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1.1 Background of the study 

Chapter 1 

General introduction 

Blood pressure and heart rate in resting man fluctuate in a seemingly capnclOus 

way (see fig.la,b). Somehow, it is to be supposed, the spontaneous fluctuations in 

blood pressure and in heart rate must be connected through the cardiovascular con

trol systems. Then, should it not be possible to infer from these patterns of varia

bility some fundamental parameters of these control systems? Might not these 

parameters differ between normotensive and hypertensive man in a clinically rele

vant way? The latter question is important because the underlying cause of hy

pertension (abnormally high blood pressure) is in many cases unknown. 

For example, the bar ore flex sensitivity coefficient (BRS) is clinically used as a 

measure for the gain -- and hence the function -- of the baroreflex control system, 

which aims at keeping the blood pressure constant. The BRS is expressed as the 

pressure-induced change of inter beat-interval 61 divided by an imposed pressure 

change ilp, i.e. BRS=L~I/ ilp (Smyth et al., 1969). For the determination of the 

BRS, often a pressure increase is provoked by the administration of a 

vaso-constricting drug. However, one would prefer to be able to obtain a value of 

the BRS without the need for the administration of a drug. But what signal ana

lysis techniques should then be applied to the blood-pressure and heart-rate 

signals? A first attempt to attack this problem was made by Dr.J.M.Karemaker 

Fig.l-1a Heart rate (HR, bpm = beats 100 I,J\ 

per minute) and continuous blood-pressure v' ~h~'w~~~~ v>--t.. 
registration (BP) from a healthy subject 50 bpm 

at rest. Both HR and BP show spon-
taneous irregular fluctuations. 
In this example blood pressure in the 
finger was measured with a non-invasive 
instrument (Fin.A.Pres, see Appendix A). 
Whenever this instrument recalibrates, a 
temporary loss of signal is visible.in the' 
figure. 

o 

a 
10s 
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of the Department of Physiology (University of Amsterdam); he used 

cross-correlation techniques to study the baroreflex control system in hypertensive 

patients (Karemaker, 1980ap). 

In 1980 Dr.G.A.van Montfrans began to use the Oxford Medilog system in the De

partment of Cardiology of the Amsterdam Medical Centre for making continuous 

ambulatory blood-pressure registrations in unrestricted man. These 24-hour pressure 

recordings are first of all used for the improvement of diagnosis in cases of essen

tial hypertension. For clinical purposes, the analysis of the recordings consists ma

inlyof the computation of the mean value and the variability of blood pressure and 

heart rate over selected periods of time. The variability is usually expressed as 

the standard deviation of beat-to-beat pressure values, or as the standard deviation 
of averaged pressure values over certain periods. 

The availability of these large amounts of continuous blood-pressure registrations 

seemed of great interest for a more physiologically oriented study of the 

blood-pressure and heart-rate variability. Our hypothesis is that these registrations 

contain much more information about the -- in hypertensive patients possibly dis

turbed - functioning of the cardiovascular system than can be disclosed by the 

calculation of averages and standard deviations; it is actually a challenge to the 

physiologist to extract this information from the recordings. More advanced 

data-analysis techniques will then be needed as well as techniques to compare the 

data with existing or newly-developed models of the cardiovascular system. 
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Hence, it was decided to start a research project with the leading question: Is it 

possible to gain insight into the functioning of the cardiovascular system from the 

analysis of continuous blood-pressure and heart-rate registrations ? To answer this 

question, signal analysis techniques had to be developed to deal with the 

blood-pressure and heart-rate signals, an appropriate model of the cardiovascular 

regulation had to be developed, and methods had to be devised to estimate the va

lues of the -- preferably physiologically interpretable -- model-parameters, using 

available blood-pressure and heart-rate recordings. 

The project was initiated by Dr.J.M.Karemaker (Department of Physiology) in close 

cooperation with Prof.J.Strackee (Laboratory of Medical Physics, University of Am

sterdam). The present thesis is the result of this study. The emphasis is on the 

fast phenomena in the cardiovascular sytem, particularly the beat-to-beat regulation 

of blood pressure by the baroreceptor reflex. 

At this place, it should be mentioned that our study had been impossible without 

the extensive help both of the Departments of Cardiology (Prof.A.J.Dunning and 

Dr.G.A.van Montfrans) and Internal Medicine (Prof.A.M.van Leeuwen and 

Dr.W.Wieling) from the Academic Medical Centre of the University of Amsterdam, 

and of the "Research Unit Biomedical Instrumentation" of TN,? (I~.K.H. Wesseling 

and Ir.J.J.Settels). The latter group has developed a reliable instrument for contin

uous non-invasive recording of blood pressure by the method of vascular unloading 

('Fin.A.Pres'; see Appendix A). We were able to use this instrument to make a 

number of blood-pressure registrations under controlled conditions. These registra

tions supplemented the intra-arterial recordings obtained for clinical purposes by 

Van Montfrans, which he kindly allowed us to analyze. 

The registrations of Van Montfrans were made with the Oxford Medilog system for 

continuous intra-arterial blood-pressure recording. This easily portable instrument 

(weight: 300 g) consists of a miniature four-channel cassette recorder, a pressure 

transducer, a continuous flushing unit and the necessary electronics. It uses stan

dard cassette tape to record up to four different physiological signals during 2lt 

hours, for example blood pressure, ECG, respiration and a signal from a push-button 

operated event marker. A technical evaluation and a comprehensive description of 

the instrument are given in the thesis of VanMontfrans (l98lt). 
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In this chapter, we first summarize some properties of the cardiovascular system 

that are relevant to our study (1.2). The following section deals with the proper

ties of the blood-pressure (BP) signal and the heart rate (HR) signal (1.3). Then we 

introduce the concept "BP and HR variability" (1.4), and we present a survey of the 

literature on the application of spectral analysis methods to BP and HR 

variability (1.5). The last section (1.6) gives an outline of the thesis. 

1.2 Relevant aspects of the cardiovascular system 

"The cardiovascular system (CYS) is an extremely complex hydrodynamic system 

upon which is superimposed a variety of neural and humoral controlling operations." 

This statement of Grodins (1959) summarizes some of the problems encountered by 

the physiologist wanting to investigate the CVS. The system is anatomically ex

tremely complex, consisting of an innumerable number of large and small vessels. 

Its behaviour is governed on the one hand by the laws of non-Newtonian fluid dy

namics for turbulent flow in collapsible pipes (McDonald, 1960), and on the other 

hand by a discouraging amount of interrelated humoral, neural and intrinsic control 

mechanisms (Guyton et al., 1972). It is hardly a consolation to the investigator 

that the relevant literature on each of these aspects fills several book-shelves. 

Hence, the present chapter touches only lightly upon the present-day knowledge of 

the CVS. 

The function of the CVS is the transport of nutrients, metabolites, respiratory 

gases, hormones and heat to and from the different organs in the body. The sys

tem consists of the heart, the blood vessels and the transporting medium, the blood 

itself. The various control mechanisms may be considered to be a part of the CVS 

as well. 

Both the blood pressure and the local flow through the different organs are con

trolled variables in the CVS. Whereas the cardiac output may vary fivefold 

between sleep and heavy exercise, the variation in mean blood pressure is only ar

ound 40% (VanMontfrans, 1984). Thus, the blood pressure is controlled so as to 

have an almost constant level under rather different conditions. 

On the other hand, local flow is controlled in the sense of adjusted to the momen

tary needs of the organ. The adaptation of local flow to the varying needs of the 

organs is accomplished by changes of the total blood flow and by redistribution of 

flow over the different organs. The control of local flow is partially due to local 

regulation and partially to central regulation. 
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From an engineering point of view, the circulation can thus be considered as a cir

cuit with an almost constant "voltage source" (blood pressure), and a number of re

sistive "loads" (the organs), of which the resistance values vary in time. The regu

lation of these loads can not easily be studied, because of the difficulties in 

measuring local flow through an organ. Hence, many studies of the cardiovascular 

control system - including the present one - focus on the regulation of blood 

pressure. 

The short-term regulation of the blood pressure occurs under neural control, mainly 

through the baroreflex arc. This arc contains pressure receptors, afferent nerves 

(towards the Central Nervous System or CNS), the CNS itself, efferent nerves to

wards the effectors in the different organs, and the effectors. 

Most of the arterial pressure receptors (baroreceptors) are found in the carotid 

sinus (a dilatation of the carotid artery) and in the aortic arch. They send affer

ent impulses towards the brain at a rate that depends both on the instantaneous 

pressure level and on the rate of pressure change. In this way the CNS gets in

formed on the actual level of al'terial pressure and accordingly it adjusts its output 

along the efferent sympathetic and vagal or parasympathetic nerves. An increased 

output along the vagal nerves decreases the heart rate and has therefore a depres

sor effect; conversely, the primary effect of an increased sympathetic output is a 

rise in pressure. 

Impulses along the vagal nerves towards the cardiac pacemaker have the most rapid 

effect: they may lengthen the very interval in which an increased systolic pressure 

occurred, thus tending to lower the pressure. The action of the sympathetic influ

ence on the heart is somewhat slower. Both the chronotropic, accelerating effects 

and the inotropic effects, which increase the contractile force of the myocardium, 

have a latency of several seconds. The sympathetic, vasoconstricting influence on 

the blood vessels (resistance and capacitance vessels) has a similar latency. All 

these sympathetic effects lead to an increase of arterial pressure. 

Apart from the above-mentioned receptors and reflexes, many others have been 

described; for example, chemoreceptors and cardiac receptors (atrial and ventricu

lar), and effects of an increase of blood pressure on renal function. We restrict 

ourselves to the ones described in the preceding paragraphs, because we think (and 
- for the purpose of this study - hope) that these are the most important factors 

for the short-term regulation of blood pressure. 
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The combined effect of heart rate, inotropic state of the myocardium, peripheral 

resistance and venous capacitance determine to a large extent the arterial pressure. 

Because the arterial pressure regulates these variables via the baroreflex are, the 

control loop is closed. To complete a control system, usually a set-point for the 

controlled variable -- here the arterial pressure -- is assumed, but it is somewhat 

unclear how this should be pictured in the present case. 

1.3 Blood pressure and heart rate as signals 

Our aim is the development of signal-analysis techniques, which are suited to deal 

with continuous blood-pressure recordings and which give insight into properties of 

the cardiovascular system. The signals to be considered are the blood pressure (BP) 

itself and the heart rate (HR). Both signals are rather peculiar and pose special 

problems if a signal-analysis approach is attempted. 

The heart rate, often derived from the electrocardiogram (ECG, fig.2a), is not a 

continuous function of time, but must be considered as a point-event series, where 

the R-wave of the ECG constitutes the event. The information content of the 

heart-rate signal consists of the intervals between,juccessive heart beats, or equiva

lentlyof the times of occurrence of the beats. The cardiac pacemaker has a con

stant intrinsic rhythm, which is modulated by the effect of humoral and neural in

fluence. Actually the P-wave of the ECG, and not the R-wave, is the start of a 

heart beat. We disregard in this study for practical reasons the small difference 

between P-P intervals and R-R intervals, because the P-R interval is in rest rather 

constant. 

The blood pressure (fig.2b) is a continuous signal, but its pulsatile, semi-periodic 

character impedes a standard signal-analysis approach. The pulsatile signal can be 

transformed into a "normal" continuous signal, the mean blood pressure, by low-pass 

filtering. However, this option did not seem appropriate for our purpose, because 

we wanted to focus on the short-term properties of the signals. 

ECG 
150 

BP 

o 

20 

R R 

ls 

Fig. 1-2 Electrocardiogram (ECG) and 
blood-pressure registration (BP, in 
mm Hg) from a healthy subject. The 
heart rate is ussually derived from the 
interval between R-waves in the ECG. 
Systolic (S) and diastolic (D) values of 
the blood-pressure signal are indicated. 



An important part of our study deals with the development of techniques to handle 

the blood-pressure and heart-rate signals (Chapters 2, 3, 4). A second part of the 

study deals with the apP,lication of these techniques to experimental blood-pressure 

and heart-rate data (Chapters 5, 6, 7; Appendix B). 

1.4 Short-term variability of blood pressure and heart rate 

Short-term BP and HR variability is partly caused by mental or physical activity of 

the subject, and partly by intrinsic fluctuations within the cardiovascular control 
system. Respiration is on the borderline between voluntary and spontaneous; it 

will be considered here as a spontaneous activity, because our subjects were usually 

breathing freely and not pre-occupied by their respiratory activity. 

We might have chosen to study the fast phenomena in the regulation of blood pres

sure by an analysis of the rapid changes in BP and HR which are caused by various 

kinds of voluntary mental or physical activity. However, because it is difficult to 

standardize levels of activity in different subjects, an inter-individual comparison 

would in that case not have been possible. For this reason another approach was 

used: we directed our attention not to activation-induced variability, but to the 

spontaneous fluctuations of BP and HR in resting subjects. 

This variability can be attributed to different sources (Penaz, 1978a). Respiratory 

sinus arrhythmia (RSA) and respiration-induced BP variability are'usually the fastest 

"waves" seen in the HR and BP signals: the respiratory rate is usually between 0.2 

and 0.35 Hz (12 to 20 respirations per minute). The respiratory BP waves are 

called the Traube-Hering waves or also the second-order waves, because the 

first-order is reserved to describe the pulsation of the BP signal. The term 

third-order waves or Mayer waves include all slower rhythms in the blood pressure. 

Of these,' the fastest and often the most conspicuous one is the so-called 

lO-second-rhythm (Golenhofen and Hildebrandt, 1958; for a historical survey see 

Koepchen, 1984). 

The difference in frequency between the various kinds of waves suggests that each 

wave may be studied separately by the use of spectral-analysis techniques. In the 

following, we first make some general comments upon the study of HR and BP var

iability, and in section 1.5 we give a survey of references on the use of spectral 

analysis techniques in HR V studies. 
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Short-term heart-rate variability (HRV) has received some attention in the recent 

literature. For example, the amount of HRV is used clinically as an 

inter-individual indicator for the function of the autonomic nervous system (e.g., 

Wieling, 1983). HRV is also seen as an intra-individual indicator of mental state 

(degree of mental exercise: Mulder, 1980; classification of REM-sleep 

vs. non-REM-sleep: Lisenby et al., 1976). Proceedings of two symposia on HRV 

have appeared (Ergonomics, 1973; Kitney and Rompelman, 1980). 

Less attention has been paid to the relation between short-term heart-rate and 

blood-pressure variability (but see the references in section 1.5). Several factors 

may have caused this seeming lack of interest. 

First, continuous blood pressure can not so easily be measured as heart rate. This 

impedes the study of blood-pressure variability for many investigators who lack ac

cess to a clinic. As mentioned in section 1.1, we were in the favourable condition 

of having at our disposal both intra-arterial clinical blood-pressure registrations and 

non-invasively recorded experimental data. 

Another reason for the limited number of studies on the relationship between HR 

and BP variability may be the methodological problems that are encountered if a 

point-event signal (heart beats) is to be related to a continuous signal (blood pres

sure), which predominantly consists of a pulsatile component. This poses problems 

both in the combined analysis of the two signals, and in the interpretation of the 

results. 

A final, related factor is that some of the best-known computer models of the car

diovascular sytem do not consider the fast regulations which are related to the 

short-term variability (e.g., Guyton et al., 1972). Therefore the observed variability 

can not be explained within the framework of such models. 

Still, in our opinion, the study of this short-term variability is of importance, cer

tainly from a physiological point of view and possibly for clinical purposes, because 

the characteristic times of a number of cardiovascular properties, including the 

baroreflex, are less than around ten seconds. 

1.5 Literature on heart-rate variability (HRV) spectra 

After 1960, spectral analysis became a popular technique for many purposes, owing 

to the development of digital computers and the introduction of the Fast Fourier 

Transform. In 1966 and 1968, Penaz and coworkers published the first HR V spectra 

(in the 1966 paper by an analog filtering technique). Loos (1968) published HRV 
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spectra in an internal report of the NV Hoogovens. However, these papers were 

not easily accessible and so it was only after the "Symposium on Heart-Rate Varia

bility", of which the proceedings were published in Ergonomics (1973), that spectral 

analysis of HR V became better known. Contributors to this symposium include Sa

yers (1973), Mulder and Mulder (1973) and Luczak and Laurig (1973). 

Since then, HRV spectra have been used for the following purposes. 

1. Several authors have attempted to define the degree of mental activity or also 

the amount of stress by means of HR V spectra: Hyndman and Gregory, 1975a; 

Hyndman and Mohn, 1975b; Lisenby et al., 1976; Luczak and Laurig, 1973; 

Mulder and Mulder, 1973; Mulder, 1980; Mulder, 1985; Veldman et al., 1985; 

Zwiener et al., 1982. 

2. The relationship between respiration and HR V has been studied by spectral ana

lysis techniques: DeBoer and Karemaker, 1985h; Haddad et al., 1984; Kitney et 

al., 1982a; Selman et al., 1982; Womack, 1971. 

3. The HRV spectrum has been shown to change considerably in cases of 

autonomic diabetic neuropathy: Brodie et al., 1983; Kitney et al., 1982b; 

VanDenAkker et al., 1983. 

4. Several authors have used the HRV in physiological and patllo-physiological stu

dies of the cardiovascular system: Akselrod et al., 1981; Chess et a1., 1975; 

DeBoer et al., 1985c,d,e,f,g; Fiser et al., 1978; Langhorst et al., 1984; Pagani et 

aI., 1984; Penaz et al., 1966, 1968, 1978ab; Pomeranz et al., 1985; Sayers, 1973 

and 1980; Settels, 1980; WesseUng et a1., 1983; Zwiener, 1978. 

5. A number of studies have focussed on the methodological problems in the esti

mation of heart rate spectra: Bartoli et al., 1985; Baselli et al., 1985a,b,c; 

Cerutti et aI., 1985; Coenen et al., 1977; DeBoer et- al., 1984 and 1985a; Kitney 

et al., 1984a,b; Mohn, 1976; Rompelman et al., 1977, 1982, 1985. 

6. Finally, a few studies do not fit in the above categories: Kitney, 1975, 1980 

(thermoregulation); Kobayashi and Musha, 1982 (l/f-noise). 

in some of these studies, both HR variability and BP variability were analysed by 

spectral analysis methods: Baselli et al., 1985a; DeBoer et al., 1985c,d,e,g; Fiser 

et aI., 1978; Langhorst et al., 1984; Mulder, 1985; Penaz et al., 1978b; Settels, 

1980; Veldman et al., 1985; Wesseling et al., 1983; Zwiener et al., 1978 and 

1982. 
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1.6 Outline of the thesis 

Chapters 2, 3 and 4 contain mainly signal-analysis methods. Chapter 2 reviews the 

signal-analysis aspects of the heart-rate. variability signal. Chapter 3 deals with 

the question: How should the spectrum of a heart-rate variability signal be 

defined? Chapter 4 discusses the shape of the spectrum of an event series, gen

erated by the physiologically attractive IPFM-model. 

Chapters 5, 6 and 7 and Appendix B deal with physiological properties of the circu

lation. In ~hapter 5 a simple beat-to-beat model of the cardiovascular system is 

proposed to describe experimentally observed blood-pressure and heart-rate fluctua

tions. In Chapter 6, techniques are described and results are shown for the spec

tral analysis of BP and HR fluctuations. In Chapter 7 the spectra of Chapter 6 

are related to the beat-to-beat model of Chapter 5. 

Chapter 8 consists of the general discussion and of a summary of the conclusions. 

The postscript, Chapter 9, was added after the completion of the main body of the 

thesis. It describes an extended version of the beat-to-beat model of the CVS of 

Chapter 5; this new model explains the shape of the power and cross-spectra of 

blood pressure and heart rate. 

In Appendix A a paper of Dr.J.Penaz is reprinted, describing the principles of the 

Fin.A.Pres instrument for the continuous non-invasive measurement of blood pres

sure. We used this instrument, that was developed by Wess~ling and coworkers, in 

some of our experiments. 

Appendix B shows that the IO-second waves in BP and HR are all but absent during 

sleep at night; this finding is related to the absence of sympathetic activity during 

sleep. In addition, appendix B describes in non-mathematical terms the application 

of spectral analysis techniques to BP- and HR-data. 

Most chapters have been adapted from previously published papers: 

Chapter 2: DeBoer,R.W., Karemaker,J.M., and Strackee,J.: Description of 

heart-rate variability data in accordance with a physiological model for the genesis 

of heart beats (1985b). 

Chapter 3: DeBoer,R.W., Karemaker,J.M., and Strackee,J.: Comparing spectra of a 

series of point events, particularly for heart-rate variability spectra (1984) 

Chapter 4: DeBoer,R.W., Karemaker,J.M., and Strackee,J.: The spectrum of a ser

ies of point events, generated by the Integral Pulse Frequency Modulation 

model (l985a). 
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Chapter 5: DeBoer,R.W., Karemaker,J.M., and Strackee,J.: Beat-to-beat variability 

of heart interval and blood pressure (1983). 

Chapter 6: DeBoer ,R. W., Karemaker ,J.M., and Strackee,J.: Relations between short 

term blood-pressure fluctuations and heart-rate variability in resting subjects: 

I A spectral analysis approach (l985c). 

Chapter 7: DeBoer ,R. W., Karemaker ,J.M., and Strackee,J.: Relations between short 

term blood-pressure fluctuations and heart-rate variability in resting subjects: 

II A simple model (l985d). 

Chapter 8: some parts are taken from: DeBoer,R.W., Karemaker,J.M., and Van

Montirans, G.A.: Determination of baroreflex sensitivity by spectral analysis of 

spontaneous blood-pressure and heart-rate fluctuations in man (l985g) 

Appendix B: DeBoer,R.W., VanMontirans,G.A., and Karemaker,J.M.: Attribution of 

short-term blood-pressure and heart-rate variability to respiration and 

lO-second-rhythm: a spectral analysis approach (l985e). 
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Chapter 2 

Description of heart-rate variability data 

in accordance with a physiological model 

for the genesis of heart beats 

In this chapter we present a survey of different heart-rate variability (HRV) signals. 

We propose the IPFM model as a physiologically attractive device for a phenomolog

ical description of HR V. 

2.1 Abstract 

A survey is presented of techniques which transform heart-rate variability data into 

a signal that is both visually informative and accessible for analysis. The Instan

taneous Heart-Rate (IHR) signal is introduced, i.e. the signal having the value of 

the heart rate (inverse interbeat interval) during the interval concerned. The IHR 

signal differs from the standard Delayed Heart-Rate (DHR) signal, which is always 

one beat late. 

The relationship is discussed between the different representation methods and the 

Integral Pulse Frequency Modulation (IPFM) model, the latter being a physiologically 

plausible model for the transformation of a continuous input signal (e.g., nervous in

fluence on the cardiac pacemaker) into a series of events (heart beats). It is 

shown that when the IHR signal is used as input of the IPFM model, the event ser

ies from which the signal was derived, appears at the output. Hence, if the IPFM 

model is accepted as a model of the pacemaker, the IHR signal may be considered 

as an approximation of the neural (sympathetic and parasympathetic) influence on 

the pacemaker. In addition we show that the appearance of the IHR signal is less 

affected by trigger errors or extrasystoles than the standard DHR signal. 

It is concluded that the most attracti ve time-domain representation of physiological 

event series consists of the IHR signal, because this signal, being conceptually and 

computationally simple, is consistent with the IPFM model. 
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2.2 Introduction 

Heart beats are often considered as point events, i.e. the individual characteristics 

(shape, amplitude) of each beat are neglected, but its time of occurrence or, equi

valently, the interval between successi ve beats is taken as the only relevant vari

able. A number of methodological problems are specific to the analysis of point 

event signals. 

First, variations of the interval length are not easily discerned from the raw signal, 

the electrocardiogram (ECC). Hence, another representation method is needed to 

display the signal. Second, in the study of the heart-rate response to a prescribed 

stimulus, it is often necessary to average a number of responses. But it is not 

immediately clear how such an average can be obtained; one cannot simply add 

the event series in question. Applications occur in the study of heart-rate res

ponses to mental tasks (e.g., Somsen et al., 1983) or to standing up (Borst et al., 

1982). Finally, special data processing techniques are required when heart rate is 

related to another physiological signal such as respiration (Angelone and Coulter, 

1964; Womack,1971; Sroufe, 1971; Hirsch and Bishop, 1981) or blood pressure 

(Chapter 5, or DeBoer et al., 1983). 

Existing methods for the statistical analysis of series of point events were devel

oped for stochastic series of events and are not always suited for the analysis of 

physiological point event signals (Cox and Lewis, 1966; Cox and Isham, 1980; 

De K waadsteniet, 1982). Therefore techniques are needed that convert the point 

event signals into a form that is accessible to standard system analysis techniques 

(e.g., averaging, spectral analysis). In addition, the converted signal should prefer

ably be visually informative. 

In the next section (Survey of Methods) we compare a number of techniques that 

are used for this conversion. Some of these techniques produce a signal having a 

well-defined value at all times, e.g. the well known heart-rate signal, derived from 

the R-waves in the electrocardiogram. Similar signals have been defined using the 

interbeat interval instead of the heart rate. Other techniques produce a signal re

sembling a series of equidistantly sampled data, e.g. the interval series. We con

centrate our survey on representation methods that are both conceptually and com

putationally simple. 
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In many physiological processes the timing of successive point events is governed by 

a continuously varying signal. For example, in heart-rate variability studies the de

viations from a perfectly regular cardiac rhythm are explained by a fluctuating 

nervous drive. One is tempted to retrieve some properties of the underlying driv

ing signal from the observed series of events. For this a model of the interaction 

between the supposed underlying signal and the point process is needed. The Integ

ral Pulse Frequency Modulation (IPFM) model appears to be attractive both in des

cribing nervous spike-trains (Bayly, 1968; Bruckstein and Zeevi, 1979) and in the 

study of heart-rate variability (Hyndman and Mohn, 1975b). We discuss some pro

perties of the IPFM model in section 3 of this chapter and point out the relation

ship between this model and the various descriptive techniques presented. We state 

a preference for a descriptive heart-rate variability signal that is in accordance 

with the IPFM model. The model is also relevant for the continuing discussion re

garding rate versus interval in the description of "heart-rate variability" (Graham, 

1978a,b; Heslegrave et al., 1979; Jennings et al., 1981). 

In the following we use the terminology and some examples from heart-rate varia

bility studies; in these studies the R-wave of the ECG is usually considered as the 

event. Our conclusions, however, are equally valid for other physiological event 

series, such as trains of nerve spikes. 

2.3 Survey of methods for the description of a series of point events 

Figs.l and 2 illustrate a number of techniques that convert a series of point events 

(Fig.la) into a more tractable signal (Figs.lb-e, 2a-d). The ECG data of Fig.la are 

from a young adult breathing at a frequency of 0.1 Hz. The R-wave in the ECG 

was taken as the event of interest. Inspiration and expiration were detected by a 

nose-thermistor (vertical dashed lines). One notices the large respiratory sinus ar

rhythmia. 

The method of Fig.! b is used most often for converting a series of R-R intervals 

into a continuously defined signal; the heart-rate value, i.e. the inverse of the in

terbeat interval, is plotted at the end of the interval. This value is used as the 

heart-rate signal until the next event occurs (zero order hold -- the drawn line in 

Fig.lb). The signal is easily realized by some analogue or digital device capable of 

inverting the interval length and holding the value for some time. The signal can 

be plotted and inspected on line during an experiment. It will be called the 

Delayed Heart-Rate signal (DHR signal) in this chapter, because it has a latency of 
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Fig.2-l Survey of teart-rate variability 
signals 

100 10! eXplratlon i lnSplratlOn I explration i In 

OHR Ibpm) , . :. i ... ' . ·i. lb. 
50 i .. j i'" i 
o [ . , i, I, t ,I ti,mel(s) I I 

Fig.2-1a Electrocardiogram (ECG) from a 
young adul t during forced breathing with 

a frequency of 0.1 Hz, and event series 
(.) derived from the R-waves in the 
ECG. The vertical dashed lines separate 
inspiratory and expiratory periods. 
Fig.2-1 b (Drawn line) S1arl:Icrd (Delayed) 
Heart-Rate signal (DHR signal) derived 
from the event series in Fig.la. Its 
value during an interval equals the in
verse of the preceding interval length. 
The DHR signal is used in most studies 
on heart-rate variability. The dashed 
line shows the linear interpolation of the 
heart-rate values. (bpm=beats per mi
nute) 
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Fig.2-Ie (Drawn line:) Instantaneous Heart-Rate signal (IHR signa!); 
the value during an interval equals the inverse of the length of the in
terval concerned. The dashed line presents the linear interpolation. 
Figs.2-ld, 2-le Similar to Figs.lb,c, but now the interval value is 
plotted instead of the heart rate (DIBI=Delayed Interbeat Interval, 
IIBI=Instantaneous Interbeat Interval) 

one beat in respect to the length of the interval; a high value of the heart-rate 

signal implies the preceding interval to be short, but the length of the present in

terval is unknown. Some delay is inherent to all on-line registration methods, be

cause the length of an interval is obviously only known after its termination. The 

latency can be diminished by linear interpolation (Fig. I b, dashed line), which, 

however, cannot be performed on line. Luczak and Laurig (1973) discussed some 

properties of the signals in Fig.l b. 

The method shown in Fig.lc has no latency; the value of the heart rate is plotted 

from the start of the interval concerned. This signal cannot be realized on line. 

Again the constant interpolation (drawn) and the linear interpolation (dashed) are 

shown. In this case the linear interpolation leads to a certain amount of 

prediction: the value during an interval is increasing if the next interval will be 

longer than the present one. The constant interpolation signal will be called the 
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Fig. 2-2 Survey of heart-rate variability 
signals (continued from Fig.i). 
Fig.2-2a Heart-rate (HR) series; the 
successive inverse interval lengths are 
plotted equidistantly, i.e. as a function 
of the interval number. 
Fig.2-2b Interbeat interval (IBI) series: 
the intervals are plotted as a function of 
the interval number. 
Fig.2-2c Representation of the events 
(heart beats) as mathematical 
del ta-functions (spikes). 
Fig.2-2d Low Pass Filtered Event Series 
(LPFES), i.e. the signal of Fig.2c passed 
through an ideal low pass filter with a 
cut-off frequency of 0.5 Hz. 
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Instantaneous Heart-Rate signal (IHR signal), because its value during an interval is 

derived from the length of the interval concerned. A low-pass filtered version of 

this signal was discussed by Lange and Hartline (1979). 

Figs.lb and lc show the apparent time relationship between the heart-rate signal 

and respiration to be different for the two representational methods. In Fig.lb the 

decrease in heart rate seems to coincide with the onset of expiration, but in Fig.lc 

the decrease starts clearly before this moment. 

Instead of the heart rate, one also uses the interbeat interval (IBI) as the amplitude 

of the produced signal. The result is shown in Figs.ld and Ie, where the interval 

length is plotted at the end (Delayed IBI signal or DIBI) and the beginning (Instan

taneous IBI signal or lIB!) of the interval, respectively. As in Figs.lb,c the constant 

interpolation -(drawn) and the linear interpolation (dashed) are shown. 

Other techniques that make the event series tractable are presented in Fig.2. In 

figs.2a and 2b successi ve heart-rate values (HR) and interval lengths (IBO, respec

tively, are plotted as a function of interval number instead of as a function of 

time (heart-rate series and interval series). Since the values are, by definition, 

equidistantly spaced, they may be analysed by means of Digital Fourier Transform 

or similar techniques. However, the latter two representations are not suited to 

relate an event series (e.g., heart beats) to a continuous signal (e.g., respiration), 
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because no direct relationship exists between the heart-rate series or interval series 

and the time. When, however, the event series is to be related to a signal that is 

also defined beat-to-beat (e.g., systolic blood pressure values), one of the represen

tation methods in figs.2a or. 2b can be used (Chapter 5, or De Boer et al., 1983). 

A different way of transforming the series of events into a continuously defined 

(but not continuous !) signal is shown in Fig.2c: each event is replaced by a ma

thematical delta-function (spike), so the signal can be described as p(t)=L 6(t-tk)' 
k 

tk being the time of occurrence of an event. This mathematically well-defined 

procedure does not create an easily interpretable signal. 

Low-pass filtering of the spike-series of Fig.2c produces a continuous signal, the 

Low Pass Filtered Event Series (LPFES, Fig.2d). This signal was recommended as a 

heart-rate variability signal by Hyndman and Mohn (1975b) and by Rompelman et 

al. (1977). We calculated the curve in Fig.2d using an ideal low pass fil ter with 

cut-off frequency of 0.5 Hz (Hyndman and Mohn, 1975b). This amounts to the re

placement of the spike series ~6"(t-tk) by ~ sin(211'f max(t-tk»!(1f(t-tk»' with 
k k 

fmax=0.5 Hz. An efficient algorithm for calculating the LPFES was published by 

French and Holden (1971); see also Peterka et al. (1978) and Chapter 3.A2. The 

dimension of the LPFES is s-l, or, as indicated in Fig.2d, beats per minute (bpm). 

Figs.l and 2 show that many different possibilities exist for the representation of 

an event series. The relationship between the input (respiration) and output (the 

signals derived from the event series) seems rather different for these figures. To 

make a motivated choice for one of the descriptive signals, models for the genesis 

of the spike-train have to be considered. In the following section we discuss the 

relationship between a simple but attractive model and some of the 

above-mentioned techniques. 

2.4 The Integral Pulse Frequency Modulation (IPFM) model 

The model we choose for the description of spike generation is the Integral Pulse 

Frequency Modulation (IPFM) model, also known as the Integrate to Threshold 

(ITT) model. Fig.3a shows how this model transforms a continuous, positive signal 

m(t) into a spike-train p(t) in a physiologically plausible way. In the analogy 

between the model and the cardiac pacemaker, m(t) is linked to the amount of ac

celerating nervous influence on the pacemaker, and the spiketrain p(t) stands for 

the series of heart beats. 
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Fig.2-3a Diagram of the Integral Pulse 
Frequency Modulation model (IPFM 
moden, transforming a continuous signal 
met) (= autonomic nervous influence) into 
an event series p(t) (= heart beats). The 
input signal m(t) - consisting of a stea

dy-state value mo and a varying contri
bution m let) -- is integrated and when 
the integrated value M(t) (= membrane 
potential) exceeds the threshold T, an 
event occurs and the integrator is reset. 
Fig.2-3b Membrare)X)tential Vm(t) (equi
valent to M(t) in Fig.3a) of a cardiac 
pocemaker cell without (drawn) and with 
(dashed) parasympathetic stimulation. 
TIle stimulation causes a diminished rate 
of rise of the membrane IX>tential to
wards the threshold Vthr (equivalent to 
T). (Figure redrawn from experimental 
curves from our laboratory). 
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The signal m(t)=mo+m 1 (t) is integrated until its integrated value, M(t), exceeds a 

fixed reference value T (threshold). Then an event occurs and the integrator is 

reset. Here M(t) resembles the actual membrane potential V m(t) of a cardiac pa

cemaker cell. The potential rises steadily towards the threshold V thr and an action 

potential occurs when the threshold is reached (Fig.3b, drawn line). The rate of 

rise of Vm(t) is dVm/dt and has mean value mo; this so-called rate of diastolic 

depolarization may change under control of the autonomic nerves. 

The neural influence is represented in the model by m I (t), consisting of a mixture 

of sympathetic (accelerating) and parasympathetic (decelerating) contributions. A 

negative value of ml(t), equivalent to the preponderance of parasympathetic nervous 

influence, decreases the rate of rise of V m(t) and causes the interval-length to in

crease (Fig.3b -- dashed line). On the other hand, a dominant sympathetic influ

ence (= a positive value of m 1 (t» increases the rate of rise and advances the next 

beat. 
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In this way a modulating signal met) leads to an event series ph); the event series 

is only uniquely defined if the time of the first event, to. is known. Successi ve 

event-times tk are mutually related by the expression t"Jl:kflm(t)dt=T, or 

M(tk+I)-M(tk):T. If ml(t)=O for all t, then m(t)=mo' and the series consists of 

events at a constant spacing equal to T Imo' 

According to the IPFM model, the modulating function met) is a measure for the 

autonomic nervous influence, controlling heart rate. Hence it is attractive to try 

to reconstruct met), or equivalently its integral M(t), from the observed event ser

ies. However, met) cannot be recovered from the event series in a unique way. 

This is shown in Fig.4a; here M(t) is presented in a different way (drawn line). 

The observed event series fixes only the position of the dots in the figure, but any 

non-decreasing function passing through these dots is an acceptable candidate for 

M(!); met) is then found as the derivative of M(t). One should note that any sig

nal met) constructed in the described way, when used as input of the IPFM model, 

reproduces exactly the event series from which it was derived. 
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fig.2-4a In this figure the values of M(t) 
during successive intervals are stacked 
above each other (drawn line; 
d. Fig.3a). The observed event series 
fixes only the positions of the dots. The 
dashed line connecting the dots is a 
piecewise linear approximation of M(t); 
this leads to the representation of the 
event series as shown in Fig.lc (IHR sig
na!). 

Fig.2-4b Approximation of M(t) by two 
different step-functions (dashed and 
dasred-dotted). Both step-functions lead 
to the representation of Fig.2c 
(del ta-functions). 

Fig.2-4c Diagram of the transformation 
of a continous signal m{t) into an event 
series pCt) by the IPFM model, and back 
into a continuous signal mlet) (Low Pass 
Filtered Event Series or LPFES) by low 
pass filtering. See text. 
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A simple way to construct a function M(t) passing through the dots in Fig.lfa con

sists of linear interpolation between successive dots (dashed line); the function 

m(t)=dM(t)/dt has a constant value between events and is proportional to the IHR 

function of Fig.lc (drawn line). When the IHR signal is fed into the IPFM model, 

the output of the integrator reaches threshold at times t k, due to the equality of 

all areas under the curve between successive events tk_l and tk. So the IHR func

tion is consistent with the IPFM model: if used as the input of this model, the or

iginal event series appears at the output. Therefore we consider the IHR signal to 

be an acceptable approximation of the "true" m(t), the autonomic neural influence 

on the pacemaker. 

Another way to reconstruct the function M(t) from an observed event series, is by 

the use of step-functions as shown in Fig.4b. Both the dashed step-function, which 

seems to lag behind the true M(t)-signal, and the dashed-dotted line, which seems 

to lead M(t), produce an identical m(t)-signal consisting of a train of 

delta-functions, similar to the signal shown in Fig.2C; again, if the latter signal is 

used as input of the IPFM integrator the series of Fig.la emerges. Thus a rela

tionship exists between the IPFM model and the representation of an event series 

as a train of delta-functions. 

The Low Pass Filtered Event Series (LPFES, section 2) is also related to the 

IPFM model. It is known that the LPFES, derived from the output signal from an 

IPFM model, resembles the input signal m(t)=mo+m 1 (t) if two conditions are met 

(Bayly,1968; Coenen et al., 1977; Chapter If, or DeBoer et al., 1985a). First, 

ml(t) must be band-limited (i.e. the amount of modulation may not vary too quick

ly), and second, m 1 (t) must be much smaller than mo (i.e. slight modulation and 

consequently a rather constant heart rate). _ Under the stated conditions the LPFES, 

used as input of the IPFM model, will almost exactly reproduce the original 

spike-train. The operation of converting a continuous signal m(t) into a spike-train 

p(t) using the IPFM model, followed by low-pass filtering to produce the LPFES 

m'(t) is illustrated in Fig.lfc. 

None of the other representations in Figs. I or 2 is consistent with the IPFM model. 

2.5 The Instantaneous Heart Rate (IHR) signal 

To illustrate further the adequacy of the IHR signal in retrieving the modulating 

function m(t), we show in Fig.5 the DHR and the IHR representation of the output 
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Fig.2-5a Input signal m(t) of an IPFM 
model with threshold T=l. At time t::O, 
m(t) is increased temporarily. 
Fig.2-5b Two examples of output signals 

(event series) belonging to the input sig

nal m(t) of Fig.5a. Note that an input 
signal of an IPFM model may lead to 
many different event series, depending on 
the time of occurrence to of the first 

event. Here: to=-1.5 s and to=-2 s for 
the upper and lower event series, respec
tively. 

Fig.2-5c Calruated Delayed Heart-Rate 
(DHR) representation of the two event 
series of Fig.5b (dashed lines; the line 
types correspond with the ones in 
Fig.5b). Drawn line: mean of the two 
DHR signals. Heavy line: input signal 
rn(t) (as in Fig.5a). Note the asymmetry 
and the delay in response. 

Fig.2-5d Similar as Fig.5c, but now the Instantaneous Heart-Rate (IHR) 
signals are calculated. The mean IHR signal (drawn) is a fair approx
imation of the input signal m(t) (heavy line). 

signal of an IPFM model. We assume m(t) to be the signal in Fig.5a; at time t=O, 

m(t} increases for a short period of time. This may be due to an external stim

ulus, causing a prompt but temporary withdrawal of parasympathetic influence from 

the pacemaker. Two possible series of events, produced by the signal of Fig.5a, 

are shown in Fig.5b. Our point is: how well can m(t) be retrieved from these 
event series ? 

The dashed lines in Fig.5c are the two DHR signals, belonging to the event-series 

of Fig.5b; the drawn line is the mean of the DHR signals. The heavy line is m(t). 

In a similar way Fig.5d shows the IHR signals (dashed lines) and the mean IHR sig

nal (drawn). The input signal m(t) is well retrieved using the IHR signal, even 

when averaging only two event series. The DHR signal is noticeably delayed and 

its shape is different from m(t). Due to the asymmetrical shape of the DHR sig

nal, a mere shift of, say, one second of this signal does not suffice to recover the 

original shape of m(t). 
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The change in the IHR signal can slightly precede the change in the input signal 

m(t) when m(t) changes during an interval (Fig.5d). This is because the IHR signal 

reflects the shortening or lengthening from the start of the interval concerned. 

The anticipation is limited to one interval at the most. The DHR signal is always 

delayed in respect to the change in m(t). 

In appendix 2 we give an analysis of the response of the DHR signal, the IHR sig

nal and the LPFES signal to a sudden step in m(t). 

Hyndman and Mohn (l975b) included a refractory period in the IPFM model, during 

which the input signal m(t) has no effect. This amounts to the assumption that in 

the cardiac pacemaker the autonomic influence arriving during the refractory period 

does not affect the interval length. However, though the effectiveness of the au

tonomic influence in shortening or lengthening the interval varies throughout the 

cardiac cycle, no such insensitive period exists (Brown and Eccles,1934j Levy et 

al.,1970). Therefore the inclusion of an insensitive period in the IPFM model does 

not seem to be an improvement. 

One is tempted to equate the autonomic influence as represented by m 1 (t) in Fig.3a 

directly with the amount of nerve spike activity along the sympathetic and para

sympathetic (vagal) nerves. It should be realized, however, that a delay exists 

between a change in neural activity and the first cardiac cycle length affected. In 

the dog the delay is about 0.2 s for vagal and 2 s for sympathetic influence 

(Warner and Russell, 1969; Levy et al., 1970). Recently similar latencies were 

described in man (Borst and Karemaker, 1983). Hence the signal m 1 (t) is hardly 

delayed in respect to the vagal influence, which causes the phasic heart rate res

ponses, butis roughly two heart beats late in reproducing the sympathetic influence 

(tonic response). Especially in the study of fast heart rate responses (within a few 

seconds after a stimulus), the sympathetic influence can often be neglected and al

most no delay will be observed. 

Rompelman and coworkers (1977) introduced a modified IPFM model. They consi

dered an interchange of the signals m(t) and T in the model of Fig.3a; this leads 

to a model exhibiting a constant rate of integration 1/T towards a varying thres

hold m(t). When the signal of Fig.le (Instantaneous Interbeat Interval, lIBI) is used 

as input signal m(t) for this model, the event series of Fig.la is reproduced once 

again. Thus the interval function is consistent with the modified IPFM model. 

However, cardiac pacemaker cells (and also nerve cells) are known to have rather 
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constant thresholds (Fig.3b). Therefore variations of interval length are more likely 

due to a fluctuating rate of rise of the membrane potential (YPFM model) than to a 

varying threshold (modified IPFM mode!). Consequently, we prefer the IHR signal 

to the UBI signal. 

The common use of heart rate rather than interval in clinical practice as well as 

by most authors of heart-rate variability studies seems indeed justified. However, 

to comply fully with the IPFM model, the heart-rate value should be plotted from 

the beginning of the interval (IHR) rather than from the end (DHR) as is usually 

done. 

2.6 Discussion 

In this chapter we compared a number of techniques that convert a series of heart 

beats, considered as an event series, into a more tractable signal. We concentrated 

on techniques that are simple in concept and that lead to signals which are easily 

obtained from the event series. When a purely descriptive approach is used, many 

possibilities exist (Figs.l and 2). However, we recommend the use of a representa

tion that is related to a physiologically plausible model for the genesis of event 

series. 

The analogy between the cardiac pacemaker and the Integral Pulse Frequency Modu

lation (IPFM) model (Fig.3) should be discussed. The IPFM model transforms a con

tinuous input signal (autonomic neural influence on the pacemaker) into a series of 

events (heart beats). In many cases this input signal (the autonomic influence) will 

be the parameter of interest. Therefore we examined which of the heart-rate var

iability signals shown in Figs.l and 2 are consistent with the IPFM model and hence 

are to be preferred for the description of heart-rate variability. (In appendix 1 

some further comments are made on the use of the IPFM model for the description 

of heart-rate variability.) 

Only three of the signals in Figs.l and 2 reproduce the original event series if they 

are used as input of the IPFM model. Hence only these three signals can be consi

dered as approximations of the neural autonomic influence, governing the heart 

rate. 

The representation of spikes as mathematical del ta-functions (Fig.2c) is in accor

dance with the IPFM model, but is for many purposes as awkward as the original 

spike train and is visually not attractive. However, when a more elaborate analysis 
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of the heart-rate data is performed, these disadvantages need not be important any 

more. Indeed, this representation is appropriate for the use of spectral analysis 

methods (Chapters 3 and 4, or DeBoer et al., 1984, 1985a). 

The Low Pass Filtered Event Series (LPFES, Fig.2d) is largely consistent with the 

IPFM model (see Fig.4c). The LPFES seems an attractive approximation of the au

tonomic influence because it is a smooth function of time. However, it has two 

important drawbacks: it is not easily computed from the event-series signal, and 

the nOll-causal filtering procedure implies that the effect (e.g., a rise in heart rate) 

may seem to precede its cause (a stimulus) by a large amount, especially if the 

rise is fast (see appendix 2). 

The Instantaneous Heart-Rate (IHR) signal (Fig. Ie, drawn line) is a step-like signal 

of which the value between two beats is equal to the inverse length of the inter

beat interval. This signal is consistent with the IPFM model and may hence be 

used as an approximation of the neural influence on the cardiac pacemaker. For 

the standard Delayed Heart-Rate (DHR) signal the rate value is plotted after the 

completion of the interval, but for the IHR signal it is plotted during the interval 

concerned. The signal can easily be obtained from an event series (though not on 

line). The IHR signal, being defined at each moment, is accessible for all signal 

analysis methods (e.g., averaging, see Fig.5d). This is an advantage compared with 

descriptive methods in which a heart-rate value is only defined once per second or 

once per beat (Graham, 1978b). If, for special purposes, one heart-rate value per 

second must be found, we suggest the use of the mean IHR value over this period. 

This is equivalent to the rate in beats/sec as advocated by Graham (I 978b) 

If one needs to average phasic heart-rate responses to repeated stimuli such as 

standing up or respiration, ensemble averaging of the IHR signals is, thanks to the 

IHR's link with the IPFM model, better justified than averaging the standard (dela

yed) heart-rate signals or the interval series. Likewise, the time-averaged IHR sig

nal is the most logi'cal choice when a descriptor of the mean heart rate over a 

period is needed. It is easy to see that the time-averaged IHR signa! is simp! y the 

number of beats in the considered period, thus agreeing with the usual measure of 

"beats per minute". 

A final, practical advantage of the IHR signal over the DHR signal is in the repre

sentation of trigger-artefacts or extrasystoles (occurring even in healthy persons). 

This point is illustrated by the example of Fig.6. The ECG in Fig.6a shows a ven-
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tricular extrasystole, followed by a compensatory pause; this amounts to a shor

tened interval, followed by a lengthened one. The DHR signal and the IHR signal 

derived from this ECG are shown in Figs.6b and 6c, respectively. 
The DHR signal is rather unattractive because the high heart-rate value, due to the 

premature beat, lasts during the whole prolonged post-extrasystolic period. The 

IHR signal is the more logical choice, because the raised heart-rate value lasts only 

during the short interval and is easily discerned as an artefact. 

Fig.2-6a ECG with an isolated ventricu
lar extrasystole. 
Fig.2-6b DHR signal, derived from the 
EC(:,i in Fig.6a. Note the excessive im
portance attributed to the high 
heart-rate value caused by the 
short-Iasti~ interval before the extrasys
tole. 
Fig.2-6c IHR signal. In this representa
tion the importance of the shortened in
terval is reduced to proper proportions. 
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A number of potential objections to the use of the IHR signal are pertinent to 

point out. First, it is not possible to obtain the IHR signal on line during an ex

periment since there will al ways be a short delay (one beat). This, however, is of 

little importance when experiments are recorded on tape and analysed afterwards, 

or when a computer is used. Next, the signal is discontinuous at the moments of 

occurrence of an event and seems therefore less attractive as an approximation of 

the hidden modulating signal m(t). The discontinuities are a consequence of the 

fundamentally discontinuous event-series signal under consideration and cannot easily 

be overcome. The linearly interpolated signals in Figs.lb-e (dashed lines) are con-

tinuous, but not in accordance with the IPFM model. Low pass til tering of the IHR 

signal or the delta-train (LPFES, Fig.2d) will remove the discontinuities but is com

putationally complex. Another apparent drawback of the IHR signal is that a 
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change in the IHR signal can slightly precede its cause (e.g. a stimulus; see Fig.5d 

and Fig.Ald). Again, this is a property of the event series signal, which is defined 

only at the instants an event occurs. 

All points considered, the IHR signal seems to us the most appropriate signal for 

the time-domain description of heart-rate vaiability data. The signal is consistent 

with the IPFM model, and if one accepts this model as a valid description of the 

cardiac pacemaker, the IHR signal can thus be considered as an approximation of 

the autonomic influence on the pacemaker. The IHR signal, having no delay in 

respect to the original event series, is especially useful in establishing correct tim

ing relationships between the event series and other signals. In addition, the signal 

is easily obtained from the experimental data. 
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2.Al Appendix 1: A few additional remarks concerning the applicability of the 

IPFM model and the IHR signal for the time-domain description of heart-rate varia

bility 

a. In the IPFM model, variations in heart rate are due only to variations in the 

'rate of diastolic depolarization. However, other physiological causes for a varying 

R-R interval include changes of the length· of the action potential, of the 

.atrio-ventricular conduction time (P-R interval), of the threshold value of the excit

able cells, and of the value of the maximal diastolic potential. 

b. The sensitivity of the cardiac pacemaker for neural -- and especially vagal-

information varies throughout the cardiac cycle, but is constant in the IPFM model. 

Also, the effect of a vagal volley on second and subsequent beats is nil in the 

IPFM model. However, both in the cat (Brown and Eccles, 1934) and in the rabbit 

(Karemaker, 1980), the vagal effect lasts for several beats (but the length of these 

beats is much shorter than in man). 

c. It may seem somewhat bizarre that a continuously defined signal is sought to 

resemble the elusive signal m(t), which in the body consists of a spike-train along 

the sympathetic, accelerating nerves, together with a counteracting spike-train 

along the vagal, decelerating nerves. However, continuous signals are conceptually 

easier, and we first of all wanted to present a conceptually attractive description 

of heart rate variability. 

d. A simple argument exists to prove that neither IHR signal nor LPFES signal 

lead or lag in comparison with the original spike-train: if the direction of time is 

reversed, both signals do not change. 

e. Finally: a difference between DHR signal and IHR signal, and hence a prefer

ence for the IHR signal, exists only if one is interested in short-term heart-rate 

variability. If the time-scale is in tens of seconds or in minutes, the distinction 

between DHR and IHR becomes irrelevant. 
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2.A2 Appendix 2: Response of the DHR signal, the IHR signal and the LPFES sig

nal to a sudden step in m( t) 

We show the response of the various heart-rate variability signals to a sudden in

crease (Fig. A la, drawn line) or decrease (dashed line) of the input signal m(t) of an 

IPFM model by 50%. (It should be realized that the IPFM-model, not being a linear 

system, is not fully characterized by its response to a step input.) The change of 

the input signal is taken at the time t=O. Examples of event series generated by 

these input signals are shown in Fig.Alb. 

Fig.Ale shows the calculated standard (Delayed) Heart Rate signal (DHR signal) and 

Fig.A Id the calculated Instantaneous Heart Rate signal (IHR signal). As both the 

IHR signal and the DHR signal depend on the moment of increase or decrease of 

the input signal within the interval, three lines are presented in each case. The 

heavy lines present the mean DHR value (Fig.Alc) and the mean IHR value 

j"" I L. ___________________ ;_;~;,~,_-
! ,! ,! , . ! , ! , I , , , ! I ! , , , I ,! , 

Fig.2-Ala Input signal m(t) of an 
IPFM-model with threshold T =1. At time 
t=O, m(t) is suddenly increased (drawn 
line) or decreased (dashed line) by 50%. 
Fig.2-Alb Examples of output signals 
(event series) belonging to the input sig
nal m(t) of Fig.Ala. The upper one is 
for an increasing, the lower one for a 
decreasing input signal. 
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t-----~:.,-..::::-_:::------------
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time (5) 
Fig.2-Alc CalOJlated Delayed Heart Rate 
(DHR ) .representation of event series be

longing to the increased (drawn line) and 
decreased (dashed line) input signal of 
Fig.Ala. Heavy lines: mean DHR sig
nal, i.e. the ensemble average of many 
responses to a step change in m(t). 

r j: · :: ~--._"m .. _ ....... ___ u.~uu 
, " ,! , • I • ! ! ! I , , ! , I , , , , 

-2 -1 0 1 2 3 

Fig.2-Ald Similar as Fig.Alc, but now the Instantaneous Heart Rate 
signal (IHR signal) is calculated. The timing of the response corres
ponds with the input signal. 
Fig.2-Ale Average response of the LPFES signal (light lines) to a sud
den positive or negative step of m(t) (heavy lines). 
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(Fig.Ald) which result when many heart rate responses to a sudden change in the 

modulating signal are averaged. It is assumed that the jump in m(t) occurs with 

equal probability throughout the interval. The lighter lines in Figs.Alc,d represent 

the range of single responses to the jump in m(t). In addition, the DHR signal and 

the IHR signal as obtained from the event series of Fig.Alb are shown 

(step-functions). The mathematical formulae used in the calculation of the curves 

in Figs.Alc,d are given in section 2.A2.1. 

The change in the IHR signal (Fig.Ald) can slightly precede the change in the input 

signal m(t). This happens if during an interval a stimulus is given which immedi

ately shortens the interval. The IHR signal reflects this shortening from the start 

of the interval concerned. The DHR signal is always delayed in respect to the 

change in m(t). 

From Fig.AI it is dear that the original modulating signal m(t) cannot be retrieved 

by simple averaging of the IHR or DHR signals. However, for less abrupt changes 

of m(t) than shown in Fig.Ai the IHR signal approximates the input signal more fa

ithfully (d. fig. 5). 

The averaged step response of the LPFES signal is the low pass filtered step itself, 

which for fmax=0.5 Hz is: I: 
LPFES(t) = I .±. 0/4 + O/21T) of (sin( cP )f <p) d ~ , 

with the sign corresponding with the sign of the step. This function is shown in 

fig.Ale; the drawn and the dashed heavy lines represent m(t) for a posi tive and a 

negative step, respectively, and the light lines are the average LPFES-signais. The 

response is symmetrical around t=O s. It differs appreciably from the step from 

t=-1.5 still t=1.5 s, which is a drawback for the use of the LPFES signal in the 

time-domain description of heart-rate variability. 
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2.A2.1 Derivation of expressions for the IHR signal and the DHR signal, when the 

input signal is suddenly changed 

a. The IHR signal 

Without loss of generality we set the threshold T of the IPFM-model equal to 1. 

In addition we take m(t}:1 for t<O and m(t)=a for t>O; thus a=1.5 and a=0.5 cor

respond to the two cases shown in Figs.A1. Our notation is illustrated in Fig.A2a. 

Let to be the start of the first interval affected by the change of m(t) (-1<to<0) 

and let tl be the end of it (0<t1 < 1/a). The values to and t1 are connected by 
J /;I 

the defining equation of the IPFM-model: t m(t)dt:l, or -to+at1=1. The Instan-
• 

taneous Heart Rate signal -- thin line in Fig.A2a -- is a function of both the time 

t and to: 

IHR(t,to) 

IHR(t,to) = 

IHR(t,to) = a 

I 

1/(t1-to) = a/(l-to(a-1» 

for t <: to 

for to <: t <t1 =(to+l)/a 

for t > tl 
The extremes of this function for a fixed value of t are for -1<t<0: I if to'>t, 

and a/(1-t(a-1}) if to=t. For O<t<l/a the extremes are: 1/{I-t(a-1}) if t1 =t, and 

a if t1<t. These minimum and maximum values are shown in Fig.AId (thin lines). 

If to is assumed to be uniformly distributed between -1 and 0, the mean value (en

semble average) i'HR(t) becomes: 

For -1<t<0: 0 t 0 

IHR(t) = J IHR(t,to)dto = r a/O-to(a-l))dto + If dto = 

-I ~l -t + (a/(a-1)). 10g(a)-log(l-t(a-1)). 

For 0 < t < l/a: Q~_I 0 

IHR(t) = f a.dto + t r a/O-to(a-l))dto = a2t-(a/(a-I)).log(a-at(a-l)) 
-I Q -I 

For t<-1 and t>l/a, IHR(t) is equal to 1 and a, respectively. The value of IHR(t) 

is shown in Fig.Ald for a=1.5 (drawn heavy line) and for a=0.5 (dashed heavy line). 

a 

1 

-1 0 Va 

a 

_t 

Fig.2-A2a Orawing of m(t) (heavy line) 
and of an exemplary IHR signal to expla
in the notation as used in this Appendix. 
The value of m(!) jumps from 1 to a at 
time t=O. to is the start of the first in
terval affected by the change in m(t). 
tl is the end of this interval, t2 of the 
next one. 
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b. The DHR signal 

In the derivation of similar formulae for the Delayed Heart Rate signal two succes

sive intervals must be considered (see Fig.A2b). to and t 1 are defined as in the 

preceding, but now the time t2 (end of the interval starting at t 1) comes also into 

play (1/a<t2 <2/a). The DHR signal reflects the change in heartrate from the 

time tl. Relationships between the points of time to' t 1 and t2 are -to+at 1 =1 and 

t2=tl +1/a. The DHR signal -- thin line in Fig.A2b) -- is a function of t and to: 

DHR(t,to) = 1 for t < tl 
DHR(t,to) = 1/(tl-to) = a/O-to(a-l)) for tl < t < t2 

DHR(t,to) = a for t >t2 

Extremes of the DHR function -- thin lines in Fig.Alc -- for a fixed value of t 

are for O<t<l/a: 1 if tl>t, and l/(l-t(a-l)) if t1=t. For l/a<t<2/a the ex

tremes are: 1/(l-(t-1/a)(a-1» if t2=t, and a if t2<t. The extreme values are 

shown in Fig.A lc (thin lines). 

The mean value DHR(t) is: 

For 0 < t < l/a: 0 ~t-I 0 

DHR(t) = f DHR(t,to)dto f a/O-to(a-l))dto +Q-t.!dto = 
-, -I = I-at - (a/(a-l))log(l-t(a-l)) 

For l/a < t < 2/a: 
",#;-1 0 2 

DHR(t) = -l ad to + tAt.J a/O-to(a-l))dto = at -a + (a/(a-l))log(l-(at-2)(a-1)) 

For t<O and t>l/a DHR(t) is equal to 1 and a, respectively. DHR(t) is shown in 

Fig.A lc for a=l.5 (drawn heavy line) and a=O.5 (dashed heavy line). 
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'+6 

b 

_t 

Fig.2-A2b Drawing of m(t) (heavy line) 
and of an exemplary DHR signal. The 
DHR signal changes at t=t1' and it has a 
constant value l/a from t=t2. 



Chapter 3 

Comparing spectra of a series of point events, 

particularly for heart-rate variability data 

In this chapter we describe and compare different methods that are used to calcu

late a heart-rate variability spectrum. 

3.1 Abstract 

Different methods for the spectral analysis of the heart-rate signal -- considered as 

series of point events -- are used in studies on heart-rate variability. This chapter 

compares these methods, focussing on the two principal ones: the Interval Spec

trum, i.e. the spectrum of the interval series, and the Spectrum of Counts, which 

is related to the representation of the event series as a series of spikes 

(delta-functions). Both autospectra are estimated for experimental heart-rate data 

and are shown to produce similar results. This similarity is proven analytically and 

it is shown that for small variations in interval length the ratio of these spectra 

PI(f)!PC(f) equals (sin(1T'fi)!(1Tfi»2, with PI and Pc the Interval Spectrum and the 

Spectrum of Counts respectively, f the frequency and i the mean interval length. 

It is concluded that both autospectra are equivalent for the considered heart-rate 

data but that, when relating the heart-rate signal to other signals (e.g.~ respiration, 

blood pressure) by means of cross spectra, the technique to be used depends 'on the 

characteristics of the second signal. 

3.2 Introduction 

In the study of heart-rate variability many authors have used spectral analysis 

methods (for a survey see Chapter 1.5). For data from man (Sayers, 1973) as well 

as from dog (Aksel rod et al., 1981) and cat (Chess et al., 1975) three peaks in the 

spectrum are usually distinguished. One peak is due to respiration, for man around 

0.3 Hz. Often a peak at approximately 0.1 Hz is found, which seems related to 

the 10 seconds waves as seen in the blood pressure (Schweitzer, 1952). A peak at 

still lower frequencies is attributed to properties of the thermoregulatory system. 
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The technique for spectral analysis of heart-rate data is not straightforward, 

however; the successive heart beats must be considered as a series of events and 

different methods can be used for the estimation of spectra from such signals. In 

this chapter we present a survey and a comparison of the different spectra that 

can be defined. The emphasis is on data from heart-rate variability studies. 

Characteristics of these data are: (i) the variation of interval lengths is much 

smaller than the mean length and (ii) the variation of lengths is more or less regu

lar (e.g., due to respiratory influences). 

In section 3.3 we discuss the three types of spectra that are used in heart-rate 

variability studies. In section 3.4 we compare the interval spectrum and the spec

trum of counts (Cox and Lewis, 1966), which seem to us the most interesting ones. 

In section 3.4a both spectra are estimated and compared for the same sets of 

heart-rate data and in section3.4!J we prove analytically the similarity of the two 

kinds of spectra for this type of data. In the conclusion we discuss under what 

conditions each of the two spectra is most useful. 

3.3 The power spectrum of a series of point events. 

Standard Fourier analysis, i.e. the decomposition of a signal in sinusoids, is not 

possible for a series of point events. Hence, a power spectrum for such a series 

must be defined in a different way. In heart-rate variability studies the following 

three approaches are used to arrive at a useful concept for a spectrum of a point 

precess. 

a) A signal that is defined at all times is derived from the point event series 

(fig.la). Several possibillities exist (Chapter 2, or DeBoer et al., 1985b), e.g. the 

transformation of the event series into a heart-rate signal, fig.lb. The spectrum of 

the signal is estimated by equidistant sampling followed by a Discrete Fourier 

Transform. A number of authors have used this approach (e.g., Kobayashi and 

Musha,1982; Luczak and Laurig, 1973; Mulder and Mulder, 1973; Pomeranz et 

al., 1985; Womack, 1971). A disadvantage of this method is that the signals de

duced from the point event series are often not differentiable and sometimes not 

even continuous (d. fig. 1 b). This causes spurious contributions in the spectrum, in 

particular in the higher frequencies. It is also a moot point that different proce

dures are used to derive a signal from the series without a clear preference. This 

calls for a more canonical definition of a spectrum. 
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In the literature on stochastic point processes two different spectra are defined: 

the interval spectrum and the spectrum of counts (Cox and Lewis, 1966; Cox and 

Isham,1980; DeKwaadsteniet,1982). Both spectra are used in heart-rate variabili

ty studies and will be discussed in the following. 

b) The interval spectrum is the spectrum of the series of intervals spaced equidis

tantly (fig.ld. Standard procedures for spectral estimation (e.g. computation of 

the periodogram) can be used. Several authors presented heart-rate variability 

spectra in this way (Chess et al., 1975; Mohn, 1976; Sayers, 1973 and 1980). In 

a similar way a heart-rate spectrum is defined as the spectrum of equidistantly 

spaced inverse intervals (fig.ld; Mohn, 1976). 

As the interval series is a function of interval number and not of time, the spec

trum is a function of frequency in "cycles per beat" instead of the usual "cycles 

per second" or Hz. In section 3.4b it is shown that the spectrum may be inter

preted in terms of frequency in Hz if the "cycles/beat" are transformed in 

"cycles/second" by considering the length of the beat to be equal to the mean in

terval length i. 

Fig.3-1a Event series representing !!I 
R-waves of the ECG. _t" 

lime : 
Fig.3-1b Heart-rate signal derived from 

1 r the event series in Fig.la. b I 1/1 
Fig.3-1c Interval series derived from '/1 j • I' 
Fig.la. The Discrete Fourier Transform 

H I 
lime 

of this signal leads to an estimator for c 

II' I the interval spectrum. 
Fig.3-1d Series of inverse intervals, lead- , • , _4_k 
ing to the heart-rate spectrum 

HI. I Fig.3-1e In this figure the events of d 

VI fig. I a have been replaced by spikes I' 
(delta-functions); the spectrum of this 1 • -4_k 

signal gi ves the spectrum of counts. 
e 

10 I, 12 I, _ I. 
lime 
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Some authors presented their resul ts as a function of "cycles/beat" without a trans

formation in "Hz": Lisenby et al. (1969) invented the term "beatquency" analysis 

for such a frequency analysis, while Haddad et al. (1984) defined "one cycle/beat" 

as "one Hz", which is somewhat confusing. 

Note that the interval spectrum of a fully regular process (all intervals equal) con

sists solely of a DC-component. 

c) The spectrum of counts is also used in the statistical analysis of series of 

events. This spectrum can be estimated by a straightforward calculation of the 

sp~trum of the signal in fig.le, where the events (fig.la) have been replaced by 

del ta-functions (Cox and Lewis, 1966). Thus the signal is described as 

p(t) = 2 b(t-tk), where tk is the time of the k-th occurrence of an event. For k _ 

equal intervals I = tk-tk_l the spectrum of counts consists of an infinite series of 

delta-functions, spaced at distance 1/1 along the frequency axis. Usually one is 

only interested in frequencies much lower than the mean repetition frequency of 

the events, so only the low-frequency part of the spectrum needs to be considered. 

Two different approaches for the estimation of this part of the spectrum have been 

proposed: 

- The signal is passed through an ideal low-pass filter with cut-off frequency 

fmax; this is equivalent to convolution of the signal p(t) with the function 

sin(21Tfmaxt)/(1T"t) and amounts to replacing each deltafunction at time tk by the 

function sin(2"fT'f max(t-tk»/(1T(t-tk»' The result is a continuous signal which was 

named the Low Pass Filtered Event Series or LPFES (Hyndman and Mohn, 1975b). 

This signal is sampled and the spectrum is calculated by a Digital Fourier Trans

form. An efficient algorithm was published by French and Holden (1971); see also 

Peterka et al. (1978). (The French-Holden algorithm is discussed in Appendix A2). 

Coenen et al. (1977) described a hardware device to perform the convolution. 

- The interesting (i.e. low-frequency) part of the spectrum PC(£) of the signal 

p(t) can also be computed directly, using as estimator: 

{ 
NI 2 NI 

Pc(f) = ~! [fp(t).COS(2~ft) dtJ + r~p(t) .sin(2~ft) 
1 {o N-l 2 N_ro 21 
NI [to cos (2"fT'ftk )] + [to sin (21Tftk l] I (1) 

with N the number of intervals in the period of observation and I the mean inter

val length (Rompelman et al., 1982). 
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Munemori et al. (1982, 1984) estimated the spectrum of counts with the formula: 

P'(f)=~{N Nl + ••• 

This formula requires of order N2 evaluations of the cosine-function per spectral 

estimate, whereas eqn.1 above requires only of order N evaluations. The formulae 

are completely equivalent, as can be seen using trigoniometrical identities, and 

hence eqn.l is to be preferred for practical computations. 

As the spectrum of counts and the interval spectrum are the most common spectra 

in the study of point event series, we concentrate on these spectra in the follow

ing. 

3.4 Comparison of the interval spectrum, the heart-rate spectrum and the spectrum 

of counts of a point process. 

In this section we present experimental and theoretical comparisons of the interval 

spectrum, the heart-rate spectrum and the spectrum of counts .. of ,series of point 

events. Heart-rate data are used in the examples and we are concerned only with 

series in which the spread of interval lengths is small. 

3.4.1 Experimental comparison of the spectra. 

For fig.2 we used 940 successive heart intervals, derived from the R-waves in the 

electrocardiogram of a healthy young person, breathing freely. The first 400 inter

vals are shown in fig.2a. The mean interval length was 0.93 s. Similar data when 

breathing at a fixed rate of 0.16 Hz are shown in fig.3a (340 intervals with a mean 

of 0.94 s). From these data we calculated the interval spectra (figs.2b,3b), the 

heart-rate spectra (fig.2c,3c) and the spectra of counts (figs.2d,3d,3e) in the follow

ing way: 

- The interval spectrum PI(£) was estimated by the periodogram using a Fast 

Fourier Transform. The intervals Ik were first normalized as Ii< = (Ik-i)/i, i being 

the mean interval length. We added zeros to achieve 1024 datapoints (zero-padding) 

and divided the spectral values by 0.875 to compensate for the 10% cosinus taper 

that was used (Bendat and Piersol, 1971; see also appendix 3.A 1 for more details 
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Fig.3-2a 400 heart intervals from a heal
thy young person, breathing freely. 
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Data from ECG 
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Fig.3-2b Interval spectrum calculated 

from 940 intervals (fig.2a shows the first 
400). The spectral values are smoothed 
(see text). All spectra presented are 
amplitud~spectra, i.e. the square root 
of the power-spectra. 
Fig.3-2c Heart-rate spectrum (spectrum 
of inverse intervals) 
Fig.3-2d Spectrum of aJlDlts in the range 
0-0.5 Hz. 

on the spectral estimation procedure we used). The frequency axis was scaled by 

considering the intervals to be spaced at distances equal to the mean interval 

length i (Sayers, 1973). So frequency-values in Hz were obtained and, as the effec
tive sampling frequency is l/T, the maximum frequency in the spectrum is 1/2i 

(0.54 Hz and 0.53 Hz for figs.2b and 3b, resp.). This procedure will be justified in 

section 4.2. 
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Thus the periodogram was calculated as: 

1 21 * PI (f) = --0- . S (f). SI (f) 0.875 N I 
(2) 

l~~exp(-21r ifki) for f = 0, I/O 024.i),2/0 024.i), .. ,1/(2.i). 

No frequency smoothing was performed in fig.3b, while a 27 point rectangular win

dow was used in fig.2b (equivalent to a 25 point window for the unpadded data). 

PI(f) is the power spectrum; in all figures we show the amplitude spectrum 

(P(f»1/2 to stress the higher harmonics. 

- The heart-rate spectrum was calculated in the same way, but now the inverse 

interval values were used. 

- The spectrum of counts PC(£) was calculated using a slightly modified version 

of eqn.(l). The mean value was substracted from the signal p(t) = 25 (t-tk); in 
- I( 

addition we gave each spike an impulse content equal to I, so the signal to be 

transformed becomes dimensionless: p'(t) = 2. i-& (t-tk) -1. The subtraction of 
k 

the mean value removes the large DC-component and its side lobes from the spec-

trum. A factor two was added as we only consider positive frequencies. PC(£) was 

thus computed as the transform of p'(t): 

= 2f J r~l cos(211" ftk) - sin("1'I' fNi).cos( "!r f(N-Oi)/(1T fN'i)12 + 
N 1 Lk=O 'J 

(~~ sin(21Tftk) - sin(11' fNi).sin(1f f(N-I)I)/(1r fNi8 2 } (II) 

In figs.2d,3d (Pc<ml/2 is presented up to 0.5 Hz for frequencies at distance 

0.00 I Hz apart. In fig.2d a 27 point rectangular window was used to smooth the 

spectrum. The width of this window is thus equal to the one used in fig.2b. 

Whereas the interval spectrum -- being a Digital Fourier Transform - is periodical 

and limited in frequency-range, the spectrum of counts is not. This is shown in 

fig.3e, where the spectrum of counts up to 2.5 Hz is presented at distances 

0.005 Hz (no smoothing). The mean repetition frequency of the heart-rate signal is 

apparent from the large contributions to the spectrum around 1.06 Hz and 2.13 Hz 

(the mean interval length being 0.94 s). 

It is striking that figs.2b,c,d are rather similar. In all cases the spectrum consists 

of a low frequency component, a peak around 0.1 Hz and a peak in the region of 
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Fig.3-3b Interval spectrum calculated from the data of fig.3a. This 
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and around twice this value (2.12 Hz). 
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the mean breathing frequency (0.25 Hz). For frequencies above 0.2 Hz the spec

trum of counts is somewhat larger than the other ones. The spectra in figs.3b,c,d 
contain only contributions at multiples of the fixed respiratory frequency (0.16 Hz). 

The higher harmonics are more pronounced in fig.3d than in fig.3b,c, but the 

difference is small. The peaks in the interval and heart-rate spectrum appear to 

be slightly wider than the ones in the spectrum of counts. In the next section we 

explain why the spectra are so similar for these data. 

3.4.2 Analytical comparison of the spectra. 

How is it that the spectrum of counts, the heart-rate spectrum and the interval 

spectrum are so similar in shape for the data presented in figs.2,3 (d. Mohn, 1976, 

fig.4)? To answer this question, we compare in the following the crude estimators 

for the interval spectrum and the spectrum of counts. 

The interval spectrum -- or rather the spectrum of normalized intervals Ik/T -- is 

estimated by the periodogram 

P1(f') = (21/N),CI(f')/i.cf(ft)/i = (2/Ni).C1(f').cf(ft) 

with 

CI(f') = I Ik.exp(-21r if'k) for f' = 0, 1/N, .. , 1/2. 

All summations are to be taken from k = ° till k = N-l. We Pl,1t f = f'/I (f = 0, 

I/NI, .• , 1/21), so 

C1(f) = }: IkexP(-2lT ifki). 

The spectrum of counts is estimated as 

P C<f) = (2/Ni).cC<f).C~(f) 
with 

CC(f) = '2 I.exp(-21T iftk) 

From these expressions the similarity of the spectra is not evident at first sight. 

The next analysis shows under which conditions the spectra are alike. We put 

tk k.l+ & k' so Ok is the deviation from a regular train and 

Ik = tk-tk_l = I+bk-~k-l' We assume that the deviations &k are sinusoidally modu

lated: b k = ~ .sin(27rkf mT+f), with fm the modulation frequency {fm< 1/21). This 

implies a sinusoidal modulation of the ~ntervals as well: 

Ik = i+ 2b.sin(lrfmI).cos(21T (k-l/2)fmI+cp)· 

Using the complex representation for Ok we find for the interval spectrum (with 

& k = [) .exp(2 Tf ikfmI+if) ): 
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CI(f) =:2 i.exp(-21TifkI) + z: (~k-bk_l).exp(-21rifkI) (3) 

L I.exp(-2 'Tr ifkI) + &.exp(i~)rl-exp(-21r ifmI) J. l". exp(21r ik(fm-f}i) 

The amplitude of the first part of this expression (DC-component) is: 

I·l (1-exp(-2ii ifNI)'(l-exp(-21T ifi») I = I.sin(""1T fNI)/sin(1T fi) 

This is equal to N for f = n/i (n = 0, 1, 2, .. ) and remains finite for N-+oO for all 

other frequencies. The contribution of the DC-term will be neglected in the fol

lowing as it can easily be removed by subtracting the mean from the interval va

lues. 

The second part of equation (3) contains a similar sum, with (fm-f) instead of f. 

So now: 

CI(f) = NJ.exp(itp)(1-exp(-2lT ifm!» at f = fm' 

while for f =1:fm and N _II() CI(f) remains of order one. Thus the spectrum con

tains a spike at frequency fm as is to be expected. 

Let us now make the additional assumption that S k«i, i.e. the event train is 

rather regular. We obtain for the spectrum of counts: 

Cc(f) = L I.exp(-2 rr if(kI+ ~k» ~ 
I 2 exp(-21i ifki) - 21T iff 2 b k.exp(-2if ifk!) 

i 2" exp(-21T ifki) - 2lT ifiC-exp(icp) L exp(21T ik(fm-fiI) (4) 

The first part of this expression is equal to the similar one in (3) and will be ne

glected as well. So Cc(f) ~ -2Vifmb.iN.exp(if) at f = f m• while for all other fre

quencies in our range of interest and N--,>OO Cc(f) remains of order 1. Taking 

into account higher order terms in ~k in (3), we find harmonics at frequencies 2fm, 

3fm, etc. 

The ratio of the powerspectra at f = fm is PI(fm)/PC(fm) = (sin(TrtmI)/(1T"fmI»2, 

which for slow modulation, i.e. fm« l/i, approximates the value 1. Hence for 

small sinusoidally modulated deviations bk both types of spectra are similar; they 

have a peak at the modulation-frequency fm with relative amplitude~fmT (spec

trum of counts) and 5.sin(-rrfml> (interval spectrum). In case the deviations can not 

be described as sinusoids, a similar resul t holds due to the superposi tion principle 

which may be applied to (3) and (4). 
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The above analysis proves that for slowly modulated event series not too different 

from a regular pulse train, the interval spectrum and the spectrum of counts are 

equal to first order. In the calculation of the interval spectrum the intervals must 

be considered to be spaced at distances equal to the mean interval length I; in 

this way the Interval Spectrum, which is fundamentally a function of "cycles per 

beat", may be considered as a function of "cycles per second" or Hz. 

A similar calculation shows the heart-rate spectrum to be equal to both other spec

tra under the stated conditions. These conditions (slow and small modulation of the 

interval values) are often valid in heart-rate data. 

3.5 Conclusions. 

In this chapter the interval spectrum and the spectrum of counts of heart-rate var

iability data were compared. Both spectra lead to equivalent results (figs.2 and 3). 

We explained this likeness analytically. The spectra were shown to be similar for 

event series that are slowly and slightly modulated. The absolute amplitudes of the 

peaks in the spectra can be compared only if the spectra are correctly scaled, i.e. 

if the spectrum of counts is calculated as the Fourier transform of the dimension

less signal !i. & (t-tk) and if the interval spectrum is calculated as the Digital 

Fourier Transform of the numbers Ik/l, k = O,I, •• ,N-l, which are considered to be 

spaced at distance I. 

The smaller value of the interval spectrum (fig.2b) as compared to the spectrum of 

counts (fig.2d) for frequencies above 0.2 Hz can be explained by the theoretical 

ra tio sin( 11" fi)/( 7T" fI) between these spectra. This ratio has value 0.68 for 

f = 0.5 Hz, which corresponds roughly with the figures. A difference in the ampli

tude of the higher harmonics in the spectra from data with a fixed respiration rate 

(figs.3) is apparent. However, this difference does not lead to a preference for one 

of the spectra, as harmonics may appear in both spectra in various ways and so 

their presence or absence cannot be a decisive criterium. 

For a sinusoidally modulated interval series, i.e. of the form Ik = I+b.sin(21ff mki), 

the interval spectrum consists of one harmonic and the spectrum of counts of many 

(section 4.2). On the other hand, physiological event series are often considered as 

originating from an Integral Pulse Frequency Modulation (IPFM )model (Bayly, 1968; 

Hyndman and Mohn, 1975b; Rompelman et a1., 1982; Chapter 2, or DeBoer et a1., 

1985b). For a sinusoidally modulated input-signal of an IPFM model, the interval 
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spectrum of the generated event series consists of many harmonics, whereas the 

spectrum of counts has a single peak at the frequency of the sinus, plus peaks and 

sidebands around multiples of th~ mean repetition frequency (Bayly, 1968; Mohn, 

1976; Chapter 4, or DeBoer et al., 1985a). Besides, a slightly modified 

IPFM model, e.g. with a refractory period (Hyndman and Mohn, 1975b), produces 

harmonics anyway. Finally, there is little reason to assume the respiratory influ

ence on heart rate to be perfectly sinusoidal, so harmonics of unknown amplitude 

Carl be expected, as well in the spectrum of counts as in the interval spectrum. 

We state that it cannot be decided which spectrum is to be preferred, though the 

spectrum of counts has the advantage of being related to the physiologically attrac

tive IPFM model. In our opinion two questions are of importance in deciding which 

~pectrum to use in heart-rate variability studies: how easily can the spectrum be 

computed, and why is the spectrum needed ? 

As to ease of calculation, the interval spectrum has the advantage that it can be 

computed directly with standard Fast Fourier Techniques; the spectrum of counts 

requires special computer programs (see French and Holden, 1971; Hyndman and 

Mohn, 1975b; Rompelman et al., 1982). The computation times of the two spectra 

need not be too different and will not be prohibitive. We computed for this 

chapter the spectrum of counts in a straightforward but lengthy way, as we first of 

all wanted to stress the fundamental differences and similarities of the spectra. 

Nor th~f1¥me r~~sorn~~ computed th,e spectrum of counts at frequencies 0.001 Hz 

apart in figs.2d and 3d, though probably only values at IfNi apart do contain inde

pendent iflformatiQn (DeKwaadsteniet, 1982, p.35). Besides, if one computes PC(£) 

only ~or frequencies fk = kfNi (k = 1,2,3 •• ), the contribution of the DC-component 

is indescernible, even when calculating the Fourier transform of the signal p(t) 

(eqn.I) instead of pl{t) (eqn.1'). 

Both the interval spectrum and the spectrum of counts are useful if one is inter

ested only in the presence and relative amplitudes of periodicities in the event ser

ies. However, a preference fQr one of the two spectra exists if one wants to 

study relationships between the event-series and another signal. If the heart-beat 

~vent se.ries is .. to be related with a continuous signal like respiration or tempera

ture and one needs cross-spectra or phase-spectra, the spectrum of counts should be 

used as it is the transform of a function of time. The interval spectrum, being 
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the transform of a signal which is essentially a function of interval number, is less 

applicable in this case. However, if one is interested in the relationship between 

heart interval and another variable that is defined on a beat-to-beat basis, e.g. 

systolic pressure, then the interval spectrum is the most logical choice. 

In conclusion: the two described spectra are equally useful if periodicities in the 

heart-rate series are sought. The resulting spectra are similar. A choice between 

the two spectra can be made on grounds of ease of computation. Only if one 

needs to relate these periodicities to another signal, a definite choice for one of 

the spectra must and can be made. 
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3.Al Appendix 1: Some practical notes on the computation of the power spectrum 

We estimated the Interval Spectrum by the periodogram, which was calculated by a 

Fast Fourier Transform (Bendat and Piersol, 1971; Kay and Marple, 1981). Another 

possible approach for the calculation of heart-rate variability spectra is the Auto

Regressive (AR-) method for spectral estimation (Box and Jenkins, 1976), as used in 

HR V studies by various authors (Bartoli et al., 1985; Basel1i et al., 1985C; Cerutti 

et al., 1985; Kitney et al., 1984a,b). The latter method sometimes has a better 

spectral resolution (Kay and Marple, 1981). We stuck to the well-known periodo

gram technique because we needed to calculate cross spectra as well 

(Chapters 6,7), and no standard algorithm was known to us to calculate complex 

cross spectra using the AR spectral estimation technique. In addition, the resolu

tion of the periodogram-approach was sufficient for our purposes. 

A few points of our spectral estimation procedure will be discussed in more detail: 

1. trend-removal, 2. tapering, 3. zero-padding, 4. smoothing and reliability (number 

of degrees of freedom), 5. aliasing, and 6. data-editing. 

1. Trend removal, including subtraction of the mean value, is used to avoid dispro

portionally large contributions in the low-frequency band. This low-frequency power 

can spread into higher-frequency regions, due to the limited length of the data re

cord. For example: if a pure DC-component of value A is present in a record of 

length T, its contribution to the power-spectrum is (A.sin(1ffT)/(lTfT»2. The side

lobes of this contribution will mix with the other components in the spectrum, 

especially if A is large or T is short or both. We removed from the data the 

mean value and a linear trend. 

2. Tapering is used to diminish the amplitude of the side lobes in the spectrum. 

It consists of a mul tiplication of the data-record with a tapering window. We ap

plied a 10 per cent cosine taper after removal of the trend. The variance in the 

data is somewhat decreased by tapering; as the area of the squared tapering win

dow is 0.875 times the area of a rectangular window, this factor 0.875 is needed to 

correct the spectral estimate (see eqn.2). 

3. Zero-padding consists of supplementing the available data-points with 

zero-values up to a full power of two (1024 in our case), in order to permit the 

use of Fast Fourier Transform techniques. Its effect is an apparent increase in 

spectral resolution: 6. f = l/(INtr), with Ntr the number of transformed points (in

cluding padded zeros). To preserve the correct scaling of the spectrum, the perio-
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dogram must be multiplied by Ntr/Nd with Nd the number of original data points. 

4. Smoothing of the raw spectrum is necessary because each spectral estimate has 

only two degrees of freedom (512 spectral estimates are derived from 1024 data po

ints). Hence, some averaging procedure is needed to obtain more reliable esti

mates. Two equivalent possibilities exist: a) Spectra can be calculated over sec

tions of the total data-set, and these spectra are subsequently averaged, or b) the 

spectrum is calculated over the full data-set, followed by averaging of neighbouring 

spectral values (which are now closer to each other than in case a». In this 

chapter we used the second approach with a rectangular averaging window of 

width 2M+1: 

M 
2: P(fk+m)/(2M+1) 

I'YI~-M 

For random noise input, neighbouring spectral values are independent and the 

number of degrees of freedom becomes 2(2M+1). The averaging over (2!\A+1) spec

tral values relates t~ the unpadded data; after zero-padding the averaging concerns 

(2M+1).(Ntr/Nd) values. 

In Fig,A1,2 and in all later chapters triangular smoothing is used: 

11 
= L P(fk+m).(M+I-l m I )/(M+1)2 

-M 
To estimate the equivalent number of degrees of freedom for triangular smoothing, 

a x.2-distribution is assumed for the averaged spectral values P(fk) (Blackman and 
. A 

Tukey, 1958). For random noise input, the expected value of the average is P(fk) 

and the variance is 

M 
P~(fk). L [(M+l-\ml )/(M+1)2F = P~(fk).(2M2+4M+3)/(3(M+1)3) 

-M 
Under the assumption of a chi-square distribution, the equivalent number of degrees 

of freedom OF equals 2x(average)2/variance: 

DF = 6(M+1)3/(2M 2+4M+3) = 3(M+1) + O(l/M 2). 

Hence, the number of degrees of freedom for triangular smoothing is around 7596 

of the number for rectangular smoothing over the same frequency range. An ex

ample may illustrate the calculations involved: if 750 intervals are available (mean 
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value 0.8 s), and if a 31-point triangular smoothing is performed, the number of 

degrees of freedom is 48 and the smoothing extends over a range of 

31x1024/750 = 42.3 spectral values. The spacing between the spectral values is 

.bof = I/(N tr .l) = 0.00122 Hz, and so the width of the smoothing band is 

42.3xO.00122 Hz = 0.052 Hz. Under the stated conditions, two peaks in the spec

trum at a distance much smaller than 0.05 Hz will not be resolved. The 95% con

fidence interval for the spectral values will for 48 degrees of freedom amount to 

(0.7 p(f), 1.5 P(f)) (Jenkins and Watts, 1968). However, this large confidence inter

val does not imply that also the area of spectral peaks can only be determined 

with such limited precision. 

In fig.6-A2 (Chap.ter 6) some examples are given of spectra which are not smo-

othed. 

5. Aliasing will occur in the interval spectrum and in the heart rate spectrum if 

the fnmuency of the interval modulation f mod is greater than the 

Nyquist-frequency f Nyq' which equals half the sampling frequency: fNyq = l/ii. 

0.0400 

0.0200 

0.1 
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Fig.3-Ala Interval spectrum for 
heart-rate data from a subject breathing 
at a frequency (0.48 Hz) which is higher 
than half the heart rate. Due to alias
ing the apparent respiratory peak is at 
0.40 Hz (see text). Mean interval length 
is 1.14 s, corresponding to a heart rate 
of 0.88 Hz = 53 bpm. The standard de
viation is 0.06 s. Horizontal: frequency 
(Hz), vertical: power (s2/Hz) 

Fig.3-A 1 b Spectrum of counts for this 
record. The broken line represents the 
respiratory spectrum. No aliasing. 
(N.B.: Figs.Al,2 show power spectra of 
the intervals Ik, not the amplitude spec
tra of normalized intervals IklI as in the 
rest of this chapter.) 



An example of aliasing is shown in Fig.Ala: the mean interval length is 1.14 S, so 

fNyq = 0.437 Hz, while the subject had a fixed respiratory rate of 0.475 Hz. This 

explains the peak in the spectrum at 0.437-(0.475-0.437) Hz = 0.40 Hz. The spec

trum of counts for the same data set is shown in fig.Alb. This spectrum shows a 

peak at the respiratory frequency (0.475 Hz) and possibly a peak at the sideband 

frequency 0.40 Hz = 1/1.14-0.475. For more examples of aliasing, and for a discus

sion of sideband frequencies in the spectrum of counts, see Chapter 4. 

6. Finally: normal beat-ta-beat differences of R-R intervals in rest are less than 

around 100 ms. Hence important changes of the HRV spectrum are seen if even a 

few hal ved or doubled intervals are present. These may be due to trigger arte

facts, missed beats and extrasystoles. A certain amount of data-checking and 

data-editing is therefore necessary. 

3.A2 Appendix A2: The French-Holden algorithm 

The French-Holden algorithm is an efficient way to transform an event-series signal 

p(t) = t ~ (t-tk) into equidistantly sampled values of its low-pass fil tered version 

s(t) (French and Holden, 1971). These values are needed if one wants to use a 

Fast Fourier Transform to compute the low-frequency part of the spectrum of 

counts. 

The signal p(t) when passed through an ideal low-pass filter with cut-off frequency 

fmax, becomes the sa-called Low-Pass Fil tered Event Series or LPFES (Hyndman 

and Mohn, 1975b): 

s(t) = 2: sin(21T fmax(t-tk»/( 11"" (t-tk» 
k 

If val ues of s(t) are to be calculated at N equidistant values tn = n. A t 

(n = 1,2, •• ,N), a straightforward application of this formula requires N.K 

sine-evaluations and divisions, with K the number of events. French and Holden 

noted that if At is chosen equal to 1/2fmax, the amount of sine-evaluations is re

duced to K, because then: 

sin(21T" fmax(n. A t-tk» = sin(21r fmax(n/2fmax-tk) = (_l)n+lsin(2lrfmaxtk), 

so only one sine-evaluation per spike is needed. The sampled values of the 

LPFES-signal s(t) can thus be described as: 

s(n.A t) = (2fmax/1T") t (_1)n+l sin(2 il"fmaxtk)/(n-2fmaxtk) 

(If tk is such that n = 2fmaxtk' the expression after the summation-sign reduces to 
1r .) 
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Using the French-Holden algorithm and a Fast Fourier Transform, we estimated the 

(power) spectrum of counts up to f max = 0.5 Hz. It is shown in Fig.A2 (dashed 

line), together with the (power) spectrum of intervals (solid). These spectra are 

smoother than the amplitude spectra in Figs.2b,d because of the triangular smooth

ing which we used in Fig.A2. 

A comparison of spectra of counts calculated by means of the straighforward equa

tion 1 and by means of the French-Holden algorithm is given by figs.3c and Alb in 

Chapter 4. 
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Chapter 4 

The spectrum of a series of point events, 

generated by the 

Integral Pulse Frequency Modulation (IPFM) model 

This chapter deals with the relation between the input-signal and the output-signal 

of the IPFM model (Chapter 2), a physiologically attractive model to describe the 

transformation of a continuous signal into a series of point events (spikes). 

4.1 Abstract 

The chapter deals with the relationship between the spectra of the input signal and 

the output signal of the Integral Pulse Frequency Modulation (IPFM )model. The 

IPFM model is a physiologically attractive device for the conversion of a continuous 

input signal into an output signal, consisting of a series of events (e.g., nerve 

spikes, heart beats). 

Two different spectra are used in the analysis of a series of ev~nts,: the interval 

spectrum and the spectrum of counts. The latter spectrum is analytically known 

for the event-series belonging to a sinusoidal input signal (Bayly, 1968). An approx

imation to the interval spectrum of this series is presented. Using data from a 

simulated IPFM model, it is shown that for an input signal consisting of the sum of 

two sinusoids, terms at sum and difference frequencies appear in the interval spec

trum but not in the spectrum of counts. However, the spectrum of counts is con

taminated by sidebands of the mean repetition frequency. It is concluded that in 

general the spectral properties of the input signal can not be recovered fully from 

the interval spectrum, nor from the spectrum of counts, the more so since physio

logical series of events will seldom be generated by an ideal IPFM model. 

4.2 Introduction 

Physiological series of point events, e.g. nerve spike-trains or series of heart beats, 

are often considered as the output signal caused by a less accessible, but physiolog

ically relevant, input signal, e.g. the variability of heart rate is attributed to a 

varying amount of neural and humoral input to the cardiac pacemaker. Several au-
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thors have used the Integral Pulse Frequency Modulation (IPFM )model to recover 

the properties of the assumed input signal from the observed event series (for 

nerve spike trains: Bayly, 1968; Koenderink and VanDoorn, 1973; for heart-rate 

variability: Hyndman and Mohn, 1975bj Rompelman et a1., 1982; Chapter 2, or 

DeBoer et a1., 1985a). 

Essentially, the IPFM model (also called the Integrate to Threshold (ITT -)model) is a 

physiologically plausible device to transform a continuous input signal into an event 

series (fig.I). The positive input signal, which consists of a DC-term (in" fig.l 

taken as 1) and a modulating signal m(t), is integrated; whenever the integrated 

value y(t) exceeds a fixed threshold value i, a spike (= an event) is generated and 

the integrator is reset. For a modulating signal m(t) = 0 the output signal x(t) is a 

regular spike-train, having constant intervals equal to i. 
In the application of the IPFM model to the analysis of physiological event series, 

one identifies the integrated signal y(t) with the membrane potential of an excit

able cell; the potential rises until the threshold is reached, which causes an action 

potential (= an event) to occur. The modulating signal m(t) is considered as some 

external influence on the excitable cell, increasing or decreasing the rate of rise of 

the membrane potential. 

1+m(t) 
x(t) 

Fig.4-1 Diagram of the IPFM model: 
i the input signal l+m(t) is integrated, and 

when the integrated value y(t) exceeds 

1+m(t) produced and the integrator is reset. ~ 
the threshold value Y, a spike (event) is 

1 ---- -- -- ---- -- - n---------~---------For m(t) = 0 (no modulation) the output 

consists of a regular spike train with 

o constant interval f. 
~t 

y(t) ~ l/Jiti1iWl/1M)f 
~t 

x (t) I I 
~t 

66 



This chapter deals with the relationship between the spectrum of the continuous 

input signal and the spectrum of the event series (the output signal). It should be 

noted that two different spectral representations are used in the analysis of a ser

ies of point events: the interval spectrum and the spectrum of counts (Cox and 

Lewis, 1966; Chapter 3, or DeBoer et al., 1984). The former is the spectrum of 

the series of intervals, considered to be spaced at distances equal to the mean in

tervallength i. The latter, the spectrum of counts, is linked to the representation 

of a series of events as a train of mathematical deltafunctions. 

The spectrum of counts is known analytically for the event series generated by a 

sinusoidally modulated input signal (Bayly, 1968); in this chapter we derive an ana

lytical approximation to the interval spectrum of such a series. In addition we 

present the spectrum of counts and the interval spectrum for an input signal, con

sisting of two modulating sinusoids. It is shown that in the interval spectrum 

higher harmonics appear, as well as contributions at sum and difference frequencies. 

The spectrum of counts is found to contain only sideband frequencies from the 

mean repetition frequency lIf, apart from the fundamentals. We also pay attention 

to the spectrum of inverse intervals (heart-rate spectrum), as it has been suggested 

that this spectrum is superior to the interval spectrum (Mohn, 1976). In the con

clusion we discuss to what extent the spectra of the event series resemble the 

spectrum of the input signal. 

4.3 Methods 

We obtained interval data by simulating an IPFM model on a digital computer. The 

interval spectrum and the spectrum of counts were calculated from these data as 

described in detail previously (Chapter 3, or DeBoer et aI., 1984). 

For the interval spectrum AI(f) a Digital Fourier Transform was used to calculate 

the periodogram of the normalized intervals II( = (lk-I)/I, I being the mean interval 

length. A 10 per cent cosinus taper was used. As the interval values are consi

dered to be spaced at distances I, the maximum frequency in the spectrum is 1/21. 
In the figures we present the amplitude-spectrum AI(£) rather than the usual 

power-spectrum At(£) in order to stress the higher harmonics. 

The spectrum of counts AC(f) is calculated as the spectrum of the dimensionless 

signal pet) = i.~5(t-tk) -I, with tk the time of occurrence of the events. The sig

nal pet) has a mean value of zero, so no DC-component is present in the spectrum. 
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The spectrum of counts is, unlike the interval spectrum, not limited in frequency 

range, but usually only its low-frequency part is of interest. Therefore we show 

only this part of the spectrum in the figures. Spectral values were calculated for 

frequencies at intervals of 0.001 Hz. 

4.4 The spectrum of counts and the interval spectrum of an IPFM process 

4.4.1 Derivation of anlytical expressions 

An analytical expression for the spectrum of counts belonging to the input signal 

l+m.cos(21f fm t+ cp) was given by Bayly (1968); the spectrum consists of a 

DC-term, a term of relative amplitude m at frequency fm and infinitely many si

debands, spaced at distances n.fm (n = 0,~I,~2, •• ) from multiples of the mean re

petition frequency l/i (see Appendix 1). No higher harmonics of the fundamental 

frequency are present. 

For a small modulation depth m the interval spectrum of this signal can be approx

imated as follows. The defining equation for the IPFM model is 

!k+1 
JO+m(t».dt = I, 

tk 
with 1< the time of the k-th event, m(t) the modulating signal and T the interval 

length if m(t) = 0 for all t (see fig. I). We put to = O. For a sinusoidal modula

tion one has 

tic 
j<1+m.cos(2 Trfm t+ <p» dt ki 

o 

with fm the modulation frequency (fm(lIi). Performing the integration and writing 

tk = kI+ & k gives as a general relationship 

21ffm·5k = -m.(sin(21ffmkr+<P+21ffm·Ok)-sin(~» 
Hence, for a small modulation (m« 1) the factor 2Trfrri &" k is also small. Then, 

up to the second order: 

2 TTf m' 6k ~ -m.((1-(2 Trfm b k)2/2).sin(2 Trfm~I+ <p) + _ 
2 Tr f m• 0 k.cos(21r fmkI+ cp )-si n( q>)) 

Hence 

6 k ~ -(m/(21r fm».(sin(21T' fmkl+ <p )-sin( cp ».(I-m.cos(2 Tr fmkI+ <p ». 
Notice that in this approximation ~ k may have large values if fm is small, provid

ed that 2Trfm3k « 1. This extends the analysis of Chapter 3.4.2, where Ck was 

assumed to be small. 
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with <PI = ~ -lrfml+m.sin(<p) and !P2 = cp -1T fmY. Thus the first term of the in

terval spectrum has a relative amplitude -m.sin(1if mI)/(1T fmI) at frequency f m• 

This is shown as a ratio of sin(lTfmI)/(trfmI) between the amplitude of the first 

harmonic in the interval spectrum to the one in the spectrum of counts (or in the 

spectrum of the input signal). For fm « l/i (i.e. slow modulation) this ratio ap

proaches 1. A second harmonic in the interval spectrum appears at frequency 2fm 

with amplitude m2.sin('1TfmI).cos(rrfmI)/(1rfmi). For a slow modulation this can be 

approximated by m2• The first-order term in m in eqn.l was given by Koenderink 

and VanDoorn (1973), who also presented an analytical expression for the 

event-times tk' 

A similar calculation shows that in the spectrum of inverse intervals, i.e. Ik re

placed by 1/lk , the harmonic at frequency fm has an amplitude of 

m.sin( 11 fmi)/( 1T fmi'> and the second harmonic has an amplitude of 

-m2.(sin(li fmD/( 1T fml).(cos(l'f f mI)-sin(1TfmI)/(21rfmI». 
These expressions can be simplified for f m« 1/1; the amplitude of'the first har

monic becomes m, of the second harmonic _m2/2. The amplitude of the second 

harmonic is thus half its value in the interval spectrum. This result was suggested 

by Mohn (1976) on the basis of numerical simulations. He concluded that hence the 

spectrum of inverse intervals is a better approximation to the spectrum of counts 

than the interval spectrum. This point will be taken up later. 

4.4.2 Experimental verification of the analytical results 

To illustrate these results we present in figs.2a,b,c the interval spectrum (fig.2a), 

the spectrum of inverse intervals (fig.2b) and the spectrum of counts (fig.2c) for in

terval data produced by an IPFM model for an input signal l+m.sin(2'1Tfmt+<p), with 

m = 0.3, fm ::: 0.16 Hz and q>= O. The threshold was taken as 1.05 (s) and so the 

mean interval length was 1.05 s as well. 350 intervals were obtained by numerical 

simulation. It follows from eqn.(l) that a modulation depth of m = 0.3 results in 

intervals of which the length is up to approximately 30 per cent different from the 

main value. 
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a 

Heart Rate Spectrum 
Data from IPFM-model 
Input: 5 inus 10.16 HZ) 

b 
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frequency (Hz) 

Spectrum of Counts 
Data from IPFM-model 
Input: sinus (0.16 Hz) 
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Fig.4-2 Spectraof a point event series 
generated by an IPFM model. The mOOu
lating input consists of a sinusoid with 
frequency 0.16 Hz. Figs.2a and 2b are 
the interval spectrum and the spectrum 
of inverse intervals, respectively. These 

are the spectra of the (inverse) interval 
values, considered to be spaced equidis
tantly at distances equal to the main in
terval length, 1.05 s. Hence the maxi
mum frequency in these spectra is 
1/(2xl.05) = 0.476 Hz. Fig.2c is the 
spectrum of counts. In the computation 
of this spectrum, the events are consi
dered as mathematical deltafunctions. 
Note the presence of higher harmonics in 
figs.2a,b and of sidebands of the mean 
repetition frequency (1/1.05 = 0.952 Hz) 
in fig.2c. 

The presence of higher harmonics in the spectra is evident in figs.2a,b. The second 

harmonic in the interval spectrum is approximately two times larger than in the 

spectrum of inverse intervals, which agrees with the analytical treatment given 

above. The two peaks in the spectrum of counts (fig.2c) at frequencies 0.312 Hz 

and 0.472 Hz are sidebands, located at four and three times 0.16 Hz respectively 

from the mean repetition frequency 0/1.05 = 0.952 Hz). The amplitudes of the 
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peaks in figs.2a-c are explained quantitatively in Appendix AI. The main peaks in 

the spectra are accompanied by a number of smaller ones at distances 

l/(Ni) = 0.0027 Hz, due to the windowing effect of the limited data length. The 

tapering as used in the Digital Fourier Transform (figs.2a,b) reduces this effect 

(d. fig.2c). 

4.4.3 The sum of two sinusoids 

The case of a modulating signal consisting of the sum of two sinusoids is more 

complicated. As an example we present spectra for data from the IPFM model for 

an inputsignal 1+ml.sin(21rfmlt+Cf>1)+m2.sin(21rfm2t+~2)' with ffil = m2 = 0.3, 

fml = 0.12 Hz, fm2 = 0.16 Hz and <P 1 = If' 2 = O. Again, the threshold is 1.05 s. 

The interval spectrum (fig.3a) and the spectrum of inverse intervals (fig.3b) contain 

terms at sum- and difference-frequencies of the two modulating frequencies. Note, 

for example, adjacent to the peak at 0.40 Hz ( = 2xO.12+0.16), the small peak at 

'I 
,fPTtj 

3.0 

a 

2.0 

Interval Sp~ctrulII 
Data from IPFM-model 
Input: sum of two 
5lnusoids (0.12 and 0.16 HZ) 

b 

Heart Rate Spectrum 
Data from IPFM-model 
Input: sum of two 
sinU50ids (0.12 and 0,16 Hz) 

I 2J 

~"",Ll1dL.::,~~ ~~~ 
0.2 0.3 0.4 0.5 0.0 0.5 

1.0 

0.0 
0.0 O. ! 

4.0 

vrpjf) 

3.0 

2.0 

1.0 

0.0 
0.0 

c 

frequency (HZ) fr'equency (Hz) 

Spectrum of Counts 
Data from IPFM-mode 1 
Input: sum of two 
sinusoids (O.12 and 0.16 Hz) 

Fig.4-3 Spectra of a point event series, 
generated by an IPFM model for an inPJ1: 
si~, consisting of the sum of two sinu
soids with frequencies 0.12 Hz and 
0.16 Hz. Fig.3a and 3b are the interval 
spectrum and the spectrum of inverse in
tervals, respectively. Higher harmonics 
and components at sum and difference 
frequencies are present in these spectra 
(see Table 0. In the spectrum of counts 
(flg.3c) only sidebands of the mean repet
ition frequency appear in addition to the 
fundamentals (Table 2). 
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0.392 Hz in fig.3a which is the contribution at the double-sum frequency 

(2x(0.12+0.16) = 0.56 Hz) folded back due to aliasing (the apparent Nyquist frequen

cy is 1/(2x1.05) = 0.476 Hz). The terms at sum frequencies are larger in fig.3a 

than in fig.3b; on the other hand, the term at the difference frequency 

(0.16-0.12 = 0.04 Hz) is much larger in fig.3b than in fig.3a. 

Table 1 shows how all peaks in figs.3a,b can be attributed to sum and difference 

frequencies. It is seen that some peaks coincide due to our choice of modulating 

frequencies; e.g. the peak at 0.20 Hz is made up of contributions at 

(2xO.16-0.12) Hz and at (3xO.12-0.16) Hz. 

TABLE 1 TABLE 2 

frequency of 
origin (al ternati vel 

frequency of 

peak (Hz) peak (Hz) 
origin (al ternative) 

0.04 f2-f1 0.12 f1 
0.08 = 2f2- 2f l 2f1-f2 0.16 = f2 
0.12 fl 0.232 = fR (2f l+3f2) 

0.16 f2 0.272 fR (3f 1 +2f2) 

0.20 = 2f2- f 1 = 3fl-f2 0.312 = fR 4f2 = fR (4f 1 +f2) 
0.24 = 2fl 0.352 fR (f I +3f2) fR 5fl 
0.28 fl+f2 0.392 fR (2f 1 +2f2) 
0.32 = 2f2 0.432 = fR (3f 1 +f2) fR (4f2-f l) 
0.352+ (0.60) 5f 1 = 3f2+f 1 0.472 = fR 4fl fR 3f2 
0.36 3f1 = 3f2-f 1 
0.392+ (0.56) = 2fl+2f2 

0.40 = 2fl+f2 
0.432+ (0.52) = 3f l +f2 

0.44 f1+2f2 
0.472+ (0.48) = 4f1 = 3f2 

Table 1 Attribution of the main peaks in figs.3a and 3b to sums and differences 

of the modulating frequencies f 1 = 0.12 Hz and f2 = 0.16 Hz. The marked values 

(+) are due to aliasing; the Nyquist frequency is 1/2Y = 0.476 Hz. 

Table 2 Attribution of the main peaks in fig.3c to sideband frequencies of the 

mean repetition frequency fR = IIi = 0.952 Hz. 
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Terms at sum and difference frequencies of the fundamentals (0.12 Hz and 0.16 Hz) 

are absent in the spectrum of counts (fig.3c and table 2), although their presence 

has been reported earlier (Koenderink and VanDoorn, 1973) due to confusion of 

these terms with some of the many sidebands of the repetition frequency (d. 

Coenen et al., 1977). (This point is discussed further in Appendix A2). However, 

sum and difference frequencies do appear in the sidebands; e.g., the contribution 

at 0.272 Hz is a sideband at distance 0.68 Hz( = 3xO.12+2xO.16) from the mean re

peti tion frequency 0.952 Hz. 

4.5 Conclusion 

The interval spectrum belonging to a sinusoidally modulated input signal contains 

harmonics at sum and difference frequencies of the constituents of the input signal 

(figs.2a,3a). In the spectrum of inverse intervals the harmonics at sumfrequencies 

are smaller (figs.2b,3b), but, as the harmonics at the difference frequency are much 

larger, we do not think that much is gained by the use of inverse intervals instead 

of intervals in computing the spectrum. The analysis given shows that the ampli

tude of the interval spectrum is sin("rrfi)/e-lTfI) times the amplitude of the spectrum 

of the input signal. Consequently, contributions at higher modulation frequencies 

will appear somewhat reduced in the interval spectrum. This corresponds to the 

results we found for heart-rate variability spectra (Chapter 3, or DeBoer et al., 

1984). The peaks due to aliasing in fig.3a contradict the assumption of Musha et 

al. (1983) that one does not need to take aliasing into account when usi ng the in

terval spectrum (see also fig.Ala in Chapter 3). 

The spectrum of counts seems the most logical choice for spectral analysis of an 

events series produced by an IPFM model, as it reproduces the spectrum of the 

input signal without introducing new harmonics. However, the contributions of the 

sidebands of the mean repetition frequency may obscure the spectrum in demand 

(figs.2c,3c), the more so for larger modulation depths and higher modulation fre

quencies. The sidebands would have appeared less important if power-spectra were 

presented in our figures instead of amplitude-spectra. 

The spectrum of an input signal that consists only of a few si nusoids can theoreti

cally be retrieved from the spectrum of counts (e.g., the input signal belonging to 

the spectrum of fig.3c can easily be found). The continuous spectrum of a general 

input signal is not so easy to extract from the spectrum of counts, nor from the 
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interval spectrum. However, too much precision in this respect will in most cases 

hardly be meaningful, as physiological event series will seldom be generated by a 

perfect IPFM system, and so additional harmonics of the input signal will appear in 

the spectrum of counts as well as in the interval spectrum. 
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4.Al Appendix 1: The amplitudes of the spectral peaks in figs.2a-c 

In the case of figs.2a-c, the event series p(t) originated from the input signal 

l+m.cos(2Trfm t) with m = 0.3 and fm = 0.16 Hz. This event series can be written 

as a sum of sinusoids (Bayly, 1968): 

p(t) = 1 + m.cos(2lf fm t) + 

00 +"., 

2 L L akn.cos(2".. (kfR +nfmh) 
hI II:-DO 

(A. i), 

with ~n := O+nfmI/k).Jn(km/fmi), I n a Bessel-function of order nand fR := Iii the 

mean repetition frequency (in our case: fR = 1/1.05 = 0.952 Hz). The spectrum of 

counts is the spectrum of the signal p(t). Eqn.A.l shows contributions to exist at 

the modulation frequency fm and at frequencies k.fR +n.fm for k~l (sidebands from 

the main repetition frequency). 

To illustrate this equation, we show in fig.Al once again the spectrum of counts of 

Fig.2c, but now for a larger frequency range up to 1.25 Hz; spectral values are 

now calculated each 0.0025 Hz, which leads to some aliasing in the minor peaks 

around the major peaks (e.g., compare the minor peaks around 0.16 Hz in Fig.2c 

and in the present figure). The large contribution at fR := 1/1.05 'Hz and the many 

sidebands, predicted by eqn.A I, are seen. 

Eqn.Al is useful to assess the relative amplitudes of the peaks in fig.Ai. In the 

following we give an quantitative analysis of these amplitudes •. An estimate of the 

power spectrum G(f) of a signal x(t), calculated over the interval 0 till t max• is 

(Bendat and Piersol, 1971, eqn.9.134): 

20.0 

15,0 a 

10.0 

5.0 

o.o~~l~~~l~~~I~\"'~~.AiI'!4-'\~ 
0.0 0.1 0.2 0.3 o.~ 0.5 0.6 0.7 O.B 0.9 1.0 1.1 1.2 

frequency (HZ) 

Fig.4-Ala Spectrum of COlI1ts for a sinu
soidally modulated input signal 
(fm := 0.16 Hz) over the range 0-1.25 Hz 
(ct. Fig.2e). Note the contributions at 
0.16 Hz, at 0.952 Hz and at 
0.952.::0.16 Hz, 0.952.::0.32 Hz, etc. 
(0.952 = 1/1.05 is the mean repetition 
frequency). The figure is conform 
eqn.A.l. 

75 



r IVI/AX 

G (f) = (2/ tm ax) \ f x( t).exp(-21r ift).dt 12• 

For a sinusoidal signal x(t) = A.cos(21rfm t), G(f) can be calculated for f = fm as: 

G(fm) = A2.tmax/2.(i+O(l/tmax» 

Hence, for tmax~ 00 ,G(f) consists mainly of a peak at frequency fm with 

amplitude A2t max/2 and width inversely proportional to t max' 

We calculated in fig.2c (and in fig. A 1) the spectra for a signal of length 

t max = 350j and therefore the amplitude spectrum should have a peak at 

f = fm = 0.16 Hz of height (m2.tmax/2)1/2 = 4.07, which is in agreement with 

fig.2c. The amplitudes of the sideband peaks can be calculated using eqn.A.I; for 

k = 1 and n = -3 (f = 0.472 Hz) or n = -4 (f = 0.312 Hz) the result is 1.30 and 

0.20, respectively; these values are also in agreement with fig.2c. 

According to section 4.4.1 the approximate amplitude of the peak in the interval 

spectrum at 0.16 Hz should be sin(1rfmi)/(1Tfmi) times the one in the spectrum of 

counts, leading to the value 3.88; the harmonic at 0.32 Hz should have amplitude 

1.01 (d. fig.2a). For the spectrum of inverse intervals, these values are 3.88 

(0.16 Hz) and 0.40 (0.32 Hz) (ct. fig.2b). It is seen that the theoretical values cor
respond well with the computed ones. 

When comparing theoretical and computed spectra, often no computed value is ava

ilable exactly at the peak of the spectral components. For example, in Fig.2c we 

computed the spectrum of counts for frequency values 0.00 1 Hz apart; however, 

the largest sideband contribution in this figure is at 1/1.05-0.48 Hz = 0.47238 ... Hz 

and no value is computed at exactly this frequency. If the peak is narrow, our 

computed values at 0.472 Hz and 0.473 Hz will both underestimate the ampli tude of 

the peak. 

In a similar way, the effective frequency resolution for a 1024-point Digital Fourier 

Transform as used for the interval spectrum is 1/(i.05xl024) = 0.000930 ... Hz. 

Hence our choice of modulating frequencies of 0.12 Hz and 0.16 Hz in Figs.2,3: 

the 129-th spectral component is at 129xO.000930 = 0.11998 Hz, the 172-th compo

nent is at 172xO.000930 = 0.15997 Hz. These two components will therefore fairly 
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Fig.4-Alb Spectn.m of m.nts, calculated 
by the French-Holden algor i thm 
(Chapter 3.A2). The figure is to be 
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the sideband contributions around the 
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fig.3c. 

well represent the true amplitude of the peaks at 0.12 Hz and 0.16 Hz, respective

ly. We also limited the length of the event-series to 350 data points, because a 

longer series produces narrower peaks and hence the above-described problems be

come more important. 

As an example of the use of the French-Holden algorithm (Chapter 3.A2), we show 

in fig.Alb the spectrum of counts calculated by this algorithm for the sum of two 

sinusoids (d. fig.3c). Not surprisingly, figs.3c and Alb are very alike. 

4.A2 Appendix A2: Sum frequencies in the spectrum of counts? 

Koenderink et al. (I973) stated that sum and difference frequencies of the modu

latingsinusoids exist in the spectrum of counts. Their fig.8 was to prove this. We 

reproduce this figure in our format in Fig.A2a. It is the spectrum of counts for 

IPFM data, derived from an input signal, that consists of the sum of two sinusoids 

with frequencies of 0.07 Hz and 0.30 Hz. The repetition frequency is 0.37 Hz 

(mean interval 2.7 s). At first sight, peaks at sum and difference frequencies seem 

to be present in this spectrum: for example, the peak at 0.14 Hz can be explained 

as 2xO.07 Hz, and the one at 0.23 Hz as 0.30-0.07 Hz. 

However, if the spectrum is computed for modulating frequencies 0.07 Hz and 

0.28 Hz (fig.A2b) instead of 0.07 Hz and 0.30 Hz (Fig.A2a), the above explanation 

would predict that the 0.14 Hz-peak remains and that the 0.23 Hz-peak shifts to 

0.21 Hz( == 0.28 Hz-D.07 Hz). In reality, Fig.A2b shows no peak at 0.14 Hz, nor a 

peak at 0.21 Hz, but a peak at 0.23 Hz is still present. This -- and similar results 
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from further examples -- can only be explained if another origin of the peaks is 

assumed. The 0.14 Hz contribution in Fig.A2a originates as a superposisition of 

2x(0.37-0.30) Hz and 3x(O.37-0.30)-0.07 Hz, and hence splits up in Fig.A2b in contri

butions at 2x(0.37-0.28) = 0.18 Hz and at 3x(0.37-0.28)-0.07 = 0.20 Hz. Peaks are 

indeed seen at these positions in Fig.A2b. The position of the 0.23 Hz peak does 

not change between Figs.A2a and A2b; this is to be expected if the 0.23 Hz is 

seen as due to 0.37-2xO.07 Hz, which is not influenced by the change of the second 

modulating frequency. 

We are not able to explain all peaks in the spectra of Figs.A2a,b in detail. An 

exhaustive analysis is difficult, due to the multitude of coinciding peaks in the 

spectra. However, our analysis shows that it is quite unlikely that sum and differ

ence frequencies of the modulating frequencies are present in the spectrum of 

counts. 
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Fig.4-A2a Spectrum of counts for an input signal, consisting of the 
sum of two sinusoids of frequencies 0.07 Hz and 0.30 Hz (arrows; as 
in Koenderink et al., 1973, Fig.8). Contributions at the sum- and 
difference-frequencies seem to be present (e.g., at 

• 0.14 Hz = 2xO.07 Hz, or at • 0.23 Hz = 0.30-0.07 Hz). 
Horizontal: frequency (Hz), vertical: power (arbitrary units). 

Fig.4-A2b As Fig.A2a, but now for frequencies of 0.07 Hz and 
0.28 Hz. No peaks are seen at 0.14 Hz or 0.21( = 0.28-0.07) Hz. 
This contradicts the assumption that contributions at sum and differ
ence frequencies are present in fig.A2a. For further discussion see 
text. 



Chapter 5 

Beat-to-beat variability 

of heart interval and blood pressure 

This chapter describes a simple beat-to-beat model of the cardiovascular system. 

Cross-correlation techniques are used to test the validity of the model. 

.5.1 Abstract 

We propose a set of three mathematical equations to model the beat-to-beat pro

perties of the fast blood-pressure regulation system. The equations are based on 

the following physiological considerations: 1) The length of the RR-interval is de

pendent on the systolic pressure (baroreflex). 2) The pulse pressure is dependent on 

thelength of the preceding interval (due to the restitution properties of the myo

cardium and to Starling's law). 3) During diastole the pressure decay can be des

cribed by a Windkessel-equation. 

As preliminary results we found that blood-pressure data from hypertensive patients 

which showed respiratory sinus arrhythmia agreed well with equations 1) and 3), and 

that data from a patient with atrial fibrillation agreed with equations 2) and 3). 

5.2 Introduction 

In the intact organism variations in heart interval (HI) and in blood pressure (BP) 

are interconnected: a changing BP influences the HI through the baroreflex, and 

cardiovascular properties transform a changing HI into variations of BP. In most 

studies of the cardiovascular system, a continuous signal is derived from the mom

entaneous heart-rate (i.e. the inverse of the HI) by an interpolation-procedure and 

the mean blood pressure is used as descriptor of the blood-pressure signal. The ad

vantage of this approach is that relationships between these continuous signals can 

be studied using standard systems analysis techniques. However, this approach is 

not well suited for the study of fast variations of HI and BP with characteristic 

times of less than, say, 3 seconds ( == 3 beats), for then it is not longer possible to 

neglect the pulsatile character of the BP-signal and the concept of a continuous 

heart-rate becomes meaningless. 
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Unfortunately, no clear-cut methods are known for the study of the unprocessed 

cardiovascular signals, consisting of the series of intervals (which can be considered 

as a series of point events) and the pulsatile blood-pressure signal, from which a 

large number of parameters may be extracted (systolic, diastolic and mean pressure, 

maximal systolic rate of pressure rise, etc.). 

As our group is studying the fast (vagally mediated) baroreflex properties (Kare

maker, 1980; Karemaker and Borst, 1980), a description of the beat-to-beat varia

bilityof HI and BP was needed. We present such a description and discuss its use 

in blood-pressure data from a number of patients. 

5.3 A beat-to-beat model of the cardiovascular system. 

A diagram of the fast loop for blood-pressure regulation is shown in Fig.l. The 

blood pressure is considered as the input signal for the baroreceptors. These pres

sure-sensi ti ve devices, located in the carotid arteries and in the aorta, send affer

ent information to the Central Nervous System (CNS). The CNS processes this in

formation and accordingly influences the length of the heart interval by modulating 

the amount of efferent signals it sends towards the SA-node of the heart via the 

vagal nerve. The length of the heart interval combined with the cardiovascular 

properties, determine the blood pressure, thus closing the loop of Fig.l. 

Evidently, in the diagram only the fast (parasympathetic) regulation is included and 

not the slower sympathetic one, influencing inotropic state, peripheral resistance 

and other important parameters of the cardiovascular system. 
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Fig.5-1 Diagram of the fast blood-pressure regulation loop. 



Fig.5-2 Sketch of ECG and arterial 
blood-pressure registration to illustrate 
the notation as used in this paper. 

We based our mathematical model of the HI-BP-system on the loop of Fig.l, taking 

into account known physiological relationships. Fig.2 shows the notation we adopt

ed. Sn' Dn and Pn are the systolic, diastolic and pulse pressures during RR-interval 

In' We modelled the beat-to-beat properties of the HI-BP-system by the following 

set of three equations. The first one describes the influence of BP on HI, the 

other two equations describe how the BP is affected by the HI. 

Eqn.l. In ao,Sn + ci baroreflex 

Eqn.2. Pn = Sn - Dn) = 6 .In_l + C2 resti tution and Starling 

Eqn.3. Dn = c3,Sn_l.exp(-In_l/ T ) Windkessel 

In Eqn.l a linear relation between systolic pressure Sn and interval In is assumed to 

model the fast baroreflex properties. The coefficient ao is a measure of baroreflex 

sensitivity, related to the one introduced by Smyth and coworkers (1969). The 

equation must be changed if -- e.g. through sympathetic drive -- the interval shor

tens below approximately 700 ms (85 beats per minute). Then the interval In be

comes dependent on the preceding systolic pressure Sn_lo due to the delay of ar

ound 500 ms between the baroreceptor sensing the blood pressure and the effect on 

the heart interval (Pickering and Davies, 1973; Borst and Karemaker, 1980): 

Eqn.l'. In 

Eqn.2 is based on the restitution properties of ventricular muscle -- an increased 

interval between beats implies a more powerful contraction and thus a larger pulse 

pressure (d. Pidgeon et aI., 1982) -- and on Starling's law: an increased ventricular 

filling (as caused by a longer interval between beats) enhances the force of con

traction. 
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We felt justified to use linearized relations in Eqns.l and 2, as we first of all want 

to describe the semi-steady state, where only small excursions from the mean va

lues occur. 

Eqn.3 is a Windkessel-description of the diastolic pressure decay between two beats. 

The three equations constitute a closed model of the HI-BP-system, leading to 

stable and acceptable values for I, S, 0 and P if realistic values of the constants 

ao' ~, 't" , cI, c2 and c3 are chosen. Evidently, the model-does not explicitely 

incorporate respiratory arrhythmias or respiratio~linked variations in blood pressure. 

Combination of the three equations leads to the following recurrent relation for 

systolic pressures: 

Sn+l = c3·Sn·exp( -(ao·Sn+cl)/ -r ) + ao• ~ .Sn + r .cl + c2 

This equation is of the shape Sn+ 1 = f(Sn). If S is an equilibrium point of the 

equation, then S = f(S). The equilibrium point is locally stable if \7J f/ ~ S\ < 1, 

or: O/5-aoO/"C +ao ~ < 1, with 0 the diastolic value belonging to the equilibrium 

value S. As an example, values for 0, S, 1: and ao can be taken from 

section 7.4.3 as 75 mmHg, 143 mmHg, 1850 ms and 13.2 ms/mmHg, respectively. 

Then the condition for stability becomes y < 0.08 mmHg/ms. 

5.4 Cross-correlation of blood pressure and heart interval 

We tested the model using arterial blood-pressure data from a number of hyperte~ 

sive patients. For ease of calculation we introduced a new variable Ln (the logar

ithmic decrement) and rewrote Eqn.3 as: 

To test the different equations, we computed correlation coefficients between In 

and Sn (Eqn.l), Pn and In-I (Eqn.2) and Ln and In_1 (Eqn.3'). However, more insight 

was obtained by computing cross-correlation functions (CC-functions) of the differ

ent blood-pressure variables (S, 0, P and L) and interval (I). We calculated the 

CC-coefficients as (d. Jenkins and Watts, 1968, Ch.8): 

rXI(k) = cXI(k) / ( CXx(O).cn(O) )1/2 

with: 
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if k ~O 

cIX(-k) if k<O 

Xn stands for any of the blood-pressure variables Sn' On' Pn or Ln' N is the 

number of data-points. The CC-coefficients rXI(k) describe the linear correlation 

between the sets of values Xn and In+k (n = I,N-k), i.e. the correlation between 

the value of a BP variable and the length of the interval k beats later (k)O) or 

earlier (k < 0). 

In some registrations, evident slow non-stationarities (trends) in BP and HI were 

present. In these cases, we used the differenced data for our calculations: 

Ig In - In_I' sg = Sn - Sn-l' etc. (cf. Karemaker, 1980a,b). 

This lead to similar results as shown in the following figures. 

5.5 Data from a patient with respiratory sinus arythmia 

We present results for arterial pressure data from a hypertensive patient showing a 

marked respiratory sinus arythmia (RSA) when breathing freely. In Fig.3a a number 

of successive values of interval, systolic, diastolic and pulse pressure and of the lo

garithmic decrement Ln are shown. In the figure the respiratory influence is evi

dent, the period being approximately 3 beats (or 3 s). The different CC-functions 

in Figs.3b-e show a similar periodicity, as is expected. The resul ts presented in 

the figures are typical for a number of blood-pressure registrations we analyzed so 

far. 

Fig.5-3a A rumber of cnnsecutive values 
of interval and blood-pressure data from 

a hypertersive patient, showing respirato
ry sinus arrhythmia. 
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1 1 
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-1 -1 
Figs. 5-3b-e Cros&ocorrelation (CC-)functions of systolic pressure (5, 
Fig.3b), diastolic pressure (0, Fig.3d, pulse pressure (p, Fig.3d) and lo
garithmic decrement (L, Fig.3e) vs. interval length I as computed 
from the data of Fig.3a. For example, r51(2) is the correlation coeffi
cient between systolic pressure Sn and the length of the interval two 
beats later (In+2)' According to the described model, the correlation 
values marked with an asterisk (.) should have high positive values. 
This is only the case in figs.3b and 3d, which corroberate eqn.l (baro
reflex) and eqn.3 (Windkessel), respectively. 

According to Eqn.l, a positive correlation between systolic pressure 5n and interval 

In is to be expected. Fig.3b shows for k = 0 a correlation value r = 0.75 (N = 25). 

This correlation can thus be explained from the baroreflex equation 1. The value 

of ao (the baroreflex sensitivity index) was found as 5.1 ms/mmHg. Fig.3c shows a 

negative correlation (r = -0.55) between diastolic pressure On and the length of the 

preceding interval In_I' In Fig.3e a posi ti ve correlation between Ln and In_1 is 

seen (r = 0.79), which is in accordance with Eqn. 3'. From the regression of Ln 

on In-I a value of "C"= 965 ms can be calculated, which is not unrealistic (Simon 

et al., 1979). 
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Eqn.2 implies a positive correlation between Pn and In_l ; however, only a moder

ately positive value was obtained from the data (Fig.3d for k = -1: r = 0.36). 

This lack of correlation is not caused by a curvilinear relationship between pulse 

pressure Pn and preceding interval In_It as was clear when a scatter plot of Pn vs. 

In-I was drawn. We conclude that in this patient the pulse pressure is scarcely re

lated to the length of the preceding interval. Even lower correlation coefficients 

were found in data from some other patients. 

5.6 Data from a patient with atrial fibrillation 

In a similar way we analyzed blood-pressure data from a hypertensive patient, 

suffering from atrial fibrillation (Fig.4). In this disease the lengths of successive 

heart intervals vary in a fully random fashion (d. Bootsma et al., 1970). No respi

ratory influence was apparent in BP- or HI-data from this patient (Fig.4a). The 

computed autocorrelation coefficients for interval and pressure-variables (I, S, D, 

and p) were for k=O all near zero. 

The CC-functions (Figs.4b-e) showed a significant non-zero correlation between Sn 

and In+k and between Pn and In+k only for k = -1 (r = 0.74 and r = 0.85 resp.; 

N = 60). Thus, no evidence was found for the validity of the baroreflex-equation 

1. or 1.' (this equation implies a high correlation for k = 0 or k = O. Sn and Pn 

were highly correlated in these data (r = 0.92). Our results confirm that in pati

ents with atrial fibrillation the height of the pulse pressure P n is related to the 

length of the preceding interval I n_l (Einthoven and Korteweg, 1915; Meyler et aI., 

1968). 600 ms 

Fig.5-4a Interval and pressure data 
from a patient suffering from atrial fi
brillation. 
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Figs.5-4b-e As Figs.3b-e, but now for data from a patient suffering 
from atrial fibrillation. Now the restitution/Starling equation (eqn.2, 
fig.4d) and the Windkessel equation (eqn.3, fig.4e) appear to be valid. 

A negative correlation between Dn and In-l (r = -0.59) and a positive correlation 

between Dn and In_2 (r = 0.58) were found. This can be explained from Eqn.3, 

which, when linearized, implies a negative correlation between Dn and In-l and a 

positive one between Dn and Sn_l' and hence between Dn and In_2 (due to the high 

correlation between Sn and In_1 and the autocorrelation coefficients being almost 

zero.) The correlation between Ln and In-l was positive (r = 0.73), in accordance 

with Eqn.3', In addition, a slightly posi ti ve correlation between Ln and In_2 was 

found (r = 0.37). 

5.7 Conclusion 

We presented three equations for the description of beat-to-beat properties of HI 

and BP. Two of these equations (the baroreflex-equation 1. and the 

Windkessel-equation 3.) agreed well with experimental blood-pressure data from a 

number of hypertensive patients. The third one -- linking the pulse pressure to the 
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preceding interval (eqn.2) -- was not found to agree well with these data. 

However, in a hypertensive patient suffering from atrial fibrillation, the expected 

positive correlation between pulse pressure and preceding interval was found. The 

lack of correlation between pulse pressure and preceding interval can be explained 

by assuming important respiratory influence on the pulse pressure. Another expla

nation may be the leveling off of the restitution curve (contractility vs. interval) 

for intervals longer than 800-900 ms (Pidgeon et al., 1982). 

Our results show a positive correlation between interval In and systolic pressure Sn 

in patients with RSA. We also found positive correlations between interval and 

mean pressure (i.e. the mean over one beat), which is in contrast to the results of 

Freyschuss and Melcher (1976), who found a positive correlation between mean pres

sure and instantaneous heart rate (which is the inverse of the interval) in healthy 

volunteers. However, whereas they imposed a fixed respiration rate of 0.1 Hz and 

a high tidal volume on their subjects, our patients were breathing freely. This 

difference in experimental conditions might explain the different results. 

As conclusion, we state that a beat-to-beat description of the fast blood-pressure 

regulation loop is closer to the physiological phenomena than the standard descrip

tion using artificially constructed continuous heart-rate and pressure signals. 

5.8 Note on further discussion of the results of this chapter 

This chapter contains the text of a paper written in 1982. Especially the use of 

spectral analysis techniques (Chapters 6,7) has clarified some of the results des

cribed here: the effect of differencing, the BRS+-measure of Karemaker (1980a,b), 

the apparent discrepancy with the results of Freyschuss and Melcher (1976). A 

further discussion of these matters is given in Chapter 8.1.5. 
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Chapter 6 

Relationships between short-term blood-pressure fluctuations 

and heart-rate variability: 

I. A spectral analysis approach. 

This chapter describes a method to study blood-pressure and heart-rate variability 

by spectral analysis methods. We show power spectra of RR-intervals, systolic, 

mean, diastolic and pulse pressures, and also cross-spectra (coherence spectra and 

phase spectra) of RR-intervals against the various pressure variables. The spectra 

are discussed in physiological terms. 

6.1 Abstract 

A method to attribute the short-term variability of blood pressure and heart rate 

of resting subjects to their various causes, using spectral techniques is presented. 

Power spectra and cross-spectra are calculated for beat-to-beat values of 

RR-interval and blood pressure from resting subjects. Interval' values as well as 

systolic, mean and pulse pressures show variations linked to respiration and to the 

so-called 10-second-rhythm. The diastolic pressure values are scarcely influenced 

by respirati()n in the normal respiratory range (0.20-0.35 Hz), but do show 10-second 

variability. Relationships between pressul'e and interval variability become manifest 

in cross-spectra, which indicate that the 10-second variability in systolic pressure 

leads the interval variation by two to three beats; however, no such lag is found 

between the respiration-linked variations in systolic pressure and intervals. It is 

argued that the technique presented provides a critical test for models of the fast 

regulation of the cardiovascular system. 

6.2 Introduction 
• 

Both heart rate and blood pressure in resting subjects are not constant, but fluctu-

ate around mean values. The short-term variations in RR-interval (RRI) and blood 

pressure (BP) are mainly due to respiration and to the so-called lO-second-rhythm. 

Respiratory sinus arrhythmia, noticeable as respiration-linked variations in heart 
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rate, is a well known phenomenon (e.g., Hirsch and Bishop, 1981), as is the respira

tory variation in blood pressure (Dornhorst et al., 1952). The frequency of these 

variations is in resting persons usually between 0.20 Hz and 0.35 Hz, corresponding 

to 12-20 respirations per minute. 

The origin of the 10-second-waves in the blood pressure is not well understood, al

though several tentative explanations have been put forward (Penaz, 1978; 

Koepchen, 1984). Related to these pressure waves are rhythmic variations in heart 

rate having the same period (Sayers, 1973). Periodical fluctuations in heart rate 

and blood pressure with still lower frequencies (less than 0.05 Hz, i.e. periods of 

more than 20 seconds) have been described and are possibly caused by properties of 

the thermoregulatory system (Sayers, 1973). 

The relationship between spontaneous short-term variations in blood pressure and 

RR-intervals has received little attention in the physiological literature. The aim 

of our study is to extract information on properties of the cardiovascular system 

from these pressure and interval fluctuations. In a previous chapter (Chapter 5, or 

DeBoer et al., 1983) we presented a simple model of the cardiovascular system that 

connected BP- and RRI-variability. The various sources of variability were not dis

tinguished in that chapter. 

In the present chapter we use spectral analysis techniques to differentiate between 

variability related to the 10-second-rhythm and to respiration. These techniques 

are useful to shed light on the still unanswered question: are the respiratory pres

sure waves the ca~e or the effect of the respiratory arrhythmia, or are the respi

ratory BP- and RRI-variations both caused directly by some central drive (Melcher, 

1976)? A similar question can be asked regarding the 10-second waves (Koepchen, 

1984). 

We applied spectral analysis methods to blood-pressure and RR-interval data from 

normotensive, resting subjects. Blood pressure was measured in some subjects by a 

noninvasive method, in others intra-arterially. In the discussion we compare our 

method with previously published techniques for applying spectral analysis to blood 

pressure, and we indicate for which purposes the method is useful. A tentative ex

planation of part of the results is given in a following chapter (Chapter 7, or De

Boer et al., 1984d). 
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6.3 Methods 

6.3.1 Data acquisition 

Two sets of blood pressure and interval data were used. One set comprised data 

obtained by the technique of indirect registration of finger blood pressure after 

Penaz (Penaz, 1973, see appendix A). This technique enables continuous, noninvasive 

recording of blood pressure, measured as the imposed cuff-pressure needed to keep 

the vascular volume in the finger constant at its unloaded value. The apparatus we 

used was developed by Wesseling and coworkers ('Fin.A.Press'; Wesseling et al., 

1982,1985; Settels and Wesseling, 1985) and has been validated by comparison 

with intra-arterial blood pressure data (Molhoek et al., 1983). An apparatus based 

on the same principle has been described and evaluated by Yamakoshi et ale 0980, 

1982). During data collection the ECG and a respiratory signal from a 

nose-thermistor were recorded as well. The subjects were seated in a comfortable 

chair, while 20 minutes registrations were made. The pressure signal was digitized 

and processed by computer; the RR-intervals were derived from the ECG. 

In addition, intra-arterial blood pressure data were available from a project for 

quantifying the 24-hour heart-rate and blood-pressure variability in normal subjects 

and in hypertensive patients (VanMontfrans et al., 1982, 1984). Here the pressure 

was measured in the brachial artery; the RR-interval was estimated as the time 

between two successive systolic upstrokes of the pressure signal. We analyzed sig

nals that had been recorded during periods of rest (e.g., reading, watching tv), as 

evidenced by the subjects detailed diary. 

6.3.2 Data reduction 

We extracted the following beat-to-beat values from the pulsatile pressure signal 

(each occurring during RR-interval In; see Fig. i): systolic pressure Sn' diastolic 

pressure On. pulse pressure Pn and mean pressure Mn' In this way a set of five 

numeric values was obtained for each heart beat: In. Sn' Mn. On. Po' 

Fig.6-1 ECG and blood pressure regis

tration, explaining the notation as used 
in this paper. Systolic (Sn)' diastolic 
(On), pulse (Pn) and mean (Mn) pressure 
occur during RR-interval In-
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6.3.3 Power spectra 

Power spectra were estimated for all five variables. For the spectral analysis we 

considered successive values of I, S, M, D and P each to be equidistantly spaced. 

This leads to spectra that are functions of 'cycles per beat'. We took this spacing 

equal to the mean interval length-I; the spectra can then be interpreted as func

tions of cycles per second, or Hz (Sayers, 1973; Chapters 3,4-, or DeBoer et al., 

1984- and 1985a). 

After subtraction of a linear trend from the data, a Digital Fourier Transform 

(DFT) technique was used to estimate the spectra. Owing to the apparent sampling 

distance of i, the spectrum is defined for the range 0-1/21 Hz; in our figures we 

always present the range 0-0.5 Hz. As our interest is in the short-term fluctua

tions, i.e. periods shorter than approximately 20 s, we did not consider the part of 

the spectrum where the frequency is less than 0.05 Hz. The spectrum was smo

othed by a 31-point triangular window, leading to about 4-8 degrees of freedom in 

the estimation (Chapter 3.Al). 10 - 15 minutes of registration were used for the 

estimation of each spectrum, corresponding to 500 - 1000 heart beats. For further 

details on the estimation of the spectrum see Chapter 3 or DeBoer et al., 1984-. In 

those registrations where the respiratory signal was available we also estimated the 

respiratory spectrum by Fourier transformation of the thermistor signal. 

6.3.4- Cross-spectra 

Cross-spectra were calculated between the blood pressure variables S, M, 0, P, and 

the RR-interval I (Jenkins and Watts, 1968, Chapter 9). The pressure values Bn 

(B = S, M, D or p) were transformed into XB(£), using a DFT; similarly XI(£) was 

calculated from the interval values. The power spectra of B and I are 

CBB(f)= XB(f) 2 and CI~f)= XI(£) 2, respectively. The cross-spectrum of B against I 

is defined as CB~f)=X~(f),XI(f), where the asterisk denotes the complex conjugate. 

We wrote CB#)=L(f)-iQ(f), with L(f) the co-spectrum and Q(f) the quadrature spec

trum; the smoothed squared-coherence estimator is: 
- 2 - 2 

k2(f) = (L(f» +(Q(f» 

CBB (frCII (f) 

where the bar denotes smoothing (triangular in our case). The smoothed estimator 

of the phase spectrum is: 

(O(f) = arctan(- ~(f» 
1 L (f) 
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The Fortran-function AT AN2 was used to obtain values for <f (f) in the range 

-1800 to 1800 • 

6.3.5 Note on the interpretation of cross-spectra 

The interpretation of a power spectum is straightforward; it shows the amount of 

variation in the data for each frequency. A cross-spectrum between two signals 

can be considered to consist of two parts, the coherence spectrum and the phase 

spectrum. The (squared) coherence spectrum k2(f), having values between 0 and 1, 

is a measure for the correlation between the variations of two signals around the 

frequency f. It is to be compared to the squared correlation coefficient r2 as used 

in linear regression analysis. The phase spectrum <V (f) indicates at each 

frequency f the phase-difference (lead or lag) between the signals. All phase spec

tra we present have been scaled in the region -1800 till 1800 • 

In our figures a negative value of <P(f) implies the pressure variation (S, M. D, P) 

to lead the interval variation I at this frequency; for a positive phase the reverse 

holds. 

If the coherence is low for a certain frequency, the phase at this frequency cannot 

be estimated reliably. This is to be compared to the unreliability of the estimation 

of a regression coefficient if the correlation coefficient is low. As our estimate 

has about 48 degrees of freedom, the 9596 confidence interval for the phase-angles 

is 7:..70, 2;.130 and 2;.240 for k2(f) equal to 0.8, 0.5 and 0.2, respectively (Jenkins 

and Watts, 1968, figure 9.3). 

The phase between two signals is only defined up to a multiple of 360°, which Im

plies that in phase spectra the horizontal line at <1'=1800 may be equated with the 

line at tp=-1800. In the phase spectra lines between successive values were sup

pressed if the difference was larger than 180°, because we supposed that in these 

cases the phase had passed over the -1800 border to reappear at +180°, or vice 

versa. If no such method is used, confusing vertical lines may appear in the phase 

spectra. 

For illustrative purposes, in Appendix 1 cross-spectra are shown for simulated data, 

consisting of the sum of two sinusoids of different frequencies. 

6.4 Results 

To give an impression of the amount of variability found in data from different 

subjects, we show results from three subjects. The results in Fig.2 and Fig.3 are 

from men, 32 years and 26 years of age, respectively. Blood pressure was meas

ured using the noninvasive method (section 3.1). Fig.4 is from a healthy woman 
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Fig.6-2a Power spectrum of intervals (solid line) and respiration 
(dashed). The scale of the respiratory spectrum is in arbitrary units. 
The interval spectrum shows peaks at the respiratory frequency and 
around 0.1 Hz (lO-second-rhythm). 
Fig.6-2b Power spectrum of systolic pressures (solid) and mean pres
sures (dashed). Again, two peaks are visible. 
Fig.6-2c Power spectrum of diastolic pressures (solid) and pulse pres
sures (dashed). In the spectrum of diastolic pressures the respiratory 
peak is absent. 
Fig.6-2d Squared coherence spectrum k2(f) (dashed line, between 0 and 
1), and phase spectrum q> (f) (solid line, between -1800 and 1800 ) of 
systolic pressure vs. interval. A high coherence implies a strong link 
between pressure and interval variations, as is the case around 0.1 Hz 
and in the respiratory region. When the coherence is high ( 0.5), the 
phase is reliably estimated (heavy line). The phase is negative when 
pressure variations lead interval variations (e.g., at 0.1 Hz). In the 
region of respiratory frequencies, the phase difference between pres
sure and interval variations is small. 
Fig.6-2e Squared coherence spectrum (dashed line) and phase spectrum 
(solid line) of mean pressure vs. interval. 
Fig.6-2f Squared coherence spectrum (dashed line) and phase spectrum 
(solid line) of diastolic pressure vs. interval. The phase spectrum 
shows no trend. 
Fig.6-2g Squared coherence spectrum (dashed line) and phase spectrum 
(solid line) of pulse pressure vs. interval. 

(23 years of age), whose blood pressure was measured intra-arterially. For the es

timation of the spectra 950, 1020 and 650 beats were used in figs.2, 3 and 4, res

pectively. 

6.4.1 Power spectra {Figs.2a-c, 3a-c, 4a-c} 

Figs.2a, 3a, 4a show spectra of respiration (dashed) and of intervals (solid line). 

The respiration spectrum shows two peaks around 0.25 Hz and 0.30 Hz in fig.2a, 

while the narrower peak in fig.3a indicates a more regular respiration. In the case 

of fig.4 no respiratory signal was available (see section 3.1). In the interval spec

tn..m peaks at the respiratory frequency and around 0.1 Hz (lO-second-rhythm) are 

clearly visible in all three figures. A low-frequency component is present in all 

spectra. 
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In figs.2b, 3b and lfb the spectra of the systolic pressure values (solid line) and of 

the mean pressure (dashed) are shown. Peaks due to respiratory influence and to 

the 10-second-rhythm are visible, but the amplitudes of the peaks are rather differ

ent for the three subjects. 

Figs.2c, 3c and l.fc show the spectra of diastolic pressures (solid) and of pulse pres

sures (dashed). In the pulse-pressure spectrum the 0.1 Hz-peak is smaller than the 

respiratory peak, but in the spectrum of diastolic pressures the respiratory influence 

is small (fig.3d or absent (figs.2c,l.fc). 

6.lf.2 Cross-spectra (Figs.2d-g, 3d-g, 4d-g) 

In these figures the dashed line represents the value of the squared coherence k2(f) 

(between 0 and 1). The solid line is the estimated phase (-1800 till +180 0 ; 

positive if the interval leads). A heavy line indicates that the coherence is high 

(k2(f) 0.5) and that hence the phase is reliably estimated (section 3.5). In all 

cross-spectra a high coherence value is seen around 0.1 Hz and in the region of the 

respiratory frequency. The coherence k2(f) reaches values up to 0.95, indicating a 

close link between variation of the RR-interval and of the different pressure par

ameters. For low frequencies (f<0.05 Hz), the coherence is small, indicating dis

sociation of blood-pressure and interval variability in this range. 

The phase spectra show a positive trend for the spectra of 5 against I (Figs.2d, 3d, 

lfd), M against I (Figs.2e, 3e, lfe), and somewhat less for the spectrum of P against 

I (Figs.2f, 3f, lff). Variations in systolic pressure lead interval variations by approx

imately 600 -900 for 0.1 Hz (Figs.2d, 3d, 4d). For higher frequencies, i.e. in the 

range of normal respiration (0.30 Hz), the phase difference between S and I be

comes small. The phase seems to increase for still higher frequencies, but here 

the coherence is low and therefore the estimated phase is not reliable. However, 

in other subjects who breathed at higher frequencies, definite positive 

phase-differences were seen in this frequency-region. The phase spectrum of 

D against I (figs.2f, 3f, 4f) does not show a trend, but fluctuates around -90°. 

6.5 Discussion 

We presented power spectra of RR-interval data and blood pressure data from three 

resting subjects during unrestrained respiration. The spectra were estimated from 

successive beat-t~beat values of RR-interval I and of systolic, mean, diastolic and 

pulse pressure (5, M, D and P, respectively). We also presented coherence and 
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phase spectra of the various pressure variables against RR-interval. Although a 

variability exists between spectra from different subjects, the following results were 

consistently found: 

1. A peak at the respiratory frequency exists in the interval spectrum and in the 

spectrum of the pressure variables S, M and P. This peak is often absent in the 

spectrum of diastolic pressures 0 (d. Fiser et al., 1978; Penaz et al., I 978b). 

2. A peak at the frequency of the 10-second-rhythm is seen in all spectra, but is 

often small in the spectrum of pulse pressures P. 

3. A high coherence exists between pressure variations and interval variations ar

ound 0.1 Hz as well as in the region of respiratory frequency. 

4. The phase spectra of Sand M against I show a trend from negative values ar

ound 0.1 Hz (i.e. pressure leads) to positive values above 0.35 Hz (i.e. interval 

leads). This trend is less outspoken in the phase spectrum of P against I. For 

0.1 Hz, systolic pressure variations lead interval variations by 600 _90°, or approxi

mately 1/5th period. This corresponds to 10/5=2 s, or two to three beats (the 

mean interval being 0.93 s, 0.82 sand 0.71 s in figs.2,3 and 4, respectively). 

5. The phase spectrum of 0 against I fluctuates around _900 • 

All spectra show the presence of low-frequency variation in both interval and pres

sure data. A distinct peak, attributed to thermoregulation (Sayers, 1973), was not 

always seen (but see, e.g., fig.3b). This may be partly due to the 

spectral-averaging procedure we used. The coherence between interval and pressure 

was low for frequencies under 0.05 Hz. 

An explanation of some of the above results is given in a following chapter 

(Chapter 7, or DeBoer et al., 1985d). Here we only relate the presented spectral 

method to other published techniques, and we discuss the relevance of the method. 

As to the reliability of our results, the following can be said. For the purpose of 

spectral analysis, the interval values and the pressure values were considered to be 

equidistantly spaced at distance I from each other. This technique is justified if 

the interval variations are small and if no heavy trend in the interval values occurs 

(Chapter 3, or DeBoer et al., 1984). The Penaz-method we used for obtaining in

direct blood pressure measurements has been validated on several occasions (Molho

ek et al., 1983; Yamakoshi et aI., 1980 and 1982). The reliability of this method 

is best in resting subjects with relatively constant blood pressure values, as is the 
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case in our study. The spectra as calculated from intra-arterial pressure values 

(fig.4) are essentially equal to the spectra derived from indirect measurements 

(figs.2,3). 

The blood pressure spectra presented in this chapter are not related to the spec

trum of the pulsatile pressure signal (Taylor ,1966; Daniels et al., 1983). Whereas 

our approach is concerned with the fluctuation of the pressure variables around 

their mean values, the spectrum of the pressure signal is dominated by its pulsatile 

shape. Hence both kind of spectra are useful for different purposes. 

Only few papers are known to us which present cross-spectra of blood pressure aga

inst interval (or heart rate). Zwiener and coworkers (1978, 1982) and the group of 

Wesseling and Settels (Settels, 1980; Wesseling et al., 1983) computed cross-spectra 

of noninvasively recorded mean blood pressure against interval, and against heart 

rate, respectively. Both groups obtained a mean blood pressure signal by low-pass 

filtering of the pulsatile signal. Penaz and coworkers (Penaz et al., 1978b; Fiser 

et al., 1978) showed cross-spectra of indirectly measured systolic, diastolic and 

pulse pressure against interval. They interpolated between successive systolic va

lues, and similarly for diastolic and pulse pressures. In all papers high coherences 

were found around 0.1 Hz and in the region of respiratory frequencies. This cor

responds with our results. 

Comparison of the phase spectra in these papers with the ones we present is not 

well possible. In the papers of Zwiener and coworkers and of Penaz and coworkers 

phase spectra are only presented for angles between 900 and _90°; in our opinion, 

this is an unnecessary restriction, because the phase spectrum is unambiguously de

fined between 1800 and -1800 • In addition, in these papers the alignment of pres

sure values and interval values is different from ours (fig.t). Such a difference in 

alignment leads to disparate phase spectra. For example, whereas we bring togeth

er the pressure values occurring during one RR-interval (Fig. 1), this might also be 

done with the values occurring between two systolic upstrokes -- which implies a 

shift of one beat for the diastolic values, corresponding to one-third period or 1200 

phase shift at f=1/3T~o.33 Hz and 360 shift at f=1/10I~o.1 Hz. The resulting 

phase spectrum of 0 against I would be entirely different from ours. Likewise, the 

conversion of systolic, diastolic and interval values into continuous signals can easi

ly lead to a shift of one beat (Chapter 2, or DeBoer et al., 1985b) and hence to a 

different phase spectrum. If heart rate values (inverse intervals) are used instead 

100 



of intervals, all phase angles will be augmented by 180°. 

The use of beat-to-beat values in cross-spectral analysis is in our opinion advanta

geous as it keeps separated the interval-variability and the pressure-variability. In 

addition, the obtained phase spectra are open for physiological interpretation 

(Chapter 7, or DeBoer et al., 1985d). Another feature of our approach is the large 

data reduction obtained (only a few values per heart beat). 

The cross-spectral technique we presented is useful in the study of data from sub

jects who have a free, hence irregular respiration. In this case the fluctuations in 

blood pressure and in heart rate must necessarily be studied with statistical techni

ques, e.g. with spectral analysis methods. If, however, the subject has a prescribed 

respiratory rhythm, relations between respiration-linked interval and pressure varia

tions can in principle be found without using cross-spectral methods. 

Any realistic model that explains the 10-second-rhythm (Hyndman et al., 1971; 

Kitney, 1980; Wesseling et al., 1983, 1985), or the respiration-induced variations 

(Kitney et al., 1982a) in blood pressure and RR-intervals should be able to produce 

power and cross-spectra that are similar to the ones shown in figs.2,3 and 4. So 

the presented cross-spectral technique can be used as a check for such models. 

More data are needed concerning the changes in power and cross-spectra caused by, 

e.g., pathophysiological conditions or pharmacological intervention. The 0.1 Hz peak 

in the interval spectra of conscious dogs disappeared after pharmacological blockade 

of the parasympathetic nervous system (Akselrod et al., 1981). Will the 0.1 Hz 

peak in the blood pressure spectra also be absent under these conditions ? 

Akselrod and coworkers (1981) wondered about the small number of efforts to char

acterize mathematically the physiological mechanisms that generate the - clinically 

relevant - beat-to-beat fluctuations in haemodynamic parameters. We agree with 

them. 
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6.Al Appendix Al Cross-spectra of simulated data, and the effect of smoothing 

In this appendix we present a few cross-spectra of simulated data to give the 

reader some feeling for properties of these spectra. This seems useful because 

cross-spectra are at first sight not easily interpreted. In fig.Al we show power, 

coherence and phase spectra of simulated data, consisting of the sum of two sinuso

ids and noise. "Intervals" In' "systolic-pressures" Sn and "mean values" Mn were 

generated by: 

In =: I + 0.01 sin(21T n/l0) + 0.015 sin(2if n/4) + b n' 

Sn =: 100 + sin(27T(n/l0-l/l0» + 2.sin(2'1T(n/4+1/4» + En. 

Mn = 75 + 'l n' 

with 6 n' En and '2 n independent, Gaussian noise with mean zero and standard 

deviation 0.01, 2, 2, respectively. Hence, I and S contain, apart from the noise, 

two sinusoids at frequencies 1/(10.1)=0.1 Hz and 1/(4.1)=0.25 Hz. At 0.1 Hz I leads 

one- tenth of a period, or 36°, with respect to S; at 0.25 Hz I lags 90°. The 

signal M consists only of white noise. (N.B. these simulated signals are not meant 

to resemble actual blood-pressure and interval data.) 

The calculated power and cross-spectra for these simulated signals are presented in 

fig.Ai. 980 values were used for the calculations; the triangular smoothing win

dow had a width of 31 spectral values or 0.032 Hz, which leads to 48 degrees of 

freedom (section 3.Ai). The power spectra of I and S (figs.Ala,b, solid lines) are 

seen to contain the expected peaks at 0.1 Hz and 0.25 Hz; the spectrum of M 

(fig.Alb, broken line) shows no peaks. The coherence spectrum of I against S 

(fig.Alc, broken line) has high values only at 0.1 Hz and 0.25 Hz. The phase spec

trum (solid line) has for these frequencies the values +400 and -89°, which corres

ponds quite well with the theoretical values of +36° and _90°. As was to be ex

pected, the coherence spectrum of I against M (fig.Ald, broken line) has low values 

over the whole frequency range and accordingly the phase spectrum (solid line) is 

indefini teo 

It may be concluded that the results of the spectral estimation procedure as used 

in fig.A 1 give the correct answers for these simulated signals. 
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Fig.6-Al Power spectra (a,b) and cross-spectra (c,d) of simulated 
'interval' values I and 'pressure' values Sand M. Both intervals and 
systolic values consist of the sum of two sinusoids (0.1 Hz and 
0.25 Hz) and noise. The simulated mean-pressure values consist only 
of noise. the power spectra of th~ interval values (fig.Ala), of the 
systolic-pressure values (fig.Alb, 'drawn line) and of the mean-pressure 
values (fig.Ale, dashed line) are shown. The numbers indicate the 
mean value and standard deviation (s and mmHg for intervals and 
pressure, respectively). Horizontal: frequency (Hz), vertical: power 
(s2/Hz and mmHg2/Hz). 
The cross-spectrum of systolic values against intervals has an appreci
able coherence (fig.Alc, dashed line, left hand scale) only around the 
frequency of the sinusoids (0.1 Hz and 0.25 Hz). The values of the 
phase spectrum for these frequencies (drawn line, right-hand scale (de
grees» correspond with the theoretical ones (see text). The coherence 
spectrum of mean pressure against intervals has a low value 
throughout (fig.Ald, dashed line), and accordingly the phase spectrum 
(drawn line) is undetermined and wanders. 
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An aspect of cross-spectra is illustrated in fig.A2; here the power spectra of I 

(fig.A2a) and S (fig.A2b) and the cross-spectrum of I against S (fig.A2c) are given 

for the data of fig.2, but without smoothing (Chapter 3.A1.4). The power spectra 

are heavily fluctuating, but their general shape is still recognizable (d. fig.2a,b). 

The unsmoothed estimator of the squared-coherence is (section 6.3.4): 

k2(f) = \CBIWI2/(C BBW.Cn(f)) = I XB·XfI2/(XB·X~'XI·Xt> = I 

Hence the coherence has value lover the whole frequency range if no smoothing is 

performed (fig.A2c, broken line); this is to be compared to a correlation coeffi

cient equal to I if only two points are considered in a linear regression. The 

shape of the heavily fluctuating phase spectrum (solid line) still has some resem

blance to fig.2d. Comparison of fig.A2 and fig.2 shows that the smoothing of the 

spectra is indeed useful, but that even without smoothing some characteristics of 

the spectrum remain visible. 
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Chapter 7 

Relationships between short-term blood-pressure fluctuations 

and heart-rate variability: 

II. A simple model 

In this chapter we give a tentative interpretation of the phase spectra of 

RR-intervals against pressure variables (chapter 6) by means of the beat-to-beat 

model that was presented in chapter 5. 

7.1 Abstract 

A simple model of the beat-to-beat properties of the cardiovascular system is 

used to interpret the results of spectral analysis of blood-pressure and interval 

data as presented in chapter 6. The model consists of two equations, one re

presenting the fast regulation of interval by the systolic pressure (baroreflex), 

the other one representing a Windkessel approximation of the systemic arterial 

system. 

The model, When applied to interval and blood-pressure data from resting sub

jects, explains the lack of respiratory variability in the diastolic pressure va

lues. The baroreflex equation seems to describe the data only in the region of 

respiratory frequencies. The shape of the phase spectrum of systolic pressures 

against intervals is modelled by difference equations, but no physiological in

terpretation of these equations is given. 

7.2 Introduction 

In chapter 6 we presented power spectra of beat-to-beat RR-interval (RRI) and 

blood pressure (BP) fluctuations. These spectra showed that both RRI-and 

BP-variability can be attributed quantitatively to its various causes, particularly 

to respiratory influences and the IO-second-rhythm.It was remarkable that al

most no respiratory influence was seen in the spectrum of diastolic pressures. 

We also presented cross-spectra of blood pressure values against intervals, which 

showed that systolic pressure variations lead interval variations by about two 

beats (2 s) in the lO-second-region; however, in the respiratory region, the in

tervals seemed to vary together with the systolic pressures. 
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In the present paper we try to explain some of the results and indicate how 

the cross-spectra may be interpreted. Our point of departure is a simple 

beat-to-beat model of the cardiovascular system (chapter 5, or DeBoer et aI., 

1983). 

7.3 Methods 

Blood pressure and ECG from resting subjects were recorded. Beat-to-beat 

pressure values and intervals were derived from these recordings and were used 

to calculate power and cross-spectra. Successi ve interval and pressure values 

were considered to be equidistantly spaced at distances equal to the mean in

tervallength T. Details of the data acquisition and the estimation of the spec

tra are given in chapter 6. 

The cross-spectrum between a pressure variable (e.g., systolic pressure S or di

astolic pressure D) and the interval I consists of two parts. The (squared) 

coherence spectrum k2(f) is a measure of the correlation between pressure and 

interval variability in a certain frequency band, and has values between 0 (no 

correlation) and 1 (complete correlation). The phase spectrum <p(f) indicates 

the phase difference between the signals; a negative value of <p(f) implies the 

pressure variation to lead the interval variation. If the coherence is low, the 

phase cannot be estimated reliably (Jenkins and Watts, 1968, ch.9). 

In some cases, the data were band-pass filtered by applying a Digital Fourier 

Transform to the vai.IJes, setting the unwanted contributions equal to zero, and 

'applying an inverse Fourier Transform. 

7.4 Model 

7.4.1 Relations between beat-to-beat blood-pressure and R-R interval values. 

To interpret the power and cross-spectra, we start with part of the simple 

beat-to-beat model as presented in a previous chapter (chapter 5). The follow

ing, physiologically plausible relationships between successive pressure and inter

val values were used to describe experimental BP- and RRI-data: 

a) In :: ao. Sn + C 1 (baroref lex) 

b) Dn c2,Sn_l.exp(-In_11 T (Windkessel) 

In these equations Sn and Dn are the systolic and diastolic pressure, respective

ly, occurring during RR-interval In' 
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Eqn.a) states that an increase in systolic pressure Sn implies an immediate in

crease in interval-length In' This is due to the fast, vagally mediated barore

flex-loop, aimed at keeping the blood presSure constant (Sleight, 1980). When a 

systolic pressure wave arrives at the baroreceptors in the aorta and the carotid 

sinuses, it causes a burst of afferent nerve spikes, travelling towards the Cen

tral Nervous System (CNS). The amount of nerve output depends on the pres

sure felt by the baroreceptors (Arndt et al., 1977). The pressure information is 

processed in the CNS, which then sends an efferent spike burst along the vagal 

nerve towards the cardiac pacemaker, thus leading to an adjustable amount of 

delay of subsequent heart beats. (The sympathetic effects on heart rate are 

neglected here, as they are much slower.) The most simple description of this 

process is eqn.a). As we consider data from resting subjects with small varia

tions around the mean values, a linear approximation for the relationship 

between Sn and In is acceptable. 

The constant ao is the so-called baroreflex-sensitivity coefficient and has values 

in the range 5-30 ms/mmHg (Smyth et aI., 1969; Pickering et ai., 1972). 

These values were found in experiments in which the blood pressure was incre

ased or decreased by drugs, and the subsequent change in interval, was com

pared with the change in blood pressure. 

Eqn.b) is a formulation of the Windkessel model for the systemic circulation 

during diastolic run-off. The value of the diastolic pressure Dn depends on the 

previous systolic pressure Sn-l and on the length of the previous interval In_I' 

i is the time-constant of the Windkessel. The equation can be linearized by 

rearranging and taking logarithms: 

b') Ln d~f. log(Sn_l/Dn) == In-II T - log(c2), 

with Ln the logarithmic decrement. 

In chapter 5 eqns.a) and b') were found to be in reasonable agreement with ex

perimental BP- and RRI-data. In the next sections the phase spectra as implied 

by these equations are compared with spectra as calculated from the experi

mental data of fig.2 of chapter 6. The mean interval length I of the 960 con

sidered beats was 0.93 s. The power spectra of intervals (fig.la), of systolic 

pressures (fig.lb, solid line) and of diastolic pressures (fig.lb, dashed) are again 
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Fig.7-1a Power spectrum P(f) of RR-intervals from a resting subject, 
showing peaks at 0.1 Hz (1 O-second-rhythm) and around the respiratory 
frequency. 
Fig.7-1,b Power spectrum P(f) oisystolicpressure S (solid line) and of 
diastq1ic pressures D (dashed line). In the latter spectrum the respira
tory peak is absent. 
Fig.7-lc Squared coherence spectrum k2(f) (dashed line, between 0 and 
1), and phase spectrum q> (f) (solid line, between -1800 and 1800 ) of 
systolic pressure S against interval I. A high coherence implies a 
strong link between pressure and interval variations, as is the case ar
ound 0.1 Hz and in the respiratory region. When the coherence is 
high (> 0.5), the phase is reliably estimated (heavy line). The phase 
is negative when pressure variations lead interval variations (e.g., at 
0.1 Hz). In the region of respiratory frequencies, the phase difference 
between pressure and interval variations is small. 

Fig.7-1d Squared coherence spectrum k2(f) (dashed line) and phase 
spectrum q> (f) (solid line) of diastolic pressure D against interval I. 
The phase spectrum shows no trend. 



presented here, as are the cross-spectra of systolic and diastolic pressure aga

inst RR-interval (figs.lc and Id, respectively). The dashed lines in figs.lc,d are 

the (squared) coherence spectra k2(f), between 0 and 1, and the solid lines are 

the phase spectra, with values between -1800 and 1800 • 

7.4.2 The baroreflex equation 

The baroreflex equation a) implies that no phase difference exists between vari

ations in S and in I. Fig.lc shows that this phase difference is only approxi

mately zero in the region of respiratory frequency (0.20-0.35 Hz). Around 

0.1 Hz a definite lead of pressure exists of around 600 = 1/6 th period, cor

responding with 10/6 = 1.7 s or approximately 2 beats. Hence eqn.a) does not 

describe the data over the whole frequency range from 0 to 0.5 Hz. The 

scatter plot of In against Sn (fig.2a), which shows no clear linear relationship 

(correlation coefficient r = 0.25), does not corroborate equation a) either. 

Thus, the phase spectrum between I and S (Fig. Ie) suggests that the 

baroreflex-equation a) is valid only in the region of normal respiratory frequen

cy. An estimate of the baroreflex sensitivity coefficient ao should therefore 

be based on this frequency-band only. In order to study only res,piratory varia

tions, the following simple method was used. The 0.1 Hz waves and other 
low-frequency fluctuations were removed from the BP- and RRI-variations by 

differencing of successive pressure or interval values, i.e., xg = Xn - Xn_l' 

This is equivalent to filtering the data with a high-pass filter with gain-function 

4.sin2(1T fi) (fig.2b; Jenkins and Watts', 1968, Ch.7.3). 

1200 a 
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0' .m D 
0. 0 ' 
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700~ ____ ~ ____ ~~ ____ ~ ____ ~ 
120 140 160 

systol i c pressure Sn (mmHg) 

Fig.7-2a Scatter plot of R-R intervals 
In against systolic pressures Sn occurring 
during this interval. The baroreflex 
equation implies a linear relationship 
between In and Sn' which is not seen 
from the data. 
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Fig.7 -2b Gain-function of the difference 

filter as used to remove the 
low-frequency variability from I and S. 

As the mean interval length Y is 0.93 s, 
the filter is defined from 0 to 1/2T = 
0.54 Hz. 
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Fig.7-2c Power spectrum of RR-intervals after application of the 

difference fil ter to remove the variability due to the 10-second-rhythm 
and to slower fluctuations. Almost only respiratory variability is left. 
Fig.7-2d Power spectrum of systolic pressures after application of the 
difference filter. 
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Fig.7-2f Scatter plot of differenced in
tervals Ig = In-1n_1 against differenced 
systolic pressures sg = 5o-Sn-I' These 
differenced values appear to be linearly 
related (d. fig.2a). 

For the data of fig. 1 a,b this technique produces power spectra of Id and of Sd 

as shown in Figs.2c,d. The 0.1 Hz peaks are now minimized. The 

cross-spectrum of sci against Id is not changed (fig.2e), because the phase shift 

due to the difference filter is identical for ~ and for Sd. The existing minor 

differences between fig. Ie and fig.2e are due to the averaging of the spectral 

values, preceding the calculation of the cross-spectrum. Fig.2f is the scatter 

plot of Ig against sg. As expected, the correlation coefficient is higher than 

in fig.2a (r = 0.76), permitting an estimation of the coefficient 

ao = 9.7 ms/mmHg. 

A different estimate of the barorefJex sensitivity coefficient was obtained by 

applying a band-pass fil terbetween 0.2 Hz and 0.35 Hz to the data (see 

section 7.2); linear regression of the filtered data of intervals on systolic pres

sures now lead to a value ao = 13.2 ms/mmHg (r = 0.94). This value, which 

lies within the wide range of values obtained by other authors (section 7.4.1), 

will be used later on. 

7.4.3 The Windkessel equation 

According to the linearized equation b') a fixed delay of one beat exists 

between the logarithmic decrement L and I; this amounts to a phase differ

ence between L and I increasing linearly with frequency from 00 at f = 0 to 

1800 for f = 1/2i = 0.54 Hz. This is actually observed in the calculated 

cross-spectrum of L against I (fig.3a). 
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We estimated the timeconstant r by linear regression of Ln on In-I' after re

moving frequency components under 0.05 Hz from I and L. This was done be

cause for these frequencies the power in the spectra of I and L is high, but 

the coherence is low. Hence the correlation between Ln and In_l improves if 

the low-frequency component is removed. After filtering the time constant was 

estimated as r= 1.85 s (r = 0.87), which is in agreement with published va

lues for the time constant of a Windkessel approximation to the systemic circu

lation (Simon et al., 1979; Watt and Burrus, 1976). 

The evidence presented above suggests that the baroreflex equation a) holds 

only in the region of the normal respiratory frequency (0.20-0.35 Hz), but that 

the Windkessel equation b') is approximately valid for all frequencies above 

0.05 Hz. In the following, egns.a) and b') are used to explain why a respiratory 

peak should be absent in the spectrum of diastolic pressures. 

We assume small variations of Dn, Sn and In around their mean values 5, Sand 

i, . and write Dn = D+dn, Sn = 5+Sn and In = i+in• Then eqn.b) becomes: 

bit) dn = 5.(5n_1 /5 - in-II 7: ) 

Around the respiratory frequency, the baroreflex-equation a) may be used in the 

form: in = 
bill) d 

n 

ao.sn- So eqn.blt) can be written as: 

= 5.sn_I .(1/5 - aol r ) 
Hence, no diastolic variability exists (dn = 0) if ao = r: Is. We consider here 

the case of i5 = 75 mmHg, S = 143 mmHg, ao = 13.2 ms/mmHg (section 

7.3.2) and "t = 1850 ms, and we find: dn = -O.01.sn. The respiratory varia

tions in D are only one per cent of the variations in S and no respiratory peak 

is expected in the power spectrum of D. 

Fig.3b illustrates qualitatively the argument presented above. A few consecu

tive heart beats are depicted. The systolic pressure is higher during beat n by 
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Fig.7-3b If the systolic value Sn is 
higher than the previous value Sn-l and 
if tre interval length In does not change, 
trediastolic pressure Dn+l will be higher 

... than the previous one Dn (broken lines) . 
However, the baroreflex transforms the 
increased systolic pressure into a longer 
interval and so the diastolic pressure 
does not vary (solid line). This mechan
ism explains the lack of respiratory vari
abili ty in the diastolic pressures. 

an amount .A S, due to respiratory influences (e.g. increased filling of the left 

ventricle). The higher value of Sn would lead to an increased diastolic value 

Dn+l if the interval length In were equal to the length of the previous beat 

~l (broken lines). However, the higher systolic pressure goes together with a 

longer interbeat interval In (baroreflex ?!) and hence with a longer diastolic 

run-off period, which tends to decrease the diastolic pressure (solid line). The 

net effect is a more or less unchanged value of the diastolic pressure: 

Dn+l ~ Dn' 
Consequently, it can be argued that the lack of respiratory variability in the 

diastolic pressures is a token of a functioning baroreflex (DeBoer et al., 

1985f,g). The argument presented above is only valid for the variability in the 

respiratory frequency-band, because only there the systolic pressures and the in-

tervals vary together. Therefore the 10-s variability in the diastolic pressures 

is not suppressed (d. fig.lb). 

7.4.4 Relations between the spectra 

As the pulse pressure Pn is defined as the difference between systolic pressure 

~ and diastolic pressure On' it is to be expected that the power spectrum of P 

and the phase spectrum of P against I can be derived from the power and 

phase spectra of Sand D. Figs.4a,b show the directly calculated power spec

trum of P and phase spectrum of P against I (solid lines), and the spectra as 

computed from the spectra of Sand D (dotted lines; only between 0.05 Hz 

and 0.15 Hz). For frequencies above 0.15 Hz, little variability in diastolic 
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pressure exists (fig.1b) and hence for these frequencies the spectra of P and of 

P against I (figs.4a,b) resemble the spectra of S and of S against I (figs.1b,c), 

respecti vel y. 

In the range 0.05-0.15 Hz the spectrum of P was calculated from the spectra 

of Sand D as indicated in fig.4c. The Fourier transform of P is a complex 
...... 

quantity, having amplitude and phase. The components of P can be obtained by 
..... ~ 

vector-subtraction of the Fourier components of Sand D. The example in 
..... 

fig.4c shows the calculation for f = 0.1 Hz. The phase of I was defined as 00 • 
~ ... ~ .... 

The phase differences between S and I (-620 ) and between D and I (-790 ) were .... ..... 
read from fig.lc and fig.1d, respectively. The lengths of the vectors Sand D .... ... 
were taken from fig. lb. The vector P was found as the difference between S 
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Fig.7-4a Power spectrum P(f) of pulse 
pressure P, calculated directly (solid 
line), and from the power and 
cross-spectra of Sand D (dotted line; 
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Fig.7-4b Squared coherence spectrum 
k2(f) (dashed) and directly calculated 
phase spectrum cP (f) (solid line) of P 
against L The dotted line is the phase 
spectrum as calculated from the power 
and cross-spectra of Sand D. 
Fig.7-4c Diagram of the calculation of 
the Fourier components of P for 
f = 0.1 Hz by vector-subtraction of the 
Fourier components of Sand D. Phase 
angles and lengths of the vectors Sand 
D are read from figs.l b-d. 
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...a 
and 1); its (squared) length and phase angle (_21 0 ) are plotted in figs.4a,b (dot-

ted lines). The correspondence between the dotted line and the directly calcu

lated values is good, which was to be expected. This shows that the spectra of 

D, S andP are not independent, and that each of them may be computed from 

the other two. 

7.5 Discussion 

We presented a beat-to-beat model of part of the cardiovascular system. We 

checked whether this model could be confirmed by the power and cross-spectra 

of blood pressure and RR-intervals (chapter 6, or DeBoer et aI., 1985). The 

baroreflex equation a), relating interval length to systolic pressure, held approx

imately muy for respiratory frequencies (0.20-0.35 Hz). The Windkessel equa

tion b), describing the diastolic pressure as a function of previous systolic pres

sure and interval, was confirmed by the shape of the phase spectrum of L aga

inst I, with the logarithmic decrement L defined as Ln ::: log(Sn_l/Dn). 

Using the model equations, it becomes clear why the respiratory variations in 

the diastolic pressure values are small: a high value of the systolic pressure 

would be followed by a high diastolic value; but variations in systolic pressure 
and in interval go together at the respiratory frequency, possibly due to the 

fast baroreflex, and so the high systolic value implies a lengthened interval, 

which tends to lower the diastolic pressure. As these two influences are coun

teracting, the diastolic pressure will remain more or less unaffected under res

plratoryvariatio~of systo!icpressure andintervah Our model states that the 

absence of respiratory influence in the diastolic pressure is consequential to a 

functioning baroreflex, and so a diminished vagal regulation of heart rate should 

become manifest in the appearance of a respiratory peak in the spectrum of 

diastolic pressures. 

Scher and Young (1970) altered the blood pressure in unanesthetized dogs by si

nusoidal inflation of implanted aortic cuffs and found a good correlation 

between interval duration and systolic pressure during the interval. They consi

dered this "no-lag" response as vagal and found values of the baroreflex sensi

tivity coefficient between 10 and 45 ms/mmHg (ct. section 7.3.1). When the 

pressure was considerably decreased, the interval-response was slower, due to 

sympathetic effects. Using stimulation frequencies of 0.05-0.20 Hz, they found 
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little or no phase difference between variation in systolic pressure and interval. 

This is not in line with our results, as we find 600 _900 phase difference around 

0.1 Hz. Possibly the spontaneous fluctuations in heart rate and blood pressure 

as studied by us are not directly comparable with the imposed pressure varia

tions in the study of Scher and Young. The difference in species may also be 

important; dogs usually show a much larger respiratory sinus arrhythmia than 

is seen in man, which suggests a difference in the cardiovascular control sys

tem. In addition, the posture of dogs is often different from the posture of 

men. 

One is tempted to approximate the phase spectrum of systolic pressure against 

interval (fig. Ie) by a line from -900 at f :: 0 Hz to +900 at f = 1/21 = 0.54 Hz. 

This line corresponds with the phase spectra belonging to the difference equa

tions ~ :: 0('(Sn-5n+2) or 5n = (3·(In-1n-2)' as can be seen using Z-transforms 

(Jury,1973; Jenkins and Watts, 1968, ch.8.4); the first of these equations is 

then expressed by: 

I(Z):: (X'(5(Z>-Z25(Z»:: ex ·5(Z).(1-Z2), 

and, if we put Z :: exp(21TifI): 

I(Z) = a· 5(Z).(l-exp(4lf' in). 

This amounts to a phase difference between 5 and I that goes linearly from 

_900 for f :: 0 to +900 for f = 1/21, i.e. similar to the phase spectrum of 

fig.lc. The second difference equation, when expressed as 

S(Z) :: (3.I(Z).(l-Z-2) = r·I(Z).(l-exp(-41Tifl), leads to the same phase spectrum. 

However, both difference equations are non-causal, as they predict an interval 

from a subsequent systolic pressure, and a systolic pressure from a not yet 

ended interval, respectively. Therefore they do not seem to be attractive for 

modelling the physiological relationship between 5 and I. The difference equa

tions are more fully discussed in appendix 7./\1. 

Hence, we have no explanation for the shape of the phase spectrum of systolic 

pressures 5 against intervals I. This spectrum is not in conformity with the 

simple baroreflex influence as modelled by eqn.a). Both difference equations 

which we present describe the shape of the phase spectrum, but a physiological 

interpretation is not available. The lead of around 2 s of systolic pressure var

iabilityon interval variability in the 10-second region may be related to sym

pathetic regulation, which has latencies in this range (Levy and Martin, 1979). 
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It appears to be necessary to model the influence of blood pressure on 

RR-intervallength in a more elaborate way than was done in this paper. On 

physiological grounds the model should at least include some sympathetic regu

lation of heart-rate, in addition to the vagal regulation of equation a). 

We showed that the spectrum of pulse pressures can be derived from the spec

tra of systolic and diastolic pressures, due to the identity Pn = Sn-Dn (section 

7.3.4). In a similar way other -- more interesting - relationships between pres

sures and/or intervals should be reflected in the various spectra. 

Two final remarks should be made. First, the direct relationship in variability 

of interval and of systolic pressure in the respiratory region need not be caused 

solely by baroreflex influence, but may also be due to a simultaneous influence 

of respiration-coupled efferent nervous activity on RR-interval and on blood 

pressure, since correlation does not imply causality. The fact that for higher 

respiratory frequencies the interval seems to lead the systolic pressure may also 

be an indication for this. Second, it need not be that a single regulatory me

chanism is commanding both the lO-second-variability and the respiration-linked 

variability, and so different explanations may be needed for both phenomena. 

117 



7.AI Appendix l: Phase spectra of the difference equations 

In section 7.5 we argued that the phase spectra between interval and 

systolk-pressure variability can be modelled by any of two different difference 

equations, but we were not able to give a physiological interpretation of these 

equations. In this appendix the power and phase spectra belonging to these 

difference equations are shown for simulated data. We also give two difference 

equations that model the shape of the phase spectra of intervals and diastolic 

pressures and again show calculated spectra of simulated data. 

The phase spectra between intervals and systolic pressures resemble a straight 

line between -900 at 0 Hz and +900 at IIi Hz, with i the mean interval length 

(fig.lc, 2c, 3c). The following difference equations produce identical phase 

spectra: 

(AO, 

and: 

(A2). 

Using Z-transforms, we found in section 7.5 that these equations can be written 

as: 

I(Z) = ex· S(Z).(l-exp(4 Trifl» = -2 0(·S(Z).sin(2 Trfi).i.exp(21T ifi) 

and: 

S(Z) = ~. I(Z).(l-exp(-4 rr iff» = 2~' I(Z).5in(211" fI).i.exp(-2 'jj" ifi) 

respecti vel y. 

(A!), 

(A2), 

Both equations describe an identical phase relation between systolic pressures 

and intervals, but the amplitude relations between the interval spectrum and 

the spectrum of systolic pressures as implied by equations Al and A2 are dif

ferent. For eqn.AI the ratio between the power spectra of intervals PI(f) and 

of systolic pressures PS(f) is PI(t)/Ps(t) = (1(Z)/S(Z»2 = 4 0( 2sin2(2 nih for 

eqn.A2 this ratio is 1/(4'~ 2sin2(21T'fi». Hence, for f .... 0 Hz PS(f»> PI(f) 

(eqn.A!), or PI(f)« PS(f) (eqn.A2). The same holds for f -+01/(21). 

Similarly, difference equations can be constructed that model the phase spec

trum of diastolic pressure against intervals; this spectrum has approximately 

the value _900 over the whole frequency range (fig.ld). J)ifference equations 

that produce a constant phase difference -900 are: 

In = Dn_I-Dn+l (/\3), 
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as well as: 

On :: In+1-ln-1 (A4). 

The phase spectra for these two difference equations are again found by means 

of the Z-transform: 

I{Z):: 0(Z)(Z-1_Z) :: 0{Z).(exp(-2lfifl)-exp(21TifI» == -20{Z).sin(21T'fi).i (A3), 

and: 

Del) == I(Z)(Z-Z-l) == I(Z).(exp(2lrifl)-exp(-21Tifl» :: 2I(Z).sin(2lT'fi).i (A4). 

Eqns.A3 and A4 lead to similar amplitude relations between the spectra of in

tervals (I) and of diastolic pressures (D) as was the case for intervals and sys

tolic pressures (5) as shown above. 

Hence, both for the spectrum of I against 5 and of I against 0, two difference 

equations are found to agree with the phase spectra. This dual set of differ

ence equations is to be compared with the similar situation if differential equa

tions are sought that may explain a phase-difference of 900 between two sig-' 

nals x(t) and yet): the two differential equations x(t) == y,(t) and yet) :: -x~t) 

imply as a relation between the Fourier-transforms X( IN) == i w·Y( w) and 

yew) == -it.l·X(W), respectively, and both relations lead to a phase-difference of 

900 (but different ratios of the power spectra). 

The two difference equations mimicking the phase spectrum of I against Dare 

not causally interpretable. 

To illustrate the above considerations, we show in figs.AI,2 power and 

crosS-spectra of simulated "systolic pressures". "diastolic pressures" and "inter

vals", using the difference equations AI-A4. For Fig.AI, the systolic values Sn. 

diastolic values On and intervals In were computed for n == 1 to 975 as: 

Sn :: 100 + On. 

In = 1 + 0.05 (Sn - Sn+2) + (d. eqn.A!), 

Dn 50 + 20 (In+l - In_I) + (d. eqn.A4), 

Mn 75 + ~ n' 

with &n' En' 7n and ~ n independent Gaussian noise with mean zero and 

standard deviation 5, 0.0.5, I and 4, respectively. Note that the simulated 

"mean values" Mn consist only of noise. 
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Fig.7-Al Power spectra of I (a), S and M (b) and 0 (c), and 
cross-spectra of S against I (d), M against I (e) and 0 against I (f). 
The data are simulated by difference equations (see text). Most no
teworthy are the shape of the phase spectrum of S against I, going 
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resemble the ones computed from experimental data. The spectra are 
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For Fig.A2, Sn' Dn' In and Mn were computed as: 

Dn = 50 + & n' 

In = 1 + 0.05 (Dn_l - Dn+1) + tn' (cf. eqn.A3), 

Sn = 100 + 20 (In - In_2) + YLn> (cf. eqn.A2), 

Mn = 75 + ~ n' 

with h n' € n' ~ nand ~ n as above. 

The phase spectra between I and S (figs.Ald and A2d) are seen to be identical 

and in correspondence with theory; likewise the phase spectra between I and 0 

(figs.Alf and A2f). The power spectra are "white" for Sin fig.Alb, and for 0 

in fig.A2c. The power spectra of I in fig.Ala and fig.A2a show the expected 

sin2(2m)-shape: low values for f = 0 Hz and f = 1/21 = 0.5 Hz, and a maxi

mum for f = 1/41 = 0.25 Hz. 

The power spectra of 0 in fig.Ale and of Sin fig.A2b have a sin4(211fI)-shape. 

The power spectra of M are white (figs.Alb, A2b), and the coherence spectra 

of I against M have low values throughout (figs.Ale, A2e). 

In summary: this appendix shows that the stated difference equations lead to 

results resembling the experimentally obtained phase spectra of I against Sand 

of I against 0; however, the non-causal character of the equations hinders a 

physiological interpretation of the equations. 
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Chapter 8 

General discussion and conclusions 

Four years ago, we set out to develop signal analysis techniques to deal with the 

two rather untractable cardiovascular signals heart rate (HR) and blood pressure 

(BP). The object was to gain insight in the properties of the cardiovascular sys

tem by analysis of continuous BP and HR registrations. It was our hope that, as 

a first application, we might be able to assess the function of the baroreflex arc 

from these registrations. The baroreflex arc attempts to stabilize the level of 

blood pressure, among other things by the transformation of blood-pressure fluctu

ations into counteracting changes in heart-rate. 

The achievement of our goal seemed so much the more important because an in

creasing number of continuous ambulatory BP registrations are now made both in 

the Amsterdam Academic Medical Centre (VanMontfrans, 1984) and in other insti

tutes. We did not limit the quantitative analysis of these registrations to the 

computation of means and standard deviations, but we applied more elaborate 

techniques as well, which lead to a number of new results. 

In the present chapter we look back upon the chapters of this thesis and see 

whether we reached our goal after the four-year quest (8.1). We also mention a 

number of loose ends which merit to be studied in the near future. Finally, the 

conclusions are summarized (8.2). 

8.1 Discussion 

8.1.1 Chapter 1 

In Chapter 1 the problem is formulated and the physiology of the blood-pressure 

regulation system is briefly discussed. The concept "HR and BP variability" is in

troduced and a list of references is given on the use .of spectral analysis techni

ques in the study of heart-rate variability (HRV). In addition, the outline of the 

thesis is presented. 
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8.1. 2 Chapter 2 

In Chapter 2 a representation of the HRV signal is sought that permits the appli

cation of standard signal analysis techniques. The problem is that the HR signal 

is essentially a point-event series, and not a continuous function of time. Chapter 

2 is especially directed to those physiological and psycho-physiological studies in 

which the HR response to a sudden stimulus is analysed. Then the question arises 

how the HR responses should be averaged, and how they can be subjected to 

further statistical analysis. 
We argue that a representation for the HRV signal should be sought that is relat-

ed to a physiologically plausible model for the genesis of. heart beats. We des

cribe therefore the cardiac pacemaker cell and hence -- totum pro parte -- the 

cardiac pacemaker by the Integral Pulse Frequency Modulation (IPFM) model. 

Then, if the Instantaneous Heart-Rate (IHR) signal is adopted as the HRV signal, 

the IHR signal may rightly be considered as an approximation to the efferent 

neural drive directed towards the cardiac pacemaker. This approach is suited for 

the time-domain description of HRV if at any instant a HR V value is needed. 

The use of heart-rate in the representation of HRV is not always to be preferred 

over the interval-representation. For example, according to Sleight (1980), the 

baroreflex control system appears to work in such a way that a curvilinear rela

tion exists between blood-pressure disturbances and the counteracting heart-rate 

changes, but that the relation between blood pressure and interval is linear. The 

baroreflex sensitivity coefficient (BRS), expressing the gain of the baroreflex, 

should therefore be given as the ratio of interval change and pressure change, i.e. 

in ms/mmHg. However, this assumed linearity between blood-pressure changes and 

accompanying interval changes has been questioned by Karemaker (l980a,b). In 

most modelling studies of the circulation the heart rate and not the interval is 

considered and so the baroreflex gain is in these studies given in beats per minute 

per mmHg (bpm/mmHg), with a negative sign. 

If only small excursions from the mean heart-rate or interval value are consi

dered, as is the case in the later chapters of the present study, the difference 

between a description as interval or as heart rate becomes unimportant. 

Actually, the IHR signal is not used by us in later chapters, because we then 

apply frequency-domain techniques (spectra) or a beat-to-beat approach, or both. 

The IHR signal is not particularly suited when spectral techniques are used, be-
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cause its mathematical representation is somewhat cumbersome: 

IHR(t) = t [(u(t-tk) - u(t-tk+l» / (tk+l - tk)J~ 
with u(t) the unit step-function and tk the time of occurrence of a heart beat 

(e.g., the R-wave in the ECG). The intuitively appealing simplicity of the IHR 

signal compensates in our opinion for the unpleasant mathematical representation 

if a time-domain description of the heart-rate signal is needed. 

8.1.3-4 Chapters 3 and 4 

Chapters 3 and 4 deal with the spectrum of a series of point events. This is re

levant for our purpose because we consider heart beats as point events, and so a 

HRV spectrum must be computed as the spectrum of a point-event series. Both 
chapters compare the two different kinds of spectra that have been defined for 

such a series: the interval spectrum and the spectrum of counts. 

Both for experimental heart-rate data (Chapter 3) and for simulated data from an 

IPFM model (Chapter 4), we show that the two kinds of spectra are similar if the 

variation of the intervals is small compared with the mean interval length. These 

chapters present a survey of the applicability of spectral analysis techniques to 

analysis of series of point events. A number of aspects that have caused confu

sion in the literature is clarified (e.g., the question whether aliasing can occur in 

interval spectra). 

The final conclusion of Chapters 3 and 4, based upon experimental and analytical 

results, is that both kinds of spectra may be used equivalently if power spectra of 

heart-rate variability are needed. However, if the HRV signal is to be related to 

a continuous signal such as respiration, the spectrum of counts is the more logical 

choice; conversely, if the HRV signal is to be related to a signal that is defined 

on a beat-to-beat basis, the interval spectrum is to be preferred. 

We employ this knowledge in Chapters 6 and 7, when using the interval-spectrum 

approach to compute cross spectra of intervals against pressure variables (systolic, 

diastolic pressure). On the other hand, in a contribution to the 

ACEMB-conference (DeBoer and Karemaker, 1985h) the spectrum-oi-counts appro

ach is used to compute the cross-spectrum between HR V and respiration. Then 

the timing relationship is found between heart-rate variability and respiration for 

freely breathing subjects. 
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8.1.5 Chapter .5 

In Chapter 5 we are no longer concerned with purely methodological matters but 

with actual blood-pressure and heart-rate data. First we present a minimal model 

of the circulation, consisting of three simple equations. The first one describes 

the action of the vagally mediated baroreflex on the heart interval: a change in 

systolic pressure causes a change in interval length. The second one assumes that 

an increased interval length leads to a more forceful contraction and hence to a 

higher pulse pressure (Starling's law, and restitution effect). The third equation 

describes the decrease of pressure during diastole by an exponential function with 

a fixed time-constant (Windkessel). The three equations constitute a closed loop 

model of the circulation; it is not a standard control system, because no refer

ence value is present and so any change in one of the parameters of the system 

is directly reflected in the pressure and interval values. 

The need for a simple model originated from a tendency to get stuck in circular 

arguments when thinking about cause and effect in the circulatory system: is the 
heart rate fluctuating, and hence the blood pressure (by changes in cardiac out-

put), or is the variability of blood pressure primary and is the heart rate follow

ing, owing to the baroreflex ? 

We hoped to find some evidence for one or the other of these possibilities by a 

cross-correlation analysis, which indeed showed that the interval length of a beat 

is related to the systolic pressure of that same beat; this suggests a 

baroreflex-like coupling between the two variables. 

Chapter 5 is based on a paper that was written before we applied spectral ana

lysis techniques to pressure and interval signals. In the following we discuss some 

results of Chapter 5 that are now better understood, owing to the spectral ana

lysis techniques as developed in Chapters 6 and 7. 

Assume that in a recording the pressure variability and interval variability are ma

inly due to respiration in the range of normal respiratory frequencies 

(0.2-0.35 Hz). The phase spectra between systolic pressure 5 and interval I show 

that the phase shift between S and I is approximately zero for these frequencies 

(Chapter 6). Hence, for these data a peak in the cross-correlation (CC-) function 

should be found at a· shift of zero beats. On the other hand, if in a recording 

mainly IO-second variability is present (phase shift 2 s = 2-3 beats), the peak in 

the CC-function will be at a shift of 2-3 beats. 

The registrations we analysed in Chapter 5 were from recumbent subjects; this 
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position will have lead to a diminished contribution of 10-second variability and a 

preponderance of respiratory variability (Pomeranz et al., 1985). This explains the 

peak at a shift of zero beats as we found. The differencing procedure which we 

used in some of the records acts as a high-pass filtering procedure (figs.7.2b,c,d), 

and therefore tends to augment the influence of respiratory variability (CC-peak 

at shift zero) at the expense of the 10-second variability (CC-peak at shift 2-3). 

The discrepancy between the results of Freyschuss and Melcher (1976) and ours 

can be somewhat better understood, owing to the spectral approach as used in 

Chapters 6 and 7. Freyschuss and Melcher did impose a 10-second respiration 

rhythm to their subjects and found a weak positive correlation between heart-rate 

and mean arterial pressure, implying a negative correlation between R-R interval 

and pressure. They concluded that therefore the role of the systemic arterial 

baroreflex in the genesis of the respiratory sinus arrythmia should be questioned. 

However, in their experimental situation mainly 0.1 Hz variability will have been 

present, leading to a different relation between interval variability and 

systolic·.pressure variability than we find in the respiratory range at frequencies of 

0.2-0.35 Hz. Our phase spectra show for 0.1 Hz a time-lag between beat-to-beat 
mean pressure and interval of around 90° (figs.6.2e,3e,4e). As the squared corre-

lation coefficient r2 between two signals with a phase difference of <p (e.g., 

x(t}.:sin(21rt) and y(t)=sin(2 Trt+ cP ) ) is cos( <p ), a phase difference of 900 would 

imply a correlation coefficient of zero. This reasoning does not yet explain why 

Freyschuss and Melcher (1976) found a weakly negative correlation between pres

sure and interval. 

We consider the circulation as being governed by an essentially discrete process, 

which differs from the usual representation. We use a difference equation model 

to describe the beat-to-beat properties. In the grand computer models of the cir

culation, a continuous heart-rate signal and a mean pressure signal are considered, 

leading to a description of the system by means of· differential equations (e.g., 

Grodins, 1963; Beneken and DeWit, 1967; Guyton et al., 1972; Wesseling et al., 

1983; for a short recent review see Coleman, 1985). In such models the 

beat-to-beat regulation of heart rate by the baroreflex can hardly be observed, 

especially because the position of the heart-rate signal on the time axis is often 

not precisely defined. The model of Beneken and DeWit (1967) generates 
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real-looking pulsatile pressure waveforms, but it incorporates many more aspects 

of the cardiovascular system than we wanted to include in our study. Indeed, all 

of these computer models are complex and contain dozens of equations, instead of 

the three of our simple model. 

The model of Chapter 5 is therefore not to be compared in performance with the 

above-mentioned ones. It should be judged in the spirit of the statement of Gro

dins (1963): "The very act of formulating the problem in terms of block diagrams 

and mathematical relationships, requiring as it does the precise identification and 

rigorous definition of previously vague concepts, provides insight and clarification 

obtainable in no other way". The truth of this statement became evident when 

we wanted to explain the phase spectra presented in Chapters 6,7. These spectra 

cannot be understood if only the fast, vagally mediated action of the baroreflex 

on heart rate is considered. Therefore some sympathetic influence must be as

sumed to playa role; but how should this be modelled? Sympathetic effects on 

heart rate are slower than the vagal effect, but how much slower? How long do 

the effects remain noticeable? These questions must be answered before the de

sired sympathetic effects can be added to the model. 

&.1.6 Chapter 6 

In Chapter 6 we present power spectra of intervals and pressure variables: 

systolic, diastolic, mean and pulse pressures. This chapter contains also some of 
the most interesting results of this study: the cross spectra of intervals against 

the pressure variables. 

Both the power spectra of systolic pressures, of mean pressures and of pulse pres

sures are seen to resemble each other and the interval spectrum overall. The di

astolic spectrum is different in that a respiratory peak is usually absent or small. 

We do not know how much extra information is gained by the computation of the 

power spectra of pressure variability, in addition to the interval spectrum. It cer

tainly would be of interest if under pathological or drug-induced conditions the 

respiratory or lO-second peak would disappear in the interval spectrum while being 

present in the pressure spectra, or vice versa. No such conditions are yet known 

to us. 

It should be mentioned that the different peaks in the spectra may be less dis

tinct than shown in the examples of Chapter 6. For example, in case of very ir-
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regular or shallow breathing, the respiratory peak may be inconspicuous. 

Similarly, the 10-second peak can be almost absent under certain circumstances 

(e.g. during sleep, see Appendix B), or can be drowned in other low-frequency 

contributions (as is almost the case in the interval spectrum of fig.6.40a). Also, 

especially during rest, the respiration may have a frequency of around 0.1 Hz (Go

lenhofen and Hildebrandt, 1958), which implies that the respiratory peak and the 

10-second peak coincide and are inextricable. 

The phase spectra of intervals against pressure variables permit the separate as

sessment of time-delays between interval and pressure variability for the 

10-second rhythm and for the respiratory variability. We find that the respiratory 

variability in systolic pressure and in interval seem to be coupled by the fast bar

oreflex, while a two-second lag exists between 10-second variability in systolic 

pressure and in interval. 

Caution is needed in the interpretation of phase spectra, because the phase is only 

determined up to a multiple of 3600• As noted before, a phase difference of zero 

between interval and systolic-pressure variability was seen at the respiratory fre

quency (0.3 Hz). However, it might also be said that at this frequency the inter

vals lead systolic pressures by 3600 (3.3 s), or 7200 (6.6 s), or that systolic pres

sures lead intervals by the same amount, or even that the heart rate (inverse in

terval) leads systolic pressure by 1800 (1.7 s), or vice versa. Similar comments 

can be made concerning the lead of 700 of systolic pressure on interval in the 

0.1 Hz-region. Only physiological considerations can decide which of these ma

thematicaUy equivalent descriptions is most suitable. 
We were pleasantly surprised by the similarity in the phase spectra from different 

subjects. The few references in which phase spectra of heart rate against pres

sure were previously described show less consistency then we found, and no com

mon interpretation is given (Fiser et ai., 1978; Penaz et al., 1978b; Settels, 

1980; Wesseling et al., 1983; Zwiener et al., 1978, 1982). 

We do not know why these authors apparently obtained less satisfactory results. 

Our phase spectra were calculated in line with the beat-to-beat approach, whereas 

in the other papers continuous blood-pressure and heart-rate signals were con

structed from the experimental registrations. The effect of this difference in ap

proach is unclear. In addition, two technical factors may have made the spectra 

that were presented in the literature less easily interpretable. 
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First, both the group of Penaz and of Zwiener presented for reasons of computa

tional economy the phase spectra only in the range +900 to _900 instead of +1800 

to _1800 • This hinders in our opinion the interpretation of the spectra. In addi

tion, these published spectra are less clear because of the presence of a multitude 

of confusing vertical lines from _900 to +900 and vice versa; these lines might 

have been suppressed because a· phase angle of _900 is identical to one of +900 

(or, in our approach, -1800 is identical to + 1800 ). 

Recently, Baselli et ale (1985) confirmed our results by presenting similar phase 

and coherence spectra of beat-to-beat interval and pressure values as shown in 

figs.6.2,3,4. In addition, the group of Mulder and Mulder obtained comparable 

spectra, using interpolated pressure and interval signals (Mulder, 1985; Veldman et 

ai., 1985) 

The difficulty in comparing phase spectra from different authors may be exempli

fied by the following. Zwiener (1978) concluded from inspection of the pressure 

and heart-rate recordings that the lO-second blood-pressure waves follow the 

heart-rate waves with a 2-3 s lag. Some reflection is needed to translate this 

statement into the language of the present study: a lead of the heart-rate signal 

with 2-3 s at 0.1 Hz (10 s) is identical to a lag of the interval signal with 3-2 s. 

And, because in the paper of Zwiener the Delayed Heart-Rate signal is used (d. 

Chapter 2), a shift of 1 s shows that the instantaneous interval has a lag of 

2-1 s. This corresponds with our finding of a lag of around 2 s as derived from 

the phase spectra. Zwiener (1978) considers this lag to give support for a central 

nervous origin explanation of the la-second rhythm, but we fail to see why. 

This discussion proves again that a precise definition of the heart-rate signal and 

the blood-pressure signal is necessary in the study of fast properties of the CV S. 

A shift of a signal by one beat will alter the conclusions dramatically. 
The phase spectra of pressure variability against interval variability constitute a 

critical test for theories concerning the origin of the 10-second rhythm and the 

respiratory pressure and heart-rate waves. We show in Appendix B that in sleep

ing subjects the contribution of the lO-second rhythm to the total variability is 

reduced; however, results not presented here indicate that no substantial differ

ence exists between the day-time and night-time phase spectra: also the greatly 

reduced amount of 10-second variability in systolic pressure during sleep leads the 

interval variability by some two seconds. 
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8.1.7 Chapter 7 

Chapter 7 compares the power and phase spectra of Chapter 6 with the results 

predicted by an even more simplified version of the model of Chapter 5. In 

Chapter 7 the assumed dependence of pulse pressure on length of the previous in

terval (Starling & restitution) is not taken into account. Hence the CYS is consi

dered as an open-loop system, not as a closed-loop one. This causes a simplifica

tion in the interpretation of the phase spectra. We focus on the phase spectrum 

of systolic pressure against interval, which seems the most interesting one as it is 

informative about the regulation of R-R interval by the baroreflex. 

The action of the vagal branch of the baroreflex was modelled by the baroreflex 

equation (eqn.5.l): 

In=ao'Sn+c (5.1) 

According to this equation, the interval In between two beats is directly propor

tional to the systolic pressure Sn in that interval, and so the theoretical phase 

difference is zero (for all frequencies). Conversely, a phase difference of zero in 

the phase spectrum, calculated from experimental data, would support the validity 

of the baroreflex equation. The results of Chapter 6 show that the phase differ

ence in the experimental data is zero only in the respiratory, high-:-frequency re

gion. 

The following argument explains why the baroreflex equation (5.1) is valid only for 

the differenced values I~ = In-In_1 and S~ = Sn-Sn_1: the process of differenc

ing acts as a high-pass filter, which suppresses the 10 s variability and still slower 

fluctuations (section 7.4.2). After differenCing, mainly the high-frequency variabil

ity remains and for these fast fluctuations (above 0.20 Hz) the phase difference 

between systolic pressure and interval is approximately zero, and hence 

equation (5.1) is valid. 

It seems thus logical to calculate a value for the baroreflex sensitivity coefficient 

ao (BRS) from the differenced interval and pressure values. Karemaker (l980a,b) 

introduced the notation BRS* for the value obtained in this way. One might also 

use a more complex filtering operation in order to consider only the variability in 

the frequency range where the phase difference is around zero, e.g. the range 

0.20-0.35 Hz for the data of fig.7.1. 
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Fig.8-1a Schematic representation of 
the baroreflex control of the length of 

the R-R interval In. The values of the 
systolic pressure modulate the vagal and 
sympathetic efferent activity towards the 
cardiac pacemaker; the effect of the 
sympathetic influence (broken line) is 
much slower and more persistent than 
the vagal effect (solid line). 
Fig.8-1b For a faster heart rate 
(> 75 bpm), the interval In is not af
fected by the value of the systolic pres

sure Sn' but of the previous value Sn_l' 

The estimation of a baroreflex sensitivity coefficient (BRS) from our data results 

in a number between 5 and 15 ms/mmHg. However, our approach considers only 

the fast, vagally mediated baroreflex. It is therefore evident that these values 

may not be directly compared to the ones obtained by the standard method of 

imposing a change in pressure and noting the consequential change in interval 

(Smyth et ai., 1969), because the latter method also includes a contribution of the 

sympathetic system. 

The baroreflex control of heart rate, consisting of a fast vagal effect and a 

somewhat slower sympathetic effect, is schematically shown in fig.!. Fig.la illus

trates the action of the baroreflex if the intervals are long, and fig.lb shows the 

situation for shorter intervals. The figure indicates that an increased systolic 

pressure can lenghthen the very interval during which it occurs by the vagal 

pa thway if the interval is longer than around 800 ms (heart rate less than 

75 bpm; Pickering and Davies, 1973; t<aremaker, 1980b, 1985b). The sympathet

ic influence becomes effective after some delay, but it remains effective for a 

longer period (Levy and Martin, 1979). 

The question remains why the baroreflex equation (1) seems to be valid only in 

the range of respiratory frequencies. The sympathetic influence on the pacemak

er, and hence on the R-R interval, may in the simplest form be incorporated in 

the baroreflex equation as: 

132 



In = ao·5n + c + a3,5n_3 + a 4·5n_4 + aj'5n_5 + a6,5n_6 + ..... (2) 

As before, ao is a measure of the fast vagal effect of pressure on the present in

terval. A relatively long interval is assumed here (d. fig.la, not fig.lb). The 

coefficients a3' a 4, a5' ••• represent the sympathetic influence of previous beats 

on the present interval, The respective values of these coefficients determine the 

time-course of the sympathetic effect. It is assumed that the length of 

interval In is not affected by the systolic values 5n-1 and 5n-2> because the vagal 

effect of 5n_1 and 5n_2 has already died out, and their influence through' sym

pathetic action is not yet effective. 

In this view, the length of the interval In is determined by the systolic pressure 

5n (through vagal action) and by a weighted sum of previous systolic pressures 

(syrnpatI!etic).Summation.(like integration) amounts to a low-pass filtering proce

dure, as can be understood intuitively by consideration of successive beats that 

have alternating values: high, low, high, low, This represents a 

high-frequency fluctuation; however, the sum of two consecutive beats is 

constant: the summation filters out the fast fluctuations. Therefore the sym

pathetic, summing system does not transmit fast fluctuations, but only slow ones. 

The vagal system, on the other hand, transmits both fast (respiratory) and slow 

(lO-second rhythm) fluctuations. These considerations agree witp p\lblished exper

imental results (Akselrod et al., 1981; Pagani et al., 1984; Pomeranz et al., 

1985). 

Because the sympathetic influence is not effective at higher frequencies (above 

0.15 Hz), only the parasympathetic influence is important for these frequencies 

and equation (2) reduces to the simple baroreflex equation (1). In the 0.1 Hz re

gion (la-second rhythm) a lead of BP on RRI exists, due to the mix of vagal and 

sympathetic influences, which are both effective around this frequency. This 

again can qualitatively be understood from equation (2). 

The origin of the la-second waves, however, is not well known. The cardiovascu

lar system is a closed-loop system (fig.5.!) and the la-second waves are possibly 

due to some resonance phenomenon in the feed-back loop. Then the simple 

cause-and-effect relationship between pressure and interval variability is no longer 

valid. Actually, real-looking la-second waves were obtained in simulated pressure 

and heart-rate data from the mathematical model of Chapter 5 by incorporation 

of the slower sympathetic effect on interval length (eqn.2), and by the introduc

tion of noise in the system (Karemaker, 1985a). 
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We assume that it will prove possible to explain the phase spectra of pressure 

against intervals by an extended version of the model of Chapter 5, but we have 

not been successful in doing solE. The extended model should at least be 

equipped with sympathetic regulation of inter beat interval, of the peripheral resis

tance and possibly of the inotropic force. It would be very useful to be able to 

obtain experimentally beat-to-beat values of stroke volume and peripheral resis

tance in order to compare experimental and simulated data. 

In part of the registrations we studied, the phase spectrum between systolic pres

sure and interval shows some lead of pressure on interval variability in the respi

ratory region (d. fig.6.4; in contrast to the phase of zero as in figs.6.2 and 

6.3). This may be due to the effect of the previous pressure on the present in

terval (In = a1,Sn_l+C; eqn.5.l'). 

Both the cross-correlation techniques (Chapter 5) and the cross-spectral techniques 

(Chapters 6,7) have as essential limitation that they can only cope with the linear 

properties of the system. The CVS is certainly highly non-linear, but we consi

dered only its operation around the resting values of pressure and interval (equili

brium point). The maximal pressure excursions were of the order of :!: 10 mmHg 

from the mean value and the interval excursions of the order of +100 ms. We 

assumed that within this range the CVS may be considered as a linear system. 

This assumption is not easily tested. 

Evidently, more insight is needed in the time-courses of both the vagal and the 

sympathetic branch of the baroreflex control of heart rate before a clear-cut 

prescription can be given for the calculation of the baroreflex gain from spon

taneous fluctuations. It seems unlikely that a single number will suffice, because 

at least the gain of the vagal and of the sympathetic loop will have to be consi

dered separately. 
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tended the beat-to-beat model along the lines suggested here, and we obta

ined simulated pressure and heart-rate data of which the power spectra and 

cross spectra resemble quantitatively the spectra from actual data. 



8.2 Conclusions 

The goals of the study were formulated in section 1.1: (i) the development of sig

nal- analysis techniques that may be applied to blood-pressure and heart-rate sig

nalS; (U) the development of a mathematical model of the cardiovascular system, 

based upon the chosen signal-analysis technique; (iii) the extraction of physiologi

cally interpretable parameters from the pressure and heart-rate signals. The par

ameters should preferably give information on the function of the baroreflex. 

As described in this thesis, we obtained a number of results for all three topics. 

Part of the results concern methodological aspects of the study of the cardiovas

cular system (CVS) in resting conditions; other relate to physiological properties 

of the CVS. 

Concerning methodology, techniques were developed and compared for the analysis 

of heart-rate variability (HRV) data and of spontaneous blood-pressure (BP) fluctu

ations. For the time-domain description of HRV we proposed a signal that is 

connected with a physiologically plausible model for the genesis of heart beats 

(Chapter 2). For the combined analysis of HRV and BP-fluctuations we chose for 

a beat-to-beat approach, and accordingly a simple difference-equation model of 

the CVS was developed (Chapter 5). The model implies that what happens in the 

CVS can be considered as a series of discrete events; this agrees with the essen

tially discrete process going on, and is therefore in our opinion preferable for the 
description of the fast properties of the CVS. Consequently, blood-pressure and 

heart rate (or inter beat interval) become functions of beat-number and not of con

tinuous time. The loss of a relationship between these signals and continuous 

time is a drawback of the beat-to-beat approach, but seems unimportant if only 

stationary conditions are considered, as is the case in the present study. 

The development of spectral analysis techniques enabled us to study separately the 

relationship between HRV and BP-variability for respiratory fluctuations, for varia

bility due to the lO-second-rhythm, and for slower fluctuations. We first had to 

convince ourself that the spectra as obtained from the beat-to-beat values may be 

interpreted in standard frequency terms (Hz). This lead to the work as described 

in Chapters 3 and 4-, The beat-to-beat spectra appear to be advantageous jf 

cross-spectra of interval variability against pressure variability need to be inter

preted, as is shown in Chapters 6 and 7. 
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Concerning physiological results: spectral analysis of the pressure and heart-rate 

records showed that the interval variability and systolic-pressure variability can be 

divided in a respiratory component, a 10-second-component and in slower variabili

ty. This confirmed the findings from previous studies. Diastolic pressures often 

showed no respiratory variability. We found consistent results for coherence and 

phase spectra of pressure variability against interval variability. The coherence 

was always high for respiratory frequencies and around 0.1 Hz, indicating that a 

relation between pressure variability and interval variability exists for these fre

quencies. Phase spectra showed the 10-second-variability in systolic pressures to 

lead interval variability by some three beats; the respiratory variability in systol

ic pressures and intervals are synchronous. 

An attempt was made to explain the spectra in physiological terms. The old 

Windkessel model was shown to explain rather well the relationship between fluc

tuations in interval, systolic and diastolic pressure at rest (fig.7 .3a). Acceptable 

values for the time-constant of the Windkessel are found. 

We also provide results suggesting that the respiratory sinus arrhythmia (RSA) in 

rest is due to the action of the fast, vagally mediated baroreflex, transforming 

the respiratory BP-waves into heart-rate variations. If this hypothesis is true, a 

measure of the baroreflex sensitivity can be derived from the spontaneous pressure 

and interval fluctuations. This might be an attractive alternative for the standard 

determination of baroreflex sensitivity, which requires the use of injected drugs. 

In summary, we provide in this thesis new techniques for the analysis of spontane

ous heart-rate and blood-pressure fluctuations. When applying these techniques to 
recordings from healthy subjects, consistent results are obtained which may be ex-

plained in terms of physiological parameters, e.g., the baroreflex sensitivity coef

ficient. The clinical significance of these parameters remains to be investigated, 

preferably by comparison of data from healthy subjects with data from patients 

, suffering from neurological disorders or hypertension; The results as described in 

this thesis invite the development of a more comprehensive beat-to-beat model of 

the CVS, which should at least incorporate the sympathetic action of the barore

flex on inter beat interval and peripheral resistancell!. 

lE Appended note: See the postscript (Chapter 9) 
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Chapter 9 -- Postscript 

A beat-to-beat model of the cardiovascular system, 

explaining respiratory sinus arrhythmia and 

the lO-second rhythm in human blood-pressure and heart-rate data 

After completion of most of this thesis, we developed an extended version of the 

beat-to-beat model presented in Chapters 5 and 7. The extended model gives a 

quantitative description both of the shape of the power spectra of heart-rate and 

blood-pressure, and of the shape of the cross-spectra of interval variability against 

pressure variability (Chapter 6). In addition the model gives an explanation for 

the respiratory sinus arrhythmia and for the 10-s variability in human heart-rate 

and blood-pressure data. Therefore these new results seemed of sufficient interest 

to warrant inclusion in this booklet. 

9.1 Abstract 

A beat-to-beat model of the cardiovascular system is described .. It consists of the 

following mechanisms: (1) control of heart rate and peripheral resistance by the 

baroreflex, (2) Windkessel properties of the systemic arterial tree, (3) contractile 

properties of the myocardium (Starling's law and restitution) and (4) mechanical ef

fects of respiration on blood pressure. 

Power and cross-spectra of simulated data from this model agree quantitatively 

with spectt:'a of actual data from resting subjects. In the model the 10-s rhythm 

in heart rate and blood pressure appears as a resonance phenomenon, due to the 

delay in the sympathetic control loop of the baroreflex. In order to make simu

lated and actual data tally, it must be assumed that respiratory sinus arrhythmia 

(RSA) is secundary to the respiratory blood-pressure waves; the latter are trans

formed into RSA by the baroreflex. 

The simulated response of the model to an imposed increase of blood pressure is 

found to correspond with the pressure and heart-rate response in patients following 

administration of a pressure-increasing drug (e.g., phenylephrine). 

It is concluded that the model describes correctly a number of important features 

of the cardiovascular system. 
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9.2 Introduction 

In Chapters 5 and 7 of this thesis we discussed a simple beat-to-beat model of 

the cardiovascular system (CV S), consisting of difference equations that were der

ived from physiological properties of the CV S. The model implied a different 

shape of the phase spectrum of systolic-pressure variability vs. interval variability 

than was observed in actual data. Phase spectra derived from the model and 

phase spectra computed from actual data were found to agree only for respiratory 

frequencies (0.2-0.35 Hz), but at the frequency of the 10-s rhythm the model 

predicted a phase of 00 , whereas the experimental data show a phase of around 

_70°. 

In this chapter we present an extended difference-equation model of the CVS. It 

is used to obtain simulated blood-pressure and R-R interval data. Two types of 

resul ts are described: 

1. In section 9.4.1 simulated pressure and interval data during rest are presented. 

It is shown that the main features of power and cross spectra, computed from 

these simulated data, agree quantitatively with spectra derived from actual regis

trations. 

2. In section 9.4.2 the pressure- and interval-response of the model to the ad

ministration of a pressure-increasing drug (e.g., phenylephrine) is found to corres

pond well with experimental data. Such a drug is clinically administered if the 

function of the baroreflex is to be tested; the interval-prolongation due to the 

pressure increase is taken as a measure for the so-called baroreflex sensitivity. 

The similarity of actual and simulated behaviour of the CVS leads us to believe 

that the control properties of the CVS tally with the mechanisms built into the 

model. 

At the end of this chapter we present a number of appendices, dealing with the 

mathematical properties of the extended model. 

9.3 Description of the model 

In the model the following properties of the cardiovascular system are taken into 

account: 

(a) Control of inter beat interval and of peripheral resistance by the baroreflex, 

(b) W indkessel properties of the systemic arterial tree, 

(c) Contractile properties of the myocardium (Starling's law and restitution proper

ties), 

(d) Mechanical effects of respiration on blood pressure. 
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The model is an extended version of the beat-to-beat model discussed in Chapters 

5 and 7. It can be visualized by the diagram of fig. I. The value of the blood 

pressure is measured by the baroreceptors. Accordingly the Central Nervous Sys

tem adjusts the heart rate by both fast, vagal action and by the slower sympath

etic pathway; the peripheral resistance is controlled through sympathetic activity 

only (baroreflex control of heart rate and of peripheral resistance, respectively). 
The heart rate (or equivalently the length of the R-R interval) affects the cardiac 

output, which together with the peripheral resistance determines the blood pres

sure, thus closing the loop. Respiration is assumed to affect first the cardiac 

output and hence the blood pressure, and subsequently the R-R interval through 

the baroreflex. 

The present modeleJiffers from the one shown in Chapter 5 by the presence of 

sympathetic control of R-R interval and peripheral resistance. 

blood 

Central 
Nervous 
System 

'" \symp. , 
,(SlOW) "-

I 

peripheral 
resistance 

respiration 

vagal (fast) 

Fig.9-1 Schematic diagram of the cardiovascular system. The blood 
pressure affects, through baroreceptors and Central Nervous System, 
both the interval length and the peripheral resistance (baroreflex). 
The dashed line indicates the slow, sympathetic control. Cardiac out
put is determined by heart rate (or R-R interval). Peripheral resis
tance and cardiac output determine the new blood-pressure value. 
Respiration is assumed to affect the blood pressure, possibly through 
mechanical effects. 
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In the following, the model is described in detail. It consists of a set of five 

difference equations. The notation we use is shown in fig.2: systolic pressure Sn' 

pulse pressure P n' diastolic pressure Dn and peripheral resistance Rn occur during 

R-R interval In' The product of the peripheral resistance Rn and the (supposedly 

constant) arterial compliance C gives the time-constant T n=RnC of the diastolic 

pressure decay. 

It will be convenient to consider operation points of the pressure and interval var

iables, because if the model is used to generate data from a subject at rest, only 

small deviations from the operation points will occur. In that case the difference 

equations of the model may be linearized around these points, which considerably 

facilitates the analysis of the model. The operation points are indicated as S 

(systolic pressure), D (diastolic pressure), P (pulse pressure), R (peripheral resis

tance), I (R-R interval) and T:::RC (arterial time-constant, with C the arterial 

compliance). The deviation sn of the systolic pressure Sn from its operation point 

S is defined as sn:::Sn-S, Similarly we define dn:::Dn-D, Pn:::Pn-P' rn:::Rn-R, tn=Tn-T 

and in::: In-I. The operation points were chosen as S:::120 mmHg, D=75 mmHg,' 

1:::800 ms, and T=1425 ms. These are normal human values, the last one being 

taken from the model of Wesseling et al. (1983). We give for each equation of 

the model both the full form and the linearized small-deviation form as was used 

in the simulation of resting conditions. 

The model is meant to cover only relatively fast fluctuations in pressure and 

heart rate, with periods of less than 20 s, i.e. frequencies above 0.05 Hz. 
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Fig.9-2 Notation as used in this chapter. Systolic pressure Sn' pulse 
pressure P n' diastolic pressures Dn and peripheral resistance Rn occur 
during R-R interval In' The product of the peripheral resistance Rn 
and the (supposedly constant) arterial compliance C gives the 
time-constant T n=RnC of the diastolic pressure decay. 



9.3.1 Effective pressure 

1. S~ = F(Sn) 

l~ sh = f(sn) 

This equation transforms the actual systolic value Sn into an effective value Sh. 

We use the concept of an effective systolic pressure in order to model the level

ing-off of the baroreceptors, which are known to respond proportionally in a limit

ed range of systolic pressures only (d. the "baroreceptor function curve" of Wes

seling et al., 1983). The function F as used in the calculation is: 

F(S)=120+18.arctan«S-120)/18), or equivalently f(s)=18.arctan(s/18) (see fig.3). 

The effective pressure is almost equal to the actual one for small deviations ar

ound the operation point 5=120 mmHg. 
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9.3.2 BarorefJex on heart rate 

2. In = ao'S~ + ~o ak·Sh_k +c 1 

2~ in = ao·sh + ~ ak.sh_k 
14>0 

Fig.9-3 This curve shows the assumed 
relationship between the actual 
systolic-pressure value 5 and the effec
tive value S'. The lower-case letters 
show the deviations from the operating 
point, 5=120 mmHg. 

This equation represents the action of the baroreflex on the cardiac pacemaker. 

It states that the length of the present interval In is determined both by the 

value of the (effective) systolic pressure S~ during this interval (due to the fast, 

vagal influence), and by a weigthed sum of a number of previous systolic values 

S~_k' representing the slower sympathetic influence (fig.4). 

The notation we use In eqn.2 reflects the distinction between vagal (ao) and sym

pathetic (ak, with k>O) contributions. The value of the parameter ao is a meas

ure of the vagal strength of the baroreflex are, while the values of the parame

ters ak with k>O determine the time-response and strength of the sympathetically 

mediated control of cycle length. 
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ECG 

Fig.9-4 Blood-pressure registration and electrocardiogram, indicating 
the control of cycle length by the vagus nerves and the sympathetic 
nerves. The interval length In is affected by the systolic values 5n 
and 5n-2 to 5n_6• The vagal effect of 5n_1 has already died out, and 
its sympathetic effect is not yet effective. The numbers indicate the 

relative strength of the influence of the different systolic values on 
interval In as assumed in our model. 

In order to obtain simulated data from our model, realistic values should be found 

for the parameters ak' The overall strength of the baroreflex are, the so-called 

baroreflex sensitivity (BRS), is for clinical purposes measured by administering a 

pressure-increasing drug (e.g., phenylephrine) and comparing the pressure-induced 

interval increase a I with the increase of pressure 4. P (d. section 9.4.2). Values 

for the BRS, expressed as .1 1/ fj, P, are found as 10-20 ms/mmHg (Pickering et 

al., 1972). The relative contributions of vagal and sympathetic activity to this 

overall value are not well known, In our simulations the vagal parameter ao has 

the value of 9 ms/mmHg. We take for the ak's a triangular weighting function, 

starting at a delay of two beats (around 2 s; d. Borst and Karemaker, 19&3). 

The values of the ak's were taken as: ak== 1, 2, 3, 2 and 1 ms/mmHg for k= 2, 

3, 4, 5 and 6, respectively (see fig.4). 

9.3.3 Baroreflex on peripheral resistance 

3. Tn (== RnC ) == Tll - ~obk,S~-k' 
3~ tn (== r nC ) == - ~ bk.sn_k, 

k')o 
This equation represents the sympathetic action of the baroreflex on the peripher-

al resistance, and hence on the time-constant of the arterial Windkessel; the ar

terial compliance C is considered constant. The actual value of the peripheral re-
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sistance Rn depends on a weighted sum of previous systolic values Sn-k, due to 

the slow sympathetic influence (d. eqn.2). The minus-sign is used because of 

the change. in resistance being opposite to a change in pressure; an increased 

pressure leads to a decrease of resistance. We take for the weighting coefficients 

bk an identical triangular shape as for for the sympathetic factors ak in eqn.2; 

the values are taken as bk = 2, 4, 6, 4 and 2 ms/mmHg for k= 2, 3, 4, 5 and 6, 

respectively. 

9.3.4 Properties of the myocardium (Starling, restitution) 

4. P n = ~ .In_1 +c2, with P n = Sn-Dn 

4~ Pn = ¥ .in_l , with Pn = sn-dn 

This equation models the influence of the length of the previous interval on the 

strength of the ventricular contraction. It states that a long interval 1n_l tends 

to increase the next pulse pressure P n' This mechanism is assumed to be partly 

due to the increased filling of the ventricles after a longer interval, which leads 

to a more forceful contraction (Starling's law), and partly to the restitution pro

perties of the ventricular myocardium, which also leads to an increased strength 

of contraction after a longer interval. A numerical value of the parameter l is 

given by Wesseling et ale (1983) as 0.016 mmHg/ms. We used this value in the 

simulations. 

9.3.5 Windkessel 

5. Dn = c3,Sn_l·exp(-ln_l/tn_l) 

5~ dn = D.(sn_l/S - in_1/RC + (I/RC).tn_1/RC) 

This equation describes the decrease of pressure during diastole. It expresses the 

Windkessel properties of the arterial tree; the value of the new diastolic pressure 

Dn depends on the value of the previous systolic pressure Sn_l' on the length of 

the preceding interval In_1 and on the value of the tit:ne-constant T n-l :Rn_1 C of 

the Windkessel during the diastolic pressure decay. Equation 5' is derived from 

equation 5 by assuming small deviations from the operation points 5, D, T, I. 
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9.4 Results of the simulations 

9.4.1 Simulation of resting data 

As a first test of the model, simulated data are shown under steady-state condi

tions. We herefore need to incorporate respiratory influence into the model. It 

was found that a good correspondence between power and cross-spectra from real 

data and from simulated data could only be found if the respiratory influence was 

included in eqn.4 (or eqn.4'), which for this simulation was changed into: 

4'~ Pn = sn-dn = Q .in-l + A.sin(21r .fresp• t Ik) 

The last term represents the respiration,. with frequency fresp and amplitude A. 

We chose A=3 mmHg and f resp=O.3 Hz. t Ik is the time of the k'th beat. 

Eqn.4" implies that the respiratory influence becomes first evident in the pulse 

pressures, possibly through the mechanical effects of breathing on stroke volume. 

The respiratory blood-pressure waves are subsequently transformed into respiratory 

heart-rate variability (the so-called respiratory sinus arrhythmia) by the baroreflex. 

To make the' model more realistic, noise was introduced into the system, i.e. 

random disturbances were added to equations 2' and 4", having independent Gaus

sian distributions with mean zero and standard deviation 25 ms and 2 mmHg, res-

pectively. 
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Fig.9-5a Blood-pressure and R-R interval data from a young subject 
at rest (as in fig.6-2). Respiratory and 10-s variability in systolic va
lues (S) and intervals (I), but almost only 10-s variability in the dias
tolic values (D). 



Actual blood-pressure and interval data from a subject at rest and simulated data 

are srowo in fig.5a and 5b, respectively. The data in fig.5a are the ones used to 

produce the spectra in Chapter 6, fig.6-2. Both in the actual and in the simulat

ed data a slow (lO-second) and a fast (respiratory) variability can be observed in 

the systolic pressures and in the intervals, but the diastolic pressures show only 

1O-s variability. The absence Of respiratory variability in diastolic pressure values 

was explained in Chapter 7. The simulated time-constants (or, equivalently, the 

peripheral resistances) also show only slow variability, due to the low-pass filter 

characteristics of the sympathetic system (cf. eqn.3). The actual data (fig.5a) 

and simulated data (fig.5b) look alike. A more critical comparison of the actual 

and simulated data can be made by consideration of the power and cross-spectra 

of the data. 
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Fig.9-5b Values of systolic and diastolic pressure, R-R intervals and 
peripheral resistance (or actually arterial time-constant) as obtained 
from simulations with our model. Note the similarity with fig.5a. 
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Fig.9-6 Power spectra (fig.6a-c) and cross spectra (fig.6d-e) of pres
sure and R-R interval data from a young subject (data from fig.5a; 
equal to fig.6-2). Fig.6a: power spectrum of intervals (I, solid line) 
and of respiration (R, dashed). Fig.6b: power spectrum of systolic 
pressures (S, solid). The spectrum of mean pressure~ (dashed) is not 
considered here. Fig.6c: power spectrum of diastolic pressures (D, 
solid line) and of pulse pressures (P, dashed). Fig.6d-f: squared 
coherence spectra (k2(f), dashed) and phase spectra ( q> (f), solid) of S 
against I (fig.6d), D against I (fig.6e) and P against I (fig.6f). 
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The main features of the spectra of actual data are as follows (fig.6, see also 

Chapter 6). 

For the power spectra, of pressure and R-R intervals: 

1. A peak at the respiratory frequency is seen in the spectra of the R-R inter

vals (I, fig.6a) , the systolic pressures (s, fig.6b) and the pulse pressures (P, 

fig.6c). The respiratory peak in the spectra of the diastolic pressures (D, fig.6c) 

is usually small or absent. 
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Fig.9-7 Power spectra (fig.7a-c) and cross spectra (fig.7d-e), comput
ed from simulated pressure dnd R-R interval data. These spectra are 
to be compared with the spectra from actual pressure and interval 
data in fig.6. 
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2. A peak at the frequency of the 10-second-rhythm is seen in all spectra, but it 

is often small in the spectrum of the pulse pressures (P. fig.6c). 

For the cross-spectra of pressure against R-R intervals: 

3. A high coherence is found between pressure variations and interval variations 

around 0.1 Hz as well as at the respiratory frequency (fig.6d-f). 

4. The phase spectrum of S against I (fig.6d) shows values of approximately -700 

at 0.1 Hz, i.e. pressure leads, and of approximately 00 at the normal respiratory 

frequencies (0.2-0.3 Hz). 
5. The phase spectrum of D against I (fig.6e) fluctuates around _900, 

6. The phase spectrum of P against I (fig.6f) shows a small negative value around 

0.1 Hz, and a value of 00 for the respiratory frequencies. 

Power and cross-spectra belonging to the simulated data are shown in figs.7a-f. 

Comparison with the spectra of actual data (fig.6) shows a good resemblance, both 

for the power spectra, the coherence spectra and the phase spectra (d. the list 

of features above). Minor differences are the lack of coherence between interval 

variability and diastolic variability in the respiratory band, and the slightly posi

tive phase difference between pulse pressures and intervals in the 0.1 Hz-band. 

As mentioned before, the frequency range below 0.05 Hz is not considered here. 

9.4.2 Response to a simulated phenylephrine injection 

As a second test of the model, the simulated response is shown to an imposed in

crease of peripheral resistance (or actually an increase of the time-constant 

T=RC) in time. Such an increase of peripheral resistance is experimentally in

duced by a phenylephrine injection and leads to an increase in pressure, followed 

by a baroreflex-mediated increase of cycle length. The ratio of interval increase 

601 and pressure increase 6P after a phenylephrine injection is clinically used 

as a measure of baroreflex sensitivity (BRS) (Smyth et al., 1969; Pickering et al., 

1972). 

In this simulation respiration or noise are not taken into account. We let the 

factor TlI< (eqn.3) increase by 1000 ms in a period of 10 s (fig.8a, solid line). 

The resultant change in the time constant tn is less than the change in T*, due 

to the closed loop control system (fig.!), which counteracts the change in tn' 
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Fig.8a shows the response of t, of the systolic values s and of R-R intervals i. 

Note that here the deviations from the operating points are given, not the abso

lute values. The responses of i and s lag one beat because of the notation we 

use (see fig.2). 
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Fig.9-Sa Simulated response of R-R interval (i, ms), systolic pressure 
(s, mmlig) and.peripherzal r~sistance (r, ms; or actually timeconstant 
t=rC with C=l) to an imposed increase of the peripheral resistance 
(solid line). The resulting increase in r is smaller than the imposed 
one, due to the negative feed-back in the cardiovascular system (cf. 
fig.i). 

In fig.8b the scatter plot of in vs. sn (crosses) and of in vs. sn_l (circles) are 

shown. The BRS is to be determined from the slope between pressure and inter

val values, but the literature is not unequivocal whether the plot of in vs. sn or 

of ~ vs. sn_l should be considered for this purpose. Both the plot of in vs. sn 

and of in vs. sn-l lead to a slope, and hence an apparent baroreflex sensitivity, 

of around 10 ms/mmHg. 

The first beat is in the bottom left-hand corner of the figure, successive beats 

are upwards to the right. The circled point is the new steady-state value. The 

drawn line has a slop~ of 9 ms/mmHg, corresponding to only vagal effects. It is 
seen that after a few beats also the sympathetic effects become noticeable, lead-

ing to an increased slope of the I vs. S curve. 
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Fig.9-8b Scatter plot of in vs. sn 
(crosses) and of in vs. sn-l (circles), 
derived from fig.8a. The first beat is in 
the bottom left-hand corner and succes
sive beats are upwards to the right. The 
circled point is the new steady-state 
value. The drawn line has a slope of 
9 ms/mmHg, corresponding to only vagal 
control (d. fig.4). 

The model we present explains quantitatively the shape of the power and 

cross-spectra of pressure variability and interval variability (section 9.4.1). The 

model also shows a good description of the pressure and interval response to an 

imposed increase of peripheral resistance (section 9.4.2). 

In the model, the respiratory sinus arrhythmia is due to the transformation by the 

baroreflex of the mechanically induced respiratory blood-pressure waves into 

heart-rate variability. 

The phase difference between systolic pressure variability and interval variability 

is around zero at the respiratory frequency, because for these frequencies the 

slow sympathetic system is not effective and only the vagal part of the baroreflex 

arc matters. The vagal control leads to a phase of zero (see section 9.A3; d. 

Chapter 7)). 

The 1O-s variability in intervals and pressure is in the model due to the delay in 

the sympathetic feed-back loops. This amounts to the effect of a band-pass 

filter; the noise around 0.1 Hz is amplified as compared with other frequencies 

(see also section 9.A2). Another explanation of the 10-s rhythm might be the 

presence of an intrinsic 10-s oscillator in the Central Nervous System, which mo

dulates the peripheral resistance by the sympathetic path-way (Koepchen, 1984). 
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We showed, however, that realistic parameter values of the model are able to ex

plain the la-second rhythm without the need for an extra, hypothetical oscillator. 

The phase of around _700 at 0.1 Hz is in our model due to the combined effect 

of vagal and sympathetic baroreflex regulation of the cycle length (see also sec

tion 9.A3). 

The response of the model to an imposed increase of peripheral resistance resem

bles experimental data (fig.8a). The upward concavity of the in vs. sn curve 

(fig.8b) has been observed experimentally by Karemaker (l980a,b). Note that the 

concavity is not an intrinsic property of the I vs. S curve, but arises from the 

different dynamics of vagal and sympathetic contributions to the baroreflex arc. 

The amount of concavity can -- at least in our model -- be interpreted as a 

measure of the ratio between vagal and sympathetic control. 

Fig.8b does not lead to an obvious preference for the use of the in vs. sn curve 

or the in vs. sn_l curve in the determination of the baroreflex sensitivity. The 

slopes of both curves may be used to determine a BRS-value of around 

10 ms/mmHg. The results show that the baroreflex sensitivity as measured by the 

administration of a pressure-increasing drug consists of a complex mixture of 

vagal and sympathetic effects. 

We have not exhaustively examined the sensitivity of our model for the parameter 

values. A problem is that reliable values for the different parameters of the 

model (ak' bk, ~ ,T) are scarcely fo~nd in the literature. In principle, a 

feed-back system as shown in fig.l can become unstable, but in the model a ten

dency to oscillate will be counteracted because of the use of an effective pres

sure (eqn.I), which reduces the gain of the feed-back loop. 

The model can be put to a test in several ways. For example, it is in principle 

quite easy to simulate the effect of parasympathetic blockade in the model by 

putting ao to a small value. Simulated data from the model might then be com

pared with data from subjects in which a similar blockade is present. However, 

an important complication arises because vagal blockade in patients diminishes not 

only the vagally mediated variability (as is the case in the mode!), but it also di

minishes the vagal tone, which determines the mean heart rate. 
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In conclusion: our model explains quantitatively both the spectra of heart-rate 

and blood-pressure variability for data from resting subjects and the response of 

pressure and heart rate to a phenylephrine-induced increase of peripheral resis

tance. How well the model describes data from subjects under other conditions is 

yet an open question. In addition, the model gives physiologically plausible expla

nations of respiratory sinus arrhythmia and of the 10-s variability in pressure and 

heart rate. 
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9.A Appendices 

In the following appendices we discuss a number of mathematical properties of the 

difference-equations of our model, which lead to a better understanding of the 

model, especially in the simulation of resting conditions (section 9.4.1). The ap

pendices may also be of interest because techniques to deal with sets of differ

ence equations are less well-known than techniques to handle sets of differential 

equations. 

Section 9.Al ("Analysis of a closed-loop difference-equation system") shows the re

lationship between the phase spectra derived from the separate difference equa

tions (open-loop system) and the phase spectra in the closed-loop system. 

In section 9.A2 ("Band-pass filter characteristics of the model") we show that the 

model acts as a band-pass filter with a resonance frequency of approximately 

0.1 Hz. 

In section 9.A3 ("Phase-spectrum belonging to a partly vagal, partly sympathetic 

baroreflex on heart rate") the phase spectrum of systolic pressure against interval 

is derived in case the interval length is controlled by the combined action of fast, 

vagal and slow, sympathetic activity in an open-loop system. 
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9.Al Analysis of a closed-loop difierence-equation system 

In the analysis of a closed-loop system the amount of noise entering at different 

points into the system is important. A simple example is given to illustrate this 

point. 

Consider a system, consisting of the set of two difference equations: 

In = a,Sn + en (6) 

Sn = b.In_1 + dn (7) 

with en and dn independent noise contributions, with variance o~ and <5 a, 
respectively (fig.9a). 

This set of equations may be considered as a highly simplified version of our 

model of the cardiovascular system. Equation (6) alone would imply a phase 

between I and S of zero for all frequencies. Equation (7), if considered separate

ly, shows a lead of one beat of S with respect to I, corresponding to a linear in

crease of phase with frequency. Hence, the phase spectra of eqn.6 and eqn.7 are 

inconsistent: if both equations are to be considered simultaneously, as is the case 

in a closed-loop system, then the shape of the phase spectrum between S and I 

cannot be derived from eqn.6 alone or from eqn.7 alone. 

In the closed-loop situation the shape of the phase spectrum becomes dependent 

on the relative values of a, b, 6 ~ and G" a. Application of the techniques 

described in Jenkins and Watts (1968, chapter 8.4) leads to the following expres

sion for the phase spectrum cP (f): 
ep (f) = arctan {sin(211''fI) / t cos(21rn) + A ] ~ , 

with A = (aM (f a)/(b¥ cr~) and I the mean interval length. 

Hence, if alt (j a » bM () ~ (A ~oO), then ~(f) ~ 00 (fig.9b, dashed heavy 

line), because in that case the dependence of In upon Sn (eqn.(6» is much stronger 

than the dependence of Sn upon In_l (eqn.(7». On the other hand, if equation (7) 

is the strongest one (i.e. b .. (j ~» all () a, A ~ 0), then the phase spectrum of 

eqn.(7) dominates: <p (f) ~ 21J"fl (fig.9b, solid heavy line). For intermediate va

lues of b",(J ~ and a",o- a the phase spectrum lies b~tween these extremes. The 

phase spectra for b" 0" ~=a .. <t' a (Ad, solid line), b.l< () ~=2.a .. () a (A=I/2, 

dashed line) and a.lt <r a=2.bl< <> ~ (A=2, dashed line) are shown in fig.9b. The 

noise-contributions en and dn can be frequency dependent themselves, and so one 

of the equations may dominate in one part of the spectrum and the other one in 

another part. 
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Fig.9-9a Diagram, showing the relation
ship between In and Sn for the set of 
difference equations of section 9.AI 
(eqns.6and 7). The Z-l-operator implies 
a shift of minus one beat. Two noise
sources are present as dn and en with 
variances Cj a and (J~, respectively. 
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90 

Fig.9-9b Phase spectra of S against I 60 

for the system of fig.9a. Different va
lues of the parameters a and b and dif
ferent amounts of noise produce a range 
of different phase spectra cP (f). We 
put A=(a. cr ~)/(b. () ~). Horizontal: 
normalized frequency fI; vertical: phase 
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Conversely, if both equations 6 and 7 are assumed to be valid, then the shape of 

the phase spectrum indicates the relative '~validity" of the two equations, or more 

precisely: the ratio of a. ()"' a and ·b. CS' ~ as a function of frequency. 

Our model of the CVS consists of more than two equations, and thus these consi

derations become more complicated. Due to the parameter values we use, the 

baroreflex equation (2) is a "strong" equation, which in itself explains most of the 

shape of the phase spectrum of S against I. On the other hand, the 

restitution/Starling equation (4) is a "weak" one and so the constant K might even 

be set equal to zero without much change for the simulated results (cf. eqn.8 

below). However, if lS were equal to zero, the pulse pressure would vary only by 

respiratory influence. In that case, no 10-s variability would be present in the 

power spectrum of P, while actually a small peak at 0.1 Hz is usually seen in this 

spectrum (fig.6c). 
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9.A2 Band-pass filter characteristics of the model 

For the parameter values we chose the equations of the model act as a band-pass 

filter of blood-pressure and heart-rate variability, with a pass-band around 0.1 Hz. 

This is most easily seen by lumping the equations together in a single one. For 

small deviations from the operation point the difference between actual and effec

tive systolic pressure (eqn.I) may be neglected and one gets: 

5n = Ko·sn_l + ~o Kk·sn_k_l + ~ n' (8) 

with: 

Ko = D/S + ao( X -D/RC), 

Kk = ak( 0 -D/RC) - bkDI/(RC)2, 

and '?; n a noise contribution, consisting of the noise we added to eqns.2' and 4" 

(section 9.4.1) and respiratory influence. The filter characteristics of this equation 

can be found after Z-transformation (Box and Jenkins, 1970, eqn.3.2.29): 

5(Z) = ~ (Z)/O-Ko.Z- l - L Kk.Z-k-l), with Z=exp(2TrifI). 

The shape of this filter for ~he parameter values used in the simulations of sec

tion 4 is given in fig.lO. A sharp resonance peak exists at 0.1 Hz. 

Equation (8) shows that, as far as the filter properties are concerned, the parame

ters ak and bk are coupled; even if bk=O for all k (i.e. a constant peripheral re

sistance), the same filter characteristics can be found by adjusting the ak's (and 

vice versa). 
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Fig.9-10 Amplitude response of the difference-equation model, consi
dered as a band-pass filter of the pressure variations. A sharp peak is 
seen at approximately 0.1 Hz, corresponding to the 10-s variability in 
pressures and intervals. Horizontal: frequency (Hz); vertical: gain. 



9.A3 Phase spectrum belonging to a partly vagal, partly sympathetic baroreflex 

The equation relating interval variability I to systolic-pressure variability S (eqn.2') 

reads: 

2! in = ao's~ + ~o ak·s~_k 

In the following we discuss the phase spectrum of I against S that is found in an 

open-loop situation, i.e. if only eqn.(2') is considered. This is relevant because, 

as was mentioned before (section 9,Al), we consider the baroreflex equation as a 

strong one and therefore the closed-loop phase spectrum of systolic pressure aga

inst intervals resembles the spectrum of the open-loop situation as considered 

here. 

Vector representations of the interval- and pressure variability are used. The va

lues of ao and of the ak's are as in section 3: ak=9, 0, 1, 2, 3, 2 and 

1 ms/mmHg for bO, 1, 2, 3, 4, 5 and 6, respectively. Consider the vector of 

systolic-pressure variability ~ (and hence also ao'~) as having a phase of zero 

(fig.lla). For frequency f=O Hz, the vectors ak'~k have a phase of zero as 

well, and so has in' since we have In=ao's + ~ak'~ k' However, at 0.1 Hz 5 1 n k')oo n- n-
lags by one beat of 0,8 second in comparison with ~. amounting to 

(0.8/10).360°=290 • Similarly, s;:;:.2 lags by 58°, ~-3 by 870 , etc. Then, r;: is 

found according to equation (2') by the vector-addition of ao'S;:;' a 1'~-1' '" 

ak.S;k'" (fig. 11 b). The situation for frequency f=0.2 Hz is shown in fig.lie. 

9.~ 

o Hz 
a 

Fig.9-11a Vector representation of the baroreflex equation in = 
~ L ...... 

ao.sh + k>o ak-sh_k for frequency f=O Hz. The values of ak are as in 
the simulations (section 9.3). All phase angles are zero and therefore 
the ratio of the length of the ~-vector and of the ~-vector is maxi
mal and equal to ao+ Lak:::l8 ms/mmHg. This ratio is to be consi-

k 
dered as the gain of the baroreflex are, i.e. as the baroreflex sensi-
tivity (BRS). 
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b 
Fig.9-11b Vector representation of the 
baroreflex equation for f=O.l Hz. The 

"vagal" vector ao'~ is always at 00 , but 
the "sympathetic" vectors ak'~_k (k 0) 
show a delay: S;;-l lags 290 , sn-2 lags 
2~=58°, etc. (see text). The result
ing phase angle between 1n and ~ is 
-500. The baroreflex sensitivity 1n/~ is 
now 9.0 ms/mmHg. 
Fig.9-11c As fig.llb, but now for 
f=0.2 Hz. ~_llags 580 , ~_21ags 1160 , 

etc. The sympathetic vectors point in 
opposite directions, thus partly cancelling 
their effect. Resulting phase angle: 

+280 • BRS=7.1 ms/mmHg. 

Z.transformation of eqn.2' gives an analytical expression for the cross-spectrum of 

S and I: 

I(Z) = aoS(Z) + L akS(z)z-k, 
k}o 

and so: 

I(Z)/S(Z) = ao + ~ akZ-k, with Z=exp(21T"fI). 
k)o 

In this way, the magnitude and phase of in are found for all frequencies. We 

show the results both as a Nyquist-diagram, fig. lId, and as a Bode-diagram, 

fig.lle. The ratio I~/~I is the baroreflex sensitivity, which equals 

ao+l:ak=18 rns/mmHg at f=O Hz (combined vagal and sympathetic effect) and ap

proaches ao=9 ms/rnmHg at high frequencies (only vagal effect). The difference 

between the phase spectrum in fig.lIe and in fig.7d is due to the opening of the 

feedback loop and to the absence of noise in the present results. 

In conclusion: the baroreflex sensitivity is a frequency-dependent parameter. For 

low frequencies, the BRS is high, because then vagal and sympathetic effects 

co-operate. For higher frequencies (around 0.1 Hz) the BRS decreases because 

these effects counteract. For still higher frequencies (>0.2 Hz) almost only the 

vagal action remains effective, and so the phase between S and I becomes approx

imately zero at these respiratory frequencies (cf. chapter 7.4.2). 
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Fig.9-11d Nyquist diagram of the rela-...... ...... 
tionship between in and sn for frequen-
cies up to 0.5 Hz. 

Fig.9-11e Same result as fig.lld, but 
now as a Bode plot, showing the magni

tude of 1~I/l~1 (BRS) and the phase 
-... -... 

angle between in and sn. 
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Appendix A 

Continuous noninvasive blood-pressure measurement according to Penaz 

A.l Introduction 

Both physiologists who study the human cardiovascular system and clinicians are 

longing for an instrument that allows reliable, non-invasive, continuous measurement 

of blood pressure. Several instruments are now available that measure systolic and 

diastolic pressures automatically, using a cuff around the upper-arm (e.g. 

Arteriosonde). The interval between successive measurements is of the order of a 

minute. However, these instruments do not meet the needs if a continuous regis

tration is needed for research purposes or in an intensive-care unit. 

In a contribution to the 10th International Conference on Medical and Biological 

Engineering (1973, Dresden) Dr.J.Penaz described an instrument for the continuous 

measurement of blood pressure, using the principle of the "unloaded vascular wall". 

Essentially, the pressure of an inflatable cuff around a finger is continuously ad

justed so as to maintain the vascular volume at its unloaded, hence constant, value. 

Under these "volume-clamp" conditions, the cuff pressure equals the arterial blood 

pressure. The vascular volume is monitored by a small lamp and·a photocell on ei

ther side of the finger; the output of the photocell is used to adjust the cuff 

pressure. An important improvement of Dr .Penaz' approach over previous ones is 

the use of a feedback loop to control the vascular volume. 

Ir.K.H.Wesseling and coworkers of the "Research Unit Biomedical Instrumentation" 

(TNO) developed this instrument further and made it suitable for clinical use 

(Fin.A.Press; Molhoek et al., 1983; Wesseling et al., 1982, 1985; Settels and Wes

seling, 1985). Some of the blood pressure recordings used in this study were obta

ined with prototypes of this instrument and therefore it seemed appropriate to in

clude at this place a description of the instrument. 

In our opinion, the original 1973 paper of Dr.Penaz gives the most lucid explanation 

of the principles involved in the working of the instrument; however, this paper is 

not easily accessible and therefore we decided to reproduce it here in full. We are 

grateful to Dr.Penaz and to the copyright holder for permission to do so. 

One remark: the "waves" in fig.3 of Dr.Penaz' paper are neither respiratory waves 

nor due to the lO-second-rhythm: they originate from a voluntary up-and-down 

movement of the arm (Dr.J.Penaz, personal communication). 
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SESSION 7 Haemodynamics I 

7-2 PHOTOELECTRIC MEASUREMENT OF BLOOD 
PRESSURE, VOLUME AND FLOW IN THE FINGER 
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J. PENAz 
DEPT. OF PHYSIOLOGY 
UNIVERSITY J.E. PURKYNE 
BRNO. CZECHOSLOVAKIA 

PROBLEM. Methods of indirect continuous measurement 
of blood pressure using the principle of the "unload
ed vascular wall" have not been satisfactorily deve
loped as yet. In the system presented here, sane 
drawbacks of the former methods were avoided by the 
use of a feedback system maintaining constant vascu
lar volume. The new system can also be used for 
other vascular measurements. 

PRINCIPLE OF THE ME.THOD is shown in' Fig.l. Its basic 
part is flo photoelectric plethysmograph equipped with 
a transparent innatable cuff (S) the pressure with
in which is controlled by an electro-pneumatic sys
tem (PA, EPl'). Open- or closed-loop operati'on ma~ be 
chosen by the switch SW, the instrument 'performing 
thus plethysmographic or pressure measurements, 
respectively. 

Fig.l. Block diagram of the system. F -' finger, L -
lamp, PC - photocell, S - segments of transpa
rent pressure cuff, DA - difference amplifier, 
PID - correcting network, PA - power ampli
fier, EPl' - electro-pneumatic transducer. 



.... PLE'I'HYSl5:00RAPHY AT CON'IROIlllD PR:l!SSmn:. In open
loop perfoomance (SW on). the photoelectric pleth,ys
mogram (po) is recorded at cuff\pressure (CP) which 
is either set ata fixed value or changed by means of 
an external electric signal (C2). If the cuff pres
sure is gradual~incre~~ or decrea.s~ .. l. the vascu
larvoluJll89hang8s'in a~haracterit?tic way (Fig.2). 
l"rOni the graph, volumes althe total vascular bed and 
0$ ts two compartmen~s ma:jbe easily estimated. Ac
cordingllr, the plethysmogram recorded at the cons
tant preasure of about 40 mm Hg may renect respon
ses of the arterial compartment only. 

If short pressure pulses synchronized by the cardiac 
rh,ythm are applied, thesyatem measures the instanta
neous finger blood now. Each preSsure pulse expalls 
blood from the venous compartment which is then gra
d~ly re~~.fled ~V9!ll the ... arteriaf side. The differen
tial quotie,nt of the plethysmogram during the refill
ing phase is a direct measure of the arterial innow. 

I 
I 
I 

lS0mmHg 

•••• , "'.,'._.1,' t.I.I,.l,I,,"""'.-"".' ,."111"",,11,,, 

Fig.2. Plethysmogram (PO) during linear increase 
of cuff pressure (CP). 
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B. RECCRDING OF BLOOD PRESSURE. In this case, the 
cuff pressure is controlled by the plethysmographic 
sigpal( clOfl~d-loQP operation) so that the Vfl.Scular 
voluBle is "clamped" to a pre-set value. Before clos
ing ~he co!!t .. roll~~, t~ .. . cuff I>r~~sure is raised as 
ml.u:h8.8 t~ arterial compartment is canpressed to 
B.g0\lt OI!8 •. '!ihird.of its normal volume (ltunloaf!.ing"). 
After compe~ation of the plethysmographic signal 
(ql - F~~! .. :J:), thecontr9l loop is clOfled (SW .Qff). 
~.~Qm ... this moment (Fig.)) , a1'\Y deviatio~ of. .vascular 
VO~4J118 du~ to c~.~s of intrav,+scUlar pressure are 
instantan.(;touslycompensated by autanatic adjustment 
of . ~.~e CUt: I>res~l;'l'e w~9h th~ continuously aId 
quantitatively follows the intravascUlar pressure. 

I 

PG : 

~~\~t\~~VI~~L. --
[;. CP~ , . il~\\~\~~~~~~ 
mmHe ~ 

I 
open- kIop ~rformance I dOled-loop ~rformance 
constant cuff pressure : consunt nseular volume , 

•• t I • '.' . ' ••• I •• , •••••• , , •••••• I I If' f , •• • , 

I . sec. 

Fig.). Left: Plethysmogram (po) at constant cuff 
preuure.(CP). 
Rj,ght; Record of. blood pre8S~re. 

DISCUSSION. Advantages of the syst$m peefotming 
several non-invasive vascular measurements are obvi
ous. The i nd:j.rect measUrement of blood pressure 
6e.ems to oe the l3illlplest' and the most versatile me
thod of this type described until now. Its disad
vantage is the possibility of a difference between 
the peripheral.,+M the centre.l blood pressure. 

DIGEST OF THE fOTHINTERNATIONAL CONFERENCE ON MEDICAL AND 

BIOLOGICAL ENGINEERING - 1073 - DRESDEN 



Appendix B 

Attribution of short-term blood-pressure and 

heart-rate variability to respiration and IO-second-rhythm: 

a spectral analysis approach 

The advantage of the use of spectral analysis techniques for the description of 

heart-rate and blood-pressure variability is discussed. As an application of these 

techniques we show the large difference in distribution of variability over the fre

quencies during the day and during night-time sleep. A tentative explanation of 

this finding is given. 

B.1 Abstract 

A spectral analysis technique is decribed that partitions variability in 

blood-pressure and heart-rate data, derived from continuous ambulatory 

blood-pressure registrations. This technique is used to assess the contributions to 

overall variability of respiration, lO-second-rhythm and slower fluctuations in data 

from five normotensive subjects. The relative importance of the 10-second-rhythm 

in blood pressure and heart rate was found to be greatly diminished during sleep. 

This finding appears to be linked to the absence of sympathetic drive during sleep. 

The presented technique may be useful to quantify the preponderance of different 

control systems of the cardiovascular system. 

B.2 Introduction 

When 24-hour ambulatory intra-arterial blood-pressure registrations are analysed, 

usually mean values of blood pressure (BP) and heart rate (HR) are calculated, 

averaged over various periods of time: one-minute means, hourly means, day/night 

means. These mean values of BP are clinically most relevant; short-term 

intra-individual variability of BP and HR, however, is certainly of interest from a 

physiological point of view (Clement, 1981). Whereas part of this variability is re

lated to physical and mental activity, not all variability can be attributed to 

external causes. 
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Variability of BP and HR is usually expressed as the standard deviation (SD), cal

culated over a certain period. In this study we describe a method to partition 

the total short-term BP- and HR-variability during resting periods into its various 

constituents by means of spectral analysis techniques. This method allows differ

entiation between on the one hand the respiration-coupled BP- and HR-variability 

(respiratory arrhythmia), the latter being a measure of vagal influence (Fouad et 

al., 1984), and on the other hand the sympathetically mediated 
10-second-variability in BP with accompanying HR-variability. Spectral analysis 

techniques have been used to study heart-rate variability (e.g., Pomeranz et al., 

1985), but to our knowledge they have not been used in the analysis of short-term 

intra-arterial BP-variability. We applied these techniques to ambulatory 

BP-recordings from young, normotensive subjects during rest at day-time and while 

asleep at night. 

B.3 Blood-pressure and heart-rate variability 

The total variability of systolic blood pressure is usually expressed as the standard 

deviationSD = Jt(XCX)2 /N , with Xi the individual systolic pressure values, X the 

mean systolic value over the considered period and N the number of values (= 

number of heart beats) in this period. Sometimes the variance 5D2, i.e. the 
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Fig.B-l Shown are four hypothetical signals, all with identical mean 
and standard deviations. Xi-Xi_l represents the mean of absolute 
differences between each pair of neighbouring data points. This meas
ure corresponds with the 'Average Hourly Change' or AHC (Mann ct 
al., 1982). (Figure reproduced from VanMontfrans, (984). 



square of the standard deviation, is used instead of the SO itself. If the histo

gram of the data shows a normal distribution, the range between mean value plus 

and minus one SD comprises around two thirds of all data points. For data that 

are not normally distributed, this need not be true (e.g., when the histogram of 

the data is bimodaI), but still the standard deviation remains a useful descriptor 

of the total variability. 

A limitation of the standard deviation SO as an index of BP- and HR- variability 

is that rather different sets of data may have identical standard deviations. This 

point is illustrated in fig.l (taken from VanMontfrans, 1984). Four curves were 

constructed, each consisting of 20 hypothetical data points. The four mean values 

are equal, as are the standard deviations, but the curves themselves appear to be 

totally different. To differentiate between these cases it is more attractive to 

use the mean of the absolute differences between pairs of neighbouring data-points 

as a descriptor of variability. Then the results are quite different (see figure). 

The latter approach has been defined by Mann and coworkers (1982) as the Aver

age Hourly Change (AHC) of hourly mean values obtained by continuous 

BP-registration. Conversely, it is also possible to construct series of data-points 

which are quite different in appearance, but have identical AHC-values and differ

ent standard deviations. 

B.4 Spectral analysis of blood-pressure and heart-rate variability 

To fully characterize the variability in data, a single number is clearly not suffi

cient. A more complete, but also more complex method of characterizing the 

variability is the use of spectral analysis methods (cf. Bendat and Piersol, 1971). 

Spectral analysis attributes the total variability (or rather the total variance) to 

the components in different frequency ranges. The resulting graph is called a 

spectrum; it indicates which proportion of the total variability may be attributed 

to fluctuations at different frequencies. 

As an example, fig.2 shows the spectrum of the variability in systolic pressures 

from a young heal thy subject. It is calculated from the beat-to-beat systolic va

lues during a ten-minute resting period. The total variance 502 is given by the 

total surface area under the curve, and equals 14.7 (mmHg)2 (i.e., the standard 

deviation is 3.8 mmHg). The horizontal axis is labeled in Hz (cycles per second), 

and the vertical axis in variance/Hz (for systolic pressures: (mmHg)2/Hz). The 
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spectrum in fig.2 shows a large amount of variability around 0.1 Hz (the so-called 

10-second-rhythm) and around 0.3 Hz (due to the respiration with a period of 

3.3 sec). 

We attribute blood-pressure fluctuations with a repetition rate (frequency) of 

0.067 Hz to 0.15 Hz, i.e. a repetition period between 6.7 sand 15 s, to the 

10-second-rhythm. The amount of variability in this frequency range is given by 

the hatched area in fig.2. For quantitative purposes it may be necessary to sub

tract the trend in the spectrum to produce a better estimate of the true area of 

the peak (doubly hatched). This area should be compared to the total area under 

the curve to obtain the percentage of variability that may be attributed to the 

10-second-rhythm: 19 96 in fig.2. About 31 96 of the total variance is due to 

respiration (0.20 Hz to 0.35 Hz, above the dashed line) and the remaining 50 96 is 

due to other causes. 

An extension of this spectral technique, the cross-spectrum, enables one to deter

mine to what extent interval and pressure fluctuations in a certain frequency 

range are associated. It can then be decided whether the interval fluctuations 

precede or follow the pressure fluctuations in this range. Using cross-spectral 

techniques, we showed previously that the 10-second fluctuations in systolic pres

sure precede the interval fluctuations by around 1.7 sec or two beats; in the 

range of normal respiration the fluctuations of RR .. interval and of the systolic 

pressure within that same interval go together, probably due to the action of the 

fast baroreflex (Chapters 6 and 7, or DeBoer et al., 1985c,d). 

120. 

power 
2 

(mmHg) 1Hz 

60. 
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Fig.B-2 Spectrum of systolic pressure 
variability, i.e. the graph of variability 
per frequency band (or "power") 
vs.frequency. The area under the curve 
is equal to the total variance (the square 
of the standard deviation). The pressure 

frequency (Hz) variability in the range 0.067-0.15 Hz is 
represented by the hatched area; the area of the peak (doubly 
hatched) is considered due to the so-called 10-second-rhythm (0.1 Hz). 
The area under the right-hand peak represents the respiratory variabili
ty. 



B.5 Subjects and methods 

24-hourly intra-arterial records were analysed from five normotensive healthy sub

jects, three female and two male, who underwent continuous ambulatory 

BP-monitoring as controls in a larger investigation (VanMontfrans, 1984). They all 

had a cuff blood pressure at first measurement below 140/90 mmHg. We used the 

Oxford system, which needs' no description here. After cannulation all subjects 

carried out their usual daily work and they slept at home. Time and kind of var
ious activities were recorded on tape using a push-button event-marker and noted 

in a diary. Subjects were specifically instructed to sit and relax at home at least 

ten minutes in the afternoon and evening. In this study we analysed these resting 

periods, as well as periods during sleep. 

B.6 Data analysis 

Per-beat values of systolic and diastolic pressure were extracted from the continu

ous BP-recordings by computer. The interbeat interval was derived from the peri

od between two successive systolic upstrokes. Power spectra were calculated from 

these beat-to-beat values, using a Digital Fourier Transform (Chapter 6). To es

timate the amount of 10-second variability and respiratory variability, we calcu

lated the area under the spectral curves between 0.067-0.15 Hz and between 

0.20-0.35 Hz, respectively, after subtraction of the trend in the spectral curves. 

B.7 Results 

The spectral technique described above can be applied to all continuous 

BP-registrations in which no evident non-stationarities are present. Here we pre

sent preliminary results from a comparison between the BP- and HR-spectra during 

sleep and during day-time rest. Fig.3a shows the spectrum of intervals and fig.3b 

the spectra of systolic (solid line) and diastolic (dashed) pressures from subject A 

during rest. Large contributions to the total variability are seen around 0.1 Hz in 

all spectra (lO-second-rhythrn); the respiratory peak around 0.3 Hz is less outspo

ken in the spectrum of diastolic pressures than in the other spectra (cf. Chapters 

6 and 7). 

From the continuous BP-registration of this subject during sleep we arrived at the 

spectra of Figs.4a,b. Most remarkable is the almost complete absence of the 

lO-second-peak in the spectra. The regular respiration during sleep produces the 

narrow peak at 0.22 Hz (again rather small in the spectrum of diastolic pressures). 
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Fig.B-3 Spectra of RR-intervals (fig.3a) and systolic (drawn, fig.3b) 
and diastolic (dashed, fig.3b) variability during day-time rest. Peaks at 
0.1 Hz and at the respiratory frequency are seen in the spectra of in
tervals and of systolic pressures, but only a 0.1 Hz peak is seen in the 
spectrum of diastolic pressures. 

300.0 

- interval - systolic power 
2 

(mmHg) 1Hz .... diastolic 
a 

150.0 

frequency (Hz) 

Fig.B-4 As Fig.3, but now for a registration during sleep. Note the 
absence of a 0.1 Hz-peak in the spectra. 

b 

b 

So far, we analysed data from five subjects along this approach. Ratio's between 

the area under the 10-second peak and the respiratory peak, both during day-time 

rest and during sleep, are given in table 1. These results indicate an almost 

complete suppression during sleep of the 10-second peak relative to the respiratory 

peak, as well in the spectra of intervals as in the spectra of systolic and diastolic 

pressures. 
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Table I 

Ratio of respiratory variability to 10-second-variability in five normotensive sub

jects during rest at day and asleep. 

intervals systolic diastolic 

pressures pressures 

subject age day night day night day night 

A 23 • 87 18 • . 80 14 . .11 2.0 

B 2& 1.2 4.9 1.3 13. .21 3.1 

C 30 1.8 11. 1.6 15. .42 5.0 

D 36 .37 .67 .17 .69 .18 .51 

E 44 1.0 13. 1.2 20. .14 2.6 

Table 1: 

"Day" stands for periods of day-time rest, "night" for periods when the subject 

was asleep. The much higher ratio at night, as well for the interval variability as 

for the systolic and diastolic pressure variability, is due to the decrease of 

1 O-second-var iabili ty. 

B.8 Discussion 

The standard deviation is widely used as a measure of variability of blood pressure 

(BP) or heart rate (HR). However, the different components of variability are 
inextricably mixed in this single number and their individual contribution to the 

overall variability remains unknown. In this study a spectral analysis method is 

described that permits the division of BP- and HR-variability in its components. 

The respective contributions of respiration, 10-second-rhythm and slower compo

nents are assessed by partitioning of the beat-to-beat variability of RR-interval, 

systolic and diastolic pressure over the frequency range 0 Hz to 0.5 Hz. We con

sider the interval variability between 0.2 Hz and 0.35 Hz to represent respiratory 

variability, which is related to the vagal drive (Fouad et al., 19&4). The 

BP-variability around 0.1 Hz (lO-second-rhythm) is mostly due to sympathetical in

fluence. Hence, the amounts of these two kinds of variability give information on 

the relati ve strength of the vagal and sympathetical contributons to the cardiovas

cular control system. 
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To illustrate the potential of this approach, we compared the BP- and 

HR-variability spectra of resting day-time periods with sleeping periods in five 

normotensive subjects. The total variance of systolic pressures and intervals was 

similar during these periods, but the distribution of the variability over the fre

quencies was different. The main difference between sleeping and non-sleeping 

periods was the almost complete absence of the la-second rhythm during sleep, as 

well in RR-intervals as in systolic and diastolic pressures (Ug.3,4). The total vari

ance of diastolic pressures was lower during sleep; this is to be expected because 

the variability of diastolic pressures during day-time is mostly due to the 

10-second-rhythm, which disappears during sleep. 

We analysed periods of quiet sleep, which was probably non-REM sleep, but no 

EEG-signal was available to ascertain this. A difference in position (lying in bed 

vs. sitting) may explain part of the lack of la-second peak during sleep, as the 

lO-second-rhythm is more prominent in subjects in upright position than in supine 

subjects (Pomeranz et al., 1985). In our opinion the almost complete absence of 

lO-second variability during sleep can not be explained by the difference in posi

tion alone; however, this point needs further study. A logical explanation of the 

absence of 10-secpnd variability is offered by the known decrease of sympathetical 

influence during sleep (Mancia and Zanchetti, 1980). 

Sayers and coworkers (1982) argued that the characteristics of an intra-arterial 

BP-recording should not be lumped together in one single index such as the stan

dard deviation. They suggested to focus on identification and quantification of 

systematically occurring components of the pressure signal. Our approach is con

sistent with their recommendation, but we do not agree with their statement that 

the contributions to the BP-signal of respiration and other fast activity (e.g., the 

IO-second-rhythm) is well understood and hence merits less interest. 

In conclusion, our technique is useful to study the different components of BP

and HR-variability; the division of the total variability in its components may 

give important information on the relative strength of the vagal and sympathetical 

branch of the cardiovascular control system. 
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Summary 

Both blood pressure (BP) and heart rate (HR) in resting subjects show spontaneous 

fluctuations around their mean values. These fluctuations are partly coupled to 

respiratory activity (period of approximately 4 s), partly to the so-called 10-second 

waves, of which the origin is not well understood, and partly to slower rhythms. 

We studied the relationship between the BP- and HR-fluctuations, in order to gain 

insight in properties of the cardiovascular regulatory system. Spectral analysis 

techniques were developed and used to seperate the different kinds of variability 

in the HR- and BP-recordings. We developed a mathematical beat-to-beat model 

which explains in a physiologically plausible way the respiratory heart-rate fluctua

tionsand the 10-s rhythm in heart rate and blood pressure. 

Thisthesis consists of eight chapters, a postscript (chapter 9) and two appendices, 

Most of the text was adapted from previously published papers (see section 1.6). 

In Chapter 1 the aims of the investigation are stated and some relevant informa

tion is given about the cardiovascular system, about the signal-properties of blood 

pressure (BP) and heart rate (HR) and about the concept "BP and HR variability". 

A survey of the literature on the application of spectral analysis methods to BP 

and HR variability is given. 

Chapter 2 gives a comprehensive description of several methods that are used to 

represent the series of heart beats as a signal that can be treated by 

signal-analysis techniques. Its main question is: which heart-rate variability sig

nal is to be preferred in the study of HRV ? We argue that such a HRV signal 

should be related to aphysiologicaUy acceptable model for the genesis of heart 

beats. We chose the Integral Pulse Frequency Modulation (IPFM) model for this 

purpose and hence the Instantaneous Heart Rate (IHR) signal appears to be the 

most attractive signal for the time-domain description of HRV. The IHR signal 

has between two beats the value of the inverse interval between these beats. In 

contrast, the standard (delayed) heart rate signal has always the value of the in

verse previous interval In addition we show that the shape of the IHR signal is 

less affected by trigger errors or extrasystoles than the standard DHR signal. 
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In Chapter 3 we compare different spectral analysis tedmiques that are used to 

calculate a spectrum of heart-rate variability data. The focus is on the two prin

cipal ones: the interval spectrum, i.e. the spectrum of the interval series, and 
the spectrum of counts, which is related to the representation of the event series 

as a series of spikes (delta-functions). Both autospectra are estimated for exper

imental heart-rate data and are shown to produce similar results. This similarity 

is proven analytically and it is shown that for small variations in interval length 

the ratio of these spectra is PIW/P C<f) = (sin( ft-)/( f't»2 with PI and Pc the 

Interval Spectrum and the Spectrum of Counts, respectively, f the frequency and 

't the mean interval length. It is concluded that both autospectra are equivalent 

for the considered heart-rate data but that, when relating the heart-rate signal to 

other signals (e.g. respiration, blood pressure) by means of cross spectra, the 

technique to be used depends on the characteristics of the second signal. 

Chapter 4 deals with the relation between the spectra of the input-signal and of 

the output-signal of the IPFM model (see Chapter 2). The Spectrum of Counts is 

analytically known for the event-series belonging to a sinusoidal input signal 

(Bayly, 1968). An approximation to the Interval Spectrum of this series is pre

sented. Using data from a simulated IPFM model, it is shown that, for an input 

signal consisting of the sum of two sinusoids, terms at sum and difference fre

quencies appear in the Interval Spectrum but not in the Spectrum of Counts. 

However, the Spectrum of Counts is contaminated by sidebands of the mean repet

ition frequency. It is concluded that in general the spectral properties of the 

input signal can not be recovered fully from the Interval Spectrum, nor from the 

Spectrum of Counts, the more so as physiological series of events will seldom be 

generated by an ideal IPFM-model. 

Chapter 5 describes a simple mathematical beat-to-beat model of the cardiovascu

lar system, consisting of a set of three difference equations. The equations are 

based on the following physiological considerations: 1) The length of the 

RR-interval is dependent on the systolic pressure (baroreflex). 2) The pulse pres

sure is dependent on the length of the preceding interval (due to the restitution 

properties of the myocardium and to Starling's law). 3) During diastole the pres

sure decay can be described by a Windkessel-equation. Cross-correlation techni

ques are used to test the validity of the model. It is shown that blood-pressure 



data from hypertensive patients which showed respiratory sinus arrhythmia agreed 

well with equations 1) and 3), and that data from a patient with atrial fibrillation 

agreed with equations 2) and 3). 

Chapter 6 describes a method to study blood-pressure and heart-rate variability by 

spectral analysis methods. Power spectra of RR-intervals, systolic, mean, diastolic 
and pulse pressures are presented, and also cross-spectra (coherence spectra and 

phase spectra) of RR-intervals against the various pressure variables. The spectra 

are discussed in physiological terms. Interval values as well as systolic, mean and 

pulse pressures show variations linked to respiration' and to the so-called 

10-secmd-rhythm. The diastolic pressure values are scarcely influenced by respi

ration in the normal respiratory range (0.20-0.35 Hz), but do show 10-second vari

ability. 

Relationships between pressure and interval variability become manifest in 

cross-spectra, which indicate that the 10-second variability in systolic pressure 

leads the interval variation by two to three beats; however, no such lag is found 

between the respiration-linked variations in systolic pressure and intervals. The 

technique presented provides a critical test for models of the fast regulation of 

the cardiovascular system. 

Olapter 7 presents a tentative interpretation of the phase spectra of RR-intervals 

against pressure variables (Ch.6) by means of the beat-to-beat model of Ch.5. 

The model, when applied to interval and blood-pressure data from resting subjects, 

explains the lack of respiratory variability in the diastolic pressure values. The 

baroreflex equation seems to describe the data only in the region of respiratory 

frequencies. The shape of the phase spectrum of systolic pressures against inter

vals is modelled by difference equations, but no physiological interpretation of 

these equations seems possible. 

Chapter 8 consists of the general discussion of the preceding chapters and of the 

summary of the conclusions. A method is suggested to obtain a value of the bar

oreflex sensitivity coefficient (the gain of the baroreflex loop) from the spontane

ous pressure and heart-rate fluctuations, using spectral analysis techniques. 
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In a postscript (Chapter 9) an extended version of the beat-to-beat model of the 

cardiovascular system is given (d. Chapter 5). This model consists of the fol

lowing mechanisms: (1) control of heart rate and peripheral resistance by the 

baroreflex, (2) Windkessel properties of the systemic arterial tree, (3) contractile 

properties of the myocardium (Starling's law and restitution) and (4) mechanical ef

fects of respiration on blood pressure. Power and cross-spectra of simulated data 

from this model agree quantitatively with spectra of actual data from resting sub

jects. In the model the 10-5 rhythm in heart rate and blood pressure appears as 

a resonance phenomenon, due to the delay in the sympathetic control loop of the 

baroreflex. Respiratqry sinus arrhythmia (RSA) is secundary to the respiratory 
blood-pressure waves; the latter are transformed into RSA by the baroreflex. 

The simulated response of the model to an imposed increase of blood pressure is 

found to correspond with the pressure and heart-rate response in patients following 

administration of a pressure-increasing drug (e.g., phenylephrine). 

Appendix A contains the text of a paper by Dr.J.Penaz, describing an instrument 

for the continuous non-invasive measurement of blood pressure by the principle of 

the "unloaded vascular wall". Part of the blood-pressure data analysed in this 

thesis were obtained with the F in.A.Pres-instrument, developed by Ir .K.H. W esseling 

and coworkers following the principles described in the paper of Penaz. 

Appendix B contains the text of a paper in which the advantage of the use of 

spectral analysis techniques for the description of heart-rate and blood-pressure 

variability is discussed. As an application of these techniques it is shown that a 

large difference in distribution of variability over the frequencies exists between 

day-time and night-time pressure and heart-rate recordings. A tentative explana

tion of this finding is given. In this paper we present an explanation of the spec

tral analysis techniques in non-mathematical terms. 
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Samenvatting 

Dit proefschrift handelt over spontane fluctuaties van bloeddruk (BO) en hart

frekwentie (HF) bij de mens in rust. Wij veronderstellen dat uit de relatie tussen 

deze beide.fluctuaties informatie verkregen kan worden over het functioneren van 

de regelmechanismen die de bloeddruk in het lichaam constant houden. Ooel van 

het onderzoek -is het ontwikkelen en toepassen van (wiskundige) technieken voor de 

analyse van deze fluctuatiesj wij hopen dergelijke technieken te kunnen gebruiken 

om debloeddruk-regeling te testen zonder genoodzaakt te zijn daarvoor speciale 

interventies bij de patient te verrichten. 

Een voorbeeld van spontane BO en HF fluctuaties is te zien in fig.l in 

Hoofdstuk 1 (p.15). Oat hoofdstuk vormt de inleiding van het proefschrift. In 

Hoofdstuk 2gaan wij in op methoden om het hartfrekwentie signaal (een 

punt-proces, fig.2a, p.20) hanteerbaar te maken voor verdere analyse. Ook het 

continu gemeten bloeddruk signaal (fig.2b) levert problemen bij analyse: het is 

een bijna periodiek signaal, waarvan zowel de periode als de maximale waarde 

(systole) en mlnimale waarde (diastole) enigszlns fluctueren. Het BO signaal noch 

het HFs~gnaa1 1enenzich voor de toepassing van standaard signaal-ana1yse technl

eken. 

Oe BO en HF fluctuaties bevatten re1atief snelle bijdragen ten gevolge van de 

ademhaling (periode circa vier seconden) en tragere bijdragen met een periode van 

circa tien seconden. Oe oorzaak van deze tragere schomme1ingen is niet goed 

bekend. Verder zljn er fluctuatles met een periode van meer dan vijftien secon

den; deze laatste worden hier buiten beschouwing ge1aten. Wij gebruiken spec

traal-analyse technieken om de verschillende bijdragen afzonderlijk te kunnen bes

tuderen. In de Hoofdstukken 3 en 4 worden verschillende mogelijkheden voor het 

maken van een spectrum van een HF slgnaal besproken en verge1eken. 
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In Hoofdstuk 5 presenteren wij een eenvoudig model van het cardiovasculair sys

teem (= het geheel van hart, bloedvaten en relevante regelmechanismen). Ons 

model verschilt van de overige in de literatuur beschreven modellen doordat de 

variabelen niet in de tijd, maar op een een slag-op-slag basis varieren. Dit be

tekent dat de lengte van het interval tussen twee slagen (R-R interval) en de sys

tolische en diastolische druk tijdens een slag in ons model worden afgeleid uit de 

waarden tijdens vorige slagen. Hiervoor maken wij gebruik van fysiologische wet

matigheden (windketel, baroreflex, wet van Starling). Wij stappen daarom over 
van een beschrijving met 'hartfrekwentie' en gebruiken verder het R-R interval. 

Het model wordt in dit hoofdstuk getoetst door bloeddruk gegevens van patienten 

te analyseren met behulp van kruiskorrelatie technieken. Het model blijkt te vol

doen wat betreft de windketel- en baroreflex-eigenschappen. 

In Hoofdstuk 6 passen wij technieken uit de spectraal analyse toe op BD en HF 

gegevens van gezonde proefpersonen. Wij vinden een verschil in gedrag tussen de 

fluctuaties met frekwenties in het tien-seconden gebied en die in het snell ere 

ademhalings gebied. De ademhalings fluctuaties in BD en in R-R interval zijn 

simultaan, maar de BD-fluctuaties in het lO-seconden gebied lopen ongeveer twee 

seconden voor op de fluctuaties van het R-R interval. Deze gegevens worden in 

Hoofdstuk 7 vergeleken met de uitkomsten van het model van Hoofdstuk 5. Het 

blijkt dat de gegevens goed beschreven kunnen worden door te veronderstellen dat 

een eenvoudige windketel-model de drukvermindering tijdens diastole bepaalt. De 

sturing van het R-R interval door de sneIle, vagale baroreflex -- zoals opgenomen 

in ons model -- lijkt aIleen in overeenstemming met de experirnentele gegevens in 

het gebied van de ademhalings frekwentie. Wij stellen dat de ademhalings fluctu

aties in HF (de zgn. respiratoire sinus arrhythmie) het gevolg zijn van respira

toire BD schommelingen, die door de baroreflex worden omgezet in HF fluctuaties. 

Op grond van deze aanname kunnen wij dan een schatting maken van de barore

flex-gevoeligheid door uitsluitend de fluctuaties in het gebied van de ademhalings 

frekwentie te beschouwen. De gevonden waarde kornt overeen met literatuurwaar

den, die op geheel andere wijze bepaald zijn. 
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In Hoofdstuk 8 worden de voorgaande hoofdstukken besproken. Als resulaten van 

het onderzoek kunnen worden genoemd de ontwikkeling van relatief eenvoudige an

alyse technieken voor HF en BO fluctuaties, die samen met het beschreven 

slag-op-slag model van het cardiovasculair systeem leiden tot een beter begrip van 

de aard van de fluctuaties, en daardoor van het functioneren van het cardiovascu

lair systeem in rust. 

Hoofstuk 9 is een 'post scriptum'; het is toegevoegd nadat de overige hoofdstukk

en gereed waren. Het beschrijft recente simulatie resultaten met een uitgebreid

ere versie van het slag-op-slag model dat in Hoofdstuk 5 besproken werd. De uit

brei ding bestaat uit het opnemen van sympathische sturing van de HF en de peri

fere weerstand in het model. Dit leidt ertoe dat een goede kwantitatieve over

eenkomst wordt gevonden tussen de spectra berekend uit gesimuleerde BO en HF 

gegevens en spectra berekend uit BO en HF gegevens van proefpersonen. Oeze 

resultaten versterken ons in de mening dat de ademhalings-gekoppelde HF fluctua

ties het gevolg zijn van de BO fluctuaties. Oe fluctuaties met een periode van 

tien-seconden zijn in het model een resonantie verschijnsel als gevolg van de loop

tijd van de trage sympathische sturing van HF en perifere weerstand. 

In Appendix A reproduceren wij een artikel van Or .J.Penaz, waarin hij een meth

ode beschrijft om op niet-bloedige wijze een continue bloeddruk registratie te 

maken. Sommige in het proefschrift gebruikte BO gegevens werden verkregen met 

de 'Fin.A.Pres', een door de groep van lr.K.H.Wesseling (Werkgroep Biomedische In

strumentatie, TNO) ontwikkeld apparaat, dat werkt vol gens het door Penaz bes

chreven principe. 

Appendix B toont met behulp van spectraal-analyse technieken dat het 

tien-seconden ritme tijdens de slaap praktisch geheel afwezig is. Het is bekend 

dat de sympathische activiteit tijdens de slaap sterk afneemt, en daarom is dit re

sultaat in overeenstemming met onze veronderstelling dat de sympathische activi

teit het tien-seconden ritme veroorzaakt. 
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