researchers concluded that the mechanism of cardiovascular 

failure still had not been established beyond doubt. Further 

confusion is apparently created when considering the treatment 

of hypotension incident to heatstroke. According to Knochel 

(1974) "the pronounced peripheral vasodilatation during hyper

pyrexia will often respond to cooling alone (but) large quan

tities of ..• plasma expanders ... may overload the central 

circulation" and "if hypotension persists after cooling, 
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appropriate agents used in therapy of cardiogenic shock should 

be administered since the patient may have myocardial damage . .. " 

Since there seems to be no reason to doubt the efficacy of the 

therapy advocated by Knochel (1974), it is likely that doubt 

should be cast on any view which rigidly implicates a specific 

mechanism to the total exclusion of any other. This in turn 

suggests that circulatory failure in heat may be explained in 

terms of a unified mechanism, albeit one more complex. 

The present findings substantiate a unified concept of cir

culatory failure. Assuming that the current experimental 

model is representative of the entire spectrum of the physio

logical stress of heat, including its ill effects, the existence 

of a unified concept of circulatory failure may be deduced by 

relating the sequence of circulatory events observed in the 

present study to clinical and experimental correlates associated 

with heatstroke. 

If animals had been withdrawn during the hyperkinetic stage 

(Section 5.3.2), the mean arterial pressure would have been 

normal or even hypertensive, as reported in heatstroke cases 

(Ferguson and O'Brien, 1956). Overt circulatory failure would 

have been absent (Minard and Copman, 1963) although signs in-

dicative of slight cardiac impairment may have been present 

( Kew et a i , l 9 6 9) . The vascular resistance would have been 

low (O'Donnell and Clowes, 1972) probably as a result of splan-

chnic vasodilatation (Daily and Harrison, 1948). Body tern-

perature would be consistent with levels reported in human 
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heatstroke (Shibolet et al, 1962) while both clinical and 

experimental analyses would have confirmed hepatic and renal 

damage (Kew, 1969; Burger, 1972). 

The above is probably a fair description of most of the car-

dinal signs generally associated with heatstroke. The cir-

culatory picture corresponds to peripheral pooling and a 

lowering of the cardiac reserve, which, according to Daily and 

Harrison (1948), constitutes the mechanism of circulatory 

failure in heat. Moreover, cardiac damage is "not sufficiently 

severe for overt cardiac failure to occur" (Kew e t al , 1969). 

However, if the animals had been withdrawn subsequently, it is 

clear that the prognosis would have worsened considerably by 

the "occasional complication" of circulatory failure (Minard 

and Copman, 1963). The circulatory failure could have been 

referable to a high-output cardiac failure (Gold, 1960) or to 

a myocardial defect (Moore et al, 1966). Tissue damage would 

' have been more extensive (Malamud et a l , 1946), an observation 

which is substantiated by animal studies (Burger, 1972). Con

vulsions, Cheyne-Stokes breathing and profound hyperth ermia 

associated with hypotension, precede death. 

The preceding arguments are interpreted to mean that circu

latory failure is not exclusively peripheral, nor is i t ex-

elusively central (cardiac}. Moreover, the circulatory status 

during heatstroke is probably an indicator of the severity of 

heatstroke, the initial stages being characterised by in

apparent "peripheral failure", with more advanced stages in-

eluding cardiac failure. Thus, while overt circulatory 
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failure may be ascribed solely to a high-output cardiac 

failure, as proposed _by Gold (1960), the present findings do 

not subscribe to the notion that it is the "primary event" in 

circulatory failure. In fact, the present findings suggest 

that cardiac failure is the result of vascular failure and it 

is deduced that the primary event in circulatory failure is 

the abolishment of splanchnic vasoconstriction. It remains 

but to point out that overt circulatory failure, in conjunction 

with the incident hypotension and cellular hypoxia, probably 

constitutes the final and fatalinsult to already thermally

jeopardised tissues, as also reported by Kew (1969). 

An internal redistribution of the cardiac output through the 

abolishment of compensatory splanchnic vasoconstriction, may 

lead to inadequate cardiac filling in the present circumstances 

and which, in turn, gives rise to a fall in cardiac output. 

According to Cohn (1978), this is the most common cause of 

shock, prompt clinical improvement being achieved by rapid 

plasma volume expansion (Cohn et al, 1967). While the above 

sequence of events is not disputed, it is equally clear that 

it does not explain the ultimate fall in cardiac output ob

served in the present study (vide infra). 

The present findings indicate that a hyperkinetic circulation 

is established at the commencement of the crucial further fall 

in vascular resistance (Section 5.3.2). The concurrent ele-

vation in mean arterial pressure is regarded as a manifestation 

of overcompensation. It is evident that the extent of over

compensation is chiefly related to a disproportionate increase 
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in stroke volume, which, under these circumstances, is in turn 

a manifestation of a circulatory crisis (Bishop et al , 1955; 

Gold, 1960; Rushmer, 1970). However, the consequence of 

this adaptation is that myocardial oxygen demand outstrips the 

supply thereof (ST-segment depression, c:tr -prolongation) which 
C 

in turn elicits an augmented sympathetic discharge (Schlant, 

1978b), as evidenced in a further increase in contractility 

A vicious cycle is initiated, the inevitable 

sequel to which is cardiac failure. 

The present findings tend to substantiate the occurrence of 

cardiac damage, as judged by the significant terminal decline 

in myocardial oxidative capacity. The implication is that 

although direct thermal damage cannot be excluded, such damage 

may be compounded from a non-thermal origin. The underlying 

mechanism is probably related to excessive ATP-hydrolysis 

(Fleckenstein et al, 1974) which may eventually lead to ir

reversible catecholamine-induced cardiac damage and necrosis 

(Fleckenstein et al, 1974; Mosinger et al, 1978). However, 

it is clear that irrespective of the ultimate origin of cardiac 

damage, cardiac failure is primarily referable to excessive 

sympathetic/catecholamine discharge. The relevance of this 

observation is not restricted to the present study: a ccording 

to Gilbert (1978), stroke volume has been observed to increase 

during hyperthermia in man despite a fall in right siqed 

filling pressure, an event which suggested some "positive ino-

tropic stimulation". In the light of the present findings 

the ominous portent of such an event, when associated with 

overcompensation, cannot be ignored. 
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One of the objectives of this study was to evaluate t wo 

radically opposed theories concerning the mechanism o f c ir

culatory failure in heat and the controversies that surround 

them. The present findings suggest that to explain the 

mechanism of failure as being either "peripheral" (noncardiac) 

or "cardiac" in origin is inadequate and inaccurate. It 

suggests that the mechanism of circulatory failure be explained 

in terms of a unified concept wherein different concepts are 

embraced within the principle of positive feedback. In 

essence the mechanism proposed is neither novel nor contro-

versial. Although more complex, it is surely less rigid and 

certainly more definitive. 

, 
5.6 RESUME 

The clinical and experimental manifestations of heatstroke are 

well-documented and, although not established beyond doubt, it 

is clear that the pathogenesis of the widespread tissue damage 

is referable to a complex interlock of direct thermal effects 

and subcellular responses. This constitutes the so-called 

11 multifactorial 11 hypothesis advocated by Belehradek (1967) and 

Burger (1972). In this sense, the present study is not 

directly concerned with the pathogenesis of tissue damage 

associated with heatstroke. 

The objectives of this study stem from the fact that much of 

the enigma of heatstroke is seated in its notoriously mer-

curial onset. Despite the fact that the circulation con-

stitutes the "first line of defence" against an elevation in 
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body temperature, it is not consistently implicated in heat

stroke (Minard and Copman (1963), even in the presence of 

signs of cardiac damage (Kew et ai, 1969). In as much as it 

was then argued that the genesis of heatstroke may be referable 

to a transient or "inapparent" failure of the circulation, this 

hypothesis was investigated. An analysis of cardiovascular 

function was consequently undertaken to include not only the 

normal response pattern to heat and ultimate failure, but also 

the prodromal period in particular. The objectives may now 

be stated with some clarity, namely (a) the relationship be

tween heat exposure and cardiovascular performance (Section 

5. 3), (b) the possible role of circulatory malfunction in the 

genesis of heatstroke (Section 5.4) and (c) in view of certain 

controversial aspects, the mechanism of cardiovascular failure 

(Section 5. 5) . The use of an animal model is obvious. 

A resume of the major findings of this study is presented in 

Figure 5.2. The occurrence of certain events is deduced from 

the literature while certain others are based on directly com

parable investigations, notably that of Burger (1972). The 

scheme presented is naturally not complete, nor is it intended 

to be so. Emphasis is placed on the establishment of three 

fundamental positive feedback loops (vicious cycles). 

The primary vicious cycle is initiated by at least two inde

pendent inputs, namely local thermally-induced tissue damage 

during the period of diminished splanchnic blood flow, and 

such factors which may collectively elicit autoregulatory 

escape of splanchnic constriction. The former input implies 
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that the primary event in the genesis of heatstroke is direct 

thermal damage, which may be aggravated by local hypoxia. Both 

clinical (Herman and Sullivan, 1959; Kew, 1969) and experi

mental (Burger, 1972) evidence suggests that the liver is the 

primary site of damage. However, the possibility exists that 

the abolishment of splanchnic vasoconstriction by autoregulatory 

escape may well potentiate a critical increase in core tem

perature and subsequent damage. Daily and Harrison (1948) 

regard the abolishment of splanchnic vasoconstriction as a 

significant event and, in as much as it may constitute an 

"impairment" of the circulation (Kew, 1976), this event may be 

of equal significance in the genesis of heatstroke. That the 

primary failure may well be of circulatory origin, is in agree

ment with the views of Frankel et al (1963) as well as those 

of Hubbard et al (1978). 

The findings of Burger (1972) may be interpreted to imply that 

the primary input is tissue damage to the organs of the splan-

chnic circulation. It is also conceivable that the crucial 

release of vasoconstrictor tone is referable to local damage. 

However, it is clear that although inapparent circulatory 

failure may not necessarily be implicated primarily, it s 

occurrence constitutes an important link in t he gen esis o f 

tissue damage. Circumstantial evidence therefore suggests 

that the establishment of the primary vicious cycle is of 

fundamental importance in the pathogenesis of heatstroke. 

The fall in vascular resistance may be regarded as an important 

consequence of the establishment of the primary vicious cycle 
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in as much as it may potentiate the secondary vicious cycle. 

In its mildest form, the second vicious cycle is manifested 

in a slight decrease in cardiac reserve (Daily and Harrison, 

1948), signs of cardiac damage (Kew et al, 1969) and normo-

or hypertension (Ferguson and O'Brien, 1956). In the 

strictest sense of the word, this is not a vicious cycle but 

rather the manifestation of the extent of cardiac compen

sation. Th~ prevailing situation substantiates the view that 

heatstroke may occur in the complete absence of signs indicative 

of circulatory failure (Minard and Copman, 1963). However, 

reduction in cardiac reserve, the extent of which is probably 

related to the intensity of the primary vicious cycle, may 

trigger the advent of the secondary vicious cycle, as in-

dicated in Figure 5.2. The inevitable outcome is cardiac 

failure and consequently, overt circulatory failure. 

The present findings suggest that the observed circulatory 

failure was directly attributable to the establishment of the 

secondaryviciouscycle and its occurrence therefore supports 

the extent of cardiac involvement referred to by Gold (1960), 

Moore et al, (1966) and by implication, Gilbert (1978). The 

establishment of the secondary vicious cycle is likely to re

present an advanced stage of heatstroke, as evidenced by the 

observation of O'Donnell and Clowes (1972), namely that in 

IOOre than 80% of cases of human heatstroke, death was pre

ceded by overt circulatory failure. 

Although direct thermal effects cannot be excluded (Shibolet 

et al, 1967; Sohar et al, 1968), tissue damage may be 
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aggravated -by the establishment of a tertiary vicious cycle 

{Figure 5.2) in accordance with the views of Belding (1967), 

and further compounded by a generalised hypoxic stage incident 

to hypotension {Kew, 1976). 

An analysis of Figure 5.2 indicates that the reduction in vas

cular resistance through the primary vicious cyle provides 

links that possibly lead to the establishment of both secondary 

and tertiary vicious cycles. Although the tertiary cycle may 

be initiated independently of the primary, it is nevertheless 

concluded that the pathogenesis of heatstroke is fundamentally 

related to the establishment of the primary vicious cycle. In 

this sense, inapparent circulatory malfunction constitutes a 

significant factor in the advent of heatstroke, although it 

may not be the actual trigger mechanism. 

The final question concerns the mechanism of circulatory 

failure. Firstly, circumstantial evidence does not support 

the contention that the primary factor in heatstroke is ex

clusively circulatory (vide supra). However, the present 

findings do suggest that the critical fall in total vascular 

resistance provides the most important link between those 

factors which potentiate the abolishment of splanchnic vaso-

constriction and gross tissue damage. The primary circul atory 

event is therefore peripheral in origin; not cardiac. However, 

it is also evident that cardiac damage, either covert or overt, 

heat-induced or "self-inflicted" {catecholamines?), is intimately 

linked to the reduction in vascular resistance incident to the 

release of splanchnic vasoconstrictor tone. For this reason, 



and in view of the controversies and confusion surrounding 

this aspect, it is proposed that the mechanism of overt 

cardiovascular failure in heat be explained in terms of a 

unified concept wherein cognizance is taken of the com

plexity of positive feedback interlocks. 

The scheme presented in Figure 5.2 is not complete and is 

probably an oversimplification. It is based on an animal 

model which, by implication, is cautiously extrapolated to 
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man. It considers neither variations in the environmental 

heat load nor the degree of physiological acclimatisation. 

It does not consider variables such as age or sex. It 

assumes an intact cardiovascular system. It is nevertheless 

concluded that it provides a simple, yet reliable framework 

which may serve to demonstrate clearly the association between 

the integrity of the cardiovascular system and the pathogenesis 

of heatstroke. 
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S U M M A R Y 

Heatstroke is characterised by a notoriously mercurial onset 

so that little or no knowledge of the prodromal period exists. 

This study, therefore, represents an attempt to elucidate 

some aspects of the prodromal period of heatstroke. In as 

much as the integrity of the cardiovascular system may be 

regarded as the most critical determinant of man's defence 

against an environment-induced elevation in body temperature, 

the current emphasis falls on cardiovascular function and mal-

function. The choice of an animal model is obvious. 

In this study anaesthetised male albino rats of about 275g 

were subjected to an environmental temperature of 45°c (am-

bient humidity) until circulatory failure occurred. During 

this period, body core and skin temperatures were monitored 

simultaneously with various electrocardiographic and haemo-

dynamic parameters of cardiovascular function. Myocardial 

oxidative capacity was assessed by the Warburg technique. In 

order to establish whether irreversible, albeit inapparent, 

changes might occur during the initial period of heat ex

posure, myocardial electrolyte balance (K+ and Na+) was 

measured (flame spectrophotometry} during heat exposure as 

well as up to 48 hours subsequent to heat exposure. Stat-

istical analysis of the data was performed by an analysis of 

variance, statistically significant findings being further 

subjected to polynomial regression analyses. 
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The influence of Na-pentobarbitone anaesthesia on normal 

thermoregulatory activity was investigated over the entire 

spectrum of thermal stress (normo-, hypo- and hyperthermia}. 

Although statistically significant changes were observed, the 

general impression is that the adverse effects of anaesthesia 

are abolished more rapidly during hyperthermia than in any 

other thermal condition. It was consequently concluded that 

the extent of suppression was negligible and that the experi

mental model, in a physiological sense, remained valid. 

An analysis of the results of the main study reveals the 

existence of three distinct, albeit overlapping, stages of 

circulatory responses. The first stage (0+50 minutes) is 

characterised by well-adjusted homeostatic compensation. 

Despite significant elevations in myocardial K+ and Na+ con

tent, these changes were found to be completely reversible 

on the basis of 48-hour survival studies. 

dative capacity remained unimpaired. 

Myocardial oxi-

The second stage (50-70 minutes) is characterised by the 

establishment of a hyperkinetic circulation. The elevation 

in mean arterial pressure, in the face of a further reduction 

in vascular resistance (abolishment of splanchnic vasocon-

striction) is tantamount to overcompensation. Circumstantial 

evidence suggests that sympathetic discharge becomes excessive 

and, as such, may constitute the primary trigger in eventual 

cardiac failure. Myocardial oxygen demand exceeds the supply 

thereof (ST-segment depression} while signs indicative of a 

metabolic derangement become evident (QTc-prolongation}. At 
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the end of this period, myocardial oxidative capacity (Q
0

) 
2 

is significantly reduced. This stage was associated with 

the advent of heatstroke and it is therefore concluded that 

the prodromal period may constitute a very rapid transition 

between uncomplicated hyperthermia and heatstroke. 

During the final stage, overt circulatory failure occurs. 

Myocardial oxidative capacity is severely depleted. The 

reduction in cardiac output exceeds the fall in mean arterial 

pressure, a finding which suggests that overt circulatory 

failure may be directly attributed to cardiac failure. In 

the absence of any electrocardiographic signs to the contrary 

{conductivity disturbances), it is concluded that cardiac 

failure is referable to acute metabolic dysfunction. 

The results of this study, in conjunction with the relevant 

literature, lead to the following final conclusions: 

a. The data in this study may cautiously be extrapolated 

to man. 

b. The primary sites of tissue damage are the organs of 

the splanchnic circulation. 

c. The abolishment of compensatory splanchnic vasocon

striction is instrumental in the genesis of the 

characteristic, widespread tissue damage associated 

with heatstroke. 

d. Inapparent circulatory failure may be masked by the 

general competence of the heart. Diastolic pressure 



is a poor reflection of changes in vascular 

resistance during this stage. 

e. Cardiac failure may be referable to a cate

cholamine-induced positive feedback loop, and 

damage may be compounded by the hyperpyrexic 

state. 

f. It is proposed that the mechanism of circulatory 

failure in heat be explained in terms of a uni

fied concept of failure which takes into account 

the successive interlock of several positive 

feedback loops, thus obviating the apparent con

fusion created by the term "cardiac or peripheral 

in origin." 
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0 P S O M M I N G 

Hittesteek word gekenmerk deur 'n uiters snelle ontstaan sodat 

weinig of geen kennis van die prodromale periode ingewin kan 

word. Die huidige studie verteenwoordig derhalwe 'n 

poging om sekere aspekte van die prodromale periode van hitte-

steek op te klaar. In soverre dat die integriteit van die 

kardiovaskul~re sisteem beskou mag word as die mees kritiese 

faktor in die mens se fisiolgiese verdedigingslinie teen 'n 

omgewing-ge1nduseerde toename in liggaamstemperatuur, word 

kardiovaskul~re funRsie en wanfunksie in die huidige studie 

beklemtoon. Die keuse van 'n diermodel spreek vanself. 

In die huidige studie is genarkotiseerde manlike albino-rotte 

van ongeveer 275g blootgestel aan 'n omgewingstemperatuur van 

45°c (heersende humiditeit) totdat kardiovaskulere ineen-

storting plaasgevind het. Tydens hierdie periode is ligg-

aamskern- en veltemperature gemonitor tesame met verskeie 

elektrokardiografiese en hemodinamiese parameters van kardio-

vaskulere funksie. Miokardiale oksidatiewe kapasiteit is 

bepaal deur middel van die Warburg-tegniek. Om vas te stel 

of onomkeerbare, dog onopsigtelike veranderinge tydens die 

aanvanklike blootstellings-periode intree, is miokardiale 

elektrolietbalans (K+ en Na+) bepaal (vlamspektrofotometrie) 

tydens hitteblootstelling asook tot 48 uur na blootstelling. 

Die resultate is statisties ontleeddeur middel van 'n analise 

van variansie. Statisties betekenisvolle veranderinge is 

vervolgens onderwerp aan 'n polinomiale regressie-analise. 
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Die invloed van Na-pentobarbitoonnarkose op normale tempera

tuurbeheer is oor die hele spektrum van termiese spanning 

ondersoek (normo-,hipo- en hipertermie). Hoewel statisties 

betekenisvolle veranderinge waargeneem is, is die algehele 

indruk verkry dat die nadelige effekte van narkotisering 

sneller opgehef word tydens hipertermie as tydens enige ander 

termiese toestand. Die afleiding is derhalwe gemaak dat die 

omvang van onderdrukking minimaal is en dat die eksperimentele 

model in 'n fisiologiese sin geldig bly. 

'n 0ntleding van die resultate van die hoofstudie dui daarop 

dat die kardiovaskul~re reaksies tydens hitteblootstelling 

onderverdeel kan word in drie duidelik afgebakende, dog oor-

vleuelende fases. Die eerste fase (0+50 minute) word geken-

merk deur doeltreffende homeostatiese kompensasie. 0ngeag 

die betekenisvolle toenarnes in miokardiale K+- en Na+-inhoud, 

dui die 48-uur oorlewingstudie op volkome ornkeerbaarheid. 

Miokardiale oksidatiewe kapasiteit verloop normaal. 

Die tweede fase (50-70 minute) word gekenrnerk deur die tot-

standkoming van 'n hiperkinetiese bloedsomloop. Die toename 

in die gemiddelde arteriele bloeddruk, in die teenwoordigheid 

van 'n verdere afname in vaskulere weerstand (opheffing van 

splangniese vaatvernouing), is verteenwoordigend van oorkom-

pensasie. 0mstandigheidsgetuienis dui op oormatige sim-

patiese ontlading wat, as sodanig, waarskynlik die prim~re 

snellermeganisme tot uiteindelike hartversaking is. Mio-

kardiale suurstofaanvraag oorskry die voorsiening daarvan 

(ST-segmentverlaging) terwyl tekens van metaboliese afwykings 
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waarneernbaar word (QTc-verlenging). Aan die einde van hier·· 

die fase is miokardiale oksidatiewe kapasiteit betekenisvol 

ingekort. Hierdie fase is geassosieer . met die totstand

koming van hittesteek en daar is gevolglik afgelei dat die 

prodromale periode 'n uiters snelle oorgang tussen ongekom

pliseerde hipertermie en hittesteek konstitueer. 

Die finale fase word gekerunerk deur uitgesproke kardiovas-

kul~re ineenstorting. Miokardiale oksidatiewe kapasiteit 

ondergaan 'n verdere in~orting. Die afname in die kardiale 

omset oorskry die afname in die gemiddelde arteriele druk. 

Hierdie waarnemings dui daarop dat die uitgesproke ineen

storting van die bloedsomloop direk te wyte is aan hartver

saking. In die afwesigheid van elektrokardiografiese tekens 

van geleidingsdefekte, is daar afgelei dat hartversaking toe 

te skryf is aan metaboliese wanfunksie. 

Op grond van die huidige bevindings, asook die betrokke lit

eratuur, is die volgende finale afleidings gemaak: 

a. Die bevindings van die huidige studie is met voor

behoud ekstrapoleerbaar na die mens. 

b. Die prim~re setels van weefselskade is die organe 

van die splangniese omloop. 

c. Die opheffing van kompensatoriese splangniese vaat

vernouing is instrurnenteel in die genese van die 

karakteristieke wydverspreide weefselskade geassosieer 

met hittesteek. 



d. Onopsigtelike kardiovaskulere ineenstorting mag 

verberg word deur die algemene intaktheid van 

hartfunksie. Onder hierdie omstandighede is 

diastoliese bloeddruk 'n swak parameter van vas

kulere weerstand. 

e. Hartversaking mag herlei word tot 'n katesjolamien

gelndusserde positiewe terugkoppeling. Hartskade 

kan verder gekompliseer word deur direkte termiese 

effekte. 

f. Daar word voorgestel dat die meganisme van kardio

vaskulere ineenstorting tydens hittespanning ver

klaar word in terme van 'n verenigde konsep van in

eenstorting waarin die opvolgende aaneenskakeling 

van verskeie positiewe terugkoppelingsiklusse in 

ag geneem word, 'n beskouing wat die klaarblyklike 

verwarring geskep deur die begrip "kardiaal of 

perifeer", elimineer. 
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A P P E N D I X 1 

STA TISTICAL ANALYSES OF THE INFLUENCE OF SOD IUM PENTOBARBITONE 

ANA ESTHESIA ON METABOL I C RATE 

Metabolic Rate (C/h/m2 ) 

NU NA HU HA cu CA 

24,60 16,25 15,89 8,18 17,21 19,87 

26,43 15,25 12,38 12,44 22,48 22,77 

21,69 13,10 13,77 11,97 21,40 17,40 

27,86 13,65 15,46 14,71 19,57 23,39 

20,95 15,25 17,92 13,71 19,85 20 , 18 

22,58 18,22 16,54 10,23 23 ,06 23,10 

22,33 16,28 14,62 8,95 15,22 20,75 

Mean: 23,78 15,43 15,23 11,46 19,83 21,07 

Prefix N: normothermia Suffix U: unanaesthetised 

H: hyperthermia A: anaesthetised 

C: hypothermia 

The above data were treated as a 2x3 factorial experiment. 

For purposes of identification, the · three temperatures (N,H a nd 

C) are referred to as T, the temperature factor, while A repres e nts 

the anaesthesia factor with two levels, •U and A. 

of variance of the data is given below: 

An analys i s 

Source of Variation d.f. Sums of Squares Mean Square F-ratio 

T 2 421,9470 210,9735 40,00 

A 1 138,1035 138,1035 26 , 18 

TA 2 16_0;·9560 80,4781 15,26 

Error 36 189,8868 5,2746 

Total 41 910,8933 
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From tables of the F-distribution it is clear that the main 

effects of T and A, and the interaction TA, are highly 

significant (at a level of significance of P = 0,01). 

The significance of the interaction TA implies that the effect 

of anaesthesia on the mean metabolic rate of animals depends 

on the temperature. To determine the nature of the dependence, 

the following procedures were followed after having summarised 

the mean metabolic rates for the respective groups: 

Temperature 
N H C 

Anaesthesia u 23,78 15,23 19i83 

A 15,43 11,46 21,07 

Difference (U-A) 8,35** 3,77* -1,24 

Significant at 1% level of significance. 

* Significant at 5% level of significance. 

These figures were compared with the critical values calculated 

using Scheff~•s method of multiple comparisons (Scheff~, 1959): 

The 1% critical value= 3,98 

The 5% critical value= 3,14 

A difference is significant if greater than the critical value. 

The following differences show the change in metabolic rate 

due to anaesthesia from one temperature to another: 



NU-NA-(HU-HA) NU-NA-(CU-CA) HU-HA-(CU-CA) 

Difference: 4,50 
M M 

5,01 

The critical value at a 1% level of significance is 

• 5,62 and 4,44 at a 5% level of significance. The respons e 

to anaesthesia changes significantly from N to H, N to C 

and H to C. 

22 9 . 
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A P P E N D I X 2 

STATISTICAL ANALYSIS OF THE INFLUENCE OF SODIUM PENTO BARBITONE 

ANAESTHESIA ON MYOCARDIAL OXYGEN CONSUMPTION 

For the purpose of subjecting the relevant data reported in 

Chapter 3 to an analysis of variance, the following designations 

were made: 

a. G (groups): c1 - normal control 

c2 - anaesthetised control 

b. I (incubation times): 10; 20; 30; 40; 50 and 60 minutes. 

c. E (experiments): 5 in each case, each ·experiment 

conducted in triplicate. 

Source of Degrees of Sums of Mean 
variation freedom squares square 

G 1 2,0694 2 ,0694~0 +* 
I 5 26,6263 5,3253*** 

GI 5 0,5561 0,1112 NS 

E 48 9,7832 0,2038 NS 

Residual 114 14,7818 0,1296 

Total 173 53,8168 

*** Significant at the 0,1% level 

NS Not significant. 

The analysis indicates that the difference in myocardial oxygen 

consumption between the two groups is highly s~gnificant (G). 

Moreover, myocardial oxygen consumption changes significantly 

over the period of incubation (I) but this change is not 

influenced by •anaesthesia (GI). Finally, repetitions within . 

an experiment did not exhibit significant differences (E). 
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A P P E N D I X 3 

OBSERVED F-VALUES FOR ANALYSIS OF VARIANCE OF BODY TEMPERATURE 

AND CIRCULATORY RESPONSES TO HEAT EXPOSURE 

Measurement F-value 

T 129,60 C 

T 116,68 s 

Tm 262,25 

s 59,09 

PQ 4,14 

QT 0,91NS 

QTC 5,53 

R-I 0,16NS 

R-II 1, 21NS 

R-III 0,18NS 

R-t 0,77NS 

S-I 0,33NS 

S-II O, 46NS 

S-III 0, 71 NS 

s-t l,12NS 

F-value 

Level of 
significance 

Measurement F-value 

QRS o . l,07NS 

QRS(mV) 0,61NS 

p 8,98 s 

Pd 3,80 

p 8,45 p 

Pm 6,83 

p 5,90 
X 

p 4,07 es 

p -P 11,21 
s es 

Sa/Da l,81NS 

T(S +D) a a 
l,33NS 

dP/dt max 
l,40NS 

dP/dtc l,09NS 

dP/dtmean 12,26 

f 16,67 

2,05 2,74 

5% 1% 

NS: Not significant 

Measurement 

QSl 

QSl-c 

PEP 

ET 

ET C 

PEP/ETC 

DT 

S1S2 

QS2 

S2Q 

QS2/S2Q 

f/P 
m 

sv 

Q 

R 

3,03 

0,5% 

N:Jl'E: The above abbreviations are explained in Appendix 5 

F-value 

4,62 

l,30NS 

12,19 

6,62 

1,79NS 

3,23 

10,64 

14,59 

14,42 

6,46 

l,80NS 

2,56 

2,36 

4,99 

3,46 



A P P E N D I X 4 

STATISTICAL ANALYSIS OF THE INFLUENCE OF HEAT STRESS ON 

MYOCARDIAL OXYGEN CONSUMPTION 

232. 

For the purpose of subjecting the relevant data reported in 

Chapter 4 to an analysis of variance, the following designations 

were made: 

a. L (levels of stress): B (40 min.); C (70 min.); D (80 min.). 

b. I (incubation times): 10; 20; 30; 40; 50 and 60 min. 

c. G (groups): c1 - normal control 

c 2 - anaesthetised control 

E - experimental animals 

d. E (experiments): 5 in the case of B (each in triplicate) and 

10 each in the case of C and D (each in 

duplicate). 

Source of Variation Degrees Sums of Mean 
of freedom Squares square 

L 2 20,8453 10,4226 *** 

I 5 137,7342 27,5468 *** 

123,1945 123,1945 *** 
IL 1 

*** 
IQ 1 13,9728 13,9728 

Remainder 3 0,5670 0,1890 NS 

LI 10 2,0890 O, 2089 NS 

G 2 18,9224 9,4612 *** 

LG 4 4,8710 1,2177 *** 

IG 10 0,7187 0,0719 NS 

LIG 20 0,4395 0,0220 NS 
* E 396 121,8370 0,3077 

Residual 450 38,4470 0,0854 

TOTAL 898 345,9041 
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* Significant at 5% level. 

** Significant at 1% level. 

* * * Significant at 0,1% level. 

IL = Linear component of fitted curve. 

IQ = Quadratic component of fitted curve. 

NS = Not significant. 

a. SIGNIFICANCE OF LEVELS OF STRESS 

Levels B C D 

Means 2,28 2,22 1,93 

TABLE OF DIFFERENCES 

C D Scheffe's method of multiple 

B 0,06NS 0,35 *** comparisons used to establish were 

C 0,29 *** significant differences. 

b. SIGNIFICANCE OF GROUPS 

Groups Cl c2 E 

Means 2,52 2,41 2,13 

c2 E 

0,11 *** 0,39 *** 
Cl 

*** 
Same as above 

c2 O, 28 

c. SIGNIFICANCE OF INCUBATION TIME 

Using the method of orthogonal polynomials it was found 

that a second degree polynomial could be fitted to the 

incubation time means. The table below gives observed 

means and corresponding fitted values. 

Time 10 20 30 40 50 60 

Observed Mean 2,84 2,40 2,05 1,90 1,79 1,72 

Fitted Value 2,82 2,41 2 ,09 1,88 1,77 1,74 



d. SIGNIFICANCE OF LEVELS - GROUPS INTERACTION 

Table of Means for LG Interaction 

B C D 

Cl 2,32 2,43 2,07 

c2 2,27 2,22 2 ,06 

E 2,26 2,01 1,66 

Table of Differences 

B-C B-D C-D 

c1-c2 -0.16 0,04 0,21 
MM 

C -E -0,36 
**M 

-0,35 *** 
1 0,01 

C -E -0,20 * -0,39 *** -0,19 ** 2 

Differences were tested using Scheffe's method of multiple 

comparisons. 

CONCLUSIONS 

234 . 

1. Levels of stress (L): There is a significant difference 

(P<O,l) between D and, Band c, respectively, but not 

between Band C with respect to mean Q0 . 
2 

to a combination of c1 ,c 2 and E. 

This applies 

2. Groups (G): Each of c1 ,c2 and E differ significantly 

(P<O,l) from one another. (See also Note 4 below). 

3. Incubation time (I): The mean decrease in Q0 over the 
2 

time of incubation follows a quadratic curve (See Figure 

4.7), and this pattern holds true for all groups irres

pective of the level of stress. 



4. Group and stress level interaction (LG): 

(a) The significant difference between c1 and c2 

described in 2 above is mainly attributed to the 

difference between c1 and c2 at level C. 

235. 

(b) The relative difference between c1 and c2 does not 

change significantly from stress level B to C and 

from B to D, respectively. 

(c) The difference between c1 and Eis not relevant to 

this study. 

(d) The relative change in mean Q0 between c2 and E 
2 

at stress level Bis not significant. However, 

this relative change becomes significant (P<0,5) 

when the level of stress is increased from B to C 

and even more so (P<O,l) when the level of stress 

is changed from B to D and from C to D, respectively. 
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A P P E N D I X 5 

ABBREVIATIONS 

A 

ALT 

AST 

A-V-0
2 

CK 

Body surface area 

Alanine aminotransferase (GPT} 

Aspartate aminotransferase (GOT} 

Arteriovenous oxygen difference 

Creatine kinase 

Carotid artery car 

cath : Catheter 

D 
a 

DB 

DT 

dP 

av 
dP/dtc 

dP/dtmax 

dP/dtmean 

EKG 

ET 

f 

F 

IVCT 

LD 

LOS 

m 

Diastolic area of pressure pulse 

Dry-bulb temperature 

Diastolic time 

Change in pressure 

Change in volume 

(dP /dt } ✓Pd max 
Rate of pressure change to anacrotic shoulder 
upon left ventricular ejection 

Rate of pressure change to peak systolic pressure 
upon left ventricular ejection 

Electrocardiogram 

Ejection time 

Heart rate 

Flow rate 

Intraventricular contraction time 

Lactate dehydrogenase 

Level of significance 

Body mass 

Not significant 

Phonocardiograrn 

Pre-ejection period 

Systolic pressure 

Diastolic pressure 

Pulse pressure 



p 
m 

p 
X 

Pes 
Q 

Qo 
2 

QRS 

QSl 

QS2 
R 

RH 

Rt 
RR' 

s 
Sa 
SD 

SEM 

s1s2 
S2Q 

st 
sv 
T 

T 
C 

Ts 
T 

m 
WB 

. . Mean arterial pressure 

Anacrotic pressure 

End-systolic pressure 

Cardiac output 

Myocardial oxidative capacity/oxygen 
consumption 

Mean QRS vector 

Electromechanical coupling time 

Electromechanical systole 

Total vascular resistanee 

Relative humidity 

Summated R waves (Leads I - III) 

Cardiac cycle length 

Body heat storage 

Systolic area of pressure pulse 

Standard deviation 

Standard e+ror of the mean 

Mechanical systole 

Electromechanical diastole 

Summated S waves (Leads I - III) 

Stroke volume 

Total area of pressure pulse 

: Core temperature 

Skin temperature 

Mean body temperature 

Wet-bulb temperature 
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A P P E N D I X 6 

RECOMMENDATIONS 

1. Despite having a common goal, many attempts to elucidate 

the pathogenesis of heatstroke result in apparent contro-

' 

versy. This seems largely referable to marked differences 

which encompass entire experimental models, and subsequent 

interpretations which are based only on such models and 

the specific parameters investigated, to the exclusion of 

others. The need for refined and flexible (animal} models 

is obvious, as evidenced in the recent studies of especially 

Hubbard and coworkers (Hubbard et al, 1974; 1976; 1977; 

1978}. 

2. The current study indicates that cardiovascular malfunction 

may constitute a major factor in the genesis of heatstroke. 

Circumstantial evidence suggests that sympathetic dis

charge and/or catecholamine release becomes excessive. 

Further elucidation of these aspects seems to hold con

siderable merit. 

3. The current study also places emphasis on the occurrence 

and implications of .inapparent circulatory failure or 

alternatively, the extent of cardiovascular compensation, 

and the recognition thereof. The further development and 

application of non-invasive techniques to assess cardio

vascular function, appears to be of paramount importance. 
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