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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. 
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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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Fig.l-lb Processed HR and BP data, showing beat-to-beat values of 
systolic pressure S, diastolic pressure D and inter beat interval I. Note 
again the spontaneous fluctuations in pressure and interval. 



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. 
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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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