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Abbreviations and Symbols 

Measured and recorded quantities 

T time TT , Tp Tfi

VT tidal volume VT r VT
.    
V ventilation VJt V£

v volume flow v., mean inspiratory flow (

v- mean expiratory flow
£i

VT peak inspiratory flow (Pli?)

vv «v peak expiratory flow&,max

^ volume acceleration v_ QV peak inspiratory acceleration (ilA)l,r

PR: functional residual capacity

JUtfBC change in residual capacity (= /„, T - V- -0i,x i,^<

P pressure, including partial pressure

P fractional concentration

A«T.P.D. ambient temperature and pressure, dry gas

B.T.r.D. body temperature and pressure, dry gas

Suffixes Levels of statistical 

I inspired xxx

expired 

A alveolar 

et end-tidal 

a arterial 

v mixed venous

p<0.001; xx 0.001<p<0.01 j x



ABSTRACT

It has been proposed that the naturally-occurring respiratory 

oscillation in P nn carries sufficient information on the rate of
BL + \AJn

metabolism to be implicated in the generation of the hyperpnoea of 

hypoxic exercise. As a P signal of this frequency can be transduced
UUp

by the carotid chemoreceptors but not by those of the medulla, it would 

be of interest to examine the manner in which hypoxia and a 00^ transient 

interact at the carotid body.

In the present study the responses of healthy subjects to an induced 

P. _^ oscillation (of two breaths' period) were examined against aAjlAJg

background of graded hypoxia at rest and during moderate rhythmic 

exercise. The responses were measured on a breath-by-breath basis in a 

variety of inspiratory and expiratory variables including times, volumes, 

ventilations and flows.

In brief it was found that:-

(i) oscillating responses were largely confined to P ~ less than*> U2
72 torr;

(ii) their incidence in hypoxia was potentiated by exercise;

(iii) FH3 oscillated, on average, more consistently than any other

output variable;

(iv) at times, an inspiratory stimulation occurred on the same breath

as an expiratory depression;

(v) a linear multiplication between hypoxia and the P,   oscillation
•^, V-/U,p

was occasionally observed, the amplitude of the response increasing as



hypoxia became more intense. Linear muliplication was more frequent 

in exercise.

The patterns of oscillating responses were interpreted in terms of 

a carotid body involvement, with hypoxia and the Ppn oscillation
UU/p

multiplying at receptor level, and ca, subsequent degree of complexity 

being introduced by the central timing of the carotid body discharge at 

the brain-stern. The potentiating effects of exercise may have resulted

from a reduced attenuation of the Ppn oscillation in transit from theuu2

lung to the carotid body, and an improved central timing of the carotid 

body discharge.



Chapter 1

INT EDUCTION

By the end of the nineteenth century, respiratory physiologists 

were attempting to formulate theories for the unitary action on respiration 

of hypoxia, hypercapnia and hyperacidity of the arterial blood, 

^e^allois (1612) having focussed attention earlier on an intrinsically 

rhythmic area of the medulla whose integrity was essential for the act 

of breathing. It was the insight of J. S. Haldane that paved the #uy 

for the elucidation of the chemical regulation of breathing in man, with 

the development of an accurate, volumetric method I'or measuring respiratory 

^ases (Kaldane & Smith, 1893), and a reliable method for sampling 

alveolar gas (Haldane & 1-ries: ley, 1905).

The importance of PA ^ in the regulation of breathing was implied
A,UUp

from its constancy over a wide range of barometric pressures, P, n
Hj 2 

varying considerably (only if the inspired oxygen fell below about M& was

the constancy disturbed); the exquisite sensitivity of the respiratory 

centre to imposed increases in P ,>n was also demonstrated {llalaane &

Priestley, 1905). These workers concluded that the Pon in the respiratoryct>2
centres was the primary factor regulating respiration.
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The emphasis moved to the arterial pli when Boycott ± Haldane (1906) 

found P nn to fall during hypoxic hyperpnoea (see also Winterstein,
A-jL/U,-)

1910, 1911). This proposal, too, was subsequently modified, Mnterstein 

(1915) having shown that an arterial alkalosis accompanied acute hypoxia. 

The primary stimulant now became the acidity within the cells of the 

respiratory centre (Winterstein, 1921). Jacobs 1 finding (1920) on the 

ability of CC* to penetrate cells, while the passage of tixed acids was 

prevented, provide^ strong support for the theory, as it could explain 

why a given change in pH produced by CO^ had a greater effect on 

ventilation than did the same change produced by i'ixeu acid in the blood.

Viith the discovery in the dog of chemosensitive areas in the cardio- 

eortic region (Heymans & Heymans, 192?) and in the carotid body 

vheymans et al., 1>*30) which elicited a reflex hyperpnoea when perfused 

\vith hypoxic or hypercapnic blood, there was no further need to support 

a central action of hypoxia on the respiratory centre^. Jore recently, 

however, it has been suggested that hypoxia may stimulate breathing in 

hiejhlanders and lowlanders at high altitude by lowering c.s.i. pH as a 

result of an increased anaerobiosis (l^ahiri <* i.illedge, 1:267; S^rensen 

et al., 1969).

In the last 20 jears, it has become widely, though perhaps not 

universally accepted that the site of central chemcsensitivity to C0 ? 

and H is separate from the medullary respiratory centres (ci. Fappenheimer 

et al., 1965; Lipscomb & Boyarsky, 1972): respiration was stimulated 

in anaesthetised dogs and cats by perfusion of the Vth ventricle v ith
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artificial c.s.f. having a raised Prv> or a. reduced pH (Leusen,CU2

implying the presence of a superficial site of chemo sensitivity 

(Loeschcke et al. , 1956). ^reas of chemo sensitivity were subsequently 

located, near to the surface of the ventro-lateral raedulla (area - ': 

".itchell et al. , 1963; and area L: Schlafke et al. , 1970); these 

worl: & em to be well placea i'or re spending rapidly to changes in 

.:.s. f. pK, produced either intrinsically or by changes in P

Jhanges in arterial K or HOG"", however, have little effect because of 

the poor permeability of the blood -brain barrier to these ana other 

ions (Loeschcke, 1966; ?encl et a?.., 1969).

advances have been made in understanding the steady-state integration 

oi' the actions of H ,00^ and hypoxia on breathin0 , it having been 

appreciated -chat ^usessrnent of the potency of one stimulus necessitated 

::iaintenance of the others at constant levels. The ^i^oretical analysis 

of Gray (U'f6, 195^), based largely on ?Jielsen' s data in man (1936) , 

predicted that the effects of the three stimuli in the arterial blood 

v.ere additive on ventilation. The additive interaction of arterial pi 

has been confirmed in the steady-state, the slope of the

V, P, relation being unchanged by metabolic aci< aemia or alkalaemia
-ijUUg

in man (Lerche et al. , 1960; Cunriinghuu et al. , 1961; Lamberts -n et al. , 

1>»61) and in the anaesthetised dog (I onu.iii et al. , 195-*;. 'i'he i-elation 

is displaced to the left in aciclaemia and to the ri^t in alkalaemia.

line ?;ork of Nielsen <fe Sniith (1^5^) on man was soon to override 

Cray's proposition of an additive interaction between hypo.xia :-.nd r A).? ;
•

hypoxia increased the slope of the V, P, rn relation, -..nplyin^ a
t\j\J\Jr*
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multiplicative interaction between the two stimuli. -his observation 

was subsequently confirmed (Cormack et al., 1955, 1957; Lloyd et al., 

1956, 195&; Loeschcke & Gertz, 195&), and led to the formulation of an 

empirically determined equation of steady-state respiratory regulation 

which described the multiplicative interaction through the effects of
«

hypoxia on the slope of the V, P. nn relation (Lloyd et al., 1958;
/ifUU . 

<L

this thesis, p. 72).

The effect of hypoxia on ventilation at P prt lying below the normal
 rtjIAJg

air-breathing level complicates the relatively simple concept of hypoxic 

stimulation presented above. There is very little evidence of a
•

multiplication by hypoxia, this portion of the V, P. pn relation
H , \j C/2

approaching the horizontal (Nielsen & Smith, 1952; Loeschcke & Gertz, 

1958). Young (1970) reported a small but significant slope on pooling 

the results of several experiments. The nature of this portion of the
•

V, P. -n relation is obscure and will not be speculated upon here:
A> 2 

su^Vice it to say that there is evidence of a threshold level for the
•

stimulation of V by P m , though this is not usually apparent inn,uU2

euoxia or hyperoxia.

The site of the interaction between hypoxia anc PC,; i^ still a 

source of discussion, here confined largely to"'observations on inan and 

the cat (the former being the experimental species in the present 

experiments, and the latter the species upon which were obt; Ined many 

observations relevant to this thesis). A review of the evidence in
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favour of a peripheral multiplication between hypoxia and CC, 

arterial chemoreceptors, and a central addition of the arterial a 

rr.ioullary chemoreceptor drives has been presented by Ounningha^

There is cc.^ple evidence in the anaesthetised cat of multiplication 

of the two stimuli at the carotid, body, from studies on the ..hole 

carotid, sinus nerve (Hornbein et al. , 1961; -y^a^uin^ J: Lewin, 1^o1j 

r'itzjerald Oc Parks, 1971), from fev.-fibre preparations (heil & Jcels, 

1>'63,, and from single-fibi-e preparations (^'itajsrald, 1;? ?'** ; Hayes ... 

Tom. nee, 197*f J Lahiri, 1 77'i-).

The results obtained from Lin0le fibies, and cy rlti^.rai.^ dc . rks 

(^971; on the whole nerve, are especially clear: by analogy vdth -liole-
•

"boa/ 7, P, ^ relations, a series of curvilinear itso-o^ic
jljUUp

beu?een ditiohar^e frequency and P ^ v^as obtained, their gajUJg

ri^in^ with incx^sasing hypoxia whxlc their intercepts on aie ? on axisa,ou2
v.cre less affected. Interacoion was still present in hyperoxia (? _a,Og
ca. IfOO torr) (Fitzgerald a ^arks, 1971; Lahiri, 197^-). 'rhis agrees 

v.ith the earlier demonstration by Cunningham et al. (1964) of there 

a residual arterial chemoreflex drive to breathin in man at

P
AjOg = 210 torr: "the response to hypoxia accompanied by hypercapnia.... 

is part of an inverse relation that continues far above the levels of 

PO that could have been oncountered before..... the possibility 01* 

artificial enrichment with oxygen of the atmosphere breathed."

1/ultiplication between hypoxia and COp at the arterial chemoreceptors 

is evident, too, in the reflex respiratory responses. Ctey & Bern thai
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(1960) found that the ventilation 01' an anaesthetised GO ,3 in which the 

carotid body was pe raised from a donor dog was jr^ater when the donor 

was subjected to asphyxia than when it was subjected to either hypoxia 

or hypercapnia.

.deastra (1963) studied the respiratory effects in the anaesthetised 

cat of perfusing the arterial ana medullary chemoreceptors si. ultaneously,

but separately, with bloods of different Pnn and r1 - . Lloyu'U2 °2

analysed the results in the manner of Lloyd et al. 195£, ana aenonstrated 

tLc occurrence of a multiplication between hypoxia and );' at the 

^irterial receptors, and a central addition of the respiratory drives 

from these and the medullary receptors.

j.n man, elucidation of the nature of the interaction between hypoxia 

and GCU is limited to the study of the reflex responses induced by 

changing the inspired levels of 0^ and 00^; their interpretation relies 

on the known properties of the medullary and carotid body chemoreceptors 

in animals. i>e jours (1959) pioneered the approach of using the latency 

of a reflex respiratory response to distinguish between arterial or 

medullary cheinoreceptor involvement.

Leitner et al. (1965^0 showed that sudden breathing of ox-^en for 2 

or 3 breaths by hypoxic anaesthetised cats caused a transient dtci^ase in 

the discharge frequency of few-i'ibre preparations of the carotid tinus 

nerve with a latency of 3 to 4 seconas; this was accompanied by £. change 

in ventilation with a parallel time course, indicating that most of the
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reflex delay is the transport time between the lung and carotid body. 

A similar reflex result was obtained in euoxia from conscious dogs, 

being absent after chronic chemocie nervation (Bouverot et al., 19&5)* 

> ic.ui the latency of the reflex response to transient breathing of oxygen 

in euoxic and hypoxic man is between 6 and 12 seconds (Devours, 1957, 

1962).

'there is some more direct evidence in man that the hyperpnoea of 

hypoxia is mediated by the arterial chemoreceptors, and in particular 

those of the carotid bodies rather than the aortic bodies. The 

hyperpnoer. was largely abolished after bilateral blockade of the ;;losso 

pharyngeal and vagus nerves in one unanaesthetised subject ('iiz et al. , 

19c6). furthermore, the hyperpnoea of hypoxia was absent in a croup of 

subjects who had undergone bilateral carotid body resection for the 

treatment of bronchial asthma (Lugliani et al., 1971).

If C02 and hypoxia interact multiplicatively at the carotid body, 

it is predicted that ventilation should change with a short latency in 

response to a change in P m during hypoxia. In hyperoxia, however,
•ft., I Up

the response should be delayed, reflecting the longer vascular and 

diffusion paths of the medullary chemoreceptors. This presuppose:: the 

reflex effects of the carotid body to be generally diminished, if riot 

abolished, by oxygen breathing, as might be expected to occur in man 

v;here the signal-to-noise ratio of the respiratory system rno the 

residual h;yperoxic activity are both small.
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The first prediction was confirmed for conscious, air-breathing 

dogs that were given two breaths of ?/ OU 2 before and after peripheral 

chemodenervation (Bouverot et al., 1965): the short-latency hyperpnoea 

was replaced by a slower, less marked response after chemouenervation.

In moderately hypercapnic man, repeated exposure to sudden transient 

hypocapnia (induced by removal of COp from the inspired air for 2 breaths) 

induced a depression of ventilation after 2-3 breaths in mila h;ypoxia

(l 1 . n ca. 63 torr) but only after 5 breaths in hyperoxia (t ca.~> U2 -"» L 2

65^' torr): Cunningham et al. ,(l965a) and filler et al. ,(1974).

Lambertsen et al. (1965) distinguished three components in the "off" 

transient at the end of COp inhalation in euoxic man. In hyperoxia, the 

quickest, component, which had a latency comparable to that reported above 

for COp withdrawal in hypoxia, was not seen. Abrupt administration of 

oxygen at two levels of hypercapnia produced, a depression of ventilation 

arte?r about 3 seconds (lownes & Lambertsen, 1966); the maximal depression

of ventilation was greater at the higher level of P A . i-rcm these"''2 

results, the multiplicative effects of hypoxia and COp on ventilation

:.!ust originate from the carotid body and not the brain-stem.

ibwever, evidence for a central multiplication, as well as ohat 

occurring at the carotid body, was presented by -~d.elman et al. (197;,) on 

the oasis of finding smaller increases in ventilation during ny: oxia when

r   was increased transiently than when a similar change of P A,ui>2 A>r ^2

occurred between two steady states. There is an alternative explanation 

(Cunninghaiii, 197^b): although a predictable relation exists in steady 

states between the size 01 a change in alveolar R^ i,or PA ) aii- that
^U vJ 0

<- (-

occurring at either set of chemoreceptors, the transient state ij more
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complex. In its passage from the lung to the capillaries in the

vicinity of the receptors, an alveolar transient is likely to be 

attenuated by several factors (Chapter 4, p. 15$, the main one being the 

residual or end-systolic volume of the left ventricle; in the case of 

a CCL transient, the buffering action of the blood and tissues becomes 

significant. Thus comparisons between steady-state ,:,nd transient 

responses are of limited value.

An exception to this criticism is the technique of suddenly and 

transiently removing a respiratory stimulus (hypoxia, hypercapnia) , as 

practised by Ounnin^ham et al.,(l96^) and 1/iller et al. (1974). hen 

breathing is driven sufficiently hard, sudden -withdrawal of either 

hypercapnia in hypoxia, or vice versa, is likely to silence the carotid 

chenoreceptors completely, enabling quantitative comparisons of the 

ensuin^ ventilation changes to be made.

^Vjore recently, an additional means of separatin. carotin and medullary 

chemoreceptor responses has been used, based on the ability of the

receptors to respond to P r ,, oscillations of varying frequci \quoncy.""*»"" 2 —————————————— ——— 

The limiting frequency to which a chemoreceptor can respond is determined

by the length of the diffusion path between it and the nearest capillaries 

(short for carotid chemoreceptors, long for medullary chemoreceptor ), 

and the ratio of the CX)p buffering capacity of the tissue to the blcoc. 

flow per unit volume of tissue vlarge for medullary chemoreceptors, 

very small for carotid chemoreceptors); Mller et al. , 1974.
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Thus the carotid body receptors should be able to transduce much

higher frequencies of P pn oscillation than the medullary chemoreceptors,a,uUg

and these responses should be effectively absent in men breathing oxygen- 

rich gas (p. 6). The difference between the respiratory response times 

of the two receptor sites has been shown clearly in anaesthetised dogs: 

ventilation responded within one breath to a sudden infusion of hypercapnic 

euoxic blood into the carotid arteries (Dutton et al., 1967), while a 

similar infusion into the vertebral arteries induced a respiratory 

response only after a delay of 20 to 30 seconds (Fitzgerald et al. , 

1968).

In man, alternate breaths of 002-free and C02-rich gas, sufficient

to produce an alternate-breath P. ,~ oscillation of about 10 torr
A,C02

amplitude, could induce an alternation in the size of breath-by-breath
•

V,,, Vqi _, and T«, in hypoxia (r n ca. 55-65 torr) but not in hyperoxia
-C* 1, £• 1 A, Up

(P n ca. 550 torr); Marsh et al. (1973). From the results of Fitzgerald
A» 2 

et al. (1968) it is unlikely that an oscillation of 2 breaths' period

(5-6 seconds) could reach the medullary chemoreceptors; and the hypoxia- 

dependency of the responses is more direct evidence for the effect being 

mediated by the carotid body.

VYolff (1974), using a similar technique on anaesthetised cats in

euoxia, observed an alternate-breath oscillation in V^ T *hich was1,1

abolished by prior passage of carotid arterial blood through a mixing 

chamber.

Using a wider and lower range of stimulating frequencies (period 

ranging from 10 seconds to 10 minutes) in anaesthetised cats,
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Daubenspeck (1973) determined the effects of chemodene rvation on the 

amplitude of the V-, oscillations induced by oscillations of CO. 

against a background of mild hypercapnia and euoxia. As the frequency of 

stimulation rose, so the gain of the response (f\V,,/kJ. ) decreased,
1 A,UJ2

both before and after chemodene rvation. Over the higher range of 

frequencies, the gain after chemodene rvation became progressively less 

than that occurring before chemodenervation.

This was interpreted as a removal of the multiplication between 

hypoxic and hypercapnic drives at the carotid body. In view of the 

remarks concerning the quantitative analysis of transient responses

(p. S ), one might expect the vascular attenuation of the P n signal
» 2 

to increase as its frequency of oscillation rose. Thus, the implied

multiplication might have been underestimated.

A similar approach to that of Daubenspeck was used in conscious man 

during euoxia and hypoxia (p, =60 torr) by Swanson & Bellville (1974). 

Over the same range of frequencies, the increase in gain between euoxia 

and hypoxia rose with the frequency of P. CQ oscillation. The 

interpretation is again that a multiplication of hypoxia and C0? 

occurred at the carotid body.

Now is a suitable point to consider the significance of an asphyxial 

oscillation intrinsic to the cardio-respiratory system. Haldane & 

Priestley (1905) demonstrated that there was a small fluctuation in

P ^ and P, n within the respiratory cycle, end-expiratory alveolar
' 2 Jl * 2 

gas samples having a more asphyxial composition than those obtained at
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the end of inspiration. Krogh & Ldndhard (1913) found similar 

fluctuations on fractionating the expired air, their amplitudes in 

exercise exceeding those at rest. The form of the fluctuations in 

P. ^ throughout the respiratory cycle was predicted by Aitken & Clark- 

Kennedy (1928) and DuBois et al. (1952).

The "within-breath" oscillation of P A pn and P. 0 (ca. 3 torr and
———————————————— " '"" • """"""•" A,UU 0 A,U0

c. f-

6 torr, respectively, at rest), reflecting the relatively continuous 

pulmonary perfusion in the face of a discontinuous ventilation, has 

become the focus of attention in recent years after Yamamoto's proposition 

(1960, 1962) that the P GQ oscillation, rather than the mean value 

about which it varies, is the natural error signal of the ventilatery 

feed-back system. The em >litude and rate of change of the oscillation 

both increase during exercise as a result of a raised mixed venous Pr

and an increased cardiac output, and could therefore provide the linkage 

between ventilation and metabolism, in the face of a relatively constant

Pa,C02 '

i'amamoto favoured a central site of action for the P oscillations,
cu2

but the carotid body would appear to be a more suitable site if one 

considers the observations presented so far on the frequency responses 

of the two chemoreceptor areas. Such a hypothesis might uieret'ore be 

pertinent to the nature of the potentiating action of exercise on the 

hypoxic drive to breathing that has been observed in man (e.g. Christensen, 

1937; Asmussen & Nielsen, 195$; Cunningham et ai,, 1966; Bhattacharyya 

et al., 1970).
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The within-breath oscillation has been detected intra-arterially in 

pH and, by implication.!^ (Eond & Ciemple, 1>66, 196?: man, cat), and

in PA (lurves, 1964 and 1966a: cat, lamb). The mplitude of the P A U2 a »u2
oscillation is decreased by an increased respiratory frequency, a diminished 

tidal volume and hypoxia (Rirves, 1966a); the amplitude of the pH& 

oscillation is decreased by hypercapnia (Band et al., 1969b).

The discharge of the carotid body of the anaesthetised cat contains 

an oscillation with a respiratory period at rest, both in the whole 

carotid sinus nerve (llornbein et al., 1961; Biscoe & lurves, 19o?a) and 

in single-fibre preparations (Band et al., 1971; Black et al., 1973; 

Gehrich & Moore, 1973; Ooodman et al,, 1974).

The situation during exercise is largely unexplored. Lavies & 

Lahiri (1973) found the mean frequency of carotid body discharge to be 

unaffected by the imposition of exercise in anaesthetised, hypoxic cats 

(exercised electrically at an intensity sufficient xor hypoxic potentiation 

of breathing to be demonstrable). These authors made no mention of 

studying the form of the discharge occurring within the respiratory 

cycle, rlack et al. (1973) observed an increased amplitude of within- 

breath oscillations in single-fibre discharge from the cat carotid body 

when whole-body metabolism was increased by dinitrophenol. however, 

this observation might reflect the effects of L.N.P. actin^ within the 

carotid body, its activity being increased as a result of a lowered

glomal Pn . U2
The available evidence favours the oscillation in P ^ as thea,G02

agent responsible for eliciting the oscillating diaciiar^e from the
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carotid body. A general finding is that the cat carotid body responds 

more rapidly to changes in 00^ than to changes in hypoxia. McCloskey 

(1968) and Black et al. (1971) observed that in hyperoxia single carotid 

chemoreceptor fibres respond with over- and under-shoot to large step- 

increases and -decreases of Pr n applied near the carotid, body. Large•JJ2
step-changes in hypoxia produced responses that developed more slowly 

with no over- or under-shoot. Prior infusion of acetazolamide, a 

carbonic anhydrase inhibitor, abolished the dynamic responses to CO^ 

steps, implying the involvement of the enzyme in the dynamic ei'fect. 

The cat carotid body responded to tiie intermittent infusion of 

euoxic hypercapnic blood into the common carotid arteries at higher 

frequencies than for infusions of hypoxic eucapnic blood (Fitzgerald et 

al. , 1969). Perhaps the most direct piece of evidence for an involvement 

of Gu,, in the oscillating discharge comes from the study of Gehrich & 

.Voore (1973) on single fibre preparations from the cat carotid sinus

nerve, ^uoxic hypercapnia (i?1 ,. ^n = 0.08) abolished the oscillatingi,uL>2
discharge, while in hypoxia (j? =0.1) the amplitude of the oscillation

l,Ug

was little reduced from its air-breathing value.

The response of the carotid body to the P A oscillation may bea,iAJ2
more closely related to the rate of change of fiX)r with time than to the 

amplitude of the oscillation. This was first suggested by the results 

of LlcCloskey (1968) and Black et al. (1971) described above. Band et al. 

(1971) observed that, in the spontaneously-breathing, anaesthetised cat, 

the peak of the oscillating discharge in single carotid chemoreceptor 

fibres preceded the peak [H ] in carotid arterial blood, implying that
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the receptors had responded to the rate of rise of PCO .

Willshaw (1974)> using artificially-ventilated, anaesthetised cats, 

has shown more recently that the amplitude of the oscillation in single 

fibre discharge frequency was unchanged when the ventilating frequency 

was doubled and the tidal volume halved: this procedure should have 

reduced the amplitude of the within-breath P ,,,, oscillation by a much 

greater degree than its rate of change. Again, it appears that the cat 

carotid body responds to a rate of change of P QQ • -""

It is not clear whether hypoxia multiplies the effect of the

wi thin-breath P rv> oscillation on carotid body discharge. Hornbeina,. ^2
et al. (1961) found the amplitude of the oscillating discharge in the 

whole carotid sinus nerve of the anaesthetised cat to be greater at 

P& Q of 70 torr than at either a P, of kO torr or 500 torr. 

Similarly, Biscoe & furves (I967a) found the amplitude of the oscillating 

discharge was greatest in euoxia, diminishing in both hypoxia and 

hyperoxia. Goodman et al. (197*0» working on single fibre preparations 

of the cat carotid sinus nerve, also found a reduction in the oscillation 

amplitude on passing from euoxia to hypoxia, while Gtehrich & l/.oore (1973) 

showed there to be little change between euoxia and hypoxia in cats 

artificially ventilated at a constant frequency.

The hyperoxic results are best ess lained by assuming the hypoxic 

drive (see p. 5 ) at the carotid body to be much reduced, leaving little

for the P nn oscillation to multiply. jid in hypoxia, the respiratory
<2l , L/Un

frequency of spontaneously breathing cats may well increase, serving to
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diminish the amplitude of the P rn oscillation; thus there would, be aa,c,Ur>

diminished C02 stimulus for hypoxia to Multiply.

^owever, there was no mention of t-n incrca.cOu amplira e of oscillating 

discharge in hypoxia from the experiments oi' C^hrich & lloore (1J73), which 

one tdfjit have expected as the changes in respiratory fruLuency haa 

presumably been prevented. It is therefore ainicult to infer froia these 

results whether hypoxia and the wi thin-breath oscillation in P 

njj.lt iply their effects on the discharge of carotid chemorcc ̂

By analogy with the observations made on the carotid body of the 

anaesthetised cat (p. 13 ), there is evidence in xnan that reflex responses, 

too, ,,re more easily elicited by quick changes of P on in hypoxia than
-j-.jUVAp

by the corresponding changes in hypoxia. Oscillating respiratory responses 

v.cre induced by an alternate -breath P. ~ oscillation in hypoxia C .arsh
A,UJ2

et al. f 1973J this chapter, p. 10 ) but not by a similar oscillation in 

hypoxia (Marsh, unpublished results). Bespiratory responses were 

obtained from changes in the wi thin-breath profile of P, ^ in hypoxia,
A,

but not x'roiii corresponding changes in the profile of hypoxia in hypercapnia 

(Gunningham et al., 1973; this chapter, p. 19 )• 1'he response to transient 

sudden removal of COp in hypoxia occurs after ^ or 3 breaths (this 

chapter, p. fl ), whilst that obtained from the sudden relief of hypoxia 

had a longer latency of 3 or If breaths U-iller et al. , 1 974-) .

Therefore, the carotid bodies of both cat and man have the ability

to respond to rapid changes of P_n , and the within-breath P1 vjp a,c»u,-j
oscillation in particular, possibly in a rate-remitive fashion. However,



- 17 -

evidence is equivocal as to whether the P oscillations i.rovici-a a—a,vJW)
significant drive to breathing. Support was provided, by the experiments 

of Yamamoto A Edwards (i960): loading the venous blood of anaesthetised, 

air-breathing rats with CCu induced a hyperpnoea but no increase in mean 

P „ . The authors concluded that the drive to breathin- oc-e from the

•within-breath P nn oscillations whose si GO was preaunably increased ina ,LAJ,-J

proportion to the increases occurring in mixed venous L\... . This 

conclusion was opposed by Lamb (1966) who performed similar experiments

on the air-breathing anaesthetised cat and found P _ to rise during
• & 

venous loading; in fact, V and P _ were found to be similarly

related for both C02 inhalation and venous loading. .

A second approach has involved abolishing the P ^ oscillations 

by passage of carotid arterial blood through a mixing chamber 1>3fore it 

reaches the carotid body: ii* the oscillations provide a drive to breaching, 

then ventilation should fall in their absence. This \varj confirmed in 

tr.o air-breathing studies (DuBois 6': iaTiamoto, 19'"91 rat; .turves, 1966b: 

cat); in another, ventilation was sfciwul<i£ed (Band et al., 1973: cat); 

am in one hyperoxic study, ventilation was unchanged, perhaps not 

unexpectedly in a situation where the hypoxic drive to the carotid body 

is low (runner o Bemdt, 1970: cat).

Attractive though Yamamoto f s hypothesis on the role of the wi'.hin- 

breath P —. oscillations might be (p. 12), the observations presented 

above are hardly convincing. As it is the carotid body that transduces
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the v.ithin-breath P .—. oscillation, the experiments shoulu perhaps have
a,vAJp

been conducted in hypoxia rather than euoxia to ensure a reasonable mean 

level of chemoreceptor activity.

Consideration of the role of the oscillations has become complicated 

by the discovery that the gain of the carotid chemoreflex arc can be 

varied according to the time within the respiratory cycle a particular 

signal reaches the brain-stem from the carotid body via the carotid sinus 

nerve ("central timing").

In anaesthetised, air-breathing cats, injections of saline pulses 

equilibrated v.ith 100,; C02 past the carotid body in late expiration and 

earl., inspiration (Black & Torrance: ?6?a; 1971), or only in early 

inspiration (Band et al. , 1966, 1970), can increase the depth of the 

current inspiration, the following expiration ana inspiration jc ing 

unaffected. If the stimulus is applied early in expiration, it may 

lengthen the time for expiration, but have no effect on -uLc nexu 

inspiration (Llack & Torrance, 1^6/'^; 1971). ^'hc response appears to 

be iiiiiuca~c by C02 rather than H , as injections of i'ixed aci - in saline 

aid not affect respiration u.and et al., 1968, 1970). The shciL-t latency 

and memory of this mechanism confer on the rc^pi*-:- tory system the 

ability to discriminate between inputs occurring centrally in tujocent 

respiratory half-cycles.

^fi'-cts obtained by brief electrical stimulation oi* the carotid sinus 

nerv were more varied, uapcnainu on the strength and duration of the 

stimulus, responses similar to those produced above could be elicited 

if the stimulus strength was relatively low (31ack fc Torrcnot, IJ-.la, 

1;: ?1; toward et al., 1969; ^Idrid^c, 1972).
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In hypoxic man a small sharp fall of i\ rn produced early in
V.jbUp

inspiration depresses mean ventilation, whereas if it occurs lat,c in 

inspiration mean ventilation is stimulated, the mean ~ , «n having been
H,L/Up

maintained cons tantljpuimdijgfcam et at, 1573). 3hus, as in 1te anaesthetised cat, when the 

carotid body chemo receptors are involved, the timing of stimulation in 

relation to the respiratory cycle is a determinant of uie size of the 

reflex response. This point should be borne in minu when interpreting 

reflex effects to COp transients that are mediated by the carooio. body.

The cuiTent status of Yamamoto's hypothesis, v»hich has been extended 

by ..'lack o: Torrance ^1967b, 1971) and Curinin&ham 097^b)> i^ a -ill 

largely at the speculative stage. r lack & Torrance proposed that the

central timing or th P oscillation was not op-i.. I at rest,
a » 2 

causing very little respiratory stimulation. V.ith increasing intensities

of exercise, the amplitude of the oscillation \nould rise and, in addition, 

the central timing would approach its optimum (maximal respiratory 

stimulation). The change in central timing would be achieved at> a result 

of a relatively greater increase in cardiac output vand therefore, 

presumably, a decrease in the lung-carotid bociy transit time) than in 

respiratory frequency.

There is some evidence for the central timing being unfavourable at 

rest: Cunningham et al, (1973) stimulated ventilation in hypoxic man by

changing the central timing GJ. the r nr. oscillation from itt usual
9 2

and liand et al. (1973) observed an increase in 1^ .1. oa.ratory 

tidal volume in the anaestheoiscu cat when the r ,. uiicill
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been abolished by mixing. Knowledge of the central tiirdnj during 

exercise is lacking but coulu easily be obtained oy simultaneously 

measuring respiratory frequency tjjfl the lung-carotid uoily circulation 

tiiiitj (vdth an ear oximeter: lejours et al., 1957).

Cunningham (I974b) has emphasised that, during exercise, a reduced

attenuation of the P' oscillation should occur in transit between thel ' U2 
lung and the carotid body, largely the result of a reduced, end-systolic

volume and an increased stroke volume. Thus, the possibility exists in

exercise for the effective P^,~ stimulus at the carotid "body LO bei OP
increased, and for its central timing to be enhanced.

In view of the possible importance of the wi thin-breath P
a * 2 

oscillation in the regulation of orcathing during hypoxia, this the: i^

,vac concerned primarily with elucidating, at rest and in exercise, the 

form of the interaction between hypoxia and a C02 transient which, 

because of its relatively hi^i frequency spectrum, would be detected at 

the carotid body but not in the medulla. The CCu transient »vas an 

alternate -breath r n oscillation imposed about a constant u^r crcapnic

mean P . -^ ; its amplitude was constant in the range 10-15 torr, .inu"'2 
thus was comparable with that of the wi thin-breath P n oscillation

^v,tU^,

occurring in moderate exercise.

This technique was first used by Cunningham et al. (l>^5a) x> study 

the effects of an oscillating I nn on mean ventilation curing hypoxia.
.11, \J\Jn
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They concluded that the presence of the oscillation proviAx no stinrnjlition

to the mean ventilation apart from that due to the rean P ., , and*• ..-. . i 7.., c 2
therefore that the stimulating effect of a rapid increase in CO, was no 

greater than the depressing effect of a rapid fall in CO..

It \vas le 04 4>or Marsh et al. (1973) to ^ej.'icnstrate that the icspiratory 

i .ystem could respond on a breath-bgr-breath basis to the alternate-breath 

P oscillation during hypoxia (r>. 10): significant alternate-breath-.,LU2

responses r A' V,, and V_ _ were observed in some 60-80^ of the luns, andj-» •'•»•-'
less conanonly in V^.

The hypothesis of the present study was that the respiratory

oscillation resulting from the alternate-breath P r ^ oscillation would/., ^2
increase its amplitude in rcsponce to graded hypoxia, in a fashion

•

analogous to '7- in response to steady-state h>^)ercapnia mxi hypoxia 

{"•ormack et al., 1957; Lloyd et al., 1958). ^uring exercise one might 

expect the attenuation of the alternate-breath P. ^ oscillation to be^,co2
reduced and its central timing to Ifc iiTivu-oysu. Both factors v< .ul"! lead 

to an enhanced reflex oscillation if the hypothesis 01 .-.lacjc 6 'iorrance 

(I967b, 1971) and Gunnin^iam (197M>) is to have any claim to i^aiity,

An extensive range o;' inspiratory and expiratory output variables 

\,as employed to characterise the oscillating resjjonse: for, the 

ca^p;:rc.tively high failure rate of the 1 nn oscillation zo generateH,L>Up

alternate-breath responses in the study of Marsh et al. had lea to die
• 

iaca that some output variable other than V^ might "bear a closer

relation to the output of the i -•ruin-stem respira tory centres in the 

n^ state.
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Thus, in man, 7, has been reported to respond :o-^ quickly to1 > -
•

s in the chemical drive to breathing than hes l!V, (Loeschcke et al.,

: step-changes in P.,. j fta/Son & Cunning him (1973) and .Millerj.,.. 2
ot il. (1974): ;?udden transient withdrawal of hypercapnia during hypoxia 

and hyperoxia, ano. of hypoxia during hypercapnia). However, the 

behaviour of inspiratory variables is largely unexplored, with the 

exception of inspiratory duration which is largely unaffected during 

steady-stat-j GO^ inhalation (Ounningham & Gardner, 1972).

The presence of a multiplicative interaction betv.-c^;; hypoxia rnd 

tlie COg oscillation was confin.iecl at rest and demonstrated for ihe first 

time in exercise, the majority of die oscillating response:: occurring at 

a : or J2 torr or less. Ihe incidence of oscillating responses was 

generally similar to that found by Marsh et al., and, as predicted, 

exercise served ix> increase the incidence of oscillating responses in 

hypoxia. In some instances, too, the ar.iplitude 01' the response increaseu 

v;ith graded hypoxia.

Lhuj? . respite the inc?reaac nunber of output variables, the illative 

failure i-ute of the respontie observed by 1-iarsh et al. was lit-l« affected. 

-.ov;ever, some unexpected observations v;ere recorded: 1'or example, .?BC 

oscillated, on average, more regulai-ly than any otlicr output variable. 

Thii; implied an effect of the 00^ oscillation on lung mechSiJ.cs, perhaps 

indepenciently of the carotid bouy as there have been recent i-upor.u of 

changes in airv.-ay l-_ eliciting reflex respiratory re^ponLes. iioushey 

.. idcharuson (1973) obtained a reflex slowing of breathing in anaesthetised
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cats when S-10/.' CO^ \vas passed through th3 larynx, riovever, the alov; 

response time of the effect precludes it from i\irther consideration in 

the present stucty. Bartoli et al. (1^7^) observed a vagal reflex

tachypnoea in anaesthetised oogs when airway CO,, was increased in

h;yperoxia Independently of changes in P ^ by means of a cardio-a^Ug
pulmonary bypnas. .il though the reflex was of sufficient rapidity -o be 

considered here, its occurrence in very higfr levels of oxygen precluded 

it from involvement here.

Thus a model of carotid body function, including -;ho phenomenon 

of central t-Lrdn^, was set up to account for the observed reflex responses 

at rest and in exercise.



Chapter 2

METHODS

This chapter describes the apparatus, experimental procedure, and 

methods of data collection and processing relevant to the study of the 

effects of an alternate -breath oscillation of P. nr. on respiration.

1 . Subjects

The subjects were healthy volunteers who had previously signed a 

consent form describing the range of experimental conditions to which 

they might be exposed. Five subjects (3 males, 2 females) participated 

in the first series of experiments, and k- subjects (3 males, 1 female) 

in the second series. Their occupations ranged from that of undergraduate 

and graduate medical students to one medical graduate. None of them 

professed a detailed knowledge of respiratory physiology.

The purpose or nature of the experiments was not revealed to the 

subjects; however, they were informed that they would be made hypercapnic 

or hypoxic, and would have to exercise on a bicycle ergometer. After 

each experiment, the subject was asked for his opinion as to the nature 

of the experiment, and to comment on any unusual sensations experienced 

(noises; taste of the inspired gas). In no case was the true purpose 

of the experiments perceived; most often subjects thought that the 

experiments were of a metabolic nature.
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Subjects were selected for participation in the study according to 

two criteria. i7irst, a fairly regular breathing pattern should be shown 

during steady-state hypercapnia and hypoxia, with no tendency towards 

emotional hyperventilation. Secondly, an alternate-breath oscillation in 

at least one of the recorded respiratory output variables should be

exhibited at rest in response to a similar oscillation of P, nn in
A* 2 

hypoxia (P about 50 torr) , but not in hyperoxia (P, n > 200 torr).
» 2 /v * 2 

j?or this purpose a preliminary experiment was performed on each subject,

in which an alternate-breath P, __. oscillation was induced at each of
AjCOg

the two levels of P, n (p,26 ). The size of the alternate-breath
A,u2

oscillations of expiratory ventilation (V-) . tidal volume (V_ ,) and time£• i, E*

(T.,) and of breath duration (Tm) and inspiratory time (TT) were estimated
jj J. JL

by the method used for the Series One experiments (p. 57).

All subjects were in a aemi-fasting state during the experiments, 

having taken only a light meal at least 90 minutes before the start of 

an experiment.

Relevant information on the subjects is included in Appendix 1, 

Table 1 (p.161).

2, Apparatus 

General description of the apparatus

The arrangement of the apparatus was of open-circuit design U'ig. 1). 

It was situated behind the subject, as far as possible; any moving parts 

that were visible were covered so as to mask the movement from the 

subject. Two inspiratory gas mixtures, differing only in Pnn , were
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prepared in each of two banks of flowmeters (rbtameter Manufacturing Co. 

Ltd, CroycLon) by mixing C02 » air, N« and 0^ in suitable flow ratios). 

02 , N2 and C02 were supplied from cylinders (British Oxygen Co.), and 

air was obtained from outside the building by the suction of a domestic 

vacuum cleaner. A coarse adjustment of air flow was achieved at each 

flowneter bank by means of a variable transformer (Variac, Zenith 

Klectrical Co. Ltd, London) attached to the air supply line, l^ine 

adjustment of all gas flows was effected by means of a needle valve at 

the head of each flowneter.

The mixtures so produced were directed into 2 inspiratory lines 

(I,., I2 ) where they were humidified at W)°C. They were then passed into 

wide-bore, corrugated tubing (reservoir tubes: rL , O of 10 cm diameter 

and 40 1. volume, open at the end to the atmosphere. The subject could 

inspire gas from either inspiratory line through a side-arm situated at 

the junction of the inspiratory line and the reservoir tube, as long as 

the solenoid-operated valve (V, or V^) at this point was open. The 

reservoir tubes served to store excess inspiratory gas, thus preventing 

room air being pulled back by the subject should his peak inspiratory 

flow exceed the total forward flow of the inspiratory gas mixture.

The solenoid-operated valves provided the means for imposing upon 

the subject alternate breaths of high and low P_n gas. IJach valve was
UUp

switched, at the start of each expiration, between open and closed 

positions on alternate breaths; however, the two valves were always of 

opposing phase, one valve being shut when the other was open and vice
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versa. Thus the subject was presented with gas from one or other of the 

inspiratory lines in sequence, on alternate breaths. Prior passage of 

the two inspiratory gases through a mixing chamber (M) was employed 

during control periods when the subject was to be supplied with identical 

gas mixtures on alternate breaths.

A heated pneumotachometer head (FTK), (Fleisch, Switzerland; 

distributor: P. K. Morgan, Chatham, Kent), was situated in the common 

inspiratory line near the respiratory valve (H.V.). The instantaneous 

pressure difference along the PTM was monitored by means of a micro* 

manometer (M.D.C. 300, Hilgsr - I. H.D. Ltd, London) to give instantaneous
•

inspiratory flow (v~)« Subsequent electrical integration and

differentiation of the flow signal gave instantaneous inspiratory
•• 

volume (V,) and acceleration (vj), respectively.

Inspiratory and expiratory time (T..., Tg) and breath duration (T_) 

were measured on a breath-by-breath basis from a time-dependent voltage 

ramp which was interrupted and reset by signals at the start of inspiration 

and of expiration, respectively. These signals were obtained by 

differentiation, with a Schmidt trigger, of the mouth pressure waves 

recorded raanometrically (M«D.C. 301, Hilger I. K.D. Ltd) from the common 

space of the respiratory valve.

Breath-by-breath end-tidal P^Q and PQ were measured sirnultaneously 

by a dual headed mass spectrometer (M.S.), (VG-Micromass Ltd, V.insford, 

Cheshire), which sampled expired gas continuously from a point just 

beyDnd the expiratory flap of the respiratory valve. The respiratory 

valve was low in both dead space and resistance.
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Expired gas was passed through an ice -filled condenser (c) , for 

drying, and then through a dry gas meter (G.!i. ) , (Parkinson & Cowan Ltd, 

London) for measurement of mean expired ventilation* Finally, the gas 

entered a wedge spirometer (w. S. ), (SP 70, Cryotech, ..allingford, Berks) 

where instantaneous expired volume (V.,) was measured. This was achieved
4L.J

by evacuation of the spirometer through a double solenoid-operated valve 
(V,) back to a reset position during each subsequent inspiration. The
volume signal from the spirometer was differentiated to give instantaneous

• 
expiratory flow (vj .

Connections between the components of both inspiratory and expiratory 
lines were made with plastic corrugated tubing (i.d. 3«8 cm). The 
connections were kept as short as possible so as to minimise the resistance 
of the apparatus to gas flow.

The various respiratory variables were recorded on a multi-channel 
hot-stylus recorder (MS, Devices Ltd, velwyn Garden City, Herts). These
wsre breath-by-breath inspiratory and expiratory times (T... and T v) ,

• • tidal volumes (VT j and VT £) , peak flows (v-j. mfix or PIi% and VE max or
••

PKF) , peak inspiratory acceleration (VT v or 1 IA) , end-tidal P~n andJL ,max v^u,-,
CO ani Pet 0 * anti mean exPire<i volume

The next section describes in more detail various components of the 

apparatus. This includes an account of the mode of operation and, where 

relevant, details of calibrations conducted to determine linearity and 

of the effect on performance of various interacting factors.



assistance of the apparatus to flov/

The resistance of the apparatus to a steacy gas flow may be 

ascribed to purely resistive elements; however, where the gas flow is 

changing, the inertia of the gas and any moving parts of the apparatus 

(flaps of the respiratory valvt) may become significant. Thus th~ 

resistance of the inspiratory and expiratory lines was estimated 

under conditions of steady flow (static resistance) and changing flow 

( dynamic re sis t anc •:; ) .

The static resistance of the inspiratory line, as far as the 

subject is concerned, is limited to the cemanu ayste.v., v/hich io that 

part of the line fror ^u^t upstream of the inspiratory

operated valves to the common &pace of the respiratory valve. Steady 

air flows (20-140 1. min~ ) were passed along this section of the 

line, and the associated pressure differences were measure o. (as side 

pressures) vd.th a strain-gauge manometer (I. 1. K. Morgan I,t^, Chatham, 

Kent; model xM15^). i^rom ii'ig. 2 it is evident thau tJie inspiratory

static resistance was not linear: calculated values ranged from

*"1 " 1 " 1O.Z3 cm H20/l. sec*" at a flow of W) 1. min" toa O.3S cfw. HzO/J.sec"

Z,

static resistance or the expiatory line was mea^ui^a between 

the common space of the respiratory valve and the scaled outlet of 

the v/edce apirometer. .Again, the resistance v,as found to be al incur
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/ —1 1 
(ranging from O. 69 cm. HgO/l. sec at a flow of 20 1. min"" to

—1 —1 
O. *r*r can IlgO/l. sec at 80 1. min" ), and of the same order as

that of the inspiratory line.

The dynamic resistance of the inspiratory and expiratory lines 

was then ^estimated. ,-* sine-wave pump was connected to the conjnon 

space of the respiratory valve, or that the pulsatile flows of 

inspiration and expiration could be simulated. The rijean flow along 

each line wr.u 60 1. rnin" . Instantaneous flow was measured v/ith 

the PTW in each case, and displayed on the Devices recorder with the 

corresponding pressure difference. Jeci^tance was calculated at 

about 20 points throughout inspiration and expiration.

At the start of inspiration and expiration the dynamic resistance 

was markedly greater than the static resistance for the same mean 

flow, presumably reflecting the inertia or the gas and the z* spire,lory 

valve flaps. The dynamic resistance thereafter -cclined to 

values of the same order as the static resistance. ..ven the 

largest values of dynamic resistance did not approach that of the 

human respiratory system: a value of about k cm HpO/1. sec"

has bef;n obtained fix>m the data of I cad & /iODutoni (1964) ior 

the dynamic resistance of the relaxeu respiratory system durin 

mouth breathing.
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It was therefore concluded that the estimated dynamic resistance 

of the apparatus over the range of flows encountered in an experiment 

was not large enough to influence the mechanics of a subject's

breathing. *-.t no time did a subject comment on any undue resistance 

to breathing.

Mixing chamber and reversing tap

A six-way reversing tap, mounted securely behind the subject and 

situated upstream of the inspiratory solenoid-ope rated valves, was used 

to direct the two inspiratory gases ir either of two ways. The £ases 

could pass along the inspiratory lines, making no contact, so that

alternate breaths of high and low P-^ could be imposed upon the subject.
2 

The alternative was the direction of the two gases into a mixing chamber

for provision of identical gases in each inspiratory line; this 

procedure simulated the previous condition in all ways but for the 

occurrence of an oscillation in P^ . The flows of the two ^ases into 

the chamber were equal, so that the "° of the emergent mixture was the 

arithmetic mean of the P,^ of the inflowing gases. The Pfl was 

unchanged as both inflowing gases had matched PQ



Fig. 3 Six-way reversing tap
a. unmixed b. mixed

outer plates

closed 
channel

outer plates

central plate central plate

lever stop

Channels ai & a2 are patent Channels b^b^&c^are patent



- 32 -

The reversing tap consisted of three superimposed circular plates. 

Kach of the two outer plates (wade of duralumin) bore six ports; the 

plates were fixed with the ports of each aligned to fora six channels 

through the tap. Whether or not a particular channel would be patent 

was determined by the relative position of a central plate of poly- 

tetrafluorethylene (FTJ?^). The rT^ plate could, by means of a lever, 

be rotated manually and silently through 90°, relative to the outer 

plates. The plate was pierced by four ports, arranged so as to produce 

two patent channels (a^ , a^) with the lever at 1^ (Fig* 3a), and four 

patent channels (b,, b«, c,, 02) with the lever at L* (Fig. Jb): hence, 

the two inspiratory gases bypassed or entered, respectively, the mixing 

chamber, as described below.

The mixing chamber consisted simply of a piece of perspex tubing (i.d. 12 OH. •
volume, o.4t )c*jUicU jokes' -H^e- tases or^tA/D pe^spev T-pieces 
(i.d. 3.2 cm). These served as inlet and outlet for the mixing chamber.

Fig* k- incorporates the mode of operation of the tap (T) and the mixing 

chamber (l*). The tap is shown in cross-section, the outer plates baing 

cross-hatched, and the central IT^ plate shaded. Open channels are
•

indicated by breaks in the FTF.£. plate, and are labelled according to the 

convention, of Pig. 3. The arrangement for delivery of the separate 

inspiratory gases to the subject is shown in r'ig. 4a, and that 1'or their 

mixing in ?ig« ^'5.

Mixing was effected by directing the two gases into the chamber 

from I,, and Ig, via lines B^ and B-, after mixing, the resulting gas 

left by lines C. and C« t ire join the inspiratory lines downstream of



Fi
g.

 4
 R

ev
er

sin
g 

ta
p 

& 
m

ixi
ng

 c
ha

m
be

r

a.
 u

nm
ix

ed

I,

b.
 m

ix
ed

R,
to

 
su

bj
ec

t

I,

to
 

su
bj

ec
t



- 33 -

the tap and miximig chamber. ..hen gases were not to be mixed, closure of 

both the inlet lines (B.J, Bg) and the outlet lines (C 1 , Cg) of the 

mixing chamber was found to be essential. itor not only were the gases 

prevented from flowing forwards into the chamber along B. and B2 , but 

they were also prevented from mixing by rvtfcograde passage through C, 

and C2.

Successful operation of the mixing chamber required that the 

composition of the mixed gas reaching the subject be at its new level on 

the first inspiration following the introduction of the chamber into the 

inspiratory lines. The speed with which constancy of composition could 

be attained was related to the presence ana size of various volume 

capacitances which had first to be cleared of pre-existing gases. The 

major capacitance was the chamber and its connections leading to the 

reversing tap. Its total volume was about 1.1. 9 representing a 3.5 1. 

capacitance for each inspiratory line.

ttich capacitances had little effect on the composition of the initial

mixed gas, the measured rT and PT n of this gas differing little
* 2 A » U2 

from the expected levels. This is explained by all lever switches being

made rapidly and at the start of expiration; ample time was thus 

available for clearance of residual gas from the inspiratory lines 

through the reservoir tubes prior to the start of the next inspiration.

Inspiratory solenoid-operated valves

The design and operation of the inspiratory solenoid-operated valves 

has been described extensively by Pearson (1971), (r'ig. 5). The
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following < vtimising features existed in ihe valve design: (i) quick 

action to proviae rapid switching between the two gas mixtures inspired 

by the subject; (ii) a low resistance of the valve aperture, achieved 

by making the cross-sectional area of the aperture as large as possible; 

(iii) silent operation of the valve to elLninate noise having a 

respiratory rhythm, which might otherwise affect the subject's breatliing 

pattern.

/«. solenoid (X ,„ Viilliams i.- Go. Ltd, Lolihull, -arwicka) was 

situate^ within an cxpe.iiu.ou T-piece on each of the two inspiratory lines. 

xije pad of the valve settled Ihc side-aim of the T-pi^ee, thereby closin^ 

tae demand, line to the subject, ^ach pad consisted of a conical tent- 

like structure .aau.o of toy balloon rubber, att::.clie^ Lo a perspex disc at 

iti> base. The whole structure was centred on a bolt. By varying the 

position of tiic pcx-apex uisc on the bolt, the tension i.; the rubber 

could be varied. On closure of the valve, the elasticity of its rubber 

absorbed the impact, minimising noise, and the conical shape of the pau 

greatly reduced the pressu-ou waves reaching the subject.

The signal for switching the solenoid-operated valves originated 

from the continuous mouth pressure record, monitored fran t;ie common 

space of the respiratory valve by a microraanometer (M.D.C. 301). The 

microinanoxaeter output was processes, by a Schmidt trigger ana a 

differentiator U'-^o- 6). The ai^ferentiated signal was parsed into & 

half-wave rectifying circuit which gave a step pulse '.t the at^rt of 

each expiration. The output was converted, by passage through a

, into a square ,.avo vdth a period twice that of the previous



Fig.6 Arrangement used for triggering the switching 
of the inspiratory solenoid -operated valves.
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signal (two breaths duration), '-his signal changed the state of a 

relay at the start of each expiration, so that one or other of the 

solenoid-operated valves was activated, and therefore open, for one 

breath duration (expiration to expiration), in addition, the signal was 

sent to the i>e vices recorder to provide an indication of which solenoid 

valve was open at any particular time.

Thus, the facility existed for administering gases 01 uliicring 

to the subject, on alternate ureaths. Whether or not the subject

actually received inspiratory gaset, possessing the original i-

determined by the size of the common inspiratory ueac space. This space 

represented that volume of the inspiratory demand system which was 

common to both inspiratory lines. The outlets from the T-pieces 

containing the solenoid valves were joined by another J-piece, v.-hose stem 

was diviued along its length by a thin perspex partition, so maintaining 

the integrity of the two inspiratory lines. The space common to both 

lines there fore lay between the end of the T -piece ana the inspiratory 

u.ap of the respiratory valve, and was estimated to be 1^0 ml. It 

incluaea the pneumo tachometer. £ach inspiration woulu therefore consist 

of 130 ml of high P n gas, lor example, mixed with a larger volume of

gas having a i> near zero, or vice versa. The actual values of PT
UUrt •*->o

would thus deviate from the desired values.

rearson (1970 overcame the problem of a breath-by-breath 

contamination of inspirates by attaching a suction line to the common 

inspiratory space near the respiratory valve. This cleared the; conation 

space of pre-existing gas and flushed it with the &&s ^oout to be inspired.



In the present study this method was not used because the presence 

of the suction line interfered with the pressure difference generated 

by flow along the pneumotachometer (the rate of suction varied with the 

changing pressure during inspiration). Thus, the difference between the 

PT n~ of alternate breaths, recorded at the subject, was somewhat less
ijUJg

than the difference existing between the two inspiratory gases in their 

separate lines. The contamination effect was, in practice, usually 

insignificant because of the small size of the common space in relation 

t the recorded tidal volumes.

I Heumotachometer (PTM)

Operation. The principle of the FTM is based upon Poiseuille's law 

for laminar flow along a cylinder (3,™,. = 8 ^ L/-TP ), v/here R..,,,,, is the 

flow resistance; hence, the pressure differential within the i-T?' (M^^J 

is a function of overall gas viscosity ("}) and EKa case dimcnrions 

(length, L; radius, r). >%nd, flow through the PT:.., V^., = /j/L--./^ ..
X *J«. X XT'. 4. X*nL

•

If R rrf is constant, then V,^, is linearly related to &!%„,. However,
X AH* X J-iVi J. 'Li'i

such an assumption is an oversimplification (e.g. Blumenfeld e^ al., 

1973)! both gas composition and temperature affect 1; FT)*! dimensions 

are temperature dependent; changes in 7T _01 vd.ll afTect Fi'M case 

temperature. The errors introduced into flow measurement were estimated 

under conditions similar to those met in the experiments reported in 

this thesis, where changing gas flow and composition rrdght be expected 

to influence FTM performance. The nature of such errors is discussed 

in Chapter 4 (p.138).
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Calibration and performance. (±) Effects of gas flow on >*&: case 

tempers ture ; Air was passed through a heated r lei sen IVM head (serial

no. 2.1709) from a rotameter, at steady flows in the range of o-73 l.

The air was previously saturated v/ith water vapour. The FTF. was heated 

by a 6-volt A.C. supply. Gas temperatures immediately upstream (T^) and 

downstream (T^) Q? "the HHii were measured by mercury-in-glass thermometers 

(range 20-40 C). 10 minutes was allowed for stabilisation of gas 

temperature after a change in flow. i?low through the i'lV.l was not 

me? sure d, as it was thought that the presence of the upstream thermometer 

mijit aistort the assumed laminar flow pattern,

The results are shown in Table >. As might be expected, 'I,, was 

constant over the flow range, at about 2& ! C. T^ was always greater than 

T. , a result of the relatively high case temperature. However, as 1'Iow 

rose, so 'i'p and the tempera ture aij. re rential across the i*LJ fell, 

inaicating, albeit inoirectly, a fall in i^u case temperature. Tnis 

would be e-xpected to affect the estimate 01' i'lov,1 , throu^i effects on gas 

viscosity and x'iV.i case dimensions.

( JLi ) ^^s^ts of varying gas composition on steady flow measurement; 

The apparatus was similar to that of (i) with the following changes: 

thermometers were omitted; flow was measured both with the Fri.i and the 

dry gas meter Ctype CD, no. 01 33^, Parkinson & -Jovvan _/ca, London), which 

was put downstream of the xTH; gas was sampled from the gas meter outlet

*'or measurement of Pn and Ppn by the mass spectrometer; Pn , 1'
U UU U2

' flow, and gas-meter volume (as 10-litre increments) v,ore displayed on



Table 3: The effect of flow on the temperature 

difference across the PTI«1.

1.
* -1
rain

25

50

75

T'i 
°c

28.2

28.1

28 A

T X 2
°C

3^.2

31.9

29.3

T - T 2 1'C

6.0

3.1

0.9
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the Devices recorder. The m/i was calibrated for steady flow, over a 

range of 20-260 l.min" , for various saturated gas mixtures: air, and 

four mixtures having the following Pnn and !•* values:- P ,,. = 0 torr,
{~>\Jn ^Jy '-Up

P0 = 200 torr; i' = 65 torr, Pn = 200 torr; Ppn = 0 torr,
Up OUp Up UUp

Pn = 40 torr; P~n = 65 torr, Pn = 40 torr. These last four covered
Up OUp Up

the extremes of PT nn and P_ n used in the experiments.'2 J-» U2 
ITi- output on the Devices recorder (ordinate) , was plotted against

&as meter flow, for air (Fig. 7). The relation was linear up to about
-1 

180 l.rain , having a slightly steeper gradient for higher flows. The

i.i outputs for each of the other gases were converted to air rlows, 

using the air calibration curve, then plotted against the corresponding 

gas meter flow (rUg, 8: hyperoxic gases; r'ig. 9: hypoxic gases).

.bach curve approximated to a linear form, but each of them lay above the
-1 line of equality by an amount of 10-15 i.min , indicating an

overes tarnation of PTM flow. The data upon which the calibration curves 

were based are presented in Appendix 1, Table 3» p.163.

Calculations were performed to test the hypothesis that the 

overestimation of P£<; flov; could be attributed solely to the enacts of 

gas composition on mean viscosity. These were based on empirical 

expressions of the temperature dependency of viscosities pixxiuced by 

Blumenfeld et al. (1973). -''or the temperature range of <iO-40' :0, pure 

gas viscosities can be expressed as appi-oximations to linear functions 

of temperature (T)j-

Ti 02 = 200.0 * 0.299 T,

T| CX>2 = 150.7 * 0.465 T,

•j N2 = 367.6 ^ 0.453 T, 

.o + 0,570 T,



Fig.8 Calibration of pneumotachometer against a dry gas meter, for 
hyperoxic gas with & without CQ, (saturated with water vapour)
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Fig. 9 Calibration of pneumotachometer against a drv gas metei;for
trated with water vapour)hypoxic gas with & without CO2 (saturated
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whs re Tj is measured in (deg. C~ x 10~ poise), and T = the average gas 

temperature along the PTM. It was assumed, that the mean gas viscosity 

of a particular gas mixture was the linear combination of the viscosities 

of the pure gases, weighted by their fractional concenti-ations.

The mean gas viscosities were calculateu for each of the rive gas 

mixtures used for the i'B; calibration, at T = 30 G and 3VJ C (^pendix 1, 

Table 4, p.164). The values for the four mixtures were expressed as 

ratios of the mean viscosity of air at each temperature (Table 4). £V>r 

a constant PTM flow, the flow recorded by an air-calibratea FTi.' will be 

overestimated when the average gas viscosity exceeds that of air.

The following predictions were made. A>r hyperoxic &\& (gases 2 and 

3), I 2I' flow is overestimated; the presence of CLU (&<'!£ 3) removes some 

oi' the discrepancy, by lowering mean T|. Hypoxic gas (gases 4 and 5} flow 

is underestimated; addition of GOp (&as 5) increases the discrepancy by 

lowering mean , further below that of air (gas l). increase in PT& 

temperature from 30 to 34°C, as might occur in an experiment with a fall 

in mean inspiratory flow, increases mean "] oy less than 2 deg. G x 10" 

poise. This increase, though small, shows an oxygen dependency, rising

as PA falls.U2

However, there was little a^re^ment betv-een prediction and observa­ 

tion. Although the .L'*J flow ,\as overestLaated in hypcroxia, as predicted, 

the addition of C02 served to enliance this effect rather than to reduce 

it. In hyr: oxia, flov, was also seen to be over-estiraateu, in contrast 

to the prediction; furthermore, the addition of CO did not reduce f Uv.-.



Table /+.; Calculated mean gas viscosities, as ratios 
of air viscosity (saturated gases).

Gas mixture \] mixture : ~\\ air

\
(torr) (torr)

2 200 0 1.01Jf 1.013

3 200 65 1.007 L006

If i*Q 0 0.579 0.980

5 40 65 0.972 0.973



n further factor, not so far consiucred, is deviation from a 

condition of laminar gas flow through the PTi.:. Turbulent flow gunsrates 

a greater drop in pressure across a tube than aoes laminar flow, for the 

same mean flow, reflecting a greater flow resistance. In such a case, 

the ITi flow would exceed that actually occurring, as was founa 

experimentally in this study. Turbulence could ari^ from the ^eaietry 

of the junction of uhe paired inspiratory line^, vdth the ±Ti; (i-'ig. 1, p. 26), 

where an asymmetrical increase in cross-sectional area existed:-

I, (open)

To Subject

L (closed)

PTM

FIG.IO

Thexe is no information available as to the existence ox sucn a 

phenoi^non, or what its relative i. _ _vrtance iai^rit be in accounting for 

the differences between oosorved ana preo.xuucu iTK flow. Thuti, it v.es 

conclu^v.a that the tempe ratu re-dependency of gas viscosity coulu not 

account for all ilow deviations, it being probable th^.o a moix; canple;: 

inter JL-V of gas flow, JtTw temperature ana case dli^nsions was iiivolvec., 

with the possibility of a uistortiori of laxaiiiar flow ti
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Kffecta of alternate breaths of high and low CCU on the^^""

breath-by-breath measurement of 1'low; The theoretical considerations of 

(ii) led to the possibility of alternate breaths of high and low COp, in 

hypoxla or hyperoxia, inducing a similar oscillation in the PTi' output: 

for the presence of C02 is expected to reduce mean ",, and therefore to 

reduce the measured PTM flow. Thus, the effects of such an oscillation

in P_n on breath-by-breath TO! output were examined by driving the C02
apparatus (Pig* 1) with a sine-wave pump, so as to simulate an actual

experiment (varying the levels of PO , mean flow, and f regency over the
2 

required ranges). The peak flow and volume recorded by the Pil. during

inspiration (peak inspiratory flow and inspiratory tidal volume) were 

taken as suitable measures of FPM output, being two of the variables 

monitored during experiments.

Using those methods of measurement and computation employed in the 

analysis of experiments (p. 63, p.6?)> alternate -breath oscillations in

til and '/„ T could sometimes be detected* However, they were either •*• »•*•
below the limit of measurement (less than 0.5 nun on the recording paper) 

or not significantly different from zero (Appendix 1, Table 5, p. 165). 

Thus, it was concluded that effects of alternate breaths of high and low 

C02 had no significant effect on the PTM performance.

(iv) The integration and differentiation of xTM flow* ITL flow 

was integrated to give a measure of instantaneous inspiratory volume, 

using an integrator, reset at the start of expiration by a step pulse. 

The pulse was obtained by ^assagp of the mouth pressure electrical 

analogue through a 3chmidt trigger, a differentiator, and a half -wave



rectifier. Differentiation of Ffi flow to give instantaneous inspiratory 

acceleration was performed by a 0,1 ui«' capacitor, placed in series.

The performance of these circuits was examined by presenting them 

vdth an electrical sine-wave, of periods ranging from 1.0 to ^.0 sec. 

thus, tiit- range of expiratory times likely to be net in experiments was 

covered. Differentiation converted the sine-waves to positive cos-waves 

(approximating to a 270 ; phase shift), v.iale integration ^ave negative 

cos-v.aves (having a 90° phase shift). The initial ana final waves were 

re corded at fast paper speed on the L/e vices recorder, and the deviations 

iix>m the expected phase shifts were estimated.

The ^i^atest deviations observea, expressed ~s a percentage of the 

corresponding cycle perioa, were 2.6/ for the integrated rave (perioa = 

i«i>5 sec) and 5," for the differentiateu wave (period = 1.0 sec;. ^J.1 

deviations weie in the direction of a ^reater than predicted lag 

(appendix 1, Teble 6, jo, 166). Thus, it was coneluaea that the 

differentiating and integrating circuits were Gyrating in &n acceptable 

manner. This conclusion, taken with the observation of a nearly linear 

flov, calibration, alloweu the deduction to be maae that the Fi'.. circuitry 

was reasonably linear I'or both inspiratory volume and acceleration.

Calibration during experiments. The .PL* was used to neasure breath- 

by-breath inspiratory tidal volume, peak flow am peak acceleration. 

The I'll., was calibrated for flow by v .ssage through it of a steady air 

flow, huEiicUfied at 4-0 JC. The calibration for tidal voliLT^ was also 

periormed with air: a manually-operated syringe pump of 1 litre volume
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passed gas throu^i the I-*1!... The calibration i'or inspiratory acceleration 

was electrical: a ra*np of voltage varying with tirae, at selected constant 

rates, was fed into the Devices channel normally recording inspiratory 

flow, at the gain setting to be used in the experiment. The signal was 

passe^ simultaneously throu^ the differentiating circuit, and recorded 

on a separate channel. The amplitude of the differentiated signal was 

equal to the rate of change of the undifi'erentiatea signal, expressed as 

a rate of change of flow.

I'easurement of breath duration

The njouth pressure signal, converted to an electrical analogue by a 

micromanometer (M.P.C. 301), was differentiated by passage through a 

Schrrdtit trigger and a differentiator. The differentiated signal was 

passed to two separate half-wave rectifiers; one produced a signal 

having a step pulse at the s^nrt of each inspiration, and the other, a 

step pulse at the start of each expiration (Fig. 11). The pulse at the 

start of inspiration closed a relay transiently which resulted in the 

resetting, at that point, of an integrating circuit (output: 1 volt/sec) 

in the circuitry of the wedge spiroraeter.

The rising voltage signal was interrupted at the beginning of 

expiration by the expiratory pulse (Gardner, personal co \mnication). 

Thus, measures of breath-by-breath r r , TT and T~ could be ob+ lined, by
™ j. A » ,i*

display of the signal on the Devices recorder.



-aespiratory veJlye

The subject breathed through a rubber mouth-piece attached to a 

perspex respiratory valve. The valve was a Lloyd valve modified by 

turning the te*- < :al part of the valve through 90° (Caiuner, personal 

communication). Thus, the main body of the valve and most of its 

connections lay to one sic-e of the subject, allowing him to read a book 

in relative comfort, khis modification increased the valve aead Lpace 

from about 1^ ml to about 35 "J-. ^ravity-operated hin^/ed perspex flaps 

clcacu the inspiratory ana expiratory orifices of the valve; tne flaps 

opened in response to the appropriate change^ of pleasure ^ri-L.ient 

iiiduceu across them by inspiration ana expiration.

Fass spectrometer for respiratoiy gas analysis

Operation. The aasa spectrometer analyses vapours at low pressure, 

accordinr> to their molecular weights. For accurate quantitative 

analysis, the total pressure of the sample should be less than 10"v 

torr; above this pressure, the spectrometer is non-linear. Therefore, 

s£or-;les of respiratory gas obtained at atmospheric pressure were passed 

throu^i a pumping system attached to the spectrometer v.hich reduced the 

total pressure to the reouired low level. The atoms or molecules of the 

vapour are first ionised by passage of an electronic beam through the 

vapour. Electronic bombardment can produc*> both positive and negative 

ions, but only positive ions are used for gas analysis. The positive 

ions are accelerated by a voltage, Y r , and injected at constant velocity



Ion Beam - Lighter Mass M

Resolving Slit

Tuned Ion
Beam-Mass M

Magnetic Field 
Perpendicular 
To Plane of Paper Ion Beam-Heavier Mass M.

Fig. 12. Mass spectrometer: ion detection 
in the analyser.



into a chamber (analyser) that ia subjected to a magnetic field. Ions 

are thus caused to orbit in a circular path of constant radius.

The radius of orbit (K) is dependent upon the velocity (which is 

proportional to V ) , mrsa (M) , and charge (e) of the ion, and the 

strength of the magnetic field (H):-

e x

In the mass spectrometer, the radius is fixed by limiting the emergence 

of tl e ion beam from the magnetic field of the analyser to two slits 

(the alpha and resolving slits): ions can only emerge through the slits 

if the correct values of V. and H are used. The width of the resolving
J\

slit determines the ability of the instrument to separate ions of adjacent 

mass numbers. The Micromass spectrometer employed here is a 1 cm radius, 

180° magnetic deflection type, operating with a constant magnetic field 

which causes ions to orbit through a serai-circle. Only those ions having 

a 1 cm radius of orbit will emerge through the resolving slit for 

subsequent ion detection (?ig, 12). ifarther, from equation (1),

7j

~ . V. as constant. e A

Thus, a ojecific vapour may be located by fixing V at a Itve3 appropriate 

to its (1/6 ) rLitio. A fine tuning device allovvs adjustment of 7 to

the ion species to peik focusLl;\,. ron c. tcction IL achieved by

collection from the analyi^r of emergent ions (collector current, I )
C

for amplification.



The size of I is a measure of the partial pressure of the vapour c
in the spectrometer. Factors other than the partial pressure of the

vapour may affect I , and so distort the true pressure; those relevantc
to the analysis of respiratory gases will now be considered.

The pressure of "the residual gas within the spectrometer influences 

I , since the number of ions produced at the collector depends on the
C

molecular concentration in its vicinity. For this reason, gas samples 

were freed from water vapour by passage through magnesium perchlorate 

prior to entry into the spectrometer. Otherwise, water vapour would 

accumulate in the spectrometer, because, for reasons unknown, its rate 

of removal from the spectrometer is men slower than those of other 

respiratory gases.

The composition of the residual gas may also affect I . Hydrocarbon
C

contamination, resulting from common oil contaminants, produces CH^ 

aggregates (mass = n x 14, where n is the number of aggregates), a major 

mass peak occurring at mass 41-43> close to the COp peak at mass 44. 

Thus, it is essential to tune the spectrometer carefully. The tuning of 

each head (for C02 and CU) was checked prior to each experiment, though 

little adjustment was needed between or during experiments. Moreover, 

the resolution of the spectrometer heads for Q^ and C02 is one unit of 

mass: thus, peaks of adjacent masses (e.g. 43 & 44) having equal heights 

win be discrete for all but the first 1C$ of their height, rlence, it 

was considered unlikely that hydrocarbon contamination would have a 

major direct influence on P.—. readings.



-47 -

Indirect effects of hydrocarbon contamination, in the presence of 

02 , may result from the production of C02 from CH2 units by oxidation. 

This has been considered as a possible explanation for the observed 

separation of the calibration curves for CCU in Op and COp in ft' (see 

below).

C02 itself may be present in the residual gas, being a fairly 

common contaminant of ultra-hi^i voltage systems. This effect was 

minimised by opening the mass spectrometer for sampling at least one 

hour before starting an experiment. During that time, room air was 

sampled continuously, in an attempt to clear the endogenous CO^ that had 

accumulated. That this was largely achieved was indicated by a decline

to near-zero levels of PGO in the analyzer from an initial raised level
2 

(maximum of k torr) with continuous air sampling. The initial clearing

operation probably also removed at least some of the hydrocarbon 

contaminant s.

Sampling of respiratory aas. The mode of operation of the mass 

spectrometer during experiments is now discussed. Two .^icromass 2 

analyser heads were employed for the simultaneous and continuous 

monitoring of 02 (head 1: mass 32) and CCL (head 2: mass /+4). Respiratory 

gas was sampled continuously, being drawn by a small pump through a 

2.i? ml drying tube, containing magnesium perchlorate, to the start of 

the spectrometer sampling line. The gas was sampled in one of two ways. 

In some early experiments, gas was sampled from the common space of the 

respiratory valve. This gave a record, throughout the respiratory cycle,



of inspired gas, mixed expired gas, and finally end-tidal gas, the last 

being taken as a reasonable approximation to mean alveolar gas (rUg.23^,

p. 82). Because of the two extremes of PT ^ present on alternate breathsi,tA/2
in test runs, it was often difficult to locate precisely the level of

P' ^ in the low ?„ breaths, especially during exercise where the etjvA^p ^^p
alveolar plateau was, in fact, sloping. Thus, for the main series of 

experiments, sampling of gas from beyond the expiratory flap was performed,

giving P . f^. and P ^ at the ena of each expiration. During each e^jUU- e"C,v/p
experiment the values recorded by each method of sampling showed close

—1 correspondence. The sampling rate from the expiratory line was 0.5 l.min

measured gas meter ventilation was corrected for sampling by adding to it 

this flow rate.

Calibration during experiments. The spectrometer heads were 

calibrated during experiments at frequent intervals. The CQ2 head used 

air for the zero point gas, and, for a span point, a standard gas mixture 

(containing 6-7/i COp and 7-1 O^T Op), analysed accurately by Lloyd-Haldane 

analysis. The aero point for the Op head was obtained by tuning the 

head to mass 3 for helium, a gas present in negligible amounts in air. 

Air and the standard ^as mixture provided two span points to cover both 

hyperoxic and hypoxic ranges.

The various standard gases were directed into the mass speciiomoter 

sampling line via a tap with five inlets and one outlet (Drallim 

Industries Ltd, Dexhill-on-Sea). The outlet branched into a bubbler and 

a line leading to the drying tube containing ma^jnesiuin perchlorate). 

The bubbler ensured that standard gases were delivered to the start of
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the sampling line at near atmospheric pressure, as was the sampled 

respiratory gas. A three-way tap which could connect either the standard 

gas line or respiratory gas line to the drying tube pe unit ted rapid 

switching between the two gas lines.

Calibration and performance. The 99.9^ response tine of the mass 

spectrometer, excluding the attached sampling line and drying tube, was 

0.2 sec, at a sampling rate from the expiratory line of 0.5 l.min"" . 

This was in response to square waves of air and 100?? COp (head 2), and 

of 100f 02 and 10O; Ng (head 1). Inclusion of the sampling line ana 

drying tube increased the response tdme to 0.7 sec. This speed of 

response was considered as adequate for the measurement of breath-by- 

breath P and P n . et,C02 et,02
Calibration curves were constructed for each analyser head (Figs. 13

& 14). The ranges of Pnf. and PA used were similar to those of theC02 °2
experiments (Pnn 0-60 torr; Pn 45-150 torr). The output of theC02 02
appropriate analyser head was converted to a partial pressure, by the 

usual experimental calibration method. This was then plotted against the 

corresponding value obtained by volumetric analysis (Lloyd-Haldane 

method). The data are presented in Appendix 1, Table 7, p. 167. Both the 

COp and Op calibration curves were linear, lying near or on the line of 

equality.

The COp curve was determined both in pure Op and in pure K2 , to 

assess the possibility of an interaction occurring in the analyser 

chamber, of C02 with either I* 2 or Og. The COg-in-Q^ line lay about
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1.5 - 2.0 torr above the COp-in-N^ line; the line of equality lay between 

the two, being slightly nearer the COp-in-Hp line. From a consideration 

of mass, there is no reason to suppose that Op (32) or Np (28) could 

influence COp at mass 44. Hov^ver, as mentioned previously, COp might 

be produced by the oxidation of contaminating CKU units by Op, causing a 

greater than expected P.-. to be recorded. Assuming the effect of Op on

COp to be a linear function of Pn , the expected effect over the experimental
A U2 

PQ range (150 torr) would be 0.5 torr P^Q , or less. AS this approaches
2 2 

the limit of me -rreTnent of Pr , , it has been ignored.

Gas meter

Operation. A dry gas meter (Type CD, serial no. 01334, Parkinson & 

Cowan Ltd, London) measured expired volume in 10 1. increments. A micro- 

switch was attached to tiie 10 1. marker on the face of the gas meter scale. 

This was closed briefly once every revolution by the passage of the meter 

needle over it, thus producing an electrical pulse for each revolution 

(10 1. of gas). The signal was displayed on the Devices recorder. All 

volumes measured in experiments mere at A.T.P.D. , gases being previously 

dried by passage through an ice-filled condenser.

Calibration. The gas meter was calibrated for mean flow by passing 

a range of steady flows of dry air (15-105 1. min~ ) through it and a 

standard dry gas meter (Type CD serial no. 02011 ; Parkinson & Cowan Ltd), 

placed upstream and in series. The standard gas meter had been calibrated

for flow previously at Parkinson & Cowan Ltd; it deviated from linetirity by
-1 -1 only 0.1 l.min , for increments of 10 l.min , for air at A.T.P.D.



Fig.15 calibration of dry gas-meter (serial No. 01334)

flow, standard gas-meter, l.min"1 a.t.p.d
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Steady air flows were produced through a flowmeter, as described 

previously. The time taken for 100 1. of air, at a given flow, to pass 

throu^i each gas meter was measured with a stop-watch (to the nearest

0.2 sec). In an attempt to minimise errors of time measurement, two or
_1 

three measurements were made at each flow, for flows of 50 l.min or

more; the mean time of these was taken for subsequent computation of flow, 

The temperature of air issuing from the downstream gas meter was found to 

be invariant (21.5°C) with respect to flow.

Computed mean flows, at A.T.F.D. , for the gas meter being calibrated 

were plotted (ordinate) against the corresponding flows for the standard 

gas meter (abscissa), (Fig. 15; Appendix 1, Table 8, p. 168. The points 

were scattered closely about the line of equality, the greatest departure 

of 0.8 l.min" (0. 6;0 occurring at the highest flow measured, where the

timing error might be expected to be the greatest, rience, the performance 

of the dry gas meter (serial no. 013J&-) for measurement of mean flow and 

volume was accepted as being both accurate and linear.

During an experiment, the error of time measurer: «nt (and hence of 

mean flow measurement) was greatly reduced from that of the calibration 

procedure. A timing circuit in the Devices recorder produced a marker at 

one-minute intervals. This signal, together with the gas meter 10 1. 

signal, was displayed on the recorder for subsequent computation of mean 

expired ventilation.



Fig.16 Operation of spirometer for breath-by-breath measure
ment on open circuit.
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Wedge spirometer

Operation. The wedge spiroroeter (SP 70, Gr^otech, V.allingford, 

Berks) consisted of low compliance bellows, suspended vertically, which 

could be inflated or deflated in a horizontal plane with a minimal change 

of cross-sectional area* Its operating volume was 10 1., but it was 

rarely used beyond 3 1. in the experiments. A Linear Variable Differential 

Transformer, attached to the moving bellows, provided electrical outputs 

of instantaneous "flow and, by means of

In an open circuit, the apiroraeter outlet had to be closed during 

expiration, so as to record the total expired gas volume. Uiring 

inspiration, the outlet was opened for emptying of the spiroraeter, by 

suction, back to a fixed position set by a mechanical stop. A double 

solenoid-operated valve allowed a suction line to be directed between 

either the atmosphere (during expiration) or the spirometer (during 

inspiration). The suction line originated from a domestic vacuum cleaner; 

a variable transformer (Variac, :<enith Electrical Go. Ltd, London) was 

employed, to re gala te the suction rate.

The pair of solenoid-operated valves were connected by a central 

steel rod, whose ends fitted freely into a solenoid at each end (^i£. 16B). 

The valve pads were made ci' truncated cones of perspex which sealed 

against the circular opening in a cisc of hard rubber sheet. As power 

was switched from one solenoid to the other, the rod moved back ana forth 

between the solenoids, so that the attached cones alternately closed the 

suction line to the spirometer and to the atmospiiw.^. The solenoids were 

powered by a 10-volt A.C. supply.



- 53 -

The mouth pressure wave was recorded from the common space of the 

respiratory valve by a micromanoraeter (.u.i-.n. 301, Hilger-I. it.r. Ltd, 

London). The micioraanoraeter output operated a Cchiniut trigger which 

produced a voltage step lasting for the duration of inspiration. This 

signal was sent, after amplification, to a relay driver and thence to the 

solenoid-ope rated valves, so that the suction line was brought into 

continuity with the spirometer outlet, causing evacuation of the spirometer 

(?4g. 16A). The sole no id-energising circuit was broken by the opening of 

a micro-switch situated at the mechanical stop; this occurred when the 

spirometer had been evacuated down to the stop. Thus, the spirometer 

outlet was sealed, and the spirometer was ready to receive ^as from the 

next expiration. Any noise caused by evacuation of the spirometer went 

unnoticed by the subjects.

Calibration and performanoe. The spirometer was calibrated for the 

measurement of breath-by-breath expiratory flow, as follows. A range of 

dry air flows (20-190 l.min" ), set up on an air-calibrated flowmeter, was 

passed into the spirometer, and its electrical flow output was recorded 

on the Devices recorder. As the linear range of the spirometer was only

101., the time during which continuous air flows could be passed into it
~1 was necessarily limited: to 10 sec for a flow of 60 l.min , for example.

A three-way tap was therefoi-e used to connect the evacuated spirometer to 

ths air flow source for short periods, during which the spirometer v/as 

assumed to be linear for volume and flow. For the remaining time, the air 

flow was directed into the atmosphere.



Fig.17Calibration of the wedge spirometer for steady flow
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The air flow through the flowueter was noted during its passage 

into the spirometer, and the corresponding flow signal from the spirometer 

was fted into the Devices recorder. The recording channel, and its gain 

setting, were those employed for the recording of peak expiratory flow 

in experiments. A graph oi channel deflection (ordinate) versus air 

flow (abscissa) was plotted (i-ag. 1?; Appendix 1, Table 9, p. 169). It 

showed a linear form with a near-zero intercept on the abscissa.

The performance of the xixte^ra,'ti ri& circuit for conversion of 

instantaneous £(0u/ to Volume was examined by presenting the circuit with 

an electrical sine-wave, of periods ranging from 1.0 to 4.0 sec. Thus, 

the range of expired times likely to be met in experiments was covered.

converted the sine-waves to pgjsatlve cos-waves 

(approximating to a ,^0° phase shift). The initial and and inte^ro-tecL v 

signal were recorded at fast paper speed on the Devices recorder, and the 

deviation from the expected phase shift of 30° was estimated. Deviations 

were all in the direction of a greater than predicted lag. ^t all 

frequencies, deviations from the expected result were less than 0,05 sec, 

which is less than 10^ of a 0.5 sec cycle period (Appendix 1, ^able 10, 

p. 170). Thus, the performance of the .in^tegJra.lLor'was considered sound.

It was further concluded that the spirometer must be linear Tor 

breath-by-breath expired tidal volume. This was inferred from the 

precision of the differentiator of the volume signal, 1010. from the 

demonstrated linearity of the spirometcrfor breath-by-breath expiratory 

flow.
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As the gas meter wa* situated upstream of the spirometer, the 

possibility of it damping the expiratory flow profile was examined. 

, .eduction in the amplitude of breath-by-breath peak expiratory flow, 

produced by a sine wave pump, was found to be less than J5/ of the value 

obtained in the absence of the gas neter. This was largely invariant 

for different rasan flow rates and frequencies over the experimental

Calibration during experiments* Expired tidal volume calibrations 

consisted of passing 1 1. volumes into the spirometer fron a syringe 

pump of 1 1. capacity. The peak expiratory flow calibration was performed 

in a similar manner to that used in the complete flow calibration of the 

spirometer (p. 53 )•

3. Safety

The following safety precautions were taken in order to ensure the 

well-being of the subjects:

a). Signature of a consent form (p. 24 ).

b). Subjects who had suffered any cardio-respiratory illness were 

rejected.

c). Medical cover: a doctor was present in the room, or an 

adjacent room, throughout the experiment.

d). A cylinder (BOG Special Gases) of resuscitation gas (95, 02 ,

5/i 002) was available for supply to Uu subject throughout 

the experiment. A supply line with a tap from this 

cylinder aliened rapid provision of the gas to the subject.
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e). Checks on the consciousness of the subject were provided in

the following manner. At rest, whether seated in a chair 

or on the bicycle ergoraeter, the subject was encouraged to 

read a book which he was required to support by hand. In 

the absence of conscious motor activity the book would 

fall, from his hand. During exercise, a sufficient check 

was the subject* s ability to keep pedalling.

f). Close scrutiny of P n and P. ^ was made, with frequent
Ay\Jn A,UUp

calibration of the mass spectrometer.

g). The subject was observed by the experimenter as often as the 

duties of the experiment permitted.

A.. r Experimental procedure 

Series One
A.'1 simultaneous investigation was conducted of the effects of 

hypoxia and controlled frequency of breathing on the respiratory 

response to alternate breaths of high and low R^ , at rest. Six
\J\J/y

experiments were performed, two on one subject (368) and one on each of 

four other subjects (377, 392, M8 and 230). The experimental design 

was that of a three-way analysis of variance (Sokahl & Itohlf, p.3^4), 

with the three factors each having two states. These were:-

(i) the presence or absence of an alternate-breath oscillation of 

P (denoted as "OSC" or "ST^OT1 , respectively);
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(ii) a steady P. n of 60 torr or of 50 torr (except in experiment
A * 2 

M8.1, where P, A s of 65 and 60 torr v«ere used);'"'2 
(iii) respiratory frequency uncontrolled (NC) or controlled (c) by

the experimenter, at a value appropriate to the prevailing level of 

ventilation.

The order of runs in any experiment was selected randomly. Breath- 

by-breath PetjC02 , Pet>02 > VT ^, TT , Tj and TK were recorded, and 7£ was 

subsequently computed; from here onwards P , ^ and P n are assumed

to equal P and P n . The respiratory response used was the mean
A j C/\J«-| AjVJrj

alternate-breath oscillation of each variable in each run (p. 67).

The subject was seated in a comfortable chair, and breathed 

through the respiratory valve by means of an attached rubber mouthpiece 

which was clenched between the teeth. The subject's nose was occluded 

by a spring clip.

Alternate inspirates of gas containing a high level of C02 

(8-10.5=?; 56-73.5 torr) and a low level of C02 (0-1- ; 0-7 torr) 

were administered to the subject by means of the alternate opening 

and closing of the inspiratory solenoid-operated valves, at the 

start of each expiration* The P_ _ values on alternate breaths
IjUUg

were adjusted to produce an oscillation of about 10 torr in the 

breath-by-breath l\ ^ . The oscillation lay within a
AjUUg

range of i nn that was well above any presuawd
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threshold of the V ,, - P, ^ relation. If the A,, "were allowed to
£• A,C/Ur, (-/Up

oscillate across the threshold region, then the resulting alternate- 

breath response might show a positive rectification, its mean value

being hi^ier than that predicted by the mean P ^ (Cunnin^iam et al. ,J*L j wwrn
1968). Thus, the lower level of P A nri was about 5 torr greater, and

the mean P ^ 10 torr greater, than the subject's resting euoxic A > UU2
P, _n (as measured at the start of each experiment). During

runs, identical PT n values were produced on alternate breaths by
X , L/Ur)

mixing the two inspiratory gases in the mixing chamber. The PT- • \* -
were *^ie arithmetic means of the corresponding pairs of 

values characterising the P~ oscillation. Thus, mean P „ was
vA?o ^-xjtAJp

constant throughout the course of the experiment (^1 torr between 

runs). The levels of Op in each inspiratory gas were such that the

P n of alternate breaths was similar (+1 torr), * > ^2
Pine control of alveolar gas composition was effected by monitoring

brcath-by-breath P ^ and P , using the results to make
iljVAjQ i^jVjQ

appropriate minor and rapid adjustments to the inspiratory gp.s 

composition.

After any change in mean P ^ or P n , no measurements were madej 1,0^2 » 2
until a new steady state had been attained: a minijcaum of 10 min for 

C02 (Padgett, 1927-28), ana 2 inin for 02 (Gee, 19^9). As all 

runs were conducted in at least moderate hypoxia, two 

precautions were taken to minimise a hypoxic depression of
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the respiratory centres (l/itchell et al. , 1964; Goode, 1968): each run 

was preceded by 2 min of hypeioxia (p . ca. 200 torr; mean P
A, Up .iVj

maintained), and the duration of a run was short (3-5 ntin; 35-97 breaths).

The rhythmic noise produced by closure of the inspiratory solenoid- 

operated valves being slight, it was unlikely to influence respiration. 

However, if any respiratory effects were induced, they were assumed to be 

constant throughout the experiment, as the switching mechanism was always 

operating. At no time did a subject comment on rhythmic noise, either 

spontaneously or on being questioned.

The control of respiratory frecjiency was effected, as required, by 

means of a signal generator which presented the subject with audible 

signals at regular intervals. The subject was instructed to change the 

phase of respiration at each signal; this procedure was expected to 

furnish similar times for both inspiration and expiration, which was a 

departure from the spontaneously breathing state where T,. and Tv are 

rarely equal. The duration of the respiratory cycle approximated to the 

current mean level of non-controlled breath duration, at the same level 

of chemical drive.

The duration of an experiment was always less than one hour, and, 

where possible, experiments were conducted without interruption. The 

subjects made no complaint of the length or nature of the experiments.
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Series Two

A more extensive and quantitative examination was made of the nature 

of the possible respiratory interaction between steady hypoxia and an 

alternate -breath oscillation of P, ^ , at rest and during mild exercise.

The following variables were recorded on each breath:- P n andet ,uUp

et,02 , breath duration (T^) , inspiratory and expiratory times (Tj and

TE), tidal volumes (VT j and VT £) , peak flows (vj ^^ or PliP, and

v, , „ v or P£P) , and peak inspiratory acceleration (VT or P1A) . From ^,max ' ' r f " * I, max
• *

these were compu^- inspiratory and expiratory ventilations (V,. and V,J 

and mean flows (Vj or MIF, and v£ or MEF) , and the breaoh-by-breath 

changB in functional residual capacity (DF&3 or VT ,. - V ^). Indices of 

oscillation employed were the mean alternate -breath oscillation and a 

derivative of an autocorrelation coefficient.

Nine experiments were conducted, two on each of three subjects 

(MD9, 455 and 396) and three on another (421). Alternate -breath 

oscillations of ±\ _0 (ca. 10 torr amplitude) were induced (as before)
AjUUp

in subjects seated on a bicycle ergpmeter, both at rest and during

cycling (ca. 30-50 watts), at 4 to 7 levels of P. n within the
' 2 

range 45-200 torr (OSC runs). Control runs, in which the P
Aj

oscillation was absent, were conducted at similar levels of P A n , also
'2

at rest and during exercise (STiwu^Y runs).

The exercise level was intentionally mild, to avoid the conrplicating 

effects of lactic acid accumulation and catecholamines associated with



heavy exeicise. The same level was used for all experiments conducted on 

a single subject, being that level which produced a heart rate of about 

120 beats/nin in euoxia (30, 35, 40, 50 watts for subject 421, 409, 425

and 392, respectively). The pedalling frequency was not controlled.
^

The order of runs was selected so that corresponding STfvxTY and OSC 

runs v«re adjacent in time. Prolonged exposure to hypoxia was prevented

by suitable ordering of the P n levels, and by brief excursionsA>U2 
(ca. 2 min) into hyperoxia (P n ca. 200 torr). Following the imposition

AjUg

or withdrawal of exercise, five ninutes was allowed for the acquisition
o 

of a new steady state (Astrand & Saltin, 1961).
•

At the end of one experiment on each subject, a series of V : .-i „*
J-« ^jlvUp

points was obtained at a lower P. r~ (ca. 5 torr above the euoxic
* 2 

P. n ), at rest, at each of,the levels of PA n used in the experiment.
A,Ug A, W2

These points were used in conjunction with those of the resting ST^vbX
•

runs to give 2- or 3-point VW-i', ^ lines. Thus, an estimate of the
£• t\j(J\Jn

• **•

steady-state V,,. P^ _,, , P, rt relations of each subject could be made ^ r. AjUUp ^-yUrt

(p. 72).

The duration of an experiment was of ths order of 2j hours, 

repreoenting about 20 runs of 5 min maximum duration (41-149 breaths), 

iach experiment was interspersed with one or two rest periods (5-10 min) 

during which the subject was free to leave the apparatus.
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5. Data preparation and processing

Treatment of data prior to measurement

i&ms were marked for subsequent measurement, starting and finishing 

on a low-E> breath, or its equivalent in the STEADY runs (coming from 

the same inapiratory line). Any alterations in the two-breath nature of 

the PA CQ oscillation were removed by editing. For example, premature

triggering of the inspiratory solenoid-operated valves could be induced 

by swallowing so that valve switching occurred during inspiration (when 

swallowing tended to occur) as well as at the start of expiration. This 

meant that the subject received gas from the same inspiratory line for 

two consecutive breaths. Thus, starting at the first breath of the 

disturbance, an odd number of breaths was removed from the run, for all 

variables, so as to restore the phase of the P. „ signal, r'ive breaths
AyUUp

were usually removed. In the event of the disturbance not altering the 

phase of the signal, six breaths were removed from the run. This would 

also largely eliminate any effects the disturbance of PA nn might have
A.f\J\/n

had on respiration.

Measurement of data

Breath-by-breath respiratory variables were measured from the paper 

record of the Devices recorder, using a manually-operated digital data 

reader (P. C.D. Ltd, Parnborough, Hants) which recorded the magnitude of 

deflections po ten tiome trie ally. Each reading was automatically punched 

onto digital paper tape, for subsequent analysis by a 1906A computer, a 

total of 90,000 readings being made.
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No attempt was made of reading deflections to less than 0.5 mm. 

This was converted to absolute units for each of the measured variables 

in each experiment, at the appropriate gain setting of the signal. A 

table of measurement limits is presented in Appendix 1 (Table //, p. IT/).

Basic data analysis

For each run, breath-by-breath calculation was performed of variables 

derived from the measured variables. Basic statistics (mean, variance, 

standard deviation) were computed for all variables, assuming a normal 

distribution.

In Series Two, a correction was applied to breath-by-breath V^ T1 »-L
and Vp, p , so as to estate their run-mean values (V,p T , V _,) with

J. j iii .1 j JL J. j i'j

the run-mean V™ „ obtained from gas-meter ventilation and run-mean T^, 

(^m ^ ^ >< )• Allowances for changes in the calibration of V^ T and
JL ,.b, <r. In. •*•»•*•

Vm - could thus be made. Discrepancies between run-mean Vr, T and V , T,xii •*•>•*• ••• »•"
were assumed not to reflect long-term changes in the respiratory cjib'ftent

(R.Q.) or in functional residual capacity (FHO).
Bin-mean values of Vm ^ differed little from gas-meter Vr1 ,,, as was

!,£. x,^

expected; the differences were not consistent in either size or direction.

However, more obvious differences were seen between run-mean values of

Vn, T and the corresponding values of gas-meter V,., „. These were attributed
1,1 L 9 L>

to the composite effects of gas viscosity, temperature and flow on the 

performance of the pneumotachometer.
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The correction factor for breath-by-breath V_ was (V™ n „ , //._ -,i,il. 1 fjlt 9 U. jlii. I*—1

each V-, value was multiplied by this factor. The corresponding

correction factor for Vm T was (V- r .-, ,. /^, v T). Vith the run-means for
1,1 i,t, V*. -f^ A,i

Vp, and V equalised, breath-by-breath changes in Fi& coula be 1,1 i,Ji.
estimated (V^ T - Vrn ., = DFiC).1,X l,i

The runs of data thus obtained were processed in several ways. The 

data runs of Series Two, and alternate -breath differences arising from 

them, were tested for the significance of any deviation from a normal 

distribution. In Series One and Series Two, run-mean alternate breath 

oscillations were calculated for P. CQ aixi the respiratory output 

variables, using two slightly different methods. In addition, auto- and 

cross-circulation analysis was performed in series Two, on P. on and the
AjL»V«/rt

output variables.

Common statistical formulae

The following formulae are employed in this thesis; bracketed 

numbers are page references to Sokahl & Hohlf.

Weighted averags of a statistic "St".
n ri 

St = £ ^ . St^ W1 (178)

where n values of St, each weighted by factor «', are being averaged. The 

weighting factor for a mean is its sample size, and for a variance, its 

degrees of freedom,
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t-test for the significance of a statistic. The significance of a 

deviation from a parameter is ^ven by

ts = (St - Stp)/ S,E. Q . (171)k-»u
where Stp is the parametric value of the statistic , and S. 2, c , , itsut

standard error.

t-test for the compar'aon of 2 means (unequal variances).

t. „ (J, . ^/(--) i (374)

2where x, s arr n represent mean, variance and siae of the sample.

Variance ratio test for the comparison of two variances.

Fs = S1 2/S22 (183) 

Chi-squared. test for the comparison of observed probabilities with

expected probabilities. The expected probabilities, p, of events being 

significant or non-significant are oL and (1 -cO> where e^is conventionally 

0.05. The observed probabilities, p* , of events being significant or 

non-significant are the ratios of the number of significant or non­ 

significant events to the total number of events. The significance of 

the difference between observed and expected probabilities is ^ven by

X 2 . [(P ' s -p8) 2/ps] * [(P'^-P^/P^
where the subscripts s and ns represent the states of significance and 

non-significance .

Normality of data

The presence of a normally distributed sample is necessary before 

certain statistical tests can be performed and conclusions drawn as to



92 0

Normal

o2

Skewed to left Skewed to right

g 2 +

Leptokurtic

g2 -

Platykurtic

Fig.18 Normal & non-normal frequency
distribution.



- 66 -

the nature of the population from which the sample originated.

Therefore, the breath-by-breath records, and the computed differences 

between alternate breaths of these records, for P ^ and the 13 output
ft. , UUo

variables, were tested for deviation from normality.

A non-parametric test, the Kolmogorov-Smirnov test (Sokahl & flohli , 

p.571), waa used to assess the "goodness of fit" of the normal probability 

density function (the integral of the normal frequency distribution 

function) to the probability density function of the data. The maximum 

deviation betv^~n the observed and expected cumulative frequencies,

d , was used as the sample statistic. The null hypothesis of normality 

(d as 0) was rejected at the level of p = 0.05 or less. The advantages 

of the Kolmogrov-3mirnov test are that it is designed for a continuously 

distributed variable, and is suitable for use with small samples (n << 100).

I-'or those sampled variables which showed departure from normality, 

the nature and degree of the departure were considered in terms of 

akewness (loss of symmetry about the mean) and kurtoais (maintenance of 

of symmetry}: Sokahl & itohlf, p1f2, and Fig. 18.

The sample statistics for skewnesa (g.) and kurtosis (g ) for the 

variable, x^ represent the population parameters y^j ax*3- Yp> an£* are 

defined as:-

""""?) . D (x - x) 
na

^r) . s (x - ^ - i,
ns 

where n and s represent the size and standard deviation of the sample.
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lies within the range of +. », and g^ is ^. -2. For a normally 

distributed variable, g, and g« both equal zero. lie nee, the null 

hypotheses of "no skewness" and "no kurtosis" were examined by testing 

the significance of the deviations of g1 and g2 from aero, by a 2-tailed 

t-test (p. 65 ). 95?o confidence limits were calculated for g., and g2 ; 

values of &. or g2 lying beyond these limits led to rejection of the 

appropriate null hypothesis*

The calculations for both the parametric and the non-parametric 

tests were performed using a modified computer program (Sokahl & Hohlf, 

Program A3.1, p,6?1).

Computation of mean alternate-breath oscillations

Alternate-breath oscillations were computed for all variables, in 

all runs, as follows. Each run was first edited so as to remove any 

obviously large or small events resulting from extraneous interference 

with the expected response (e.g. 2sighing, coughing). Such events, if 

retained in the run, would distort greatly the mean alternate-breath 

oscillation. Thus, for each variable, any breath having a value of more 

than 2 standard deviations from the mean of the run was excluded. The 

breath immediately following the excluded breath was also eliminated, 

thus retaining the two-breath periodicity of the run. The alternate- 

breath oscillation could then be calculated.

The expected response to an alternate-breath oscillation of P.
A

is a corresponding oscillation in one or more of the measured output 

variables. Thus, in Series One, for a particular variable, successive
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subtraction throughout a run of the response of each breath from that of 

the immediately preceding breath should give a series of differences 

exhibiting an alternation of sign, between positive and negative. In 

Series Two, successive subtraction of each breath from the mean of the 

run was performed throughout the run. As for the previous method, a

series of differences alternating in sign should be obtained, (?ig. 37A, p. 124).
/

An arbitrary convention was followed: the first breath of a run 

(low P _,n ) and the subsequent odd-numbered breaths were classed as
A.t \S\Jn

"low*1 , i.e. having smaller volumes, flows, ventilations, and longer times 

than the immediately following even-numbered breaths, which were classed 

as "hi^h". Thus, odd-numbered differences should be negative in sign, 

and even-numbered differences, positive. During computation, the sign of 

each of the odd-numbered differences was reversed, so that those 

differences which had the sign expected from the hypothesis became 

positive. Thus, all differences having the sign predicted by the 

hypothesis were now positive, while those contrary to expectation were 

negative and would therefore reduce the size of the mean oscillating 

response.

Basic statistics of the normal distribution (mean, vari- ncj, 

standard deviation) were obtained on the collections of alternate-breath 

differences for each variable, in each run. The oscillation amplitudes 

of Series Two were then doubled, converting them frj;n peak-to-mean into 

peak-to-trou^h values,thus mnak/Ag- them coi.iparable with the peak-to-trjugh 

values calculated in Series One. Both methods should yield identical 

results if the run-:.iean is stationary (p. 125).
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.Autocorrelation analysis of alternate-breath responses

In Series Two, it was thought necessary to conduct a comparative 

analysis, between the several output variables, of the mean response to 

an alternate-breath P -A oscillation. The alternate-breath oscillation,
J4 m \ *U _-» ^^ ^^ *j

as Just described , gave the response in the absolute units of the 

variable concerned. In order to standardise the responses an auto­ 

correlation analysis was performed, prior to editing the data for large 

and small events,

The autocorrelation coefficient of product-moment correlation 

between the neighbouring members of a, series is called the autocorrelation 

of order 1; and similarly the correlation between members (k - 1) apart 

is called the autocorrelation of order k. Thus, the estimate, r, of the 

population autocorrelation coefficient, p, for the variable, u, is

covariance (u,, u, s rk = ————__.__t——tjL

covariance
variance u.

n - k
S

n . t = 1 (u-
n - k n

£
t * 1

t» ut i- k)
2ut1

where n is the number of variates of u in the series and £ is a standard 

deviation (Yule A Kendall, 1950, Ch. 27). A prerequisite of this method 

is that the frequency distribution of the population (and therefore the 

sample) be normal, or nearly normal and single-humped.
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The value of x\ can range between +1.0. rbr a random process, r, 

approaches zero for any value of k, other than k = 0, where r equals +1. 

i>br a periodic function of period, j, r. is large and positive; and 

r. /g is large and negative. Thus, for an alternate-breath oscillation 

(period = 2 breaths), r^ should be large and positive, and r.j, large 

and negative. It was predicted that (z2 - z.), or ZD, representing the 

2-transformed values of r« and r^, respectively, would be large and 

positive if an oscillation was present. In addition, the size of this 

quantity could be used as a comparative index of the amplitude of the 

alternate breath response of each of the output variables. However, the 

autocorrelation functions have no phase component (Bendat & Piersol, 

p. 20). . This procedure is depicted in Pig. 37B, p. 124.

The significance of ZD tested by means of a one-tailed t-test for 

the homogeneity of 2 correlation coefficients (Sokahl & flohlf, p.521).

Cross-correlation analysis for the estimation of latencies

The cross-correlation coefficient, r, , describes the dependence 

between two variables, x and y, when they are displaced in time by an 

amount k, relative to each otherj-

covariance (x,, y. . )
r, - ——————-—5——V*. .*. 
k Sx. . Sy, ,

This expression is analogous to that presented on p.69 for the auto­ 

correlation coefficient. The graphical representation of r, against
&»

the time displacement, k, is known as a correlogram (^ig. 30, p.112).
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Cross-correlation analysis was used in Series Two for the 

estimation of the latency of oscillating responses induced by the 

alternate-breath P, _~ oscillation: a maximum, positive value of r,
A,UUp K.

should occur at that time displacement between stimulus and response 

which is ecpial to the latency of the response (Bendat & Piersol, p.30.).

The correlation between P. ro and each of the output variables was'2 
examined for the ten breaths preceding and following a change in the

state of PA ^ from OX to STE^Y ("off" transient), or vice versa 

("on" transient); thus, the sample size, n, was 20 breaths. Time 

displacements of 0, 1, 2, 3 and 4 breaths were used, larger 

displacements being excluded because the reliability of r, is affected

if k greatly exceeds 0.1 n, or 2 breaths (Gessner, 1972). The latency
• 

of C00-induced arterial chemoreceptor effects on V,, in man is between
£ i-<

2-3 breaths (filler et al*, 197^)> an<i well within the range of time 

displacement used here.

If a periodic stimulus elicits a periodic response, then r, will 

oscillate between positive and negative amplitude as a function of k 

(Qessner, 1972). In the present study, where a sizeable portion of the 

P on transient comprised an alternate-breath oscillation, r, was
A,V>V/Q K.

expected to oscillate with a period of k = 2. This prediction arose 

from the cross-correlation analysis conducted on a simulated "off" 

transient (as above), the output of which followed the input function 

almost faithfully, with a latency of 2 breaths (Appendix 1, pJ72). 

For even values of k, r, was large and positive, and for odd values,
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large and negative; the maximum positive value of r, occurred at 

k = 2, which was the latency of the response.

Thus, the maximim positive value of r, (r, ) of each P, pnic ic, max j\j\->\jn
transient was obtained by comparing the size of appropriate pairs of 

r^, using a 2-tailed t-test for the homogeneity of correlation 

coefficients (Sokahl & Bohlf, p. 521), as follows. <'hen the latency 

between P. on and an output variable was an even number of breaths,AjWVJp —— —— .

rk max waa ol)ta*ned ^ comparing rQ with r2 , and rg with r, : in the 

hypothetical example above, rQ < r2 > r, . When the latency was an 

odd number of breaths, r, and r, were compared. In the case of T^, T^ 

and Tv , however, r. ^^ should be negative because these variables are 

inversely related to P A

Determination of respiratory parameters at rest
• 

The steady-state V,,, P, ^ , PA n relation was outlined at rest
•£* Jt,OUrt A, Un

for each of the experiments of Series Two, using the following 

assumptions*

(i) Ventilation is linearly related to P. ~0 at constant P,
A,UUp

for P, nn greater than the presumed P. _n threshold:-
A,

^•r

where S (l./min/torr C0«) is the slope of the line at constant P n ,""•» 2 
and B (torr C09) is its intercept on the P ft axis obtained by

4. A,UU2

linear extrapolation.

(ii) B is independent of P, Q .
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(iii) 3 and P. n are related hyperbolically:-^'2 
S m D + AD/(P - C) (2)" k> 2 

where C (torr 02) is the P at which S becomes infinite; D is the

value of S at infinite P. n ; and A (torr 0 9) is a hypoxic sensitivityA,L>2 <i

factor.

aua ' VE • (PA,C02

(LQ6yd, Jukes & Cunningjiam,
•

In one experiment on each subject, V measurements were made at two 

or more levels of P. -,n (at least 5 torr above the resting euoxicAft/Ug

value) for about five levels of P. -> (range 147-200 torr). A minifnum ofA'°2\ 
16 min* elapsed before measurement of Vv after a change in F n~ , and£. AjUUg

2 min after a change in P, A .
^V,Up^- • 

An estimate of B was obtained from that V6,, P. nf. line which had& AfLfVp

the smallest standard error of the slope when subjected to a least 

squares linear regression analysis (Sokahl & Kohlf, p.MO). The intercept
•

point (VK = 0, PA CQ « B) then became an additional point in the 

estimation of the regression slopes, S, of the remaining lines. A linear 

regression of S on 1/(PA n - C) was performed, for each value of C inA,U2

the range 25-M3 torr Pn . C was selected as that value at which the
2 

standard error of the slope of the regression line was a minimum, for

significant slopes (p<0»05) only. Estimates of D (intercept on S-axis)

and A (the negative reciprocal of the intercept on the hypoxia axis)*ers also
obtained, 

In the second experiment on each subject, V£ measurements were made

at a single level of PA CQ (ca. 10 torr above the resting euoxic value),



for about 5 leve? s of P. ~ . The value of D found for the more extensiveA>°2 
experiment was used as an estimate of D for the second experiment, as

Bhattacharyya (1969) has found D to vary little from day to day, in the

same subject. B was estimated from D and the single hyperoxic point
• 

(P ~ ca. 100-200 torr). V.,, P. pn lines for the remaining levels of

P n were constructed by joining the single points to B. The remaining
9 2 

parameters were estimated as before.

"here two significant estimates of C were obtained on the same 

subject, their mean value was used for both experiments, as C, like D, 

varies little from day to day in the same subject (flhattacharyya, 1969). 

vhere only one estimate of C was significant, that value was used in 

both experiments. Vhere neither estimate was significant, a mean 

population estimate of 32 was used (Weil et al. , 1970). Those estimates 

of C calculated at rest were assumed to apply to the exercising state:

that is, the relation existing between P n and the Pr of the carotid
* 2 2 

body chemoreceptors was assumed to be unchanged by the imposition of

mild exercise. It was therefore possible to calculate the hypoxic

stimulus to breathing at rest and in exercise as 10 /(P. n - C) , Lloyd,A » U2

Jukes & Cunningham (1958).
•

In addition, the mean V^ of a STEADY run at rest could be compared 

with that of its corresponding OSC run, under conditions of constant 

mean i, ~n and P. n . Any discrepancy between the mean P. n ~ values
AjUUg » 2 '2

of the two runs was converted into a ventilation term by the V.,, P
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line at the appropriate P A n . This term c6uld then "be added to, or
A t \J^

subtracted from, the mean Vv of the STjwXY run, as appropriate*
• 

Similar correction of mean VE in exercise was based on the
•

assumption that any Vp - i , nn relation in exercise had a slope which
Ci ^i f UU n

approximated to that at rest, for the same P. n : the assumption is
AjUg

limited to P. pr. at least 10 torr above the euoxic value (Asraussen &
A,L>U,p

Wielsen, 1957; Bhattacharyya et al., 1970).
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Chapter 3

HESULTS 

1 . Introduction

The experimental results of both Series One and Series Two are 

presented in this chapter. Figure 19 serves as a useful introduction 

to the main methodological problem of the thesis: the extraction of an 

alternate-breath oscillation from the otherwise "noisy11 output of the 

respiratory system. The experimental record illustrated was obtained at 

rest from subject 409 in Series Two, and is equally applicable to the 

experiments of Series One, apart from the larger number of recorded

variables. ;\n alternate-breath P nr. oscillation of about 10 torr^,cu2
amplitude had been induced, and was subsequently abolished (at "a") by 

passage of the tw> inspiratory gases through the mixing chamber (p. 31 ) : 

that is, an OLT: run was converted to a £ILS;»LY run. All the while,

P n remained constant at about 48 torr. "» U2
itespiratory gas was sampled continuously from beyond the expiratory

flap of the respiratory valve. Thus , in expiration, the PC~ and PQ
2 2 

profiles represented the progressive washout with time of the dead space

and alveolar compartments; during inspiration, 1> and Pr tended toC02 U 2
remain at their previous end-«xpiratory levels. "I* , ^ " indicates the

end-expiratory Ppo of a high-COp breath and an adjacent low-COp breath.

Lying between the Ppn and Pn traces is a signal indicating from whichUU2 2 
inspiratory line gas was being supplied; the signal changed at the start

of each expiration (p. 35 ) -
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In the presence of an alternate-breath P. CQ oscillation, 

corresponding responses could be detected in breath duration (T-,),

expiratory time (Tv), peak inspiratory flow (PIF or v, ) and—* x »xii£Uv

acceleration (PIA or VT v) , and less clearly in inspiratory time (TT),ju,ioax JL
inspiratory and expiratory tidal volumes (V-, T and V^ ,-,), and peak

X y JL X * lj

expiratory flow (PEb1 or vp _).h,max
The two uppexmost traces (V-, T and ESP) were recorded on a separate

i, J.

Devices recorder from the remainder, at a slightly reduced recording

speed. Hence, events in V- ,. and PKF showed a lack of correspond 

with those of the other variables (e.g. at "a"), except at the extreme 

left of the record. Here it was evident that, on the same breath, T., 

and PE? were stimulated (smaller and larger, respectively, than the 

previous breath), while inspiratory variables such as PIP and PIA were 

depressed. The phase relations existing between the oscillating output 

variables are described (p. 92 ; p. 10?) and discussed (p. 13$ more fully 

below. Upon removal of the P. CQ oscillation, the alternating responses 

subsided with a latency that was difficult to estimate, but appeared 

to be less than 6 breaths*

Thus, although a P. ^Q oscillation of regular amplitude had been 

imposed, the responses it elicited were, at times, anything but regular. 

Close attention had therefore to be paid to the two methods of estimating 

alternate-breath responses: the deteroiination of the mean alternate- 

breath difference for a particular variable (p. 57) and the auto­ 

correlation function, ZD, (p. 69 ) • A condition common to both methods
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ms that the responses should not Increase or tiecreaee

with tiae: , this is discussed more fully in

the next chapter (p.125). The frequency distributions of all data runs 

have therefore been examined for possible deviation from a normal 

distribution (p. 80 ).

/in essential prelude to the description of the oscillating responses 

is a description of the stimulus: this was reconstructed from end- 

expiratory P rn values throughout two consecutive respiratory cyclesAjOUp

(p. 81 )• In characterising the responses to the P. ~n oscillation,
A , /p

two facets were concentrated upon, yirst, the pattern of the response 

was explored for each OSC run in terms of those variables exhibiting a 

significant alternate -breath response (ceries One, p. 87 > Series TWD, 

p» 10(). >-lso, an estimation was made by cross-correlation techniques of 

the absolute latencies of the stimulation of these variables by a COp 

stimulus (a high-CXL breath) in Series Two (p. 11 -0.

In Series One, alternate-breath responses were estimated for
*

expiratory ventilation (V.M,) and its components (V~ v , Tfp , TT and T,.)-•<-•" X ) .tj J. A. lj

The range of variables was extended in Series Two in an attempt to 

identify one variable in particular as being a better index than any 

other of the output from the brainstem respiratory centres. The 

reasoning which underlay selection of these variables is presented in 

the next chapter (p. 12^.

Secondly, the nature of the interplay between steady hypoxia and

the P. ~~ oscillation on the size of alternate-breath responses was A,C02



Fig. 20. The proposed interaction between hypoxia & the
PA.CO, oscillation
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0, F is the output oscillation at Hj during exercise.
At rest, a multiplication of hypoxia and the C02 oscillation gives 02 R>OJ R.
In exercise, an addition of a drive to the pre-existing hypoxia-C02 drive 

resets the relation upwards with no change of slope, so that Oj E =
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investigated in different variables, both at rest and in mild exercise.

In resting man, the effects of steady hypoxia and steady hypercapnia on
•
Vv nultiply (Kielsen & Smith, 1952); exercise supplies an additive

•

component to reset the V.,, P ,,A relation inwards at all ? ~ .&> ^,C02 * <--»02 *
certainly vdthin the range of I used in the present study (Asmissen*""' 2 
& Kielsen, 1957; Bhattacharyya et al., 1970). In hypoxia, part of the

resetting has been attributed to an influence of exercise on the carotid 

boay chemoreflex arc (reviewed by Cunningfcam, 197*4 «0

A similar mechanism is proposed here for the interaction between 

hypoxia and the transient COp signal: that these stizaili would multiply 

in their effects on the amplitude of alternate-breath responses and 

that exercise would ftirnish an extra additive effect on these (?i^. 20). 

A tentative examination of the proposals was made at rest in Series One

was extended in l&rics TV-JO to include exercise and a

wider range of P, n , which enabled a linear regression analysis ofA> L2
oscillation amplitude on hypoxia to be made (p. M4).

--- final point should be mentioned. It was thought that if much 

of the breath-by-breath variation in Tm could be eliminated, then the 

responses to an alternate-breath P, pn oscillation might become more
•fijvAJg

regular. Changes in T«, could affect the alveolar-to-arterial trananission 

of the P. pr, oscillation (xurves, 1966a)and also its time of arrival at
Xi,CA/ n

the brain stem in relation to the respiratory cycle, presupposing the 

latter to determine the degree of respiratory stimulation elicited 

(Black & Torrance, 1967a, 1971; Band et al,, 1968, 1970).

/ji attempt was therefore made to control TT in some runs of 

Series One at a level appropriate to the current level of chemical drive
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to breathing, and so minimise breath-by-breath variation in ?„. However, 

the procedure proved to be ineffective as the variance of riV, was not 

consistently reduced by it. The results are reported briefly on p. S6.

2. normality of data

The frequency distributions of all runs in Series Two, and those of 

their derived alternate-breath differences, were tested for the significance 

of their departure from a normal frequency distribution. The results 

are summarised below, being presented in greater detail in Appendix 2

(P. 173).
The distribution of P . ^ in OX runs was predictably non-normal,A>CU2 

having a marked biraodal form (Fig, 21 A) which was to be expected. In

the -T-^-DY runs PA ^ was usually distributed normally; any non-normal
Aj\J\J r

distributions were always unimodal, usually occurring in runs which 

showed considerable breath-by-breath variation in their respiratory 

responses,

Deviations from a normal distribution were infrequent amongst the 

output variables and always unimodal (Fig. 21B) : a normally distributed 

run has been included for comparison (^ig, 21 C). The occurrence of 

non-normality appeared to be unrelated to the nature of the run^ in 

terms of P, ~ , the state of P A nri , and whether the subject was at rest
;i,U2 A,UU2

or exercising).

The presence of "augaented" breaths (dogpswka et al, , 1972) was 

noted in some experiments, the criteria for their identification being 

a large inspiratory tidal volume (greater than 2 standard deviations



Fig.22. A diagrammatic representation of an augmented
breath
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above the run-mean), a long breath duration, and a biphasic pattern of 

inspiratory flow and acceleration (Pig. 22, the arrow indicating the 

augmented portion of inspiration). Such breaths almost invariably 

resulted in non-normal distributions for VT and TT , and their derived 

variables, (Fig. %1B, C at "a" and, "b").

However, runs previously edited to exclude excessively large and 

small events (p. 6? ) gave collections of alternate-breath differences 

having unimodal distributions which were rarely non-normal.

,-vS bimodal distributions were absent from the output variables of 

OX runs, it must be concluded that the reflex responses elicited by the 

alternate-breath P. oscillation had been contaminated by the noise 

of the respiratory system.

In conclusion, the use of statistical methods dependent upon 

normally distributed data was justified for all frequency distributions 

examined, with the exception of breath-by-breath P ^ in the OSC runs. 

These conclusions v.ere applied also to the data of Series One.

3. The form of the alternate-breath P^ CQ oscillation 

This section describes the form of the alternate-breath P CQ 

oscillation, as computed throughout its 2-breath period. In Fig. 23A is 

shown the PCQ profile of one cycle of an alternate-breath P, „ 

oscillation (solid trace) at rest and in exercise, recorded from the

conroon space of the respiratory valve (P n ca. 100 torr). Thus,
'2 

throughout each respiratory cycle, inspired, mixed expired and finally
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end-tidal gases were sampled. The period of each expiration is denoted

by a solid horizontal bar. As PT ~n values were not needed for1,^2
computing the continuous P, r,n oscillation, the Pnn signal was expanded

AjL/Up '.AJp

at their expense to emphasize the alveolar plateaux.

The change in P, CQ on successive breaths was 8-9 torr in both 

records, but the form of their alveolar plateaux differed. The slope of 

the alveolar plateau in healthy individuals depends on the size and

direction of the Pm gradient existing between pulmonary arterial blooduu2

and alveolar air, and the rate of decrease of lung volume with time 

(Aitken & C lark-Kennedy, 1928) and the rate of pulmonary blood flow 

(DuBois et al. , 1952).

In exercise, the alveolar plateaux had positive slopes on both the 

high- and low-COp breaths, implying that mixed venous P_ (P- ^ ) was 

always greater than P, -0 . At rest, alveolar plateaux on the low-C00
& t\j\Jn *•

breaths were also of positive slope, but this was reversed to a negative 

slope on the higfc-Q02 breaths, indicating PA co to be greater than 

P- _-. and the C02 flux to be temporarily reversed.

The time course of the P. oscillation at rest and in exercise

was predicted according to the principles of DuBois et al. , 1952, 

assuming the arrival of inspired gas at the alveoli to take 0. ̂  sec at 

rest and in exercise (Appendix 2, p. Zlf). The predicted oscillation has 

been superimposed (dotted line) on the PCQ profile of both records in 

Pig. 23A. The peak-to-trough amplitudes are approximately twice the 

corresponding differences in P . ~ : ca. 15 torr at rest and 17 torr 

in exercise.
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The computed alternate-breath P. CQ oscillations were differentiated 

with respect to time (Pig. 23B), there being evidence that the carotid 

body of the anaesthetised cat may respond to the rate of change of PCQ , 

rather than PCQ per se (McCloskey, 1968; Black et al., 1971; i3and et 

al., 1971).

Differentiation brou^i out differences between the P ^ signals 

at rest and in exercise. Thus, the differentiated signal was reasonably 

symmetrical at rest, but was less so in exercise. The loss of symmetry 

was largely a result of a shorter time being available in inspiration 

for P, co to change from its maximum at the end of a high-CO, breath to 

its minimum at the end of the next (low-OOp) inspiration, and also of the 

change in P. ro being greater in exercise than at rest. Depending on 

the relations between T,. and TE in exercise, the profile may be more or 

less symmetrical. Asymmetry might lead to the occurrence of rectification 

of alternate-breath responses (p. 119): that is, the mean response to an 

oscillating stimulus might be greater (positive rectification) or less 

(negative rectification) than the mean response obtained from a steady 

stimulus equal in amplitude to the mean of the oscillating stimulus.

If. The results of Series One

The experimental ate sign of Series One conformed to a. three-way 

analysis of variance for assessing the effects on the reflex transmission 

of an alternate-breath P. oscillation at rest of two levels of



hypoxia (60 torr and 50 torr) and of controlling the respiratory frequency. 

The form of the analysis of variance was outlined on p.5£ .

It became apparent, however, that the aim of reducing the breath-by- 

breath variation in TT by controlling respiratory frequency, and thus 

possibly making alternate-breath responses more regular, was not realised 

(p. %$ ). Therefore, the study became confined to establishing the nature 

of the response patterns induced in the output variables (Vv , Vm ,, T^,
%

Tj and T^) by the P oscillation in hypoxia, and whether or not 

increasing hypoxia interacted multiplicatively with the P, CQ oscillation 

on the siae of alternate-breath oscillations.

A convention of Systems Analysis was adopted in this study, whereby 

the phase and amplitude of oscillations may be analysed separately. Thus, 

in the amplitude studies, all alternate-breath oscillations were given 

a positive sign. Tables of alternate-breath oscillations, with their 

significance levels, are presented in Appendix 2 (Table 16, p^Alfct),'Ihe 

following nomenclature, bracketed, was employed in characterising the 

run-types:

P Q =50 torr (50), or 60 torr (60);

Respiratory frequency controlled (c), or not controlled (NC);

P, CQ oscillating on alternate breaths (OSC).

or constant on alternate breaths (

The variability of oscillating responses in different experiments 

A preliminary 2-^way analysis of variance was conducted on the 

collected alternate-breath oscillations of all six experiments,
•

for each variable (V£, VT £ , TT, Tj and Tj. The intention of this was
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to examine the relative variation in the ampl:tude of oscillating responses, 

both within the six experiments and the eight run-types, to decide 

whether or not the experiment could be pooled when exploring the nature 

of the interaction between hypoxia and the P, pn signal.
iijUUg

The method of analysis is described in Sokahl & Bohlf (p.299): the 

distribution of the total variance between the experiments and between 

the run-types was estimated, and the variance-ratio test (p. &£") was 

used to estimate the significance of the contribution of each variance 

to the total by comparison with the error variance (error variance = 

total variance minus the sum of the "experiment" and "run-type" variances). 

The results are presented in Table 5«

For all variables, except Tj, the "run-type" and "experiment" 

variances were significant (p<0.05). The "run-type" variance was more
•

significant than the "experiment" variance for V^ and T«. The converse 

was true for V. „ and T?. Neither variance was significant for Tj, ar 

observation which was in keeping with the later observation (p.?/ ) of 

the paucity of significant alternate-breath oscillations in this 

variable.

Thus, two conclusions were arrived at* First, the significance of 

the "run-type" variance in all variables but TI implied that oscillating 

responses of varying amplitude oust have occurred in at least some of the 

run-types, a point to be explored in greater detail in the following 

sections. Secondly, the significance of the "experiment" variance in 

most variables implied the existence of considerable variation in the



r.-f - de: roes of freedom

M3 - mean sum of squares

7 = variance - ratio test statistic

Ivible -j\ The results of the 2-way -iiialysis of variance On the 

collected experiments.
•y I

Variance 

inn-type 

Variable 7
» 
\f 

j^

liS 5. ^--00 3.0100 0.94OO 

F 5.36XXX J. 20X

J.0099 0.0215 0.0015 

6M™* 1^.953AX

T^
IS 0.0223 v.0391 0.00712

F 2.66X 5.00

T ij.

iiS .>.0004 0.0007 0.0097

y^ iN.s. ii.-s.

;s 0.0156 0.0074 0.0021
3.523
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amplitude of the oscillating responses in different experiments, and 

therefore in different subjects. Intersubject variation of respiratory 

responses is certainly not a new phenomenon, and its occurrence in this 

study precluded any pooling of alternate -breath oscillations from 

different experiments,

The effects of controlling respiratory frequency on the relations between

The method of controlling respiratory frequency, at a level 

appropriate to the prevailing level of ventilation, was expected to have 

the following effects:-

(i) The run mean of T™ would be similar in runs having the same P n
1 A,U,

whether the respiratory frequency was controlled or not.

(ii) The run means of T_ and T£ would approach equality in the 

controlled runs, as the signal controlling respiratory frequency had been 

arranged to give equal inspiratory and expiratory periods (p. 5^ ). 

This condition would differ from the state of spontaneous breathing in 

which T,. and T£ are rarely the same.

(iii) The breath-by-breath variations in T-, T^ end TE would be less 

in the controlled runs than in the corresponding runs where respiratory 

frequency was not controlled. Thus, the variances of these variables 

would be reduced.

These predictions were examined for each experiment, using f paired 

comparisons' : each pair consisted of a run with controlled breathing 

frequency and one in which frequency was not controlled, the two runs



-87 -

being identical with respect to P, n and the state of P A rn . The
A, Up AjUUp

results of this study are presented in detail in Appendix 2 (p.ZT) ; 

they were computed from runs of data which had been previously edited to 

exclude excessively large or small events (p. 67 ).

Of the six experiments examined, in only two was there any indication 

of the predictions presented above being fulfilled. Thus, in 392.6 a 

reduction in the difference between mean T™ and TJ occurred consistently 

when respiratory frequency was controlled; and in 377-5 the variances of 

T_ and Tv were similarly reduced.1 £i

These results pointed to the small degree of success obtained from 

controlling respiratory frequency by means of a rhythmic audible signal. 

It seemed that the subjects were, in general, not heeding the imposed 

signal, though, on questioning at the end of each experiment, the 

consensus was that respiratory frequency had been matched to the signal 

in the manner requested by the experimenter.
•

The occurrence of alternate -breath oscillations in VU, V,, _ t[ T^, T, and T£

Alternate-breath oscillations were calculated for each variable in 

all runs of each experiment, using the method described on p. 67 for 

Series One. Each oscillation was then tested for the significance of 

its difference from zero amplitude by a two-tailed t-test (p. 65"), 

according to the null hypothesis that the difference was not significant.

In addition, each oscillation (x) was normalised, by expressing it 

as a percentage of the breath-by-breath mean of the run (x*):-

X
' 1

I 
1
if

FIG. 24
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This enabled comparisons to be made of the relative responses of the

five variables to an alternate-breath oscillation of P. nr. . Tables ofA. GO rj
the absolute and normalised oscillations, with their significance levels, 

are included in Appendix 2, (p.2/fc$.

The distribution of significant alternate-breath oscillations was 

examined for each variable on the pooled results of the six experiments. 

The method used a Ghi-squared test for the comparison of the observed 

probabilities of oscillations either differing from, or equalling, zero 

with the corresponding probabilities expected from a random process 

(p = 0.05 and 0.95, respectively) (p. 65"). The null hypothesis was that 

the corresponding observed and expected probabilities would be equal. 

Table 6 presents the number of significant alternate-breath oscillations

(a) for each variable at the 2 levels of P. n in the OSC runs and in the
* 2 

STEADY runs. The observed probability of a significant oscillation

occurring is (a/n), where n is the total of runs being examined. 

Observed probabilities were only tested for significance in cases of n 

being greater than 20.

QSC runs. In no variable was a difference apparent between the 

numbers of significant alternate-breath oscillations occurring at the

two levels of P & n .
9 2 

The combined results at both P. ~ showed the incidence ofA»°2 
significant oscillations to range from 22 out of a total of 2k for T^ to

* f

13 for TT. V™ ;J,, VT , and I- were intermediate, having 17, 20 and 21
.L 1. f~J -Ci -L

significant oscillations^ respectively. The total number of significant 

oscillations was 93 out of a total of 120 (77.5?). Each of these 

results was shown to be highly significant by the Ghi-squared test 

(p<0.00l).



Table 6; The distribution of significant alternate-breath oscillations between 

five variables for all experiments

No. of significant oscillations (a)

Variable V-, T,E T A T Total(a/n)

Rin Total no. 
runs (n)

60,

50,

All

60,

50,

An

osc
osc
osc

STEADY

STEADY

STEADY

12

12

24

12

12

2V

10

10

20 xxx
p7 ZC'*-> J* J/o

1
5

6 xxx
25. o/

9
8

17 xxx
70. 8£

2

5

7 xxx
29.2"

10

11

21 xxx
87.5;

1

3

4 XX

1 6. 7;

6

7

13 xxx
5'V.#

^

2

6 xxx
25.9'

11

11

22 xxx

91 . 7£
1

0

1 K.S.
k. 2£

93/12Qxxx
77. 5?^

2lf/120xxx
20.0^
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Thus, in hypoxia, an alternate-breath P ^ oscillation was vervA,uu2

effective in eliciting a similarly alternating response from the 

respiratory system. The occurrence of such responses was little

affected by changing the P, ~ from 60 to 50 torr.^* J 2 
STEADY runs. The total number of significant oscillations occurring

in the absence of an alternate-breath P. r/, oscillation was 2k out of a
A,IA>2

total of 120 (2<#) : p<0.001. The distribution of these oscillations 

between the different variables was significant, with the exception of T£.

The amplitude of each significant oscillation occurring in a :;T>1ADY 

run was compared with that of the corresponding OX run (identical with 

respect to P. n and the state of the respiratory frequency), using a
AjUg

two-tailed t-test which assumed unequal variances (p. 65") • The null 

hypothesis stated that the two oscillations would not differ in amplitude. 

The results are presented in Table 7.

Significant comparisons (p<0.00l) occurred in 8 out of 24 instances, 

the ..TJ.LY oscillation always being smaller. The remaining 16 comparisons 

v.ere not significant; as six of these comparisons concerned OX values 

of zero amplitude (shown as N. S.), the corresponding STEj^DY values were 

therefore considered, on reflection, not to differ from zero. This 

anomaly arose because the test which estimated the significance of an 

oscillation compared it with a constant (zero) rather than with a mean 

of zero and its attached variance.

Thus, the total number of significant alternate-breath oscillations 

in the STEADY runs was reduced from 2k- to 18 (15:0. ^e incidence of 

oscillations was of the same order as seen by Marsh et al. (1971), and



Table 7i The results of the ::;rplitude comparisons between paired OSC and 

STKAI'Y alternate-breath oscillations.

t7/ VXJT - T1 •;' TE T,E T ^1 E 
JExpt. 60 50 60 50 60 50 60 50 60 !>0

NG N. S. xxx

C
2

KG (K. o. ) N.S. X.V-: (N.S. ) K.S.

377.5 ° "' S-

NC

G xxx
392. 6 NC xxx xxx I-:. S. xxx (iT. S.) N. 3.

C (N. 3.
416.1

NC (N. S. )

C xxx N.S. N.S. N.S.
230.15

NC

Starred runs: 0£C > STK.4DY

N.S. : OSC a STEADY, and OSC > 0

(N.S.) : 0:30 = STEADY, and OSC = 0, so that SKSAL'Y = 0,
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was very much less than the 77.^ of the OSC runs. Possible reasons for 

the occurrence of significant alternate-breath responses in the absence 

of the P. r~ oscillation are discussed in the next chapter (p. '3 1).

The patterns of alternate-breath responses within runs

An investigation was conducted in each run of the relative amplitude 

of the oscillating responses (using the normalised alternate-breath 

oscillation) and of the phase relations existing between these responses. 

Variables were ranked in each run, according to the amplitude of their 

normalised alternate-breath oscillations (p. £7). Banks of 5, k, 3, 2 

and 1 were applied to the variables, in descending order of oscillation 

size, starting with that variable having the largest oscillation. Only 

significant oscillations were ranked. The results are presented in 

Table 8.

Thus, in experiment 368.^, the run "60, NC" had the following 

ranking order:- 

Variables T > T > V > T
•*••& •*•

Oscillation size: (9.60^) (7,37/0 (4.35^) (2.99,0

Kank: 5 V 3 2
•

The oscillation in V-, was not significant, and was therefore omitted.£1
Inspection of Table 8 showed that T£ predominated over the remaining 

variables in having the largest normalised alternate-breath oscillations. 

In four of the six experiments (368.^, 368.42 , 377.5, 230.15), T£ was 

the most highly ranked variable in all the run-types.
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jjiother feature was the near-absence of T, from the ranking orders. 

!3iis was to be expected, taking account of the relatively low incidence 

of significant oscillations in T,. .here T. oscillations proved to be 

significant, their normalised oscillations were usually small, placing 

them at the lover end of the ranking order.

Average rankings of the five variables were obtained for the pooled 

experiments and for the individual experiments, irrespective of nin-type, 

(Table 9). The pattern of ranking in the pooled experiments showed the

alternate-breath oscillations in T L, to be the largest, in relative terms,jj

having a ranking of 4.5 out of a possible of 5. Oscillations in T., were
t. 

the smallest, with a ranking of only 0.5« ^m» V,_ ., and V,, assumed similar
JL X y & ~->

intermediate rankings in the range of 2*5 -3* This pattern was almost 

identical with that reported previously for the occurrence of the oscillating 

responses in the pooled experiments (p. 98 ). Thus, not only did oscillations 

in T., occur more frequently but also they tended to be relatively larger,
£1

on avera^p, than the oscillations of the other variables in the same run.

There was variation in the ranking obtained from the individual 

experiments, two patterns emerging. The first pattern ("T-,-dorainant") 

was present in four of the six experiments (368.^, 368.42 , 377.5, 230.15), 

and was similar to that obtained from the pooled experiments. The second

pattern ("V_ T ,-dominant"), occurring in experiments 392.6 and 418.1,1 9 &
possessed a considerably narrower range of rankings between the five

variables, in which the dominance of the T , oscillations was lost. Vm . ' & T,±.
•

was now the most highly ranked variable, followed by V™, T and T^, these 

three variables having rather similar rankings. The ranking of T, 

oscillations was again low.



lable ,-; The average ranking of significant alternate-breath oscillations 

(normalised) for each variable in the OSO runs of each t:-:peri:.ient.

T..Variable

Experiment

368 .^

366. l,2

377.5

392.6

U6.1

230. 1 5

v•^

2

2.5

2.5

3.5

3.5

4

yT,^

2.5

1

0

5

if

2.5

TT

^

3

3
2.5

2

2

TI

1

0.5

0

1

1

1.5

3.5

2.5

ALL 3 2.5 3 0.5 *»-. 5

Average rankings are presented to the nearest 0.5 of an 

inte -er.



Mention should be made here of the two subjects (377, 392) in whom 

controlling respiratory frequency was relatively successful (p. gy). 

There was no difference between the ranking patterns of the runs in which 

respiratory frequency was controlled or not controlled, in either 

experiment. Thus, controlling frequency had little effect on the form of 

the oscillating responses, as judged by the ranking patterns of their 

normalised alternate-breath oscillations.

The phase relations existing between the alternate-breath P A ~n
AjL-vAp

oscillation and the oscillating responses elicited in the several output 

variables will now be considered. The latency of such a response was 

taken as the number of breaths elapsing between a hi£h-C02 breath and 

the breath it subsequently stimulated (a stimulated breath having larger 

volumes, flows and accelerations, and shorter times than an unstimulated 

breath).

There is a problem associated with the determination of phase 

differences between a pair of periodic signals: unless the true phase 

aifference (TPD) is less than the period (?) of the signal;; it cannot be

determined, as illustrated below:-
Period (P>

Input

Output

Measured phase 

difference (MPD)

FIG. 25
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If TH> < P, then TED = JffiD.

If TH) > P, then TH> = MID 4- n. P, where n is an integer.

In the present study, 14H)s could not be obtained, as measurements 

T^re confined to integral numbers of respiratory cycles (of period, T,-). 

Thus the only observation that could be made concerning phase differences 

was that a particular variable had been either stimulated on a high-C02 

breath (positive phase difference) or on a low-CO^ breath (negative 

phaae difference). This situation is illustrated in Fig. 26, which shows 

a simplified alternate-breath P nn oscillation as an input, and two
/VjUUp

hypothetical variables (a time and a flow variable) as outputs.

The results on the phase relations of alternate-breath responses in 

the OSC nins are presented in Table 10, according to the »/- notation 

described above. Only significant oscillations were included.

A rather consistent picture emerged within most experiments, in 

which the oscillations of a particular variable had the same phase 

difference with respect to P. „* for all runs: for example, in
JV, VyVJrt

experiment 368A* V ,, oscillations always had a positive phase difference, 

while the phase of T,, oscillations was always negative. There was often 

consistency, too, in the phase relations existing between the output 

variables in runs from the same experiment. The phaae of oscillations in 

"?., and Tm from the came run was always the same, as was that of TT
£ X J.

oscillations in all but one case of their being significant. The
•

amplitude and phase of V oscillations was determined by those of the 

corresponding oscillations in V,-, „ and T_.
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In the experiments conforming to the TpHiominant pattern of
-t-4

amplitude response (p. 9/ ), the phase of A" oscillations determined,
*

through T-, the phase of V, oscillations. In two experiments (366.4^, 

368A2)f oscillations in V_, and T-, were out of phase; in experiment 

230.15> these oscillations were in phase; and in experiment 377.5, V- „ 

did not oscillate, and the variability in the phase of T^ oscillations
•

was reflected in V,,.s»
Of the 2 experiments having the V™ ^-dominant pattern of amplitude 

response (p. ty ), 392.6 had oscillations in V^, v and ?„ that were out of
i ,-LJ -L

•

phase, the phase of V^ oscillations being determined by the phase of the 

V_ _. oscillations. Experiment M8.1 showed little consistency in the
!,£•

•

relative influences of Vn, „ and, T™ on the phase of V oscillations.
JL 9 -Ci 1. *•*

In the STEADY runs, there was no consistent pattern to the phase 

differences of the significant alternate-breath oscillations.

These findings can be sunmariaed in terms of the relative 

predominance of T-, (itself largely under the influence of T ) and V
1 £t JL f&

in the alternate-breath responses of the various experiments. In the 

first part of the section, this was considered in tezms of the amplitude 

of the oscillating responses, while the added consideration of the phase 

relations existing between the variables reinforced the earlier conclusion 

of the predominance of primary variables such as V,., and T , (or T-),
I. £ II* <UJ X

»

rather than the derived variable, V,-,. This is of interest when one
j_^

•

considers the emphasis which is laid upon V£ as the controlled variable 

of the respiratory system.



The efi'ects of increasing hypoxia on the size 01' alternate -breath
• 

oscillations of Y£ . VT

As mentioned on p. , the original intention of performing a 

three-way analysis of variance to assess the effects of controlled 

respiratory frequency and two levels of hypoxia on the amplitude of 

alternate-breath responses was rescinded. The reason for this action 

was that the experimental control of respiratory frequency had not been 

generally achieved in the desired manner (p. $7). aespiratory frequency 

was therefore eliminated from the group of independent variables, only

hypoxia and the state of 1 ~~ remaining.^,uu2
/is interest in P _,_ was now confined to the oscillating state

fl-jUUg

(tie occurrence of significant alternate-breath oscillations being rare 

in runs where P PA did not oscillate), the analysis of variance v;as
Af(^\Jn

dispensed with, and the hypothesis of a multiplicative interaction

between steady hypoxia and the alternate-breath P. .^ oscillation was
^» 2 

examined as follows. The average alternate -breath oscillations at

P n =60 torr and 50 torr were compared, for each variable in each A,U£
experinient, by a one-tailed t-test which assumed the variances to be 

unequal (p. 65"). The null hypothesis stated that no xailtiplication 

occurred between hypoxia and the GO oscillation, the oscillation at

P n = 50 torr not being greater than that at I A = 60 torr. The A,U£ - 1 » U2
mean and variance of an average oscillation at a particular P

**f 'W O

represented the weighted average values of the NC and C runs at the 

Sf-Tie P r (a fonnula for the weighted average of a statistic is given
AU



Figs. 2? & 28 

The effects of 2 levels of P. n on the response to an alternate -breath
•ijUg

oscillation.

The response is the alternate -breath oscillation: each oscillation is 

the average value for a pair of KG and C runs. A significant difference

between an oscillation at P, ~ =50 torr and at 60 torr is indicated
A* 2 

by starring in the top right corner of the appropriate box.
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la . i.e J1 ; A comparison of the effects of two levels ^f rrrpoxia 
on the amplitude of alte mate -breath oscillation...

*

7 V T T V Variable li T,j£ T I ^

Expt

368 A. N.S. N.S. u.3. N.£. x

I -»t r T.T o ft? r« TT «••> >' iq-p J'Uv. !*•»-. !»•>-. n. 0. i*. •• .

377.5 K.S. :i.u fl.s. N.S. ;..:-i.

392.6 x x N.S. N.S. xx
^ >60 5^>oO 3-> 0

1 N..1. N.S. N.S. U.S. N 

2 -.15 xxx x H.S. N.S. N
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on p.WO. The results of the comparisons are presented in Table 11 and 

Figs. 2? and 28.

Taking each variable (5) in each experiment (6) together gave 6 

comparisons out of 30, as being significant: that is, showing a 

multiplicative interaction. These were confined to 3 experiments:

368.^ (TE), 392.6(4";'\^y]fi)aBd230.15 (Vfi , VT ^).

The observed probability of multiplication occurring (6/30) was 

almost significant (0.05<ix0.10), by the Chi-squared test (p. 65"). The 

value of /C obtained (3«7) compared favourably withtthe critical value 

of 7C at p » 0.05 for one degree of freedom (3.8).

Thus the possibility of a multiplicative interaction occurring at 

rest between hypoxia and the P A nn oscillation cannot ts Ailed out, in
A } LAJ n

some variables at least, and merits further investigation.

Summary

(i) The investigation of the effects of increasing hypoxia and of 

controlled respiratory frequency on the responses elicited by an 

alternate-breath oscillation resolved itself into a study solely of the 

effects of increasing hypoxia, on discovering that controlling the 

respiratory frequency had been generally unsuccessful.

(ii) In response to the P. ^ oscillation, 77.5/ of the pooled
• <- 

runs on all variables (V£ , V^ , TT> Tj and T£) had significant
•

oscillations. T,. oscillated most frequently, followed by T™, V.,, V(n „E* i r. ± jCt

and lastly Ty . Changing P n from 60 torr to 50 torr had no effect on
1 AjU
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the frequency of occurrence of oscillations in any of the variables. In 

the absence of the P rn oscillation only 15/! or all the oscillating
A,UUg

responses had amplitudes different from zero.

(iii) The average pattern of response within each run for all 

experiments, in terms of the relative amplitude of oscillations in the 

different variables, was similar to that for the occurrence of significant 

oscillations in (ii). Thus, oscillations in T-. were not only the rr*ost 

frequent, but also were, on average, relatively the largest in each run. 

The runs of individual experiments conformed consistently to one of two 

response patterns: one was similar to that of the pooled experiments, 

in which oscillations in I' predominated (V experiments), while in the 

other, oscillations in VT „ predominated (2 experiments).

(iv) The phase relations, with respect to the P ^ oscillation, of
^* 2 

oscillations in primary variables such as V-, -, and Tv were often
1, ij •£»

consistent within an experiment: V' ^ almost invariably had a positivei,^

phase difference, while T (and T^,) often had a negative phase difference.
j-> X

•

The phase of Vt oscillations depended on the phase and relative amplitude
-j—t

of the oscillations in V^ , and TT«

(v) In contrast to the occurrence of oscillations, the amplitude of

oscillations was sometimes greater at P n =50 torr than at 60 torr,*v> 2 

demonstrating a multiplicative interaction on respiration of h;ypoxia and

the P oscillation.



5* The results of Series Two

The findings on the reflex transmission of an alternate -breath P,
A

oscillation which emerged from Series One produced several alterations 

in the original experimental design which would permit further 

examination of these findings in Series Two.

*ji additional method of estimating alternate -breath re senses. 

based on autocorrelation analysis, was introduced: autocorrelation 

techniques are particularly appropriate for the detection of oscillating 

sijnals which ure maskec in a background of noise (e.g. jenc^t : xiorsol, 

p. 22). The index of oscillation, 2JD, was the difference betv.ccn the 

Z-transformed autocorrelation coefficients for the sauplin^ intervals of 

two oreaths and one breath (p. 6^). It replaced the normalised alternate 

breath oscillation (p. § 7 ) as a comparative index of alternate -breath 

responses in different variables.

The range of output variables was extended to include inspiratory 

as well as expiratory variables, in an attempt to character! ?e r.cre 

completely the patterns of oscillating response. Tbw va.ria.^1',:^ v:ere 

classed as being either primary (comprising a single meaauixjo. quantity) 

or ^CjrLvc4 (comprising 2 or more measured quantities). The prL.iury 

variables studied were inspiratory and expiratory times (T and T

tidal volumes (V_ T and Vm ) ana peak flows (rl^1 and B^r ) , andi , J. 1 , LJ
inspiratory acceleration (iln). The derived variables werv



duration (T^), the change in functional residual capacity (LI? :iC, = Vf , T - VM ,•^ A j A i., ij
inspiratory and expiratory mean flows (MIF and LL2?1 ) and ventilations

ana V 

Greater attention was paid to the latency of the responses 1 nfuced

by the P m oscillation. An implication arising from the nhaae sallies -,uu2
ci* Series One was that the latency of the oscillating response mijht not 

be similar for all the participating variables. This was explored 

ila-ther by means of a croiu•-' orrelation analysis between P, nn and each 

output variable in regions of the experimental record where the state of 

P was changed from Om to ^71i-'?.Y, or vice versa, against a background 

of hypoxia.

The implied multiplication between hypoxia and the P, ., oscillation 

on inspiration at rest was re-examined in Series Two. A wider ran£>2 of

P , (ca. 200-45 torr) and a greater number of I levels (--7) wereA '°2 rt '°2 
used for characterising the effects of hypoxia on the amplitude of

oscillating responses. A linear regression analysis of oscillation

on hypoxia was performed to examine how closely the effect of

hypoxia on the reflex transmission of the P ^n oscillation .TO-i-oached
A * 2 

a linear multiplication.

,-inally, the effects were explored of moderate rhythmic exerci ^e on 

the responses outlined at rest: that is, the patterns of oscillating 

responses and their hypoxic dependency. Also included was an investigation 

of the possible rectification of the oscillating responses inauced. in
•

ventilation (Vp) by the F on oscillation, as proposed on p.
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The occurrence of alternate-breath responses in 13 output variables 

in hypoxja and hyperoxia. at rest and in exercise

An alternate-breath oscillation and a 71) value were calculated for 

each variable in all runs (p. 68 and p. 69 , respectively); these 

values were then tested for the significance of their differences from 

zero (p. $5 and p. 7o , respectively). These results are presented in 

Appendix TWD: Table 2k (p.2*O for the oscillation, and Table 25 (p.**6) 

for ZD.

The distribution of significant alternate-breath oscillations and 

ZD values between the 4 subjects (409, 421, 425 and 392) and the 13 

output variables was examined, in the 03C runs and in the STEADY runs, 

the results of the two or three experiments conducted on each subject 

having been pooled. The incidence of significant events occurring in 

each subject and in each variable was tested for its deviation from a 

random event, using a Ghi-squared test as in Series One (p.6$).

OSC runs. The incidence of alternate-breath oscillations differing 

from zero in all variables from the pooled runs of all subjects was 

highly significant (p<0.001) by the Chi-s(jiared test (Table 12: "ALL 

HJNS"): at rest, 38^ (range: subject 425, 16.7T to subject 409, 58.5/0, 

and in exercise, 46.6^ (range: subject 425, 23,1^ to subject 409,

74. a/:).
The overall effect of hypoxia was assessed by pooling all runs with 

a P. of 72 torr or less. The incidence of significant oscillations
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here was 49.2?b at rest (range: subject 425, 23.1f! to subject 409, 

67.0^0 and 58.5P in exercise (range: subject 425, 37.2; to subject 

409, 81.750,! Table 12, "HEPOXIA".

fleplacing the alternate-breath oscillation by ZD consistently 

reduced the incioenoe of significant responses in hypoxia, whilst 

retaining tlie pattern of the oscillation results (Table 12, 

"HYFOXIA-&J": cf. "HYFOXIA"). At rest, 24.8> of the ZD values from 

the pooled runs were significant, and 40,9^ in exercise.

The results obtained in hyperoxia (runs with a F n > 180 torr)
AjUr,

were in marked contrast to those just reported for hypoxia. At rest, 

the incidence of significant oscillations was 14.1/i (p<0.001 by the 

Chi-squared test), while in exercise the incidence was 9.2)* (not 

significant): Table 12, "HYPEHXXIA". There appeared to be no 

preferential distribution of the oscillations between variables 

(Appendix 2, Table 29, p.23o). Because of the small number of runs in 

this group (one per experiment, at most) little statistical weight could 

be lent to the results.

Having presented a general description of the hypoxic dependency 

of the oscillating responses, their distribution between the different 

output variables in hypoxia will r /w be examined, for both the 

alternate-breath oscillation and ZD. Rather similar results were 

obtained from each index of oscillation. A hi^ily significant 

incidence of oscillations (p<0.00l) occurred for each variable in the 

pooled runs at rest and in exercise (Appendix 2, Table 2?, p.
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The pattern for ZD was similar, with only a few variables having an 

insignificant result: PEF, TT and T- at rest, and T, in exercise 

(Appendix 2, Table 28, p.2tt). The results from individual subjects 

were not tested statistically because of the small numbers of 

observation^.,.

While TT evidently responded poorly to the P. fv. oscillation at
JL A,\JUp

rest and in exercise, it was equally important to establish which 

variables responded most frequently. Those variables having a high 

incidence of oscillating responses are presented in Table 13 (alternate- 

breath oscillation) and Table 14 (ZD), for each subject aixl for the 

pooled runs. As before, the study was confined to hypoxic runs.

The identity of these variables for the pooled runs was contaon to 

the resting and the exercising states for both indices of oscillation, 

the ZD result differing from that of the alternate-breath oscillation 

only by the substitution of PIA for &HP.

Variation was evident in the different subjects. Using the alternate 

breath oscillation, the patterns of prominent variables for two subjects 

(425 and 392) were similar at rest and in exercise, and involved most 

inspiratory variables (not T,.). Less correspondence between rest and 

exercise occurred in subjects 409 and f»21; for example, in W, 

inspiratory variables were dominant at rest, and expiratory variables 

in exercise.

The results obtained on IE for the individual subjects were 

essentially similar to those reported above, the same variables tending
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to be prominent for both indices of oscillation, but not always in the 

same order of prominence, nor with such a high incidence of significant 

events. There was a tendency for D?I€ to be relatively more prominent 

than was fourv, for the alternate-breath oscillation.

Finally, th< Incidence in hypoxia of significant alternate-breath
•

oscillations in V.r , V_, , !„, T,. and T^, at rest was compared between the 

pooled runs Series One Ugp. 2, p*2l3a ) and Series Two (Appendix 2, 

Table 24, p.225). The results are collected in Table 15. It is evident 

that oscillating responses were generally more prolific in the 

experiments of Series One than in those of Series Two. T£ was again the
•

roost prolific of variables in Series Two (with V-,) as in Series One; 

and, in contrast with Series One, T,. had a greater tendency to oscillate.

runs. Alternate-breath oscillations were computed and tested

for the significance of their differences from zero as was done for the 

OSC runs (p. 68). The amplitude of each significant oscillation was 

compared with that of the oscillation from the corresponding OSO run, as 

described for Series One (p. 89). Any STUCY oscillation not differing 

from the OSC value, when the latter was not different from zero, was not 

regarded as being a significant oscillation itself.

The distribution of the collected sigiificant oscillations, for all 

variables, in the individual and the pooled runs was examined for all 

runs, and for the hypoxic and hyperoxic runs. The incidence of 

significant oscillations in the pooled runs, irrespective of P Q , was
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3.5£ at rest (range: subject J*25, Q^ to subject 409, 13.1fO and 6.2;' 

in exercise (range: subject 392, 2.8^ to subject 409, 16.2;): Table 16, 

"/XL HUNS". !Hie results from the hypoxic runs users very similar (see 

also Tables 30 and 31 in Appendix 2, p.A$/). In hyperoxia, however, none 

of the oscillations was different from zero.

The results of the comparisons made between the significant 

oscillations of corresponding STEADY and OX runs are presented in 

Appendix 2, Table 32, p.2,33). Of 21 comparisons at rest and 36 in 

exercise, 13 and 26, respectively, showed the STEADY oscillation to be 

significantly less than the OSC value, the remaining comparisons showing 

insignificant differences between the two. As in Series One, therefore, 

the incidence of significant oscillations was low in the absence of the 

PA ^ oscillation.
A,UUp

The main observations of this section will now be summarised. In 

response to an alternate-breath P. ^ oscillation, alternating responses
-'ijLAJp

were induced almost exclusively in hypoxia (P, A < 72 torr); exercise*k » 2 
imposed an additional stimulus in hypoxia. There was a tendency for

the oscillating responses to occur more frequently in inspiratory 

variables than in expiratory variables (cf. subject 421 at rest, and 

subject 409 in exercise), with the change in FRO (BFRC) being the most 

prominent in this respect.

The examination of the alternate-breath oscillation and ZD as 

indices of oscillation showed that oscillating responses were more 

prolific in the former. This appeared to reflect differences in the
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sensitivity of the two methods, rather than the fact that alternate- 

breath oscillations had been computed from data runs which no longer 

contained any excessively largs or small events while 2D values had 

been derived from unedited data. A comparison of significant ZD values 

obtained from unedited and edited data in the hypoxic OX runs of 

experiment 409.5 had shown the general pattern of the size and significance 

of ZD values to be relatively little affected by the editing procedure 

0\jpendix 2, Table 33, p.W). Despite the difference in the relative 

efficacy of the two indices, they both appeared to generate qualitatively 

similar patterns of oscillating response.

Within the range of variables studied in Series One, the relative 

occurrence of significant oscillations in hypoxia at rest was rather 

similar for the pooled experiments of Series One and Two, although 

their absolute incidence was greater in Series One.

The patterns of alternate-breath responses within runs in hypoxia» at 

rest and in exercise; amplitude

The patterns of oscillating responses induced by an alternate-breath 

P, nn oscillation were explored with a ranking procedure analogous to
A,L>Up

that used in Series One (p. S^ )• The analysis was conducted on the 

hypoxic group of runs, to which most of the oscillating responses were 

confined. Thus, within each hypoxic OSC run, ranks of 13, 12, 11,..., 

and 1 were applied to the variables in descending order of ZD size: 

only those variables having significant ZD values were ranked, average 

rankings of the 13 variables were obtained for each subject and for the
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pooled subjects at rest and in exercise. The results, expressed to the 

nearest integer, are presented in Table 17.

At rest and in exercise, all variables but Tj were ranked in the 

pooled runs, the more prominent variables being:-

feats DF3C (?); PIA (If); V p 1OP, PI*', T^ (3).

Exercise: BFSC (10); V_ (7); PIP (5).1,1.

This pattern of DFflC and inspiratory variables dominating the rankings 

was similar to the pattern for the occurrence of oscillating responses 

reported in the previous section, both for the alternate-breath oscillation 

and for ZD.

The ranking patterns of the individual subjects, certainly for the 

more prominent variables, were virtually identical with their patterns 

for the occurrence of oscillating responses (/£) presented in Table 14 

(p.fc2r), and reasonably similar to the patterns for the occurrence of 

alternate-breath oscillations (Table 13, p. lex). The raore highly ranked 

variables are presented be low: -

409 Best DFHC (13); PI?, TE (9); PIA (8). 

Exercise T., (11); lUtf, !„, DFH3 (10).
j!< j.

421 feat DFIC (7); PEP (5) 5 V^r Vj (4).

Kxercise PIA, LPIC (10) j VT Jf MU (7).

425 feat DFHC (3), only.

Exercise D?RC (11); VT j (8); Vj (5).

392 Best MIF (6); BFiC (5).

Kxercise DFflC (8); VT j (6); PIF (5).



Table 1?: The average ranking of significant ZD values for each

variable in 

Subject
Ko. runs

Variable

VT F

VT,I

E

*I

!,3F

1^

i*:.'

PI?

PIA

TT

TJ

TI

DFfiC

the OSC runs of each subject (PA n < 
» 2 

test
W 421

7

2

7

2

1

5

4

0

9

8

3

9

1

13

9

2

4

3

*
2

0

5
2

3

1

1

1

7

1*25
e

0

0

0

0

0

0

0

0

0

0

0

0

3

392
6

3

3

3

3
2

6

0

2

3
0

1

0

5

All

30

2

3

2

2

2

3
1

3

^

1

3

0

7

409
8

0

7
8

2

10

2

7

7

^

10

11

1

10

72 torr). 

£josrcise
421

6

4

7
2

2

3

7

3

5
10

2

2

0

10

425
6

0

8

0

5
0

4

0

4

1

0

0

0

11

392
8

4

6

4

4

4

4

0

^

2

0

1

1

8

All

28

2

7

3

3

4

4

3

5

4

3

3

0

10



- 107 -

In contrast, T,. was rarely ranked in any subject: no other 

variable lacked an oscillating response so consistently.

The patterns of alternate -breath responses within runs in hypoxia. at 

rest and in exercise ; phase

In Series One the phase relations existing between an alternate -breath 

P> co oscillation and that of a primary output variable in hypoxia 

were not necessarily identical in different experiments (p.*U): the

possibility presented itself that the occurrence of opposite phases 

for the oscillations in V,p ,, and T,, might indicate an interplay of more
-L , £t l'i

than one mechanism of excitation. 'frith this hypothesis in mind, the 

phase relations of the several output variables were examined during the 

OSC runs, as in Series One, and also at the transition between OSC and 

STi^DY runs.

All phase differences related high-CO^ breaths to stimulated 

breaths, a stimulated breath having larger volumes, flows and accelerations, 

and shorter times, than an unstimulated breath (though it was shown 

subsequently that some variables might be stimulated, and others 

depressed, on the same breath). An arbitrary convention was adopted 

for the derived variable, DPBC (= V., , - V- ,,) , whereby an increase in
1,1 1,A

PRO (DPH3 positive) was taken as a stimulation.

p, _. oscillation. As described on p.1& and in Fig. 25, the
Th. , COp

measured phase difference (MH>) of an oscillating response in relation 

to the P oscillation was limited to being positive (stimulation
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occurring on a high-CO^ breath) or negative (stimulation occurring on a 

low-COp breath). Complete results on the phase differences of 

alternate-breath responses in the OSC runs are found in Appendix 2 

(Table 24, p.**$): only significant oscillations are examined here. 

The study was confined to the alternate-breath oscillation, ZD carrying 

no phase information (p. "70 ).

The data on subject 409 vsere used as a reference with which to 

compare the less extensive results on the other three subjects. Table 18 

presents the phase results of experiments 409.5 and 409.6 at rest and in 

exercise. Hypoxic runs (p n < 72 torr) were grouped, while the
-AjVg

remainder (P, ^ > 72 torr) were considered separately. A,02 ' * -*
In hypoxia, a rather consistent pattern of phase relations emerged 

for each variable, with respect to P. m . Ihe phase of oscillations inA,(A>2

the inspiretory primary variables was always positive, with the exception 

of T, which rarely exhibited significant oscillations (these were usually 

of negative phase). Of the expiratory primary variables, oscillations

in V_ w resembled those of the inspiratory primary variables in beingi,a
positively phased, while oscillations in HU?1 and T^, were negatively 

phased.

The phase differences of the derived variables depended on the 

phase and relative amplitude of the oscillations in their component 

variables. Thus, oscillations in i^FRC (VT j - VT £) were of positive 

phase; this reflected the greater influence of the V » oscillation, 

the similarly phased V,., v oscillation being smaller and less frequently
I ,£<



1'able. 18; The phase differences existing between P, ~0 and the 

output variables in the OSC runs of subject 409 at rest and in

exercise.

Variable

\s

409. 409*6

itest i£xercise itest
127.5 78 <72 127.5 75 <72

+ + 4- 4-

PIA

4-4-4

+ 4-4

•f 4-4-

DFBC
* 

+* 4- 4- 4- + -f

egative phase at F. n =46.5 toir.
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sigiificant. The phase of Vj and V^. oscillations was usually negative

as the relative lengthening of T^, outweighed the respective increases 

in VT j and VT ^ MEP oscillations were also of negative phase, 

reflecting the phase of the prominent T^ oscillation; and },'IF oscillations 

showed the san» phase as the V,., T oscillations,
i, A

The phase relations of the remaining nans in experiments 409.5 and

409.6 (P, 0 > 72 torr) were consistent with the pattern presented above, ^'2
though significant oscillation was not so common. There were no obvious 

differences in the phase patterns at rest and during exercise, throu^i 

the incidence of oscillations was usually higher in the latter condition; 

this finding was common to the other subjects.

The consistency of the phase relations found in the experiments on 

the other three subjects (421, 425, 392) were less well defined 

(Appendix 2, Table 24, p.JUf). Subject 421 conformed with the phase

pattern of the inspiratory primary variables and V^ , exhibited byi, jj

subject 409. However, differences emerged in the responses of the 

primary expiratory variables. Oscillations in PSi-1 were invariably 

positively phased, and could accompany oscillations in T^, of the same 

phase; however, on occasions, T v oscillations were negatively phased 

and were not accompanied by an oscillation in HiF. The phase of 

oscillations in the derived variables were easily predictable: thus,
»

V- oscillations were often prominent and positively phased in runs where 

oscillations in both VT j and T£ (and therefore TT) were of positive 

phase. Again, D?!€ oscillations showed a positive phase, reflecting
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the greater prominence of Vm T oscillations over those in Vm . Those1,1 T,K

non-hypoxic runs in which significant oscillations occurred tended to 

resemble the hypoxic responses; however, they were not frequent.

The experiments on subject 425 showed a smaller number of significant 

alternate-breath oscillations and considerable variation in phase 

patterns, liore often than not in hypoxia, oscillations in the same run 

showed the same phase, but this often differed between runs. However, 

consistency was present in experiment 425.2 during exercise, with 

oscillations in the inspiratory prijnary variables showing a positive 

phase (with the exception of T,.).

* n subject 392 almost all significant oscillations in hypoxia were

of positive phase, involving inspiratory variables and V,., ... Significantij.it'
responses in PEF and T« rarely occurred. Those non-hypoxic runs having 

significant oscillations conformed with the hypoxic phase pattern.

Thus, in summary, there was a general tendency for the phase of 

oscillations in inspiratory primary variables to be positive, with the 

exception of T... which rarely oscillated. Oscillations in expiratory 

primary variables were confined to the experiments of subjects 409 and

421, with the exception of the positively-phased V,., „ oscillations: thei,i

phase of Fi&' and T-, oscillations were similar, being positive in subjectiii
421 and negative in subject 409. The phase of oscillations in a 

derived variable reflected that of the more prominent of its component 

oscillations.
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1-' nt. t\a explained on p. 53 , measurement of the true

phase diii'erence (Tl-C) between a periodic stimulus and its response is 

problematic, unless the period (i ) of the signal is greater than the 

TED. This problem may be overcor<« by employing a transient stimulus, 

for then the measured phase difference (MED) equals the TH>:-

Periodic signal Transient signal

Input

Output

n

MPD
TPD

1
1

MPD^ »..

•••••••••••

s TPD "

FIG. 29

Thus, the TH> of the responses induced by the P co oscillation
2 

was estimated in hypoxia by performing a cross-correlation analysis

between P ^ and each output variable where the state of P -~
A,UUp ji,v>W2

chani:ad from CSC to STivADY ("off" transient) or vice-versa ("on" 

transient); time displacements of 0, 1, 2, 3 and k breath^ ^2re used. 

It was assumed that the TH3 equalled the time displacement, k_v , at



3O Diagram of two typical responses occurring at a 

transien^ with t^eir cross -correlograms.

OSC STEADY ——— »

)Ut

2 breaths' Jag

itput
O

I 2 I 4

r0 < r2 > r4

3 breaths' lag

Iput
O

rk
r, < r3

cross - correlograms
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which the cross-correlation coefficient, r, , was a maximum ana positive 

(with the exception of TT , ^ and ri\, where the maximum r, would be

negative, these variables being inversely related to P. ~ ). The
AjCOg

method is described in detail in the previous chapter (p.7«); and an 

"off" transient is illustrated in ittg. 19 at "a" (p. 77). Transients in 

which P^ Q changed by more than 4-2 torr, or in which an excessively 

large or small event occurred, were not analysed.

Two typical responses are shown diagrammatically in Fi^. 30, with 

their cross-correlograms (p. 7a). One has a positive (2-4>reath) phase 

difference, and the other a negative (3-breath) phase difference; the

correlograias are strongly periodic, as predicted (p. 17£), with r,ic,iuax
occurring at k = 2 breaths and 3 breaths respectively. Almost invariably, 

r, was significant for all time displacements.

In other instances, the periodicity of r, was not marked: often, 

only one positive value of r. would be significant, its time displacement 

being taken as the latency of the response. In other cases, again, 

there were no significant values of r,, presumably indicating a lack of 

response to the PA CQ signal.

Estimation of r. by the statistical method of p. 72, wask,max
unsuccessful for all transients, no value of rk being significantly 

greater than any other. However, there was often a value of rfc which 

was numerically greater than the others, and sometimes with a higher 

level of significance: the time displacement at which such a value 

occurred was taken as the latency of the response. The reasons for the 

lack of success of the statistical test are discussed in the next

chapter (p.I37).
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Complete results on all transients are presented in Appendix 2, 

Table 34 (p.2£5); there are four categories comprising "on" and "off" 

transients at rest and in exercise. Because of ths vagaries interent in 

the method of latency estimation, only a rather general account of the 

results is presented. As only one transient was suitable for analysis 

in the experiments of subject 425, this subject is excluded from the 

account.

Fairly consistent latency patterns existed for each subject, serving

to reinforce the findings reported above on the P, _,_ oscillation.A,co2
There was no evidence of a difference between the latency patterns of 

the four categories of transient in any subject, though the small 

number of observations may have hindered the detection of changes in 

latencies.

Latencies of the inspiratory primary variables (excluding T_) 

generally tended to be of 2 breaths duration; less often, latencies of 

4 breaths or zero (response occurring on the same breath as the stimulus).

Responses in DPBC (change in PHC) and in V^, .„ (rarely significant), as1 9 &

before, responded with the inspiratory variables. Responses in the 

expiratory primary variables» PEP and TF , were seen consistently only in 

subject 409: their latencies were 1 breath shorter than the predominant 

phase of the inspiratory variables: i.e. 1 or 3 breaths.

The latency of the response in a derived variable was governed by 

the more prominent of the responses elicited in its components. In 

subject 409, TF (and therefore TT) was especially prominent in this
* *

respect, the phase of the derived variables V,., V and MEF conforming to 

that of T ,.



The effects of graded hypoxia on the siae of alternate-breath responses 

in 13 output variables, at rest and in exercise

The hypothesis of a Multiplicative interaction of hypoxia and the 

P pn oscillation on respiration was reinvestigated more extensively
AjUJg

(p-79 » P- 99)* At rest, there was already some evidence from the 

experiments of Series One to support this hypothesis: and the results 

reported so far for Series Two at rest and in exercise support the 

general notion of a hypoxic dependency of the oscillating responses, 

with exercise further increasing their incidence.

A linear regression analysis of the oscillating response on hypoxia 

was conducted for each variable, at rest and in exercise, in each 

experiment. Three forms of oscillating response were used: (i) the 

alternate-breath oscillation, for making comparisons on the same 

variable (e.g. between rest and exercise); (ii) /:£. for making 

comparisons between different variablesj and (iii) the nonnaliaed 

alternate-breath oscillation, for studying whether the size of oscillations 

increased with hypoxia more than did the run-mean. The independent

variable, hypoxia, was evaluated as 1cP/(P, o - C) (Ounningham, 1974b);^.jV/2

the value of the constant, C, was determined for each subject (p. 12 )«

Variation in the number and the siae of the individual observations 

which constituted each oscillating response was taken account of by 

using a regression analysis with replication in the dependent variable 

(Sokah£& iiohlf> p. 1*28). Thus, for each lev£l of hypoxia, there, would.be, 

in efrect^ zaai^y; observations of the dependent variable, r*tfre* than
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The significance of a regression coefficient, b, differing from 

zero was estimated by a one-tailed variance ratio test (p. 65 )» according 

to the null hypothesis that the component of the variance due to the 

regression was no greater than the error component ( Sokahl & Hohlf , 

p«423). The regression coefficient was used as an index of the 

multiplication occurring between hypoxia and the PA _n oscillation;
AjtAJg

comparisons between pairs of coefficients, and therefore between degrees 

of multiplication, were performed by an analysis of covariance (Sokahl & 

fohlf , p.

Hs^ression analysis; the alternate-breath oscillation. In contrast 

with the practice of Series One, the amplitude and phase of the alternate 

breath oscillations were not dissociated here: this facilitated the 

interpretation of responses in the derived variables (p. 116: experiment
•

W)9.6, Vj in exercise).

There was no evidence for the existence of a threshold to the 

generation of an alternate-breath oscillation in the P. Q range of 

100-200 torr for any variable in any experiment, at rest or in exercise. 

Pairs of regression lines obtained from all the points, irrespective of

P. - , and from points having a P of 100 torr or less, had been 
AjOg » 2

tested for concurrency: an analysis of covariance had been used to test 

the null hypothesis that the two regression coefficients of a pair were

not different, o*<*. >V *o o*se i^«s <x .s
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A study was next made of the occurrenco of significant regression 

coefficients (b) during rest and exercise (Table 19). In all cases 

but one, values of b were significant, indicating an increase of

oscillation anplitude with increasing hypoxia. The exception (experiment
• 

409.6, Vj in exercise) had a negative b, with the phase of oscillations

changing from positive to negative as hypoxia increased: this reflected 

a corresponding increase in the prominence of the negatively-phased IV, 

oscillations over the positively-phased V-, ~ oscillations (Fig. 32).

In the pooled experiments at rest, a total of 11 regression 

coefficients out of 11? (13 variables x 9 experiments) or 9.4^ differed 

from zero, which was a significant incidence (0.01 < p<0.0$) by the 

Chi-squared test (p. ^^)> The regression coefficients were distributed 

fairly evenly between the group of variables: MEtf, MIF, ifiF, PI?, HCA, 

TT and Tr , with a maximum of 3 occurring in PIF. Luring exercise the 

incidence of significant regression coefficients rose to 2^-out of 11?, 

or 20.5^- (p < 0.001). Ttese were distributed over a wider ran^e of 

variables than at rest, a maxlmim of 4 occurringjin Mi? and in F3F, and 

3 in PIF. The intercepts of the regression lines on the hypoxia axis 

were confined to the euoxic-hyperoxic range of P. n , with the exception
AyUg

of the V-, run described above.

Of the 3J comparisons made between pairs of regression coofficients 

at rest and in exercise, where one or both differed from zero, the 

exercise coefficient was greater than the corresponding coefficient at 

rest (nultiplicative interaction) in 12 instances, or 3&4& P < 0.001
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by the Chi-squared test. Only 1 comparison showed the converse result, 

the remaining 19 not being significant.

The effects of exercise on the hypoxia intercept could only be 

assessed in the 3 cases where the regression coefficients at rest and in 

exercise differed from zero. In 2 (experiment 409.5: &EF and Hi?),

the hypoxia intercept was reduced (to a higher P A n ) with no accompanying
2 

increase in slope, representing a resetting upwards of the oscillation-

hypoxia relation (or an additive interaction). In the third case 

(experiment 421.4, PI?), the hypoxia intercept was little affected, but 

the slope was

Ths individual experiments showed considerable variation in the 

occurrence of significant regression coefficients betvjeen rest and exercise. 

From Table /^ it was evident that most of the significant regression 

coefficients occurred in experiments 409.5, 409.$ and 42;;. 2: r'igs. 31-33 

show the relations between the oscillation and hypoxia for each variable, 

at rest and in exercise.

In the STEADY runs, only 2 regression coefficients out of 11? were

significant:-

b hypoxia intercept
2 —1 —1 units x 10 /torr torr

409.6: Best, VT I 0.04* -20.5 

421.41 Hsst, DPBC 0.04"*" 12.3

In both cases, the size of the oscillation that would occur at P f =' '-» U2

50 torr (by prediction from the regression equations) was unlikely to be 

perceptible. Thus, both relationships were discounted^**



Table 19; Linear regression of the alternate-breath oscillation on hypoxia,

at rest

409.5
MEF
MIP
P 1̂

PIP
PIA
T 1T

T,,Ji
409.6

•

V .-&vi
LC-i?
HSF
PIP
PIA
T*rn

X

T X E

421.2. 
VI

421.4

VT,E 
MIP
PIP

425.2

\S
V,, ,

•^J 1

MIP
PEP
111'1

PIA
DFBC

or in exercise
jtest

Coefficient 
(units x 102/ 

torr""1 )

-26.1 +
9.3 +

-20.3 +
22.6 +
4.3 +

-0.6 -f
-0.8 ++

N.G.
1;.^:.
N.S.
N.S.
18.6 -H-H-
1.4 +

N.S. 
N.S.

T r C i<. "-*.

H^ f'
• • . iJ. 

19.1 *+

19*7 -H-+

»t
11. hJ.

•"' C7 
-* • * ' •

K. S.
N.S.
T.I .: i • . t^..

i • O- •» ^'«

«T "
J->. O.

(significant results only).

Hypoxia 
intercept 
(torr-1 )

8.9
-9.8
15.0
-2.7
5-2
0.1
9.9

-U.9
7.9

•

10.1
7.J

Exercise
Coefficient Hypoxi 

(units x 102/ interce
^ 4 \ / , —1 1torr"1 } (torr ';

-25.0
N.S.

-22.1
N. i>.

U.S.
N.S.
K. L.

-14.^ 
-14.9 
-59.0
-59.9

K. S.
N.S.
-0.6 
-0.6

9.9

0.4
N.ti.

».8

-0.2

0.5
23.O
25.1
42.0
3.6
0.6

* -3.4

-«- -6.4

+ 3.1 
+++ 29.9 
«• 7.2
* 9.5

* 5.2. 
^ 8.5

•«•* -0.2

* 14.*

4.5

* 0.5
+ -8.2
* 5.O
* 19.5
+«• 9.6
+* 20.4
+ -0.3

Best v. exercise 
comparison of 
coefficients

N.S. 
N.S.

H ^> E 

N. S. 
N.S.

iS > R +
^ > H +

!•; > H
E > R 

N.S. 
N.S.

E > R +

E > R

N.S.

E > d + 
N.S.

iv. s. -

ii > it +

425.5
I1*. S. 15.7

KS. 
N.S.

£ > rv

A •> R

> R 

N.S.



Table 19 continued:

392.13

test Exercise .comparison
b h' b h' , of b

(... x 1i// (torr"1 } C-.xlDy (torr"" 1;
... ) . ..)

VI:
PEP
PIF
PIA

I^.S.
N.S.
N.S.
N.S.

^3 -
27.9 +
2.9 *

\2.2 
12.1
11.3
5.2

M.,5

N.S.
N.S.

392.15

N.b. 12.0 + -7.5

..jp ,.j.'wUtu.on of ai.onificant regression coefficients between variables.

itest iixercise

V 2_

Vj 2

I'J^ 1 4

MI?' 2 1

PE? 1 4

11 ? 3 3

PIA 2 2

HP 1 1

TK 1 1 
TI

Total 11/117 24'117 

The units of the different variables are listed in Appen. Ix 2, Table 24 (p.ZUf)



. 31-33

The relations between the alternate -breath oscillation and. hypoxia for 

each variable at rest (filled circles) and in exercise (open circles). 

Significant regression lines are present as solid lines (rest) and 

broken lines (exercise). A solid triangle and a broken horizontal line 

indicate zero amplitude of oscillation.
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aggression analysis; £D« The regression coei.'i'icient of ZJJ on 

hypoxia was used as an index of the relative degree of multiplicative 

interaction of hypoxia and the P. „ oscillation occurring in the 

different variables, tfor each experiment the significant regression 

slopes at rest and in exercise were ordered by size, and are presented 

in Table 20. The complete results are found in Appendix 2, Table 35 

and from these the following conclusions were drawn.

iteplacement of the alternate-breath oscillation by ZD reduced the 

incidence of significant regression coefficients, as was found for the 

occurrence of significant oscillating responses (p./«!)* at rest 8.5^ 

of the regressions were significant (an insignificant incidence by the 

Chi-squared test), and in exercise, 13»7, were significant (a significant 

incidence, p < 0.001). The hypoxia intercepts tended to occur at a lower

?„ n for ZD. In some experiments, the identity of the variables having;x ' 2 
significant regressions \ms occasionally altered when SD was used.

It is evident from Table 20 that several experiments had no 

significant regressions (experiment 425.5, ^ig. 36} while others had 

very few. Only the experiments on subject 409 had a reasonable occurrence 

of significant regression coefficients, the larger values bein^ 

consistently prominent in T., at rest ana in exercise (Pigs. 3f* H 35) • 

The involvement of T« and ?£5F was presumably a reflection of the role 

of T K. All the variables listed for 409 were also rather prominent in 

the incidence of their oscillating responses, both for the alternate- 

breath oscillation 'and £J (tfi^ 13 & 14, p. 102).



Table 20; The regression coefficients of ZD on 

hypoxia, ordered by size (largest three only).

Experiment

409.5

409.6

421.2

Bsst

T %, > PIA > telF1

T. •> ^;-' & PIF

None

Hone

Exercise

421.6

425.2

425.5

392.13

352.15

T£ only

None

None

Kone

Kone

T *•> T
T

•* f~\ *" *"**•** w*» *fn

None 

Mil?1 only

V > PI? > VV T,E > x<u 1

DFiC > VT x 

Kone 

I^one 

Hone



The relations between ZD and hypoxia for each variable at rest (filled 

circles) and in exercise (open circles). Significant regression lines 

are present as solid lines (rest) and broken lines (exercise). A solid 

triangle and a broken horizontal line indicate ZD = 0.
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The original intention of using the /.I; regression coefficient for 

comparative purposes was not fulfilled in the remaining experiments, 

probably because ZD was generally a less sensitive index of oscillation 

than the alternate-breath oscillation.

Degression analysis; normalised alternate-breath oscillation. The 

results of the regression analysis are presented in Appendix 2, Table 36

(P. ).

The incidence and distribution of significant regression coefficients 

were similar to those of the absolute alternate-breath oscillation 

(cf. Table J ff , p.l*6). "H^ possible s fgnrf;c*urtC£ of

OK. j>, I SI.

The effects of an alternate-breath P A CQ oscillation on mgan ventilation

In 1965, CXinningham et al. concluded that an alternate-breath 

P pn oscillation imposed in hypoxia (P about 60 torr) had no effect 

on mean expired ventilation in resting man. This finding was examined 

in the experiments of Series Two during moderate muscular exercise in

hypoxia (P, < 72 torr): p.7f -
» 2 

A method of paired comparisons was used to estimate the significance

of the mean difference in mean V^, (mean AVg) between paired 0£C and STKADY 

runs in each experiment, at rest and in exercise (the runs were paired
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according to P, Q ). The null hypothesis stating that n«an AV V v;ould 

not differ from zero was tested with a two-tailed t-test (p.65* ).

Prior to making comparisons of ventilation, any difference in mean 

between each OSC and STKADY run was converted into an equivalent

ventilation teim by means of the Vw , P A m > *\ n relations of the
& A, UUp ">*^o

experiment in question (p.7& ). This term was then used to correct the 

mean ventilations to isocapnic conditions. The results are presented

in Table 21.
• 

None of the mean AV . values differed from zero at rest. In
Hi

exercise , one value was sigiif icant (experiment 392. 1 5) having a mean
• *

£V£ of -3.83 l.min" (0.01 < p < 0.05). This represented a negative 

reflex rectification of the alternate -breath -\ _„ oscillation. It is

possible that the estimation of significance levels for mean AY., was 

inrpeded in this study by the small number of observations in each 

experiment (maximum = 4). • ith a larger number of observations in each 

experiment, a somewhat different result might have been obtained. 

Howsver, the series of experiments was not designed specifically to test 

this point.

In summary, the conclusions of Gunningham et al. ,(1965) were 

confirmed at rest, and extended to the exercising state, within the limits 

of the experimental design*



Table 21: A comparison of mean V in paired OSG

ana STE.ADY runs,

Experiment

409.5

409.6

421.2

1*1 A

421.6

425.2

425.5

392.13

392.15

at rest and

Mean AV.,, (
Best

0.13

1.76

3.17

0.73

4.45

-1.84

3.15

3.93

-0.90

in exerc:

;i,.in-1 )
Exercia

-0.38

3.83

3.99

-*-.. 66

0.28

1.98

-7.64

-0.22

-3.83*
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Summary

(i) The effects of graded hypoxia (P, range: 200 to 45 torr) on
AjUg

the responses elicited by an alternate -breath P oscillation -were
-o-jUUg

investigated in several inspiratory and expiratory variables, at rest 

and in moderate rhythmic exercise.

(ii) In response to the P ^ oscillation, significant oscillating
* 2

responses were confined almost exclusively to hypoxia (P . ,, < 12 torr).
A> 2 

The incidence of these in the pooled runs for all variables was 49. 2; '

at rest, rising to 5S«5f in exercise. Oscill- tions were seen niore 

frequently in the inspiratory primary variables (with the exception of 

T., which rarely responded) than in the expiratory primary variables 

(cf. subject 409): the breath-by-breath change in FHC (measured as DFRC,

= Vr , T - Y,p „) responded mo re frequently than most other variables. i1 , l i , &
Oscillating responses, estimated by 3D, were less prolific than 

those estimated by the alternate -breath oscillation, reflecting the 

different sensitivities of the t\ro methods. However, the occurrence of 

responses in the different variables was qualitatively similar by both

methods, in both the pooled runs and the runs of the individual subjects.
• 

vithin the range of variables studied in Series One (" , V, . , T, ,
Jtt i , .. j i.

TT and T .) , the relative occurrence of oscillations in hypoxia at rest I */ '
was rather similar for the pooled runs of Series One and of Series Two, 

although their absolute incidence was greater in Geries One.

(iii) The phase relations, v;ith respect to the P rr oscillation,
/V.,L/Un

of the oscillating responses in the primary variables had similarities in
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different subjects; the phase patterns were not altc-re^ betwesn rest

and exercise. Oscillations in V., w and the inspiratory primaryi, .a

variables (not ri'_) shoved a positive phase difference. The remaining 

expiratory primary variables (P.uV, Tv) oscillated in phase: a positive 

phase difference for subject 421 , and a negative phase difference for 

subject 409. The phase difference of oscillations in a derived variable 

was that of the most prominent of its component variables.

The phase relations obtained at the P., nr. transients confirmed the
A,UUp

pattern described above. Latencies i'or the responses of V^ r and the1,11,

inspiratory primary variables tended to be of 2 breaths duration, while 

those of the expiratory primary variables, P&C' and T, ., were 1 breath.
i-U

Variations from this pattern were apparent.

(iv) Interaction between hypoxia and the P r/. oscillation was
A,

demonstrated in several variables, using as a criterion the occurrence 

of a significant linear regression coefficient of oscillation amplitude 

on hypoxia. Pooling the results gave a greater incidence of interaction 

in exercise (22.5/) than at rest ($.V). Considerable variation existed
>-,

in the individual experiments.

The regression analysis of the amplitude of the normalised. 

oscillation upon hypoxia demonstrated that, often, the amplitude of 

oscillations increased proportionately more with hypoxia than aid the 

corresponding run-means as -He, di^irtt op Ivyp^A-ia i^c^e^sed (or PA O;I fc(l).

(v) The P _n oscillation had no effect in hypoxia on mean expired 
AjCOg

ventilation at rest or in exercise.
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Chapter

This chapter considers first the various methods used in estimating 

the amplitude of alternate-breath oscillations, and the reasoning behind 

selection of the extensive range of respiratory output variables in 

, cries Two. There then follows the presentation of a hypothesis or 

carotid body participation in the generation of alternate-breath responses. 

finally the nature of the multiplicative interaction between hypoxia and

the P. ,><- oscillation, and its modulation by moderate exercise, are
^v,CO2 •* »

examinee..

Methoda of estimating the size of alternate-breath responses

In the experiments of .-eries One the amplitude of the oscillating 

response induced by an alternate-breath P PA oscillation was calculated
A,UU^

f s the mean alternate-breath difference obtained from successive pairs of 

breaths in the run (method 1): Fig. 37 A and p. 67 . This method had been 

used by I'arsh et al. (1973), and they had been concerned lest an 

occasional excessively large or small breath should distort the true 

estimate of the oscillation amplitude. They therefore preferred to use 

a method which estimated the regularity of the alternation rather than 

its amplitude.



Fiq.37 Computation of alternate-breath responses 
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An attempt was made in the present study to minimise the distorting 

effects of extreme-sized breaths by excluding any breath whose size was 

more than two standard deviations from the run-mean (p.loj ): it was 

assumed that such events were not part of the immediate response to the

PA,C02 °»°ill**».
In Series Two the range of output variables had been extended in an 

attempt to isolate one variable which might bear a closer relation than 

any other to the output of the brain-stem respiratory centres. Tins a 

relative index of oscillation was needed so that the size of the 

responses in different variables could be compared for each run. It was 

decided to use the methods of autocorrelation analysis for this purpose: 

not only could an index of the relative size of oscillations be provided, 

but also the method is especially suitable for the extraction of a 

periodic signal (alternate-breath oscillation) from a noisy background. 

An examination of the frequency distributions of data from the OoC runs 

(PA m oaclUating) had shown that P ^n was invariably distributed in
AyUUp Ajt~>U,j

a bimodal fashion whereas the output variables were distributed unimodally, 

even when an alternate-breath oscillation was visually apparent (p. 80 ). 

A considerable degree of contamination of the oscillating outputs 

therefore must have occurred; whether this reflects the transducing 

properties of the carotid cbemoreflex arc or a less specific effect is 

considered later (p»158)»

The iniex used was /£, representing the difference between the Z- 

transformed autocorrelation coefficients for displacements of two breaths



and of one breath, respectively (method 2): Pig. 37B and p. 69 . >X was 

calculated from runs of unedited data so as to assess the degree of 

distortion introduced into the oscillating responses by occasional very 

large and small breaths.

.Alternate-breath oscillations were calculated in Series Two, using 

a variant of method 1. As the calculation of a correlation coefficient, 

and therefore of ZD, involves the processing of the differences of 

variates from their mean value, the alternate-breath comparisons were 

related to the run-mean rather than the next breath (method 3): rig. 37A 

and p. 6$ .

Under steady-state conditions, where the response should not increase 

or decrease progressively with respect to time, the amplitude of an 

alternate-breath oscillation obtained by method 1 should be exactly 

twice that obtained by method 3 on the same data (Jflg. 37A: "trend 

absent"). If a trend were present, this equality vvoulJL be abolished, 

and method 3 would then be less sensitive than method 1 (?ig. 37A: 

"trend present"). However, visual inspection of the runs revealed no 

obvious trends in the present experiments: this was not unexpected as 

ample time had always been allowed for breathing to stabilise after 

imposing changes in the mean stimulus level (p.5$ ; P«&0 )• Therefore, 

in the present study, alternate-breath oscillations obtained >~y either 

method should have been similar in size.

A comparison between Series One and Series Two of the incidence of
• 

oscillations occurring in V^, VT &, TT , Tj and T^ during hypoxia showed
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the oscillations to be more prolific in Series One (p. I03 ). As 

different subjects were used in the two studies, it is difficult to 

conclude whether the difference was due to inter-subject variation or 

to the method of estimating the oscillation, though the former explanation 

is favoured.

In Series Two there was a greater incidence of oscillating responses 

in hypoxia when the alternate-breath oscillation was the index of 

oscillation, as compared with 21) (p. 101 ). Otherwise, both indices 

generated qualitatively similar patterns of response, in terms of the 

relative predominance of oscillations in the thirteen output variables. 

The difference between the results reflects partly the use of unedited 

data for the calculation of &> (and therefore the distorting presence of 

occasional large or small breaths) and partly the lesser sensitivity of 

ZD as an index of oscillation. In experiment 409*3 the latter factor 

accounted for most of the difference, the size and distribution of 

significant 2D values being changed little when edited data were used 

instead of unedited data (n,|05).

In conclusion, the two methods used for estimating the amplitude of 

alternate-breath oscillations were comparable in the experiments of this 

thesis, as the data was free of any obvious trends. In Series xwo the 

autocorrelation f\xnction, ZD, was qualitatively compatible with, though 

less sensitive than, the alternate-breath oscillation; this was a 

reflection more of method than of the differences between uneoited and 

edited data. Thus, ZD was used as a standardised (or relative) index
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of oscillation, while the alternate-breath difference methods were used 

as absolute indices.

The selection of respiratory output variables
•

Ventilation (v) is conventionally regarded as that output variable

of the respiratory system through which homoeo stasis of P0 , P^ and pH
U2 ^2 

in the body fluids is maintained. Air flow in and out of the lungs is

effected by transmission of activity from the brain-stem respiratory 

centres on to the appropriate sets of respiratory muscles, generating 

differences in transpulmonary pressure: in inspiration the main effector 

is the diaphragn (Mognoni et al., 1969; Agostoni & 5ant t ^mbro£,io, 1970), 

with the external and parasternal portions of the internal intercostal 

muscles (Koepke et al., 1958; Taylor, 1960); and in hyperpnoeic 

expiration, the interosseons portions of the internal intercostals 

(Taylor, 1960) and the abdominal wall muscles (Campbell, 1952).

However, the possibility has already been considered that an output
• 

variable other than V rai^it bear a closer relation to the output of the

respiratory centres during states of changing ventilatory dri^/e from the 

carotid and medullary chemoreceptors (p.2 1 )•

Rirtheroore, the steady-state proportionality existing between
•

chemoreceptor drive and V is maintained only *hile the resistance to
•

airflow is unchanged. A dissociation of V from P. _n occurs in healthyAjUW^

humans when the flow resistance is increased experimentally, whilst the

relations between P ^ and inspiratory work (^Idridgp & Davis, 1959)&t ̂ 2

and the rate of inspiratory work (Kilic-£mili & Tyler, 1963) are little
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affected. As airway resistance (-1 ) can be influenced by hyr-orca, nia 

and hypoxia, both locally (Nisell, 1950; R&w decreased) and reflcxly

(Nadel & Widdicombe, 1962; R increased) ar search was made foraw
respiratory variables which were measurable and closely related to the 

outputs of the brain-stem respiratory centres, while being relatively 

uncontaminated by concurrent changes in the mechanical state of the lungs 

and airways.

The effects on inspiration of changing the chemical drive *,o 

breathing are perhaps more evident in the earlier parts of the phase, 

'i'he rate of increase of inspiratory volume with respect to time during a 

breath is unaffected by vagal block or section (Head, 1889: rabbit; 

Hammouda oc Yvilson, 1932: dog), the larger tidal volumes which occurred 

after vagotomy being achieved only as a consequence of the prolonged 

duration 01 inspiration. -, similar result on the development of efferent 

phrenic activity was obtained by Larrabee & Knowlton (1946) using 

experimental pneuraothorax in cats.

In addition, iiaznwouda & Wilson reported an increased rate of change 

of inspiratory volume in response to asphyxia; and luiler et al. (1970) 

found the rates of change of the integrated phrenic neurogi-ain, intra- 

pleural pressure and inspiratory volume all to be increased by h^percapnia 

in cats. Hence, in the present study, mean inspiratory flow (.IP; mijht 

serve as an inspiratory index of the chemical drive to breathing, more 

so than inspiratory tidal volume (v~, _).

iJowever, MI? may be less suitable at the higher levels of cherdcal 

drive to breathing, for Kuler et al. (1970) found the effects of
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hypercapnia on the rate of change of inspiratory volume to be confined 

to the lower levels of stimulation, and to the lower frecjuencies of 

breathing for a constant level of stimulation. The increasing hypercapnia 

may have produced a reflex bronchoconstrietion (Nadel & V/iddicombe, 1962); 

and a greater incidence of turbulent flow accompanying increases in 

instantaneous flow may have further i-aiaed H (v.est *. Hugh-Jones, 1959; 

luoau, 1961). In addition, the dynamic compliance of the lung is reduced 

at high lung volumes (liead £ -hittenberger, 1953). Thus, at high levels 

of P pri , KU? may increase less in response to CO Q , ana the instantaneous
i\.fLAJn £•

rate of increase in inspiratory volume may decline progressively during 

inspiration, as pulmonary compliance falls.

^noices of the rate of change of inspiratory volume at tho Ltart of 

ir^ iration were therefore ou^-inea; the peak inspiratory acceleration 

(ri>0 and flow U'ii'O* These variables iu^y also be influenced by changes 

in iL , though not in coiopliance.
^* W

The corresponding expiratory variables C-jS?, P-II*1 ana Ki)A, the last 

not measured here because oi' a lack of recording bpace, are the net 

resulu of an interaction between at least three factors: a wjriert;ism 

between the forces of passive lung recoil and the expiratory muscles, and 

an antagonism by post-inspiratory activity in the in^pirator^ muscles 

(Sreen <ic I^vell, 19>^; ngpstoni et al., 1960; Jtetit et al., 1960). 

"..ith increasing chemical drive to breathing, the activity in the 

expiratory muscles increases, while the post-inspiratory activi^ of the 

inspiratory nuscles declines; and recoil pressure at the Ltar^ of 

expiration will be greater because of the larger end-inspiratory lung 

volume.
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The time for expiration, T^, is alao oi' inteiesu: Cuiminjiaci u; 

Gardner (1972) have shown in man that increases in respiratory frequency 

accompanying steady-state CO^ inhalation in both hyperoxia and hypoxia 

are accomplished by a decrease in T.,,, while T, remains essentially 

constant.

finally, changes in &&, were estimated for each breath ^Vm T ~ v- -)
1,4. J.,Ji

as it was thought that the behaviour of jj'HO might provide an indication 

of changes in It occurring from one expiration to the next. 'jJhus, 

assuming T., to be detemined by the current level of respiratory drive, 

an increase in iL would, be manifest as a reuuced /_ v and, if Vr , ... were 

unchanged, as an increased tf&. ,.£ will be recounted later, there was

inueea evidence of a participation by k in the alternate-braauiaw
responses of expiration in some subjects (p. 14-6;.

jiftor completing the experiments of this study, two reporto were 

published concerning the use of measures of the isometric activity in the 

inspiratory muscles at the onset of inspiration as indices of the output 

from the brain-stem respiratory centre&i (i.ilic-^uili, 1973: cat; 

tovjell, 1973: man): thus, the problem of changing lung mechanics 

during inspiration would be overcome. In man, isometric ana isotonic 

effects were separated by a transient blockade of the inspiratory flap 

of the respiratory valve (for less than 50 msec) during which v.u:.c the 

rate of change of mouth pressure was measured. This quantity correlated 

well with P rf. . Attractive though the methou is in concept ana acsi^n,
A,vxUrt

it may be invalidated if the subject perceives the momentary impairment 

of inspiration.
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Description of results

The hypothesis presented earlier (p.)Z3 ) stated that the

respiratory effects induced by the alternate-breath P. ^ oscillation** > ''•'
•nere mediated by the carotid body. They should therefore be characterised 

by their hypoxia-dependency and short latency (p. 6) .
\

Oscillating responses were estimated in both primary and derived 

output variables, the primary variables being inspiratory and expiratory

times (TT and T ,) , tidal volumes (V T and V ,,) and peak flows Ulr' and j. -«-'-• •*•}<•• •*• » •''j
&*&) , and peak inspiratory acceleration (ELA) , and the derived variables 

being breath duration (T«) , the change in functional residual capacity

, = VL T - Vm p) , inspiratory and expiratory mean flows (Jlr1 and JSF
1,1 1 , -D

and ventilations (V... and •/„.

The condition of hypoxia-dependency demands that the oscillating 

responses should be present while there is a hypoxic drive to the carotid 

body (Cunningham et al. 3 19&f). ^or practical purposes, carotid chemoreflex

effects in man usually require a P somewhat below the euoxic level,,,U2
for their manifestation. However, this does not preclude the possibility

of observing such a response at a higher P. n , but on the basis ofA » up• *•
steady-state V, PA ^^ relations the response should be small.

JVjL/v',-)

Thus, in the experiments of aeries Two most oscillating responses

occurred in hypoxia (P, n ^ 72 torr) with very few apparent in•ii » u2 
hyperoxia (P n } 180 torr), both at rest and during exercise (p. 100).*>^2 
This confirmed the earlier work of .viarsh et al. (1973) at rest, and

provided the new observation that moderate exercise potentiates 

effects of hypoxia.
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That the oscillating responses are h^/poxia-dependent implies that 

hypoxia and the alternate-breath P CQ oscillation interact raultiplicatively.
J*.f\s\Jn

The form of the multiplication is considered later (p. 145), -is is the 

nature of the potentiating action of exercise (p. 159)*

These results are not incompatible with those of Wolff (197M : 

anaesthetised euoxic cats responded to similar alternate-breath P. , 

oscillations by generating a regular oscillation in Vr , .,.. 3uch regularity 

v;as not a feature of the oscillating responses observed in conscious man 

(p.74 ) J anc* t^16 responses v.-ore not often present in euoxia. This may 

reflect a higjier adgnal-to-noise ratio of the respiratory system in the 

anaesthetised cat, or possibly a greater sensitivity to hjpoxia, or both.

The hypoxia-depeiklency of the effects of the alternate-breath P. -^ 

oscillaticii on i:icun re^eri^c^ was studied in Series T\vo, s.t re~t and in
*

e:<£irciae ^ -IIJ ). The study was limited to a comparison of mean V, in 

pLdrsu. Gv>C aii. ».'T V---Y runs: only in the case of V were the steiuy-state
_^

input-out relations sufficiently well characterised to enable accurate 

comparisons to be made (r-72 ).

'.ne findings of CXinninghain et al. (li?65a) were reaffirmed: the 

effect of the P rf. oscillation on mean V t was not different from that 

due to mean P m . This may reflect that uie P.^ oscillauio:, v.^s 

c.ju?JLly effective at refle.J.: stinnlatijv, and depressing V on alternate

breaths, or alternatively that the P oscillation elicited no wreath-
• — 

by-breath response in / .
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Absolute latencies of the oscillating responses were estimated 

during hypoxia when the alternate -breath P oscillation was either
AjUUp

suddenly imposed or auddenly removed tp.111); the techniques of cross- 

correlation analysis were used and were not entirely satisfactory, as 

is discussed on pJ3/ . It was concluded that latencies were of four 

breaths' duration or less, both at rest and in exercise.

In each run of an experiment the oscillating responses in different 

output variables were examined so that a pattern could be obtained of 

their relative amplitudes and their phase relations with respect to

P, nn „ In some experiments the patterns obtained from (-afferent rans 
A » 2

vere rather consistent (subject 4Q9 in ^ries Two). In other cases 

there \vas more variation, and because of the relatively , small number of 

runs peri'ormed in each experiment (limited by the time available for 

experimentation), it was difficult to decide whether the variation was 

random or the early indication of a mechanism more complex than had been 

previously envisaged.

j.t the risk of succumbing to over-generalisation, cu *u.i ~uuv? and phase 

patterns were presented in Series One (p. 90 and i .92) and beries fiwo 

(p. 105 ani p. 107). -tor the sake of clarity, the description vvaa jonfined 

largely to the primary Tiariables, including the derived varx-blcs where 

relevant. These observations are sujaaoarised in the following page a as a 

prelude to the synthesis of a mechanism possessing suificient iMw- 

to account for the variations in pattern while retaining ^ decree of 

physiological credence.



In : eries One ranking the relative amplitudes of oscillation 

produced two patterns of response: the T^-dominant pattern, in which T~,
•

oscillations were consistently larger than those in T~, /, or V, ,.0 i* & fi',t,'
occurred in experiments 368.^, 368.42 , 377.5 and 230.15; and the

Vfp ..-dominant pattern (experiments 392.6 and M8.1) in which the i,.L,,
prominence of the T™ oscillations was lost, leaving the four variables, 

led by V_ 9 with rather similar relative amplitucea of oscillation.
!,.&

In both patterns T, was ranked either lowly or not at all, reil-cting 

its infrequent oscillation: this was not unexpected, for 1' in man is 

hardly changed by C02 inhalation during ivyperoxia or hypoxia 

(Cunningham & Gardner, 1972).

The phase relations, with respect to Js* A on , of oscillation:, in the

variables (V,- , and .L' ) were consistent within most experiments.

Two phase patterns could be distinguished (j'ig. 26, p. ̂ 3) in 3 experiments 

(36t./4- 1 , j)6^.'A2 and 392.6) the T oscillations were of negative phase

and out or phase with the Vr , _, oscillations, while in one experiment————— ——— A 9 &

^230.15) the oscillations of both variable^ were p^,^itive and in phase.

>*n alternating expiratory stimulation (V^ , lai'ger, 1' shorter) and' t^
depression ^V^ , smaller, T longer), as described for the "in phase''

1 , r*

pattern, might have been predicted: for the finain^ of Gunnin^n ,., & 

Gardner (1972) on steady-state COp inhalation, and of Gardner (197^-) on 

step-transients of P pn have shown V and T B . to respond in tnis
A,Uv^ A , Cj ?j 

manner.

The "out of phase" pattern was unexpected. It resembles the brcath- 

by-breath positive correlation between Vr . and TT first reported by 

Priban (1963) during steady-state conditions of respiratory drive.
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There appear to be at least two possible explanations for the behaviour 

of VT B and Tfi : the two variables may be responding to the same signal 

but by different mechanisms, or one variable may be responding and the 

other following passively. Judgement on this matter is postponed until 

the results of Series Two, including both including both inspiratory and 

expiratory responses, have been reviewed.

In Series Two, the amplitude patterns (obtained by ranking Zl>) and 

the phase patterns were conveniently classed as inspiratory and expiratory; 

thus one or both might be present in any experiment. The imposition of 

moderate exercise had no obvious effect on the patterns, except to increase 

the incidence of oscillating responses.

The two or three experiments performed on any subject were analysed 

as one, in an attempt to emphasise any latent patterns of response. This 

procedure was justifiable as visual inspection of the results had 

revealed no gross differences in the pattern of response in separate 

experiments on the same subject, though the incidence of oscillations 

might have been different.

Perhaps the most surprising finding of the whole study was the 

ubiquity of the oscillation in r:i?JBC at rest and in exercise: the breath- 

by-breath oscillation in FKC reflected a difference in the behaviour of 

V- T and VT - This observation is returned to later (p.|4-4).
T,I »;C

The amplitude patterns of the primary variables are briefly 

described. Subjects 425 and 392 had inspiratory patterns only, with 

oscillations occurring in the inspiratory primary variables (V^ j., 

and PI A) to varying extents. Subjects 409 and 421 possessed both



FIC.38. Subject 4O9: phase pattern of the derived variables

depicts the phase of the oscillation. 
Thick boxes indicate the prominent primary 
variables. Thick arrows indicate prominent 
influences on derived variables.
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inspiratory and expiratory patterns, so that oscillations were present

in T^ and HSF, as well as in the inspiratory variables. Vm „ has been
T,h

omitted from the expiratory pattern for, as will soon become apparent, 

its behaviour is more in keeping with an inspiratory primary variable. 
Tj, as in Series One, responded infrecently.

The phase patterns of the primary variables were rather consistent 
in subject 409. The inspiratory pattern consisted of positively-phased 
oscillations in VT , PIF and PI A. The expiratory phase pattern was 
manifest as negatively-phased oscillations in T and PEL?1 . This implies 
that an inspiratory stimulation occurred on the same breath as an

expiratory depression, and vice versa. Oscillations in V were lessi,&
frequent and were of positive phase. This pattern corresponds to the

"out of phase" pattern for Vm _ and T . in Series One.* *»•£• "
The manner in which the oscillating responses in the primary 

variables interacted in the derived variables is depicted in Pig. 36. 

The only derived variable relevant to the present discussion is DtfHC: it 

oscillated with a positive phase determined by the VT ^ oscillation.

The phase patterns in the remaining subjects were less easily 

characterised because of a lower incidence of oscillations. The 
inspiratory phase pattern, together with positively-phased oscillations 

in V_, , and DFHC, occurred in the remaining subjects to varying extents. 

An expiratory phase pattern was absent except in subject 421: it 

differed from that of subject 409, TK and PE? oscillating with a 

positive phase in some runs, while in others T£ , only, oscillated with a 

negative phase.
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Thus, a hypothesis of carotid body function is needed which can 

account for a relatively consistent pattern of response during inspiration 

and a more labile expiratory response. It had been hoped that estimation 

of the absolute latencies of the oscillating responses with respect to 

P. QQ might have determined whether the inspiratory primary variables 

responded ahead of the expiratory primary variables, or vice versa, in 

those runs where oscillations in T~ and PEF were out of phase with those

in VT j, JOF and HA.

It had been concluded that latencies were of four breaths 1 duration 

or less (p.H3 ), but a greater accuracy was not warranted because of the 

shortcomings of the method. Its weakness lay in the form of the stimulus 

used. As mentioned on p. 92 the latency of an alternate -breath oscillation 

could not be measured in absolute terms. In retrospect, a similar 

drawback applied to the CO^-transient (p«H2): the oscillating portion 

of the transient proved to dominate the single change between the 

oscillating and steady states of P, rn . As predicted, this resulted in.tt^UUg

an oscillating cross-correlogram of 2-breath period (Fig. 30, p. HZ) 

which precluded a statistical estimation of r^^.

Thus, the conclusion that in subjects 409 and 421 the oscillating 

responses in TE and PEfr1 tended to lead those in the primary inspiratory 

variables by one breath can only be tentative (p. 1 13 )• It would be 

worthwhile re-investigating the absolute latencies using a more suitable 

form of C0r> stimulus: perhaps of a more randomised form, with a frequency 

spectrum beyond the limits of resolution of the medullary chemo receptors.
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Prior to considering the physiological mechanisms which might have 

produced these response patterns, the elimination of influences arising 

from the experimental conduct is discussed. The first influence concerns 

the effects of changing gas viscosity on alternate oreaths on the 

performance of the pneumo tachometer. It was predicted on p. 5? that, on 

theoretical grounds, inspiratory flow should be overestimated by the 

pneumo tachometer on a high-CO^ breath, because the increase in mean gas 

viscosity. As inspiratory volume and acceleration were derived from the 

flow signal, they should also be subject to overestimation. Conversely, 

on a low-C02 breath underestimation should occur.

As the potential existed for the pneuraoteCharacter to generate an 

alternate-breath oscillation it was essential to estimate the significance
*

of this effect under the conditions of PO , V, VT and TT normally 

encountered in an experiment (p. 41 )• It was concluded that the 

pneumo tachometer did not participate in the generation of alternate-breath 

oscillations in VT Jf PIF or PIA.

The other factor that might have induced a spurious oscillation in 

respiratory output was noiae arising from the closure of the inspiratory 

solenoid valves at the start of expiration. If such noise was perceptible 

to a subject, persistent alternate-breath oscillations vould have been 

seen in all the STK>vi^Y runs: for, the valves operated throughout all 

experiments. However, the incidence of significant oscillations in the 

STEADY runs, was very low, so that this effect was discounted.
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The incidence of alternate-breath responses occurring in the

absence of the P n oscillation, although considerably less than in
' L » 2 

its presence (Series One: 1^t, p.89; Series Two: 3.5;: at rest and

6,2/u in exercise, p. 103) may reflect a more general tendency of the 

respiratory system towards oscillation. Steady-state analysis of the 

human respiratory system under conditions of constant P __ and 

P,^ Q indicates the presence of oscillating responses at several 

different frequencies (Jensen & Ward, work in progress).

Thus, the patterns of oscillating response that have been described 

in this section represent the reflex respiratory effects of an alternate- 

breath P pQ oscillation, presumably emanating from the carotid body. 

The mechanism inducing these effects has to account for some rather 

unexpected findings: the possibility of obtaining an inspiratory 

stimulation and an expiratory depression on the same breath (and vice 

versa), and of ?ac oscillating more regularly, on average, than any 

other output variable.



- 140 - 

The role of the carotid body

It is proposed that the alternate-breath P . oscillation is
A,C/Up

transduced by the carotid body during hypoxia into an oscillating 

discharge of the same period. This then reflexly affects respiration to 

produce the observed alternate-breath responses, both at rest and in 

moderate exercise.

As the within-breath P „ oscillation can be detected in theAfUJg

brachial artery of man (Band & Semple, 1966, 196?), it is not unreasonable 

to expect that the alternate-breath P ^ oscillation (half the frequency

and about thrice the amplitude of the within-breath P rn oscillation atA»^U2
zest) is transmitted as far as the carotid body. This has been confirmed 

for the cat (Band et al., 1969b).

It may be similarly inferred that an alternate-breath oscillation 

is produced in the carotid sinus nerve discharge (p. 13). The peaks and 

troughs in the discharge frequency might coincide with the irmxima and 

minima of P,^ or of its rate of change with respect to time. The latterUUp

is favoured in the cat (Band et al., 1971; Willshaw, 1974: this thesis, 

p. 14), and possibly also in man, for the human respiratory system 

resembles that of the cat in responding more easily to quick changes in 

P. ~~ during hypoxia than to the corresponding changes in hypoxia (p. 16).Ajt/Ug

The calculated alveolar profile of the alternate-breath oscillation

is depicted in Fig. 23 (p.82) for Pm and for its rate of change.
2 

Allowing for a certain amount of attenuation of the P^ oscillation to
\AJ r\

occur in transit from the lung to the carotid body (p.J£t), the two



profiles probably do not differ greatly on re ching this point. Thus 

the basic predictions of the hypothesis are not unduly affected if the

carotid body responds to Pm or to its rate of change. To simplify theW2 
subsequent argument, the alternate-breath profile of the carotid sinus

nerve discharge frequency is assumed to be a square wave.

It is further proposed that the variation observed in the pattern of 

oscillating reflex response represents a variation in the central timing 

of the alternate-breath oscillation in carotid body discharge in relation 

to the current respiratory cycle: Black & Torrance (I96?a, 1970 and 

Band et al. (1968, 1970), as described on p. 19. The mechanism which 

mediates the reflex effects of central timing has a sufficiently short 

latency to enable it to discriminate between adjacent respiratory half- 

cycles; thus an expiration could be influenced independently of the 

inspirations immediately preceding it and following it.

The central timing of the carotid body discharge is determined by the 

ratio between breath duration and the circulation time from the lung to 

the carotid body (p. 19). Two examples are shown in Fig. 39 (p. 143)* *n 

(a), the carotid body discharge oscillates in phase vd.th the respiratory 

cycle, being either high or low for a complete inspiration and the 

following expiration; in (b), the discharge i» out of phase by half a 

respiratory cycle, the period of high or low discharge spanning the 

expiration of one breath and the inspiration of the next.

A raised level of carotid body discharge arriving centrally early

in an inspiration should stimQa te that inspiration by increasing V., T—___ Xjj.

(Black & Torrance, 1967a, 1971; Band et al., 1968, 1970); the absence
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of the Hering-Breuer reflex in man, except in extreme hyperpnoea, should 

preclude Tj shortening in consequence (Crossfill & V.iddicombe, 1961; 

Cunningham & Gardner, 1972). Hence, increases should also occur in MIF, 

Pli?' and ¥1*. fieplacing the raised discharge by a diminished discharge 

in the next inspiration should depress the previously stimulated variables.

Thus, if the carotid sinus nerve discharge arriving centrally 

oscillates between these two levels on alternate inspirations, those 

inspirations may be alternatively stimulated and depressed, generating

alternate-breath oscillations in V,., T , MIF, PI? ana PI A.1,1
The effect of a raised discharge from the carotid body arriving 

centrally during expiration should be to depress the current expiration 

by lengthening T£ (Black & Torrance, 196?a, 1971; Howard et al., 1969) 

and decreasing r&P (Howard et al., 1969)* As in inspiration, an 

alternation in the level of carotid body discharge arriving centrally 

during successive expirations could alternately depress and stimulate 

the current expiration, producing alternate-breath oscillations in T^, 

and Efctf.

There have been no reports of V_ ., responding to central stimulation
I 9 £t

by the carotid body during expiration. AS described earlier (p. )3t ),

when V_ _ oscillated it was invariably in phase with the oscillations of 
T,E

the primary inspiratory variables, but its relation to the remaining 

primary expiratory variables (T£, Pii?) was more variable. Integration

of the responses of V., -, into the hypothesis of carotid body involvementu,&
is therefore postponed until the next section (p.14d) where the factors 

influencing PRO are considered, itor present purposes, it is assumed that
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in Series One the occurrence of oscillations in V_ _, was an indication
T,ls,

that similarly-phased oscillations had been present in the inspiratory 

primary variables, although these variables had not been recorded.

Thus, depending upon the central timing within the current respiratory 

cycle of the alternate-breath oscillation in carotid body discharge, the 

hypothesis predicts that inspiration and expiration may be both stimulated 

or both depressed on the same breath (Pig. 39b), or one may be stimulated 

on the same breath as the other is depressed, and vice versa (Fig. 39a).

The pattern of central timing depicted in Fig. 39a could account for 

the "out of phase" patterns of oscillation of Vm ,, and. T,, in Series One
1 ,£i ^

(experiments 368.^, 368.42 and 392.6), and of the primary inspiratory 

and expiratory variables in oeries Two (subject 409, consistently; 

subject 421, occasionally). The central timing pattern of Pig. 39b 

could likewise account for the "in phase" oscillations of V,., and T^ in
1 y£l Jj

Series One (experiment 230.15), and of the primary inspiratory and 

expiratory variables of Series Two subject 421, occasionally).

The observation of Black & Torrance (l96?a, 1971) that the effect 

of 00 ~ pulses delivered to the cat carotid body during expiration was 

more labile than the effect obtained during inspiration might explain the 

absence of oscillation in T~ and PEP in subjects 425 and 392. Either
JCJ

pattern of central timing in Pig. 39 could account for inspiratory 

phase pattern in these subjects.

In summary, the response time of the human carotid body (activated 

by hypoxia) is sufficiently short for a reflex respiratory response to be 

elicited by the alternate-breath P rn oscillation. A decree of



FIG.4O. Some examples of the relations between VT 6 VT•I '

I. VT 6 VT not oscillatinq. 
'•I ! 'E

VOLUME

DFRC = O

2. VT osciilatinq.

VOLUME

DFRC = X

FRC

FRC

3. VT 6 VT oscillatinq equally.
XL., i

VOLUME

DFRC = O
_FKC
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flexibility may be imposed upon the carotid, chemoreflex arc by the timing 

at the brain-stem of carotid body discharge. Thus it was proposed that 

the variations observed in the patterns of oscillating responses in 

different subjects reflect differences in the central timing of the 

alternate-breath oscillation in carotid body discharge. These differences 

in timing may arise from differences in the ratio of breath duration to 

the lung-carotid body circulation time; the means by which these may 

occur are considered later (p./SJ).

The alternate-breath oscillation in PIC

The incidence of alternate-breath oscillations in the derived

variable, DFRC (= V-, T - V_ _) was more widespread than that of the1,1 i,jj,
oscillations in either V_ T or V_ , as if the combined effects of these

1,1 l t £i

two variables was more uniform than either of them alone. Some examples

of the relations occurring between VL , and Vm „ are presented in ?ig. 40.1,1 !,.&
Generally, the DFHC oscillation was positively-phased, and^as both 

the V_, j and Vp, oscillations invariably had the same phase, the 

amplitude in V was greater than that in V_, . On infrequent occasions,
1,1 1 ,-Q

other observations were made: a matching of the amplitude of the V,_ _

and V-p t, oscillation gave no oscillation in DFBC; a greater amplitude T,h
of the V., _ oscillation resulted in a negatively-phased DPIC oscillation; I,JL
insignificant oscillations in VT I and VT fi produced a significant 

oscillation in DFEC.

The apparent inability of the changes in VT to match those in 

V^, T has led to a consideration of some factors which might influence



the degree of pulmonary emptying: the breath-by-breath respiratory 

exchange ratio, the time available for expiration, and the airway 

resistance.

Respiratory exchange ratio. The breath-by-breath oxygen uptake 

should be little affected by the presence of an alternate-breath P

oscillation. However, the P^ gradients between pulmonary arterial 

blood and alveolar air change on alternate breaths, being about the same 

as the usual air-breathing gradient on the low-G02 breaths, but being 

diminished (in exercise) or even reversed (at rest) on high-COp breaths 

(p. 82). The reversal of COp flux on alternate breaths at rest should 

decrease the volume of gas expired on a high-002 breath. This could

generate an alternate -breath oscillation in Vm , negatively-phased withi,Jj.
respect to P. ^ and therefore out of phase with V-, T : such a predictionAjlvUp 1 j JL

is, however, contrary to observation.

£ven if the rate of C02 flux into the blood on a high-002 breath 

were to equal the normal air-breathing efflux at rest (ca. 21fO ml min ) , 

during a breath of 3 sec duration only 12 ml of C02 would enter the 

pulmonary blood from the alveolar air: this would be imperceptible. 

Thus, changes in breath-by-breath C02 flux are unlikely to affect VT g 

or, therefore, FfC.

Expiratory time (T£). There is little reason to doubt that 

expiration was an active process in the present study (Campbell, 1952; 

Taylor, 1960; this thesis, pJZ^)). Thus, the oscillations in T£ which



occurred in several experiments are assumed to reflect the central 

timing of the alternate-breath oscillation in carotid body discharge 

(p. 142).

The exact nature of the mechanism which determines the level of ?.,
£i

has not been elucidated. Over a wide range of respiratory stimulation 

in man, the increase in respiratory frequency accompanying an increase 

in ventilation is achieved by a shortening of T , with relatively little 

change in T* (steady-state hyperoxic and hypoxic hypercapnia at rest: 

Cunningham,& Gardner, 1972; step-changes of hypercapnia in hyperoxia at 

rest: Gardner, 1974; transient removal at rest of hypoxia alone, of 

hypercapnia in hypoxia, and of hypoxia and hypercapnia together: Drysdale, 

Jensen & Cunningham, in preparation; in air-breathing exercise: Kay 

et al., 197U>).

There is evidence in animals that T^ may be modulated by residual 

inspiratory-inhibitin^ activity from the previous inspiration (Nadel et 

*!• t 1973: conscious dog; Clark & iiuler, 1972, and Knox, 1973: anaesthetised 

cat). In man, however, this effect should be insignificant, if not 

absent, as the Hering-Breuer inflation reflex can only be demonstrated 

in excessive hyperpnoea (Crossfill cc Widdicombe, 1961; Cunningham &

Gardner, 1972).

If the oscillating drive to expiration determines both the amplitude 

and duration of the expiratory effort, then T^, and V™ , should oscillate+j* X • .LI

in phase, as was found in experiment 230.15 of Series One and, on 

occasion, in subject 421 of Series Two. If the VT & oscillation departs 

from this relation, a change in R might be a causative agent.
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.drway resistance (tt^)* "hile the oscillating responses in T v 

have been shown to satisfy the conditions of hypoxia-aependency am 

short latency demanded of a carotid chemoreflex (p. 6), the implication 

of reflex changes in R being mediated by the carotid body was basea
c*W

upon evidence in the literature from animal experiments.

In animals, CO may dilate the airways locally (idsell, 1^50), 

and constrict them by a vagal reflex (jJinthoven, 1892; Nadel & Widdicombe, 

1962). In man there have been conflicting results, perhaps due to varying 

participation of the local and reflex actions of (XL: at present, (XU 

is regarded as having a constrictor action (Sterling, 1969; Hodarte & 

Hyatt, 1973). As C02 reduces laryngeal resistance slightly in man 

(Spann & Hyatt, 1971) by a laryngeal reflex (cat: Dixon et al., 1974), 

the increase it causes in R should reflect a constriction of the lower 

airways (cf. Sterling, 1969)-

In the experiments of Nadel & ^iddicombe (1962) on the cat, there 

was evidence of a multiplicative interaction at the carotid body between 

hypoxia and hypercapnia on lower airway constriction: the reflex 

bronchoconstriction produced by hypoxia, and part of that produced by 

euoxic hypercapnia were abolished by ligating the glossopharyngeal nerves, 

iixact estimates for the latency of the reflex bronchoconstriction were 

not available: the neural component from the carotid body to the 

bronchial smooth muscle should be short, but the limiting factor may be 

the time taken for contraction or relaxation to develop ii* the muscle.

ftadel & Vdddicombe' s observations showed R to increase within theaw
first 30 seconds after a change in Pr<~ or Pn .C02 02



Whether a similar mechanism of bronchoconstriction mediated "by 

increased carotid body drive can occur in man warrants experimental 

study. At present, however, one is faced with the dangers of over- 

speculation when invoking an alternate-breath oscillation in lower 

airway tone and R&w to account for the discrepancies observed between 

the oscillating responses in Vn, , and T,,.
i ,UJ Ij

Perhaps the relevant conclusion to be dra,n from this section is not 

so much that <'&> oscillated ubiquitously, but that the responses in

V and V,. were rarely matched. If the hypothesis of carotid body i,x a.,^.
function and central timing presented on p. 14-0 has validity, then the

mis-matching of Vf,, T and V_ , -would seem to reflect the rather un-natural1,1 1, z*
profile of ca/otid body discharge (an oscillation with half the frequency 

of the wi thin-breath oscillation) which makes it possible to stimulate 

inspiration and depress expiration on the same breath.

The multiplication between hypoxia and the CO., oscillation; at rest

Evidence was presented in Chapter 1 of there being a multiplicative
*

interaction between hypoxia and hypercapnia on V., in resting man, 

mediated by the carotid body (p. 21). During steady-state conditions the
•

multiplication is effectively linear: V^ increases linearly in response 

to iso-oxic hypercapnia (Nielsen & Smith, 1952), and to iaocapnic hypoxia

(Lloyd et al., 1956), where hypoxia is an inverse ftinction of P n
* 2 

The effects of graded hypoxia on the respiratory responses to

transients have received less attention. The present study was an



attempt to rectify this situation by examining the hypothesis that the 

multiplication of the alternate -breath P oscillation by hypoxia is
A,U^2

analogous to that of the steady state, so that the amplitude of an 

oscillating response increases linearly with hypoxia.

In Series One it was tentatively concluded that a multiplication had 

occurred between the P. on oscillation and hypoxia within the P, n
•tl »'-'p

range of 60 to 50 torr (p. 95). The collected results of the Series in
• 

all variables (V£ , V^ £ , T^, T,. and T£) provided 6 instances out of 30

where the oscillation amplitude was greater at the lower P, n ; the. A » U2
most marked response occurred in experiment 392.6, with V ,, V^ ., and T.-,-^ •*• f-1-' — '

showing a multiplication (Fig. 28, p. 96).

The hypothesis of a linear multiplication between hypoxia and the 

P. n oscillation was investigated more fully in Series Two. Because of
J-'-jLUr,

the extended range of P n (ca. 200-45 torr) and the greater number of"1* 2 
measurements (ca. 4-7) , multiplication was assessed by a linear regression

analysis of oscillating response (oscillation, ZL) upon hypoxia (p.Jl4).

The collected results at rest from nine experiments produced 11 

regression coefficients out of 117 (9.4f) that were different from zero. 

In each instance, the oscillation amplitude increased with the degree of 

hypoxia, as predicted. Although this represented a statistically 

significant incidence of linear multiplication, it was less than had been 

hoped for. It should be pointed out that one of the 4 subjects (425) 

showed very few oscillating responses at rest, and that experiment 42 n 2 

hardly encroached upon hypoxia. The incidence could therefore be
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re-expressed for the remaining 6 experiments as 11 out of 78 (1 

which is still perhaps rather low.

It might be pertinent to compare these results with those of Band 

et al. (1970) obtained from anaesthetised cats. In 3 cats out of 4, the 

reflex response (VT j) elicited by a pulse of 00^ applied to the 

carotid body at a given point during inspiration was increased when the

animal breathed air instead of oxygen; a iXirther reduction in S A hadi ,U£
relatively little effect in 2 cats, but elicited an additional respiratory 

stimulation in a third. Thus in both conscious man ana the anaesUttised 
cat, multiplication by hypoxia of the respiratory effects of a high 

frequency GOp signal was seen, but by no xaeans invariably.

There was no evidence of a hypoxic threshold for the generation of 

reflex oscillating responses in the P ,, range 01" 200 to 100 torr 

(p«l(5). Cunningham et al. (1964) reached a similar conclusion for

steady-state breathing in man: inhalation of pure oxygen at a P ~ of
• ^ 

210 torr during hypercapnia produced a small but definite fall in V,,,
*-j

implying the existence of a hypoxic drive to the carotid body even at a

moderately raised P. n .-,u2
The observed wiltiplication between hypoxia and the P CQ oscillation, 

«U.though scattered between the different experiments, occurred most 

often within the group of variables (MIF, Hi?1 and PL,*) and to a lesser 

extent in Lii-', P&?1 and T, (Table 19, p. 116). Multiplication was 

noticeably absent from the volumes and ventilations. Airthertnore, 

although DFxC oscillated more frequently in hypoxia than any o'Jie



FIG.41. The effects of hypoxia on the amplitude of the 

alternate-breath oscillation and run-mean.
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output variable, graded hypoxia did not systematically increase the 

amplitude of oscillation.

It is encouraging that those output variables which exhibited the 

effects of a linear multiplication between hypoxia and the P ^n
.jVjUUg

oscillation were those considered more liksly to reflect the reflex 

effects of a changing drive to breathing (p. 12^).

Of interest was the observation that linear multiplication was 

usually still present after the alternate-breath oscillations haa been 

normalised with respect to their run-means ^p.lty )• i'his implied that 

the amplitude of the oscillations increased proportionately more with 

hypoxia than did the corresponding run-means (±''ig. VI): for, in all 

experiments the run-means in the several variables (T, ,, I1 ,,, ^ expressed 

as frequencies for this purpose) increased with hypoxia, with the 

exception of Vj^bkoo^U of-kw. -K> a. lesser cfegm a-f 4-ke \AA$VW le^eU of hypoxia .

These observations ooulc imply that the human carotid boay is more 

sensitive to a changing (X/ 2 stimulus than to a steaay CO,, stimulus. 

evidence for the carotid body of the cat responding to the rate of 

change of P,^ rather than to EL_ per se has presented in Chapter 1
UU^ UUrt

(p. 14). /iixi, in man, the reflex responses elicited by quick changes of

auring hypoxia are elicited more qaickly ana easily than the 

corresponding changes in P. Q i,aescribea on p. 16).

The validity of this argument depends on the relation between P>i,

aod carotid body P^ being maintained as hypoxia increases: for, an\j\)n



"extra" effect of the P, _-. oscillation on respiration could result
J\. 9 (A)y ^

from a reduced attenuation of the CO^ signal during its passage from 

the lungs to the carotid body. In addition, as it is the reflex 

effects of carotid body activity that are being considered, one cannot 

exclude the phenomenon of central timing: again, an apparent hyper-

sensitivity of the carotid body in the presence of the P. oscillation.•4.,UU2

might reflect an improved central timing of the carotid body discharge. 

.•ittenuatioii of the P, -n oscillation. The tv»o main sites at vfcich- - - - - - -

the Pnn oscillation may be attenuated to a greater or lesser degree areC02 
the lung and the left ventricle. The mis-matching of alveolar ventilation

and pulmonary capillary periVsion and the heterogeneity of pulmonary 

capillary transit times should both contribute to the attenuation 

(Yokota & Kreuaer, 1973). Their effects should be lessened with an 

increased activity of the heart, as occurs in muscular exercise and, to 

a lesser extent, in hypoxia. A more even perfusion of the lung in 

exercise reduces the degree of ventilation-perfusion inequality (West & 

Dollery, 1960). Also there is less variation in the pulmonary capillary 

transit times during exercise (Knopp oc Bassingthwaite , 1969).
•

In the left ventricle the oscillation is temporally segaenteci and 

mixed with the residual blood volume. Therefore, any influence increasing 

the ratios of heart rate to respiratory rate U'Vf } or of left ventricular

end-diastolic to end-systolic volume H/ViSV will limit the distortion 

of the P^ oscillation at this site (Yamamoto, 1962; Yokota & Kreuzer,
(.AJn

1973). And, exercise should decrease the attenuation by effects on

both ratios: f /f is increotsed in exercise(c.f.^am4<noto^1962) : this thesis,
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Appendix 3, p.240 , and although the behaviour of the cardiac residual 

volumes is lacking in man, iDV/^V increases during exercise in the 

conscious dog (Chapman et al., 1959).

The effects of hypoxia are less easy to predict, ^sruussen & Kielsen 

(1955) found that in man the cardiac output (measured by dye dilution

using T-1821+) was increased during h;ypoxia (P ca. W) torr) by 10-20;ua,U2
of the control value at rest and during exercise. The increase was due 

to an increased heart rate, the stroke volume tending to fall slightly.

In the present experiments, at rest f rose from ca. 20 min" to ca. 

25 min"" , on average (an increase of 25/ )• Although the conditions of 

this study and that of Asmussen & Nielsen are not airectly compatible, 

it does appear that the tendencies for f and f to increase on exposure
C v

to hypoxia are of the same order.

Vhether KDV/ESV is affected by the small reduction in stroke volume 

observed by Asraussen & Nielsen would be difi'icult to predict.

Thus, the effects of hypoxia on the degree of attenuation undergone 

by the P^ oscillation in transit from the lungs to the carotid body 

would seem to be minimal.

The timing of the P, ^ oscillation. The central timing of the
O

oscillation in carotid body discharge in relation to the current respiratory 

cycle la determined by the ratio of breath duration and the circulation 

time between the lung and carotid body. In hypoxia, as discussed above, 

breath duration is shortened (f increased) and cardiac output is 

raised. An increase in cardiac output is one of the factors which



should decrease the lung-carotid body trciisit time: during exercise 

the transit time between the lung and ear lobe capillaries is shortened 

(IJQ jours et al. , 1957e,b; Drysdale, personal comrmnication) , this being 

considered comparable to the lung-carotid body time (Jain et al. , 1972). 

However, Lrysdale (personal coiraomication) found no systematic decrease 

in the lung-ear lobe circulation time when resting subjects v.ere made 

hypoxic.

The occurrence of a reduced breath duration in the face of a relatively 

constant lung-carotid body circulation time must affect the central 

timing of the oscillating carotid body discharge. However, without 

prior knowledge of the central timing in euoxia, the effects of a changed 

timing in hypoxia cannot be predicted: the facility exists for either 

stimulating or depressing respiration.

Thus, in conclusion, the observed linear multiplication at rest

between hypoxia and the alternate -breach P _ oscillation may representji,n>2
multiplication at the carotid body, possibly by a mechanism sensitive to 

the rate of change of Pf:f . . In addition, the possibility exists of there
l/Lr.,

being a reflex modulation by changes in the central timing of the 

oscillating carotid body discharge. The alveolar-arterial transmission 

of the Prn oscillation appears little changed, however.

The multiplication between hypoxia and the 00^ oscillation; in exercise

In the previous chapter it was proposed that exercise interacted 

additive ly with the combined reflex effects of hypoxia and the alternate 

breath P. ^ oscillation (p. 78 and i?ig. 20), by analogy with the
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steady-state observations of Aariussen & Nielsen (1957) and Dhattacharyya 

et al. (1970). -OLthough this hypothesis may be a slight oversimplification
*

(the V,,, P. nn relation during hypoxic exercise is often curvilinear a j^^Ug
rather than linear), it allows the effects of exercise to be oxploied by 

linear regression analysis, as at rest.

At least some of the steady-state "additive" component is hypoxia- 

dependent (as shown by the rapid fall in V ? when oxygen is breathed), 

the remainder reflecting a neural drive to breathing (Cunninghani et al., 

1968). The nature of the hypoxia-dependency is not yet clear. Black & 

Torrance (I967b, 1971) and Cunnin^iam (I974b) have proposed that the 

increased amplitude of the within-breath P, ^ oscillation in exercise 

provides an increased chemoreflex drive to breathing in hypoxia, and that 

further modulation may occur as a result of an improvement in the central 

timing of the carotid body discharge (p. 18). Others have proposed a 

central facilitation of the chemoreflex occurring independently of changes 

in the arterial blood gases (Hilton & Joels, 1964; fcavies <k Lahiri,

1973).

In the present study an attempt was made to separate the effects of

oscillation amplitude and timing by inducing a P oscillation of
9 2 

constant amplitude at rest and in exercise (the amplitude being comparable

to that of the within-breath P n «~ in moderate exercise). Therefore theA, CO,

differences observed in the oscillating responses between rest ana 

exercise should principally reflect changes in the central timing of the 

carotid body discharge. If the major influence of the within-breath 

P, ^ oscillation is exerted throu^i its profile rather than its timing 

one might expect the effects of exercise in the present ~&*dy to be of
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little consequence in generating ;r.ore prominent alternate-breath 

responses. ;oi involvement of the carotid body in exercise was ir.plieu 

from the hypoxia-dependency oi1 the oscillating responses, as at rest. 

There was a considerable increase in the incidence of oscillating responses 

(p.100) and of significant regression coefficients (p.114). Linear 

multiplication was indicated in 24 cases out of 117 (22.5;;) from the 

collected results, repreaentin^ an approximate doubling of the incidence 

at rest.

Some features of the hypoxia-dependency were common to the resting 

and exercising conditions: there was no evidence of a I' n threshold
A,U2

in the range of 200 to 100 torrj linear multiplication was still 

present in many cases after the responses had been normalised with respect 

to the run-mean; the most commonly involved variables were rather 

similar, though the range of involvement was wider.

The hypothesis of addition by exercise predicts that the regression 

coefficient is unchanged but that the hypoxia intercept occurs at a higher

P f . . In only 3 cases did significant coefii .ients occur both at rest
^> U2 

and in exercise: in 2, addition was confirmed (experiment 409.5: M?--*1 ,

PKF), while in the third, further miltiplication was indicate^ 

(experiment 421 A: PIP).

The enhanced status of the oscillating responses in exercise may 

result from a reduced alveolar-arterial attenuation and an improved

central timing of the alternate-breath Pm oscillation (0.152). Also\^\j,j

it is evident from j*ig. 23A (p. £-2) that, although the alternate-breath
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oscillation in end-tidal 1' is approximately e<iual at rest and in
T v-'Up

exercise, the maximum computed oscillation in alveolar P' is larger in—————— C02

exercise, reflecting a greater rate of GO^ elimination. *& the inspiratory 

and expiratory times are reduced in exercise (Kay et al., 197^k) the 

P A m oscillation becomes sharper in profile.
/ijUUp

ITie effects of changes in the central timing of the oscillating 

carotid body uischarge should also be considered (p.l53 ): for, both the 

lung-carotid body circulation time and breath duration are shortened in 

exercise. The lack of change in the phase relations of the output

variables, both between themselves and with respect to the 1 „^ A,O>2
oscillation, on going from rest to exercise (p.10?) indicates ihat the 

ratio of breath duration to lung-carotid body circulation time was not 

grossly altered. However, smaller significant changes in central timing 

could have occurred within the respiratory cycle but these woula not 

have been detected by the methods of this thesis.

In conclusion, the observation that moderate exercise can potentiate 

the incidence of alternate-breath responses in hypoxia may imply that an 

improvement in the central timing of the carotid body discharge had 

occurred, and that this effect might provide part of the potentiating 

action of exercise on hypoxic hyperpnoea under more natural conditions. 

Hovever, there was no indication of the relative contributions to the 

oscillating responses in exercise of reduced attenuation and changed 

central timing of the P^Q oscillation.
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Karely did exercise modify a pre-existing linear multiplication 

between hypoxia and the P. on oscillation at rest. This reflected a
.AjL/VJp

rather low incidence of multiplication at rest rather than the absence 

of a further stimulation in exercise.

Variability of responses

There was considerable variability in the incidence of oscillating 

responses in different subjects, bein£ especially marked in Scries Two. 

It nay be lelevant that Band ei. al. (1970) wei« unable to elicit a. 

respiratory stimulation in some cats by close delivery of CCu ]ulses to 

the carotid body. V.hether this reflected a depression of chemoreflex 

activity by anaesthesia or whether the carotid body lacked the ability 

to transduce high frequency information on P-^ is not clear. If the 

latter vsere the case, one mii^it invoke the phenomenon to account for the

poor oscillating responses of subjects 425, 377 arid 416.

alternatively, the efficicacy of the P ~ at the carotid body mightWJ2

be poor as a result of substantial alveolar-arterial attenuation; or 

its reflex efficacy may be impaired by the central timing of the carotid 

body discharge such that the level of activity arriving centrally at 

sensitive phases of the respiratory cycle was similar on alternate breaths.
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Concluding remarks

The ability of the human carotid, body to respond to an alternate-breath 

oscillation when activated, by hypoxia has been amply demonstrated

at rest and during moderate exercise in a wide variety of respiratory 

output variables. The hypoxia-dependency could take the form of a 

linear multiplication between hypoxia and the C02 oscillation, especially 

in those variables which had been considered as being suitable inaices 

of respiratory centre output. There >'«re indications that the 

multiplication might involve a mechanism sensitive to the rate of change

of Pco2-
The reflex effects of the oscillation proved to be more complex 

than previously imagined, perhaps reflecting the modulating effects 

conferred on the carotid chemoreflex by changes in the central timing of 

carotid body discharge. Thus either inspiration or expiration could be 

excited or depressed independently of the other. It was felt that the 

ubiquitous oscillation in *'HC mi^ht reflect this situation, althoui^ 

an additional effect of changing airway resistance has also been 

considered. The behaviour of PRO and airway resistance in response to 

changes in carotid chemoreflex drive from one steady state to another 

warrants attention.

The results obtained during exercise lead to 1he possibility of a role 

in hypoxic exercise hyperpnoea of changes in the profile ana central

timing of the within-breath P nn oscillation. Hather more specific,.,,,u,
studies on this point are needed. i?br example, the degree of alveolar-
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arterial attenuation occurring at rest and in exercise could be explored 

by the techniques of indicator dilution theory: the attenuation urjaer- 
gone by a pulse of nitrogen introduced into the lung coulc. be stuuied at 

the ear lobe with an ear-oximeter to record the time jjroi'ile of the 
attenuated pulse in arterial saturation.

in addition, rather sample experiments could be performed to examine 
the relevance of the proposed change in central timing occurring in 

exercise. The lung-carotid body circulation time could be estimated 
from the lun^-ear time (Jain et al., 197^) at rest and at various levels 

of exercise; when related to the corresponding breath duration time, 
this would provide an index of central tilling.

Thus, the significance of Yamamoto's hypothesis (l^6o) concerning 
the role of the within-brt ath P ~n oscillation in the hyperpnoea ofxi-jUU^

hypoxic exercise still remains to be established.
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Table 1; Physical characteristics of subjects

Subject Sex AgB Height Weight Occupation

230

368

377

392

409

418

421

425

tf

9

*

cP
Cf

5
9
cP

23

21

19

23

18

21

20

27

m.

1.77

1.67

1.78

1.74

1.75

1.65

1.52

1.78

kg

65

70

67

70

65

64

51

71

Graduate student in physiology

2nd year medical student

1 st year medical student

Graduate student in physiology

1st year medical student

3zd year undergraduate in biochemistry

1st year medical student

Medical doctor
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Table 2? The effects of mean flow on the pressure difference 
measured along the inspiratory and expiratory lines of the 
apparatus.

Inspiratory line Expiratory line

Mean Mean Resistance Mea.n
pressure pressure

1 cm.HiO cm.KzO/l.sec"' cm.H^O cm.HiD//.sec
0.100 0 300 O-230 0-G50
0.150 0-225 0.330 0-455
0.250 0-250 0.4GO Q-4GO
3-400 0.300 O.SSO o. 4SJ

(00 0-525 o. 320
120 0.675 0

''
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Table 4; Calculation of some gas viscosities.

Assumptions: (i) Pfi « 760 torr.
(ii) Average temperature of the gas in the FCA is 30°C or 34°C. 
(iii) The viscosities of 02 , C02 , N2 and H2 may be closely 
approximated by linear functions of the average temperature of 
the gas (Blumenf eld et al,, 1973).
(iv) The mean viscosity, i], of a mixture of gases is the linear 
combination of the viscosities of the pure gases weighted by 
their fractional concentrations, F (Blumenf eld et al., 1973).

a. Viscosities of gases at 30°C and 

Gas
deg. C~1 x 10*6 poise

T = 30°C T = 34°C

H20 149.70 151.98

02 206.96 210.15

C02 164.65 166.51

N2 181.19 183.00

*Data from Blumenfeld et al. , 1973.

b. Viscosities of gas mixtures at 30° and 3k°C;
T = 30°G T = 34°C

^ i n x F ^ -ideg-,0 ^ x l| x f deg.C n x 
10"6 poise 10~6 poise

Gas 
mixture

1.

2.

3.

Gas

H20
°2
co2
N2
H20
°2
CO,
N2
HgO
°2
°°2
N2

Partial 
pressure
(torr)

47
150

0
563
47

220
0

493
47

220
60

433

F

0.062
0.197
0.000
0.741
0.062
0.289
0.000
0.649
0.062
0,289
0.079
0.570

n x F

9.28
41.16
0.00

134.26
9.28

60.39
0.00

117.59
9.28

60.39
13.01

103.28

184.707 9.42
41.47
0.00

135.60
187.262 9.42 188.924

60.73
0.00

118.77
185.952 9.42 187.621

60.73
13.15

104.31



4.

5.

•JO.*

HgO

°2

°°2

N2

H20

°2

C02

N2

p.p.

47
40

0
673
47
40
60

613

r

0.062

0.053
0.000
0.886
0.062
0,053
0.079
0.807

T]xF

9.28
11.08

0.00
60.53
9.28

11.08
13.01

146.22

T)
180.890

179.584

flxF

9.42
11.14

0.00
162.14

9.42
11.14
13.15

147.68

T=34'c

t)
182.701

181.398
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Table 5; The siae and significance of alternate-breath oscillations in P?k 
output induced by alternate breaths of high PQQ (60 torr) and low PCQ (0 torr)

The results presented below derived from a simulated experiment, in 
which the subject was replaced by a sine-wave pump. The "tidal volume" ;nd 
"breath duration" of the pump could be altered to cover the range of values
encountered in a typical experiment. The P«A and Pn of inspiratory gasUU2 2 
mixtures likewise covered a typical experimental range. Output from the
PTM was recorded as flow (PIP), volume (V- T ) and acceleration (PIA).1,1
Alternate-breath oscillations in these three variables were computed and 

processed as described in the text* (p.6?).

a. The effects of varying inspirator^ tidal volume (V_ ...) and breath 

duration (f,j,) at constant mean flow (v, * 40 l.min"" ) and PQ (200 torr):

V1.
0.5
1.5
5.0

sec
0.75
2.25
4.50

VT,I
1.

N.S.
N.S.
N.S.

l.min""

N.S.
N.S.
N.S.

PIA o 
l.sec

N.S.
N.S.
N.S,

b. The effects of varying mean flow (v) and Pn at constant V^ T (2.0 1.) :
VQ J. j «L

Alternate-breath oscillation
PIP

torV
200
200
200
100
100
100

50
50
50
50
50

v 
l.min'"

40
50
60
40
50
60
40
50
60
70
80

i!
N.S.
N.S.
N.S.
N.S.

N.S.

N.S.

N.S.

N.S.

N.S.

N.S.

N.S.

l.min"" l.sec
N.S. 0.18**
N.S. N.S.
N. S. N. S.
V C N <3i\» O. IT. O.

N. S. N. S.

N. S. N. S.
N. S. -0.18**

N. C. N. S.
N.S. N.S.
N. S. N. S.
N. S. N. S.

*PIA oscillations measured to nearest 0.18 l.sec
N.S. : amplitude of oscillation not different from zero,
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Table 6; Performance of integmtor and differentiator for the 
pneumo tachometer, in response to an electrical sine-wave.

Deviation from predicted lag

Period 
sec

1.00

1.55

1.95

2.55

3.15

3.35

3.65

jurcegra'cea. wave 

sec % of period

0.00

0.05

0.00

0.05

0.05

0.00

0.00

0.0

2.6

0.0

2.0

1.6

0.0

0.0

.uirreren^ia-cea wave 

sec % of period

0.05

0.10

0.10

0.10

0.15

0.05
0.10

5.0

5.1

4.1

3.9

4.8

1.5

2.7

Time measured to nearest 0.05 aec



-167 - 

Table 7
a. Calibration of the mass spectrometer (head 2) for C0p in 0? and in M ,

in 02 C02 in Ng
2 . torr PC(V torr

Lloyd-Haldane Mass Spectrometer Llo^d-lialdane i,iass Spectrometer
18.21 19.30 20.36 19.90
35.28 35.85 35.49 34.35
40.80 41.85 39.94 39.80
4if.60 45.85 45.74 45.35
49.26 50.35 50.33 49.35
59,37 60.85 60.01 59.35

Regression equations$-
C02 in 02 : r^ M_e = 1.01 P^ „ _w * 0.63
C02 inN2 : 1^ >/r-c = 1.00

b. Calibration of the mass spectrometer (head 1) for 0 in

Llo^d-Haldane Ivlass Spectrometer

46.54 45.89
64.04 63.80
80. 00 80. 33

96.94 96.48
147.21 145.12 

degression equation:-
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Table 8; Calibration of Parkinson-Cowan dry gas meter 
(Type CD, No.01354) with dry air.

Gas flows 
Ct.miwr') Standard gas meter Test gas meter

Ty$e CD, No. 02011 Type CD, No. 01334
17.1 16.9
29.3 29.1
39.6 39.2
50.8 50.6
63.6 63.6
74.1 73.7
82.9 82.6
96.8 96.9 

104.7

degression equation:-
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Table 9: Calibration of the Wedge spirometer Tor .teady 
flows of air.

Air flow (37°C» saturated) Wedge spirometer output 

l.min"* on Devices recorder (cm)

20 0.475

30

40

50

60

70

80

90

100

110

120

140

150

160

170

180

190

0.75

1.00

1.25

1.475

1.70

1.95

2.20

2.50

2.75

2.975

3.45

3.70

3.95

4.20

4.425

4.65

degression equation:-

Deflection = 0,024. Slow + 0.068
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Table 10: Performance of the integrator for tbs »Vedge 

spirometer, in response to an electrical sine-wave.

Period Deviation from predicted lag 

sec

0.^0 All measured deviations were less

than 0.0$ sec 
1.50

1.95

2.45

3.00

3.30

3.80

Time measured to nearest 0.05 sec
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Table 11: Measurement limits

Variable P P V V HP P» IHA TT Tfi T, DPiC 
'2 * 2 * ' 1/min l/mn I/aec msec msec msec

Expt

368.', 
(land 2)

377.5

392.6

418.1

230.15

409.5

409.6

421.2

421.4

421.6

425.2

425.5

392.13

392.15

W* *

0.5 

0.5 

0,5 

0.5

0.5

0.5

0.5

0.5

0.5

0.5

0.5

0.5

0.5

0.5

I»V* *

1.5 

1.5 

1.5 

1-5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

iiij.

35 

35 

35 

25

35

30

30

20

20

20

40

40

40

30

MVJU

30

30

20

20

20

40

40

40

30

3.0

3.0

1.7

2.0

1.7

4.9

5.2

5.0

4.5

2.5

2,5

1.4

1.7

1.8

2.4

2.4

2.4

2.4

0.09

0.09

0.04

0.1?

0.20

0.08

0.20

0.08

0.14

50

50 

50

50

50

50

50

50

50

50

50

50

50

50

50 

50 

50 

50

50

50

50

50

50

50

50

50

50

50

50 

50 

50 

50

50

50

50

50

50

50

50

50

50

50

UUL

30

30

20

20

20

40

40

40

30
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The prediction of an oscillating caross^oirelatipn, function I'or uhe

transien

The P, - transient was that produced by converting an alternate-r-> '*"',

breath oscillation of P ^ (OoC) to a steady P. _.,. (STK^DY) : it
K,LUp A, Op

consisted of 10 OSC and 10 ST^DY. breaths. rlhis transient is si^iulateu 

below, the output following the input almost faithfully, with a latency 

of 2 breaths. The cross-correlation function (the variation of iv. with 

the time displacement, K) was characterised for K = 0, 1, 2, 3 and 1+ 

breaths, with r, being calculated according to the formula on > 70 .

The simulated transient:-

I
Input
1.01

2.01

1.00

2.02

OX 0.98

1.99

1.00

2.01

1.01

1.99

1.50
1.49
1.51

STEADY 1.50

1.52

1.49
1.51

1.50
1.80
1.49

^ata

Output
1.00

1.99

0.99
^.00
1.01
2.01

1.00

1.99

1.01

2.00

1 . 01 Latency of

2.00 rea

1.51
1.50
1.51
1.52
1.52

1.49
1.50

1.49

Besuits
Gross-correlation 

coefficients

rQ = 0.911

^ = -0.956

r2 = 1.000

r3 = -0.953 

r, = 0.899

The resulting values of r, oscillated between positive (even values
K:

of k) and negative (odd values of k), being maximum and positive for k = 2 

(the latency between injgit and output).



II
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Normality oi* data in Series Txvo

This is an account of the results upon which the conclusions 

oonoerning normality in Chapter 3 (p. 80 ) are based. Complete data on 

non-normality are presented for each experiment at the end of this 

account (p.\$& ). The terminology used here originates from the statistical 

account of normality in Chapter 2 (p. 65 ).

Jreath-by-breath non-normality of P ft nn
—•— - . , ..i__ _ ! f , j^ ̂  (^y

033 runs. The Kolmogorov-Smirnov statistic, d , (an index of—— . — . —— . o > max

non-normality) differed from zero in 99 out of 101 runs. The frequency

distributions were all bimodal (platykurtotic) , having a mean g^ 

of -1.9 (range: -1.4 to -2.0).

;.'u^/J..Y_ runs. Non-normality, as indicated by d , occurred in 22 ~ ' * r luax
runs out of 91 (15 at reat; 7 in exercise), being distributed fairly 

ever Jly between the nine experiments. The nature of the departure from 

normality had little consistency between runs.

^reath-by-breath non-norniality of output variables

The occurrence of non-normality was assessed for the collected 

experiments as follows. Jbr each run-type (rest OSC and oTi-^iY; 

exercise OSC and ST^Lci.-Y), the total number of variables not normally 

distributed (a) was expressed as a percentage of the granc- total of 

variables of all runs concerned (13 x no. of rua-, = n) ; Table 10.



The largest ue^ree of non-normality was found in the oir^ADY runs 

at rest (11.$!; experiment range 0-24A/), followed by the J^iX runs 

in e.xercii»e vB.o/.; range 1.3 - 21.5, ), the OSC runs in exercise (u.6/(»; 

ran^c 0-^1.5/-), and the OSc runs at rest (6.2^; range 0-15 A/0 • r.o 

L/taoioi/ical test of the uii'ference in the elegise of non-nonaality 

betv.essn run-types was Liade; ho\vever, it seemed unlikely uiiat any 

si^ni^'lccUit uifferences existou. The average degree of non-normality 

for the pooled run-types of all experiments was 8.1 .

The most common non-nonaally distributed variable in each of Jie 

four run uypes wa.,, Tj, with x'T , T£J VT (<, and V- l also showing varying 

degrees of prominence ^Table 11). loolin^, of the run-^-oea gave t . 

similar pattern. Gubse a.i. nt inspection 01' the experimental records 

showed that many of those runs possessing non-normality in iVi, Ty or T^ 

contained evidence of inten'erence by events considered extraneous to the 

^xpected respiratory response (swallowing, induced by the accumulation of 

saliva in the subject's mouth; coughing). It was decided to remove the 

affected breaths from the records of ail variables, and then to re-examine 

their frequency distributions.

r>ron-npnaBLlity of output variables, after removal of extraneous disturbances

After removal of disturbances, the occurrence of non-normality was 

assessed as above. The results are shown in Table 12. The pattern of 

non-normality was similar to that noted before, the largest degree 

occurring in the STEADY runs at rest (7.0;:; range 0-21.2;.). In an
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cases the degree of non-normality was reduced, on average, to about 

0.5 of its pre-existing level. Lo significant differences were considered 

«o exist octween the four run-types. On pooling the results on Uio four 

run-Lypes, the average ae^ree of non-normality was 5.1/t, compared v.ith 

6.1 1,. prior to the removal of disturbances.

The distribution of non-normality between the output variables for 

both the individual run-types and the pooled run-types was very similar 

(Table 12) : only the letter will be described. An absolute reduction 

in Um degree of non-normality v/as seen in all variables, viien compared 

with the unediteu. data. However, when expressed as a percenta^ of the 

tot_.L number of non-normal events, the distribution of non-normality was 

little ch^.n^ed.

The possible effects of hypoxia on the pattern a:.-4 degree of 

non-normality were examined by comparing the results obtained i'rom 

hyperoxic runs (P, o 160 torr or more) with those from hypoxic runs 

(? n of 70 torr or less). Taking the pooled results on the four iun- 

types (Table 13), tixo average non-normality was slightly greater in 

hyperoxia than in hypoxia, as was the variation between run-types 

(hypoxia: mean = 5.#, range = 2.7 - 6.5;?; hyperoxia: mean = 8.#, 

range = 4.5 - 15.VO* In °°th hypoxia and hyperoxia, the largest degree 

of non-normality was present in the Sffi-OY runs at rest.

The distribution of non-normality between the output variables for 

the pooled runs in hypoxia LJK in hyperoxia appeared to be similar, when
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examined as the percentage degree of non-nonnality (Table izj, if the 

small number of hyperoxic runs was taken into consideration.

Relations between the non-nonnality of breath-by-breath P A -^ and
——i ————————————'AjUUg ———

outmt variable a

It seemed important to establish -whether the observed non-normality 

in outpat variables was a direct result of the patterns described for 

P nn , or due to other influences.
J.jUU^

If some, or all, of the output variables were linearly related to

P. on on a breath-by-breath basis, one might expect the form of their 
Ai) 2

freouency distributions to be similar to that of P A ~« . However, the

demonstration of such similarity is not sufficient evidence to conclude 

that P. p , had induced the non-normality.

In none of the OSC runs was the bimodal frequency distribution of 

P p/> reflected in the frequency distributions of any output variable. 

In only 10 out of 91 STK/EY runs was there any correspondence between 

the frequency distributions of P ro and an output variable, as would be

predicted if the breath-by-breath variation in P A was influencing

respiration.

i venations between the non-normality of breath-by-'broath ou^ut variables 

It v/as considered of no groat merit to present a detailed empirical 

description of the non-noz^iality existing amongst the output variables, 

unless this would shed li^ht on any mechanism of interrelation between 

selected variables. The only phenomenon to U- _';udied in this context
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was the occurrence of au^jnented breaths. The presence of one or two 

augmented breaths in a run could peitaps impose a degree of non-normality 

on the freoiency distributions of breath-by-breath Vfn end '.?,,, the large
J.,0. X

values producing a rijit-skewed distribution (^ positive). This 

prediction was examined for each subject. ;-J.l runs whose non-normality 

v;as th ught to be induced by the presence of augmented breaths arc 

iLarked (.-.. B.) in the following non-normality tables.

In the experiments performed on subjects J+09 and J+25, no augmented 

breaths were apparent, though, on isolated occasions a biphasic profile 

of inspiratory flow and acceleration was seen in combination with an 

inspiratory tidal volume and breath duration of more usual dimensions. 

'.he occurrence of oich a biphasic profile, alone, is not sufficient to 

classify a breath as being augmented: the corresponding tidal volume 

raust also be considerably greater than the mean.

Ths other two subjects (421 anc. 392) both showed consistent but 

differing patterns of augmented breaths. Subject 421 produced an 

occasional cugmented breath (sometines t\vo) in most runs, which wsre 

otherwise of a fairly regular nature with respect to all breath-by- 

breath output variables. The peak inspiratory flow and acceleration and 

peak expiratory flow of an^nented breaths did not appear to do par-. 

greatly i .a. the ire an level.

In experij .^nt 421.2 1 a total of 10 augmented breaths v/as recorded 

from 8 runs out of 19. Of these runs, two (A.B. 1 and —3. ^) were

non-noimal with respect to Vr , T , havin^ a positive v^luc of ^ (skewedi, j.
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to the right) , as would be expected if an augnented breath were 

contributing to the non-no raality. In run A.B. ., V^ ,,, V,,, !„ and TT
I Ji , £* ' J. .. j 1

were also non-normal (positive g.). It is reasonable to conclude that 

the presence of augmented breaths was at least partly responsible for 

the observed non-normality. Whether this is also the cause of the 

isolated instances of non-normality of Tj or IV, (positive g^) is less 

clear.

In expe riraent 421 . k , 6 augnented breaths were recorded from 8 runs 

out of 19. Two of the runs (A. % ^ and A. B. 2 ) showed non-normal, right -

skewed distributions for V_ T . In experiment 421 ,6, a total of 1?•*• »•*• ~""~" " " ""
augnented breaths occui-red in 1^- runs out of 23. Only two of these runs 

(A. B. and A. B. J showed the ar^ronriate non-normality of V.., ^ , but five 

IVJI.T, (A.B. . to A.B. ,, with the exception of A.B, ^) shoved non-normality 

of V .
!,£.

fi3ie pattern of nugnented breaths founci in the experiments of 

subject 392 was more complex, as a result of the large amount of breath- 

by-brcrsth vririation in tidal volume. This was especially marked in runs 

where the drive to breathing was not too intense. The occurrence of 

breaths having relatively large tidal volumes and breath durations was 

quite common, in some cases one every 3-10 breaths. However, by no 

mean all of thsse breaths could be considered as augmented breaths, 

there being no evidence of a biphasic pattern in inspiratory flow nd 

acceleration. No analysis of augmented breath was r>erfoiy- -d on 

experiment 392,13, where the occurrence of large breaths was especially 

freruent.
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in crerijjcn_* ...y.-'v1 ^* 16 auiyTiented breaths were identified in 7 runs 

out of 22, an average of 2 per .run (ci*. 421: 1 per run). Two of these 

runs v-B. . anc. n,ii. ) tilioweu. a non-normal, right-skewed frecjuency

aisLJ, i.jution for Y™ T .i,i
Ihus, it was concluded that augmented breaths ooulu uistort the

frequency distributions of breath-oy-breath Vm . , Vf , and. Tn, so thatl,i '., -^ i
they \vere skewed 1,0 the right. cwever, they did not appear zo be the 

sole cause of the observer non-normality.

Aon-noiroality of alternate»br*^ath differences

The samples of alternate-breath differences computed for each 

variable in each run (Chapter 2, p. 67) were tested for their arjproxiination 

to a normal distribution, as described previously. The non-normal runs 

are presented in Table 15 (p.llj). All the frequency distributions were 

unsocial, departing from normality only rarely: for I _ , 8 runs out
£',

of 192 (4.2Je) were non--onnal, and for the collected outpu ; variables, 

10 out of 2496 events (13 x 192), or 0.04;.
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Table

pA,02

112.5

69.0

54.0

54.0

46.5

115.5

69.0

55.5

54.0

46.5

1

Variable

None

None

None

PA,G02
None

PA,002

PA,002

PA,002

PA.COrtnjWf^

*A r»r\

V C* A — _JV— O 01 gj g~max ^ 2

<0.05 -1.78 11.18

<0.01 -1.95

<0.01 -2.00

<0.01 -2.00

<0.01 -1.95

<0.01 -1.93

Exercise, P steady 117.0

67.5

57.0

52.5

5LO

None

None

None

<0.01 -5.67 37.0

<0.05 -2.57 10.32
<0.01 2.97 11.96

Exercise, P oscillating 114.0 P

69.0

57.0

52.5 

5LO 

51.0

A,00

•A,C02 

?A,C02 

?A,C02 

3A,C02

<0.01 

<0.01 

<0.01 

<0.01 

<0.01 

<0.01

-1.96

-1.90

-1.98

-2.02

-2.03

-1.97
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Exercise, P pn oacillating
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Table 2

PA,02

129.0

78.0

63.0

55.5

If8.0

127.5

78.0

63.0 

57.0

48.0

126.0

75.0

63.0

57.0

51.0

127.5 

75.0

63.0

57.0 

49.5

Variable

None

None

None

None

pAf OD.,

^ '

**

PA,002

PA,C02
TI

PA,C02

PA,C02
TI

PA,C02 
TI

DFHC

None

None

None

None

PA,C02 

?A,C02

PA,002

PA,C02

PA,002 
TV

K-S d max

<0.05

<0.05

N. S.

<0.01

<0.01

H.8.

<0.01 

<0.01 

<0.05

<0.01 

<0.02

<0.05

<0.01 

<0.01

<0.01 

<0.05

<0.01 

<0.01 

<0.05

«1 g2

0.96

0.71

-1.98

-1.96

-1.98 

-1.92 

0.81

-1.90 

0.69 0.10

3.79 23.01

-1.95 

-1.95

-2.00 

0.65

-1.95 

-1.98 

0.60
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Table 3

Variable K-S d_max

112- 5 PA,C02

76.5 VTjB

VT,I

TT

TE

TI

76.5 Hone

66.0 V_ ,,l,iv**

MEF

PEP

T AT

DFH3

61.5 VT>I

112' 5 PA,C02

79-5 PA(co2

T6' 5 FA,oo2
T1T
TK

TI
67-5 PA>Co2

TI
61 -5 ?A,oo2

TT

<0.05

<0.01

<0.05

<0.05

<^0.01

<0.01

«.s;
N.S.

N.S.

N.S.

N.S.

N.S.

<0.01

<0.01

<0.01

<0.01

<0.01

<o.cn
<0.05

<0.01

<0.01

<0.01

<0.05

0.85 1.23

3.54 18.14

3.32 17.29

1.25

1.69 3.01

1,62 3.45

1.30 9.52

-1.93

-1.96

-1.92

3.29 13.71

4.18 21.62

2.1^ 12.00

-1.89

5.19 39.92

-1.91

1.64 6.08
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Variable K-S dmax g. *1

Exercise, P steady

Exercise, P, oscillating

120.0

100.5

88.5

70.5

121.5

103.5

102.0

90.0

70.5

None

None

None

T A E

PA,C02

PA,002

PA,C02

PA,C02

PA,C02
V*

<0.01

<0.01

<0.01

<0.01

<0.01

<r0.01

<0.05

3.32 14.02

-1.76

-1.83

-1.91

-1.99

-1.94

-2.30 10.42
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Table ;f

PA n Variable K-S d'2 ]

*Bt » PA,00 8teady 193.5 None

' PA,002 o-oUUting A.B., 195.0

PA,002 <°-°5

MIP <0.01

Tj <O.01 

PA,C02 *°- 01

VT j <o.oi
PEP <-0.01

TT <o.oi
T£ <0.05

Tj <0.02 

DPBC O.01

PA,C02 <°- 01

VT,E ^^ 
VT j <0.05

Tj <0.01

PA,C02 <°- 01

7T, £ <°- 05

VT j <o.oi
TT N. S.

PA,C02 ^O- 01

PA,CX)2 ^O- 01

PA,C02 ^^ 
PA,CX)2 <°-°1

TT <0.01

1.07

1.52

-1.05 

-6.08 

-1.57

0.83

2.39

4.16

-1.17 

-3.15

-7.95

-3.02 

-1.61

-0.58

1.95

2.61

0.56

1.40

1.76

1.42 

50.88 

6.75

9.65

27.67

8.39 

14.20

68.82

24.50 

15.17

16.60

-1.85

9.39

15.13

-1.36

-1.95

-1.90 

-1.88
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continued

Exercise, P ' steady

Exercise, P, oscillating

Variable K-S d
A,U2

189.0

9L5

76.5

66.0

58.5

189.0

91.5

78.0

66.0

57.0

PA,C02

VT,I

*I

MIP

PIP

TT

TI

VT,E

TI

None

PA,002
TE

TI

PA,C02

TT

TI

PA,C02

PA,C02

PA,C02

**

TI

* A r»r»

max

<0.05

<0.05

<0.05

<0.01

<0.01

<0.01

<0.01

<0.05

<o.05

<0.01

<0.01

<0.01

<0.01

N.S.

N.S.

<0.01

<0.01

<0.01

<0.05

<0.05

<0.01

°1

1.06

2.09

-2.61

-0.94

-1.65

4.05

4.25

-0.96

1.67

7-05

3.08

1.32

3.73

2.63

"2

2.87

14.65

13.35

8.67

3.64

22.37

30.79

5.53

56.41

12.88

3.08

-1.89

-1.98

-1.95

-1.90

25.06

12.41

-1.96



PA,C02
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Table 5

PA,02

199.5

90.0

75.0

57.0

54.0

49*5

Variable

VT,E

V
MEF

MIP

TI

MIP
Ti

VT,E 
MIP

TI

PA,C02

VT,I 
MIP

TI

PA,C02

V
TI

VT,S

Vi
MIP

TI

DPHC

K-S d max

<0.01 

<0.05 

<0.05

<0.01

<0.01

H.S:
<0.01

<0.05

N.S.

n.s.
<0.05

<o.cg
N.S.

N.S.

<0.01

<0.02

<0.d

<0.02 

N.S.

N.S.

N.S.

<0.01

«1
2.08

2.15 

0.92

-4.14

7.58

0.95

0.83

-2.04

-1.06

-8.06

2.42

4.23

-1.27

5.26

«2

12.90 

13.04

31.47

65.66

2.02

6.80

7.63

2.02

66.34

11.14

27.37

17.50

42.58
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421.6 continued

Jtest, P.

PA,02

scillating 199.5

91.5

75.0

58.5

54.0

A.43.^ 49.5

45.0

Variable

P •" f¥^
V"

SOP

TI
P A,CX)2

MIF

TT

TI

PA,C02

PA,00
T/

PA,C02
TT

TI

PA,CO
VT,E

MIF

TI

p t

K-S d max

<0.01

K. S,

<0»02

<0.01

<0.01

w.s.
N.S.

N. S.

<0.01

<0.01

<0.01

<r0.01

<0.05

<0.01

<0.01

<0.01

<0.05

<0.01

<0.01

«1 %
-1.86

-1.33 11.96

5.46 43.97

-1.91

-1.90

-1.89

6.12 57.15

-1.94

1.73 6.09

7.28 64.58

-1.84

0/5I 9.97
-2.65 11.10

4.52 26.24

-1.95
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421,6 continued

Exercise, PA CQ steady

A n
i* B,

Variable K-S dmax

199.5

91.5

73.5

69.0

57.0

None

PA,002
VT,E

VT,I
*
V-,

MIP

T AT

TE

I

PA,C02
7T,I

TT

T

WF

T XT

I
Tn.

<0.01

<0.01

^0.02

<0.01

<0.01

<0.01

<0,05

<0.01

<0.05

<0.05

<0.05

<0.02

<0.05

<0.02

<0.01

<0.01

-7.64

-0.06

-1.09

-4.04

-4.46

2.24

1.38

6.07

1.03

0.75

1.98

1.20

-2,09

1.89

3.46

1.06

63.73

10.50

7.79

23.40

30.05

11.72

5.62

52.00

1.38

4.74

7.14

3.90

10.72

6.22

19.84
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PA n Variable '2 K-S dmax

Efcercise, PA ^ oscillating 199.5

72'°

57.0

PA,002
TI

PA,C02 
V1S

TI

PA,002 
KEP

T AT

T X I

PA,C02 
MIP

T AT

TB

TI

PA,002
VT,E

T 1T

T A K

TT

<0.01 

<0.05

<0.01

N.S.

N.S.

<0.01

N.S.

<0. 5

N.S.

<0.01 

U.S.

<0.02

<0.01

^B.S.

<0.01

<0.05 

<0.01

<0.01

<0.02

-1.95

-1.82

-1.94

2.27 12.19

-1.91

3.33 18.J»4

2.87 15.07

-1.97

1.34 4.20 

4.41 26.11

5.02 36.65

1.24
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Jtest, P
.,00, steady

Bsst, PA QQ oscillating

A,02

189.5 

100.5

70.5

66.0

55.5 
51.0

189.5 

99.0

65. 0

64.5 

57.0

49.5

Variable

PA,C02 

^COg
None

MEP

T XT

T XE

T I I

PA,C02 

None

PA,002 

PA,C02

PIF

T1i2

PA,(X)2

PA,C02 

PA,002
VK

TT

TI

* A f*r\

K-S d max

<0.02 

<0.05

N.S.

N.S.

N. S.

N.S.

<0.01

<0.01 

<0.01

-N.S.

N.S.

<0.01

<0.01 

<0.01 

H.S,

N.S.

N.S.

<0.01

0.83

1.24 1.60

-1.96

•1.74

•1.97

•1.97

•1.93

-1.72
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Variable K-S dmax

Exercise, P steady 189.5 

100.5

88.5

66.0

a. 5

60.0

Exercise, PA co oscillating 189.5 

100.5

88.5

66.0 

63.0

60.0

None 

None

None

None

None

TI

PA,C02 

PA,002

PA,C02

PA,C02 

PA,002 
TT

TI

PA,002

N.S.

<0.01 

<0.01

<0.01

<0.01 

<0.01 

<0.01

<0.05

<0.01

-1.69

-1.79

-1.77

-1.82

-1.66

1.60 3.16 

1.01* 1.99

-1.80



A,co steady

oscillating

Exercise, P, steady

Exercise, P. oscillating

• 202 -

Table

PA,02

202.5

79.5

61.5

54.0

201.0

79.5

61.5

55.5

54.0

54.0

199.5

82.5

72.0

60.0

205.5

81.0

70.5

60.0

58.5

m

1

Variable

T.jit
None

PA,002
None

PA,C02

PA,002
T AT

T X I

PA,C302

PA,002

PA,C02

PA,002TI
None

None

HSP

VT,I

PA,002

PA,002

PA,C02

PA,002

PA,C02

K-S dmax

<0.05

<0.02

<0.01

<0.01

<0.01

<f0.01

<0.01

<0.01

<0.01

<0.01

<0.01

<0.02

N.S.

<0.01

<0.01

<0.01

<0.01

<0.01

g, go°1 ^

-2.03 11.79

1.05 3.08

-1.72

-1.83

2.16 8.19

4.53 29.9

-1.96

-1.88

-1.86

-1.96

3.66 20.89

-4.73 30.30

-1.95

-1.88

-1.87

-1.95

-1.91
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Jtest, PA,CO, steady

Best, P oscillating
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Table 8

PA,02

202.5 - *

111.0

72.0

57.0

55.5 

51.0

202.5 

111.0 

72.0 

57.0

Variable

VT,JS

V
KEF

PIP

^
None

None

None

PA,C02
BifxC

PA,C02

PA,C02 

PA,C02

* A r*f\

i>-— b d. max

<0.05

<0.05

<0.02

<0.01

N.S.

<0.01

<0.01

<0.05 

<0.02 

^0.01 

<0.01

57-0 P. <0.01A,CA>2

1.43 1.62

1.59 2.34

1.75 2.47

51.0
L,CO,

-3.97 27.27 

15-81

-1.87

-1.63

-1.90

-1.87

-1.88

-1.92
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Itest P oscillating

205 -

Table

P ~ Variable K-S dA,U2

208.5 VTjI

TE

93'° PA,C02

VE

MI?
70.5 TT

MIP

60.0 VT>I

R2 R P -'*"*. ^ * .« <"»<*\A,C02
yT,K
»
£

JOF

TI

208- 5 PA,C00
'»f >**'O

91 . «5 Jb1 A CO

72'° PA,CO

nap
T IT A

61 ' 5 PA,C02

52.5 PA>00
T»

max

<0.01

0.05

<0.05

<0.05

<0.02

N.S.

'-0.05

0.05

<0.02

N.S.

K Q• >^*

N.S.

N.S.

0.05

<0.01

<0.01

<o.w
O.02

<0.01

-o.cn
<0.05

°1 °2

1.66 2.47

1.93 6.43

1.54 2.61

1.70 3.13

1.01 1.91

0.79

-1.65

-1.65

-1.94

3.07 12.24

1.61 3.68

-1.85

-1.77

2.35 10.47
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392.15 continued

Exercise, steady

Variable K-S d

201.0 None

max

90.0

60.0

52.5

49.5

VT,I

TE

PA,002
TT

TI

PIA

<0.05

<0.01

<0.01

<fl.05

K. S.

<0.01

0.72

3.68 18.17

-7.09 57.41 

1.31 2.05

-2.02 5.13
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392.15 continued

Exercise, P, — oscillating

Variable K-S dmax

202.5

90.0 

72.0 

64.5

63.0

55.5

49.5

PA,G02
T £

PA,C02 

PA,CX>2 

PA,002
PIA

TI

PA,002
» —
VE

1UF

PIA

T AT

TE

TI

PA,002 

^jJE

V
PIA

T XT

T,,
&

PA,C02 
PIA

<0.01

<0.05
<0.01 

<0.01 

<0.01

<0.05

<0.05

<0.01

-K. S.

<0,05

<0.05

<0.02

<0.02

<0.01

<0.01 

<0.05

<0.05

<0.01

<0.05

<0.02

<0.01

<0.01

1.76

-1.10

1.57

-1.86

-0.98

1.98

1.10

4.56

-1.85

-1.31

-1.79

1.14

0.89

-1.62

-1.93

4.23

-1.98

-1.95

-1.92

2.48

-1.96

10.57

6.37

1.68

32.23

-1.99 

5.62

3.40

2.86

1.33

2.57

-2.04 

2.53
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409.5
i)xercise, P oscillating

A,UU2

409.6
Hsst, PA co oscillating

421.2
.test, P. rr^ oscillatingA,VAJ 2

421.4
** 3t > PA,C02 Stead^ 
Lxercise, P. nr. oscillatingA,UUp

421,6
Hest, P, ^ steady ;;^ A,C02 *
test, P, ,^. oscillating

^.,UUQ

425.2
Exercise, P. -^ oscillatingAjUUp

392.13

iiJcercise, P _n steady*^» 2

392. 1 5
itest, P, ^ oscillating ' A,C02
iixercise, P n~ steady/i.,OUp
Exercise , P .^ oscillating "» 2

——— >»— wo» W* 4*L* W^~-UA^d I

P, n Variable " ij 2

52' 5 PA,C02

78. 0 Tx

76.5 TT
.<-*

67.5 Tj 
57. 0 TE

199.5 VT>I 
75'° p v'co^v,UU,.j
58.5 Tj
^•5 !'Af0o2

a-° PA,C02

60.0 TT
T ,

£i

61.5 P. ^-^,COp
49. 5 P1A
a- 5 PA,CO, 
*3.0 PA,C02

v,
55. 5 P/^n

Mi U-4.il CI^iK

K-G d max

<0.01

<0.01

<0.05

<0.05 
0.05

0.05
0. 01
0.01
<0.01

<0.01

<0.05
0.01

0. 05 
O.Oi,
0.05 
0.05
0.05
0.01

JCS.

*1
-5.37

-4.64

3.92

3.68

-1.57
6.79
1.47

-2.53

-3.91
-4.60

-1.43
1.02

-2.60
-1.45

«2

32. a

33.12

25.17

5.38 
24.41

65.37
6.11

7.04

22.56
29.62

2.47 
3.05
5.33 
4.12

15.29
7.05
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An estimate of the time taken for newly inspired gas to reach the alveoli

Assumptions:-

1. The inflow rate of gas in the early part of inspiration approximate a 

to the current value of mean inspiratory flow (MIF, * VT I/TT).

2. The dead space, V^, = 0.33 of the tidal volume, VT : Lambertsen, G. J. , 

1968, in Medical Physiology, Vol. 1, p. 641, ed. Mountcastle, V. B. , 

12th edn. St Louis: C. V. Mosby.

Data on MIF and Ym were taken from experiment 409.6, at rest and in

exercise, over a P n range of 200 to 50 torn average values of MIF
* 2 

and V- were obtained from the values at the two extremes of P, o .
*•* **• ̂ '''j

Best Exercise

UIP^ 92.5 107.5 
l.min"

VT 
(1.) 2'°° 2* 5

Vr.
0.67 0.75

Time for gas
to reach 0.1*4 sec 0.42 sec 
alveoli

Therefore, a time of 0.4 sec was presumed to exist both at rest and in 

exercise.
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The effects of controlling Respiratory frequency on the 

relations between Tm , TT and T»
" —— T1 ' " ' J. £A

This is a description of the results from which the conclusions 

concerning the effects of controlling respiratory frequency have been 

drawn: Chapter 3, p. 8?. Basic statistics (mean and variance) for the 

runs of TT , TX and TE are presented at the end of the account a 

The three predictions of p.86 were tested by a method of "paired comparisons" 

(each pair consisted of a NC and a C run; the two runs were identical 

with respect to P. n and the state of PA r,n ).
A,Uo AjUUrt

Paired comparison; mean T^

A two tailed t-test (p.^5 ) was used to test the null hypothesis that 

the NC mean and C mean of each pair were not different. Of 25 comparisons 

in 6 experiments, 20 were different (p<0,05): Table 20 , p.

Paired comparison; mean T-.. and T£

The hypothesis to be tested was as follows: within any pair of 

runs rhe discrepancy existing between mean T-, and T£ would be no less in 

the C run than in the NC run. Two null hypotheses were employed. First, 

it was stated that in any run, mean T£ was not significantly different 

from mean TT . This was tested with a two-tailed t-test, as used in the 

previous section. The results presented in Table 21 (p.an) .

Combining the results on the 6 experiments, of all the NC runs 22 

out of 25 had differences between mean Tfi and mean T,. (p<0.00l). In the

C runs, mean T^ and TT differed in 21 runs out of 25. Thus, the occurrence
' £1 j.

of significant differences between mean T-, and Tj appeared to be little
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affected by controlling respiratory frequency.

The second hypothesis was concerned with making paired comparisons

of T* (the difference between mean T« and mean TT) in order to assess& I
the probability of T 1 being lessened when respiratory frequency was 

controlled (i.e. T» NC > T' c). In 13 comparisons out of 25, T' NC was 

numerically greater than T' c (Table22 , p. 223). It is evident that the 

observed probability of T' NC > T' c is similar to that of T 1 ^ < T' c , and 

that a random process is therefore indicated. A similar conclusion was 

reached in all but one of the six experiments. The exception was 392.6;, 

where all five runs showed T* to be reduced when respiratory frequency 

was controlled. Thus, subject 392 was the only one to have any success 

in following the controlling signal.

Paired comparison; variance of TL

The paired variances were tested according to the following null 

hypothesis: the variance of the controlled run was not less than that of 

the uncontrolled run. The hypothesis was tested with a one-tailed, 

variance ratio test (p. 65 ).

Out of a total of 25 comparisons in 6 experiments, 12 had significant

values of P , (p<0*05), (Table 23 , p.224 )• Their distribution between s
experiments showed variation. In 377.5, all k comparisons were 

significant, the situation being less marked in the remaining experiments. 

Thus, in only one experiment was a consistent reduction in the breath-by- 

breath variation of TT observed during the controlling of respiratory 

frequency.
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Paired comparison; variance of TT and T~ -- ' ~

The paired variances of TT and of T , were each tested in a similarr I &
manner to the variance of T.,. The null hypothesis for each variable was 

that the variance of the controlled run of a pair was not less than that 

of the corresponding uncontrolled run. A one-tailed variance -ratio test 

was then performed (p. 65). The results on both T^ and T£ are presented 

in Table 23 (p.224 ) .

The results obtained on the occurrence and distribution of significant

F values was similar, in both cases, to those obtained on TT. Thus, s •»
for TT , 9 comparisons out of a total of 25 in 6 experiments had significant

values of F (|W0.05). The significant values were distributed fairlys
evenly between the 6 experiments. The pattern for T^, was largely similar, 

with 11 comparisons out of 25 being significant. As was found for TT , 

all four comparisons in experiment 577.5 were significant.
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>: mean, variance and number of observations of the edited runs.

, ̂ , p
(torrj 

60

Type of run 
Frequency

1C

60

50

60

60

50

50

NC

NO

NC

PA,

St.

St.

St.

St.

Osc.

Osc.

Osc.

Osc.

co2

Mean

Var.

N

Mean

Var.

K

Mean

Var.

N

Mean

Var.

N

fcean

Var.

N

Lean

Var.

K

Mean

Var.

N

Mean

Var.

N

368. 41

2.90

0.04

63

3.10

0.02

61

3.05

0.02

65

3.05

0.03

65

3.10

0.04

71

3.10

0.03

75

3.05

0.04

75

2.95

0.04

89

368. 42

2.60

0.03

65

3.05

0.02

67

2.55

0.02

65

3.00

0.02

55

2.85

0.03

35

3.00

0.02

65

3.15

0.04

37

2.95

0.03

39

377.5

3.65

0.04

45

2.75

0.01

63

2.25

0,03

71

2.80

0.02

63

3.60

0.07

47

2.80

0.01

55

£.35

0.04

43

2.70

0.02

75

392.6

3.00

0,04

55

3.15

0.02

57

3.00

0.01

53

2.80

0.01

49

3.05 3.25

0.04 0.02

37 33

3.00

0.0£ C.

67

3.10

0.06

55

2.95

0.02

75

418.1

2.55

0.04

49

2.45

0.01

55

2.05

0.01

53

2.05

0.02

73

2.00

0.01

77

2.55

0.01

49

2.30

0.04

61

2.25

0.01

61

230.

2.10

0.01

69

2.10

0.02

77

1.95

0.01

59

2.05

0.01

54

2.00

0.01

79

2.05

0,02

77

2.05

0.04

59

2.05

0.01

85

Tm measured to the neasrest 0.05 sec.T
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Table 18; T^: mean, variance and number of observations of the edited runs,

p

(torr) 

60

60

50

50

60

60

50

50

Type of run

Freq.

NC

NC

NC

NC

: A,CO,

368.4., 368.42 377.5 392.6 418.1 230.15

t ^4-ou»

St.

St.

St.

Osc.

Osc.

Osc.

Osc.

Mean

Var.

N

Mean

Var.

N

I. jean

Var.

N

Mean

Var.

K

lie an

Var.

N

Mean

Var.

N

Mean

Var.

N

Mean

Var.

N

1.20

0.01

59

1.35

0.01

59

1.35

0.00

65

1.25

0.01

65

1.35

0.01

65

1.30

0.00

73

1.30

0.01

73

1.30

0.01

87

1.20

0.01

57

1.25

0.00

69

1.20

0.04

59

1.30

0.01

53

1.25

0.01

35

1.25

0.01

77

1.45

0.01

39

1.25

0.00

31

1.70

0.01

43

1.35

0.00

63

1.10

0.01

63

1.30

0.01

65

1.70

0.02

49

1.40

0.00

45

1.20

0.01

27

1.30

0.01

81

1.65

0.02

59

1.70

0.01

57

1.65

0.01

55

1.50

0.00

53

1.65 1.75

0.01 CX01

37 33

1.60

0.01

67

1.65

0.01

53

1.55

0.01

73

1.35

0.01

49

1.30

0.00

53

1.10

0.00

51

1.20

0.00

73

1.05

0.00

81

1.35

0.00

45

1.25

0.01

49

1.20

0.00

59

1.05

0.00

69

1.05

0.00

75

1,00

0.00

63

1.05

0.00

54

1.05

0.00

81

1.05

0.01

79

1.00

0.01

67

1.10

0.01

85

TT measured to the nearest 0.05 sec.
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Table 1% T : mean, variance and number of observations of the edited runs.

Type of iun
Experiment 

368'S 368. 1^ 377.5 392.6 418.1 230.15

, 2 
(tor?)

60

60

50

50

60

60

50

50

NC

NC

NC

NC

St.

St.

St.

St.

Osc.

Osc.

Osc.

Osc.

Mean

Var.

N

Mean

Var.

N

Mean

Var.

N

Lie an

Var.

N

Mean

Var.

N

i.;ean

Var.

N

I .ean

Var.

N

Mean

Var.

N

1.70

0.02

61

1.75

0.02

61

1.70

0.02

67

1.80

0.02

65

1.75

0.02

69

1.80

0.02

67

1.75

0.03

75

1.65

0.03

97

1.40

0.02

63

1.80

0,01

69

1.35

0.01

59

1.70

0.01

53

1.60

0.01

37

1.75

0.03

77

1.70

0.03

37

1.70

0.02

39

1.95

0.02

47

1.40

0.01

59

1.15

0.02

73

1.50

0.01

63

1.90

0.04

51

1.40

0.01

45

1.15

0.02

43

1.40

0.01

77

1.35

0.01

57

1.45

0.01

55

1.35

0.01

55

1.30

0.01

49

1.J*0 1.50

0.01 0.01

35 33

1.40

0.01

71

1.45

0.03

53

1.W>

0.01

75

1.20

0.01

43

1.15

0.05

57

0.95

0.00

73

1.85

0.00

51

0.95

0.00

73

1.20

0.01

51

1.05

0.01

59

1.05

0.01

61

1.05

0.00

63

1.05

0.01

69

0.95

0.00

61

1.00

0.00

50

0.95

0.01

79

1.00

0.01

79

1.05

0.02

67

1.00

0.01

83

o measured to the nearest 0.05 sec.
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Table 20; The significance of the differences in mean Tri between KG and C runs

Type of run 368.^ 368.42 377.5 392.6 M3.1 230.15

7- "P 'T ri' /<fP ATtAi ' T1

A,C02 T t T T T
(KC-G) (NC-C) (NC-C) (KC-C) (KC-O) (i;c-c)
(sec.) (sec.) (sec.) (sec.) (sec.) (sec.)

60 .Steady -0.15*** -0.45^ O.SO*** -0.15XXX O.IO*** 0.00
VTCY 3C3CX XXX

50 Steady 0.00 -0.45 -0.55 0.25^ 0.00

60 Osc. 0.00 -0.15" O.SO*** 0.05XX -O.^*** -O.Oif*

Osc. O.IO30" 0.20XXX -0.35XXX 0.1 $*** 0.05*** 0.00

i,.eaaireraents to the nearest 0.05 sec
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; The oi^snificjance of the clifferencea between ;:ean T., cujd T.r .
ij X

Experiment

366.^ 368.42 377.5 392.6 418.1 230,15 
Type of zun

A,0^ " ** A,C02 Pi I £ "I i "I v r, *I : "I V ii I 

(iorr) (sec) (sec) (sec) (sec) (sec) (sec)

60 NC Steady 0.50—— 0.20~" 0.25^ -O.JO30" -0.15*™

60 C Steady 0.40"——' Q.35™* 0.05XXX -0.25^——^0.55~~ 0.00

'yw WTT YYV
*— ^* « ix^ -^ j^ -» r-'^^lk1'^ «^ ^- 4h4«^A» ..^ **.r- *~*-**^* ** -. ^x^*-1̂ *^ -> f'x r—*h>>«'^ ^-^ y^.vWi«W^Vc/^ jr" 4-»»Q(^Tr n "^t-s i ni-i D n^ —.TI ^n -.n Q^> «n Onpo ifv_» ^'oeatiy u. ^,? ..«vjj? vj.u.,? •*>j. ^v ""U. y^/ ^•v^?

50 G .teady 0.55—— O.W*** O^O30" -0.20::xx 0.55XXX -0.05XXX

60 NC Osc. 0.40—— 0.35XXX 0.20—— -0.25^-0.10'
^,-XXXu.

60 0 Osc. 0.50XXX 0.50XXX 0.00 -0.20 " w -0.15*~~ -0.05

•yvY yryty
50 .,'. Osc. 0.45"™* 0.30 -0.05 -0.20 -0.20 C.05

"^"V^^ */"*fyr ~^f^f *r "^C^f^c "V~¥*if
50 G Osc. 0.35 0.45 0.10 -0.15 -0.15 -0.10^"

.Measurements to the nearest 0.05 aec.
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Lie 22 : Paired comparisons betv/een (l\.-T T ) and (T -T,) ..
-i-j JL I\U £« a. L>

<x;^...-i.;*- ,vts

368.4., 368. 42 377.5 392,6 M6.1 230.15 
Type of run ^ y ( }

U- I'NC U£ I ; C » sec
., , 

Itorr) (a/n)

60 Steady 0.10 -0.15 0.20 0.05 -0.40 0.05

50 Steady -0.20 -0.35 -0.15 0.10 0.40 0.00 2/6

60 Osc. -0.10 -0.15 0.20 0.05 0.05 -0.05 0.05 V6

30 Osc. 0.10 -0.05 -0.05 0.05 0.05 -0.05 3/6

v a/n) 2/4 0/4 2A 5/5 2/4 ./4 1 3/25

(a/r.) -- the ratio of the number of positive differences to the total number of 

differences, r.easurementsto the nearest 0.05 sec.
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i" i 
paired

Type of run
p P-A,02 r..,C02 
(torr)

n
X

60 Steady

50 Ste&dy

60 Osc.

50 Oac.

(a/n)

r:i"I
60 oteady

50 Steady

60 Cs,j Osc.
i

50 «/iOsc.

(«/n)

TK

60 Steady

50 f.teady

60 Osc.

—————— —— -1 , • v-.» d.KM«W^« £J .

A

comparisons (NC-C)

368.41 368. 42 

FS *S

1.76X 1.87XX

N. S. X 0.

N. S. K. o.

K. b. N.S.

1/4 1/4

N. S. K. S.

N. S. K . S..

2 7 •»^Ot T , ,., 
.33 i».S.

N.S. 2.67XXX

1/4 1A

K.s. 1.54X

N.S. i^.S.

N. S. K. S.

sjj-^,Aia.A JLV^GUM.,^ \^x j.1 , .
i?.

.

377.5 392.6 

F0.-' O

2. 57XX 2. 80^
yry

2.00 N.C.
5.30XXX 2.47XX N,s.

2.55XXX 4.00XXX

4/4 3/5

3.67XXX 3.29XXX

N.S. 2.3j>XXX

7.33XXX N.S. N.S.

K.S. 2.33XXX

2/4 3/5

2 e, -«XXX ~ . ~XX 
.00 2. 1 7

1.90^ 2.17XX

6.od°CX N.S. K.U

VCU.UCO iWA UIKi

418.1 230.15

?o F,, o o

4. 38XX -.S.
T <. -T c.:
i » • W^» 4 ^ « t>»

N. S. Kf . 3.
4.20XXX 2.92XXX

2/4 1/4

/f,33^" ::.s.
"'•.( O >T O J^. O. "• O.

N.S. K'.S.

1.75X i-.b.

2/4 0/4

2 p -XXX ~ ,_ 
• ' ' ' - <• O.

K.S. ...OO3"

7 O ^ " O ,^ . O. j > . >_>,

(a/n)

5/6

V6

3/7

V6

12/25

3/6

1/6

3/7
3/6

9/25

V6

3/6

1/7

50 Osc. ii.S. Ji.u 2.2I^OCX 3.50XXX ?.f .S. 2.43XXX 3/6 

(a/n) 0/4 1/4 4/4 3/5 1/4 2/4 11/25

(a/n) = the ratio of the number of significant ^« values to uio total 

number of ? values.
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Table 26: Ci:C runs: the distribution of significant alternate-breath

Itest

Subject 40 409 421 425 392 All 

No. runs 10 1? 12 11

/ariable

Vm . a 150

r a 10 8 -fl

a

a 49
e?

& 58

A T

/ •

L'J? a

a 2 10 1
-^«

a 10 8 2

a 872

£

a 460

Tj a 2 3 3

. K a 10 9 5

a = number of ̂ significant observations; % - 'a 1 as a percentage of the 
number of runs; significance levels (+) are of X (p-65), and apply 
only to the collected experiments.

na

92

1

1

7

4

8

3

7

1

6

5

1

0

3

6

suDjecxs, irres

All 409

50 11

7^+ 3
14.0

2?++* 11
54.0

1 '+++ 9
32.0

2^4* 3

48.0

17+++ 10
34.0

26-++ 10
52.0

14+++ 9
28.0

26+++ 10
52.0

" <i Q^^- y
^4.0

11+++ 9
^2.0

16+'+ 9
V..O

11+++ 5
22.0
30+++ 10
60.0

pCCT,iVG UA i l •-,-2

"\xercise

421 42S 392 All

15 11 14 51

6 1 7 17+++
33.3

12 5 1C 38+++
74.5

4 1 6 20*++
39.2

9 4 10 26+++
51.0

8 2 3 23^++
45.1

6 6 10 32++"
62.8

6 1 2 18+++
35.3

11 5 10 36+++
70.6

; 1 6 25^++
49.0

1 0 2 15+++
29.4

2 2 0 13+++
23.5

4 1 1 11+++
21.6

12 4 9 35+++
08. 6
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Table 27; OSC runs: the distribution of significant alternate-breath

oscillations

Subject

lio. runs
Variable

V *

\,i •
V,, a

9?
vx

^ a
."*

» ' ( *^* £h

-L

* "J"i ,^ IP Ox -j*r d

%
PIF a

/-

PIA a

£

TT a
f

TJ£ a
/•

TX a

L/i^itt,/ a

^

between variables

409

7

1

7

5

3

5

7

2

7

7

3

5

2

7

421

9

4

6

4

7

6

4

6

6

5

5

7

2

6

1 "i^ ~ •f
i 'J^. 0 U

425

8

0

2

1

3

1

4

1

2

2

0

2

2

4

and

392

6

1

p.

4

6

3

5

0

5

4

0

0

2

4

^i

subjects

-11

30

20.0
20*** 

66.7
14***

46.7
19*** 

630
15**'

50.0
.-.,-* +++^0
66.7

3***

30.0
20+**

66.7
18***

60.0
8***

26.7
14***

46.7
8*** 

26.7

21

70.0

^

in hypoxia.

Exercise
409 421 425 392

8660

3414

0637

&314

2437

8523

7357

8412

7657

6613

8200

8120

5210

7346

,dl

28

12*** 

42.9
24***

85.7
16"**

57.1
16*** 

57.1
18***

64.3
2^***

7U6
15***

53.6
25***

89.3
16***

57.1
10***

35.7
11***

39.3
8*** 

28.6
, ->+•«•
e-J

71.4

a = number of significant observations; % = 'a 1 as a percentage of
p 

the number of runs; significance levels (+) are of

apply only to the collected experiments.

(p. 65), and



- 229 -

Table 281 OSC runs: the distribution of significant ZD values between 

variables and subjects in hypoxia.

test Exercise 

Subject 409 421 425 392 All 409 421 425 392 An

No. runs 7986 30 6668 28 
Variable

+•*••+• ~ ^+++
Vm , a 2202 6 03036

Vm

•

•

VI

t.-vni • . .-A*.

1 JL-£

PEP

TIP

PIA

T T

T,v
i^

%

a

A

a
A'

a

A

a

^

a
c"."
/<•

a

A

a

A

a
/'

a
A

a
/ w

630

320

1 3 0

4 1 0

400

1 3 0

620

520

3 1 0

6 1 0

20.0
2 11+++

36.7
2 ?***

23.3
2 6+++

20.0
2 7*+'

23.3
3 7*+ *

23.3
0 4^ b *

13:t
2 10+++

33* 3

2 944 +
30.0

0 41 " 8'

13.4

1 8+++
26.7

6

8

2

8

3

6

6

5

6

8

21.5

444 18+++
64.3

202 12+++
42.9

1 3 2 8+++
28.6

202 12++4
42.9

3 2 4 12+++
42.9

3 0 0 9"*
32.1

424 16+++
57.1

5 1 2 13**+
46.4

1 0 0 9***
3«-i

1 0 1 10+++
35.7

T.J. a 1 1 0 0 2T' W * 2001

•/ 6.7 10.7
7522 16"""" 6555 21+++ 

£ 53A 75.fr

a = number of significant observations; £ = 'a 1 as a percentage of the
P

number of runs; significance levels (+) are ofX (p. 65 ) , and apply 

only to the collected experiments.
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Table 2g; OSC runs: the distribution of significant alternate-breath 

oscillations between variables and subjects in hyperoxia.

ilxercise

Subject 409 421 425 392 All 409 421 425 392 All 

No. runs 02226 02226 
Variable

VT>E a 0000 OOOO

VT I a 0011 000

Vz a 0000 0000
&*

*

V-jr a 0011 0000 
/•

te*? a 0000 0000 

- ••»• -ti /<-

MIP a 00111 10011

0 0 1 11 0 0 0

0 1C

PIP a 0000 100

J?IA a 0022 0000
/*

Tr , a 0011 0000
c." 
/•

TE a 1001 0000

/- 

TT a 0112 0000
«/v 

Di?'HC a 1001 2024

a = nuaiber of significant observations; /i- = 'a1 as a percentage of the
o

number of runs; significance levels (+) are of X (p. feS), and apply 

only to the collected experiments.
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Table 30s STEADY runs: the distribution of significant alternate-breath 
oscillations between variables and subjects.

Subject 409 421 425 392 All 409 421 425 392 All
No. runs 10 15 10 11 46 

Variable
0000 0VT,E -

V *

VI

0000

1000

10 14 10 11 45

0000 0

NS
3100 4 51107

"

0000 0

2010

MEU?1 0001

00000

0000

3111

p.:' 00000 0000

PI?

PIA

T ,

A

5001

4000

00000

5000

0301

0001

105

0000 0000 0

a

00000

4100 5 105

0000

6211

a = number of significant observations; ;C = 'a 1 as a percentage of 
the number of runs; significance levels (+) are of X (p. 65 ) , and 

ap|>ly only to the collected experiments.
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Table yi: ST^OJY runs: the distribution of significant alternate-breath 

oscillations between variables and subjects in hypoxia.

- J ?> Best Exercise 

Object 1*09 421 425 392 All 409 421 425 392 All 

No. mns 7766 '26 7 5 4 5 21
Variable

V a 00000 00000

MEP a 0 0 Cj 1 1 N-S*

a 00000 2011

% 
PEP a 00000 0000

.s.
VT>I a 3000 3N* S> 3 0 0 0

>• ooooo o o o o 3N* S*
VE a OOOOO OOOOO

1000 1 N' S' 2000 2N* S*

PI? a 3001 4! * S" 2 0 0 0 2N' S'

PIA a 4000 4N' S * 0200 2N' S'

TT a OOOOO 0001 1 N* S"

OOOOO OOOO

OOOOO OOOO

DPBC a 5400 4N* S* 4 0 0 1

a = number of significant observations; % « 'a* as a percentage of the 

number of mns; significance levels (+) are of 7C (p. 65), and apply 

only to the collected experiments*
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£2: The results of the amplitude comparisons between OST and ST.
alternate-breath oscillations.

pcsfc
Expt.

409.5

>.C>.6

421.2

421.4

425.2

392.13

392.15

F/ n Variables' 2
(torr)

112.5 DPHC*""" 

69.0 PIA*
54.0 v?/
46.5 PIP"** DPHC* 4 *

129.0 PIP ft.G. 
78.0 PIF K.L.
63.0 1-Ti-1 ** PIA N.S.

rra***

55.5 VT>X ** Vj ;•«.£.
i-IP r * PIA N.S.

46.0 VT x N.S. PIA** 
DPHC N. S.

76.5 VTy+

51.0 DFBD*

57.0 MEP r;.£. 
57.0 PIP""

P-,o2
(torr)

117.0

57.0
52.5
5LO

75.0

63.0

57.0

5LO

120.0

90.0
76.5

66.0
58. 5

100.5

60.0

76.5

90.0
49.5

Variables

V^ T N.S. tIP K. 
L > +r>:?tc

PIP*

Vj N. S.
VTI^* PIP' 
T-^r* +
-i-'-'i. -i w.-'

TT * tr~r 'v,! ty r;
»rj» T i"-1-* A » °«

H^++ DFiC +++
V *- + MIi'++ 

DPK+++

MIP K. S. I Ii'+ *
I.j'SC*

V ++ V W.S.
.irc+++
DPiC**

DPHC K. b.

VTjI** MI£' N.S. 

PIA N. Ii.
PIA K.L.
-,T • •*•••••«•

X 1^.

•

v/_ ,. K. 'j. V T N. o
;• , .,1 •' o ^ • ; ••
l-'I? »U> 11 . kj.

KIP+

T N '-'• •'•m ^.-»

PIA ::.a.
Lli?1"*"" L^'iC N. 3.

Starred nans: OX > ::T^XY; K.S. : Of£ = CT^ADI, A OX > 0.
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runs of unedited data (1) and edited'aata (2): oignificant values only.

2 Best Exercise 
A,02

(torr) 70-5 55.5 5k. 0 46.5 69.0 57.0 52.5 51.0 51. 0
*r
"m v •*•»•-

\r

v,..

Vj

:^?

IT?

PS*

PL?

I LI

T 1 T

TE

TI

DM

1

1
2

1
2

1
2

1
2

1
2

1
2

1
2

1
2

1 
2

1 
2

1
2

1
2

0.40
0.40

0.30
0.42

0.53
0.68
-.--•',

0.68
0.70

0.62 0.79
0.55 0.80

0.66 
0.63

0.79
0.78

1.22 0.89
0.95 0.93

0.65
0.58

0.46

0.77
0.58

0.67
0.6k

1.27
1.25

1.4fc
1.42

0.61 
0.46

0.96 
0.81

1.20
1.20

1.08 
0.75

* *s

0.81
0.77

0.45
0.47

1.48
1.2C

1.57
1.57

0.73
0.76

0.67
0.70

1.50
1.67

1.7k
1.49

1.50 
1.50

2.23 
^.23

0.96
0.57

2.27
2.1k

0.58
0.4k

0.37 0.36

0.53 0.86
0.39 0.68

O.k5

0.60 0.98
O.kk 0.91

0.62 0.98
0.60 0.7£

0.33 1.15
1.0*4

0.53 0.47 
O.k7

0.76 0.86 
0.53 0.89

1.0k
0.97 0.66

1.15
0.98

0.65 1.00
0.92 0.90

0.95
1.02

1.20 1.30

1.40 1.47

0.48
0.61

1.14

0.60
0.7k

1.0k 1.36 
1.09 1.05

1.38 1.33 
1.4k 1.26

0.58 
0.74

1.62
1.32

1,29
1.29

1.32
1.42

1.36
1.51

0.89
0.89

0.79
1.12

0.57
0.50

1.66 
1.77

1.36 
1.5k

0.5k 
0.52

1.93
1.93

Significance of ZD values for run sizes ranging from 40 to 80 bteaths:- 

0.01 < p.< 0.05 '• ZD > O.k7 to 0.32; 0.001<p<0.01 : ZD > 0.61 to 0.42; 

p < 0.001 ; ZD > 0.78 to 0.54,
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Table 3^; Latencies of the significant responses obtained i'roa the P. 

transient in hypoxia.
f~2

409.5

T>

rr) . ,
V*rfi T 

-*•>•*-
VV T,I

p.';?

'*On* transient

1 69.0 kmax

k ,niax 0,

55.5 k x

54.0

k,max

46.5 k=«x

0. (US

3 3 3 

0.55"" 0.68"* <UK+ *

itest. 'Off* transient

54.0 k

rcise, * On* transient

6 57.0 kmax

r,, k,max
51.0

0.

xe rcise. 'Off transient

69.0

57.0

10 5LO kmax 

.max



0

"0 j.^9'0- ^AA2.2.*0- 9VO •4-4- +4-+ 4-^ *

0 I, I -»7

^9-0- ^89-0-

\r

•(>-

kJocQ Jj uj iL

^09-0

^
99-0
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Table 34 (continued)

'T,E vi
(torr)

409.6
'*Off* transient

1 57-° kmax 3 ° 1 1

rk>raax °'53+ OA5+ 0.62- 0.72^

Best. 'Off transient

"^ max
+ ^ >.. •<

r, 0.4-9 
k,

. 'Off transient

70- 5 "max

k,raax

421.4

kest. f Qn* transient

1 58-5 >W 2 2

rk.n«« °' W+ °'53+

, 'Off* transient

58.5 kmax
'""" rk,aiax

rk,n,«

'-jcercise, 'On' transient

Kxercise. 'Off transient

rk,max °'



FL T E

0.604-4-

0.51* -0.51

2 2 

0.63""* 0.2*8* 0.61
4-4-

0.64
4-4-

0.58 44^

2

0.82 0.45

2 

0.56*

0.52'

0

-0.54* 0.61"*

-0.55

4 

3.55* 0.79*** 0.85***
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421.6

test. 'Off transient

-,o2
(torr) 

49.5

425.2

Exercise, 'Off transient

1 63.0

3:2.13

hxercise, 'Off 1 transient

60.0

392.15 

,xercise. t On > transient

54.0

ijcercise. 'Off transient

2 55.5

max 
r,

max

max

max

'k,max

max

max

k,max

V V T,E

0.52

2

0.62

V .

0

0.

0

0*44

0.

-W T 0.50+



exercise
PIF PIA Tm T u, T, DFiC .son of

T a A dents

k. 0 0

OA7* 0.65"" 0.71

4

0.66*4 0.4£* 0.66

0.51" 0.83^

0.59"" 0.52* 0.55*

2 3 

0.50* -0.59

2 ^ 2 2
.+++ ~ ^, •*•

S.

I + 
i ++

-f+
-< ^
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-<est

2*09 r*W*«f

VK
I'^j?

il.''

:-•!.,
T A T
'a.,.,

£»

-VC^.t
•

V--,
•j-;.'1
PE?
PIF
"T
j- ( , jj

421.4
l.I.1

421.6

VT,JB

V
o>^
MX''

ni
i.

.U*

*2?-2
•;r 
'T 1A » •*•

DAD

Coefficient 
x 102

1.1 4
3.1 ++
2.6 4
3.3 +
2.6 4
4.2 4

K.S.

1.0 4

::.s.
1.0 *

I: . k -.

1.45 +

•M C 
.•» O.

1 • • '-v.

K q . •• • k->.

N.3.
i t
IS. »v«

0.6 4

N.C.
K. S.

Hypoxia 
intercept 
torr"1

16.6
20.4
7.6

10.9
16.6
19.5

»

30.0

-18.0

23.7

35.5

Exercise

Coefficient Hypoxia 
x 102 intercept torr""1

2.2 4 10.6
3.0 444 10.6

>* I- 'il. 0.

r.S.
3.5 ^ 16.1
3.3 44 10.9

3.1 + 14.7
J-.O 4 13.5
3.2 4 1C.4

>.f c1 <• w.

L.D 4 16.3

J...6 4 14.8

2.1 4 15.3

2.4 4 15.6
1.-; «- 15.5
1.2 4 13.1
2.1 4 1o.o

K.S.

2.3 + 13.1
3.1 + 1-8

Best v, ex* 
comparison 
coefficien

I'l. o.

il, >.J.

({ > it] 4

M o 
4 « • O.

r.T O 
A. b.

* T >
i«. — .

K > n 4

:: ^ R 44
E > IX 4

>.i c1 
11. 0.

B > iv 44

L > 'd 4

N. S.

N. b.
* r ( -
iN. -..

N. P.
1} > .v 4

1' . >J.

E -> n 4H
K -> .i 4^
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Linear regression of the normalised alternate -breath oscillation on
-icnir.icant results.

409.5

.

T'i 1

PL-,

T.,

Best

Coefficient Hypoxia 
x 10^ intercept

-I.Q5+

N.

N.c

-39.8

xereise

Coefficient Jtypoxia 
x 102 intercept 

torr"^

30.5
3.2

11.9
-10.1

C.5
0,V1

IM.S.
r-r q - •• o.

i'i.S,
N.S.
7\ v f ^i<« o.

K.S.
N. .

N.b.

-I2.74 t

3.0

5*97

rtest v. exercise
comparison of 
coefficients

>.- ^
4'. tw.

li. S.
N. i>.

H > :., -f

I". • lw.

''•• *-'.

U.S.

?i > It +
i- > H -f
ifi > R

Tr ', >
i^. k^ (

IV t!

>

R

421.4

tf
6.3

N.3.

N. 3.

•»'• n-'.

II.' 1

392.13

V C^ • »• '.

, DA

20.',-

21.9

*> R

,. 3. •J
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The effects of exercise on the ratio of heart rate 

(f ) to respiratory frequency (f

The data were obtained from experiment 409.6. 
J.:easureraents were made during euoxic hypercapnic 
runs (mean Pr ~ ca. 10 torr above the eupnoeicA OD
value) , at rest Ind during moderate exercise (40 watts)

. 
l.rain' 1. min min

Itest 38.0 1.80 21.1 80 3.8 

Exercise 49.5 1.90 26.0 120 4.6

The ratio, fVf , rose on going from rest to exercise.
Ct V
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