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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: 
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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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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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