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Summary

The human blood pressure control system is a complex system that is controlled by many regulating
mechanisms. For many years investigators have gathered insight in the system. Simulation models
has proved to be valuable in understanding these mechanisms. Though until now, some aspects are
still not clear. Recently baroreflex sensitivity analysis is under discussion. In this thesis we developed
a model that can be used to gather insight in these obscurities.

The model consist of a circulation model and a control model. In the circulation model we
approached all parts of the vessels as elastic tubes, which corresponds with the physiology. For most
parts of the circulation a linear elastance. For the aorta we used a nonlinear model and in the
ventricles we used a time-varying elastance. The pulmonary circulation is approached similar to the
systemic circulation with all linear elements. Yet, we realize that this is a simplification towards the
real physiology, for our aim it meets the requirements.

In the control model we focused on the baroreflex being the most important of all regulating
mechanisms in short time analysis. Baroreceptors are designed as a nonlinear transfer. The effectors
of the system are both vagal as sympathetic heart rate control, peripheral resistance, venous volume
and contractility control. All these effectors are approached as a lowpass filter containing a time
delay, time constant, gain and offset.

To test our model behavior we performed several experiments. Besides looking at signals at free run
experiments we also looked at open and closed loop gains of the system. The outcomes of these
experiments agrees with former studies and with measurements done in humans. Furthermore we
looked at blood pressure and heart rate variability. By introducing noise sources in our model we
generate these blood pressure and heart rate variability. Looking at the estimated spectra we
concluded that these spectra reasonable mimics measured spectra.
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Chapter1  General

1.1 Introduction

The human cardiovascular system consists of a large number of blood vessels that pervade the whole
human body and that is driven by the heart. Its main purposes are:

° to supply oxygen to the tissues
] to remove carbon dioxide

° to distribute nutrients

] to regulate heat

In importance the last three are inferior to oxygen supply. Although the organs and tissues can
survive a lack of nutrition for quite some time, a shortage of oxygen will be fatal within several
minutes. To provide a sufficient blood supply in all parts of the human body, the circulation is tightly
controlled. Control actions with various time constants regulate the blood circulation in the short term
(seconds to hours) and the long term (days to years).

The study of the circulation and its many control loops has been under long investigation and has led
to a systems approach of the circulation. Each of the various subsystems is described in the form of
mathematical formulae and constitutive equations, the complete set of which serves as a model of the
circulation. Many different models exist. Most approaches are similar, but have different points of
view on some parts. Ten Voorden ['*! reviews some of the models that can be seen as roots on which
others are based.

One of the earlier computer models of the circulation was developed at TNO and published in 1967
%), An analog computer was used to describe pressure, flow and volume relations. A simple
baroreflex control mechanism was included. Now, 30 years later, investigators have gathered more
insight in most parts of the circulation. The availability of fast digital computers and introduction of
the non-invasive finger arterial blood pressure monitor Finapres (allowing detailed studies of
continuous blood pressure measurements) has contributed to detailed models of the circulation with
its control loops. There are, however, many areas still under discussion.

Recent studies are focusing on analyzing the condition of the blood pressure control of people. Older
people or people with cardiovascular diseases can have conditions in which blood pressure control
fails. In these cases, doctors want to localize the point of failure and indicate its degree. Recent
publications have described methods to judge the condition of the blood pressure control system,



especially the fastest control mechanism, the baroreflex. Circulatory challenges causing the control
mechanisms to go out of equilibrium and the responses to these challenges are studied. There are
many different challenges and protocols used, ranging from drug infusions to non-invasive
manoeuver, in order to estimate baroreflex sensitivity. The values as obtained by different stimuli can
differ in time and between patients. The model that we will describe in the following sections is can
be used to investigate these baroreflex sensitivity experiments.

1.2 Objectives of the model study

This paper is the report of my work in partial fulfillment of the requirements for the ir-degree at the
Eindhoven University of Technology. The work is performed at the TNO Institute of Applied
Physics, department of Biomedical Instrumentation (BMI). To investigate the properties of the
baroreflex, a model describing the short-term blood pressure control system was developed. Our main
objective is to gather insight in how a model can be suited to be useful for baroreflex sensitivity
studies.

Earlier models at BMI proved to be valuable tools for studying the baroreflex. Our objective now is
to further develop and detail the model, so that it can be used to investigate challenge responses and
to study and understand baroreflex sensitivity measurements.

As the earlier model was written in Pascal code the mathematics are difficult to unravel and
adjustments to the model are difficult to implement. We have chosen therefore to convert the model
implementation to the simulation program Simulink of the Mathworks company. This simulation
program is visually oriented and is running under Windows. There is a direct interface with Matlab, a
computing environment also of the Mathworks company. Thus converting the current model from
Pascal to Simulink is one task.

There is a continuing need to adjust the model to recent physiological insights. The model that we use
as ‘source’ for the new model is partially based on outdated information. Better measurement
techniques have gathered new insight and led to new concepts. As a second task we want to update
the current model to a more modern one.

When we have a Simulink model running, we have to validate the model so that the model is reliable
and agrees with measurements obtained from the human circulation. To apply the model to studies
investigating challenge responses and baroreflex sensitivity, we need some new extensions in the
model. As a third task we wanted to prepare the model for these studies by implementing needed
extensions.



1.3 Outline of this thesis

In chapter 2 we will first describe the blood pressure control system. First we will determine the
system structure according control theory. Then we will describe the properties of the cardiovascular
system. Further we give a brief overview of all regulating systems. The most important control
system, the baroreflex, is described in more detail. The other important mechanisms are briefly
described. The performance of the blood pressure control system is reviewed at the end of the
chapter.

Chapter 3 handles the circulation model. What is described in the previous chapter is translated to
mathematical relation as it is implemented in the model. For the circulation, the concept of elastic
tubes that is used in the circulation model is described. Then non-linearity applied to this concept are
described. The heart model is described in detail here. The chapter is ended with an overview of the
model.

The model of the baroreflex is described in chapter 4. The concept used in the model is described
with its mathematical relations. Sensors and processing system are described followed by a
description of all effectors. The chapter is ended with an overview of the model.

The model described in chapter 3 and 4 is tested with several experiments. The description and
outcome of these experiments are described in chapter 5. First we look at the beat-to-beat variables in
the different parts of the circulation. Then we look at the shape of the pressure and flow waveforms.
The control system is validated by looking at the loop gains of all effectors in steady-state as well as
over the whole spectrum. The concept of baromodulation to explain variation in blood pressure is
discussed. The effect of baromodulation on blood pressure and cardiac output is studied. At the end
of this chapter we look at a wider time interval and add noise sources to the system in order to
simulate the short term variability behavior.

The thesis is finished in chapter 7 with a general discussion. Modeling issues such as parameter
estimates and spectral analysis are discussed here.



Chapter 2  Blood pressure control

2.1 Structure

In terms of control theory the blood pressure control system can be seen as a negative feedback
control system. A general diagram of such a system is given in figure 2.1 B,

Controller » Effector > Process

Sensor <

Figure 2.1 General structure of the control system

The system regulates the output value (y) that is measured by a sensor. Its sensor output (s) is
compared with a set-point (r) with the aim to minimize the difference between these two signals, the
error signal (e). The output of the process is regulated by the controller by means of its effectors.
These effectors are the actuators of the controller of the process. In circulation control we can
translate these blocks and signals as shown in table 2.1.

Table 2.1 Blocks and signals from the general feedback system translated to the circulation control.

General system Circulation

Process blood vessels + heart

Controller Central Nervous System

Effector e.g. heart rate, peripheral resistance
Sensor e.g. baroreceptors

Output value (y) e.g. arterial pressure

Sensor signal (s) afferent nerve activity

Reference input (r) set by higher brain centers

Control signal (u) efferent nerve activity

The general control system of figure 2.1 is an illustration of the structure of the circulation control.



However the real situation is more complicated than this. For example the system of figure 2.1 shows
a reference input that is a signal from outside the system. In the human body such a signal may be
present in higher brain centers but it has been impossible to locate it.

Furthermore the general system assumes a single input single output (SISO) system while in
circulation control multiple inputs and outputs (MIMO) can be found. The output of the system is
defined as the input of the sensor. These sensors are based on pressures, so according to the system
structure the outputs are pressures. However, pressure is not the only controlled variable in the
circulation control. Blood flow is as important as blood pressure. But because in the human body no
sensor has been found to measure the flow, this cannot be defined as output in the system structure.

More complexity is present in the blood pressure control system because multiple regulating loops
are interacting on the system. We must bear all this in mind looking at the simplified structure of
figure 2.1.

Now we will have a closer look at the different subsystems. First we will look at the heart and blood
vessels defined as the process. Then we will look at the controller including the effectors and sensors
of the system.

2.2 Blood vessels and heart

The circulation consists of a double pulsatile pump (left and right heart), two branching distributing
networks of blood vessels (pulmonary and systemic arteries), two branching collecting networks of
blood vessels (pulmonary and systemic veins) and a large number of peripheral flow systems. This is
illustrated in figure 2.2 ¥ in a simplified form.

The right heart pumps blood into the pulmonary circulation, the left heart pumps blood into the
systemic circulation. Oxygen is picked up in the lungs and transported to the body by the pulmonary
venous and systemic arterial system. Carbon dioxide is picked up in the tissues and transported by the
systemic venous system and pulmonary arteries to the lungs where it is exhaled. Nutrition is picked
up in the digestive tract and converted and stored in the liver, from where it is released into the
systemic venous system in a controlled fashion.

As can be seen in figure 2.2 most organ blood supplies are parallel connected. So reducing the blood
flow in one part will not necessarily reduce the blood flow in the other parts. The blood flows from
one big artery (aorta) through several parallel connected smaller arteries to a large amount of
arterioles and from there to the capillaries which number is estimated as 10'°. From here the veins
return the blood starting with a large number of small venules to several bigger veins and ending in
one major vein (vena cava). From the aorta to the capillaries the total cross sectional area increases
800 fold. The blood flow velocity is reduced proportionally. The total blood volume in human adults

is normally about 6 liters, of which the veins contain about 75 percent 21,
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Figure 2.2 Model of the human circulation (RA = right atrium, RV = right ventricle, PA = pulmonary arteries, PV =
pulmonary veins, LA = left atrium, LV = left ventricle, SA = systemic arteries, SV = systemic veins)

The heart is a pulsatile pump that can be divided in two halves. Each halve is working under different
circumstances. In the systemic arteries close to the left ventricle the mean pressure is about 90
mmHg, in the pulmonary artery close to the right ventricle the mean pressure is about 15 mmHg. The
flow however must be equal, since they are series connected. Each halve consists of two sub-pumps:
the atrium and the ventricle. The left ventricle has a powerful muscle that can develop high pressure
in the arteries. The atria help filling the ventricles when these ventricles are relaxed.

To supply the organs and tissues with enough oxygen, is the most critical and therefore the primary
design criteria. This means that blood flow must be high enough and distributed over the body
according to the corresponding demands of oxygen. To get this blood flow a pressure must be
generated depending on the resistance of the blood vessels. If we look at the process, we see that the
circulation is (as the word implies) a closed system. This means for example changing resistance in



one part of the body will affect both pressure and flow over the whole system. We can say that the
system is always looking for an equilibrium of pressures and flows.

As a result of the rhythmically contracting heart, the pressures in the system will be pulsating. A
generalized overview of pressure levels and pulsations is given in figure 2.3 ",
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Figure 2.3 Pressure levels, including oscillatory magnitudes, around the circuit.

Average circulation time is about 1 minute. The total resting amount of blood pumped by the heart is
about 6 l/min, at maximal exercise it is about 25 1/min. The amount of blood pumped by the heart per
unit time is called cardiac output. The amount of blood ejected with each cardiac contraction is
called the stroke volume.

To get a good blood circulation the mean pressure in the system must be sufficiently high and stable
in time. The pulsations of the arterial pressure is kept between an upper and a lower level, called
respectively systolic and diastolic pressure. Normal values for the arterial pressures are 120 mmHg
systolic, 80 mmHg diastolic and 90 mmHg mean pressure. The control system takes care of this.

2.3 Baroreflex

In figure 2.4 ¥ the most important mechanisms controlling blood pressure are illustrated. As shown
the fastest controller operating in the normal pressure range (80-150 mmHg) is the baroreflex. Other
control mechanisms in the normal blood pressure range are slower, or have a lower gain. Therefore,
the baroreflex is the most important control system in short term blood pressure regulation.
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Figure 2.4 Feedback gain of all blood pressure control mechanisms as function of time (left) and pressure (right)

The sensors of the baroreflex are the baroreceptors situated in the elastic vessel walls of the aortic
arch and the carotid sinus (arteries to the brain). These sensors respond to stretching of the wall by
generating impulses in their afferent nerves. High pressure in the vessels causes a higher impulse rate
than low pressure. The impulses are conducted to the central nervous system (CNS) in the brain.
From here the activation to the effectors in the control loop is changed.

For this study four main effectors are relevant to control blood pressure:

° heart rate

] systemic resistance
° blood volume.

°

contractility of the heart

The four effectors are acting on a different time scale and have different effectiveness, this is
illustrated in figure 2.5 % (contractility of the heart is not shown). The changing of venous volume is
the most effective but slowest action. Changing peripheral resistance is faster but less effective and
changing heart rate is almost immediate but is even less effective. Contractility of the heart is not
shown in figure 2.5 but is the least effective of all four effectors.

VENQUS VOLUME

PERIPHERAL RESISTANCE

z Teen
2] N\
HEART RATE (VAGAL)
0.1 T T T
0.0001 0.001 0.01 0.1 1

FREQUENCY [Hz]
Figure 2.5 Open loop gain of the three major effectors of the baroreflex



2.3.1 Baroreflex on heart rate

If we look at the simple equation 2.1 between blood flow (g), heart rate (f;;), and stroke volume (V)
we can see that an increase of heart rate will result in an increase of blood flow if ¥ is constant.

q =ty Vs 2.1

There are two nervous path ways in the CNS to effect the heart rate. These are the sympathetic and
the parasympathetic nerves (also called vagal nerves). Increasing the vagal frequency will cause a
decrease in heart rate while sympathetic frequency increase will cause a heart rate increase. The
response to simultaneous activity in the two mechanisms is usually not the algebraic sum of the
individual responses. A significant interaction may exist. As the vagal responses are much faster than
the sympathetic responses, the vagal response will have immediate effect on the regulation.

2.3.2 Baroreflex on peripheral resistance

The influence of the peripheral resistance will be clear by looking at the simple relation between
pressure and resistance. Equation 2.2 shows this relation called Poiseuille’s law, with g blood flow,
Adp pressure difference between in- and output, 7 blood viscosity, L length of the vessel, » radius of
the vessel and R, peripheral resistance.

4
= Apmre 2 with: R, = L8 (2.2)

I8 R, nr

q

As we can see an increase of the peripheral resistance will cause an increase of the pressure at equal
flow or decrease the flow at equal pressure. In the circulation both affects take place. Also in
equation 2.2 can be seen that changing the radius of a vessel will have a great influence on the
resistance (4th power). As length and viscosity are constant, resistance changes are strongly
dependent on vessel radius. In short the peripheral resistance changes depend on changes in vessel
radius of the smaller vessels (arterioles). The process of widening and narrowing vessel radius is also
called vaso-dilation and vaso-constriction.

2.3.3 Baroreflex on volume

Another way to influence the blood pressure is by means of the volume. Increasing the vessel volume
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will drop the pressure. The veins contains 75 % of the total blood volume. Therefore, changing this
volume has the greatest influence on the arterial pressure. As volume is equal to 7°L, and L is
constant for blood vessels, volume depends strongly on vessel radius changes in the venous system.

As we saw that vessel radius changes in the high pressure part of the circulation controls the

peripheral resistance, now we see that vessel radius changes in the lower pressure parts, controls the
blood volume.

2.3.4 Baroreflex on contractility
Increasing the contractility of the heart will cause an increase in stroke volume, and a decrease in
ejection time, thereby facilitating ejection and increasing blood pressure. If we look again at equation

2.1 we see that an increase of the stroke volume will result in an increase of blood flow.

All these mechanisms together make the baroreflex an effective and robust blood pressure control
system. On the longer term other control mechanisms will take over to control blood pressure.

Figure 2.6 is a diagram of the baroreflex control system as described.

Resistance

Heart rate
CNS Circulation

Venous volume

Contractility

i

Baroreceptors

d

Figure 2.6 Blood pressure control system structure

2.4 Blood pressure variability

Looking at the performance of the whole system, we can see that in the normal situation mean blood
pressure is quite stable. Blood pressure does not fall measurably when a donor gives 0,5 1 blood nor
doesn’t rise much when 0,5 1 blood is rapidly infunded, although cardiac output changes strongly
through the reflexes. Also, increasing the cardiac output two fold hardly affects mean arterial
pressure. This suggests once more that the baroreflex is a fast, robust, high gain controller.

On the other hand however, the blood pressure level shows a cyclic 24 hour rhythm which can
sometimes span as much as two to one pressure range. Systolic blood pressure can increase 50 % to

11



100 % during painful stimuli in a matter of a minute .

This short term blood pressure variability is in contradiction with the presence of an effective
stabilizing baroreflex. Assuming that the baroreflex has a very low gain is not a very satisfactory
solution. A more acceptable explanation would be that the baroreflex has a high gain in some
situations, low gain in others. In the literature !'”-*) baromodulation has been proposed as a solution
to the baroreflex paradox. Feedback gain itself is modulated by the CNS.

Blood pressure shows faster oscillations than those daily fluctuations. A much studied one is the so-
called ‘ten second rhythm’. Some studies suggested that the explanation for this rhythm could to be
the presence of a 0.1 Hz resonance in combination with narrow band random noise in the system. It
has been speculated that random baromodulation, random heart rate loop gain and random peripheral
resistance modulation can explain blood pressure variability.

Another factor that affects blood pressure is respiration. Respiration causes cyclic variations in intra
thoracic pressure. This negative pressure strengthens the venous flow toward the heart and thereby
modulates the blood pressure.

2.5 Other control mechanisms

We determined the baroreflex as most important in the normal pressure range as it is a fast and
powerful reflex. However, at lower pressure ranges and larger time scales, other mechanisms
complement control as can be seen in figure 2.4. The mechanisms we will discuss here are the
chemoreceptor reflex, the cardiopulmonary reflex and stress relaxation.

Chemoreceptor control mechanism has similarities to the baroreceptor mechanism. However, the
chemoreceptors are excited by a decreased blood flow. This excitation is not significant until arterial
pressure falls below approximately 60 mmHg ™. The receptor mechanism relies on measurement of
CO, concentration. The reflex causes similar sympathetic excitation as the baroreceptors, and prevent
a further fall in pressure. The chemoreceptor mechanism is of almost no value as a pressure control
mechanism in the normal pressure range. However, when the arterial pressure falls below 60 mmHg,
this mechanism can become significant in controlling pressure.

The cardiopulmonary reflex is initiated by receptors in the low pressure areas of the heart, central
veins and the pulmonary vessels. Stretch of these receptors is caused by blood volume changes in
these low pressure areas. The effectors modulate peripheral resistance and heart rate, and thus
influence arterial pressure. The reflex can be seen as a feed-forward pressure controller because
signals from low-pressure areas are fed forward to control pressures in the high pressure area. In the
normal pressure range it may play a significant role.

Stress relaxation is the phenomenon that occurs at normal pressure ranges but is a relatively slow

12



mechanism. This mechanism is no control system like the others but is a vessel property (visco-
elasticity). When the blood volume in a vessel is increased step-wise the pressure will first rise step-
wise, but the stress relaxation will make the pressure gradually drop towards the value before the
volume step. All vessels in the human body show stress relaxation, though the effect is mainly
observed in the systemic veins P,

2.6 Model considerations and constraints

In all modeling efforts considerations with respect to the described aspects and choices with respect
to the constraints have to be made. Below our main considerations are summarized.

Beat-to-beat or continuous

For some studies beat-to-beat models with a corresponding elementary model description satisfy. In
this study we want to look at pulsatile effects in the circulation and compare them with pulsatile
measurements in humans, so it is necessary to develop continuous model.

Closed circulation or open circulation

We are mainly interested in pressures and flows in the aorta. But we also want to study the volume
shift effects in the circulation. Thus, we cannot suffice with only a ventricle and aorta model. We will
develop a closed transmission line model of the circulation, yet will use simplified models for some
of the complex vessel systems like the pulmonary circulation.

Time domain

We are interested in pulsatile waveforms however not with an accuracy in the order of milliseconds.
On the other hand we also want to study blood pressure responses during several minutes, but not
important are daily rhythms.

Frequency domain
We aim to study blood pressure variability in the frequency band of 1 mHz to 1 Hz. Fluctuations with
other frequencies are not investigated.

As a result of these considerations, detailed hemodynamics of the blood vessels are left out. We only

implemented baroreflex dynamics and added a simple cardiopulmonary reflex. The structure of our
model is given in figure 2.7.
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Figure 2.7 Detailed structure of the control system
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Chapter 3  Circulation model

3.1 model structure

In chapter 2 we described the different parts of the blood circulation and pressure regulation system
and showed a diagram of the structure (fig 2.7). The model we use for simulation has a similar
structure. In the following chapters, we will describe how we implemented the different parts in our
model. This chapter describes the mathematics of our circulation model.

3.2 General approach

The model we used for the circulation is a so-called transmission line model. In a transmission line
model, a finite number of segments are lumped into a cascade, with each segment describing a
specific part of the circulation. Increasing the number of segments improves the behavior of the
model, because the parameters of each segment can be fine-tuned to meet the local vessel and wall
characteristics. However, this also increases model complexity and the computation time so there is a
trade off between model performance and computation time.

3.2.1 Windkessel element

The basic element we used for lumping is based on the windkessel theory. This windkessel theory
conceives the blood vessels as a system of interconnected elastic tubes with fluid storage capacity.
The electrical equivalent of such a windkessel segment is shown in figure 3.1.

qln L Rs qoul

o—2rv v\ | p— —
I o

i |
\
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1P —— C |Pou

v v
o, O

Figure 3.1 Electric equivalent of the Windkessel model of a blood vessel
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The meaning of the electric elements in this model can be seen for a blood vessel model as follows. L
is the fluid inertance, R is the viscous drag resistance and C the vessel wall compliance. Current and
voltage are the equivalents of flow and pressure.

As the pressure in the vessel rises, the diameter of the vessel will increase. The mathematical
relations describing the windkessel model are shown in equation 3.1, 3.2 and 3.3.

V-V

Pouw = % (3.1)

V= f q, 9, (3.2)
1

9in = z fpin " Pow T 9in RS dt (3.3)

With p,, and p,,, the pressure at the beginning and the end of the vessel segment, and ¢,, and ¢,,, the
flow at the beginning and the end of the vessel segment. V is the volume of the vessel and V,,,, is the
unstretched volume. With this we mean the volume of the vessel when no pressure is present.

The segment is modeled in such a way that its inputs are input pressure and outflow and its outputs
are output pressure and inflow. Additionally the volume of the segment can be regarded as a third
output. The black box of a segment is shown in figure 3.2.

s|pin Pout p
VD
>|Qout Qin

Figure 3.2 Black-box scheme of a circulation segment

Now that we have described the general segment, we have a block with which we can build a model
of the circulation. Firstly, lumping should be done in such a way that the beginning and the end-point
correspond with clearly identifiable anatomical locations. Another guide rule when lumping is the
equal cutoff frequency principle. The L shaped segmental model of figure 3.1 is in fact a lowpass
filter. Frequencies beyond the lowpass cutoff frequency become attenuated. The segments must be
modeled in such a way that these cutoff frequency are all in the same order.

3.2.2 The windkessel characteristics
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To derive the transfer function of the model we can rewrite equation 3.1, 3.2 and 3.3 with the

Laplace transform as follows:

po = é [qz - qo]
! 3.4)
=— 1 -p ~q R
ql sL @1 pa ql S]
1 Ry + s[L + RLC]
b, = 5 b, - 5 q,
1 +s°LC + sRLC 1 +s°LC + sRC
(3.5)

1
q
1 +s%LC + sRC

o

sC
q,‘- 2 P,-+
1 +s°LC + sRC

Looking at the denominators of equation 3.5 we find the corresponding parameters for the system:

Q)n:#
JIC
(3.6)
i (e
2\NL 20

With w, the undamped natural frequency and ¢ the damping ratio. The input impedance of the system
at closed output (g, = 0) is defined as input pressure over input flow. From equation 3.5 the Laplace

representation of the input impedance can be derived as:
. 2 .
Zje) = UOYIC * JORC * 1 6.7
joC

A Bode plot of this input impedance is shown in figure 3.3.

From the amplitude spectra the low pass behavior becomes clear. We can see that all frequencies

above 2 Hz are heavily attenuated
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Figure 3.3 Bode plot of the input impedance of a Windkessel element

3.3 Modeling blood vessels

The model described until now is a general segment that can be used to simulate a certain blood
vessel. To make a model of the circulation we are going to put these segments in a cascade of
segments and connect the last segment to the first segment. All segments represent a specific part of
the circulation. We divided the circulation into the following parts: systemic arteries, systemic veins,
right atrium, tricuspid valve, right ventricle, pulmonary valve, pulmonary arteries, pulmonary veins,
left atrium, mitral valve, left ventricle and aortic valve. For all segments, we will use a
windkessel-based model.

This approach however implicates several simplifications of the real behavior. Compared to a blood
vessel the model is simplified as follows. The model compliance that simulates the blood vessel
compliance is simulated as a pressure independent compliance. Yet blood vessel compliance is a
function of both pressure and time. These two properties are described in the following two sections.
The heart model segments differ even more from the standard windkessel model. The adjustments we
made to the heart segments are described in the third section.

3.3.1 Non-linearity in the aorta
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The general model of figure 3.1 uses all linear elements independent of pressure and volume in the
vessel. In practice, the vessel wall will become stiffer with increasing volume and the resistance will
become smaller with increasing volume. This occurs in all blood vessels to some degree. We
implemented this only for the aorta model. Two of the model parameters, characteristic impedance
(R, or Z,) and arterial compliance (C), can be derived from an aortic pressure-area relationship. The
characteristic impedance Z, can be expressed as:

Z, = N (3.8)

Here 7 is the density of blood, 4 is the cross-sectional area of the aorta, and C”is the aortic
compliance per unit length. C “is the derivative of the pressure-area relation ship with respect to

pressure (p)

dA4
c’ = £

& (3.9)
Cc=1cC’ (3.10)

Compliance C represents the lumped compliance of the entire arterial system. We assume its value to
be equal to the compliance of one unit length of thoracic aorta times an effective aortic length, /. As
we can see, Z, and C are represented in terms of the aortic pressure-area relationship and its
derivative. We used the arctangent model of aortic mechanics of Langewouters *). According to
Langewouters et al, the cross-sectional area can be described as a function of pressure by an
arctangent with three parameters

App) = 4, 1,1 arctan G
2 s )2

(3.11)

A,, is the maximal cross-sectional area at very high pressure. Parameter p, defines the position of the
inflection point on the pressure axis (fig. 3.4). p, defines the width between the points at one-half and
three-quarter amplitude (fig. 3.4). Parameters p, and p, compare with the mean and the SD of a
probability function.
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Figure 3.4 Plots of the cross sectional area of a human aorta (left) and the compliance per unit length of a human aorta
(right) both as a function of pressure.

The compliance per unit length is the derivative of A(p) with respect to p (eq. 3.12) and depends on p

dp [p-n 2 T p, (3.12)

Langewouters P! investigated the age dependency of the parameters and found the following
equations for the parameters.

Table 3.1 equations for arctangent aortic model parameters vs. Patient age, weight , height and gender.

Parameter Male & Female ¢

A,, [em?) 562 412

P, [mmHg) 71.7-0.8924 | 75.8-0.8924
p,; [mmHg] 57.2-04524 | 55.6-04134

Here is 4,,, maximal area; p,, inflection pressure; p,, width parameter; 4, patient age.

Given correct values for the arctangent parameters /, 4,,, p, and p,, the model parameters Z, and C can
be computed for any pressure p.
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3.3.2 Visco-elasticity in the blood vessel model

The three-element mode! used until now describes the static mechanical properties of a blood vessel.
The vessel was seen as a fully elastic tube according to the windkessel approach. If we want to model
the dynamic properties of human blood vessels, we have to extend the model with visco-elasticity.
This means that besides the elasticity of the vessel also a damping must be included. Langewouters '}
has studied this dynamic behavior of the aorta. As a result, he extends the static compliance to a
dynamic compliance. The second order equation for this compliance is defined as follows:

cy=cll ~a,e*™ -a,e” ”2) G.13)

In other words, the compliance of a vessel is a time-dependent quantity which approaches its static
value C, only for large ¢. The time constants Langewouters finds for the aorta, range from about 1 s
for the first to 15 s for the second. As we are only interested in the pulsatile behavior we leave the 15
s time constant out. The electric equivalent for the dynamic compliance is shown in figure 3.5.

Figure 3.5 Electrical equivalent of a pure elastic tube (lefi) and a visco-elastic tube (right)

With equation 3.13, we find for the visco-elasticity elements that:

(3.14)

Langewouters found the following parameters values:
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Table 3.2 Parameter values for the visco-elastic model

Parameter value

a 0.08 £0.02

7 [s] 07402
3.4 Modeling the heart

The dynamics of a heart chamber are quite different from other vessels, since they are contracting
actively.

3.4.1 Ventricles

During diastole, the cardiac muscle relaxes and the heart fills with blood. During systole the cardiac
muscle contracts and the heart empties, the cardiac walls become stiffer and the volume of the
ventricles changes. During this phase the pressure rises quickly and blood flows out. These different
states can also be illustrated looking at the pressure volume loop of the ventricles, shown for the left
ventricle in figure 3.6

—— T
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Py [mmHg]

.. |200ms
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Figure 3.6 Pressure volume curve of the left ventricle. The slope of the dashed lines denotes the elastance at the different
times.

When we start at point 4 of the curve the heart is filled with 70 ml of blood at low pressure. During
the filling phase, volume increases to 170 ml at almost constant pressure. At point B, the heart is
completely filled. At this point, the ventricle starts to contract. At first, this results in a pressure rise
without a volume change and at point C the ventricle starts to empty. At point D, 100 ml of blood has
flowed out. The muscle relaxes and pressure drops almost zero at point A at the end of the relaxation
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phase. This cycle is repeated every heart beat.

Modeling this behavior we used the time-varying elastance concept, developed by Suga and Sagawa
(51 A time-varying elastance E(t) is defined as:

p, ()

Ef) = ——Y
() V(t) - Vdead

Where p, (1) denotes ventricular pressure, ¥(¢) ventricular volume and ¥, a dead volume equivalent
to ventricular volume at zero transmural pressure. The slopes of the dashed lines in figure 3.6 denote
the elastance at the different points in the cycle.

Kass et al ) have measured the pressure volume curves in many different patients and concluded that
the time-varying elastance can be characterized with a normalized curve that fits all patients. This
elastance curve is approximated by Westerhof et al. "'l with the following periodic double Hill

function.

+ E . (3.16)

E,, [mmHg ml ]

osf

o L3 02 %) 0.4 Y 08 o7 [ 3] 09 1

t{s]
Figure 3.7 Modeled left ventricle elastance as function of time.

Dimensionless shape parameters «, and «, define the relative appearance time of each curve within
the heart period, 7, and exponents #n, and n, determine the steepness of the ascending and descending
parts respectively. The parameter values for the human model are shown in table 3.3
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Table 3.3 Parameter values of the varying elastance model

Parameter Human
Maximum elastance (E,,,) [mmHg/ml] 231%7/037*
Minimum elastance (E,,,) [mmHg/ml] 0.06"/0.01*
Unstretched volume (V,,,,) [ml] 20
shape factor «; 0.303
shape factor «, 0.508
exponent n, 1.32
exponent n, 21.9

* value for left ventricle

* value for right ventricle

3.4.2 Atria

The role of the atria is less important than that of the ventricles. With their volume five times smaller
then the ventricles and their small contribution to the heart cycle they can be seen as an extension of
the veins. We have not separately modeled the atria but included their compliance into the
compliance of the veins.

3.4.3 Valves

Four valves are present in the heart: the tricuspid valve (between right atrium and right ventricle), the
pulmonary valve (between right ventricle and pulmonary artery), the mitral valve (between left
atrium and left ventricle), and the aortic valve (between left ventricle and aorta). The mitral and the
tricuspid valve prevent back-flow of blood into the atria during ventricular systole. The aortic valve
and pulmonary valve prevent back-flow of blood from the circulation into the ventricles during
diastole.

The model we use for the valves is a pressure and flow-controlled switch. When the pressure
difference over the valve is above a specified value the valve is open and connects the ejecting heart
chamber with the output compartment. When the flow reaches a specified negative value the valve
closes. This is shown in the state diagram of figure 3.8.

24



Yes.

CLOSED

Figure 3.8 State diagram of the heart valve model

The parameters q,,,,, which is the flow value at which the valve closes, and p,,,, which is the value
of the pressure difference at which the valve opens, are different for all four valves. The electrical
equivalent is a simple rule-controlled switch.

The model of the aortic valve differs from the above described model as follows. When the flow
through the open valve becomes negative the back-flow through the valve is integrated. When the
integrated back-flow has reached the volume necessary to close the valve the switch is opened and
the ejecting chamber is separated from the left ventricle. The corresponding state diagram is shown in
figure 3.9.

Yes CLOSED

No. @ Yes.

Figure 3.9 State diagram of the aorta valve model

Besides this, we also added a valve compliance. The valve compliance mimics the bending valve area
when it is closed. From experiments, we found that a C,,, of 0.1 ml - mmHg' leads to satisfactory
simulation results. The electrical equivalent is shown in figure 3.10.

" diastole

viv

Figure 3.10 Electric equivalent of the aortic valve
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Table 3.4 Values of the heart valve models

Valve Getose [MU/S] PDopen [mmHg] Vbacigion [M1]
Mitral valve -150 4 -
Aorta valve 0 0 0.05
Tricuspidal valve -37.5 0 -
Pulmonary valve -37.5 0 -

3.5 Complete model

In the preceding sections we first described the general segment model and then the adjustments for
certain circulation segments. The complete circulation model we obtained is shown in figure 3.11.
The various parameter values for the different parts are given in table 3.5
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Table 3.5 Values and parameters of the parts of all segments of the circulation model

segment elements value
systemic arterial non-linear resistance (Z,)
. . A =562 cm?
segment (aorta) non-linear compliance (C) m
po=21.8 mmHg
p,=30.1 mmHg

systemic venous

resistance (R,) controlled by baroreflex

R, =0.95 mmHg s ml”

segment .
visco-elastic compliance (C, Cy Ry C= 80 mlmmHg V eaa™ 3000 ml
C,= 48 mlmmHg ™ Vseaap= 100 ml
R,, = 0.625 mmHgs-ml -
fluid inertance (L) L=0.005 mmHgml" s
right atrium - -

right ventricle

resistance (R;)

time varying compliance (C=1/E(t))

fluid inertance (L)

R,=0.024 mmHgs ml'

E ... =037 mmHg-ml ™!
E . = 0.01 mmHg'ml ™!
Vieuad = 20 ml

o, = 0303

o, = 0.508

n, = 1.32

n, =219

L =0.0055 mmHg ml' =’

pulmonary
arterial segment

resistance (R,)
compliance (C)
fluid inertance (L)

R,=0.015 mmHg s ml’
C=9 mlmmHg'
L=0.0005 mmHgml's?

Vieoa =175 ml

pulmonary
venous segment

resistance (R;)
compliance (C)
fluid inertance (L)

R,=0.1 mmHgsml'
C=9 ml' mmHg"'
L =0.002 mmHg ml"' s*

Vieoa= 150 ml

left atrium

left ventricle

resistance (R,)
time varying compliance (C=1/E(1))
fluid inertance (L)

R,=0.02 mmHgsml’

E .. =231 mmHgml ™!
E. = 0.025 mmHg'ml™
Voeasd = 20 ml

«, = 0.303

o, = 0.508

n, =132

n, =219

L =0.00138 mmHg ml’ 5’

28




Chapter 4  Control model

4.1 model structure

In chapter 2 we saw that the control system consists of several different control mechanisms. The
baroreflex is the most important control mechanism for short time analysis and in normal pressure
range. Therefore, we will focus on the baroreflex.

The baroreflex is initiated by stretch receptors (baroreceptors). As a reaction to increases in arterial
pressure the baroreceptors transmit signals into the nervous system. In response, control signals are
transmitted through the autonomic nervous system to three areas: heart, systemic veins and arterioles.
The model we used is based on the model of Walstra et al. "® which has been thoroughly verified. In
the next sections we will describe how the different parts of the baroreflex are implemented in our
simulation model.

4.2 Baroreceptors

As mentioned the baroreceptors are stretch sensors. Increases in arterial pressure raise the stretch in
the arterial wall. As a result to this increasing stretch the receptors activate the efferent nerves with
impulses. The firing frequency depends on the stretch in the arterial wall. This is also illustrated in

figure 4.1.

Arterial pressure

Normal
Lower
f\\ Elevated

Baroreceptor nerve impulses

|11 LUOEELEE L R

Figure 4.1 Baroreceptor activity response to arterial pressure

Besides a static behavior there is also a dynamic behavior. The baroreceptor activity responses are
greater for fast fluctuations in arterial pressure. The static and dynamic behavior are separately
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described in the following sections.

4.2.1 Static behavior

With static we mean a constant arterial pressure during a few seconds to a few minutes. Walstra ['®]
finds, according to measurements in dogs, a S-shaped baroreceptor curve for humans. We used a
similar curve that is illustrated in figure 4.2.

o 40 80 P 120 160 200
P [mmHg]

Figure 4.2 Baroreceptor function curve.

Here Py, is the systemic arterial pressure and B is the relative mean baroreceptor activity which is the
same as the relative afferent nerve activity. We see that the curve is symmetric around point P=100
mmHg, B=0.5. There is no baroreceptor activity for low pressures, and there is maximum activity
(continuos firing) at high pressure. The slope is maximal at the symmetry point. This means that at
this point the baroreceptors are most sensitive to pressure changes. The symmetry point can be seen
as the target pressure for the control system. It is normally at P, = 100 mmHg.

The function curve can be approximated with the following mathematical equation.

\

T _ (4.1
o 00 Py - Py )

As we see in figure 4.1 the receptor activity is highest at the start of every heart beat. For this reason
we decided to take the arterial pressure half way between its systolic and diastolic value, as input
pressure for the receptors. The mid-pressure can be calculated when systolic pressure is reached, thus
the delay is minimized.

4.2.2 Dynamic behavior
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Besides the static behavior there is a time-dependency of the baroreceptor activity. For fast pressure
changes (about 0.1 s rise time) the receptors are more sensitive (rate sensitivity) than for slow
changes. This can be illustrated by looking at the baroreceptor response to a step-wise pressure
increase. The step response is shown n figure 4.3.

s : m i » )
time (3]

Figure 4.3 Stepresponse of the baroreceptor

activity

Here B. is the static relative baroreceptor activity for the end pressure. According to measured step
response the dynamics can be estimated. Described in the Laplace domain we get the following
mathematical equation 4.2

l+s T

B(s) = B.(s) (2 - ] (4.2)

With B_(s) as defined in equation 4.1. We approximated the step response curve with one time
constant. This suits well for our short-term model. The value of T that is estimated is 4 s.

Beside these fast dynamics, measurements also show that long-term responses to a constant pressure
decrease after a few minutes (baroreceptor adaptation or resetting). Because the effect is only present
on the very long time-scales of hours and as we are only interested in the short-term behavior,
baroreceptor-resetting in not implemented.

4.3 Baroeffectors

The afferent nerve activity from the baroreceptors is conducted to a center in the central nervous
system called nuclear tractus solitarii or NTS. These signals are processed to result in efferent nerve
activity, which stimulates the quantities (effectors) that are used by the baroreflex to control blood
pressure. As described in chapter 1 there are four main baroreflex effectors working at three different
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areas. In the next four sections we will describe the model of these effectors.

In all four effector models we used a similar construction. It consists of a time delay that simulates
the delay in the CNS and in the afferent and efferent nerves. This is followed by a first order low-pass
system that simulates the dynamics of the effector, followed by a gain and an offset. The gain is the
open loop gain of the effector branch. The construction is also shown in figure 4.4.

1
NEN7 v N =
tau.s+1 + —_—

Transport Transfer Fen Gain Sum
Delay u

Constant

Figure 4.4 General construction of the baroreflex effector model

We must bear in mind that modeling the effector this way it is difficult to speak about efferent nerve
activity. Taking afferent nerve activity as input and the effected quantity as output does not mean that
the nerve activity that is physically between these signals can also be adopted from our block model.
The nerve activity is embedded in our system approach.

4.3.1 Baroreflex on heart rate

The heart is innervated both by sympathetic and parasympathetic (vagal) nerves. In the model
described by Walstra '), heart rate was under vagal control only. In healthy awake humans at rest the
baroreflex control of the heart is predominantly mediated by enhancement or withdrawal of vagal
tone. In normal situations sympathetic control of heart rate plays a minor role. However, in extreme
situations it can increase heart rate to as much as 200 beats per minute. Therefore we will take both
mechanisms in account. The difference in dynamics of both mechanisms forces us to split these in
different models.

Both models consist of a pure time delay and a first order low-pass system. The time delay is mainly
the delay between afferent and efferent nerve activity, and the central processing time. The first order
system describes the dynamics with dynamic parameters time constant and gain. In order to extend
the model of Walstra with a sympathetic branch we used the parameters that were used by Ten
Voorden " in his hybrid model. He used a sympathetic and vagal time delay of respectively 3 and
0,2 seconds. The time constants Ten Voorden finds are respectively 4 and 1 second. The gain we
adopted from Walstra with a 1:2 division between respectively sympathetic and vagal stimulation.
We can see that the sympathetic mechanism is slow and less powerful mechanism compared to the
vagal mechanism
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4.3.2 Baroreflex on systemic resistance

The sympathetic nerves have impact on the arterioles by constriction and dilation of the vessels. This
so called vaso-constriction and vaso-dilation will cause changes in peripheral resistance and thereby
influence blood pressure. Parasympathetic regulation of the peripheral resistance is absent. We
adopted Walstra’s nervous control model of the arteriolar tone. He used a delay of 3 seconds and a
time constant of 6 seconds.

4.3.3 Baroreflex on blood volume

The venous side of the circulation is also innervated by the sympathetic nervous system. Constriction
of the venous blood vessels will decrease the total blood volume. The majority of the blood volume is
in the venous part of the circulation under a low pressure. Increasing the blood capacity is a powerful
mechanism to decrease the blood pressure. The timing of the response is much slower than the other
mechanisms. Walstra used a time delay of 10 seconds and a time constant of 60 seconds. Again no
parasympathetic innervation is present.

4.3.4 Baroreflex on contractility of the heart

Besides the nervous control of the heart rate the heart is also innervated with other sympathetic
signals. The nervous stimulation of the contractility of the heart is another effector of the blood
pressure. At normal pressures Walstra finds from the literature that especially the sympathetic
enervation is important in the blood pressure system. The parasympathetic innervation is neglected.
Walstra used a time delay of 3 seconds and a time constant of 10 seconds.

4.4 Complete model

An overview of the total model we use for the baroreflex control system is given in figure 4.5. The
parameters we used are summarized in table 4.1.
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Table 4.1 Parameters of the control model

delay time [s] time constant [s] gain
Receptor 0 4 (high emphasis) | nonlinear
Heart rate sympathetic 3 4 (low pass) 0.3 Hz
vagal 0.2 1 (low pass) 0.72 Hz
Peripheral resistance 3 6 (low pass) 1.42 mmHgs'ml"
Venous volume 10 60 (low pass) 1350 ml
Contractility 3 10 (low pass) 0.48

[W 0.48
— e
10s+1 + —> C
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K = 1350
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Figure 4.5 Schematic presentation of the control model
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Chapter S  Experiments

5.1 Introduction

In the previous chapters we have built our model of the blood-pressure system part by part. In this
chapter we will investigate the integration of all parts, and run some simulations to characterize
model behavior. When it is possible we compare these experiments with measurements in the human
circulation.

First we are going to look at the different signals in the model at rest. We designed our model
according to a condition that can be compared with a young healthy man in supine position. The
circulation is stable since mean pressures and volumes are constant.

In this situation we first look at pressure and volume levels in the circulation and furthermore we will
look at the shape of these curves. When we have assured that these outputs are similar to
measurements on the human circulation we test the control system by looking at the open-loop gains.

When we have done this, we will look at the effect of baroreflex gain modulation (baromodulation).
We will assign baromodulation as the cause of measured pressure fluctuations. More specific looking
at these fluctuations, we will introduce noise sources in the model to explain all frequency
components occurring in the blood pressure and heart rate spectra.

5.2 beat-to-beat analysis

With beat-to-beat analysis we mean that we are not looking at signal shapes but only at their mean
value during a beat. A start of a beat is defined by the generation of an impulse in the SA-node, the
contraction impulse generator, or pace maker, of the heart. Normally this is the moment at which the
right atrium starts to contract. In our model, with only ventricles, this means that after every start of
the beat there is a period of delay before mechanical activity (contraction) begins.

The beat-to-beat variables are calculated as mean values during a heart beat or maximum and
minimum values within a heart beat. The location of the pressures and volumes are chosen in such a
way that they agree with anatomic locations. The arteries and veins of both the systemic and the
pulmonary circulation as well as both ventricles are chosen. The values are all expressed in medical
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units according to table 5.1

Table 5.1 Used variables with the used medical units and corresponding SI units

Name Symbol | Medical unit SI unit

Pressure p mmHg 1.33- 10 Pa
Volume 14 ml 10° m’

Flow q ml s’ 10°m® 5!

Time t s s

Resistance R mmHg ml" s 1.33 - 10® kg m™s™!
Compliance C ml mmHg' 7.5-10°kg" m* s’
Inertance L mmHg ml" s 1.33 - 10* kg m™
Elastance E mmHg ml”! 1.33 - 10® kg m*s™
Frequency f beat min' (bpm) 1.67 - 107 Hz

Measurements in humans arteries yields typical pressure levels of 100 mmHg (systemic circulation)
and 15 mmHg (pulmonary circulation) and in the veins 5 mmHg (systemic and pulmonary
circulation). In our model we tried to get similar pressure levels as these measured levels. The beat-
to-beat values of the different parts of the circulation model are presented in table 5.2.

Table 5.2 beat-to-beat values of the circulation model at steady state

Pressure level [mmHg]

min mean max
left ventricle 121.2
systemic begin 77.9 99.1 121.2
arteries end 77.7 85.4 108.0
systemic veins 4.3 52 5.9
right ventricle 22.0
pulmonary arteries 11.3 14.9 17.8
pulmonary veins 2.9 5.7 9.1

Our model contains 4500 ml blood. This total blood volume is held constant during normal
simulations (as no blood is infunded or withdrawn). In resting conditions the blood is distributed at
the start of every beat (end-diastolic) in the following way:
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Table 5.3 Volumes of the circulation model at steady state

End diastolic volumes
Unstretched [ml] stretched [ml]} Total [ml] [%%]
left ventricle 20 117 137 3.0%
system ic arteries 0 410 410 9.1%
systemic veins 3000 412 3412 75.8 %
right ventricle 20 102 122 2.7 %
pulmonary arteries 75 142 217 4.8 %
pulmonary veins 150 52 202 4.5%

Unstretched volume is the volume of a vessel when no pressure is present. As we can see, the veins
contain most volume and most of this volume is unstretched volume. This is according to human
physiology. In our model the unstretched volume of the arteries are put zero. However, due to the
nonlinear relation there is an implicit unstretched volume.

At rest the baroreflex has the following chosen values

Table 5.4 Values of the control model at rest.

value
receptor pressure 100 mmHg
heart rate 60 bpm
peripheral resistance 0.95 mmHg s cm
maximum contractility 1
unstretched venous volume 3000 ml

Maximum contractility is expressed as a factor upon the normal maximum elastance of both left and
right ventricle of respectively 2.31 and 0.37 mmHg ml. All other values are in the medical units.

We can also calculate stroke volume and cardiac output according to following definitions.

)
v, = f q,, dt (5.1)

1

37



V¢ means stroke volume which is the amount of blood that is pumped out during one heart beat
(fromt, to t, ineq 5.1) and Q, means cardiac output which is the mean outflow of the heart, and f, is

Oy =V, " fy (5.2)

the heart rate and q,, the aorta flow.

We have modeled in such a way that CO and SV agree the normal human values listed in table 5.5

Table 5.5 Stroke volume and cardiac output in the circulation model at rest

value
Stroke volume 100 ml
Cardiac output 100 ml s™" (= 6 I/min.)

5.3 Continuous signals

We will now look at the shape of signals on location where they are well known in real humans. In
figure 5.1 the pressures, flows and volumes around the heart are plotted. The left panels for the left
side of the heart and the right panel for the right side.
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Figure 5.1 Pressures, flows and volumes in the circulation

At the start of a heart beat the aortic pressure is slowly descending as the aortic valve is closed and
blood flows to the tissues. The ventricle is filled to its end-diastolic volume. When the filled ventricle
starts to contract the pressure in the ventricle quickly rises. When ventricular pressure reaches aortic
pressure the aortic valve opens and ventricular outflow quickly reaches its peak value from where it
similarly descend to zero. Only after some amount blood has back-flowed from the aorta to the
ventricle, the aortic valve closes. The ventricle is now emptied approximately to half of its end-
diastolic volume. After the ventricle relaxes for some time, the mitral valve opens and the ventricular
inflow rises to fill the ventricle. After the ventricle inflow has reached its peak value, the flow is
descending again. This ventricle filling is not finished when the next contraction is started. The left
ventricle inflow quickly descend and the mitral valve closes quickly after the ventricle contraction. At
this time the heart beat cycle starts again.

In the right heart there is a great inertia because of the blood volume of the systemic veins.
Consequently the inflow is not stopped when the pulmonary valve is opened. Therefore we get the
situation of both ventricle valves being opened at start contraction. The remaining cycle is similar to
that of the left part that is described above though pressure levels are much lower than on the left.
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5.4 Step responses

Now that we have seen that the circulatory model works properly and that pressure and volume levels
reasonably agree to estimates in humans. We will now perform some experiment with circulatory
control.

Input of the control system is arterial pressure. In chapter 3 we proposed to use the half up-stroke
value of this arterial pressure. In our receptor model we defined a set-point value for the control
system. At set point pressure the control system is at rest and no actions are carried out. When input
pressure gets above or below the set point value the control system has four effectors that can be used
to regulate the pressure toward the set point value. To investigate the response of the controller to
pressure variations, we measured the step responses of the control system to a set-point step of 100 to
105 mmHg. The result is given in figure 5.2.

Mean arterial blood pressure
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Figure 5.2 Closed loop step responses of the control system to a receptor pressure step of 100 to 105 mmHg

We can see that almost immediately after the setpoint step at t=0, the vagal control is activated and
heart rate increases causing a moderate pressure rise. After 3 seconds the sympathetic system comes
into play which causes a rise in contractility and peripheral resistance. This causes a further rise of
arterial pressure.
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After some oscillations the arterial pressure reaches its steady state value. The frequency of this
oscillation can be estimated as 1/12.5=0.8 Hz. We can see that the slowest effector, venous volume
decreases only after 10 seconds. The steady state value of arterial pressure is approximately 104
mmHg at a setpoint value of 105 mmHg. This gives a closed loop DC gain of 4/5=0.8 and an open
loop gain of 4. The steady state error is 20 %.

We will now open the loop of the model and determine the response of arterial pressure to variations
of receptor pressure. Because of the nonlinear behavior of the model we must operate near the normal
work point of the system. Then we will assume that for small variations around this work point we
can linearize the behavior. To test this we measured the steady state output of the system at different
input values. The result is shown in figure 5.3.

150

100 +

Arterial pressure [mmHg]

50 L I L
90 100 110

Receptor pressure [mmHg]

Figure 5.3 Arterial pressure as function of receptor pressure

The dashed line denotes the linearization we assume. We see that if we range input pressure with £ 5
mmHg around set point pressure (100 mmHg), the deviation from the linearization is only a few
percent.

To calculate DC gain we measure at steady state the mean arterial pressure at 95 and 105 mmHg
receptor pressure. To measure the gain of an effector loop every effector is separately made active
while the others are fixed to their resting values. Finally all effectors are made active to measure the
overall gain. The results are given in table 5.6.
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Table 5.6 DC-gains of the effector loop in the control model

Effector loop DC-gain
Venous volume 2.1
Peripheral resistance 1.9
Contractility 0.13
Heart rate 0.10
All 4.2

We can see that most effective, in terms of loop gain, to regulate blood pressure are changes of
volume and resistance. Both effectors have an open-loop DC gain of approximate 2. We can verify
this with the following rough estimates.

B = arec.prec = 0'019prec
R =K, B =1.42B p, = 2.70p (5.3)

per R rec

psa = QH.Rper = 1()O'Rper

B = arec.prec = 0'019lprec
V,, = KB =1350B

V / V / psv = 2'85prec (54)
Po = 79

With the following used variables: B Baroreceptor activity, a,,. slope of the receptor curve (at
100mmHg), p,.. receptor pressure, p,, system arterial pressure, p,, system venous pressure, R,
peripheral resistance, K baroreflex gain on resistance, K, baroreflex gain on volume, V,,, venous

volume, C,, systemic veins compliance.

These calculations are only rough estimates of the gain. We see that the measured gains are of the
same order as these estimates. The two other effectors have smaller gains and therefore are less
effective, though not less important as we will see later, because they operate in a higher frequency
range.

The total DC gain is 4.2. In closed loop the transfer function G(s) can be expressed as the open-loop
transfer function H(s) as follows:

H(s)

Y = Gs)X = —28)
GlsyX 1 + H(s)

(5.5)

This means that DC gain in closed loop will be 4.2/5.2=0.81. The corresponding steady state error
can be estimated as 19.2 %. This agrees with what we estimated from the step responses.
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5.5 Loop gains

Besides the static gains we are also interested in dynamic behavior of the system. To this purpose we
measure the open-loop gain over a frequency range from 1 mHz to 1 Hz. The amplitude spectra are
obtained using a white noise source as an input signal to the baroreceptors. The spectral computations
are performed according to appendix A. The result is given in figure 5.4.
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Figure 5.4 Open loop gain of all effector loops in the model

We can see that the high gain effector loops have a small bandwidth while the low gain effectors
have a higher bandwidth. The gain of the system at each frequency with all effectors active is not
equal to the algebraic sum of all effector gains separately. This is due to phase shifts caused mainly
by the time delays in the model. From these spectra and the DC gains we can estimate the -3 dB
bandwidth for each effector. The results are given in table 5.7
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Table 5.7 Bandwidth of the open loop effector gain in the control model

Effector loop Bandwidth (Hz)
Venous volume 0.0025
Peripheral resistance 0.045
Contractility 0.035

Heart rate 0.15

All 0.035

If we close the control loop we measure the closed loop gain of the system. The result is shown in
figure 5.5.

{ mmee Open loop
—— Closed loop

Open-loop / Closed-loop gain

0.001 0.01 0.1 1
Frequency [Hz]

Figure 5.5 Open and Closed loop gain of the system

The DC gain that follows from the closed loop simulation agrees with the earlier found value of 0.8.
Furthermore a clear resonance peak becomes apparent at approximate 0.08 Hz. The oscillation caused
by this resonance occur at approximately 12.5 s periodicity as we also saw in figure 2.5. The second
peak in the closed loop gain cannot be explained from physiologic point of view. The resonance
phenomenon is discussed in more detailed in the following sections.
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Figure 5.6 A 24 hour registration of blood pressure

5.6 Baromodulation

The model behavior shows an effectively stable average blood pressure, due to the relative high gain,
plus damped oscillations due to a resonance near 0.08 Hz. Yet continuous registrations over 24 hours
show pressure variation that cannot be explained by the model. For example during the 24 hour
pressure can respectively fall and rise 20 mmHg in a short time. An example is shown in figure 5.6.
Around 0:00 we can see a substantial pressure drop when the patient falls asleep.

Similar pressure changes may occur when patients are subjected to mental stress or pain stimuli.
From control theory the obvious way to produce these pressure changes is to change the setpoint of
the baroreflex. This process occur in physiology and is called baroreceptor adaptation. It is, however,
a passive process with a time constant in the order of 10 hours and thus cannot explain the fast
changes observed.

Another parameter in the model that can be modulated easily is gain. Several studies prove the
existence of gain modulations in the baroreflex control system. Simulation of this phenomenon yields
that increasing the baroreflex gain (baro-facilitation) cause the pressure to fall but not below safe
levels, and decreasing baroreflex gain (baro-inhibition) cause a pressure rise to potentially high
levels. In figure 5.7 the effect is shown for gain modulation factors of 10 in either direction from
normal.
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Figure 5.7 Arterial pressure and cardiac output as function of baromodulation

Baro-inhibition, causes pressure and cardiac output to rise though at first the rise is moderate. Baro-
facilitation causes the blood pressure to fall. Obviously even high gains cannot force the pressure to
drop below the baroreceptor threshold. The effect of the cardiopulmonary reflex on pressure and
cardiac output is small at facilitation. At inhibition however, the cardio-pulmonary reflex reduces the
pressure rise and enhances the cardiac output rise. An equivalent result is found by Walstra /',

5.7 Variability analysis

In the previous chapter we found that baromodulation can explain the variability of arterial pressure
that can be measured during 24 hour registration. Besides these variations another phenomenon that
is measured is the periodic fluctuations. Closer investigation yields oscillation near 0.1 Hz in all
pressure and heart rate signals. Therefore in this section we will look at the spectra of both blood
pressure and heart rate.

Looking at spectra of blood pressure and heart rate registrations we can determine the different

spectral components. An example of auto regressive spectra that can be obtained from normal blood
pressure recordings is shown in figure 5.8.
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Figure 5.8 lllustration of the blood pressure (solid) and heart rate (dashed) power spectral densities

To derive the spectral density of the different frequency bands many different techniques are used.
We will mention the standard method of measurement developed by the Task Force ['*], a committee
constituted by the European Society of Cardiology and the North American Society of Pacing and
Electrophysiology. They distinguish three main spectral components in a short-term recording of 2
to 5 minutes: very low frequency (VLF), low frequency (LF) and high frequency (HF) components.
In long term recordings an additional ultra low frequency (ULF) component is included. The
frequency ranges are listed in table 5.8.

Table 5.8 Frequency bands for heart rate and blood pressure spectra

frequency band Short term analysis Long term analysis
ULF - < 0.003 Hz
VLF < 0.04 Hz 0.003 - 0.04 Hz
LF 0.04-0.15Hz 0.04 -0.15 Hz
HF 0.15-0.4 Hz 0.15-0.4Hz

In this thesis we will only discuss the short term analysis. In the HF band respiratory influences play
a major role. In the LF band the 0.1 Hz rhythm explains the spectral density. The VLF and ULF
bands refer to the slow drifts in the pressure and heart rate.

Looking at the variability, our model contains none of the above described variability. Pressure and
heart rate are stable. This contradiction was examined in several studies. As a solution, investigators
found that a resonance band near 0.1 Hz is present in the baroreflex system. However, at normal
gains this resonance does not occur. Studies have proved that noise sources, present in the human
body, activates the 0.1 Hz resonance which in its turn cause the 0.1 Hz variability.
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Three different location have been identified:

® Peripheral resistance (spontaneous fluctuations)
® Baromodulation factor (sympathetic modulation)
® Baroreflex on heart rate modulation factor (vagal loop modulation)

For a detailed motivation for these choices we refer to the studies of Settels and Wesseling [' 2%,

As low frequency variability is much stronger than high frequency variability (fig.5.8) we use one-
over-f (1/f) random noise. In appendix B is described how we generated the noise. Because the noise
is seen as a modulation it is applied as 10* multiplier, with x a stochastic signal with a normal
distribution and zero mean. The standard deviation defines the strength of the noise.

We have done some preliminary experiments with these noise sources in our model. The amplitude of

the noise was defined in such a way that the spectra are similar to what was found in earlier studies!”
»1 Jisted in table 5.8.

Table 5.8 Noise sources and their strength in the model

Noise source Noise amplitude [% RMS]
Peripheral resistance 3%
Baromodulation factor 10 %
Baroreflex on heart rate modulation factor 10 %

The power spectra and coherence spectra are calculated as defined in appendix A. The results are
showed in figure 5.9 to 5.12. What is clearly shown is that the ten second rhythm appears in all
simulations. However the peak of this resonance band is not exactly located at 0.1 Hz but at
approximately 0.08 Hz, the same frequency as found in the closed loop-gain (section 5.5). Stochastic
peripheral resistance modulation causes both blood pressure and heart rate variability in the LF band
of similar power. Coherence is high, especially for low frequency.

Stochastic baromodulation produces blood pressure spectra with a high density in the VLF band and
almost no density in other frequency bands. In the heart rate spectrum both VLF and LF band have
approximately the same densities. The coherence is rather high. Stochastic baromodulation primary
causes slow blood pressure variability. This could be expected looking at the results of
baromodulation and the 1.f properties of the noise.

The spectra of stochastic modulation in the baroreflex on heart rate show almost the opposite

behavior. A very high density in the VLF band for heart rate. Some density in the LF band. The high
influence on the heart rate spectra could be expected as the noise is present in this heart rate branch.
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Figure 5.9 Blood pressure and heart rate power spectra of the model with a stochastic peripheral resistance
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Figure 5.10 Blood pressure and heart rate power spectra of the model with a stochastic baromodulation factor

49



Power density MBP (solid) and HR (dashed})
150

v T T ! T m T - T T
100 ’, :. ----------------------------------------------------------------------------------- J
T P L L e .
0 ——;'\’V‘_:.}"";‘.:""‘I -------- eceezaz & IR e -1:- b a —p b ~=
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Transformed coherence MBP and HR
5 B ' e 1 1 !

0 :
4] 0.05 0.1

0.15 0.2 0.25 0.45 0.5
Frequency [Hz]

0.3 0.35 0.4
Figure 5.11 Blood pressure and heart rate power spectra of the model with a stochastic vagal gain modulation factor
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Figure 5.12 Blood pressure and heart rate power spectra of the model with a stochastic peripheral resistance, stochastic
baromodulation factor and stochastic vagal gain modulation factor
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If we turn on all noise sources simultaneously the model spectra begins to look like measured spectra.
However their are still some aspects that cannot be explained yet, e.g. the steep slope at the right of
the 0.1 Hz peak and the peak at approximately 0.3 Hz. The last appears to be the result of respiratory
influences though respiration this is not simulated yet. So it is probably higher harmonics of lower
frequencies.
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Chapter 6  Conclusion and discussion

6.1 Conclusions

In chapter 2 we described the human circulation and its controls. Then we focused on the aspects that
are important for the model requirements. We thereby emphasize that this description is incomplete.
Next we divided the system in its two main parts, one, the circulation being the process of the system
and two, the baroreflex as the regulating mechanisms.

The circulation was divided into sub-parts that were modeled separately. The hemodynamics differs
for each part in detail. As general concept the windkessel model was adopted. For some parts like the
aorta and the heart chambers the windkessel concept was extended with non-linear and time varying
features. For the ventricles we used the varying elastance concept. In our simulations we have looked
at the model in steady state. Mean pressures and volumes as well as their waveform agree with
measurement results in humans. We concluded that the circulatory model reasonable mimics the
human circulation.

The control model is based on an earlier developed model by Wesseling, Settels and Walstra!'®. In
the heart rate control branch of the baroreflex we added a sympathetic stimulation of the heart rate.
We studied step responses and open and closed loop gains. The result showed the different working
ranges of the effectors. Fast mechanisms of vagal heart rate control showed small gains whereas slow
mechanisms had a relatively larger gain. Hence the resulting system has a substantial gain over a
wide frequency band. These results agree with measurements done in humans.

We also studied blood pressure and heart rate variability. Firstly we examined the effect of
baromodulation. As proposed before, baromodulation may explain the sudden blood pressure rises
that can be seen in blood pressure measurements. Baroreflex gain modulation is a sensitive way to
change arterial blood pressure and cardiac output. The baromodulation curve of our model agrees
with what was earlier found in other studies".

To explain blood pressure and heart rate variability spectra we added 1/f noise sources in our model.

The spectra generated in the model are similar to what was found in measurements in humans. But
we have not done a detailed study to validate these spectra.
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6.2 Discussion

Developing computer models is a time consuming and complex task, especially for a process of
nature such as the human circulation. Since such models can never achieve full similarity with the
real system. One has to weigh all aspects and keep all needed aspects in the model. And some aspects
are insufficiently studied in the detail needed for modeling, and thus left out unavoidable.

In humans the situation is even more complicated as it is unethical to interrupt the process or open
control loops. Nerve traffic is notoriously difficult to measure also. All these factors make together
that technology cannot completely model all phenomena of the human circulation.

Many models have been developed in past decades of which this model is one. Most of these models
are only beat-to-beat, whereas ours is a continuous model. This leads, of course, to greater
complexity and a greater number of parameters. Since we only allowed parameters that are well
understood and have been verified with measurements, in some cases we had to replace complexity
with commonly accepted simplicity.

An advantage of our model is its environment, Simulink, which results in a structure, divided in
subsystems, that can be explored by ‘double-clicking’. This way adjustments, extensions are easily
implemented. Simulation results can be exported to Matlab, a computing environment that facilitates
further signal processing.

Most experiments we did in steady state, in some others we applied setpoint steps. Further
experiments should include challenges to the patient such as Valsalva maneuver, mental tasks and
responses to drugs. The main reason for this new model was the study and understanding of
baroreflex sensitivity. We indeed created a model is suitable for baroreflex sensitivity investigations
as the experiments showed.
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Appendix A

Amplitude spectrum, power density spectrum and coherence
spectrum

Equation A.1 shows the Fourier transform to calculate the continuous spectrum F(w) of a function f{?)

F(w) = f A e 7 dr Al

This transform is used in algorithms to estimate the discrete Fourier transform (DFT) of sampled
data. The Fast Fourier Transform (FFT) is an example of an efficient algorithm for evaluating a DFT.
However, these algorithms assume input data sampled with a fixed sample rate, in our spectral
computation we only have beat-to-beat data in compliance with physiologic experiments from so-
called point processes. This means that every sample corresponds to a beat. Yet a beat can be of
varying length and we have no equal time sampled data. Thus, we have to use a modified DFT
algorithm. The following describes how this can be implemented.

We will estimate the discrete spectrum at fixed discrete frequencies. The following algorithm is used
to obtain the complex spectrum Xk 4f)

N-1 _
XkAp = Y x 7Y (4.2)
n=0
with:
(N-1),
0 < kAf < g
/ N

Here, x,, is the n-th sample of the data taken at time point t,. As said we calculate the spectra at
frequency at fixed frequency points, f; is this sample frequency. For the beat-to-beat variables we
took f, = 1 Hz because in steady state condition heart rate differs not much from 1 Hz. Consequently
our spectral density (Af) was % and the maximum frequency that could be obtained from the spectra

N-1
was —.
2

The amplitude spectrum D, (k 4f) can be derived from the above described complex spectrum
according to:

D, (kAf) = | X(kAY) | = \/X;(kAf) + X (kA (4.3)
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X and X, represent the real and imaginary part of the complex spectrum X respectively.

The two-sided power spectral density spectrum can also derived from the complex spectrum
according to:

2
D, (k) = — | XU | =+ (Kikap) + X0k | 4.9

where N is the record length.

As the standard deviation of these estimates are quite large, we used a smoothing algorithm, applying
ensemble averaging using a window according to:

L M2
D, (khf) - Mll Y D ([k+1M) W) (4.5)
=M

where W(i) denotes the window function. We used a 20 point Hanning window.

For estimating the cross spectral density of two signals x(#) and y(z) we used the corresponding
complex spectra X(f) and Y(f) according to:

1 *
D, (W) = — X (k&) YCkAY) (4.6)

where X" is the complex conjugate of the spectrum X.

The coherence spectrum can be estimated from the PSD and CSD according to I'”

| D, (k8) |
Y, (kA) = i
[ Dk8f) D_(kAf)

Because [ny(}’)l2 < Dxx(f)-Dyy(f) it follows that 0 <v,, (f) <1. The statistical accuracy is determined
using the Fisher z-transformation. This transformed coherence w(k4f) is calculated according to:

(1 v
g ————% -
2 (T - v (kb))

(A4.7)

(.)xy(kAf) = ] = arctanh( yxy(kAf) ) (A.8)

When y,, (f) = 0.7, about half of the variance of y is associated with x. Therefore, a value of y,, () >
0.7 was considered to be significant and indicated coherence in this study.
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Appendix B

Noise sources

The objective of implementing noise sources into the model is to generate three noise sources that are
statistically independent. The corresponding spectrum must have decreasing power for increasing
frequency. We will generate a one-over-f spectrum also referred to as pink noise. Because the noise
sources are used for spectral analyses in a narrow frequency band (1 mHz to 1 Hz) we will generate
pink noise that contains spectral power only aver this band. These noise sources are created
according to &)

L sin@nf[klr + ¢[A])
k=1 ' k
@) = J4 B.1)
Ty 1
2 571K

where i ranges from 1 to 3 and is an index for the noise source, N is the total number of sine functions
included, and ¢/k] is a random phase shift. The phase shift is chosen randomly for each frequency
and source. The probability function is uniform from 0 to 2m. The mean of S, is zero and the standard
deviation is one. The frequencies f//k] are chosen according to:

fIk] = kAf + d, (B.2)
with Af the frequency resolution and d, a small shift from the basic frequencies. This shift is different
for each noise source, making them independent and incoherent.

The spectra that are estimated using these noise sources must have a frequency resolution of 0.002

Hz. The maximum desired frequency in the spectra is 1 Hz. To obtain this, we chose the following
parameters for generating the three noise sources:
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Table B.1 Parameters of the noise sources

Source index (7) distortion constant (d) | N af

1 0 500 0.002
2 -0.001 500 0.002
3 0.001 500 0.002
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