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Voorwoord 

Voordat de lezer dit boekje doorbladert of doorleest, wil ik graag de aandacht 

vragen voor een aantal mensen die een belangrijke bijdrage hebben geleverd aan het 

tot stand komen van dit proefschrift. 

De drijvende kracht achter dit onderzoek was Dr. John Karemaker. Zijn originele 

ideeën vormden de aanleiding voor het project en zijn kritische beoordeling van het 

manuscript is op vele plaatsen terug te vinden. Daarnaast zorgde hij voor de 

dagelijkse begeleiding, door een grote inbreng van fysiologische (en technische) 

kennis, en wist een vierjarige AIO-periode tot een aangenaam tijdverdrijf te maken. 

Veel dank ben ik verschuldigd voor de deskundige begeleiding van promotor 

Prof. dr. Henk Jansen, die de medische kant van het onderzoek belichtte. Promotor 

Prof. dr. Lennart Bouman zorgde voor een kritische evaluatie van de gevolgde 

methodieken en droeg een uitgebreide kennis van de fysiologie aan bij het trekken 

van conclusies over de verschillende fysiologische mechanismen. 

Drs. Reindert van Steenwijk leverde vele nuttige commentaren, was behulpzaam 

bij het opbouwen van de verschillende meetopstellingen, en spande zich in voor 

deelname van patiënten aan het onderzoek. 

Drs. Wim Stok heeft veel werk verzet om dit onderzoek ook echt iiitgevoerd te 

krijgen. Zonder zijn bijdrage aan de data-verwerking was er waarschijnlijk niet veel 

van terecht gekomen. Met veel geduld wist hij altijd weer een "hangend" 

programma of een weerbarstig apparaat te laten doen wat het hoort te doen. 

Rudolf de Knijff heeft een belangrijk aandeel gehad in het opzetten en uitvoeren 
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van de experimenten die beschreven zijn in hoofdstuk 5. 

Veel heb ik geleerd van de discussies binnen de Werkgroep Fysiologie en 

Pathofysiologie van de Circulatie. liet aantrekkelijke van deze werkgroep is dat 

deze is opgebouwd uit mensen met uiteenlopende achtergronden die zich met de 

bloedsomloop bezig houden. Dit stond garant voor een brede en kritische kijk op 

het onderzoek. Mijn dank aan allen die hier een bijdrage aan hebben geleverd. 

Een stimulerend effect ging ook uit van de discussies binnen de 

Werkgemeenschap Gastransport (NWO), waar veel bruikbare kritiek naar voren is 

gekomen. 

Ir. Baas Louter en drs. Jan Zeegers hebben nogal wat tijd besteed aan het steeds 

weer (opnieuw) laten draaien van de verschillende systemen en netwerken, en 

Niesje Verhey was behulpzaam bij het opstellen van de nodige longfunctie-

apparatuur. De verpleging van afdeling F5-NO was steeds behulpzaam als er weer 

iemand kwam "snurken". 

Prof. Gerrit Mook was zo vriendelijk ons te laten experimenteren met een 

exemplaar van zijn "cycloop". Dankzij dr. Ince kwamen de mogelijkheden van een 

massaspectrometer binnen ons bereik. 

Zonder al deze bijdragen was het onmogelijk geweest het uiteindelijke resultaat te 

bereiken. 

J.v.d.A., Februari 1992. 
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Chapter 1 

Introduction 

1.1 Background of the study 

In quietly breathing humans, arterial blood pressure (BP) and heart rate (HR) vary 

from beat to beat. This short-term variability of the circulation is not entirely 

determined by chance, but is influenced by control mechanisms that continuously 

adjust the circulatory system according to its neecls. Such rapidly acting control 

systems are mainly reflexes mediated through the autonomic nervous system, like 

the baroreflex. These reflexes can induce a non-random pattern in the beat-to-beat 

variability of BP and HR. Such patterns, resulting from the action of regulatory 

systems, contain information on how these systems control the circulation. So, the 

analysis of patterns of variability can provide a means to investigate the worldngs 

of autonomic reflexes. On the other hand, the short-term behavior of BP and HR is 

also influenced by phenomena that are not directly involved in circulatory 

homeostasis, such as respiration. For instance, regular breathing modulates BP, 

probably mainly by mechanical effects of respiratory movements on the circulation. 

But what happens if breathing is irregular, when respiratory movements vary from 

breath to breath? Does such respiratory variability also lead to distinct patterns in 

the time course of BP and HR? If so, can the time course of BP and HR in relation 

to respiration tell us something on how cardiorespiratory interactions are brought 

about? And, in the case of extreme respiratory variability, such as occurring in the 

sleep apnea syndrome, can this affect the circulatory homeostasis to such an extent 
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that circulatory pathology results? 

The notion of a relation between respiration and variability of BP and HR is 

not new. Respiratory sinus arrhythmia (RSA), i.e. a fluctuation of HR in synchrony 

with respiration, was reported by Ludwig as far back as in 1847. RSA usually 

consists of an acceleration of HR during inspiration and a slowing during 

expiration. Hales (1733) described respiratory fiuctuations in BP measurecl in the 

carotid artery of a mare by means of a simple tube manometer (see Mountcasde, 

1980). Respiratory fluctuations in the circulation may have been known to 

physicians for a longer time, since palpation of the radialis pulse sometimes reveals 

an inspiratory decline of the pulse in comparison with expiration, in spite of a fairly 

regular heart beat (the so-called pulsus paradoxus; Dornhorst, 1986). While 

palpation only allows detection of (large) beat-to-beat changes in pulse pressure, the 

development of indirect sphygmomanometry provided an easy way to assess 

inspiration-expiration differences in BP, yet without regarding beat-to-beat 

fiuctuations (Dornhorst, 1986). 

In recent years, a growing interest exists in beat-to-beat circulatory 

variability. Especially the advancement of computerized data processing techniques 

has made it possible to obtain large series of beat-to-beat values of RR interval 

(from the ECG) and BP-parameters from continuous invasive pressure recordings. 

In addition, the recently available method of continuous BP-measurement in the 

finger offers an easy and reliable means to acquire pressure data noninvasively 

(linholz et al., 1988; Parati et al., 1989). An example is shown in Fig. 1.1. 

Subsequently, non-random pauw-ns can be sought in series of beat-to-beat values. 

Since such patterns are mostly periodic (oscillations in the course of time), they are 

particularly suited to be recognized and described by spectral analysis. This 

mathematical technique enables one to extract periodiekjes (with a certain amplitude 

and period duration) from a series of values, even when periodicities can not easily 

be recognized in the original data (Jenkins & Watts, 1968; DeBoer et al., 1985a). 

The phase between oscillations can be determined as well, so that we get informed 

on how the different variables are related to each other in time. Rhythms in BP and 

HR have been identified in resting humans in three main frequency ranges: 1) a 

rhythm with 3-7 s periodicity, coinciding with normal respiration (including RSA 
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FIGURE 1.1. Beat-to-beat values of systolic (S), diastolic (D) pressure and RR-interval (I) 
derived from continuous finger arterial pressure and ECG (respectively) in a normal 
subject at rest. Successively measured values are interconnected by lines. 

and pulsus paradoxus, but also more moderate BP-fluctuations), 2) a periodicity of 

8-12 s (the so-called 10-s rhythm) and 3) slower rhythms, with periods of 15 s or 

more (Golenhofen & Hildebrandt, 1958; Akselrod et al., 1985; DeBoer et al., 

1985a; Pomeranz et al., 1985; Pagani et al., 1986). 

The amplitudes and mutual phase-relationships of periodicities in BP and 

BR as assessed by spectral analysis provide clues for the sources of this variability. 

Mechanisms held responsible should have such properties that they can indeed 

produce the observed behavior of the circulation. For example, the hypothesis that 

instability of a hormonal feedback-system accounts for high-frequency oscillations 

in BP can easily be rejected on the grounds of the long delay times in such a 

system. Stil, it is often difficult to prove, just by logic reasoning, whether 

characteristics of a putatively involved system do really lead to the observed 
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features of variability. Mostly various systems interact so that one easily loses track 

when trying to take all the hypothesized interactions into account. These objections 

can be met if these hypotheses are cast into the form of (simple) mathematical 

equations that describe how the various systems change the circulation from beat to 

beat. Simulated series of beat-to-beat values computed from such a model should 

have the same time characteristics as the original data. Thus, DeBoer et al. (1985b, 

1987) could explain RSA by a model based on the fast, vagally mediated, 

baroreflex response of HR on changes in BP induced by respiratory mechanics. The 

10-s rhythm appeared to be fitted by the slower functioning of the baroreflex 

through sympathetic efferents, mainly acting on peripheral vascular resistance. 

The sources of low-frequency rhythms in the circulation (periods > 15 s) 

are unclear. Oscillations with a 20-s period have been related to temperature 

fluctuations (Kitney, 1980), but this does not necessarily indicate an underlying 

mechanism. In the Department of Physiology of the University of Amsterdam, 

attention was drawn to these rhythms because spectral analysis of invasive BP-data 

revealed an increased occurrence of low-frequency rhythms in essential 

hypertensives during sleep (Van Dijk et al., 1988). Another, explicit, example of 

low-frequency periodicity was seen in recordings of continuous finger BP in 

patients with a sleep apnea syndrome. Here large oscillations in BP and HR occur 

synchronously with recurrent interruptions in respiration during sleep (Fig. 1.2). Dr 

Karemaker came to the presumption that low-frequency circulatory oscillations, also 

in resting awake subjects, are associated with periodicities in respiration. This idea 

is the basis of the present research project. Two main questions arise: 1) How is 

variability of the respiration linked to short-term variations in BP and HR? and 2) 

Do periodicities or other non-random patterns in the variation of respiration from 

breath to breath indeed occur or is it a random process? The last question changes 

the field of attention to respiratory physiology, e.g., to the regulation of blood gases. 

For instance, owing to the delay from the lungs to carotid bodies of about 5-10 s 

(Dejours, 1963; Jennet, 1969; Drysdale et al., 1977; De Goede et al., 1985), a 

perturbation in the amount of inspired oxygen during a given breath may evoke a 

reaction in one of the following breaths. Propertjes of subsequent breaths may thus 

become linked to each other, implying a non-random breath-to-breath 

variability—that depends on the involved regulatory system. Whether an unstable or 
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FIGURE 1.2. Sleep registration in a patient suffering from obstructive sleep apnea 

syndrome. FBP: finger arterial blood pressure, measured by FinapresTM. The periodic 

interruptions of the signal are due to internal set-point checks of the device. HR: heart rate 
as measured from the ECG; IPG, impedance pneumogram, refiecting movements of the 
chest; N th: a thermistor in the nose signals temperature of the passing air. Note the 
recurring periods of interrupted airfiow with persisting inspiratory effort as evidenced by 

the IPG. 

oscillatory pattem results, is not only determined by delay times but also by factors 

as the gain of the system and the interaction with other systems. Part of this thesis 
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is aimed at the recognition of non-random patterns of respiratory variability in 

healthy volunteers at rest and the implementation of an explaining breath-to-breath 

model. Analogous to circulatory variability, this may yield a window to look at the 

action of respiratory regulatory systems. In addition,- this approach may add to 

already existing models that try to explain the occurrence of (large) oscillations in 

respiration, such as in Cheyne—Stokes respiration or sleep apnea (Khoo et al., 1982; 

Longobardo et al, 1982). 

The sleep apnea syndrome (SAS) represents a radical example of respiratory 

variability and coinciding changes in the circulation, as illustrated in Fig. 1.2. Apart 

from recurrent bradycardia and sometimes occurring rhythm disturbances, a possible 

health risk is fortned by repeated marked elevations of BP, which amounts to a 

nocturnal hypertension (Krieger, 1986) instead of a normal fall in BP during sleep 

(Khatri & Freis, 1967; Millar-Craig et al., 1978). Nocturnal hypertension may be a 

major contributory factor to long-term cardiovascular complications often seen in 

patients with the syndrome (Krieger, 1986). Of interest, an epidemiological 

relationship also exists between SAS and daytime hypertension: for instance, 

30-50% of essential hypertensives have been reported to meet criteria of SAS 

(Kales et al., 1984; Lavie et al., 1984; Fletcher et al., 1985; Williams et al., 1985), 

although the association may partly be due to factors as obesity (Stradling, 1989). 

The mechanism of periodic hypertension and pronounced sinus arrhythmia 

in SAS is elusive—the level of arousal, thoracic mechanics, baroreflexes, 

chemoreflexes, and other systems may all be involved. We will attempt to explain 

these phenomena by the same kind of approach that was applied for normal 

hemodynamic variability: an analysis of the time course of the various variables 

(and in relation to each other) and the development of a simulation model. Thus, 

the exploration of circulatory variability now becomes a search for pathophysiology, 

in this case conceming the possibly respiratory genesis of a specific type of 

systemic hypertension and arrhythmias. 
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Chapter 2 

Respiratory Variability and Associated 

Cardiovascular Changes in Adults at Rest 

(Review of the Literature)1  

Summary. Breathing patterns and associated circulatory fluctuations may reflect the 

action of various regulatory mechanisms as well as mechanical influences of 

breathing on the circulation. Thus, the study of such patterns can enhance our 

knowledge of these mechanisms, both in normal and pathologic conditions. In this 

review, literature is evaluated that provides insight into the breath-to-breath 

variation of respiration in quietly breathing adults. Also when respiration is 

seemingly random, deterministic patterns in the respiratory variability can often be 

discerned. The various methods used in the recognition of such patterns and their 

possible interpretation are discussed. 

Furthermore, the question is addressed how respiratory variability can affect 

the circulation and how this can be studied by analyzing the time-relationships of 

respiratory and circulatory parameters. This may add to both the understanding of 

normal cardiovascular regulation and to insight into cardiovascular disturbances 

under unstable respiratory conditions. As examples of such circumstances, some 

common conditions are discussed that are often, although not always, associated 

with pathology, viz. Cheyne—Stokes respiration, snoring and the sleep apnea 

syndrome. 

1  Published in Clinical Physiology (J.G. van den Aardweg and J.M. Karemaker) 
11:95-118, 1991. 
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2.1 Introduction 

Clear patterns in the breath-to-breath variation of respiratory parameters such as 

inspiratory and expiratory tidal volume (VI and VE) and duration of inspiration and 

expiration (Ti and TE) can only be recognized exceptionally in healthy subjects at 

rest. Mostly, respiration at rest fluctuates in an apparently unpredictable way, yet 

remains within a certain range. Could this really be a random variation - at least 

within the observed limits? That would imply that the properties of one breath do 

not exen an influence on the following breaths. However, if control mechanisms 

continuously react to perturbations in the system (e.g. altered blood gases) with 

some latency and duration of effect, making this reaction perceptible in following 

breaths, they would affect the variation of respiratory parameters in time, thus 

imposing a pattern on their time course. The features of these patterns may then 

reflect properties of control mechanisms, for example loop gain or reaction delay in 

the case of negative feedback systems. Mechanisms possibly responsible for non-

random breathing patterns are reflexes from aortic and carotid body chemoreceptors 

(Cunningham, 1987), centra! chemoreceptors (Loeschke, 1982), pulmonary irritant 

receptors (Paintal, 1973), proprioceptors of the respiratory muscles (Remmers & 

Marttila, 1975), Hering-Breuer reflexes (Clark & von Euler, 1972), or regulatory 

systems of metabolism and temperature (Iberall, 1986). Moreover, respiratory 

variability could be affected by rhythm-generating systems in the brainstem (Von 

Euler, 1983) or by higher cortical centres (Gautier, 1969). 

In the light of the close relationship between respiration and circulation, one 

may wonder which impact breathing pattems have on the variability of e.g. blood 

pressure and heart rate. And, if a breathing pattem is unstable, as in the case of 

Cheyne—Stokes breathing, can this lead to circulatory instability? If so, insight into 

such conditions could also be provided by the study of temporal variability (of both 

respiratory and circulatory parameters), inasmuch as an interdependence of 

respiratory and circulatory fluctuations should be explained by the time 

characteristics of the mechanisms coupling them to each other. Examples of such 
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mechanisms are influences of intrathoracic pressure on circulation (e.g. Guz et al., 

1987), reflexes from chemoreceptors (Drysdale & Strange Petersen, 1977), low 

pressure cardiopulmonary receptors (Linden, 1973; Melcher, 1976), lung-stretch 

receptors (Shepherd, 1981) or central cardiorespiratory coupling (Koepchen et al., 

1986; Millhorn & Eldridge, 1986). 

Before discussing such cardiorespiratory interactions, we will turn to the 

analysis and interpretation of short-term respiratory 

2.2 Respiratory variability at steady state 

2.2.1 Measurement of volumetric pulmonary changes 

The first descriptions of breathing patterns were based on clinical observation, such 

as a type of periodic breathing observed by Hippocrates (see Tobin & Snyder, 

1984). The combination of inspection and auscultation is in fact a very useful tool 

in diagnosing various breathing anomalies, but it does not yield reliable quantitative 

information on respiration (Mithoefer et al., 1968). Quantitative analysis of 

breath-to-breath variations in tidal volume and breathing interval obviously requires 

a more objective measurement. A problem is that reliable methods such as 

spirometry or pneumotachography may influence breathing. Gilbert et al. (1972) 

found that the mouthpiece and noseclips commonly used in spirometry can enhance 

tidal volume and decrease respiratory frequency. In another study (Askanazi et al., 

1980), only increases in tidal volume were found without a significant change in 

breathing interval when using this equipment. Other methods do not seem to 

influence breathing pattern, but deliver signals that are poorly related to volumetric 

changes, such as the temperature of the nasal airflow measured by a thennistor. 

Other examples of such methods are impedance pneumography in which thoracic 

impedance is measured correlating to changing thoracic volumes (Grenvik et al., 

1972), strain-gauge pneumography in which the resistance of an elastic band around 

the thorax is measured (Bendixen et al., 1964) and jerldn plethysmography, 

measuring pressure in the closed air layer between the thorax, abdomen and a 

tight-fitting shirt (Gillam, 1972). 

A device that does not seem to influence breathing pattern and produces 
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TABLE 2.1. List of abbreviations. 

Breath-to-breath parameters: 
VT 
VI, VE 
TI, TE 
'ProT 
f (=1/Tr0T) 
VE (=VE/TTOT) 
PET092, PET02  

Paco> Pa02 

Tidal volume 
Inspiratory and expiratory tidal volume 
Duration of inspiration and expiration 
Duration of one breath 
Respiratory frequency 
Minute volume 
End-ticial CO2  and 02  gas pressure 
Arterial CO2  and 02  gas tension 

B P 
	

Blood pres sure 
CSR 
	

Cheyne—Stokes respiration 
CV 
	

Coefficient of variation 
DFT 
	

Digital Fourier Transform 
FRC 
	

Functional residual capacity 
HR 
	

Heart rate 
MCA 
	

Maximum compartmental amplitude 
RSA 
	

Respiratory sinus arrhythmia 
SAS 
	

Sleep apnea syndrome 

valid values is the head canopy (a kind of bell jar with a tight-fitting opening with 

cushions around the neck) connected to a spirometer (Zikria et al., 1974) by which 

02  consumption and CO2  production can be measured as well. Recently, a 

respiratory inductance plethysmograph has been developed that allows continuous 

noninvasive measurement of ticlal volume highly correlated with spirometer values 

if properly calibrated, at least for a given body position (Tobin et al., 1983b). This 

device, that probably has no influence on tidal volume and breathing frequency, 

measures the inductance of spools in a jacket that fits around chest and abdomen so 

that it is able to determine the volumetric changes of the rib cage and abdomen 

separately, allowing the assessment of thoraco-abdominal phase differences. After 

proper calibration, the sum of these two signals yields ticlal volume. 
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47-year old quietly breathing male subject. From Lenfant (1967). (Reprinted with 
permis sion). 

2.22 Graphical representation of respirator); parameters as a function of time or 

breath number 

How can a possibly non-random content of respiratory variability be recognized at 

steady state respiration? Sometimes patterns that remain otherwise unnoticed are 

revealed by graphical display of respiratory parameters for each breath as a function 

of time or breath number. Lenfant (1967) found conspicuous oscillatory patterns in 

graphs of tidal volume (VT), breathing frequency (f) and minute volume (VE, see 

Table 2.1) against breath number in 12 males and females in seated position (Fig. 

2.1). A fast wave with relatively small amplitude appeared to occur over short 

periods of time in all parameters with a period of 2-6 breaths (unfortunately, this 

period is not expressed in time units, but can be estimated from one of the original 

tracings at 10-18 s). Furthermore, there was a continuous wave with a 35-50 breaths 

period (about 1-3 min) in otherwise healthy subjects who reacted to the experiment 

with hyperventilation and a period of 20-35 breaths (1.5 to 3 min) in those who did 

not. Occasionally, a phase shift existed between VT and f, sometimes as large as 

180°. A third oscillation, more evident in VT and 	than f, had a period duration 
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of 150 breaths (ca. 8 min) in hyperventilating and of 200 breaths (ca. 12 min) in 

non-hyperventilating subjects. It is worthwhile noticing that these oscillations could 

be retrieved in PET02  (end-tidal 02) and PETc02, whereas in arterial gas tensions only 

the two low-frequency waves could be found, probably because the blood sampling 

interval obscured the fast oscillations. Estimated values of ventilation-perfusion ratio 

from these data showed die same character of variability. Periodicities of 1-3 min 

in VT and 'PIOT (duration of one breath) of resting normal subjects were also 

observed by Dejours et al. (1966) by means of the same graphical representation. 

2.23 Histogram and coe.fficient of variance 

Although indices of intrapersonal respiratory variability as standard deviation and 

coefficient of variation (CV) have been calculated in many measurements of VT and 

f, this quantified information on variability has only rarely been the primary goal of 

an investigation. Bendixen et al. (1964) used the histogram for displaying relative 

frequency of occurrence as a function of tidal volumes measured with a strain-

gauge pneumograph to give an impression of this variability and found a nearly 

Gaussian distribution of tidal volumes. Others found breath-to-breath variability to 

be lessened, as reflected by the narrowing of the histogram and diminution of the 

CV, following upper abdominal operation and during sepsis (Zikria et al., 1974; 

Askanazi et al.,1979). In 26 healthy supine males, Kuratomi et al. (1985) showed 

VT obtained from impedance pneumography tracings calibrated against spirometer 

values to be practically normally distributed with an average CV of 26.0%. 

Interestingly, these histograms were considerably narrower in pneumonitis patients 

and wider in patients with obstructive lung disease. Those with bronchial asthma 

showed a return from the wide pattern to the normal one after recovery from an 

attack, suggesting that this variability may be used as an indicator of severeness and 

course of an attack. 

Tobin et al. (1988) compared breath-to-breath values of respiratory 

parameters between 47 healthy young (mean age 28.6 yr) and 18 old (men age 

68.9 yr) supine subjects with respiratory inductance plethysmography and found 

mean CV-values (over about 250 breaths) of 32 and 42% for VIM and 18 and 23% 

for TifProT in the young and old subjects, respectively (P < 0.001). So short-term 
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respiratory variability seems to increase with age. Furthermore, their results revealed 

larger variability in respiratory drive (as expressed by Vi/Ti) than respiratory timing 

(as indicated by Ti/TroT), which also held for day-to-day variation of mean values. 

The phase between abdominal and thoracic breathing also manifested breath-to-

breath variability as evidenced by MCA/VT values. MCA is the maximum 

compartmental amplitude, i.e. the sum of the absolute values of abdominal and 

thoracic excursions per breath, irrespective of their phase relationship. Since VT is 

derived from the summated abdominal and thoracic signals, a value of MCANT of 

1.0 implies synchrony between chest and abdominal movements. Thus, the mean 

CV-values of 11 and 14% (found in the young and aged, respectively) indicate that 

even in healthy persons at rest, some degree of paradoxje respiration (asynchronous 

diaphragm and intercostal muscle activity) can exist. 

These methods of analysis have the serious restriction that they do not take 

into account the arrangement of events in a series, so that many different patterns 

are possible within the same CV and distribution type. 

2.2.4 Turning point analysis 

In a series of events each of which has a certain value, event x(i) is called a turning 

point if the sign of x(i)—x(i-1) is different from the sign of x(i+1)—x(i). A run length 

is defined as the number of events between two adjacent turning points plus one, as 

shown in Fig. 2.2. It can be demonstrated that the mean run length (the number of 

intervals between events divided by the number of runs in a series) of an infinite 

series equals 1.5 if the values are arranged in a random sequence (Kendall, 1975). 

Whether a value different from 1.5 is a significant argument against a random 

arrangement obviously depends on the number of events in the series. 

Priban (1963) was perhaps the first who searched for hidden periodicities in 

a seemingly random breathing pattern when applying turning point analysis to 

consecutive values of respiratory frequency at rest. He found a mean run length of 

1.83 (significantly different from 1.5) for breath-to-breath respiratory frequency in 

20 spirograms that did not show obvious periodicity (in both diseased and normals). 

Thus, he demonstrated a non-random element in these series. As the run length was 

relatively constant, it was concluded that this non-random element was a cycle with 
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	 Whole data series, 19 points 	 

Working series (bounded by turning points) 

	

16 points 	n = 16 

	

15 steps 	.s = 15 

5 peaks 

	

11 turning points 	t= 11 

	 6 troughs 

; 5 increasing runs 

5 decreasing runs 
10 runs 	r = 10 

FIGURE 2.2. Definition of the terms used in the calculation of the mean run length ) of 
a series. E = (n-1)/(t-1) = s/r = 1.5. From Bolton & Marsh (1984). (Reprinted with 
permission). 

a period of two times mean run length (since this is the interval between two 

maxima or two minima). This amounts to a period of 3-4 breaths or about 12 s at 

the average breathing interval of 3.5 s. Bolton and Marsh (1984) argued that these 

mean run lengths were overestimated (albeit still significant) because of 

inappropriate processing of two equal adjacent values. They bypassed this problem 

by introducing a random noise so that adjacent equal values could never occur. 

Stil!, they found in three male subjects a mean run length of 1.6, significantly 

different from 1.5 as well. 

Although turning point analysis is useful in determining whether a random 

breathing pattern exists, it does not yield any information on the amplitude of 

fiuctuations. 1f run length has a small variation, something can be said on the period 

of an oscillation responsible for a possible non-random element, although not very 

precisely and only with mean TroT used as unit of time. Caution has to be taken 

with these interpretations, since many different patterns can produce the same mean 

run length. Furthermore, a misleading property of this method is that slower 

rhythms can be overlooked if a fast rhythm is present. This objection can be met if 
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the sign of difference of values lying two or more steps from each other instead of 

adjacent values is used. 

2.25 Spectral analysis 

More precise information on the patterns responsible for the variance of a series is 

revealed by spectral analysis. A power spectrum of a series of discrete values can 

be calculated by means of a digital Fourier transform (DFT) or derivecl from the 

autocorrelation function. It attributes the total variance of the signal to the 

oscillations with different frequencies that occur within the chosen time frame. 

Goodman (1964) first applied spectral analysis to VE values from spirograph 

tracings in six young adult males sitting at rest over periods of up to 5 hr (Fig. 2.3). 

As he used 	values detennined every 10 s he overlooked possible high-frequency 

oscillations but encountered waves with periods of approximately 50-80 s, 2-3 min, 

6-8 min, 0.5 hr and 2.5-3.5 lir. 

PERIOD -SEC. 

FIGURE 2.3. Power spectrum of tidal volumes in a quietly breathing male subject. P = 
spectral power, f = frequency. From Goodman (1964). (Reprinted with permission). 
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DFF power-spectral analysis of respiratory parameters in four healthy 

supine males carried out by Blastala et al. (1973) revealed a diversity of peaks for 

the different variables at periods ranging from 30 s to more than 90 min. Peak 

locations in these spectra differed between most variables, but showed a strong 

similarity between related parameters as Petc02  and PET02, and VE and VT. Strong 

oscillations in functional residual capacity (FRC) existecl, generally with the largest 

amplitude at the longest period duration (12-28 min). They suggest that the 

considerable variability of the spectra could be due to changing frequencies of the 

oscillations in time, inasmuch as analysis of four subsets of equal length of a series 

of 512 breaths yielded four different spectra. 

Siegelová and KopeénS,  (1985) studie(' 3 minute resting spirograms in 34 

healthy subjects by means of autocorrelation analysis (i.e. calculation of coefficients 

of correlation of a series of values with the same series displaced in time over 

various lags). This revealed rhythms of several breaths (duration of ca. 7 s as 

apparent from one of the graphs) and slower cycles with periods ranging from 10 to 

80 s. Power spectra computed from the autocorrelation functions seemed to indicate 

that VI, VE, Ti and TE were not oscillating at the same frequencies, as one would 

expect from a tight feedback control system. However, the shown spectra have only 

shallow peaks with large variances, therefore any conclusion can only be tentative. 

2.2.6 Filtering 

Oscillations in a time series can sometimes be made clear by calculation of running 

averages. Iberall (1960) studied variations in metabolism at steady state (estimatecl 

by the product of air consumption and the difference between inspiratory and end-

tidal 02  averaged over five breaths) in one lying 18-years-old male subject. He 

found oscillations in oxygen consumption with periods in the order of 2, 7, 35 min 

and 2 and 3.5 hrs. Although he did not assess it decisively, it is not probable that 

these oscillations in oxygen consumption were devoid of concomitant fluctuations in 

respiratory movements. In fact, these periodicities are strildngly similar to those in 

VE observed by Goodman (1964). 

By means of a band-pass filtering technique, Brusil et al. (1980) discerned 
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two types of oscillations of VE and TIOT (cycle durations of about 20 s), one with 

both variables almost in phase and one with both variables in counter-phase, the 

latter particularly occurring at high altitude. When VE and TroT oscillate in phase, 

their values per breath are positively correlated (as described by Newsom Davis and 

Stagg,1975), thus tending to keep VE relatively stable ("compensating" oscillations). 

However, when they oscillate in counter-phase (the largest breaths have the shortest 

duration) this leads to a larger variation in VE ("reinforcing" oscillations). This 

suggests that such a phase shift contributes to the development of more severe 

periodic breathing, which has also been proposed as an aggravating factor in 

periodic breathing in infants (Hathorn, 1978). The occurrence of such reinforcing 

oscillations appears to be subject to a mechanism with a low-frequency periodicity: 

in the study of Brusil et al. (1980) these oscillations often occurred in repeating 

bursts of about 10 cycles (burst duration of 1-5 min), sometimes alternated with 

bursts of compensating oscillations. 

In conclusion, it has become clear that breath-to-breath variation of 

respiratory parameters is not an entirely random process. With the aid of various 

analysis techniques, it appears possible to recognize non-random patterns in this 

variability, that are mostly periodic. Periodicities in breath-to-breath parameters (like 

VE and TroT) that have been observed had cycle durations of about 10-20 s, 40 s 

to 3 min, 8-12 min, 1.5 hr and 2.5-3.5 hr. Thus far, it remains unclear which 

mechanisms underlie these oscillations in normal, quietly breathing adults. Apart 

from intervention studies (e.g. changing of inspired gases), a useful approach might 

be the development of mathematical models such as employed in the interpretation 

of short-term circulatory variability (e.g. DeBoer et al., 1987). This involves a 

description of the relationship between a change in a (controlled) parameter for a 

given breath and the induced changes in parameters of one or more following 

breaths, according to known response characteristics of the presumably responsible 

systems. If these periodicities are indeed caused by delays in control systems, such 

models should be able to simulate the observed breathing patterns (Karemaker & 

van den Aardweg, 1991). This could lead to a better understanding of respiratory 

physiology and perhaps to new applications in noninvasive respiratory monitoring. 
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2.3 Respiratory variability and associated fluctuations 

in blood pressure and heart rate during stable breathing 

Which possible connection exists between respiratory variability and circulatory 

fluctuations? In recent years, the beat-to-beat variability of blood pressure (BP) and 

heart rate (HR) has been extensively studied in resting humans, mainly by means of 

spectral analysis (Appel et al., 1989). This variability appears to contain a non-

random element in the form of several distinct oscillatory patterns, that are 

especially interesting as they may inform us on the autonomic state of a subject. 

As to the origins and nomenclature of these waves, a consensus has not yet 

been arrived at. Most confusion in this respect has grown historically and mainly 

emanates from different observations and interpretations of the relation of these 

waves to respiration. The 9-12 s blood pressure rhythms observed by Traube (1865) 

in the curarized asphyctic dog were interpreted by him as vasomotor oscillations 

coherent with central respiratory activity. This was compatible with the findings of 

Hering (1869): similar waves in association with rudimentary respiratory 

movements in incompletely curarized animals. Also Mayer (1876) observed such 

oscillations (in rabbits), but with a faster breathing frequency. While some authors 

consider these waves identical to those of Traube and Hering (Golenhofen & 

Hildebrandt, 1958; Peiláz, 1978), others (Schweitzer, 1945) make a distinction 

between Traube—Hering waves related to respiration and slower Mayer waves. This 

distinction is the basis of the classification according to Matthes (see Golenhofen 

Hildebrandt, 1958): waves of the first (due to heart beat), second (respiratory) and 

third order (all other, slower, rhythms). However, as will be discussecl later on, third 

order waves may not always be unrelated to respiration. 

In normal subjects, the fastest rhythm in HR (periods of 3-7 s) coincides 

with respiration and has long been known as respiratory sinus arrhythmia (RSA). It 

is vagally driven as it can be blocked by atropine or vagal cooling (in dogs, Katona 

& Jih, 1975; Fouad et al., 1984). This cyclically varying vagal activity is probably 

caused by the baroreflex (Eckberg et al., 1980; DeBoer et al., 1987), but may also 

result from cardiopulmonary or lung-stretch reflexes (Mekher, 1976; Shepherd, 

1981) or from centra' cardiorespiratory coupling (Hirsch & Bishop, 1981; Koepchen 

et al., 1986). BP variation at this frequency probably results from mechanical effects 
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of respiration (Dornhorst et al., 1952; Manoach & Gritter, 1971). However, HR 

variation may also generate this BP variation (at least in dogs; Akselrod et al., 

1985). Moreover, the experiments of Berger et al. (1988) in subjects breathing in a 

prescribed pseudo-random pattern support the idea that RSA adds to BP 

fluctuations. By means of spectral analysis, they determined the transfer function 

between beat-to-beat lung volume and BP, which describes the variability of BP in 

relation to the variability of lung volume for each frequency. It appeared that after 

stabilization of HR by total autonomic blockade the variability of systolic and pulse 

BP in relation to that of lung volume was substantially reduced. 

A slower rhythm in BP and HR (period of 8-12 s), that is often referred to 

as the "10-s rhythm" after Golenhofen and Hildebrandt (1958), is probably caused 

by the sympathetic efferent nerves. It is assumed to be a consequence of baroreflex-

mediated vasomotor control of BP (Sayers, 1973; Peiláz, 1978; DeBoer et al., 

1987). HR-variation at this frequency can indeed be blunted by administration of 

propranolol in actively standing subjects (Pomeranz et al., 1985; Pagani et al., 

1986). However, parasympathetic blockade is also capable of reducing HR-

variations at this frequency, at least in resting dogs (Pagani et al., 1986) and supine 

humans (Pomeranz et al., 1985). 

The origins of slower circulatory oscillations (period > 15 s) are less clear. 

Oscillations in HR and finger blood flow with such long periods have been related 

to temperature regulation (Burton, 1939; Sayers, 1973; Kitney, 1980), although the 

precise mechanisms that cause these oscillations are unknown. 

Although the link between respiratory movements and 2-7 s periodicities in 

BP and BR is well-established, the influence of variability of respiratory 

movements on circulation is less clear. In the following section, we will enter into 

the question how changes in respiration could affect the time course of BP and HR, 

which may add to the understanding of short-term circulatory variability. 

2.3.1 Temporal relationships between respiration, heart rare and blood pressure 

Unlike the cornmon notion of increasing HR during inspiration and slowing during 

expiration, Angelone and Coulter (1964) have demonstrated that the phase- 
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relationships between HR and respiration can change with respiratory frequency, 

when subjects breathe at fixed frequencies. At low f (periods of 10-12 s) cardiac 

acceleration starts in expiration, shifting towards inspirations at increasing 

frequencies (see also Kelman & Wann, 1971; Eckberg, 1983). Of interest, the 

amplitude of RSA also depends on f, with a maximum at periods of about 9-12 s 

(Angelone & Coulter, 1964; Hirsch & Bishop, 1981; Mehlsen et al., 1987). A 

similar frequency-dependency of RSA has been found by spectral analysis (that can 

be used to determine phase-relations between oscillations in two variables, like lung 

volume and HR) in subjects breathing in a controlled but irregular fashion (Saul et 

al., 1989). A possible explanation lies in interference of the responses elicited by 

single in- and expirations. Inspiration causes a typical multiphasic HR-reponse in 

the form of a dampened oscillation with a first peak 1-3 s after the initiation of 

inspiration and a subsequent minimum and maximum after 4-6 and 12-14 s 

(Clynes, 1960; Periáz & Buriánek, 1963; Mehlsen et al., 1987). This response is 

accompanied by a comparable oscillation in BP that starts with a decrease and has 

extremes preceding those in HR by 1-2 s (Periáz & Buriánek, 1963). Various 

mechanisms seem to be responsible for this multiphasic response. The initial fall in 

BP has been ascribed to a decrease in left ventricular preload, an increase in 

afterload or a limitation of left ventricular action due to augmented right ventricular 

filling (Guz et al., 1987). The circulatory delay between right and left ventricle may 

explain why the initial decrease in BP is followed by an increase: the enhanced 

amount of blood flowing to the right ventricle irnmediately after the fall in 

intrathoracic pressure only arrives at the left atrium after passage through the lungs 

(Dornhorst, 1986). Furthermore, the initial drop in BP can trigger the baroreflex, 

leading to a fast vagally mediated increase in HR and a slower sympathetic 

modulation of both IrIR and peripheral vascular resistance. The latter can lead to a 

(dampened) 10-s rhythm, as suggested by Periáz and Buriánek (1963). In addition, 

the involvement of systems directly coupled to respiration without feedback from 

BP (e.g. through central cardiorespiratory coupling or pulmonary stretch reflexes) is 

suggested by the fact that mathematical models based on such systems adequately 

describe phase relationships between respiration and HR (Clynes, 1960; Saul et al., 

1989). Single expirations also induce an initial increase in HR and a subsequent 

decrease, although mostly with smaller amplitudes and only after 3-5 s (Mehlsen et 
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al., 1987). Furthermore, a clear HR-response after expiration is not always present, 

while the BP-response can be both decreasing or increasing (Clynes, 1960; Peiiáz & 

Buriánek, 1963). So, the bradycardia during expiration at normal breathing 

frequency is probably post-inspirator),  rather than expiratory. 

A particular feature of the relationship between respiration and circulation is 

"entrainment", i.e. a process by which an oscillating system adapts to the frequency 

B 	Noradrenal ine 10,u2/min  

FIGURE 2.4. A: Synchronization of heart action and respiration in a rabbit On the vertical 
axis the R waves of the ECG and the end of expiration are marked on a timescale 
beginning at each inspiration. 
B: Synchronization of heart action and respiration in a rabbit after administration of 
noradrenaline. From top to bottom: blood pressure measured in the carotid artery, 
synchronization pattem (as in Fig. 2.4A), and pneumotachogram. The lines below the 
record indicate periods of i.v. injection of noradrenaline. From Kenner et al. (1976). 
(Reprinted with permission). 
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of another oscillator, leading to synchronization of the two systerns (Pavlidis, 1973). 

A clarifying and simple way of visualizing synchronization of, for instance,heart 

action and respiration, is marldng each R wave of the ECG on a vertical time scale 

with the onset of inspiration defined as zero. This is performed for each successive 

breath; on the horizontal axis time or breath number is plotted. If the points 

representing R waves occurring in successive breaths lie on a horizontal line, then 

full synchronization is attained (Pessenhofer & Kenner, 1975). A similar analysis 

performecl in rabbits (Fig. 2.4; Kenner et al., 1976) disclosed periods of 

synchronization lasting up to 2-3 min, which could be provoked by noradrenaline 

infusion and eliminated after bilateral vagotomy. Interestingly, periods of 

entrainment and escape from synchronization seemed to be accompanied by 

augmented variability of Trar, suggesting that adjustment of the timing of 

respiration was responsible for entrainment. If this would be the case for humans, it 

has to be regarded as a possible mechanism for non-random respiratory variability. 

Indeed, the ability of TroT to adapt to HR has been demonstrated in 10 subjects 

with a pacemaker rhythm of whom 7 showed a high degree of coupling between the 

R wave on the ECG and inspiration and 7 between the R wave and expiration (Fig. 

2.5; Hinderling, 1967). This does not imply, however, that variation of 'Pim is the 

only way of entrainment in normal individuals. Another indication that heart action 

may influence breathing pattern comes from Jones et al. (1981) who observed 

augmented VE 19 ± 4 s after a step increase in BR in patients with a fixed 

pacemaker rhythm, and a diminished VE 29 ± 7 s after a step decrease in BR. They 

interpreted these ventilatory changes as a chemoreceptor reaction to altered blood 

gases immediately after a step change in HR: PETc02  increased and PET02  decreased 

after the increase in BR (and the reverse occurred after a decrease in HR). These 

changes in end-tidal gas values, that might be ascribed to a change in the ratio 

between ventilation and cardiac output, indicate that variation of HR can affect 

blood gases. Perhaps this mechanism is also involved in the regulation of blood 

gases, since stimulation of e.g. carotid body chemoreceptors induces bradycardia 

(particularly during apnea; De Burgh Daly & Angeli James, 1979). 

In most studies of synchronization in humans the phenomenon has been 

approached by means of histograms displaying the relative frequency of onset of 

inspiration as a function of the time interval from the last R wave to the beginning 
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FIGURE 2.5. Synchronization of heart action and respiration in a patient with a continuous 
pacemaker rhythm. From above to below: ECG, the onset of each R wave marked on a 
timescale, and a respiratory signal from a flowmeter. From Hinderling (1967). (Reprinted 
with permission). 

of inspiration, which mostly yielded three peaks, two prominent at a 150 ms and 

500 ms distance from the last R wave and a smaller peak at about 350 ms 

(Hildebrandt, 1953; Hildebrandt & Daumann, 1965; Engel et al, 1968). The degree 

of coupling between heart beat and onset of inspiration, derived from the amount of 

scattering around these peak values, proved to be subject to a circadian rhythm with 

a minimum at about 3 P.M. and a maximum around midnight (Engel et al., 1968). 

It is self-evident that synchronization implies the ratio of HR and f to be a 

whole number; this has been shown to occur in humans in a 24-hr study of 14 

healthy subjects where the HR/f ratio proved to be about 4 in all subjects for most 

part of the time, especially during sleep (Hildebrandt, 1953). In anaesthetized dogs, 

a two- to threefold increase in the percentage of time where a whole number ratio 

was present (over resting values) has been provoked by electrically stimulated and 

passive exercise as well as by hypoxemia, the increase being inversely proportional 

to the arterial oxygen pressure (Pa02; Weiss & Salzano, 1970). In the same study, 

these increases failed to appear after bilateral severing of the sinus branch of the 

IXth cranial nerves or 100% oxygen breathing, from which the authors inferred that 

the carotid body chemoreceptors were responsible for the occurrence of 

synchronization of respiration and heart action. Since an activity of chemoreceptor 
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afferents in relation to the cardiac cycle has been observed (in Cats; Gehrich & 

Moore, 1973), this may indeed be a pathway through which information on the 

timing of the heart action travels to the respiratory centres. The applied denervation 

in the study of Weiss and Salzano (1970) does not exclude a contribution of 

baroreceptor afferents, however. 

A tendency for cardiorespiratory synchronization has also been observed 

between respiration and the 10-s BP and HR rhythm by Golenhofen and 

Hildebrandt (1958) in resting humans with clear 10-s rhythms who spontaneously 

manifested a TFOT vs. BP-period ratio of 1:2 and 1:3, which was converted into 1:1 

and 1:4 when they were asked to breathe slowly (without restrictions) and quickly, 

respectively. The variation of this ratio could be ascribed mainly to a changing 

TroT, but a slight variation of the 10-s rhythm wavelength seemed also possible. 

The latter possibility also appears from a study on subjects breathing at various 

fixed frequencies (Peiláz & Kruta, 1957). Synchronization of a 10-s BP rhythm with 

respiration occurred when TroT ranged from 5 to 15 s, indicating that the period of 

the "10-s" rhythm can depend on respiration. 

Concluding, there is evidence that variations in respiration can affect short-

term circulatory variability, and possibly also vice versa. Still, it is elusive how a 

pattern of respiratory variability is reflected in the circulation in normals at rest. In 

some conditions however, respiratory variability is associated with conspicuous 

variations in BP and HR. Examples of such conditions will be discussed in the 

following section. 

2.4 Respiratory variability and associated fluctuations 

in blood pressure and heart rate under unstable circumstances 

Not infrequently, patterns in breath-to-breath respiratory variation can readily be 

observed. For instance, a type of periodic breathing can be present in healthy 

resting adults (Specht & Fruhmann, 1972; Tobin et al., 1983a). However, evident 

periodic breathing pattems are often associated with disease, as in the case of 

Cheyne—Stokes respiration (CSR) or the sleep apnea syndrome. Often they appear 

to be accompanied by similar fluctuations in BP and HR, that can take on 
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pathological dimensions. In this section, a brief survey is given of some common 

respiratory oscillations with emphasis on how respiratory and circulatory 

fluctuations are interrelated. 

A major problem in evaluating data on evident periodic breathing pattems is 

formed by their definitions. Some authors use the terms periodic breathing and CSR 

alternately, although these concepts are not always unequivocally defined. 

Moreover, a distinction between periodic breathing and what may be called "a 

hidden oscillation in a seemingly random breathing pattern" is subjective as it 

depends on the ease with which periodicity is recognized. Such patterns could be 

classified more accurately (yet arbitrarily) according to their period duration and 

amplitude of oscillation of a relevant and easily measurable parameter (e.g. VO 

provided by, for example, spectral analysis. Although such quantitative information 

is seldom provided in the literature, here we will use the ratio of A (amplitude of 

oscillation of VE defined as the minimum-maximum difference) to M (mean VE) to 

subdivide periodic breathing into four types: 

1. 	(AIM < 0.25) A type of periodic breathing that is mostly "hidden" at a 

normal coefficient of variation of VE of 15-40% (Lenfant, 1967; Tobin et 

al., 1983a). 

(0.25 < AIM < 1) Moderate periodic breathing that is often easily 

discemible on the spirogram (as in Specht and Fruhmann, 1972; Gillam, 

1972). 

(AIM > 1) Cheyne—Stokes respiration: this implies periodic decreases in VE 

below 50% of mean level and thus includes both hypopneas and apneas (cf. 

Krieger, 1986). 

IV. 	Sleep apnea syndrome (as defined below). 

Types I and II can be subdivided further on the basis of cycle duration; CSR 

usually has periods of 30 s to 3 min (Lange & Hecht, 1962; Massumi & Nutter, 

1968; Tobin & Snyder, 1984). An additional criterion is the phase-relationship 

between VE and TTOT, as proposed by Brusil et al. (1980). 
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2.4.1 Cheyne—Stokes respiration and circulatory variability 

While CSR can occur at high altitude in normal subjects from lower regions, it is 

mostly associated with cardiac failure or a variety of neurologic disorders (for a 

review see Tobin & Snyder, 1984). CSR is often accompanied by a strong 

oscillation in HR, that probably results from vagal efferent activity as it can 

virtually be eliminated by atropine (Massumi & Nutter, 1968; Dowell et al., 1971). 

Many investigators who measured HR by means of palpation have reported a 

relative tachycardia during apnea or hypopnea and a relative bradycardia, sometimes 

with various rhythm disturbances, during hyperpnea in CSR-patients with cardiac 

failure (Dowell et al., 1971). Nevertheless, one of 9 similar patients, studied by 

Massumi and Nutter (1968), had a relative tachycardia in the periods of augmented 

ventilation. Similar relations between respiration and HR have been assessed by 

means of cross-correlation analysis in left ventricular failure-CSR patients, with 

ventilatory amplitude leading maximal HR by 3.8 to 13 s (Findley et al., 1984; 

Goldberger et al., 1984). These differences in phase relationships cannot easily be 

reconciled with the idea that mechanisms directly coupled to respiratory movements 

(as pulmonary stretch reflexes) cause such HR-oscillations. Perhaps chemoreceptor 

reactions to Pa02  add more to these circulatory responses. Pa02  has been reported to 

be lower during hyperpnea and higher during apnea or hypopnea, usually with a 

phase-difference of about 1800  with regard to Pac02  (at least when measured in the 

brachial artery) in patients with left cardiac failure (Pryor, 1951; Karp et al., 1961; 

Tucker et al., 1961; Dowell et al., 1971). These phase-differences between 

respiratory movements and arterial gas tensions are probably mainly due to the 

circulatory delay from the lungs to the site of measurement (the brachial artery). 

Remarkably, the only patient in the group of Massumi and Nutter (1968) with 

relative tachycardia during hyperpnea is an exception to this generally found blood 

gas pattern. He manifested a lower Pa02, higher Paan  and a relative bradycardia 

during apnea, suggesting a relation between blood gases and HR. 

CSR or periodic breathing type I or II may be responsible for 

predominantly low-frequency BR-variability (periods of about 65 s) in patients with 

chronic congestive heart failure (Saul et al., 1988a). This low-frequency variability 

seemed related to oscillations in a respiratory signal derived from the amplitude of 

the R wave on the ECG. The pattern of this variability resembled CSR in some 



37 

FIGURE 2.6. Abolishment of blood pressure fluctuations in Cheyne—Stokes respiration by 
atropine. From above to below: pneumogram (PNEU), brachial artery pressure (BA), 
intemal jugular venous pressure (1.IVP) and ECG. The recording of internal jugular venous 
pressure is interrupted just to the left of the center when a stop cock was tumed around 
for intravenous atropine injection. Note the striking pressure fluctuations with a precipitous 
fall in early apnea coincident with marked slowing of heart rate. Atropine abolished the 
arrhythmia and stabilized the blood pressure indicating the primary role of the vagus in the 
genesis of both arrhythmia and blood pressure fluctuations. From Massumi & Nutter 
(1968). (Reprinted with permission). 

patients and contained a "hidden" oseillation at about the same frequency as 

revealed by spectral analysis in others. Thus, the analysis of respiratory variability 

can reveal a possible respiratory origin of disturbances of circulatory control. If the 

low-frequency HR-peak in these patients is really related to CSR this is may be due 

to vagal (as shown in atropine experiments; Massumi & Nutter, 1968; Dowell et 

al.,1971) rather than sympathetic activity as concluded by Saul et al. (1988a). 

Cyclic variations in BP in conjunction with CSR have been described with 

various phase-differences between respiration and BP, so that lowest levels of BP 

may occur both in apnea-hypopnea or hyperpnea periods (Karp et al., 1961; 

Massumi & Nutter,1968; Dowell et al.,1971). The pathophysiology of this periodic 

behavior of BP is not clear. Possible mechanisms that have been suggested are 

cyclic activity of central vasomotor centres and reflexes associated with respiratory 

mechanics. Massumi and Nutter have demonstrated that such a BP-variation, in a 
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patient were it existed together with an almost in-phase oscillation in HR, could 

virtually be abolished by administration of atropine, together with a stabilization of 

HR (Fig. 2.6). This suggests that HR-variation conuibutes to the swings in BP. 

Insight into the genesis of CSR has been obtainecl by model studies based 

on instability of the centra' chemoreceptor feedback loop, explaining CSR by, for 

example, an increased circulatory delay in cardiac failure (e.g. Milhorn & Guyton, 

1965). The model of Khoo et al. (1982), incorporating peripheral chemoreceptors as 

well, also predicts the possible occurrence of periodic breathing in normal 

conditions. Therefore, it can be hypothesized that periodic breathing type I and II, 

particularly in the CSR-frequency region, are expressions of the same system. Since 

the oscillation in CSR also involves the circulation, one may expect that respiratory 

periodicities in normals at rest are also accompanied by periodicities in BP and HR, 

thus giving an explanation for low-frequency circulatory oscillations (see also 

Karemaker & van den Aardweg, 1991). Such an explanation is not necessarily 

incompatible with the idea that low-frequency HR-periodicities (with periods of 

about 20 s) are involved in thermoregulation (Kitney, 1980), since temperature (of 

the thoracic blood) was shown to fluctuate in synchrony with respiration (Afonso et 

al., 1962). 

2.42 Sleep apnea syndrome and circulatory variability 

Symptoms of SAS are recurrent sleep apneas, disturbed sleep, loud snoring and 

excessive daytime sleepiness (for a review see Krieger, 1986). Apneas (defined as 

cessations in oro-nasal airflow for at least 10 s) can be central (without respiratory 

movements), obstructive (with ongoing respiratory movements), or mixed (when a 

central apnea develops into an obstructive apnea). With the advancement of 

nocturnal registration techniques (polysomnography) it became possible to assess 

objective, although arbitrary, criteria based on the number of apneas (e.g. more than 

five apneas per hour of sleep, or more than 30 in a 7-hrs sleep period; 

Guilleminault et al., 1978). These criteria have been questioned, especially in 

elderly subjects, where they do not correlate very well with clinical symptoms, 

complications or health risk (Berry et al., 1984). 

Although isolated apneas can occur in SAS, the breathing pattern is mostly 
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periodic, with recurrent apneas lasting 10 s to 3 min (Krieger, 1986). Interestingly, 

SAS appears to be related to periodic breathing type I or II. Increased propensity 

for periodic breathing has been assessed in sleeping (mainly type II; ()nal & Lopata, 

1982), but also in awake SAS-patients by means of spectTal analysis (Pack et al., 

1988). 

As shown in Fig. 2.7, recurrent sleep apneas are accompanied by an 

oscillation in BR, usually with a decrease during apneas and an increase at the 

resumption of respiration (Guilleminault et al., 1977; Tilldan et al., 1978; Miller, 

1982; Zwillich et al., 1982; Guilleminault et al., 1984). In addition to sinus 

bradycardia, which may give rise to sinus pauses exceeding 2 s, other rhythm 

disturbances have been described in obstructive-SAS patients, such as varying 

degrees of atrioventricular block and premature ventricular contractions, with 

prevalences diverging in the various studies (Tilkian et al., 1978; Imaizumi, 1980; 

Miller, 1982; Guilleminault et al., 1983). This probably does not lead to increased 

risk of sudden death (Gonzalez-Rothi et al., 1988). 

The cyclic variation in HR during recurrent sleep apneas is mainly mediated 

by the vagus nerves inasmuch as it could almost be abolished by atropine with only 

a slight influence of propranolol (Guilleminault et al., 1984). Zwillich et al. (1982) 

found a significant positive con-elation between the degree of desaturation and fall 

in HR during (mainly obstructive) apneas in 4 of 6 patients; moreover, the fall in 

HR appeared correlated to apnea duration and unrelated to sleep stage. Others 

(Shepard et al., 1985b) observed a two- to threefold increase in the occurrence of 

premature ventlicular contractions and other rhythm disturbances if oxygen 

saturation fel! below 60% during apneas. Furthermore, oxygen administration may 

moderately diminish (Guilleminault et al., 1984) or completely abolish (Zwillich et 

al., 1982) the occurrence of bradycardia. This influence of oxygen on HR during 

apneas may be due to chemoreceptor activity (Gross et al., 1976). Other systems 

that may be in.volved are reflexes from arterial baroreceptors, low-pressure 

cardiopulmonary receptors, or lung stretch receptors (Melcher, 1976; Eckberg et 

al.,1980; Shepherd,1981). The variation of the level of vigilance in the apnea-

respiratory period cycle is another candidate for the alternating autonomic steering 

of the heart (Krieger, 1986). 

BP also fluctuates along with respiration when sleep apneas occur (Fig. 
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FIGURE 2.7. Sleep registration in a patient suffering from obstructive sleep apnea 
syndrome. 	finger blood pressure, measured by FinapresTm. The periodic interruptions 
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measured from the ECG; PES: esophageal pressure (negative pressure gives upward 
deflection); Nose 'Therm.: a thermistor in the nose signals temperature of the passing air. 
Note the recurring periods of interrupted air flow with increasing inspiratory effort as 
evidenced by the esophageal pressure. 

2.7), decreasing during apnea or sometimes increasing at the end of apnea and 

rapidly increasing (10-30 mmHg) at the resumption of respiration (Coccagna et al., 
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1972; Tilkian et al.,1976; Guilleminault et al.,1977; Shepard et al.,1985c; Podszus et 

al.,1986). These variations occur in both systolic and diastolic pressures and have 

been observed in both central and obstructive apneas (Schroeder et al., 1978). This 

implies a nocturnal hypertension, that is probably responsible for a substantial part 

of long-term complications of the syndrome (Krieger, 1986). 

Thus far, the precise mechanism of the BP-oscillations linked to sleep-

apneas remains obscure. A rapid increment of cardiac output secondary to a rise in 

venous return at the moment respiration resumes has been suggested to contribute to 

the fast uprise of BP (Schroeder et al., 1978). An augmented cardiac output in the 

periods of respiration has indeed been established (Podszus et al., 1986). During 

(obstructive) apnea, cardiac output decreases (Tolle et al., 1983; Podszus et al., 

1986). This negative influence on the level of BP can be counterbalanced by an 

increase of total peripheral resistance due to sympathetic activity in the course of an 

apnea (Hedner et al., 1988; Somers et al., 1988a). In addition to sympathetic 

activity, the vagus nerves may also add to BP fluctuations in SAS, inasmuch as 

atropine could blunt periodic elevations in BP during recurrent sleep apneas 

(Schroeder et al., 1978). The involvement of the autonomic nervous system further 

appears from the observation that such elevations in BP are absent in SAS-patients 

with a Shy—Drager syndrome (Schroeder et al., 1978). Another possibly relevant 

factor is arterial oxygen, because the jolt in BP at the onset of respiration after each 

apnea was found to correlate with the severity of oxygen desaturation (Shepard et 

al., 1985c), albeit without correction for apnea duration. Furthermore, apnea-related 

BP-variations could be diminished by oxygen administration (Schroeder et al., 

1978). 

Apart from the occurrence of nocturnal hypertension in SAS, daytime 

hypertension can be present in SAS-patients, while the syndrome has been reported 

in 20-50% of essential hypertensives in comparison to 0-10% in controls (Krieger, 

1986). In addition, habitual snoring has been pointed out as a risk factor for 

daytime hypertension in epidemiological studies, yet without excluding the 

possibility that a subgroup of SAS-patients is responsible for the increased risk of 

the total snoring population (Waller & Bhopal, 1989). This possibility can only be 

verified by polysomnography. In an epidemiological study on habitual snoring 

where polysomnography was performed, it appeared that daytime diastolic BP 
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correlated with the frequency of occurrence of both apneas and hypopneas during 

sleep (Hoffstein et al., 1988). Thus, it is possible that in addition to the 20 to 50% 

of essential hypertensives meeting polysomnographic criteria of SAS, there may be 

another group of hypertensives with a smaller number of apneas or with hypopneas, 

possibly with moderate forms of periodic breathing. Perhaps such breathing patterns 

are associated with augmented low-frequency oscillations in BP and HR in essential 

hypertensives during sleep as revealed by spectral analysis (Van Dijk et al., 1988). 

The analysis of respiratory variability and time-related circulatory fluctuations could 

shed more light on the relationship between snoring and hypertension. 

In conclusion, simultaneous recordings of cardiorespiratory signals have 

shown a relationship between respiratory variability and instability of BP and HR. 

This ranges from mild cardiorespiratory fluctuations such as describecl by Saul et al. 

(1988a) in patients with cardiac failure to the development of periodic hypertension 

and arrhythmias in the sleep apnea syndrome. This underlines the importance of 

both the recognition and understanding of respiratory patterns for the explanation of 

various circulatory phenomena. Most inferences as to the mechanisms of such 

interactions are based on sketchy descriptions of how circulatory parameters 

fluctuate along with respiration (as in Podszus et al., 1986). A more precise analysis 

of time-relations between respiratory and circulatory parameters (e.g. spectral 

analysis) and the implementation of explaining models (e.g. Clynes, 1960; Berger et 

al., 1988) can be a useful new tool in the interpretation of these cardiorespiratory 

interactions. 
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Chapter 3 

Noninvasive Assessment of 

Noctumal Periodic Hypertension 

in the Sleep Apnea Syndromel 

Summary. We investigated the dynamics of systemic blood pressure (BP) in 11 

patients with sleep apnea syndrome. Wake recordings of noninvasively measured 

finger BP were compared with values obtained during sleep. Mean BP was higher 

during recurrent sleep apneas than during wakefulness (P < 0.05) and manifested 

periodic changes with peak values often exceeding 150/100 mmHg. Periodically 

high BP during sleep was not restricted to the occurrence of apneas, but also existed 

in episodes of moderate periodic breathing (without apnea). We conclude that SAS-

patients can have hypertensive episodes during sleep, the assessment of which 

requires continuous BP-measurement as can be performed by the noninvasive 

technique of finger pressure recording. The possible clinical implications and 

pathophysiology of nocturnal BP-elevations in SAS are discussed. 

3.1 Introduction 

In recent years, the sleep apnea syndrome has been pointed out as an important 

cardiovascular risk factor (Burack, 1984; Partinen et al., 1988; Hung et al., 1990). 

This syndrome is characterized by excessive daytime sleepiness and repetitive 

apneas during sleep, often accompanied by loud snoring. Such apneas are classified 

1  Submitted for publication. 
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as obstructive (with persisting respiratory movements and snoring), centra! (without 

a respiratory effort), or mixed (when respiratory movements resume in the course of 

the apnea, see Guilleminault et al., 1976). While some patients present with a 

history strongly suggestive of the syndrome, a definitive diagnosis requires sleep 

registration (polysomnography) of oro-nasal airflow, respiratory movements and 

arterial oxygen saturation to evaluate disordered breathing, usually extended with an 

electro-encefalogram, electro-oculogram, and electro-myogram of the chin to 

determine sleep stages. 

In addition to assessing respiratory anomalies during sleep, nocturnal 

registrations may also reveal circulatory pathology not present during daytime in 

SAS-patients. For example, a sleep ECG sometimes shows rhythm disturbances 

associated with apneas (Deedwania et al., 1979; Miller, 1982; Guilleminault et al., 

1983). Although pulmonary hypertension can exist during daytime in SAS (Podszus 

et al., 1986; Weitzenblum et al., 1988), in many cases elevated pulmonary arterial 

pressure only occurs during sleep, in association with recurrent apneas (Coccagna et 

al., 1972; Marrone et al., 1989). Furthermore, while daytime systemic arterial 

hypertension has been found in a relatively high number of SAS-patients (10-50%; 

Krieger, 1986; Whyte et al., 1989; Hedner et al., 1990), increases in BP during 

sleep have been observed in a few normotensive SAS-patients as well (Coccagna et 

al., 1972; Tilkian et al., 1976; Shepard, 1985a). 

The purpose of the present study was to assess the difference in mean BP 

between episodes of recurrent apneas and wakefulness in the supine position. 

Therefore, continuous BP was measured noninvasively in the finger and a 

comparison was made between registrations during wakefulness and sleep in 11 

patients with a diagnosis of SAS. 

3.2 Patients and methods 

Registrations were made in nine male and two female patients, who had been 

referred for polysomnography mostly because of daytime sleepiness and loud 

snoring. Patients 6 to 11 were first screened for sleep apnea by means of a 

nocturnal recording of arterial oxygen saturation (Sao2), which revealed intermittent 
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TABLE 3.1. Anthropometric data and medication. 

Pat. 	Sex* Age 	Weight Height Body-mass Medication 
No. 	 (yrs) (kg) (cm) index 

(kg,/m2) 

• 1 
	

39 	168 	178 	53 
2 
	

60 	73 	58 	29 	Digoxin, Salbutamol, Ipratropium 
Theophylline, Furosemide, 
Hydroquinine-thiamine, 
Acenocoumarol 

3 F 41 77 170 27 
4 	M 	65 	55 	172 	19 	Cimetidine, Algin, Diclophenac 
5 M 62 71 168 25 
6 	F 	61 	118 	155 	49 	Furosemide, Allopurinol, 

Alpha-hydroxycholecalciferol, 
Diltiazem, 
Isosorbide-5-mononitrate, 
Antacidum 

7 M 72 110 164 41 Nitroglycerin 
8 M 52 104 172 35 Atenolol 
9 M 63 116 173 39 Salbutamol 
10 M 46 97 175 32 
11 	M 	39 	90 	168 	32 	Salbutamol, Beclomethasone, 

Cromolyn 

*) M = male, F = female. 

desaturations during sleep in these subjects. Most of the patients were obese as 

shown in Table 3.1. Only patient 8 had a history of essential hypertension. 

Patients underwent one night of limited polysomnographic recording. 

Continuous finger arterial blood pressure (BP) was measured by FinapresTM  (TNO 

model 5) (Wesseling et al., 1982) with a hydrostatic height correction in patients 

5-11. This height correction (Langewouters et al., 1992) was obtained by a liquid 

manometer consisting of a flexible tube from the transducer fastened in front of the 

sternum to a finger next to the one in which BP was measured. In all subjects, the 
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location of this finger in relation to the chest during the considerecl registration 

episodes was noted by the experimenter. Registrations were made of ECG (HP 

monitor 78203A), thoracic impedance pneumogram (IPG; HP monitor 78202B), 

nasal thermistor signal (Nihon Kohden TR-612 T), nasa! CO2-concentration (Gould 

Godart Mark II sampling capnograph), and Sa02  measured in the earlobe (Biox ear 

oximeter) or finger (Nellcor 200 pulse oximeter). During the registration, BP, Sa02, 

nasa! CO2, and nasal thermistor signa! were continuously monitored on a Hewlett-

Packard 7404A pen recorder. All signals were simultaneously re,corded on a tape 

recorder (Bel! and Howell model TI4), with BP, ECG, and nasal thermistor signa! 

on FM channels and the other signals on a direct record channel through a pulse 

code modulator (Kayser K1180). The recordings were transcribed off-line on a 7-

channel Gould pen recorder (Brush Accuchart 481). 

Apnea was defined as a cessation in nasal airflow for 10 s or more as 

evidenced by the nasa! thermistor signal. IPG was used to differentiate between 

centra!, mixed, and obstructive apneas. SAS was diagnosed when more than 30 

apneas per 7 hour of sleep occurred (Krieger, 1986). 

After calibration and connection of the measurement devices to the patients, 

registrations during wakefulness were made when the patients were lying supine in 

bed with the lights on. The wake registration lasted for at least 15 min, and was 

performed between 22.00 and 23.00 hr. Patients were instructed not to fall asleep 

during this period, and afterwards all of them confirmed to have been awake. 

Subsequently, the lights were switched off and the patients were allowed to 

sleep. The experimenter reported whether the patient was apparently asleep, while 

body position, position of the hand with Finapres cuff, and events such as snoring 

or interruptions in audible respiration were also noted. The Finapres finger cuff was 

deflated for 5 min every 1-2 hr to prevent complaints of congestion in the finger 

tip. In the following morning, patients were questioned for complaints of 

paraesthesia or deafness in the finger to which the cuff had been applied. 

From the off-line recordings, 7-min episodes were chosen of 1) wakefulness 

in supine position at rest, 2) recurrent apneas, while the patient was apparently 

asleep according to the notes of the experimenter, and 3) if applicable, periodic 

increases and decreases of end-tidal CO2-concentration (without apneas) that could 

be observed in some patients while they were apparently asleep. Analog signals of 

- 
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BP and ECG from these two or three episodes were digitized at 200 Hz (after anti-

alias filtering) and stored in a personal computer. These data were reduced to beat-

to-beat values of RR interval and mean blood pressure (MBP). MBP was calculated 

as the integral of BP over one beat and divided by interval duration. To get an 

impression of BP variability in relation to the average level during wakefulness and 

sleep apneas, mean BP was displayed in histograms (resolution of 2 mmHg) from 

each 7-min episode. In these histograms, the time during which each MBP value 

existed (i.e. the interval duration of the concerning beat) was accounted for as 

follows: series of beat-to-beat MBP-values were first used to construct a virtual BP 

signal with constant BP (equalling MBP) throughout each beat. Every 0.5 s, a new 

value of MBP was obtained by integration of this signal and division by 0.5 s. A 

histogram was made of the resulting series of interval-independent MBP. 

Differences in average BP between wake and sleep episodes in each subject were 

tested by the Wilcoxon signed rank sum test. 

3.3 Results 

A diagnosis of obstructive SAS was assessed in all patients except for patient 4, 

who manifested recurrent mixed and central apneas. In patient 5, sporadic centra' 

apneas were observed in addition to obstructive apneas. All subjects were able to 

sleep with a functioning finger cuff without complaints of the finger the following 

morning. Five of them, however, complained of a painful finger tip during the 

registration, but were able to fall asleep after deflation of the cuff for about 5 min. 

During recurrent apneas, average BP (for a 7 min episode) was 6.3 mmHg 

higher (standard error of the mean 2.7 mmHg) than during wakefulness in supine 

position (P < 0.05). As shown in Fig. 3.1, the variability of MBP was also larger, 

mostly with a skewed unimodal frequency distribution, the upper tail of the 

distribution curve being longer than the lower tail. Patient 2, who suffered from 

atrial fibrillation, was an exception to the generally found pattern, as the frequency 

distribution of MBP remained unaltered during apneas. 

The time course of BP in episodes of obstructive apneas was not uniform, 

in spite of the fact that pronounced cyclic changes occurred in all subjects except 
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Mean Blood Pressure (mmHg) 

FIGURE 3.1. Frequency distributions of mean blood pressure, sampled every 0.5 s, from a 
7-min episode in which subjects were awake at rest, lying supine (thin lines) or manifested 
recurrent sleep apneas (thick lines). Horizontal axes represent mean blood pressure (in 
steps of 2 mmHg) and relative frequency of occurrence is plotted on vertical axes. Patient 
2 suffers from atrial fibrillation. 

for patient 2. Fig. 3.2 shows that a rise in BP to values exceeding 170/100 mmHg 

occurs shortly after the resumption of respiration after apnea in patient 3 (which 

occurred in patient 6 as well). In the other subjects, however, a gradual elevation of 

BP started already in the course of each obstructive apnea (as in Fig. 3.4). Fig. 3.3 

shows an example of recurrent central apneas, with a moderate BP-increase during 
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FIGURE 3.2. Recurrent obstructive sleep apneas in patient 3. FBP: finger blood pressure. 
Short interruptions in the signal are caused by automatic set-point checks of the Finapreirm  
device (Physiocan; HR: heart rate, obtained by a cardiotachometer from the ECG; 
FETc02: CO2-concentration of the expired (nasal) air, Sa02: arterial oxygen saturation, 
measured with an ear pulse oximeter, IPG: impedance pneumograph; and N Th: nasal 
thermistor signal. In the last part of the figure, the timescale is multiplied by five. Arrow 

indicates the first beat since the initiation of blood pressure elevation in which pulse 
pressure is larger in comparison to the previous beat. 
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apnea and a steep increase after the resumption of respiration. 

In six patients, a moderate form of periodic breathing without apnea as 

evidenced by cyclic fluctuations in end-tidal CO2  could be observed during sleep, 

together with a fluctuation in amplitude of IPG and nasal thermistor signa' (Fig. 

3.5). Patient 1 also manifested such a breathing pattern while awake. Such periodic 

breathing was always accompanied by a synchronous cyclic fluctuation of BP and 

heart rate. Average BP in such an episode was 4.8 ± 2.8 mmHg higher than during 

wakefulness (not significant at the 0.05 level). 

3.4 Discussion 

The present study shows that BP is on average higher during recurrent sleep apneas 

compared with the awake state, due to periodic hypertensive episodes associated 

with apnea. As to the equipment used for evaluation of BP in SAS, the reliability of 

FinapresTM  has been tested in daytime experiments with pronounced short-term 

variability of BP, such as the Valsalva or orthostatic maneuvers, in comparison to 

intra-arterial pressure recordings (Imholz et al., 1988; Parati et al., 1989; Imholz et 

al., 1990; Imholz et al., 1991). In addition, steady-state measurements, both during 

wakefulness and sleep, have also yielded a good relationship between FinapresTM  

and intra-arterial pressure signals (Imholz et al., 1991; Langewouters et al., 1992). 

The fact that all patients were able to sleep with a functioning finger cuff, without 

complaints of finger paraesthesia in the following morning, demonstrates the 

applicability of FinapresTm  in sleep studies. Height correction allows BP 

measurement in patients who frequently move in their sleep, as is often the case in 

SAS. In SAS patients, FinapresTm  has a major advantage over non-continuous BP-

devices, since the large variability of BP in SAS requires a high rate of pressure 

measurements to get a full picture of sleeping BP. If the interval between 

subsequent measurements is too long, periodic elevations can easily be missed. The 

non-continuous assessment of average BP-values is, in addition, less reliable during 

apneas because of the wider frequency distribution (Fig. 3.1). Moreover, a delay 

between determination of systolic and diastolic BP can underestimate pulse pressure 

when diastolic pressure is rapidly increasing and overestimation when diastolic 
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FIGURE 3.5. Moderate periodic breathing during sleep in patient 3. Legends as in Fig. 3.2. 
Note periodic increase and decrease in end-tidal CO2, in synchrony with fluctuations of 
amplitude of IPG and nasal thermistor signal. Both blood pressure and heart rate manifest 
a similar periodic behavior. 
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pressure is rapidly decreasing. As apparent from Fig. 3.2, a delay of 10 s between 

systolic and diastolic pressure measurement would yield a spurious minimal pulse 

pressure of 20 mmHg in the trough of the cycle, instead of about 30 mm Hg when 

BP is measured continuously. Another disadvantage of non-continuous devices in 

sleep recordings is formed by EEG-signs of awakenings that can occur as a 

consequence of interrnittent inflation of an arm cuff (McGinty et al., 1988). We 

expect that the continuously fluctuating pressure in the finger cuff causes less 

disruption of sleep. 

The clinical importance of nocturnal BP recording in SAS is not clearly 

established. There is no direct epidemiological evidence that periodic increases in 

BP in SAS imply a health risk. On the other hand, several indications of harmful 

effects exist. Firstly, as shown in Fig. 3.1, the mean level of BP can be elevated 

during recurrent apneas in comparison to wakefulness. Depending on the number of 

apneas, this may amount to a nocturnal elevation of mean BP for most part of the 

night as opposed to a normal decline in BP during sleep (Khatri & Freis, 1967; 

Millar-Craig et al., 1978), thus increasing the 24 hour BP-level that has been related 

to target organ damage (Perloff et al., 1983). The possible importance of an absent 

nocturnal BP fall is further suggested by a study that indicates a higher frequency 

of stroke in hypertensives without such a fall (0' Brien et al., 1988). Secondly, 

potential adverse effects of short-term BP-variability (expressed as standard 

deviation of values sampled every 3 s over half an hour) appear from a cross-

sectional study showing a higher frequency of organ damage in subjects with larger 

short-term variability but equa1 mean levels (Parati et al., 1987). Thirdly, increased 

risk of mortality due to cardiovascular causes has been shown in conservatively 

treated SAS patients in comparison to treacheostomy-treated cases (odds ratio of 4.7 

over five years; Partinen et al., 1988). Furthermore, SAS patients appear to have an 

increased risk of myocardial infarction (Hung et al., 1990). It is possible that 

nocturnal BP-elevations contribute to the cardiovascular morbidity and mortality of 

SAS, although the high incidence of daytime systemic hypertension in SAS 

(Krieger, 1986) may also be involved. However, an indication that nocturnal 

hemodynamics in SAS constitute a cardiac bad independent of daytime 

hypertension are recent findings of increased left ventricular mass in (daytime) 

normotensive SAS-patients in comparison to normotensive weight-matched controls 
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(Hedner et al., 1990). 

Nocturnal measurement of BP in SAS patients sometimes reveals absence 

of marked elevations of BP in spite of recurrent apneas, as in patient 2 in our study 

(see Fig. 3.1). This may be related to the lack of a conspicuous cyclic variation of 

heart rate along with the apnea-respiration cycle in this patient, who manifested 

atrial fibrillation on the ECG. Possibly variability of heart rate somehow adds to 

BP-fluctuations in SAS, which could also be one of the causes of a stable BP in 

patients with a Shy—Drager syndrome (Schroeder et al., 1978). We did not observe 

hypotensive episodes during apneas, as has been reported in obstructive SAS 

(McGinty et al., 1988), although in patient 7 and 11 mean BP was lower during 

apneas compared with wakefulness. However, these differences in mean level can 

be related to other factors than the occurrence of apneas, such as sleep stage or a 

change in hormonal state during the night (Mancia & Zanchetti, 1980). 

As shown in Fig. 3.5, periodically high BP in SAS is not restricted to 

apneic episodes, but can also appear during a moderate, Cheyne Stokes-like form of 

periodic breathing (type II in the classification of section 2.4), with a cycle duration 

of about 18 s. In this figure the mean level of BP is elevated during moderate 

periodic breathing as compared with the preceding period of regular breathing. The 

higher mean BP during similar periodic breathing in the six patients in whom this 

breathing type was observed during sleep, also suggests that moderate periodic 

breathing has a slightly hypertensive effect, although the involvement of other, 

coinciding mechanisms cannot be excluded. Similar breathing pattems occur in 

normal individuals as well, but in SAS enhanced amplitude of oscillation in minute 

volume has been reported, both while awake and asleep (Pack et al., 1988). 

Regarding the pathophysiology of periodic BP-elevations in SAS, inspection 

of the right part of Fig. 3.2 learns that pulse pressure (when defined as the 

difference between peak systolic and preceding end-diastolic pressure) remains 

relatively constant during the rise of BP after apnea. The arrow in Fig. 3.2 indicates 

the first heart beat since the initiation of the rise in BP in which pulse pressure is 

noticeably higher compared with the previous beat. However, the major part of the 

elevation of BP has already taken place by then, so that this elevation seems to be 

due mostly to a diminution of systolic and diastolic pressure decay instead of an 

increase in pulse pressure. Since the main determinants of this pressure decay are 
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total peripheral resistance and interval duration, which are both under the influence 

of the autonomie nervous system (Shepherd & Mancia, 1986), one may suppose 

that autonomie activity adds much to the genesis of such BP elevations, rather than 

mechanical effects of respiration on BP. In addition, an independent contribution of 

obesity cannot be excluded in the present study (see body mass indices in Table 

3.1). It is possible that the influence of obesity on the circulation is not only 

brought about by the higher risk of sleep apnea in obese patients (Krieger, 1986), 

but through other mechanisms as well, such as an increased tendency to develop 

arteria1 hypoxemia due to a small FRC in supine obese patients, which has been 

related to the height of apneic BP-elevations (Shepard, 1985a). Although such a 

mechanism, inducing or aggravating hypoxemia, may not be restricted to the 

occurrence of respiratory events such as apnea, in our patient group arterial oxygen 

desaturation and BP-elevations were apparently related to sleep apnea and moderate 

periodic breathing. 

We conclude that SAS has pronounced effects on systemic BP homeostasis 

during sleep, which may be a major contributory factor to the association between 

SAS and circulatory pathology. The periodic character of nocturnal BP-elevations in 

SAS requires continuous pressure recording, for which the Finapres is particularly 

suited because of the relative ease to be added to polysomnography. This provides a 

basis for studies after the mechanisms, consequences, and reaction to therapy of 

abnormal sleep BP in SAS. 
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Chapter 4 

A Chemoreflex Model of 

Hemodynamic Oscillations in the 

Obstructive Sleep Apnea Syndromel 

Summary. In obstructive sleep apnea syndrome (OSAS), pronounced oscillations of 

blood pressure (BP) and heart interval (I) occur in synchrony with repetitive apneas 

during sleep. We investigated these fluctuations in 13 patients with OSAS by means 

of spectra' analysis of BP-parameters and I. Power spectra revealed large peaks in 

the 0.02-0.05 Hz band and smaller peaks at 0.20-0.45 Hz in all parameters except 

for diastolic pressure, which spectrum lacked a significant high-frequency peak. 

Cross-spectra' analysis disclosed phase differences between low-frequency 

oscillations in systolic pressure (S) and I that corresponded to time intervals 

between increases in S and I ranging from 7 to 33 s. BP-parameters appeared to 

change in the order diastolic—systolic—pulse pressure. A beat-to-beat model was 

implemented to interpret the observed features of variability. Comparable spectra 

were obtained from simulated data by a model that consisted of 1) periodic 

stimulation of peripheral chemoreceptor reflexes by arterial hypoxemia and 

hypercapnia, inducing vagal bradycardia and sympathetic vasoconstriction, 2) 

counteraction of chemoreceptor reflex effects by pulmonary inflation, 3) a 

mechanical influence of respiration on pulse pressure, and 4) a Windkessel model of 

diastolic pressure decay. We conclude that nocturnal hemodynamic variations in 

OSAS can be described by assuming that chemoreceptor reflexes dominate the 

efferent autonomie pathways to the circulation during recurrent obstructive sleep 

1  Submitted for publication. 
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apneas. 

4.1 Introduction 

In the obstructive sleep apnea syndrome (OSAS) pronounced cyclic fluctuations of 

blood pressure (BP) and heart rate (HR) occur during sleep (Coccagna et al., 1972; 

Guilleminault et al., 1984; Podszus et al., 1986; Schroeder et al., 1978). Such 

oscillations, usually with a period duration of 30-60 s, appear during series of 

recurrent obstructive sleep apneas, defined as cessations in oronasal airflow for 

more than 10 s with persisting respiratory efforts (Krieger, 1986). The clinical 

relevance of these hemodynamic fluctuations ensues from the abnormally high BP-

levels that are often attained periodically, in addition to periods of bradycardia that 

can occur as part of the oscillation in HR. 

The genesis of variability of BP and HR during recurrent apneas is elusive. 

Possibly involved mechanisms are 1) mechanical influences of respiratory 

movements on the circulation, 2) autonomic reflexes, and 3) cardiorespiratory 

interactions in the centra' nervous system (see section 2.4.2). In healthy subjects, 

insight into the systems that are responsible for (norma1) periodic hemodynamic 

fluctuations has been obtained by means of spectral analysis (DeBoer et al., 1987; 

Baselli et al., 1988; Saul et al., 1989). Spectral analysis of beat-to-beat values of BP 

and heart period provides data on the amplitudes and mutual phase-relationships of 

oscillations in BP and HR, which can be used to generate hypotheses on the 

mechanisms of the observed behavior of the circulation. A way of testing such 

hypotheses is to express them in a mathematical model describing circulatory 

changes from beat to beat, that should simulate the observed periodicities and 

phase-relationships. The oscillation in BP and HR normally occurring in synchrony 

with respiration (period of 2-7 s) could thus be described by a model involving 

respiratory modulation of pulse pressure and a fast, vagally mediated influence of 

the baroreflex on HR (DeBoer et al., 1987). A slower rhythm (period of about 10 s) 

appeared to be explained by the slower action of the baroreflex on HR and 

peripheral resistance through sympathetic efferents (DeBoer et al., 1987; Baselli et 
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al., 1988). Can a similar model give an explanation for 30-60 s oscillations in BP 

and HR during recurrent sleep apneas? 

In the present study, we attempt to elucidate the behavior of the circulation 

in OSAS with the aid of spectral analysis of beat-to-beat values of heart period and 

BP-parameters, obtained from sleep recordings. Our hypothesis was that variations 

in BP and HR during recurrent obstructive apneas can be understood from the 

effects of autonomie nervous activity and respiratory movements on the circulation. 

, A simple difference-equation model is implemented to explain hemodynamic 

variability from beat to beat during recurrent apneas, comparable to the previously 

developed beat-to-beat model by DeBoer et al. (1987), referring to normal awake 

subjects at rest. 

4.2 Methods 

4.2.1 Patients 

Registrations were made in ten male and three female patients, aged 39-72 years 

(54.8 ± 11.2, mean ± SD) who had been referred for polysomnography mostly 

because of daytime sleepiness and loud snoring. Patients 6-11 were first screened 

for sleep apnea by means of a nocturnal recording of arterial oxygen saturation 

(Sa, measured by a pulse oximeter), which revealed interrnittent desaturations 

during sleep in these subjects. Most of the patients were obese. Only patient 8 had 

a history of essential hypertension. 

4.22 Measurements 

Patients underwent one night of limited polysomnographic recording. Continuous 

finger arterial blood pressure (BP) was measured by FinapresTM  (TNO model 5) 

with a height correction signal (from a liquid-filled manometer tube between 

sternum and finger) in patients 5-11. In all subjects, the location of the finger in 

which BP was measured during the considered registration episodes was noted 

relative to heart level by the experimenter. Registrations were made of ECG (HP 

monitor 78203A), thoracic impedance pneumogram (IPG; HP monitor 78202B), 
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nose thermistor signal (Nihon Kohden TR-612 T), nasa! CO2-concentration (Gould 

Godart Mark II sampling capnograph), and Sa02  measured in the earlobe (Biox ear 

oximeter) or finger (Nellcor 200 pulse oximeter). In patients 12 and 13, esophageal 

pressure was measured by an esophageal balloon (Lode Instruments). During the 

registration, BP, Sa02, nasa! CO2, and nose thermistor signal were continuously 

monitored on a Hewlett—Packard 7404A pen recorder. All signals were 

simultaneously recorded on a tape recorder (Bel! and Howell model TI4), with BP, 

ECG, and nose thermistor signal on FM channels and the other signals on a direct 

record channel through a pulse code modulator (Kayser K1180). The recordings 

were transcribed off-line on a 7-channel Gould pen recorder (Brush Accuchart 481). 

Apnea was defined as a cessation in nasal airflow for 10 s or more as 

appearing from the nose thermistor signal. Apneas were termed central when no 

respiratory efforts could be detected in the IPG, mixed when respiratory movements 

started in the course of apnea, and obstructive when these efforts continued in the 

course of apnea. OSAS was diagnosed when more than 30 obstructive apneas per 7 

hour of sleep occurred (Krieger, 1986). 

4.23 Protocol 

After calibration and connection of the measurement devices to the patients, 

registrations during wakefulness were made when the patients were lying supine in 

bed with the lights on. The wake registration lasted for at least 15 min, and was 

performed between 22.00 and 23.00 hr. Patients were instructed not to fall asleep 

during this period, and afterwards all of them confirmed to have been awake. 

Subsequently, the lights were dimmed and the patients were allowed to sleep. The 

experimenter reported whether the patient was seemingly asleep, while body 

position, position of the hand with Finapres cuff, and events such as snoring or 

interruptions in audible respiration were also noted. The Finapres finger cuff was 

deflated for 5 min every 1-2 br to prevent complaints of congestion in the finger 

tip. 
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4.2.4 Data analysis 

From the off-line recordings, 15 min-episodes (including a sufficient number of 

heartbeats to perform spectral analysis) were chosen of recurrent obstructive apneas, 

while the patient was apparently asleep according to the notes of the experimenter. 

Analog signals of BP, ECG, nose thennistor, and (if applicable) esophageal pressure 

were all digitized at 200 Hz (after suitable anti-alias filtering) and stored in a 

personal computer. Data were reduced to beat-to-beat values of RR-interval from 

,the ECG (I), systolic (S), diastolic (D), pulse (P), and mean (M) arterial pressure, 

as well as mean nasal temperature and esophageal pressure (if applicable) over the 

interval. For a given heartbeat (with number n), S. was defined as peak systolic 

pressure, Dn  as end-diastolic pressure just preceding systole, and Pn  as the difference 

between Sn  and D. Mn  was calculated as the pressure-time integral over the entire 

heartbeat divided by In. 

4.2.5 Spectral analysis 

We used the spectra' analysis techniques previously applied on data from resting 

awake subjects (DeBoer et al., 1985a). In this approach, the time interval between 

successive values of beat-to-beat parameters is assumed to be constant, equalling 

mean I (1). This allows the application of a simple algorithm for estimation of 

power and cross spectra by means of a Fast Fourier Transform (14141). For each 

beat-to-beat parameter, a series of 512 or 1024 (N) successive values was used for 

the transform. Before applying FFT, a linear trend (least squares estimation) was 

subtracted from each data series. This served to avoid a contribution of a possible 

steady component to the spectra, since we are only interested in the oscillatory 

components (of which the slowest occur in synchrony with repetitive apneas) of the 

data series. Subsequently, each series was multiplied by a 10% cosine tapering 

window to reduce the spread of a spectral peak into other frequency regions (for a 

discussion of data windowing, see Jenkins & Watts, 1968). The (preprocessed) data 

series are expressed as a function of heartbeat number (n). FFT then yields spectra 

with a frequency scale in cycles per beat. This frequency scale can be converted 

into a "real" frequency scale in cycles per second (Hz) by division of the number of 

cycles per beat by Ï (in s). Spectra were considered in the frequency range between 
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0 and 0.5 Hz. 

Power spectra were calculated from series of beat-to-beat values of BP-

parameters and I. These power spectra can be interpreted as follows: the variance of 

the data series is subdivided into frequency-dependent components, which is 

expressed in the area under the curve in the graph of power (P) against frequency 

(j). The area under the curve for a given frequency range represents the amount of 

variance due to oscillation in that frequency range. The area under the entire curve 

thus equals the total variance of the original data (after subtraction of the linear 

trend and correction for the applied tapering window). Power therefore has units of 

s2/Hz for spectra of I and mmHg2/Hz for pressure spectra. The obtained spectra do 

not represent power as a continuous function of frequency, however. Due to the fact 

that the transformed data consist of a limited number (N) of values, power is only 

estimated for a limited number of frequencies fk  (with k ranging from 0 to N/2). 

With the used technique, these frequencies are separated 1/(N1 ) Hz from each 

other. An example, the power spectrum of S during recurrent apneas in patient 10, 

is shown in Fig. 4.1A. In this case (where 1=0.83 s and N=1024), adjacent spectral 
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FIGURE 4.1. Effect of smoothing on the power spectrum of systolic blood pressure during 
apneas in patient 10. A: Unsmoothed power spectrum. The power (P) is determined for a 
multiple of 0.0012 Hz. Adjacent spectral values are connected by lines. B: Power spectrum 
as in Fig. 4.1A, but smoothed by a 17-point triangular window. 
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values are located 1/(0.83 x 1024)=0.0012 Hz from each other. Assuming that 

adjacent spectral values are independent of each other, the number of degrees of 

freedom of spectral estimation can be increased by using neighbouring values to 

calculate P(fk). This amounts to smoothing the spectrum, e.g. by a triangular 

smoothing window (DeBoer et al., 1985a): 

P(fk) = E puici..). (14+ 1-- m Dgm-f-1)2 	 (4.1). 

The effect of smoothing is illustrated in Fig. 4.113, where an 17-point triangular 

window (M=8) is used. The number of degrees of freedom of P(f) is then increased 

to 27. On the other hand, it is clear that smoothing occurs at the cost of frequency 

resolution of the spectrum. The width of the applied smoothing window was 

therefore always chosen smaller than the low frequency (LF) peak to be detected. 

For example, in Fig. 4.1B the width of the window is (2M+1) times the spacing 

between adjacent spectral values, i.e. 17 x 0.0012 = 0.020 Hz. 

Cross spectra were determined of series of, respectively, S, D, P, and M 

against I. After En of the two concerned data series, cross spectra were ca1culated 

according to Jenkins and Watts (1968). Cross spectra consist of a squared coherence 

spectrum k2(/) and a phase angle spectrum (1)(f). Squared coherence is comparable to 

the well-known squared correlation coefficient and indicates the degree of linear 

relationship between the two variables at each frequency, ranging from 0 (no 

relation) to 1 (optimal relation). The phase spectrum describes the phase between 

the two variables for each frequency. In the figures, 4)(f) ranges from —180° to 

+180° and is thus calculated that, for instance in the cross spectrum of S against I, 

a negative value of 01)2(f) indicates that an increase in S leads an increase in I by 

less than 180°. However, no distinction can be made between phases that differ a 

multiple of 360° from each other, so that each phase can as well be augmented or 

reduced by a multiple of 360°. Cross spectra were also smoothed by a triangular 

window to reduce confidence intervals for the estimation of phase and squared 

coherence (at the expense of frequency resolution). As confidence intervals of 4(f) 

[g 	 become wider at decreasing coherence, in the figures only 4)(f) is shown when en 

a 	 > 0.05. With the used smoothing windows, 95% - confidence intervals of (1)(f) are 
rn 	 then less than ± 23° (Jenkins & Watts, 1968). 
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FIGURE 4.2: Blood pressure and respiration dwing recurrent obstructive sleep apneas. A: 

Beat-to-beat values of RR interval, systolic (S) and diastolic (D) blood pressure, nose 
thermistor signal, and arterial oxygen saturation (Sao2) measured in the finger in patient 1. 

Subsequent beat-to-beat values are connected by lines. B: Obstructive sleep apnea signals 
as in Fig. 4.2A, from patient 12 (where Sa02  is measured in the earlobe). The time course 
of both I and Sa02  differs from that in patient I, with bradycardia and desaturation 
developing later in the course of apnea. Esophageal pressure is also shown, indicating a 
increasingly negative intrathoracic pressure with each respiratory effort in the course of 
ob structive apnea. 



65 

4.3 Results 

Variability of BP and I-IR was considerably larger during sleep in comparison to 

wakefulness. An example of series of beat-to-beat values of circulatory and 

respiratory parameters is shown in Fig. 4.2A, from data obtained during recurrent 

obstructive sleep apneas in patient 1. Fig. 4.213 also includes values of esophageal 

pressure, measured in patient 12. As evidenced by these figures, BP can rise already 

in the course of each apnea (with a further increase until shortly after the 

resumption of respiration) or start to rise mainly at the termination of apnea. In 

patient 1, variations in I occurred nearly in counterphase with those in BP, the 

highest values being attained during apnea and the lowest values in the periods of 

respiration in between apneas. Oscillations in BP and BR were evident in all other 

patients except for patient 2, suffering from atrial fibrillation, in whom apnea-

related swings in BP and I were hardly discernible. 

Power spectra of circulatory parameters are shown in Fig. 4.3, calculated 

from beat-to-beat series in patient 1. A large peak in the 0.02-0.05 Hz band (low 

frequency, LF) can be distinguished in all variables (related to the periodicity of 

apneas), as well as a smaller and wider peak at 0.20-0.45 Hz (high frequency, HF) 

related to respiratory movements. A high-frequency peak appears virtually absent in 

the spectrum of D. In the LF-range, the power of S is larger than of P, D, and M. 

These features of power spectra were evident in all other patients with sinus 

rhythm, although a considerable interindividual variety existed in the amplitude of 

peaks. In patient 2, the LF-peaks in spectra of S and P were substantially lower 

compared with patients with sinus rhythm, while no conspicuous peak was found in 

the spectrum of D (Fig. 4.4). 

Cross spectra of BP-parameters against I from sleep recordings in patient 1 

are also shown in Fig. 4.3. The highest coherence between S and I can be found in 

the 0.02-0.04 Hz and 0.20-0.30 Hz bands, which also holds for cross spectra of D, 

P, and M against I. In patient 1, the phase between S and I (Osi) is about —160° 

for the LF-peak and ranges from —30° to +30° in the ELF-band. Regarding the 

change in (i)si  from low to high-frequency regions, it seems that the relationship 

between Os, and f follows a linear trend from about —180° at 0.02 Hz to +45° at 

0.35 Hz. This linear trend is not continued above 0.35 Hz, as the phase then 
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FIGURE 4.3. Power- and cross-spectra of blood pressure parameters and RR-interval in 
patient I. P: power (in s'/Hz or mmHe/Hz); f: frequency (in Hz); I, S, D, and P refer to 
power spectra of RR interval, systolic pressure, diastolic pressure, and pulse pressure, 
respectively. Power spectra show a large low-frequency and a smaller high-frequency 
peak, which is almost absent in the spectrum of diastolic pressure. Cross spectra of BP-
parameters against I consist of a squared coherence (le, represented by thin lines, plotted 
on the 1eft vertical axis from 0 to 1) and a phase spectrum (0, represented by thick lines, 
plotted on the right vertical axis from —180° to +1801. ci) is only displayed when k2  > 0.5, 
allowing a reasonable phase estimation. SI, DI, PI, and MI refer to cross spectra of 
systolic, diastolic, pulse, and mem pressure, respectively, vs. interval. 
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FIGURE 4.4. Power spectra of RR interval and blood pressure parameters during 
recurrent obstructive sleep apneas in patient 2, suffering from atrial fibrillation. Legends as 
in Fig. 4.2. Note the changed ordinate scales. Low-frequency power was considerably 
smaller for all parameters in comparison to the patients with sinus rhythm. 

becomes negative again (95% confidence interval is —30° to —65° at 0.45 Hz). 

Phase spectra of D, P, and M against I manifest a similar linear trend, although 

with a different slope. In the LF-region, ODI  is about —180° and $1)N  —125°, while the 

three variables oscillate in phase in the HF-region. The sequence of change of BP-

parameters in the LF-range (determined from the shortest phase differences) has the 

order D—S—P in all patients in whom significant differences existed (see Table 4.1). 

M oscillated virtually in phase with D in the LF-band. A gradual increase in phase 

of S, D, and P against 1 with increasing frequencies seemed also present in patients 
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TABLE 4.1. Coherences and phase angles of systolic, diastolic, pulse, and mean 

pressure vs. RR interval in the low-frequency range during recurrent obstructive 

sleep apneas 

SI 	 DI 	 PI 	 MI 

Pat. no. N 	f2,H 	k2 	s 	k2 	 k2 	4),° 
	k2 	o 

1024 0.029 0.92 -158 0.96 +177 0.88 -123 0.95 +173 
2 	1024 
3 	512 0.043 0.96 -107 0.98 -126 0.91 -78 0.98 -126 
4 	512 0.019 0.92 -167 0.90 +170 0.93 -151 0.91 +171 

5 	512 0.020 0.95 -139 0.94 -158 0.96 -114 0.94 -155 

6 	1024 0.024 0.97 +121 0.97 +123 0.96 +120 0.97 +119 

7 	512 0.023 0.97 +153 0.97 +140 0.96 +171 0.97 +141 
8 	1024 0.022 0.94 -176 0.93 +167 0.94 -159 0.94 +168 
9 	1024 0.014 0.92 -156 0.93 -174 0.92 -141 0.94 -176 
/0 1024 0.028 0.84 -166 0.86 +173 0.81 -149 0.87 +171 
// 	1024 0.025 0.62 +106 0.88 +130 0.37 	 0.89 +122 
12 	512 0.026 0.93 +47 0.95 +34 0.89 +65 0.95 +35 
13 512 0.020 0.94 +161 0.95 +139 0.92 -166 0.95 +140 

N: number of included heart beats; f2: peak frequency in the low frequency range; k2, 
coherence and phase angle between diastolic, systolic, pulse, and mean pressure vs. RR 
interval (DI, SI, PI, and MI, respectively). The negative phase angles in the table represent 
the shortest phase differences between an increase in pressure and an increase in interval. 
Note that the phase changes to less negative values in the order 4)(DI) - (1)(SI) - (I)(PI), at 
least when phase differences between pressures were statistically significant (which was 
the case in all patients except for 6 and //). In patient 2, coherences were not sufficiently 

high for reliable phase estimation (as in patient 11 for PI, indicated by dashes). 

5,7-10, although a reliable phase estimation was mostly only possible in distinct 

frequency regions, so that no definite conclusion can be made on the progress of 

phase over the whole considered frequency range. 
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4.4 Description of the model 

To construct a physiologically plausible model to explain power and cross-spectra 

obtained during obstructive sleep apneas, we first consider three features of 

circulatory variability: 

a. Time-relations between pressure and interval 

The large coherences between BP-parameters and I in the LF-range (see Table 

4.1) suggest the involvement of a mechanism through which pressure and interval 

are coupled. Such a system should, however, be compatible with the time relations 

between BP and I in this frequency range. For instance, in the 0.02-0.05 Hz 

frequency band the time interval (AT) between an increase in S and an increase in I 

derived from (I)si  according to 

AT = s:1)(f) / (360°. f) 	 (4.2) 

ranges from 7 to 33 s (23.0 ± 7.3 s, mean ± SD) in the various subjects, which can 

hardly be understood with current knowledge of the delays in the baroreflex. 

Lengthening of I due to vagal stimulation of the heart as a baroreflex reaction to 

increased S can already take place within the same interval and the latency of 

sympathetic baroreflex influence on I is about 2 s, with a duration of effect of 

several seconds (Scher & Young, 1970; Borst & Karemaker, 1983). The large AT 

therefore suggest that feedback from BP does not add much to LF-changes in I. 

Considering the apparent trend in Os, from low to high-frequency regions (see 

Fig. 4.3), such a relationship between (1:•s, and f is incompatible with a constant 

delay between S and I, since a constant AT would imply that Os, varies 

proportionally with f according to Eq. 4.2. (1:0s, would thus tend to zero degrees when 

f approaches zero. In addition, since Os, would then change from negative values (S 

leading I) to zero when f decreases, the slope of the Os, —f relation would be 

negative (as opposed to positive in Fig. 4.3). Because the delays between S and I as 

caused by the baroreflex can be assumed to be constant (Scher & Young, 1970; 

Borst & Karemaker, 1983), this is another reason to verify whether a model that 

does not include an important baroreflex-contribution can explain the spectra. 
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FIGURE 4.5. Time course of blood pressure as expressed in the model (thick line) 
compared with an experimental tracing of blood pressure (thin line). Diastolic pressure of 
interval n (D.) depends on previous systolic pressure Sn_1, but also on the time constant 
t.--1 of diastolic pressure decay (proportional to total peripheral resistance) and duration of 
interval 

b. Time-relations between peripheral resistance and interval 

A substantial contribution to the relationship between BP and I is probably 

made by the time-relations between changes in total peripheral resistance (TPR) and 

I, both under the influence of the autonomic nervous system. Increased TPR due to 

peripheral vasoconstriction dirninishes diastolic pressure decay, which has the form 

of a nearly monoexponential curve in the last part of diastole (Simon et al., 1979). 

By approximation, the time-constant of this decay is proportional to TPR and to the 
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compliance (C) of the large arteries that behave as an elastic reservoir (Windkessel) 

owing to their elastic properties. We apply a simple Windkessel equation to 

calculate end-diastolic pressure (Da) of a given heartbeat n (as in DeBoer et al., 

1987), that also depends on the previous systolic pressure and duration of the 

diastolic pressure decay (approximated by duration of the previous interval): 

Da  = cl  . Sn_i  . exp(—I, frr 
	

(4.3), 

where tn_1 	TPR, . C) is the time-constant of diastolic pressure decline in the 

arterial system with compliance C (considered to be constant). Fig. 4.5 

schematically shows the pressure curve as it is reflected in the model. 

To obtain realistic time relations between I and TPR as it is expressed in the 

model, we estimated T from experimental data. Using Eq. 4.3, with average patient 

values of D, S, and I, and an average value of 1500 ms for T (Simon et al., 1979), 

the constant cl  can be calculated for each patient. Hence, we estimated beat-to-beat 

T by T9  (from Eq. 4.3) and calculated cross-spectra of these values against I from 

patient data. In Table 4.2, 0,,/  in the LF-band is given for each subject during 

obstructive apneas. These phases amount to a time interval between an increase in I 

and T9  of —1 to 14 s (6.7 ± 4.6 s, mean ± SD), using Eq. 4.2. Such time-

relationships suggest a delay between effects of efferent parasympathetic and 

sympathetic activity on the circulation. Peripheral stimulation of the vagus nerves 

can lengthen I within the duration of one interval (Warner & Cox, 1962; Levy et 

al., 1970). On the other hand, sympathetic efferent activity, that has a major impact 

on TPR, has a longer latency of 1-4 s to induce a change in TPR and takes more 

time to reach a maximum effect (as can be derived from baroreceptor or carotid 

sinus nerve stimulation, see Scher & Young, 1963; Borst & Karemaker, 1983). 

Consequently, phase relations between I and T9  as shown in Table 4.2 suggest the 

involvement of an input to the autonomic nervous system that leads to both vagally 

mediated lengthening of I and sympathetic increase of T9 . In agreement with the 

above considerations, we assume that this input is not influenced by BP. 

A stimulus to the autonomic nervous system that complies with this description 

is the action of blood gas tensions on peripheral chemoreceptors. Reflex effects of 

carotid body stimulation comprise both enhanced vagal outflow to the sino-atrial 
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TABLE 4.2. Coherences and phase angles of estimated time-constant of diastolic 

pressure decay and RR interval during recurrent obstructive sleep apneas. 

Pat. no. 	N 	ƒ2, Hz 	k2  

1024 	0.029 	0.98 	+70 
2 	1024 
3 	512 	0.043 	0.79 	+146 
4 	512 	0.019 	0.93 	+65 
5 	512 	0.020 	0.90 	+100 
6 	1024 	0.024 	0.92 	—9 
7 	512 	0.023 	0.99 	+56 
8 	1024 	0.022 	0.94 	+58 
9 	1024 	0.014 	0.97 	+41 
/0 	1024 	0.028 	0.84 	+63 
// 	1024 	0.025 	0.91 	+39 
12 	512 	0.026 	0.99 	—5 
13 	512 	0.020 	0.96 	+69 

N: number of included heart beats; f2: pealc frequency in the low frequency range; le, 4): 
coherence and phase angle between estimate time-constant of idastolic pressure decay (T) 
and RR interval (I). The positive phase angles in the table represent the shortest phase 
differences between an increase in interval and an increase in 	In patient 2, insufficient 
coherence was obtained between et' and I to allow a reliable phase estimation (indicated 
by dashes). 

node and peripheral vasoconstriction through sympathetic fibres (De Burgh Daly & 

Scott, 1958; Comroe & Mortimer, 1964; Angeli-James & De Burgh Daly, 1969; 

Kontos et al., 1970; Parker et al., 1975). In spite of observations of evoked 

cardioacceleration after separate aortic body stimulation by drugs (Comroe & 

Mortimer, 1963), during apneic asphyxia the circulatory effects of aortic body 

reflexes mostly consist of combined bradycardia and vasoconstriction (in dogs, see 

Angeli-James & De Burgh Daly, 1969). During recurrent apneas, periodic 

hypoxemia is a likely input to peripheral chemoreceptors, which can be sustained by 

relative hypercapnia developing in the course of apnea (Angell-James & De Burgh 
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Daly, 1969). Furthermore, as hypotensive episodes were not observed in these 

patients, a direct influence of changing BP on the carotid bodies that may occur at 

low mean BP is not likely (Heymans & Neil, 1958). We therefore attempt to 

explain the observed spectra by chemoreceptor-reflex modulation of I and 'C. 

To derive simple expressions of chemoreceptor reflex effects on the circulation, 

we introduce the variable xn, which represents the mean net influence of peripheral 

chemoreceptor stimulation on the efferent autonomic nerves during interval n. xn  is 

defined from zero (if the circulation is unaffected by peripheral chemoreceptor 

reflexes) to 1 (maximal chemoreflex effect during apnea) and is assumed to be 

linearly related to the evoked changes in I and 'C. A short-latency cardioinhibitory 

effect of increasing x  (already affecting the duration of the same interval) may then 

be expressed as 

= C2 (Xn al 2C.--1 	a2 	± ••• 	alc Xn-K) ± C3 
	(4.4), 

in which the value of x during preceding intervals (back to L-0 also exerts some 

influence on In, depending on weighting factors ak. We used the data of Levy et al. 

(Levy et al., 1970) as an approximation of values of ak. They showed in dogs a 

latency of changes of 200 ms and a maximum effect after 400 ms of changes in I 

after single vagal stimuli to the heart, with a subsequent decline of effects with time 

constant of about 1.4 s. Thus, ak  was estimated roughly by Ca.exp(-(k-1)1 /1.4), for 

k=1 to 5. The coefficient Ca  was chosen so that ak  was normalized, with Eak  = 1. 

As to the relation between x and TPR, we could not find quantitative 

information in the literature that allows a precise description of changes in TPR 

(proportional to t) by efferent sympathetic activity. However, it is plausible that 

this sympathetic effect does not only have a longer latency (1-4 s) than vagal 

modulation of I, but persists for a longer period as well (Scher & Young, 1963; 

Delius et al., 1972; Borst & Karemaker, 1983). Hence, the following simple linear 

relation is used to model the vasoconstrictor effect of the chemoreflex: 

= C4  (b3  X n J + b4 Xn-4 •• • + bK Xn-K) + C5 
	 (4.5). 

As weighting factors (bv) for the relative influences o Xn-k in Eq. 4.5, we took 
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values of 1/2.Cb  and Cb  for b3  and b4, respectively, assuming that the maximum 

effect (Cb) occurred after 4 beats. The slow disappearance of sympathetic effects 

(approximate time constant of 10 s, see Scher & Young, 1963) was expressed as 

bk  = Cb.expHk-4)1 /10), for k=5 to 10. The coefficient Cb was chosen so as to 

normalize bk, so that Ebk  = 1. 

The timing of chemoreflex influence on efferent nerves in relation to respiratory 

movements is probably determined by 1) lung-chemoreceptor and central nervous 

delay and 2) the actual timing of inspiratory movements (or inspiratory efforts 

during obstructive apnea), as peripheral chemoreflex effects can be counteracted by 

pulmonary inflation, likely through lung-stretch reflexes (Angell-James & De Burgh 

Daly, 1969; Haymet & McCloskey, 1975; Rutherford & Vatner, 1978). Thus, this 

antagonism diminishes x during inspiratory efforts in the course of obstructive 

apnea and thus adds to HF-oscillation of chemoreflex effects. In addition, it causes 

a rapid decline of x at the first inspiration after apnea, even before Pa02  has 

increased and Pac02  has decreased at chemoreceptor level. This interaction is 

expressed as 

= c6 xaff, (1  — c7.Vn) 
	

(4.6), 

in which xn  is the net chemoreflex influence on the efferent autonomie nerves 

during interval n and xaff,„ the afferent chemoreceptor activity during the same 

interval (neglecting the central delay of the reflex), and V the rib-cage contribution 

to lung volume changes, defined from 0 to 1 (as a measure of thoracic stretch). V 

increases both during normal inspirations and inspiratory efforts during obstructive 

apnea (when total lung volume remains about constant due to paradoxic rib cage 

and diaphragm movements). The input functions to the model xaff  and V were 

chosen so that maximal xaff  occurs 5 s after the termination of apnea (estimated 

lung-chemoreceptor circulatory delay, see Haymet & McCloskey, 1975). 

c. Variability of pulse pressure 

The time course of arterial pressure during systolic ejection is complex and 

depends on a number of factors, such as LV performance, compliance of the aorta 
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and modification of the pressure pulse towards the site of measurement (the finger) 

(Wesseling et al.,1983). The considerable variability of P in the 0.02-0.05 Hz 

frequency region is, however, obviously related to respiration. A major influence of 

respiratory movements (or respiratory efforts during obstructive apnea) on P is due 

to changes in left ventricular (LV) filling that affect LV stToke-volume through the 

Starling mechanism. During inspiration, decreased intrathoracic pressure increases 

venous return to the right ventricle and decreases left venous return (Robotham et 

al., 1979; Bromberger-Barnea, 1981; Guz et al., 1987). An increase in right 

ventricular stroke-volume may increase left venous return after passage of the blood 

through the lungs in 2-4 beats (Goldblatt et al., 1963; Shabetai et al., 1965). 

Furthermore, inspiratory LV stroke-volume can diminish as a consequence of 

increased afterload (Robotham et al, 1979). Assuming that these effects are related 

to expansion of the thorax and that P is proportional to stroke volume, we obtain 

Pn  = —C8  . Vn  — C9  . Vn_1  -h C10. (Vn_4  Vn_3) c11 	(4.7). 

Constants c8, c9, and c10  are positive and correspond to changes in afterload, LV 

fllling, and delayed effect of right ventricular stroke-volume, respectively. Values of 

c8  were chosen larger than c9  and c10, so that a prolonged inspiration causes an 

increase in P after 3-4 beats (Pefiáz et al, 1963). Autonomic nervous activity might 

also influence P, e.g. through vagal effects on L  (affecting LV-preload), or 

sympathetic modulation of cardiac contractility. The first possibility was not 

implemented in the model because SSpi  in the LF-range (see Table 4.1) is clearly 

contradictory to a substantial influence of L  on P. A sympathetic mechanism 

does not seem influential, either, in the light of the almost out-of-phase oscillations 

of P and t in the LF-range (compare Tables 4.1 and 4.2). We do not exclude, 

however, that mechanisms other than the abovementioned thoracic mechanical 

effects add to changes in LV-preload well, such as a collapse of veins to the right 

heart due to strongly negative intrathoracic pressure (Condos et al., 1987) or 

hypoxic pulmonary vasoconstriction (Krieger, 1986). 

A respiratory input function was chosen of the form 
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= cusin(21c.fin) + cosin(27cf2n) + cusin(27rfin).sin(27cf2n) + cisvn  +c16  (4.8), 

in which f1  pertains to the Hf-band and f2  to the LF-band. The third term in the 

right part of Eq. 4.8 represents gradual waxing and waning of the amplitude of HF-

oscillation, corresponding to increasing respiratory efforts during obstructive apnea 

and decreasing respiratory excursions shortly after the resumption of respiration. As 

a respiratory signal consisting of only pure sinusoids such as in Eq. 4.8 seems 

unrealistic, the noise component v was added to V (Gaussian noise with mean 0 

and standard deviation 1). To simulate the situation in patient I, a periodic 

(approximately triangular) function was used for xaff  (cf. the time course of Sa02  in 

Fig. 4.2A): 

xaff ci, E t(_4),,,./k. sin(2knf2n) 	+ c18 
	 (4.9). 

k=1 

The putative time course of xaff  in patient 12 (cf. Sa02  in Fig. 4.2B) was represented 

by 

xaff 
 = 

c19 
 E {(-1).,../K  2 

j 	sin n[2k12n — {1+(-1)k}/41 + c20  (4.10), 
k=1 

which leads to relatively stable value of x. in the first part of each apnea (as is 

suggested by the form of the Sa02  curve in patient 12). The constants used in the 

input functions were adapted so that normalized x and V result (fluctuating from 0 

to 1), with a plausible time course. V was detennined by c12  to c16  of 0.15, 0.8, 0.1, 

0.06, and 0.02, respectively, and xaff  by cl, to c20  of 0.38, —0.6, —0.49, and —0.72. 

For most constants in the model, information from the literature (e.g. with 

respect to the relative influence of chemoreceptors oii vagal and sympathetic nerves) 

was not available or the concerned input signal was not measured in our 

experiments (e.g. Pa02  and Paco2  as input to chemoreceptors). Constants were 

therefore estimated as follows: c2  and c3  were chosen so that mean I and LF-power 

of I agreed with experimental data. Subsequently, the constants in Eq. 4.7 and were 

adapted to yield a power spectrum of P and a phase spectrum of P against 1 that 
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FIGURE 4.6. Schematic diagram of the model designed to explain variability of blood 
pressure and heart rate during recurrent obstructive sleep apneas. Peripheral 
chemoreceptors are stimulated by decreased Pa02  and increased Paco2  and counteracted by 
pulmonary inflation. This gives rise to vagal cardioinhibition and sympathetic 
vasoconstriction. Direct mechanical influences of respiratory movements are effectuated by 
changes in left ventricular (LV) afterload and preload, affecting LV stroke-volume. 
Inspiration decreases pulse pressure through diminished left venous return, but exerts an 
opposite influence on right venous (RV) return, that counteracts the fall in pressure after 
passage of the blood through the lungs. 

resembled the corresponding patient spectra. A value of cs  (the smallest 'T that 

occurs) was taken of 1.2 s. The choise of c4  (corresponding to the amount of change 

in vasoconstriction) will be discussed in section 4.5. Finally, cl  was chosen so as to 

obtain experimental values of mean D. 

A schematic diagram of the model is given in Fig. 4.6. 

• 
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MG-URE 4.7A. Simulation of variability of blood pressure and RR interval during recurrent 
obstructive apneas in patient 1. From above to below: RR interval, systolic (S) and 
diastolic (D) pressure, thoracic volume (V) and chemoreceptor afferent activity (x.«). The 
simulated RR interval and blood pressure signals are to be compared with those of Fig. 
4.2A. The putative end of apnea in the input function V is indicated by arrows. The used 
chemoreceptor input function was obtained from Eq. 4.9, yielding an almost triangular 
periodic variation of xaf, FIGURE 4.7B shows the effect of a different time course of 
chemoreceptor activity (according to Eq. 4.10) leading to a different pattem of heart rate 
variability, comparable to the situation in patient 12. 
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4.5 Results of simulations 

Simulation of beat-to-beat variability in patient 1 is disclosed in Fig. 4.7A, with 

chemoreceptor input calculated according to Eq. 4.9. Comparison of the BP and RR 

interval curves with those of Fig. 4.2A shows a strong resemblance between 

simulated and experimental data, with a pronounced LF-oscillation in all BP-

parameters and I and dampened HF-oscillations in D. In this simulation, I increases 

• shortly after the beginning of each apnea due to an increase in xaff. 1f, however, Eq. 

4.10 is used to represent chemoreceptor activity, the rise in X  occurs later in the 

course of apnea and a different HR pattern results, shown in Fig. 4.7B. Such a 

patten of HR-variability corresponds to the situation in patient 12. 

Power spectra from simulated beat-to-beat series (Fig. 4.8) agree with those 

from experimental series (Fig. 4.3). The two side lobes that are manifest around the 

main HF-peaks are due to the third term in Eq. 4.8, which appears as peaks at fi — 

f2  and"; ƒ2  in the various spectra ("amplitude modulation") and thus contributes to 

the HF-power. The model appears to give a good description of phase relations 

between BP-parameters and I in the LF-range, as evidenced by the cross spectra in 

Fig. 4.7. This does not only hold for LF oscillations, but for higher frequencies as 

well (note the linear increase of (I)s/  with increasing f until a positive value at about 

0.35 Hz, after which Os, becomes negative again). However, DI  becomes zero at a 

lower f than in Fig. 4.3. If the constants that detertnine the variability of I and P are 

assessed in the model, the LF value of c>DI  solely depends on c4  (i.e. the amount of 

sympathetic chemoreflex modulation of t), given a certain value of cl  and cs. To 

simulate the situation in patient 1 (4)D/  of —185° in the LF-band) a Q4  was chosen of 

180 ms. Larger values of Q4  yielded less positive DI  (along with the continuous 

arrow in the cross spectrum of D vs. I in Fig. 4.8), while smaller values of c4  

caused DI  to move upward, appearing at —180° and increasing to —144° at Q4=0 

(along with the interrupted arrow in Fig. 4.8). Negative c4  (i.e. cardioacceleration 

accompanies peripheral vasoconstriction) gives rise to even less negative (1) (> 

—144°), which underlines the necessity to assume combined cardioinhibition and 

vasonconstriction in the model. Negative c4  also leads to a strong increase in LF-

peak in the power spectrum of D (since HR and TPR now cooperate to change BP), 

attaining unrealistic values (more than twice as high as in patient 1). Changes in c2  
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FIGURE 4.8. Power- and cross-spectra from the simulated blood pressure and RR-interval 
series displayed in Fig. 4.7A. Legends as in Fig. 4.3. These spectra can be compared with 
those obtained from experimental data shown in Fig. 4.3. Continuous arrow in the phase 
spectrum of diastolic pressure against interval indicates how the phase changes when the 
amount of sympathetic vasoconstriction in the model is increased; interrupted arrow 
indicates how the phase changes when vagal modulation of heart rate is increased. 
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(i.e. the degree of vagally mediated changes in I), had an opposite effect on (1) D1  

(moving 4D1 along with the interrupted arrow if c2  increases). Thus, all observed LF 

(I)DI  in the patients (as displayed in Table 4.1) could be described depending on the 

relative influence on vagal and sympathetic activity of the chemoreflex in the 

model. 

Variability of BR appeared an important "drive" of LF-variability in BP in 

the model, since decreasing LF-variations in I (by assuming very small values of c2) 

brought about severe reductions in LF-power of S and D. This agrees with the 

moderate BP fluctuations along with recurrent apneas in patient 2 (with atrial 

fibrillation), who manifested a very moderate LF-peak in the power spectrum of I. 

4.6 Discussion 

In this study, hemodynamic variability in OSAS patients is described by means of 

spectral analysis of series of beat-to-beat BP-parameters and I. Characteristic 

features of spectra obtained from sleep recordings were considered in the 

implementation of a beat-to-beat model, simulating circulatory variability during 

recurrent obstructive apneas. The model presented consists of three main 

components: 1) stimulation of the peripheral chemoreceptor reflex by periodic 

hypoxeniia and hypercapnia, which lengthens I through vagus nerves and, after 

several beats, increases TPR through sympathetic efferents, without feedback 

influence from BP, 2) a mechanical influence of respiration on P, and 3) a 

Windkessel model of diastolic pressure decay. 

Our simulation shows that variations in BP and HR during obstructive 

apneas can be understood by assuming that changes in I and T mainly result from 

chemoreceptor reflex activity. This in itself does, however, not exclude the 

involvement of other influences on the autonomic nervous system. Firstly, 

combined bradycardia and vasoconstriction may also occur as part of a reaction 

similar to the classical Cushing-response, following an acute increase in intracranial 

pressure or cerebral hypcoda or hypercarbia (Brown, 1956; Downing et al., 1963; 

McGillicuddy et al., 1978). In addition to hypoxemia, the marked elevations in 

intracranial pressure that have been described during sleep apneas (Sugita et al., 
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1985; Jennum & Borgesen, 1989) might thus trigger such a reaction. However, the 

latency of this response after an acute hypoxic or pressure stimulus to the brain is 

about 7 s (in monkeys, see McGillicuddy et al., 1978). The latency between 

maximal desaturation of pulmonary capillary blood at the end of apnea and the 

response would then amount to more than 10 s, resulting in bradycardia and 

vasoconstriction at least 10-15 s after the resumption of respiration, which is not 

realistic (Coccagna et al., 1972; Schroeder et al., 1978; Shepard, 1985; Podszus et 

al., 1986). A 7-s delay is an objection to a causal relationship between intracranial 

pressure and BP as well, since these variables have been found to change almost 

simultaneously in OSAS (Jennum & Borgesen, 1989). Secondly, the cyclically 

fluctuating level of arousal along with recurrent apneas (with a rise in level of 

arousal at the end of each apnea, see Krieger, 1986) could affect efferent autonomie 

activity. However, a rise in level of arousal or imposition of mental stress usually 

results in nearly coincident cardioacceleration through vagal inhibition and 

sympathetic stimulation, the latter increasing 't as well (Shepherd & Mancia, 1986). 

In the model, this would lead to a less negative value of Om than is observed in the 

patients and an unlikely large power of D in the LF-band, given a variation in I that 

tallies with experimental data (as pointed out in section 4.5). Consequently, an 

important contribution of changes in sleep stage to efferent autonomie activity does 

not seem likely. Thirdly, one may wonder whether the baroreceptor reflex exerts 

some influence, although time relations between pressure and I contradict its .  

involvement in the LF-range. In the HF-range however, a Os, of zero (for instance, 

at 0.28 Hz in Fig. 4.3) is compatible with a fast vagal baroreflex-lengthening of I in 

response to increased S (DeBoer et al., 1987). On the other hand, continuation of 

the obliqueol)s, —f relation into the HF-band in Fig. 4.3, with a positive phase above 

0.3 Hz, is not easily_ understood from baroreflex action. Furthermore, the highest 

amplitude of HF-oscillations in I (as in Fig. 4.2A) is observed during apnea, when 

the supposed chemoreflex bradycardia attains its highest level. So, the combination 

of chemoreceptor- and pulmonary inflation reflex effects seems to imitate the action 

of the baroreflex around 0.3 Hz. 

The present model is compatible with the observation that LF-variation of I 

during obstructive apneas can be blocked by atropine (Tilkian et al., 1977; Zwillich 

et al., 1982; Guilleminault et al., 1984), in contrast with a negligible influence of 
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propranolol (Guillerninault et al., 1984). Cyclic changes in sympathetic outflow such 

as expressed in the model are confirmed by microneurographical studies in OSAS, 

revealing a gradually increasing muscle nerve sympathetic activity in the course of 

apnea (Hedner et al., 1988; Somers et al., 1988a). The sudden reduction in muscle 

nerve sympathetic activity at the resumption of respiration after apnea as described 

by Hedner et al. (1988) agrees with our interpretation of sympathetic activity as the 

result of carotid body stimulation interrnittently opposed by lung inflation. The 

chemoreflex-origin of LF-oscillations in I is corroborated by observations of 

elimination of apneic bradycardia after oxygen administration (Zwillich et al., 

1982), although others reported only a blunting effect on LF-variation in I of 

additional inspired oxygen (Guilleminault et al., 1984). Involvement of the 

chemoreflex in causing BP-variations in OSAS is consistent with a reported positive 

correlation between arterial desaturation and BP-elevations during obstructive 

apneas (Shepard, 1985a), and with dampening of apneic BP-elevations by 100% 

oxygen administration (Schroeder et al., 1978). In another study (Ringler et al., 

1990), the BP-maximum after apnea did not seem to be affected by 02-

supplementation in obstructive SAS (that kept Sao2  above 90%), yet without taldng 

into account possible changes in Pac02  induced by the treatment so that the resulting 

change in chemoreceptor stimulation is difficult to estimate (Pelletier, 1972). 

Another problem ensues from possible changes in inspiratory efforts during apnea 

after 02-supplementation, that could affect chemoreflex-effects through inflation 

reflexes. Therefore, when peripheral chemoreceptors are only partially inactivated 

by 02-supplementation, a change in breathing pattern may obscure the diminished 

chemoreceptor-input that follows the increase in Pa02. 

The supposed pivotal role for the chemoreflex in the pathophysiology of 

periodic hypertension in OSAS is brought about by three main mechanisms in the 

model. Firstly, a chemoreflex-induced vasoconstriction exerts an upward influence 

on BP, which starts in the course of apnea and only slowly decines a few seconds 

after the resumption of respiration (due to its relatively long latency and time 

constant). If this effect prevails over the influence of bradycardia on BP, the rise in 

BP can start already before the end of apnea. Secondly, the rapid increase in 

through a sudden decrease in vagal outflow to the heart during the first inspiration 

after apnea (when TPR is still high) induces a post-apneic jolt in BP. Pulmonary 
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inflation, but also increased Pa02  and decreased Pac02, can be responsible for such a 

BP-elevating "withdrawar-response of the chemoreflex. This mechanism occurs in 

the simulation of Fig. 4.7A and therefore seems to explain the post-apneic BP 

elevations in Figs. 4.2A and 4.2B. Such a mechanism could also occur, to a lesser 

extent, as a consequence of inspiratory efforts during obstructive apnea, through 

which the rise in BP may also start before the end of apnea. This is our 

interpretation of the increase in I and BP that occurs already before the end of the 

first apnea shown in Fig. 4.2A. In the simulation of patient 1, the contribution of 

BR variations to LF-oscillation of BP is larger than the contribution of variations in 

TPR. We therefore expect that periodic increases in BP in patient 1 can be reduced 

by administration of atropine (as has been observed in some OSAS-patients, see 

Schroeder et al., 1978). Other conditions that attenuate LF-variations in HR, such as 

atrial fibrillation (cf. patient 2) or cardiac pacing may have the same BP-stabilizing 

effect. Thirdly, an indirect hypertensive effect of the chemoreflex is the apparent 

repression of the baroreflex from the efferent autonomic pathways. Although 

efferent autonomic activity may well ensue from competing afferent information, 

e.g. from both baroreceptors and chemoreceptors, the resulting changes in 

parasympathetic and sympathetic activity do not seem to be compatible with a 

major contribution of the baroreflex. It is still possible that arterial baroreflexes 

dampen the evoked circulatory changes during apnea and that these changes would 

be more pronounced if such dampening would not occur. On the other hand, 

assuming that the action of baroreflexes and chemoreflexes is competitive (as to 

their modulation of efferent vagal and sympathetic activity), the fact that the 

behavior of I and 'r seems in line with the behavior that can be expected on the 

grounds of chemoreflex-dynamics, suggests a larger influence of chemoreceptor 

afferents than baroreceptor afferents. We can only speculate whether such supposed 

overruling of baroreflex effects is merely a consequence of a strong input to the 

chemoreceptors (hypoxemia, hypercapnia, unopposed by lung inflation) or due to 

some "active" baroreflex-resetting mechanism during apnea as well. 

Mechanical influences of respiratory movements on the circulation seem to 

be responsible for only a minor part of low-frequency periodicity of mean BP. 

Assuming that respiratory movements only affect BP through changes in P, an 

impression of their influence on mean BP can be obtained by estimating the relative 
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contribution of variations in P to variations in M. In the LF-range, this contribution 

is probably considerably smaller than that of variation in diastolic pressure decay 

(determined by autonomic nervous activity), since D and M oscillate in phase in 

this band and P follows after a relatively long delay (see Table 4.1). In contrast, 

mechanical influences are likely the main source of BP-variability in the HF-range, 

in particular during apnea, when the amplitude of HF-oscillations (mainly of S and 

P) is maximal. In the model, this is mainly thought to be a consequence of 

substantial decreases in LV stroke-volume at each inspiratory effort, that have been 

described during obstructive apneas (Tolle et al., 1983). The concomitant HF-

variations in D are considerably smaller, which can in part be ascribed to the fact 

that S and I oscillate almost in phase in this frequency range, so that the influence 

of an increase in P on BP is immediately opposed by a longer diastolic pressure 

decay. 'Therefore, chemoreceptor and inflation reflexes apparently tend to stabilize 

BP at high frequencies, in contrast to low frequencies. 

The simulation carried out in the present study does not offer unambiguous 

evidence of the validity of the hypotheses expressed in the model. Major limitations 

are the simplicity of the used difference-equations and the fact that some relevant 

variables (e.g. Pa02  or LV stroke-volume) were not measured or quantitative 

information on interactions (e.g. between pulmonary inflation and chemoreceptor 

activity) could not be found in the literature. However, our model simulation shows 

how the main features of circulatory variability (in particular the relation between 

BP and HR) during recurrent obstructive sleep apneas can be described by assuming 

that peripheral chemoreceptor reflexes dominate the efferent autonomic pathways to 

the circulation under these circumstances. Therefore, in agreement with the 

properties of chemoreflexes, we interpret the periodic changes in BP in synchrony 

with recurrent apneas as a combined sympathico-vagal phenomenon. 
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Summary. Periodic increases in blood pressure (BP) can occur in the sleep apnea 

syndrome (SAS) during recurrent apneas. To investigate the mechanisms causing 

this periodic hypertension, we simulated SAS by imposing a matching breathing 

pattern on seven healthy awake male volunteers. Continuous finger arterial BP, 

ECG, arterial oxygen saturation (Sa02), end-tidal CO2, and tidal volume were 

measured. The contribution of hypoxia was studied by comparing apneas during 

depletion of oxygen in the spirometer with those during 100% oxygen breathing. 

In all subjects, BP periodically reached values > 150/95 mmHg in the hypoxic 

series. Dwing the hyperoxic apnea series, however, BP remained stable. End-apneic 

mean BP was shown to be inversely correlated to Sa02  in six subjects in the Sa02  

range from 60 to 100%. Although the hypoxic BP-pattern closely mimicked that in 

SAS, the heart rate pattern in four of our subjects remained distinct from that in 

patients. Atropine could not prevent large BP-swings in the hypoxic series. We 

conclude that Sa02  is a major determinant of periodic hypertension in recurrent 

apneas. Its effect probably results from chemoreflex modulation of peripheral 

resistance. 

1  Published in the Journal of Applied Physiology (J.G. van den Aardweg and 
J.M. Karemaker) 72: 00-00, 1992. 
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5.1 Introduction 

The occurrence of systemic hypertension has recently been associated with the sleep 

apnea syndrome (SAS), which usually presents as disturbed sleep, loud snoring and 

excessive daytime sleepiness (see section 2.4.2). In most SAS patients periodic rises 

in arterial blood presssure (BP) occur during repetitive sleep apneas (Coccagna et 

al., 1972; Schroeder et al., 1978; Shepard, 1985a). Such apneas, defined as 

interruptions of oronasal airflow for 	10 s, are termed obstructive (when 

respiratory movements persist), central (in the absence of respiratory movements), 

or mixed (when these movements resume in the course of the apnea) (Guilleminault 

et al., 1977). In addition, heart rate (HR) usually manifests a similar periodic 

behavior, with largest rises in both BP and HR at about the resumption of 

respiration after each apnea (Coccagna et al., 1972; Guilleminault et al., 1984; 

Poszus et al., 1986). 

The mechanism of these BP changes is not clear. Varying intrathoracic 

pressures could affect BP through mechanical influences on left ventricular stroke 

volume (Bromberger-Barnea, 1981). Left ventricular stroke volume is decreased 

during (obstructive) apneas and augmented after the resumption of respiration (Tolle 

et al., 1983; Posdzus et al., 1986). Autonomic reflexes may also be involved 

inasmuch as these BP fluctuations appeared absent in SAS patients with a 

Shy—Drager syndrome (Schroeder et al., 1978). A contribution of vagus nerves 

through variation of HR is suggested by the observed dampening of BP swings in 

SAS patients after administration of atropine, which stabilizes HR (Schroeder et al., 

1978). Moreover, BP rises in SAS may be induced by changes in efferent 

sympathetic nerve activity (as shown by microneurography; Hedner et al., 1988; 

Somers et al., 1988a) through its action on peripheral vasomotor tone. Such efferent 

autonomic activity may be related to changes in level of arousal (Guilleminault et 

al., 1977) or result from reflexes triggered by baroreceptors, various types of lung 

afferents (Shepherd, 1981), and peripheral chemoreceptors, inasmuch as rises in 

systolic BP have been correlated to the degree of oxygen saturation during sleep 

apneas (Shepard, 1985a) and a reduction of these rises has been reported after 

oxygen administration (Schroeder et al., 1978). However, oxygen almost inevitably 

alters the breathing pattern, for instance, by prolonging apnea duration and reducing 
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the number of apneas (Schroeder et al., 1978; Martin et al., 1982; Hudgel et al., 

1988; Smith et al., 1984). The character of apneas may also be changed by oxygen, 

with a greater tendency towards the obstructive type (Gold et al., 1985). Similar 

changes in breathing pattern affect a number of factors that can influence BP, such 

as thoracic mechanics or arterial Pc02  (Shepherd, 1981). Thus, the extent to which 

the changes in BP after oxygen administration have to be ascribed to a direct 

influence of chemoreceptor reflexes on the circulation or to any other system 

affected by an altered breathing pattern remains uncertain. 

Therefore, we studied the effects of oxygen on BP and HR in subjects on 

whom a fixed breathing pattern of recurrent apneas was imposed. This was 

performed by closing a valve connected to a mouthpiece, while the subjects 

refrained from respiratory movements or straining. The hypothesis to be tested was 

that periodic rises in BP during recurrent apneas depend on hypoxia, and are not 

caused by the change in breathing pattern. We repeated these maneuvers after 

injection of atropine to investigate whether vagally mediated changes in HR 

contribute to the elicited BP responses. 

5.2 Methods 

5.2.1 Subjects 

We studied seven healthy young males (aged 20-33 yr). All were nonsmokers and 

had no history or symptoms on physical exarnination of circulatory or pulmonary 

disease. Anthropometric data of the subjects are shown in Table 5.1. Before the 

actual experiments, nine subjects underwent a series of 10 apneas of 20 s to test 

their ability to sustain the maneuvers. Two of them were not included in the study 

because they could not prevent straining during apneas. We opted for perforrning 

apneas without breathing movements, because it appeared very difficult to undergo 

a series of repetitive obstructive apneas with regular respiratory efforts. Each subject 

gave informed consent and the protocol was approved by the ethical cornmittee of 

the hospital. 
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TABLE 5.1. Anthropometric data of subjects 

Subj. No. 	Age, yrs 	Weight, kg 	Height, m 

/ 	 22 	 74.9 	 1.89 

2 	 33 	 92.0 	 1.81 

3 	 22 	 73.0 	 1.80 

4 	21 	 59.7 	 1.76 
5 	21 	 71.8 	 1.80 

6 	20 	 63.5 	 1.76 

7 	 20 	 65.0 	 1.72 

5.22 Measurements 

The experiments were performed in a quiet room with the subjects sitting in a 

comfortable chair. They breathed through a mouthpiece connected to a spirometer 

via a three-way valve (modified model 2100A, Hans Rudolph, Kansas City, USA), 

which was pneumatically driven (Rotic 11910 DSR-16, Festo pneumatic, Esslingen, 

FRG). An electronic control circuit (Max Planck Institut, Gtittingen, FRG) enabled 

remote valve closure and automatic reopening after a set period of 20 s. Between 

the three-way valve and the spirometer, inspiratory and expiratory airflow were 

separated by two one-way valves. Expiratory airflow was conducted through CO2-

absorbing soda-lime before entering the spirometer bel!. The spirometer was filled 

with either 100% oxygen or room air, with the possibility of additional supply of 

oxygen. 

Registrations were made of tidal volume (VT, spirometer), respiratory 

inductance plethysmogram (RIP) of chest and abdomen (Vitalog), end-tidal CO2  

concentration (Gould Godart Mark II sampling capnograph connected to the 

mouthpiece), arterial oxygen saturation by a finger pulse oximeter (Sa02; Nellcor 

type 200) and ECG. Arterial BP was measured noninvasively in the finger with a 

Finapreirm  (TNO model 5), which reliably measures continuous arterial pressure as 

compared with intra-arterial recordings (Parati et al., 1989; Irnholz et al., 1990). 
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During the experiments, BP, Sa< , thoracic RIP, and end-tidal CO2  were 

continuously monitored on a Hewlett-Packard 7404A pen recorder. All signals were 

simultaneously recorded on an instrumentation tape recorder (Bel! and Howell 

model TI 4), with ECG and BP on FM channels and the other signals on a direct 

record channel through a pulse code modulator (Kayser K1180). The recordings, 

together with a cardiotachometer signal derived from the ECG, were transcribed off-

line on a Gould pen recorder (Brush Accuchart 481) at a paper speed of 1 mm/s. 

5.23 Protocol 

For each subject, the experiment began at 10 A.M., without previous consumption of 

coffee that morning or of alcohol the night before. The experiment consisted of 4 

series of 10 apneas, interrupted by resting periods of 5 min. Each series started 

with a period of quiet breathing through the mouthpiece connected to the 

spirometer. After 1-2 min, the valve was closed at end-expiration so that apnea was 

imposed with a duration of 20 s (as the valve automatically opened after this 

interval). Closure of the valve served to prevent gas flow or diffusion during apnea. 

The subjects were asked not to strain or to make respiratory movements while the 

valve was closed. This was controlled by RIP of chest and abdomen. Between the 

apneas were periods of ~20 s of unrestrained breathing. Series of 10 subsequent 

apneas were performed during 100% oxygen breathing and rebreathing to hypoxia 

in the spirometer, initially filled with 5 1 of room air. In the hypoxic series, oxygen 

was added to the spirometer when Sa02  tended to fall below 60%. Hypoxic and 

hyperoxic series were carried out in a random order, without the subjects being 

aware of the nature of the inspired gas. This was repeated after intravenous 

injection of atropine sulfate (0.04 mg/kg). 

5.2.4 Data analysis 

Analog signals of BP, ECG, Sao2  and VT were digitized at 100 Hz and stored in a 

personal computer. These data were reduced to beat-to-beat values of systolic, 

diastolic, and mean arterial pressure, RR interval, Sa02  and VT. Of each apnea 

series, the period from the beginning of the first to 20 s after the last apnea was 
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FIGURE 5.1. Blood pressure responses of repetitive imposed apneas in subject 3, during 
hypoxia (A) and hyperoxia (B). Top to bottom: finger blood pressure (FBP), heart rate 
(HR) from the ECG through a cardiotachometer, tidal volume (VT) from the spirometer, 
rib-cage (RC) respiratory inductance plethysmograph signal, and arterial oxygen saturation 
(Sa02) from a pulse oximeter. Periodic increases in blood pressure that were induced by 
the repetitive apnea-maneuver during rebreathing to hypoxia could be abolished by 100% 
oxygen inhalation during the maneuver. 

analyzed, thus including ten cycles of apnea-respiration. Average and standard 

deviation (SD) of these beat-to-beat parameters were determined for each series and 

compared by the Wilcoxon signed rank sum test. Differences were considered 

significant at P < 0.05. The effect of oxygen on BP during apnea was further 

evaluated by correlating mean BP of the last beat of each apnea (as determined 

from the spirogram) to the Sa02  measured 10 s later. This delay of 10 s was chosen 

to compensate for a 2-3 s delay caused by the pulse oximeter and circulation time 

from the peripheral chemoreceptors to the finger. Correlation coefficients were 

tested by the Student's t-test. Values of end-tidal CO2  concentration were derived 

from the original tracings (given as group means ± SD) and compared between 

hypoxic and hyperoxic apnea series for each subject by use of the Wilcoxon signed 

rank sum test. 
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5.3 Results 

5.3.1 Hypoxic apneas 

All subjects were able to sustain the series of apneas. As can be seen in Fig. 5.1, 

rib-cage REP showed only slight irregularities during some apneas, indicating that 

significant thoracic excursions did not occur. Mean end-tidal CO2  of the breaths 

between apneas was 5.5 ± 0.3%. In the hypoxic series, Sa02  periodically feil, but 

not below 60% (which was prevented by oxygen supply to the spirometer), as 

• shown for subject 3 in Fig. 5.1A, which depicts a clearly cyclic variation of BP 

during hypoxic apneas, with BP periodically rising to > 150/95 mmHg. At each 

hypoxic apnea, a gradual increase in BP started about 5 s after closure of the valve, 

with a decrease of systolic BP during the first inspiration after apnea. In the 

subsequent expiration, systolic BP exceeded end apnea values in all cases, which 

was not obvious for diastolic BP. In the following breaths, BP declined and reached 

a minimum —5 s after the beginning of the next apnea. A conspicuous cyclic 

variation of BP could be observed in all subjects except for subject I. Average and 

SD of beat-to-beat values of mean BP during each series of 10 apnea-intermittent 

respiration cycles are shown in Table 5.2. As to HR, subjects 4-6 manifestul an 

oscillatory pattem along with the apnea-respiration cycle, as shown for subject 4 in 

Fig. 5.2A. In these subjects, the lowest HR was reached at the end of each apnea, 

with a rapid increase at the resumption of respiration. Such a pattern was not 

apparent in the other subjects. 

5.32 Hyperoxic apneas 

At apneic breathing during inhalation of 100% oxygen, Sa02  did not drop below 

96% in any of the subjects. After the experiment the subjects reported that they had 

not been able to distinguish hypoxic from hyperoxic apneas. VT of the first breath 

after apnea was mostly smaller than in the hypoxic series, as evidenced by the 

spirometer signal in Fig. 5.1. End-tidal CO2  concentration (6.0 ± 0.3%) was 

significantly higher than during the hypoxic series (P < 0.05). 

Hyperoxia eliminated periodic increases in BP during recurrent apneas (Fig. 

5.1B). B oth average and SD of beat-to-beat values of mean BP were lower than in 
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FIGURE 5.1. Blood pressure responses of repetitive imposed apneas in subject 3, during 

hypoxia (A) and hyperoxia (B). Top to bottom: finger blood pressure (FBP), heart rate 

(HR) from the ECG through a cardiotachometer, tidal volume (VT) from the spirometer, 

rib-cage (RC) respiratory inductance plethysmograph signal, and arterial oxygen saturation 

(Sao2) from a pulse oximeter. Periodic increases in blood pressure that were induced by 
the repetitive apnea-maneuver during rebreathing to hypoxia could be abolished by 100% 
oxygen inhalation during the maneuver. 

analyzed, thus including ten cycles of apnea-respiration. Average and standard 

deviation (SD) of these beat-to-beat parameters were determined for each series and 

compared by the Wilcoxon signed rank sum test. Differences were considered 

significant at P < 0.05. The effect of oxygen on BP during apnea was further 

evaluated by correlating mean BP of the last beat of each apnea (as deternained 

from the spirogram) to the Sa02  measured 10 s later. This delay of 10 s was chosen 

to compensate for a 2-3 s delay caused by the pulse oximeter and circulation time 

from the peripheral chemoreceptors to the finger. Correlation coefficients were 

tested by the Student's t-test. Values of end-tidal CO2  concentration were derived 

from the original tracings (given as group means ± SD) and compared between 

hypoxic and hyperoxic apnea series for each subject by use of the Wilcoxon signed 

rank sum test. 
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5.3 Results 

5.3.1 Hypoxic apneas 

All subjects were able to sustain the series of apneas. As can be seen in Fig. 5.1, 

rib-cage RIP showed only slight irregularities during some apneas, indicating that 

significant thoracic excursions did not occur. Mean end-tidal CO2  of the breaths 

between apneas was 5.5 ± 0.3%. In the hypoxic series, Sa02  periodically feil, but 

not below 60% (which was prevented by oxygen supply to the spirometer), as 

shown for subject 3 in Fig. 5.1A, which depicts a clearly cyclic variation of BP 

during hypoxic apneas, with BP periodically rising to > 150/95 mmHg. At each 

hypoxic apnea, a gradual increase in BP started about 5 s after closure of the valve, 

with a decrease of systolic BP during the first inspiration after apnea. In the 

subsequent expiration, systolic BP exceeded end apnea values in all cases, which 

was not obvious for diastolic BP. In the following breaths, BP declined and reached 

a minimum 5 s after the beginning of the next apnea. A conspicuous cyclic 

variation of BP could be observed in all subjects except for subject I. Average and 

SD of beat-to-beat values of mean BP during each series of 10 apnea-intermittent 

respiration cycles are shown in Table 5.2. As to HR, subjects 4-6 manifested an 

oscillatory pattern along with the apnea-respiration cycle, as shown for subject 4 in 

Fig. 5.2A. In these subjects, the lowest HR was reached at the end of each apnea, 

with a rapid increase at the resumption of respiration. Such a pattern was not 

apparent in the other subjects. 

5.3.2 Hyperoxic apneas 

At apneic breathing during inhalation of 100% oxygen, Sa02  did not drop below 

96% in any of the subjects. After the experiment the subjects reported that they had 

not been able to distinguish hypoxic from hyperoxic apneas. VT of the first breath 

after apnea was mostly smaller than in the hypoxic series, as evidenced by the 

spirometer signal in Fig. 5.1. End-tidal CO2  concentration (6.0 ± 0.3%) was 

significantly higher than during the hypoxic series (P < 0.05). 

Hyperoxia eliminated periodic increases in BP during recurrent apneas (Fig. 

5.1B). B oth average and SD of beat-to-beat values of mean BP were lower than in 
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TABLE 5.2. Effects of hyperoxia on mean blood pressure during 10 subsequent 

apneas 

Average SD 	 Range 
Subj. 
No. Initial H 0 	H 0 	H 

Without atropine 

1 	78.6 ± 4.3 	83.8 	86.9 	7.4 	5.5 	66-108 	74-103 
2 	90.6 ± 2.1 	91.6 	87.2 	6.2 	3.9 	81-117 	74-98 
3 	101.8 ± 5.9 107.6 95.3 	10.4 	5.2 	88-142 	88-111 
4 	62.1 ± 3.1 	84.8 	72.7 	12.4 	4.5 	65-122 	60-86 
5 	85.3 ± 7.3 	100.8 	87.7 	11.5 	5.6 	81-131 	83-100 
6 	80.3 ± 4.5 	89.2 	83.3 	11.1 	5.1 	75-126 	71-99 
7 	129.9 ± 5.0 147.3 	140.2 	14.7 	10.0 	128-193 119-158 

Mean difference (H-0) 7.4* 	 4.8* 

With atropine 

I 	92.9 ± 4.8 	104.6 101.8 	9.6 	7.9 	80-134 	87-126 
2 	103.9 ± 3.7 103.9 106.4 	4.8 	4.6 	91-122 	93-120 
3 	106.1 ± 5.2 101.4 106.8 	10.2 	8.3 	81-129 	89-129 
4 	104.8 ± 2.8 98.3 	106.4 	12.8 	7.4 	137-79 	89-122 
5 	101.3 ± 8.1 114.8 	100.1 	13.5 	8.4 	90-145 	76-132 
6 	78.9 ± 3.7 	89.9 	87.3 	9.3 	6.3 	67-115 	73-105 
7 	115.6 ± 7.0 113.0 119.2 	14.4 	9.2 	82-152 	*6-147 

Mean difference (H-0) -0.3 	 3.2* 

Values are in mmHg. Initial 1-min average of resting blood pressure one minute before 
the maneuvers (± SE). Average and SD refer to beat-to-beat values of mean blood 
pressure from the beginning of the first apnea to 20 s after the last apnea. H, during 
hypoxic series; 0, during 100% oxygen series. *Significant difference between H and 0, P 
<0.05. 
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the hypoxic series (P < 0.05, Table 5.2). SD of RR intervals was not significantly 

different from that in hypoxic apneas, while the average RR interval was 88 ± 16 

ms (mean difference ± SE) longer in the hyperwdc series (P < 0.05; Table 5.3). 

When apneas of the hypoxic and hyperwdc series were taken together, a significant 

correlation between end-apneic mean BP and minimal Sa02  was found in six of the 

seven subjects (Fig. 5.3). 

5.33 Hypoxic apneas after atropine 

Atropine injection did not prevent the occurrence of periodic BP increases during 

hypoxic apneas (Fig. 5.4A). The pattern of BP variability resembles that in hypoxic 
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FIGURE 5.2. Blood pressure responses of repetitive imposed apneas in subject 4, during 

hypoxia (A) and hyperoxia (B). Traces as in Fig. 5.1. Note the episodes of moderate 
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TABLE 5.3. Effects of hyperoxia on RR intervals during 10 subsequent apneas 

Average SD 

Subj. 
No. 	 H 

Without atropine 

/ 	 635 	679 	56 	58 
2 	 868 	1013 	82 	102 
3 	 798 	944 	91 	128 
4 	 617 	677 	60 	34 
5 	 685 795 72 64 
6 	 613 	667 	66 	58 
7 	 733 	788 	99 	102 

Mean difference (H-0) —88* 	—2.9 

With atropine 

/ 	 537 	524 	35 	24 
2 	 538 	574 	13 	16 
3 	 505 	482 	18 	11 
4 	 391 	537 	18 	28 
5 	 518 	511 	29 	20 
6 	 410 495 9 12 
7 	 463 	425 	17 	15 

Mean difference (H-0) 	—27 	 1.9 

Values are in ms. Average and SD refer to beat-to-beat values of RR interval on the ECG 
from the beginning of the first apnea to 20 s after the last apnea. H, during hypoxic apnea 
series; 0, during hyperoxic apnea series. *Significant difference between H and 0, P < 
0.05. 
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imposed hypoxic and hyperoxic apneas) and arterial oxygen saturation. EABP: end-apneic 
mean blood pressure; Sa02: arterial oxygen saturation reached 10 s after the end of each 
apnea. 

apneas without atropine, with a gradual increase —5 s after the initiation of apnea 

and a decrease starting during the second or third breath after each apnea. HR 

showed a slight cyclic variation with the same periodicity as the apnea-respiration 

cycle, with highest rates in the middle or at the end of apnea and lowest rates at the 



beginning of each apnea. The relative bradycardia that occurred at the end of 

hypoxic apneas in subjects 4-6 was not observed after atropine administration. 

53.4 Hyperoxic apneas after atropine 

SD of mean BP was smaller than dwing hypoxic apneas with atropine, but average 

values were not significantly different (Table 5.2). Average and SD of RR interv als 

did not differ from hypoxic values with atropine, which also holds for the phase 

relationship with respiration (Fig. 5.4B). 

A HYPDXIA 	 B HYPEROXIA 
200 - 

FBP 
(mmHg) 

100 - 

1 minute 

FIGURE 5.4. Blood pressure responses of repetitive imposed apneas in subject 3 after 
administration of atropine, during hypoxia (A) and hyperoxia (B). Traces as in Fig. 5.1. 
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5.4 Discussion 

The present study shows that a cyclic variation in BP, similar to that in SAS, can 

be elicited in normal awake subjects by imposition of a breathing pattern with 

recurrent apneas. Oxygen appears to have a large contribution to the causation of 

this periodic hypertension, because it could only occur when Sa02  was made to fall 

with each apnea and was virtually abolished by 100% oxygen breathing. During 

hyperoxia, BP remained normal despite the apneic breathing pattern. 

The difference between hypoxic and hyperoxic apneas with respect to arterial 

BP can be explained by the action of the chemoreflex. Stimulation of carotid body 

chemoreceptors by hypoxemia or certain drugs can raise arterial BP by increasing 

total peripheral resistance by means of an adrenergic vasoconstriction in dogs (De 

Burgh Daly & Ungar, 1966; Calvelo et al, 1970; Kontos et al., 1970; Rutherford et 

al., 1978) and rabbits (Korner, 1965), accompanied by bradycardia and augmented 

respiratory drive. A similar vasoconstrictor effect has been observed after aortic 

body stimulation, although this usually leads to an increase in HR (Comroe & 

Mortimer, 1964; De Burgh Daly & Ungar, 1966; Stern & Rapaport, 1967). In 

humans, the BP-augmenting effect of chemoreceptor stimulation was shown by 

Lugliani et al. (Lugliani et al., 1973), who described a decrease in BP by hypoxia in 

patients with bilaterally resected carotid bodies, in contrast to maintained or 

elevated pressures in normal subjects. The periodic behavior of arterial BP during 

the hypoxic-apnea series in our study can thus be interpreted as a consequence of 

periodic hypoxic stimulation of peripheral chemoreceptors. The decrease in BP 

during the periods in-between apneas may, in addition to a diminished stimulation 

of chemoreceptors, be due to lung inflation. It has been shown that lung inflation 

can attenuate both aortic and carotid body influences on the circulation, probably 

via pulmonary inflation reflexes, which can result in tachycardia and a fall in 

peripheral resista,nce (Angeli-James & De Burgh Daly, 1969; Rutherford & Vatner, 

1978). It needs to be emphasized, however, that if inflation reflexes significantly 

affect BP variability under these circumstances, this can only be a modulating 

influence on oxygen-mediated mechanisms, inasmuch as apneas during hyperoxia 

could not elicit a cyclic variation of BP. Efferently, the chemoreflex probably exerts 

its influence on BP mainly through sympathetic vasoconstriction, which can be 
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potentiated by the development of hypercapnia developing during apnea (Eyzaguirre 

& Koyano, 1965; Fitzgerald & Parks, 1971; Somers et al., 1988a). The relationship 

between BP and hypoxia further appears from the linear regressions of end-apneic 

mean BP on Sa02  in the saturation range from 60 to 100% (Fig. 5.3). These 

regression lines can, however, not be regarded as a dose-effect curve of the 

chemoreflex, mainly because the exact delay between the peripheral chemoreceptors 

and the Sao2  measurement in the finger is not known, inasmuch as it depends on 

cardiac output and degree of vasoconstriction. Another pathway by which hypoxia 

may lead to higher BP is through direct action of hypoxemia on the centra! nervous 

system, which can induce a response similar to the rise in BP after an increase in 

intracranial pressure (McGillicuddy et al., 1978). However, the latency of this 

response after application of the hypoxic stimulus to the brain is —7 s 

(McGillicuddy et al., 1978), which added to the lung-brain circulatory delay of —5-

15 s (Altmann & Dittmer, 1971) is too long to explain the BP rises observed 

during hypoxic apneas in this study. 

Although the breathing pattern was fixed during the maneuvers as to duration of 

apnea and intermittent respiration, it is possible that part of the difference between 

the hypoxic and the hyperoxic series with respect to BP is due to enhanced VT and 

lower end-tidal Pc02  during the hypoxic series (see Figs. 5.1 and 5.2). However, 

these mechanisms can only be responsible for a small part of differences in BP 

responses between hypoxic and hyperoxic series, as a substantial part of periodic 

increases in BP occurs in the course of hypoxic apneas in the absence of respiratory 

movements (Fig. 5.1). 

The short periods of moderate apneic bradycardia in subjects 4-6 (as in Fig. 

5.2A) appear to be oxygen-dependent, because they only occurred during hypoxic 

apneas. Findley et al. (1985a) also observed a periodic decrease in HR in repetitive 

apneic breathing in healthy subjects, yet without an evident dependency on oxygen. 

This agrees with studies where no influence of oxygen on the HR response during 

breath hold (Hanly et al., 1989) or only a slight influence on HR variability during 

sleep apneas (Guilleminault et al., 1984) could be demonstrated. However, in other 

studies a significant attenuating effect of supplemental oxygen on apneic 

bradycardia has been observed (Moore et al., 1973; Gross et al., 1976; Zwillich et 

al., 1982; Lin et al., 1983; Smith et al., 1984). Conflicting evidence on the 



relationship between oxygen and HR during apnea may be related to competing 

cardioaccelerating and decelerating effects of aortic and carotid bodies, respectively. 

Such a mechanism has been made probable by Gross et al. (1976), who 

demonstrated an oxygen-dependent tachycardia during apnea in carotid body-

resected patients, in contrast with a constant or decreased BR in normal subjects. 

Their interpretation that tachycardia in carotid body-resected patients results from 

stimulation of aortic bodies and is normally counteracted by carotid body activity is 

supported by studies of separate stimulation of both types of receptors in animals 

(Comroe & Mortimer, 1964; De Burgh Daly & Ungar, 1966; Stern & Rapaport, 

1967). This can also explain the discrepancy between the influence of oxygen on 

BP and HR in our experiments, because stimulation of both receptors increases 

peripheral resistance and thus has a synergistic effect on BP in contrast with an 

antagonistic influence on HR. 

Vagal blockade by atropine could not blunt cyclic variation in BP during 

hypoxic apneas in our study (Fig. 5.4A), in contrast to observations in four 

obstructive and one central SAS patient by Schroeder et al. (1978). This difference 

may be due to a different pattern of BR variability. Possibly cyclic variation in HR 

reinforces BP oscillations in SAS because tachycardia usually occurs when BP is 

high and bradycardia when BP reaches its lowest value (Coccagna et al., 1972; 

Guilleminault et al., 1984; Schroeder et al., 1978). In four of our subjects, however, 

we could not observe a similar pattern in HR, which may account for the absence 

of effect of atropine on periodic hypertension during hypoxic apneas. It is also 

possible that vagal blockade was not complete in the present study because a slight 

respiratory sinus arrhythmia still existed after atropine injection (Fig. 5.4), although 

the increase in BR and reduction of sinus arrhythmia were large enough to assume 

that the influence of vagus nerves on the pacing of the heart was minimal. 

In the hyperoxic apnea series after administration of atropine, BP increases at 

the resumption of respiration after each apnea (Fig. 5.4B), unlike the more stable BP 

pattern during hyperoxic apneas without atropine, with a significantly lower average 

and variance of beat-to-beat mean BP (see Figs. 5.1, 5.2 and Table 5.2). We 

interpret this phenomenon as a mechanical increase in BP by respiratory 

movements, which is not immediately corrected by means of baroreflex modulation 

of HR after atropine. The gradual decrease in BP in subsequent breaths after 
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hypermdc apnea in the atropine series may be caused by a baroreflex-mediated fall 

in peripheral resistance. 

Our results have implications for SAS. Although the situation in SAS is 

different from the experimental conditions in the present study, e.g., with respect to 

the state of arousal, body position, and thoracic pressure changes in the case of 

obstructive SAS, repetitive apneas with minimal Sa02  values as low as in the 

present study (60-90%) occur in SAS as well (Smith et al., 1984; Shepard, 1985a). 

We therefore expect that the hypoxia-dependent hypertensive mechanism that can 

be elicited in normal subjects by imposition of apneas is also operating during sleep 

apneas. This suggests a chemoreflex origin of the cyclically varying efferent 

sympathetic nerve activity, leading to a fluctuating peripheral vascular resistance, 

which has been shown by means of microneurography during (both central and 

obstructive) sleep apneas (Hedner et al., 1988; Somers et al., 1988a). Consequently, 

the observed blunting effect of 100% oxygen administration on sleep apnea-related 

BP variations (Schroeder et al., 1978) is, possibly, not brought about via an 

alteration in breathing pattern, but through a direct chemoreflex influence on the 

circulation. However, Ringler et al. (1990) did not find a decrease in post-apneic 

mean BP after oxygen supplementation in obstructive SAS. This observation is 

relevant as to the clinical evaluation of oxygen therapy, but it does not exclude a 

major contribution of peripheral chemoreceptors to the genesis of periodic 

hypertension in SAS. Although they did not measure Paco2  or end-tidal Pc02, it is 

to be expected that CO2  accumulation contributed to chemoreceptor stimulation, 

both with and without 02  supplementation. After 02-supplementation, Pacc,2  may 

rise even more during apnea because of increase in apnea duration or inhibition of 

pulmonary hypoxic vasoconstriction, having an adverse effect on ventilation-

perfusion relationships in the lung. The authors did not administer 100% 02  as we 

did in our study, and we show that Sa02  drops to 90% during apnea still and 

increases BP (Fig. 5.3). In contrast, peripheral chemoreceptor sensitivity to CO2  or 

H+ is virtually suppressed when Pa02  is kept above 500 rnmHg (Eyzaguirre & 

Koyano, 1965; Fitzgerald & Parks, 1971), which was probably the case during 

hypermdc apneas in our study. 
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Chapter 

Low-frequency Respiratory and 

Hemodynamic Periodicity in 

Healthy Subjects1  

Summary. The occurrence and mechanisms of low-frequency periodicity (<0.07 

Hz) in the breath-to-breath variability of respiratory variables and their possible 

relation to hemodynamic variability were investigated in 19 healthy volunteers at 

rest. Spectral analysis revealed oscillations in end-tidal CO2  concentration (C) and 

mean inspiratory flow (F, as an index of respiratory drive) in 11 subjects, with 

frequencies in the 0.008-0.045 Hz range and phase differences ranging from —74° 

to —164° (indicating that an increase in C leads an increase in F by less than 180'). 

These respiratory oscillations and phase-relations were simulated by a simple model 

of blood gas control, in which spontaneous perturbations in the respiratory system 

are filtered through the dynamic characteristics of the peripheral and central 

chemoreflex-feedback loop. According to this model, respiratory oscillations around 

0.04 Hz depend mainly on peripheral chemoreceptor activity, with a larger 

contribution of the central feedback-loop to slower oscillations. This explanation 

was consistent with a shift towards a lower frequency range (<0.025 Hz) that was 

found during 100% 02  breathing. In several subjects the respiratory oscillation was 

accompanied by a synchronous low-frequency fluctuation of blood pressure or heart 

rate. We conclude that 1) spontaneous low-frequency respiratory oscillations in C 

and F occur in normal subjects with frequencies and phase-relations that seem 

consistent with chemoreflex-dynamics, 2) respiratory oscillations allow an 

1  Submitted for publication. 
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estimation of chemoreflex-gain in normally breathing humans, and 3) instability of 

the chemoreflex-feedback loop is a possible source of low-frequency rhythms in the 

circulation in normal subjects. 

6.1 Introduction 

Oscillatory patterns in the breath-to-breath variability of respiration have been 

observed in healthy humans at rest, both while awake (Goodman, 1964; Lenfant, 

1967) and asleep (Carley et al., 1989; Modarreszadeh et al., 1990). Although such 

oscillations are sometimes conspicuous, these patterns are mostly embedded in 

"noise", so that their recognition and description requires application of suitable 

mathematical techniques such as spectral analysis (see section 2.2). The mechanism 

of respiratory oscillations under normal conditions is not well understood, although 

their period duration, which often falls in the range of 15 s to, 2 min (-0.008-0.07 

Hz) clearly suggests a similarity to pronounced periodic breathing with a 

comparable periodicity, such as Cheyne—Stokes respiration (e.g. in cardiac failure 

patients or in normals at high altitude), or as occurring in the sleep apnea syndrome 

(section 2.4). 

Since mathematica' model studies have shown that instability of chemoreflex-

feedback regulation of arterial blood gas tension is a plausible explanation for the 

development of pronounced periodic breathing (Khoo et al., 1982; Carley et al., 

1988), it has been hypothesized that moderate respiratory oscillations in normal 

humans are due to the same system acting in a more stable manner (section 2.4). In 

agreement with this idea, Khoo and Marmarelis (1989) could explain the occurrence 

of damped oscillations following spontaneous sighs in anesthetized dogs by a 

simple chemoreflex-model. Similarly, it can be expected that sighs and other 

spontaneous disturbances that lead to sudden changes in Pac02  and Pao2  trigger 

(damped) respiratory oscillations in normal humans, although the chemoreflex-

control system may itself be stable. However, intrinsic rhythms of the centra' 

nervous system have also been pointed out as a possible cause of normal respiratory 

periodicity (Bolton & Marsh, 1984). 

In pronounced periodic breathing, the respiratory oscillation is often 
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accompanied by a synchronous variation of blood pressure (BP) and heart rate (HR) 

(Dowell et al., 1971; Tilkian et al., 1978). Similarly, coupling mechanisms between 

the respiratory and cardiovascular systems may cause a low-frequency (<0.07 Hz) 

hemodynainic oscillation in relation to respiratory periodicity in normal subjects 

(Saul et al., 1988b; Karemaker & van den Aardweg, 1991). Although low-frequency 

circulatory oscillations have been related to temperature regulation (Burton, 1939; 

Kitney, 1980), it is still possible that respiratory periodicity is another source of 

low-frequency rhythms of BP and HR. 

In the present study, we used spectral analysis to investigate the occurrence of 

periodic variations of breath-to-breath respiratory variables and their possible 

relation to low-frequency circulatory periodicity in 19 volunteers at rest. To test the 

hypothesis that these respiratory oscillations can be explained as a consequence of 

chemoreflex-activity, the relation between FETc02  and mean inspiratory flow (as an 

index of respiratory drive, see Clark & von Euler, 1972) was fitted by a simple 

model based on peripheral and centra! chemoreflex-dynamics. A possible 

contribution of the peripheral chemoreflex was further analyzed by a comparison 

between breathing of room air and 100% oxygen, to reduce peripheral 

chemoreceptor activity (Fitzgerald & Parks, 1971). 

6.2 Methods 

6.2.1 Subjects 

Experiments were performed in 19 healthy subjects (9 male and 10 female), aged 

20-31 yr (23.3 ± 3.1, mean ± SD). All were nonsmokers and had no significant 

history or signs on physical examination of pulmonary or cardiovascular disease. 

Body mass index ranged from 19.0 to 29.0 kg/m2  (22.2 ± 3.1, mean ± SD). The 

protocol was approved by the ethical cornmittee of the hospital and each subject 

gave informed consent. The volunteers were only informed about which 

measurements would be carried out during the experiment, while they were not 

completely aware of the purpose of the study to prevent "conscious" breathing, but 

were told instead that the study involved only blood pressure regulation. 
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FIGURE 6.1. Schematic of the experimenta1 setup. See the text for a description of the 
measurement devices. 

6.22 Measurements 

The study was carried out in a quiet room while the subjects were sitting in a 

comfortable chair. They breathed through a cushion-sealed facemask (total dead 

space —70 ml) that closely fitted by elastic bands around the head. Airflow ( 7) was 
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measured by a heated pneumotachograph (type Lilly; Siemens pressure transducer). 

The experimental setup is shown in Fig. 6.1. Valve B (through which the 

experimenter could change the inspiratory air from room air to 100% 02) was 

concealed for the subject so that he or she was unaware of the nature of the 

inspired gas. The pneumotachograph was not fixed but hung by a rope to relieve its 

weight, so that the subject's head could move relatively freely. Partial gas pressures 

of CO2, 02, and N2  of the air sampled from the facemask in between the nostrils 

and mouth were measured by a mass spectrometer (Centronic 200 MGA). 

Automatic sensitivity control of the mass spectrometer allowed determination of gas 

pressures as a fraction of the (dry) sum of the three measured gases (F002, F02, FN2, 

respectively). Continuous finger arterial BP was recorded by FinapresTM  (TNO 

model 5) which yields a signal well comparable to that of intra-arterial recordings 

(Parati et al., 1989; Imholz et al., 1990). Arterial oxygen saturation (Sa02) was 

measured by an ear pulse oximeter (Biox) and a single channel chest-lead ECG was 

derived. During the experiment, BP, ECG, V, Fc02, F02, FN2, and Sa02  were 

continuously written on a Gould pen recorder (Brush Accuchart 481) at a paper 

speed of 1.5 cm/min. All signals were simultaneously recorded on an instrumentati-

on tape recorder (Bell and Howell model TI 4) with BP, ECG, and on FM 

channels and the other signals on a direct record channel using a pulse code 

modulator (Kayser K 1180). Tape speed was selected so as to give a frequency 

response of 0-0.625 kHz for the FM channels and 0-105 Hz for the pulse code 

modulated channels. 

6.23 Protocol 

The experiments began between 9.00 and 10.00 a.m. The subjects had been askul 

not to drink coffee or tea in the morning of the experiment nor alcohol the night 

before. After calibration and fastening of the measurement devices to the subjects, 

there was an initial 5 min period in which the subjects could get accustomed to the 

setting of the experiment. During the registrations, they watched a non-exciting 

video movie that served to prevent them from "consciously" noticing their breathing 

movements and from falling asleep. They were requested to sit quietly and move as 

little as possible during the experiment. Recordings were made over two episodes, 
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TABLE 1. List of used symbols and abbreviations 

Symbol Description 	 Units 

Ap, A, 	 Peripheral and central apneic threshold 	liter/(s.%) 

BP 	 Blood pressure 	 mmHg 

f 	 Frequency 	 Hz 

F 	 Mean inspiratory flow 	 liter/s 

Fc02, F02, FN2 	Volume fraction of CO2, 02, and N2  of dry air 	% 
FErc02, FET02 	End-tidal volume fractions of expired air 	% 
F102, Fico2 	 Inspiratory gas fractions of CO2, 02 	 % 

Gcp(f) 	 Gain from C to F 	 liter/(s.%) 

HR 	 Heart rate 	 bpm 

kcF2(f) 	 Squared coherence for the relation between C and F 
n 	 Breath number 
Pac02, Pa02 	 Arterial CO2  and 02  tension 	 Pa 

PcW 	 Power of C as a function of frequency 	 (%)2 

S a02 	 Arterial oxygen saturation 	 % 

St,, S, 	 Peripheral and central chemoreflex sensitivity 	liter/(s.%) 
✓ Respiratory airflow 	 liter/s 
Vco2 	 Metabolic CO2-production 	 liter/s 
VD 	 Dead space 	 liter/s 

VE 	 Expiratory minute ventilation 	 liter/s 
Vi.e02 	 CO2-storage volume of the lungs 	 liter 
v1, v2 	 White noise (with constant power a12  and 022) 	liter/s, % 

Time-constants of peripheral and central 
chemoreflex-effects 	 s 

OcF(ƒ) 	 Phase between C and F 	 degrees (°) 

Breath-to-breath variables: 
C,0 	 End-tidal CO2, 02  fraction of dry air 

Mean inspiratory flow 	 liter/s 
Duration of one breath (=TroT) 

T, 	 Duration of inspiration 

Beat-to-beat variables: 
RR interval 
Mean arterial pressure mmHg 
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1) 30 min of room air breathing and 2) 30 min of 100% oxygen breathing (starting 

from the moment that FET02  exceeded 85%), with an equilibration period of 5 min 

in between. The two registrations were carried out in a random order without the 

subjects knowing which gas they inspired. 

6.2.4 Data analysis 

All analog signals were digitized at 200 Hz and stored in a personal computer after 

suitable 10w-pass filtering to prevent aliasing. Respiratory signals were subsequently 

reduced to breath-to-breath values of mean inspiratory flow (F = V1/T1), breath 

duration (T), FETc02  (C) and FET02  (0), as well as beat-to-beat RR interval (I) and 

mean arterial pressure (M, calculated from the integral of pressure over the 

interval). Table 1 shows a survey of the used symbols. The pneumotachograph 

signal measured during 100% oxygen breathing was corrected for the higher 

viscosity of oxygen compared with air according to the law of Poiseuille for 

laminar flow (Von der Hardt & Zywietz, 1976), by multiplication by 0.906 

(viscosity of air divided by that of oxygen at 19 °C, see Weast, 1973). Mean values 

and variance of breath-to-breath and beat-to-beat data were calculated by weighing 

each value with the duration of the concerning breath or heartbeat. Differences in 

mean and variance between air and oxygen breathing were tested by Wilcoxon's 

paired rank sum test (considered significant if P < 0.05). 

6.2.5 Spectral analysis 

We applied spectral analysis to search for low-frequency oscillations in the 

variability of C (as probable input to chemoreceptors), F (as a measure of 

respiratory drive, see Clark & von Euler, 1972; Milic-Emili, 1982), I, and M. The 

discrete values of C. and Fn  occurring during breath n were located on the time axis 

at the moment of the beginning of that breath, while I and M were located at the 

beginning of the concerning heartbeat (DeBoer et al., 1987). A second-degree 

polynomial was first subtracted from the discrete time series (least squares 

estimation) to reduce the influence of very low-frequency components. 

Various methods have been developed for the estimation of power spectra from 

!I J 



112 

discrete signals, like breath-to-breath or beat-to-beat variables (Jenkins & Watts, 

1968; Kay & Marple, 1981; Korenberg, 1989). To search for oscillations in the low-

frequency part of the spectrum, we applied the robust orthogonal search method 

described by Korenberg (1989). By this method, the experimental time series are 

fitted by a sum of sine and cosine pairs (the "model") with frequencies from a 

previously chosen set of sinusoids. This occurs in an iterative procedure, where at 

each step the sine-cosine pair is added to the model that maximally decreases the 

mean-square error between the model and the data (least-squares estimation). The 

basis of the method is the use of Gram—Schmidt orthogonalization to calculate the 

reduction of mean-square error that can be achieved by adding a new sine-cosine 

pair to the model, independent of the reduction in mean-square error that was due to 

the sine-cosine pairs already included in the model. Addition of a new sine-cosine 

pair to the model can be made dependent on a threshold level (e.g. a minimal 

fraction of the variance to be explained) so that only the most significant 

oscillations become visible in the spectrum. The power spectrum is expressed here 

as the squared amplitude of the fitted sinusoids as a function of frequency. 

Using the robust orthogonal search algorithm, we calculated the low-frequency 

part of each power spectrum by selecting sinusoidal functions from a set of 

frequencies from the 0.008-0.07 Hz band (spaced at 0.0001 Hz from each other), 

on the criterion that each oscillation could explain at least 1% of the total variance. 

Power was calculated as the amplitude of the best-fitting sinusoid function in the 

low-frequency range. 

To evaluate the mutual relations between C, F, I, and M at the frequencies 

selected by the orthogonal search method, cross-spectral analysis was applied 

according to Jenkins and Watts (1968). This involves estimation of frequency- 

dependent squared coherence leW as a measure of linear relation between two 

oscillations (e.g. in C and F) at each frequency (comparable to the squared 

correlation coefficient in linear regression), phase OV), and gain G(f) (comparable to 

the linear regression coefficient) (f = frequency). Cross-spectra were estimated for C 

against F, I, and M. A common timebase for respiratory and circulatory variables 

was obtained by holding each variable constant over the breath or beat during 

which it occurred. From the continuous interpolated signals that were thus obtained, 

subsequent 1-s averages were calculated to yield an equidistant time series. These 
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TABLE 2. Mean and variance of respiratory and circulatory parameters, obtained 
from room air and 100% oxygen breathing 

Air 
	

Oxygen 	 Difference 

F (1/s) 	mean 0.405 ± 0.048 	0.416 ± 0.077 	0.011 
var 	0.0020 ± 0.0014 	0.0021 ± 0.0019 	0.0006 

C (%) 	mean 5.59 ± 0.38 	 5.37 ± 0.45 	 —0.22* 
var 	0.031 ± 0.019 	0.044 ± 0.043 	0.013 

o (%) 	mean 15.13 ± 0.87 	 > 90% 
var 	0.15 ±0.07 

I (ms) 	mean 885 ± 113 	 943 ± 119 	 58* 
var 	42 ± 18 	 59 ± 38 	 17* 

M(mmHg) 	mean 78.4 ± 4.4 	 81.3 ± 8.8 	 2.9 
var 	22.9 ± 11.7 	 20.7 ± 9.1 	 —2.27 

Values are expressed as group mean ± SD for the total group of 19 subjects. For ech 
subject, mean and variance (var) were calculated from breath-to-breath values of mean 
inspiratory flow (F), FET002  (C), FET02  (0), and beat-to-beat RR interval (I) and mean 

blood pressure (M). Air, data from room air breathing; oxygen, data from 100% oxygen 
breathing; differences between oxygen and air values are shown in the last column 
(*, significant difference). 

time series were windowed by a 10% cosine taper-window after subtraction of a 

second-degree polynomial. Cross spectra were smoothed by a 11-point triangular 

window to increase the number of degrees of freedom of cross-spectral estimation. 

Since we were interested in respiratory oscillations that are possibly related to 

regulatory mechanisms, we searched for oscillations that matched two criteria, 1) 

the oscillations in C and F explain more than 1% of their respective variance, while 

the difference between their frequencies is not larger than 0.0005 Hz, and 2) the 

squared coherence k2  between C and F exceeds 0.7. 
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FIGURE 6.2. 10-minute episodes of respiratory and cardiovascular variability in subject 1 

at rest. Breath-to-breath and beat-to-beat parameters are time-averaged over 1 s intervals to 
yield a common timescale. A: C, end-tidal CO2  fraction of expired air (left axis); 0, end-
tidal 02  fraction (right axis). B: F, mean inspiratory flow. c: I, RR interval from the ECG 
(left axis); M, mean arterial pressure (right axis). 
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6.3 Results 

6.3.1 Air breathing 

All subjects had a regular respiration during the experiment without showing signs 

of falling asleep. Mean and variance of breath-to-breath respiratory variables and 

beat-to-beat I and M for the whole group are shown in Table 2. Sa02  remained 

above 94% in all subjects. As an example, Fig. 6.2 shows the time course of a 

number of these variables in subject 1. Although periodicities in the variability of 

these variables are not easily discernecl, in particular in the tracings of C and 0 

low-frequency rhythms seem to be present (Fig. 6.2A). Transformation of C and F 

to the frequency domain yields coincident peaks in the power spectra of C and F at 

0.0092 and 0.0120 Hz in subject 1 (Figs. 6.3A and 6.3B). Comparison of the power 

spectra of C and F with the corresponding cross spectrum of Fig. 6.3E learns that a 

high squared coherence (~0.8) exists around 0.009 Hz, indicating a certain degree of 

linear relation between the oscillations in C and F at 0.0092 Hz. The phase between 

C and F is about —1200  at this frequency. While an oscillation in M accompanied 

the respiratory oscillation in subject 1 (Fig. 6.3D), this did not hold for the 

variability of I (Fig. 6.3c). 

In 11 of the 19 subjects under study, common oscillations in C and F were 

found according to the proposed criteria. Table 3 surnmarizes these results and also 

shows at which frequencies the variability of C was related to that of I or M. 

Respiratory oscillations were mostly found in the lower part of the 0.008-0.07 Hz 

frequency band. The highest frequency at which a common oscillation of C and F 

occurred was 0.0447 Hz (in subject 13). 

The relation between C and F as expressed by gain Gc:F  and phase (I) cp at the 

frequencies of high coherence is depicted in Figs. 6.4A and 6.4B (filled triangles). 

These figures include all respiratory oscillations of the 11 subjects in whom these 

were found (see Table 3), so that subjects 9, 13, and 18 are represented by two 

filled triangles as in these subjects respiratory oscillations were observed at two 

separate frequencies. The phase (1)cF  appeared to be confined to a range of —74° to 

—164° in all subjects (-110 ± 25°, mean ± SD). C oscillated in counterphase with 

0 (group mean ± SD of Om  was 175 ± 15°). In the modeling section, we will 

attempt to examine whether the time—relations between C and F are compatible 

with chemoreflex-feedback regulation. 
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FIGURE 6.3. Spectra of C, F, I, and M in the low-frequency range (0.008-0.07 Hz) from 
registrations in subject /. Power spectra express the amplitudes of the best-fitting sinusoids 
as a function of frequency. In this figure, spectral components were only included if they 
could account for at least 0.3% of the variance. 
A: Power spectrum of C, end-tidal CO2-fraction. B: F, mean inspiratory flow. c: I, RR 
interval. D: M, mean blood pressure. E: Cross spectrum of C against F, consisting of a 
squared coherence spectrum k2(f) and phase spectrum 4:i(f). Squared coherence (thin lines, 
left axes) ranges from 0 (no linear relation) to 1 (optimal linear relation). Phase (thick 
lines, right axes) is defmed as negative when an increase in C leads increase in F by less 
than 180°. 
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TABLE 3. Respiratory oscillations and related cardiovascular periodicity in the low-
frequency range (air breathing) 

Subj. f 	 PF 12CF 	PI 12FI 	Pm 'FM 
no. 	Hz 	10-4. (% )2  10-5.12/S2 	 MS2 	 mmHg2  

/ 	0.0092 1.84 8.34 0.87 	 0.41 0.67 
3 	0.0091 2.60 27.7 0.76 	 4.37 0.65 
4 0.0212 9.27 35.5 0.82 289 0.45 
6 	0.0172 14.1 	12.7 0.70 	 0.75 0.32 
7 0.0219 5.30 38.0 0.75 279 0.68 

	

9 0.0254 12.4 13.2 0.98 	123 0.82 
0.0374 12.2 12.8 0.82 144 0.32 

10 0.0098 16.7 3.21 0.84 87 0.80 0.25 0.62 
11 	0.0105 	5.5 	9.7 	0.83 	56 	0.78 
13 0.0313 37.7 	19.6 0.81 	112 0.88 0.57 0.80 

	

0.0447 21.3 19.8 0.73 	 0.65 0.53 
14 0.0425 10.3 19.9 0.75 266 0.82 
18 0.0102 10.7 22.5 0.84 91 0.82 0.26 0.51 

0.0254 13.1 0.64 0.90 57 0.09 

Respiratory oscillations are defined as combined oscillations in C and F, according to 
criteria outlined in section 6.2.5. Oscillations in both C and F explain at least 1% of the 
total variance and occur <0.0005 Hz from each other, with a squared coherence between 
C and F higher than 0.7. These respiratory oscillations are represented by columns 1-5: fc, 
frequency of oscillation of C; Pc, power of C (expressed as squared amplitude of the fitted 
sinusoid funcidon); PF, power of F, and IccF2, squared coherence between C and F. 
Columns 6-9 express the relation between respiratory oscillation and variability of I and 
M. P1, Pm, power of I or M that explains at least 1% of the variance at a frequency < 
0.0005 Hz from the oscillation frequency of F; IcH2, k 2, squared coherence between F 
and 1 (or M). A dash in the last columns indicates that no such oscillation was found. 

6.32 100% oxygen breathing 

Table 2 also shows mean and variance of respiratory and circulatory variables for 

the whole group during oxygen breathing. Both mean and variance of beat-to-beat I 

appeared to have increased significantly during oxygen inhalation (P<0.05). 

In 7 of the 19 subjects, respiratory oscillations in C and F that met the 
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proposed criteria were found during 100% oxygen breathing. Most of them a1so had 

a significant oscillation during air breathing (subjects 1, 6, 9, 11, and 13; see Table 

3), which did not hold for subjects 12 and 15. In Fig. 6.4, gain Ga. and phase OcF  

frOM C to F obtained from 100% oxygen breathing are represented by empty 

squares. From this figure, it appears that the respiratory oscillations had shifted to a 

lower region (0.008-0.023 Hz) of the low-frequency band during oxygen inhalation. 

Wilcoxon's two-sample rank sum test indicated a significant difference (mean 

0.0248 vs. 0.0149 Hz) between oscillation frequencies during air and 02  breathing 

(P<0.05). 

FIGURE 5. Lattice representation of a concise model of chemoreflex feedback. Two 
sources of noise (v, and v2) cause variability in end-tidal CO2  concentration (C) and mean 
inspiratory flow (F). This variability is filtered through the characteristics of both the 
peripheral and central chemoreflex feedback loop. C. during breath n also depends on its 
previous value Cn_, (through the CO2  store of the FRC). 
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633 Results of model simulation 

As detailed in the Appendix (section 6.5), the power- and cross-spectra of C and F 

were derived from a simple model of respiratory control to test whether the 

experimental spectra are compatible with the dynamic properties of chemorefiexes. 

Fig. 6.5 shows a lattice diagram of this model, that describes the breath-to-breath 

variability of C and F. This variability is thought to be caused by two independent 

sources of random perturbations, entering the system in the chemoreflex-transfer 

between C and F (noise v1) and directly affecting C (noise v2). The resulting 

theoretical filter characteristics of the system to the variability of C and F are 

shown in Fig. 6.6. Here the power of the input noises v1  and v2  was taken constant 

FIGURE 6. Filter characteristics of a simple chemoreflex feedback model. Upper panels 
show the expected power spectra for C [left axes, in (%)2/Hz)] and F [right axes, in 
12/(s2.Hz),. Lower panels show the gain GcF  [thin lines, left axes, in 1/(s.%)] and phase ()cF  
(thick lines, right axes, in degrees). Two sources of white noise (constant over the whole 
frequency range) are injected into the model, which are band-pass filtered by the feedback 
system to yield the shown theoretical power spectra of C and F. FIGURE 6A displays filter 
characteristics for a purely central response model (Sp=0 and Sc=0.6 1/s%), FIGURE 6B 
shows the combined model and FIGURE 6C a purely peripheral chemoreflex model. 
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over the whole frequency band (white noise), with values for 012  and cs22  of 0.015 

12/(s2.%2.Hz) and 0.2 %2/['z, respectively. It can be seen (upper panels of Fig. 6.6A, 

B, and c) that the system functions as a band-pass filter to such noise, so that the 

power in C and F is augmented in a specific frequency band (between 0.01 and 

0.04 Hz), depending on the contribution of both reflexes to the overall chemoreflex 

transfer function. The lower panels of Fig. 6.6 show the matching gain and phase as 

a function of frequency. In all three instances, OcF. had values in the same range as 

in the experimental spectra. 

6.4 Discussion 

In this study, breath-to-breath respiratory variability was examined to discern 

possible periodic patterns ensuing from chemoreflex activity in normal awake 

humans. Spectral analysis revealed coherent oscillations in C (a main determinant of 

chemoreceptor input) and F (as an index of respiratory drive) in the low-frequency 

range in 11 of the 19 studied subjects. Derivation of the frequency response of a 

simple model based on known dynamics of the chemoreflexes shows that these 

oscillations lie within a frequency range that is predicted by the filter characteristics 

of the chemoreflex-feedback system. The model also gave a good description of 

experimentally found phase-relations between oscillations in C and F. In addition, 

in several subjects the respiratory oscillation was accompanied by a synchronous 

variation in the circulation. 

The observation of respiratory oscillations in normal subjects is in 

agreement with a number of other studies, in which oscillations in the low-

frequency range were found (Goodman, 1964; Lenfant, 1967; Hlastala et al., 1973; 

Bolton & Marsh, 1984). Such oscillations were sometimes already visible in the 

variability of, e.g., VE  as a function of time, or could only be assessed after 

application of more elaborate mathematical techniques (section 2.2). Although a 

comparison with Cheyne—Stokes respiration may seem obvious, a clear indication 

with respect to the origins of these oscillations has not been given. In the model 

presented here (see Appendix 6.5), the main cause of these oscillations is the noise 

v2  (assuming that a22  > c2.a12), which is filtered through the characteristics of the 
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chemoreflex feedback loop. Such noise, entering the model in the transfer from 

mean inspiratory flow to chemoreceptor input, can be thought of as any disturbance 

in Pac02  that is not directly due to the corrective action of the chemoreflex. Sighs, 

coughs, "conscious" breathing, sudden changes in metabolic CO2  production or 

cardiac output may all add to this "noise". Thus, such repeatedly occurring 

disturbances may act in the same way as the frequent sighs in the dogs of Khoo and 

Marmarelis (1989) that lead to damped respiratory oscillations directly following a 

sigh. They described a method for estimation of chemoreflex gain from these post-

sigh responses and, similarly, the gain from C to F (G„) obtained by cross-spectral 

analysis in the present study may be representative for the combined peripheral and 

central chemoreflex gain. Whether this is so, does not only depend on the validity 

of the chemoreflex-model and the reliability of spectral estimation, but also on the 

extent to which GCF  is affected by the transfer from F to C as opposed to the 

chemoreflex-mediated transfer from C to F. In the model, G„ is in fact a closed-

loop gain that depends on both transfer functions. However, from Eq. 6.13 (see 

Appendix 6.5) it can be seen that if (322 » c2.a12  (in other words, the noise outside 

the chemoreflex is much larger than the noise inside the reflex), then G„ approa- 

ches to <(Hx,Re2  + 	which is the open-loop gain G.  Then, the spontaneously 

occurring noise outside the chemoreflex (v2) can be used to estimate chemoreflex-

gain. 

The shift of respiratory oscillations towards a lower frequency band (<0.025 

Hz) during 100% oxygen breathing that appears from Fig. 6.6 is compatible with 

our model that ascribes the periodicity around 0.04 Hz to the filter characteristics of 

peripheral chemoreflex feedback regulation (as evidenced by Fig. 6.6c). The high 

Pa 02  resulting from 100% oxygen breathing attenuates the peripheral chemoreflex-

gain (Fitzgerald & Parks, 1971; Lahiri et al., 1985), so that the overall chemoreflex 

transfer function becomes mainly dependent on feedback through central 

chemosensitive areas. Bolton and Marsh (1984), however, who investigated the 

occurrence of non-random variability in breath-to-breath fluctuations by means of 

turning point analysis, did not find a difference in respiratory variability by 

increasing F102. On the other hand, the idea that 0.04-0.05 Hz respiratory 

oscillations are peripheral-chemoreceptor dependent is corroborated by observations 

of such rhythms (-0.05 Hz) in subjects living at sea level who were exposed to 
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high altitude (Brusil et al., 1980; West et al., 1986). The low oxygen pressure of the 

inspired air probably added much to the development of this periodicity, which was 

confirmed by Chadha et al. (1985), who induced periodic breathing in normal 

subjects by inhalation of additional nitrogen. From their figures the frequency can 

be estimated at 0.033-0.05 Hz. In line with these observations, Carley et al. (Carley 

et al, 1988a) found that the frequency of periodic breathing induced by a bolus 

inhalation of CO2  (which would add to v2  in our model) increased at decreasing 

levels of mean F102  (from —0.025 Hz at room air to —0.04 Hz at Fi02  = 12%). In 

anesthetized cats, the involvement of peripheral chemoreceptors in hypoxia-induced 

periodic breathing (-0.06 Hz) apppeared from a synchronous variation of carotid 

body chemoreceptor activity in the study of Lahiri et al. (1985). They found that 

this periodic breathing could be attenuated by 100% oxygen administration and 

amplified by dopamine receptor blockade (as a stimulus to the carotid bodies). 

In our study, the contribution of Pa02  to the causation of respiratory 

oscillations is probably mainly determined by its mean level, influencing the mean 

peripheral chemoreflex-sensitivity to Pac02  (Fitzgerald & Parks, 1971; Rebuck et al., 

1972; Hirschmann & McCullough, 1975). During air breathing, breath-to-breath 

variations in Pa02  were probably less important in the induction of respiratory 

oscillations than variations in Pac02. The average variability of both C and 0 was 

not large (as apparent from Table 2), so that the variability of C that occurred 

probably had a larger contribution to changes in ventilation than the variability of 0 

(Rebuck et al., 1972; Hirschmann & McCullough, 1975). A possible involvement of 

changes in 0 in the chemoreflex-loop may not change the filter characteristics of 

the model, however. If their influences on chemoreflex-activity are additive, this 

would lead to an increase in chemoreflex sensitivity without a qualitative difference 

in the properties of the model (since C and 0 oscillated in counter-phase). 

The occurrence of two respiratory oscillations in one subject (e.g., in subject 

9, see Table 3) is not well explained by the model. This may be due to different 

inputs to the system at different frequencies, but it may well be a shortcoming of 

this simple and linear model. If there are significant nonlinear interactions, for 

instance between chemoreflex-reactions to C and 0, then both amplitude and 

frequency of oscillations can become variable (as in Saul et al., 1988b). For 

instance, Hlastala et al. (1973) found different spectra of FRC in the course of time, 
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and others have observed a clear waxing and \valling of respiratory oscillations at 

high altitude (Brusil et al., 1980). 

In severa1 subjects, respiratory oscillations were accompanied by a low-

frequency oscillation in I or M with relatively high squared coherence between F 

and I (or M) as shown in Table 3. It is probable that these hemodynamic 

periodicities are primarily due to the oscillation of the chemoreflex-feedback loop 

outlined in the Appendix (6.5). Several coupling mechanisms can make respiratory 

oscillations perceptible in the circulation. The most important of these mechanisms 

are 1) periodic changes in intrathoracic pressure influencing the heart function, 2) 

variations in I and peripheral vascular resistance induced by respiration-related 

reflexes, e.g. from pulmonary stretch receptors, low-pressure cardiopulmonary 

receptors, or peripheral chemoreceptors, and 3) central nervous interactions between 

respiratory and circulatory systems. Additionally, BP-oscillations of respiratory 

origin may lead to baroreflex-mediated changes in I and peripheral resistance (see 

section 2.3). Coupling between spontaneous respiratory and hemodynamic 

periodicity in the present study was likely brought about by the same mechanisms 

as in the experiment of Aguirre et al. (1990), who observed synchronous (mostly 

damped) oscillations in end-tidal CO2  pressure, tidal volume, and I in several 

sleeping subjects after a pulse of administered inspiratory CO2. At present it is 

unclear which mechanisms prevail in such cardiorespiratory interactions. 

Comparison with pronounced periodic breathing patterns (such as Cheyne-Stokes 

respiration, recurrent sleep apnea, see Dowell et al., 1971; Tilkian et al., 1976) sug-

gests a contibution of efferent vagal activity to similar (but damped) low-frequency 

variations of I, although there is no experimental evidence for such a mechanism. 

However, our results show that, when interpreting low-frequency variability in BP 

and HR in normal subjects, it is useful to distinguish between oscillations below 

0.04 Hz (where chemoreflex-feedback can be a source of periodicity) and 

oscillations ai higher frequencies (-0.1 Hz) where baroreflex-feedback is thought to 

be involved (DeBoer et al., 1987; Appel et al., 1989; Malliani et al., 1991). 

In summary, we found coherent oscillations in C and F in 11 of 19 subjects 

at rest, with phase-relations that seemed to be explained by the time course of 

peripheral and central chemoreflex-effects. The observation that variations in blood 

pressure and heart rate could accompany these respiratory oscillations in a number 
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of subjects, indicates that low-frequency rhythms in the circulation can originate 

from in the chemoreflex-feedback regulation in normal subjects. 

6.5 Appendix: 

Modeling of chemoreflex feedback 

As an aid to the interpretation of power and cross-spectra of C and F, we used a 

simple model of chemoreflex blood-gas control. Our objective was to test whether 

the oscillations in these variables and their mutual phase-relations are compatible 

with the dynamics of peripheral and central chemoreflexes, and for that purpose we 

kept the model as simple as possible. There are a considerable number of 

mathematical models of respiratory control, that are mostly based on continuous 

differential equations and are thus designecl to describe the relevant variables as 

continuous functions of time (e.g. Khoo et al., 1983; Carley & Shannon, 1988b). 

Consequently, such models are not always suitable to describe variables that are 

sampled each breath. This can be performed in an easier way by using difference 

equations that describe how breath-to-breath variables are related to each other, 

analogous with the circulation model of DeBoer et al. (1987) that used the heartbeat 

as a "physiological timebase". 

Difference equations were derived from the two-compartment model of 

Bellville et al. (1979) to estimate the time course of chemoreflex effects. They 

could fit the ventilatory response in VE to a step change in end-tidal carbon dioxide 

pressure by two first order systems with a pure delay and time constant, which 

likely corresponded to the peripheral and central responses (Bellville et al., 1979; 

De Goede et al., 1985). Since under normal conditions chemoreflex-inducecl 

changes in VE are mostly due to changes in F (with only a minor contribution of 

changes in Ti/TroT, see Clark & von Euler, 1972; Milic-Emili, 1982), the latency 

and persistence of chemoreflex-effects make F during breath n (k) dependent on 

values of C during previous breaths (Cn_k). This can be expressed as 

Fn  = Sp  . Eak(Cn_k  — Ap) + S. • Ebk(c._k - A.) + 
	

(6.1), 
k>0 	 k>0 
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in which St,, S, and Ap, A, are the sensitivity and apneic threshold, respectively, for 

the peripheral and central response to disturbances in C. The latency and persistence 

of effect of both reflexes find expression in the weighting factors ak  and bk, that 

were considered as a function of the number of breaths between stimulus C and 

response F (i.e., a function of k). We obtained an estimation of these weighting 

factors from the equations of Bellville et al. (1979) by considering the duration of 

each breath equal to mean TTOT (F). Thus, the delay of the peripheral chemorenex 

was expressed by ak  = 0, 1 (for k = 1, 2), which amounts to a maximum effect after 

about 10 s at mean TroT of 5 s. The subsequent decline of effect was approximated 

by ak  = Ca.exp(—i (k-2)N (for k = 3 to 10). The coefficient Ca  is chosen to 

normalize ak, so that Eak  = 1. Similarly, the delay and time-to-peak of the slower 

central response were approximated by bk  = 0, 0, 1/2.Cb, Cb (for k = 1 to 4) and the 

decline of effect by bk  = Cb.exp(—t (k-4)k) (for k = 5 to 25).-  The time-constants 

trp and T, characterize the exponential decline of peripheral and centra! chemoreflex-

effects (with respective values of 5 and 60 s). The normalization coefficient Cb  

makes Ebk  equal to 1. Since not all changes in F need to be directed by chemore-

flexes, a noise term (v1) was also addecl to Eq. 6.1. 

A concise description of the impact of ventilation on breath-to-breath 

changes in C was derived from a simplified equation for pulmonary CO2-exchange. 

Considering the lungs as a single chamber with well-mixed gas and constant 

temperature and pressure, the mass of CO2  in the lungs is directly proportional to 

the occupied volume by CO2, so that the mass balance can be expressed as 

(Cn  — Cn_1).V1-c02/100 = Vcco2, — VEc02,„ 	 (6.2). 

The left side of this equation represents the difference in end-tidal CO2-volume in 

the lungs between breath n and n-1. Vi.c02  is the total CO2-storage volume of the 

lungs. The first term of the right side of Eq. 6.2 is the net CO2  volume delivered by 

the circulation to the alveoli during breath n and the second term the expired CO2  

volume (with Fic02  = 0). For normal subjects with steady-state respiration, metabolic 

CO2  production (Vco2) was considered constant, so that the circulatory contribution 

to gas exchange was approximated by 
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VCcozn  = /c02 . Tn 	 (6.3). 

A simple expression for expired CO2  volume was found by assuming that this is 

mainly affected by changes in total expired alveolar volume and to a lesser extent 

by changes in CO2  fraction. Hence, 

VE0D2, = C. . (VE„ — VD)/100 	 (6.4). 

The relation between expiratory and inspiratory volume follows from the pulmonary 

volume at the end of inspiration: 

Vi + FRC.4  = VE. + FRC. 	 (6.5), 

where FRC. is the pulmonary volume at the end of breath n. Combination of Eqs. 

6.2, 6.3, 6.4, and 6.5 then yields 

C._i  . V1,002  + 100 . VCO2  
C. — 	  + v2 	 (6.6). 

Vi.c02 	VD + FRCn_l  — FRCn  

Assuming that changes in FRC are much smaller than Vi_c02, the difference 

FRC. can be neglected. A noise term "V2,. was added to this equation to 

represent disturbances in C. that are not influenced by the chemoreflex-dependent 

changes in F. The variables v1  and v2  were considered as independent sources of 

white noise with constant power (as a function of frequency) 0'12  and a22, 

respectively, and mean values of zero. So, the variability of F and C is described by 

two difference equations (Eqs. 6.1 and 6.6) and can be thought of as a process that 

is "driven" by two noise sources v1  and v2. Jenkins and Watts (1968; Chapter 8) 

describe how the frequency response of such a process can be derived. This requires 

a linear interaction between the noise and the output (C and F). In a steady state 

situation with small deviations of C and F from their operating points, Eqs. 6.1 and 

6.6 can be approximated by a set of two linear equations, that describe these 
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operating-point deviations (C' and F', respectively) from breath to breath: 

C' = cl  . C . 	n_1' — c2  F.' + v - 2,n 

In these equations, cl  and c2  are constants: 

cl  = Vi.co2/(VLco2  + -\7 — VD) 

and 	c2  = (E .ViLc02  + Vc02.T.  )/(Vi.c02  + Vi — VD)2. 

Changes in timing of respiration, affecting Ti and T., were assumed to contribute 

to the noise v2. Power and cross spectra of C' and F' can be found by z-

transformation of the two linear difference equations, yielding 

F'(z) = E(Sp  ak  + S, bk)z-k  . C'(z) + v1(z) 	 (6.9) 
k>0 

C'(z) = z-1  . cl  . C'(z) — c2 . F'(z) + v2(z) 	 (6.10), 

with z = exp(iy) and y = 2iff. Some algebra then leads to expressions for power 

of C and F (Pc  and PF) as a function of z (or f), as well as the frequency-dependent 

response function from C to F, characterized by gain (Ga) and phase 

I 1—ci.z-112.012 	Gx2(z).a22 

PF(f) =  

	

	 (6.12), 
1Al2 

(6.8). 
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with A = 1 — c1  . 	+ c2  . Hx(z). 

In these equations, the complex chemoreflex-transfer function H(z)  consists of a 

real and imaginary part, 

= 	Lik ji (t) = E(Srak  Sebk)z-k 
	

(15), 
k>0 

with frequency-dependent chemoreflex-gain G(J)  =1,/Hx,Re2(f) + H 2(ƒ) (16). 

Values of constants used in the simulation were 	= 5.5%, VLco2  = 3 1, V i = 0.4 1, 

VD = 0.15 1, Vco2= 4.10-2  1/s, and i = 5 s. 
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Chapter 7 

General Discussion 

The main question of the present study was how apneas during sleep in patients 

suffering from the sleep apnea syndrome lead to hypertensive episodes and 

instability of heart rate. As these apneas are mostly repetitive (occurring with a 

repetition interval of ~30-60 s) and the ensuing variations in blood pressure and 

heart rate follow a synchronous, wave-like pattern, this question was placed in the 

broader perspective of the relation between periodic patterns of breathing and 

fluctuations in the circulation. Much of the methodology that has been developed 

and used for the analysis of wave-like patterns in the variability of blood pressure 

and heart rate could be applied in the present study. 

In this chapter, we give a brief overview of the studies that form part of the 

research project and discuss the relation between the different studies. We enter into 

the question to which extent our goals have been achieved and which new questions 

have arisen. In the last section, the main conclusions are briefly reviewed. 

7.1 Introduction 

The first chapter describes the background of the study and raises two questions: 1) 

How is periodic respiratory variability in the sleep apnea syndrome (SAS) related to 

cardiovascular variability? and 2) Are similar mechanisms (probably in a dampened 

form) involved in the short-term cardiorespiratory variability of awake normal 
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subjects, or, more precisely, do periodic breathing patterns also occur under normal 

conditions and do they explain part of the short-term variability of blood pressure 

and heart rate? 

A survey of the literature on short-term respiratory and cardiovascular 

variability in adults at rest is given in chapter 2. We start from the breath-to-breath 

variability in normal awake humans. Various mathematical analysis techniques have 

been applied to discern deterministic patterns in the breath-to-breath variability (of, 

e.g., VE or TroT) with the intention to obtain information on the systems 

responsible for the development of such patterns. The types of variability that were 

most often encountered were — by approximation — sinusoidal functions of time or 

breath number (with period durations of —20-30 s, 40-80 s, and even longer). The 

origins of these patterns of variability are not well understood, in spite of 

suggestions made by some authors (central nervous rhythmicity, chemical regulation 

of respiration). 

In the second part of chapter 2, we discuss literature data on the time-

relationships between respiration and blood pressure (BP) and heart rate (HR). It 

appears that analysis of these time-relations can be useful both in the assessment of 

cardiorespiratory interactions (e.g. autonomic reflexes affecting both respiratory and 

circulatory systems), as well as in the development of theories to explain these 

interactions. Pronounced periodic breathing (Cheyne—Stokes respiration, recurrent 

sleep apnea) is often accompanied by marked periodic variations in the circulation. 

The literature on time-relations between respiratory and circulatory parameters 

serves as a starting point to the study described in chapter 4, in which we apply 

much of this knowledge to get insight into the mechanisms that are responsible for 

the pronounced fluctuations in BP (often amounting to a "periodic hypertension") 

and exaggerated respiratory sinus arrhythmia. 

7.2 Noninvasive assessment of nocturnal periodic hypertension 

The study described in chapter 3 concerns the assessment of difference in BP 

between wakefulness and sleep in patients with both obstructive, mixed, and centra! 

SAS. For that purpose, the technique of noninvasive finger arterial blood pressure 
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registration (FinapresTM) was applied. We refer to several publications in which this 

noninvasive BP-signal compared well with intra-arterial recordings, both during 

wakefulness and sleep. In the discussion we argue that due to the pronounced 

variability of BP during sleep in SAS, continuous BP-recording is indispensable. A 

useful addition was the height correction system (providing fmger pressure relative 

to sternum level), so that movements of the arm hardly affect the registration. This 

is of particular interest in sleep apnea patients, who often move in their sleep. For 

practical purposes, a disadvantage was that the finger cuff had to be deflated every 

1-2 hr to prevent complaints of congestion in the finger. For the quality of the 

night-rest of the patient (and the physician) the recent development of the Portapres, 

making use of two finger cuffs that are alternately inflated, can be an improvement. 

We found that the beat-to-beat mean pressure during sleep apneas was 

significantly higher compared with lying supine awake. Tilldan et al. (1976), using 

intra-arterial pressure registrations, also found higher (systolic and diastolic) BP 

during sleep, based on maximal and minimal values of BP during the low-frequency 

cycle. Such a comparison can be sharpened however, by inclusion of beat-to-beat 

BP values in view of the large BP-variability during apneas. We therefore compared 

histograms of beat-to-beat mean BP during sleep apneas to awake BP (Fig. 3.1). 

From this figure, showing asynunetric frequency distributions, it follows that mean 

and standard deviation are poor parameters to describe the BP over the recorded 

time. More information is given by the frequency distribution, or, for instance, a 

better (single) parameter may be the median of beat-to-beat mean BP. This is 

relevant as to the evaluation of therapy of SAS with respect to nocturnal 

hypertension. 

7.3 Some further considerations on the chemoreflex model 

of hemodynamic oscillations 

The epidemiological relations that have been found between SAS and 

cardiovascular disease raise the question whether these fmdings are due to a causal 

relationship, such as the eventual impact of sleep apneas, occurring for years, on the 
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the cardiovascular system, or to other factors that can couple the incidence of SAS 

and cardiovascular disease to each other. Answering such questions requires 

knowledge of possibly causal mechanisms — all the more reason to shed more light 

on the mechanisms of acute cardiovascular consequences of sleep apnea. 

In chapter 4, we describe an analysis of the time-relations between changes 

in BP, HR, and respiration during episodes of recurrent sleep apneas to infer a 

hypothesis on the mechanism through which cardiovasculair changes are brought 

about in sleep apnea. Spectral analysis was used to estimate the amplitudes and 

mutual phase-relationships of circulatory parameters, viz. S, D, P, (systolic, 

diastolic, and pulse pressure, respectively), and I (RR-interval) obtained from sleep 

registrations in the obstructive SAS-patients described in chapter 3. At the 

frequency at which repetetive apneas occurred (-0.02-0.04 Hz), a marked 

oscillation in all BP-parameters and I existed, which was reflected in large peaks in 

the matching power spectra in this frequency band. A noticeable finding was that 

the phase angles between BP-parameters and I were confmed to specific ranges. For 

instance, the phase between D and I was always less than —126° and larger than 

+34° (a negative phase means that an increase in D leads an increase in I by less 

than 180°). Fig. 7.1 shows how the two oscillations are related to each other in 

time. On the horizontal (time) axis, the phase DI  between D and I is plotted as 

well, in such a way that Om  can be derived from the location of a maximum in D 

on the scale. The range of values of Om  is represented by the hatched area. In 

several patients, ort) DI  could be traced over a larger range of frequencies than the 

0.02-0.04 Hz range, as a high squarecl coherence also existed beyond this frequency 

band. A consistent feature of these phase spectra was a shift of (I) DI  towards less 

negative (or more positive) values at increasing frequency. 

In section 4.4 we argue that the time intervals corresponding to the phase 

between BP-parameters and I are much too long to be explained by baroreflex 

feedback-regulation of BP. Alternatively, these phase-relations appeared to be 

described by a simple model in which the main autonomic influence on the heart 

and peripheral resistance vessels ensues from activity of the peripheral 

chemoreceptor reflex. Main characteristics of this reflex are 1) absence of feedback 

from BP (in the normal or high BP-range) but stimulation by decreased Pa02  and 

increased Pac02, 2) inhibition by pulmonary inflation, 3) induction of (mainly vagal) 
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FIGURE 7.1. Schematic overview of low-frequency oscillations in interbeat interval and 
diastolic pressure as revealed by spectral analysis in 13 patients with obstructive sleep 
apnea. Period duration was set at 40 s (f = 0.025 Hz). I., RR interval during beat n; D., 
diastolic pressure during beat n; Om, phase between oscillations in I. and D (negative 
when a maximum in D. leads a maximum in I. by less than 180°) which can be derived 
from the location of a maximum in D. on the scale; t, time. Hatched area represents the 
location of maximal D. relative to a maximum in I. (i.e. the range of Om) that was found 
in the patient group. 

bradycardia and 4) constriction of peripheral resistance vessels (De Burgh Daly et 

al., 1979). 

Now that a simple chemoreflex-model appears to explain the observed 

power and cross-spectra of BP and I, can we also understand, in simple terms, how 

the time-relations between BP and HR can be brought about by the action of the 

chemoreflex? To avoid confusion, we should keep in mind that phase-differences 

are by no means evidence of the real sequence of events in the course of time. In 

fact, in our model representation, changes in 1 always precede those in (for instance, 



136 

diastolic) blood pressure, irrespective of the value of cl)DI  However, it may not be 

clear, at first sight, how the specific phase-relations between BP-parameters and I as 

described in section 4.3 are generated by this model. Insight into the workings of 

the model can be obtainecl by reducing Eqs. 4.3, 4.4, and 4.5 to a simple equation 

that is valid in case of relatively small deviations of the variables from their 

operating points (as in DeBoer et al., 1987): 

Dn =7.  ai • Dn- 1 — a2 • in-1 	a3 • 1n-1 	a4 
	 (7.1), 

with constants al, a2, a3, and a4. tn_1  is the time-constant of diastolic pressure decay 

(proportional to peripheral resistance) during beat n-1. Here we assume that pulse 

pressure is constant and that changes in diastolic pressure D are entirely due to 

chemoreflex-induced changes in I and T. To explain the time-relation between 

oscillations in D and I in Fig. 7.1, suppose that cyclic changes in Pa02  and Pac02  in 

synchrony with recurrent sleep apneas lead to chemoreflex-mediated oscillations in 

and 1n-1 with a 40-s periodicity. Such oscillations are depicted in Fig. 7.2A. 

The oscillation in In  is also shown and the horizontal axis is identical to that of Fig. 

7.1. The lag of tn_1  behind L  is due to the slower sympathetic influence on 't in 

comparison to the fast vagal influence on I of the efferent limb of the chemoreflex. 

According to Eq. 7.1, a maximum of Dn  will now occur when the combined effects 

of L 4  and tn_1  are maximal, that is, when In...1  is as short and Tn_1  as high as 

possible. From Fig. 7.2A it can be derived that this combination should occur 

somewhere in the hatched area. A combination of 	and a3.Tn_1  will always 

yield a larger sum 	+ a3.-rn_1  within this area than beyond. This makes 

conceivable how the relative influence of vagal and sympathetic efferent activity (as 

expressed by a2  and a3  in Eq. 7.1) affects DI  according to the model (as we pointed 

out in section 4.5). A larger contribution of vagal activity wild draw the maximum 

of D. towards the mimimum of 14 ( 4)  DI then approaches —170°), while a stronger 

sympathetic contribution will draw the maximum of Dn  towards the maximum of 

1n-1 ( (I)  DI approaching +30°). The actual maximum of Dn  is to occur somewhat more 

to the right in Fig. 7.2A, since it also depends on its previous value Dn_ 1  according 

to Eq. 7.1. Futhermore, since Dr, resulting from stnnmation of two sinusoids 

(according to Eq. 7.1) is no pure sinus function, DI  as it can be derived from Fig. 
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FIGURE 7.2A. Expected phase-relations between RR-interval (In) and diastolic pressure 
(D.) during recurrent sleep apneas from a simplified and linearized representation of the 
chemoreflex-model. Legends as in Fig. 7.1. 1._1, RR-interval during breath n-1; 	time- 
constant of diastolic pressure decay (proportional to total peripheral resistance) during beat 
n-1. Diastolic pressure D. depends on a weighted sum of I. and 	Depending on the 
relative contributions of 1 1  (vagal) and eci,„ (sympathetic), a maximum in D. occurs more 
to the right or more to the left in the hatched area. 
FIGURE 7.2B. As in Fig. 7.2A, but with a 20-s period of oscillation (f = 0.05 Hz). The time 
scale is enlarged twice, to yield the same scale of Om. Note that the hatched area is 
displaced to the right, explaining a shift of 11) DI towards larger positive or smaller negative 
values at increasing frequency of oscillation. 
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7.2A is not the exact representation of the phase between D and I. However, this 

simple representation shows how the range of 4D1  in Fig. 7.1 is explained by the 

combined vagal and sympathetic effects of the peripheral chemoreflex in the model. 

Using the simple representation of Fig. 7.2A, it also becomes clear how the 

shift of Om  towards larger positive or smaller negative values at increasing 

frequencies is generated in the model: assuming that the time lag between 

oscillations in L  and t„_, is constant, in increase in frequency results in a 

displacement of the hatched area to the right in Fig. 7.2. The situation for f.  = 0.05 

Hz is shown in Fig. 7.2B, disclosing a change of 04) DI  to larger positive (or smaller 

negative) values. 

The description of phase-relations between BP and HR by a factor that 

oscillates with respiration and induces both bradycardia and peripheral 

vasoconstriction (as illustrated in the foregoing using the simplified equation 1) was 

in fact the basis of the chemoreflex-model presented in chapter 4. Yet it is self-

evident that the same phase-relations would result from a factor that induces both 

(vagal) tachycardia and (sympathetic) vasodilation (albeit with a 180° phase-

difference with respect to chemoreflex-activity). As brought to the fore in the 

discussion of section 4.6, reflexes associated with pulmonary inflation (e.g. from 

thoracic stretch receptors or low-pressure cardiopulmonary receptors) may give rise 

to the same phase-relations in two ways: 1) inhibition of peripheral chemoreceptor 

reflexes (thus contributing to the declining part of the oscillation of chemoreflex-

activity, see Angell-James & De Burgh Daly, 1969), or 2) by reduction (exclusively 

through these reflexes) of both vagal outflow to the heart and sympathetic outflow 

to resistance vessels. The studies of Hainsworth (1974) and Seals et al. (1990) are 

indications for this possibility. The first possibility was implemented in the model 

(Eq. 4.6), while the second possibility would not require chemoreflex-activity at all. 

An objection to the second possibility is that the combination of only reduced vagal 

activity and vasodilation would lead to relatively high mean HR and low BP during 

sleep apneas according to the model. So, the bradycardia of sleep apnea and the 

relatively high mean BP-level compared with wakefulness (as found in chapter 3) 

cannot adequately be described by such a model without chemoreflex-activity. This 

was confirmed by the study of chapter 5, where we observed that recurrent apneas 
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(that is, recurrent pulmonary inflation) do not lead to periodic hypertension if Sact  

is maintained at a high level. We therefore assume that the contribution of reflexes 

triggered by pulmonary inflation to the causation of BP changes during repetitive 

apneas is mainly confined to chemoreflex-inhibition at the resumption of respiration 

after apnea. 

The contribution of HR fluctuations to BP-variability in sleep apnea merits 

some further discussion. In the model, this influence fmds expression solely in an 

influence of the interval duration L  on the cutoff of diastolic pressure decay, 

determining Dn  according to Eq. 4.3. Such an effect can also be observed directly 

after cardiac slowing induced by carotid sinus nerve stimulation, that immediately 

decreases BP (Borst & Karemaker, 1983). Inversely, by this mechanism BP rises at 

increasing HR (in particular, at the resumption of respiration after apnea). It can be 

questioned, however, to which extent the filling of the left ventricle is compromised 

by increasing HR, which would attenuate the effect of this increase in HR on BP. 

Since a change in LV-filling affects BP through systolic ejection, this would bear 

on the relation between P and I. In the model, we omit this interaction on the 

grounds of the phase angles between P and 1 (Ohn) in the low-frequency range (see 

Table 4.1). It seems that the influence of changes in thoracic pressure on left 

ventricular filling is larger than that of the duration of the preceding heart interval. 

Evaluation of time-relations between, beat-to-beat changes of left and right 

ventricular stroke volume and pulmonary arterial pressure in relation to thoracic 

pressure during obstructive apneas could shed more light on these interactions. 

Interpretation of the relation between respiratory and cardiovascular 

variability in the sleep apnea syndrome may have implications for other forms of 

periodic breathing. For instance, (low-frequency) cyclic variation of Pa02  and Pac02  

forms a periodic stimulus to the peripheral chemoreceptors, that can have 

qualitatively equal influences on the circulation during expiration as during apnea 

(De Burgh Daly et al., 1979). Chemoreflexes can therefore be expected to be 

involved in low-frequency oscillations of BP and HR in CSR, although not 

necessarily as dominant as in sleep apnea (for instance, a less severe hypoxemia in 

CSR may allow a relatively larger contribution of the baroreflex to efferent 

autonomic activity). The experiment of Massumi and Nutter (1968, see section 

2.4.1), where the effects of atropine administration on the hemodynarnics of CSR 
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were studied, seems in line with the chemoreflex-model. From the BP-recording of 

this experiment (shown in Fig. 2.6) Om  can be estimated at —1700. In the present 

chemorefiex-model, this would imply a major vagal contribution to BP-variability 

through cyclic variations in HR—this is compatible with the near abolishment of 

both low-frequency variations in BP and HR by atropine in the study of Massumi 

and Nutter (1968). 

Combination of spectral analysis and the explanation of the main features of 

the spectra by a simulation model has several advantages in the unraveling of 

pathophysiological mechanisms. It provides a relatively "hard" (mathematical) way 

of examining whether the hypothesized underlying mechanisms do indeed explain 

the time course of the variables under study. It thus provides insight into the action 

of such mechanisms without the need to disturb the system, as opposed to 

intervention studies. Furthermore, since most of the relevant data in the case at 

issue (BP, HR, respiratory airflow) can be obtained noninvasively, this approach is 

a step in the development of noninvasive techniques to evaluate the autonomic 

nervous system. However, how well the fit of a model explaining the observed 

time-relations between the different variables may be, its evidential force is limited. 

Assessment of a causal relationship between, e.g., changes in Pa02  and BP requires 

intervention in one of the supposed underlying mechanisms. A similar experiment is 

described in chapter 5. 

7.4 Hypoxia-dependent periodic hypertension in normal subjects 

In chapter 5, we tested the hypothesis that BP-elevations during repetitive apneas 

depend on the development of hypoxemia, as would be expected from the 

chemoreflex-model outlined in chapter 4. To this end, we investigated the effects of 

oxygen administration on BP at a fixed pattern of repetitive apneas, so that the 

supplemented oxygen could affect the input to peripheral chemoreceptors but not 

the apneic breathing pattern. The experiments were performed in healthy awake 

subjects, providing an experimental setting in which a fixed breathing pattern of 

recurrent apneas can easily be imposed. This was achieved by intermittently (during 
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20 s) cutting off the inspiratory airflow by means of an inspiratory valve (with epi-

sodes of —20 s of unrestricted breathing in-between). Periodic hypertension was 

induced by this maneuver, provided that hypoxemia (as reflected by Sa02) 

developed during the sequence of apneas. The contribution of hypoxemia to the 

causation of this cyclic behavior of BP appeared from the fact that the periodic 

hypertension could be eliminatecl by inhalation of 100% 02  during the experiment, 

in spite of the apneic breathing pattern. 

As far as we know, the number of possible mechanisms that can explain a 

systemic hypertensive reaction to hypoxemia is limited. We concluded that the 

influence of peripheral chemoreceptor reflexes on the circulation forms the most 

probable explanation for the difference in BP between hypoxic and hyperoxic apnea 

series. This was based on animal experiments of carotid and aortic body 

stimulation, showing characteristic effects on the circulation. Another argument lies 

in the rapid decrease of BP after each apnea (-5 s afterwards), which indicates that 

the hypertensive stimulus declines shortly after the initiation of the first inspiration. 

This is consistent with the hypothesis that this stimulus ensues from peripheral 

chemoreceptor activity that is opposed by inspiration, but is difficult to reconcile 

with the idea that the trigger to the hypertensive reaction stems from perception of 

hypwda in the central nervous system. The latter would give rise to a longer latency 

to the decline of BP after apnea, as argued in section 5.4. The maneuver of 

repetitive apneas decribed in chapter 5 provides an experimental setting to subject 

this hypothesis to further tests, e.g. by studying the BP-responses in carotid-body 

resected patients or heart-lung transplantafion patients Omving severed pulmonary 

afferents). 

As mentioned in the discussion of chapter 5, the relations between Sa02  and 

BP at the end of apnea as depicted in Fig. 5.3 probably do not present an accurate 

description of input-output relations of the chemoreflex, firstly because Paco2  in the 

course of apneas was not exaclty known, and secondly because the exact timing of 

the hypoxic stimulus that impinges on end-apneic BP is not known. In spite of this 

uncertainty, the relation between Sa02  and BP appears to be apprwdmately linear. 

This seeming linearity may be ascribed to the combination of two nonlinear 

interactions. Since the experiments of Comroe and Schmidt (1938) it has been 

known that a decrease in Pa02, not Sa02, is the actual stimulus to peripheral 
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chemoreceptors. Trzebski et al. (1982) decribed a nonlinear (inverse) relation 

between Pa02  and BP in normal, freely breathing, subjects undergoing isocapnic 

hypoxia, resembling the hypoxic ventilatory response (in Vi) to hypoxia. As a 

consequence of the fact that the curve of the hypoxic ventilatory response ((JE vs. 

Pao2) more or less mirrors that of the arterial oxygen dissociation curve (Sao2  vs. 

Pa02) in the 60-100% saturation range (Honig, 1989), the relation between Sa02  and 

VE is about linear (Rebuck et al., 1977). Similarly, the resulting relation between 

Sa02  and BP may be approximately linear when it is mediated through peripheral 

chemoreflexes. 

A clear difference between the imposed apneas in chapter 5 and the sleep 

apneas studied in chapter 4 is that the latter are obstructive. During the imposed 

apneas, there were no significant breathing movements, classifying them as 

"centra!" (although there was also an obstruction in the form of the closed 

inspiratory valve). In section 5.2 we reported that in the pilot experiments we had 

attempted to have the subjects make regular breathing movements against a closed 

valve, which turned out to be very difficult and could not be achieved regularly in a 

sequence of 10 apneas, due to strong feelings of discomfort. Since fixation of the 

breathing pattern (at least, with respect to apnea) was essential to the experiment, 

we opted for apneas without respiratory effort. This difficulty in achieving repetitive 

obstructive apneas is not a systematical observation (better trained subjects might be 

able to do so), but can be expected on the grounds of earlier experiments. Fowler 

(1954) has shown that the distress at the bealdng point of voluntary breath hold is 

relieved by inspiration of a gas mixture with low P02  and high Pco2  (without relief 

of asphyxia). He concluded that the discrepancy between urge to inspire and 

absence of perceptible effect (inspiratory flow) was a major source of distress. The 

discrepancy between respiratory muscle contraction and perceptible movement 

seems to add much to this distress, as appearing from the study of Campbell et al. 

(1967) who showed that in curarized subjects, feelings of discomfort occur later in 

the course of breath-hold. As the resulting distress may depend on the level of 

awareness, it is possible that this leads to a greater ability to sustain obstructive 

apneas during sleep. With respect to the circulatory response, we have little reason 

to assume that the hypoxia-dependent hypertensive mechanism shown in chapter 5 

is not operating during obstructive sleep apneas. The eventual behavior of BP will, 
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in addition, be deterrnined by the increasing inspiratory efforts during apnea, as 

implemented in the model of chapter 4 (although mainly contributing to the high-

frequency part of the spectrum of BP). 

Intially, in the pilot study we tried to evoke periodic hypertension in healthy 

subjects by recurrent apneas of 20-s duration (of the same order as average apnea 

duration in most SAS-patients). Apart from slight BP-fluctuations, it was not 

possible to induce significant BP-increases merely by 20-s apneas, which appeared 

related to the small decreases in Sa02  (generally not below 94%) that resulted from 

this maneuver. Only rebreathing in the spirometer caused a marked drop in Sa02  and 

concomitant increase in BP. It is well-known that voluntary breath-hold during 20 s 

in normal (sitting) subjects does not lead to significant arterial desaturation (Hong et 

al., 1971; Shepard, 1985a), implying a major difference between our experiment and 

the situation in SAS, where the fall in Sa02  during apnea can be considerably larger 

over the same lapse over time (Schroeder et al., 1978; Smith et al., 1984). This 

difference may be due to several factors that increase the rate of desaturation in 

sleep apnea: 1) a smaller FRC at the start of apnea, in particular in the supine obese 

patient (Findley et al., 1985b; Shepard, 1985), 2) ventilation-perfusion inequality 

that may increase in parts of the lung when small pulmonary volumes are attained 

in sleep apnea (Findley et al., 1985; Fletcher et al., 1990), and 3) lower mixed-

venous 02-saturation that may result from recurrent apnea (over a longer period of 

time than in our experiment) or short inter-apneic breathing periods in SAS 

(Fletcher et al., 1989). We therefore assume that the severity of nocturnal 

hypertension in SAS does not only depend on the occurrence of sleep apnea per se, 

but also on these factors that increase the tendency to arterial desaturation. This 

underlines the importance of Sa02-measurement in the clinical evaluation of SAS. 

Another difference between the experiment of chapter 5 and SAS is the 

moderate or absent bradycardia in our subjects, as opposed to the often pronounced 

decrease in HR during sleep apnea. One may speculate that this difference is related 

to the state of sleep, that may allow a larger activity of the parasympathetic 

compared with the sympathetic nervous system (Mancia & Zanchetti, 1980). 

Changes in the central nervous system during sleep may also affect the gain of 

peripheral chemoreflex-modulation of both FIR and TPR. Such changes, if they are 

suggested by the reported decreased ventilatory response to isocapnic hypoxia 
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during sleep (Berthon-Jones & Sullivan, 1982; Douglas et al., 1982). Other 

investigators did, however, not find a difference between hypoxic ventilatory 

response during wakefulriess and sleep, yet without maintaining isocapnia (Reed et 

al., 1960; Gothe et al., 1982). On the other hand, in those sleep apnea patients who 

have daytime essential hypertension, the sympathetic and ventilatory response to 

hypo)da can be increased (Trzebski et al., 1982; Somers et al., 1988b; Vlachogianni 

et al., 1989). 

The aim of this thesis is to examine the workings of (patho-)physiological 

mechanisms and we do not want to embark into teleological speculations. Stil!, 

since we conclude that the main drive of periodic BP-elevations during recurrent 

apneas is a reflex, and many reflexes are thought to have "functional" effects, one 

may wonder what the direct effects of the circulatory responses evoked by the 

chemoreflex are. We point to two possible mechanisms. Firstly, arteriolar 

vasoconstriction, if restricted to selected organs, leads to a redistribution of arterial 

blood flow. It has since long been supposed that selective vasoconstriction (in 

particular, not in the heart and the brain) during hypoxemia functions as an oxygen-

conserving mechanism (see De Burgh Daly & Angell-James, 1979). Such a defense 

mechanism against asphrda probably acts in the diving reflex in humans and is, for 

instance, thought to be a major factor that allows whales to stay under water for a 

long time without breathing (De Burgh Daly & Angell-James, 1979; Nunn, 1987). 

If relevant during apnea in humans, this mechanism implies a (relatively slow) 

negative feedback-loop, in which diminished oxygen consumption leads to a lesser 

decrease in mixed-venous P02, counteracting the fall in Pa 02  during apnea (Fletcher 

et al., 1989) and thereby diminishing the input to peripheral chemoreceptors. There 

is no experimental evidence of its (quantitative) significance in humans, however. 

Seconclly, bradycardia induced by the chemoreflex may attenuate arterial 

desaturation during apnea. Jones et al. (1981) showed that a step decrease in a 

constant pacemaker rhythm (from 80 to 50 bpm) in freely breathing subjects 

produces an immediate increase in PET02  and decrease in PETc02  (initially, without a 

change in ventilation). This was ascribed to a change in the balance between cardiac 

output and ventilation. Sirnilarly, bradycardia during apnea could affect ventilation- 
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perfusion ratios in the lung, reducing the flow of blood available for gas diffusion. 

This also implies a (fast-acting) negative feedback-loop, in which chemoreflex-

induced bradycardia counteracts the fall in Pa02  and rise in Pac02  during apnea. 

7.5 Low-frequency variability in normal subjects 

Chapter 6 describes a study of breath-to-breath variability in awake normal subjects 

at rest. The hypothesis was that the delay and persistence of effect of the ventilatory 

chemoreflex-responses to spontaneous changes in Paan  can induce damped 

oscillations in respiratory parameters. We found in 11 of 19 subjects peaks in the 

power spectra of end-tidal CO2-concentration (C, as input to chemoreceptors) and 

mean inspiratory flow (F, as a parameter of respiratory drive) with frequencies from 

—0.01-0.04 Hz. In the classification of section 2.4, these oscillations can be termeci 

as periodic breathing type I. The frequencies of respiratory oscillations and the 

phase between C and F could be explained by a simple model of chemoreflex-

regulation of arterial blood gas tension, based on previously described step 

responses of peripheral and central chemoreflexes. In this model, the contribution of 

relatively fast peripheral chemoreflexes to respiratory oscillations is higher at 

increasing frequency of oscillation. In line with this explanation, the frequency of 

oscillation shifted to a lower frequency range (<0.025 Hz) at 100% 02  breathing. 

In section 6.5, we argue that the gain from C and F as estimatecl by cross-

spectral analysis may be used as an estimation of chemoreflex-gain. The experiment 

was, however, primarily designed to investigate the occurrence and mechanisms of 

periodic breathing patterns, and not to assess the reliability of such an estimate of 

chemoreflex-gain. To validate this method, the gain calculated from spontaneous 

oscillations could be compared with that from, for instance, the ventilatory response 

to artificially induced sinusoidal variations in arterial blood gas (Stoll, 1969; 

Cunningham & Robbins, 1984). The advantage of deriving parameters of the 

strength of the chemoreflex response from spontaneous respiratory variations is that 

it offers information on the respiratory control system as it acts in its normal range 

and does not require an artificial stimulation. This may in particular be useful in 

studies of ventilatory changes during sleep, when induction of hypoxia and 
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hypercapnia is often difficult to achieve and can influence the level of arousal (see 

Berthon-Jones & Sullivan, 1982). 

The results of chapter 6 show that, as opposed to the sleep apnea syndrome, 

the normal low-frequency respiratory periodicity does not consistently lead to a 

significant oscillation of BP or HR. This difference is obviously due to the smaller 

amplitude of the concerning oscillating respiratory parameters (e.g. Pa o2  and 

intrathoracic pressure) in the normal situation. For instance, the moderate low-

frequency oscillation of Pao2  and Pac02  in normal subjects may not lead to changes 

in afferent chemoreflex-activity that are strong enough to compete with the 

baroreflex, that has its highest gain in the low-frequency range (DeBoer et al., 

1987). However, the fact that in some subjects low-frequency respiratory 

oscillations were accompanied by oscillations of BP or HR, indicates that 

chemoreflex-feedback may underlie circulatory periodicity <0.05 Hz. This holds in 

particular for conditions where the chemoreflex-feedback loop is expected to have a 

higher tendency to oscillate, such as in congestive heart failure (as apparent from 

Saul et al., 1988a), at high altitude, or in the sleep apnea syndrome. In the latter 

case, BP does not only manifest a pronounced oscillation (-0.01-0.03 Hz) during 

recurrent apneas, but can also oscillate with 0.05 Hz periodicity (see Fig. 3.5) 

during moderate periodic breathing (type II in the tenninology of section 2.4). 

7.6 Conclusions 

In surnmary, the main conclusions of this thesis are: 

1. Recurrent apneas during sleep in patients with the sleep apnea syndrome 

lead in most patients to a higher mean arterial blood pressure compared 

with wakefulness due to a marked low-frequency blood-pressure oscillation 

with a duration of more than 30 s. 

2. Nocturnal periodic hypertension and marked sinus arrhythmia during sleep 

in the obstructive sleep apnea syndrome can be explained by assuming that 

reflexes from peripheral chemoreceptors dominate the efferent pathways to 
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the circulation in episodes of recurrent apneas. The phase relations between 

blood pressure and heart rate under these circumstances can be understood 

from the relative contribution of vagal and sympathetic chemoreflex-effects 

on blood pressure. Description of the time course of blood pressure and 

heart rate under these circumstances does not require a significant 

contribution of arterial baroreflexes. 

3. Hypoxia is a causal factor in the development of periodic hypertension 

during voluntary recurrent apneas in normal subjects. 

This influence of hypoxia on blood pressure is not mediatecl through a 

change in breathing pattern, but is consistent with a direct influence of 

peripheral chemoreflexes on the circulation. 

4. Periodic high blood pressure in the sleep apnea syndrome is not confmed to 

recurrent apneas, but can also occur during a moderate form of periodic 

breathing with 20-s periodicity. 

5. In normal subjects at rest, respiration can manifest a low-frequency 

periodicity (period duration —20-120 s). The phase-relations between cyclic 

variations in end-tidal CO2  with such periodicity and mean inspiratory flow 

can satisfactorily be explained from the dynamic properties of peripheral 

and central chemoreflex-regulation of arterial blood gases. 

Such oscillations allow an estimation of chemoreflex-gain in normal steady-

state breathing. 

6. Increased low-frequency oscillation of blood pressure and heart rate (period 

duration > 15 s) can be due to increased amplitude of periodicity in the 

respiratory system, both in normal and diseased subjects. 
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Samenvatting en Conclusies 

Tijdens normale ademhaling bestaat er een variatie in de bloeddruk en 

hartfrequentie van hartslag op hartslag. Deze korte-termijn-variabiliteit van de 

bloedsomloop blijkt verschillende oscillatoire (cyclische) componenten te bevatten. 

De snelste oscillatie in bloeddruk en hartfrequentie hangt samen met de ademhaling 

en heeft een periode-duur van 2-5 s, d.w.z. de duur van één ademhaling. Oscillaties 

met een periode van ca. 10 s zijn waarschijnlijk te wijten aan baroflex-regulatie van 

de bloeddruk via efferente sympathische zenuwen. De mechanismen van tragere 

oscillaties in de bloedsomloop (periode> 15 s) zijn onduidelijk. De aanleiding voor 

dit onderzoek was de hypothese dat dergelijke trage oscillaties veroorzaakt kunnen 

worden door cyclische veranderingen in het adempatroon. 

In dit proefschrift staan twee vragen centraal: 

— Komen cyclische veranderingen in het adempatroon spontaan voor, en zo ja, 

welke mechanismen zijn verantwoordelijk voor een dergelijke 

ademhalingsvariabiliteit? De variatie van ademhalingsparameters (teugvolume, 

ademduur) van ademhaling op ademhaling werd onderzocht bij gezonde 

proefpersonen in rust (hoofdstuk 6). De hypothese was dat chemoreflex-regulatie 

van arteriële 02- en CO2-spanning de voornaamste bron van cyclische variaties in 

de ademhaling is. 

— Hoe hangen cyclische variaties in het adempatroon samen met veranderingen in 
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de bloedsomloop? Dit werd onderzocht bij het uitgesproken cyclische adempatroon 

van slaap-apnoe patiënten, waar repeterende slaap-apnoe's leiden tot een sterke 

oscillatie van bloeddruk en hartfrequentie, die daarbij vaak pathologische vormen 

aanneemt (hoofdstuk 4). 

Hoofdstuk 2 geeft een overzicht van de literatuur over korte-termijn-variabiliteit 

van de ademhaling in relatie tot de bloedsomloop. Ook wanneer variaties van 

ademhaling op ademhaling door het toeval bepaald leken te worden, werden vaak 

deterministische patronen in de respiratoire variabiliteit ontdekt. Deze patronen 

waren meestal cyclisch, met een periode van 10-20 s, 40 s tot 3 min, of langer. De 

methoden die zijn gebruikt voor het herkennen van dergelijke patronen en hun 

mogelijke interpretatie worden besproken. De vraag wordt gesteld hoe respiratoire 

variabiliteit kan inwerken op bloeddruk en hartfrequentie en hoe dit kan worden 

onderzocht door analyse van de tijdsrelaties tussen respiratoire en circulatoire 

parameters. Dit kan een bijdrage leveren aan het inzicht in de normale 

cardiovasculaire regulatie en in het ontstaan van cardiovasculaire stoornissen tijdens 

instabiele ademhaling. Als voorbeelden hiervan worden circulatoire veranderingen 

besproken bij adempatronen die vaak, zij het niet altijd, pathologisch zijn, zoals bij 

Cheyne-Stokes ademhaling, snurken, en het slaap-apnoe syndroom. 

In het onderzoek van hoofdstuk 3 werd het gedrag van de bloeddruk bij 11 

patiënten met het slaap-apnoe syndroom (SAS) onderzocht. Registraties van 

noninvasief gemeten vingerbloeddruk werden vergeleken tijdens waken en slapen. 

De gemiddelde bloeddruk was hoger tijdens herhaalde slaap-apnoe's dan tijdens 

waken (P < 0,05) en vertoonde cyclische stijgingen, vaak tot boven 150/100 mmHg. 

Periodiek hoge bloeddruk tijdens de slaap was niet beperkt tot het vóórkomen van 

apnoe, maar kwam ook voor tijdens een gematigde vorm van periodiek ademen 

(periode ca. 20 s). Conclusie: bij SAS-patiënten kunnen hypertensieve episoden in 

de slaap vóórkomen, die vastgesteld kunnen worden met continue bloeddrukmeting. 

De noninvasieve vingerbloeddrukmeting is hiervoor een geschikte techniek. De 

mogelijke klinische implicaties van nachtelijke bloeddrukmeting bij het SAS worden 

besproken. 

In het onderzoek van hoofdstuk 4 werden oscillaties van bloeddruk en 

hartfrequentie bij patiënten met SAS onderzocht met behulp van spectraal-analyse. 

Met deze wiskundige techniek kan de variatie in een serie van discrete waarden 
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(hier: slag-op-slag waarden van bloeddruk en hartfrequentie) gescheiden worden in 

oscillatoire componenten (met een bepaalde amplitude en frequentie). Dit komt tot 

uitdrukking in het zgn. vermogens-spectrum. De mate van samenhang en de fase 

tussen oscillaties in twee variabelen kunnen eveneens worden afgeleid (kruis-

spectrum). Vermogens-spectra van bloeddruk-parameters en RR-interval (I, uit het 

ECG) lieten hoge pieken zien bij 0,02-0,05 Hz en kleinere pieken bij 0,20-0,45 

Hz, corresponderend met sterke oscillaties met een periode van 20-50 s en 

zwakkere oscillaties met een periode van 2 tot 5 s. Deze laatste piek ontbrak in het 

spectrum van de diastolische druk. Kruis-spectra lieten faseverschillen zien tussen 

de laagfrequente oscillaties (0,02-0,05 Hz) in systolische druk (S) en laagfrequente 

oscillaties in I die overeenkwamen met tijdsintervallen tussen een stijging in S en 

een stijging in I variërend van 7 tot 33 s. De bloeddruk-parameters leken te 

veranderen in de volgorde diastolische druk — systolische druk — polsdruk. Een 

slag-op-slag model werd ontworpen om deze kenmerken van variabiliteit te 

interpreteren. Vergelijkbare spectra werden verkregen uit gesimuleerde data die met 

behulp van het model waren verkregen. Dit model bestond uit 1) cyclische 

stimulatie van perifere chemoreceptoren door arteriële hypoxaemie en hypercapnie, 

leidend tot vagale bradycardie en sympathische vasoconstrictie, 2) tegenwerking van 

chemorereflex-effecten op de circulatie door pulmonale inflatie, 3) een mechanische 

invloed van adembewegingen op de polsdruk, en 4) een windketel-model van het 

diastolische drukverval. Hieruit concluderen wij dat deze nachtelijke variaties in de 

circulatie verklaard kunnen worden door aan te nemen dat onder deze 

omstandigheden de circulatoire invloed van efferente autonome zenuwen vooral 

wordt bepaald door afferente informatie van perifere chemoreceptoren. 

In hoofdstuk 5 werd de hypothese getoetst dat het optreden van periodieke 

bloeddrukstijgingen tijdens herhaalde apnoe's afhangt van de ontwikkeling van 

hypoxaemie, zoals men zou verwachten op grond van het chemoreflex-model van 

hoofdstuk 4. De effecten van zuurstof-toediening op de bloeddruk werden 

onderzocht bij gezonde (wakkere) proefpersonen, aan wie een gefixeerd cyclisch 

adempatroon van herhaalde apnoe's van 20 s werd opgelegd. Zo kon door zuurstof-

toediening de input naar de perifere chemoreceptoren worden verminderd zonder dat 

dit het adempatroon kon veranderen. Series van 10 repeterende apnoe's (met ca. 20 

s onbelemmerde ademhaling tussen de apnoe's in) werden opgelegd aan 7 gezonde 
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vrijwilligers. Dit gebeurde tijdens hypoxie door terug-inademen van de uitgeademde 

lucht, tijdens toediening van 100% 02, en na toediening van atropine. Bij alle 

proefpersonen bereikte de bloeddruk waarden boven 150/95 mmHg tijdens de 

hypoxische apnoe-series. Tijdens de hypermdsche apnoe-series bleef de bloeddruk 

echter stabiel. De gemiddelde bloeddruk aan het eind van iedere apnoe bleek 

omgekeerd gecorreleerd met de arteriële zuurstof-verzadiging bij 6 proefpersonen in 

het verzadigings-gebied van 60-100%. Hoewel het hypoxische bloeddruk-patroon 

sterk leek op dat van het SAS, was het hartfrequentie-patroon bij 4 van de 7 

proefpersonen anders dan bij de patiënten. Uit dit onderzoek concluderen wij dat 

hypoxaemie een oorzaak kan zijn van periodieke hypertensie bij herhaalde apnoe's. 

Dit effect wordt hier waarschijnlijk vooral verklaard door chemoreflex-beïnvloeding 

van de perifere vaatweerstand. 

Hoofdstuk 6 beschrijft een onderzoek naar het vóórkomen en de mechanismen 

van laagfrequente (<0,07 Hz) periodiciteit in de variatie van ademhalingsparameters 

van ademteug op ademteug en de mogelijke invloed hiervan op de circulatie bij 

gezonde proefpersonen in rust. Met behulp van spectraal-analyse (van registraties 

van 30 min) konden bij 11 van de 19 proefpersonen oscillaties onderscheiden 

worden in end-tidal CO2-concentratie (C) en gemiddelde inspiratoire luchtstroom (F, 

als index van adem-'drive'). De oscillatie-frequentie varieerde van 0,008 Hz tot 

0,045 Hz, met faseverschillen tussen C en F van —74° to —164° (dit betekent dat 

het faseverschil tussen een stijging van C en een stijging van F kleiner is dan 1800). 

Deze ademhalings-oscillaties en faserelaties werden nagebootst door een simpel 

model van de bloedgasregulatie, waarin spontane verstoringen in het respiratoire 

systeem worden gefilterd door de dynamische eigenschappen van de perifere en 

centrale chemoreflex-terugkoppeling. Uitgaande van dit model hangen respiratoire 

oscillaties van ca. 0,04 Hz vooral af van perifere chemoreceptor-activiteit, terwijl de 

centrale terugkoppeling een grotere bijdrage levert aan de tragere oscillaties. Deze 

verklaring was in overeenstemming met de bevinding dat de oscillatiefrequentie 

tijdens 100% 02  ademen verschoof naar een lager frequentiegebied (<0,025 Hz). Bij 

enkele proefpersonen ging de oscillatie in de ademhaling gepaard met een 

synchrone fluctuatie van de bloeddruk of de hartfrequentie. Uit dit onderzoek 

concluderen wij dat 1) spontane oscillaties in C en F bij normale proefpersonen in 

rust kunnen vóórkomen, met frequenties en faserelaties die in overeenstemming 
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lijken met de dynamische eigenschappen van de chemoreflexen, 2) uit deze 

respiratoire oscillaties een schatting gemaakt kan worden van de chemoreflex-gain, 

en 3) instabiliteit van de chemoreflex-terugkoppeling een mogelijke bron is van 

laagfrequente ritmes in de bloedsomloop bij gezonde proefpersonen. 

Hoofdstuk 7 is een algemene discussie van het onderzoeksproject. Tot slot 

worden de conclusies beknopt weergegeven. 

Conclusies 

De belangrijkste conclusies van het onderzoek zijn: 

1. Herhaalde apnoe's in de slaap bij patiënten met het slaap-apnoe syndroom leiden 

in de meeste gevallen tot een hogere gemiddelde arteriële bloeddruk dan tijdens 

waken. Dit houdt verband met een bloeddruk-oscillatie met een periode-duur van 

meer dan 30 s. 

2. Nachtelijke periodieke hypertensie en uitgesproken sinus-aritmie die in de slaap 

voorkomen bij het obstructieve slaap-apnoe syndroom kunnen worden verklaard 

door aan te nemen dat reflexen uitgaande van perifere chemoreceptoren de 

efferente autonome zenuwen naar de circulatie overheersen tijdens herhaalde 

apnoe's. De fase-relaties tussen bloeddruk en hartfrequentie die onder deze 

omstandigheden bestaan kunnen worden begrepen uit de relatieve bijdrage van 

de vagale en sympathische invloed van de chemoreflex op de circulatie. 

3. Hypoxie is een oorzakelijke factor bij het ontwikkelen van periodieke 

hypertensie tijdens herhaalde (willekeurige) apnoe's bij gezonde proefpersonen. 

Deze invloed van hypoxie op de bloeddruk komt niet tot stand door een 

verandering van het adempatroon, maar past bij een directe invloed van perifere 

chemoreflexen op de circulatie. 

4. Periodiek hoge bloeddruk bij het slaap-apnoe syndroom beperkt zich niet tot 

herhaalde apnoe's, maar kan ook vffirkomen tijdens een gematigde vorm van 
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periodiek ademen met een periodiciteit van ong. 20 s. 

5. Bij normale proefpersonen in rust kan de ademhaling een laagfrequente 

periodiciteit vertonen (herhalingstijd 20-120 s). De fase-relaties tussen cyclische 

variaties in end-tidal PcO2  en de gemiddelde inspiratoire luchtstroom (als maat 

voor adem-'drive') met een dergelijke periodiciteit kunnen grotendeels worden 

verklaard door de dynamische eigenschappen van de bloedgas-regulatie door 

perifere en centrale chemoreflexen. 

Uit dergelijke oscillaties kan de chemoreflex-gain bij de normale (steady-state) 

ademhaling geschat worden. 

6. Een toegenomen laagfrequente oscillatie van bloeddruk en hartfrequentie 

(periode-duur meer dan 15 s) kan te wijten zijn aan een toegenomen oscillatie 

van het respiratoire systeem, zowel bij gezonde proefpersonen als bij 

verschillende soorten patiënten. 
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