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ABSTRACT 

The focus of this research was the reappraisal in physiological and 

psychophysical terms of current equivocal theories regarding the onset, 

course and termination of apneic bradycardia. 

Sixteen heal t hy male subjects participated in four separate testing 

sessions . Maximal oxygen consumption (VOz max) was measured on land 

and underwater using an identical direct, continuous progressive cycle 

ergometer test. On each of two other occasions subjects exercised in 

either environment at 50, 70 and 90% of the appropriate VOZ max, during 

which time heart rate was continuously recorded. An initial apneic 

bout at each exercise intensity was followed by performance of the same 

workload without apnea for an equivalent period of time. 

perceived exertion (RPE) were also monitored. 

Ratings of 

While apneic bradycardia occurred at each exercise intensity studied 

underwater , it was apparent only at 50% VOz max on land. With the 

exception of between 50 and 90% VOZ max on land, the mean apneic heart 

rates did not differ with varying exercise intensity (p<0.05); nor did 

the lowest heart rate recorded, although this was lower underwater than 

on land. Apart from 70% VOZ max on land, apneic heart rates were lower 

than the equivalent val ues measured during exercise without apnea. 

Land and underwater heart rates during apneic and non-apneic conditions 

did not differ until 90% VOZ max. The effects of increasing exercise 

intensity upon the onset of bradycardia were evident in that it occurred 

earlier at 50% VOZ max underwater than at the heavier workloads, and 

on ly at 50% VOz max on land. 
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The mean breath-hold duration did not differ between the land and 

underwater environments, nor was it affected by increasing exercise 

intensity. The order in which breath-holds was performed did not alter 

the length of apnea. 

Land and underwater RPE did not differ and increased with increasing 

exercise intensity in both environments. During apneic exercise RPE 

was greater than the equivalent exercise without apnea. 

Twelve of the original 16 subjects were divided equally into two groups 

on the basis of vital capacity expressed relative to body surface area. 

Vital capacity was measured during the first laboratory session. 

Neither the mean heart rate response to apneic exercise at 50% V02 max 

in both environments, nor the lowest heart rates recorded differed 

between groups, prompting the conclusion that lung volume did not affect 

apneic bradycardia. Despite a longer breath-hold duration for Group A 

(large relative lung volume) than Group B (small relative lung volume), 

the onset point of bradycardia was the same for either group when 

expressed relative to total breath-hold duration. 
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CHAPTER 1 

INTRODUCTION 

Bradycardia, defined simply as a slowed heart rate (Guyton, 1986), is 

evident in man under varying conditions. Any circulatory reflex that 

stimulates the vagus nerve may cause a reduction in heart rate (Guyton, 

1986). A slowing of the heart beat following training in athletes, for 

example, has been attributed to increased parasympathetic neural 

contribution (increased vagal tone) and decreased sympathetic activity 

(McArdle et al., 1986). Individuals with the carotid sinus syndrome 

demonstrate extreme bradycardia in response to mild pressure on the 

neck. In such cases an arteriosclerotic process in the carotid sinus 

region of the carotid artery causes excessive sensitivity of the 

neck 

vagal 

pressure receptors located in the arterial wall. Pressure on the 

elicits a strong pressoreceptor reflex, causing intense 

stimulation of the heart (Schrirer, 1966; Guyton, 1986). 

results are provoked by eyeball pressure (Julian, 1973) . 

Similar 

In such 

instances strong emotional excitation of the parasympathetic nerves to 

the heart and the vasodilator nerves to the skeletal muscle result in a 

slowing of the heart and a reduction in arterial pressure. 

A similar reduction in 

apnea, or breath-hold, 

(Magel et al., 1982; 

heart rate has been observed in response to 

immersion in water, and apnea during immersion 

Hayward et al., 1984). While the underlying 

mechanisms behind such a response have been the topic of some 

controversy, it is generally accepted that several factors combine to 

bring about the development of bradycardia under these circumstances 

-1-



(Song et aI., 1969; Magel et aI., 1982). Central to a multiple factor 

hypthesis is that the cessation of respiratory movement per se 

intitiates bradycardia by means of interactions between the respiratory 

centre and the cardiac autonomic centres in the central nervous system. 

This is then modified by a variety of neural, mechanical and chemical 

factors (Song et aI., 1969; Speck and Bruce, 1978; Lin, 1982). It has 

been suggested that the trigeminal nerve serves as the afferent pathway 

for some of these sensing systems (Andersen, 1963). 

According to Gross et al. (1976), a major role in the intitiation and 

potentiation of bradycardia in man during breath-holding is played by 

the carotid chemoreceptors. Gross and co-workers reported that patients 

who had undergone bilateral carotid body resection for the treatment of 

bronchial asthma experienced a progressive tachycardia during apnea, in 

contrast to a control group who demonstrated the typical bradycardia of 

normal subjects. These authors concluded that in normal apneic man, an 

antagonistic interaction exists between the carotid bodies, which 

mediate vagal bradycardia when stimulated, and other chemoreceptors such 

as the aortic bodies or 

when stimulated, can 

central nervous system chemoreceptors which, 

induce tachcardia. Thus the resulting 

breath-holding heart rate in normal man represents the domination of the 

carotid bodies over other tachycardia-producing reflexes (Gross et al., 

1976). 

Several other authors, however, have concluded that bradycardia, and 

other physiological adaptations such as peripheral vasoconstriction 

which are collectively known as the "diving reflex", occur partly due to 

apnea and partly due to nasal and facial receptor reflexes responding to 
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cold water (Brick, 1966; 

Bergman et a!., 1972). 

Hong et al., 1967; Str¢mme et al., 1970; 

According to Pauley (1968), bradycardia in 

response to apnea, fa ce immersion and apnea during face immersion can be 

related to two independent components. The first of these, termed an 

"apneic bradycardia", re lates changes in heart rate to inspired lung 

volume during apnea, "'hi Ie the second, a "cold bradycardia", is seen as 

varying in magni tude with the water temperature. 

The existence of an inverse re lationshi p between heart rate and inspired 

lung volume was observed by Angelone and Coulter (1965). These authors 

suggested that stretch receptors located in the lungs or thoracic wall 

initiated a reflex responsible for this phenomenon. In addition, a 

proportional relationship between inspired lung volume and the extent of 

bradycardia has been attributed to the influence of changes in 

intrathoracic pressure upon the cardiovascular system (Song et al., 

1969; Magel et al., 1982). Such theories emphasise the importance of 

the role of venous return which i s greatly influenced by intrathoracic 

pressure. Since intrathoracic pressure becomes more negative in 

proportion to the depth of inspiration, venous return is facilitated, 

thus enhancing stimulation of the sino-aortic baroreceptors, resulting 

in a slowing of the heart rate. Magel et al. (1982) demonstrated that 

breath-holding with a maximal inspiration (about 90% vital capacity) 

elicited a greater degree of bradycardia than apnea following a normal 

inspiration. In contrast, Kawakami et al. (1967) found that there was 

no difference in the heart rate response during apnea when subjects 

inspired maximally or held their breath at the end of an expiration. 

The view that the influence of intrathoracic pressure upon heart rate is 

of primary importance has been strengthened by reports that apneic 
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bradycardia can be converted to apneic tachycardia by elevating the 

intrapulmonary pressure during Valsalva (Song et al., 1969; Magel et 

~, 198Z). Craig (1963) observed that different Valsalva pressures 

elicited tachycardia which was proportional to the increased 

intrathoracic pressure. 

It would appear, however, that a systematic study involving a comparison 

of the heart rate res ponses of subjects with different absolute and 

relative lung volumes would yield useful information with regard to the 

effects of lung volume upon apneic bradycardia. Since the amount of air 

inspired into the lung appears to affect the heart rate by stimulating 

or depressing certain pressure receptors, it is possible that 

individuals with large lungs (absolutely and relative to body surface 

area) may demonstrate a different response to those with small lungs. 

Candler (1986) reported that female subjects with large lung volumes 

(expressed relative to body surface area) had significantly lower heart 

rates t han those with small relative lung volumes. This was true during 

apnea at rest on land and underwater, and when swimming and working 

underwater. A limitat ion of this study, however, was that the intensity 

of the exercise was not controlled. One of the aims of the present 

research was to further elucidate the effects of relative lung volumes 

upon bradycardia by means of stricter control measures than have been 

evident in past research. 

Several factors are considered to influence the bradycardial response 

during apnea. In summarising the bradycardia-modifying effects of 

various factors, Lin (198Z) stated that, in general, cold water, young 

age, large lung volume, low paZ' low intrathoracic pressure, and high 
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metabolic rate (also high immediate pre-breath-hold heart rate) 

potentiate apnea-induced bradycardia. Research investigating such 

influences has, however, yielded equivocal results. A number of 

authors, for example, have found bradycardia to be temperature-relat ed, 

with greater degrees of bradycardia occuring in cold than in warm water 

(Hong et aJ., 1967; Kawakami et aJ., 1967; Paulev, 1968; Moore et aJ. , 

1972; Magel et aJ., 1982). However, Hayward et aJ. (1984), after 

measuring diving bradycardia in 160 humans submerged in water 

temperatures from 0 to 350 C at 50 C intervals, concluded that temperature 

modulation of the dive response was very weak or nonexistent. Hayward 

and co-workers observed no dependency of bradycardial heart rate on 

water temperature over the whole 350 C range. It was suggested that most 

of the ear lier studies had involved facial immersion only, incomplete 

ranges of water temperatures and often a low number of subjects. 

Previous studies in this area have tended to demonstrate a lack of 

convention with respect to the evaluation of bradycardia in response to 

apnea, immersion and apnea during immersion. A major criticism of much 

of t he research to date has been that many of the cardiopulmonary 

changes during breath-hold dives are generalised from 

laboratory-conduct ed studies, often incorporating facial immersion only 

(Lin, 1984). As Craig (1963) pOinted out, diving for any animal i s a 

compound stress; for humans during apneic diving in a natural setting 

elevated sympathoadrenal activity may lead to exaggerated 

cardio-vascular responses (Lin, 1984) . Authors who have discovered the 

existence of bradycardia during apnea have found conflicting results 

when looking at the point at which bradycardia commences, its course and 

termination. While some authors have reported an immediate and rapid 
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drop in heart rate (Bove et al., 1968; Bergmann ~~, 1972; Lin, 

1982), others have found that bradycardia only developed 5 to 10s after 

the face or body was submerged (Stromme et al., 1970), and others still 

have observed an increase in heart rate immediately after subjects 

dived, followed by the development of bradycardia (Scholander et al., 

1962). According to Lin (1982), studies which have reported that there 

is a slow development of bradycardia in man refer not to the onset, but 

to the s low attainment of the maximal bradycardial response. Thus, much 

of the controversy surrounding this area may be due not only to the 

large variety of research protocols employed in the past, but in part to 

a lack of uniformity 

Magel et al . (1982) 

heart rates measured 

in the interpretation of the results obtained. 

pointed out that very often the influence of high 

immediately prior to breath-holding has been 

ignored, giving rise to misleading measures of substantial bradycard ia 

in response to apnea or apneic submergence. 

The large variety of experimental designs used, the results obtained and 

the explanations given for these results, tend to indicate that much has 

still to be clarified. An attempt to cl arify some of the existing 

discrepancies in the literature necessitated the rigorous control of 

those factors considered as being influential to the bradycardial 

response in man under various terrestrial and aquatic conditions. 

Central to the present study, therefore, was an attempt to standardise 

such factors as the depth of immersion, posture, the water temperature, 

the sex, fitness and underwater experience of the subjects, the 

intensity at which work was performed, both on land and underwater, and 

the ventilatory manoeuvres used prior to breath-holding. Only in this 
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way could meaningful statements concerning the phenomenon of apneic 

bradycardia be made. 

Finally, it would appear that in the past researchers have largely 

omitted any investigation of subjective reactions to apnea and apneic 

diving. Many neuromuscular and physio logical parameters have been 

suggested as contributing to effort perception during exercise. 

According to Lin et a l . (1974), psychological factors constitute the 

major determinants of the conventional breath-hold breaking point and 

may contribute to the wide range of breath-hold times reported in the 

literature. Since apnea has been cited as a primary causative factor in 

the development of bradycardia, the present study sought to achieve an 

integrat ion between physiological and psychological concomitants to 

apneic bradycardia. 

STATEMENT OF THE PROBLEM 

The focus of the present study was an attempt to reappraise current 

equivocal theories regarding the onset, course and termination of apneic 

bradycardia in physiological and psychophysical terms. The study aimed 

at establishing representative heart rate responses to apnea during 

work, both on l and and underwater. 

As individual differences in breath-hold duration may occur (Hayward et 

~, 1984) heart rates were examined at various percentages of total 

breath-hold time. This made possible the investigation of the onset, 

course and termination of the response in terms of both absolute time 

and as a percentage of total breath-hold time. Breath-hold duration 

itself was examined in order to establish whether changes in workload in 

either environment would affect the length of apnea. 
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Since it has been suggested in the past that a relationship exists 

between physiological parameters such as heart rate and ratings of 

perceived exertion (RPE; Borg, 1970), the research set out to 

investigate the effect that apneic responses had upon the subject's 

perception of effort as measured by Borg's RPE scale. 

In addition, an attempt was made to determine the effects of relative 

lung volumes, or more specifically, relative vital capacities, upon the 

parameters measured . In other words, under apneic conditions would 

subjects with large relative vital capacities exhibit different 

responses (in heart rate, breath-hold duration and RPE) to subjects with 

smaller relative capacities? 

In this study the terms "apnea" and "breath-holding" were used 

synonymously. The term "bradycardia" has been defined variously as 

simply a slowed heart rate (Julian, 1983; Guyton, 1986; McArdle et al., 

1986), a relatively slow heart action (Webster ' s, 1986) or a heart rate 
-1 less than 60 b.min (Neufeld et al., 1978; Arnold, 1985). For the 

purpose of this research, in which the effect of heart rates immediately 

prior to apnea were of importance, bradycardia was defined as a 

reduction in heart rate below the immediate pre-apneic level. Thus 

maximum bradycardia was determined as the minimum rate recorded during a 

given apneic condition that was below the pre-apneic level. 

RESEARCH HYPOTHESES 

The hypotheses generated in the present study were such as to enable a 

broad examination of terrestrial and aquatic phYSiological and 

psycholog i cal responses to apneic work of varying intensities. 
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Hypothesis 1 

There is no change in either the terrestrial or aquatic heart rate 

response under apneic and normal respiratory conditions, 

differing work intensities expressed relative to V02 max. 

during 

This hypothesis incorporated an examination of the heart rate both in 

absolute terms and relative to 10% increments of breath-hold duration 

with regard to the onset, course and termination of the bradycardial 

response. 

Stated statistically, the null-hypothesis was: 

1JH = 1JH ap wap 

Where UH is the mean heart rate response for subjects working at 

different intensities, either with apnea (ap) or without apnea (wap), 

under terrestrial and aquatic conditions. 

The alternative hypothesis was: 

Hypothesis 2 

There is no difference in breath-hold duration for subjects working at 

differing intensities under terrestrial and aquatic conditions. 

Stated statistically, the null hypothesis was: 
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Where UD is the mean breath-hold duration for subjects, and 50, 70 and 

90 represent work intensities (%) on land and underwater, expressed 

relative to V02 max. 

The alternative hypothesis was: 

Hypothesis 3 

There is no difference in the terrestrial or aquatic rating of perceived 

exertion (RPE) under apneic and normal respiratory conditions during 

work at differing intensities. 

Stated statistica ll y, the nul l hypothesis was: 

Where llR represents the mean 

during terrestrial and aquatic 

to V02 max. 

The alternative hypothesis was: 

Hypothesis 4 

ratings of perceived exertion 

work intensities (%) expressed 

obtained 

re lative 

To explore the effects of relative lung size it was hypothesised that 

the terrestrial and aquatic apneic heart rate responses of subjects with 

large relative lung volumes do not differ from those of subjects with 

small relative lung volumes at a given work intensity. 

Stated statistically, the null hypothesis was: 
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Where V was the population mean heart rate under terrestrial and 

aquatic conditions at a given work intensity. 

The alternative hypothesis was: 

DELI MITATIONS 

Sixteen healthy male subjects, mean age 20.9 years, participated in the 

study. Since i t has been suggested that the apneic heart rate response 

while submerged in water may be modified by one's experience in these 

conditions (Hong et aI., 1970; Oldridge et aI., 1978), the study sample 

was restricted to subjects with a minimum of six month's experience of 

underwater apneic activity, such as underwater hockey or spearfishing. 

Al l subjects underwent a direct measurement of maximal oxygen 

consumption using a cycle ergometer both on land and underwater, and 

took part in two apneic test conditions. Heart rate, breath-hold 

duration and ratings of perceived exertion were measured during maximal 

breath-holds while working on a cyc le ergometer at 50, 70 and 90 percent 

of V02 max in the two environments. 

On the basis of lung volume analyses the subjects we re then div ided into 

two groups: those with large vital capaciti es relative to body surface 

area (Group A) and those with small relative vital capacities (Group B). 

In order to ensure that these groups did have significant ly different 

lung volumes, with no overlap in the standard deviations, the number of 

subjects included in the subsequent analyses was reduced to twelve. In 
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this way, the specific effect of relative lung volume upon apneic 

responses was examined. 

LIMITATIONS 

While every effort was made to ensure rigorous control of the research 

in general, and in particular those factors considered as being 

influential to the heart rate response to apnea, the following 

limitations must be noted: 

1. Heart rate is extremely sensitive to a variety of factors, not a ll of 

which could be controlled prior to testing. Subjects were req uested 

to refrain from energetic physical activity, eating or smoking for at 

least one hour prior to each testing session, but apart from 

voluntary compliance with this request, external influences such as 

these were not controlled. 

2. The exact effects of water upon the resistance load on the ergometer 

and the additional resistance offered to pedalling whilst underwater 

were not calculated, thus power output underwater could not be 

precisely determined. Work intensity during apneic conditions was, 

however, calculated relative to the "situation limited" functional 

V02 max attained in each environment. 

3. During the apneic testing session, subjects performed an apneic 

followed by a non-apneic exercise bout at three different intensities 

(50, 70 and 90% V02 max). Although there was no way to evaluate the 

cumu lative effects of the six bouts, the influence of one upon the 

other was minimised by random presentation. A variable recovery 

period ensured the return of heart rate to the initial pre-exerc ise 
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level and allowed for the removal of lactic acid following each short 

exercise bout. 

4. Testing times were chosen as those convenient to the individual. 

Although this was between 9.30am and 3.30pm, with subjects in general 

maintaining the same time of day for each session, the effects of 

diurnal variat ion were not deliberately controll ed for. 
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CHAPTER 2 

REVIEW OF THE LITERATURE 

INTRODUCTION 

The bradycardia which accompanies apnea and apneic immersion in water is 

said to be a component of what has been descr ibed as an evolutionarily 

old reflex (Asmussen and Krist iansson , 1968): the mammalian dive ref lex. 

Together with a reduction in heart rate, this oxygen-conserving process 

incorporates peripheral vasoconstriction, redistribution of blood 

depressed metabolism and a decreased respiratory exchange 

(Kawakami et al., 1967; Lin, 1982; Schilling et al., 1984). While 

flow, 

ratio 

such 

responses are more profound in aquatic mammals and avian species, the 

dive reflex is said to exist in all vertebrates examined so far, 

differing only in intensity and tempo (Angell-James and de Burgh Daly, 

1972; Lin, 1982). Whether the bradycardial response to apnea in man 

constitutes part of a genera l oxygen conserving mec hanism is, however , a 

matter of debate. 

Wolf (1978) described the dive reflex as a "phylogenetically ancient and 

virtually universal oxygen conserv ing biological adaptation ", an 

adaptation which is often seen as applying to man, despite considerable 

attenuation of the physiological adjustments to apnea compared to other 

species (Scholander et al. , 1962; Irving, 1963; Kawakami et al., 1967; 

Wolf, 1978; Arnold, 1985). Support for the contention that this is a 

phylogenetically very old physiological mechanism is seen to lie in the 

fact that a similar cardiac response occurs when fish are made hypoxic 

in their natural environment, are taken out of water, or make routine 
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excursions out of water, as in the case of flying fish (Scholander et 

al., 1962; Angell-James and de Burgh Daly, 1972). Further support for 

this view is drawn from the process of human birth. Evidence exists to 

suggest that in the case of an asphyxiated fetus, fetal bradycardia may 

be followed by an acute rise in lactic acid immediately after birth, a 

process which appears similar to the acute rise in blood lactate as soon 

as recovery breathing starts in diving mammals such as the seal 

(Scholander et al., 1962) . This prompted Scholander and associates to 

suggest that fetal bradycardia in man represents a general defence 

mechanism against asphyxia which is fully developed at the time of 

birth. 

The similarities between man and many species of aquatic mammals in 

terms of physiological and morphological features have indeed been 

propounded within the framework of an evolutionary theory: that of the 

Aquatic Man (Hardy, 1960). This hypothesis attempted to provide an 

explanation for that blank per iod in human evolution now falling between 

Ramapithecus, dated around 9 million years ago, and Australopithecus 

afarensis, from about 4 million years ago. The aquatic theory envisages 

that during this period one hominid group embarked on a distinct path of 

evolution by adaptating to an aquatic environment (Morgan, 1982). When 

ecological situations favoured this at a later date, they returned to 

their earlier terrestrial lifestyle, but retained certain aquatic 

adaptations, of which t he dive reflex was one (Morgan, 1982; Morris, 

1982). 

While the concepts upon which the Aquatic Theory is structured are 

dubious, t he postulate that apneic bradycardia in man and the diving 
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bradycardia in animals are produced by a similar mechanism relating to a 

general oxygen conserving reflex, has been supported. Doubt has been 

expressed, however, as to whether man does possess the highl y controlled 

cardio-vascular response evident in diving mammals (Paulev and Hansen, 

1972; Magel et a!. , 1982). This response in diving mammals and birds 

involves strong and selective peripheral vasoconstriction, such that 

mean arterial pressure is relatively well maintained, despite a drastic 

drop in cardiac output. Si nce stroke vol ume is either unchanged, or 

drops only slightly, the reduction in cardiac output is approximate ly 

proportional to the accompanying fall in heart rate (Angell-James and de 

Burgh Daly, 1972; Lin , 1982). Vasoconstriction is so intense that 

blood flow nearly ceases in skin, skeletal muscle and the kidney. In 

th is way limited supplies of oxygen are conserved and preferentially 

channelled to the heart and brain, 

(Angell-James and de Burgh Daly, 1972; 

both sensitive to 

Lin, 1982). 

hypoxia 

It i s argued that the only well demonstrated response to apnea which man 

shares with other diving species is bradycardia (Craig, 1963). Cardiac 

output in man, for example, has been seen to decrease (Kawakami et a l ., 

1967) , to increase (Paulev and Weltergvist, 1968) or to remain unchanged 

duri ng apnea (Hong et a!., 1971 ; Li n et a!., 1979) . Further 

suggestions have arisen that peripheral vasoconstriction may not be 

causally related to the development of bradycardia (Song et al., 1969) 

and that already known physiological mechanisms may be accountable for 

the reduction in heart rate during apnea, rather than an 

oxygen-conserving reflex as such (Craig and Medd, 1968). Even where 

researchers uphold the view that the integrative circulatory responses 

to apnea in man are qualitatively similar to those seen in diving 
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species (Scholander et al., 1962; Angell-James and de Burgh Daly, 1972; 

Lin, 1982; Schi l ling et al., 1984), the existence of such a response 

may not be synonymous with oxygen conservat ion (Lin, 1982). In contrast 

to the prompt and rapid haemodynamic adjustments manifest dur i ng apnea 

in diving anima l s, the response occurs to a much lesser degree in man 

(Lin, 1982; Schil l ing et al., 1984), who shows an ineffective 

conservation of oxygen (Craig and Medd, 1968; Lin, 1982). Al though 

evidence suggests that reduced peripheral blood flow may accompany 

apnea, and particularly apnei c immersion, such a reduction is 

insufficient to reduce oxygen transfer. The transfer of oxygen from the 

blood to the tissues depends on the chemical environment of the blood 

and tissue (Li n, 1982). It has been demonstrated that the pulmonary 

exchange of oxygen during cycle ergometry is the same with or without 

apnea (Craig and Medd, 1968). Oxygen bound to haemoglobin is rapid ly 

released to the tissue dur ing apnea; this occurs i n spite of a reduced 

blood f low, since the chemical environment during apnea favours 

unloading of oxygen from haemoglobin (Lin, 1982). The ability of the 

organism to conserve oxygen in the face of apnea therefore depends on 

the complete cessation of blood flow to certain tissue beds (Lin, 1982). 

Despite equivocal opinions regarding the existence, extent and 

modification of apneic bradycardia, researchers are in general agreement 

that an unusual circulatory state does exist during breath-holding, 

particularly when accompanied by immersion in water. Whether this 

constitutes part of a phylogenetically ancient reflex, or whether it can 

be attributed to neural influences or mechanical changes in the 

cardiovascular system brought about by respiratory arrest per se remains 

unc lear. 
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THE INCIDENCE OF APNEIC BRADYCARDIA IN MAN 

Investigations of the apne ic heart rate in man and the explanations 

provided for the observed responses are many and varied. Wh i Ie 

exceptions to the rule do exist, it would appear that a bradycardial 

response to apnea at rest is reasonably well established, with a more 

pronounced reduction in heart rate occurring during apneic facial or 

whole body immers ion than during breath-holding on land . Where a 

reduced heart rate at rest is clearly established, however, the 

literature is extremely equivocal on t hose factors sa id to modify the 

response (see Table I). Equally as contentious have been reports of 

apneic heart rate responses to exercise in both terrestrial and aquatic 

environments. 

Breath-holding on l and by resting man has repeatedly been observed to 

result in bradycardia (Irving, 1963; Cra i g, 1963; Hong et a I., 1967; 

Paulev, 1968; Str¢nme et aI. , 1970; Bergman et aI., 1972; Paulev and 

Hensen, 1972; Speck and Bruce, 1978; Oldri dge et al., 1978; Gooden et 

al., 1978; Magel et al., 1982; Scott & Candler, in press). The degree 

to which the bradycardia is evident, however, appears to differ, with a 

pronounced response observed by some (Bergman et al., 1972; Oldridge et 

aI., 1978 ; Magel et aI., 1982; Arnold, 1985) and only a mild reduction 

recorded by others (Hong et al., 1967; Paulev, 1968; Str~me et al., 

1970; Gooden et al., 1978). The lowest human heart rate associated 

with apnea would appear to - 1 be 5.6 b.min ,that of a 41 year old male 

during facial immersion in ice water (0-2oC) (Arnold, 1985). Sove et 

~ (1968 ) observed that although apnea whi Ie resting on land resulted in 

bradycardia in adults, the same procedure fa iled to elicit a reduction 

in heart rate in children (8-14 yrs). Although bradycardia has been 
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Table I Examples of the controversy regarding apneic bradycardia and factors modifying the response. 

Source 

Craig (1963) 

Irvi ng (1963) 

Hard ing et al (1965) 
Angelone & Coulter (1965) 
Kawakami ~ (1967) 

Craig & Medd (1968) 
Song et al (1969) 

Str0mme et al (1970) 

Oldridge et al (1978) 

Wolf (1978) 

Magel et al (1982) . 

Hayward et al (1984) 

Sterba & Lundgren (1985) 
Gemma & Wells (1987) 

Land 
Bradycardia 

j 

x 

j 

x 

x 
J 

J 

j 

J 

Immersion 
Bradycardia 

J 

J 

J 

J 

x 

J 

J 

J 

J 

J 

./ 

Jx 

./ 

Remarks 

Underwater diving . irrespective of age and underwater 
experience independent of depth . 
At rest and during exercise; 
Greater bradycardia in experienced swimmers. 
At rest; immersion t o xiphisternal joint. 
At rest; related to inspired IUlig volume. 
At rest; facial immersion; rela ted to water 
temperature. 
Apnea during cycle ergometry. 
At rest; related to Inspired lung volume, intrapleural 
pressure and level of body submersion . 
At rest and during exercise; no relation to metabolic 
intensity or physical fitness. 
At rest and during exercise; related to underwater 
experience. 
Facial immersion . Related to water temperature 
inspired lung volume and psychological state. 
At rest. Related to water temperature and inspired 
lung volume . 
Sudden whole-body immersion . 
No relation to water temperature. 
At rest. Only in water temperatures below 32°C. 

During synchronised SWimming. 



demonstrated at rest in the seated, prone and supine positions (Paulev, 

1968; Bove et a I . , 1968; 

1982), Kawakami et al. (1967) 

Paulev and Hensen, 1972; Magel et a!., 

observed no significant changes in heart 

rate during apnea whilst seated at rest on land. A similar report was 

made by Raper et al. (1967). In contrast, reports of tachycardia in 

response to apnea at rest on land have been made (Harding et al., 1965; 

Campbell et a!., 1969). This was likened in one instance to the heart 

rate pattern which accompanies the Valsalva manoeuvre, where the effect 

of a fall in blood pressure on the arterial baroreceptors is to initiate 

a reflex increase in heart rate (Harding et aI:, 1965). 

Harding and associates found, however, that the tachycardial response to 

holding the breath in air was converted to a bradycardia on immersion in 

water. This reversal of the response occurred when the water was at the 

level of the xiphisternal joint. The contention that resting apnea 

dur ing immersion in water, particularly of the face, with or . without 

whole body immersion, results in more pronounced bradycardia than 

during breath-holding in air is widely supported (Olsen et al., 1962 ; 

Song et a!., 1969; Str0'mme et a!., 1970; Bergman et a!., 1972; Speck and 

Bruce, 1978; Gooden et al., 1978; Magel et al., 1982). The tachycardia 

normally evident on land during apnea with Val salva following a normal 

inspiration was not observed when the procedure incorporated facial 

immersion in 24°C water (Magel et a!., 1982). In addition, when 

Valsalva was performed following maximal inspiration, facial immersion 

produced significant bradycardia. 

In an examination of the relative importance of wetting the face 

compared with simple breath-holding or applying a cool facial stimulus 
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other than water during apnea, wetting of the face was considered to be 

an important factor in eliciting the most pronounced bradycardial 

response (Gooden et al., 1978), although the reason for this finding 

remained to be elucidated. Further evidence to support the relative 

importance of facial immersion has been cited in terms of a combined 

test manoeuvre, where, after a period of 40s of apnea in air, immersion 

of the face resulted in a further decrease in heart rate (Stramme et 

al., 1970). Reversal of the procedure led to a prompt increase in heart 

rate as the face was removed from the water, despite the cont inuance of 

apnea. 

Other researchers, however, observed that bradycardia during apnea in 

air was s imilar to that obtai ned with facial immersion (Brick, 1966; 

Paulev, 1968; Folinsbee, 1974 ; Oldridge et at., 1978) . The drop in 

resting heart rate which accompanied breath-holding was described as 

being triggered by apnea per se, with "secondary, and compa rative ly 

minor, augmentation with facial immersion" (Oldridge et at., 1978). An 

importa nt factor in this regard was that this was seen to hold true, 

provided the water temperature was greater than 250 C. Essentially the 

same heart rate response bradycardia - was found during apnea in air 

and with facial immersion in 250 C and 350 C water (Paulev, 1968), while 

immersion in cold water (less than 220C) accentuated th i s drop in heart 

rate. More recently, whole body immersion in cool (320 C) water was seen 

to elicit a marked reduction in heart rate (Sterba and Lundgren, 1985). 

The apparent facilitation of the response which accompanied immersion in 

water of varying temperatures led to the conclusion that bradycardia in 

response to apnea and apneic facial immersion was related to two 

independent components: an apneic bradycardia and a facia l immersion , 
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or cold bradycardia varying in magnitude with the water temperature 

(Craig, 1963; Brick, 1966; Paulev, 1968; Magel et aI., 1982). 

Several authors report that the bradycardia which accompanies apnea at 

rest persists in man during exercise (Scholander et al., 1962; Irving, 

1963; Hong et aI., 1967; Str¢nme et aI., 1970; Bergman et aI., 1972; 

Oldridge et aI., 1978; Finley et aI., 1979; Scott and Candler, in press) 

and may even surpass that observed during rest. Many of these studies, 

however, revealed a remarkable lack of rigour with regard to the 

quantification of exercise intensity either on land or underwater, 

together with a disregard for the standardisation of the exercise 

modalities used, often when comparing responses to both environments 

(see Table II). 

An early study stated, for example, that the bradycardia on immersion 

persisted in man in spite of "vigorous" underwater swimming 

1963). As Asmussen and Kristionsson (1968) later pointed out, 

if the recorded pre-apneic pulse rates were considered as an 

of intensity, it is unlikely that the exercise would 

(Irving, 

however, 

indication 

be termed 

"vigorous". A number of studies report the existence of a bradycardia 

during underwater dives accompanied by "kicking". Trochus shell divers 

off Thursday Island exhibited a heart rate reduction which was commonly 

one-half the pre-dive value during active dives to depths of 3-4 fathoms 

(approximately 5. 5 7.3m) (Scholander et al., 1962); this was 

considered to be somewhat more pronounced than the bradycardia which 

accompanied "quiet" apneic submersion. This observation differed from 

that of Hong et al. (1967) who pointed out, on the basis of their 

studies of five Korean Ama, that the relative reductions in heart rate 
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Table II: Examples of the controversial findings regarding bradycardia during apneic exercise. 

REFERENCE BRADYCARDIA REMARKS 

Schoiander et !!... (1962) J Active and passive (weight belt) dives (N;31) 

Craig (1963) delayed Active and passive dives (N;13) 

Irving (1963) J Slow and vigorous underwater swimming 

Sasamoto (1965) J passive Active and passive dives (N;?) 

X acti ve 

Asmusson Cycle ergometery, facial immersion only. (N;6). 
and Kristiansson j Intensity rel~\ive to pre-apneic HR of 100, 120 and 
(1968) 150-160 b.min . 

Craig and Medd (1968) 
X 

Underwater leg and cycling exercise. Absolute 
intensity (N;10) 

Str~e et!!... (1970) J Surface swimming . Intensity re lative to V02 (N;40) 

Bergman et!!... (1972) Cycling exercise (land) at 300 and 600 -1 

J 
kpm.min . 

Handgrip at 25% MVC (N;1 0) 

Paulev and Hansen (1972) 
X 

Under wa\er cycling exercise at 450 and 750 
kpm.min- (N;7). 

Oldridge et!!... (1978) J Cycle ergometry, facial immersion only (N;24) 

Finley et!!... (1979) 
J 

Cycle ergometry, facial immersion only (N;9). 60~ 
maximum work capacity. 

Gemma and Wells (1987) delayed Synchronised swimming (N;10) 

Lin (1988) X Literature review 

Scott and Candler (in press) j Underwater swimming and brick carrying (N;13) 



during a surface swim were similar to those seen during breath-holding 

in water at rest, while bradycardia occurred to a lesser extent during 

active dives to a depth of Sm. An earlier study of the Japanese Ama 

reported that in the Cachido, who dives to the sea bottom by her own 

effort, vagal inhibition was insufficiently strong to overcome an 

initial increase in heart r ate during this ma noeuvre, although 

bradycardia did develop over the duration of the dive (Sasamoto, 1965). 

In contrast, t he Funado, who descends to the sea bottom with the aid of 

a 1SKg mass, demonstrated an immediate bradyca rdi a, with no such 

transient increase. This concurs with the findings of Craig (1963), 

that consistent bradycardia accompanied dives made with the use of a 

weight belt to depths of 24m. He stated, however, that the onset of the 

response was slightly delayed, and attributed this to the effort 

required to descend, due to insufficient mass being used to accomplish a 

rapid descent. In an additional experiment tachycardia was ev ident with 

movement of the subject's f li ppers up and down at a moderate rate and 

force for 35s during an apneic dive following hyperventilation using 

100% oxygen. This author concluded that vagal inhibition was not strong 

enough to prevent an increase in heart rate 

under such conditions. A contrary report was 

associated with exercise 

made by Sasamoto (1965) 

using non-divers totally submerged in water, where kicking the lower 

extremities failed to prevent a decrease in heart rate, although the 

development of the response was more gradual than at rest. More 

recently, studies of apneic heart rates during the performance of 

synchronised swimming figures (Gemma and Wells, 1987; Takamoto, 1987) 

and during underwater swimming and brick carrying (Scott and Candler, in 

press) have tended to substantiate earlier suggestions that while a 
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significant decrease is evident over time, there is either a transient 

increase in heart rate or a delay in the onset of a bradycardial 

response during such manoeuvres. It has been suggested that whiie 

apparently contradictory reports of an immediate onset· of bradycardia 

upon apnea have been made, unlike those mentioned above, such studies 

generally involved subjects performing constant workloads in 

standardised positions (Gemma and Wells, 1987). 

The contention that bradyca rdia persists in man during exercise has been 

disputed. Lin (1988) states that increased metabolic demands duri ng 

apneic diving caused, for example, by exercise, lead to a rise in heart 

rate. In order to eludicate the effects of exercise per se upon the 

apneic heart rate response, researchers have attempted to examine the 

effects on the heart rate of breath-ho ldi ng during known working 

conditions, both on land and underwater. The observations of 

bradycardia during exercise made by earlier authors (Scholander et al., 

1962; Craig, 1963; Irving, 1963) have been criticised as being based on 

brief periods, so that a steady state was never reached, and as having 

no measure of intensity (Asmussen and Kristiansson, 1968). Asmussen and 

Kristiansson described a variable response to facial immersion during 

exercise of varying intensities, with some subjects having marked 

bradycardia and others having little or no change in heart rate. Where 

bradycardia was evident, the degree of heart rate reduction was smaller 

during heavy exercise than during light or moderate exercise, a factor 

which was related to the inability of subjects to hold their breath long 

enough at heavy work loads for bradycardia to develop fully . Similar 

variations in the apneic heart rate response to exerci se were reported 

by Paulev and Hansen (1972), where steady state exercise elicited a 
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small fall in heart rate only in the fittest subjects, and heavier 

workloads resulted in tachycard i a both on land and underwater. In 

each of these studies, however, the intensity of exercise was fixed in 

absolute terms. The relative intensity experienced by each individual 

would therefore differ according to the physical condition of each 

subj ect. Under similar experimental conditions to those used by 

Asmussen and Kristiansson (1968), later studies reported a significantly 

greater fall i n heart rate during apneic facial immersion accompanying 

exercise than at rest (Bergman et aI., 1972; Oldridge et aI., 1978). 

The exercise intensit ies were set by Bergman and co-workers at 300 and 

600 kpm.min- 1, classified by them as mild and moderate respectively. In 

each case decreases in heart rate accompanying apneic "wet dives" were 

significantly greater t han those during apneic "dry dives", performed by 

lowering the face into an empty basin. 

The intensity at which subjects worked during apneic facial immersion 

was determ ined relative to the individual by Finley et al. (1979). 

Apneic facial immersion during exercise at 60% of the individual' s 

maximal work capacity resulted in a 48% reduction in heart rate. Like 

Asmussen and Kristiansson, Bergman and co-workers and Oldridge and 

assoc iates , however, Finley et al . studied the apneic heart rate 

response to facial immersion during cycle ergometry . In each instance 

the subject remained out of the water: a basin of water was held so that 

he need only bend his neck to submerge his face. Although this has been 

termed a "simulated dive" (Asmussen and Kristiansson, 1968; Bergman et 

~, 1972; Finley et aI., 1979), such a procedure obviously has limited 

application with regard to apneic diving performed in situ, whe re the 

hydrostatic pressure, thermal and psycholog ical effects of whole body 

-26-



immersion cannot be discounted. Furthermore, the method used by these 

researchers does not account for the possible reflex slowing of the 

heart which may be caused by pressure on the carotid sinus when the neck 

is flexed. 

The effects of whole body immersion during apneic exercise of known 

intensity have been studied, both in absolute (Craig and Medd, 1968), 

and relative terms (Str0mme et al., 1970). Craig and Medd, whose 

subjects exercised by using the lower extremeties to lift weights a 

known distance by the use of a pulley system, observed that exercise led 

to tachycardia, the effects of which were decreased by about half as a 

result of apnea either on land or underwater. Since the exercise 

modality was identical in both environments, the comparison between the 

two conditions was valid in this case. Bradycardia was, however, 

observed in response to apneic swimming at a depth of approximately 3m 

(Str~me et al., 1970). The intensity of the activity was controlled 

relative to each individual by ensuring that breath-hold manoeuvres took 

place only once a steady state of swimming had been accomplished 

(stabilised heart rate). The pre-apneic steady state heart rates of 

approximately 120 b.min- 1 would indicate that a moderate exercise 

int ensity was attained. 

The i nfluence of isometric exercise on the apneic heart rate response is 

reportedly qualitatively and quantitatively different from the influence 

of dynamic exercise (Bergman et al., 1972). Heart rates were measured 

during a sustained isometric handgrip at 25% of maximum voluntary 

contraction (MVC) , during both "wet" and "dry" dives, as described 

earlier. Bradycardia was less severe than during resting dives. It was 
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concluded that the combination of isometric exercise and apnea yielded a 

simple sum of the responses that would be expected to each alone . In 

contrast, the apparently paradoxical combination of stimuli toward 

tachycardia (exercise) on the one hand, and bradycardia (apnea) on the 

other may result in a marked augmentation of the bradycardial response 

during dynamic exercise. Bergman and associates suggest that cardiac 

sympathetic responses may be more readily called into play during 

isometric exercise tha n during mild dynamic exercise. 

Two possible explanations for the increasing decrement with increasing 

heart rates during dynamic exercise have been proposed . The first 

involves an interaction between the vagus and sympathetic nerves whereby 

sympathetic tone may be directly reduced by an increase in vagal tone 

(Finley et al., 1979). Acetylcholine released by vagal traffic can 

result in a reduction of sympathetic activity (Levy, 1971), with the 

result t hat high background heart rates , seen for example during 

exercise, may produce a greater overall drop in heart rate. The second 

explanat ion lies in the modulation of vagal discharge by information 

available from afferents from many intracardiac and vascular receptors. 

This theory proposes, t hen, that heart rate itself could modulate t he 

apneic heart ra te by affecting inhibition of vagal discharge to allow 

greater vagal activity during apnea when background heart rates are 

greater (Finley et al . , 1979). 

It is suggested that many of the existing discrepancies with regard to 

apneic bradycardia, either at rest or during exercise, in terrestrial or 

aquatic conditions, are due in part to the large variety of research 

protocols emp loyed, and in part to a lack of uniformity in the 
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interpretation of the obtained results. Lin (1982) pOints out, for 

example, that computation of the heart rate change during apnea depends 

on how the predive valve is derived. Criticism levell ed at previous 

studies has included the fact that often the infl uence of a high control 

heart rate measured just prior to breath-holding has been ignored, 

resulting in reports of substantial bradycardia (Paulev and Hansen, 

1972; Mage l et al., 1982). A high percentage reduction in heart rate is 

likely only if the peak heart rate at the onset of breath-hold 

(inspiration) is taken as the pre-dive value; otherwise much smaller 

reductions are obtained (Lin, 1982). Lin cites an examp le where a 

relative bradycardia of 19% to 51% could be produced from the results of 

a single experiment, depending on the values taken for the 

pre-breath-hold heart rate. Th e determination of pre-apneic values is 

complicated by the heart rate change occuring in phase with respiration; 

thus it is imperative that computational procedures are made clear (Lin, 

1982). 

A furt her contributary factor to the controversy which accompanies this 

field of research is the adoption of two different approaches: that of 

the field physiologist working under natural conditions, and that of the 

laboratory worker attempt ing to examine the influence of a sing le factor 

under controlled experimental conditions (Paulev and Hansen, 1972). 

Often results are generalised from one situation to another: 

cardio-pulmonary changes during breath-hold dives, for example, deduced 

from studies conducted in the laboratory (Lin, 1984). In such an 

artificial setting the psychological and environmental stressors of 

actual diving, or whole body immersion are absent (de Moja et al., 

1987). Thus in many instances, relating to both approaches, cognisance 
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is not taken of t he entire network of causation. The result is a lack 

of control of many of those factors said to modify the apneic heart rate 

response. A large number of studies , for example, use both male and 

female subjects, often apparently without the researchers having 

established whether significant differences existed between apneic heart 

rate responses of the sexes. Similarly, in a random sample of 20 

reported studies, the overal l range in age of the subjects was from 6 to 

67 years, with the range within studies varying between 5 and 56 years. 

Since so ma ny factors are believed to modify the heart rate response, 

the implications of which will be discussed later, i t is essential that 

as many as possible of these be controlled if meaningful comparisons are 

to be made from one condition to another. 

THE ONSET AND COURSE OF APNEIC BRADYCARDIA 

In those studies where the existence of bradycardia during apnea is 

clearly estab li shed, there arise two further issues of contention: the 

temporal onset of the response, and the time course required for the 

maximal development of the response. 

The occurrence of an anticipatory bradycardia at times prior to 

breath-holding has been reported (Wolf, 1978; Gemma and Wells, 1987). 

In each case, anticipatory reductions in heart rate were measured just 

prior to facial immersion. This led Wolf to suggest that the whole 

process may be initiated from the forebrain, while Gemma and Wells 

attributed their observation to a conditioned response in antic ipation 

of immersion. They cite as evidence for their theory the conditioned 

bradycardia which can be produced in seals, alligators and other diving 

animals in response to sound or visual stimuli. In contradiction to 
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these reports, tachycardia has been measured in humans immediately prior 

to breath-holding, both with and without facial immersion (Hong et al., 

1970; Str¢nme et aI., 1970; Bergman et aI., 1972; Folinsbee, 1974; Magel 

et al., 1982; Hayward et al., 1984). This was described as being 

largely emotionally induced, but was attributed in part to a deeper 

inspiration before apnea (Bergman et aI., 1972). 

Much of the literature would contend that the onset of bradycardia is 

immed i ate upon apnea (I rv i ng, 1963; Kawakami et a I., 1967; Bove et a 1. , 

1968; Str,!lmme et aI., 1970; Paulev and Hansen, 1972; Landsberg, 1975; 

Lin, 1982 and 1988; Hayward et aI., 1984). Sudden whole body immersion 

into water also appears to produce an immediate bradycardia (Hayward et 

~, 1984) whilst swimming (Str¢nme et aI., 1970), diving (Irving, 1963; 

Landsberg, 1975), and facial immersion only (Kawakami et aI., 1967; Bove 

et al., 1968) have produced a similar result, prompting the conclusion 

that the changes in heart rate were so rapid they could only be reflexly 

initiated (Irving, 1963; Kawakami et al ., 1967). According to Lin 

(1982), the onset of bradycardia occurs within a few heartbeats 

following respiratory arrest. It is his opinion that where reports have 

indicated the slow development or establishment of a bradycardial 

response in humans, they refer not to the onset, but to the slow 

attainment of the maximal bradycardial response. 

The contention that bradycardia develops gradually during apnea, usually 

with a latency of 5-10s, is common to many studies (Craig, 1963; 

Asmussen and Kristiansson, 1968; Hong et al., 1970; Arnold, 1985; Gemma 

and Wells, 1987; Scott and Candler, in press). During dives to 

successively greater depths, ending at 24m, no variation in the degree 

-31-



of bradycardia was observed, but the onset of the response was delayed 

slightly with each deeper dive (Craig, 1963). In some studies a 

transitory tachycardia was observed, particularly in relation to apneic 

exertion of some form, followed by a progressive decrease in heart rate 

over the duration of the breath-hold (Scholander et al., 1962; Gemma and 

Wells, 1987; Scott and Candler, in press). This has been explained as 

being the consequence of a possible Val salva effect resulting from t he 

effort of submergence (Scott and Candler, in press), since the Valsalva 

effect during apnea is known to override the bradycardial response 

(Magel, et al., 1982). The measurement of the heart rates during the 

performance of synchronised swimming figures (Gemma & Wells, 1987) 

revealed that, in general, heart rates increased immediately after 

facia l immersion for each "figure" and only declined three to six body 

pos itions (movements) later. The decline in heart rate then continued 

throughout the duration of the breath-hold. A continued decline in 

heart rate over 120s of facial immersion was also reported by Magel et 

~ (1982). 

A prog ressively declining heart rate over the duration of the entire 

breath-hold is not commonly reported . Rather, the majority of 

researchers propose that once the maxima l bradycardial response is 

attained (ie. minimum heart rate), a plateau in heart rate is evident 

until termination of apnea. In contrast to both of the above, one study 

reported tha t having reached its lowest level within 30-40s, the apneic 

heart rate tended to increase (Hong et al., 1970). Difficulties also 

arise in determining that point at which the maximal response is 

attained. The reported time-course required for the development of a 

maximal response varies from within the first 10s (Sove et al., 1968; 
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Paulev and Hansen, 1972; Gooden et al., 1978), between 15-20s (Sasamoto, 

1965; Bergman et aI., 1972; Landsberg, 1975) , 20-30s (Folinsbee, 1974; 

Hayward et al., 1984; Arnold, 1985; Scott and Candler, in press), and 

even between 40 and 60s (Scholander et aI., 1962; Str011lme et aI., 1970). 

Much of the dispute concerning the attainment of a maximal response may 

be due to the tendency for researchers to consider absolute values only; 

in other words, that t he lowest heart rate occurs within a specific time 

following the onset of apnea. The magnitude of the heart rate reduction 

in humans depends on a variety of factors (Lin, 1982), the presence or 

absence of which may influence the temporal development of the response. 

Attempts have been made to relate both the degree of bradycardia and the 

length of t ime required for its attainment to the breath holding ability 

of t he individual. Since individual differences in breath-hold duration 

do occur (Hayward et a I . , 1984), and since the effects of prolonged 

duration upon the bradycardial response are as yet unclear, it is 

possible that differences in this regard may account for some of the 

existing discrepancy . The tendency of some authors to set a 

pre-determined breath-hold duration may produce misleading results in 

terms of the attainment of a maximal response. Paulev and Hansen 

(1972), for example, fou nd low heart rate levels to be reached within 

the first 6-8s of their 15s apneic periods. This would preclude the 

possibi lity of further reductions in heart rate had the apneic period 

· been longer. Scott and Candler (in press) in contrast, reported that 

the bradycardial effect became more pronounced after the first 20% of 

breath-hold duration and levelled off during the fina l 20% of apnea, 

thus accounting for individual differences in the duration of apnea. 
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Attempts to establish a relationship between the degree of bradycardia 

and breath-hold duration have yielded equivocal results. Asmussen and 

Kristiansson (1978) emphasised that the final level of bradycardia 

achieved during moderate and severe dynamic exercise appeared to be 

limited by the need to breathe: the degree of pulse slowing was less 

during heavy exercise, when breath-hold time was shortened, than during 

light or moderate work. Gemma and Wells (1987) found the degree of 

bradycardia increased significantly the longer the breath was held 

during synchronized swimming, whilst others have referred to individual 

variability in the degree of bradycardia depending on breath-holding 

ability (Landsberg, 1975; Oldridge et a!., 1978). Str(tmme et a!. 

(1970), whilst stating that the breath-hold duration during exercise was 

too short to allow a conclusion as to t he relation between the degree of 

bradycardia and breath-hold time, observed that the slowing of the heart 

appeared to reach a constant level after 30s. These authors stated that 

only within certain variable time limits could the degree of bradycardia 

be said to depend on the length of the breath-holding time. Others have 

denied the existence of a relationship between breath-hold duration and 

the extent of bradycardia. An examination of the effect of "diving" 

bradycardia upon breath-holding time revealed that even where 

breath-hold duration was shortened by as much as 55% in cold (200C) 

compared to cool (32oC) water, the reductions in heart rate were similar 

(28 and 26% respect i ve ly) (Sterba and Lundgren, 1985) . These 

observations corroborate others, where a similar lack of correlation 

between breath-hold time and the extent of heart rate was noted (Olsen 

et a!., 1962; Wolf, 1978; Hayward et a!., 1984). 
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Termination of apnea has led to a variety of effects on the heart rate. 

Recovery from resting and diving apnea has been described as an 

immediate increase to pre-apneic levels (Scholander et al. , 1962; Hong 

et al., 1967; Gooden et al . , 1978), although it has been reported that 

despite an immediate increase in heart rate, pre-apneic levels may not 

in fact be reached within 20s (Magel et al., 1982). 

According to Paulev (1968), the level to which heart rates rise depends 

on the transmural, thoracic pressures during apnea, with higher 

pressures resulting in lower post-apneic heart rates . Asmussen and 

Kristiansson (1968) found that the return to pre -apneic values after 

facial immersion was delayed, so that the lowest heart rates could be 

found once breathing had been resumed. 

It can be seen, therefore, that there exists a tremendous amount of 

disagreement in relation not only to the onset and course of apneic 

bradycardia, but to its very existence, either at rest or during 

exercise. Factors contributing to this can be summarised briefly as 

including the large variety of research protocols employed, a lack of 

uniformity in the interpretation of the obtained results and a disregard 

for the control of many of those factors said to modify the bradycardial 

response in man. 
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CONTROL OF THE HEART - CAUSES OF BRADYCARDIA 

The heart is inherently 

beat steadily between 

rhythmic. If left to this rhythmicity, it would 
-1 20 and BO b.min (McArdle et al., 1986). 

However, extrinsic controls of cardiac function faci li tate rapid changes 

in the heart rate in order to meet the demands of changing conditions 

and maintain homeostasis. 

Intrinsic regulation is initiated by specialised neuromuscular tissue of 

the heart. The heart beat is generated by the sinoatrial (SA) node, 

situated in the posterior wall of the right atrium. Each time a 

rhythmic impulse is generated in any single fibre of the SA node, or 

pacemaker, it spreads immediately into the surrounding atrial muscle. 

Impulses from the SA to the atrioventicular (AV) node are 

preferentially conducted by internodal tracts consisting apparently of a 

mixture of fibres similar to Purkinje fibres and ordinary muscle fibres 

(Jacob et al., 1982) . The AV node is located beneath the endocardium of 

the right atrium at the base of the interatrial septum. Here the 

impulse is delayed slightly t o provide sufficient time for the atria to 

contract and force blood into the ventricles (McArdle et al., 1986). 

The fibres which leave the AV node constitute the Purkinje system which 

includes the left and right branches of the AV bundle (Bundle of His) 

and the peripheral Purkinje network. These fibres transmit the impulse 

rapidly through the ventricles. Each ventricular cell is stimulated 

within about 0.06s from the passage of the impulse into the ventricles, 

resulting in a unified and simultaneous contraction of the entire 

musculature of both ventricles (McArdle et al., 1986). The electrical 

activity about the heart creates an electrical field throughout the 
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body, including the skin (McArdle et al., 1986). A graphic record of 

the heart's activity can be obtained by means of an 

(ECG) which records changes in electrical potential 

beat. 

electrocardiograph 

during the heart 

Extrinsic influences are superimposed on the inherent rythmicity and 

conductivity of the myocard ium (McArdle et al., 1986) . These originate 

in two cardiac centres located in the medulla: The cardioinhibi tor 

centre and the cardioaccelerator centre. The cardio inhibitor centre 

acts through the parasympathetic division of the autonomic nervous 

system (vagus nerve); the cardioaccelerator centre acts through the 

sympathetic divison. The changes in the activity of the heart are 

apparently brought about by reciproco l variations in the activity of 

these centres (Jacob et al., 1982). 

Anatomically, the efferent pathway of the autonomic system is unique. 

Whereas a skeletal muscle is innervated by a neuron with its cell body 

in the central nervous system and its axon extending without 

int erruption to the muscle, smooth muscle, the heart and glands are 

innervated by a two-neuron chain (Jacob et al., 1982). This comprises a 

pregang l ionic neuron with its cell body in the central nervous system 

and axon extending to a ganglion outside the central nervous system and 

a postganglionic neuron (Jacob et al., 1982). The cell bodies of the 

sympathetic postganglionic neurons are always located in ganglia of the 

sympathetic chain or in various other discreet ganglia in the abdomen or 

thorax, rather tha n in the excited organ itself (Guyton, 1986). 

Sympathetic nerves which function as augmenters of the activity of the 

heart consist of postganglionic neurons arising from cell bodies in 
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paravertebral ganglia (Jacob et al., 1982). These nerves supply mainly 

the thoracic viscera and the major part of the head and neck regions. 

The parasympathetic system, like the sympathetic, has both pre- and 

postganglionic neurons. Except in the case of a few parasympathetic 

cranial nerves, however, the preganglionic fibres pass uninterrupted to 

postganglionic neurons located in the wal l of the organ that is to be 

excited by parasympathet i c impulses (Guyton, 1986). Probab ly 75% or 

more of all parasympathetic nerve fibres are in the vagus nerve, passing 

to the entire thoracic and abdominal regions of the body (Guyton, 1986). 

However, the vagus nerve is not entirely parasympathetic in 

s ince it carries some voluntary skeletal nerve fibres to the 

and parhyngeal muscles and some afferent nerve fibres 

function, 

laryngeal 

from the 

pressoreceptors of the arteries and from stretch receptors of the lungs 

to the medulla (Guyton, 1986). The vagus nerve supplies parasympathetic 

nerves to the heart, pancreas and smooth muscles of the lungs and 

digestive tract (Jacob et al., 1982) 

The heart is well supp l ied with both sympathetic and parasympathetic 

nerves. These nerves affect cardiac function in two ways: by changing 

the heart rate and by changing the strength of contraction of the heart 

(Guyton, 1986). The atria are supplied by both sympathetic and 

parasympathetic nerves, the ventricles large ly by sympathet ic nerves. 

There is a basic functional difference between the respective 

postganglionic neurons of the parasympathetic and sympathetic systems. 

Increased stimulation of the sympathetic nerves increases the release of 

norepinephrine by the nerve endings and increases the impulse rate of 

the SA node (Jacob et al., 1982). The vagus nerve, on the other hand, 
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exerts a strong, continuous, restraining action on the heart (Jacob et 

~, 1982). Increased stimulation of the parasympathetic nerves 

decreases the impulse rate at the SA node due to an increase in the 

release of acetylcholine by nerve endi ngs (Jacob et a!., 1982). In 

addition, there is a reduction in the excitability of the AV junction 

fibres between the atrial musculature and AV node, thereby slowing 

transmission of the cardiac impulse into the ventricles (Guyton, 1986). 

Intense vagal stimulation can stop the heart for several seconds (Jacob 

et a!., 1982). 

The importance of parasympathetic efferents in the bradycardial response 

to apnea and apneic diving or facial immersion is wel l established 

(Angel l - James and de Burgh Daly, 1972; Gross et a!., 1976; Finley et 

~, 1979; Lin, 1982). In animals, either vagal section or atropine 

administration has abolished the bradycardial response (Finley et al., 

1979; Lin, 1982). Simi lar results have been observed in man following 

atropine administration, indicating a predominant parasympathetic tone 

(Heistad et a!., 1968; Astrand and Rodahl, 1977; Finley et a!., 1979) . 

Finley et al. (1979) reported that t he elimination of the bradycardia I 

response to facial immersion by atropine occurred both at rest and 

duri ng exerc ise. 

The effects of sympathetic influences upon the heart rate response to 

apnea and apneic diving are less clear. According to Finley et al. 

(1979), sympathetic influences during apneic facial immersion are 

reflected in a number of conc urrent phenomena: namely peripheral 

vasoconstriction and diastolic and systolic hypertension. These authors 

studied the effects of sympathetic blockade upon the heart rate response 
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in heart rate to those seen to facial immersion. Similar decrements 

without blockade occured under both B -blockade with proprano lol 

While reliable diastolic blood and ~ -blockade with phentolomine. 

pressure measurements were not obtained, systolic blood pressure was 

unaffected by facial immersion under ~-blockade. It was conc luded that 

while sympathetic stimulation may occur during apneic facial immersion, 

neither 0( - nor B -sympathetic stimulation are essential to the 

production of bradycardia. 

Earlier, Song et al. (1969) had suggested that peripheral 

vasoconstriction was not causal ly related to the development of 

bradycardia. This fo ll owed observations of identical decreases in 

forearm blood flow during apneic facial and apneic feet submersion in 

cold water, although the bradycardial response was only evident in the 

former condition. A previous study by Heistad et al. (1968) indicated 

that while arteria l blood pressure increased during face submersion, the 

bradycardial response did not parallel this rise in blood pressure. 

Furthermore, these authors reported that immersion of the face fol lowing 

the administration of atropine did not significantly alter the magnitude 

of the reduction in finger or forearm blood flow or the rise in arterial 

blood pressure observed before atropine. However, the bradycardial 

response evident before atropine did not occur. 

Such findings tend to question the validity of a mechanical theory which 

places emphasis on the role of systemic arterial blood pressure in 

initiating the bradycardial response via stimulation of the 

baroreceptors. The systemic arterial mechanoreceptors are located in 

the walls of a number of large arteries, especially the aortic arch and 
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carotid sinuses (Jacob et al.. 1982). Mechanical deformation of the 

walls of the vessels acts as the normal stimulus of these receptors; 

they are thus stretch receptors. and pressure as such is not an adequate 

stimulus (Astrand and Rodahl. 1977). However. an increase in the 

intravascular pressure does expand the vessel wall. thereby increasing 

the rate of impulse transmission from the receptors. The baroreceptor 

impulses inhibit the vasomotor centre of the medulla and excite the 

vagal centre (Guyton. 1986). Hence . the principal response to increased 

arterial blood pressure is vasodilation throughout the peripheral 

circulatory system. together with decreased cardiac rate and strength of 

contraction (Jacob et a!.. 1982; Guyton. 1986). 

The concept of increases in arterial blood pressure playing a primary 

role in the initiation of bradycardia by means of enhanced stimulation 

of the sino-aortic baroreceptors during apnea has been well subscribed 

to (Paulev. 1968; Speck and Bruce. 1978; Magel et a!.. 1982). Speck 

and Bruce (1978). for examp le . stated that an inverse relationship 

existed between heart rate and mean arteria l pressure. It has been 

suggested that the physiological mechanisms accountable for the 

development of bradycardia are related to changes in intrathoracic 

pressure and their effects upon venous return and diastolic filling 

(Paulev. 1968; Magel et a!.. 1982) . According to Song et a!. (1969). 

provided that no Valsalva manoeuvre is performed. intrathoracic pressure 

becomes more negative in proportion to the depth of inspiration. thus 

facilitating venous return to the right heart (Jacob et al .• 1982). In 

accordance with Starling's Law of the Heart. this should increase the 

stroke volume. and consequently systemic arterial pressure. thus adding 

a further stimulus to the baroreceptors (Craig. 1963; Magel et al .• 

-41-



1982). This is questioned by Folinsbee (1974), who suggests that there 

is an elevation of the intrathoraci c pressure during breath-holding, 

which causes a decrease in venous return and an accumulation of blood in 

the peripheral veins. Craig (1963) stated that when the breath is held 

following a maximal inspiration th ere i s an increase in intrathoracic 

pressure as the inspiratory muscles relax, at least to the extent of the 

relaxation pressu re of the lungs and thorax. Neverthe less, venous 

return from the abdomen continues to be enhanced by the pressure 

differentia l between the abdominal and thoracic cavities (Agostini and 

Rahn, 1960). 

From a mechanical point of view, water immersion induces more pronounced 

cardiovascular adjustments. When the body is immersed in water in an 

upright pos it ion, a graded hydrostatic pressure is exerted over the 

who le of the chest, least at the highest point and greatest at the 

deepest (Jarrett , 1965; Lin, 1982). The transdiaphragmic pressure 

increases due to a greater compression of the abdomen as compared to the 

chest (Song et al., 1969; Lin, 1982), resulting in a blood shift into 

the t horacic cavity. In creases in central blood vo l ume of approximately 

0.71 have been reported during head out water immersion (Lollgen et al., 

1980). In accordance with the above, Song et al. (1969) stated that the 

extent of apneic bradycardia obtained with the body immersed in 

different levels of water was proportional to the level of body 

submersion. These authors suggested that the importance of pressure 

differentials in relation to venous return was clearly indicated. 

Contradictory findings were, however, reported by Craig (1963) who 

observed that the degree of bradycardia evident upon immersion in water 

was not related specifically to depth. Although Craig observed a slight 
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delay in the onset of bradycardia the deeper the subject dived, he 

attributed th i s to the effort required by the subject to descend. 

Paulev (1968) reported that fol lowing maximal inspiration during whole 

body immersion negative intrathoracic pressure (defined as the pressure 

in the pleural space minus the atmospheric pressure), elicited 

positive bradycardia when the breath was held. In contrast, 

intrathorac ic pressures (+10 to +20 mmHg) induced tachycardia. It was 

proposed that under such conditions impaired venous return led to a fall 

in systemic arterial pressure and a subsequent lowering of the stimu lus 

to the baroreceptors (Paulev, 1968). Paulev observed a decrease i n the 

resting mean arterial pressure of 3S to 47% during Valsalva and 

concluded that this constituted a sufficient stimulus to the 

baroreceptros to explain the observed changes in heart rate. This 

viewpoint was supported by Mage l et al . (1982), who stated that the 

bradycardia or tachycardia produced during apnea either in air or during 

face immersion was related to the breath-hold condition. These authors 

observed that bradycardia was greater during apnea following maximal 

inspiration than following normal inspiration. However, tachycardia 

accompanying apnea was noted when subjects performed a Valsalva 

manoeuvre after both normal and maximal inspiration while seated on 

land. When subjects performed breath-holds wit h face immersion, 

bradycardia resulted in spite of Valsalva manoeuvres, with a greater 

response obtained in cold water (SoC) than in warm water (24oC). Magel 

and co-workers pOinted out, however, that the extent of bradycardia 

during face immersion was significantly less when intrapulmonary 

pressure was elevated during Valsalva than when apnea was performed 

under identical conditions with an open glottis. These findings were 
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attributed in part to a decreased stimulus to the sino-aortic 

baroreceptors as a result of dim inished venous return and lower systemic 

arterial blood pressure. 

As noted earlier, however, severa l authors have suggested that 

hypertension and peripheral vasoconstriction, the result of sympathetic 

stimulation, are not causally related to the production of bradycardia 

during apnea, since this response has been shown to occur without 

changes in arterial blood pressure, or peripheral vasoconstriction (Song 

et aI., 1969; Gooden, 1972; Fi nley et aI., 1979). While the systemic 

arterial baroreceptors may not be responsible for the initiation of 

bradycardia, it is like ly that this response is enhanced by the 

increased stimulation of the baroreceptors. According to Lin (1 982), 

hypertension is a consistent finding in man during breath-holding, and 

the magn i tude of the increase in mean arterial blood pressure is 

proport ional to breath-hold time. In contrast to Magel et al., (1982) 

and Paulev (1968), who attributed a r i se in arterial blood pressure to 

increased stroke volume, Lin stated that changes in cardiac output and 

stroke volume during apnea were insignificant from pre-breath-hold 

values, indicating that the enhanced preload of the heart (bradycardia, 

high central venous pressure and volume) was opposed by peripheral 

vasoconstrict ion. 

Several authors have pointed out that it is unlikely that anyone factor 

is solely responsible for evok ing a bradycardial response to apnea, 

immersion and apnea during immersion (Song et al., 1969; Angell-James 

and de Burgh Daly, 1972; Gross et al., 1976; Speck and Bruce, 1978; 

Magel et al., 1982; Lin, 1982). Rather, it is a complex integration by 
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the central nervous system of the inputs from several receptor groups 

that is responsible for control of the heart and circulation 

(Angell-James and de Burgh Daly, 1972; Gross et al., 1976). 

Investigations into the causes of apneic bradycardia may have been 

compounded by the fact that in many situations the effector response to 

a given change of a single input has been studied under controlled 

experimental conditions. As Angell-James and de Burgh Daly (1972) point 

out, the results may be quite different when accompanied by 

simultanteous changes in other cardiovascular or respiratory inputs. 

Thus they suggest that although the role of the baroreceptors may be 

only of secondary importance in initiating bradycardia in terrestrial 

vertebrates, the possiblity exists that a resetting of the baroreceptor 

reflex occurs upon immersion in water: 

By this is meant that the curve representing the normal 
relationship between mean arterial pressure and heart rate 
is shifted in such a way that at the same blood pressure the 
heart rate is lower, compared with the pre-dive value 
(Angell-James and de Burgh Daly, 1972, pp 333). 

In addition, Guyton (1986) states that since some signals that pass down 

the vagus nerves to the heart can bypass the vasomotor centre, the 

relationships that exist between constriction, pressure and heart rate 

are not invariable. 

In contrast to those authors who describe the initiation of apneic 

bradycardia in terms of the mechanical and haemodynamic properties of 

the cardiovascular system, others propose a neural theory by means of 

explanation (Andersen, 1963; Anglell - James and de Burgh Daly, 1972). 

While it is accepted that the vagus nerve constitutes the efferent 

pathway of the bradycardial response, it - is suggested that afferent 
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impulses responsible for the initiation of the response are mediated by 

the trigeminal nerve (Andersen, 1963; Str0lTlme et aI., 1970; 

Angell-James and de Burgh Daly, 1972). Following studies using 

decerebrated ducks, Andersen (1963) conluded that the cardiovascular and 

respiratory responses to immersion were medullary reflexes and as such 

did not require cortical or thalmic integration of sensory information. 

He po inted out, however, that basic reflexes may be influenced by 

activity in higher centres. Furthermore, Andersen observed that in 

decerebrated ducks in which all trigeminal branches to the region of the 

beak had been severed, no 

be detected. It was 

circulatory or respiratory adjustments could 

suggested by this author that circulatory 

modifications were elicited by water per se, acting upon receptors 

located in the beak of the duck . He was, however, unable to provide 

information concerning the exact nature of such receptors. Andersen's 

observations were substantiated by Angell-James and de Burgh Daly 

(1972), who reported that mechanical, electrical and chemical 

stimulation of the nose led to bradycardia in the dog, cat, rabbit and 

in man. It was suggested that receptors in the nasal mucus membrane 

were responsi ble for the stimulation of 

leading to bradycardia. Similar, 

t he trigeminal nerve 

although somewhat 

ref! exes 

reduced 

cardiovascular reflexes from the nose were evident even when apnea was 

prevented by ma intaining pulmonary ventilation constant with a pump. 

According to Paulev (1968), however, a trigeminal reflex with unknown 

receptors could not be held responsible for the bradycardia seen to 

occur as a result of apneic facial immersion in man. Rather, he drew a 

clear di st inction between a human "face immersion bradycardia", which he 

suggested was temperature dependent, and the "trigeminal bradycardia" 
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observed in ducks. Paulev was of the opinion that such bradycardia as 

was evident in man was attributable to the combined influences of two 

factors: that bradycardia produced by the apnea per se, and that related 

to the temperature of the water in contact with the face. 

Although Angell-James and de Burgh Daly (1972) caution against inferring 

from one species to another, several other authors confirm the role of 

facial receptors stimulating trigeminal reflexes as being of primary 

importance to the initiation of apneic bradycardia in man (Kawakami et 

~, 1967; Strzmme et al., 1970; Speck and Bruce, 1978; Caputa and 

Cabanac, . 1979). While only speculating about the exact mechanism 

invol ved, Kawakami et at. (1967) and Str.0'mme et at. (1970) suggested 

that the rapidity with which the cardiovascular responses occured 

implied that the changes were due to a reflex . Str~me et al., too, 

proposed that peripheral receptors in the face and nose may be the site 

of the afferent signal, since the removal of a face mask produced a 

sudden decrease in heart rate both during apnea at rest and during 

apneic underwater swimming. Strzmme et al. (1970) were of the opinion 

that the sensation of wetness on the face was important in eliciting a 

bradycardial response. 

Suggestions have been made, however, that the stimulus for bradycardia 

may be face cooling, rather than water contact as such (Kawakami et al., 

1967; Le Blanc et a I., 1976 and 1978; Speck and Bruce, 1978; Caputa 

and Cabanac, 1979). Le Blanc et al. (1976) reported that fanning the 

face with cold air was sufficient to produce bradycardia, while Kawakami 

et al. (1967) considered cold receptors in the face to be the main 

triggering factor in the bradycardial response to immersion. This was 
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substantiated by Speck and Bruce (1978), who reported that apneic 

bradycardia was less when facial contact with water was prevented by the 

use of a facemask, than when water was allowed to touch the face. 

Research by Harding et al. (1965), however, demonstrated that although 

tachycardia was apparent upon breath-holding in air, this response was 

reversed with the body immersed in water to the level of the neck, and 

as such facial immersion was not an essent ial element. 

The influence of facial cooling and water contact on the face is thought 

by many to be a minor modifying factor. The essential element in the 

initiation of apneic bradycardia in man is considered by several authors 

to be the cessation of respiratory movement per se (Harding et al., 

1965; Hong et aI., 1967; StrXlfnme et aI., 1970; Oldridge et aI., 1978; 

Lin, 1982). 

In their research involving dogs, Angell-James and de Burgh Daly (1972) 

demonstrated that the bradycardia which developed during apneic asphyxia 

was contingent upon there being no increase in the movement of the 

lungs. Supporters of this explanation of the initiation of bradycardia 

generally recognise that while respiratory arrest may be vital to the 

production of bradycardia in man, the process is then subjected to 

modification by various neural, mechanical and chemical factors (Lin, 

1982). This forms the basis of a proposed multiple-factor hypothesis 

(Song et al., 1969). Thus, Speck and Bruce (1978) state that when apnea 

is accompanied by facial cooling the two factors act synergistically to 

produce a significant decrease in heart rate. Similarly, others point 

out that immersion in water reinforced the bradycardia developing during 

breath-holding (Hong et aI., 1967; Paulev , 1968; Str0'mme et aI., 1970; 
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Oldridge et al., 1978; Magel et al., 1982). As pOinted out earlier, 

some attribute the enhanced bradycardia evident with immersion in water 

to the effects of water contact with facial receptors, whilst others 

adopt a mechanical explanation, choosing to describe the magnitude of 

the bradycardia produced in terms of varying intrathoracic pressures, 

and their resultant effects upon the cardiovascular system. Craig 

(1963) pOinted out that changes in heart rate may not be due to the act 

of breath-holding per se, but rather to associated changes in 

intrathoracic pressures. 

The respiratory manoeuvre of breath-holding may be executed with various 

intrathoracic pressures depending upon the degree of lung inflation at 

the time of respiratory arrest. Several authors contend that 

bradycardia is greatest when the breath is held following a maximal 

inspiration (Angelone and Coulter, 1965; Kawakami et al., 1967; Song 

et al., 1969; Magel et al., 1982). Possible reasons put forward to 

explain this include the likelihood of decreased intrathoracic pressure 

and increased transdiaphragmatic pressure occuring with increased 

inspired lung volume and subsequently influencing the cardiovascular 

system, together with the possible existence of stretch receptors in the 

lungs or thoracic wall which initiate a reflex slowing of the heart 

(Angelone and Coulter, 1965; Song et al., 1969; Magel et al., 1982). 

In relation to such stretch receptors, Angelone and Coulter (1965) 

proposed that lung volume may play a role independent of the 

intrathoracic pressure . Their research demonstrated that a typical 

cardiac arrhythmia was associated with various lung volume changes. 

This was seen to occur with or without a thoracic circumference change, 
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leading the authors to conclude that thoracic circumference was related 

to changes in heart rate only in so far as it reliably indicated lung 

volume. 

A further proposed explanation for the effects of apnea per se upon the 

heart ra te has been the possible irradiation of impulses between the 

respiratory and cardiac 'centres' in t he brain (Angell-James and de 

Burgh Daly, 1972) . According to Guyton (1986), for example, almost any 

factor that increases the activity of the vasomotor centre has at least 

a moderate effect on increasing respiration. Angell-James and de Burgh 

Daly ( 1972) point out that impulses arising from the respiratory centres 

during ins pirat ion 

tachycardia. It is 

cause inhibition of the vagal centre and 

possible, however, that removal of this 

hence 

effect 

during apnea, may in certain circumstances and in conjunction with other 

modifying factors be strong enough to cause a degree of bradycardia. 

Furthermore, in contrast to those authors mentioned earlier, 

Angell-James and de Burgh Daly (1972) state that inflation of the l ungs 

causes tachycardia by means of a reduction in vagal tone. They observed 

in dogs that if the activity of such a pulmonary vagal reflex was 

reduced, for example, by apnea in the expiratory position, the 

bradycardial response was enhanced. Similar findings were reported in 

ma n by Wolf (1978), who noted that bradycardia upon facial immersion was 

most pronounced when the breath was held after exhalation. Such results 

do, however, appear to contradict the majority of researchers in this 

area, who claim that inflation of the lungs prior to apnea serves to 

enhance the bradycardia by means of those mechanisms described earlier. 
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The process of apneic bradycardia is thought to be further influenced by 

the effects of the arterial chemoreceptors situated in the carotid and 

aortic bodies (Kawakami et al., 1967; Stramme et al., 1970; 

Angell-James and de Burgh Daly, 1972; Gross et aI., 1976; Lin et aI., 

1983). Some controversy exists, however, as to the separate cardiac 

effects of the ca rotid and aortic bodies. Gross et al. (1976) point out 

that while these chemoreceptors exert similar pressor influences on 

vasomotor f unct ion , their cardiac effects are usually opposite; carotid 

body stimulation in dogs has been seen to produce bradycardia, and 

arotic body stimulation tachycardia. This pattern of heart rate 

responses was not consistent with t he results of Angell-James and de 

Burgh Daly (1972), who reported a bradycardial response to selective 

stimulation of both sets of chemoreceptors . Gross et al. (1976) 

observed that in human subjects who had undergone bilatera l carotid body 

resect ion, the typical heart rate response to breath-holding was a 

marked tachycardia. Earlier studies had suggested that although 

asphyxia may not be a major factor in eliciting the bradycardia seen 

during apneic facial immersion, t he hypoxia and hypercapnia arising 

during breath-holding served to intensify and maintain the response 

(Kawakami et aI., 1967; Str£lmme et aI., 1970). 

It can be seen, therefore, that in normal apneic man the typical heart 

rate response is the result of a comp lex integrati on of factors (see 

Figure 1) many of which enhance the effectiveness of others. 

Furthermore, the strength of the bradycardial resonse is indicated in 

that the cardiovascular responses concomitant with apnea or apneic 

facial immersion would appear to occur in the face of often antagonistic 

influences. Thus, Gross et al. (1976) conclude that the characteristic 
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heart rate response to breath-holding in man represents the domination 

of inf luences such as the carotid bodies, which mediate vagal 

bradycardia, over other tachycardia-producing reflexes. An example of 

such domination may occur in the case of the Bainbridge Reflex. This 

constitutes a homeostatic reflex mechanism that causes acceleration of 

the heart beat follow ing an increase in blood pressure in the venae cava 

and right atrium (Webster's, 1986). Stretch of the right atria l wall 

may increase the heart rate by as much as 10 to 30% (Guyton, 1986). 

Since an increase in blood pressure in these areas is likely to occur as 

a consequence of the shift in blood vo lume that occurs with apnea and 

immersion in water, it is possib le that this reflex is "overridden" by 

factors such as those mentioned earlier. A further example of the 

cardiac reflex associated with apnea and apneic immersion exists in 

relation to the arterial chemoreceptors. Such receptors normally play 

an important role in the control of respiration. During water 

immersion, however, their known stimulant action upon the respiratory 

centres appears to be partial ly or wholly blocked, whilst their 

contribution to the production of the cardiovascular responses wou ld 

appear to dominate (Angell-James and de Burgh Daly, 1972). 

MODIFYING FACTORS 

Temperature 

The effects of environmental temperature upon apneic bradycardia are 

bel ieved to be of considerable importance both to the rate and extent of 

heart rate slowing. They are particularly relevant to water immersion 

where the specific heat is 1 000 times, and thermoconductivity 25 times 
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greater than those of air; as a result , heat loss occurs faster in water 

than in air of the same temperature (Hong, 1984). 

, 
A number of researchers contend that apneic bradycardia is 

temperature-dependent. Indeed, in exp laini ng the ini tiation of such a 

response, several authors have proposed that it comprises two 

independent components: an "apneic bradycardia", varying in magnitude 

wi th the lung vo I ume and i ntrathoraci c pressure; and a "co Id 

bradycardia", the size of which depends upon environmental temperatures 

(Paulev, 1968; Speck and Bruce , 1978; Magel et aI., 1982). Cold 

temperatures, particularly with regard to facial immersion, are said to 

potentiate the reduction in heart rate (Olsen et al., 1962; Kawakami et 

aI., 1967; Hong et aI., 1967; Paulev , 1968; Song et aI., 1969; Speck and 

Bruce, 1978; Magel et al., 1982; Hong, 1984; Lin, 1982 and 1988). 

However, the range within wh ich, or a critical temperature at which the 

reduction in heart rate is augmented, have not been identified. Apneic 

bradyca rdia is a multifactorial phenomenon, and the tremendous diversity 

in protocols used may have hindered efforts to do so. Rather than set a 

spec ific temperature range, earlier researchers proposed that the 

bradycardial response to apnea was augmented by immersion in water 100 C 

below body temperature (Olsen et aI., 1962). Kawakami et al. (1967) 

later suggested that temperature effects upon bradycardia were mediated 

via facia l co ld receptors which showed a most prominent discharge at 

In terms of thermoreceptor excitation, temperatures of 

between 15-300C would result in cOld-receptor st imulation, whereas 
. 0 

temperatures as low as a C would evoke pain- rather than cold-receptor 

stimulation. The most efficient range in producing bradycardia with 
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non-painful stimuli was described as being between 1S-2SoC (Str.0'lTlme et 

~, 1970), or 10-2SoC (Caputa and Cabanac, 1979) . However , experiments 

which have reported that the bradycardia of face submersion was greatly 

potentiated by lower temperatures (SoC) indicate that further work in 

this area is necessary (Hong et al., 1969; Hong et al., 1970; Moore et 

~,1972; Magel et aI., 1982). 

The application of ice to the face during apnea has produced further 

contradictory results. Whereas decreasing water temperatures during 

apneic facial immersion caused an increasingly profound bradycardia, 

heart rate responses when the subject's face was positioned on a plastic 

bag containing ice did not correspond with this trend (Kawakami et al., 

1967; Speck and Bruce, 1978). This may be explained by the fact that 

ice represents a noxious stimulus, exciting nociceptors rather than cold 

receptors (Speck and Bruce , 1978). However, Arnold (198S) reported that 

facial immersion in ice water (0-20 C) frequently produced asymtomatic 

heart rates of less than 12 b.min- 1. 

al. ( 1967) may help clarify this 

A suggestion made by Kawakami et 

apparent contradiction. While 

acknowledging the role of pain receptors at very low temperatures, these 

authors stated that the plastic in which the ice was contained in their 

study was not a good heat conductor. In contrast, facial cold receptors 

may have been effectively stimulated following direct contact with ice 

water in Arnold's study. 

The greater bradycardial response generally observed during facial 

immersion compared to breath-holding in air may thus be ascribed in part 

to t he enhanced cooling effect produced by the contact of the water with 

the face. The importance of the sensation of wetness on the face in 
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eliciting a pronounced bradycardia (Str~me et al., 1970) may lie in the 

rapid conduction of heat from the face afforded by the water, resulting 

in an effective stimulation of facial cold receptors (Kawakami et al., 

1967; Paulev and Hansen, 1972; Moore et aI., 1972). 

Craig (1971) points out that responses to immersion in water and 

exposure to cold air are qualitatively the same, but they are much more 

rapid and the course of events is greatly shortened during immersion. 

The majority of studies dealing with temperature effects upon 

bradycardia indicate that facial cooling in particular is important. 

In an examination of local cooling effects using the cold hand test (SoC 

water for 2 min) and the cold face test (DoC, with 66 Km.h- 1 winds for 2 

min) an increase in heart rate was observed in the former condition and 

a decrease in the latter, though subjects did not breath-hold (Le Blanc 

et aI., 1978). Similarly, Song et al. (1969) reported that apneic 

bradycardia was greatly potentiated by facial immersion in water of 2SoC 

and SoC, whereas this potentiation was not seen during feet immersion. 

This has been explained in terms of the sensitivity of the facial area 

supplied by the trigeminal nerve to rapid changes in temperature (Song 

et aI., 1969; Paulev and Hansen, 1972). 

The rest of the body, in contrast, requires a longer period of time to 

make the same temperature adaptation (Paulev and Hansen, 1972) . 

Breath-holding with only the face immersed has produced decrements in 

heart rate equal to those caused by apnea with the body immersed up to 

the neck in warmer water ( 1SoC during facial immersion, compared to 

220C) (Paulev and Hansen, 1972) , and with the whole body immersion in 

water of identical temperatures (Moore et al., 1972). In apparent 
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contradiction to the above, Folinsbee (1974) reported that heart rates 

during breath-holding with facial immersion did not differ significantly 

from heart rates during breath-hold with the face out of the water. In 

this instance, however, subjects remained in 31 0 C and 350 C water for two 

hours, during which time breath-holds were made. Thus it is possible 

that the effects of whole body cooling brought about by prolonged 

exposure to cold were of importance. Thermoneutral temperatures, those 

at which the body maint ains thermal equilibrium, are approximately 

25-30oC for an unclothed man in air and 33-350 C in water (Hong, 1984). 

Thermal drain therefore continues as long as the subject remains in 

water at lower temperat ures. Although body temperatures were not 

reported by Folinsbee, he observed no significant difference in apneic 

heart rates at the different water temperatures, leading him to conclude 

that whole body cooling had no effect upon apneic bradycardia. 

The relationship between the degree of bradycardia elicited and the 

thermal state of the subject is as yet unclear. While the mammal ion 

dive reflex, of which bradycardia is a component, has been implicated in 

the survival of individuals following near-drowning incidents in cold 

water (below 20oC) (Sarnaik and Vohra, 1986), it has been suggested that 

the bradycardia which accompanies extreme hypothermia may be quite 

di f ferent f rom that during facial immersion (Kawakami et al., 1967; 

Hayward et al., 1984) . The slowing of the heart during apneic 

bradycardia is accompanied by prolongation of the diastolic phase, 

together with the disappearance or flattening of P-waves, whereas 

bradycardia duri ng hyperthermia is characterised by prolongation of the 

time required for systolic ejection, without P-wave appearance (Kawakami 

et al., 1967). Furthermore, the bradycardia evident during apneic 

-56-



diving in cold water has been seen to disappear even while body 

temperature remains relatively low (approximately 350 C) (Sasamoto, 

1965). In contrast, Caputa and Cabanac (1979) have suggested that 

bradycardia during facial immersion, albeit without apnea, may be 

related to the thermal state of the subject. Hyperthermic subjects 

(eardrum temperatures of 38.20C) demonstrated characteristic bradycardia 

in response to facial immersion in 150 C waster, while hyperthermic 

subjects (eardrum temperatures of 360C), on the contrary, demonstrated 

progressive tachycardia. The opposite effects of face cooling were 

explained in terms of selective brain cooling. According to Caputa and 

Cabanac, in hypothermic subjects, the blood flows from brain to face; 

the only influence of face cooling originating in skin nervous inputs 

and producing progressive tachycardia comparable to hand cooling. 

Hypothermia produces a change in blood flow, from face to brain, so that 

the cavernous sinus and the brain are cooled upon facial immersion in 

cold water, resulting in a reduction in heart rate. They conclude that 

this may be the reason for the major bradycardial effect obtained during 

exercise underwater, and for much of the individual variability in heart 

rate responses to face cooling. 

As discussed earlier, attempts to compare results with regard to the 

effects of temperature per se upon apneic bradycardia are confounded not 

only by individual variability , but by the diverse methodologies 

employed, as well as a lack of control of additional modifying factors. 

Thus results which contradict the generally stated theory that apneic 

bradycardia is temperature-dependent do exist . Craig and Medd (1968) 

for example, found no change in heart rate during apneic exercise with 

the whole body submerged in water of 27 and 300 C. The strongest 
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challenge to the theory of temperature dependency was presented by 

Hayward et al. (1984), who studied apneic heart rates in 160 subjects 

submerged in water temperatures from 0 to 350C at 50 C intervals. They 

concluded that temperature modulation of the dive response was either 

very weak or non-existent. Their contrary conclusion was attributed to 

the fact that previous studies had tended to focus upon facial immersion 

only, had used narrow ranges of water temperatures, and relatively small 

sample sizes. 

Physical Condition and Underwater Experience 

It is well established that regular physical endurance activity will 

produce a resting bradycardia in man (McArdle et al., 1986). Since 

vagal impulses have been proposed to account for both this and the 

apneic bradycardia, physically well-conditioned subjects may be expected 

to exhibit a more pronounced depression of the heart rate during apnea 

and apneic immersion. The results, however, have been equivocal. 

Sove et al. (1968), for example, discovered that, together with an 

increase in exercise tolerance as evaluated by the Harvard step test, 

adults showed a significant increase in apneic bradycardia following a 

ten week training programme . Although Sove and associates failed to 

provide an adequate explanation for the apparent effects of physical 

conditioning upon apneic bradycardia, they suggested that diving 

bradycardia could be used to determine which individuals were in need of 

physical training. Observation of extreme bradycardia in physically 

active subjects led Arnold (1985) to postulate that the cardiac vagus 

nerves were modified by the chronic effect of aerobic, endurance 

exercise. It is possible, however, that a training-induced bradycardia 
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in physically conditioned subjects will be manifest in lowered 

pre-apneic; as we ll as apneic heart rates. Thus the relative reduction 

in heart rate may be similar for trained and untrained subjects (Whayne 

and Killip, 1967). Attempts to relate the degree of bradycardia more 

specifically to V02 max have failed to reveal a relationship between the 

two variables (Hong et al., 1970; Str~me et al., 1970; Oldridge et 

~, 1978; Strpmme and Ingjer, 1978; Arnold, 1985). Rather, the 

effects of regular underwater training per se are considered to be of 

importance. Although some early studies observed no difference in the 

responses of those either accustomed or unaccustomed to underwater 

activity (Craig, 1965; Harding et aI., 1965 ), there i s general 

agreement that the greatest response is seen in competent underwater 

divers (Scholander et al ., 1962; Irving, 1963; Hong et al . , 1967; 

Hong et aI., 1970; Oldridge et aI., 1978). Swimming skill is not 

believed to effect the response (Oldridge et aI., 1978). The apparent 

relationship between experience in underwater apneic activity and the 

extent of bradycard ia has been ascribed to a greater breath-hold i ng 

capacity due to changes in lung volumes and a tolerance to increased 

carbon dioxide tensions brought about by regular underwater training 

(Oldridge et aI., 1978). Citing the low heart rates characterist ica ll y 

seen in professional skin divers (Scholander et al., 1962; Sasamoto, 

1965; Hong et aI., 1967; Hong et aI., 1970; Shiraki et aI., 1985), 

Asmussen and Kristiansson (1968) propose the existence of a conditioned 

reflex in such peop le , as an irradiated inhibition of the cirulatory 

functions during the progressive respiratory inhibition of apnea. 
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Sex 

Sex-based differences in non-apneic heart rate do exist due to 

fundamental physiological dissimilarities, such as the size of the heart 

and amount of haemoglobin , between the sexes (Guyton, 1986; McArdle et 

~,1986). Common to the majority of the literature, however, is a 

tendency to pool data for the two sexes, with an apparent lack of regard 

for the possib le effect of such differences upon heart rate responses to 

breath-holding. Although it has been reported that no significant 

differences exist (Hayward et al., 1984), this ass umptio n may be 

responsible for much of the inter-subject variability which is evident 

throughout the literature. Despite cons iderable acclimation to apneic 

diving, the Korean Ama (females) exhibited less bradycardia than other 

similarly experienced male subjects (Hong et al., 1967) . Apart from the 

suggestion that sexual or ethnic factors may be involved, no further 

explanation for this difference was given. Further sex-based 

differences have been reported during recovery from the bradycardia 

which accompanied cold wind blown on the face. Female heart rates 

remained significantly lower than initial levels, an effect not observed 

in male subjects (Le Blanc et al., 1978). Although this study did not 

incorporate apnea, it serves as an additional indication that further 

consideration of sex-related factors is necessary. 

Age 

Few studies have investigated the specific effects of age upon heart 

rate during breath-holding. The majority of those that have, support 

the view that young age potentiates apnea-induced bradycardia (Cra ig, 

1965; Hong et aI., 1970; Gooden et aI., 1978; Lin, 1982; Pearson and 
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Bruce, 1984). A moderate correlation (r = 0.63) has been demonstrated 

between increasing age and bradycardia and vasoconstriction (Pearson and 

Bruce, 1984). The strongest responses were observed in young children, 

with a progressive moderation with increasing age. Gooden (1972) 

postulated that in the human fetus such cardiovascular adjustments 

constitute a protective mechanism against asphyxia during birth, and for 

this reason young infants may retain a particularly sensitive "diving 

reflex" . 

In contrast, Arnold (1985) noted that age did not appear to effect the 

degree of apneic bradycardia over a range from 16 to 54 years. Such 

findings were apparent ly supported by observations made by Craig (1963). 

Although comparisons by age were not made, the bradycardia I heart rate 

of children (10 - 15 yr) and adults (overall age not reported) were of 

similar magnitude. A comparison of the heart rates of children (8 - 14 

yr) and adults (18 - 40 yr) by Bove et al . (1968), however, revealed 

somewhat different responses. Where adults exhibited a reduction in 

heart rate during breath-holding in air and underwater, the response 

only occurred underwater in children. 

Despite the apparent contradiction within the literature with regard to 

the effects of age, these have been overlooked by the majority of 

researchers to date. As discussed earlier, a random sample of 20 

studies revealed that the range within studies varied from 3 to 56 

years; of these only three mentioned the specific effects of age upon 

apneic bradycardia. 
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Lung Volume 

The influence of varying lung volumes have been implicated in the 

findings of several authors, with the greater number contending that 

large lung volumes potentiate apneic bradycardia (Irving, 1963; 

Angelone and Coulter, 1965; Paulev, 1968; Song et al., 1969; Paulev 

and Hansen, 1972; Gross et aI., 1976; Magel et aI., 1982; Scott and 

Candler, in press). 

The mechanical theory has been used to explain the mechanism responsible 

for this effect, since facilitation of venous return by increasingly 

negative intrathoracic pressure in proportion to the depth of 

inspiration results in an increase in stroke volume. The subsequent 

enhanced stimulation of the sinoaortic baroreceptors 

reduction in heart rate (Paulev, 1968; Song et aI., 1969; 

Hansen, 1972; Magel et al., 1982; Scott and Candler, 

produces a 

Paulev and 

in press). 

According to Folinsbee (1974), part of the explanation may lie in a more 

pronounced vasoconstriction which may occur during breath-holding with a 

full inspiration. In addition, it has been suggested that there is an 

inverse relationship between heart rate and lung volume that may exist 

independently of intrathoracic pressure (Angelone and Coulter, 1965; 

Song et aI., 1969; Magel et aI., 1982). This has been ascribed to the 

existence of stretch receptors in the lungs or thoracic wall which 

initiate a reflex slowing of the heart. 

There are, however, observations which are not consistent with either of 

these theories. In addition to reports of a marked bradycardia with 

complete absence of a change in blood pressure (Heistad et al., 1968; 

Finley et al., 1979), several authors have demonstrated that lung volume 
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did not influence the heart rate during breath-holding (Craig, 1963 and 

1965; Kawakami et aI., 1967; Asmussen and Kristiansson, 1968; Hong et 

~, 1970; Folinsbee, 1974). 

Others yet have reported that where the degree of lung inflation did 

make a difference, bradycardia was most pronounced when the breath was 

held after exhalation (Openshaw and Woodroof, 1978; Wolf, 1978). The 

proposed explanations once again incorporated the effects of stretch 

receptors in the lungs, in addition to the slower onset of asphyxia at 

high lung volumes {Openshaw and Woodroof, 1978). The conclusions of 

Openshaw and Woodroof were drawn despite their observation that in 

response to apneic facial immersion, the pulse interval was the same 

whether the breath was held after inspiration or expiration. The fact 

that the increase in pulse interval after inspiration was the same both 

with and without facial immersion, but only occurred with expiration 

following facial immersion, led these authors to state that the 

bradycardial effect of f acial immersion was therefore not apparent after 

inspiration. 

The role of l ung volume per se may be secondary to changes in 

intrathoracic pressure related to the breath-hold condition. Both 

bradycardia and tachycardia have been elicited at a given lung volume, 

depending on the level of the intrapleural pressure (Paulev, 1968; Song 

et aI., 1969; Magel et aI., 1982). Magel and associates , for example, 

noted that apneic bradycardia was converted to apneic tachycardia by 

elevating the intrapleural pressure during Valsalva. The interaction 

between lung volume and intrathoracic pressure, and their effect upon 

apneic heart rates does require further clarification. Song et al. 
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(1969) observed that at a given intrapleural pressure apneic heart rates 

were lower the larger the lung volume, whereas Craig (1965) found heart 

rates to be independent of lung volume for a specific intrathoracic 

pressure. Furthermore, it has been suggested that a range exists where 

changes in intrathoracic pressure have no effect upon apneic heart 

rates. According to Kawakami et al. (1967), this occurred between -5 

and +16 cm H20. Craig (1965) reported that for a given lung volume 

bradycardia occurred at intrapleural pressures of between 0-2 cm H20, 

whereas higher pressures increased heart rate. Once again, however, 

when comparing numerous studies, recognition must be paid to the effects 

of diverse protocols upon conclusions drawn. Of particular importance 

here are the effects of varying body positions upon the haemodynamics of 

the cardiovascular system and the influence of increased central blood 

volume upon intrathoracic pressure. 

The mechanical theory, implicated by several authors as t he mechanism 

responsible for the effects of varying lung volumes upon apneic heart 

rate, rests upon the premise that intrathoracic pressure is indeed 

reduced as lung volume increases. It has been demonstrated, however, 

that breath holding, even in the absence of a Valsalva manoeuvre, may 

lead to increased intrathoracic pressure with increasing volume 

(Jarrett, 1965; Folinsbee, 1974; Lin et aI., 1974; Ferrigno et aI., 

1986). This rise in pressure has been attributed to a high chest wall 

recoil at volumes above the chest wall resting volume of 55% of vital 

capacity in an upright dry condition and 15% of vital capacity in 

head-out immersion (Ferrigno et aI., 1986). Thus it may be argued that 

breath-holding with large lung volumes in fact impairs venous return, 

leading to a reduction in stroke volume. Breath-holding after maximal 
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inspiration has been shown by sonography to cause an enlargement of the 

inferior vena cava, which, it is suggested, reflects impediment of blood 

flow into the chest (Ferrigno et al., 1986). Similarly, a decrease in 

venous return during breath-holding was implied following observations 

of increased limb volume as determined by leg circumference (Folinsbee, 

1974) . The change in limb volume was greater at lung volumes 

approaching vital capacity than at smaller volumes. There is evidence 

that breath-holding at small lung volumes (15% of vital capacity) may 

fail to increase venous return to the heart (Agostini and Rahn, 1960; 

Ferrigno et al., 1986). Juxtathoracic venous collapse is believed to 

account for such an occurrence, in the face of sufficiently low 

intrathoracic pressures. These data do not, therefore, support the 

thoery t hat apneic bradycardia is a result of an increased venous 

return, and indicate that much remains to be clarified. 

The bulk of the evidence suggests, however, that while an explanation 

for the effects of varying lung volumes upon apneic heart rates may not 

lie solely in haemodynamic changes depending on the breath-hold 

condition, their influences cannot be entirely discounted. In 

particular, the unusual circulatory state which exists during immersion 

in water (Lin, 1984) may help explain the potentiation of the 

bradycardial response which reportedly occurs with immersion compared to 

on land (Olsen et aI., 1962; Song et aI., 1969; Str0fnme et aI., 1970; 

Bergman et al., 1972; Speck and Bruce, 1978; Gooden et al., 1978; 

Magel et al., 1982). Immersion in water produces a graded hydrostatic 

pressure which is exerted over the whole of the of the chest, resulting 

in a shift of the pressure-volume curve of the lungs and thorax 

(Jarrett, 1965; Craig and Dvorak, 1975) . Despite an increase in 
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intrathoracic pressure, the effect of hydrostatic pressure during 

upright immersion is to create a negative pressure differential between 

t he abdominal and thoracic cav ities (Lin, 1988). A cephalad shift in 

blood volume amounting to approximately 700ml occurs (Burki, 1976; Lin, 

1988). Thus during apneic immersion venous pressure is raised 

sufficiently to overcome an increase in intrathoracic pressure (Craig, 

1965; Folinsbee, 1974; Lin, 1988.) 

Chestward pooling of the blood is a contributory factor to the reduction 

in vital capacity evident upon immersion in water (Miles, 1966; Craig 

and Dvorak, 1975; Burk i , 1976; Buono, 1983; Lin, 1988). Chestward 

displacement of the diaphragm (Lange et a!., 1974; Lin, 1988) and the 

opposition to inspiratory effort caused by hydrostatic pressure 

(Jarrett, 1965; Miles, 1966; Burki, 1976; Buono, 1983) are add iti ona l 

related factors. The relative importance of these factors as a cause · 

for the decrease in vital capacity during immers ion is sti ll under 

debate. Estimates of the percentage of the reduction due to blood 

redistribution have varied between 33% (Agostini et al., 1966) and 100% 

(Dahlback, 1975). 

Conversely, the adaptive processes resulting from the continual exposure 

to breath-holding in habitual divers is man ifest as an increase in 

static lung volumes (Carey et a!., 1956; Song et a!., 1965; Schaefer, 

1965; Crosbie et a!., 1979; Shiraki et a I. , 1985). Compared to 

control groups, significantly greater vi tal capacities have been 

reported for the Ama of Korea (Song et a I. , 1963) , male Tsushima 

breath-hold divers (Shiraki et a!., 1985), submarine crews training for 

escape procedures (Carey et al., 1956; Schaefer, 1965), and commercial 
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divers (Crosbie et al., 1979). The reason for this change has been the 

subject of some disagreement. It has been attributed on the one hand to 

a corresponding greater inspiratory capacity (Song et al., 1963), as a 

result of regular subjection to a state of negative pressure breathing 

while at t he surface, and on the other hand, to a greater expiratory 

reserve volume (Shiraki et al., 1985), although this research group was 

unable to explain the reason for this adaptation. 

Large lung volumes have been indirectly associated with the potentiation 

of the bradycardial response evident in regular participants of 

underwater apneic activities (Oldridge et al., 1978) . In this instance 

a greater degree of bradycardia observed in synchronised swimmers 

compared to speed and recreational swimmers was ascribed to their longer 

breath-holding ability consequent to changes in lung volume. Scott and 

Candler (in press) however, indicated that lung volume was not a major 

criterion of breath-hold duration. In contrast to the majority of 

studies which have investigated the effect of held or inspired lung 

volume upon heart rates, these authors considered the relationship 

between apneic bradycardia and vital capacity, expressed relative to 

body surface area. Lower heart rates were noted in those with larger 

lung volumes, prompting the conclusion that relative vital capacity was 

a determinant of the magnitude of bradycardia during apnea. 

Depth and Hydrostatic Pressure 

Unless carried out to extremes, 

moderate pressure, which nonetheless 

changes (Lin, 1988). Significant 

breath-hold diving involves only 

elicits pronounced physiological 

alterations of function can also 

result from small local differences in pressure (Lanphier and Camporesi, 
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1982). Furthermore, it is essential to recognise that while 

gravity-induced responses in the cardiovascular system are balanced by 

equal external pressu re during immersion, gravity-related forces within 

the confines of the thorax are not cancelled (Lanphier and Camporesi, 

1982). Thus a consideration of hydrostatic pressure is inseparable from 

any investigation of the effects of immersion upon apneic bradycardia. 

A major criticism to be levelled at a large part of the research to date 

is t hat in many instances it is the face only that makes contact with 

the water, whereupon the results are applied to breath-hold diving in 

genera 1. 

The findings of different investigators with regard to the effects of 

whole body immersion at varying depths frequently appear to be in 

conflict. Some authors have observed apneic bradycardia to be 

independent of depth (Craig, 1963; Moore et al., 1972; Takamoto et 

al., 1987). Although a bradycardia was evident to a depth of 27m, Craig 

found that the response did not occur during simulated conditions in a 

hyperbaric chamber. Lanphier and Camporesi (1982) point out, however, 

that no form of "pressure breathing" on land can fully simulate 

immersion. For example, elevation of the rib cage caused by the buoyant 

force of the air-filled lungs , together with the cancellation of the 

weight of the arms and shoulder girdle normally supported by the 

thoracic wall, produce altered and difficult to determine respiratory 

pressures during immersion (Lanphier and Camporesi, 1982). 

Other researchers have reported that no significant difference was 

evident between whole body immersion and facial immersion alone (Strzmme 

et al., 1970; Moore et al., 1972), whereas Asmussen and Kristiansson 
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(1968) stated that facial immersi on bradycardia was an "inconstant and 

fleeting" response, with a more persistent response evident during whole 

body immersion. 

The importance of immersion of the head during whole body immersion, as 

opposed to head-out immersion only, is equally equivocal. An early 

study suggested that graded immersion in water of various depths did 

effect the heart rate response (Harding et al., 1965). The tachycardia 

which accompanied breath-holding on land progressively diminished with 

increasing depth , until conversion to bradycardia occurred with the 

water approximately at the level of the xiphisternal joint. An 

increased volume of blood in the thorax as a result of a graded 

hydrostatic effect over the lower part of the body was considered to 

account for this observation. In a similar study, various levels of 

immersion had no effect upon the heart rate response, as long as the 

nose was out of the water (Song et al., 1969). A greater bradycardial 

response seen with the head submerged was attributed to a neural reflex 

initiated by tempera ture- sens itive elements in the face. Where 

immersion of the face after torso immersion had no effect on the apneic 

bradycardia (Folinsbee, 1974), i t was suggested that adaptation of 

f ac ial cold receptors ocurred during torso immersion. Thus immersion of 

the head is seen as contribut ing to the bradycardial response only in so 

far as facial cold receptors are stimulated . With the exception of 

pressure-related changes within the thoracic cavity, gravity effects on 

body fluids are nullified during submersion, so that the depth of 

submerged parts relative to the rest of t he body is of no importance . 

(Lanphier and Camporesi, 1982). 
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Findings which imply an effect on apneic heart rates related to changes 

in depth (Scholander et al ., 1962; Hong et al., 1967) are contradictory 

in nature and fail to explain the possible causes. Scholander and 

co-workers found the degree of bradycardia during active dives at 3-4 

fathoms (approximately 5.5 - 7.3m) to be greater than surface breath­

holding, whereas Hong et al. found the opposite. Bradycardia was less 

during an active dive to 5m than during either breath-holding in water 

or an apne ic surface swim. 

Many of the var i ations described above may be explicable in terms of 

factors associated with the modification of apneic heart rates. 

Scho lander et al. (1962) recorded much higher pre- apneic heart rates for 

their active dives than for surface breath -holding, the impl ications of 

which have been discussed previously . Hong and associates, on the other 

hand, recorded similar heart rates pr ior to both the surface swim and 

the 5m dive. The effects of temperature must also be considered: the 

apparently contradictory reports of Song and associates and Folinsbee 

become somewh at clearer when the 60 C di ffere nce in water temperatures 

25 0C and 31°C respectively - are noted. Once again, therefore, it must 

be concluded that since the fina l apneic heart rate is determined by a 

number of variab les, the alterat ion of one or a combination of these may 

produce quite different results. 

Position 

Much of the var iation evident in reported comparisons of diverse 

breath-holding conditions both between and within studies may be due to 

differences in the position of the body. The role of body position in 

influencing heart rate, a factor unaccounted for in many studies, may be 
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of particular relevance to compa risons between land and underwater 

environments, since grav ity-related changes in the cardiovascular system 

that occur on land may not apply to the latter condit ion. Similarly, 

although blood and body fluid distribution underwater are simi lar for 

any position (Lanphier and Camporesi, 1982), pressures within the 

thoracic cav i ty as affected by movement of t he abdomen and diaphragm 

(Craig and Cummings , 1958; Agostini and Rahn, 1960), may in themselves 

influence central blood volume, and therefore heart rate responses. 

This may be of part icul ar relevance where physica l activity is 

incorporated, as in the case of early stud ies where direct comparisons 

were made between active and passive (ass is ted) dives (Scholander et 

al., 1962; Craig, 1963; Sasamoto, 1965), and where different changes 

in body position were likely during the course of a breath-hold. 

Apneic bradyca rdia has been reported over a range of body pos it ions. A 

large number of studies have focussed upon the prone (Olsen et al., 

1962; Bove et aI., 1968; Paulev, 1968; Str!O'TTlme et aI., 1970; 

Openshaw and Woodroof, 1978; Speck and Bruce, 1978) and seated 

(Kawakami et aI., 1967; Craig and Medd, 1968; Gross et aI., 1976; 

Gooden et aI., 1978; Arnold, 1985; Sterba and Lundgren, 1985) 

positions under varying conditions. Magel et al. (1982) observed that 

while the pattern of heart rate response to apneic facial immersion was 

simi l ar at rest in the prone and seated positions, the magnitude of the 

bradycardia was greater in the former. Other investigators have found 

apneic bradycardia while the body was supine (Paulev, 1968; Paulev and 

Hansen, 1972), upright (Harding et al., 1965; Moore et al., 1972; 

Sterba and Lundgren, 1985), or moved throughout a consequent range of 
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attitudes during synchron i sed swimm ing (Gemma and Wells, 1987; Takamoto 

et a I ., 1987). 

Studies which have spec i f ica l ly examined the effects of altered position 

upon apneic heart rates have produced contrary results. Although an 

early study revealed no diffe rence between the degree of heart rate 

s lowing in the seated and standing posit ions (Olsen et~, 1962), Craig 

(1963) postulated that if venous return was a critical factor as an 

indirect determ inant of heart rate during apnea, then position change 

shou ld alter the response. Whereas Song et al. (1969) stated that 

apneic bradycardia on land was independent of posture for the sitting , 

supine, prone and head -down pos itions studied , Craig (1963) reported 

that on land, the tachycardia seen duri ng apnea in t he sitti ng position 

changed to bradycardia when the subject was tilted head-down in the 

supine posit ion. This was attributed to increased venous pressure in 

the latter condition. A study of heart volume in relation to body 

posture indicated that a s ignificant increase in heart volume occurred 

in the supine compared to standing pos ition as a result of 

gravity-related changes in central blood volume (Lange et al~, 1974). 

This was accompan ied by changes in the configuration of t he heart and in 

the position of the diaphragm, factors which may indirect ly influence 

heart rate. Differences in venous pressu re as influenced by posture 

effects upon central blood volume have been used to exp lain the 

bradycardia evident in the prone compared to seated positon 

1965; Magel et a l. , 1982). It was suggested that a more 

greater 

(Cra ig, 

prompt 

response by the venous system in overcoming increased intrapleural 

pressure occurred in the prone position (Craig, 1965). Fu rthermore, 
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Craig suggested that this position on land was comparable to the 

standing position during water immersion. 

A horizontal position on land may produce effects comparable to those of 

immersion in any position. Where blood and body f luid distribution 

underwater is detectably different from that of dry recumbency, the 

difference must usually be attributed to respiratory gas pressure 

effects in the thorax (Lanphier and Camporesi, 1982). These authors 

point out that increased pressure during immersion is transmitted 

equally over the immersed parts, thus negating the importance of 

position or depth of immersed parts relative to the rest of the body. 

However, while recognising the effect of immersion is to al ter the 

influence of gravity upon the body, Lundgren and Pasche (1984) point out 

that this change is itself influenced by body posture underwater. 

is largely the result of changes in the direction of the 

This 

graded 

hydrostatic pressure exerted over the air-filled, and compressible, 

lungs. According to Miles (1966), the pressure gradient in water is so 

much steeper than in air that immersion of the upright chest is 

sufficient to elicit respiratory and haemodynamic changes. 

Breath-holding 

The terminat ion of apnea can be described as a response to "the 

development of a net ventilatory response too strong to be further 

resisted by voluntary effort" (Mithoefer, 1965). The course of 

breath-holding is characterised by distinctive phases, as described by 

Lin (1982): 
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1. Voluntary inhibition of respiratory muscular activity with a stable 

intrathoracic pressure which is slightly above the ambient. 

2. Involuntary inspiratory muscular activity with the glottis closed. 

3. Voluntary opening of the airway. 

That point at which the glottis opens, ending breath-hold, is termed the 

"conventional breaking po int", the "maximum breaking point", or simply 

t he "breaking pOint" (Lin, 1982). It has been concluded that rigid 

concepts of chemical and mechanical thresholds are inadequate for 

interpreting the conventional break point (Godfrey and Campbell, 1968). 

Rather, psychological factors are recognised as the major factors 

determining the cessation of apnea (Lin et al., 1974; Lin, 1982; 

Hentsch and Ulmer, 1984; Hickey and Lundgren, 1984) . Since 

prolongation of breath-hold duration is influenced by one's ability to 

overcome discomfort due to hypoxia, hypercapnia, acidosis and unpleasant 

respiratory sensations (Lin, 1982), there is considerable variation in 

the du ration of apnea both within and between individuals (Lin et al., 

1974; Lin, 1982; Hayward et a!., 1984). 

In contrast, the point at which voluntary inhibition of the ventilatory 

muscles is no longer tenable, and involuntary ventilatory activity (IVA) 

is observed, occur within a narrow range of arterial partial pressures 

of carbon dioxide (PC02) (Lin et a!., 1982). The onset of IVA , termed 

the "physiological break point" is believed to relieve the urge to 

resume breathing (Lin et a!., 1974). This phase is characterised by 

cyclic sub-atmospheric pressure in the thoracic cavity, such that mean 

intrathoracic pressure is continuously lowered during the latter phase 

of breath-holding (Lin et al., 1974). Since this process is beneficial 
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to venous return, and therefore cardiac output (Lin et al., 1974), it 

may have important implications fo r the heart rate response during the 

latter portion of a breath-hold, particularly if considered in 

conjunction with a progress ive elevation in mean arterial pressure as 

breath-hold duration increases (Lin, 198Z). 

Among the chem ical factors controlling respiration, the PCOZ appears to 

be the strongest, with comparatively little st imu lus being derived from 

the partial pressure of oxygen (POZ) (Craig, 1961; Hickey and Lundgren, 

1984). Although normal lung ventilation is regulated to keep alveolar 

POZ at about 100mmHg, and PCOZ at approximately 40mmHg, breath-ho ld may 

force the latter to exceed 50mmHg (Hickey & Lundgren, 1984; McArdle et 

~, 1986). Whereas alveolar 

duration of breath-hold (Craig, 

POZ decreases progressively over the 

1961; Hong et aI., 1970; Lin, 1988) 

the carbon dioxide transfe r from the blood into the lung is greatest 

during the first ZOs of breath -hold, after which it proceeds at a much 

slower rate (Lin et al., 1974). As the PCOz in the lungs and blood 

become similar, alveolar PCOZ may plateau (Hong et al., 1970; Lin , 

1988 ) and may even pass from the lungs back into the blood (Craig, 1961; 

Hickey and Lundgren, 1984; Lin, 1988). This is brought about by the 

carbon dioxide concentrating effect of lung shrinkage due to the 

continuous transfer of oxygen into the blood, so that the PCOZ of the 

lung eventually exceeds that of the blood. Hypervent ilation therefore 

plays an important role in prolonging breath-hold times: body stores of 

carbon dioxide will be decreased as a function of time and alveolar 

ventilation (Hickey and Lundgren, 1984). Since haemoglobin is almost 

fully saturated during normal breathing, oxygen stores are not increased 

by hyperventilation, but for a given lung volume the duration of apnea 
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can be increased before critical PCO Z levels are reached (Astrand and 

Rodah I, 1977; Hickey and Lundgren, 1984; McArdl e et a!., 1986). 

Oxygen avai lability is an important aspect of breath-holding capacity. 

Breath-hold duration has been shown to be correlated to the reciprocal 

of VOz (Craig and Cummings, 1958; Lin et a!., 1974; Lin, 198Z). The 

rate at which POz decreases is much more rapid during exercise than at 

rest (Craig, 1961 ), consequently breath-hold times may be shorter (Craig 

and Cummings, 1958). However, the effect of exercise on breath - ho ld 

time may be more complex than an inverse relation to exerc ise intensity 

(Craig and Cummings, 1958) or ~Oz (Lin, 198Z). When exercise and apnea 

begin simultaneously, or when breathing is suspended during exercise, 

the result may be an improved tolera nce to increased PCOZ (Craig, 1961). 

During physical activity the PCOZ at the breaking point of the 

breath-hold may be as high as 75mmHg, and the POZ may drop to 90mmHg 

(Astrand & Rodahl, 1977). Craig reported that subjectively the 

conventional breaking point was qualitatively the same during exercise 

and rest, but its development was different. While subjects were able 

to resist the urge to breathe for some time at rest, the conventiona l 

break po int occurred very suddenly during exercise. Furthermore, 

distractions due to physical movement and conscious effort in performing 

a physical task may prolong apnea (Lin, 198Z). 

In addition to PCOZ' pH and paZ' lung volume is an important element in 

orchestrating the onset of the breaking point (Hickey and Lundgren, 

1984). At a given VO z , breath-holding time is proportional to the 

initial lung volume (Lin, 198Z; Hickey and Lundgren, 1984). As apnea 

progresses the disproportionate removal of oxygen from the lungs 
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compared to carbon dioxide addition results in l ung volume shrinkage, 

which may enhance respiratory drive via the Hering-Breuer deflation 

reflex (Lin, 1982; Hickey and Lundgren , 1984). 

Furthermore, shrinkage in lung volume over the duration of a breath-hold 

diminishes tolerance to hypercapnia and hypoxia (Lin, 1982); large 

initial lung volume, in addition to movement of the respiratory musc les, 

may increase the tolerance for elevated PC02 (Mithoefer, 1965; Hickey 

and Lundgren, 1984). According to Lin (1982), no straight forward 

prediction explains the relationship between lung volume and breath -hold 

duration, particularly during underwater diving where the effects of 

elevated P02 due to compression of the thoracic cavity are opposed by 

the increased shrinkage of lung volume due to compression, and the 

increased oxygen demand due to muscular activity. While it is evident 

that inspiratory excitation increases with breath-holding time, i t is as 

yet unclear as to whether shrinking lung volume or the cessation of 

breathing movement constitutes the source of respiratory distress (Lin, 

1982). Interruptions of breath-holding with a single breath without 

improvement of alveolar gas compositions have been shown to delay 

breaking point even though large fluctuations in intrathoracic pressure 

persisted (Godfrey and Campbell, 1958; Lin, 1982). Similarly, an 

examination of the trainability of underwater breath-hold time revealed 

that significant increases in duration were accompanied by prologations 

of both the period without respiratory movements, and that period 

between the onset of IVA and the conventional breaking point (Hentsch 

and Ulmer, 1984). 
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A greater breath-holding capacity observed in submarine escape 

instructors in response to regular underwater training has been asc r ibed 

to increases in lung volumes, which in turn resulted in an improved 

tolerance to elevated carbon dioxide and lowered oxygen tensions 

(Schaefer, 1965). A high tolerance to carbon dioxide, as developed by 

the divers, appeared to be associated with a general damping of the 

autonomic nervous system (Schaefer, 1965). A rela tionsh ip between the 

adaptive changes described above, breath-hold duration and apneic heart 

rate responses has been imp lied, fol lowing observations of a greater 

degree of bradycardia, together with a greater breath-holding capacity 

in synchronised swimmers compared to recreational and speed swimmers 

(Oldridge et aI., 1978 )., However the quantitat ive effects of hypoxia 

and hypercapnia require further elucidation. It has been argued that 

the rapidity with which bradycardia appears during apnea indica t es that 

chemoreceptor stimulation must play a minor role in producing 

bradycardia (Sasamoto, 1965; Kawakami et aI., 1967; Lin et aI., 1983). 

Lin et al. (1983) reiterate that cessation of ventilatory activity per 

se is essential in the development of the response, and cite as support 

for t his view the tachycardial response in humans wh il e breathing 

hypoxic gas mixtures either with or without concomitant hypercapn ia. 

During apnea, however, a profound contribution to the bradycardial 

response may be made by arterial chemoreceptor stimulation (Kawakami et 

~, 1967; Str~me et al., 1970 ; Lin et al., 1983). The exact nature 

of that contribution remains unclear. Kawakami and co-workers suggest 

that the maintenance of bradycard~a is facilitated by hy pe rcapnia, 

whereas others have dismissed PC02 levels as being of importance (Moore 

et al., 1972), or have found hypercapnia to attenuate bradycardia (Lin 
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et al., 1983) . Analysing the contribution of apneic, hypoxic and 

hypercapnic effects , Lin and associates (1983) established that almost 

60% of the total heart rate response during breath-holding could be 

attributed to hypoxia. Hyperoxia, in contrast, is reported to 

attenuate apneic bradycardia in humans (Moore et al., 1972). 

In light of the confus ion in the literature, it is clear, therefore, 

that the contribution of chemoreceptor stimulation to apneic 

bradycardia, together with the relationships between lung volume, 

breath-holding capacity and altered chemoreceptor sensitivity as these 

influence the extent of bradycardia, remain to be examined further. 

Psychological State 

If an integrative approach is to be adopted, the psycholog ica l component 

of man's make-up cannot be ignored. Evidence suggests that 

supra-medullary regions of the brain may influence basic cardiovascular 

control mechani sms (Ross and Steptoe, 1980). Studies in India of th ree 

Yogi who claimed to be able to slow their pulse by mental concentration 

r evealed that no pa lpabl e radial pulse was evident during extreme 

Valsalva manoeuvre, despite a persistent rhythm displayed by 

electrocardiagram (Wenger et al., 1961). Observations of an 

anticipat ory bradycardia at times prior to apnea (Wolf, 1978; Gemma and 

Wells, 1987) led Wolf to speculate that forebrain circuits were involved 

in the control of the "dive reflex". Gemma and Wells, along similar 

lines to previous authors (Asmussen and Kristiansson, 1968; Paulev and 

Hansen, 1972), ascr ibed this phenomenon to a conditioned response, 

which, it has been suggested, may be important when interpreting 

inconsistent results obtained from extensively repeated apnea and 
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immersion manoeuvres which are preceeded by a distinct external stimulus 

(Paulev and Hansen, 1972). Differences in the incidence of heart rate 

reduction from one trial to another may, therefore, be the result of 

changes in physiological or psychological factors, or both. 

Evidence exists to suggest that fear is associated with an accentuation 

of heart slowing (Craig, 1963; Wolf, 1978). Craig reported that of 13 

subjects, the two exhibiting the most pronounced bradycardia were poor 

swimmers who were uncomfortable and nervous in an underwater 

environment. Such reports have, however, been criticised on the basis 

that the authors did not impose specific tasks or conditions, but relied 

on observation of natural variations in the emotional state of 

participants (Ross and Steptoe, 1980). 

Following observations by Wolf (1978) that preoccupation, created by 

focussing the subject's attention on matters other than the experiment 

at hand, either attenuated or prevented bradycardia altogether, Ross and 

Steptoe (1980) studied the effects on apneic bradycardia of mental 

arithmetic compared to listening to prose. It had been suggested that 

cardiovascular adjustments in conditions of passive sensory intake may 

differ from those occurring during problem solving (Obrist, 1976). In 

contrast to an earlier study where subjects faced with an arithmetical 

problem all responded with tachycardia (Paulev, 1968), Ross and 

Steptoe found that although bradycardia was evident in air and water, it 

was much attenuated by mental arithmetic in both environments. 

External distraction by listening to prose, on the other hand, had no 

effect oncardiac response. 

have modified the neural 

In this instance mental work was said to 

reflex at a central level, either through 

-80-



inhibiting vagal outflow, or by provoking antagonistic B adrenergic 

activation. 

The bulk of the evidence suggests, therefore, that even where apparent ly 

identica l tes t ing conditions are maintai ned from one occasion to 

another, the heart rate response to apnea is susceptible to complex 

centra l modu lat ion. It is possible that psychological influences on 

the heart rate are mediated by parasympathetic fibres, as well as 

through sympathetic responses (Obrist, 1976). In view of the tremendous 

intra- and int er-individua l variabi li ty observed with in some studies 

(Craig and Medd, 1968; Asmussen and Kristiansson, 1968; Wo l f, 1978; 

Arnold, 1985), where i t may be assumed that testing conditions were 

ident i cal from one subject to the next, it may be concluded that 

psycho logical factors, together with methodological di ssim i larities 

between stud ies, account for the lack of consistency i n the 

manifestation of apneic bradycardia evident th roughout the l iterature. 

Conclusions 

Conf li cting ev idence exists for almost all of the fac t ors said to modify 

the apneic heart rate response in man. Much of the controversy may be 

due not only to the large variety of research protocols emp loyed i n the 

past, but in part to a 

results obtained. In 

lack of uniformity i n the interpretat ion of the 

addit ion, part of the reason may l ie in the 

tendency of many investigators to isolate particular elements considered 

to be of importance to the response, often without an apparent awareness 

of possible additional inf luential elements . While a comprehensive 

understanding of the phenomenon of apneic bradycardia necessitates the 

systematic examination of ind ividual variables, cognisance must be taken 
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of the entire network of causation if an integrative, holistic approach 

is to be adopted (see Figure 1). 

MAXIMAL EXERCISE UNDERWATER 

It is known that immersion in water produces prominent changes in 

cardiorespiratory functions. According to Greenleaf (1984), overall 

immersion responses in the upright position are the result of two major 

alterations in this condition: firstly, the increased mechanical 

pressure on connective tissue, which is proportional to depth, and 

secondly, the compression force on the abdomen, which forces the 

diaphragm upward and compresses cardiorespiratory structures in the 

thorax. Combination of these factors results in cephalad 

redistribution of the circulating blood, to the extent that central 

blood volume increases by approximately 700ml (Burki, 1976; Lollgen et 

~, 1980; Lanphier and Camporesi, 1982; Greenleaf, 1984; Lin, 1988). 

The increase in heart volume has been estimated at approximately 100ml 

(Lange et al., 1974), which may in turn exert additional pressure on 

respiratory structures (Greenleaf, 1984). Central vascular engorgement 

therefore has direct implications for both the cardiovascular and 

respiratory systems. 

Reports of the precise nature of the modifications evident during 

immersion, however, frequently appear to be in conflict. For example, 

cardiac output had been described to decrease (Nadel, 1984), to remain 

unchanged (McArdle et al., 1976), or to increase (Denison et al., 1972; 

Lollgen et al., 1980; Lin 1984 and 1988). Conflicting results also 

exist with regard to the effects of immersion upon heart rate (Denison 

et al., 1972; McArdle et al., 1976; Dressendorfer et al . , 1976; Coetsee 

-83-



and Thiart, 1978; Lin, 1984 and 1988; Greenleaf, 1984), pulmonary 

ventilation (Magel and Faulkner, 1967; Cooper et a!., 1976; McArdle et 

a!., 1976; Dressendorfer et a!., 1976; Coetsee and Thiart, 1978; 

Greenleaf, 1984), pulmonary compliance (Burki, 1976; Lollgen et a!., 

1980; Buono, 1983) and diffusing capacity (Lollgen et a!., 1980; 

Lundgren and Pasche, 1984). 

The effects of immers ion upon maximal oxygen consumption are equally 

contradictory. In general, the V02 max obtained during swimming tends 

to be lower than that obtained on a treadmill or cycle ergometer 

(Astrand and Rodahl, 1977: McArdle et a!., 1986), although highly 

trained elite swimmers may attain similar values swimming or running 

(Magel and Faulkner, 1967; Holmer, 1978). Oxygen uptake during maximal 

fin swimming at the surface of the water and a depth of 3m was observed 

to be significantly lower t han that obtained during treadmil l running 

(Coetsee and Thiart, 1978). Compared to similar exercise on land, V02 
max was reportedly unchanged during cycle ergometry with the subject 

immersed to the level of the neck (Dressendorfer et al . , 1976). In 

contrast, the V02 of subjects performing graded leg exercise at loads 

f rom "light" to "forced maximal" was higher underwater than on land for 

all workloads, although V02 max per se was not measured (Moore et al., 

1970) . However, dissimilarities in the experimental designs used, and 

at times a lack of uniformity between the land and underwater testing 

methods, tend to limit interpretation of the obtained results. 

Denison et al. (1972) suggest that while altered cardiorespiratory 

responses to exertion wil l occur as a result of exposure of the body to 

new hydrostatic, viscous, inertial and t hermal conditions, the effects 
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of those changes will vary with posture, workload, type of limb 

movement, mean intrathoracic pressure and water temperature. It can be 

concluded that since many of the variab les measured are determined by a 

combination of processes, some of which counteract others, quite 

different results are thus possible in different subjects, or under 

somewhat different conditions (Lanphier and Camporesi, 1982). Hence, 

in a review of the available data on cardiac output during immersion in 

thermoneutral water (350 C), Greenleaf (1984) points out that where it 

was essentially unchanged in the supine position, compared with supine 

values in air, it increased by 25 to 35% in sitting subjects and by 63% 

in stand ing immersed subjects. Similarly, cardiac output was unchanged 

with sitting exercise, but tended to be 10% higher with supine exercise 

(Denison et a!., 1972). 

Although it has been stated that the immersion effect on the circulation 

d imi n i shes as the water temperature decreases, (Lundgren and Pasche, 

1984), the bulk of the evidence suggests that modifications in 

cardiorespiratory functions during immersion are likely to be most 

evident in upright (or sitt ing) subjects exercising maximally in cold 

water (Denison et aI., 1972; Greenleaf, 1984). At heavier loads, 

increased resistance to motion of the chest wall and altered conditions 

for dissipation of body heat are li kely to further influence responses 

(Denison et a!., 1972). While much research has focussed upon 

immersion effects in 350 C water, generally accepted as representing t he 

thermoneutral temperature for th is environment (Craig, 1961; Hong, 1984; 

Lin, 1988), Lin (1984 and 1988) has pointed out that in a natural 

setting subj ects engage in immersion and muscular act ivi ty in water 

below this temperature. Thus water temperature, as it affects 
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cardiorespiratory responses, is a critical consideration, part icularly 

in relation to maximal effort . 

As noted by Hong (1984), exercise increases heat production and thus 

should reduce the rate at which body temperature falls during immersion 

in water. However, body temperature may fall even when energy 

production i s elevated above basa l levels by 10 to 15 times, if the 

water temperature i s suff iciently low and the insulat ion is inadequate 

(Nade I, 1984; Li n, 1988). For subjects exercising continuously at a 

load that doubled \1°2, thermoneutral temperature dropped to 320C (Craig, 

1971 ) . Continuous work t hat tr ipled \102 lowered this value still 

further to 260C. It should be remembered that increased muscle blood 

flow during activity results in considerably lower insulative capacity 

of muscle than during rest in water; hence the individual thermal 

comfort zone is closely corre l ated to subcutaneous fat thickness (Nadel, 

1984 ; Hong, 1984). Although di scomfort was typically experienced upon 

immersion and during light work at cooler temperatures (18 to 230C) 

(Dressendorfer et al., 1976; McArdle et al., 1976), for maximal work 

subjects preferred exercising in cool (250C) water (Dressendorfer et 

~, 1976). In wa rmer water (33 to 350C) thermal sensations were 

reversed, with the result that subjects became heat stressed during 

maximal work. McArdle and associates (1976) observed fatter subjects 

to sweat at the face during heavy work in 33 and 350C water. 

At the same time, it is possible that swimmers do not acieve the same 

maximal aerobic power in colder water that is possible in warmer water 

(Nadel, 1984) . Nadel reported that at temperatures of 18 and 

subjects were only able to reach 85% and 92% of their maximal aerobic 

-86-



power in 330 e water, indicating that the extent of cold stress is an 

important determinant of the V02 max. Dressendorfer and co-workers, on 

the other hand, noted that cycling exercise during head-out immersion 

yielded V02 max values that were unchanged in 25, 30 and 350 e water, 

although this was accompained by significant ly lower heart rates in 25 

and 300 e water. 

Lower heart rates have been found during submaximal exercise in cool 

water compared to warmer water (McArdle et al., 1976), or the same 

exercise in air (Moore et aI., 1970). While Dressendorfer and 

co -workers assumed that V02 max remained unaltered despite differences 

in cardiac output, brought about reductions in heart rate in conjunction 

wi t h a maintained stroke volume , McArdle et al. (1976), using the carbon 

dioxide rebreathing method, found the cardiac output-oxygen cons umption 

rel ations hip to be similar during work in air and water at 18, 25 and 

330 e. The prominent adjustment to the decrease in heart rate in coo ler 

water, therefore, was an increase in the stroke volume, wh ich was most 

pronounced in 180 e water. Lin (1988) has suggested that altered 

pre-load is responsible for the increased stroke volume during 

immersion. 

Dressendorfer et al. (1976), based on the results of their comparison of 

subjects cycling in air and during head-out immersion, conc luded that 

the reduction in V02 max typ ically reported for swimming in comparison 

to running or cycling, should be related to inherent differences in the 

activities studied, rather than the effects of water immersion per se. 

It is apparent, however, that in addition to prominent circulatory 

adjustments, which become more complex in co ld water, the effects of 
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immersion upon the mechanics of respiration may contribute to a lowered 

V02 max in this environment. In addition to the effects of raised 

central blood volume upon static and dynamic lung volumes, there is an 

increased load on the res piratory muscles, such that resting respiratory 

work during head-out immersion may be elevated by about 60% over that at 

rest in air (Lanphier and Camporesi, 1982; Lin, 1988). A lower 

pulomnary ventilation has been reported (Magel and Faulkner, 1967; 

Dressendorfer et al., 1976; Coetsee and Thiart, / 1978; Holmer, 1978), 

although contrasting f indings do exist where graded leg exercise on land 

and underwater at a depth of 1.22m yielded similar minute volumes (Moore 

et al., 1970). It has been proposed, however, that the opposing effects 

of hydrostatic pressure and increased intrathoracic blood volume upon 

gas exchange may result in suffic ient oxygenation of arterial blood 

underwater. Furthermore, the interaction of a lower minute ventilation 

and a higher oxygen extraction may result in V02 max va lues underwater 

that are equivalent to those obtained on land (Magel and Faulkner, 1967; 

Dressendorfer et al., 1976; Ho lm~r , 1978, Lin, 1988). 

It is clear, therefore, that despite some debate concerning the prec ise 

nature of t he changes elicited by immersion, pronounced 

cardiorespiratory adjustments do occur. It is likely that different 

results on central haemodynamics and respiratory function are confounded 

by methodological factors such as water temperature or body position. 

RATINGS OF PERCEIVED EXERTION (RPE) 

Many neuromuscular and physiological parameters have been proposed as 

contributing to effort perception during exercise. It i s evident that 

the perception of exertion i s complex in nature, and rather than being 
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the outcome of a single primary cue, represents the synthesis of a 

variety of factors during different types of physical work (Pandolf, 

1978). Since Borg's original concept focussing on the association of 

perceptual responses and heart rate as an index of exercise strain, more 

recent research has centred upon a two-factor model, as proposed by 

Ekblom and Goldberg (197 1), in an attempt to assess the relative 

contributions of local versus central factors. An overall rating of 

perceived exertion involves integrating signals from the peripheral 

working muscles and jOints, from the central circulatory and pulmonary 

functions and from the cent ral nervous system (Birk and Birk, 1987). 

Gamberale (1985) pOints out that exertiona l ratings represent a 

subjective, distal reaction; the extent to wh ich this distal reaction 

reflects the reaction within the individua l organism i s mediated by 

various influences depending upon the situation. As an estimation of 

effort expenditure, the 15-point RPE Scale (Borg, 1970) is known to be 

influenced by factors such as age, sex, physical training, mode of 

exercise, and intensity and duration of the activity (Sidney and 

Shephard, 1977; Pandolf, 1978; Robertson, 1982; carton and Rhodes, 1985a 

and 1985b). An ivestigation of subjective reactions to apnea and 

apneic diving represents a unique challenge, in that many of the 

observed relationships between RPE and phys iological parameters such as 

heart rate or ventilation would appear to be altered during 

breath-holding. 

The RPE scale was designed to follow the heart rate response to 

increasing exercise intensity (Carton and Rhodes, 1985a). These 

authors state, however, that a causal relationship between these 

variables has never been implied; rather, they are indirectly related 
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through t heir common dependence upon physical strain. Clearly the 

postulated relationship between heart rate and RPE can be disturbed when 

exercise is performed under irregular conditions. A comparison can 

possibly be drawn between apneic heart rate responses and the 

manipu lation of heart rate through the use of parasympathetic and 

sympathetic blocking agents (Davies and Sargeant, 1979). The RP E was 

unaltered at a given percentage of V02 max, despite changes in heart 

rate. 

Varied results have also been reported with regard to the relationship 

between RPE and V02. However, a substantial number of investigators 

have suggested that factors such as pulmonary ventilation (Ve) and 

respiratory resistance, which are more likely to be consc iously 

monitored by the subject, may serve as prominent cues for rated 

perceived exertion (Pandolf, 1978; Mihevic, 1981; Robertson, 1982; 

Carton and Rhodes, 1985a). Although the influence of Ve is not 

applicable to the apneic condition, the perception of respiratory 

resistance appears to be related to sensations with in the chest wall 

(Carton and Rhodes, 1985a), a factor which may be of relevance to the 

RPE during breath-holdirg. Sensory receptors located in the chest 

wall, lungs and airways respond to changes in lung volume and lung 

pressure, and respiratory tension (Robertson, 1982). In a recent study 

of apneic heart rates, Scott and Candler (i n press) suggested that 

cardiopulmonary factors were of primary importance in determining RPE 

during breath-holding, particularly underwater. Studies of the effects 

of hypoxia, hyperoxia and hypercapnia upon RPE indicate that the 

metabolic intensity achieved during an exercise task may be of 

importance in determining the strength of cues relating to breathing 
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discomfort (Robertson, 1982). The point at which these sensory signa l s 

begin to be consciously monitored may be approximately 70% of V02 max 

(Robertson, 1982). It must be noted, however, that such f indings 

relate specifically to the relationship between Ve and RPE as influenced 

by altered breathing mixtures; the extent to which hypoxia and 

hypercapnia influence RPE during breath-holding is speculative. 

Clear ly the perception of effort cannot be adequately explained in terms 

of physiolog ica l effort alone (Carton and Rhodes, 1985a). Morgan 

(1973) calculated that physiological variables were able to account for 

only 67% of the tota l variance in RPE: personality factors of a 

psychometric nature may further mediate perceived exertion. 

Personality variables such as extroversion and introversion exert a 

significant influence upon perceptua l experience, while neurotics and 

depressives may lack the ability to accurately rate perceived exertion 

(Morgan, 1973). There is strong indication that perception is an 

act ive process (Rejeski, 1985). Factors such as personality, social 

learning and past experience thus form emotionally rooted differences 

that can alter the interpretation of sensory cues, such that similar 

peripheral physiological changes in two individuals do not necessarily 

result in identical percepts (Rejeski, 1985). This may be of 

particular importance to the underwater testing environment, where it 

has been shown that psychological stress, especially in less experienced 

divers, may significantly influence motor performance and perception (de 

Moj} et al., 1987; Griffiths et al., 1987). 
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CHAPTER 3 

EXPERIMENTAL METHODS AND PROCEDURES 

PILOT TESTING PHASE 

Heart Rate Response to Exercise of Varying Intensities 

The aim of this study was to examine the apneic heart rate response to 

various levels of exercise in an attempt to determine the relative 

intensities at which the subject would exercise during the ma in data 

collection on land and underwater. 

Ten subjects participated in this phase of testing on land, and five of 

these were used to obtain apneic heart rate responses underwater. As an 

initial step the heart rate response to apneic exerise on land was 

examined, at 10% increments, from 20-100% of the maximal power output 

achieved on a cycle ergometer, as determined by multiplying the number 

of pedal revolutions by the resi stive load (McArdle et al., 1986) 

Power (W) = load (kg) x pedal revolutions (rpm) 

Since the rate of pedalling on land remained fixed at 60 rpm throughout 

the test, it can be seen that X% of the maximum power output 

corresponded to X% of th e maximum resistance load achieved. A starting 

point of 20% was necessary since in many cases 10% of the maximum 

resistance attained was less than 1kg, the lowest resistance load 

possible on the cycle ergometer. 

Problems arose with regard to the underwater condition. Although 

subjects were requested to pedal at a fixed rate (60 rpm) in time to an 
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accoustical signal relayed via an underwater speaker, it soon became 

evident that they were unable to maintain the prescribed rate . 

While the problem of the rate of pedalling was resolved (see pilot 

testing results) it meant that for the purposes of this phase of the 

pilot study an accurate calculation of power output underwater was not 

poss ible. This was confounded by the effects of the water upon the 

resistance load, and the additional resistance offered by the water 

while pedalling. Although it was recognised that this would play an 

important role in the calculation of power output, it remained a 

constant factor underwater. The intensities of exercise for this 

condition were therefore determined as a function of the maximum 

resistance load (20- 100%) achieved during the underwater test. In this 

way the examination of heart rate responses to varying intensities of 

exercise remained standard on land and underwater . The order in which 

the various intensities of exercise were assigned to each subject was 

randomly selected. 

Heart rate responses were 

non-breath-hold conditions over 

intensity of exercise studied. 

recorded for both breath-hold and 

identical periods of time for each 

These were obtained during one session 

each on land and underwater. The subject testing position, instructions 

delivered prior to each session and method of data collection are 

described under Session B: Land. Between each exercise bout the 

subjects were permitted sufficient time to recover fully and were 

instructed to continue with the next bout only when they felt ready. 

Heart rate was continuously monitored and only if it was within 10 beats 

of the initial 30s resting value (converted to beats per minute) was the 
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subject allowed to continue. In addition, subjects were requested to 

report the onset of any feeling of local or genera l fatigue, together 

with any sensations such as dizziness or light-headedness, in which case 

the data collection would be halted and continued at a later date. This 

was not found to be necessary either on land or underwater. 

Heart rate analysis involved the digitization of R-R intervals for 

conversion into beats per minute (See Data Reduction.) The mean heart 

rate over the exercise duration (apnea and without apnea) was t hen used 

for statistical purposes. Statistical evaluation involved a ser ies of 

two-way ANOVAs with repeated measures on both factors. Thus comparisons 

were made between heart rate responses to the various intensities of 

exercise with and without apnea, on land and underwater. Analysis in 

this way revealed, however, that apneic and non-apneic heart rates 

combined cou ld result in a similar mean heart rate across the range of 

exercise intensities. For example: 

Underwater: 

% P.O. 

Apnea 

Without apnea 

Mean: 

20 30 40 

90 80 60 

110 120 140 

100 100 100 

etc 

For this reason a one-way ANOVA with repeated measures was used to 

identify the existence of significant differences at different exercise 

intensities for each of the conditions. Where the existence of 

significant differences was indicated the data were analysed using a 

post-hoc Sheffe test to locate the position of those differences. 
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Pedal Rate Underwater 

During the underwater test subjects were requested to pedal at a fixed 

rate, in time to an acoustical signal relayed via an underwater speaker. 

This was intended to match the rate of pedalling on l and (60 rpm). As 

reported earlier, subjects were unable to maintain t he prescribed rate, 

and reported experiencing difficulty in being able to hear the metronome 

signal relayed underwater. However, when peda l revolutions were 

recorded on a manual counter at one minute intervals for the duration of 

the underwater test it was found that a remarkably steady rate of 

peda lling was maintained, but at a lower rate than the prescribed 60 

rpm. In order to investigate the subjects' ability to replicate this 

same pedal rate at a later stage, a rela ted Student's t-test was applied 

to the recorded pedal revolutions on a test/retest basis following the 

readministration of an underwater V02 max test to three subjects. 

Maximal Oxygen Uptake on Land and Underwater 

The purpose of this study was to evaluate maximal oxygen uptake (V0
2 

max) obtained using a direct continuous cycle ergometer test both on 

land and underwater. Test/retest reliability of the protocol was 

established for both conditions and an attempt was made to determine the 

degree to which data from the two different testing conditions were 

comparable. Finally, the feasibility of the administration of the test 

was examined in terms of V02 max values, time to compl etion and 

subjective feelings of the subjects. 

Ten healthy male subjects underwent a land test of V02 max. Only eight 

however, were able to participate in the underwater tests, five of whom 

had specific experience in underwater activities such as spearfishing or 
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underwater hockey. While the remaining three were not experienced in 

underwater activities, they were competent swimmers and confident in a 

water environment. 

The first phase involved th e determination of V02 max on land. Each 

subject reported for the laboratory tests dressed in shorts, t -shirt and 

running shoes at a time convenient to him. Details of the continuous 

cycle protoco l used are described under Sess ion A: Land. To evaluate 

the reproducibility of the V02 max values obtained using this protocol, 

the test was readministered to three of the subjects within one week of 

the initial test. Although only three subjects were involved in the 

test/retest procedures, additional subjects were required to establish 

group one independent variable regressions (V02 against time) (Ferguson, 

1981) in either environment. 

Following th is, eight subjects participated in an underwater test of V02 
max, using exactly the same protocol as on land. Subjects wore only 

shorts and training shoes during underwater testing. Modifications to 

the cycle ergometer necessary to conduct the underwater test were 

carried out. (See Session C: Unde rwater). The test was readministered 

to three of the subjects along the same principles as on land. 

Statistical evaluation of the results involved related Student's t-tests 

to establish reliability on a test/retest basis and to evaluate the land 

V02 max against that obtained underwater. 
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Reduction of Heart Rate Data 

Validation of the Hewlett-Packard ECG system was not deemed necessary, 

since this had been adequately performed in an earlier study (Candler 

1986). 

A related t-test was used to determine the validity of the digitization 

of R-R intervals (as desc ribed under Heart Rate Analysis) agains t manual 

measurement as methods of obta ining heart rate values. Following this, 

the R-R intervals of three ECG traces were digitized on a test/retest 

basis and a related t-test was used to evaluate the reliability of this 

method of data reduction. 

PILOT TESTING RESULTS 

Pedal Rate Underwater 

Although subjects were unable to maintain the prescribed pedal rate of 

60 rpm underwater, it was observed during pilot testing that a steady 

rate was nevertheless achieved. It should be noted at this paint that 

the tester remained in the water for the duration of the test and was 

thus able to indicate to the subject whenever he began to alter hi s rate 

of peda lli ng. The mean pedal rates for three subjects evaluated on a 

test/retest basis over the duration of an underwater V02 max test were 

44.62 and 44.34 rpm. These were not significantly different at the 0.05 

level. Thus it appeared that subjects were able to reproduce their 

chosen pedal rate. 

Although the slightly fluctuating pedalling frequency underwater was not 

of consequence for t he calculation of oxygen consumption (See Appendix 
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C) , it was, however, important to consider the effect that this had upon 

the concept of progressively increasing work intensities over the 

duration of the V02 max test. Since the effects of water upon the 

resistance load on the cycle ergometer, together with the additional 

resistance offered by the water to pedalling were, considered to be 

common factors influencing the power output of each subject, it was 

possible to examine the effects of fluctuating pedal ling frequency along 

similar principles to t hose used on land. That is: 

Power output (W) = load (kg) x pedal revolutions (rpm) 

When the pedal revolutions recorded during the readministration of the 

V02 max test above were examined (Figure 2), it was observed that 

despite a drop in pedal rate over time, the increase in resistance load 

every two minutes did represent a progressively increasing workload. 

Thus, for the purposes of this study, the problem of pedal rate was 

satisfactorily resolved in the sense that, unless a drastic drop in 

pedal rate occurred, the final resistance load achieved by the subject 

underwater did represent the maximum work intensity attainable by that 

subject under those conditions. A comparison between land and 

underwater was therefore possible since heart rate responses could be 

examined in terms of exercise intensities relative to the maximum 

workload attained for a given set of conditions. 

Heart Rate Response to Varying Work Intensities 

Statistical analysis involving two-factor ANOVAs with repeated measures 

on both factors (Ferguson, 1981) revealed that significant differences 

did exist (p <:0.05) between the apneic and non-apneic condition for 

both the land and underwater tests. Further significant differences 
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existed in the apneic and non-apneic heart rate responses when those 

obtained on land were compared to those obtained underwater. In no 

case, however, was there a significant interaction between all factors; 

Thus the trends in heart rate response to apneic and non-apneic 

exercise, on land and underwater, were qualitatively the same. 

Figure 3a revea l s that the expected relationship between heart rate and 

power output without apnea was reflected under apneic conditions. A 

simila r result was evident underwater (Figure 3b). 

The presence of significant differences in the heart rate response to 

varying intensities of exercise was also indicated for each condition. 

With regard to the underwater heart rate responses (apnea vs without 

apnea), however , separation of apneic and non-apneic conditions, on l and 

and underwater, indicated the presence of significant differences in t he 

mean heart rate re sponse t o varying intensities of exercise. On land in 

the apneic state t he mean heart rates for 20 to 60% of the maximum power 

output were significantly lower than for 80 to 100%. Furthermore, mean 

heart rates at 20 and 30% were lower than at 70% of maximum power 

output, and the mean heart rate at 70% was signi f icantly lower than at 

100%. For the same condition underwater, significant differences 

existed between 20% and 80 t o 100% of maximum power output. In the 

non-apne ic state on land, the mean heart rate responses at 20 and 30% 

were sign ificantly lower than at 50 to 100%; The heart rate at 40% was 

significantly lower than at 70 to 100% and the heart rates at 50 and 60% 

were significantly lower than at 90 to 100%. Underwater, the only 

signif icant differences existed between mean heart rates at 20% and 90 

to 100%, and between 30% and 90% of maximal power output. In other 
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words, both on land and underwater, significant differences in heart 

rate responses occurred primarily between light and heavy workloads. 

Determination of Re lati ve Intensit ies of Work 

Owing to the difficulties, discussed earlier, inherent in precisely 

determining power output underwater, it was decided not to use maximum 

power output as the criterion by which relative exercise intensities 

were determined. Rather, the exercise intensities to be used were 

calculated as percentages of the V02 max values obtained on land and 

underwater. This was deemed to be more appropriate since exact values 

of v02 could be calculated, and th us a 'situation-limited' functional 

maximum underwater could be obtained (See Pilot Test Results). 

Furthermore, since on land a direct relationship between power output 

and V02 prior to the plateau reached at maximal levels i s established 

(Astrand and Rodahl, 1977; McArdle et al., 1986), and since the pi lot 

study revealed that a plateau in V02 was not demonstrated in this case 

due to the nature of the test protocol used, the results of the heart 

rate analyses at vary ing intensi ti es of power output on land could be 

applied. In order to standardise land and underwater conditions 

examined, and since no significant differences could be located between 

relative exercise intensities underwater, the exercise intensities 

chosen relative to V02 max on land were also applied to the underwater 

condition. 

In order to establish the resistance load on the cycle ergometer for a 

given percentage of V02 max, the regression was used. Thus, in 

calculating V02 from time, it was possible to arrive at an equation 

whereby the exact time from commencement of the test could be calculated 
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for a given percentage of V02 max and the resistance load at that time 

determined. 

When group regressions were calculated for pilot study land and 

underwater conditions, the correlation coefficient was highest for a one 

independent variable linear regression (Ferguson, 1981) in each case: 

Land: V02 = 13.8 + 2.7 Time 

(r2 
= 0.90) 

Underwater: V02 = 22.5 + 1.6 Time 
2 (r = 0.90) 

In relation to underwater V02 max testing and the difficulties 

experienced therein (See Pilot Test Results), an examination of the 

validity of using only the last three gas collections in order to 

calculate a regression was made using data collected during the pilot 

study. For three subjects, whose data were considered representative of 

the pilot group as a whole, regressions calculated in this manner were 

evaluated against those calculated using all gas collections from the 

commencement of the test. An independent t-test revealed that no 

significant di fferences existed between the ~02 values ca lculated using 

both equations. Furthermore, the correlation coefficient for the two 

sets of values was 1. 0 (thus predictive index = 1.0). It was therefore 

concluded that the use of the last three gas collections in determining 

a regression for t he underwater condition was valid. 

The test protocol used prescribed an increase in the resistance load 

every two minutes: this corresponded to a 1 kg (approximately 60 W) 

increase for the first two bouts (iB until the sixth minute) followed by 
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0.5 kg (approximately 30 W) for every additional two minutes. However, 

calculat ion of each indi vidual's resistance load for the percentages of 

V02 max chosen revea led that where the overall t est duration had been 

comparatively short for a few subjects, particularly underwater, the 

s ituation may have arisen where the same resistance load was prescribed 

for different percentages of V02 max. For example, where 70% V02 max 

was attained at 8 min 305 and 80% V02 max at 9 min 45s, the 

resistance load in terms of the protocol used would be 4 kg in both 

cases (since 8 to 10 min = 4 kg load). For this reason it was decided 

that where the time for X% V02 max fell befo re the mid-point of a 

two -minute bout, the load prescribed for that bout wou ld be used; where 

it fell after the mid -point, half of the subsequently added weight would 

be added to the prescribed load for that bout. Thus: 

Time (min) 

0-1 

1-2 

2-3 

6-7 

7-8 

8-9 

Load (kg) 

1.5 Half of next load 

2 

4 

4.25 Half of next load 

4.5 

Choice of Relative Work Intenisities 

An examination of heart rate responses to exercise of varyi ng 

intensities indicated that significant differences existed in the heart 
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rate responses to low and high exercise intensities on land. However, 

calculation of regression requations for the underwater condition 

revealed a generally elevated "resting" V02. This may have been the 

result of a combination of some, or all of the following factors. The 

effects of low water temperature on metabolic rate were likely to have 

been of importance, especially where this occurred in conjunction with a 

low body mass (Hong, 1984). The effects of anxiety and anticipation 

upon resting physiologic state cannot be discounted, since these would 

serve to increase energy consumption prior to data collection. 

Similarly, the act of getting into the water and being secured to the 

ergometer prior to commencing the test would result in an elevation of 

so-called "resting" physiological values. Taking the above into 

consideration the choice of low relative workloads for data collection 

was decided against. Results of the pilot study indicated that there 

was a numeric difference in the heart rate response to exercise at 70% 

and 90% of the maximum resistance load achieved, both on land and 

underwater (see Figures 4 and 5). Intensisties such as these would 

produce pronounced tachycardia under normal ventilatory conditions on 

land, and thus facilitate the investigation of the suppressive effects 

of apnea upon heart rate. It was decided, therefore, that for the 

purposes of data collection, where the exercise intensity would be 

determined more accurately as a percentage of V02 max, heart rate 

responses to exercise at 50%, 70% and 90% of V02 max would be studied. 

This represented "moderate" to "very heavy" ranges of workload. 

Reduction of Heart Rate Data 

No significant differences were revealed between digitization and manual 

measurement of traces obtained, nor were any significant differences 

identified following redigitization of three traces. This method of 

data collection was therefore accepted as valid and reliable. 
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Figure 2: Progressively increasing power output recorded 
for three . pi lot subjects over the duration of an 
underwater VO 2 max test. 
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Maximal Oxygen Consumption on Land and Underwater 

Ten subjects underwent a land test of V02 max, while eight participated 

in the underwater test. For both conditions, the test was 

readministered to three subjects within one week of the initial test. 

A common comp laint of subjects was a feeling of local discomfort and 

fatigue in the thigh muscles at heavy work level s . This applied to both 

testing condit ions, but was more pronounced in the underwater test. 

Although a discontinuous protocol may have helped to reduce the effects 

of local fatigue, the administration of such a test would have been 

impractical given the underwater condi tions. Prolonged exposure to cold 

(180 C) water has reduced V02 max in lean swimmers (Nadel et al., 1974 ) 

and although t he water temperature was higher in the pre sent study it i s 

possible that the additional exposure necess itated by a discontinuous 

protocol may have had deleterious effects upon the final results. 

While it was recognised that local fatigue constituted a possible 

limitation to the subject's ability to continue cycling at heavy 

workloads (McArdle et al., 1973, Astrand and Rodahl, 1977) the V02 max 

values obtained for pilot subjects on land compared favourably with 

those previously reported for bicycle tests (McArdle et al., 1973 and 

1986, Dressendorfer et al., 1976). Underwater values were, on average, 

27% lower than those recorded on land, a difference which was 

statistically significant at the pO.05 level. Related t-tests revealed 

that there was no significant difference in the V02 max values measured 

on two separate occasions either on land or underwater. 

The pilot study served to highlight a practical problem with respect to 

underwater data collection. Since this was performed in situ, tha t is , 

in a swimming pool, some distance from the laboratory, difficulties 

-108-



were experienced in the storage and transportation of gas bags. While 

every attempt was made to avoid direct exposure of the bags to sunlight, 

hot environmental conditions were experienced; Collection of gas bags 

from the onset of the test would have prolonged the exposure of t he bags 

to such conditions, particularly as transportation was similarly 

extended. For this reason the validity of using only the last three 

gas bags co ll ected was examined. The results of the subsequent 

analyses are reported under Determination of Re lative Work Intens ities. 

It was concluded that for the purposes of the present study t he test 

protocol was va l id and reliable. Both on land and underwater a max imum 

V02 was attainable that represented the maximum possible for the 

particular set of conditions. In this sense the functional maximum 

obtained constituted a valid measure against wh ich relative work 

intens ities cou ld ce determined, si nce testing conditions would be 

unaltered during measurement of apne ic heart rate responses. 

SUBJECT SELECTION 

16 healthy males volunteered as subjects for this study. As regular 

underwater training has been seen to affect the apne ic heart rate 

response (Hong et al., 1970; Oldridge et al . , 1978), selection was based 

on their degree of experience in underwater activities such as 

spearfish i ng and underwater hockey. Subjects were required to have 

participated on a regular basis in either or both of the activities 

mentioned above for at least six months, and to be involved in regular 

underwater training (at least twice weekly) at the time of testing. 

These individua l s were contacted by personal communication. Subjects 

-109-



were requested to sign an informed consent (see Appendix A) prior to 

their involvement in the research. 

In order to examine the effect of lung volumes per se, subjects were 

divided into two groups on the basis of vital capacity expressed 

relative to body surface area. Group A comprised those with large 

relative vital capac ities, Group B those with small re lative vital 

capacities. To ensure that the groups did have significant ly different 

lung vo lumes, with no overlap in the standard deviations, twelve of the 

initial group of sixteen subjects were included in this part of the 

research. 

ASSISTANTS 

The same assistants aided during pilot testing and each of the testing 

sessions for all subjects. They were experienced in scientific research 

and familiar with the exact protoco l s and equipment being used . Both 

the author and one of the assistants were trained in the field of life 

saving and basic cardiopulmonary resuscitation. 

EXPERIMENTAL PROTOCOL 

Subjects were requested to participate in four separate test ing 

sesssions, the times for which were chosen as those convenient for the 

indiv idual. This was, however, restricted to between 9.30 am and 

3.30 pm, with subjects generally choosing the same time of day for each 

session. This six hour testi ng period avoided those times of day 

suggested as having a significant effect upon physiological parameters 

such as heart rate (Faria and Drummond, 1982). Although these authors 

reported a tendency for resting heart rate to rise over the afternoon, 

this increase was not significant until early evening. In contrast to 
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Shephard (1984), who reported higher V02 max values in the ear ly morning 

and evening, Faria and Drummond (1982) found no significant difference 

in V02 max over a 24 hour period. Testing times of 9.30 am were 

possible with regard to underwater testing conditions since the swimming 

pool was heated, thus ensuring a more or less constant water temperature 

throughout the day. 

Details of the measureme nts to be made were set out in the informed 

consent sheet read by the subject before his agreeing to participate in 

the study, and were explained verbally immediately prior to each 

session. Subjects were requested to ref rain from energetic physical 

activity, eating or smoking for at least one hour before each test 

(Astrand and Rodahl, 1977). A break of at least two days was ma intained 

between the V02 max tests and at least 24 hours between apneic testing 

sessions. 

Barometric pressure, ambient temperature, water temparature where 

relevant, and relative humidity were recorded before each session. 

EXPERIMENTAL PHASE 

Session A: Land 

Duration approximately 45 min. 

1. General information This comprised name, age and years of 

underwater experience . 

2. Stature: This was measured with a portable Holtain stadiometer 

while the subject stood erect and barefoot, with heels, buttocks, upper 

back and rear of the head in contact with the vertical section of the 
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stadiometer, according to stipulations of Ross and Marfell-Jones (1982). 

The measurement was recorded in centimetres, to the nearest 0.1 cm 

(tolerance limit = 0.3 cm) 

3. Mass: This was measured with a Seca beam balance scale and recorded 

in kilograms to the nearest 0.1 kg (tolerance limit = 0.2 kg) Body mass 

was measured again following the test of maximal oxygen consumption. 

4. Lung volume measurement 

A Godart Expirograph (EP 16000) was used for the analysis of lung 

volumes. The expirograph comprised a light-weight 91 capacity, water-

sealed spirometer. A blower with a pre- set f l ow of 60 l. min- 1, 

minimised ai rway resistance to about 2 mm water pressure. The 

spirometer bell was attached,via a counterweight, to a recorder pen. 

Displacement of the spirometer bell thus resulted in movement of the 

pen, which was recorded on the kymograph. 

The subject sat comfortably in front of the expirograph breathing room 

air through a rubber mouthpiece. A nose clip was used to ensure that 

breathing was through the mouth only . Once the subject appeared to be 

relaxed and breathing normally, the recorder was turned on to a speed of 

60 mm.min- 1 and a two-way valve was turned so that the subject breathed 

into the apparatus. After three or four normal breaths a verbal command 

was given at the end of a normal expiration, and the subject inhaled as 

quickly and as deeply as possible. At the same time the paper speed was 

immediately increased to 1200 mm.min- 1. The breath was then held for 

about 4s in order to produce a plateau on the spirogram (Figure 7) 

whereupon a second verbal command was given and the subject exhaled as 

quickly and as deeply as possible. The recorder was stopped and the 
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subject came off the mouthpiece. If the spirogram resembled the 

illustration in Figure 7 the test was not repeated. Since an earlier 

study by Candler (1986) using the same equipment and technique had 

revealed that volumes did not differ significantly over three 

consecutive tria l s, it was fe lt that one test was sufficient if an 

acceptable trace was obtained. 

5. Maximal oxygen consumption 

The protocol used was a direct, continuous, progressive cycle ergometer 

test. During the test the subject breathed through a Hans-Rudolf 2700· 

pulmonary valve. Nose clips were used both on land and underwater to 

ensure that breathing was through the mouth only. Atmospheric air was 

inhaled via a 75cm length of 3cm diameter Collins ridged tubing. 

Exp ired air from the valve was directed through a 100cm section of the 

same type of tubing to a two-way stopcock, thus allowing for the 

continuous col lection of expired air in one of two 2001 capacity 

meteorological ba lloons. Identical lengths of tubing were used on land 

and underwater. On l and subjects were allocated sufficient t ime to 

habituate to the pulmonary valve and noseclip before beginning the test. 

They then remained on the mouthpiece for the duration of the test. 

Pedalling was begun to the beat of a metronome at a rate of 60 rpm 

(Astrand and Rodahl, 1977) against a starting resistance of 1kg 

(approximately 60 W). The duration of each work load was two minutes, 

with an increase in the resistance load of 1kg at the end of the second 

and fourth minutes. Thereafter the load was increased by 0.5kg 

(approximately 30 W) at the end of each bout, until exhaustion was 
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reached (Table III). Expired air was continuously collected over each 

two minute period. 

The subject was permitted to stop pedalling anywhere within the two 

minute period. He was, however, asked to indicate at the beginning of 

an exercise bout if he felt that he might be unable to complete the full 

two minutes, since it was necessary to record the time over which 

expired gas was collected for the final exercise bout. 

Subjects were instructed that upon completion of the test they should 

pedal backwards until the load on the cycle ergometer could be removed 

and they could continue pedalling forwards slowly. This provided for an 

active recovery in order to prevent the effects of venous pooling. 

Table III Two-minute incremented resistance loads (kg) and 

Time(mins. ) 

0-2 

2-4 

4-6 

6-8 

8-10 

-etc-

corresponding power outputs (W) for the continuous cycle 

ergometer test of VOz max. 

Load(kg) Power output(W) 

50 

2 120 

3 180 

3.5 210 

4 240 

4.5 270 
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The fractions of expired oxygen (Fe02) and carbon dioxide (FeC02) within 

the collected gas were measured using an Ametek S-3AI Oxygen analyser 

with N-22 oxygen sensor, and a Godart Capnograph Mark III. Gas mixtures 

of known concentration were used to calibrate the analysers before 

testing. The volume of expired air was measured using a Singer gasmeter 

(model DTM - 115) previously calibrated by the negative pressure water 

removal method (Goslin et aI, 1984). 

The equations forming the computer package used to calculate V02 max and 

related variables, together with the computer programme listing are 

provided in Appendices C and D. An Apple lIe microcomputer was used. 

6. Determination of V02 max. 

Termination of the test both in air and underwater was subjectively 

determined by the subject. Subjects were, however, encouraged either 

verbally, or in the case of the underwater test, with the use of hand 

gestures, to achieve their highest level in each test. 

Maximum V02 was chosen as the highest level of oxygen uptake achieved 

during the test (McArdle et aI., 1973; Katch et aI., 1982) It has been 

proposed that a reliable means of evaluating whether the subject's 

maximal effort has been attained in such a test is the appearance of a 

plateau in oxygen consumption, represented by changes of less than 50ml 

(Morehouse, 1972) or 2 ml.kg- 1 (McArdle et al., 1986) despite a further 

increase in workload. Pilot testing for the present study, however, 

indicated that such a plateau was unlikely to be revealed, due to the 

nature of the two-minute gas collection period . The establishment of 

the V02 max protocol is discussed under pilot testing results. 
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Furthermore, cognisance was taken of the effects of local fatigue and 

the unique set of conditions posed by the underwater environment upon 

the V02 values obtained. While the effects of water upon the resistance 

load on the cycle ergometer, together with the additional resistance 

offered by the water to pedalling were not investigated per se, they 

were nevertheless recognised as common factors influencing the power 

output and consequently the V02 of each subject. In view of the pi lot 

test results the V02 values obtained were accepted as constituting the 

functional maximum att ainable for both the land and underwater 

environments. Since testing conditions would be unaltered during apneic 

testing sessions, heart rate responses could thus be examined in terms 

of exercise intensities relative to the maximal V02 attained under the 

described conditions. 

Session B: Land 

Duration approximately 30 min. 

1. Heart rate monitoring 

Throughout t he study heart rate was monitored by means of Hewlett 

Packard electrocardiographic (ECG) equipment. This consisted of a 

monitor (model 78660 A/B) , a telemetry transmitter (model 78100 A), a 

telemet ry receiver (model 7810 A), and Narco-Scientific self-adhering 

surface electrodes. The frequency range of the telemetry transmitter 

was 450-470MHz. 

Electrodes were attached to the subject's chest in a modified lead II 

ECG configuration. The sites of attachment comprised the right and left 

sterno-clavicular jOints, and the V5 position (mid-axillary line). If 

necessary, chest hair was shaved at the attachment sites and the skin 

prepared by rubbing with abrasive tissue, before being cleaned with 

ethanol. The electrodes were prepared with Hewlett Packard Redux creme. 
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Care was taken to avoid the pectoral muscles as far as possible when 

placing the electrodes. 

2. Subject preparation 

Following the adjustment of the equipment to suit the individual, the 

subject assumed a relaxed, seated position on a Quinton cycle ergometer. 

Under all test conditions the subject breathed through a Hans-Rudolf 

2700 pulmonary valve prior to and after breath-holding. This was deemed 

necessary in order to standardise the procedure on land and underwater. 

Nose clips were used both on land and underwater to ensure that 

breathing was through the mouth only. Atmospheric air was inhaled via a 

75cm length of 3cm diameter Collins ridged tubing. Expired air from 

the valve exited into the atmosphere by means of a 100cm section of the 

same type of tubing. Identical lengths of tubing were used both on land 

and underwater. 

Since subjects remained on the mouthpiece for the duration of the test 

apnea was achieved with the mouth open, against a closed glottis. It 

has been suggested that the magnitude of the inspired lung volume prior 

to apnea may affect the heart rate response (Angelone and Coulter, 1965; 

Magel et al . , 1982). The measurement of vital capacity in the present 

research involved a maximal inspiration followed by a maximal 

expiration. In an attempt to standardise the inspired lung volume and 

enable an investigation of the effects of relative vital capacities upon 

the heart rate response to be made, subjects were instructed to hold the 

breath following a maximal inspiration . This was preceeded by normal 

breathing activity. Hyperventilation prior to apnea was not permitted . 

Thi s represented in the first instance a concern for the subject's 

safety, as the normal respiratory drive is compromised by 

hyperventilation prior to apnea, and loss of consciousness due to oxygen 

deprivation may occur with little or no warning (Craig , 1961, Lin 1982) . 
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Furthermore, it has been suggested (Lin et al., 1974) that the 

involuntary ventilatory activities (IVA) that signal the physiological 

breath-hold breaking point generate periodic pressure changes in the 

thoracic cavity which are beneficial to venous return and cardiac 

output. The initiation of such diaphragmatic contractions occurs within 

a narrow range of partial pressures of alveolar carbon dioxide (PAC02). 

Hyperventilation, by reducing the rate of carbon dioxide build-up, thus 

prolongs that period prior to the commencement of IVA, and in dOing so, 

may influence the heart rate response. 

Further instructions to the subjects stressed the need for the glottis 

to remain patent during apnea, thereby eliminating the Val salva 

manoeuvre. Elevated intrathoracic pressure is known to attenuate or 

abolish bradycardia (Lin, 1982), and may produce tachycardia (Magel et 

~,1982). Subjects were practiced in the technique of performing a 

breath-hold without a Valsalva manoeuvre. 

3. Apnea at work on land 

Following the attachment of electrodes as described above, the subject 

assumed his position on the cycle ergometer and went on the mouthpiece. 

A 30s resting heart rate was then obtained using the ECG. Heart rate 

was timed by stopwatch over a duration noted on the ECG trace by using 

the recorder's event timer. While the heart rate was continuously 

monitored on the ECG screen, a trace was only recorded over the re levant 

periods. 

The resistance loads aga inst which the subject pedalled were equivalent 

to those which would elicit oxygen uptakes that were 50, 70, and 90% of 

his V02 max for that environment. This was based upon pilot test 
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results. Work intensities were thus classified as "moderate" (50% V02 
max), "heavy" (70% \102 max) and very "heavy" (90% V02 max), each of 

which would be expected to induce tachycardia under normal respiratory 

conditions on land. The presentation of the different intensities was 

randomised by drawing cards a box, and a single blind technique was used 

to minimise extraneous biasing influences. 

While the heart rate was continuously recorded in order to prov ide an 

immediate pre-exercise value, the subject was instructed to commence the 

apneic bout when he was ready. He then inhaled maximally and the breath 

was held according to the prescribed method. The pOint at which the 

subject began and stopped breath-holding was determined by watching the 

movement of the diaphragm in the pulmonary valve. Breath-hold duration 

and the EC G trace were recorded as described above. Immediately the 

subject commenced apnea he began pedalling at a fixed rate of 60 rpm and 

cont inued to do so until breath-ho lding ceased. The recovery heart rate 

was recorded over 30s. 

After each exercise bout the subject remained seated on the cycle 

ergometer. The fol l ow ing bout did not begin until the heart rate was 

within 10 b.min- 1 of the initial resting heart rate (taken over 30s and 

converted into beats per minute) and the subject was ready to continue . 

The mean heart rate value which appeared on the ECG screen and at the 

top of the resting 30s trace was taken as a convenient baseline measure 

against which to evaluate recovery heart rates. As in the pilot study, 

it was stressed that the subject must report any feelings of discomfort 

to the tester. 
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4. Ratings of perceived exertion (RPE) 

The Borg scale of Ratings of Perceived Exertion (RPE) (Appendix A) was 

explained to the subject at the beginning of the testing session. 

Immediately upon cessation of apnea, the subject gave an overall rating 

of perceived exertion pertaining to how he felt dur ing work of varying 

intensities on land under apneic conditions. An overall rather than 

differentiat ed rat ing was considered to provide an adequate indication 

of the general perception of effort under apneic conditions. 

5. Work on land without apnea 

Once the subject had fully recovered following the recording of heart 

rate during apnea at work on la nd the entire procedure was repeated at 

the same work i ntensity, but without apnea. In this instance, however, 

the subject was instructed 

total time over which the 

to cease pedal ling once he had reached the 

breath had previously been held. It was 

hoped in this way to provide a heart rate standard for work on land with 

normal breathing activity, against which apneic heart rate responses at 

the same percentage of V02 max and over the same period of time could be 

compared. 

As soon as the subject stopped peda lling he once again gave an overall 

rating of perceived exertion. 

Session C: Underwater 

Duration approximately 45 min. 
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1. Mass 

This was measured using a Krups portable scale prior to immersion in 

water for the V02 max test . Mass was recorded in kilograms to the 

nearest 0.1 kg. 

2. Habituation 

It was felt that since all subjects were confident during whole body 

immersion in water and were fami li ar with the use of a snorke l in 

underwater activities, a short habituation period immediately prior to 

the first underwater testing session wou ld be sufficient. 

Furthermore, pilot testing revealed that for subjects who were competent 

swimmers but not particu larly experienced in an underwater environment, 

there was no significant difference in the V02 max obtained upon 

readministration of the test, despite the habituation to the testing 

condition which can be assumed to have occured during the first session. 

Subjects were informed that if initially they were not comfortable with 

the testing conditions they were to rema in submerged on the cycle 

ergometer until such time as they felt completely at ease. They would 

then return for the actual data col lection at a later stage. Personnel 

trained in lifesaving and basic cardiopulmonary resuscitation were on 

hand at all times. 

During actual testing no difficulties were experienced in subjects 

habituating to the underwater conditions in the first session. The mean 

immersion time prior to the first underwater test (VOz max) was 6 mi n 

2s, with a range from 4 mi n to 10 min 10s. Prior to the apneic 

underwater session subjects were once again allowed to remain submerged 

using the breathing apparatus until each felt confident to continue with 

the test. 
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3. Use of the cycle ergometer underwater 

The underwater testing protocol was intended to replicate that of on 

land as c losely as possible. A Quinton cycle ergometer was submerged in 

the sha l low end of a swimming poo l. The range in the sitting heights of 

the subjects (89 - 95.5cm) was such that it was possible to maintain a 

reasonably uniform depth of immersion throughout the whole group (x = 

172.5cm + 1.2; range = 170-174cm), and at the same time enabled each 

individual to remain in a seated position with the head just out of the 

water prior to each test. At the commencement of the test subjects then 

lowered the head below the surface of the water, producing a slight 

forward lean over the pedals. This working position was standard to the 

underwater and land conditions (Figure 6) . 

In order to counteract the positive bouyancy of the body underwater the 

use of toe clips on the pedals and a restraining belt around the 

subject's waist was deemed necessary. This relieved the subject of the 

effort required to simply maintain a seated position underwater. The 

divers belt worn by the subject incorporated a qUick-release buckle, 

al lowing him to pull it off at will. Adjustable straps attached to the 

front and rear of the belt secured the subject firmly to the ergometer 

seat without compromis ing the 'quick- release' nature of the system. The 

fastening of the toe clips was sufficient to hold the feet on the 

pedals, but loose enough to ensure that the subject could remove his 

feet from them should he wish to. At least two safety personnel were on 

hand during the underwater sessions to assist subjects at all times. In 

order to minimise the amount of time the subject spent in the water 

prior to habituation and the commencement of the test, as many as 

possible of the adjustments necessary for the individual were performed 
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on land before the ergometer was submerged. Forward motion of t he 

ergometer caused by the movement of the subject was prevented by tying 

the rear to a rope which was secured at the end of the swimming pool by 

means of an iron peg. 

A Hans-Rudolf 2700 pulmonary valve was used by the subject to breathe 

underwater (Figure 6). Atmospheric air was inspired by means of a 75cm 

length of 3cm diameter Collins ridged tubing attached to the inspiratory 

part of the valve. The tubing was held out of the water by means of a 

pole suspended over the subject from the pool-side. The expiratory part 

of the valve was connected to a second tube, 100cm in length, suspended 

on the support structure at the side of the swimming pool. This in turn 

was attached to a two-way stop-cock which could be turned to one of two 

meteorological balloons to allow for the continuous collection of 

expired air. Meteorological balloons were numbered and returned to the 

laboratory for analysis. For apneic testing conditions, where it was 

not necessary to collect expired air, the tube was not connected to the 

two-way stop-cock. Subjects still remained on the mouthpiece to enable 

them to breathe prior to and after apnea. Weights were attached to the 

Collins tubing and Hans-Rudolf valve in order to achieve neutral 

bouyancy underwater and thus overcome the tendency of the air-filled 

system to float (Figure 6). 

4. Resistance to breathing 

The maintenance of pulmonary ventilation during exercise underwater 

where breathing is performed through tubing exposed to atmospheric air, 

as in this study, is complicated by the increased load on the 

inspiratory muscles. Within the lungs the pressure is the same as at 
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(a) 

(b) 

Figure 6: Frontal (a) and side (b) views of the subject 
testing position underwater. 
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the water surface, that is, atmospheric pressure, whereas the outside of 

the thorax is subjected to atmospheric pressure plus the pressure of the 

column of water above the subject (Astrand and Rodahl, 1977) . The 

maximum pressure the inspiratory muscles can overcome is quoted as 

varying from just above 70mmHg (Astrand and Rodahl, 1977), to 140mmHg 

(McArdle et al . , 1986). According to several authors however, 

provided the problem of additional dead space is solved by a system of 

valves, a depth of approximately 1.0m (approximately 76mmHg) would be 

the maximum that could be tolerated (Astrand and Rodahl, 1977; Lanphier 

and Camporesi, 1982; Lundgren and Pasche, 1984; McArdle et al., 1986). 

In the present study the depth of the inferior angle of the twelfth rib 

was measured as an indication of the maximum possible depth of 

submergence of the lung with the subject seated on the cycle ergometer . 

This ranged from 42-50cm (x = 45.7cm) below the surface of the water. 

On the basis that fresh water exerts a force of one atmosphere (760mmHg) 

for every 10.33m below the water's surface (Astrand and Rodahl, 1977; 

Lundgren and Pasche , 1984; McArdle et al., 1986), the inspiratory 

resistance required to overcome external resistance at these depths was 

calculated as follows: 

Depth of lung at deepest point (d) = 42 cm 

d = 0.42 m = 0.042 atm = 31.9 mmHg 

Where d = 50 cm : 

d = 0.5 m = 0.05 atm = 38 mmHg 

Thus the additional pressure required to expand thoracic dimensions at 

these depths ranged from 31.9 to 38mmHg , with a mean for the group of 
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34.7mmHg. If the lowest 

accepted as representing 

can overcome, it can be 

figure cited in the 

the highest pressure 

seen that, even at 

literature (70mmHg) is 

the inspiratory muscles 

a depth of 50cm, the 

additional force required to overcome external resistance constituted 

54.3% of the maximum inspiratory pressure as a "worst case" . The 

maintenance of pulmonary ventilation in this study was, therefore, 

deemed feasib le. 

5. Maximal oxygen consumption underwater 

This protocol was identical to that used" on land (see above) with th e 

exception that subjects were unable to maintain the prescribed pedal 

rate of 60 rpm. Pilot testing revealed, however that subjects were able 

to maintain a remarkably steady rate of pedall ing. Pedal revolutions 

were recorded on a manual counter at one-minute intervals for the 

duration of the test (For detai led discussion see Pilot Testing 

Results). The tester remained in the water for the duration of the test 

and was able to indicate to the subject whenever he began to alter his 

rate of peda lling. Changes in the resistance load on the ergometer were 

carried out at a signal from the time-keeper at the pool-side. 

Before he entered the water, the subject was instructed in the hand 

gestures used by the tester underwater. A "thumbs-up" sign from the 

tester was used to enquire if all was going well; the same sign from the 

subject was used as an affirmative response, while a negative response 

was indicated by pOinting the thumb downwards. Towards t he end of each 

two minute-bout the tester asked if the subject was prepared to attempt 

the next l oad by pointing to the weight in question. The subject was 

instructed that as he neared exhaustion he must purposefully communicate 
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this to the tester by the negative gesture described. The tester's hand 

was then raised above the surface 

the subject ceased pedalling. 

collection was stopped. 

of the water and lowered immediately 

At this point the timer and gas 

The subject could thus perform these gestures and still retain a 

one-handed grip on the handlebars. 

Session 0: Underwater 

Duration appproximately 45 min. 

1. The recording of heart rate underwater 

Since the Hewlett-Packard ECG equipment was designed specifically for 

use on land, it was necessary, as in previous studies (Scholander et 

~, 1962; Harding et al., 1965; Str~me et al., 1970) to modify the 

available equipment. The method used in this study followed that 

developed by Candler (1986). 

Each of the components of the Hewlett-Packard ECG equipment was 

retained, with slight modification to some. The Narco-Scientific 

self-adhering electrodes were once again attached to the subject in a 

modified lead II configuration. Each electrode, however, was covered 

with a layer of adhesive water-proof plaster and then with another layer 

of highly adhesive medical plaster. The electrode wires were lengthened 

to approximately three metres and connected to a telemetry transmitter 

placed inside a sealed plastic bag taped to the side of the swimming 

pool. 
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2. Apnea at work underwater 

The protocol was indentical to that used during apnea at work on land, 

with the workload maintained at 50, 70 and 90% V0
2 

max. With the head 

just above the surface of the water, the subject went on the mouthpiece. 

A 30s resting heart rate was then obtained in the manner described 

earlier. The recording of heart rate and breath-hold duration was 

indentical to that during previous sessions in the laboratory, with the 

exception that the beginning and end of apnea were signalled by the 

subject himself. The subject was instructed that following a maximal 

inspiration he was to indicate the beginning of apnea by immediately 

lowering his head below the surface of the water, thus assuming the same 

position as during the V0
2 

max test. Cessation of apnea was signalled 

by the subject immediately raising his head above the surface of the 

water. 

Ratings of perceived exertion were obtained following each exercise 

bout, pertaining to the subject's overall feelings of exert ion during 

apneic work underwater. The use of a waterproof rating scale enabled 

the subject, while underwater, to provide these ratings immediately 

after pedalli ng ceased. 

3. Work underwater without apnea 

Once again, the protocol followed that used on land. Following the 

recording of apneic recovery heart rates the subject remained seated on 

the cycle ergometer. Heart rate was continuously monitored and only if 

it was within 10 b.min- 1 of the initial 30s resting value (converted to 

beats per minute) was the subject allowed to continue. As in the 

laboratory, it was stressed that any feelings of discomfort must be 
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reported to the tester. Once the subject felt ready to continue, the 

entire procedure was repeated without apnea for each of the relative 

work intensities. Overall ratings of perceived exertion were again 

obtained. 

DATA REDUCTION AND ANALYSIS 

Lung Function Analysis 

Fi gure 7 represents a typical spirogram, wherein each vertical division 

equals 50ml and each horizontal division 1mm. Static volumes (STPD) 

were ca lculated in litres, to the nearest mi llilitre, by multiplying all 

vertica l divisions by 50ml. 

Al l lung volumes were converted to STPD. In order to cancel out the 

effects of body size, specifically upon vi tal capacity (McArdle et al., 

1986), all volumes were expressed relative to body surface area 

according, to the formula of DuBois and DuBois (1916): 

B.S.A = (71.84 x MO. 425 x sO.725) 

10 000 

Where M = mass (kg); S = stature (cm) 

The computer programme used to calculate lung volumes relative to body 

surface area is provided in Appendix D. 

Determination of Subject Groups 

To explore the effects of relative lung size the initial group of 16 

subjects was divided into two groups on the basis of large (Group A) or 

small (Group B) relative vital capacities. An independent Student's 

t-test was then applied to the data in order to establish whether a 
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significant difference did exist in the vital capacities of the two 

groups, without an overlap in the standard dev iations of the groups. On 

the basis of th is criterion i t was necessary to reduce the samp le size 

to 12, with s ix subjects in each group. 

Heart Rate Analysis 

The range of breath-hold durat ion observed in the present study (Land: 

14 - 50s; Underwater: 17 - 55s) suggested that there existed great 

variation in absolute time for individual convent ional breath-hold 

breaking pOints. This presented difficu lt ies in establishing 

representative absolute time intervals for the measurement of heart 

rate. The examination of heart rate every lO s, for example, may have 

failed to illustrate important responses in the shorter breath-holds. 

Since it would not have been practica l to examine each heart beat over 

t he entire breath-hold, it was decided that for the pu rposes of 

statistical analyses heart rates would be measured over 10% increments, 

to 100% of total breath-hold duration f or each subject in each 

condit ion. The examination of heart rate responses to apnea, therefore, 

was relative to each individuals breath-holding capacity. 

Heart rate analys is was performed using a computer software programme 

(developed in th e Department of Human Movement Studies at Rhodes 

University) which enabled R-R intervals to be digitized rather than 

measured manually (See Appendix D). A pilot study established the 

programme as being both va lid and reliable. The R-R interval (mm) was 

divided into 1500 (paper speed = 25 mm.s- 1 x 60s) to give a heart rate 

in beats per minute. In addition to a beat-by-beat analysis of heart 

rate the programme provided mean heart rates over a given period (for 
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example, breath hold duration) and a mean of that entire period. Thus 

while the mean of each 10% of total breath-hold duration was used for 

statistical purposes it was possible to record the minimum heart rate 

during apnea for a given condition. 

The pre-apneic heart rate was taken as the mean value from the 30s 

recording immediately prior to breath-holding, while recovery heart 

rate constituted the mean of the 30 seconds immediately after breath 

holding. In each case, however, beat-by-beat values were available. 

Based on the definition of bradycardia as a reduction of heart rate 

below the pre-apneic level, the onset of bradycardia was defined as that 

point at which the heart rate slowed to a rate below the pre-apneic 

level; termination of bradycardia was that point at which the heart 

rate rose above the pre-apneic level. 

Statistical Analyses 

For all statistical procedures a level of probability of 0.05 was 

selected in order to reduce the probability of committing a Type I 

error, without unduly increasing the probability of a Type II error. 

Hypothesis 1. 

1. In order to examine the heart rate response to work at each 

intensity (50, 70, 90% V0
2
max) a two-way ANOVA with repeated measures on 

both factors (Ferguson, 1981) was applied to each of the four 

conditions: Land: Apnea and without apnea; Underwater: Apnea and 

without apnea. Factor One was relative exercise intensity, while Factor 

Two was percentage of exercise (breath-hold) duration . 
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In these and subsequent ana lyses of variance, where signif icant 

differences were indicated, a post hoc analysis in the form of a Sheffe 

test (Ferguson, 1981) was used to establish the exact location of those 

differences. 

2. In order to identify more specifically the changes in heart rate 

response to each work intensity for each of the four conditions, a 

series of 12 one-way ANOVAs with repeated measures (Ferguson, 1981) was 

applied. In this way significant changes in heart rate over the 

exercise duration could be established. 

3. Following this, a further three two-way ANOVAs with repeated measures 

on both factors were used to compare: 

i) Heart rate values representing the maximum bradycardia during 

apnea on land and underwater (Factor One) at each of the relative 

exercise intensities (Factor Two). 

ii) The difference in heart rate between apneic and 

conditions at 

environments 

90-100% of exercise duration 

(Factor One) at each 

exercise intensit ies (Factor Two). 

for land and 

of the 

non-apneic 

underwater 

relative 

iii) The difference between the pre-apneic control heart rate and 

the equivalent control value prior to exercise without 

breath-holding for land and underwater environments (Factor One) at 

each of the relative exercise intens ities (Factor TWo). 

4. In order to establish whether apneic heart rates over 10% increments 

of total exercise duration were indeed significantly different from 

-133-



corresponding non-apneic heart rates over the same time period, six 

two-way ANOVAs with repeated measures on both factors were applied. 

Land and underwater responses were separated for each of t he relative 

intensities (50, 70, 90% V02 max) in order to compare apneic and 

non-apneic heart rates (Factor One) over 10% increments of exercise 

duration (Factor TWo). For reasons explained under pilot testing, this 

would not have yielded the information required under step two of this 

section, thus separate analyses were necessary. 

This procedure was then repeated, separating apneic and non-apneic 

responses, in order to compare the land and underwater heart rates 

(Factor One) over 10% increment of exxercise duration (Factor Two) for 

each of the relative exercise intensities. 

5. The related Student's t-test (Ferguson, 1981) was used to compare 

30s resting heart rates recorded at both apneic sessions and converted 

into beats per minute, with the heart rates measured immediately prior 

to each apneic bout of exercise at the three relative exercise 

intensities. 

Hypothesis 2 

1. A two-way ANOVA with repeated measures on both factors was done to 

examine the effect of land and underwater environments (Factor One) upon 

breath-hold duration for each of the three relative exercise intensities 

(Factor Two). 

2. A second two-way ANOVA with repeated measures on both facto r was 

used to investigate whether the order in which breath-holds were 

-134-



performed (Factor Two) had any effect upon breath hold duration, in 

either environment (Factor One). 

Hypothesis 3 

Four two-way ANOVAs with repeated measures on both factors were applied 

to ratings of perceived exertion (RPE) in the following manner: 

i) A comparison of apneic and non-apneic responses on land (Factor 

One) at each of the three relative exercise intensities (Factor 

Two). 

ii) A comparison of underwater res ponses in the same way. 

ii i) A comparison of land and underwater responses during apnea 

(Factor One) at each of the three relative exercise intensities 

(Factor Two) 

iv) A comparison of non-apneic responses in the same way. 

Hypothesis 4 

1. An independent Student's t-test (Ferguson, 1981) was used to 

establish significant differences between groups A and B on the basis of 

relative vital capacities. The same t-test was used to further compare 

the groups in terms of age, underwater experience, mass, V02 max (land 

and underwater), breath-hold duration and pre-apneic heart rates and was 

applied to the environmental conditions (temperatures, relative humidity 

and barometric pressure) experienced by both groups during apneic 

testing sessions. 

2. Following identification of the exercise intensity at which the most 

pronounced bradycardia occurred during apnea for the entire group, 
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(Hypothesis 1; Step 1) Separate one-way ANOVAs with repeated measures 

were applied to the two groups' apneic heart rate data for that 

percentage of V02 max (50%), at 10% increments of exercise duration. 

3. Two two-way ANOVAs with repeated measures on both factors were done 

to compare the general responses of the two groups in both environments. 

Thus Factor One was lung group, and Factor Two, percentage of exercise 

duration. 

4. A two-way ANOVA with repeated measures on both factors was used to 

examine the lowest heart rates obtained (maximal bradycardia) for each 

group (Factor One), on land and underwater (Factor Two). 
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SUBJECT CHARACTERISTICS 

CHAPTER 4 

RESULTS AND DISCUSSION 

In this study 16 healthy male subjects partic ipated in four separate 

testing sessions. The physical characteristics of the subjects appear 

in Table IV. 

In order to explore the relationshi p between apneic heart rates and lung 

volume, 12 of these subjects were then divided equally into two groups 

on the basis of vital capacity expressed relative to body surface area. 

All lung volumes were converted to STPD. A summary of the data relevant 

to each group appears in Table V 

It is clear that in absolute terms, the vital capacities of Group B fell 

at the upper limit of, and those of Group A above t he 4 to 51 cited as 

"average for young males" by McArdle et al. (1986). The values for both 

groups compared favourably with those reported elsewhere for similarly 

aged males (Craig and Dvorak, 1975; Buono, 1983; Shiraki et al., 1985). 

While the relative vital capacities of Groups A and B were significantly 

different, no significant differences existed for age, underwater 

experience, mass, or V02 max either on land or underwater. 

ENVIRONMENTAL CONDITIONS 

The mean environmental conditions that the subjects were exposed to 

during the four separate testing sessions are presented in Tab le VI . 

Whereas relatively stable ambient conditions were evident in the 

laboratory, greater fluctuation occurred in the outdoor environment. Of 

importance in this regard, however, was the small difference in water 
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Table IV: Summary of physical characteristics and physiological data 
obtained for 16 male ~ubjects experienced in underwater apneic 
activities. 

X S.D C.V 

Age (yrs) 20.9 3.2 15 .3 

Underwater experience (yrs) 2.8 2.0 71.4 

Mass (kg) 75.1 7.5 10 .0 

Stature (cm) 179.6 4.7 2.6 

Body su rface area (m~) 1. 94 O. 1 5.15 

Sitting height (cm) 91.8 1.8 2.0 

Vital capaci t y - abso lute (1) 5.3 0.5 9.4 

Vital capacity - relative (11m2) 2.8 0.3 10.7 

Land V02 max (ml/kg/min) 47.7 5.8 12 .2 

Underwater V02 max (ml/kg/min) 40.0 5.4 13.5 
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Table V: Summary of physical characteristics and physiological data of subjects with large relative lung volumes (Group A) 
compared to those with small relative lung volumes (Group B) . 

Age Underwater Mass Body Pre-apneic Vital Vital vo~ max VO max 
(yrs) Experience (kg) Surface Heart rate Capacit.y Capazity La d Un~erwater 

(yrs) ar~a (b/min) (1) (l/m ) (ml/kg/min) (ml/kg/min) 
(m ) 

Group X 21.8 3.7 72.9 1.9 89 . 9 5.74 3.0 49.7 43.1 

~ S. D 2.8 2.8 10.6 0.14 7.6 0.4 0. 1 6.3 5.7 

C.V 12 .8 75.7 14.5 7.4 8. 5 7.0 3.3 12.7 13.2 

Group X 21 2.5 78.9 1.9 83 4 . 9 2.5 46.4 38.9 

B S.D 4.6 1.8 4.7 0.1 14.7 0.4 0.2 4.3 4.4 

C.V 21.9 72 18.6 7.4 17 . 7 8.2 8 9. 3 11.3 
--
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Table VI: Environmental conditions experi enced by subjects during data co ll ection. 
(Mean and Standard deviation). 

Sess ion A ( land) Session B (land) Session C (UW) Sess ion D (UW) 

Temperilture 22.0 + 1.6 23.1 :;: 1. 7 25.7 :;: 4.9 30.3 :;: 3.2 
(Dry; C) 

Temperilture 20.0 + 3.4 19.B:;: 1.4 21.6 :;: 3.4 22.5 :;: 1.9 
(Wet; C) 

Wat8r temperature 24. 4 :;: 1.0 26.1 + 0.8 
( C) 

Relative humid ity 78. 4 + 4. 7 73.7 + 3.9 67.8:;: 15.3 48.9 + 8.9 
(% ) 

Ba rometric pressure 716.3 :;: 2.3 716.0 :;: 2.2 714.3 :;: 3.2 713.6 + 1. 6 
(mm g) 
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temperature (l.7oC) between the two underwater condit ions. A mean 

temperature of 24.4oC for the underwater V02 max (Session C) was only 

slightly lower than the 250C preferred by subjects performi ng maximal ly 

during head-out immersion (Dressendorfer et a l ., 1976). The small 

variation in water temperature (26.1 oC + 0.8) during the apneic 

cond ition can be attributed to a heating system in the swimming pool 

which ensured a more-or-Iess stable temperature from one individual to 

the next. 

RESULTS 

Maximal Oxygen Consumption on Land and Underwater 

Cyc l ing while totally submerged in water resu lted in a significant 

decrease in \'°2 max from values obtained on land (F igure 8) . The ranges 

in abso lute V02 max for the land and underwater cond itions were 2.8 -

5.3 l.min -1 and 2.3 - 4.7 l.mi n -1 respectively. The mean value 

obtained underwater was -1 0.62 l.min lower, a decrease of 17.4%. A 

summary of the data appears in Tab le VII. 

The trend revealed for ventilation reflected that of V02 max, where a 

decrease in the mean minute volume of 23.6 l .m in- 1 (24.5%) in the 

underwater condition was identi f ied as significant (Figure 9). 

Similarly, complete immersion in water caused a significant decrease of 

9% in the ventilatory equivalent for oxygen (V.E. for 02)' although the 

ventilatory equivalent for carbon dioxide (V .E. for CO2) was not 

significantly altered (Figure 10). There was a small but significant 

change in the respiratory exchange ratio (R) during immersion. 

output (0) was significantly reduced (13.7%) underwater. 
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Based on the oxygen consumption data obtained, individual one 

independent variable regression equations were calculated for each 

subject in both environments. This was done in order that the exact 

time from the commencement of the test could be calculated for a given 

percentage of v02 max, and subsequently the resistance load at that 

intensity determined. The linear regressions calculated on the basis of 

group data, together with the relevant correlation coefficients, are 

present ed below: 

Land: v02 = 13.91 + 2.73 Time 

r2 = 0.90 

Underwater: V02 = 21 .0 + 1.24 Time 

r2 = 0.72 

Heart Rate 

The heart rate values in all figures in t his thesis are representative 

of the preceeding 10% interval (i.e 10% breath-hold duration represents 

0-10% etc). 

An examination of the general heart rate responses to varying relative 

exercise intensities (50, 70 , 90% v0
2 

max) under apneic and non-apneic 

conditions was separated into land and underwater conditions. In the 

non-apneic condition significant increases in the mean heart rate 

response were identified between 50 and 90% and 70 and 90% v02 max on 

land , and between 50 and 90% V02 max underwater. When the heart rate 

responses at each intensity were combined there were significant 

increases in heart rates examined at 10% increments of total exercise 

duration both on land and underwater (Figure 11). In other words, as 
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duration of exercise increased, heart rate increased. In both 

environments, however, there were significant interactions between 

factors; thus the heart rate trends across 10% increments of exercise 

duration were qualitatively different for the different intensities of 

exercise. In terms of apneic responses, a significant difference in 

heart rate occurred between 50 and 90% V02 max on land, but not between 

any of the exercise intensities underwater. Thus the significant 

increase in mean heart rate between the relative intensities that 

occurred in both environments for the non-apneic conditions, was 

completely absent underwater and occurred only between moderate and very 

heavy intensities in the apneic condition on land. Apneic heart rates 

at 10% increments of total exercise duration were markedly different 

from non-apneic responses. Apnea on land resulted in an initial 

significant rise, followed by a drop in heart rate, such that no 

significant difference existed between values for 0 -10% and 90 - 100% 

of breath-hold duration (Figure 11a). Underwater heart rates were 

significantly higher between 20 and 40% of breath-hold duration than 

during the initial 20%. This was followed by a reduction until heart 

rates from 80 - 100% of breath-hold duration were significantly lower 

than at 0 - 10% (Figure 11b). Once again, however, a significant 

interaction existed between factors in both environments. 

More specific study of heart rate responses involved separating apneic 

and non-apneic responses , on land and underwater for each of the three 

relative intensities (Table VIII). On land, apnea during exercise at 

50% V02 max (Figure 12a) resulted in a significant decrease in heart 

rate in the last 10% of breath-hold duration. This value was 

significantly lower than all values from 20 80% of breath-hold 
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duration. In contrast, exercise at the same intensity without apnea 

resulted in significant increases in heart rate until 80% of exercise 

duration whereupon the rises that did occur were no longer significant. 

At 70% VOz max (Figure 13a) there was an insignificant rise in heart 

rate between 30 and 70% of breath-hold duration, followed by a decrease 

wh ich became significantly lower than these values at 90 to 100% of 

breath-hold duration. Once again, exercise without apnea produced 

At 90% VOz 
breath-hold 

significant rises in heart rate until 80% of total dura t ion. 

max on land (Figure 14a) the heart rate for 40 - 50% of 

duration was sign ifi cantly higher than for 0 - 10%, but thereafter 

declined until the value for 90 - 100% of breath-hold duration was 

significantly lower than values from 30% to 70% of breath-hold duration. 

Rises in heart rate during non-apneic exercise were significant until 

80% of exerc i se duration. 

In the underwater environment, apneic exercise at 50% VOZ max (Figure 

1Zb) produced consistent decrements in heart rate from 30% of 

breath-hold duration until the termination of breath holding. Values 

over the last 30% of breath-hold duration were significantly lower than 

heart rates between 10% and 40% of breath-hold duration. The mean heart 

rate at 90 - 100% of breath-hold duration, which represented a 30% 

decrease compared to the pre-apneic value, was significantly lower than 

all values from 10% to 60% of breath-hold duration. In the non-apneic 

condition, heart rate rose, to t he extent that values for the final 30% 

of exercise duration were significantly higher than those during the 

first 30%. No significant changes in heart rate occured after 40% of 

exercise duration. 
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At 70% V02 max (Figure 13b) apnea elicited significant heart rate 

reductions in the final 20% breath hold duration. The value for 90 

100% of breath-hold duration was significantly lower than all previous 

values, with the exception of the mean heart rate for 80 - 90% of 

breath-hold duration. Exercise without apnea at 70% V02 max produced 

significant rises in heart rate until 60 - 70% of breath-hold duration, 

whereafter no s ignificant changes occured. 

At 90% V02 max (Figure 14b) apneic exercise in this environment produced 

an insignificant rise in heart rate over the first 40% of breath-hold 

duration, with the result that significant differences existed between 

these va lues and those from 70% to 100% of breath-ho ld duration. 

Exercise of this intensity without apnea produced significant rises in 

heart rate until 70% of breath-ho ld duration, whereafter no significant 

changes occurred. 

A comparison of apneic and non-apneic conditions revealed that with the 

exception of exercise at 70% V02 max on land (see Figure 13a), where no 

significant difference ex isted, apneic heart rate responses were 

significantly lower than non-apneic responses at all relative exercise 

intensities, in both environments. Furthermore, a significant 

interaction existed between factors in each case; thus heart rate 

responses to apneic exercise were qualitatively as well as 

quant i tative ly di fferent from those without apnea. 

When land and underwater responses were compared for apneic and 

non-apneic conditons , at each of the relative exercise intensities, 

significant differences between the heart rates in the different 

environments ex i sted only at 90% V02 max (see Figure 14). This was true 
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for apneic and non-apneic conditions. At this intensity heart rates 

underwater were significantly lower than for the same exercise on land. 

Once again, however, the interaction between factors' was significant for 

all conditions. 

Maximal bradycardial responses (ie: the minimum heart rate recorded) 

were significantly lower underwater than on land. Although the 

bradycardia was more pronounced the lower the exercise intensity, the 

di fferences between intensities were not statistically significant 

(Figure 15). The interaction between factors was not significant, 

indicating that although heart rates were lower underwater, the 

responses were qualitatively the same in both environments. 

A compar ison of the difference in heart rate between apneic and 

non-apneic conditions at 90 - 100% of total exercise duration prov ided 

an indication of the extent to which the suppression in heart rate 

occurred in either environment. It was evident from Figures 12 to 14 

that the most marked difference in heart rate occurred at this time. 

However the difference in heart rate between the conditions was not 

s ignificant in the land and underwater environments; nor were the values 

signi ficantly different at the various relative exercise intensities 

(Figure 15). No significant difference existed for the interaction 

between factors. 

Analysis revealed that immediate pre-apne ic heart rates were 

signif icant ly higher than a 30s resting value recorded in each condition 

and converted into beats per minute. The only exception to this was the 

heart rate immediately prior to apneic exercise at 70% V02 max on l and. 

However the difference between the pre-apneic heart rate and the 

-146-



equivalent control value prior to exercise without breath-holding was 

not significant on land or underwater, or between the exercise 

intensities, nor was there a significant interaction between factors. 

Breath - Hold Duration 

Although there was a tendency towards longer breath-holds underwater 

(Figure 16; Table IX) they were not significantly different from those 

on land, nor were there significant differences between exercise 

intensities, despite an overall trend towards shorter breath-holds, the 

heavier the workload. No significant difference in the interaction 

between factors indicated that the trends in breath-hold duration were 

qualitatively the same throughout. Furthermore, the order in which 

breath-holds were performed did not significantly effect the breath-ho ld 

duration in both environments. 

Ratings of Perceived Exertion 

Ratings of perceived exert ion (RPE) were significantly higher in both 

testing environments for the apneic than for non-apneic conditions 

(Table IX), although the interaction between factors was not 

significant. When apneic and non-apneic condit ions were separated, 

analysis revealed that land RPE were not significantly different from 

underwater ratings. In the non-apneic state, RPE increased 

significantly with increasing exercise intensity, whereas during apnea 

the increase between 70 and 90% V02 max was not statistically 

significant (Figure 17). 

Effect of Lung Volume 

Following determination of groups A (large) and B (small) on the basis 

of relative vital capacity as described earlier , a comparison was made 
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of the apneic heart rate responses of the two groups over 10% increments 

of breath-ho ld duration. Heart rate values used were those obtained 

during apneic exercise at 50% V02 max on land and underwater. This was 

identified as the relative intensity at which the most pronounced 

bradycardia occurred in both environments, for the original group of 16 

subjects. Independent t-tests revealed that physical characteristics, 

environmental conditions and pre-apneic heart rates on land and 

underwater, which may have affected apneic heart rate responses, 

particularly underwater, were not significantly different from one group 

to the next. Breath-hold duration, however, was significantly longer 

for Group A. Neverthless, there were no significant differences between 

the groups in their mean heart rate response to the apneic condition, 

nor was there a significant interaction between factors. 

The heart rate response of each group was then studied separately in 

each environment, at 10% increments of breath-hold duration. On land 

(Figure 18a) the basic trend was an initial slight increase in heart 

rate, followed by a decrease until the termination of breath-hold ing. 

Thus for Group A the value for 90 - 100% of breath-hold duration was 

significantly lower than values from 20 - 50% of breath-hold duration. 

While the same trend was apparent for Group B, changes in heart rate 

that did occur were not statistical ly significant. Underwater (Figure 

18b) the mean heart rate for Group A at 90 - 100% of breath-hold 

duration was significantly lower than the value for 20-30%, whereas 

Group B experienced decreases over the final 30% of breath-hold duration 

that resulted in significantly lower heart rates than for the first 50% 

of breath-hold duration. 

Finally, when maximum bradycardia was examined, the mean heart rate for 

Group B was 14.6% lower than that for Group A, a difference which was 

not identified as significant. Furthermore, no significant differences 
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Table VII: Experimental results from maximal exercise on land 
and underwater (mean and standard deviation). 

Land 

Immersion time prior to test (min) 

,Depth of immersion (em) 

Depth of inferior angle of 12th rib (em) 

V02 max (l/min) 3.6 + 0.65 

V02 max (ml/kg/min) 47.7 1- 5.94 

Ve (STPD) (l/min) 96.2 1- 20.4 

Y.E.for 02 (1/100ml/blood) 2.7 1- 0.22 

V.E.for CO2 (1/100ml/blood) 2.4 1- 0.2 

R 1.12 + 0.01 

Q (l/min) 23.7 + 3.73 

Underwater 

5.9+1.87 

172.5 + 1.12 

45 . 6 1- 2.71 

2.9 + 5.7 

40.0 1- 5.56 

72.6 + 16.1 

2.4 + 0.25 
I 

2. 4 1- 0.24 I 
I 

1.0 + 0.06 I 

20.4 + 3.3 I 
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Table VIII: Mean heart rate responses over ten percent increments of exercise duratio~ for apneic and non-apneic 
conditions during exercise of differing intensities expressed relative to V02 max. 

lU' Incremen<;s or exercise Duration lo/mln) 

% VO Rest Pre-apnea o - 10 10 - 20 20 - 30 30 - 40 40 - 50 50 - 60 60 - 70 70 .. 80 80 - 90 
max ~nd (b/min) (b/min) 
condition 

LAND 70.8 
50 - AP :r 10 . 5 77 .4 + 13.3 82.8 93.3 94.2 96.3 97 95.2 93.4 91.4 82 

50 - WAP 67.7 .. 14.7 69.2 83 . 5 90.0 93.9 97.8 102.2 103.1 107.1 110.8 

70 - AP 74.5 + 14.6 85.4 92 . 4 96 . 1 101.8 101.7 103.2 103.9 99.2 92.1 

70 - WAP 65.7 + 15.4 68.7 81.6 90.1 96.9 101.3 104.9 108.7 112.8 115.9 

90 - AP 80.4 + 14 87.6 91.7 102.0 108.7 111.2 110 . 3 110.6 106.9 97.8 

90 - WAP 68.2 + 10 70.7 85.8 96.5 102 .6 109.5 114.3 117.3 121.7 125.8 

UNDER-
WATER 76.4 
50 - AP + 9.0 88.7'" 11.9 94.5 102.3 104.7 102.6 93.6 86.6 83.7 79.9 71.8 

50 - WAP 77.8 + 13.8 80.2 88.2 91.7 94.6 93.1 95.1 96.6 98.5 100.6 

70 - AP 88.9 + 10.4 93.4 96.5 101.2 99.5 93 .7 91.4 88.8 87.2 75.1 

70 - WAP 75.3 '" 12.5 76.0 85.4 89.4 94.4 96.4 98.4 100.3 102.5 104.5 

90 - AP 85.1 + 11.8 89.6 93.5 103.3 108.2 99.6 96 . 9 92.8 83.7 75.8 

90 - WAP 176.7 '" 12.2 80.9 86.1 95.2 98.6 101.3 102.7 105.7 107.9 109.2 
L-____ 

90-100 

71.8 

113.7 

78.8 

118.5 

84.2 

128.2 

62.1 

102.1 

63.9 

106.6 

65.3 

112.3 
.--.J 
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Table IX: Mean values for breath-hold duration and ratings of perceived exertion 
(RPE) on land and underwater for exercise of differing intensities 
expressed relative to 002 max. 

LAND UNDERWATER 

50 70 90 50 70 90 

Breath-hold X 32.97 31.39 30.85 35.27 36.05 35.16 
duration (s) S.D 7.8 8.0 7.8 8.5 8.4 8.8 

Non-apneic 
exercise X 32.97 31.69 30.73 35.62 35.97 35.13 
duration (s) S.D 8.0 7.6 7.7 8.6 8.4 8.9 

RPE X 12.5 13.3 14.1 12 .3 13.8 14.4 
(apneic) S.D 1.5 1.6 1.9 1.8 2.0 1.5 

RPE X 10 . 4 11.5 12.5 9.9 11.3 12 
(non-apneic) S.D 1.3 1.8 1.4 2. 0 1.7 1.7 
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existed between land and underwater values; nor was the interaction 

between factors significant. 

DISCUSSION 

Maximal Oxygen Consumption on Land and Underwater 

A comparison of the same cycling exercise performed on land and 

underwater revealed that V02 max was s ignifi cantly reduced in the 

underwater environment. This is in contrast to the findings of 

Dressendorfer et al . (1976), who observed no significant change in the 

V02 max of subjects cyc ling on land and during head-out water immersion, 

prompting them to conclude that the reduction in V02 max typically 

reported for swimming in comparison to running or cycl ing (Astrand and 

Salt in, 1961; Holmer, 1978; Coetsee and Thiart , 1978) should be related 

to inherent differences in the activities studied, rather than the 

effects of water immersion per se. The present findings, however, 

indicate that the unusual card ioresp iratory conditions which exist 

during total body immersion should be taken into consideration in any 

comparison of performance in underwater and air environments. A 

reduction in V02 max values with maximal fin swimming (SCUBA) at a depth 

of 3m versus at the surface has been reported (Coetsee and Thiart, 

1978). Although the 6.5% decrease at 3m was not statistically 

significant in their case, it must be noted that a very small sample 

(N = 5) was used. The V02 max values obtained in the present study for 

subjects cycling on land compare favourably with those reported 

elsewhere (McArdle et al., 1973; Dressendorfer et a l ., 1976), but are 

23% lower than those reported by Dressendorfer and associates for 

cycling during head-out immersion in water of similar temperature (250 C). 
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The lower pulmonary ventilation (Ve) during total body immersion concurs 

with previous observations made for whole body and head-out immersion 

(Magel and Faulkner, 1967; Dressendorfer et al., 1976; Holmer, 1978; 

Coetsee and Thiart, 1978), although contrast ing findings have been 

reported where no sign ificant change in minute volume occurred during 

graded leg exercise in air and underwater at a depth of approximately 

1.22 m (Moore et al., 1970). Extensive investigations have, however, 

established that water immersion results in changes to the mechanics of 

lung function in man. These are attributed to the overall effects of 

increased hydrostatic pressure and intrathoracic blood volume that 

accompany water immersion (Burki, 1976; Holmer, 1978; Lollgen et aI., 

1980; Lin, 1984 and 1988) . 

In the present study V02 max underwater was sign ificantly reduced. 

This was accompanied by a significant reduction in the V.E. for O2. It 

is suggested, however, that the adverse effects of total body immersion 

upon the mechanics of respiration, manifest in a 24.5% decrease in Ve, 

offset possible advantages to respiratory gas exchange brought about by 

increased pressure. Lollgen et al. (1980) point out that disturbances 

in cardiopulmonary function during head-out water immersion can only 

partly be compensated by opposing mechanisms, and the net results are 

ventilatory and ventilation perfusion ratio inequalities. 

The V.E. for CO2 was not significantly altered by the underwater 

environment. This can be attributed to a decrease in both minute 

volume and carbon dioxide production. That expired carbon dioxide was 

less for maximal exercise during total body immersion is substantiated 

by the sign ificantly reduced respiratory exchange ratio (R) for this 
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condition. A lower respiratory exchange ratio during maximal swimming 

compared to running has been observed (L61lgen et al., 1980). The 

reduction reported for swimmi ng was explained in terms of a lower 

alveolar ventilation, resulting in a higher alveo lar PC02. 

The reduction in V02 max observed underwater may be further explained by 

the significant decrease in card iac output that occurred during total 

body immersion. Previous inves tigators have reported equivocal results 

with regard to the immersion effects on cardiac output, wit h some 

observing a decrease (Holmer, 1978), an increase (Lo llgen et al., 1980), 

or an unchanged cardiac output upon water immersion (Rennie et al., 

1971). Ma ny of the apparent contradictions may be attributed to 

complex variations in the responses of cardiac output, heart rate and, 

to a lesser degree, stroke volume as determined by dissimi l arities 

between studies in such factors as body position, type of activity or 

water temperature. 

Effect of Apnea upon Heart Rate 

The focus of this research was the reappraisal of current theories 

regarding the onset, course and terminat ion of apneic bradycard ia. In 

the light of an abundance of equivacol reports concerning this 

phenomenon, a central factor was the establishment of an operational 

definition of apneic bradycardia, against which results could be 

. evaluated. Lin (1982) has pOinted out that lack of uniformity in the 

interpretation of results may in many instances account for apparent 

discrepancies within the literature. Since the present study examined 

apneic heart rates during work classified as moderate to very heavy (50, 

70 , 90% V02 max), a clinical definition of bradycard ia as constituting a 
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heart rate below 50 or 60 -1 b.min (Neufeld et aI., 1978; Arnold, 1985) 

was inappropriate. Gross et a I. (1976) concluded that the 

characteristic heart rate response to breath-holding in man represented 

the domination of influences mediating vagal bradycardia over other 

tachycardia-producing reflexes. If this statement is considered, 

particularly with res ponses to exercise in mind, it is clear that where 

apneic heart rate responses are concerned, a distinction must be made 

between the phase in which tachycardia-producing reflexes dominate, and 

the phase in which vagal inhibition overrides such reflexes. Thus, in 

keeping with a more general description of bradycardia as a "relatively 

slow heart action" (Webster's, 1986), an operational definition was 

derived, whereby apneic bradycardia was defined as a reduction in heart 

rate below the immediate pre-apneic level. In other words, the onset 

of bradycardia marked that point in which tachycardial effects relative 

to a control heart rate immediately prior to apnea were overridden, with 

a resultant decrease in heart rate relative to that control value. 

The present study revealed that in terms of this definition, apneic work 

elicited an overriding bradycardia underwater (Figure 11b), but failed 

to do so on land (Figure 11a). Rather, the collective response on land 

was what could be termed a suppressed tachycardia; despite a reduction 

in heart rate after an initial rise, the mean heart rate did not fall 

below the pre-apneic control level. The apparently enhanced slowing of 

th e pulse by immersion during apnea is in agreement with many previous 

studies (Irving, 1963; Kawakami et aI., 1967; Bove et aI., 1968; Song et 

~, 1969; Str.0mme et aI., 1970; Bergman et aI., 1972), but not all 

(Craig, 1963; Brick, 1966 ; Craig and Medd, 1968; Asmussen and 

Kristiansson, 1968). These observations, however, highlight the 
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dangers which accompany a disregard for the quantification of exercise 

intensity in either environment. Within the general ambit of heart 

rate responses to apneic exercise, a significant interaction between 

factors was identified on land and underwater, indicating that the heart 

rate trends across 10% increments of breath-hold duration were indeed 

qualitatively different for the different intensities of exercise 

studied. Moreover, while the mean responses underwater were not 

quantitatively different at the different intensities, a significant 

increase in mean heart rate was established between 50% and 90% V02 max 

on land. 

Separate analyses of apneic and non-apneic responses, on land and 

underwater, for each of the three relative exercise intensitites, 

permitted the establishment not only of the existence of bradycardia, 

but a lso the temporal development of this response. Figure 12b reveals 

that apneic bradycardia was in fact apparent at 50% V02 max on land. 

Although the inhibitory effects of apnea upon the heart rate, manifest 

in a consistent decrease in values, were evident over the last 50% of 

the breath-hold, the decrease in heart rate below the pre-apneic level 

occurred within the last 10% of breath-hold duration. This, when 

translated into absolute terms, established the onset of bradycardia as 

occurring between 29.7 and 32.9s. A similar slowing of the heart rate, 

which commenced at 70% of breath-hold duration, was apparent at 70% and 

90% V02 max (Figures 13a and 14a). It would appear, however, that in 

neither case was vagal inhibition sufficient to override the increase in 

heart rate associated with heavy and very heavy exercise on land to the 

extent that bradycardia, in terms of the definition outlined previously, 

would occur. 
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In contrast, bradycardia was evident at all exercise intensi t ies studied 

in the underwater condition. The onset of bradycardia, when expressed 

relative to total breath-hold duration, occurred between 50 and 60% at 

moderate workloads (50% V02 max) and between 70 and 80% at heavy (70% 

V02 max) and very heavy (90% V02 max) workloads; this converted to 

absolute times of between 17.6 and 21.2s; 25.2 and 28.8s; and 24.6 and 

28.1s respectively. In other words, at the same exercise intensity 

(50% V02 max), the onset of bradycardia by the present definition 

occurred markedly earlier during immersion than on land, both in 

absolute and relative terms . The onset of the response was delayed 

similarly at 70% and 90% V02 max compared to the lighter intensity in 

the same environment. 

Once again, however, the inhibitory effect of increased vagal tone, 

described as a suppressed tachycardia, was evident prior to the onset of 

bradycardia as such. This commenced at 30% of breath-hold duration at 

moderate (50% V02 max) and heavy (70% V02 max) workloads, but was 

slightly delayed at the very heavy workload (90% V02 max), occurring at 

40% of breath-hold duration. That vagal inhibition was insufficiently 

strong to overcome an initial increase in heart rate concurs with some 

previous studies (Scholander et al., 1962; Gemma and Wells, 1987; Scott 

and Candler, in press) . Gemma and Wells reported that the more 

difficult a movement pattern executed during synchronised SWimming, the 

more prolonged was the increase in heart rate and the delay in 

bradycardia, but like Scholander and co-workers , offered no suggestion 

as to the underlying causes. Tentative proposals by Scott and Candler 

have included the influence of t he Valsalva manoeuvre in increasing the 

heart rate while subjects lowered themselves into t he water , and that 
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the mechanisms causing apneic bradycardia may only be stimulated after 

several seconds. Although body position in the present study was 

standard throughout the duration of apnea, the role of Valsalva during 

the initial stages of the breath-hold cannot be entirely discounted. 

It is possible that the effort required to overcome the initial 

resistance to pedalling, particularly underwater, resulted in a Valsalva 

manoeuvre, since a forced expiration against a closed glottis has the 

effect of stabilising the abdominal and thoracic cavities (McArdle et 

~,1986). Subjects were, however, practised in the technique of 

performing a breath-hold without a Val salva manoeuvre, and instruct ions 

to them stressed the need for the glottis to remain patent during apnea. 

Had Val salva been performed for the duration of the breath-hold, it is 

likely that the acceleratory effects of this manoeuvre upon heart rate 

would have been evident over a greater proportion of the breath-hold 

(Magel et al., 1982). In light of the controversy regarding the causes 

of apneic bradycardia, the notion that such mechanisms may only be 

stimulated after several seconds remains speculative at present. 

Nevertheless, the progress ive development of hypoxia and hypercapnia 

(Kawakami et aI. , 1967; Strpmme et aI., 1970; Angell-James and de Burgh 

Daly, 1972; Gross et aI., 1976; Lin et aI., 1983), together with a 

consistent increase in mean arterial blood pressure (Harding et al., 

1965 ; Lin, 1982 ) over the duration of the breath -hold, have been 

recognised as contributary factors in the potentiation of apneic 

bradycard ia . Furthermore, if one considers the variety of fac tors said 

to modify the response, it appears likely that a delayed inhibitory 

effect may occur to a greater or lesser extent, depending on the 

combination of factors relevant to a given condition. It has been 
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suggested, for example, that the bradycardial response is accentuated by 

facial cooling (Kawakami et al., 1967; Le Blanc et al., 1976; Speck and 

Bruce, 1978; Caputa and Cabanac, 1979), a factor which in this study may 

help explain the prolonged increase in heart rate during apnea on land 

compared to underwater. Whereas changes in the temperature to which 

the face was exposed did not occur between immediate pre-apneic and 

apneic conditions on land, this was the case underwater. In this 

environment subjects lowered their faces into the water only at the 

commencement of apnea. The mean water temperature of 26.1 oC (+0.8 °C) 

during the apneic condition fell within the range (15-30oC) required to 

produce cold-receptor excitation (Kawakami et al., 1967). Finally, if 

the suggestion by Gross et al. (1976), that apneic heart rates represent 

the domination of vagal influences over tachycardia-producing reflexes 

is borne in mind, it seems feasible that during exercise at levels which 

would result in pronounced tachycardia during normal ventilatory 

conditions on land, an extended delay in that point at which vagal 

influences predominate may occur. 

In the present study the effects of increasing exercise intensity upon 

the onset of apneic bradycardia were evident, in that bradycardia 

occurred only at 50% VOz max on land, and not at all at the higher 

intensities, and the onset of the response underwater was evident 

earlier in the breath-hold at 50% V02 max than at 70 and 90% V02 max. 

If the responses in general were considered, the absolute time within 

which bradycardia commenced ranged between 17.6 and 32.9s. In other 

words, the bradycardia which Lin (1982) described as occurring within 

two or three cardiac cycles following respiratory arrest, was not 

apparent until at least half-way through the total breath-hold duration. 
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Although Lin's observation concerned primarily resting responses, 

similar reports exist of an immediate bradycard i a during apneic swimming 

(Str¢mme et aI, 1970) and diving (Irving, 1963; Landsberg, 1975). In 

each instance the present def initi on of bradycardia as a drop below a 

pre-apneic level, was applicable. Closer examination of the results of 

two of these studies (Str¢nme et aI., 1970; Landsberg, 1975) revealed, 

however, that this point was not evident until 10s into the breath-hold, 

an absolute time which in the present study would convert to 

approximately 28% of the mean breath-hold duration at each exercise 

intensity underwater. Part of the difficu l ty in resolving the 

contention attendent upon the onset of apneic bradycardia is thus 

large ly a problem of semantics. In other words, could the onset of the 

response be termed "immed i ate", despite an apparent latency of 10s? 

Figures 12 to 14 revealed that once the point was reached where vaga l 

inhibition was sufficient to overcome the initial tachycardia, heart 

rates dec lined progressively over the duration of the ent ire 

breath-hold. Although this concurs with some previous studies (Magel 

et al., 1982; Gemma and Wells, 1987), a more common observation is the 

ex i stence of a plateau once the maximal bradyc ard ia l response has been 

attained. In contrast, the lowest heart rates observed during apnea in 

the present research were cons istently within the final 10% of 

breath-hold duration; t hus termination of bradycardia was synonymous 

with cessation of apnea. Since the overall range in breat h-hold 

duration on land and underwater was 14 to 55s, these data do not support 

past suggest ions that bradycardia levels-out after approximately 30s 

(Hong et aI., 1967 and 1970; Bergman et aI., 1972; Lin et aI., 1983; 

Cand ler, 1986). Indeed, with the exception of eight of the total 96 
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breath-holds examined in the present study, the lowest heart rate always 

occurred within t he final three cardiac cycles of the breath-hold. The 

recording of pneumographic tension duri ng apneic exercise has 

demonstrated that the chest may expand slightly just before the 

conventiona l breakpoint (Craig and Cummings, 1958). It is likely that 

this constituted part of the involuntary vent il atory activities later 

described by Lin et al. (1974), and may be of particular relevance to 

the occurence of t he lowest heart rate prior to the release of the 

breath, since it would have implications for the effect of mechani cal 

factors upon the heart rate. In addition to the potentiation of the 

response by lowered intrathoracic pressure and its role upon venous 

return, stimulation of stretch receptors may be enhanced. On the other 

hand, reports of increased intrathoracic pressure with increasing chest 

wall recoil as l ung volume increases (Ferrigno et al., 1986), together 

with attenuated bradycardia in the face of artificia lly induced 

expansion of the chest (Aserinsky and DeBias, 1961; Angell-James and de 

Burgh Daly, 1972 ) would tend to negate such propositions. 

Despite differences in the point at which the onset of bradycardia 

occurred in the submerged condition, no sign ificant differences existed 

between the mean heart rates at each exercise intensity. Thus it would 

appear that despite variable latency in the initiation of the response, 

depending on how greatly homeostasis was disturbed, the degree to which 

the heart rate dropped was similar. On land, the mean heart rate at 

90% V02 max was significantly higher than at 50%. Nevertheless, when 

the difference between apneic and non-apneic heart rates at 90 to 100% 

of exercise duration was compared across conditions, there were no 

significant differences either between the environments , or the 
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intensities (Figure 15), suggesting that the extent to which the 

suppression in heart rate occurred was similar for the three exercise 

intens i ties studied. The differences between pre-apneic heart r ates 

and the equivalent controls prior to exercise without breath-hold i ng 

were not significant either. Furthermore, invest igation of the lowest 

heart rates recorded revea led that despite a t rend towards higher heart 

rates the higher the exercise i ntensity (Figure 15), the overal l extent 

of the heart rate reduction was not significantly altered between the 

workloads. 

Researchers in the past have reported contrad ictory results with regard 

to the effects of exercise intensity upon apne ic heart rates. Asmussen 

and Kristiansson (1968), for example , us i ng cyc l ing exercise with fac ia l 

immers ion only, observed that the heart rate decreased less during heavy 

than light work. Paulev and Hansen (1972), on t he other hand, found 

that during exercise at va rying workloads, apnea e li cited a small fall 

in heart rate, defined by these authors as bradycardia, only in the 

fittest subjects. In each of these studies, however, workloads were 

determined in absolute terms. This factor, together with the diversity 

of protocols used in the past, tends to limit comparisons with the 

present resu lts. Few studies (str~mme et al ., 1970; Oldr idge et al ., 

1978; Finley et a l ., 1979) appear to have examined the effects of 

exercise upon apne ic heart rates using intensities determined relative 

to i ndividua l capacities. Where this has been the case, comparisons of 

the responses with in the broad spectrum of relative intensities have not 

been performed. 
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Based on their observation that only the fittest subjects experienced a 

fa ll in heart rate during apneic exercise, Paulev and Hansen concluded 

that the change in heart rate for each individual was dependent upon the 

ratio between the absolute work load and the aerobic working capacity of 

the subject. In other words, the lower this ratio, the greater the 

reduction in heart rate. Within the range of relative intensities 

examined in the present study, this was not found t o be the case; nor is 

this view cons i stent with reports that apnea during facial immers ion on 

land produced a greater drop in heart rate relative to control values 

duri ng "moderately severe" exercise than during "mild" exercise (Bergman 

et al., 1972). In contrast to the remarks of Paulev and Hansen, Finley 

and associates (1979) .have suggested that high background heart rates, 

seen for example, during exercise, may indeed lead to greater vagal 

activity dur i ng apnea (see page 28), and result in greater overa l l 

reductions in heart rate. Assuming this to be so, the reduction in 

heart rate observed during exercise might be expected to be greater, the 

higher the relative intensity. This was not, in fact, the case in the 

present study, if, along similar lines to Bergman et a l . (1972), the 

reduction in heart rate which occurred during apnea was compared to the 

pre-apneic level. Using this method, relative decrements of 30%, 28% 

and 23% were calculated for the underwater condition at 50, 70 and 90% 

V02 max respectively. On land the only drop in heart rate below the 

pre-apne ic level, in this case 7%, occurred at 50% V02 max. However, 

where apneic and non-apneic heart rates at 90 to 100% of breath-hold 

duration were compared (see Figures 12 to 14), the trend described above 

was apparent, although the overall differences in heart rate between the 

different intensities were not significant. The inclusion of suitable 
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controls in the experiment thus indicated that the theory outlined 

earlier on the basis of Finley and co-workers' observations, was 

tenable. At the same time, however, since the increased overall 

reduction in heart rate was not significant between 50, 70 and 90% V02 
max, and since the work of Bergman et al. (1972) inferred that the 

effect of increased relative exercise intensity would be apparent when 

markedly different intensities were compared, ("mild" as opposed to 

"moderately severe"), it is clear that further research is necessary if 

apneic heart rate responses to the entire continuum of relative exercise 

intensities are to be fully understood. 

Cent ral to the present research was an attempt to standardise as many as 

possible of those factors said to modify the heart rate response to 

apnea. In so doing the examination of two primary components was 

possible: namely apnea and immersion in water. 

The comparison of apneic and non-apneic heart rates at the same exercise 

intensity in both environments appears rarely to have been performed in 

the past. The inclusion of such controls lead Craig and Medd (1968) to 

conclude that there was no difference in the heart rate response to 

exercise with and without breath-holding. In contrast, the same 

procedure in the present study revealed that apneic heart rates were 

significantly lower in all conditions, except 70% V02 max on land. 

Furthermore, the heart rate responses to either condition were 

qualitatively as well as quantitatively different. Obviously without 

apnea the sequence of physiological events known collectively as the 

"dive reflex" would not be possible; whether the cessation of 

respiratory movement per se is essential to the initiation of the 
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response (Harding et aI., 1965; Hong et aI., 1967; StrJJfTlme et aI., 1970; 

Olridge et aI., 1978; Lin, 1982), does, however, remain largely 

speculative. Various authors have pointed out that the process 

initiated by apnea is subjected to modification by various neural, 

mechanical and chemical factors (Song et al., 1969; Paulev and Hansen, 

1972; Lin, 1982). The lack of significant difference seen between the 

two sets of heart rates at 70% v02 max on land may be explainable in the 

folowing terms: Vagal inhibition may have been less effective in the 

face of the increased workload compared to 50% v02 max, yet the 

intensity may have been such that over the 31s exercise period the 

elevation in heart rate was not sufficiently high to result in a 

significant difference compared to apneic heart rates. The heart rate 

for 90 to 100% of the exercise period without breath-holding was only 4 

b.min- 1 higher than the corresponding value at 50% V02 max. Indeed 

when the mean heart rate response without apnea for the different 

int ensitites on land were compared, no significant difference existed 

between 50 and 70% v02 max, although Figure 13a indicates that 

suppression of the apneic heart rates was somewhat less at the higher 

int ensity. In contrast, the non-apneic heart rates at 90% V02 max were 

significantly higher than at the lower intensities. This elevation in 

non-apneic heart rates compared to the lower intens ities could account 

for the significant difference between these and apneic heart rates, 

even in the face of less or delayed vagal inhibition. In addition, the 

lack of significant difference between apneic and non-apneic heart rates 

at 70% V02 max on land may have been influenced by the fact that of all 

t he apneic conditions, this was the only case where the immediate 

pre-apneic heart rate was not significantly higher than the 30s resting 
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value (converted into beats per minute). In other words, the effects 

of elevated background heart rates in producing a greater reduction in 

heart rate, as described by Finley et al. (1979), may not have been 

apparent. 

It is clear therefore, that generalisations regarding apneic bradycardia 

should be made with reservation. If a multi-factor hypothesis is 

considered, it is clear that intra- and inter-subject variation is 

likely, depending on the extent to which modifying factors are present. 

In the present research, for example, certain factors inherent in the 

underwater condition, such as hydrostatic pressure, wetness of the skin 

and _enhanced cooling, were inapplicable on land . 

Immersion in water, even without apnea, produces a variety of 

phys iological changes (Lin, 1984 and 1988; Greenleaf, 1984). Studies 

dealing with the effects of immersion upon non-apneic heart rates during 

exercise are confouded by the variety of activities studied, with the 

result that conflicting reports do exist. Figures 12 to 14 indicate 

that the effect of immersion in the present study was to suppress 

non-apneic heart rates compared to the same exercise intensities on 

land. Analyses revealed, however, that while this was so, the 

difference in the mean heart rate between the land and underwater 

environments was not statistically significant until 90% V02 max, even 

though t he terrestrial and aquatic responses were qualitatively 

different at all intensities. Studies which have compared the same 

exercise on land and underwater reported that heart rates underwater 

were significantly lower for maximal (Dressendorfer et al . , 1976) and 

submaximal (Moore et al., ' 1970; McArdle et al., 1976) workloads, 
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although Denison et al. (1972) stated that immersion was associated 

with a 10% increase in pulse rate at all levels of exercise. Astrand 

and Rodahl (1977), in a comparison of swimming and running, noted that 

while maximal heart rates were significantly lower during swimming, 

submaximal values were of the same magnitude and increased with 

increasing workload in approximately the same way as during running. 

Using the same exercise in either environment, a similar trend was found 

by Moore et al. (1970), who reported that at workloads above light in 16 

C water there was a tendency toward lower heart rate per unit work. 

According to Lin (1988), a lowered heart rate during immersion can be 

attributed to the elevation of arterial pressure caused by the increased 

central blood volume, which tends to act against an increase in heart 

rate elicited by the Bainbridge reflex. It is established that aortic 

(arterial) pressures increase linearly with the increase in V02 as 

exercise intensity increases (Astrand and Rodahl, 1977). During 

exercise on land vasodilation in the working muscles reduces the 

peripheral resistance to blood flow which accompanies a rise in cardiac 

output. At water temperatures below 35 0 C, however, the peripheral 

vasoconstriction which occurs (Lin, 1984) is likely to produce higher 

arterial pressures than on land, with a subsequently enhanced 

baroreceptor-induced drop in heart rate, particularly as exercise 

intensity increases. Since the increase in central blood volume 

experienced during immersion would be uniform throughout the exercise 

intensities, it may be the events described above which resulted in 

significantly lower heart rates underwater at 90% V02 max compared to 

lower intensities. 
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Non-apneic responses to immersion in water thus represent a complex 

interplay of several opposing factors, all of which were applicable to 

the apneic state. The inclusion of non-apneic controls in the present 

study therefore provided a means of determining more accurately the 

separate effects of immersion and apnea upon the heart rate. The 

overall heart rate trends which existed for the non-apneic state were 

reflected during apnea. In other words, although the responses in 

either environment were qualitatively different, and there was genera ll y 

a lower mean heart rate underwater than on land, this difference was not 

statistically significant until 90% V02 max. The factors descr ibed 

above in terms of increased arterial pressures can be applied to the 

enhanced s lowing of the heart rate during apnea at higher intensities 

underwater compared to on land. The validity of a mechanical theory 

which places emphasis on the role of systemic arterial baroreceptors in 

ini t iating bradycardia has been queried (Song et al., 1969; Gooden et 

al., 1972; Finley et al., 1979), particular ly since bradycardia has been 

observed in the absence of peripheral vasoconstriction and changes in 

mean arter ial pressure. While these may not be causative factors in 

producing bradycardia, enhanced stimulation of the baroreceptors is 

likely to play an important role in the accentuation of the heart rate 

slowing observed underwater, particula rly at high exercise intensities. 

According to Song et al . (1969), the potentiation of apneic bradycardia 

during immersion is attributable to greater stimulation of facial cold 

receptors. While thi s explanation alone woul d not account for the 

significant difference between heart rates seen at one exercise 

intensity and not others, its effects upon heart rate responses 

underwater cannot be discounted. Since the water temperature in the 
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present research (26.1 oC) was just outside the range (10-250 C) described 

as most efficient in producing bradycardia (Strrimme et al., 1970; Caputa 

and Cabanac, 1979), its effects cou ld not be separated from those of 

immers ion per se. Together with those factors discussed earl ier, 

enhanced cooling in the underwater environment must, therefore, be 

considered in relation to heart rate responses wi th and without 

breath-holding. That the lowest heart rates recorded during apnea were 

significantly lower underwater than on land must be seen in this 

context: Heart rate responses in general, although only sign ificant at 

90% ~02 max, were lower in the underwater environment. Furthermore, in 

light of the fact that no signif icant difference existed between the 

environmenta l conditions when the di fference in heart rate at 90 to 100% 

with and without breath-ho lding was examined, it wou ld appear that 

although in abso lute terms the heart rate dropped to a lower leve l 

underwater, the relative decrease (ie. apnea compared to without apnea 

at 90 to 100% duration) was the same in either environment. This was 

substantiated by the fact that the differences between pre-apneic heart 

rates and the equivalent controls prior to exercise without 

breath-holding (Figures 12 to 14) were not s i gnificantly altered in the 

different environments. 

Some studies in the past (Stremme et al., 1970; Speck and Bruce, 1978) 

have failed to take cognisance of changes in heart rate immediately 

prior to apnea and have used as a control a resting value obtained some 

time before the performance of apneic manoeuvres. 

extremely responsive to a variety of factors. 

The heart rate is 

Thus, unless an 

immediate pre-apneic level is recorded for comparison, misleading 
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reports, probab ly of less of a reduction in heart rate than might 

otherwise be the case, are possible. 

It has been argued, however, that failure to recognise the influence of 

high control heart rates prior to breath-holding has given rise to 

substantial reports of bradycardia in response to breath-holding or 

facial immersion (Magel et al., 1982). In the present study subjects 

rested between apneic manouevres until the heart rate returned to within 

10 beats of the reference resting value. Nevertheless, in both 

environments an anticipatory increase in heart rate simil ar to that 

observed by other authors (Str,eimme et a!., 1970; Hong et a!., 1970; 

Bergman et a!., 1972; Folinsbee, 1974; Magel et a!., 1982; Hayward et 

~, 1984) was consistently detected as subjects were told to prepare 

for a test manoeuvre. Higher pre-apneic control levels underwater 

were attributed to a greater general state of excitation and 

anticipation than was the case on land. After reviewing the 

literature, Lin (1988) reported that pre-dive heart rates in the open 

sea tended to be higher than the resting value in air. In light of the 

fact that the heart rate is so volatile, high heart rates immediately 

prior to breath-holding cannot be discounted in favour of a resting 

value recorded some time earlier, or a control heart rate established 

over a prolonged time period. Magel and associates (1982), for 

example, used as a control the mean heart rate recorded over a two 

minute adjustment period before each manoeuvre. A mean heart rate over 

120s would, however, mask the heart rate response as subjects prepared 

for a breath-hold. In the present study once the heart rate was within 

10 beats of the reference resting value the subject was told to commence 

the breath-hold when he was ready. In many cases the anticipatory 
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elevation in heart rate was evident for the remainder of the pre-apneic 

period. Although the use of a mean heart rate over 30s would also mask 

beat-by-beat responses, it was felt that this would provide a more 

accurate indication of t he heart rate prior to breath-holding than a 

mean taken over a longer time period . 

Breath-Hold Duration 

It is generally understood that there is considerable variation in the 

duration of apnea both within and between individuals, with 

psychological factors having been recognised as the major dterminants of 

the conventional breaking point (Lin et a!., 1974; Lin, 19B2; Hickey 

and Lundgren, 1984; Hentsch and Ulmer, 1984 ). Such variation was 

evident in the present data, where the breath -ho ld duration on land 

ranged from 14 to 50s (x = 31.7 + 8.0s) and underwater from 17 to 55s 

(x = 34.7 + 10.3s). This, together with the fact that where 

breath-hold duration during exercise has been reported, the intensity of 

the exercise is often unquantified, and that additional factors such as 

lung volume or water temperature influence duration, renders comparison 

with previous data of little value. Sim il ar durations to those 

underwater in the present study, for example, have been reported during 

synchronised swimm ing (Gemma and Wells, 1987) and diving (Shiraki et 

al., 1985), where the work intensities may have been very different. 

The bulk of the evidence suggests tha t apneic duration at rest exceeds 

that during exercise, with oxygen avai labi I ity cited as the major 

underlying factor. Breath-hold duration has been shown to be 

correlated with the reciprocal of V02 (Craig and Cummings, 1958; Lin et 

a!., 1974; Lin, 1982). If th i sis so, the expected outcome of 
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increasing work intensity as in the present research, would be a 

decrease in breath-hold duration. While analysis established that the 

mean breath-hold durations on land and underwater were not significantly 

different, Figure 16 reveals that a decrease in duration did occur with 

increasing exercise intensity on land, but not underwater, with the 

result that overall, there was no significant difference in the duration 

of apnea between the condit ions . The effect of exercise upon 

breath-holding time may, however, be more complex tha n an inverse 

relation to exercise intensity (Craig and Cummings, 1958) or V02 (Lin, 

1982). Candler (1986), in a comparison of breath-holds underwater 

while resting, reported that while each was significantly lower than a 

resting breath-hold on land, the underwater apneic conditions were all 

of sim ilar durations. Shortening of the resting breath-hold during 

immersion was attributed to the influence of feelings of "psychological 

discomfort" experienced by the subjects while resting underwater. It 

is possible that simi lar psychological factors were at play during 

cycling exercise, particularl y underwater. Previous authors have 

stated that distractions due to physical movement and consc ious effort 

in performing a physical task may defer breaking point. In considering 

predominantly reports of adolescent competetive swimmers, 

breast-strokers, who have lost consciousness during swi m meets, Hickey 

and Lundgren (1984) have proposed that these young swimmers neglected to 

breathe because of excitement and intense concentration and succumbed to 

hypoxia. It is possible, therefore, that the performance of an unusual 

activity (ie. cycling) in the apneic state, particularly in the 

underwater environment, may have had a distracting effect, with the 

result that overall, no change in the duration of apnea occurred between 
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the conditions. Interestingly, a number of the present subjects 

commented that during exercise on land they were more aware of factors 

such as thermal and respiratory discomfort than underwater, which tended 

to impair performance. 

Since the performance of apneic exercise at 50, 70 and 90% V02 max was 

randomised, further statistical analysis examined the effect that order 

of performance had upon the total duration of apnea. Investigations of 

the effects of successive breath-holds upon duration at rest have 

established the short-term trainability of breath-holding time (Hentsch 

and Ulmer, 1984). Increases of 160% were observed by these authors 

over five successive breath-holds underwater with three-minute 

intervals. The present results did not, however, demonstrate a 

short-term training effect, since the duration of apnea was not 

significantly influenced by the order of performance. According to 

Hentsch and Ulmer, the prolongation of apnea at rest over successsive 

tests could be explained by two processes : (1) an increase in the time 

span without respiratory movements, caused probably by unconscious 

hyperventilation, and (2) an increase in t he time span with respiratory 

movements through psychological adaptation. They suggest that 

hyperventilation may have been due to the production of lactate during 

breath-holding but, of more importance to the prolongation of apnea with 

successive trials, rapid repetition may have resulted in the 

metabo l ical ly produced ventilatory inc rease being transformed into an 

unconscious hyperventilation prior to the subsequent breath-hold. In 

the present study, however, subjects were allowed sufficient time 

between tests to recover fully. The next condition was conducted only 
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when the heart rate was within 10 beats of the initial resting value and 

the subject felt ready to continue. Since deliberate hyperventilation 

before breath-ho lding was proscribed, an elevated ventilation rate prior 

to apnea would have been noted. Thus a decrease in PC02 below the 

norma l level prior to apnea was unlikely. It is poss ibl e that 

psycho logica l adaptation, described by Hentsch and Ulmer as result ing in 

an improved ability to endure "the unp leasant feeling of the need to 

breathe", may occur similar ly during exercise and at rest. The results 

indicate, however, that if this did occur, it was ineffectual in 

prolonging apnea; indeed , the ability to overcome discomfort due to 

hypoxia, hypercapnia and acidosis may be compromised more during 

exercise than at rest. Clearly the trainability of breath-holding time 

during exercise requires further clarification. 

Several past researchers, when investigating the effects of apnea upon 

heart rates, have used predetermined breath-holding times, such as 15s 

(Paulev and Hansen, 1972), 30s (Magel et al., 1982; Arno ld, 1985), 45s 

(Harding et al., 1965), or 60s (Asmussen and Kristiansson, 1968). The 

results of the present research suggest that particu larly where 

relatively short per iods are chosen, a set breath-hold duration may not 

be optimal in producing the lowest heart rate possible for a given 

apne ic period. Figure 11 indicates that with overall mean breath -ho ld 

durations of 31.7s (land) and 34.7s (underwater), the heart rate 

continued to fall for the duration of apnea. Indeed, the lowest heart 

rates in either environment, for each of the exercise intensities were 

consistently recorded just prior to the cessation of apnea. Based on 

the results from relatively few subjects, Asmussen and Kristiansson 

(1968) found that the heart rate decreased less during heavy work than 
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during light work, prompting them to conclude that the degree of 

bradycardia was limited by breath-hold duration at heavier workloads, 

while Str@mme et al. (1970) stated that breath -hold duration during 

exercise may be too short to allow a conclusion as to the relation 

between it and the degree of bradycardia. In the present research, 

breath-hold duration was not found to be significantly altered with 

varying exercise intensities. Nor, however, was there a significant 

difference between either the lowest heart rates, or the difference 

between apneic and non-apneic heart rates at 90 to 100% of duration. 

While the duration of apnea may be related to heart rate in the sense 

that had the breath be~n he ld for 50% of the maximal apnea recorded, 

higher heart rates than at 100% would have been measured, a clear-cut 

relationship between maximal breath-holding capacity and the degree of 

bradycardia was not possible. 

Ratings of Perceived Exertion (RPE) 

This study examined the perception of effort during cycling work at 50, 

70 and 90% VOZ max, on land and underwater. It was estab li shed that 

effort perception was not significantly altered from one environment to 

the next. Thi s was useful in comfirming that subjects were indeed 

experienced and comfortable in the underwater environment. It has been 

shown that psychological stress during immersion, especially in less 

experienced divers, may significantly influence motor performance and 

perception (de Moj~ et a l ., 1987; Griffiths et al., 1987). These 

results indicated that subjects perceived the tasks as equally demanding 

in either environment . 
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Ratings of perceived exertion for apneic exercise were significantly 

higher than for the equivalent exercise in the non-apneic state (Figure 

17) . Investigations of subjective reactions to apneic exercise 

represent a unique challenge, since many of the observed relationships 

between RPE and psychological parameters such as heart rate or 

ventilation would appear to be altered during breath-holding. The RPE 

scale was originally designed to follow the heart rate response to 

increased exercise intensity (Carton and Rhodes, 1985a). This 

relationship was reflected in the non-apneic state (Figure 17), where 

RPE increased significantly with increasing exercise intensity. 

Similar results, however, existed for the apneic state: RPE increased 

significantly with increasing exercise intensity, with the exception of 

between 70 and 90% V02 max (Figure 17). In light of the slowing of the 

pulse which occurred in each condition, the conventional relationships 

between exercise intensity, heart rate and RPE are no longer tenable. 

Several factors other than heart rate are, however, involved in the 

perception of effort, the relative contributions of which may vary 

according to . the nature of the task. For example, it has been noted 

that RPE increases according to a positively accelerating function which 

closely approximates minute ventilation (Ve) and blood lactate response 

curves to metabolic demand (Carton and Rhodes, 1985a). The influence 

of these factors will differ between the apneic and non-apneic state. 

Obviously, Ve is not applicable to the apneic state , while the impact of 

blood lactate concentrations upon RPE may be increased as a 

progressively hypoxic and hypercapnic state is incurred during apnea, 

although the mean breath-hold durations on land and underwater (31 .7 and 

34.7s respectively) would imply that the anaerobic energy yield was 
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pronounced during both apneic and non-apneic exercise of the equivalent 

length of time. According to Carton and Rhodes, a substantial role in 

effort perception may be played by kinesthetic or proprioceptive 

feedback. While it could be expected that the degree of strain 

experienced in the active musculature would not differ significantly 

between the apneic and non-apneic conditions, the role of sensory 

receptors located in the chest wall, lungs and airways which respond to 

changes in lung volume, lung pressure and respiratory tension 

(Robertson, 1982) may be of substantial importance during apnea. In 

addition, the onset of involuntary respiratory movements during 

breath-holding is accompanied by what is described as "discomfort and an 

unp leasant sensat ion to breathe" (Lin, 1982; Hentsch and Ulmer, 1984), 

or "air hunger" (Lin, 1988). Clearly these sensations are consciously 

monitored by the subject and as such may serve as additional prominent 

cues for rated perce ived exertion. 

The ratings of perceived exertion obtained from the present subjects at 

50, 70 and 90% V02 max were (to the nearest whole number) 10, 11 and 12 

respectively for exercise without apnea, and 12, 14 and 14 respectively 

for exercise with apnea. On the rating scale (see Appendix A) a value 

of 10 falls between classifications of "very l ight" and "fairly light", 

with 14 between "somewhat hard" and "hard". Based on data modified 

from several sources, Robertson (1982) presented RPE over a range of 

relative oxygen uptakes during cycling exercise. Values for 50% V0
2 

max varied between 9 and 11; for 70% V0
2 

max between 13 and 14; and for 

90% V02 max between 17 and 19 . In light of the relative intensities at 

which the subjects in t he present study worked, the ratings were thus 
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lower tha n might have been expected, especially at the heavier 

workloads. 

If one considers the heart rate response to exercise without apnea in 

either environment, maximal values of 114, 118 and 128 b.min- 1 were 

recorded on land, and of 102, 107 and 112 b.min- 1 underwater at 50, 70 

and 90% V02 max respectively. In terms of the traditional 

classification of workload on the basis of heart rate response , each of 

the tasks on land, and the most strenuous workload underwater would be 

classified as "heavy", while the lighter workloads underwater would both 

be termed "moderate" (Astrand and Rodah I, 1977). It is important to 

note, however, that traditional assessment of the severity of the 

workloads along t hese lines is typically based upon prolonged physical 

activity. De Vries (1980) points out that during heavy exercise the 

heart rate increases unt il exhaustion is reached. Even at light to 

moderate workloads a plateau in heart rate may be seen only after 30 to 

60s. The duration of the present tasks (x = 31.7s on land and 34 . 7s 

underwater) may therefore render classification of the workload in terms 

of heart rate inaccurate. 

The duration of the tasks, controlled by breath- hold duration, may have 

had a similar influence upon RPE. The ma jority of the research which 

has examined the relationship between RPE and exercise duration appears 

to have focussed upon prolonged activity, where, it has been suggested, 

sustained elevations in RPE may be due to i ncreases in ventilation .over 

t ime . According to Robertson (1982), local factors are assumed to 

provide the pr imary sensory signals for the perception of effort, with 

central factors potentiating local signals in proportion to the aerobic 
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metabolic demand. However, central factors begin the ir potentiating 

input approximately 30 to 180s after the initiation of exercise, the 

time per iod correspnding to that required for cardiovascular and 

ventilatory adaptation. Thus centra l facotrs may have played a 

subordinate role in determining the overall RPE obtained in the present 

study. In addition, it is possib le that local signals over a mean 

duration of 31.7 to 34.7s were insufficiently high to elevate RPE values 

to similar levels as those obtained at similar work intensities, but 

over a longer period of time, where both local and central cues would 

contribute to higher overall RPE va lues. Finally, the influence of 

factors such as personality and soc i al learning upon the values obtained 

cannot be discounted. In general, the present subjects were 

subjectively perceived as very competitive and anxious to perform well 

in the given tasks. It is possible that lower than expected ratings of 

perceived exertion cou ld be explained in part as a psychological 

suppression in values. 

Effect of Lung Volume 

Statistical comparison of Group A (large relative lung volume) and Group 

B (small relative lung volume) established that factors known to modify 

the heart rate response to apnea, such as age, underwater experience, 

V02 max, environmental conditions to which they were exposed or 

pre-apneic heart rates, were uniform between the groups. 

Comparison of the heart rate responses to apneic exercise at 50% V02 max 

revealed that despite a signifi ca ntly longer breath-hold duration for 

Group A, neither the mean apneic heart rate nor the lowest heart rate 

recorded was significantly different between the groups. Furthermore, 
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the heart rate responses of the two groups over 10% increments of 

breath-hold duration were qualitatively the same. Although not 

significantly different to those of Group A, there was a tendency 

towards lower heart rates in Group B. Figure 18 demonstrates that 

compared to pre-apneic levels, the reduction in heart rate was 0.7% 

greater for Group B than Group A on land, and 9.6% greater underwater. 

With respect to the relationships between lung volume, breath-hold 

duration and bradycardia, these results appear contrary to those of 

several previous authors. Scott and Candler (in press), using a 

similar method to differentiate between groups as in the present study, 

reported that while lung volume was not a major criterion of breath-hold 

duration, it did appear to be a determinant of the magnitude of the 

bradycardial adaptation to apnea. While these authors found 

significantly lower heart rates for females with large lung volumes 

they did not, however, report stringent control of factors such as 

underwater experience, phys ical conditioning or environmental conditions 

between the groups. In direct contrast, the present results indicate 

that while lung volume did not significantly affect the apneic heart 

rate response, it did appear to influence breath-hold duration. Large 

lung volume, together with conscious movement of the respiratory 

muscles, may be important in increasing the tolerance for hypercapnia 

and hypoxia (Hickey and Lungren, 1984). Since in the present study 

vital capacity was expressed relative to body surface area, the effects 

of body size in influencing lung volume were cancelled out. 

Comparatively larger lung volumes for Group A would have been likely to 

lead to increased lung oxygen stores, greater carbon dioxide dilution 

and the retardation of the deflat ion reflex (Hickey and Lungren, 1984) 
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compared to Group B. Where Scott and Candler discounted the role of 

breath-hold duration and instead attributed lower heart rates in a group 

with larger lung volumes to increaed venous return and enhanced 

stimulation of the baroreceptors, others have directly attributed 

greater bradycardia evident in experienced divers to their longer 

breath-holding ability (Hong et al., 1970; Oldridge et al., 1978). A 

greater breath-holding capacity noted in experienced divers has been 

ascribed to changes in lung volumes as well as a tolerance to increased 

carbon dioxide tensions (Schaefer, 1965). The results of the present 

study, in terms of both the overall findings and those within the lung 

size groups, suggest that neither the duration of apnea, nor lung size 

had a significant effect upon the heart rate. Clearly, further 

rigorous research, where factors said to modify the apneic heart rate 

are st rictly controlled, is necessary if the relationships between lung 

volume, breath-hold duration and apneic heart rates are to be 

elucidated. 

The trends in heart rate response to apneic exercise described for the 

overall group were evident within each of the lung size groups. In 

other words, the commencement of exercise resulted in a transient 

increase in heart rate until the inhibitory effects of apnea became 

apparent in a consistent decrease in heart rate over the remainder of 

the breath-hold (Figure 18) . In both groups the onset of bradycardia 

was delayed on land compared to underwater; although this would 

contribute towards lower maximal bradycardial values in the latter 

environment, the difference between the lowest heart rates in either 

environment was not statistically significant. 
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Despite a longer mean breath-hold duration for one group compared to the 

other, the commencement of bradycardia in both environments, when 

expressed relative to total breath-hold duration (Figure 18) , occurred 

at identical pOints for groups A and B. The mean durations of apnea on 

land and underwater were, for Group A, 34.7 + 5.9s and 40.5 + 6.7s 

respectively , and for Group B, 30.3 + 7.0s and 28.6 + 3.9s respectively. 

On land, the decrease in heart rate below the pre-apneic level occurred 

between 90 and 100% of the apneic period. In absolute terms , this 

corresponded to between 31.3 and 34.7s for Group A, and between 27.3 and 

30.3s for Group B. Thus in absolute terms, the onset of bradycardia 

occurred much faster for those with small rela t ive vital capacities, 

than for those with comparatively larger lung volumes. The same trend 

applied to the underwater condition, where the onset of bradycardia was 

between 60 and 70% of total breath-hold duration for each group. Once 

again, therefore, the onset of bradycardia as such was faster in 

absolute terms for Group B (between 17 .2 and 20s) than Group A (between 

24.3 and 28.3s). Considered in conjunction with t he mean heart rate 

response of the groups in both environments, together with the lowest 

heart rates recorded, it would appear, however, that the marked 

difference in absolute times for the onset of bradycardia between the 

two groups did not significantly influence the degree to which the 

response occurred over the duration of apnea. The statement made 

earlier with regard to the extent of the relationship between 

breath-hold duration and bradycardia is thus reiterated. The data from 

both lung size groups suggest that provided the maximum duration of 

apnea is elicited, and modifying factors are controlled as rigorously as 
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possible between the samples, the absolute duration of apnea may not 

significantly affect the extent of the bradycardial response. 

Furthermore, it would appear that the onset of bradycardia is more 

closely related to varying proportions of total duration depending on 

the conditions, than to absolute time. This may have important 

implications with regard to previously inferred relationships between 

variables such as underwater apneic experience, lung volumes, 

breath-hold duration and bradycardia. The present data indicate that 

where modifying factors such as underwater experience remained uniform 

between the lung size groups, neither lung size, nor breath-hold 

duration significantly affected apneic bradycardia. The onset of 

bradycardia, however, occurred within idEntical relative proportions of 

apneic duration. The temporal development of the response in relative 

terms thus warrants further investigation. Lin et al. (1983), for 

example, have reported that hypoxia contributes substantially to the 

development and maintenance of breath-ho ld bradycardia, whi Ie 

hypercapnia attenuates the same response. It is poss ible, therefore, 

that a progressively hypoxic state during apnea may be of pa rticular 

importance to the development and onset of apneic bradycardia when 

expressed relative to total breath-hold duration . In other words, are 

critical levels of P02 more important to t he onset of bradycardia than 

previously assumed, and if so, do they occur within specific proportions 

of the apneic per iod? 
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CHAPTER 5 

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

Several investigators have studied the heart-rate response to apnea, 

immersion in water and apnea during immersion, with largely conflicting 

results. Previous studies have, however, tended to demonstrate a lack 

of convention with respect to the evaluation of bradycardia under such 

conditions. Adopting an holistic approach, the present research 

examined the phenomenon of apneic bradycardia in physiological and 

psychophysical terms, during work on land and underwater . 

The study aimed at establishing representative heart rate responses to 

apneic work in an attempt to reappraise current equivocal theories 

regarding the onset, course and termination of the bradycardia I 

response. Breath-hold duration itself was examined in order to 

facilitate the investigation of apneic bradycardia in terms of both 

absolute time and as a percentage of total breath-hold time. 

Furthermore, subjective reactions to apnea were studied in an attempt to 

achieve an integration between physiological and psychological 

concomitants of apneic bradycardia. A final aim of the present research 

was to further elucidate the effects of relative lung volumes upon 

apneic heart-rate responses by means of stricter control measures than 

have been evident in past research. 
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HYPOTHESES 

It was hypothesised that: 

1. There is no change in terrestrial or aquatic heart-rate responses to 

quantified exercise, with and without apnea. 

2. Breath-ho ld duration is not altered at differing work intensities 

under terrestrial and aquatic conditions. 

3. There is no difference in terrestrial and aquatic RPE at quantified 

workloads, with and without apnea. 

4. The terrestrial and aquatic apneic heart-rate responses of subjects 

with large and those with small relative lung volumes do not differ. 

SUMMARY OF PROCEDURES 

In the past, few studies have recognised the necessity for the 

performance of the same quantified exercise on land and underwater in 

order to enable accurate comparisons of physiological and psychological 

responses to apnea between the environments. Typically, cardiopulmonary 

changes during breath- hold diving are generalised from 

laboratory-conducted studies, often incorporating facial immersion only. 

An initial phase of this study thus involved modification of the cycle 

ergometer used to study heart rate responses to apneic exercise on land, 

for use during immersion in water. While it was recognised that the 

effects of the additional resistance offered by the water confounded the 

precise determination of power output underwater, the use of the same 

cycle ergometer as in the land test allowed for the quantification of 

workload relative to each individual's maximal capacity in that 

environment. 
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A pilot testing protocol was then designed to examine the heart rate 

response, in both environments, to apneic exercise at 10% increments 

from 20 to 100% of the maximal power output achieved on the cycle 

ergometer during a continuous, progressive incremental test of maximal 

oxygen consumption (V0 2 max). This was conducted in order to determine 

the relat ive intensities at which subjects would exercise during the 

main data collection phase on land and underwater. Ten male subjects 

participated in this phase of testing on land, with five of these 

repeating the procedure underwater. In one test period heart-rate 

responses were recorded on an electrocardiograph (ECG) for both 

breath-hold and non-breath-hold conditions, for each intensity of 

exercise studied. Based on these results , exercise intensities to be 

studied during the actual experiment were established, to represent 

"moderate" to "very heavy" ranges of workload. The use of maximum power 

output as the criterion by which relative exercise intensities were 

determined was, however, decided against, since the same power output 

may have been accomplished by different individuals at different oxygen 

consumptions. Thus, using the above results as a guideline, responses 

to 50, 70 and 90% of the "situation-limited" functional V02 max attained 

in each environment were studied. 

Further pi lot testing assessed the reliability of procedures used to 

measure V0 2 max underwater. Ten male subjects underwent a land test of 

\'02 max, while eight participated in the underwater test. For both 

conditions, the test was readministered to three subjects within one 

week of the i nitial test. The V0 2 max tests, in both environments, 

involved pedalling against a starting resistance of 60W (1kg) at 60rpm. 

The duration of each bout was two minutes, with an i nc rease in the 
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workload of 60W at the end of the second and fourth minutes. Thereafter 

the load was increased by 30W (0.5kg) at the end of each bout unti l 

exhaustion was reached. 

The test/retest reproducibility of this method was apparent from the 

statistical ana lyses performed on the pilot study data. Group 

regression equations calculated using land and underwater pilot study 

V02 data established the suitability of a one independent variable 

regression (V02 against time) in determining the exact time from t he 

commencement of the test for a given percentage of V02 max, and 

subsequently the resistance load at that time. In the face of practica l 

difficulties experienced during the underwater data col lection sessions 

performed in situ, the validity of using only the last three gas bags 

collected in order to calculate individual regression equations was 

established. 

Sixteen healthy young males, none with less than one year's experience 

in underwater apneic activities such as spearfishing or underwater 

hockey, vo lunteered to participate in this research. Data collection 

involved four separate testing sessions. At the first, in the 

laboratory, general information, including stature and mass, was 

obtained, and vital capacity measured. The subject then performed a V02 
max test using the protoco l out lined above. On the second occasion in 

the laboratory he was asked to exercise on the cycle ergometer at 50, 70 

and 90% V02 max. The order of presentat ion of these conditions was 

randomly determined . However, each apneic bout at a given intensity was 

followed by performance of the same work load for the equivalent length 

of time, but without apnea. At the beginning of the session t he resting 
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heart rate was recorded over 30s on an ECG. After each exercise period 

the subject was asked to rest quietly until the heart rate had dropped 

to within 10b.min- 1 of this initial rate. During t he performance of 

each condition heart rate was continuously monitored to provide 

pre-apne ic , apneic and recovery heart rates, together with their 

non-apneic equivalents . Ratings of perceived exertion (RPE) were 
• 

collected after every condition. 

Since all subjects were experienced in underwater activities, a short 

habituation period immediately prior to the first underwater testing 

session was considered sufficient to familiarise subjects with the 

underwater testing environment. It was determined that despite the 

additional pressure required to expand the thoracic cavity underwater, 

the maintenance of adequate pu lmonary ventilation was poss ible. The 

first session underwater involved the performance of a VO Z max test, 

using the identical protocol to that used on land. On the final 

occasion, heart rate and RPE responses to apneic and non-apneic work 

were once aga in monitored in exactly the same manner as on land. 

The results were analysed using the related Student's t-test to 

establish reliability of pilot study data collection and to compare 

pre-apneic heart rates to the 30s resting value for all subjects . The 

independent Student's t-test was used to compare the parameters relevant 

to Group A (large relative l ung volumes) to those of Group B (small 

relative lung volumes). One-factor repeated measures analyses of 

variance were applied to heart rate data over 10% increments of the 

total exercise durat ion for apneic and non-apneic land and underwater 

conditions, and two-factor repeated measures analyses of variance were 
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applied to assess the effects of land and underwater conditions at the 

relative intensities studied upon heart rate, breath-hold duration and 

RPE. The 0.05 level of significance was chosen. 

SUMMARY OF RESULTS 

1. Cycling while totally submerged in water resulted in a significant 

decrease in V02 max from values obtained on land. Despite the 

confounding effects of water upon the resistance load on the cycle 

ergometer, together with the additional resistance offered by the 

water to pedalling, the V02 max obtained underwater represented a 

"situation-limited" functional maximum. Heart rate responses could 

thus be examined in terms of exercise intensities relative to the V0 2 

max attained for those unique conditions. 

2. In light of the confusion apparent in past research, an operational 

definition of apneic bradycardia was established, as a reduction in 

heart rate below the immediate pre-apneic level. In terms of this 

definition, apneic exercise in general elicited a definite 

bradycardia underwater, but failed to do so on land. Rather, the 

collective response on land was what could be termed a "suppressed 

tachycardia"; despite a reduction in heart rate after an initial 

rise, the mean heart rate did not drop below the pre-apneic control 

level. 

3. Separate analyses of apneic and non-apneic responses, on land and 

underwater, for each of the three relative exercise intensities 

studied, revealed, however, that apneic bradycardia was in fact 

apparent at 50% V02 max on land, although not at the higher 
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workloads. Even where bradycardia did occur, vagal inhibition was 

insufficiently strong to overcome an initial increase in heart rate; 

thus the onset-point occurred after a latency of some seconds. The 

effects of increasing exercise intensity upon the onset of apneic 

bradycardia were evident, in that the onset was apparent ear li er in 

the breath-hold at 50% v0 2 max underwater than at 70 and 90% v02 max, 

and only occurred at the moderate workload on land. In contrast to 

past observations of a plateau once the maximum bradycardial response 

was attained, the present research found heart rates declined 

progressively over the duration of the entire breath-hold. 

Termination of bradycardia was synonymous with cessation of apnea. 

4. Despite differences in the point at which the onset of bradycardia 

occurred in the submerged condition, no significant differences 

existed between the mean heart rates at each exercise intensity. On 

land the mean heart rate at 90% V02 max was significantly higher than 

at 50%. However, when the difference between apneic and non-apneic 

heart rates at 90-100% of exercise duration was compared across 

conditions, there were no significant differences, suggesting that 

the extent to which the suppression in heart rate occurred was 

similar for the three exercise intensities studied. The differences 

between pre-apneic heart rates and the equivalent controls prior to 

exercise without breath-holding were not significant either. 

Furthermore , investigations of the lowest heart rates recorded 

revealed that despite a trend towards higher heart rates at higher 

exercise intensities, the overall extent of the bradycardia was not 

significantly altered between the workloads. 
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5. The comparison of apneic and non-apneic heart rates at the same 

exercise intensity in either environment revealed t hat apneic heart 

rates were significantly lower in all conditions, except 70% V0 2 max 

on land. Heart rate responses to either condition were qualitatively 

as well as quantitatively different. 

6. The eff ect of immersion was to suppress non-apneic heart rates 

compared to the same exercise intensities on land. However, despite 

qualitative differences between terrestrial and aquatic responses at 

all intensities, the difference in mean heart rate between the 

environments was not statistically significant until 90% V02 max. 

This overall trend in mean responses was reflected during apnea. The 

lowest heart rates recorded during apnea were significantly lower 

underwater than on land; however no significant difference existed 

between the environmental conditions when the difference in heart 

rate at 90-100% with and without breath-holding was examined. Thus 

it would appear that although in absolute terms the heart rate 

dropped to a lower level underwater, the relative decrease was the 

same in either environment. 

7. Breath-ho ld duration was not significantly altered by either 

environment or exercise intensity , nor was a short-term training 

effect over successive breath-holds , as described by previous 

authors, evident, since the order in which randomised conditions were 

presented had no effect upon the duration of apnea. While a 

clear-cut conclusion regarding the relationshi p between maximal 

breath-holding capacity and the degree of bradycardia was not 

possible, the results suggested that the use of a set breath-hold 
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duration, as practised by several previous authors, may not be 

optimal in producing the lowest heart rate possible for a given 

apneic period. 

8. Ratings of perceived exertion were not significantly altered from one 

environment to the next, but were significantly higher for apneic 

exercise than for the equivalent exercise in the non-apneic state. 

Furthermore, RPE increased significantly with i ncreasing exercise 

intensity in both apneic and non-apneic conditions. 

9. Statistical comparison of Groups A (large relative lung volume) and B 

(small relative lung volume) established that factors known to mod i fy 

the heart rate response to apnea were uniform between the groups. 

Comparison of the heart rate responses to apneic exercise at 50% V02 
max revealed that despite a significantly longer breath-hold duration 

for Group A, neither the mean apneic heart rate, nor the lowest heart 

rate recorded was significantly different between the groups. 

Furthermore, the heart rate responses of the two groups over 10% 

increments of breath-hold duration were qualitatively the same. In 

absolute terms, the onset of bradycardia occurred earlier for those 

with small relative vital capacities than for those with 

comparatively larger lung volumes. When expressed relative to total 

breath-hold duration, however, the commencement of bradycardia in 

both environments occurred at identical pOints for Groups A and B. 

CONCLUSIONS 

This study confirmed that despite an elevation in metabolic rate during 

the performance of exercise, the heart rate was suppressed during apnea, 

to the extent that bradycardia occurred at workloads classified as 
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moderate to very heavy underwater, and at the moderate workload on land. 

The inclusion of su itable contro l s, in the form of heart rates recorded 

immediately prior to exercise and non-apneic heart rate responses to 

equivalent workloads, together with t he quantification of the workload 

in either environment, provided for a more thorough and complete 

investigation of apneic bradycardia than has apparently been the case. 

In recognition of the importance of an integrative, holistic approach to 

the subject, related variables such as breath-hold duration, RPE or lung 

vo lume were studied within the context of the str i ct contro l of as many 

as poss ible of those factors said to mod ify the heart rate response to 

apnea. Although clear-cut conclusions regarding the relationship 

between maximal breath-holding capacity and the degree of bradycardia 

were not drawn, it appeared that breath-hold duration did not 

significantly effect the apneic heart rate response. Nor was the apneic 

heart rate response altered by differences in vital capacity, although 

these did appear to influence the duration of apnea. Although the 

underlying mechanisms remain speculative at present, this study further 

established that the subjective perception of effort during exercise on 

land and underwater was significantly higher for the apneic compa red to 

non-apneic state, even among experienced underwater exponents. 

HYPOTHESES 

Based on these results, tentative acceptance or rejection of the null 

hypotheses (p <0.05) was as fo llows: 

1. The null hypothesis was in t his case rejected in favour of the 

alternat ive hypothesis: 
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2. 

There is a significant change in terrestrial and aquatic 

heart rate response under apneic and normal respiratory 

conditions, during differing work intensities expressed 

relat ive to V02 max. 

The nu II hypothesis was in this case tentatively 

accepted: 

There is no difference in breath-hold durat ion for subjects 

working at differing intensities in terrestrial and aquatic 

conditions. 

3. The null hypothes is was in this case rejected in favour of the 

alternat ive hypothesis: 

4. 

There is a sign ifi cant difference in the terrestrial and 

aquatic rating of perceived exertion under apneic and normal 

respiratory conditions, 

intensities. 

The nu II hypothesis 

during 

was 

work at d i fferi ng 

in this case tentative ly 

retained: 

The terres trial and aquatic apneic heart rate responses of 

subjects with large relative lung volumes do not differ from 

those of subjects with small relative lung volumes at 

varying work intensities. 

RECOMMENDATIONS 

It is imperative that future studies examine apneic bradycardia within 

the framework of an entire network of causation. Thus, along similar 
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lines to the present study, attempts must be made to standardise as many 

as possible of the factors consi dered as being influential to apneic 

heart rates. While still allowing for the systematic examination of 

individual variables, this may result in a greater degree of uniformity 

in the interpretation of t he obtained results. A l ack of such 

uniformity with regard to both the acquisition and interpretation of the 

relevant data has hindered comparisons between studies in the past. 

Few previous studies appear to have exam ined the effects of exercise 

upon apneic heart rates using intensities determined relative to 

individual capabilities. Since the present study examined heart rate 

responses to exercise at 50, 70, and 90% v02 max, further research 

expanding this range of workloads is necessary if apneic heart rate 

responses to the entire continuum of exercise intensities are to be 

fully understood. 

The relationship between apneic heart rates and breath-hold duration 

requires further clarification. The results of the present study 

indicated, that although marked differences in absolute time to the 

onset of bradycardia existed between groups, the onset-point was 

identicaL when expressed relative to total breath-hold duration. 

Explication of the exact nature of this relationship using larger 

numbers of subjects and wider ranges of exercise intensity would be 

useful . Using more sophisticated technology than was possible in the 

present study, future researchers would do well to examine the effects 

that P02 and PC02 levels might have upon the onset of bradycardia when 

expressed relative to total breath-hold duration. 
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The trainability of breath-hold duration itself warrants further 

attention. While the short-term trainability of breath-hold duration at 

rest has been established (Hentsch and Ulmer, 1984) the present results 

indicated that no such effect was apparent during exercise. Once again, 

however, a wider range of exercise intensities, together with a greater 

number of successive breath-holds at the same intensity,· should be 

studied before conclusive statements can be made. 

Finally , the subjective perception of effort in the apneic state, both 

at rest and during exercise on land and underwater, poses a unique 

challenge. The underlying mechanisms behind the elevated ratings of 

perceived exertion for the apneic compared to non- apneic state in the 

present study remain to be further elucidated. Further study is also 

required to clarify the relative contributions of central and local cues 

in the apneic state. 
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RIIODES UNIVERSITY 

DEPARTMENT OF IIUMAN MOVEMENT 

STUDIES 

THESIS: Apneic bradycardia: Terrestrial and aquatic responses 

in man under working conditions. 

CENERAL: The purpose of this study is to clarify some of the 

discrepancies that exist in the literature with regard t.o heart 

rate responses t.o breath-holding, or apnea. Some have 

reported a slowing of t.he heart rate, or bradycardia, while 

ot.hers have observed an increase in heart rate, or t.achycar~ia. 

However, a wide variet.y of research prot.ocols have been used, 

many of which have failed to take account of a number of 

modifying factors, thereby largely invalidating a comparison of 

the obtained results. This st.udy will aim at establishing 

representative heart rate responses to apnea at rest and during 

work, both on land and underwat.er. [n addition, an attempt 

will be made to determine the effects of relative lung volumes 

upon the heart rate response, and the effect that apneic 

responses in general have upon the subjective perception of 

effort. as measured by Borg's RPE scale. 

PROCEDURE: Your participat.ion in t.his st.udy is entirely 

volunt.aryand you are reminded that you may withdraw at any 

stage prior t.o or during t.he research. 

Shl)uld you volunt.eer your services as a subject., you will be 

required to part.icipate In tho following Lesting sessions. 

You arc requested t.1) WOllr clot.hing t.hat. will facllit.at.e 

collect.ion of the data (e~: short.s and t-shirt , or swim~ing 

costume). Purt.hermore. you arc asked t.o refrain from 

enerrrct.lc physical act.ivit.y, catine, drinking any subst.ance 

containinrr carr i nc, o r smokinG [or at. Icast one hour prior t.o 

-219-



each test. 

SESSION A: Duration approximately 45 minutes. 

1. General information . such as age and years of experience in 

underwater apneic activites. will be obtained. 

2. Stature and mass wi ll be measured. 

3 . Lung volume measurement. You will be asked to breathe 

into a mouthpiece for a short period of time In order to measure 

vital capacity (lung volume) on a Godart Expirograph. 

4. Maximal oxygen consumption (VO z max). 

The protocol used will be a direct. co n tinuous cycle ergometer 

test . You will begin pedalling at a given rate against a 

starting resistance of lkg (60W) . Thi s load will be i ncreased 

after every two minutes by Ikg until the end of the sixth minute 

and thereafter by 0.5kg until exhaustion is reached. You will 

breathe into a mouthpiece for the duration of the test. 

SESSION H: Duration approx i mately 30 minutes . 

1. Apnea at work on l and. Electrodes will be attached to your 

chest and heart rate mon i tored while you are in a relaxed . 

seaLed position on the cycle ergometer. Note that it may be 

necessary to shave a small patch of skin in order to attach each 

electrode. 

You will then perform maximal breath-holds while working at 

given percentages of VO z max on the cycle . Heart rate will be 

monitored on the ECG . Immediately afterwards ratings of 

perce i ved exert i ()n (RPE ) will be asked for. You will be 

instructed as to how to respond to the RPE scale . 

Pol l ow i ng each breath-holding bout you will repeat the procedure 

at t he same exercise i ntens i ty . but without breath-ho l d i ng . 
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SESSION C: Duration approximately 45 minutes . 

I. Habituation. You will be asked to relax in a seated 

position on the cycle ergometer while it is underwater. The 

purpose of this is to enable you to become familiar with the 

underwater environment and breathing apparatus. The mouthpiece 

used will be identical to that used on land. 

2. Maximal oxygen consumption (VO, max) underwater. 

The protocol used will be identical to that used on land. 

SESSION D: Duration approximately 3 0 minutes . 

I . Apnea at work underwater. The testing procedure will be 

identical to that of session B, wi t h the exception that it will 

be performed underwater. Additional water-proof tape will be 

used to ensure that the electrodes do not come loose in the water. 

RISKS. 

~O, max test. The risks you may encounter during this test are 

mainly those encountered during light 

dizziness and fatigue, for example. 

Lo heavy exercise -

Underwater conditions. Each test will be performed on a cycle 

a depth of approximately 1.75m in the ergometer 

shallow 

submerged 

end of the 

at 

swimming pool. In order to counteract the 

positive bouyancy of the body underwater you will use toe clips 

on the pedals and will be asked to secure yourself to the 

ergometer by means 

belt incorporates 

literally pull it 

a 

of straps attached to a diver's belt. This 

"quick-release" buckle so that yOU can 

off, should you need to. The depth of the 

water will ensure that you will be able to sit comfortably with 

your head out of the water prior to the test . Should you need 

Lo come off the mouthpiece at any stage you need only raise your 

head. 

At least two safety personnel will be on hand both on land and 

underwater to ass i st you at all times. 
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BENE FITS . 

On completion of the study you will be provided with informatIon 

relating to your lung volumes, ~O, max, and heart rate responses 

to each of the test condit i ons. The general results of the 

study will also be made available to you. [n addition, you 

will be exposed 

data collecti.un 

to new and different equipment and methods of 

I n an area that is likely to be of interest to 

you. The findings of the study will contribute to man's 

understanding of human performance, particularly in an 

underwater e nvironment, and may be of practical importance in 

both sporting and ergonomiC areas. 

-222-



HUMAN MOVEMENT STUDIES 

SUBJECT CONSENT FORM 

I . hay ing 

been fully informed of t he nature of the research entitled: 

APN,: IC BRADYCARD lA' TERRESTR 1 AL AND AQUAT IC R,:SPONSES 

IN MAN UNDER WORKING CONDITIONS. 

do hereby give BlY consent to act as a subject in the ahovcnaflled research. 

am fuLly aware of the procedures involved as well as the potential 

risks and benefits attendant Lo ~y participation as explained Lo me 

verballY and in wrltin~. In ~grcelng to participate in this research, I 

.... live any legal recourse against the researchers or Rhodes UniversIt y . 

frolll any and olt Glaims rcsu~tillr. from personal injuries sustained. This 

llIal ver shall be bind ing upon my hej rs and personal reprcscn tat i ves. I 

real izc that it is nc"cessary for me promptly to report to the researcher 

aHY signs or symptoms indicating any abno r mality or distress. 

am aware that. may wjthdraw my Gonsent and may withdraw from 

pnr tic i pa ti on j II the reseo rch a t any time. f alii aWl:! re tho t my anonym i ty 

will be protected at al l t.ime~. and agree that the jnformalion collectp.d 

may be used and published for statistical or scienti(i~ purposes . 

have read the informat.ion sheet accompanying this form and understand 

it.. Any qUHstions which IGUY hnve ()t;(~ured to IDe have been answered to my 

satisfaction. 

Subject (or legal representatIve): 

(P~INT NA~E) (SIGNED) (DATE) 

Person adlll.inistering Inforlled Consent: 

(PRINT NAME) (SIGNED) (DATE) 

Witness: 

(P~INT NAME) (SIGNED) (DATE) 

Project Supervisor : 

(P~INl' NAM,:) -223- (SIGNED) (DATE) 



The following instruction was read to each subject prior to the 

apneic sessions: 

"We want you to estimate how hard you feel the work is: 

that is we want you to rate the degree of perceived 
exertion you feel. By perceived exertion we mean the 

total amount of exertion and physical fatigue, combining 

all sensations and feelings of physical stress, effort 

and fatigue. Don't concern yourself wi th anyone factor 
such as leg discomfort or shortness of breath, but try 

to concentrate on your total inner feeling of exertion. 

Try to estimate as honestly and objectively as possib le. 

Don ' t underestimate the degree of exertion you feel, but 
don't overestimate it either. Just try to estimate as 

accurately as poss ibl e. When you are asked to rate your 

work, you should do so by giving the numerical value on 

the scale in front of you which indicates your 

evaluation of your perceived exertion at that moment. A 
rating of 6 corresponds with feelings of exertion while 

sitting quietly on the ergometer. A rating of 20 

ref! ects max ima I exert i on. " 

(Adapted from Mihevic, 1983) 
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RPE SCALE 

6 

7 VERY, VERY LIGHT 

8 

9 VERY LIGHT 

10 

11 FAIRLY LIGHT 

12 

13 SOMEWHAT HARD 

14 

15 HARD 

16 

17 VERY HARD 

18 

19 VERY, VERY HARD 

20 
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APPENDIX B 

Physical characterist ics and physiolog ical 

data of 16 subjects 
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, 
N 
N 

'" , 

I 

Table X: Physical characteristics and physiological data obtained for 16 male 
subjects experienced in underwater apneic activ ities 

Subject Age Underwater Mass stature Sitting BS~ Vital vital Land V02 experience (kg) (em) (m ) capacity capacity max 
Underwater V02 max (yrs) 

(yrs) 
hei}ht 
(em (absolute) (rel~ (m l/kg/min) (ml/kg/min) 

(l) (lIm ) 

1 30 1 86. 9 181 2.08 95.25 5.47 2.63 40.7 33 

2 18 4 74 .4 185.8 1.98 94.7 5.17 2.61 50 40.7 

3 25 9 78.6 175.3 1.94 91.8 5.67 2.92 54.2 36.5 

4 18 1 69 .3 181 .5 1.89 93.2 5.13 2.72 55.2 33 .4 

5 19 3 78.2 182.9 2.00 91.6 4.28 2.15 46.1 46.2 

6 18 4 62.3 170.2 1.72 90.7 5.15 2. 93 52.9 46 .2 

7 19 3 91.1 185.8 2.16 91 6.26 2.91 58.2 51.1 

8 19 1 76 184.8 1.99 91.9 5.23 2.63 43 . 3 37.6 

9 23 3 73.3 181.8 1.94 93.7 6.06 3.13 46.3 45.7 

10 20 4 75 .8 181.1 1.96 92 5.48 2.8 551 45.8 

11 18 1 81.7 176 . 1 1.98 89.2 4.71 2.37 52.5 36.8 

12 22 2 64.4 181.3 1.83 90.5 5.36 2.93 43 . 7 42.2 

13 24 1 64.5 17734 1.80 90.6 5.82 3.23 42.6 36.9 

14 20 1.5 76.9 181.8 1.98 93 .5 5.68 2.87 36.3 36 

15 19 2 71.2 172 1.84 89 4.94 2.69 45.2 33.4 

16 22 5 76.2 174 1. 91 89.5 4.64 2.43 45.7 38.8 

20.88 2.84 75.1 179.55 1.94 91.76 5.32 2.75 47.74 40.02 

~.o 3.22 2.04 7.54 4.67 0.10 1.83 0.51 0.27 5.76 5.38 

~V 15.42 71.83 10.04 2.6 5.15 1.99 9.59 9.82 12 . 07 13 . 44 
----- - - -- ---- ----- - ---



APPENDIX C 

Equations for the calculation of 

V02 max and related variables 
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Computational procedures 

1. Expired volume (Ve) (ATPS): 

Ve (ATPS) (1) = (V2 - V1) X 0.9876 

where: V1 = initial volumeter reading (1) 
V2 = final volumeter reading (1) 
0.9876 = volumeter correction factor. 

2.Minute volume (Ve) (ATPS): 

Ve (ATPS) (l.min- 1) = (Ve (ATPS) x 60) 
COTTeCt i-On t i iiieTsT 

3. Partial pressure of water vapour (PH20): 

PH20 (mmHg) = 2.718 (2.303 [8."10765 - '1750.286 ' ] 
\ \ 235 + t .: 

where: t = gas t emperature (oC) 

4. Correction factor to reduce ambient conditions to standard 
temperature and pressure, dry (STPD) 

STPD factor = 273 x 
(~273) 

where: t = ambient temperature (oC) 
PB = corrected barometric pressure (mmHg) 
PH20 = water vapour pressure (mmHg) 

5. Power output (P.O): 

P.O (W) = Resistance load (kg) x pedal revolutions (rpm) 

6. Minute volume (Ve) (STPD): 

Ve (STPD) (I.min- 1) = Ve (ATPS) (I.min- 1) x STPD factor 
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7. Oxygen consumption (V02~ 

V02 (l.min- 1) = Ve (STPD) (l.min- 1) x (0.265 FEN2 - FE02) 

where: 0.265 = Fraction of inspired oxygen 
Fract ion of inspired nitrogen 

= Fraction of expired nitrogen: 
1 - (FE02 - FEC02) 

FE02 = Fraction of expired oxygen 

FEC02 = Fraction of expired carbon dioxide 

8. Oxygen consumption per kilogram of body mass (V02~ 

· -1 -1 -1 V02 (ml.kg .min ) = V02 _U.mi.n .J x. l0QQ 
Body mass (kg) 

9. Carbon dioxide production (VC02~ 
· . -1 ' - -1 VC02 (l.mln ) = Ve (STPD) (l.min ) x FEC02 

10. Respiratory exchange ration ~ 

R = YC02 V02 

11. Venti latory equivalent for oxygen (V.E. for Q2~ 
. - -1 

V.E. for O2 (1.100ml O2) ~ _V_~r(STPDl l (I_.mJn. -.l 
V02 l.min ) x 10 

12. Ventilatory equivalent for carbon dioxide (V.E. for C02~ 

V.E . for CO2 (1.100ml CO2)_ = j_eJ~TPD)_p.:..min~ll 
VC02 (l.min ) x 10 

13. Cardiac Output ~ 

where: 

· . -1 Q (l.mln ) = . ( -1 -1 K + (5.2 x V02 ml.kg .min ) 

k = a constant: 66 if the subject is male. 
75 if the subject is female. 
(Faulkner et~. , 1977) 
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APPENDIX D 

Data Reduction and Analysis Software: 

V02 max and related variables 

Vital capacity relative to body surface area 

Digitization of EeG traces. 
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U l.; ' {UN'';: 1 .. IP CT "r .'? :: !,~.\.I[t.!.. .).:";: :; ;-. iT ~R 'lCE? ( .): ",; G 

l2(' . ' - 0 11 * BI .' "'I' l~' ;0;: TV 
31 .:iU :..iDTD 49 :5 
1200 PRINT INPUT "MASS LIFTED? (KG) : ";NL 
3 2 10 PRINT: INPUT "VE/~TICAL DISTANCE NOVED THROUGW:> (N): ";V D 
...,-:.'-;:0 PRINT : INPUT "NUNB£l? OF REPETITION:..':, '? ";NR 

.;': ; ) P.U ,IT INPUT " £.i..'Ei~CISE DURATION? (::,":) : " ,;E<J 

."F 
2 ::.-;,) 

= (NL ~ 10) * ((va ~ N.?) I ED ) 
)TO 4 9.5 

J300 
.J310 

P fUNT : INPUT "V ERTICAL DISTANCE NOV£D:7 (,1'1); ".:VT 
Pi?I NT : INPUT "£ ,'r.'£RCISE DU 'VUl D. ··? ($) : " .: DU 

: 320 p = (en ~ 10) * (VT I DU ) 
3'.3T) ,IOTO 495 
.J ~OV ?~~NT : INPUT "S TEP HEIGHT? ( ' 1,): ";811 
.". : .10 , Jf,INT ; [ .. "PUT ":'::;1'£,' . U~T::'? (:~ T "".o:'::/: ;IN ): " ; Si':: 
. 1 .. _) J = BN ~ (($.4 ~ :"' IU I 6) 

j4 .. ;O 
.~ ") ( ) 

.tOt O 

GOTD. 49~, 
?r?J.NT " 
p a INT: P lUNT 

{ 1) .1 .5 PFUNT 
,10 2 0 1: i;";'U";: v 
!;{H) ;: L4:~'H: r.?J!· T 

: PR INT 

S U3~7ECT: " ; A$ 
"T EST CONDITI ON : " .;8f-

E ,'ORt ?RDCE~DIHG" : NO RNAL 

rt to PRTN . "P{,'E::.'':::. .... AilY ,~ EY TO CO NT I NUE •• I " .:: GET f,.I:$ 

':;'z30 
1 ~f) 
::-:)0 

.2 I I) 
2.1.,; N 

.liON£ 
8_'TU, 
p, . .' TI-l , 

J RIN ,' 
= .I 

PR I ; ~ 

INI tiT " 

.. ".~ Ii '.' ~ ' , .. ' 

4',:'20 
'-:2 3 0 

PNl lfr 
? \.[r 

[.II,' .!. ,'} ··' i.. UH/1TfOil vf' :: · 1, ;,..>[;:,' ";N .; " ? (UIN): n.:: I."'I PUT "".: ~1 

!-'. ~' :,,, ":"'"';' .? FCR S .. INPLI..: ".;~/,; " ·? ( L/::1.11) ~· n.:: I N.-' !.JT "" ;L 

· !2-~;O .l( f,.I "" I. .... I.' 

42::.1) 
, t~;; o 

RO 
,; 

= 
= 

RO .,. 
N .,. 1 " 

·~2:30 1) GDTO ·t30(.) iF N = (i';' ,.. 
4 29, ) G:;TO 42 :C~O 

(!(; R~:U/ .. I 
:.:.0,:) Wf :: 

.. ~~; ; I) 

... <. :]0 

~ ,~' . '. ,-, 

f'-.'! , 

DE F 
D_·'· 
:: E.--

.H = 
., _., 

F ,~ 

FN 
F.'I 
L~ h' ,'.: 

• ! ~ 

ru (X'.J 
, -:.-X) 
: :~O (,Y) 

! ( 4 ) 

.. INT 0.: 
INT (x 
IN "! (X 

" 10 .;- (I . :...) 10 
J ,)() :J _ .' , / ! r:,:) 

.,. o . , ) 
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,I) i;'F.,f i't'",'~'"i-*********'***:ot-:ot-iot·*""'"''*************;';'*** 
.20 /~£:1 ,10-** ST.4T Ie AND D~~ NANIC LUNG VOLU NCS '.~'.~;';' 
0"0 R~H •• * •••••••••••••••••••• ~ ••••••••••••••• 
~o POK E 33,40 : POKE 34, 0 : HD ~E : D$ = CHRJ ( 4 ) : G$ CHR:f. (7) 
:;0 P/UNT , ! ST ATI C AND D)" N,4NI C LUNG VOLUNES" 
~~ o PR 1 NT H *.~** ,It' <f ,1t' ~ ,It' .* ,It'* ·~*** ,It'* .~ ***·~****4f** ·.or " 

70 PRINT : PR IN T "PL £ ,4SE ENTE R THE FO LLOWING INFO RI1ATION:-" 
~5 POKE 3 4, S : HON E 
SO PR I NT: INPUT "SU BJECT 
~o PRI NT : IN PUT " 
100 PRINT : INPUT " 
1 10 PRINT. INPUT" 

NANE: ".f NN$ 
AG£(),'RS ) : " :AGE 

BOD Y HASS(KG ) : ~ ;H 

STATURE(CH) : ";L 
120 VT AS 23 : INPUT "ANY HISTAKES( YI N) ? ";AN$ 
!30 IF AN t ( > "Y" AND ANf ( > "N" TH EN PR I NT GS ;: OOTO 120 
1 4 0 I F ANI = " Y" THEN HONE: GOTO 70 
.::"5t""J HONE: PR INT: IN PUT" 8ARONETRIC PR£::'~:~URE(mmHG): ";BP 
liO PRINT : INPUT "UATER VAPOUR PRES SUR E (m mHG): "; WP 
17;) PRINT: INPUT" ANBIENT TENP . (deq C) : " .:T 
180 VTAB 23: INPUT "ANY HISTAKES(YIN )? " ;ANf 
190 IF AN. ( > "V" AND AN I ( > "N" THEN PRINT GS ; : GOTO 180 
200 IF ANI = "y" 0070 150 
210 DEF FN AB(X) = INT (X * (r BP - UP ; I (B P - 47) ) * (31 0 I ( 273 + T) 

) * 1000 + 0 . 5) I 1000 
220 HONE: PRINT : PRIN T " ENT ER NO . OF VERTIC AL DISPLACEMENTS OF TID AL 

VOLiJi'1E TRACE ON THE GRAPH PAPER ~ " : PRINT: INPUT "NO. OF VERT DISPLA 
CEJ1£HT:..":;: ".; VD 

"12S TV = (VD * 50) / 1000: PRINT: PR.1NT "TIDAL VO LU.I-1£ = N.; FH ABc" TV).: " L 
ITI~ES" 

230 Pf?INT : INPUT " NO . OF VERTICAL DISPLACENENTS AL!GV£ TOP OF TV TRAC E: 
N.;ABOV£ 

240 PRINT: TN PUT "~O . OF VERT I CA L DISPL ACEHENTS SELOH 
Tf?ACE N;:3ELOH 

~50 PRINT: INPUT "VOL. EXPIRED IN 1 SEC ()) : " ;EV 
26f) VTAB 2J: INPUT H .LjN )~ I1 I STAKEScTIN)? " .;ANf 

BOTTOJof OF TV 

;70 IF ANf <' > "Y" AND AN$ { > NNh THEN PRINT GS ;: GOTO 260 
:.?80 IF ~N-; :::: " Y" GO TO 220 
: ?O B~A = (71 .84 4 (H A 0 .425) * (L A 0 . 725)) I 10000 
3 10 [RV = (ABOVE ~ 50) / l OGO 
.3~O ERV (BE'.O~ * 50) I lOGO 
- 30 Ie :::: TV + iRV 
140 VC = Ie + £RV 
w50 FEV1 = £v / vc 
360 FI :::: (FEVI I VC) ;.;. 100 
365 RLS = FH AB( VC) / RSA 
370 nEF FH R3(X) = INT rx * 1000 + 0 . 5) I 100Q 
380 PRI NT DS ; " PR# I" 
390 PR1N7 CHR$ (9); " 80N" 
;00 PRINT T~!3( 20) .; "3TATIC AND DYHAI1IC LUNG VOLUNES" 
~tO PRINT TAB( 20.1;"============= == ================" 
420 PRI NT: PRINT 
~30 PRI NT "SUBJECT 
'; "; 0 Pl?lNT" 
.1-50 PRiNT U 

460 PPINT II 

~7,-" Pl?INT PiUNT 

NANE . ";NIH 
AG E (Y/?'S): ".; AGE 

BODY HAS S(KG): ";N 
STATURErCi'1).: ";f_ 

-ISO PR 1 NT U BAl?ON/1TR 1 C PRESSURE c"mmHG} : ".: ,-:p 
490 PRINT " UATER VA POUR PR£ S$UR£( mmHG ) : N;WP 
~OO PRI~T " 4rlBIENT TENP/dey C): "; T 
_ 10 PRI NT : PRINT 
320 P~ !HT "L UNG V1LUHES . 4 . $c.JLUTE tl ) 

..' U 

RELATIVE()1 3 q . m . 

.... "0 f'/"I[l.IT .: p .'H t rr " TID AL ~/ OL:jNE '·' .: : POKE 3 C":,,:f :) : P i?]N T FN AB(TV ) ;: PO KE .3 
6 . -1 (: : ,)8[N7 FN ;, ·3(( FN A3(TV)) I GSA) 

';4() PRINT : rJ rUNT n!.'ISPIRATORY I1:ESERVE VOLUNE" ;: POKE .Jt<,.33: PR INT FH A 
B( ] .?V);: PO KE .16, 4 6 : PRI NT FH R3(' ( FN AB(jRV) I GS A) 

550 PR INT: .. orU NT "[XPI a ATUr..')- I?ESER VE VOLUNE" ;: POKE 36 • . 33: PRIN T FN AS 
(ERV);: POKE Jo .• 4e.: PR INT F N RJ(( FN AB(ERV)) I BSA) 

560 P8INT : PRINT "I NSPIRArt)/?)-' CAPAClr,''':: POKE 3 6 • .3.3: PR IN T FH ABrle ); 
: POKE . ~6 ,4L: PRI NT F N R.3(·( FH A n (I~)) / BS A) · 

5i"O PRINT ~ tJr",'u-.l r "~'ITAL C;lPAC1TY" .:: fJD 1<.'£ 36,33 : Pi? I NT FH AB(VC) .:: POKE 
36,46: P~ lNT FI H3(( FN AC (VC'J i BSA ) 

'. SCi PRl IT : r.d,YT 
"i~ .;(! r l -:iNT "F"D I?CE/.i t.:·X :.1 l i?'A ,· O;"j-' Vi.J!.liNE: " :P~~"/l 

,. 0(.' ,R,NT : P ;?lNT "F Ol?C_D E : P lltAT08Y V Jt.U.i!_· : NOEX : " .:FI 
•. 10 fRINT : PRUI T "R ELATa'£ UING SI2t::(,·/ .F .,. ~.): " ; FH ,,'3IRLS) 
,:i,"..::.',) P" INF D f .;",OR#,)" 

.~ , ;) !F /; '/;. ( 

') Jr ' A .i t '" "r" J"".: f:~; ; C ' .. :':.·~ I~\ : .' 
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19 R~H ************************** 
'~ ~£H **,~ DIGITIZE lNTERVALS *** 
::(1 1" .:-: /'1 * ._:.c***** .. "",*~:.* ci ***-i<i·****** ·,~*...,."· 
,~ LOHEn; 25392 
. ~O V£F FH Rl(X) = INT i' X * 10 + 0.5) / 10 
J ~ Din Dc'SUO),SDc'SOO) 
./- .:) DI = C:IS, ; i-+):G : = CH. \' ":$ (7) : 1:$ Ci-IRf. ('.:;:): RS 

(27) 
-.t-5 p.:nNT D_;; -'CloDSE GRA,';:;.41CS TABLET ::.:DFT WA h E "" 
·.;0 P:'?lNT Vi- ;"OPEN TAB • .lN,r:O{\NATION~Dl" 
55 PRIN T Df;"READ TAB. INFORMATION" 
60 INPUT SL; INPUT XL: INPUT YL; INPUT XH; INPUT YH 
65 PRINT D.;uCLOSE TAB. INFORMATION" 
7 0 XA XH - XL;YA = YH YL 
I ~I LT INT (' (XA .,... }"A) / 2) 
8e' PI INT (LT ,I 11) 
85 XH XL:Yn = YL .,... P C 
90 PRINT DI;"PR#O " : PRINT Df;"IN#O"; HOME 
9~ POKE 3 3 ,40: POKE 34 1 0: HOME 

Ci-IRf. (1,3) :EJ. CHl~$ 

100 :ITAB :0; INVERSE: PRINT "DIGITIZE INTERVALS": NORMAL: POKE 34,3; HOME 

:(5 SF = 1500:HF$ = ND" : UN ; = "BE,~TS/H! NH 
1(1',' PRINT "ENTE ...... ' l~ TITLE FOP THE PP]NT()l.r; ": 1 UPUT "TIT .E: "'.:TLt: HONE 
110 INPUT upO YOU ~ANT HEART RATf ANALY~lS?( ~ ' /N)";HR$ : IF HRS ( ) N','" .4 /,jD 

HR.J.,' ,:. "N" THEN PN.lNT G$ : GDTO 11r) 
!1~ HOME : IF HRi = "Y" Gu TO 155 
t20 PRINT: PRINT ", )"OU NA~' NO.:.! Er-I7"-: ,i' I~ SCALE FACTDl~ TD" : PRI NT "CONVERT 

THE DI3TANC ~ ~£ TUEEH D [G!TI7~~ " : ? RINT " POINTS FRon Mn TO SOME OTHER 
UNIT I YOU" : Pli' niT '1 : / ,-1)' AL:.'-: D E .~·T£P. THE NAN£ OF TH /1 T UNIT I" 

1.2'5 P8.!NT. PRI NT" IF '/OU DC NO'/"' :41 ::.":,1,' TO SC.LlLE THE DATr1:. SINPL)' PRESS 
i'{ETU ,t.' i' WHEN AS :: ,~-D PON n -i £ SG.(H..E FACTtJR." 

130 PNiNT; INPUT "ENTER SC~LE FACTOR: " ;21: IF 2$ = HII THEN SF = 0: HONE 
: liDTO j ~i:; 

:::l"'~ = l/AL (Z 1- ) j ,5 .. : 
14(} 
i. ~: .. 

Frn NT : I NPur "ElfTE,'" fU1NE OF SCALED Ur';.l",·: N; UN$ 
~/T .... ,.J 13 : r' Ri,° fr , ' "I :;' TH.' ,--:C . !l.E ;--l~ c 'ro ;·: .Ill _ NU!_JIPLIED": INPUT 
JDED (,1'( THE lNTEI\';;A~ .... ' OIlD) ";IIFf; IF' NF l <" ). " , ,I" ~Nn NFl- ,..-' 

,)P.I ,';7 "" _~: GDT D 1 ~~~; 

.) :-: :; .. :--~ 

:.6:.: l"NPUT" 
_'70 INPUT" 
i7_, INPUT" 
1 ,-',) IN,- UT" 

SUBJECT H. IME: N;SNS 
SUB~l t:CT AGE: ".:Ar;; 
SUBJECT SEX, " ;SX$ 

DATE: "' ,: DTf 

l o? O 
t . <t ' 
~ . ' ~I 

20 ::;, 

l' NPUT " 
INPUT " 
INPUT " 

T1"NE: 
CUNDITlfJN: 

TEN? (l)El3 C) : 
iNPUT" REL HUHIDI7-Y (Z) ; 
IN.~UT " BARONTERIC PRES(MNHG): 

/f ;TN;~ 

" ;CN $ 
"'.: TEf. 
";PH"J 
" .: 2P$ 

".,;'-;'0 .lNPUT V02 i'fA ~' ( . !LlKe.i. [:'~ ): " ;JlN;' 
:"} :." GuSUB 1 01~. 

22., 
.~' - , ;) 

IF Cl = E f GDTV [50 
PG / .E ~ 4 ,3: rlUHE : I~ Hi~f u ./~ 

VTAB 2: HTA i ('40 - LEN (SN : J) 
(;DTD 27.5 
/ 2 : PPINT 3."1J. 

..: '.' NOl lE: Pi~]Nr "PLEASE ~,.'trl · E!\ T . iE FCLLOAING INFOi;'.1ATIO.: " -" 
~~O INPUT " % ~'O~ iI A;;: " :?V I 
2 -$.., IN ;- Ur'' LU .... :U: : ~_t..., f. 

OZ ,_,O INPijT" C['."- ." lrI~} '· : ' : i7 .. !! 
~'~ , ~"'; I NPL:T " :3 --.1-1' r,! :.' ,:r :: ,.; ; '; r .' i : .' i 
~~ (' ('](};-::I.'::.' to.: 
· ~ t ... ".; IF C~ c"' t~':$ (;C1"O 2:'.'~; 

:0:"0 : JO .. ~ .J~~ " .]: NONE 
:75 V7·.~B 12 : HT AU 15: PRINT "l'U RN PRINTER ON": GOSUB 125 5 
:: ,C' c;, u~:'jn t-3t.5 : /::::N - Pj~ 7NT HE- .LIDE/? I NFO 
~ d~ POA= 34,3: HONE 

"OR DIV 
)- "D" THEN 

290 PR1'N7 "HUU HAN) ' SECTIOVS DU YUU UIS H TaU; INPUT "DIGITIZ£(1-10) ";NS 
: IF N~ : C? NS ) 10 THEN PRINT G$: G0 70 290 

;: . .J._, PRlaT 
.j ,} .~·D.' 1 TO N:":.: 

PfINT " NAME ~EC7IUN ".:1 ;: INPUT ": ";NMf(' IJ 
J a !F LEN c'NNi(])) > 20 THEN NHf(1J = LEFTS (NH~(I)~20) 

.3 ·'5 i'iEX T 
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J;:O GOSUB 10 1.5 
32~ IF C$ ~ £$ GOTO 2SS 
~30 HDNE: PR IN T "ENTER THE NO. OF THE SECTION YOU UISHH: INPUT "TO DIG! 

7IZ£: " .:ND ,: IF ND .( 1 Ol~ ND > NS THEN PRINT G$: GOTO 330 

.33:-..; V7 JU 2: HT /i.3 (40 - LEN (NIH(ND» ) / 2: PRINT N/'1f. (ND) 

.341) GGSU~ 1040 
:::-/..;; POK E. 'J'I-, 3: HONE 
_' ~O VTA 5 : PR I NT "OPTIONS :-" 
: 5 ~ VTA=,: PRINT "7 ANALYSE ANOTH£R SECT I J N" 
3~0 VTAa ~ : ? RIIT "2. PERFOR N SUR-ANAL"S I S ON THIS SEC T{ON" 
36 ~ VT~U~ : PRi nT N3 . FIN.~H UIT H THIS ANALYS I S" 
370 VTA :1 : :U~ ~T n:"T7,\ O~Tl J~ (1 -3 ) "I e : I F C ( 1 OR C > 3 THEN PRINT 

UU .:: (J uT{) 3" , \) 

1 T!-.t £ N GOSUi3 20(1): :;OT ·--; .r .. tO 
~ 7 ~ IF C : J LeT a 4 80 
3:.:~ O HO i ' F. : ,'TAl .~; : P ·:tINT ":::':UB - ,4Nl4 ,_ '/SI::; DPT[GNS:-" 
J85 L'TA= ~ ' : ,- ,{I"T "1 . SINGLE SUB-S£CT I O~ (£G 25Z-~O%)" 

390 vTAB ,-=i : P8,[N T " '::' " P~·l;':..~ E ."i r.:IGE INCftENENTS (EG U)J..)" 
_9 :;, VTIW 1() : I.!.~UT '·E I·iTE R O?TIDtI (l - 2) ul C : IF C <" 1 OR C > 2 THEN ,';;/U .IT 

"".: : GO TO :3'? ,.' 
400 .F C = 2 GOTD 43 3 
4r)~ 

41(.' 
, 1 .';-; 

420 
4 2,:; 

VT,IB 1 2 : IH~UT ~!_£~TIF ~ 

I I/P UT " 
I NT £,~ VAL - FRD N: 
- TO, " ; IlL 

IF UL 
Ni,f J. = 

UD3U .. ; 

:.... L ': "JfE i ; 
S TR f. (L t. ) 
1 ~::.3(" : /t ,: H 

? R:NT "" ;: G(Ta -lOS 
+ "- " + $7/·";' c UL) + 

- S"UB-AH.i l. ·, ::: IS 
·-;':'0 Go r e !.:j.!i 

" " r I 
.~ --

, .... ~, lIi' , 4;:" 1~': INf- 'iT " £.'17'£ .,: P£/"~CENT .· ;Gc I Ncr-:£!L: NT :: : ".:CR 
. ~ ~ HCNE : VTAS t2 : HTA 3 IS: PRINT ~BUSY - PLEASE UAIT" 

445 I I IHT (l OU ! CR Y 
4 50 FDR I = 1 T1.7 II 
45 5 LL ~ ( ' - 1.) * t :H :UL = 1 * C~ 
460 UN £. ;: :::TR ; ( LL) + " - " + ST /~ f. {~ L} + "%" 
",';:.,,' un:.::U/3 1 t) .... 0: f,'EN _. $ 11i3-,tlN ·'l..YSIS 
4 7() NEXT 
-t o ':,; aaTD J -f. :;; 

2 0 ? 'J .'."E .3-t~3 : !1L.?/·,1£ 
~ S .. i I/T/18 :5: PRiNT "DPT I DNS: - " 

VT A,) 7 : PR[lvr , . 
;::: 5 V T ;U ... ' : PRINT u:: . I·: :''- - . ;:;~·i'i 1~'-~CLi;':,4 :'! J..IIT n N.::: j,.1 ::.-.UI....·,}ECT" 

.~ ...-}() ,:TAB .-) : P i\I .~ T N.J. flUff;' 
,:;0_ , ITA'? 11: ';::/,v T " ENT~::: : i .. J", l [i t" (: - 3 ) [j," 

5 1 0 VTAll it: HTAB 2 1: GE[ C f 
~ 1 ~ I F Cf RS TH~N C; = QJ" 
.: 2~ VTAB 11: HT AB 2 1 : PRINT C1 

C =: ~'/'·,L (C:~ ) 

IF ~ ' 

i i C 
r. TNT 

.... .J ::-
~ ;..;. ,) c:Jl", 
-) _ .. - liOU; 
:. :;,) .:1 U; I £ 

~ (/f..IV ,,,"r:: 11 
1 0..10 5 N-::, .I 
I D ,l ') ,~£ i : 

10z5 1?£/1 

: ~'i-AB 12 : HTAB 1 5: PRINT "THE END": END 
.... . -=- "'*",, '11" .-' .O:' .• ~* ,~**** ,li- ;.;.. .. li-*******,****** 
**.,. /? OUT I N £ S *** 
·of .,. .:f .'f .. -=- ~ .'-:*"" ·"Ii- ·'-:-'f·"" "'I' ."'I'** ·~ ,If·" ,"",,********* 

iO~O REM *** ACC EPT UR CANCE L INPUT 
102:5 REN 
10 .-5') PRINT GS 

103 5 POKE 3 4 f 21: Hon E : IN~£R$E : PRINT "PRESS ESC TO CANCEL": PRINT "PR 
£ SS SP ACE TO ACCEPT" .:: GET C f: NORI1AL : R£TUl~N 

J(J40 R£N 
1045 SEN - DIGITIZE & PRINT S ET OF INTERVALS 

REI'! 
PO f:E 3 -1,3: .40/'1 £ 

1050 
10:55 
1 0(f.',O 

t 06 ' .. ' 
1070 
1 0 7 5 
le}so 

;' T iB 10 : HTAB 10: PRINT "D IGITIZE INTERVALS": POKE 34
f

12: HONE 
CO:.~{j3 11I5: ItEi'l - DIGITIZE HEART BEATS 

103 .5 
~ (, h ) 

If" SF : I) GO TO 11(1) 
FO/~ J , : I TO KNT 
I F NF$ = uN u TH£N SD/·J .) 

SD (JJ:: FN tt l (1 :500 I D (~1J) 
N!:XT 

1C75 LL = l : UL = KNT 

FN R1(SF * D(J»): GOTO 1090 

!.to ) <iO ::~U..) J. 4 ·';'0 : l~EN - PRINT DIG.lT IZ ED DATA 
1 105 D ~ TD : N T = KNT 
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11 ;) RETURN 
.I. _ -. ' 

11 ;) j\::,J .*~ DIGITI~E DA T A 
11.;. .. ; i·: £ .0"1 

i i"") '} ', NT" = 0 
PRI U7 ' G J. : t; ~ SUB 1210: GOSUB 1275: HOH£ 

1 .! 4 0 IF FLt1G (" ) 1 THE.; HOH £ : FOR K = 1 TO 5 : PRINT GS; : NEXT : HTAB 
15= ~RINT "ERROR" : PRINT" PLEASE RE-DIGITIZE THIS POINT" : GOTO 113 
:5 

11~O KHT = KIT + ! 
! 1 5~ P,~lNT G; : GO SUa 121 0 : GOS&B 1275 
[160 IF FLAG i GOT1 1185 
l16;; 2",' F L/"!G ;;: 2 (iOTO 11 ~.() 

l!.i"O I F .-~AG =- .3 G;)"lO 1 ::00 
11-~; HO !.'£ : r-O /? K .;:= ~ TO :; : ? RlflT Gt .:: NE):'''' : HTAB 1.5: PRINT "ERROR": P ,~INT 

P LEASE RE- DiGITIZ£ THIS INTER V A L" : K!I T ;;: KNT - 1: GOTO 1135 
1180 H3 HE: FOR K = 1 TO 5 : PRINT Gf; : NEXT: PllINT " R£-POSITIO 

N THE PAP ER ~ " : PR iNT H RE-DIGITIZ£ THE LAST POINT" : GOTO 1135 

118 5 D:.:. ... .:' X 
11 90 ,-' o< .-'IrJ ;;: (V2 - D:' ) / j,):tu D2 
1{9~; Go ro 11!50 
r 2::'0 RE"7':""RN 
1205 i?EN 
1..;'10 REI ! ..... ·3UE,/"'\'D IJ Tlh· £ TO ,·:::/"1" T/IB L ET'!t-
__ _ -' 1.:::.11 

,. .:.' ;tCF. - (: : YO F .'"" ~ ( i :;:::C .. iL 
. {?!N J' D ; " .. ·/~r· ;:: !. : . ~ :y: .. " :r t , . 

.1: .. ·.7, .. - P:';'JN7 V , .• " I. f # " .• ::": !.. 

_ ~l~ ~N?ur" H;X, Y yZ 
24C 1 . Z { ; ~ ~~TJ 1 ~35 

.!.,' .t~-; .oJ 1(.'[-I7"" C ·;' .: NP(?#O-" , PRINt Dt .: ' IN<f. O" 
,~£'Tj}.·:N 

... , e ... ;- .. 
~ •• t, ,:1:..:; -', •. \ C}, .... T J.~:U .-

.< .:."6~ /;:£.1-1 

l.· ~·,' O PIU .Wi" Gf.: " TAB 23 : INVERSE: Pi"?lNT "P .. '?ESS SPACE TO CONT INUE".:: GET 
CI: NO~HAL : PI~ [NT : -HOHE : RETURN 

l~·. 5 R:.:.·N 

;;2 0 SEi. **;..' WH .qT )tR£A OF TABLET'? 
t2 3·-=: i? EI1 
.I. _ .N) F L /"1G :: i) 

1 :2 :' 5 [ 7 ,'. ). ... ·,·1 .. 1/10 X " XH AND Y .> YN AND Y )'H THEN FLAG ~ 1; GOTO 1310 

130 0 IF X ~ \ L AND X ( XL + (P I / 2) AN D Y > YL AND Y ( YL + (PI / 2) THEN 
KNT KNT - l : FLAG = 2: GOTO 131 0 

130·5 IF X ) XH - (PI / 2) AND X ( XH AND Y > YL AND Y ( YL + (Pl / 2) THEN 
KNT ,1<:.,,- .. "17 '- 1: F L;.lG ;;: 3" 

131 0 !?£TURN 
[315 ,,?E:r 
.: ::20 R Ei-i ~iot··* i' P. I :·lT HEAVER INFD 
! 3::' .5 ,':?£N 
1330 PRINT J$;"PR#l" 
1335 PRiNT [J ;"80N" 
1J40 
:350 
, .3,"5 

PO .... £ 36 .. 20 : PR. INT -rL f. 
PRINT .• [JIUNT 
P8I NT u '3UB~7ECT NAN£: U;SN'S 

... . 1'."; 0 P NJ," IT" 

.: :3-'. 5 PFU NT " 
SU~JECT AGE : ";AG$ 
SUB~'£CT SEX ! ".:SX-S: 

1.370 P,'?I.IT" 
1375 pa INT U 

13(...0 iJ i? INT If 

: J~ 5 fluI NT'-
:.3'.) 0 PR INT U 

D,tlT ':: " .;D r$ 
T[ H£ : "' ;TN '~ 

CON DITION: ";C NI 
TEN P (DEG C) : ";TES 

REL HUHIDITY (X) : " ; ~Hf 

i: _ '.;; .';-; .I.lR.lNT "B.4801'QER.l"C PRES(foIN.4G': ";BP$ 
1 !C'O fJRI NT" vo.] i'1AX (NL /KG~"'IN): " ;V"'$-
i 4 0 ·1 
140~'; 

4 10 

·11 " 
·I e ~ 

IF HRS = UN" GO T O 1·~ 30 

PR INT 
P i~JNT " 
?/~ I N T '-f 

P ::! NT ,-, 

Z VD? MAX: ff PV; 
LOA{J : ,. :"[l -l 

CONDI TluN : " CD S 
-,2 5 ~. ~ INT "B- H T[ NE(S): " TSf 
,'30 PRINT D I ;H~R#O" 
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1·14 ; .. <' :.' .1( ** .iI:' fl iUNT D.lGITI2En dATA 
14.-;0 R£N 
145 ; PRINT D, ;HPR#lH 
1460 PRJ /IT 1'; HSO NH 

.1.j·6 5 PtUNT: PRI NT NN$: PRINT 
147u PRJ/IT H MM u ; 

1-+/.";-; I F SF ( ). 0 THEN 
1 4GO TD ~ 0 :T5 ~ O; XO ~ 

POKE J6 ~ 2::~ PnlNT UN' 
O:HS ~ O:KNT = UL - L L + 1 

1485 FOR J : LL TO UL 
1·~90 TV ~ TV + Dc'J) 
149 5 Z = b(J) : GD~Ui 1 ~85 

1 ·:;1),) 

1 :-:(,::; 
POi, .- ..J6 r :'5 - PT R: PR:Nf Z :t-; 
IF SF = 0 THiN ~~[ :; ; : l iOTn 

'~IV ~.~ = TS ~ SDc'J ) 
1515 L .: SDt J ) : GOSU~ 1585 
~~20 POKE 36.2~ - PTR: PRINT 2' 
1525 N£ j..-r 

. ,- -;. , '.' .:: ~, 

l ~; J (I N.) .: T:) I : :IiT: [F :3;:.( ~~ () THEN :'1S 
l"'; ;r -,; P .?1,'! .'" 

TS / f. NT 

> 0 THE N POA= 36 , ~ 0 : PR INT 

:~ 4 5 rrl[~i r : PRI:JT 

1550 P, ;] NT HNO OF INTER~ALS 

-= '''.: ;:NT.: 
1555 PRI ST; PRlNT 
1561...1 PP1, IT '" AV.:." DIST (NN) 

. 3 0 : PRINT H4V~ ff;UN$;H 

I F 3 F = 1 THE N 
1575 PRINT D$; " PR # O" 
15"80 RETURN 

Pl?1NT " 

"; ~NT;: POKE 36 ,30; PR INT HNO OF INTER VAL S 

N.; FN 8 1 (ND) ;: IF SF ( .> 0 THEN POK E 36 
If.; FN iU (loIS) ; 

CUlL r Ii'1£ ($) - ." I , F N 1\1 (CBH ) 

1:;85 ,'?EN **.:f ROUTINE TO LINE UP VEC PT IN TABLES OF NUNe/UC OUTPUT 
! ~ 9 0 Zt.: S T i? ' ( l) 
t.'5~:;' 5 ... L = I.E ,''; (.,;O) 

' 1..,1)0 P T P: .: () 
:' =-05 F Ol? Z.Z .: 
::' 6 1 0 I F NID $ 
1 : 1 ,5 Ni;,YT 

1 TO ZL 
(: "1 .• 2 1 .• 1) - " " - . 

16~0 I F PT F.' o THEN PTR = 2 L 
;£, 2 :; f~£TijJ? ' i 

:{.30 REI'! 
; '-:-, .3 .5 {,'E, ! 

.' 640 .~;::N 

THEN PTR Z] - 1; GO TO 1625 

1043 LX = LL ~ D I 100 : UX UL ~. V / 100:TT o 
t6.50 ;:08 ZI 1 TO .lV I 

r D( Zi) 
~~60 I F TT < LX GOTO 166 5 
1 £.1 1'F" T T - L ;" ,( D ( 21 ) I 2 TH EN LL 

1670 
~ c ·~ LL = Z1; GOT O 1670 
t 66,.:' NEXT 
1670 FO. ~ ZI LL + 1 TO HI 
i075 TT = TT + D( 21 ) 
U;·.~~ O IF TT .( 1/ ",( GCTO 1685 

ZI + 1 ;TT TT + D( lI + 1) : GO TO 

t. · S1 I F Tr - UX <" D( Zl) / 2 7 .'1E I/ tiL - ZI; GOTO If.,':;JO 
1'·,·") Of. ZI - 1; GOTO .1690 
1 (:oS,5 
1 e· '71) 
! .:, '.~:: 

zoo(} 
2()O.';i 

_O .J. O 
2015 

N~XT 

;J(, : 'C t..:. 1·;40 : I,'£ H - PRINT 
F.. .-:TlJ/::rl 
REN 
REM *** CHoeSE SECTION 
/?£N 
HONE 

2020 FOl? I .: 1 TO NS 
20.2S I' " .' 
Z03() NE.:T 
]0 3 ~ POKE 34,20 
.,:',' )4 ... 1 ;'(ETU8 N 
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Subject fe edback 

-241 -



HUMAN MOVEMENT STUDIES 

August, 1988 

Dear 

At J ast, the long-awaited results of your 

pa r tic I pa t Lon in my study. [ have presented the data 

in tabular form . Unfortunately for ethical reasons 

names could not be included, but direct comparison of 

your results with those of your fellow dIvers may be 

of i nterest to you. If you hav e any queries at all, 

or' wish to see the results in more detail. don't 

hesitate to contact me. 

Pinally, I must thank each of yOU for the enthusiastic 

an d g()Odnatll red way in whi c h you took part i n this 

rHsearch. Obv iously wit hou t you it would [[at have 

been possible, and 1 am extremely grateful. 

Many thanks, and all the best for the future 

Rhodes University 
p.o. []ox 9.1 
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WHAT THE DATA MEANS 

VO,max 

Maximal aerobic power (~O.max) can be defined as the maximum 

amount of oxygen which can be consumed per unIt of time. It 

is an indIcation of the functional capacity of the 

cardiovascular and respiratory systems. SJnce it represents 

the maximal rate at which energy can be released In the 

presence of oxygen, it may serve as an indication of one's 

potential for endurance-type activities. Bearing in mind that 

other energy pathways are also used durIng activity, it is 

obviously not a measure or predictor of performance as such. 

This study confirmed that lotal immersion in water produces 

significant reductions in circulatory and respiratory I'esponses 

to maxima] eXfH·cise. In addition to decreased va. max, 

reductions were also observed in cardiac output (the amount of 

blood pumped out 

ventilation (the 

minute) . This 

of the 

amount. of 

may have 

heart every minute), and pulmonary 

air breathed in and out every 

imr)ortant implIcations for the 

evaluation of the energy cost of tasks performed underwater. 

Average VO? max values ()btalned on a cycle ergometer- ar"e 

approximately SOml .kg .mln on land, and 4Rml.kg.mln during head­

out, rather' than total immersion. 

Vital Capacity 

This rerlresents the total volume of air that can be voluntarily 

moved in one breath, from full inspira t ion to maximum 

expiratjon. Since vital capacity Is influenced by body size 

(ip.. large people tend to hav" large Jung volumes), thi s vaJue 

was expressf)d relative to body surface area in t.his study. 

~verage absolute values are approximately 4-5 liLres In hea]thy 

young men. Habitual divers generally develop larger than 

average vital capacities, which, jt is t.hought, is the result 

of constant exposure to increased pressure ()n Lhe chest. 
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Heart. rate data 

It has been suggested that Lhe drop in heart rate that has been 

observed with breath holding cunstitutes part of what is termed 

the "dive reflex". This is particularly evidenL in diving 

mammals a nd bir'ds and, in addition to a decrease in heart rate, 

inc()r~)Or'aLes c()nstr-icLion 

reduced card iac ou tpu t. 

or Lhe peripheral blood vessels and 

While this Is saId to represent an 

oxygen-C()flser'ving mechanism in animals, Lhe exl~tence, extent 

and role of such a r"esponse in man is the subject of some 

debate. The degree to which the heart slows (bradycardia) may 

be affected by facLurs such as water temper'ature, underwater 

exper·.i.ence, fl tness, I unp, volume and psychological state. 

The response of this group as a whole to breath holding was a 

reduction in heart rate which occurred at all exercise 

intensities studied. The degree of bradycardia was greatest 

during exercise at 50% VO, max, and the heart rate dropped to 

a lower level underwater than on land. Your lowest heart 

rate recorded, together with the corresponding pre-breath hold 

value so that you can see how far it dropped, are presented in 

the table. The "0)" or "(w)" r'eIers to whether this occurred 

on land or underwater. 

-244-



, 
N ..,. 
Ol , 

Table J: r'cedback data fo l lowlng participat.Ion In tho study: 

Apneic bradycardia: terrestrial and aquat ic 

responses in man under working conditions. 

Subject. Mass Stature SItLing ViLal ViLal Land 

(ke) (ell ) heighL capaclty capacity VO, 

(c_ ) ( L-ab) (L-rel) max 

- (d. kg'. ., 
_ in) 

I 86.9 181 95.25 5.47 2.63 40.7 

2 74.4 185.75 94 . 65 5. 17 2.61 50 

3 78 . 6 175 . 3 91.75 5.67 2.92 54 . 2 

4 69.3 181.45 93. 15 5 . 13 2.72 55.2 

5 78.15 182.85 91.55 4.28 2. 15 46. I 

6 65.25 170.2 90.65 5. 15 2.93 52.9 
7 9 I. I 135.75 91 6.26 2.9 58.2 

8 76 184. 8 91.9 5.23 2.63 43.3 

9 73.3 181. 75 93.65 6. I 3. 13 46 . 3 

10 75.8 181.05 92 5.48 2.8 51 

II 81.7 176. I 89.15 4.7 2.37 52.5 

12 64. 4 181. 25 90.5 5.36 2.93 43. 7 

13 64.5 177.35 90.55 5.82 3.23 42.6 
14 76.9 181. 75 93.45 5.68 2.87 36.3 

15 71 .2 171.95 89 4. 94 2.69 45.2 

16 76.2 174 89.45 4. 64 2.43 45.7 

X 75.23 179.27 9\ .73 5.32 2.75 47.74 

S . D. 1. 26 4. 41 I. 83 0.5\ 0.27 5.76 

ADD ITI ONAL COMMENTS' 

Water XBreath XBreaLh Lowest Prc- XYO, 
YO, hold hold heart H!! _ax 
.ax du'~aLior durat.ion rate heart ., 

(sec) (sec) (b .• i n) (Ill. kg. rate 
.i n') (land) ( .. aLer) 

. , 
(b._in) 

33 37.04 33.4 50.7 93.7 70( .. ) 

40.7 28.9 3L8 H.9 90.4 90( .. ) 
36.5 32.5 38.78 28 67. 7 90 ( l) 
33. 4 35.3 38.2 4 I .4 77 70 (1) 

46.2 33.1 28.5 37. 7 70.9 50( .. ) 
46.2 30.4 40.2 27.4 83.5 70( .. ) 

51.1 36.8 38.4 36.6 81.2 90 ( I ) 

37.6· 18.7 27.3 53.4 75. I 90( .. ) 

45.7 42 40.7 105.6 101 50( .. ) 

45.8 .44.9 46. I 26 77.2 90(1), 

36.8 22.3 2 I. 2 41.2 80.4 50( .. ) 
I 

42.2 26.3 51.9 3 1.4 83.6 70( .. ) 

36.9 31.4 31.2 78. I 95.5 50(")1 
36 .40 41.3 35.5 95 . 01 50( .. ) 

33.4 16.9 19.43 57.3 79. I 90( .. ) 

38.8 29.4 36. \ J I. J 83.6 70( .. ) 

40.02 3 I. 72 35.47 

5.38 7. 59 8.27 

BH = Breath-hold 

L-ab = lit-res. absoluLo 
L-rel = lit-res. relsLive 

to budy surface area 
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