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Abstract

Introduction

The baroreceptor reflex (BR) is the most important short-term regulatory system of systemic blood pres
sure. Baroreceptors are stretch receptors in the walls of the aorta and the carotid arteries that stretch under
blood pressure (BP) variations and provide afferent information for the body's internal controller (auto
nomic nervous system). Subsequently, neural responses altering HR and vascular resistance are efferently
mediated by the parasympathetic and sympathetic limbs of the reflex arc for changing BP. In this manner,
the arterial BR functions as a negative-feedback control system for buffering BP fluctuations.

Methods

In critically ill neonates it is unethically or even dangerous to challenge the BR mechanically or pharma
cologically. Therefore, the current study focuses on spontaneous fluctuations between HR and BP. Two
properties of the BR arc are used in studying the relationship: the baroreceptor sensitivity (BRS) and
the intrinsic low-frequency fluctuation (so-called Mayer waves) of the closed-loop cardiovascular system.
Sequential BP and HR couples are used to calculate BRS, and is referred as (time domain) t-BRS. Al
ternatively, the magnitude of the transfer function between low frequent (0.04-0.15 Hertz) BP and HR
fluctuations also relates to BRS, and is referred as (frequency domain) f-BRS. The first method investigates
the cardiovascular systems by an open-loop approximation. The second method investigates the system as
a closed-loop system.

Study population

The study population consist of 12 preterm (gestational age, 26-32 weeks) and 3 term infants (gestational
age, 37-40 weeks). Selective blockade of the parasympathetic system by atropine in the preterm group may
provide additional information about the neural regulation ofBP.

Hypothesis and Questions

It is hypothesized that the closed-loop BR model ofBP regulation in the adult is also useful for modelling
the neonatal reflex. The following research questions are formulated:

1. Is it possible to estimate BR function from (time domain) t-BRS and (frequency domain) f-BRS? Is
there correlation between both methods?

2. Is feedforward (HR affects BP) more important than feedback (BP affects HR) or vice versa?

3. What is the effect of atropine administration on t-BRS and f-BRS?

Results

Time domain analysis was unable to provide a reliable estimate oft-BRS. Cross correlation analysis did not
improve results. Frequency domain analysis by closed-loop identification showed that maximal 8 values of
HR and BP were required for describing the feedforward and feedback transfers. The reliability off-BRS
estimates was evaluated with the coherence function. It showed values less than 0.35. The use of more
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4 ABSTRACT

values (overdetennination) in describing the transfers showed a higher degree of reliability. The transfer
methods showed that the magnitude of the feedforward is 10-100 times less than the magnitude of the
feedback transfer. Atropine reduced the low frequency content in the HR and BP signals and it increased
the high frequency content in the BP signal. In the frequency domain the effect was observed by lower
magnitude values of the feedback transfer for the entire frequency range.

Conclusion and recommendations

The, answers to the research questions are:

1. The low reliability of the estimates limits the interpretation of both methods and thus the correlation
is not proven.

2. Feedback is more important than feedforward considering the magnitude of the transfers. However,
it does not explain the phase relationship between BP and HR fluctuations.

3. The reduced magnitude values after atropine administration suggest that buffering of fluctuations by
the BR becomes limited. Thus parasympathetic plays an important role in the neonatal BP regulation.

Respiratory effects are not separately modelled but are indirectly identified by postulating hypotheses.
The effects ofrespiration result probably in low reliability oft-BRS and f-BRS estimates. It is hypothesized
that respiration is a complex process that can induce respiratory sinus arrhythmia and breath amplitude si
nus arrhythmia components affecting both the low and high frequency content of the signals. The proposed
models are too limited to take these effects into account. Therefore, the neonatal closed-loop BR is more
reliably studied by incorporating respiration as a modulating process ofHR and BP.
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Chapter 1

Introduction

The Maxima Medical Centre in VeldhovenI, The Netherlands, has got a modem clinical environment for
perinatal research at its disposal. In the neonatal intensive care unit ((NlCU) the main field of interest is the
study of autonomic cardiovascular regulation in sick (pre)term infants. Currently, research is mainly based
on spectral analysis of blood pressure variability (BPV) and heart rate variability (HRV) on a beat-to-beat
basis. Parameters of interest are the spectral power within a low frequency band (LF power), the spectral
power within a high frequency band (HF power) and the results of transfer function analysis.

In the short-term the most important regulatory mechanism of heart rate (HR) and blood pressure (BP)
is the baroreceptor reflex (BR). The BR buffers sudden changes in the systemic BP by adapting HR and
peripheral vascular diameter (resistance). These neural responses are mediated by the efferent parasym
pathetic (vagal) and sympathetic limb of the BR. Every study of the BR has, therefore, the potential to
provide information on the sympathovagal output.

Human and animal data indicate the maturation of the BR function with gestational2 age and posmatal
life, which may be associated with the development of the parasympathetic system. Supplementary, human
and animal data accentuate the hypothesis of an activated sympathetic system in the immediate postnatal
period, which subsequently decreases. These findings suggest that the sympathovagal output changes with
increased gestational age and that it continues to mature during posmatal development. UnforturJately, data
about the ontogeny of the BR and functional maturation in the human infant are not plentiful due to the
limited experimental (pharmacological or mechanical) possibilities to challenge the BR in neonates. As a
result knowledge about the developmental aspects of the BR relies almost exclusively on animal studies.

In adults the HF power relates to the relatively fast operating parasympathetic part of the autonomic
nervous system. The LF power illustrates the activity of both the parasympathetic and the relatively slow
operating sympathetic nervous system. In addition, the transfer function analysis provides information
about the spectral relationship between the BP(V) and the HR(V) signals. Some studies are based on chal
lenging the BR with pharmacological or mechanical stimuli, whereas other studies focus on the "natural"
occurring fluctuations in BP and HR.

The current analysis techniques in the NICU are mainly based on the latter approach and the used
HR(V) and BP(V) signals are acquired by passive recording of biosignals. Currently, some researchers
have opted to use the transfer function analysis to assess (estimate) the sympathovagal output in the neonate
assuming that the cardiovascular system exhibits an input-output relationship between the two signals. Of
course, this is a coarse approximation of reality because cardiovascular control is inherently a closed-loop
system without clear inputs. Consequently, analysis of the sympathovagal output with current methods
may not be adequately for the study of the BR in the newborn due to its complex nature.

lThe Maxima Medical Centre has been formerly known as Saint Joseph Hospital. Nowadays the medical centre is the result of
a merger at the organisational level of two hospitals. The current establishment is located at two different cities in The Netherlands:
Eindhoven and Veldhoven. The current research is in cooperation with the neonatal intensive care unit (N1CU) located in Veldhoven.

2The gestational age of a foetus or a newborn is usually stated in weeks dating from the first day of the mother's last menstrual
period, while the postnatal age starts dating immediately after birth.

17



18 CHAPTER 1 INTRODUCTION

Obtaining a better understanding in reactions of neonates to stressful situations is of great importance.
Especially in life-threatening situations when correct medical judgement is crucially. At this point a better
understanding of the cardiovascular system is imperatively. The current research methods are therefore
extended to a first attempt in closed-loop identification. This takes into account the nature ofthe cardiovas
cular system and therefore no assumption is made beforehand about a possible input-output structure for
approximation of the real system.

The thesis starts by providing background information about physiological and medical aspects, which
leads to an outline of the research questions presented in chapter 2. Chapter 3 discusses briefly the data ac
quisition system used in the NICU. It also discusses the acquired signals that are used for deriving a second
set of data. This set is also known as parameter data of the continuous waveform signals. An important
aspect of the discussion is the derivation process and the accuracy limitations induced by distortions in the
original signals. A reflection on both types of signals is subsequently used to decide, which signals are
used in the identification process. Next, in chapter 4 the correlations within and between the signals are
described. First a theoretical model of the short-term cardiovascular regulatory physiology is presented
that is used in many of the analysis techniques. The complexity of the model is subsequently simplifi ed
to fit the closed-loop identification process. Second., a first attempt of the identification of the BR is per
formed by using the sequence method. Its limitations requires handling of the acquired signals as being
originated from stochastic processes. The approach enables the calculation of correlation values that help
to estimate a (general) building structure for the processes under study. Derivatives of these structures are
subsequently used to fill in the boxes of the identification model. After that the algorithm for identification
is presented. Finally, in chapter 5 the identification model is used to assess the approximation of the real
cardiovascular system with its complex interrelations. In chapter 6 the discussion reflects the complete
identification process and provides answers to the presented research questions.



Chapter 2

Clinical setting and research goals

2.1 Introduction

The differences in anatomy of the cardiovascular system between the foetus and the neonate due to the
changes in anatomy during birth are responsible for the manner of both human development stages in
coping with survival. In a sick (pre)term infant adaptation to extrauterine life may pose a significant
challenge for further development. To highlight the situation of the sick (pre)term infant in the neonatal
intensive care unit (NICU) this chapter starts with describing some basic foetal and neonatal circulatory
anatomy by illustrating the transition during birth and the accompanied changes in cardiovascular anatomy.
Terms like sympathovagal output and arterial blood pressure control through the baroreceptor reflex arc are
introduced as part of the autonomic nervous system's regulation in keeping up homeostasis. The study
leads to the definitions of spectral power assessments in high frequency and low frequency bands that are
currently used at the NICU for sympathovagal output assessment. The research outline and questions are
presented at the end of the chapter.

2.2 Fundamental foetal cardiovascular physiology

The lungs are non-functional during foetal life and the liver is only partially functional, which makes it
not necessary for the foetal heart to pump much blood through either organ. On the other hand, the foetal
heart must pump a large blood volume through the placenta. As a result the right side of the heart is
more developed than the left side of the heart to accommodate the pumping needs of the pulmonary and
systemic track of the circulation. Besides these anatomical arrangements there are others, which cause the
foetal circulatory system to operate considerable differently from the neona,tal circulation.

2.2.1 Placental perfusion

The placenta is an organ with both a maternal and a foetal component. In this organ gasses and substrates
are exchanged between mother and child. A proper functioning of the placenta is more important to the
foetus than it is to the mother. In times ofemergencies, when the mother needs her blood supply to keep her
own vital organs up and running, the placenta comes in second place. Blood perfusion of the maternal side
of the placenta reduces and oxygen and carbon dioxide exchange do not take adequately place anymore.
The foetus is capable of sustaining such perfusion interruptions for a short period of time without resulting
cellular damage. During such periods of distress the foetus depends solely on the supplies stored in the
intervillous spaces1 of the placenta.

I The intervillous space it the space between the finger-like anatomical bulges, i.e. the villi, of the placenta
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Figure 2.1: Foetal circulation (a) and neonatal circulation (b). The arrows indicate the direction of blood
flow. The naming convention ofthe different tissues is Latin, a common use in the medical community and
textbooks. The names are quite similar to the popular terms and need no explicit translation. Adopted from
[23].

2.2.2 Circulatory shunts and ducts

The umbilical cord forms the connection between the foetus and the foetal part of the placenta. It consists
oftwo thin arteries, the umbilical arteries (figure 2.1), which are responsible for transporting deoxygenized
blood from the foetus to the placenta. A single thick vein, the umbilical vein, is lying next to the two
arteries. It takes care of transporting oxygenized blood from the placenta to the foetus, where blood enters
primarily the inferior vena cava via the ductus venosus. A small amount of blood enters the liver arteries
and mixes with the blood from the portal vein.

Inside the inferior vena cava blood mixes with deoxygenized blood from the lower body extremities.
From there blood of both the inferior vena cava and the superior vena cava enter simultaneously the right
atrium, which is partially shunted across the foramen ovale into the left atrium. The shunt is an essential
part of the foetal circulation to enable the oxygenated blood flowing from the left ventricle to the heart
muscle itself and the upper parts of the foetal body, e.g. the brain. The oxygenated blood exits the left: heart
via the ascending aorta2 to the coronary artery, the carotid artery and subclavian arteries.

The large pulmonary resistance caused by vasoconstriction in the relative hypoxic environment of the
lungs and the compression of the lung vessels by the fluid filled alveoli makes it possible that blood flow is
shunted away from the right ventricle and the non-functional lungs. Almost all blood from the pulmonary
artery is shunted across the ductus arteriosus (Botalli) into the descending aorta. Approximately half the
amount of blood in the descending aorta perfuses the abdomen and the lower body extremities, while the
rest flows through the umbilical arteries to the placenta to get oxygenated.

2The aorta is one continuous conduit that stems from the left ventricle of the heart to carry blood to most of the body. The
ascending and descending aorta are convenient named divisions of the aorta.
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Circulatory anatomy of a one week old neonate mimics that of the adult. The main differences from foetal
physiology and anatomy are the almost immediate functioning of the lungs after birth, the disconnection of
the blood circulation from the placenta, and the obliteration of the shunts and ducts. During the transition
period from prenatal to postnatal life these critical adjustments in the cardiovascular system take place.
Some of these changes occur almost instantaneously while others take place within a few hours, a few
days or even a year after birth. Eventually, the cardiovascular system has transformed from a parallel to a
series network of both interconnected tracks of the circulation, e.g. pulmonary and systemic tracks, which
is imperative for normal neonatal development.

2.3.1 Lost of placental perfusion

The loss of blood perfusion through the placenta doubles approximately the systemic resistance. In re
sponse, the aortic pressure as well as the pressures in the left and right atrium changes. Subsequently, the
placenta is no longer the organ for the gas and substrates exchange to take place. In order to ensure an
adequate oxygenation and excretion of carbon dioxide a pulmonary circulation is established and main
tained. The expansion of the lungs reduces greatly the pulmonary resistance because the vessels are no
longer compressed. Also the tonic vasoconstriction shifts towards a vasodilatation after aeration of the
lungs. All these changes together reduce the resistance to the blood flow through the lungs as much as
fivefold [16], which decreases the pulmonary arterial pressure, the right ventricular pressure and the right
atrial pressure. Additionally, all shunts at the ductus venosus, the ductus arteriosus and the foramen ovale
are no longer required for distributing the blood and should close to prevent mixing of blood of different
oxygen saturation levels.

2.3.2 Closure of the circulatory shunts and ducts

The closure of the umbilical arteries (figure 2.1) is caused by contraction of the smooth muscles in the
vessel walls as a response to the thermic and the mechanical impulses during labour. Also the increase
of the oxygen partial pressure3 (Pa02) after birth plays an important role. The umbilical arteries close
functionally, but the destruction of the lumen as a result of the production of connective tissues may take
two to three months to complete. The resulting obstruction is called the umbilical ligament.

The umbilical vein and the ductus venosus close shortly after the functional closure of the umbilical
arteries. Blood flow from the placenta to the newborn continues for a short period of time. A sphincter4

mechanism of the ductus venosus, located nearby the umbilical vein regulates the blood flow to the liver
sinusoids5 . To protect the heart from sudden overloading the sphincter closes under influence of a large
venous blood flow. After functional closure blood pressure of the portal vein rises from near 0 mID Hg to
6-10 mm Hg6 [16]. The pressure increment is sufficiently to force blood flow through the liver sinusoids.
The umbilical vein and the ductus venosus tum eventually into obstructions called the hepatic ligament and
the ligament venosus, respectively.

The vasoactive chemical compound bradykinin that the lungs release after their first aeration is respon
sible for muscle contraction that causes the ductus arteriosus to close. Also the increase of the Pa02 from
15-20 mm Hg to 100 mm Hg [16] in the ductus arteriosus after birth is expected to playa significant role
in its functional closure. The phenomenon occurs almost immediately after birth but it may also take four
days [32] to close functionally. A complete obliteration of the lumen happens within one to three months.
The newly formed tissue carries the name ligament arteriosum.

The perfusion rate of the lungs increases rapidly by closure of the ductus arteriosus, which causes the
blood pressure in the left atrium to increase. The blood pressure in the right atrium drops simultaneously

3The partial pressure of a single gas in a single volume is defined as the pressure that this single gas will have in the volume if all
other gasses are removed. In the medical community the term is often used to illustrate the amount of gas that is dissolved in blood.

4A sphincter is a muscle that controls the opening of a duct.
SA sinusoid is a minute space or passage for blood in the tissues of an organ (as the liver).
6The unit mm Hg is commonly in use in the medical community for indicating circulatory pressures and partial pressures. It may

help to remember that J kPa = 7.5 mm Hg.
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due to the absence of placental perfusion. Consequently, blood attempts to flow backward through the
foramen ovale in contrast to the foetal circulation. Under the pressure difference the small valve that lies
over the foramen ovale on the left side of the atrial septum closes over the opening, thereby preventing
further blood flow. An irreversible closure occurs within the first year after the closure deformed to one
tissue.

2.4 Autonomic cardiovascular regulation

The human nervous system is subdivided into the autonomic and the somatic nervous system. Both parts
of the nervous system operate in parallel to allow conscious or subconscious interactions in response to
stimuli from the surrounding environment. Subconscious responses regulate internal homeostasis, which
is the task of the autonomic nervous system (ANS). The ANS is mainly activated by centres located in the
spinal cord, the brain stem and the hypothalamus. It operates mainly by means of reflex arcs. The efferent
(controlling) signals are transmitted to the various organs of the body through two major subdivisions of the
ANS called the sympathetic nervous system and the parasympathetic nervous system. The bodily sensors
integrate the afferent (controlled) signals that serve as feedback to the neural control centres.

2.4.1 Sympathetic and parasympathetic innervations

The effects of the sympathetic and the parasympathetic nervous system are antagonistic in nature. The
sympathetic system stimulates the body to a higher state of alertness by enhancing catabolic processes and
tone down anabolic processes. The parasympathetic system does the exact opposite and it is therefore as
sociated with a state ofrest. The anatomical arrangements of both subdivisions of the ANS are responsible
for the observed (physiological) differences in neural innervations. The parasympathetic system stimulates
directly from the central part of the ANS, while the sympathetic system uses a network of branched off
nerve fibres (figure 2.2). Supplementary, the axons of both nervous systems trigger organs by using dif
ferent synaptic transmitter substances. The parasympathetic system uses acetylcholine, whereas is quickly
disintegrated, while the sympathetic system uses norepinephrine, which disintegrates not as fast causing
longer innervations.

Not all organs are affected in the same way by neural control of the ANS. In fact, sympathetic stimu
lation causes excitatory effects of some organs but inhibitory effects of others. Likewise, parasympathetic
stimulation causes excitation in some organs but inhibition in others. Additionally, both subdivisions of
the ANS can act reciprocally. Most organs, however, are dominantly controlled by one of the two nervous
systems. There is no generalization to explain whether sympathetic or parasympathetic innervations causes
excitation or inhibition of a particular organ. As a consequence, the effects of the two nervous systems are
individually studied for each organ. In table 2.1 a comprehensive list of the autonomic effects on various
organs within the body for regulating (arterial) blood pressure is presented.

Homeostasis in the neonate is characterized by the instability of the hormonal and neural regulatory
mechanisms compared to the adult. The immature development of the different organs is partly responsible.
In addition, the (cardiovascular) maladjustments to the new way of life may playa significant role as well.
Reflex and tonus activities ofboth ANS tracks may change significantly during postnatal development [34].
Findings in literature indicate that sympathetic innervations are completely activated at birth and decrease
in the subsequent postnatal period. In contrast, the parasympathetic nervous system develops during the
same period [I]. These findings suggest that the sympathovagal output changes with increased gestational
age and continues to mature during postnatal development.

2.4.2 Baroreceptor reflex control of blood pressure

Neural regulation of the arterial blood pressure is subdivided into short-term and long-term control. Short
term neural control takes place by adapting blood flow into the arterial system with change in heart rate
(RR) and cardiac contractility. The outflow of blood from the arterial system is regulated by varying the
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Figure 2.2: Sympathetic (a) and parasympathetic (b) nervous system. Adopted from [16].

Organ Effect of sympathetic innervations Effect of parasympathetic innervations

Blood vessels Most often constricted Most often little or no effect

Heart
Muscle
Coronaries

Increased heart rate
Increased force of contraction
Dilated or constricteda

Slowed heart rate
Decreased force of contraction
Dilated

Systemic arterioles
Abdominal viscera
Muscle

Constricted
Dilated or constricteda

None
None

Skin Constricted None

°Depending on the receptor type (a or /3) of the neural synapses involved dilatation or constriction occurs. Dilatation occurs
through a-receptors activation whereas constriction occurs through /3-receptors activation.

Table 2.1: Autonomic effects on various organs in arterial blood pressure regulation. Partly adapted from
[16].
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Figure 2.3: Feedback gains of all blood pressure control mechanisms in the adult as function of step
response time (a) and arterial pressure (b). Redrawn from [28] but originally from [15].

diameter (peripheral resistance) and muscle contractility of the arterioles. Long-term regulation is due to
changes in total circulatory blood volume through fluid secretion by the kidneys.

Short-term neural control is mainly an integrated response to afferent feedback from baroreceptors,
low-pressure receptors and chemoreceptors. The baroreceptors are stretch receptors in the walls of large
vessels that stretch under blood pressure variations. They are extremely abundant in the carotid sinus and
the aortic arch. Both the artria and the pulmonary veins have in their walls stretch receptors that are called
low-pressure receptors. They are similar to the baroreceptors but they play an important role in minimizing
the arterial blood pressure (ABP) deviations as a response to sudden changes of blood volume in the low
pressure areas. The chemoreceptors are also closely related to the baroreceptors. They are located in the
carotid bodies and aortic bodies. They are chemosensitive to oxygen deficiency, carbon dioxide (C02)
excess or hydrogen (H+) ion excess. Whenever the ABP falls below a critical level the chemoreceptors
become stimulated due to the diminished blood flow: the low perfusion rate results in decreased Pa02,
excess build-up of C02 and accumulation ofH+-ions.

Similar to the chemoreceptor reflex is the ANS ischemic response. It is, however, not activated by
receptors outside the neural centres. Instead the response is evoked by an excess of C02 in blood of
the lower brain stem. It can be more powerful in controlling ABP than the baroreceptor reflex (BR), the
chemoreceptor reflex or the low-pressure receptor reflex.

Under homeostatic conditions the BR is the most important short-term neural control in regulating ABP
(figure 2.3). Together with the ability of non-invasive data acquisition of blood pressure and HR signals it
has resulted in the most extensively studied neural control in the adult. For the neonate that is not the case
resulting in limited knowledge.

Rapid cardiovascular changes from foetal to neonatal life are responsible for pressure differences that
stabilize eventually in time. Researchers have reported that the accompanied tonus activity of the barore
ceptors may alter over time. Although this chronic resetting of the BR is considered part of normal matu
rational increase of ABP it is still unclear whether acute resetting occurs early during development or that
it keeps contributing to the elevated tonus activity of the total neural control arc [34]. In figure 2.4 the BR
response is visualized. Resetting of the BR implies that the curve alters by scaling and translation, which
affects both tonus and the reflex activity.
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2.5 Heart rate variability and blood pressure variability

ANS control through the several reflex arcs induces fluctuations in ABP and HR Heart rate variability
(HRV) and blood pressure variability (BPV) should therefore contain information about the sympathovagal
output. HRV is usually classified as beat-to-beat variations, accelerations or decelerations? in HR [35]
whereas the BPV is usually referred to as changes in systolic blood pressure, diastolic blood pressure and
mean ABP. All fluctuations from baseline values originating from intrinsic and extrinsic noise sources more
or less challenge the reflex arcs.

2.5.1 Intrinsic noise sources of variability

There are three different intrinsic noise sources that cause fluctuations of HR and blood pressure. The
corresponding phenomena are called autoregulation, respiratory sinus arrhythmia (RSA) and Mayer waves.

Autoregulation is a local phenomenon in tissue perfusion adaptation that acts independently of the ANS.
Both mechanical and chemical triggers are responsible for vasoactive responses. A low Pa02-, a high C02
level and the excess ofH+-ions in the blood result in increase of blood flow through vasodilatation. On the
other hand, a large transmural pressures evokes vasoconstriction.

A cyclic fluctuation due to the inspiratory and expiratory events is called RSA. Respiration influences
the HR and blood pressure twofold: mechanically and neurally. The pressure variations inside the thorax,
the intra-thoracic pressure fluctuations, during the respiration cycle forces blood from the venous system
to the heart. The larger venous return increases the HR through the Frank-Starling mechanism. Subse
quently, the corresponding fluctuations in ABP are integrated by the baroreceptor feedback and neural
control may act reciprocally. Secondly, RSA also occurs through neural spillover of impulses leaking from
the respiration centre into the heart's sinus atrial node.

In recordings of ABP some large waves are noted in addition to RSA. Their rise and fall are less
steep but their amplitude is much larger. These waves are called Mayer waves. The cause of the Mayer
waves is oscillation in the ANS control arcs induced by mainly the BR and the chemoreceptor reflex. The

7Acceleration is officially defined as an increase in heart rate with more than 15 beats per minute from baseline (average) heart
rate with duration longer than 15 seconds. Deceleration is defined as a decrease by 15 beats per minute from baseline heart rate for
duration longer than 15 seconds. Thus beat-to-beat variability is not necessarily acceleration or deceleration by definition but it does
contain information about the ability of the autonomic nervous system to regulate arterial blood pressure.

8The transmural pressure is defined as the pressure inside the vessel minus the pressure outside the vessel. In an infinitively
compliant vessel the transmural pressure cannot become negative because the outside pressure would just close the tube.
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sympathetic nervous system is rhythmically inhibited by the large feedback gain of both reflexes. The
result is an alternating sequence of vasoconstriction and vasodilatation with corresponding BPV

RSA and Mayer waves are considered ideal markers in assessment of adult sympathovagal output [36].
Both phenomena correlate well to spectral power within a high frequency band (HF power) and the spectral
power within a low frequency band (LF power), respectively. The effect of both phenomena on sympatho
vagal assessment can be quite significant. In particular, the parasympathetic effect ofrespiration on the HF
power is quite dominant. The HF power band is redefined for the neonate because the respiration frequency
is up to 4-5 times that of the adult (e.g up to 90 breaths per minute). The frequency bands that are typically
used in the NICU are 0.04-0.15 Hz and 0.40-1.50 Hz for the LF power and the HF power band, respectively
[II ].

2.5.2 Extrinsic noise sources of variability

There are many different extrinsic sources that can cause fluctuations ofHR and blood pressure (BP). All
possible stimuli may be useful to challenge the ANS reflex arcs. The most important stimulus, however,
is drug administration. Pharmaceutical agents are used to alter physiological functioning and thus the re
sponse to stimuli. A recent study in neonates has demonstrated that the administration of the drug atropine,
which is a parasympathetic inhibitor, shows a resultant shift in the sympathovagal output through a change
in HR and BP [1]. Other types of stimuli can also contribute to a diminished or enhanced sympathovagal
output. Eventually, data obtained from experiments that exploit physiological functioning are, for instance,
used to construct the entire BR response curve offigure 2.4.

2.6 Research outline and clinical questions

Two approaches are commonly used for studying HRV and BPV: time domain analysis and frequency
domain analysis [II]. Time domain methods do not transform the entire signal into an alternative rep
resentation, but act directly on the signal as a function of time. In cases when spectral information of
measurement data has to be determined frequency domain methods are used. The frequency methods
quantify the power content of the signals as function of frequency. Both types of methods are capable of
calculating interesting parameters of the cardiovascular system.

Two properties of the cardiovascular system are used in studying the relationship between spontaneous
HR changes and BP changes in the adult: the baroreceptor sensitivity (BRS) and the intrinsic low-frequency
fluctuation (so-called Mayer waves, wavelength approximately 10 seconds equal to 0.1 Hertz) ofthe closed
loop cardiovascular system. BRS is defined as the change in HR per unit of ABP deviation. Most studies
are based on challenging the BR by altering the systemic BP in human adults with pharmacological or
mechanical stimuli thereby providing data on threshold and saturation levels. In critically ill neonates,
however, it is unethical or even dangerous to alter pharmacologically BP. Therefore, the current study fo
cuses on spontaneous fluctuations in HR and BP. BRS values from spontaneous cardiovascular fluctuations
provide an estimate for physiological gain and may be calculated by determining sequential BP and HR
couples, and is referred as (time domain) t-BRS. Alternatively, the magnitude of the transfer function be
tween low frequent (0.04-0.15 Hertz) BP and HR fluctuations also relates to the BRS, and is referred as
(frequency domain) f-BRS.

It is hypothesized that the closed-loop BR model ofBP regulation in the adult is also useful for modelling
the reflex in the neonate (section 4). The following research questions are formulated:

1. Is it possible to estimate baroreceptor reflex function from (time domain) t-BRS and (frequency
domain) f-BRS? Is there a correlation between both methods?

2. Is feedforward (HR affects BP) more important than feedback (BP affects HR) or vice versa?

3. What is the effect of atropine administration on t-BRS and f-BRS?
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The study population consist of 12 preterm (gestational age, 26-32 weeks) and 3 term infants (gesta
tional age, 37-40 weeks). The preterrn infants are studied in the immediate postnatal period before and
after atropine administration. Atropine, as a selective parasympathetic blocker, is routinely used before
endotracheal intubation and artificial ventilation. Selective blockade of the parasympathetic system may
provide additional information about the neural regulation of BP. The neonatal intensive care environment
provided the possibility of continuous signals ofHR (electrocardiogram) and ABP (section 3).
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Chapter 3

Biosignal measurements and acquisition

3.1 Introduction

Section 2 illustrates the importance of the heart rate (HR) and blood pressure (BP) signals in the clinical
study of the sympathovagal output of the (pre)term infant. Before these signals are made available to the
scientist the biosignals are measured using sensors and digitised by an acquisition system.

Pre-processing is required to reduce distortions in the raw measurement signals. Subsequently, data
is usually stored on a central computer system for (offline) analysis. Local computer systems are used to
extract relevant information from stored data, which is usually referred to as post-processing. Sometimes
it is automatically done by a central computer system to reduce working load on local computer systems,
especially when data are frequently (re-)used for analysis. In other configurations it is done on the acquisi
tion system itself. The processing locations are also known as the back-end and front-end, respectively, of
the overall system .

In the neonatal intensive care unit (NICU) a special data acquisition assembly is installed. In this section
emphasis is on acquiring three important biosignals by the use of two concatenated acquisition systems.
The inherent problems are also part of the discussion to illustrate the validity of the digitised data.

3.2 Data acquisition system

In the NICU (critical) ill (pre)term infants are placed together in small groups that are under supervision
of well-trained medical personnel. A support system that is called a patient monitor is connected to each
patient through several sensors. Bodily signals are picked up, signals are locally processed and some
relevant parameters are extracted. The connected display is used to present a subset of and the waveforms
of the measured signals. Optional alarms can be set to warn medical personnel for the imminent distress of
the young patient.

3.2.1 Patient monitor

In the NICU Hewlett Packard Merlin Monitors] (HP Ml166A, model 56s) are used for this purpose. Each
monitor consists ofa module rack, several click-in modules, a computer module, a monitor screen, an ana
logue output interface and a manufacturer specific communication interface (SDN). Needed information
for routine care can be easily obtained by plugging in one of the available click-in modules into the mod
ule rack. Commonly used modules are electrocardiogram/thoracic impedance (ECG and TI, respectively),
photoplethysmogram (PLETH), invasive blood pressure (IBP), non-invasive blood pressure (NIBP), cen
tral venous pressure (CVP) and fraction of inspired oxygen (Fi02). Each of these modules performs the
acquisition of the corresponding signal from the sensor. AID-conversion occurs with a sampling frequency

I The Hewlett Packard medical division was recently taken over by Philips Medical Systems.
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depending on the frequency content of the signal (500 Hertz for the ECG signal and 125 Hertz for the other
signals) after the signal passes a module specific filter. In addition, the individual modules also realise
galvanic separation to ensure the patient's safety.

The sampled data from every module is aggregated in the computer module, where further processing
is performed. Each of the acquired signals is individually filtered, analysed and screened for errors without
the use of available information from other acquired signals. Subsequently, parameters are determined
from every acquired signal. To avoid excessive fluctuations a moving average of several seconds is taken
from the derived parameter data before making it available.

Generally, data acquisition is performed without interfering with the treatment of the patient. The
patient monitor is able to provide digitised waveform signals for extensive data analysis in addition to
derived parameter data. No extra load is thus imposed onto the patient. The required modules are the
analogue output interface and the SDN, respectively. The analogue output module supplies a maximum of
eight user-defined signals or parameter signals with a precision of l2-bit in contrast to digitised parameter
data available through the SDN that uses a precision of 8-bit for the same dynamic range (-5 to 5 Volts)
[29,30]. D/A-conversion occurs at a fixed sample rate of 500 Hertz (Hz) followed by a 150 Hz third order
low-pass filter [17] resulting in implicit sample rate conversion for some ofthe acquired signals. Parameter
data available through the SDN is updated at a sample frequency of approximately 1 Hz.

3.2.2 Physics Data Acquisition System

A chosen subset of the signals from the analogue output interface of the patient monitor is linked to a
second data acquisition system: the Physics Data Acquisition System (PhyDAS). PhyDAS was developed
at the faculty of Physics of the Eindhoven University of Technology as a general system for analysis of
raw data signals. Its architecture allows for future extension and is optimised for implementing advanced
real-time signal processing algorithms. No advanced algorithms are currently used to process information
in real-time. Instead the PhyDAS is used for digitising the analogue signals at higher sampling frequency
than the parameter data is updated on the SDN resulting in a better time resolution.

Each signal is amplified by an adjustable gain and passes a 10 kHz2 third order low-pass filter before
it reaches one of PhyDAS' dedicated parallel samplers (PARSAM). Each of the PARSAMs is set to a
sampling frequency of 128, 256 or 512 Hz. The first value is typically used to acquire data, whereas the
third value is used to digitise the ECG signal [17]. Each PARSAM samples in l2-bit precision for a 10
Volts range (-5 to 5 Volts), which is similar to the D/A-conversion of the analogue output interface of the
patient monitor.

3.2.3 Data management

The complete assembly of the two concatenated data acquisition systems in the NlCU is visualised in figure
3.1. The assembly provides digitised measurement signals in both parameter and in waveform data. Data
is stored on a central computer system for offiine use. The convention applied to store data is extensively
described in [17]. Parameter and waveform data are both stored in multiple files for convenient access.
By inspection the waveform file illustrates that there is type conversion of l2-bit precision data into l6-bit
format. It should allow for convenient use on personal computer systems that process values of a base-2
numerical system.

3.3 Signal measurements

For use in computer systems physiological quantities are transformed into an electrical representation. A
biological signal is transformed from one representation to another by using a transducer (sensor). The
source of information determines the type of sensor used. In the NICU three physiologically meaningful
signals are simultaneously recorded: the IBP signal, the ECG signal and the TI signal [II].

2The k is a shorthand notation for the value 1000.
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Figure 3.1: Configuration ofdataflow for acquiring measurement signals in the NICU. The patient monitor
samples at a rate of 125 or 500 Hertz (Hz). Parameter data outside the patient monitor on the manufacturer
specific communication interface is updated every second. The analogue outputs provide better time res
olution and are therefore linked to the Physics Data Acquisition System (PhyDAS) system. The PhyDAS
samples at 128,256 or 512 Hz. Both parameter and waveform signals are digitised for a range of 10 Volts
(-5 to 5 Volts) in 12-bit precision and stored on a central computer system for offline access. The 12-bit
precision data is implicitly subjected to type conversion into 16-bit format. Modified diagram from [11].

Different biological signals are recorded by the same type of sensor when they modulate the same
physiological quantity (section 2). However, the intended use of most sensors is to record signals origi
nating from only a single source. The presence of other physiological information is therefore not always
recognised as extra information by the processing unites). Instead it may be interpreted as signal distortion.
In the following sections the discussion focuses on the three signals and the corresponding type of sensor
that is used for acquiring their electrical equivalents. The main sources of distortions that are related to the
sensor type and significant signal modulation are part of the discussion.

3.3.1 Blood pressure measurements

The most important signal in the diagnostic process in the NICU is the BP signal. It contains not only sys
tolic and diastolic blood pressure (SBP and DBP, respectively) values at every heartbeat, but it also provides
information about fluid administration, peripheral resistance, heart function (contractility), respiration and
the autonomic nervous system (ANS). All this information is implicitly available in the BP signal.

The wave shapes of the arterial pulses depend not only on the left ventricular stroke volume and the
ejection velocity, but also on the relative compliance and peripheral resistance of the arterial system. The
arterial pressure waveform depends, therefore, on the measurement position and the quantities mentioned
above neglecting any effects of possible present pathologies (section 2). In addition, beat-to-beat fluctua
tions are also known to contain information about the ANS [1].

Biomechanical signals are all signals that originate from some mechanical function of the biological
system. These signals include motion and displacement signals, pressure, tension and flow signals. The
mechanical phenomenon does usually not propagate well to the body surface. The measurement has to be
performed at the exact site. It complicates the measurement and forces it to be an invasive one. Accurate
registration of the BP signal by the system depicted in figure 3.1 is thus only possible in the NICU by using
IBP measurements. IBP measurements in the NICU are performed by bringing a measurement device



32 CHAPTER 3 BIOSIGNAL MEASUREMENTS AND ACQUISITION

From infuaion

pump

ill ~
t,i Flush iI

rJ G~ n valve i
--':'-_..'_.' ...""Jr.=.. ,.c .•=~._... _ :.. \

-.. ......-----=.~ '---_._.

To

Cannula Blood sampling unit T,ansduce' monitor
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flows through this channel into the transducer chamber, tubes, and cannula at a preset rate. The electrical
signal of the pressure transducer is fed into the patient monitor. Redrawn from [39].

into the blood stream of a radial3 artery. A tip catheter or a catheter manometer system (CMS) can be
used. The former is the most accurate of the devices, whereas the latter should be used for prolonged
measurements with an accompanied increase of blood clotting around the tip. Additionally, it is clinically
often more important to have the possibility of blood sampling (taking a certain amount of blood through
the measurement device) than to have accurate blood values. In the NICU a CMS is used for the above
reasons.

The CMS consists of a fluid-filled cannula, an extension tube, two stopcocks, and a pressure transducer
chamber that is connected to an infusion pump for flushing (figure 3.2). In the pressure transducer chamber
a strain gauge is used to convert the pressure variations into electrical signals. The description of the
CMS' dynamic properties is usually done in the frequency domain, where transmission gain and phase are
plotted as function of frequency. Accurate measurements of BP require a transmission of pressure wave
frequencies to at least the 10th harmonic of the base frequency. In premature neonates this corresponds to
a minimal bandwidth of approximately 30 Hz for the CMS [10, 11, 39]. Subsequently, an optimal response
characteristic also corresponds to a frequency-independent amplification and a phase shift that varies linear
with frequency, representing a fixed delay for all frequency components. In man-made systems this is not
achievable resulting in signal distortion.

In approximation the CMS is a second order (linear) system. The transfer function for second order
systems is typically formulated in the form of equation (3.1) [13]. As can be seen the system is fully
characterised by only two parameters: the natural frequency (fn) and the damping ratio (y). The yat which
the amplitude response is virtually flat over the widest range of frequencies is defined as optimal damping
(no resonance will occur) and corresponds to y = 0.64 [21]. The time delay of all frequency components
for this value is almost fixed resulting in minimal distortion.

A CMS system's in, however, is often significantly lower than 40 Hz, and its y is significantly lower
than 0.7 because the dynamic response in-situ often deteriorates with time due to routine intensive care
procedures [7, 39). The presence of blood clots and concealed air bubbles in the cannula make measured
pressure waveforms therefore often an unreliable representation of true arterial blood pressures. One effect
of the smaller y is that the bandwidth over which the transfer is flat is quite limited. Another effect is the
undesirable extra amplification ofhigh frequencies in the BP signal. The overall result is overestimated SBP
and underestimated DBP values. The characteristics to be present in the neonatal monitoring equipment
make the highest relevant frequencies in neonates probably too high for proper transmission by a CMS.

2

HUm) = ( . )~n ~( i) with mi = 21t./i [rad/sec]
jm+"'(ffin + n 1-

(3.1)

3The radial artery is the smal1er of the two branches into which the brachial artery divides just below the bend of the elbow.
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Similar distortions occur as the BP wave travels through the arteries from aorta to extremities, because
an artery can be regarded as a "natural" catheter and can be similarly modelled. In addition, hydrostatic
influences along with blood flow turbulence at the opening of the catheter make measured values also
vary from real BP values. In contrast to the CMS induced distortions, these distortions cannot be easily
compensated for because they depend on the measurement site at the body and the body's position.

Other main sources of distortions in the acquired signal are:

1. Interruption of the pressure information due to blood sampling through the CMS;

2. Movements artefacts;

3. Flushing of the CMS to remove blood clots and air bubbles.

It depends strongly on the way the acquired data is used for further analysis what kinds of distortions
have to be detected and removed. Especially, when waveform data is used the acquired signal has to be
checked for signal deteriorations and if possible be compensated for. Errors of category 1 and 2 cannot be
compensated for and therefore the acquired signal is visually checked before using it in further analysis.
Signal distortions from category 3, in contrast, can be used to determine the in-situ condition of the CMS.
[39] has shown that the given transfer function of equation (3.1) can be estimated without disrupting the
neonate's fluid balance. Subsequently, inverse filtering can help to compensate for deteriorations of the
signal transfer. Such signal processing is not currently implemented in the NICU.

It is common medical practice to use parameter data, like SBP and DBP instead of "polishing" the
continuous signal. In the NICU parameter data is extracted from the continuous signal with advanced
processing algorithms that have proven to be robust against many deteriorations. It remains possible to
extract parameters while the waveform is highly distorted. As a result parameter data is considered as the
most reliable source of information and waveform data is almost never used in analysis. It is a common
misconception that parameter data is less corrupted than the continuous signal. In fact parameter data uses
the the continuous signal as source which implies that parameter data cannot be a "cleaner" signal in the
absence of advanced processing. The robustness of the algorithms is mainly due to exploiting the best
detectable features of the continuous signal, i.e. its extremities, and ignoring the rest. A more suitable
approach considers parameter data as a subset of the continuous signal that is better applicable for showing
trends. In medical assessment signal variability can be considered more important than absolute values
because trends illustrate fluctuations of the physiological condition of the patient over time. In analysis
and modelling (section 4) this may not be sufficient because additional information may be required that
the slow varying data cannot provide. For comparison of results, however, it is important that the same
conditions are met, i.e. the same type of data is used (parameter data in the NICU).

3.3.2 Heart signal measurements

The heart is an essential part of the total circulation for distributing oxygen and nutrition and enabling
simultaneously removal of waste products. Its activity is under the control of the ANS and the humoral
system. The inputs to both systems are the baroreceptors, the low-pressure receptors and the chemorecep
tors that are located at several places in the body. Especially, the short-term ANS mechanisms interact on
both the cardiac contractility and the HR (section 2). In neonates the change of the contractility is assumed
to be oflittle importance [11]. Consequently, the heart beat signal reflects an important part of the body's
internal processes in regulation of the cardiovascular system. The recording of the heart signal is therefore
very useful in medical assessment.

Muscle contraction is a chemical process that is initiated by depolarisation of the muscle fibres. Re
laxation of muscle fibres starts with repolarisation. The accompanying differences in electrical charges
between the inside and outside of each muscle fibre during these transitions generate currents that flow
from negative to positive charged areas4 illustrating a difference in potential between two locations.

4The direction of current flow from negative to positive potential is a medical convention whereas in electrical engineering the
adopted convention is usually the reverse.
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Figure 3.3: Normal electrocardiogram (ECG) of the adult. The ECG is composed of a P wave, a QRS
complex and a T wave representing atrial depolarisation, ventricular depolarisation and ventricular repo
larisation respectively. Redrawn from [16].

A heartbeat is a successive contraction and relaxation of the atrial and ventricular muscle fibres. The
generated electric field propagates through the tissues and the potentials can be acquired at a relatively
convenient location on the surface of the body, eliminating the need to invade the body. In the NICU the
heart's activity is assessed by the ECG recording. In particular, the bipolar chest lead method is used to
acquire the electrical heart signal [1]. The term bipolar refers to the use of two electrodes located on either
side of the heart.

The normal ECG recording of figure 3.3 is composed ofa P wave, a QRS complex and a T wave. The
QRS complex is built from three segments: the Q wave, the R wave and the S wave. In many recordings the
ECG is differently composed because the Q wave is frequently absent. The P wave is caused by electrical
potentials generated when the atria depolarise just before the atrial contraction begins. The QRS complex
is a depolarisation wave caused by the ventricles before their contraction. The atria repolarise after the P
wave. This occurs at the same instant when the QRS complex is being recorded. As a consequence the
atrial repolarisation wave, the atrial T wave, is usually masked by the much larger QRS complex. The T
wave in the ECG recording is caused by potentials generated when the ventricles recover from the state of
depolarisation.

The depolarisation and repolarisiaton of heart muscle fibres does not occur simultaneously for all fibres
but spreads from a particular side to the remainder of the heart. The direction of the instantaneous current
flow is not fixed but varies under the varying electropositive and electronegative charged areas. For the
four phases of a cardiac cycle a dominant direction of the positive current flow, i.e. average direction of
negative towards positive charged areas can be determined. During atrial depolarisation the flow is directed
from the base5 to the apex of the heart. For the repolarisation wave the average current flows backwards, in
the opposite direction. For both the depolarisation and repolarisation of the ventricles the direction is from
the base to the apex of the heart.

The position of the electrodes and their displacement from all four directions of the average current
flows illustrate that placement of the electrodes is particularly important for the recorded voltages of the
total and the individual waves in the ECG. The ECG recording for routine care monitoring in the NICU is
as a result usually not the normal ECG recording offigure 3.3 because medical personnel only takes care to
position the electrodes in such a way that the QRS complex is being recognised by the patient monitor. The
surface area of the electrodes is large compared to the chest area of the neonate. A well-defined waveform
is not guaranteed. Deformed ECG recordings are thus very common in the NICU.

5The base is the upper pointed part of the heart and the apex is the lower pointed end of the heart.
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(a) Nonnal ECG at the NlCU. (b) ECG with recognisable QRS complex.

Figure 3.4: Two examples of an electrocardiogram (ECG) recording in clinical practice: a normal ECG (a)
and a deformed ECG recording with recognisable QRS complex (b). Notice the more negative recording
due to the placement of the electrodes nearer to the base of the heart. Redrawn from [11].

The two distinct ECG shapes of figure 3.4 illustrate that the deformation of the signal does not mean
that parts of the wave shapes cannot be recognised. Especially, parameter data like the RR-intervallength
(RRI) (variation) does not require, in principle, a registration made under standardised conditions. The
resulting non-standard waveforms may complicate automatic analysis ofthe heart beat signal, but generally
do not result in significant errors. Conversely, diagnosis of the ventricular muscle, atrial muscle or cardiac
conducting system complicates greatly because in these situations the exact waveform patterns of the stages
in the cardiac cycle are used instead.

The heart signal is often a weak signal contaminated by noise. The ECG recording is acquired by using
surface electrodes that pick up the electric potentials generated by the heart muscle fibres. In addition, the
electrodes pick up potentials from other active muscles fibres that distort the actual signal.

Other main sources of distortions in the digitised ECG recording are:

1. Interruption of the ECG recording due to disconnected leads;

2. Movements artefacts;

3. Bad skin-electrode transfer, e.g. bad contact.

Unfortunately, the listed sources of distortions cannot be accurately compensated for when using ECG
recordings. Especially, when waveform data is used the signal should be visually inspected before data
is used for further analysis. For similar reasons as for the BP measurement, parameter data, like RRI, is
mostly used in clinical studies. In addition, similar restrictions apply for using heart signal measurements
in analysis and modelling.

3.3.3 Respiration measurements

In the critical care environment respiratory measurements are also an important source of information. The
patient's condition is usually critical and may change from moment to moment. The respiration is therefore
continuously monitored. The measurement of respiration is especially important if oxygenation of body
tissues may become inadequate. Overall hypoxemia of the blood can danger the most vital organs and
should be prevented by intervening in the body's respiratory function when needed.
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Figure 3.5: Different components that contribute to the thoracic impedance. Mainly substances in the tho
rax (muscles, tissues, blood), the skin-electrode transition, the blood pumped by the heart and the amount
ofair in the lungs determine the total impedance measured between the two electrodes. For the neonate the
electrodes are placed closer together than is depicted in the figure. Redrawn from [11] but originally from
[40].

Several different methods can be used to measure respiration. Many of the available measurement tech
niques have only been evaluated in adults and children [11]. The widest used method, except for visual
observation, is the bioelectric impedance measurement, i.e. thoracic impedance (TI) measurement. The
method measures indirectly the expansion and contraction of the lungs. For convenience and due to the
lack of space on the thorax of neonatal infants the two ECG electrodes are used for this purpose.

The impedance of tissue contains important information about its composition, blood volume, blood
distribution, endocrine activity and ANS activity. The TI signal is generated by injecting a sinusoidal
current ofa low current density into the skin. The signal frequency of39 kHz is far outside the physiological
range ofthe ECG signal, but suitable for the detection of the TI signal. Measurement in a narrow frequency
band around this centre frequency reduces the influence of electric muscle activity [9, 29, 31]. The two
measurement electrodes depicted in figure 3.5 are placed on the tissue under investigation and are used to
measure the voltage drop (LlV) generated by the current (1) and the tissue impedance (Z).

The measured impedance signal consists of time-variant and time-invariant parts. The part of the
impedance signal that does not change on a small timescale of seconds and less (Zs) is in the order of
several hundred Ohm (Q). It consists of the mean impedances of all substances in the thorax (muscles,
tissues and blood), the impedance of the skin-electrode transition and the wires that connect the sensors
to the patient monitor. Additionally, breathing or ventilation changes the amount of air in the lungs. This
modulates the voltage drop over the varying impedance of the lungs (~l). The registered value is usually
about the order of 2 Q. Also the heart activity is indirectly measured by the TI signal. Every heartbeat
a certain amount of blood is pumped out of the thorax into the aorta, while the atria are being filled with
returning blood from the body. The changes in blood distribution cause a change in the signal of the order
of 0.5 Q (~c) [11]. The above can be represented by equation (3.2) [27].

Z Zs+~l+~c

~c+~l
LlV
-
I

V
(3.2)Zs -

I

In order to obtain values that can be used for quantitative description of the TI signal, the non-varying
impedance contribution must be eliminated. Unfortunately, no effort is usually made to relate it to, for in
stance, respiration volume because at least two time-varying impedances are present in the recorded signal
that cannot easily be separated by using only two electrodes and one measured signal. In addition, it can
be difficult to determine whether the impedance fluctuation is a significant breath or not. In certain circum
stances, e.g. superficial breathing or cessation ofbreathing, the changes due to heart activity become larger
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than the changes due to respiration. Especially, when the heart frequency and respiration frequency are
(nearly) equal their relative contribution cannot be properly separated without information from the other
measurements. Other common problems encountered in determining the respiration volume is the change
in response depending whether diaphragmatic or intercostals muscles are used [27]. Body movements and
position changes also cause distortions in the TI signal that are significantly larger than the impedance fluc
tuations due to respiration alone. The normal respiration measurements in (restless) infants are therefore
not highly reliable.

Two important advantages of the TI method are its non-invasive nature and the non-existing extra load
on the patient. However, the drawbacks of using the signal are significant. For instance, it is an indirect
measurement method that does not assess the actual flow of air and thus cannot reveal obstructions in
the airway. In addition, the amplitude of the signal is not linearly related to the amount of air being
exchanged. Additionally, both ECG electrodes are actually placed too close together to get an accurate
recording [27,29, 31]. Moreover, medical personnel can manually adopt the actual signal amplification
used of the patient monitor.

Due to all problems involved the TI signal is mostly used as a qualitative indicator rather than a quanti
tative indicator ofrespiration. The lack ofcoherence with actual air volume or air flow usually is illustrated
by using arbitrary units (AU) in graphs of TI wave recordings. A rule of thumb is that the longer the res
piratory intervals are, the larger the amplitudes ofbreaths should be because adequate gas exchange at low
respiratory frequency requires that the depth of respiration is greater than at higher frequency.

In conclusion: the TI the signal is interpreted and used with the appropriate care. Some effects, for
instance mechanical, on different measurement signals are qualitatively studied by using the TI signal.

3.4 Obtaining variability signals

The three most important biosignals that provide information about the physiological state of the neonate
are the IBP, the ECG and the TI signal. As can be seen in figure 3.6 these signals are acquired by using
the patient monitor that is connected to the patient through sensors. Distortions are always present in
measurement data ofwhich some are inherently to the applied sensors. The most significant distortions fall
in one of the following categories:

1. signal transfer deteriorations;

2. location of measurement;

3. noise or modulation from other biosignals;

4. signal interruption;

5. body movements.

Distortions of the first three categories can make comparison of results difficult and certainly affect
the wave shape of the signal. Some distortions can be compensated for with inverse filtering. However,
distortions of categories 4 and 5 make the biosignal unusable for analysis due to the large impact. In the
NICU no effort is done to reduce the effects on waveform data by using advanced processing algorithms.
Parameter data is extracted from the waveform signal and is used instead because the applied algorithms
show some robustness against many distortions. In fact, they rely on features of the signals that almost
always remain detectable. It is, however, a misconception that parameter data remains uncorrupted by (all
type of) distortions because it is a subset of the waveform signal. For the same reason, it cannot contain an
equal amount of information. For medical relevant parameter assessment this is less an issue because only
the low frequency content of the signals is of interest [1, 11 ] and effort is taken to improve the quality of
this low frequency parameter data.
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Figure 3.6: Measurements of the three most important biological signals: the invasive blood pressure,
the electrocardiogram and the thorax impedance. Sensors are placed at the correct location on the body.
They transform the biological signals into their electrical equivalents. Only two sensors are linked to the
patient monitor. The acquired signals are locally processed before they are made available. It is possible
to determine parameter data from the digitised measurement data. Common parameters are systolic blood
pressure, diastolic blood pressure and RR-intervallength.

3.4.1 Non-equidistant spaced data

In general there are two main approaches for increasing the quality of the parameter data. First, the time
resolution is improved. Second, the correlation between the different biosignals is exploited. Only the
first approach is adopted in the NlCU by recalculating the parameter data from the waveform signal. The
parameter data is, thus, not supplied through the SDN because it has only a refresh rate of 1Hz. This refresh
rate is, for instance, too slow to provide accurate information about the HR of the neonate, which has a
typical value of approximately 2.3 Hz6 [11] and requires a higher sampling frequency. After processing
the result is a new set of parameters that are non-equidistant in time. A second processing step results in
time equidistant values, which are stored. Parameters from each biosignal are individually calculated in
these steps. By using information simultaneously contained in several signals and finding the correlation
results, in general, in quality improvement. It is especially true in determining the respiration rate (RR). For
instance, during periods of apnoea calculated values are often corrupted by dominant spill over from the
heartbeat signal. Better results are obtained by comparing both the HR from the ECG and the instantaneous
RR, but this is not implemented.

3.4.2 Interpolating values

A constructed HR signal reflects the time between successive R tops in the ECG signal, i.e. its reciprocal
value corresponds to the RRI and thus the cardiac event series. By definition, a heartbeat starts at the
occurrence of the P top, but the R tops are the most dominant feature in every recorded ECG signal in the
NICU. In addition, the elapsed time between the occurrence of the P top and the R top is almost constant.
Possible jitter is always ignored. As a result, the R peak: is considered as the start of a heartbeat instead.
The timing error of the R top is optimised by using a second-order polynomial fit, resulting in an accuracy
ofR top detection of 0.2 milliseconds (ms) [1,37] and a corresponding maximum error in RRI of 0.4 ms,
which is less than half the sampling period for the ECG time discretisation.

6The bandwidth of the HR signal exceeds this value due to complex modulation effects.
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Figure 3.7: Illustration of the sample-and-hold technique part of the boxcar interpolation.
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The result of the polynomial fit is a sequence of non-equidistant samples in time, i.e. an unevenly
spaced RRI signal is created. The construction of the equidistant time series starts by applying a sample
and-hold (SH) [18]. This means that the heart period at a given time is taken equal to the most recently
determined value. The resulting signal is constant for a certain interval and then "jumps" abruptly to another
level where it maintains until the next "jump". An important property of this quasi-continuous time signal
(figure 3.7) is that the amplitude at a certain level is equal to the length of that particular interval. This is to
be expected because the amplitude of the heart period signal should represent the RRI.

The SH technique introduces discontinuities leading to (additional) high frequency components in the
signal's spectrum. Actually, the high frequency components are not introduced by the SH operation itself
but are already present in the spectrum of the HR signal due to complex modulation effects [36] and time
discretisation. The SH does not completely suppress the higher frequencies. A convolution of the SH
output signal with a boxcar window reduces some of the undesired harmonics [4]. The boxcar window is
defined as [4, 11, 18]:

b(t) = { ~ It I> fs
It I :S -Js with C = 1 usually

(3.3)

The resulting time continuous signal is re-sampled using the described sampling frequency Is. In the re
search done in the NICU Is is chosen to be 4 Hz [4]. It is the lowest power of two above the maximum heart
frequency that corresponds to the first zero crossing in the frequency response of the boxcar window. This
should approximate an ideal low-pass filter with a cut-off frequency of 2 Hz. The described interpolation
technique is also known as boxcar interpolation.

The SBP values are identified with the R peak detection algorithm applied on the BP signal also result
ing in an unevenly spaced data set [1, 4]. The data is converted into an equidistantly spaced time series
using the same re-sampling method as used for the RRI time series. Both equidistant times series are also
referred to as HR variability and a BP variability signals [36], that is, intermediate signals obtained from
original data required for further processing.

3.5 Problems in variability signals

3.5.1 Aliasing

The determination of the variability signals is an equidistant sampling without aliasing if it is can be as
sumed that no substantial power is left above 2 Hz, the Nyquist criterion. This criterion states that the
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(re-)sampling frequency has to be higher than or equal to twice the maximum frequency in a signal. How
ever, in practice, improper filtering before sampling may violate the constraint. In [36] the author shows in
theoretical form that spectral clusters at sum and difference frequencies appear due to modulation effects
of respiration (and other mechanisms) on the HR and SBP signals (section 2). The theoretical results in
dicate that these harmonics can be significant7 . Consequently, the bandwidth of the modulated signals can
exceed the 2 Hz limit used in the interpolation process. The boxcar window shows poor attenuation of the
harmonics. In the frequency domain the second side lobe illustrates that it is approximately 0.22 (22%)
times the height of the main lobe (equation 3.4), which is a limited attenuation above 2 Hz.

C· T with T the (re-)sampling period
n·1.5

(3.4)

In particular, all frequencies above half the sampling frequency fold back into the range 0-2 Hz and thus
the conclusion is that the sampling frequency of the boxcar interpolation can be too low and cause aliasing
when applied on neonatal data. The solution to this problem is twofold: a higher sampling frequency and
a better low-pass filter. Unfortunately, in the NICU a change of low-pass filter or re-sampling frequency is
not an option because the implemented acquisition system is completely fixed.

3.5.2 Time windowing

The presence of aliasing is not the only drawback of the described procedure to obtain equidistant time
series: the SH acts similarly to the applied boxcar window. It also can be viewed, in approximation, as a
convolution ofa rectangular window (boxcar) of equidistant samples. By considering this the entire process
is just a two-times convolution of rectangular windows in the time domain and distorts the original signal
twice in similar fashion (figure 3.8), whereas the concatenation of the two should not have affected (in
theory) the frequency content of the modulated signal at all [38]. In fact, the filter after the SH can be used
to reverse the effects on the spectral content of a signal introduced by the zero-order-hold interpolation.
The use of digital filtering by complementary Si~X) filters results in no alteration of the spectral content at
all.

In frequency analysis at the NICU the spectral deformation of the latter boxcar window is corrected by
such a sin(x). However, for time domain analysis the correction is not performed at all. As a consequence,
the spectral content of the variability signals is affected above 2 Hz. In physiological perspective this range
is not of interest and is low-pass filtered (or ignored). In fact, the usual frequency band is considered to
extent to 1.5 Hz, but no further [1]. A significant part of the aliasing effects is above 1.5 Hz and its negative
impact is thus limited.

On the contrary, the steps taken to interpolate the time discrete signals are not a requirement for mul
tirate systems [38]. In fact, it is unnecessary to go from time discrete to time continuous and back. It is
seldom implemented. Actually, the step to go to the time-continuous domain is not performed but discrete
windowing is applied instead. This is illustrated by the average distance between samples before and the
distance after interpolation: 0.5 and 0.25 seconds, respectively. The former is a multiple of the latter and
values can be "easily" inserted.

3.5.3 Natural aliasing

The aliasing aspects discussed until now illustrate the bandwidth limitations of the modulated signals in
the re-sampling procedure performed on the acquisition system. In theory, this type of aliasing can be
prevented from ever occurring. Researchers that use the HR and SBP series in their analysis also consider
a different type of aliasing. This type of aliasing is inherently connected to the use of pulsatile data.

In a simplified concept there is a continuous varying neural signal m(t) modulating the SA-node pulse
frequency, i.e. the cardiac event series e(t), and thus the time occurrence of beat-to-beat BP samples.

7The bandwidth of the SBP signal exceeds the bandwidth ofthe HR signal due to even more complex modulation effects.
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Figure 3.8: Illustration of the spectral distortion introduced by the boxcar interpolation compared to ideal
filtering. The sampling frequency of the boxcar interpolation is 4 Hertz.

This process is called Pulse Frequency Modulation (PFM). Additionally, there is a continuous varying
signal x(t), also originating from a physiological process, that modulates beat-to-beat BP samples in their
amplitude. This process is called Pulse Amplitude Modulation (PAM). In this context, the cardiac event
series e(t) is considered as the sampler of the continuous PAM modulated BP signal. The result is PFM
and PAM modulated BP values. In the frequency domain the resulting spectrum of the SBP values shows
a convolution of the sampling signal's spectrum E(f) and the signal's spectrum X(f). It is a complex
spectrum even for a single PAM cosine x(t). In summary the spectrum of the SBP signals shows the
following properties:

• spectral components appear at the difference and sums ofPFM and PAM frequencies;

• a cluster offrequencies appears at frequencies m·fo ±n·fp±fx,with fa andfp the mean HR and RR
respectively. The most important ones to consider are fa - n· fp ±fx. Their amplitudes are given by
bessel functions of order n. Some of these components will leak into the x(t) signal's band [0.. tlo]
even when the mean sampling rate, i.e. mean HR, is high enough to avoid the "classical" aliasing
phenomenon. The further these side bands penetrate into the signal's frequency band the smaller
their influence becomes;

• the spectral amplitude of the signal's PAM component at fx may enhance or weaken depending on
the phase relations between the coinciding PFM frequency components.

It is obvious that the complex nature of the SBP spectrum makes it impossible to reconstruct the original
signal x(t) by just low-pass filtering of the BP signal. Especially, the amount of distortion introduced by
the cluster of side frequency components depends on the relative frequency fp and on the modulation index
mp. A worst-case situation is defined by a relatively high mp and a typical respiratory frequency fp [36].
Even if the Nyquist criterion is not violated aliasing remains. The natural Nyquist criterion in this case is
defined as half the mean HR.

It illustrates that the interpretation of the SBP spectrum is not straightforward because the (single)
signal frequencies do not have to be appear at the expected location and spectral readings become difficult
to interpret. Consequently, researches consider this the result of aliasing, i.e. natural aliasing.

3.6 Conclusions

The exact reason for using an interpolating boxcar window instead of offering the possibility to use other
interpolating filters in the implementation in the NICD remains unclear. The fixed settings of the boxcar
interpolation is likely a compromise situation. The current interpolation process does limit the effects of
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Continuous signal

IBP
ECG
Tl

Parameter data

SBP, DBP and MBP
lliRor RR!
RR

Table 3.1: Relationships between continuous wavefonn signals and common parameters. The continuous
signals invasive blood pressure (IBP), electrocardiogram (ECG) and thoracic impedance (Tl) are used
to detennine the parameters systolic blood pressure (SBP), diastolic blood pressure (DBP), mean blood
pressure (MBP), the RR-intervallength (RR!) which is the reciprocal of the instantaneous heart rate (lliR),
and respiration rate (RR).

(natural) aliasing for the physiological interesting band [0.. 1.5] « !/o) due to the decay of the spectral
main lobe, but the non-idealness of the filter introduces spectral defonnation. Therefore, it is important to
note in what frequency region possible aliasing can fold back. It is especially true, when the bandwidth
of the signals reaches or exceeds half the applied Is because aliasing is not prevented and can occur under
certain circumstances. In contrast, in [11] it is shown that the impact of the frequency modulation on
neonatal data is less strong than in the adult case [36].

In theory, using a low-pass filtered BP signal can result in the low frequency contents of interest without
an aliasing problem. In practice, filtering ofthe full BP signal still shows problems that result from different
states of the heart contraction under strongly changing internal physiological states. These physiological
states vary with the heart frequency, and, as a result, they modulate the variations of the BP signal. Sum
and difference frequencies remain present but are reduced in magnitude. The conclusion is drawn that the
theoretical model mainly applies to adults and in some situations to the neonate.

In conclusion: the appearance of spectral frequencies at sum and differences in continuous BP suggest
that parameter data, i.e. SBP, in this case is applicable for analysis. However, the complexity of the spectra
indicate that individual processes are difficulty studied.

Re-sampling of signals does not eliminate the natural aliasing components because they are part of
complex physiological principles, but the non-ideal interpolation process does suppress their influence to
some extent. Studies that use linear principles can benefit from these reduced non-linear effects. The
re-sampling process chosen in the NICU is more ideal than thought initially.

In table 3.1 a list of the most common used parameters, i.e. the variability signals, and their relationships
to the continuous biosignals is presented.
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4.1 Introduction

In many studies of blood pressure control it is implicitly assumed that all involved control mechanisms
discussed in section 2 can be seen in terms of control theory, i.e. as a negative-feedback control system. In
this section the general structure of such feedback control system is presented and discussed. It forms the
basis for the proposed analysis techniques: the sequence method and the transferl (function) method.

First, the implicit adaptation of a feedback control system for the analysis methods is elucidated. Sec
ond, the considerations of using such a system for analysis are discussed. Last, the model structure for the
analyses methods is presented and the two proposed analysis methods are discussed.

4.2 Closed-loop control by a negative-feedback system

Figure 4.1 depicts the general diagram of a negative-feedback control system. The simplest form is a
single-input-single-output (SISO) system. For a SISO system there is only one controlled variable (y)
as the output of the process. A feedback sensor continuously measures the output variable. The sensor
provides the afferent information for the controller. The difference between the single input signal (1') and
the sensor signal (s) determines the error signal (e). This signal is fed into the controller. The aim of the
controller is to minimise the error signal by steering the effector through the control signal (u). The effector

1The term is actually incorrect. It implies a distinct method, but the transfers are, actually, determined with the use of an
identification procedure. However, the focus is on the derived transfers and therefore the term is used instead.

r e u m y
I controller effector process

+

s
sensor

Figure 4.1: Diagram ofa negative-feedback system. y is the controlled variable, s is the afferent information
for the controller, r is the input, e is the error or actuating signal, u is the control signal, and m is the
effector's output.
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Figure 4.2: Diagram of the baroreceptor closed-loop control of (systemic) arterial blood pressure (ABP).
Negative feedback occurs through the baroreceptors. The autonomic nervous system (ANS), a part of the
central nervous system (CNS), is regarded as the controller. Four different effector mechanisms divided in
sympathetic and parasympathetic pathways are present. The cardiac output (CO), the heart rate (HR), the
total peripheral resistance (TPR) and the venous return (VR) are all parameters that determine the actual
ABP. Notice the absence of the summation mark at the right side of the diagram. It is deliberately absent to
illustrate that the variable ABP is not the algebraic summation of the variables CO and TPR. Additionally,
the set point is drawn inside the CNS box to illustrate that such a signal has not (yet) been found in humans.
Modified from [36].

finally influences the controlled process through the control variable (m). The system can function either
as a homeostatic system (constant input value) or as a regulator (varying input). In a slightly more complex
SISO system the signals s, e, u and m are vectors of signals. In this case the general structure changes by
adding additional effectors and controlled processes. For a SISO system, however, the number of inputs
and outputs does not alter and it remains one.

By neglecting other control mechanisms, part of the cardiovascular control system, the baroreceptor
blood pressure control system can be described in this standard form of a physical feedback system, con
trolling a single output variable, i.e. (systemic) arterial blood pressure (ABP). In this context the controlled
process is the cardiovascular system, i.e. the heart and vasculature. The pressure sensitive devices, the
baroreceptors, generate the afferent neural information. The controller in the system is the central nervous
system (CNS): it integrates incoming afferent information, compares it to a pressure set point and it steers
the different effector mechanisms through sympathetic and parasympathetic neural innervations.

Section 2 discusses four important short-term effector mechanisms that the autonomic nervous system
(ANS) uses in regulating ABP: heart rate (HR), cardiac contractility, constriction of the arterial and the
venous arterioles to change the total peripheral resistance (TPR) and the venous return (VR), respectively.
Figure 4.2 depicts a more complex scheme ofthe baroreceptor reflex (BR) feedback control with these four
effectors. The depicted system still describes a SISO system not considering the absence of the summation
mark.
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The picture in figure 4.2 is oversimplified. In reality the ANS controls many more mechanisms besides
ABP. In addition, the structure does not describe explicitly any intrinsic and extrinsic sources of variability
(section 2). For many studies, however, the scheme depicted in figure 4.2 is still too complex. Con
sequently, parts of the total control loop with its interacting mechanisms are simplified. The degree of
simplification depends on the type of signals used and the type of explicit or implicit assumptions in the
design process. Some studies use relationships determined from other experiments and build from there,
whereas others do not use any a priori knowledge to construct some of the building blocks. Most studies,
however, use similar fundamentals and encounter the same limitations of the existing control loops in hu
mans. The following three sections highlight important aspects of the physical control loop depicted by
figures 4.1 and 4.2.

4.3.1 One short-term controlled variable

In the scheme offigure 4.2 the controlled parameter is ABP. The author of[36] mentions that indeed ABP is
globally the most important short-term controlled parameter for the cardiovascular system instead of body
tissue (nutritional) blood flow. He considers blood supply to the brain as extremely critical and concludes
that this organ must have some type of autoregulatory capacity. Autoregulation of flow will adapt flow to
the needs of local tissue more or less independent of supplying pressure. He also refers to animal exper
iments on baroreceptors. These experiments show that blood pressure is extremely labile after complete
denervation, so baroreceptors must playa key role in short-term regulation of blood pressure. In addition,
blood pressure does not rise to extreme high levels, meaning other long-term regulatory mechanisms do
override baroreceptor control.

4.3.2 No central controller

In negative-feedback system's analysis a central controller, which compares actual pressure sensed by the
baroreceptors to a reference pressure, is modelled. The controller activates the various effectors when a
difference between both values has occurred. In humans such a centrally located neural control centre has
never been found. Yet, in physiological models of the BR authors implicitly assume it exists, wherever it
may be located. It is supposed to compare actual pressure to a preset pressure and to reset the latter to any
value the body is asking for. The set point signal is inherently unquantifiable in humans, which leads to
poor definition ofan input signal for the modelling structure. Many studies, however, define some acquired
signal as the input of the system beforehand and ignore this definition problem.

4.3.3 Non-linearities

The actual responses of the interacting regulatory mechanisms depicted in figure 4.2 are not the algebraic
sum of the individual responses. For this reason the summation mark is deliberately absent in the right
part of the diagram. In addition, the BR curve depicted in figure 2.4 shows a clear non-linear response. In
general, non-linearities make analysis of control systems more complicated than oflinear systems. In many
studies of real-life processes, researchers, therefore, linearise the non-linearisties around an equilibrium
point or a set of points, either explicitly or implicitly. In homeostatic conditions such linearisation can
be justified. In this context, the small perturbations around the equilibrium point of the system remain
noticeable as variability in the different signals. Without a clear definition of a stimulus signal variability
is an intrinsic property of the total control loop.

4.4 Conceptual model for analysis

The diagrams offigures 4.1 and 4.2. represent different complexities of the same fundamental modelling
structure underlying important control mechanisms of the cardiovascular system that reflect the observed
signal variability. The considerations of section 4.3 lead to the introduction of a new analysis structure of
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an intermediate complexity (figure 4.3). This section presents three reasons for adopting a new structure
instead of using the previous presented ones.

First, under the assumption that homeostatic conditions always exist in approximation by considering
an appropriate (small) timescale, signal variability is more important than absolute values justifying, in a
first modelling attempt, linearisation of the cardiovascular system around an equilibrium point. The model
depicted in figure 4.2 thus resembles to some extent linearity and time-invariance under this condition.

Time-invariance is a statistical property. It means that statistical properties over time do not change. It
does not matter what part of the time series from the digitised signals is applied to the model, its behaviour
stays the same and predictable. The problem of time-invariance in this context is the determination of an
appropriate duration of a limited data series because biological measurement data (almost) never shows
the time-invariance feature for the entire time series. There are (empirical) techniques for segmenting
non-stationary signals [9] into "almost" stationary segments. Each segment is subsequently treated as
being from a stationary source approximating time-invariance. In practice, segmentation is usually done
by visual inspection.

The second reason reflects the acquisition and processing of the biosignals (section 3). The use of
the respiratory signal is only qualitatively due to the problems involved. On the contrary, physicians use
the other two biosignals, the electrocardiogram (EeG) and the invasive blood pressure (rnp) signals in a
quantitative way. The HR and the systolic blood pressure (SBP) values are calculated but the respiration rate
is not. The new modelling structure relates to the HR and SBP signals only. This approach makes the two
signals the only sources of information for describing all parameters and relations of the scheme depicted
in figure 4.2. The inherent closed-loop nature of the cardiovascular system involves that all parameters of
freedom cannot be determined without a priori knowledge or assumptions. Because the new structure is
a conceptual one and the study initially focuses on data analysis this should not impose a problem. The
simplifications consist of leaving out the parts describing the CO, TPR and YR. In addition, heart muscle
contractility is considered of minor importance in neonates [II]. Representing all aspects of the heart as
one building block eliminates the distinction between the SA node and the cardiac muscle. Some amount
of the observed variability in the HR and SBP values accounts for the failing descriptions and is signal
noise.

Last, the new structure preserves the distinction between the ANS pathways. Both the sympathetic
and parasympathetic nervous systems are in physiological concepts entirely different in addition to their
antagonistic nature (section 2). Both analysis methods try to exploit these differences in dynamics and
therefore the scheme depicted in figure 4.3 represents both neural pathways.

Adopting minor alterations of the initials concepts has resulted in the modelling structure of figure 4.3,
which is applicable to both mentioned analysis methods. By definition the ABP is the output of the model,
which leaves the unresolved issue of defining an input signal. HR variability is an inseparable feature of
the baroreceptor reflex in closed-loop condition and it is not so obvious to choose it as an input signal of
the presented model. Conversely, the input and output of the physical system do no have to correspond
to the ones used in the model. This mismatch is a common modelling problem. In fact, it is common to
approach the closed-loop nature of the cardiovascular system as an open-loop system.

The neonatal neural control system is immature and still developing. Therefore, the approach may be
justified (section 2). In the following sections, it becomes clear that the sequence method and the transfer
method, both initially developed for adult assessment of the baroreceptor reflex arc are based on an open
loop model for a closed-loop physical system. Some investigators define beforehand ABP as the input and
HR as the output, but it may be the reverse depending on the (most) dominant feature of the closed-loop
cardiovascular system. The input and the output of the system are constructed from an additional data
analysis step.
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Figure 4.3: Conceptual model for analysis. The model is a simplification of the scheme depicted in fig
ure 4.2. Heart rate (RR) does not define an input signal necessarily. The output signal is arterial blood
pressure (ABP). The system is assumed to operate in a linear and time-invariant fashion under homeostatic
conditions and suitable time-scale.

4.5 Open-loop investigation of the baroreceptor reflex

The classical methods of investigating the BR arc are based on analysis of changes in ABP and HR ex
perimentally induced in a controlled fashion [14]. The change in blood pressure is produced either by
pharmacological or mechanical means. The pharmacological methods consist of giving vasoactive drugs
whereas the mechanical methods consist of (carotid) baroreceptor deactivation or stimulation by body tilt
ing or use of a neck chamber device. These methods have major limitations. First, they cannot be easily
repeated many times over a short period. Consequently, they cannot be used to provide information on the
possible dynamic modulation within the control loop. Furthermore, results obtained by pharmacological
methods are obscured by possible influences of the drugs on the effectors of the BR itself. Last, it would
seem unethical to use these methods to study the BR in certain categories of human patients. All these
limitations have lead investigators to search for alternative methods.

Despite the efforts animal experiments provided a significant contribution to the current knowledge
about the BR functioning. In particular, the dynamic and steady state behaviours of the separate effector
loops in open-loop conditions are modelled in this fashion. Studies on cardiovascular control exerted by the
arterial baroreceptors in humans are far more limited due to ethical reasons. Consequently, most techniques
to study the human BR are inherently performed in closed-loop condition.

No matter what technique is applied in studying human BR functioning all methods have similarities
in their approach. First, some kind of stimulus is applied to the blood pressure (BP) receptors. Second,
the relevant signals are measured and quantified (section 3), among which are the stimulus signal, the
baroreceptor input signal and the effector output signals. Last, the data is analysed and the results are
presented. All techniques differ, however, in the type of stimulus applied, in the type of signals measured,
in the type of analysis used and the definitions of parameters. [36] provides a brief outline of a possible
categorisation of analysis techniques according to the applied stimulus:

.• methods with selective stimulation of the baroreceptors;

• methods with non-selective stimuli, through which the baroreceptors are activated but other reflexes
as well. Some of these reflexes are the cardiopulmonary reflexes, ventilatory reflexes, physical stress
reactions or a combination of these. Interpretation ofBR behaviour, thus, becomes more difficult;

• methods that use spontaneous (random) variability always present in human ABP and RR due to
respiration or oscillatory behaviour of the control system itself.
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Figure 4.4: Heart period versus arterial blood pressure (ABP) curve. Heart period is usually determined
from the ECG signal by extracting the R peaks and calculating the RR interval length (RRI) between
successive R peaks. Heart rate is the reciprocal value ofRRI. Adopted from [36].

In (unstable) human neonates it is dangerous to alter pharmacologically or mechanically baroreceptor
activity [12]. As a result detailed studies of the dynamics of the BR in neonates under closed-loop con
ditions, involving sympathetic as well as parasympathetic control, have recently been started. The studies
use (spectral) transfer function analysis of spontaneous variations in ABP and HR [I, II]. Other studies
focus on the time domain analysis of the same type of variations [8, 12, 14]. Some studies even include
fluctuations induced by respiratory movements [33]. They carry names as sequence method and transfer
function method. Both methods have many different derivatives in implementations but rely generally on
two main principles [8]:

I. the study of the sequences of several consecutive heart beats in which spontaneous changes in pulse
interval or RR interval are (positively) correlated with ABP changes;

2. the cross spectral analysis of ABP and HR which allows the calculation of the transfer function in
the frequency band corresponding to Mayer waves and assigned to BR activity.

. Due to all inherent limitations, the study of the BR in neonates in this thesis focuses on spontaneous
variability in ABP and HR by using parameter data as information source (section 3) for the sequence and
transfer method.

4.5.1 Sequence method

The study of the BR functioning for the time domain is commonly achieved by assessment of the barore
ceptor sensitivity (t-BRS). t-BRS is defined as the slope of linear regression of pulse intervals from the
ECG versus ABP. In essence, the t-BRS is the slope in a point on the sigmoid curve depicted in figure 4.4:
RR interval (RRI) change per unit of ABP change around the operating point. In theory, it can be used
to construct the entire curve. In practice, only a portion of the curve is considered because spontaneous
variability signals are used. Heart period, commonly defined as RRI, is the reciprocal of HR. Substituting
HR for RRI results in a curve relating HR and ABP. The following analysis method uses the RRI instead
of the HR, but the names are (sometimes) interchangeably used.

The definition oft-BRS is not universally accepted and applied [8, 12, 14,26]. In fact, the definition
varies in the type of blood values used (mean ABP, diastolic BP or SBP), the use of HR or RRI and the
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Figure 4.5: Open-loop model that approximates the closed-loop system.

Figure 4.6: Systolic blood pressure-RR interval length (SBP-RR) cross covariance (mean-removed cross
correlation) of 64 seconds neonatal data.

thresholds for determining the occurrence of a sequence2• These thresholds are usually such that values
above or below a certain distance from the mean values are considered representative for the innervating
activity of one of the two tracks of the ANS. Additionally, the number ofused regression points to construct
(parts of) the sigmoid curve differs significantly. In every medical environment acquisitions systems and
algorithms (section 3) differ significantly and are probably responsible for some of these (at first sight)
arbitrary choices.

Unfortunately, poor definition leads to bias in results. However, it remains universally accepted that
BP variations leads to RRI (or its reciprocal value) variations by none, one or more heartbeats, which is
a debatable choice. In the former case, a zero sequence is defined, but in the latter case a sequence lasts
several heartbeats making results incomparable. Additionally, it is unclear whether BP should lead RRI or
vice versa because the cardiovascular system is in essence a closed-loop system. The absence of a clear
stimulus accompanied by the immature neural control in the neonate requires a more fundamental approach
in determining a model of the BR arc.

The use of the sequence method relies on the assumption that an open-loop model (figure 4.5) can
approximate the closed-loop cardiovascular system. Subsequently, for a causal linear time-invariant system
the input always leads the output. The latter property is common for all physical open-loop systems and is
helpful in determining a possible input and output from acquired data.

The cross correlation function expresses the correlation as function of the time delay (positive or neg
ative) between two signals [24]. The sign of the time delay at maximum (absolute) correlation expresses
which of the two signals can lead, i.e. it can result in the definition of the input and output on basis of the
acquired data [41]. In addition, several peaks in the function can indicate that the sequence method should
use recursively different types of sequences instead of the usual one. Figure 4.6 depicts an arbitrary chosen
cross correlation between SBP and RRI for neonatal data.

2The definition of a sequence has some degree of ambiguity. The typical definition of a sequence is the occurrence of a trend.
Other definitions describe a sequence as a mutual trend formed by two sets of data It remains unclear what the optimal duration of a
trend is before it is considered a significant trend. In the current study, a mutual trend in two time series with no a priori fixed duration
defines a sequence e.g. bradycardialhypotension, tachycardialhypertension or other combinations. Additional analysis (techniques)
should clarify the appropriate duration and the type of relationship between the two sets of data.
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Figure 4.7: Normalised systolic blood pressure (SBP) auto covariance (mean-removed auto correlation) of
64 seconds neonatal data.

The next step in modelling of the BR arc is identification of the different regulatory systems. [8] relates
sympathetic activity to the tachycardia/hypertension couples (threshold approach), whereas [12] relates the
slope of the linear regression to neural activity (change of innervating speed). The author interprets a steep
slope as a strong parasympathetic reflex. A flat slope indicates weak parasympathetic and high sympathetic
activity. Both approaches, however, consider only a single aspect of the BR arc and its control mechanisms,
i.e. static or the dynamic properties, and try to assess that property. From a clinical point of view, the
dynamics are the most important property because they relate best to the observed presence/absence of
variability. As previous pointed out the BR acts as a system, which exhibits a buffering influence on
(spontaneous) fluctuations. An identification of the system should investigate both static and dynamic
properties, but selecting the dynamics first can be a valuable start.

Different time delays, in this context, can indeed correspond to a part (or parts) of the total control
loop, i.e. it relates to one or more control mechanisms. The underlying assumption is that each control
mechanism has a single corresponding time constant different from all other mechanisms. For instance,
the parasympathetic and sympathetic systems are physiologically entirely different and thus operate on
different timescales and (probably) on different tonus levels (section 2) as well. It is more natural to relate
couples to these different mechanisms by first selecting a corresponding time delay and then considering
their static properties.

The auto correlation function expresses the correlation as function of the time delay (positive or nega
tive) for samples within a signal [24]. The time delay at maximum (absolute) correlation expresses which
of the samples have a strong relationship. In addition, multiple peaks in the plot may indicate that several
mechanisms influence the relationship between the samples. The auto correlation is a mean to express the
temporal relationship between the current RRl sample and past or future values. The temporal relationship
gives an idea of the closed-loop effect on the fluctuations in RRl. The approach is also usable to the SBP
signal. Figure 4.7 depicts an (arbitrary) auto correlation for SBP for neonatal data. The correlation plots
consist ofnormalised values to emphasize a probable common structure among patients.

4.5.2 Preliminary results of sequence method

As mentioned before the auto correlation and cross correlation functions are helpful tools in the first ap
proach to model the BR arc. An offset trend is removed from the data before constructing plots. Con
sequently, the correlation and covariance functions return identical values. The correlation values are
normalised to emphasize effects in a relative manner.

The patient groups consist of

• preterm neonates without atropine administration;
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• preterm neonates with atropine administration;

• term neonates without atropine administration.
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Data of two patients in every group will represent the entire population and are used to construct the dif
ferent plots. In appendix A the plots are given for all groups under study. The atropine administration group
is the control group: it is a check for the assumption that the degree of development for the sympathetic
and parasympathetic system is different in preterm and term infants.

The preliminary results give three general observations that concern all groups ofpatients. First, all plots
show low and high frequency fluctuations with approximately a 6 and a 30 lag period, which corresponds
to 1.5 and 7.5 seconds respectively, for a sampling frequency of 4 Hz. Second, low frequency fluctuations
are more pronounced in the RRI auto correlation than they are in the SBP auto correlation, while high
frequency fluctuations are more pronounced in the SBP auto correlation than in the RRI auto correlation.
Third, the exponential decay is quite differently for all patient groups. The assumed existence of "peaks"
(not relating to any of the two described fluctuations) is not observed in the decay.

There are also three significant observations in the preterm group of patients. First, the exponential
decay is differently between the RRI auto correlation and the SBP auto correlation: it is less steep for the
latter. Second, after administration of atropine the relative contribution of the high frequency fluctuations
increases in the SBP auto correlation, while the relative contribution of the low frequency fluctuations
decreases in both the SBP and the RRI auto correlations. Third, the exponential decay does not change
for the RRI auto correlation but it changes for the SBP auto correlation. In fact, the decay after atropine
administration almost approximates the decay observed in the term group. The exponential decay in this
group is almost identical for both the SBP and the RRI auto correlations.

The low frequency and high frequency fluctuations have (similar) effects on the cross correlations
between SBP and RRI.

4.5.3 Preliminary conclusions of sequence method

The exact origins of the observed fluctuations are unknown. They have, however, a significant impact on
the correlation values. The most likely cause of the high frequency fluctuations is respiration because the
corresponding period matches that of the period observed in the thorax impedance signal. In contrast, the
cause of the low frequency fluctuations leaves more room for speculation. It is often suggested that the low
frequency fluctuations are an intrinsic property ofthe closed-loop system, i.e. they are called Mayer waves
(section 2).

Administration of the drug atropine only affects the parasympathetic system. Consequently, it changes
the closed-loop property of the cardiovascular system by affecting the heart response. The effects of at
ropine administration are particularly visible in the plots of the RRI auto correlations. The diminish pres
ence of the low frequency fluctuations in both the RRI auto correlation and in the SBP correlation indicates
that the observed fluctuations are indeed an intrinsic property of the complete closed-loop system. How
ever, the sympathetic system is unaffected by atropine, which implies that the (remaining) fluctuations are
not caused by a rhythmic inhibition of the sympathetic system due to a large feedback gain of any of the
pathways ofthe ANS alone. A large gain through the baroreceptors, however, can still contribute. It implies
that the operating point on the curveor the curve itself depicted in figure 4.4 is shifted (and/or translated)
[34]. From the time series data after atropine administration it can be observed that the RRI shows a trend
to lower average value, while the average for the SBP values remains constant. This can be interpreted
that administration of atropine affects the entire curve and not only the operating point. It is likely that low
frequency fluctuations represent the so-called Mayer waves, but they then have a more complex origin. It
suggests that resetting of the baroreceptors with the ontogeny of the neonate also may playa significant
role in the occurrence of low frequency variability as is mentioned by several researchers. Other possibil
ities for the low frequency fluctuations are possible as well. Fluctuating room temperature, redistribution
of blood or even modulation of respiratory depth can modulate RRI and SBP. Due to lack of additional
measurements these possibilities cannot be ruled out or accredited for.
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The high frequency fluctuations are buffered through the baroreceptor reflex. The increase in relative
contribution after administration of atropine suggests that respiratory sinus arrhythmia is more mechani
cally than neurally mediated.

Single peaks are not present in the auto correlations and therefore do not identify the parasympathetic
and the sympathetic system on basis of single (operating) time constants. However, the administration of
the drug atropine has a significant effect on the exponential decay in the auto correlations. Equation (4.1)
describes an exponential decay as function of time.

(4.1)

The constant a does not clearly indicate the parasympathetic or the sympathetic system but it determines
the "tail" of the decay. Therefore, it may help in a first attempt in representing the relative levels of both
systems. In the time domain the constant a is interpreted as a positive feedback gain of an autoregressive
model (AR) [24]. The difference in feedback gain for the same situation, but for different processes, Le.
Ian - bnl, can represent the relative contribution of either system and Ian - an+ll represents the change of
the same process for different situations.

A similar description for the former case is also available in the frequency domain as the a-baroreceptor
reflex gain [3] (also known as f-BRS). The ratio of the two power spectral densities of the RRl and SBP
auto correlations as function of frequency defines it. The definition implies that it also incorporates the
effects of the baroreceptors in addition to the parasympathetic and sympathetic contributions. In fact, the
static and dynamic properties of the baroreceptors and both pathways of the ANS are inseparable features
of the closed-loop cardiovascular system. However, the parasympathetic and sympathetic system can be
studied on their relative contributions if the scheme depicted in figures 4.1 and 4.2 is valid because then
both systems are equally affected by the baroreceptors.

It remains unclear if the "constant" does quantify a tonus level or a time response, e.g. static or dynamic
properties. Considering mean-removed data and normalised correlation values the different feedback gains
may indicate the dynamics of the systems in a relative manner. In this perspective, the exponential decay
of the correlations shows that the cardiovascular system is able to regulate within zero, one or more heart
beats, which is similar to findings in literature. In addition, the clear distinction between the sympathetic
system and parasympathetic system is revealed with the administration of the drug atropine. Quantifying
time constants remains difficult because fast systems may also operate slowly. Literature considers the
parasympathetic system as a fast response system and the sympathetic system the slow response system.
Generally, the former operates on a time-scale of several hundred milliseconds, whereas the latter responds
within several seconds. The current study only considers data with parasympathetic neural inhibition. To
rule out any discrepancies an additional study is required in which the sympathetic system is inhibited.

Both the auto and cross correlations are highly irtfluenced by the low frequency and high frequency
fluctuations. In the latter case, these fluctuations result in a very none-smooth plot. Consequently, it is hard
or impossible to distinguish a clear phase relationship between SBP and RRl because too many (significant)
peaks with high correlation values are visible for both positive and negative lag. It can be argued from the
time series that the lag is positive, but the same phase relationship is not so clear for the high-frequency
fluctuations. A clear definition of the input and output is not possible without further analysis. It is,
therefore, recommended to do a closed-loop identification. Subsequently, the results of the identification
may indicate a possible input-output structure. The building blocks for the closed-loop identification are
derived from the auto correlations results, i.e. the AR model blocks.

4.6 Closed-loop assessment of the baroreceptor reflex

For systems operating in closed-loop two major identification methods have been proposed in literature
[5]. They are
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1. the direct identification method: it identifies the dynamics of the process and of the transfer using
the input-output data as if the system is in open-loop;

2. the joint input-output identification method: the input and the output processes are jointly modelled
s the output of a system driven by white noise. The dynamics of the process and the transfers are
subsequently derived from the joint model by matrix operations.

A single black box, with one signal as input and the second as output, can describe the simplest in
teraction between two signals, i.e. the direct identification method. A single transfer function3 identifies
a linear input-output relationship. This simple model, when applied to HR as the output and ABP as the
input, implies that the system is in open-loop condition, i.e. ABP affects HR through the BR, but HR has
no effect on ABP through the vasculature.

The previous discussed method, the sequence method, has neglected either the feedforward effect of
HR on ABP, or the feedback effect of ABP on HR, which in reality act simultaneously. The analysis
procedure does not separate the relative importance of the two pathways, but uses the most dominant one.
Correct assessment of the BR can only be performed with this technique when the feedforward effect either
is eliminated or is much smaller than the BR stimulation, or vice versa.

The analysis technique in this section considers the main issues involved in short-term cardiovascular
control by employing the joint input-output identification method, starting from the models presented in
figures 4.2 and 4.3. The HR-ABP closed-loop includes feedback effects of the arterial BR, which may
affect both HR and the peripheral vasculature, and several feedforward effects of circulatory mechanics: a
complex property that describes the effects of changes in HR on ABP, mediated by vascular impedance,
and the effect of HR on cardiac output.

All external influences that affect the loops of the scheme depicted in figure 4.2 are not explicitly mod
elled. Among them are: respiratory effects on HR directly and respiratory effects on ABP and central
VR through mechanical movements of the thorax. Subsequently, VR affects HR and ABP through the car
diopulmonary reflex and affects ABP directly through the heart and vasculature. Additionally, the feedback
paths to the respiration centre(s) are also possible to model [2]. However, they are left out from the model
due to the uncertainty of their physiological existence as well as the resultant difficulty in assigning them a
clear physiological role in addition to the problem of a well-defined respiration signal (section 3).

All that remains is a model (figure 4.8) closely related to the scheme depicted in figure 4.3. All mech
anisms described in the more complex scheme of figure 4.2 are grouped together in the two important
transfers, i.e. feedforward (Hst ) and feedback (Hts ) pathways, while all external sources of variability, like
respiration, are assumed part of uncorrelated white noise sources, Wt and W s' The properties of such exter
nal sources are contained in the characteristics of the other two transfers and result in two coloured noises,
nt and ns , that are fed into the loop. The hypothesis of being uncorrelated is necessary for the identification
of the system and is assumed to be reliable in the frequency range under study above 0.05 Hz [5].

4.6.1 Bivariate closed-loop model

The mutual interactions can be satisfactorily described through a multivariate AR model structure [5]. The
simplest model is the bivariate one, which can be specifically used to evaluate the closed-loop relation
between the two signals HR and ABP, taking into account feedforward and feedback transfer effects. The
bivariate identification is able to quantify both the BR and the mechanical relationships between HR and
ABP without perturbing the system. To explain how this quantification is possible, a general formulation of
a bivariate closed-loop model is first introduced, and then it is shown that the same model (referred to as the
noise generated model) can lead to a different set of variables, which relates to the open-loop assessment,
allowing for direct comparison.

Of note, for simplicity and comparison with the sequence method, the bivariate formulated model will
refer to RRl and SBP as the two signals representing, respectively, HR and ABP variability, as opposed
to using the HR signal itself, and diastolic or mean BP. The somewhat arbitrary use of the RRl and SBP

3In the frequency domain this transfer function is usually defined as the cross spectrum divided by the auto spectrum of the input
signal.
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Figure 4.8: The closed-loop model used to describe the mutual relationships between heart rate and arterial
blood pressure variability series, i.e. RR interval length by the tachogram (t) and systolic blood pressure by
the systogram (s). The direct effects oft on s represented by Hst may involve different possible mechanisms,
e.g. chest-pressure changes transmitted to the vascular system, venous return changes induced by chest
movements, etc. Mechanisms described by H ts may be reflexes on the sinus atrial node from the lung
receptors or from atrial receptors (sensing the variations of the cardiac filling), central influences from
respiratory centres, baroreceptor reflex induced, etc. Adopted from [25].

signals, similar to the approach of the sequence method, changes the scale of the results but may still be
able to highlight particular phenomena identified by the quantification process.

Multiple simultaneous recorded signals can be viewed as originated from a multichannel system form
ing an interconnected network for describing mutual interactions. Equation (4.2) formulates the system S
with M recordings, i.e. M variables in the discrete-time4 index n, with each channel Yi [n], i = 1..M, having
an AR structure fed by a moving-average (MA) combination of the otherYj[nJ, j i= i, channels and white
noise Wi [nJ. The model order p indicates the number of past values of every channel that is used.

4The square braces are used instead of parenthesis to illustrate that the signals are time-discrete. However, in some literature the
distinction between time-continuous and time-discrete is less obvious and is done by using the variable ( or n, respectively.
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+... + I aIM[k]YM[n - k] +WI [n]
k=l
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S=

p

I a2l [klYl [n - k]
k=l

p

+ I a22[klY2[n-k]
k=l

p

YM[n] I aMdk]y\ [n - k]
k=l

p

+ I aM2 [klY2 [n -k]
k=l

p

+... + I aMM[klYM[n - k] +wM[n]
k=l

(4.2)

The following more compact matrix notation also describes the above system:

p

Y[n] = I, A[k]Y[n - k] +W[n] (4.3)
k=l

with

r all Ik]
aI2[k]

alMlk] 1 rY! In] wdn] 1
A[k] =

a2l [k] adk] a2M[k] Y2[n]
and W[n] =

w2[n]
· ,Y[n]= . (4.4)
· .· .

aMI[k] aM2[k] aMM[k] YM[n] wM[n]

Under the form of expression (4.3), system S (equation 4.2) has got a multivariate AR structure defined
by the matrix A[k], k = l..M, and the vector Y[n] as the output series. The noise vector W[n] feeds the
model. An identification algorithm estimates the coefficients of the matrix and the variances of the noise
vector from the output data series.

A bivariate system is formulated as a subset of the multivariate equations, i.e M = 2. It describes the
interactions between RRI and SBP time series, RRI[n] and SBP[n], respectively, for a model order p, with
the matrix and vectors A[k],Y[n] and W[n] being [3]

A[k] = [ all [k] aI2 [k]] Y[n] = [ RRI[n] ] and W[n] = [ WRRI[n] ]
a2dk] adk] , SBP[n] wSBP[n]

4.6.2 Transfer functions

(4.5)

Under the hypothesis that the RRI and SBP have got a mutual relationship that can be described by the
system S (equation 4.2), in the case ofbivariate modelling M = 2, all transfer functions HS1 ' Hts, Msand Mr
depicted in figure 4.8 can be obtained as a function of the parameters of that system. In further detail, the
z-domain description of the system defines these transfers by applying the transformation [25]
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p p

A(z) = I. A [k]z-k or A;j(z) = L adk]z-k
k=1 k=1

The bivariate z-domain system description of equation (4.3) then becomes

Y(z) = A(z)Y(z) +W(z)

with

A(z) = [ All (z) A12 (Z)] Y(z) = [ RRI(z) ] and W(z) = [ WRRI(Z) ]
A21(z) A22(Z) 'SBP(z) WSBP(Z)

(4.6)

(4.7)

(4.8)

From equation (4.7) it can be easily derived that the transfers of the individual blocks depicted in figure
4.8 are described by

with

RRI(z)

SBP(z) (4.9)

1 H _ A21(z) dH _ Adz)
Ms= 1-A22(z)'Mr= l-All(Z)' st- 1 - A22 (z) an ts- 1 - All (z) (4.10)

The Ms and Mr blocks are all-pole transfer functions, whereas Hst and Hts contain both poles and zeros.
Thus from the knowledge of the system parameters, and in particular of the matrix A[k], the model blocks
are completely identified.

The frequency domain equations of the blocks are similar to equation (4.10), i.e. It Just requires a
substitution operation of the variable z by ej6 , which is the time-discrete equivalent of the time-continuous
Fourier transformation. Sometimes the distinction between time-continuous and time-discrete signals and
their spectra is omitted. In such cases, the spectra are formulated as a function of the frequency variable
f, whereas the time-discrete spectrum is actually a repeated function of the band limited time-continuous
signal's spectrum. This fact is illustrated by the relation e= 21tfT, with T the sampling period. In multirate
systems this notation plays an important role in understanding the spectra for different sampling periods.
However, for brevity of notation all (future) transfers are formulated as function of the frequency variable
f and spectra are observed for the bandwidth of the time-continuous signal(s).

4.6.3 Noise generated model

The matrix equation (4.7) can be manipulated in order to underline a different interpretation of bivariate
modeling. Namely, the generation of each of the two output signals, RRI[n] and SBP[n], can be considered
coming from the modulation of two uncorrelated white noise inputs. For the multichannel case equation
(4.7) is written in the z-domain as equation (4.11) indicating the transfer operation.

Y(z) = (I-A(z))-IW(z) = H(z)W(z)

with, for the bivariate case,

(4.11 )
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WSBP PS8P

Figure 4.9: Noise generated model. The blocks, always expressed as a function of the autoregressive
coefficients, represent the generation ofeach ofthe two output signals as produced by contributions coming
from the modulation of the two uncorrelated white noise inputs. Adopted from [3].

H(z) = [ hll (z) h12(z) ] (4.12)
h21 (z) h22(Z)

and

hll(Z)
I-A22(z)

(1 -All (z))(l -A22(Z)) -A21 (z)Adz)

h12 (z)
A12(z)

(1 -All (z))(l -A22(Z)) -A21 (z)Adz)

h21(Z)
A21 (z)

(I-All (z))(l -A22(Z)) -A21 (z)Adz)

h22(Z)
1- All (z)

(4.13)
(l-All(Z))(l-A22(Z)) -A21(Z)Adz)

The equations (4.11-4.13) illustrate that the output series, i.e. the acquired signals, can also be in
terpreted as coming from filtered white noise sources. As an example, considering the RRl signal, the
modulated contribution coming from WRR/[n] represents the fluctuations generated from external inputs
and from previous values of the RRl signal. On the other hand, the modulated contribution associated with
wSBP[n] quantifies the fluctuations ofRRl generated from the SBP influence.

The formulation of the transfer operation (equation 4.11) is closely related to the determination of the
correlations by the sequence method approach. In fact, the results of the correlations can be considered
as filtering of a white noise input for the one-dimensional case. It means that the output series, RR/[n] or
SBP[n], are considered each originating from a filtered uncorrelated noise source. In the simplest situation
the filtering is thus done without considering the other output series and equation (equation 4.11) becomes
the one-dimensional equivalent (equation 4.14) resulting in an all-poles transfer.

1
Y(z) = ( )W(z)I-A z

(4.14)

Taking the mutual relationship between HR and SBP into account the structure depicted in figure 4.9
is derived, which is known as the noise generated model of the bivariate closed-loop model. The extra
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transfer from the other input to the output series is also visible. Namely, the generation of each of the two
output series can be considered as being produced by contributions coming from the modulation of the two
uncorrelated white noise sources.

It follows from equation (4.11) that the power spectral density (PSD) matrix of the multichannel problem
is given by equation (4.15), with W(z) the correlation matrix of the multichannel noise input processes and
h denoting the hermitian5 transpose [24]. The on-diagonal elements of P(z) are the single-channel auto
PSDs and the off-diagonal elements are the two-channel cross PSDs. For the matrix W(z) the on-diagonal
elements are the variances crJuu and cr~BP of the white noise inputs.

P(z) =E{Y(z)yh(z)} = {I-A(z)}-IW(z){I-A(z)}-h

4.6.4 Open- and closed-loop baroreceptor gains

(4.15)

The gain between signals as function of frequency can be evaluated as the absolute value of the related
transfers. Particular relevance is given to the Hts block in figure 4.8, which represents the effect of SBP
variations on RRl, mediated by the neural reflex. This block's absolute value is an estimate of the 0.

baroreceptor reflex gain (a-gain, f-BRS). The Hst block, depicted in the same figure, on the contrary,
quantifies mainly the mechanical effect of RRl variations on the SBP signal, i.e. its absolute value is the
~-gain [3].

From the noise generated model it follows that each gain can be calculated as the contribution of the
noise related to the input signal on the output signal, divided by the contribution of the same noise on the
input signal (equation 4.16).

rt.e(f)

I~~: ~j~ 1= IHst(f) I

I ~:~ ~j~ I = IHts (f) I (4.16)

Measurements of the BR gain were obtained in the past from cross spectral analysis by open-loop
transfer estimation [1]. The two methods (equation 4.17) used most often to identify the a-gain are the
square root of the ratio between the auto spectrum of the output (PRRI(f)) and the auto spectrum of the
input (PSBP(f)), and the cross spectrum (PCROSS(f)) divided by the PsBP(f) [3, 25]. To illustrate the
difference between closed-loop and open-loop assessment of the a-gains, the indices c and 0, respectively,
are used.

0.0 1 = (4.17)

In particular, the bivariate identification is able to compute these classical cross spectral parameters
between the two variability signals without separating their mutual relationships. By taking the Fourier
transform of equation (4.15) the auto and cross spectra are determined by

P(f) = H(f)W(f)Hh(f) (4.18)

with P(f) the cross spectral matrix and W(f) the covariance (correlation) matrix containing the vari
ances of the two input (noise) signals. From the cross spectral matrix equation the "classical" a-gain is
subsequently computed.

5Herrnitian implies that Rh = (R*)' i.e. the operation of transposition combined with complex conjugation, which follows from
the definition of the correlation function.
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It is obvious that the noise generated model is valid when the noise sources are uncorrelated. In fact, the
identification algorithm tries to uncorrelate the noise inputs from the provided output series. Consequently,
if the two noise sources are identified as uncorrelated the matrix W(f) of equation (4.18) is a diagonal
matrix meaning that its on-diagonal elements being the variances of the two noise sources and all other
elements being zero. As a result, the cross spectral matrix P(f) becomes in terms of the transfers of
equation (4.13).

P(f) [
PRRI(f) PCROSS(f)]

PCROSS(f) PSBP(f)

[
Ihll (f) 12crk + Ih l2(f) 12cr~BP

hil (f)h ll crk +hi2 (f)h12cr~BP
(4.19)

The on-diagonal elements of the cross spectral matrix show the contribution of each of the two noise
sources to the auto PSDs of the variability signals. In other words, each auto spectrum is seen as the actual
sum of the contribution coming from two input noises. From [13] it follows that the required transfers to
calculate the contribution of each uncorrelated noise source to the auto PSDs of the variability signals can
also be found by applying equation (4.20), which is actually the implementation of equation (4.11) for the
uncorrelated noise sources as inputs. The individual transfers are determined from the scheme depicted in
figure 4.8 by employing the superposition theorem.

H(f) = Hopen(f)
1±Hzoop(f)

(4.20)

By using the blocks from equation (4.10) the auto PSDs are formulated [25]. They constitute the
transfers from the noise inputs to the variability signals in the noise generated model.

(4.21)

From equation (4.21) the hll (f), h12 (f), h22 (f), h22 (f) transfers of equation (4.13) are formulated in
equation (4.22). These relationships evidence that the direct contribution of the input noises WRRI[n] and
wSBP[n] on the power of variability signals t and s, RRI[n] and SBP[n] respectively, is mediated by the
closed-loop structure as expected.

1 ( )1 2 1 Mc(f) 1

2
I ()12

I Ms(f)Hts(f) 1

2

hll f = l-Hst(f)Hts(f) ,h12 f = l-Hst(f)Hts(f) ,

I ( )1 2 I Mc(f)Hst(f) 1

2
I ()12

I Ms(f) 1

2

h21 f = 1_ Hst (f)Hts (f) and h22 f = 1- Hst (f)Hts (f) (4.22)

It is also possible to examine quantitatively the relationship between the transfer functions derived from
the closed-loop and open-loop models. It can be shown that the £le-gain quantification tries to compute
the gain similarly to equation (4.17). In fact, the two approaches are almost equal according to equation
(4.23). The difference between the open-loop £lol (f) and £le(f) depends only on the transfers hll (f) and
h21(f). In particularly, when Ih ll (f)I2: Ih21(f)1 then £le(f) < £lol(f). A not so unlikely scenario because
£lol (f) maps both feedforward and feedback contributions into one measure, whereas £le(f) only maps
the influences of SBP on HR, without considering the effect of HR on SBP, or the effect of HR due to its
self-influence. As a consequence, the open-loop gain is always biased.
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PRRl(f) -Ih ll (f) 12cr~RJ

PSBP(f) -lh21 (f) 12cr~RJ
(4.23)

The second definition of the a-gain presented in equation (4.17), i.e. a 0 2(f), can also be expressed as a
subdivision of the contributions from the two noise sources. It does, however, require a more complex sum
of cross-products of the transfers, which does not result in the same clarity. In fact, the complex conjugates
in equation (4.19) make it difficult to derive a similar expression.

The presented results from equations (4.24) and (4.25) show that a0 2(f) will always be less than or
equal to aol (f). This means that the aol (f)-baroreceptor gain derived from the PSDs is always biased
compared to the other two estimates. In fact, the bias increases for low levels of coherence. In particular,
all open-loop estimates of the a-baroreceptor gain are biased to some extent compared to closed-loop
a-gain. Especially, when the feedback transfer is not small compared to the feedforward transfer, i.e.
lH;s (f) I~ IHst (f) Ibecause then no dominant paths exists. Conversely, the bias is small for a very dominant
baroreceptor effect, i.e. Ihts(f) I » Ihst(f)I, but is significant when IHts(f) 1 « IHst(f) I·

o< Coherence(f) = IP~ROSS(f) I < 1
- PSBP(f)PRR(f) -

a 2 (f) = F'l:ROSS(f) < PSBP(f)PRR(f) = a (f)
02 [>,2 (f) - Pf. (f) 01SBP SBP

4.6.5 Model Identification with standard tools

(4.24)

(4.25)

The model formulated in the equations (4.2-4.4) of the cardiovascular system refers to a class of mod
els known in identification theory as multivariate dynamic adjustment models and their identification is
accomplished by means of standard algorithms [6]. In general, a parametric identification of the joint pro
cesses requires the computation of an estimate by minimizing a function of the (prediction) errors. The
generalised least squares (GLS) method can be utilised [5, 22]. This algorithm is based on a sequence of
least-squares (LS) identifications [5,6,24]. Correct usage of the identification algorithm results into white
and uncorrelated errors.

In Matlab® 6 systems with multiple outputs are expressed by the multivariable arx and state-space
models that are part of the System Identification Toolbox. In [22] the multivariable arx model is considered
as a suitable model for identification of system S (equation 4.2). In fact, this model fits the notation used in
equation (4.11) and uses the GLS identification algorithm. However, Matlab® utilises a different notation
scheme, which requires rewriting of the formulas. The differences are:

• q is used instead of z as the delay operator

• the use of parenthesis instead of square brackets for time-discrete values

Subsequently, the arx model describes the system S as

A(q)Y(t) = B(q)U(t) +E(t) (4.26)

It can often be assumed that some of the signals are exogenous, i.e. they do affect the other signals
without being affected [6]. These signals are the inputs to the system aside from the noise sources. In the
arx model they are modelled by the vector U(t). However, there are no inputs for the system described by
equation (4.7) and thus U(t) = 0 holds. Consequently, equation (4.26) simplifies to

6Matlab® is a high-perfonnance language for technical computing developed by The MathWorks, Incorporated. It integrates
computation, visualization, and programming in an easy-to-use environment where problems and solutions are expressed in familiar
mathematical notation.
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A(q)Y(t) = E(t)
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(4.27)

The matrix A(q) can also be written as a sum of smaller matrices in the delay operator q. It follows that

A(q) = Aqo + Aq-l + ... + Aq-P with p the model order

As a result, equation (4.27) can also be formulated by

AoY(t) +AlY(t - T) + ... +ApY(t - pT) = E(t) with Ao = I, or

Y(t) = -A1Y(t - T) - ... - A pY(t - pT) +E(t)

(4.28)

(4.29)

The formulation of the system S in equation (4.29) is a similar to (4.3), except for the minus signs. For a
bivariate system matrix Ak, k = {O ..p}, has dimensions 2x2. The obtained matrices from the identification
procedure can subsequently be used to calculate the transfers by applying A[k] = -Ak in equation (4.6).

After identification, the Matlab® routine arx returns the matrix A(q) and not the individual matrices Ak,
k = {l ..p}. In fact, the matrices Ak are contained within A(q) according to

A(q) = A(:,:,k+ 1) = Ak with k= {l..p} (4.30)

4.6.6 Model validation: selecting a suitable model order

In the previous section, the relationship between Matlab® 's internal notation structure and the system S
is accomplished. Selection of an appropriate model order p remains. The "leftovers" from the modelling
process - the part of the data that the model cannot reproduce - are the residuals. It is clear that they contain
information about the quality of the model. In general, the residuals depend on the selected order and
describe the fit between simulated and measured output.

Multivariable systems are challenging to model. In particular, systems with several outputs could be
difficult. A basic reason for the difficulties is that couplings between several inputs and outputs lead to more
complex models: the structures involved are richer and more parameters will be required to obtain a good
fit. Literature has provided some guidelines for validating the output-only arx model. In fact, validation
consists of testing the residuals, i.e. the prediction errors, obtained with the estimated parameters against
the identification hypotheses:

• whiteness of each noise source, i.e. wRRl[n] and wSBP[n];

• uncorrelation between the pair WRRI [n] and WSBP [n] ;

• uncorrelation at zero lag for the second hypothesis.

The model order is determined after successive increments until the presented hypotheses are fulfilled
[6]. 'When it turns out that the order of the arx model has to be increased to get a good fit, but pole
zero cancelations are present, then these extra poles are just introduced to describe the noise in the data.
Consequently, the model is not adequate for describing all aspects of the cardiovascular variability series
and other models may have to be considered as well [24].

Literature has given some insights about suitable model orders for the arx model in adult assessment,
which vary quite significantly. The proposed model orders are between p = 6 and p = 30, with a typical
value of p = 15 [2, 22, 25]. Generally, the model order becomes higher when respiratory effects play an
important role in the model as an exogenous input of the system. These model orders are a good starting
point for identification of neonatal closed-loop BR.
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4.7 Conclusions

In general, a feedback system with one input and one output describes the cardiovascular system in control
system terms. The internal structure allows for multiple feedbacks (loops), but the overall system remains
a SISO representation. Many studies consider this structure valid. Usually, the input signal is ABP and the
output signal is HR.

A clear location of the controller has not been found in humans. In addition, the cardiovascular system
is, in essence, a closed-loop system that does not operate in linear fashion. These limitations impose a
linearisation around an equilibrium point under the assumption that the subject under study experiences
a homeostatic condition. The closed-loop property suggests that additional data analysis is required to
approximate a required input-output relation that fits the model. Auto and cross correlations are used to
express the temporal relationship within and between the RRl and SBP signals. They are calculated from
acquired data from three groups of patients:

1. preterm without atropine administration;

2. preterm with atropine administration;

3. term without atropine administration.

The results show that the acquired data cannot be evidently used to validate the open-loop assump
tion. The use of the sequence method as a modelling tool of the BR becomes, therefore, questionable
because selecting HR and SBP couples is not arbitrary. Consequently, a closed-loop identification of the
cardiovascular system is proposed.

Closed-loop identification results in the use ofamultivariate AR model structure and accompanied alge
braic descriptions. Manipulations ofthe analytical system description show that the closed-loop assessment
is related to the open-loop assessment, which allows for direct comparison of results. In particular, the AR
structures derived from the correlation analysis form the basis of the transfers between several intercon
nected points in the model. The transfers of these blocks can be obtained as parameters of the system
by using the z-domain transform. From the transfers it is analytically proven that the a-gains (f-BRS)
obtained from the open-loop assessment will always be biased compared to the closed-loop assessment.
Model validation of the multivariate output system is done by residual analysis only as no exogenous input
is present.

Important to note is that the identification of the cardiovascular system can be performed without per
turbing the system because it focuses on spontaneous variability in the RRl and SBP signals. In contrast,
traditional methods do not have this property because they alter mechanically or pharmacologically the
cardiovascular system. However, for real data there is no such thing as a "correct model". Consequently, it
is worth remembering that a good estimated model performed by the identification routine is still a limited
reflection ofreality.

To summarise, there is no a priori fixed relationship among the different quantifications, since values
attributed to the feedforward and the feedback paths depend on the subdivision performed by the closed
loop identification.



Chapter 5

Assessment of the baroreceptor reflex
arc

5.1 Introduction

The actual identification of the baroreceptor reflex (BR) arc takes place after describing the closed-loop
identification procedure. A closed-loop BR identification has not been performed before in previous studies
ofneonatal physiology. In fact, the procedure has only been described for adult assessments. Consequently,
the neonatal BR was only studied as an open-loop system assuming that the feedforward path can be
neglected. The current study should explain whether this is a valid approach or not and if results from both
studies are comparable.

First, a suitable model order is determined from the acquired data. Second, the identification is per
formed and the results are checked against the identification hypotheses. Additionally, the model is checked
for stability and for pole-zero cancellations indicating measurement noise modelling. Third, the coherence
function is used to get an idea about the coupling between the RR interval length (RRI) and systolic blood
pressure (SBP) time series. Last, the complete assessment of the neonatal BR arc is discussed.

5.2 Model order

In literature, several methods are presented for determining a suitable model order of the bivariate system
identification. Two main favourites are used [2, 3, 5, 6, 25]:

1. a minimum of Akaike's information criterion;

2. the Anderson test.

Standard tools can also be used instead. In fact, calculated correlations of the residuals (prediction
errors) form a suitable and pragmatic approach without exploring these tests based on stochastic theory.
Especially, for a limited population size the pragmatic approach may prove a sufficient test for the three
hypotheses proposed in section 4. For white noise time series the auto correlation shows only a significant
value at zero lag and shows zero value for all other lags. The independence (uncorrelation) of both noise
sources can be tested by using the cross correlation. lts values should be significantly small for all lags.
Uncorrelated white noise source sequences eventually result in a diagonal covariance matrix W.

A well performed identification, i.e. an appropriate model order, implies that all three hypotheses are
simultaneously fulfilled. In appendix B the auto and cross correlations ofboth noise sequences, WRRI[n] and
wSBP[n], are presented. From the depicted plots it can be concluded that a model order of p = 8 is sufficient
to fulfil the identification hypotheses for the majority of the population. An equal model order was also
proposed in [25] for a bivariate model describing (adult) biological variability signals. Consequently, it can
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be concluded that the obtained model order is within the bounds found in literature and can be regarded as
correct.

It is remarkable to note that the typical model order to obtain whiteness of the wSBP[n] time series
seems preferably higher than for the wRR/[n] time series. In section 3 a plausible explanation is given.
Amplitude and frequency modulations, PAM and PFM respectively, result in effects of a more complex
nature present in the blood pressure signal. Usually, these effects are difficult to approximate with a linear
system, especially if the model order is low. A higher model order is better suited. when the effects are not
dominantly present and small. Additionally, pre-processing may suppress the effects (section 3). In any
case the order needed for approximation is evidently lower for the RRI signal than for the SBP signal.

5.3 Pole-zero cancellations

The presented bivariate model in figure 4.8 reflects the relationship between RRI and SBP. Usually, the
model order is determined after successive increments until the presented hypotheses are fulfilled. When
it turns out that the order of the model has to be increased to get a good fit, but pole-zero cancellations
become present then the extra poles are just introduced to describe the noise in the measurement data.
Consequently, the model may not be adequate for describing all aspects of the cardiovascular variability
time series and other models may have to be considered as well because the model order is preferably
as low as possible. It generally implies extending the current model by modelling the input signals and
residuals separately or adding an additional output time series in the identification procedure.

The pole-zero maps are presented in appendix C. The depicted figures are the representations in poles
and zeros of the transfers used in equations (4.21) and (4.22). These maps are a reflection of the features
contained in the noise generated model. They show that the proposed model order p = 8 does not introduces
significant cancellations for the subjects under study.

Stability of the complete system can also be checked from the pole-zero maps. In the z-domain poles
should lie within the unit circle, that is, a circle with origin (0,0) and radius 1 in the complex plane. For
every subject the requirement of stability is fulfilled. In contrast, not all zeros fall within the unit circle, but
that poses no threat to the stability of the identified model.

It can be concluded that for a model order p = 8 the bivariate model is stable without significantly
describing measurement noise in the output data series. As a result, the model order is not increased to
obtain a better fit.

5.4 Coherence

The previous results indicate that identification ofthe BR arc in the neonate is possible with standard means.
More importantly, the results obtained from the assesSments in the term population are comparable with the
results obtained from adult assessment [2, 3]. However, the current study reveals typically lower coherence
values. In both preterm populations values are significantly lower than reported values in literature. In
[1] a coherence value slightly lower than 0.5 for the preterm population was found. The value for the
term neonate is slightly higher than that value. The threshold of 0.5 is usually taken as the boundary for
considering linear coupling between two quantities at the corresponding frequency or frequency range. In
the current study the reported value of 0.48 for the preterm neonates is almost never reached as can been
seen in the depicted figures ofappendix E. There are two possible explanations for the observed differences:

• the selected data segment reflects instability of the patient and is therefore not well suited for a study
under the current assumptions of linearity and invariance;

• the calculated coherence function obtained by matrix manipulations from the parametric model
(equations 4.19 and 4.24) itself deviates from the non-parametric approach.



5.5 TRANSFERS AND GAINS 65

In his study, the author of [1] founds instable patients in the preterm population responsible for the
observed lower coherence values compared to the term population. This finding does not account for
the much lower values found in the current study because data from the same population is subjected to
analysis. An additional study is, therefore, performed on a larger preterm population. The results are
presented in appendix F.

The results show coherence values that are similar within the entire preterm populations. Consequently,
the first explanation is excluded as a possible cause. The smooth auto and cross spectra that define the co
herence function may provide plausible prove for the second hypothesis. In [20] several parametric spec
trum analysis techniques are discussed. All techniques show smoother spectra compared to non-parametric
methods. The spectra become less smooth with higher parametric (model) orders. In contrast, many studies
presented in literature, in particular regarding neonates, are non-parametric based which result in spectra
and coherence values that show an irregular pattern with peaks. Peaks in the coherence are subsequently
used to determine the degree of coherence for very small frequency bands or even for single frequencies in
studying physiological important phenomena. In appendix G several patients showing very low coherence
values are subjected to an additional identification with higher model order. In fact, the new order p = 30
is considered to overdetermine the bivariate model [2]. In response to the increased order the coherence
shows significant higher values, even higher than reported in literature.

It can be concluded that the parametric approach smoothes the coherence making peaks less pronounced
or masks peaks because it cannot describe spectra with the same degree of freedom as the non-parametric
method. As a result, the parametric coherence is less suited in low order models for determining the
transfer parameters of interest, low and high frequency bands (LF and HF respectively), that are considered
to define the sympathovagal output (section 2). The reflection ofthe activity of both neural pathways is not
well defined with the current parametric approach in reflection to the non-parametric methods. It remains
unclear what a "correct" model order should be that exhibits sufficient large regions of high coherence
without modelling too much (measurement) noise by pole-zero cancellations.

5.5 Transfers and gains

The most important transfer blocks of the bivariate model (figure 4.8) are the Ms and Hst because they
represent the (X- and ~-gain, respectively, for every subject under study. Quantifications of these gains are
depicted in the figures presented in appendices E and F.

The results indicate that the absolute value of the Hst is significantly smaller than the absolute value of
the Ms, which suggests that the BR can be approximated with an open-loop model because the latter is the
most dominant and will contribute the most in these assessments.

The transfer gain (magnitude) in the LF band of the open-loop assessment is considered as an estimate
of the baroreceptor reflex sensitivity (f-BRS). The depicted figures show indeed significant values in the
LF band of the Ms transfer compared to the rest of the frequency range for both preterm populations. In
addition, the HF frequency band also shows significant magnitude values, but they are lower than in the
LF region. As expected, both frequency regions are affected by the administration of the drug atropine.
In particular, all magnitude values are lower suggesting a diminished parasympathetic system because it
operates in both frequency bands. A time series plot will confirm this diminished signal variability, which
is more pronounced in the RRI than in the SBP signal. In contrast, the relative balance between the two
frequency regions seems to shift, suggesting that in the HF band additional processes operate as well.

Peaks in both transfers were, typically, found at frequencies ofapproximately 0.1, 0.7 and 1.2 Herz (Hz),
with the first value predominantly present in the H ts transfer and not in the Hst transfer, and the second value
similar to the mean respiration rate (RR) found within neonates.

The peaks at 0.7 and 1.2 Hz in both transfers may be associated with modulation processes that affect
both RRI and SBP. Respiration is not separately modelled from the other modulation processes making an
explanation of the observed phenomena more difficult to formulate. In section 3 it is shown that PAM and
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PFM may show up at sum and difference frequencies of the mean heart rate (RR) and RR. For a mean RR
and a mean RR of approximately 2 and 0.7 Hz, respectively, both frequency peaks can be explained. It
suggests that the 0.1 Hz frequency peak has a different origin. Low frequency modulation of the respiration
depth, also known as breath amplitude sinus arrythmia (BASA), may also be responsible. This process is
similar to the PAM observed in the blood pressure signal.

In adults, the Mayer waves are described to be present at a frequency of approximately 0.1 Hz. For
neonates it is hypothesised that the corresponding mean frequency is approximately 0.07 Hz [I]. As men
tioned before, the smooth frequency spectra of the parametric identification cannot discriminate between
the frequencies 0.07 and 0.1 Hz. For neonates the latter is associated with the f-BRS, but the current
assessments are unable to confirm this finding. In addition, possible neurally and mechanically induced
respiratory effects on the RRI and SBP signals may also attribute to the LF band. They are not separately
identified with the bivariate model.

All intrinsic and extrinsic sources of variability are modelled by white noise sequences fed into the Mr
and Ms transfers. As a result, described phenomena cannot be related to any of the observed frequency
peaks. Instead only hypothesised relationships can be formulated because the white noise sources have no
physiological meaning.

Both definitions of the open-loop a-gain are compared with the closed-loop a-gain. The results show
that the closed-loop a-gain is typically lower, but shows similar response behaviour. It suggests that the
open-loop assessments are able to quantify the a-gain but that the values are overestimated. Especially, in
the regions with "higher" coherence overestimation occurs.

More importantly, the phase relationship between both time series is done on basis of the coherence
values above the 0.5 threshold [1]. In contrast, in [36] a value of0.7 is proposed to illustrate linear coupling.
The related problem of the model order and the coherence in the parametric approach make it difficult to
confirm a fixed phase lag between both variability signals for either value. The effects of all modulation
processes interacting are considered (figure 4.2), such a single fixed relationship is certainly not justified.
Only, for a single phenomenon under study it is likely that the suggested phase relationship can exist,
in particular for a dominant processes like respiration. The current study cannot confirm it for obvious
reasons.

It can be concluded that the obtained transfers depend on the identification procedure itself and have,
generally, no a priori fixed relationship. The lack of coherence due to a limited model order and structure
make comparison of results (f-BRS) with the open-loop assessments inconclusive. Additionally, possible
neural and mechanical respiratory effects are not separately modelled. As a result, the sympathovagal
output cannot be reliably assessed. Particularly, the parameters of interest and certain phenomena are best
individually studied for every subject in the current setting, but have no relevance for the overall populations
at this moment.

5.6 Conclusions

The closed-loop validation of the BR identification involves a four step approach. First, a suitable model
order has to be determined from successive testing of the identification hypotheses. Second, the pole-zero
cancellations are considered to prevent an overdetermined system. Third, the coherence is calculated for
comparison of the assessments with the open-loop approach. Fourth, the transfers reflecting the a-gain, i.e.
f-BRS, are considered.

The limited frequency resolution with the low coherence values involves that the parasympathetic and
sympathetic nervous system, and BR activity are inconclusively identifiable in the current assessment.
Especially, small bandwidth processes are difficulty studied. Additionally, the method has not separately
identified the possible neural and mechanical respiratory effects on both time series.

In contrast, the Hst transfer suggests that an open-loop approximation is valid because the magnitude
of the feedforward path is small compared to the magnitude of the feedback path. The open-loop a-gain
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is always overestimated. The diminished absolute gain in the H ts transfer after administration of the drug
atropine suggests a suppressed parasympathetic system as expected. Consequently, the sympathovagal
output changes. The relative contribution of the two frequency regions of interest is not assessed due to
the involved problems. The hypothesised Mayer waves frequency associated with f-BRS (probably near
0.07 or 0.1 Hz) is not identified. It is also impossible to confirm the phase relationship mentioned in the
open-loop study.

The coherence shows lower values that are attributed to using a low order parametric model. Increasing
the model order above p = 8 is not justified because pole-zero cancellations start to appear. Consequently,
many influences on RRl and SBP are difficult to explain from the obtained results in the current model
structure. They remain inconclusive but suggest that the method has the potential for determining f-BRS.
An extension of the model can prove valuable. By modelling the respiration as an exogenous input to the
system, or extending the bivariate model to a trivariate one can provide more insights about the underlying
mechanisms. They are separately modelled by additional transfer blocks. Studies of small bandwidth
processes may benefit from the approach as they may show the same high levels of coherence as observed
in the higher order model. It is true if individual phenomena are dominant and mask the contribution of
other processes. Neurally and mechanically induced respiratory effects are identified in the other transfers
and less dominant processes may reveal themselves in Hst and H ts •

In section 3 it is mentioned that a clear respiratory signal is not available. To identify respiratory
effects in the (pre)term population a physiological well-defined signal is required. Such a signal can be, for
instance, the instantaneous lung volume (ILV) or the intra-thoracic pressure for illustrating lung physiology.
Other signals are fraction of inspired oxygen and photoplethysmogram. These acquired signals are used in
the identification similar to the ILV in [2].

Current results obtained from the term population are not representative for a larger population due to
the limited number of subjects. Additional research should confirm whether or not the differences between
the term and preterm populations can be explained by the respiratory distress that imposes a certain level
of instability (complexity). Additionally, the differences between the two populations suggest that there
are indeed developmental aspects that playa significant role in assessment of the parameters of interest.
However, in the current study these developmental aspects are not specifically incorporated.

It can be concluded that identification is not representative for all neonatal populations because no gen
eral conclusions can be drawn about the effect of the parasympathetic and sympathetic system, barorecep
tors or other modulating processes. It is shown that the model order (complexity) plays a significant role
in forming absolute magnitude values for given frequencies. Identification of a cardiovascular system is
possible with the proposed standard tools and therefore the current assessment is preferably extended.
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Chapter 6

Conclusions and recommendations

6.1 Research questions

6.1.1 Question 1

Do time domain baroreceptor sensitivity (t-BRS) andfrequency domain baroreceptor sensitivity (f-BRS)
estimated by the sequence method and the transfer method, respectively, correlate for neonatal data?

Introduction

Time domain baroreceptor reflex sensitivity (t-BRS) is classically defined as the slope of linear regression
of pulse intervals versus arterial blood pressure (ABP) values. In essence, it is the slope at a point on
the sigmoid curve describing the relationship between heart period and ABP: RR interval (RRl) change
per unit ABP change around the operating point. In the time domain the ratio of RRl and systolic blood
pressure (SBP) couples at different time lags defines t-BRS.

In the frequency domain the 0.04-0.15 Hertz (Hz) band is assumed to reflect baroreceptor reflex (BR)
activity (Mayer waves) and the 0.40-1.50 Hz band is related to respiratory modulation (respiratory sinus
arrhythmia) observed in neonates. The f-BRS is usually expressed as the magnitude of the transfer between
SBP and RRl in the low frequency band and is also referred as the a-gain.

Theoretical perspective

In the time domain the sequence method calculates correlations. It shows that in a first approximation the
auto correlations of the RRl and SBP processes exhibit an exponential decay. Such a decay is related to the
parametric modelling block of an one-order autoregressive (AR) model. It follows from the closed-loop
identification routine that indeed AR elements can help in describing the (mutual) relationships between
RRl and SBP processes of the cardiovascular system.

These relationships are described by transfers. A transfer in the frequency domain description may
show peaks in its magnitude. Peaks are identified by poles of the transfer description and relate to the
AR coefficients used in the time domain description. Consequently, a parametric sequence method ap
proximates the closed-loop transfer method when the feedforward transfer is eliminated from the bivariate
model.

Conclusion

Time domain analysis did not reveal distinct cross correlation for a single lag. In the frequency domain
the magnitude, phase and coherence are calculated for the low frequency band (Mayer waves) and high
frequency band (respiratory sinus arrhythmia). Low coherence values (less than 0.35) are found for model
order p = 8. They are significantly lower than the highest coherence values in both frequency bands
presented in literature (above 0.5). Consequently, the reliability of the t-BRS and f-BRS estimates is
limited and the suggested correlation between both methods is not proven.

69
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In theoretical point of view it can be argued that time and frequency domain show high correlation for
t-BRS and f-BRS. The suggested relationship is rougWy identified in [I]. The applied method plots the
standard deviation (SD) of the RRl series divided by the SD of the SBP series against the magnitude of the
low frequency band.

Recommendation

Probably the proposed model is to simple to reflect the physiological circumstances. A more complex
model may be better suited to describe the complex relationship between RRl and SBP. It is, therefore,
proposed to extend the current model to a trivariate one or to add an exogenous input. See also the recom
mendations.

6.1.2 Question 2

The reflex arc forms in first approximation a closed-loop system. It leads to the following question: is
feedforward (RRI affects SBP) more important than feedback (SBP affects RRI), i.e. can the system be
described as an open-loop model?

Introduction

An open-loop system of two signals can be described by a transfer function. It reflects the most dominant
feature between the time series, i.e. feedforward or feedback relationship. The description of the simul
taneous feedforward and feedback effects between the RRl and SBP time series can only be achieved by
closed-loop identifi cation.

Most important path

Transfers are usually described in the frequency domain. With a phase assumption (input and output are
defined) the open-loop transfer can be estimated by using the square root of the auto spectrum of RRl
divided by the auto spectrum of SBP, or the cross spectrum ofRRl and SBP divided by the auto spectrum
of SBP. Both parametric and non-parametric approaches are possible. Without the phase (only outputs
are defined) assumption only closed-loop transfers describe the relationships. Feedforward and feedback
effects are then given by the bivariate model identification. This is a parametric approach.

A parametric open-loop transfer from SBP to RRl, also referred to as the a-gain, can be calculated from
the closed-loop results by matrix manipulations. A transfer from RRl to SBP is similarly determined and is
referred to as the ~-gain. Closed-loop identification of the data set shows that the a-gain is approximately
10-100 times the ~-gain, suggesting that feedback effects are more important than feedforward effects.

Conclusion

The closed-loop identification has revealed that the cardiovascular system described by the RRl and SBP
variability time series can be approximated as an open-loop control system. A single most dominant phase
lag between SBP and RRl is not found due to small coherence values (less than 0.35) which limits the
interpretation in the proposed model. As a consequence, no conclusion about the most dominant phase lag
between the two time series is made. However, removing the ~-transfer in the bivariate modelling structure
gives indeed an open-loop system. The causal transfer structure of the a-gain indicates that SBP is the
input and RRl is the output of this model.

Recommendation

Amplitude modulation ofrespiration can significantly intervene in the low frequency band associated with
BR activity (f-BRS). The current study does not model respiration separately. Extending the model can help
in improving the coherence level because the complexity of the parametric model increases and effects are
separated into additional transfers. See also the recommendations.
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6.1.3 Question 3

What is the effect ofatropine on t-BRS andf-BRS?

Introduction

71

Atropine, as a selective parasympathetic blocker, is routinely used before endotracheal intubation and arti
ficial ventilation. Selective blockade of the parasympathetic system affects the neural regulation ofBP by
shifting the sympathovagal output.

Reduced variability

Atropine has only been administered to the preterm patients. The sequence method shows that the high
frequency fluctuation increases in the SBP signal, while the relative contribution of the low frequency
fluctuation decreases in both the SBP and the RRI signals.

In the frequency domain the 0.04-0.15 Hz band is assumed to reflect BR activity and the 0.40-1.50 Hz
band is related to respiratory sinus arrhythmia (RSA) observed in neonates. The transfer method shows
lower magnitude values in low and high frequency regions after atropine administration. In contrast, the
relative balance between both frequency bands seems to shift: the high frequency power increases com
pared to the low frequency content.

Conclusion

The reduced magnitude values after atropine administration suggest that buffering offluctuations by the BR
becomes limited. Thus the parasympathetic system plays an important role in the neonatal BP regulation
because it is selectively inhibited. The balance shift indicates that in the high frequency band additional
processes operate as well. An important modulation process of BP can be respiration.

In the sequence method the effect is also illustrated by the high frequency fluctuation that is no longer
buffered by the closed-loop BR. The intrinsic property of the closed-loop cardiovascular system (Mayer
waves) illustrates that indeed the loop is affected by atropine administration because both signals show a
diminished low frequency fluctuation.

Recommendation

In the current study only the parasympathetic system is inhibited. For a correct modelling of the compete
closed-loop BR the other nervous system, the sympathetic system, must be inhibited as well. An inhibited
sympathetic nervous system reveals its effect on closed-loop BP regulation.

6.2 General conclusions and recommendations

6.2.1 Respiration

The effects of respiration are not explicitly studied with the sequence method. However, fluctuations are
observed in the auto and cross correlations. Low and high frequency components are present in all patient
groups that show a period of 8 and 1.5 seconds, respectively. These values correspond to frequencies of
approximately 0.1 and 0.7 Hz, respectively. From the closed-loop identification it follows that similar
peaks are found in the transfers. With this method respiratory effects and other sources of variability are
only incorporated into the model by colouring of the white noise sequences.

It is often hypothesised that respiration induces neural spill-over affecting RRI and mechanically in
duces fluctuations in SBP. These relationships are not identified by the current applied methods. In the
oretical considerations, it can be shown that respiration can result in pulse amplitude modulation (PAM)
and pulse frequency modulation (PFM) components at the observed frequencies. These components are
assigned to RSA and/or breath amplitude sinus arrhythmia (BASA). Therefore, the respiratory effects have
to be incorporated into the bivariate model by extending it with an exogenous respiratory input or by ac
commodating the bivariate model to a trivariate extension.



72 CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS

In the current setting at the neonatal intensive care unit (NICU) the acquisition system is able to digitise
the thoracic impedance (TI). RSA and BASA may be related to the TI signal because its amplitude and
frequency slightly change over time. To incorporate PAM and PFM into the model the TI or other signals
of the patient monitor can be used. Other signals like tidal volume (TV) and air flow can be obtained from
a supplementary ventilator. These additional signals (e.g. air flow) can be acquired from ventilated and
spontaneous breathing patients. Both patient groups show different intra-thoracic pressures, positive and
negative respectively, which may help in gaining additional insights in the PFM and PAM effects on BR
activity.

6.2.2 Longitudinal study

In [3] and [25] the bivariate model is also used for tracking parameters of interest (mainly f-BRS) as
function of time. An important property for longitudinal studies is that development of neonates in the
short-term and long-term can be continuously assessed. Tracking of the cardiovascular system implies that
it is possible to study the temporal effects before, during and after drug administration.

6.2.3 Non-equidistant variability signals

Signal acquisition forms the basis of every analysis. In the NICU two types are in use: waveform and
parameter data (variability signals). In particular, three important "continuous" biosignals are acquired.
The three most important biosignals that provide information about the physiological state of the neonate
are the ABP, the electrocardiogram and the TI signal. Parameter data (RR! and SBP) is extracted from
the waveform data and is used for analysis because the applied algorithms show robustness against many
distortions. Additionally, it is assumed that parameter data, in particular RRI and SBP, contain enough
information of the physiological state of the patient.

Parameter data are non-equidistantly spaced time series. In theory the closed-loop identification can,
also be performed on non-equidistant time series. In [24] it is suggested to use the time-varying Kalman
filter and deal with the missing data on equidistant points as irregular sampling, which is actually a for
mulation ofa time-varying (recursive) predictor. Another way of dealing with the "missing" data is to use
smoothed estimates obtained from previous values and that is actually what the boxcar interpolation does.
The results of equidistant and non-equidistant sampled data can be compared to study the effects on the
performance of the identification of the cardiovascular system. On the contrary, a more ideal interpola
tion technique not showing the boxcar limitations can also be applied. The latter is preferred because it
also reflects the use of the current implemented method in the NICU for the identification of the neonatal
closed-loop cardiovascular system.

6.2.4 Model accuracy

System identification is a continuous process of adapting a model to new insights. More importantly, a
model is a limited reflection of reality and therefore no exact model exist. In practice, the constraints
imposed by the researcher form a balancing act between complexity and accuracy. New insights may lead
to a recursive approach of the modelling attempt until the researcher is satisfied with the obtained results.
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Appendix A

Auto and cross correlations

The auto correlation plots consist of normalised values to emphasize a probable common structure among
patients for the two signals, RR interval length and systolic blood pressure. The results depicted in the
figures A.1 and A.2 are obtained by an attempt in modelling the baroreceptor reflex arc by the sequence
method.
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Figure A.I: Cross correlation (mean-removed covariance) plots. The plots are constructed from 64 seconds
of neonatal RR interval length (RRI) and systolic blood pressure (SBP) data of which the mean value is
removed. The three patient groups consists of preterm neonates without administration of atropine (a),
preterm neonates with administration of atropine (b) and term neonates without administration of atropine
(c). Two patients of every group represent the entire population. The preterm and term neonates are
approximately 28 weeks and 40 weeks of gestational age, respectively.
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Figure A.2: Nonnalised auto correlation (mean-removed covariance) plots. The plots are constructed from
64 seconds of neonatal RR interval length (RRI) or systolic blood pressure (SBP) data of which the mean
value is removed. The three patient groups consists of pretenn neonates without administration ofatropine
(a,b), pretenn neonates with administration of atropine (c,d) and tenn neonates without administration of
atropine (e,f). Two patients of every group represent the entire population. The pretenn and tenn neonates
are approximately 28 weeks and 40 weeks of gestational age, respectively.



AppendixB

Residual correlations

Residual analysis is done by considering the whiteness of the two noise sources, i.e. the prediction errors.
The identification hypotheses are fulfilled if each sequence is white and both sequences are uncorrelated.
Normalised values in the auto correlations should reveal the whiteness of a sequence and the cross correla
tions should highlight the dependence between both sequences. The results depicted in the figures B.l-B.6
are obtained by successive increments of the model order.
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Figure B.l: Residual analysis after identification of patient 1 for different model orders p, i.e. p = 2 (a),
p = 8 (b), p = 15 (c) and p = 30 (d). The plots are constructed from 64 seconds of residuals obtained
from neonatal RR interval length (RR!) and systolic blood pressure (SBP) data after identification of the
baroreceptor reflex closed-loop. The patient belongs to the group "term without atropine administration".
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Figure B.2: Residual analysis after identification of patient 2 for different model orders p, i.e. p = 2 (a),
p = 8 (b), P = 15 (c) and p = 30 (d). The plots are constructed from 64 seconds of residuals obtained
from neonatal RR interval length (RR!) and systolic blood pressure (SBP) data after identification of the
baroreceptor reflex closed-loop. The patient belongs to the group "tenn without atropine administration".



1- ....~~·1

JOD

84 APPENDIX B. RESIDUAL CORRELATIONS

i 0:1••..•~R'.d"·(·"'''~·~)·::=~l 0:1•• ~R"i~~
Z

i o~ ..~ .., zl o. •
-05 ·05

-~250 -200 -150 -100 -50 0 50 100 150 200 2.50 -~25;;;-0----::::~-,.50 -100 -50 0 50 100 1.50 200 250

!1~"'~ .'~"'"'=w:"'"jj 05 jJ 0.5

H 0 H 0

ii -0.5 ~ ~ -0.5

., -1
-250 -200 -150 -100 -50 0 50 100 150 200 250 -250 -200 -150 -100 -50 0 50 '00 150 200 250

__~_~__ ~IJ' Lags

!]~I] '.
-JOO -200 -100 0 100 200 -300 0

Lags Lags

(a) (b)

., "~.=-~':1 !I:~E'-:~~"~
-200 -1SO -100 -50 0 so 100 150 200 250 -250 -200 -150 -100 -50 0 50 ,00 150 200 250

!'~Lo"~.'~Lo~ii 0.5 1~ 0.5

II 0 Ii 0

~~.5. i! --(l.ti

-1 -1
-250 -200 -150 -100 -50 0 50 100 150 200 250 -250 -200 -150 -100 -!JO 0 50 100 150 200 250PC .", 1-:~1 !l~~"'po~. ~I-'~~~'~

-o().:k. -~-~;C---::--~;C---=2OD;C---=300 -o()_~OO -200 ---=,--------::0--=:-----=200,-----------="'0Lopo
(c) (d)

Figure B.3: Residual analysis after identification of patient 3 for different model orders p, i.e. p = 2 (a),
p = 8 (b), p = 15 (c) and p = 30 (d). The plots are constructed from 64 seconds of residuals obtained from
neonatal RR interval length (RRI) and systolic blood pressure (SBP) data after identification of the barore
ceptor reflex closed-loop. The patient belongs to the group "preterm without atropine administration".
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Figure B.4: Residual analysis after identification of patient 3 for different model orders p, i.e. p = 2 (a),
p = 8 (b), p = 15 (c) and p = 30 (d). The plots are constructed from 64 seconds of residuals obtained
from neonatal RR interval length (RR!) and systolic blood pressure (SBP) data after identification of the
baroreceptor reflex closed-loop. The patient belongs to the group "preterm with atropine administration".
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Figure B.5: Residual analysis after identification of patient 4 for different model orders p, i.e. p = 2 (a),
p = 8 (b),p = 15 (c) andp = 30 (d). The plots are constructed from 64 seconds of residuals obtained from
neonatal RR interval length (RR!) and systolic blood pressure (SBP) data after identification of the barore
ceptor reflex closed-loop. The patient belongs to the group "preterm without atropine administration".
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Figure B.6: Residual analysis after identification of patient 4 for different model orders p, i.e. p = 2 (a),
p = 8 (b), p = 15 (c) and p = 30 (d). The plots are constructed from 64 seconds of residuals obtained
from neonatal RR interval length (RR!) and systolic blood pressure (SBP) data after identification of the
baroreceptor reflex closed-loop. The patient belongs to the group "pretenn with atropine administration".



Appendix C

Pole-zero maps

Pole-zero maps show the poles and zeros of the transfers from noise sequences to the variability series,
i.e. from wSBP[n] or WRRl[n] to SBP[nJ or RRI[n]. Pole-zero cancellations become presented if the selected
model order is to high. A correct model order results in little (or none) pole-zero cancellations and prevents
unwanted effects being modelled. Additionally, the pole-zero maps can be used to check for stability of the
identified model. In that case, poles lie within the unit circle of the complex plane. The results depicted
in figure C.l are obtained by using a model order p = 8 for identification of the neonatal cardiovascular
system.
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Figure C.I: Pole-zero cancellations after identification for model order p = 8. The maps are constructed
for every patient, i.e. term patient I (a), term patient 2 (b), preterm patient 3 before (c) and after (d) atropine
administration, and preterm patient 4 before (e) and after (f) atropine administration. Poles and zeros are
plotted by x's and a's, respectively. Some zeros are not shown due to scaling of the axes. They lie outside
the unit circle, but that does not affect the stability of the identified model.



AppendixD

Transfers

The transfers of the bivariate model represent the frequency description of the phenomena under study.
In particular, the Hst and Hts transfers have value because they represent mainly feedforward mechanical
influences of the heart on the vasculature and the feedback neural influences from the baroreceptors to the
control centres. In contrast, the M s and Mt transfers model all sources of variability. Note that their inputs
have no physiological meaning. The results depicted in figure D.I are obtained by using a model order
p = 8 for identification of the neonatal cardiovascular system. They show that identification is possible for
the patient groups under study.
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Figure D.I: Transfer functions of each block in the bivariate closed-loop model after identification for
order p = 8. The transfers are constructed for every patient, i.e. term patient 1 (a), term patient 2 (b),
preterm patient 3 before (c) and after (d) atropine administration, and preterm patient 4 before (e) and after
(f) atropine administration. Not all "peaks" are visible due to equal scaling of the axes.



AppendixE

Open- and closed-loop a-gains

The bivariate model identification is able to compute the a-gain and the coherence. The coherence is
used in the open-loop assessment for identifying the parameters of interest, the low (f-BRS, baroreceptor
sensitivity in 0.04-0.15 Hertz) and high frequency (respiratory sinus arrhythmia, 0.4-1.5 Hertz) bands.
From the closed-loop model the open-loop a-gains can be computed to compare them to the closed-loop
a-gain, which is equal to the magnitude of the Hts transfer. The results depicted in figure E.l are obtained
by using a model order p = 8 for identification of the neonatal cardiovascular system. No conclusions can
be made, yet, from these plots due to low coherence values in the preterrn population. The results suggest
that the closed-loop a-gain is always overestimated.
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Figure E.l: Open- and closed-loop a-gains, and coherence obtained from identification for model order
p = 8. They are calculated for every patient, i.e. term patient 1 (a), term patient 2 (b), preterm patient
3 before (c) and after (d) atropine administration, and preterm patient 4 before (e) and after (f) atropine
administration. Not all "peaks" are visible due to equal scaling of the axes.



Appendix F

Coherence study

Previous calculated a-gains show low corresponding coherence values in the pretenn population. Therefore
these populations are extended to include more pretenn patients to check the low coherence values for
random occurrences. The results depicted in figures FI-F3 are obtained by using a model order p = 8 for
identification of the neonatal cardiovascular system. They show that low coherence values are found in the
entire population and are not due to random occurrences.
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Figure F.l: Open- and closed-loop a-gains, and coherence of preterm patients 6 to 8 obtained from identi
fication for model order p = 8. They are calculated for every preterm patient before (a,c,e) and after (b,d,f)
administration of atropine. Not all "peaks" are visible due to equal scaling of the axes.
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Figure F.2: Open- and closed-loop a-gains, and coherence of preterm patients 9 to II obtained from
identification for model order p = 8. They are calculated for every preterm patient before (a,c,e) and after
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Appendix G

Overdetermined model study

Previous calculated a-gains showed low corresponding coherence values in the preterm population. The
study in the extended population revealed that low values are found in the entire population for model order
p = 8. The results depicted in figure G.l are obtained by using a model order p = 30 for identification of the
neonatal cardiovascular system. They show that higher coherence values are found for an overdetermined
system suggesting that spectral resolution is affected by the model order (and structure).

99



100 APPENDIX G. OVERDETERMINED MODEL STUDY

0.
:-'-: :ra
0.8 0.8 1 12 U 2

Patient 11II sfter atropine

so,-~-~-~-~-~-c..,--~-~-"'f]=

lEt 3
00-'-'-0::':2:--'---::0.7".~=:0':"'-~0~.'-----;---:'12,:-,,==;,r;.'''''''~'::.'~-'':':'=--=C-=:2

(a) (b)

Patient 8 sfter alrtlplne

0.'

""'2

,,
, i

0.'0.'0'02

,,, ,
"-2

,: ,: :.,g
0.& 0.8 1 12 1.4 1.8 1.8 2

iw:h·~/'.)'- -~:~~- __ _ _ _ _ _ .... - ~ I .......... J

~ - .... __ J

o 02 04 06 0.8 1 12 14 1-6 Ul 2

j1~2~ J'j ":1';;. ::a
o 02 0.11II 0.6 0,8 1 12 1.4 1.8 1.8 2 0 02 0.4 0.6 0.8 1 12 U 1.6 1,8 2

FJt!lQuetJC)' 1Hz) Frequency [Hz}

(c) (d)

Pabent 11 before lJtn:Iprne

j":lS::~1':[
o 02 0_4 0.6 0.8 1 1.2 1A 1.8 1.8 2 0 0.2 0.4

Frequency [Hz]

,_.~
HO~~,,\/ l I "-

-2 ~ ... r '- _

o 02 0.4 0.8 0.8 1 12 1.4 1.8 1.8 2

"1.'1.'08 1 12
Frequency IHzI

0.'

"

0.

"

02
-2

. :: .~
0.8 1 12 1A Ui 1.80.'

(e) (f)

Figure G.l: Overdetermined system for calculating the open- and closed-loop a-gains, and coherence in
the preterm group obtained from identification for model order p = 30. They are calculated for every
preterm patient before (a,c,e) and after (b,d,f) administration of atropine. Not all "peaks" are visible due to
equal scaling of the axes.



Appendix H

Sample article

The example article is intended to get hands-on experience in formulating important results in the form of
a scientific article. Its purpose is to experience how an article can be written from more elaborate work,
like a Master of Science thesis, in a more compact and informative style.
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Modelling the neonatal baroreceptor reflex function
using frequency and time domain analysis with a

special focus on closed-loop identification
M. Sieben

Abstract- The sequence and transfer methods are used for
modelling the neonatal baroreceptor reflex (BR) arc. The se
quence method tries to calculate the BR sensitivity through the
ratio of RR interval length (RRI) and systolic blood pressure
(SBP) couples for certain time lag (t-BRS). The transfer method
determines the relationship of RID on SBP (feedforward), and
vice versa (feedback) through closed-loop bivariate model identi
fication. The power in the 0.04-0.15 Hertz band of the feedback
transfer is associated with BR activity (f-BRS), whereas power
in the 0.40-1.50 Hertz band of this transfer is associated with
respiratory sinus arrhythmia.

Reliability analysis with cross correlation did not result in
identification of the RR1 and SBP couples required for calculating
t-BRS. Reliability of f-BRS was limited due to low coherence
values Oess than 0.35).

In conclusion: it is proposed to use more complex model
structures for including the modulation effects of respiration on
RR1 and SBP because it is hypothesised that they may negatively
influence the reliability measures. The new model structures may
be based on an extension of the bivariate model: trivariate or
bivariate with exogenous input. They may be able to describe
the induced amplitude and frequency modulations on RID and
SBP.

Index Terms- Neonatal baroreceptor, closed-loop identifica
tion, frequency analysis, time domain analysis

I. INTRODUCTION

Regulation of the systemic blood pressure (BP) can be
subdivided into short-tenn and long-tenn control mechanisms.
Short-tenn control refers to the possibility of the cardiovascu
lar system to react rapidly to sudden changes in BP by adapting
heart rate (HR), cardiac contractility and peripheral resistance
in order to stabilize systemic BP. Long-tenn regulation refers
to stabilizing perfusion pressure for infinite periods mainly by
adapting total circulatory blood volume through fluid secretion
by the kidneys and endocrine regulation.

The baroreceptor reflex (BR) is the most important short
tenn regulatory system of systemic BP. Baroreceptors are
stretch receptors in the walls of the aorta and the carotid
arteries that stretch under BP variations and provide afferent
infonnation for the body's internal controller (autonomic
nervous system or brainstem). Subsequently, neural responses
are efferently mediated by the parasympathetic and
sympathetic limb of the reflex arc. When arterial BP
increases, there is an increase in the activity of baroreceptor
afferents, which travels centrally to the brain stem. The
signal results ultimately in an increase in parasympathetic
cardioinhibitory activity and a decrease in sympathetic
discharge, which acts to reduce HR and vascular resistance

buffering the increase in arterial BP. Conversely, a fall in
arterial BP produces a decrease in baroreceptor afferenl
discharge, resulting in alterations in autonomic activity
to increase arterial BP. Parasympathetic and sympathetic
activity are thus counter-acting forces on the HR response
to BP change. In this manner, the arterial BR functions as a
negative-feedback control system for short-tenn regulation of
cardiovascular function.

II. METHODS

Two approaches are commonly used for studying HR and
BP fluctuations: time domain analysis and frequency domair
analysis [4]. Time domain methods do not transfonn the
entire signal into an alternative representation, but act directl)
on the signal as a function of time. In cases when spectral
infonnation of signals has to be detennined frequency domair
methods are used. The frequency methods quantify the powel
content of the signals as function of frequency. Both types oj
methods are capable of calculating interesting parameters oj
the cardiovascular system.

Two properties of the cardiovascular system are usee
in studying the relationship between spontaneous HR
and BP changes in the adult: the baroreceptor sensitivit)
(BRS) and the intrinsic low-frequency fluctuation (so-callec
Mayer waves) of the closed-loop cardiovascular system
BRS is defined as the change in HR per unit of arteria
BP deviation. In human adults most studies are basec
on challenging the BR by altering the systemic BP witl
pharmacological or mechanical stimuli thereby providin!
data on threshold and saturation levels. In critically il
neonates, however, it is unethical or even dangerous to alte:
BP pharmacologically. Therefore, the current study focuse:
on spontaneous fluctuations in HR and BP. BRS values frOIT
spontaneous cardiovascular fluctuations provide an estimate
for physiological gain and may be calculated by detennininl
sequential BP and HR couples (sequence method), and i:
referred as (time domain) t-BRS. Alternatively, the magnitupl
of the transfer function between low-frequent (0.04-0.1 ~

Hertz) BP and HR fluctuations also relates to BRS (transfe
method), and is referred as (frequency domain) f-BRS.

It is hypothesized that the closed-loop BR description fo
studying BP regulation in the adult is also useful for modellinl
the reflex in the neonate. The following research questions arl
fonnulated:
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I) Is it possible to estimate BR function from (time do
main) t-BRS and (frequency domain) f-BRS? Is there a
correlation between both methods?

2) Is feedforward (HR affects BP) more important than
feedback (BP affects HR) or vice versa?

3) What is the effect of atropine (parasympathetic inhibitor)
administration on t-BRS and f-BRS?

ydn]
p

L all [k]ydn - k]
k=l

p

+ L a12[klY2[n-k]
k=l

p

+... + L aIM[k]YM[n-k] +wdn]
k=l

(3)

(5)

(2)

(4)

(I)
p

+... + L a2M[klYM[n-k]+w2[n]
k=l

p

L a2dklYdn-k]
k=l

p

+ L a22 [klY2 [n - k]
k=l

A[k] [ all [k] al2 [k] ]
a2dk] a22 [k] ,

Y[n] [ RR/[n] ]
SBP[n] and

W[n] [ WRRI[n] ]
wSBP[n]

p

Y[n] = L A[k]Y[n - k] +W[n]
k=l

Y2[n]

with

p

+... + L aMM[klYM[n - k] +wM[n]
k=l

For a bivariate model structure M = 2 and the corresponding
matrix equation is given by

Model identification
In Matlab® systems with multiple outputs are expressed by

the multivariable arx and state-space models that are part of
the System Identification Toolbox. In [5] the multivariable arx
model is considered as a suitable model for identification of
system S. In fact, this model fits the system's matrix notation
(2) and uses the Generalised Least Squares identification
algorithm for minimising the prediction errors described by
the noise sequences (5). These noise sequences remain after
identification as residuals from the RRI and SBP signals of
the system S that cannot be described by the feedforward and
feedback transfers.

Model validation
Multivariable systems are challenging to model. In partic

ular, systems with several outputs Can be difficult. A basic
reason for the difficulties is that couplings between several
signals lead to more complex models: the structures involved
are richer and more parameters are required to obtain a good
fit. In the proposed assessment validation of the output-only
arx model consists of testing the residuals, i.e. the prediction

Bivariate closed-loop model
Multiple simultaneous recorded signals can be viewed

as originated from a multichannel system forming an
interconnected network for describing mutual interactions. (1)
formulates the system S with M recordings, i.e. M variables
in the discrete-time index n, with each channel ydn], i = l..M,
having an AR structure fed by a moving-average (MA)
combination of the other Yj[n], j f= i, channels and white
noise wdn]. The model order p indicates the number of past
values of every channel that is used.

The magnitude of the transfer from SBP to RRI, also
referred to as the a-gain, can be calculated from the closed
loop results by matrix manipulations. The magnitude of the
transfer from RRI to SBP is similarly determined and is
referred to as the ~-gain.

B. Transfer method

Transfers are represented in the frequency domain by their
magnitude and phase. An open-loop system oftw9 signals can
be described by a transfer function. f-BRS is defined as the
magnitude of the transfer from SBP to RRI in the band 0.04
0.15 Hertz. An estimate of this transfer can be determined by
using the square root of the auto spectrum of RRI divided by
the auto spectrum of SBP, or the cross spectrum of RRI and
SBP divided by the auto spectrum of SBP [2]. Both parametric
and non-parametric approaches are possible.

The simultaneous feedforward and feedback relationships
between the RRI and SBP time series, however, can only be
achieved by closed-loop identification. The mutual interactions
can be satisfactorily described with a multivariate AR model
structure [7]. The simplest model is the bivariate one, which
can be specifically used to determine the feedforward and
feedback transfers (fig. I). All not intrinsic modulation
sources that induce fluctuations in RRI and SBP are not
explicitly modelled. Their effects are described by additional
transfers (Ms and Aft).

A. Sequence method

The sequence method assumes that the closed-loop cardio
vascular system can be approximated by an open-loop model S =
(fig. I). It cannot describe the simultaneous relationships
between HR and BP, but only describes the feedback path.

t-BRS is defined by the ratio of RR interval length (RRl)
and systolic blood pressure (SBP) values for a certain time
lag. For a causal linear time-invariant model the input always
leads the output. The cross correlation helps to determine the
time lag between SBP and RRI required for forming couples
for reliable t-BRS calculation.
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Fig. I. The closed-loop model (b) used to describe the mutual relationships
between RR interval length and systolic blood pressure variability series, i.e.
tachogram (I) and systogram (s). The direct effects of t on s represented by
HSI may involve different possible mechanisms, e.g. chest-pressure changes
transmitted to the vascular system, venous return changes induced by chest
movements, etc. Mechanisms described by HIs may be reflexes on the sinus
atrial node from the lung receptors or from atrial receptors (sensing the
variations of the cardiac filling), central influences from respiratory centres,
baroreceptor reflex induced, etc. Adopted from [7]. The open-loop model (a)
is similar to the HIS of the closed-loop model and describes the the neural
reflex from s to t.

errors obtained with the estimated parameters, against the
identification hypotheses:

• whiteness of each noise source, i.e. WRRl[n] and wSBP[n];
• uncorrelation between the pair wRRJ[n] and wSBP[n];
• uncorrelation at zero lag for the second hypothesis.

The model order is determined after successive increments
until the presented hypotheses are fulfilled [3]. However, if it
turns out that the order of the an: model has to be increased
to get a good fit, but pole-zero cancelations are present, then
these extra poles are just introduced to describe the noise
in the data. Consequently, the model is not adequate for
describing all aspects of the cardiovascular variability series
and other model structures may have to be considered as well
[6].

Reliability

The reliability of f-BRS estimates can be evaluated witt
the coherence function. The coherence measures the amounl
of linear coupling between two signals as function oj
frequency and can be regarded as a measure of reliability
Values less than 0.5 indicate unreliable f-BRS estimates
whereas values above 0.5 indicate reliable estimates of f-BRS

C. Population

. The study population consist of 12 preterm (gestationa
age, 26-32 weeks) and 3 term infants (gestational age, 37
40 weeks). The preterm infants are studied in the immedi·
ate postnatal period before and after atropine administration
Atropine, as a selective parasympathetic blocker, is routinel~

used before endotracheal intubation and artificial ventilation
Selective blockade of the parasympathetic system may providt
additional information about the neural regulation of BP.

D. Signals

The neonatal intensive care environment provided the possi
bility of continuous signals of RR1 (R peaks in the electrocar
diogram) and SBP (maxima in invasive arterial BP recording)
These non-equidistant time series are re-sampled by the boxca
interpolation to obtain evenly spaced times series required fo
analysis.

III. RESULTS

A. Sequence method

Time domain analysis was unable to provide a reliabll
estimate of t-BRS. Cross correlation analysis (fig. 2) dil
not improve results. Low and high frequency fluctuation
approximately 7.5 and 1.5 seconds period respectively) ar,
found that limit forming of reliable RR1 and SBP couples. Tb
high frequency fluctuation matches the respiratory frequene:
observed in the study population.

The sequence method showed that the high frequenc:
fluctuation increases in the SBP signal, while the relativ
contribution of the low frequency fluctuation decreases in bot
the SBP and the RR1 signals after atropine administration.

B. Transfer method

Frequency domain analysis by closed-loop identificatio
showed that maximal 8 values of RR1 and SBP were require
for describing the feedforward and feedback transfers. Th
reliability of f-BRS estimates was evaluated with the cohel
ence function. It gave values less than 0.35. The use of mor
values (overdetermination, p = 30) in describing the transfe!
showed a higher degree of reliability, but the nwnber of poh
zero cancellations became significant.

The transfer methods showed that the magnitude of th
feedforward is 10-100 times less than the magnitude of th
feedback transfer. Open-loop f-BRS calculations by matri
manipulations revealed that values were always overestimate
compared to the closed-loop obtained values.

Atropine reduced the low frequency content in the R.B
and SBP signals and it increased the high frequency conte!
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Fig. 2. A non-parametric cross correlation (a) for RR interval (RRJ)
and systolic blood pressure (SBP). It shows many peaks high frequency
fluctuation). A parametric coherence function (b) shows values Jess than 0.35.

in the SBP signal. In the frequency domain the effect was
observed by lower magnitude values of the feedback transfer
for the entire frequency range. In contrast, the relative
balance between the 0.04-0.15 and 0.4-1.5 Hz frequency
bands seemed to shift: the high frequency power increased
compared to the low frequency content.

The time period values of the fluctuations corresponded to
frequencies of approximately 0.1 and 0.7 Hz, respectively. It
followed that similar peaks were found in the transfers.

IV. DISCUSSION

The answers to the research questions are:
I) The low reliability of the estimates limits the interpre

tation of both methods and thus the correlation has not
been proven. In theoretical point of view it can be argued
that time and frequency domain show high correlation
for t-BRS and f-BRS. The suggested relationship is
roughly identified in [I]. The applied method plots the
standard deviation (SD) of the RRl series divided by
the SD of the SBP series against the non-parametric
calculated f-BRS.

4

2) Feedback is more important than feedforward consid
ering the magnitude of the transfers. It is illustrated
by removing the ~-transfer in the bivariate modelling
structure. The causal transfer structure of this a-gain
indicates that SBP is the input and RRl is the output
of this model. However, it does not explain a phase
relationship between SBP and RR1 fluctuations.

3) The reduced magnitude values after atropine
administration suggest that buffering of fluctuations by
the BR becomes limited. In the sequence method the
effect is illustrated by the high frequency fluctuation
that is no longer buffered by the closed-loop BR. The
intrinsic property of the closed-loop cardiovascular
system (Mayer waves) illustrates that indeed the closed
loop is affected by atropine administration because both
signals show a diminished low frequency fluctuation.
The parasympathetic system plays thus an important
role in neonatal BP regulation.

Respiratory effects are not separately modelled but are
indirectly identified. The effects of respiration result probably
in low reliability of t-BRS and f-BRS estimates. It is hypoth
esized that respiration is a complex process that can induce
respiratory sinus arrhythmia (RSA) and breath amplitude sinus
arrhythmia (BASA) components that affect both the low and
high frequency content of the signals. The proposed models
are too limited to take these effects into account. Therefore,
the neonatal closed-loop BR is more reliably studied by
incorporating respiration as a modulating process of HR and
BP. The new model structures may be based on an extension
of the bivariate model: trivariate or bivariate with exogenous
input. They may be able to describe the induced amplitude
and frequency modulations on HR and BP with their richer
structures.
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