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Chapter 1
Introduction
The historical fascinationof the heart has lasted
for many centuries and continues
to attract considerable attention both theoretically and clinically. The first goal
of our research is to obtain a better theoretical understanding
of the physiological
mechanisms involved in
the interaction between the left ventricle the
andreceiving
arterial system. A description of this interaction is not simple and involves not
only the influence from the vasculature in terms
of preload and afterload, but also
the properties of the heart muscles
and the neural and the hormonal influences.
Our approach is the following. We describe the ventricle and the arterial system independently and then the interaction between the two parts. The classical
models of the left ventricle tend to lump this complex interactionsuch that the
properties of the heart and of the arterial system are difficultto distinguish. The
popular time-varying elastance concept is an explicit exampleof such a lumped
approach.
The key element in our studies is an analytical description
of the isovolumic
ventricular pressure as a function
of time and volume contained based
on the Frank
mechanism. This new mathematical model was established by (Mulier, 1994) and
based on experiments in isolated dog hearts. The model gives an excellent description of the heart during isovolumic conditions. By allowing this model to
eject we will examine carefully the interaction between the leftventricle and the
arterial load and relate the events at the chamber level with those
the ultrastrucat
tural muscle level. During ejection,we will identify two phenomena, deactivation
and hyperactivation, denoted the ejection effect. We interpret the ejection effect
as alterations in the contractile properties of the ventricle attributable to muscle
shortening. These two phenomena will be related to detachment of bonds and
formation of new ones and cycling of crossbridge bonds, respectively. Furthermore, we will show that Starling’s law is included in the new ventricular model
and thus disqualify Starling’s lawas an independent lawof the heart and merely
state, that it follows from the Frank mechanism. This constitutes the first part of
this research.
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In the second part of the dissertation we shift the emphasis from basic physiological modeling topractical modeling aiming at the development of real time
models. This project was
initiated by the efforts to developan anesthesia simulator
of the intact human based on mathematical models. In addition to a physiologically founded model of the heart and the vasculature, it is essential for such a
simulator to have a good modelof the human short term pressure control represented by the baroreceptor mechanism. The human blood pressure control provides proper blood flow to the various organs of the human circulatory system.
In essence, it promotes a normal distribution of fluids, hormones,
electrolytes and
other agents in the body. During influence of anesthesia, the nervous control of
the baroreceptor mechanism may be unaffected, weaken or even absent'. In order to understand the behavior pattern
during anesthesia, it is importantto reduce
the complexity to the normal situation. In fact, it is the normal situation we will
consider inthis study.
The second goal of this work is thus to develop a mathematical modelof the
baroreceptor mechanism and a model of the human circulatory system suitable
for an anesthesia simulator. The strategy used to develop these models, consists
of a reduction of the complexity of the physiological system down to the most
simple view which stillincludes the principalproperties necessary for solving the
problems at hand.
In our modelof the human cardiovascular
system, the ventricular performance
is specified by two time-varying elastance functions and the vasculature is described by lumped elements. The model generates root aortic pressure and ventricular outflow curves representative for the human as reported in the literature.
The pressure and volume distribution parameter
and
values are based on
literature
data.
Two mathematical models of the baroreceptor mechanism will be proposed.
The two models differ fundamentally intheir description of the nervous activity.
be sensitive to the average arterial
In thejirst model, the nervous activity will only
pressure. In contrast, the second model will adopt a thorough description of the
firing rates of the carotid sinus receptors whichincludes all the known non-linear
of
phenomena displayedby the firing rates. To our knowledge no previous model
the baroreceptor mechanismhas included adaptation of the baroreceptors.
The description of the control on the human circulation is common to both
models. The models offer a description of the sympathetic and the parasympathetic influence on the heart rate, the cardiac contractility, the peripheral resistance, the venous compliance and the venous unstressed volume.
In addition, the
model includes different time delays to each of the controls. The complex interaction between the baroreceptor mechanism and
the human circulationwill be
~~~

~~~

'Personal communications with different
anesthesiologists
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illustrated during an acute hemorrhage, heart pacing and different pulsations of
the carotid sinus pressure. The different controlsin the baroreceptor mechanism
are not equally important during an acute hemorrhage. In order to understand
the impact exhibited by the controls we will cany out a sensitivity analysis by
reducing the strengthof the controls.
We divide the dissertation into two distinct parts. The first partcontains our
research intothe interaction between the left ventricle and
the arterial system. The
second part describes our modelof the human cardiovascular system andthe two
baroreceptor models.

Outline of the Dissertation
Chapter 1: Introduction. This chapter.

Part I
Interaction between Left Ventricle and Arterial Load
Chapter 2 The Pumping Heart. The chapter offers an overview of the basic
physiology of the heart, both at the chamber level and at the muscleItlevel.
introduces two main modeling principles in the mathematical description of the heart
at the organ level along with a short critical historical reviewof earlier work. In
addition, the chapter describes the goal
of our researchefforts into the interaction
between the left ventricle and the arterial system.
Chapter 3: Interaction between Ventricle and Arterial Load.The chapter describes the isovolumic ventricular model establishedby (Mulier, 1994) and identifies two ejection phenomena, deactivation and hyperactivation, which we
define
as the ejection effect. The chapter presents the first model of the ejection effect
and shows that Starling’s law
is not a fundamental independent lawof the ventricle.

Introduction
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Part I1
Modeling the Human Cardiovascular System
and the
Baroreceptor Mechanism with Reference to an Anesthesia
Simulator
Chapter 4: A Cardiovascular Model.The chapter describes the human circulation model. Italso offers anintroduction to the basic physiologyof the cardiovascular system and presents
some of the different modeling approaches.
Chapter 5: BaroreceptorMechanism. The chapter gives an introduction to
of some of the recent
the physiologyof the baroreceptor mechanism and a review
and previous models of the baroreceptor mechanism and of the firing rates from
the receptors. In addition, the chapter describes the goal of the modeling efforts
into the baroreceptor mechanism.
Chapter 6: A Baroreceptor Model. The chapter establishes the two baroreceptor
models. Thechapter also describes the experimental open loop responses used to
model the baroreceptor mechanism and presents the computed
results from both
models.
Chapter 7: Conclusions.
Appendix A: English Summary.
Appendix B: Dansk Resume. Summary in Danish.

Part I
Interaction between Left Ventricle
and Arterial Load

Chapter 2
The Pumping Heart
In the ancient center of Mesopotamia (1600 BC) the heart was viewed as the
place of intelligence (Noordergraaf, 1998). Others suggested that the heart is a
respiratory organ. The contemporary view of the heart as a compression pump
was advanced by William Harveyas late as in 1628. Until then, the commanding
view was that of Galenos (Gladius Galenos, 131-201AD). In his view, blood is
produced in the liver and distributed by the veins. Some blood passes through
invisible pores from the rightto the left ventricle.Also, some bloodis sucked into
the right ventricle from which a part of it is carried to the left ventricle via the
lungs. Blood in the left ventricle is sucked into the aorta (Aciemo, 1994). The
cardiovascular system as a circulatory system should also be credited
to William
Harvey who argued against the Galenic viewpoint. William Harvey’sidea of the
circulation arose before the capillaries were discovered by Malpighi in 1661 as
the connection between arteries and veins.Thus the circulatory concept was not
recognized by the Greeks and not contained in the famous Hippocrates of Corpus (460-370 BC) (Noordergraaf, 1998). The modem view of the heart, and its
interaction with the surrounding environment, differs fundamentallyfrom the ancient Mesopotamian and Egyptianview. Today the heart is consideredas the only
source of energyto the movement of the blood inthe human circulatory system.
In addition to the brief summary of a very long history, this chapter wiI1 offer an overview of the basic physiology of the heart, both at the chamber level
and at the muscle level. We will introduce two main modeling principles in the
mathematical description of the heart at the organ level along with a short critical historical review of earlier work. Further historical details may be found in
(Noordergraaf, 1978), (Palladino, 1990), (Acierno, 1994), (Palladino,
Mulier and
Noordergraaf, 1998) & (Noordergraaf, 1998).
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2.1 Physiology of the Heart
The functionof the heart atthe chamber levelis the result of events in the muscle
fibers or onan even lowerhierarchic level. Muscle fibers receive energy
from biochemical processes and developforce which manifests itself as increasing cavity
pressure. This connectionwill become critical for the understandingof the followthe understanding Chapter3. Consideration ofthis relation may give impetus to
ing of observations at thechamber level based on knowledge atthe muscle level
and vice versa. Therefore,we give an elementary introduction to the physiology
of both the heartat the chamber level andat the muscle level inthis section.

2.1.1 Physiology at ChamberLevel
The heart consists of four chambers as shown in Figure 2.1. The left ventricle
and left atrium constitute the two left chambers connected via the mitral valve
which prevents flow intothe atrium from the ventricle during normal conditions.
The time course of a heart period can roughly be divided into an active and a
relaxed phase. The heart is electrically activated causing ventricular muscles to
contract. Consequently, ventricular pressure increases first isovolumically (i.e.
non-ejecting), which ends when it equals arterial pressure and the aortic valve
opens and blood flows into the arterial system. During systole, ventricular pressure rises and falls as dictated by musclecontraction and prevailingconditions in
the vasculature. The aortic valve closes when ventricular pressure drops below
arterial pressure and initiates the following isovolumical relaxation phase. When
the ventricular pressurefalls below the atrial pressure, the mitral valveopens and
blood flows from the atrium into the ventricle. The maximum ventricular volume reached is the end-diastolic volume V e d . This non-ejecting periodis denoted
diastole. The left atrium follows a similar track. The left atrium is filled from
the pulmonary circulation during ventricular systole and supplies the ventricle
actively with blood during ventricular diastole. The pumping heart repeats this
course during each beat with atime period of approximately 0.8 S in resting humans. In Figure 2.2 we show ventricularpressure and flow curves, representative
for a normal human left ventricle.

2.1.2MusclePhysiology
The heart has a complex
geometric structure with muscles lying ina complicated
pattern which may be understood from the band concept recently introduced by
(Guasp, 1980). The cardiac muscle itself consists of individual muscle fibers,or
myocytes, which are the smallest functional units in the muscle structure. Each
muscle fiber is approximately 40 - 100pm long with a diameter of 10 - 20pm.

2. l PhysioIogy of the Heart
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Figure 2.1: The four chambered heart is divided into two separated parts, the left and the right
sides. Both parts consist of a ventricle and an atrium. The left side of the heart is anatomically
larger than theright side. Adapted from Wdeout, 1991)

Muscle fibers contain a number of fibrils placed in parallel as shown in Figure
2.3. The fibrils have acharacteristic striped pattern. This pattern results from the
parallel bundlesof filaments, the interdigitatingthick and thin filaments, lying between the Z-lines inFigure 2.4. Filaments lie along the fibrils dividedinto around
50 2pm blocks. A block is called a sarcomere and consists of approximately 1000
single thick-thin units of the type in Figure 2.4. Figure 2.5 shows the sarcoplasmic reticulum betweenthe fibrils in themuscle fiber. The sarcoplasmic reticulum
contains a Ca2+ reservoir which is essential during contraction. In addition, the
muscle fibers contain the T-tubules vital
for conduction of action potentials tothe
fibrils. The question is now how muscle contraction is accomplished. The sliding filament theory is the most widely embraced theory based on a mechanical
concept though this theory is not the only one. Rather than mechanical descriptions, others propose a field theory approach
(Spencer and Worthington, 1960) &
(Elliott, Rome and Spencer, 1970), but this has not enjoyed the same popularity

10
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Figure 2.2: The electrocardiogram, venous pressure, phonocardiogram, root aortic pressure,
ventricular pressure, atrial pressure, arterial inflow, total inflow to the heart, atrial volume, ventricular volume and ventricular outflow. The fully drawn lines andthe dashed lines indicate valve
closure and openings, respectively. Adaptedfrom (Noordergraaf, 1978).

since evidence exists in favor of a mechanical type (Noordergraaf, 1978). Accordingly, we will give a descriptionof the fundamental idea behind the sliding
filament theory below.

The Sliding Filament
Theory
It was observed in the 1950’s that the thick filaments remained in a fixed
position
during contraction whereas thedistance between neighboringZlines diminished.
This led to the sliding filament theory. The main idea is that the thick and thin
filaments slide during contraction, changing the overlap between
them. Sliding is

2.1 Physiology of the Heart
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Fibril

Muscle Fiber

Figure 2.3: MKS& fibers contain approximately 100fibrils in parallei. The fibrils Ilave a charncwristic striped pattern which stems from thc filaments, the intcrdigitating thick andthin filaments
as indicated. The striped pattern is also shown in Figure 1.4.Adapted from (Wswbcrg. 1995).

z

Fibril

Z

T&&-thin unit

z

7.

Figure 2.4: Top panel shows section of a fibril. The striped pattern followsfrom the bundles
of filaments, the interdigitating thick and thin filaments,shown in the middle panel. A sarcomere
is also indicated. The lower panel shows a single thick-thin unitwith crossbridge bonds between
thick and thin filaments.

accomplished by mechanical connections between thick and thin filaments which
induce thin filaments to move with respect to thick filaments. The connections
are called crossbridges bonds or bonds. During contraction, crossbridge bonds
attach from the thick to thin filaments. As crossbridge bonds continueto attach,
force is developing and the distances between neighboring Z-lines
are diminished

12 -
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Sarcoplasmic
reticulum,

/
T-tubule

Must:Ir
fiber

Fibrils

Sarcomere Terminal Cisternae

Figure 2.5: A part of a single muscle fiber with the sarcoplasmic reticulum. The T- tubule runs
through the muscle fiber in a transverse direction through the fiber. Ca2+ is released from the
term in^l cisternae and diffuses into the fibrils. Adapted from (Warberg, 1995).

with a concomitant increased overlap betweenthe filaments as shown in Figure
2.6. Consequently, force develops as allowed by the biochemical energy until
crossbridges bonds detach in sufficiently high numbersand the force eventually
decreases and the muscle relaxes. After a bond has detached it can attach again,
cycling of bonds, during the same contraction.
Models based on the
sliding filament theorydisagree on the way bonds attach
and detach (Noordergraaf, 1978) & (Palladino and Noordergraaf, 1998). Some
models apply different functions to describe the rate of attachment and detachment of bonds. (Palladino, 1990) uses mechanical
properties of the filaments (see
Section 2.2). Thus a number of different model variations exit. Previous models
seem to be designed to predict
particular
a
muscle experiment but failto describe a
broader rangeof phenomena associated with
other muscle experiments (Palladino
and Noordergraaf, 1998). The experiments include quick stretch and release of
the muscle fibers during contraction. In these experiments force increases and
decreases, respectively, followed by a recovery. In addition, transient phenomena are observed in force development afterperturbations. With few exceptions,

2. l Physiology of the Heart
Z
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Figure 2.6: Top panel showsoverlapping thick and thin filaments inthe relaxed state. As crossbridge bonds attach between
thick and thin filamentsforce develops with a concomitant increased
overlap between the filament and diminished distance between neighboring Z-lines as indicated in
the lower panel.

the models are such that theydo not answer the question about the origin of the
involved biochemical energy (Noordergraaf, 1978).

Biochemical Energy

In the sliding filament theory, force is assumed to develop from a combination
of mechanical and biochemical processes. The available biochemical energy
is
closely related to the amount of Ca2+ while the actual release of energy stems
from interaction between the proteins in the filaments. Thick filaments consist
of the protein actin. During conmainly of the protein myosin and thin filaments
traction the fibrils are electrically activated
in direction ofthe axes, andin the radial direction by the T-tubule.
This promotes release of
Ca2+ near the2-lines from
the sarcoplasmic reticulum. After the release, Ca2+
binds to the protein troponin
which lies around actin molecules in the thin filaments. Troponin inhibits reaction between myosin and actin but
the Ca2+ binding promotes structural changes
which release this inhibition. Subsequently, myosin interacts with actin via the
crossbridge bondsand releases energy.Shortly after, Ca2+ is pumped backto the
sarcoplasmic reticulum which also requires energy. This enhances inhibition of
the actin-myosin interaction and thus formation of new bonds. Eventually force
decreases and the muscles relax.

The Pumping Heart
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Relation between eventsat the sarcomere leveland at the Chamber level

In summary, force generation in the muscleis considered to be the result of formation of crossbridge bonds between thick and thin filaments in the fibrils. The
following detachment of bonds results in a decline in force and relaxation
of the
muscles. The amount of Ca2+ plays akey role in the availability of biochemical
energy in this process. Thus energy is produced during the formation of crossbridge bonds between thick and thin filaments. At the chamber level ventricular
pressure increases during formationof bonds between thick and thin elements and
decreases during detachment of bonds.

2.2 A Model of Muscle Fibers
In this section we will illustrate one principle behind generation of force using
the sliding filament theory. We introduce the only distributed model of a single
muscle fiber proposed by (Palladino, 1990). The model describes the structure
of a muscle fiber in a reduced form in order to have a manageable number of
differential equations. A muscle fiber consists of approximately 100 fibrils. Each
fibril is subdivided into 50 sarcomeres in series. A sarcomere consists of 1000
thick-thin units of the type as shown in Figure 2.4 each with 300 crossbridge
bonds. The model consists of 50 sarcomeres each with one thick-thin unit. A
half thick-thin unit consists of 50 crossbridge bonds, thus lumping three bonds,
in
order to a have manageable numberof differential equations. The modelis built
up asfollows:
The mass of thick and thin filaments and the movement of filaments with
respect to each other are included. The model is shown in Figure2.7.
Crossbridge bonds are assumedto have viscoelastic properties
The sarcomeres are electrically activated with a current running from one
end to the other of the fiber with a finite speed. The T-tubule leads the
current in radial direction with no time-delay. As the thick-thin units are
activated along the fiber,Ca2+diffuses from the Z-lines and inwards. Bonds
between thick and thin filaments are formed as Ca2+ diffuses inwards and
are subsequently stretched. This asynchronous activation patternis shown
in Figure 2.8.
Force develops depending on the degree of overlap between thick and thin
filaments
When the stress in a bond equals zero,
it detaches and does not attach again.
Thus during contraction, bondsare either attached or detached.

2.2 A Model of Muscle Fibers
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Figure 2.7: The fiagre shows a model of a muscle fiber consisting of N series sarcomeres with
M parallel crossbridge bonds. A schematic picture is shown in the top panel. The mechanical
model description is shown inthe lower panel. Adapted from (Palladino, Mulier and Noordergraaf,
1998).
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Figure 2.8: The muscle fiber is electrically stimulatedfrom the left to the right and bonds attach
as the thick-thin units are activated (upper panel). Subsequently Ca2+is released from the terminal
citernae and diffuses inwards from the 2-lines to the middle of the thick-thin unitsand bonds attach
accordingly as shown in the lower panel.

The model predicts quick stretch and release experiments in good agreement with
experimental data (Palladino, 1990). The model suggests that
the significant drop
in force, deactivation, observed during quick release of muscle length is caused
by enhanced vibrations in the structure which tend to promote detachment.
This
mechanical approach to detachment is supported by ultrasound studies and x-ray
diffraction studies (Palladino, 1990) & (Palladino and Noordergraaf, 1998). A
more detailed study of this and other similar models can be found in (Palladino,
1990) & (Palladino and Noordergraaf, 1998).
In the next Section 2.3 we return tothe organ level, specificallythe ventricle,
and describe mathematical models of pressure andflow generationas functions of

16
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time.

2.3 Modeling the Ventricle
The mathematical descriptionsof the heart have developed
along a number of different avenues including muscle models, distributedmodels and lumped models.
We focus on the latter type pursuingour interest in pressure, flowand volume as
functions of time. Two types of lumped models havedominated the literature:
1. Non-pulsatile models, which describe the average values from beat to beat
and excludeany details during an individual
heart beat.

2. Pulsatile models, which describe the principal time varying features during
each heart beat.
The principal concepts of the two types of models, along with a short historical
review, are given in the sections 2.3.1
- 2.3.3.

2.3.1 Pulsatile Models
In pulsatile models the pumping ventricle is typically viewed as an elastic bag
which becomes stiffer during contraction, equivalent to decrease
a
in ventricular
compliance C,. The classical compliance

has been approximated by the linear relation

K

C, = -,

Pv

where V, is ventricular volume andp , ventricular pressure. (Warner,1959) seems
be the first one who used the complianceconcept (2.2). He applied a step function with a low systolic value and a high diastolic value to model the pumping
ventricle. (De fares, Hara, Osbom and McLeod, 1963) applied the reciprocal of
(2.2) also called the elastance. (Defares et al., 1963) made the obvious extension
and used a continuous function of time. The time varying compliance was soon
adopted in several pulsatile models to
drive the ventricular function (Snyder and
Rideout, 1969). Later (Suga and Sagawa, 1972) defined
the elastance as

Ventricle
2.3 Modeling the

17

where V, is a constant. The formulation (2.3) was claimedto be independent of
alterations in end-diastolic volume and
arterial load (Suga, 1969) & (Suga, 1970).
The maximum E,,, of E,(t) was proposed as a measureof the heart’s abilityto
pump in (Suga, Sagawa and Shoukas, 1973). These properties were later shown
only to hold true for ejection fractions less or equal to 50 % which is low for
humans.
The time varying elastance (2.3)is perhaps the most embraced description of
the ventricle and a popular toolin pulsatile cardiovascular models. At least two
main reasons canbe advanced
A single time varying elastance captures the main features of the pumping
human ventricle (Porter, Ryan,Melbin and Noordergraaf, 1982).
The elastance is attractive becauseof its simplicity. The concept offers easy
access for modeling changes in heart rate
and modifications caused by neural effects.
Depending on the model, the single elastance function is complemented by a resistive term to include viscous effects. An inductive term may also be added to
include inertia ofbloodmovement.
According to (Abutaleb, Melbin and Noordergraaf, 1986) the compliance is the most significant parameter, then follow
resistance and inertia. The energy involved inthe pumping ventricle, driving the
time-varying elastance function, is assumed
to be embodied by biochemical processes in the heart.
Serving as an example the elastance function (2.3) was adopted by (Stergiopulos, J. and Westerhof, 1996) and described by

where t is time, t h heart period, n~and n2 describe the steepness of the ascending and descending parts of the elastance curve whereas cy1 and cy2 are shape
parameters. Figure 2.9 shows the ventricle, described by a elastance function,
coupled to a 3-element modified Windkessel
model and aconstant pressure reservoir p,. Similar types of time-varying elastance functions with or without resistive and inductive terms have been usedin several models inrecent years. A few
of these models include (Martin, Schneider, Mandel, Prutow and Smith, 1986),
(Tham, 1988), (Rideout, 1991), (Neumann,1996) (Stergio-pulos et al., 1996) @aWe include a ventricular model of this
niel sen and Ottesen, 1997), (Ursino, 1998).
type in the SIMA simulator (Danielsen, 1996)& (Daniel sen and Ottesen, 1997).
This is more carefully described in Section 4.3.1
of Chapter 4.
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Figure 2.9: The left vennicle, described by an elastance function E,,(t), coupled to a 3-element
modified Windkessel arterial load and a constant venous pressure reservoir p,. The mitral and the
aortic valve are indicated.

2.3.2 Shortcomings of the Elastance Concept
The highly popular ventricular model (2.3) was previously thought to determine
is subject
ventricular contraction uniquely. However, this widely embraced model
to limitations and discrepancies.
During an isovolumic contraction (i.e. non-ejecting), the model (2.3) predicts
that ventricular cavity pressure increases linearly with end-diastolic volume, contradicting the non-linear behavior for high values of the ventricular volume V,
as measured by Frank in 1898 (Palladino, Mulier and Noordergraaf, 1998). The
pumping heart exhibits a maximum ventricular work and stroke volume whereas
the model predicts stroke volume and ventricular work to increase with enddiastolic volume. During ejection (2.3) predicts the ventricular pressure toequal
pu(t,,,) =
- Vd)Emaz at time t,,,
for maximum elstance, E,,.
Thus, peak pressure in an isovolumic ventricle with volumeK(tma,)is equal to
the ventricular pressure during ejection attimet,,,.
Experimentally, this isnot always the case. Ventricular cavity pressure can be higher
late ejection,
in
hyperactivation, than the isovolumic pressure for the same volume (Ducas, Schick,
Girling
and Prewitt, 1985), (Hunter, 1989) & (Mulier, 1994). This contradicts directlythe
model (2.3) which predicts ventricular pressure to be consistently lower than or
equal to the corresponding isovolumic pressure. The same prediction is obtained
when a passive resistive term is included. Ventricular pressure decreases during
ejection more than expected from the change in volume alone, deactivation.
This
depressive effect was studied by (Hunter, Janicki, Weber and Noordergraaf,
1983)
& (Vaartjes and Herman, 1987) and is not includedby a single timevarying elastance function. Deactivation is included when thesingle time-varying elastanceis
complemented by a passive resistive termor an inductive term.

(x(t,,)
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A single time-varying elastance predicts that infusion of small volumes AV
results in the same end-systolic pressure independent
of the time of infusion since
p , = E,(t,,)(K
AV - &/d).According to (Hunteret al., 1983), the end-systolic
pressure depends on the time of infusion or withdrawal of small volumes AV.
In addition, a single time-varying
elastance function cannot predict transient phenomena associated with quick withdrawal of small volumes AV during an otherwise isovolumic contraction (i.e. non-ejecting).In contrast to experiments, the
model predicts a direct transition from the first isovolumic pressure curve with
volume V, to one with volume V - AV. Similar behavior patterns are observed
during quick infusionof small volumes (Palladino, 1990).
A variety of observations are not covered by the time-varying elastance concept and the question may beto ask how this shouldbe embedded in ventricular
modeling. A resistive term which depends on time was suggested by (Vaartjes
and Herman, 1987). The physiological interpretation of the resistive term is unclear. It may be interpreted as viscous elastic properties of blood or effects due
to muscle shortening. This type of repairs may not be the right solution. The
entire elastance concept suffers from one significant shortcoming which is that
it does not separate ventricular effects from vascular effects when the measured
pressure p , and volume V, in (2.3) are taken during ejection. This makes it difficult to gain insight into the properties ofthe ventricle. In addition, a pre-defined
elastance function E ( t )makes the formation of crossbridges immune to instantaneous changing arterial conditions. An a priori definitiontheofelastance function
fixes the number of crossbridge bonds formedduring each heart beat. A change
in the number of crossbridge bonds formed would change the elastance E,(t).
An increased filling resultsin a higher pressure andalso in an increased number
of crossbridges formed according to the force-lengthrelation (Palladino, Mulier
and Noordergraaf, 1998, submitted). The time-varying
elastance function E ( t )
predicts that the higher pressureresults exclusively from an increased stretch of
the existing numberof bonds. The pre-defined elastance concept also contradicts
the Fenn-effect (Palladino, 1990) which states that the energy during ejection is
different from the energy during an isovolumic contraction. A new approach to
ventricular modeling at the chamber level seems warranted.

+

2.3.3 Non-Pulsatile Models
The ventricle can perform more work W with higher end-diastolic volume VC+
This is one formulation of Starling’s law(1914) and constitutes a key elementin
non-pulsatile models. Within physiologicallimits, Starling’s law implies that for
nearly constant systemic pressure, higher end-diastolic volume results in greater
amount of ejected blood. At the muscle level this
corresponds to increased force
of contraction when musclefibers are stretched more
due toenhanced filling. Star-
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ling’s law maybe seen as a pure functional relation between ventricle and vasculature.
Starling’s law is widely accepted as a fundamental mechanism of the heart
and as an argument for validity of pulsatile models. In addition, it serves as
an independent building block in non-pulsatile cardiovascular system models.
(Guyton, 1955) related cardiac output’ to venous return and also atria pressure
to venous return in a closed cardiovascular model. He used these relations to
compute the steady state graphically. (Grodins, 1959) expressed Starling’s law
by
the linear relation
W=
(2.5)

cyv,,

where the constant cy is the strength of the ventricle. In a closed cardiovascular
model by (Ursino, Antonucci and Belardinelli, 1994) the left and
the right ventricle were modeled by

where 5°K and SV, are stroke volumes for left
the and right ventricle, respectively,
pl, and p,, left and right atrial pressures,kl and kz parameters characterizing the
ventricles, p l , ~and p , , ~constants. Ursino (Ursino et al., 1994) included modification of kl and kz in (2.6)-(2.7) due to neural effects. This modification
of Starling’s law is accentuated during exercise when increase in cardiac output cannot
be ascribed to enhanced filling alone or change in heart rate (Noordergraaf, 1978),
(Palladino and Noordergraaf, 1997) (Palladino, Mulier
and Noordergraaf, 1998)&
(Milnor, 1990), (Kappel, Lafer and Peer,
1997). Thus the heart is not governed
by
Starling’s lawalone but affectedby manyfactors. Starling’s lawis not disqualified
by this but should be seen as a relation including hemeometricand heterometric
effects as pointed out by (Palladino, Mulier and Noordergraaf, 1998).

2.4 Goal
Inasmuch as the pumping heart is considered as the central organ and the pump
of the cardiovascular system, it is not an independent energy source but
interacts
strongly with the rest of the cardiovascular system. This constitutes one of our
key interests, namely, the interaction betweenthe heart and the receiving arterial
system. Classical mathematical modelsof the ventricle basedon the time-varying
elastance function (Warner, 1959), (De fares et al., 1963) & (Suga, 1969) tend
to lump this complex interaction such thatthe properties of the heart and of the
‘Cardiac output is stroke volume times heart rate.

arterial system are difficult to distinguish. My work is an attemptto highlight this
interaction issue. Also, the time-varying elastance concept suffers
from a number
of shortcomings as discussed in Section2.3.2.
A new approach to ventricular modeling is needed. This approach should
carefully relate events at the chamber level with
those at the ultrastructural muscle
level, and allow the formation of crossbridges to depend on the instantaneous
conditions during ejection also in ventricular models the
at chamber level.
We adopt an approach fundamentally different from previous attempts by
starting from an experimentally based analytical description of the isovolumic
ventricular pressure as a function of time and volume contained. (Mulier, 1994)
established this new mathematical model of the isovolumic ventricular cavity
V, based onexperiments in
pressure as a function of timet and ventricular volume
on the isovolumic heart and
isolated dog hearts. This new model casts information
gives an excellent description of the heart during isovolumic conditions.
We allow
the new model to eject into the vasculature and examine carefully
the interaction
between the left ventricle and the arterial load. The arterial load is described independently by a modified Windkessel model.
We relate attachment and detachment
of crossbridge bonds to alterations in the contractile properties. During ejection,
we identify two phenomena, deactivation and hyperactivation,
and relate the phenomena to events at the ultrastructural muscle level(see Section 3.4). We denote
the two phenomena the ejection effect. In addition, we disqualify Starling’s Law
as an independent law of the ventricle.

Chapter 3
Interaction between Ventricle and
Arterial Load
3.1 Introduction
The peak developed pressureof the isovolumically contracting ventricle increases
with end- diastolic pressure to an upper physiological limit. This is known as
the Frank mechanism. The result was included in Otto Frank's first study on
the heart 'On the dynamics of cardiac muscle' published in 'Zeitschrift fuer Biologie' in 1895. Otto Frank recognized in
this publication that cardiac output
depends on the conditions in the arterial system. Consequently he focused on
the isolated heart (Palladino, Mulier and Noordergraaf, 1998).
But Otto Frank
was so interested in the properties of the arterial system that "he really did not
return to analyzing mathematically his finding on the left ventricle" (Palladino,
Mulier and Noordergraaf, 1996). Despiteits simplicity, the Frank mechanism has
never enjoyed the same popularity as Starling's law. In fact it has never been
applied to ventricular modeling (Palladino, Mulier and Noordergraaf,
1998) until
(Mulier, 1994) adoptedit and establishedan analytical modelof ventricular pressure as a function of time and volume contained. The model of (Mulier, 1994)
constitutes the key element in our investigations of the interaction between the
left ventricle and the arterial load. The approach taken,starting with an isolated
heart, is fundamentally different from previous attempts allows
and a more careful
investigation of the ejecting phase. Based on experimental
data from isolated dog
hearts, the model casts information on
the isovolumic ventricle into an analytical
description. The model will be described indetail in Section 3.2. When coupled
to a modelof a vascular system, this ventricular model
exhibits the main features
of the pumping ventricle including diminished cavitypressures compared to isovolumic ones (Palladino, Rabbany, Mulier and Noordergraaf, 1997), (Palladino,
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Mulier, Wu, Moser, Kenner, Baevsky and Noordergraaf, 1996), (Palladino and
Noordergraaf, 1997) & (Palladino, Ribeiro and Noordergraaf, 1998).In addition,
we will show inSection 3.3 that Starling's law followsfrom the Frank mechanism.
This disqualifies Starling's law as an independent lawof the ventricle. In Section
3.4 we will uncover, upon more detailed analysis, that discrepancies exist between model predicted and experimentally obtained ventricular pressuresduring
ejection. We will interpret these differences as alterations in ventricular contractile properties attributable to muscle shortening during ejection.We denote these
differences the ejection effect. The ejection effect tends to lower cavity pressure
during early ejection and raise it during late ejection compared to that predicted
from applicable isovolumic conditions. Corresponding changes
in the shapeof the
ejection curve and in the ventricular pressure curve will be observed. The lower
cavity pressure is included in several modelsby a series resistance. (Hunter, Janicki, Weber and Noordergraaf, 1983)& (Campell., Ringo, Knowlen, Kirkpatrick
and Schmidt, 1986). The higher cavity pressure, although observed previously
(Ducas, Schick, Girling and Prewitt, 1985), (Hunter, 1989)& (Mulier, 1994) has
not been appreciated to the same degree. In Section 3.4.2 we will give our first
mathematical description of the ejection effect. The interaction between the left
in Section 3.5. Section
ventricle and the arterial load will subsequently be studied
3.6 will offer an alternative to the model proposed in Section 3.4.2. We will end
the chapter with a summary in Section 3.7.

3.2 Model of the Isovolumic Ventricle
The Frank mechanism is the key element in the experimentally based ventricular
model by (Mulier, 1994) of the isovolumic ventricular pressure as a functionof
time and volumecontained. In this section we will describe
this analytical model
in some detail.
The model assumes that ventricular isovolumic pressure p , equals a passive
(diastolic) pd(Vv) plus an active (systolic)p,(V,)g(t) component
PU(V,,t)

=P d ( K ) +zJs(V,)g(t).

(3.1)

where

The second term on the right hand side of (3.1) describes the active contractile
processes in the systolic pressure generation. Thetime constants T, and T, in (3.2)
characterize the contraction (pressure increase) and relaxation (pressure decrease)

3.2 Model of the Isovolum’c
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Figure 3.1: The g function consists of two factors. The first factor describes the build-up of
ventricular pressure during contraction via muscle crossbridge bond attachment. The second
factor
describes the relaxation following bond detachment.

processes, respectively, while (Y is a measure of the overall rateof onset of these
processes. The constant t h denotes the heart period and t d is the time when the
and to
relaxation process begins to evolve, and is directly related toT,, T? and (Y,
the time of peak generated pressure, tp, by

since &(tp) = 0. The function g is the product of two factors as shown in Figure 3.1. The first describes the build-up of pressure attendant upon crossbridge
formation in the constituent muscle fibers comprising the ventricle. The second
describes the relaxation of pressure resulting from bond detachment. From experiments (Mulier, 1994), the peak developed pressureis described by

where c and d are directly related to the volume dependent and volume independent components of developed pressure, respectively.
Experiments also show that the passive component
p d ( K ) of (3.1) is best described by
Pd(v,) = .(K - b Y ,
(3.5)
where a is a measure of diastolic ventricular elastance and b corresponds to dias-
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tolic volume for zero diastolic pressure (Mulier, 1994). In summary, using (3.1)
(3.3, ventricular pressure in an isovolumic beat, as it depends on ventricular
volume and time, can be describedby an analytical model basedon experiments
on isolated dog hearts (Mulier, 1994)by

-

(V
.u

Pu(V,,t) =

- b)’+

(
.
V
u
-d)f(t),

(3.6)

where f is the normalization of g

This model (3.6) - (3.7) thus contains eight parameters a, b, c, d, tp,T ~T,, and
a which follow from experimental data with the last three from a curve-fitting
procedure and all parameters have a physiological interpretation. Simplicity is a
key element in the functional description
of the active and the
passive components
of the isovolumic pressure. More complex functional
descriptions can give higher
accuracy of the fit of experimental data. But independence amongthe parameters
and a clear physiological interpretation may be lost. Higher order polynomials
can fit the experimental data arbitrarily well but
the coefficients offer no clear
physiological interpretations as do the time constantsT, and T~in (3.7). In contrast
to the functional descriptions of the volume dependencies inthe model (3.6) no
alternatives to the functiong seem to have been pursuedexcept for polynomials
and fourier expansions. Thus the exponential functions in g may be seen as a
In addition, the time constants
convenient but not as the only possible description.
T= and T, seem to depend on volume. Moreover, theisovolumic ventricle has not
been examined for other heart rates than 1Hz. The latter may limit the range of
applications of this ventricular model.

3.3 Ventricular Model and the Arterial Load
For the purpose of permitting the ventricle to eject,the model of the isovolumic
ventricle is coupled to a 3-element modified Windkessel arterial load. The venas shown in Figure 3.2. The input
tricle is given a constant end-diastolic volume
impedance of the Windkessel then relates arterial pressure p , to ventricular volume V, as

3.3 Ventn’cular
and
Model

theLoad
Arterial
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L
Figure 3.2: The ventricularmodelp,(Vu, t ) coupled to a 3-element modifiedWindkessel arterial
load and a venous pressure source. The mitral and the aortic valve are indicated. End-diastolic
volume Ved = 125 m1 (filling pressurep, = 10 &g).
Parameter valuesfor the arterial load and
the constant pressure reservoir p, can be found in Table3.2.

v,

=

1

1

-P,

Ro

Pa = P,

-

-P&

R0

K),

(3.9)
(3.10)

where R, is the characteristic aortic impedance, R, is the total peripheral resimultaneous solution of
sistance and C, is the total arterial compliance. The
(3.6)-(3.10) permits the computation of ventricular pressure for the ejecting (i.e
non-isovolumic) ventricle, root aortic pressure, and
ejection flow. Representative
computed pressure p , and flow Qv (= -%) curves for the human left ventricle
for an ejecting heart beat are shown in Figure 3.3 together with the isovolumic
pressure piso for the same end-diastolic volume. Thepressure difference between
p , and piso is caused by the changing volume during ejection. The computed
curves exhibit all the major features of the standard experimental pressure and
flow curves (Palladino, Ribeiro and Noordergraaf, 1998). In addition, the model
embodies Starling’s two observations as shown in Figure 3.4 which implies that
ventricular work increases with end-diastolic volume. Consequently, Starling’s
law follows from the Frank mechanism. In this sense, Starling’s law is reduced
to the Frank mechanism and thus disqualifiedas an independent law of the ventricle. The difference between the model results and Starling’s law
is the absence
of a maximum ventricularwork (equivalentto maximum stroke volume in Figure
3.4). The experimental isovolumic peak pressure
reaches an upper physiological
limit for afinite end-diastolic volume.The muscular equivalent is the force-length
relation where the developed forceis maximum for a specific optimal length and
lower for all other lengths. The reason forthe difference is that this feature is not
included in the model.
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Figure 3.3: The left panel shows isovolumic pressure p,,,, arterial and ventricular pressures,
p , and p,, respectively. The panel on the right shows the ventricularoutAow Q,. All curves are
computed for a normal human ventricle ejecting into the arterial load given in Figure 3.2. Enddiastolic volume (filling) Ved = 125 ml., stroke volume SV = 70 ml, ejection fraction EF = 0.56
and heart rate H = 1 Hz.Ventricular parameters are given in Table 3.3.

1

Figure 3.4: Starling’s twoobservations are shown in the left and right panels, respectively. The
left panel shows that the stroke volume is proportional to the end-diastolic volume and the right
panel that stroke volume is inversely proportional to the total peripheral resistance for a constant
end-diastolic volume 125 ml (along the axis is the total peripheral resistance relative to R, of Table
3.2). In addition, the right panel indicates that stroke volume can be held constant by adjusting
the end-diastolic volume. The stroke volume in point (*) and (x) can be changed to 70 mJ if the
end-diastolic volume is altered to 93.7 m1 and 141m1 respectively. In both figures the ventricular
pressure increases while the heart rate is held constant, H = 1 Hz,giving Starling’s law that the
ventricular workincreases with increasing end-diastolic volume.

3.4 Ejection Effect
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Figure 3.5: Ventricular pressures measured on one isolated dog heart. Curve 1 is isovolumic
pressure at fixed end-diastolic volume and curve 2 is the calculated pressurepeal computed from
(3.6). Curve 3 is measured pressure for an ejecting beat. Comparing curve 2 and 3, ventricular pressure is lower in early systole (deactivation) and higher in late systole (hyperactivation).
The first shaded area from the left represents deactivation andthe second shaded aTea represents
hyperactivation. Adapted from (Mulier, 1994).

3.4 EjectionEffect
In the preceding section it was shown that the major differences between
an isovolumically contracting ventricle and an ejection ventricle are displayed by the
model. Closer inspection reveals discrepancies when Ventricular pressure p,,,
and volume V, measured onan isolated canine left ventricle
for an ejecting beat
are comparedto the model predicted pressure computed using (3.6) with meathe
This computed pressure is denoted the calculated pressure
sured volume V,,.
pcal(t)(i.e. peal = pv(V,,,(t),t),)and wouldequal the measured ventricularpressure p,,, if this results from the Frank mechanism alone. But the measured pressure p,,, differs from the calculated pressure as shown in Figure 3.5. Measured
ventricular pressure p,,, in the early phase of ejection, when ventricular outflow
is large, is lower than the calculated pressure peal, termed pressure deactivation.
Later insystole the pressure is somewhat higher, termed pressure
hyperactivation,
not always observed (Burkhoff, DeTombe and Hunter, 1993) & @e Tombe and
Little, 1994). In addition, the waveforms of the pressure and flow curves differ
from the profiles reported in (Guyton, 1991) & (Noordergraaf, 1978). The descending part of the computed flow curve (see Figure 3.3) tends to be concave
instead of convex. We denote these differences theejection efect which amounts
to a correction term for this ventricular model and is due to effects different from
the Frank mechanism.
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At the muscle level, deactivationmay be qualitatively related to Hill's forcevelocity relation stating that the force of muscle contraction is more reduced
the higher the velocity of muscle shortening. Muscle shortening forces crossbridge bonds to detach and results in diminished force. On
the chamber level
this is equivalent to a reduction in ventricular pressure with
increased early flow
(Palladino, 1990) & (Mulier, 1994). Hyperactivation follows deactivation and is
manifested as an increase in ventricular pressure above the calculated pressure.
Hyperactivation may be related to the formation of new crossbridge bonds between thick and thin filaments. The strength
of the hyperactivationis subsequently
conditioned by available biochemical energy.In support of the above (De Tombe
and Little, 1994) concluded on experimental grounds
that these positive and negative inotropic effects of ejection are myocardial properties.
Hyperactivation has not beengiven a precise definition. This may be related
to the absence of an isovolumic ventricular model. (Ducas et al., 1985) seems to
be the first who observed hyperactivation by lowering of the resistive afterload.
(Hunter, 1989) measured that end-systolic ventricularpressure exceeded the isovolumic pressure inthe ventricle when volume was equal to the end-systolic volume from the previous ejecting beat. This was observed during a small ejection
fraction, 0.3, with hyperactivation varying between 1 - 17 mmHg. Hyperactivation was shown to disappear during even lower or higher ejection fractions. He
related hyperactivation to underlying cardiac properties.(Baan,1992) concluded
that hyperactivation and homeometric autoregulation stems
from the same mechHyperactivation
anism. Thus he relates hyperactivation to biochemical processes.
may be a ventricular responseto reflected wavesfrom the vascular periphery under certain conditions. According to experiments hyperactivation can disappear
in reflection free afterloads (Mulier, 1994).

3.4.1 The Inertial Effect of Ventricular Blood
The inertial effect of blood in the ventricle tends to lower the arterial pressure
in early systole (similar to deactivation) and increase the pressure in late systole
(akin to hyperactivation). Moreover, it may improve the bending of the outflow
curves. In order to test if the inertial effect can explain the ejection effect, the
model of the isovolumic ventricle(3.6) was coupledto the arterial load in Figure
3.2 with an L, placed beforethe aortic valve. Thusthe arterial pressurep , and the
ventricular outflowQv are then related as
(3.1 1)

3.4 Ejection Effect
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Figure 3.6 The left panel shows ventricularpressurep, (full line), arterial pressure p, (dashed
line) when the ventricle ejects into the modified Wlndkessel loadof Figure 3.2 obtained by using
(3.12) - (3.13) with an inductance L, = 0.000416 mmHg s2/ml. The right hand panel shows the
corresponding flow curve. Vascular parametersare given in Table 3.3.

pa = P, + & Q v .

(3.13)

The inertial effect of ventricular blood contributes slightly the
to shape of pressure
and flow curves, as shown in Figure 3.6 and provides a phaseshift between ventricular and aortic pressure as observed experimentally (Pasipoularides, Murgo,
Miller and Craig, 1987). However, the model showsno worthwhile improvement
in the shape for physiological values of the inductance calculated by assuming a
cylindrical geometryof the ventricle.
Also, the interaction with reflected waves was eliminated by makingcomthe
pliance equal to lOOC, (Berger, Li, Lasky and Noordergraaf, 1993). The computations showed that reflected waves play only a minor role in the profiles of the
curve both inthe case with the inertial effectof ventricular blood and in the case
with the modified Windkessel modelof Figure 3.2. Although the inertial effect of
ventricular blood contributesin the right direction,it, and reflection, cannotalone
explain the ejection effect. Apparently the ejection effect
consists of a numberof
small components.

3.4.2 A model of the Ejection Effect
As a first, rough, approximation, the ejection effect: deactivation, hyperactivation
and theshape of the computed ejection curves,
may be described by modification
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of the parameterc in (3.6), to c(%), via
= c - E(.),

c)(.

ved

=-

(3.14)

W )'

where Ved is the end-diastolic volume and
r

.l

(3.15)
The positive parametery represent the streno@ of the ejection effect whereas
and pzrepresent therates of the effect. Thus (3.6) is rewritten as
(3.16)
during ejection. The parameter c is directly related to the ventricle's contractile
state. During isovolumiccontractions E(%) = 0 and (3.16) reduces to(3.6).

3.5 Ejection Effect and the Arterial Load
The left ventricle was filled from a constant pressure reservoir p , and coupled
to a 3-element modified Windkessel arterial load as in Figure 3.2 with the parameters given in tables3.2 and 3.4. The computed arterial and ventricular pressures, including the ejection effect,and the corresponding ventricular outflow are
shown in Figure 3.7. In both pressure and flow curvesthe ejection effect correction yields curve shapes far more representative of the normal human ventricle
and are in close agreement with curves in Figure 2.2 and in (Guyton, 1991). In
particular the flow curve in Figure 3.7 shows a clearly convex shape. Table 3.1
compares model results with typical normal values
of the human ventricle adopted
from (Noordergraaf, 1978).
The model computed values arise from the parameters
given in Table 3.4. In particular, the time constraints in Table 3.1 result mainly
from lowering the parameters T~ and T ~ .Figure 3.8 demonstrates that both deactivation and hyperactivation are introduced by the ejection effect which follow
directly from c(.) in (3.14). The time course of c(.) during one heart beat is also
falls below c in early systole, followed
shown in Figure 3.8. The value of).(C
by an increase above c, thereby introducing deactivation and hyperactivation, respectively. The inertial effectof ventricular blood is only of minorimportance in
the normal situationas shown in Figure 3.9. This is also reflected in the vascular
parameters y.p1 and pz which are adjusted to the needs as shown bythe different
parameter values listed in Table 3.5.
Both deactivation and hyperactivation are influenced by the interaction with
the vasculature. According to (Mulier, 1994) deactivation increases with higher

3.5 Ejection Effect and the Arterial Load
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Figure 3.7: The left panel shows arterial and ventricular pressures, p , and p , computed for a
normal human ventricle with the ejection effect (3.14) and the arterial load of Fi-we 3.2. The
right panel shows the corresponding ventricular outflow. The parameter values of the ejection
effect and the ventricle can be found in Table 3.4. End-diastolic volume Ved = 125 ml, stroke
volume is SV = 77 ml, the ejection fraction EF = 0.62 and heart rate H = 1 Hz.

Table 3.1: Typical values of the human ventricle (Noordergraaf, 1978) and model computed
is measured between
values are shown in central columns, respectively. The time interval atpes
the 20 mmHg levels of the venhicular pressure during ejection. The duration of the systole is
at,, at, the time to develop peak pressure, p , peak systolic pressure and pd is the end-diastolic
pressure.

Type

1 Human Values 1 Model Values I Units

At,,,,

I 400

I 407

I ms
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Figure 3.8: The left panel shows arterial and ventricular pressures with the
ejection effect (full
line) and without (E(z)= 0 in (3.16),shown by dashed line).The time course of c(z) during one
in Table 3.4.
heart beat is shown inthe right panel for the parameters given

19,

,

,

,

,

,

,

,

,

,

,

Figure 3.9:The left panel shows arterial pressurepa and ventricularpressurep, obtained using
(3.12) - (3.13) with the inductance L, = 0.000416 (fully drawn lines). The computed pressure
without the ejection effect is shown with dashed lines. Theright panel shows the corresponding
flow Q,,. The parameters of the ejection effect can be found in Table 3.5.
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Figure 3.10: The upper and lower curves show the ventricular pressures with (full lines) and
respecwithout the ejection effect (dashed lines) when the peripheral resistance is ZR, and 9,
tively. Deactivationis only slightly present whereas hyperactivation is present most of the systole
when the peripheral resistance is 2R,.Deactivation is accentuated and hyperactivation diminished
compared to the situation in Figure3.8.
when the peripheral resistance is

9

ventricular flow Q,,. This is shown in Figure 3.10 where deactivation is accentu%, and diminated by high ventricular outflow when peripheral resistance equals
ished by low ventricular outflow, peripheral resistance 2R,. The hyperactivation
follows the opposite track and is more pronounced when the peripheral resistance
equals 2R, and vice versa. Figure 3.11 shows that hyperactivationis diminished
compared to the normal situation in Figure 3.10 when the ventricle ejects into a
reflection free afterload. But hyperactivation is still significantly present and the
computations show that physiological curves cannot be obtained without hyperactivation.
Any perturbationof the vasculature or the ventricle implies changes in pathe
rameters of the ejection effect. Perturbations can be manifestedby non-physiological pressure curves as shown in the left hand side of Figure 3.12 where the
peripheral resistance R, is changed to 2R, and % respectively withno alterations
in the parameters of the ejection effect. On the right hand sideof Figure 3.12 the
parameters 7,p1 and of the ejection effect are adapted and the curves are clearly
more representative for the human ventricle. These alterations inthe parameters
may be guided by neural,hormonal and other effects affecting the interaction
between ventricle and vasculature. The ventricular model (3.6) offers a separation
between ventricle and vasculature whereas the complex interaction between the
heart and the vasculatureis addressed by the ejection effect.
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and Arterial Load

Interaction
Ventricle
between

Figure 3.1 1: The left panel shows the ventricular pressure
p, and the arterial pressure p, (full
lines) when the ventricle ejects into a reflection free afterload (compliance equals IOOC,). The
calculatedpressurepcaiis shown bydashedlines. Thesolution isobtainedusing (3.12)-(3.13)with
L, = 0.000416 mmHg s2/ml. All other parameters canbe found in Table 3.2. The parameters of
the ejection effect are listed in Table 3.5. Thecae with L = 0 shows increased hyperactivation.
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Figure 3.12: The left panel shows the ventricular pressure
for different values of the peripheral
resistance 2R8, Rsand % when the parametersof ejection effect are unaltered. The right panel
shows the same case but when the parameters of the ejection effect are adjusted to the new arterial
load. The parameter value for 7,D1 and PZ are given in Table 3.5.
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3.6 Alternative Models of the Ejection Effect
(Mulier, 1994) offered the first attemptto include deactivation mathematically,in
the model (3.6). (Mulier, 1994) considered deactivation as an independent mechanism modeled by
pd = ad(%)’
(3.17)
such that ventricular pressure
is given by

p u ( V , , Q v , t ) = p u ( V , , t ) -adQ:,
where theconstant a d represents the strength
of deactivation. Hyperactivation was
assumed to be caused by reflections. According to (Mulier, 1994) deactivationis
then related toflow alone and claimed not to alter the fundamental parameters of
the model (3.6). We model the ejection effect aboveby relating the parameter c,
which is directly connected
to the contractile properties
of the ventricle, to
volume
V,by using (3.14). As (3.17) holds, the difference between the predicted pressure
during ejection and its measured counterpart should be relatedto the cumulative
effect of measured flow Qv (=
since correction for ventricular volume
Vv(t)itself is incorporated by the Frank mechanism in the ventricular model
(3.6).
Regarding the ejection effectwe can thus emphasize that:

-%),

Deactivation should be related to ventricular outflow via
force-velocity
Hill’s
relation (or pressure-flow relation).
Hyperactivation should be related to the formation
of newbonds and cycling
of bonds.
As an alternativeto the volume based model (3.14),
following the strategy above,
Qv (= -%) during ejection and
the ejection effect can be related to outflow
volume V, during diastole by modification of the parameter c in (3.6) according
to
C(&,,%)=

i

C - alQo,

0 <t

~--1Qu+a2(Qnaz-Qu),

tQrnDz
< t 5 tes

C

- [ ~ Q m i n+ a2(Qmaz - &min)]

2

COS(?),

tes

5 tQrnai
t Ith,

where t,, is time for end of systole and
x,, = with V, as end-systolic volume.
The terms Q,,
and &,inare maximum and minimum of ventricular outflow
Qv during ejection, respectively. The computed root aortic pressure and ventricular outflow are shown in Figure 3.13 when the model (3.6), including
the
ejection description above, is coupled to the modified Windkessel model in Figure 3.2. Both pressure and flow curves are clearly representative for the normal
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1
Figure 3.13: The left panel shows the ventricular pressure p , and root aortic pressure p , for a
normal human ventricle with the ejection effect correction (3.18) and the arterial load of Figure
3.2. The right panel shows the corresponding ventricular outflow Q v . The parameter values of the
ejection effect and the ventricle can be found in Table 3.6. End-diastolic volume V,, is 125 ml,
stroke volume is SV = 76 ml, the ejection effect EF = 0.61 and heart rateH = 1Hz.
human ventricle and in close agreement with curves found in (Guyton, 1991) &
(Noordergraaf, 1978).
Another approach to the modeling of the ejection effect, which is attractive
from the point of view of identification of physiological mechanisms, may be
to return to the functions on which the isovolumic pressure function was built.
The second term on the right hand side of (3.1) corresponds to systolic pressure
generation. The generating function g is shown in Figure 3.1 and includes the
product of two exponential functions. The first

(1 - e-(*)=)
describes the pressure increase resulting from crossbridge bond formation. The
second
e

-(%)a

describes the pressure decrease resulting from crossbridge bonddetachment. The
hypothesis is that the two sigmoidal functions of Figure 3.2 are modified by both
pressure deactivation and hyperactivation. Consequently, the function g and the
relevant parameters would besomewhat different from the isovolumic ones as is
the case for the parameter c via (3.14). This will be the topic of the work in the
near future. Afundamental different modeling approach tothe ejection effect will
be taken, basedon shifting of energy along the time axis. The approach takes the
effect of flowinto account andcan briefly be described as follows. The ventricular

3.7 Summary
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pressure drops dueto ejection compared with a non-ejecting ventricle.
A recover
of the energy here will then start. The recovery will follow the pattern
of the isovolumic pressure curve. The entire recovery will be represented by a complex
sum of isovolumic pressure curves each representing a small amountof volume
ejected. The approach in this chapter fails to describe the observed recovery of
pressure after quick withdrawalsof volume during an otherwise isovolumic contraction. This is due to the fact that the model of the ejection effect only allows
c to vary when the ventricular volume varies. The new approach may be tested
against these experiments.

3.7 Summary
The ventricular model
(3.6), based onthe Frank mechanism, was shown include
to
as an independent
Starling’s two observations and thus disqualifies Starling’s law
mechanism. The addition of the ejection effect to the model (3.6) by expanding
the model parameter c, directly related to the ventricle’s contractile state, from a
fixed value to a function of instantaneous ventricular volume broadensthe range
of the description of the left ventricle.The results suggest that ventricular ejection
directly changes the underlying muscle contraction process and that the ventricle
is influenced byalterations in the vascular parameters. The ejection effect cannot
be explained by smaller effects alone, as inertial effects of ventricular blood and
vascular reflections, though they
contribute in the right direction.
Alternative approaches to the
modeling of the ejection effect should be related
to the ventricular outflowQv since the correction for volume is incorporated by the
Frank mechanism. Deactivation should be modeled as detachments of bonds via
as formation of new andcycling
Hill’s force-velocity relation and hyperactivation
of crossbridge bonds.
The model (3.6)shows the principal features when coupled to a closed model
of the human cardiovascular system including expected response to preload and
afterload changes (Palladino, Ribeiro and Noordergraaf, 1998). Gratifying as this
may be, we encounter at least two practical problems if we extend the model to
real world applications. Firstly, theheart rate is not easily changed dueto the exponential functions in (3.1). Secondly,the pressure and flow curves differ
from the
normal human curve profiles without the ejection effect. The ejection effect can
correct these deficiencies butthe parameters depend on the prevailing conditions
in the vasculature and on neural effects. This dependence is not mathematically
formulated. But this practical view has not been the purpose with the modeling.
The modeling interest is directed towards the physiological mechanisms behind
the ejection effect. Identificationof the mechanisms involved may emerge in the
future from new animal experiments.
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3.8 Tableswithparametervalues
Table 3.2: The parameters for the constant pressure reservoir p , and the 3-element modified
Windkessel modelin Figure 3.2.

Table 3.3: Parameters for the model (3.6). Figure 3.3 shows the corresponding pressure and
3.2.
flow curves when the model is coupled to the arterial load in Figure

Units
m
m
w
d

m1
mmHg/ml
0.225
0.285

S

S
S

3.8 Tables with parameter values
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Table 3.4: The parameters for the ventricularmodel(3.16) with the ejection effect. Figure 3.7
shows the corresponding pressure and flow curves when the ventricular model is coupled to the
Windkessel model in Figure 3.2.

Parameter
a
b
C

d
re
7
,

tP
CY

Y
P1
P2

-

Value Units
0.0007 mmHg/ml
ml
5
1.44
mmHg/ml
1
IIUIlHg
0.13
S
0.13
S
0.3
S
2.88
3.8
mmHg/ml
3.3
1.8
-

Table 3.5: The parameters for the ejectioneffect for varying peripheralresistances %, Rs,2R,
produce the curves given on the right hand sideof Figure 3.12. The parameters inthe case of the
inductance L give the curves in Figure 3.6. The case of no reflection (L & lOOC,) are shown in
Figure 3.11.

Value

~

9 I I I I
3.1 4.6 3.175
3.7 3.5 1.85
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Table3.6: Theparametersfortheventricularmodel(3.16)withtheejectioneffect(3.18).Figure
3.13 shows the corresponding pressure
and flow
the Windkessel
model in Figure 3.2.

Parameter

curves
when the

Value
0.0007
5
1.44
1
0.13
0.13
0.3
2.88
0.0005.3
0.003

ventricular
model is coupled to

Part I1
Modeling the Human
Cardiovascular System and the
Baroreceptor Mechanism with
Reference to an Anesthesia
Simulator

Chapter 4
A Cardiovascular Model
”The blood current Jlows continuously in acircle and never stops . . . The
blood cannot butJlow continuously like current of a rive6 or the sun and moon
in their orbits. It may be compared to a circle without beginning or end . . .
The blood travelsa distance of three inches during inhalation and another three
inches during exhalation, making six inches with one respiration.”. This can be
found in Neiching from ancient China1000 BC which is thought to be written by
the Yellow Emperor, Huang (Aciemo,
Ti
1994). In addition, the Neiching consider
the heart as repositoryfor the pulse and energy that stems from the lungs.
The blood flows inthe human cardiovascular system
with the pumping heart as
the driving force as explained by William Harvey in 1628. The heart was
studied
in the previous Chapters 2 and 3. The of
goal
this chapteris to presentour model of
the human cardiovascular system.We establish a lumped pulsatile cardiovascular
model which embraces the principal featuresof the human circulation andis based
on available physiological data found in the literature. The model
is partially
based on the human circulatory modelby (Rideout, 1991). The major differences
between the two models are outlined in Section 4.3.5. The model provides

ventricular pressure, root aortic pressure andventricularoutflow curves
which closely resemble the corresponding human ones found in the literature.
three arterial and two venous pressure and volume levels in both the systemic and the pulmonary circuit of the human circulation.
Preceding the description of the cardiovascular model, Section 4.1 gives an elementary introduction to ~e physiologyof the cardiovascular system.We focus on
the cardiovascular system as a transport system and conclude withan overview
of the pressure and volume distribution in the system. Section
4.2 introduces the
major modeling approaches used to describe the impedance of the arterial tree
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and the overall function of the cardiovascular system in terms of pressure and
flow. The human circulation model is established in Section 4.3. The heart and
the vasculature is described inSections 4.3.1 and 4.3.2. The vascular pressure and
volume distribution are given
in Section 4.3.3 which also reveals the strategy used
to determine the parameter values the
in cardiovascular model. Computedresults
are given in Section
4.3.4 and asummary is found inSection 4.4. The differential
equations comprising the cardiovascular model are quantified
in Section 4.5. All
the parameter values are stated inSection 4.6.
The cardiovascular modelis an integrated part of the SIMA project. We have
developed two cardiovascular models. One of the models is used in a commercial anesthetic simulator developed
by the SIMA group. Thus, the cardiovascular
model is a part of a complex environment in which the model interacts with a
number of other models describing different physiological processes. This imposes a range of requirements on the model. In addition to the principal features listed above, the simulator hasto run in real time which generates concerns
about computational speed and, in turn, adds restrictions to the complexity of
the model. Hence, the cardiovascular model in the simulator must be simple. In
essence, a lumped or Windkessel type of model of the cardiovascular system is
perfectly suitable. The requirement to the computational speed is related to the
variety of different models in the simulator which are shown in Figure 4.1. The
simulator contains a pharmacokinetic model which contains information about
the concentration of anesthetic drugs in the blood, tissue and major organs. The
pharmacodynamic model contains a statistically based model of the correlation
between drug concentrations andalterations in e.g. heart and brain. In addition,
the simulator contains arespiratory as well as a metabolic model. The former describes transport of oxygen and carbondioxide in the body and
the latter computes
carbon dioxide concentrations andcontrols production of heat. A fluid and electrolyte balance model accounts for the volumes of plasma, protein, electrolytes
and distributionof body fluids. The simulator contains also an EKG model and a
temperature model. Moreover, a baroreceptor model is integrated in the simulator. This model accounts forthe short term nervous control by the central nervous
system. We will present this modelas a whole in Chapter 6 .
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Figure 4.1: The different modelsin the SIMA simulator. Adopted from (Olufsen et al., 1998).
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4.1 Cardiovascular System
The human cardiovascular system withits complex branching exhibits major changes
along the closed circulation path as shown in Figure 4.2. The system consists of
two separate parts, the systemic and the pulmonary circuit, which are connected
via the left and right heart chambers as shown in Figure 4.3. The cardiovascular

Figure 4.2: The human cardiovascularmodel. Adapted from (Tortora and Anagnostakos,1990).

4. I Cardiovascular System
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Melies

Pulmonary Circuit

Right
Heart Chamber

Left
Hean Chamber
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Figure 4.3: The cardiovascular circuit consists of a systemic and a pulmonary system which
are
separated by the heart. Both circuits are divided into an arterial and a venous part connected via
the capillaries.

system is primarily a transport system. Oxygen, carbon dioxideand nutrients to
the various tissues are carried by the blood which circulates in the closed human
cardiovascular system. Oxygenated blood is transported from the lungs through
the left heart chamber to the tissues in the systemic circuits. Simultaneously, carbon dioxide is returned from thetissues and transported via the right heart chamber to the pulmonary circulation where carbon dioxide leaves the blood and the
partly deoxygenated blood receives oxygen from the alveolar air. The nearly fully
oxygenated blood is then carried to the left heart chamberand thus makes a full
circle when blood is ejected into the systemic circuit. In addition, blood carries
fluids, hormones, nutrients, electrolytes and other agents.
By diffusion, these substances are exchanged between blood and fluid in the tissue cells, mediated by
the extracellular fluids. Moreover, the circulation participates in control of the
temperature by transporting heat to the body surface.
The left ventricle pumps blood into the high pressure areas constituted by the
aorta and the arteries of the systemic system. The aorta and its main branches
have highly elastic properties. These areas are followed by the arterioles which
have less elastic tissue and cause blood pressure to drop. The walls of the arterioles contain more smooth muscle than the walls of the aorta and its primary
branches. The blood flow encounters considerable resistance to flow in the arterioles controlled by the degree of muscle constriction which can be significant.
This muscular region is followed bythe capillaries which contain no muscles. The
capillaries are the area where nutrients are exchanged between blood and tissue
cells. The level of branchingof the vessels reachesits maximum in the capillaries
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and the region has a very high surface area as indicated in Figure 4.2. The capillary vessels discharge their blood into the venules and larger veins. The veins
are low pressure vessels and their vessel walls have low elastic properties. The
latter makes the veins ideal for the storage of blood.
Large volume alterations
are archived without significant pressure changes in the veins.
The veins contain
muscles which allow mobilizationof volume to other parts of the cardiovascular
system. From the systemic veins the bloodis returned to theright heart chamber
from which it enters the pulmonary circuit. The pulmonarycircuit manifests the
same organization as described above and will not
be discussed in greater detail.
The systemic and pulmonary circuitsexhibit significant differences in terms
of pressure levels and the amount
of blood volume contained.The pressure level
in both circuits are shown in Figure
4.4. In addition, the figureshows the approximate peak to peak pressures and average pressures in different
locations of the cardiovascular system. The maximum and minimum pressuresthe
in systemic aorta
are approximately 120 and80 M g , respectively. The corresponding pressures
in the pulmonary arteries are 30 and 10 mmHg. The veins exhibit low pressures.
The pressure in the venules tends to be 10 mmHg with very small oscillations.
The oscillations in the pulmonary veins is shown to be more profound with a
maximum pressure around 15 mmHg. The amount of volume in the pulmonary
same figure is 75 %
circuit is approximately 15 % of the total amount whereas the
for the systemic circuit as shown in Table 4.1. The systemic veins alone contain
around 55 % (Guyton, 1991) & (Ganong, 1975).
Table 4.1:

The volume distribution in the cardiovascular system relative to the total amount
(Ganong, 1975) (Noordergraaf, 1978)leii column. The computed values using the cardiovascular
model are given in the right column.

Location
Systemic Arterial
Systemic Venous
Pulmonary Vasculature
Heart

Volume Computed
25.4 20
54
58.8
14
8.4
12
7.4

4.2 Architecture of Cardiovascular Models
The mathematical formulationsof the cardiovascular system may
be divided into
two classes of models, distributed and lumped. In the former, arterial pressure
and flows may be described by use of partial differential equations or by spatial

4.2 Architecture of Cardiovascular
Models

Figure 4.4 The pressure distribution in the human cardiovascularsystem.Adapted
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from

(Noordergraaf, 1978).

models based on ordinary differential equations. Both approaches account
for the
detailed geometry of the vessels.In distributed models, the arterial tree
is divided
into a number of segments. The viscous and inertial effects of blood in each
segment are represented by a resistance R and an inductanceL, respectively. The
parameters are computed according to the corresponding vessel radius, viscosity
and density of the blood and length of the segment. Calculation of the elastic
properties requires in addition the Young’s modulus of elasticity. The elasticity
is represented by the complianceC which is the reciprocal of the elastance. This
class of models can be used to study the input impedance as seen by the heart,
wave travel and wave reflections (Olufsen, 1998)
& (Westerhof and Stergiopulos,
1998). Models based on random length distribution of the segments, and thus
not on the real anatomy, have been shown to exhibit the same wave travel and
impedance features as distributed models (Noordergraaf, 1978)
& (Westerhof and
Stergiopulos, 1998). Furtherdetails of these three types
of models may be
found in
(Noordergraaf, 1978), (Peskin, 1976), (Pedley, 1980), (Rideout, 1991), (Olufsen,
1998) & (Westerhof and Stergiopulos, 1998).
Along another avenue we find the lumped models where the anatomical details are abandoned. Asan example, the modified Windkessel model in Figure
2.9
of Chapter 2 is a lumped model. Although strikingly simple, the model gives a
very good description of the input impedanceof the arterial system (Toy, Melbin
and Noordergraaf, 1985) & (Westerhof and Stergiopulos, 1998). Thus, ventricular models may be coupled to a modified Windkessel model to obtain a description of the arterial load as we did in Chapter 3. The entire human cardiovascular
system may be described by a network of compliances, resistances and inductances not reflecting anatomical properties. These types of models exhibit the
major features of their real counterpart as higher pressure in response to vessel
constrictions, root aortic pressure and ventricular outflow curves representative

..

for the human. In addition, phenomena with low frequency content, as Mayer
waves, may also be studied (Ottesen, 1997a) & (Ursino, 1998). The cardiovascular models can be coupled to mathematical descriptions of nervous control to
study effectsof the central nervoussystem on the humancirculation. In this case
lumped models may be used to study the impact of the venous reservoir during
hemorrhages (Ursino, Antonucci and Belardinelli, 1994) & (Danielsen and Ottesen, 1997) or the effect of halothane on nervous regulation (Tham, 1988). Our
knowledge of the complex impact of the central nervous system on the overall
performance of the cardiovascular system is still limited and thus lumped models may be perfectly suitable. Lumped cardiovascular
models may be roughly
divided into two classes.The first class contains the non-pulsatile models where
the heart is described by some variant of Starling’s law as (2.5)-(2.7) in Section
2.3.3 of Chapter 2. The second classcontains the pulsatile models. When pulsatility is included the heart is typicallyguided by a time-varying elastance function
as described in Section 2.3.1 of Chapter 2. One exception is (Palladino, Ribeiro
and Noordergraaf, 1998) where the ventricular model by
(Mulier, 1994) is applied to a closed human circulation. Otherwise, modelsfollowing the above lines
of thinking include (Warner, 1958), (Warner, 1959), (Grodins, 1959), (Beneken,
1965), (Leaning, Pullen, Carson and Finkelstein, 1983), (Leaning, Pullen, Carson, Al-Dahan, Rajkumart and Finkelstein, 1983), (Martin, Schneider, Mandel,
Prutow and Smith, 1986), (Tham, 1988), (Rideout, 1991), (Jin and Qin, 1993),
(Neumann, 1996), (Sun, Beshara, Lucariello and Chiaramida, 1997), (Danielsen
and Ottesen, 1997), (Ursino, 1998) (Palladino, Ribeiro and Noordergraaf, 1998)
(Ottesen, 1998).
Selection of the modeling approach is dictated by the problem at hand. The
human circulatory model will be coupled to a model of the nervous control in
Section 6.4 of Chapter 6. This accentuates the use ofsimple
a
approach considering the limited knowledge of the explicit interaction between the central nervous
system and the cardiovascular system. Section 4.3 below introduces the cardiovascular modelof the human circulation.

4.3 CardiovascularModel
The pulsatile human circulation modelis shown in Figure 4.5 which is partially
based on the model by (Rideout, 1991). The model consist of a pumping heart
coupled to a lumped description of the systemic and the pulmonary circulation.
The ventricles are described
by a pairof time-varying elastance functions whereas
the two atrias are purely passivechambers as shown in Figure 4.6. The four heart
valves are indicated in the figure. The aortic and pulmonary valves aredesigned
to allow a small amount of volume to flow hack into the left and right ventri-
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cles from the vasculature beforeclosure is completed. When the left ventricular
pressure exceeds root aortic systemic pressure p,, the aortic valve (AV) opens
and bloodflows through the characteristic systemic
resistance Ros into the arterial
systemic consistingof three sections.The pressures inthe arterial systeminclude
the root aortic pressure
p,, and three pressurespal, pa2 and pas. The veins are described by two sections with the pressurespSl and pVz.The veins returnthe blood
to the passive right atria. When right atrial pressure
p,, exceeds right ventricular
cavity pressurep,, the tricuspid valve(TV) opens and the right ventricle is filled
through the filling resistance E&. Subsequently, blood is ejected into the pulmonary circuit through the pulmonary valve (PV) and characteristic pulmonary
resistance bp.
The architecture of the pulmonary circuit is a replica of the systemic one. The pressure and volume
levels in each section and the corresponding
physiological locationsof the sections canbe found in Table4.2.

Figure 4.5: The human circulation model. The cardiovascular model consists of a pumping
heart, a systemic (toppart) and a pulmonary
circuit (lower part).The left and right heart chambers
are shown in Figure 4.6. The systemicarterial system is described by three sections and the systemic venous consists of two sections. The pulmonary circulation follows the same architecture.
Variables and parameters are explained in the text. Parameter values can be found in tables 4.5
and 4.7.Pressure and volume distributionsare given in Table4.2.
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4.3.1 The Heart
The model of the pumping heart is shown in Figure 4.6.The cardiac contractile

Figure 4.6:The upper and lower panels show the left and the right heart chambersof the cardiovascular model in Figure 4.5, respectively. Eachside of the heart consists of a passive
atria and
an activeventricle. The left atrium is modeled by a constant elastance El, while the performance
El,(t) given by
of the left ventricle is described by a time-varying ventricular elastance function
(4.2). The inertial properties of the blood are included by inductances Li, and Ll,. The viscous
properties of blood are included by the left atria filling resistance I&,.The right heart is described
in a similar fashion. The mitral and aortic valves are denoted by MV and AV, respectively. The
tricuspid valve and pulmonary valve are denoted by TV and PV, respectively.

properties ofthe two ventricles are assumed to be defined by a pair of time-varying
elastance functions. The inertia of blood movementsin the ventricles are included
by inductances which introduce a phase
shift between ventricular pressure and
the
root aortic pressure. The viscous propertiesof blood in the two atrias are included
by ventricular filling resistances, Rla and %, respectively. The relation between
left ventricular cavity pressure pl, and ventricular volume is described by

x,
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where Vd,lvis left ventricular volume at zero pressure. The elastance function
El, ( t )in (4.1) is given by
E l a ( t ) = Emin,lu(1 - # ( t ) +
) Gnaz,lv#(t),

(4.2)

where

The parameters
and Emaz,luareminimaldiastolicandmaximalsystolic
values of the left ventricular elastance function, respectively,t h heart period and
t,, time for onset of constant elastance.
The relation between heart period t h and t,, is givenby
tes

= KO

+ Kith,

(4.4)

where KO and K I are constant parameters (Rideout, 1991).
When the aortic valve is open, the root aortic systemic pressure p,, then relates to ventricular outflow &lv, left ventricular cavity pressure
p / , and ventricular
volume l&, by

When the aortic valve is closed
&/v

= 0.

We allowan amount ofvolume
to flow back into theleftventriclebefore
complete closure of the aortic valve. When K U , b exceeds the maximum volume
we allowto flow back into left ventricle, the valve closes. The right ventricle
is given by a similar description. Both the left and rightatria follow the architecture above. However, the atria are passive and describedby constant elastances,
El, and E,,, respectively. In addition, ventricular volume cannot flow
in direction
from the ventricle to the atria. The mathematical formulations are given in Section
4.5. Parameter values for the heart chambers can be found in tables
4.4 and 4.6.

4.3.2 The Vasculature
The structural pattern of the cardiovascular model of Figure
4.5 follows the architecture of many previous cardiovascular descriptions andmay only differ by the
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number of sections used to characterize thesystemic and the pulmonary circuits.
The model in Figure 4.5 is divided into ten sections with different pressure and
flow levels. The systemic arteries are described by three sections and the systemic veins are characterized by two. The pulmonary circuit follows the same
architecture. Each section may contain three
components, a viscous loss term Rj,
an inertial term Lj and a term describing theelastic vessel properties represented
by the compliance C, which is the inverse to the elastance. The index j denotes
the particular section. The mathematical relation between vascular pressure and
volume in each section amounts to three equations characterizing motion, conservation of mass and state of the system. Hence, the arterial pressure p a l , flow
Qal and volume Valin the first sectionof the cardiovascular modelin Figure 4.5
are being described by the following threeequations which follow the pattern by
(Warner, 1959):
1. An equation of motion
Pal

dQa1

- pa2 = RalQal+ Lal-.d t

2. An equation for the conservation
of mass

where &lvis left ventricular outflow
3. A state equation

By (4.7) we assume that the elastic vessel properties are independent of the vascular pressure levelsin each section. Thus, we have adopted alinear relation between pressure and volume. This maybe justified for the arteries but the relation
is non-linear in theveins (Ganong, 1975)& (Noordergraaf, 1978). The parameter
V,n,,l in (4.7) is the unstressed volume which is defined as the volume at zero
pressure. The vessels collapse when the volume falls below the unstressed volume and the elastic vessels exhibit highly non-linear properties (Ganong, 1975),
(Noordergraaf, 1978)& (Guyton, 1991).
The entire system of ordinary differentialequations which comprises the human circulation model is given in Section 4.5. Parameter values of compliance,
resistances and inductances can be found
in tables 4.5 and 4.7.
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of Parameter Values

The selection of cardiovascular parameter values inthe human circulation model
is guided by data available in the literature. The
goal is to obtain realistic average
pressure levelsand volume distribution in
the system. In addition, computed ventricular pressure, root aortic pressure
and outflow curves shouldclosely resemble
the corresponding human ones.
The strategy we use to achieve the goals may be comprised
into two steps:

1. The desired average pressure and volume distribution and cardiac output
determine the parameter valuesof compliances andresistances.
2. Inductances and elastance functions are subsequently assigned values that
produce representative pressure and flow
pulses.

Iterations between the two items are inevitable in determining
the final parameter
values.
We follow this strategyby first determining the pressure andvolume distribution inthe model. To this end, pressure and volume average
levels for each section
are shownin Table 4.2. The volume in each sectionis divided into a stressed and
an unstressed component. The fraction between the unstressed and the stressed
components is calledn.The separation betweenthe two types of volume is guided
by pressure-volume curves for the vasculature. Since the number of sections in
the cardiovascular model
is not chosen in accordance with
anatomical divisions, it
is not surprising that the valuesof n vary among different lumped cardiovascular
models (Beneken, 1965), (Tham, 1988), (Ursino et al., 1994). We have adopted
a set of average valuesof n based on pressure-volume curvesfound in (Schmidt
and Thews, 1976)& (Guyton, 1991).
Parameters values of compliances, resistances and inductances for the systemic and pulmonary circuits
of the cardiovascular modelof Figure 4.5 are given
in tables 4.5 and 4.7, respectively.
The parameters of the left ventricle are K O , K+ Emin,l,U+, b+, Emw,l and Ll,.
The values for KO and K I in (4.4) of the elastance function are chosen in order to
obtain systolic and diastolic time periods in
close agreement withstandard human
pressure and flow profiles found in (Noordergraaf,
1978) & (Guyton, 1991). Minimal elastance Emin,lprovides ventricular filling, and maximal elastance Emaz,l,
constants U+ and b, and inductance 4,are chosenin order to obtain proper pressure and flow curves. The left ventricular
elastance function (4.2) is shown in
Figure 4.7.
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Table 4.2: Average pressure and volume distributionamong the vascularsections in the cardiovascular model. The first column specifies each sectionby its corresponding pressure as defined
in the fi-gues 4.5 and 4.6. The fraction between unstressed and stressed volumeis denoted by n.
The approximate physiological location is shown inthe last column.The total volume is 5139 ml.

Section Pressure (mmHg) Volume (ml) n
- Location
Systemic
91.6
276
2.9 Large arteries
Pal
84
507
2.7 Small arteries
Pa2
524
67.9
3.3 Arterioles
Pa3
7.3
693
6.2 Venules
PVl
5.3
2328
5.0 Small veins
Pv2
Pulmonary
91.4
18.7
1.2
Arteries
PP1
55
16.6
1.2 Arteries
PP2
74
11.8
2.6 Capillaries
PP3
8.3
105.4
2.5 Veins
P1 1
6.0
105
2.5 Veins
P12
Heart
78
2.9
0.6 Right atrium
Pra
95
4.9
0.5 Left atrium
Pla
18.8
99
0.1 Right ventricle
Prv
50.8
0.1 Left ventricle
109
Pl*
-

4.3.4 Computed Results
In this section we will present some of the computed pressure and flow shapes
of the cardiovascular model. The purpose is to show that the computed pressure
and flow profiles are in agreement with corresponding human data found in the
literature.
Computed left ventricular pressure pl, and root aortic pressurepa, during ejection are given in the left panel of Figure 4.8l. Figure 4.8 shows also right ventricular pressure p,, and pulmonary trunk pressure p , in the pulmonary circuit.
Both pressures elegantly approximate curve shapes representativefor the normal
human ventricles as found in (Noordergraaf, 1978) & (Guyton, 1991). Representative outflow curves from right and left ventricle are given in Figure 4.9. Root
'The computed curves in this section are shifted in time in order to obtain a better impression
of the curves.
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Figure 4.7: The left ventricular time-varying elastancefunction&,(t) given by (4.2). Parameter
values for both the left and right ventricular elastancefunctions can be found in tables 4.4 and 4.6.
The heart period t h is equal to 0.80 S.

Figure 4.8: Left panel shows left ventricular pressure pi, and root aortic systemic pressurepas.
Right panel shows right ventricularpressurep,. and root pulmonary pressure p,,.

aortic systemic and pulmonary pressures are 127/78 mmHg and 34/13 mmHg,
respectively. The corresponding changes in left and right ventricular volumes are
shown in Figure 4.10. As a consequenceof the lumped approach,the pressures in
each section p a l , P,Z, pa3, p , ~ P,Z.
, p p l , pP2,pp3,p n , PD., pi,, p,, are not real physiological pressures but mathematical abstractions. The classic pressure-volume
loops are also shown in Figure 4.10. The stroke volumeV, is 72.7 ml, heart rate
H is 1.25 Hz resulting in a cardiacoutput CO equal to90.9 &S. The left ventric-
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Figure 4.9: Left ventricular outRow Q i v (full line) and right ventricular outflow Q,, (dotted
line). The negative outflows are accomplished by allowing volume to flow into the vennicles
before the valves close.

l

Figure 4.lo: Left ventricular volume K,, (full line) and right ventricular volume V,, (dotted
lines) during a cardiac cycle are shown in the left panel. The right panel shows pressure-volume
work loops for the left and right ventricles, respectively.The area encompassed by the work loops
denote left and right ventricular work, respectively.

ular ejection fraction EF2 is 0.57. The results resembledata for a normal human
found in (Guyton, 1991) & (Despopoulos and Silbemagl, 1991). The computed
results are summarized in Table 4.3.
'The ejection fraction E F is defined as SV/&, i.e. stroke volume divided by end-diastolic
volume.
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Table 4.3: Summary of the cardiovascular performance givenby maximum systolic over enddiastolic pressures, end-diastolic volumeVedrstroke volumeV, and ejection fraction E F .
Ventricle Pressure (mmHg) V,,ml
127.6
L.4
127178
136.7
Right
34/13

V , ml E F
72.7
72.7

0.57
0.53

Hypertension and weak hearts can be studied by this model. Hypertension
may be obtainedby doubling the resistances
in the systemic arterial.A weak heart
may be simulated by taking the maximum
elastance of the left ventricle equal to
E1,/2. As another example impaired filling of the right heart can be simulated
by changing the filling resistance haof the right heart. However, oneimportant
feature is obviously missing in these studies and that is the response from the
nervous system. This will be the topic
of Chapter 5.

4.3.5 The Cardiovascular Modelin the SIMA Simulator
We have also developed the human circulation modelthe
in SIMA simulator. The
architecture of the SIMA simulator resembles the model of (Rideout, 1991) and
the circulation model established in this chapter. The major differences
between
the model in this chapter and the model in the SIMA simulator amount to two
items. In the model established
in this chapter,the first partof the arterial systemic
system and the pulmonary arterial system are defined by the left part of Figure
4.11. The first part in the SIMA simulator is described by the right panel of
AV

Roe

AV

Figure 4.11 : The left part shows the first section of the systemic arterial system in the model
The right part show the first
established in this chapter. It consists of a modified Windkessel model.
section of the systemic arterial system inthe SIMA simulator which is described by an alternate
version of the modified Windkessel model.

62

Model

A Cardiovascular

Figure 4.11. The SIMA simulator includes a viscous resistance in the left and
the right ventricles upstream of the inductance in Figure 4.6. We consider this
contribution as less essential. The differences between the SIMA simulator and
the model of (Rideout, 1991) are related to the heart valves and
to the atrias. The
heart valves are redevelopement such that theaortic and pulmonary valves allow
a small backflow beforecomplete closure of the valves.In addition, the two atrias
are designedto be activein order to illustratetheir pumping nature3.
We deemed it necessary to determine an entirely new set of parameter values
in order to obtain a physiologically founded model. The model
by (Rideout, 1991)
predicts more than 2000 ml of blood in the right atrium. Moreover, his total circulation volume amounts to 8600 ml. We used approximately the same relative
volume and pressuredistribution as given in Table 4.2 to estimate the new set of
parameter values.

4.4

Summary

A human cardiovascular modelis established with ventricular performance specified by two time varying elastance functions and the vasculature described by
lumped elements based partially on the architecture of (Rideout, 1991). Threearterial andtwo venous pressures can be found
in both systemic and pulmonary circulation. The model generatesroot aortic pressure and ventricular outflow curves
representative for the human as reported in the literature. The pressure and volume distribution and parameter values are based on literature data. In addition,
we described plus applied astrategy for the numerical determinationof parameter
values in lumped cardiovascular models.
The experimentally based ventricular model by (Mulier, 1994) exhibits the
principal features when coupled to a closed lumped modelof the human cardiovascular system including expected response to preload and afterload changes
(Palladino, Ribeiro and Noordergraaf, 1998). However, this new model has not
ripened to astage where itcan be used in the simulator.We encounter at leasttwo
practical problems when coupling the model to a cardiovascular model. Firstly,
the heart rate is not easilychanged. This is relatedto the two curves in generating
function g in (3.2) of Chapter 3.2. Secondly, the root aortic pressure and ventricular outflow curves differ from the normal human curve profiles without the
ejection effect. The ejection effect can correct these deficiencies but the parameters depend on the prevailing conditions in the vasculature andon neural effects.
This dependence has not yet been formulated mathematically.
3We redeveloped the heart valves in co-operation with Heine Larsen, Math-Tech. We have not
participated in estimating the parameters of the active atria.
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4.5 Cardiovascular Model in Equations
The cardiovascular modelis comprised by a system of differential equations.,In
this Section westate all the equations involved. The parameter values are listed in
Section 4.6.

Left Heart Chamber
dt

= L

Li, ( p l ,

- plv) - %&la,

&la

= 0

F

=

QLZ

PL,

=

~ 3 a ( K a- L , l a ) ,

is open,

closed,
isvalve
mitral
the
when

- &la,

4h = L
dt

whenthemitralvalve

when
aortic
thevalve
open,
is

Li, (P19 - P a s )

&l*

= 0

9

= &la - Qlv,

valve
aortic
the
when

is closed,

where p,, is root aortic pressure and givenby
Pas = ROsQlv + p a l .
we allowanamount of volume
to flowbackintotheleftventriclebefore
complete closure of the aortic valve.Whenexceedsthemaximumvolume
i&,b we allow to flow backinto left ventricle, the valve closes.
The relation between left ventricular cavity pressure plV and ventricular volume K, is described by
= -GIJ(t)(Ku - K J V ) ,

(4.8)
where
is left ventricular volume at zero pressure. The elastancefunction
&(t) in (4.8) is given by
PlV

E l m =Gnin,ld -m

) + .Gaz,ludJ(t),

where

The parameters Emin,lvand Emaz,luare minimal left diastolic and left maximal
systolic elastance, respectively, t h heart period and t,, time for onset of constant
elastance.
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Right Heart Chamber
dQra_
dt

=

Q,,

= 0

&(pva

- pTV)- 2 Q T a , when the tricuspid valve is open,
when the tricuspid
valve

is closed,

when the pulmonary valveis open,
when the pulmonary valveis closed,
G.%dt

= Q,, - QTV.

where p , is root aortic pressure and given by
Pap = RopQrv

+ Pp1.

We allow an amount of volume V,,,$ to flow back into the right ventricle before
complete closure of the aortic valve. When V& exceeds the maximum volume
we allow to flow backinto left ventricle,the valve closes.
p,, and ventricular volThe relation between right ventricular cavity pressure
ume V,, is described by
P,, = E,,(t)(V,,

- Vd,ru),

(4.10)

where Vd,ru is right ventricular volume at zero pressure. The elastance function
E,, ( t )in (4.10) is given by
= Ernin,nSl - d
+))

+

%L,Z,Td#+),

where the function 4 is defined by (4.3) The parameters Emin,,* and Emaz,r,,are
minimal right diastolic and right maximal systolic elastance, respectively,
t h heart
period andt, time for onset of constant elastance.
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2. arterial section
G!L
dt

=

Qal

- Qa2,

(4.1 1)

(4.12)
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Pulmonary Veins
1. venous section

2. venous section
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4.6 ParameterValues
Table 4.4:The parameter values of the left heart chamber of Figure 4.6. The parameter
denotes the maximum volumewe allow toflow back into the left ventricle before complete closure
of the valve.

Value
1.25
2.21
0.036
0.075

Units
HZ

mmHg/ml
mmHg/ml
mmHg/ml
10
ml
30
ml
2
ml
0.000089 mmHg. s/ml
0.00005 mmHg . s2/ml
0.00005 m d g . s2/ml
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Table 4.5: Systemic parameter values of resistances, compliances, inductances and unstressed
volumes ofthe cardiovascular model of Figure 4.5.

Value
0.0334
0.0824
0.178
0.667
0.0223
0.0273
0.777
1.64
1.81
13.24
73.88
0.00005
0.00005
205
370
401
596
1938

Units
mmHg. s/ml
m g . s/ml
M g . dm1
mmHg. dm1
mmHg. s/ml
mmHg. s/ml
ml/mmHg
mVmmHg
d

m

g

ml/mmHg
ml/mmHg
m d g . s2/ml
mmHg . s2/ml
ml

ml
ml
ml
ml

Table 4.6: The parameter values of the right heart chamber of Figure 4.6. The parameter vFV,b
denotes the maximum volume we allow
to flow back intothe left ventricle before complete closure
of the valve.

Value
0.349
0.0216
0.06
10
30
2
0.0000594
0.00005
0.00005

mmHg/ml
mmHg/ml

mmHg . dm1
mmHg . s2/ml

4.6 Parameter Values

69

Table 4.7: Pulmonary parameter values of resistances, compliances, inductances and unstressed
volumes for the cardiovascular model of Figure 4.5.
Parameter

ROP
RP1
RP2
RP3

R11

R12

Value
0.0251
0.0227
0.0530
0.0379
0.0253
0.0126
2.222
1.481
1.778
6.666
5
0.00005
0.00005
50
30
53
75
75

Units
m g . dm1

mmHg. s/ml
m g . s/ml
mmHg. s/ml
mmHg. dm1

mmHg. dm1
mVmmHg
mVmmHg
mVmmHg
ml/mmHg
ml/mmHg
m g . s2/ml
m d g . s2/ml
ml

ml
ml
ml

ml

Table 4.8: Summary of the parameters describing the function 4 given in (4.3) and the division
between the active and passive phase of the heart period in (4.4).

Parameter
Value

KO
K1

0.29
0.2

Chapter 5
Baroreceptor Mechanism
The goal of this chapter is to offer an introduction to the
basic physiology of
the baroreceptors andthe overall performanceof the arterial blood pressure control provided by the baroreceptor mechanism. Section 5.1 offers an overview of
the various control mechanisms of the human circulatory system. A brief introduction to the baroreceptor mechanism is given in Section 5.2. The individual
components of the mechanism are quantified in Sections 5.3 and 5.4.
Sections
5.3.1 and 5.3.2 provide also a critical historical review of some of the recent
and previous models of the baroreceptors nerve activity. The historical review
is continued in Section 5.5. In addition, Section 5.5 offers a presentationof some
of the recent baroreceptor models. Further physiological and historical
details
can be found in (Ganong, 1975), (Noordergraaf, 1978), (Tortora and Anagnostakos, 1990), (Guyton, 1991), & (Acierno, 1994).

5.1 Control Mechanismsof Human CirculatorySystem
It is needless to say that
the entire regulation of the human blood pressureis complex and involves a manifold of control mechanisms. The principal philosophy
of blood pressure controlis to provide proper blood flow to the various organs
of
the human circulatory system. In essence, the pressure control promotes a normal
distribution of fluids, hormones, electrolytes and other agents.
The regulatory system consists roughly of two typesof control mechanisms, along term and ashort
term control mechanism. The long term control mechanism provides stabilization of blood pressure over longer periods (i.e. minutes, hours and days) whereas
the short term controls are concerned with the immediate and acute circulatory
perturbations (i.e. seconds and minutes).
The long term control operates mainly via the renal and homoral activities.
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The kidneys increasethe output of water andsalt in response toan enhanced arterial pressure. Thisdecreases blood volume andthus cardiac output. The net effect
is a declinein the arterial pressure. A drop in the arterial pressure promotes secretion of renin from the kidneys. This forms for instance the hormone angiotensin
11which enhances vessel constriction and thusincreases arterial pressure.
The short tern regulation is mainly mediated by the central nervous system
(CNS) and involves the baroreceptors, the mechanoreceptors and the chemoreceptors (Guyton,1981) & (Guyton, 1991). The overall goalof neural controlis to
redistribute blood flow to the different areasof the body by innervating the heart
and the vessels. The nervous activity from the CNS modifies the heart rate, the
cardiac contractility andthe state of vessel constrictions. The chemoreceptors are
sensitive to chemicals in the blood and react to alterations in the concentrations
of oxygen, carbon dioxide, and hydrogen ions. A drop in the arterial pressure
may decrease the concentration of oxygen. The chemoreceptors answer by increasing the cardiac strength and the vessel constriction. The baroreceptors are
stretch receptors which are sensitive to pressure alterations. The most important
receptors are located inthe high pressure regions such
as the carotidsinus and the
aortic arch. The mechanoreceptors (or low pressure receptors) are locatedin the
low pressure areas as the atria and the pulmonary veins. The mechanoreceptors
are also stretch receptors and provide arterial pressure control by combating alterations in the venous volume. The baroreceptors are the best known and easily
accessible receptors, consequently they have been investigated extensively. The
mechanoreceptors areless studied andquantitative experimental data of these receptors are very sparse.
The phenomenonof autoregulation is a local control mechanism independent
of the CNS. The local tissues can control blood flow in response to moderate
changes in cardiac output and arterial pressure by dilation or contraction of the
vessels (Guyton, 1981) & (Tortora and Anagnostakos, 1990).This may be due to
a contractile responseby the smooth muscles when stretched (Ganong, 1975).

5.2 BaroreceptorMechanism
The baroreceptor mechanism demands our key interest since this mechanism is
believed to play the main role in short term pressure control. The baroreceptor
mechanism provides a rapid negative
feedback control which operates to control
arterial blood pressure. An instantaneous
drop in the arterial pressureis sensed by
the baroreceptors. This starts a chainof events which leads to
an increase in heart
rate and cardiac contractility. It also stimulates the contraction of the vessels. In
essence, this tends toalter the arterial pressure towardsits previous value.
The baroreceptor mechanism has no long term regulation properties. An in-
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The Afferent Part

The Efferent Part
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Pathways

Figure 5.1: The complete baroreceptor mechanism divided into three components, an afferent
component, the central nervous system (CNS) and an efferent component. Alterations inthe arterial pressure pa generate the firing rates TI in the afferent p m . From the CNS the sympathetic n8
and the parasympathetic TI= nervous activity are transmitted via the efferent pathways to modify
the heart and thevasculature zi.

stantaneous step increase in the carotidsinus pressure is followed by an enhanced
firing activity in the baroreceptor nerves themselves which
declines significantly
the first few seconds and then decays more slowly. The decay continues and the
time it takes the firing rates n to reach the previous value can take around1 - 3
days (Guyton, 1991) & (Taher, Cecchini, Allen, Gobran, Gorman, Guthrie, Lingenfelter, Rabbany, Rolchigo, Melbin and Noordergraaf, 1988). In hypertensive
humans, for instance, the baroreceptors are adapted to the elevated arterial pressure. The baroreceptor mechanism
operates to control this hypertensive pressure.
The baroreceptor mechanism may
be divided into three componentsas shown
in Figure 5.1. The first componentis the uferent part which contains the receptors. The nerve activity
n of the receptorsis generated by alterations in the arterial
pressure p a . The second component is the central nervous system (CNS) which
generates two nervous activities, thesympathetic n, and the parasympathetic n,
activity. The third component is calledthe efferent part and
consists of the efferent
pathways to theindividual organs inthe cardiovascular system. From the
C N S the
two nervous activitiesare transmitted by the efferent pathways to alterheart rate,
cardiac contractility and the state
of the vessel constrictions denotedby xi,where
i designates theparticular organ.
The followingSections 5.3 and5.4 quantify the two componentsin Figure 5.1
more carefully.

5.3 AfferentPart
The baroreceptors are stretch receptors located in the walls of vessels. The most
accessible receptors are located in the carotid sinus and in the aortic arch. The
carotid sinus baroreceptors are located in a distinctive part of the two common
carotid sinus arteries as shown in Figure 5.2. The aortic arch baroreceptors are
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Figure 5.2 The complete baroreceptor mechanism. The baroreceptors are located in the vessel
walls of the carotid sinus and the aortic arch. Alterations in the arterial pressure generates wall
firing rates are pipelined by
deformation which initiates the firing rates n from the receptors. The
buffer nerves to the central nervous system (CNS). The CNS generates the sympathetic and the
parasympathetic nerve activities. The sympathetic activity plays a vitalrole by innervating most
of the effector organs inthe cardiovascular system. The parasympathetic activity modifies
mainly
the heart rate. Adapted by permissionfrom (Ottesen, 1997b).

located in the walls of the aortic arch. The carotid sinus receptors are the most
studied whereas theaortic arch baroreceptors have received
less attention. But the
aortic arch and the carotid sinus receptors are believed to be functionally equal,
except that the aortic arch receptors operate at a higher pressure level (Ganong,
1975). We restrict our studies to the carotid sinus baroreceptors.
The baroreceptors are nerve endingsand respond to deformations inthe vessel walls (Ganong, 1975), (Brown, 1980) & (Guyton, 1991). The nerve activity
evolves from two components, a pressure-mechanical and a mechanical-electrical
one (Brown, 1980).The baroreceptors react to deformationsthe
in vessel walls by
a pressure-mechanical mechanism. Pressure alterations
may cause changesin the
cross-sectional areasof the vessels and thus deformations. second
The component
generates the nerve activityof the receptors by a mechanical-electricalmechanism
within the receptors. We call this nerve activity from the carotidsinus receptors,
theJiring rates, denoted by n. The carotid sinusand the aortic arch nerve
impulses
are transmitted from the receptors via the glossopharyngeal nerveand the vagus
nerve, respectively.The two nerves are joined
in the so-calledbuffer nerves which
direct the impulses to the central nervous system.
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The firing rates n of the carotid sinus receptors vary with varying arterial
pressure. This was first documented by (Bronk and Stella, 1932) & (Bronk and
Stella, 1935). Since then various experiments have revealed that the firing rates
n exhibit a number of non-linear phenomena associated with alterations in the
carotid sinus pressure pc$. These non-linear phenomena include
Threshold and Saturation. The firing rates R. exhibit a threshold N which
they can be forced below. In addition, the firing rates R. increase with increasing carotid sinus pressure and display bothlow and highsaturation.
Asymmetric response. The firing rates n display a sigmoidal response as a
function of carotid sinus pressure (Landgren, 1952).The response exhibits
a hysteresis phenomenon or asymmetric response.

Step response. A step change in the carotid sinus pressureresults in a step
change in the firing rate followed
by a resetting phenomenon (Brown,
1980).
Adaptation. The firing rates n increase when carotid sinus pressure rises.
As the pressure is maintained at this higher level, the firing
rates return to
the threshold valueN . This is called adaptation or resetting.

A more detailed discussion of the non-linear phenomena can befound in (Taher
et al., 1988) & (Ottesen, 1997b).

5.3.1 Models of the Firing rates
Several efforts have been pursued to formulate the relation between the firing
rate n and the carotid sinus pressure. (Robinson and Sleight, 1980)modeled the
baroreceptor response to a step change in the pressure by a simple
function of time
t

n = cle-F

+ c2e_ _ + c3,
t
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where cl, c2 and c3 are weighting parameters and71 and 7 2 time constants describing the resetting.
The first mathematical description of the relation between pressure and firing rates, n - N , was advanced by (Warner, 1958). (Warner, 1958) proposed a
differential approach givenby
dP

n=k10,-po)+k2-+NN,
dt

(5.1)

where p is the pressure, kl and kz constant parameters,p. the threshold pressure
(i.e. the adapted pressure level which generatesthe threshold valueN ) . Low and
high saturation, the asymmetric response and the step response
are not embodied
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in the model. In (Warner, 1958) (5.1) was extended to include the asymmetric
response.
A number of other models based on ordinary differential equations include
(Scher and Young, 1973), (Spickler and Kezdi, 1967), (Franz, 1969), (Srinivasan
and Nudelman, 1972). The previous models embody some, and in few cases all,
the non-linear phenomena (Taheret al., 1988) & (Ottesen, 1997b).

5.3.2 The Unified Models
Along another avenue we find
two recent models which embodyall the non-linear
phenomena listed in Section 5.3 bred by adaptation, saturation and threshold.
(Taher et al., 1988) proposed a so-called unified
model described by
t

An = A p (kle-5

+ k2e-k + k 3 e - 6 )

sin?(--n),
~n
M

(5.2)

where An is the change in the firing
rate to a step change A p in the pressure. The
parameters k l , k2 and k3 are weighting factors and 7 1 , 7 2 and 73 time constants
which characterize the decay rate of An in response to Ap. Computation of a
continuos firing rate
n, using (5.2), requires tremendous
a
amount of bookkeeping.
(Ottesen, 1997b) refined this model.
He suggests the firing ratesn described by

where p,, is the carotid sinus pressure. This is equivalent to a system of three
non-linear coupled differentialequations given by

n(M-n)
1
- -An2,
An2 = k2pes
"(2

An3 = k

+

+

'

T2

n(M-n)
1
- -An,,
(M/2)2
73

where n = Anl An2 An3 - N . The parameters k l , k2 and k3 are weighting
factors, 7 2 and 73 time constants describing the resetting phenomenon, M the
high saturation level of the firing rates and N the threshold value of the firing
rates. The model contains 8 parameters
kl, kz, k3, 71, 7 2 , 7 3 , M and N found from
data in the literature and through curve fitting procedures. Typical values of
the
parameters are found in Table 5.1.The parameter values of theweighting factors
and the time constants vary significantly in
the literature (Taher et al., 1988). The
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Table 5.1: Typical parameter values for the unified model (5.4)

E

Type Values Units
S

k2

5.0
500
0.5
0.5

k3

1.0

N

30

~2
~3

kl

I M I 120

S
S

Hz/mmHg
Hz/mmHg
HdmmHg
Hz
Hz

time constant 73 may be assigned values in minutes, hours or days. In addition,
(Ottesen, 1997b) uses different sets
of parameter valuesto compute the non-linear
phenomena. The parameters may vary due tophysiological
the
processes involved
in each of the non-linear phenomena.
By (5.4), the firing rates
n vary linearly withthe instantaneous time derivative
of the carotid sinus pressurepcs. The history of the carotid sinus pressure is included by integration of ljes via the three exponentials. The physiological interpretation of the three componentsAn,, An2 and An3 in (5.4) is that they are sensitive
to different types of changes in the carotid sinus pressure. The component An,
with the smallest time constant is sensitive to quick changes in pes. The component An3 with the highest time
constant 7-3 is sensitive to more slow phenomena. It
depends not onlyon the instantaneous valueof @
but,,
on its integrated value. The
component An3 follows closely the behavior
pattern of the carotid sinus pressure
pc*. The intermediate responses are capturedby An2. (Ottesen, 1997b) hypothesizes that the three componentsdenote different baroreceptor types, A, B and C,
characterized by different transmission speeds. The parameters k l , k2 and k3 are
the corresponding weightingfactors which may be influenced by nervous control
or other external conditions.The number of weighting factors should not exceed
the numberof known receptors. Three components are included and are the smallest number which cancapture the non-linear phenomena (Ottesen, 1997b).
The model covers the range of non-linear phenomena listed in Section 5.3.
Examples of the results are shown in Figure
5.3 and Figure 5.4. Figure5.3 shows
the computed firingrate response to astep increase and decrease in the pressure.
The computed results agree well with data reported by (Brown, 1980). The only
discrepancy is the absence of the postexcitatory depression gap. This may be
related to the assumption that
the parameters kl, k2 and k3 are independent of the
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Na+ concentration. Figure 5.4 shows the asymmetric response. The asymmetric
90,

Figure 5.3: The firing rate response n to a step increase in the pressure computedfrom (5.4).
The pressure increases from 170 mmHg to 178 mmHg at time 2.5 S. At time 12.5 S the pressure is forced back to 170 mmHg. The computed response agrees well with the data found in
(Brown, 1980). The only difference is the absence of the postexcitatory depression gap.Adapted
by permission from (Ottesen, 1997b).

response arises from the second termon the right hand sides
of (5.4), the resetting
terms. A more careful discussionof this model can be found in (Ottesen, 1997b).

5.4 CNS and the Efferent Part
The CNS and the various pathways to each of the effector organs are shown in
the figures 5.1 and 5.2. The firings rates n enter the central nervous system via
the buffer nerves. The information is then processed in the medullaoblongata of
the CNS. Subsequently, the cardioinhibitory centerand the vasomotor center of
the medulla oblongata generate sympatheticn, and parasympatheticnp nerve activity, respectively. An enhanced firing raten excites the cardioinhibitorycenter
and inhibits stimulation of the vasomotor center. The net effect is an enhanced
parasympathetic activity and diminished sympathetic activity. The efferent pathways transmit the two nervous impulses tothe various partsof the cardiovascular
system. The sympathetic nerve fibers innervate most
of the cardiovascularsystem
whereas the parasympathetic nerve fibers are restricted to influence the heart.
In
summary:

5.4Efferent
CNS and the

Part
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Figure 5.4 Computed asymmetric response (full line) basedon (5.4)superimposed on experimental data found in the literature. Opencircles denote measurements during increase
of pressure.
Stars indicate pressure lowered from 170 mmHg (n = 56 Hz) to 100 mmHg ( n = 5 Hz). Plussigns denote pressure lowered from 100 mmHg (n = 23 Hz) to 50 mmHg (n = 1Hz). Data
adapted from (Cecchini et al., 1982). The pressure increases by 1.37mmHg/s and decreases by
-1.37mmHg/s. The parameter M is 103. Figure is adapted by permission from (Ottesen, 1997b).

Enhanced sympathetic activity
m

stimulates the heart rate and improves cardiac contractility.

m

stimulates vessel constriction in the arteries, arterioles and veins (Ganong,
1975) & (Guyton, 1991).

Enhanced parasympathetic activity
0

decreases heart rate whereas modificationof cardiac contractilityand vessel
constriction are insignificant (Guyton, 1991).

The entire mode of operation of the afferent, the
CNS and the efferent part may
be illustrated by an example. An infusion of volume into the human circulatory
system increases the arterial pressure which in tum stimulates the carotid sinus
baroreceptors. The increased firing rates n are then transmitted to the medulla
oblongata via the buffer nerves. In the medulla oblongata, the firing ratesexcite
the cardioinhibitory center and inhibit stimulationof the vasomotor center. The
result is a counteraction which decreases the heart rate, the cardiac contractility and stimulates the arterial and the venous vessel dilation. The latter enables,
for instance, blood to be stored in a venous reservoir. The net effect
is a decreasing arterial pressure. The regulation is delayed by various mechanical and

80

Baroreceptor Mechanism

biochemical processes withinthe events listed above. Stimulation of the heart is
a quick process which amounts to a few seconds while regulation of the veins
can take approximately one minute. Arterial vesselconstriction is intermediate at
around 10 - 15 seconds (Donald and Edis, 1970), (Rothe, 1983), (Shoukas and
Sagawa, 1973) and (Guyton, 1991)(see also Section 6.2.5).

5.5 SomeBaroreceptorModels
The literature contains a variety of different models of the baroreceptor mechanism coupled to human circulatory models. Some
of these models are based
on experimental studies whereas others mainly simulate the qualitative behavior and hardly appreciate the physiological processes. The experimentally based
approaches suffer from thefact, that many of the physiological mechanisms are
poorly understood and that the
literature tends to provide onlyqualitative relations
of the baroreceptor mechanism. The effector regulation may,
for instance, only be
presented as a relation between changes in the effector organs and the average
carotid sinus pressure taken in a very few
discrete points.
In general, the baroreceptor models may
be characterized by two gross classes
of modeling.

1. Models where the descriptionof the underlyingphysiological processes are
hidden behind different mathematical and physical
principles.

2. Models where the mathematical
formulationsof the physiological processes
are directly accessible
The first class contains models by (Noldus, 1976), (Ono, Uozumi, Yoshimoto
and Kenner, 1982), (Kappel and Peer, 1993)) & (Kappel, Lafer and Peer, 1997).
(Noldus, 1976) uses optimal control theory
and applies the principle of minimization of energy consumption. (Ono
et al., 1982) and (Kappeland Peer, 1993) apply
optimal control theory basedon minimal deviationfrom set-points. Common for
these particular models are that they make
it difficult to access all the mathematical formulations of the physiological processes.
The second class contains models
by (Warner and Cox,1962), (Leaning, Pullen,
Carson and Finkelstein, 1983), (Leaning, Pullen, Carson, Al-Dahan, Rajkumart
and Finkelstein, 1983) (Tham, 1988), (Rideout, 1991), (Ursino, Antonucci and
Belardinelli, 1994), (Neumann, 1996), (Ottesen, 1997b), (Danielsen, 1996), (Daniel sen and Ottesen, 1997) & (Ursino, 1998). In this class, all the mathematical formulations of the physiological processes are directly accessible. This encourages the useof physiological knowledge andfacilitates discussions of all the
mathematical formulations.

5.5
Models
Some Baroreceptor
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The baroreceptor model by (Tham, 1988) controls the five main effect organs
in a closed pulsatile cardiovascular model.
The model is used to study the effects
of halothane on the baroreceptor mechanism. The model distinguishes between
sympathetic and parasympathetic activities but the modelis only sparsely based
on experimental studies.
Modeling the baroreceptor mechanism, (Rideout,
1991) applied linear control
theory to the,by nature, non-linear problem. His model
is established in two steps.
The first step consists of a first order transfer function which
is used to compute a
distributed average pressure
j a 3 according to

where pas is the arterial pressure in the third section of a cardiovascular model
similar to Figure 4.5 in Chapter4, T a time constant which characterizes a time
delay. (Rideout, 1991) does not explain why pa3 is used in (5.5). We suspect the
reason to be the smaller oscillations
in this pressure. Thesecond step generates a
control variable U
21 = 1

+ k@a3

- PO),

Urnin

<

Urnaz,

where p0 is the adapted pressureby the baroreceptors andthe constants uminand
umazare minimum and maximum of the control variable U . The control variable
'U. is used to control the heart period
t h and the cardiaccontractility sL & S, of the
left and the right ventricle, respectively, according to

where srnaz,land s
~are maximum
~
~ of,the left
~ and the right ventricular elastance
functions and a1 and a2 constants. The model tends to stabilize arterial pressure
but the parameter values and the mathematical formulations are not, whatsoever,
based on expenmental facts.
(Ursino et al., 1994) appears to be the first to assign individual time delays
to each effector regulation based on values found in the literature. (Ursino et al.,
1994) examined the importance
of the venous reservoirduring acute hemorrhages.
The studies were based on a non-linear baroreceptor model coupled to a nonpulsatile human cardiovascular model. The model controls the main effector organs, except the cardiac contractility. Differenttime delays were assigned to the
control of the heart rate, the peripheral resistance,
the venous compliance and

the venous unstressed volume. All parameter values were based on physiological
knowledge found in the literature. However, no efforts were made to distinguish
between sympathetic and parasympathetic activities. The two nervous activities
and the control of the cardiac contractility are included in a new version of the
model (Ursino, 1998). The new baroreceptor model is coupled to a pulsatile human cardiovascular model. The model is used to examine the effect of the high
pressure and the low pressure receptors during moderate hemorrhages and ventricular pacing. The baroreceptor nerve activity is generated from the carotid sinus
pressure through a high-pass filter in series with a sigmoidal static relation. The
sympathetic n, and parasympathetic n, activities, generatedby the high pressure
receptors, are given by

where nmin,,and nm,,,, are the minimum and the maximum of the sympathetic
activity, respectively,nma5,,
the maximum parasympathetic activity
and noa constant parameter. The formulation (5.6) is inspired by the experimental studies by
(Wang, Brandle and Zucker, 1993) who show thatns decreases exponentially with
the average of the firing rates n. The parasympathetic activity n, is assumed to
have asimilar behavior given by(5.7). In this model, the change Axi
in the hemodynamical variables xi ( i.e. heart rate, cardiac contractility, arterial and venous
vessel constriction), caused by the sympathetic influence,is given by
Ej =

{

G ln(n,(t

- Oil

0

- nS,o+ 1) , n, 2 n , , ~
n, < ns,o
t

Finally, thecontrol is accomplished by
Z;

AX^ + zO.

(5.8)

The time constant q denotes the distributedtime delay required for completion of
a regulation, Di is the pure latency of each of the controls, n,,~a threshold value
for the sympathetic influence andG a gain factor. The parasympathetic influence
is modeled in a similar fashion. The use of the natural logarithm In in (5.8) is
not based on experimental evidence but merely included to obtain a favorable
agreement with data of the intact human. The model is a good example of how
various physiological knowledge can be compressed into a mathematical setting
and how mathematical modeling can be usedto examine the interaction between
several mechanisms.

5.6 Goal
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(Neumann,1996)studiedhemorrhagesmorethoroughly.Herbaroreceptor
model affects all cardiovascular compliances and resistances in a pulsating human cardiovascular model. The baroreceptor modelis based on the approach.by
(Ursino et al., 1994) but each effector regulation
is given thesame time delay.

5.6

Goal

Inasmuch as the baroreceptor mechanism
is believed to be the main factor in
theshorttermpressurecontrol,
is it nottheonlymechanisminvolved.The
mechanoreceptors, the chemoreceptors and the local controls contribute to the
regulation. The approach taken here is to consider a simplified version of reality. We will only consider the baroreceptor mechanism inthe short term pressure
control.
The primary goalis to establish a model
of the baroreceptor mechanism which
can be applied to the human circulation model
established in Chapter4 and which
is builton experimental data and physiological arguments.This model is intended
to be used in the SIMA simulator. The model
should exhibit the principal
features of the short term nervous control when
coupled to the human circulation model
established in Chapter4.
a

should discriminate between the sympathetic and the parasympathetic activities. This may provide a platform for studying e.g. infusion of drugs
which stimulate vessel constriction andcardiac performance.

a

must be based on experimental observations found in the literature whenever possible.

a

must be simple in order to accommodate the computational limitations of
the SIMA simulator.

Previous modelsof the baroreceptor mechanismstend to describe the afferent
part by ordinary differential equations which embody some but not all the nonlinear phenomena listed in Section5.3 (Leaning, Pullen, Carson and Finkelstein,
1983), (Leaning, Pullen, Carson, Al-Dahan, Rajkumart and Finkelstein, 1983),
(Tham, 1988) (Ursino, 1997), & (Ursino, 1998). In these models, the firing rates
of the carotid sinus receptors are not only sensitive
to the average pressure but
also
to the change in the pressurepes. The first approach taken hereis much simpler.
The model lumps the description of the afferent part and the CNS. The sympathetic and the parasympathetic activity are relatedto the average arterial pressure
by a sigmoidal function. The descriptionof the efferent control is based on open
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loop responses. Though, strikingly simple, this modelof the baroreceptor mechanism includes the main properties of the control from the baroreceptor mechanism. The computed results of the model duringan 10 95 acute hemorrhage, heart
pacing and the computed effects of pulsation
in the carotid sinus pressure will be
compared with the corresponding experiments.
The secondary goal is to use the unified model to describe the afferent part
of the above model It appears that none
of the previous modelsof the baroreceptor mechanism have adopted a formulation of the afferent part which embodies
all of the non-linear phenomena of the firing rates listed in Section 5.3. By introducing the unified model in the mathematical formulation of the afferent part,
we include all the experimentally known non-linear phenomena in the model of
the baroreceptor mechanism. In particular, the model includes adaptation of the
baroreceptors.

Chapter 6

A Baroreceptor Model
6.1 Introduction
It was shown in Chapter
5 that the firing rates
of the carotid sinus receptors
exhibit
a number of non-linear phenomena. The unified model, first proposed by (Taher
et al., 1988), embraces all these phenomena. Recent models of the baroreceptor
mechanism tend to describe the afferent part by ordinary differential equations
which embody some but not all of the non-linear phenomena (Leaning, Pullen,
Carson and Finkelstein, 1983), (Leaning, Pullen, Carson, Al-Dahan, Rajkumart
and Finkelstein, 1983), (Tham, 1988) (Ursino, 1997), & (Ursino, 1998). In these
models of the baroreceptor mechanism,the firing ratesof the carotid sinus receptors are not only sensitive to the average pressure
but also to the changepc$ in the
pressure. Our first model of the baroreceptor mechanism uses only the average
pressure whereas our second model adopts the unified model. The two baroreceptor models offer a descriptionof how the sympatheticand theparasympathetic
activities influence heart rate, cardiac contractility, peripheral resistance, venous
compliance and the venous unstressed volume
by integrating various experimental
observations obtained from the literature.In addition, the models include different
time delays to each of the controls. In order to allow the models to control, we
will couple both modelsto the human circulation model established
in Chapter 4.
In the first model of the baroreceptor mechanism the sympathetic and the
parasympathetic activity are related to the average arterial pressure
by a sigmoidal
function, as reported by (Komer, 1971). This is described in Section 6.3.1. The
formulation of the afferent part and the CNS
of the second model is given in Section 6.3.2. It consists of the unified model (5.4) and sigmoidal relation between
the firingrates and the sympathetic and parasympathetic activities.
The key element in the formulation of the efferent part the
is experimentally
observed sigmoidal curves relating the efferent controls to the average arterial
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pressure. Section6.2 presents a number of open
loop experiments used todescribe
the efferent part and to estimate the involved parameters of
values
the baroreceptor
model. The section will also present the different timedelays. In Section 6.3 we
will establish the general formulation of the two baroreceptor models detached
from any reference to a particular cardiovascular model.
The explicit coupling between the models
of the baroreceptor mechanism and
the human circulationmodel established in Chapter 4is described in Section 6.4.
Using the first model, Section 6.5 compares the computed open loop responses
with the corresponding experiments.
In the sections 6.8 - 6.11 we will compare a number of experiments found
in the literature with the corresponding computedresults of the two baroreceptor
models. Usingthefirst model, we will show in
the sections 6.8 - 6.10 that the computed results during a 10 % acute hemorrhage and heart pacing are in favorable
agreement with corresponding experiments. In addition, the first model exhibits
drop and rise in the arterial pressure dependingon at which pressure level asinus
pulsation is superimposed on a static carotid sinus pressure. In particular, we will
also show that the control of systemic veins plays aleading role during an acute
hemorrhages whereas the remaining controls appear to minor
have afunction. The
results of the second modeldisplay a striking agreement with
the experiments of a
10 % acute hemorrhageby (Hosomi and Sagawa,1979) which is shown in Section
6.11.

6.2 Open Loop Descriptions of the Baroreceptor
Mechanism
The key experimental results used to describe the control actions in the modelof
the baroreceptor mechanism, are the sigmoidal functional relations obfound between the effector responses (e.g. in the heart
rate and in the peripheral resistance)
and the average carotid sinus pressure pm. The sigmoidal functions obare typically obtained in vagotomized animals'.The carotid sinus pressure is increased in
steps with the remaining hemodynamic variables free to move accordingly. The
effector responses are measured2 - 3 minutes afterthe step change in the carotid
sinus pressure. The pressureis varied until the desired pressure range is covered.
Subsequently, a sigmoidal curve
is drawn showing theeffector responses as functions of the average pressure.This is called an open loop response. In general, the
absolute values of the open loop responses are
found from animal experiments and
may differ greatly among individual species. Consequently,
we report the relative
'In vagotomized animals the vagus is cut and the reflexes from the aortic arch receptors are
eliminated.
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change from the baseline value, inorder to eliminate these differences. As an example, Figure6.1 shows the sigmoidal response in the maximum
of the elastance

Figure 6.1: Normalized valuesof the computed openloop responses of the maximum elastances
Emaz,iv
and E,,,,,,,
of the left and the right ventricles as a function of the normalized average
carotid sinus pressure pCssuperimposed on experimental data from (Suga et al., 1976) of the
left ventricle ( e ) . The pressures are normalized with respect to the computed steady state value
(92 mmHg) and experimental data
to the reported baseline values.

function of the left and the right ventricles.
From the viewpoint of simplicity, we
assume that thelow and the high saturation
are located symmetrically aroundthe
baseline value.Table 6.1 summarizes the adopted relativechanges that we assume
representative for the intact human.
Table 6.1: Adopted low and high saturation levels for the control of heart rate H , cardiac contractility E,,,

peripheral resistanceIlps, venous unstressed volume V,,, and venous compliance

c,.

0.60

0.90

1.21
1.10
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6.2.1 The InotropicEffect
The inotropic effect denotes the control of the cardiac contractility, the heart’s
ability to pump. Several attempts have been pursued over the years to establish
an index of cardiac contractility. The attempts share the same fate and have all
failed (Slinker, 1996). The maximum E,,
of the ventricular elastance function
has been proposed as such an index (Suga, Sagawa and Shoukas, 1973). Since
both ventricles of the cardiovascular model in Chapter4 are describedby a timevarying elastance function we define the maximum
E,, of the elastance function
as a measure of the cardiac contractility. A positive or negative inotropic effect
corresponds then to an increase or decrease in the maximum elastance, respectively. The maximum elastance is mainly influenced by sympathetic activity but
parasympathetic activity may have a weak influence (Suga
et al., 1973).We follow
the simplest view and exclude the parasympathetic effect on the inotropic state.
Open loop results reveal that it is decreasing in the average arterial pressure and
is allowed to deviate approximately 20 % from the baseline valuein the absence
of the aortic arch receptors (Suga et al., 1973).

6.2.2 TheChronotropicEffect
The chronotropic effect denotes the regulation of the heart rate H. The heart
rate is influenced by both sympathetic and parasympathetic activity (Warner and
Russel, 1969) & (Levy and Zieske, 1969). Experiments show that the heart rate
diminishes with increasing carotid sinus pressure and can vary approximately
530 % (Greene, 1986) and 3 - 15 % (Bolter and Ledsome, 1976) from the baseline
values after vagotomy. Experiments in normotensive humans have shown that the
heart rate can increase much more (Komer, 1974). Accordingly, we allow the
heart rate to vary 75 % from the baseline value in an intact human.

6.2.3 Control of the Peripheral Resistance
Vascular vessel constriction tends to increasearterial pressure whereasvessel dilation promotes a decline in the pressure. All the vascular vessels in the cardiovascular system are innervated by sympathetic activity except the capillaries
(Guyton, 1991) & (Ganong, 1975). Experimental results show that the peripheral
resistance
decreases with increasing carotid sinus pressure pc, (Greene, 1986),
(Cox and Bagshaw, 1975) & (Shoukas and Brunner, 1980) (the peripheral resistance is typically viewed as the difference between the central arterial and the
central venous pressure divided by cardiac output). The peripheral resistance is
shown to increase approximately 40 - 90 % and decrease 30 - 40 % from haseline (Greene, 1986), (Cox and Bagshaw, 1975) & (Shoukas and Brunner, 1980).
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We have adopted a relative change of 40 % from the baseline value for the systemic peripheral resistance. We ignore alterations in the peripheral resistance of
the pulmonary system in agreement with experimental studies
by (Shoukas, 1975)
& (Greene, 1986) which showed no marked changes in the peripheral resistance
with alterations in the carotid sinus pressure.
Autoregulation is independent of sympathetic innervation offers local control
of blood flow to the tissues. Autoregulation is not directly included
in the model;
neither is it mentioned in the above experimental results. Thus, autoregulation
may be included in theexperiments and thus in the model.

6.2.4 Control of theVenousUnstressedVolumeandVenous
Compliance
The veins are innervated by the sympathetic system and can mobilize a large
amount of volume to other parts of the human circulatory system (Ganong, 1975),
(Greene, 1986) & (Guyton, 1991). The venous unstressed volume plays a significant role in ventricular filling (Shoukas and Sagawa, 1973), (Shoukas and
Brunner, 1980) & (Greene, 1986).
The open loop responses for the systemicunstressed volumeV,,,, are obtained
from measurements of the volume 4 V shifted from the systemic system into a
reservoir when the venous pressure is constant. The volume shifted is expressed
by
4 V = AV,,, + 4 v u n , v - CAP,,
(6.1)
where 4p, is the concomitant change in the arterial pressure during alterations
in the carotid sinus pressure. In (6.1), AV,,,, and 4Vu,,v are the unstressed volumes in the systemic arteries and the systemic veins, respectively. The arterial
compliance C, and the venous compliance C, were shownto be constant in these
measurements. Thus, the change in systemicunstressedvolume
is given
by
AV,,, = AV (6.2)
C,Ap,.

+

The absolute values of 4V,,,,

and 4 V vary inthe literature measure in animals:

e

(Shoukas and Sagawa, 1973)reportsthat 4V/m = 7.5 mUkg duringa
change in pressure from 75 - 175 mmHg, where m is body weight. Assuming that C, is 1 - 2 ml/mmHg (Noordergraaf, 1978) and the arterial
pressure changes 100 mmHg we have to add C,4p, equal 100 - 200 ml.
This corresponds to a maximal AV,,,s = 725 ml for 70 kg male.

e

(Greene, 1986) states that 4 V / m = 9.97ml/kg andthat 4Vun,s/m =
20.26 ml/kg during a change in pressurefrom 50 - 200 mmHg. This corresponds to AV,,,s = 1120 ml for a 70 kg male.
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(Shoukas and Bmnner, 1980) reports that AV/m = 12.35 mlkg and can
reach AV/m = 13.78 mlkg during a change in pressure
from 50-200 mmHg.
Using AV = 12.35/m m g , this corresponds to a maximal
AV,,,s =
1165 ml.

We have adopted a valueof V,,, = 1050 ml.
The venous compliance can change
22 % when the carotidsinus pressure is increased from 50 - 200 mmHg (Shoukas and Brunner, 1980). In
contrast, (Shoukas
and Sagawa, 1973)& (Greene, 1986) reportedno changes in totalsystemic venous
compliance and in the arterial compliance with carotid
sinus pressure. However,
we allow the venous compliance to vary 22 % as given by (Shoukas and Brunner, 1980).

6.2.5 Estimation of the Distributed Time Delay
Time delays occurin the nervous control due
to various biochemicaland mechanical processes within the baroreceptor mechanism.
The time delay maybe viewed
as the time from perturbation of the cardiovascular system to the time when the
control is complete. The control of the heart is a quick process which amounts
to a few seconds while regulation
of the veins can takeapproximately 60 S. Arterial vessel constrictionis intermediate around10 - 15 S (Donald and Edis, 1970),
(Rothe, 1983), (Shoukasand Sagawa, 1973) & (Guyton, 1991). In addition, sympathetic activity exhibits a time delay with respect
thetoparasympathetic activity.
We ignore this detail since the strategy is to obtain a simple model. Moreover,
we are interested in steady states rather than
the dynamic onesduring transitions.
(Ottesen, 1997a) offers a more detailed discussion
of this topic.

6.3 General formulation of the Baroreceptor Model
In this section we will establish the general formulation of the two baroreceptor
models. Section 6.3.1 describes the first model which assumes that the sympathetic and the parasympathetic activity evolves from steady state experimental
results. The approach using the unified model
(5.4) is given in Section 6.3.2. Section 6.3.3 describes the efferent responses which are shared by both models. In
Section 6.4 we couple the models tothe human circulation modelestablished in
Chapter 4. In the description of the models, we define the average value of a
variable to be the mean value over one heart period.

6.3 General
formulation

Baroreceptor
of the

Model
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6.3.1 Modeling the Sympathetic and Parasympathetic Activities using a Steady State Description
We adopt a verysimple approach in the modelingof the afferent part and
the CNS.
We assume that the sympathetic and the parasympathetic activity are described
by a sigmoidal functionof the averaged carotid pressure as reported by (Korner,
1971). Thus, we describe the sympathetic activity n, and the parasympathetic
activity np by

where p,, is the average of the carotid sinus pressure and the constant p is the
average of the steady state arterial pressure atthe baroreceptors (i.e. the adapted
pressure of the baroreceptors). The parameterv characterizes thesteepness of the
curves. Figure 6.2 shows n, and np as functions of the carotid sinus pressure as

Figure 6.2: The sympathetic (full line) and the parasympathetic (dashed line) activity as predicted by the model (6.3)- (6.4).
predicted by the model.
Obviously, the model ignores all pulsatile information provided the
by carotid
sinus pressurewhichdoesnotchange
the averagecarotid sinus pressure. In
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essence, the model is a very simple description of its real counterpart. In particular, the model (6.3)-(6.4) predicts that a given nervous activity follows from
one and only onecarotid sinus pressure ignoring thedynamics which lead tothis
pressure level. The model (6.3)-(6.4) is justified by the complexity of the experimental data used to establish the efferent part of this baroreceptor model. The
model of the efferent part is based on experiments whichrelate changes in effector organs tothe average carotid sinus pressure and not
to the complex structureof
the nervous activities. In addition, we are not interested in studying the dynamic
behavior during transitions but in steady states.

6.3.2 Modeling the Sympathetic and Parasympathetic Activities using the Unified Model
The model of the sympathetic ns and the parasympathetic n, activity, using the
unified model, arises from a model of the afferent part and a modelof the CNS.
The two submodels are established in the two sections below.

The Modelof the AfferentPart
The model of the afferent part assumes thatthe firing rates n of the carotid sinus
receptors can be described by the model (5.4) repeated herefor convenience

where

+ An2 + An3- N.

(6.6)
The parameters k l , k2 and k3 are weighting factors, 7-1, 7-2 and r3 time constants
describing the resetting phenomenon, M denotes the saturation levelof the firing
rates and N the threshold value of the firingrate n. The modelcontains 8 parameters k l , k2, k3, 7-1, 7-2, r 3 , M and N found from data in the literature and through
curve fitting procedures. Further details of the unified model (6.5) are offered in
Section 5.3.2 of Chapter 5.
n = An1

Generation of the Sympathetic and Parasympathetic activities
The information processing in the CNS is complex and the explicit interaction
between the firingrate n and the sympathetic activityns and the parasympathetic
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activity np is not available yet. Accordingly, and from the viewpoint
of simplicity,
we describe n, as decreasing for increasing n by

n,(%) =

1

+

1
( p '

where ?I is the average of the firing ratesand the constantpn is the averageof firing
rates generated by the steady state carotid sinus pressure (i.e. generated by the
adapted pressure at the carotid sinus receptors). The parameter un characterizes
the steepness of the curve. The parasympathetic activityis given by

np(ii) = 1 - n,

Recent experiments by (Wang et al., 1993) show that the sympathetic activityns
may decrease exponentially with the average f i of the firing rates. The difference
between (6.7) and (Wang
et al., 1993)is that (6.7) predictsn, to be higher for small
values of5 compared to the results by (Wanget al., 1993). These experiments
may
only provide guidance since they relate n, to A and not tothe real dynamics.

6.3.3 Formulation of the Efferent Responses
The description of the efferent responsesconsists of a static and a dynamic component and is common to the first and the second model. The static component
amounts to the steady state responses U*. The dynamic component consistsof a
first order ordinary differential equation which introduces the temporal dynamics.
The efferent responses can be described by

The index i denotes the particular efferent organ takenfrom the set E. The time
constant T: characterizes the transition timefor the efferent responsei to take full
effect. The time delay is also called a distributed time delay and is distinct from a
pure latency.
The sympathetic n, and parasympatheticnpactivities follow a sigmoidal curve
with changing average carotid sinus pressure FCS. Consequently, we assume that
the function u,b(pcs)
can beexpressed as a linear combinationof n, and np
U,'(%)

=

- Pinp(lScs)

+ ~i

,i E E ,

(6.1 1)

where ai and ,Bi denote the strength of sympathetic and parasympathetic activity
on zi, respectively. The constant ~i is equal to zi during complete denervation
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(i.e. R, = R, = 0). The parameter /3i is only different from zero when i = H .
Combining (6.10) and (6.11) we obtain

In the case of the second model, (6.12)is replaced by
dxi(t)
-dt

1

- -Ti( - s ( t ) + Oli%(fi) - Pinp(?%)
+yi)

,i E E.

(6.13)

By (6.12) and (6.13) we have completed the baroreceptor model.The model consists of a numberof parameters, ai, & y{ and ri, each following from experimental data available in the literature. Unfortunately, firm experimental data do not
exist in all cases and the amount of data seems limited. Thus, the determination
of the parameter values is a balance between available experimental
data found in
the literature and data fitting to special topical casesas acute hemorrhage.

6.4 The Baroreceptor Model and the Cardiovascular System
In order to allow the model of the baroreceptor mechanismto control the human
circulatory system we have coupled the model to
the cardiovascular modelestablished in Chapter4. The couplingof two models forms a closed negative feedback
mechanism as shown in Figure 6.3. The arterial pressurepal in the first section
of the cardiovascular model enters the baroreceptor model andequals the carotid
sinus pressure. The baroreceptor model provides modificationsof the two ventricles and the vasculature. The individual components in
this model are quantified
in the following sections 6.4.1 - 6.4.2. When the description below is applied to
the first model, the sympathetic activity R, and the parasympathetic activity R,
should be read as R , @ ~ I )and R , & ~ ) , respectively. When the second model is
used R, and R, should be readas ns(fi)and np(?i),
respectively.

6.4.1 Control of the IItvo Ventricles
The two ventricles are modifiedby the inotropic and
the chronotropic effects. The
inotropic effect is given by

6.4 The Baroreceptor Model
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Figure 6.3: The baroreceptor model coupled to the human circulation model established in
Chapter 4. The arterial pressure pol enters the baroreceptor modeland equals the carotid sinus
pressure. The baroreceptor model offers control of the heart rate H and the cardiac contractility
represented by the maximum of the elastance functions, Emoz,luand Em,,,7,, respectively. In
addition, it modifies the three arterial resistances%I, R,z & Ra3,the venous compliances C,,
& C,,,and the two venous unstressed volumesK,,, & Kn,l. The parameters ~ hT, ~TB,,
,
,TC,
and
characterize the distributed time delay for the individual controls. The variable S is the
frequency in the Laplace domain.

where Emaz,lvand E,,,v, are used in the elastance
function (4.2) definedin Section 4.3.1 of Chapter 4. By (6.14)-(6.15) we neglectthe possible parasympathetic
influence on the cardiac contractility
and follow thesimplest approach.

96

A Baroreceptor Model

The chronotropic eflect is contained in
(6.16)
By (6.16) the heart rate is controlled by a linear combination of the sympathetic
and the parasympathetic activity. (Ursino, 1998) applied a linear combinationto
control the heart period. He concluded that the non-linearity observed by (Levy
and Zieske, 1969) betweenthe heart rate and the two nervousimpulses emerges
from the hyperbolic relation between the heart rate H and the heart period t h
( H = l/&).(Levy and Zieske, 1969) established a non-linear relation between
heart rate and the nervous activities based on a polynomial expression inn, and
np. We find the formulation (6.16) perfectly suitable for the problems at hand.

6.4.2 Control of the Vasculature
The vascular efferentcomponents involve the arterial resistances, the venous unstressed volumes and the venous compliances of the systemic circulation.
The control of the peripheral resistance is given by
(6.17)
(6.18)
1
= -(-sa3(t)+ Q&n,

(6.19)
+ ,),G3).
dt
T&3
Thus, we control the three resistances Ral, Rag and Ra3of the systemic arterial
system in Figure 4.5 of Chapter 4.
The control of the unstressed volume involves both sections in the systemic
venous system and is directed by
(6.20)
(6.21)
where the unstressed volumes V& and V,J are defined in (4.11) and (4.12),
respectively, ofSection 4.5 of Chapter 4.
The control of the venous compliance is defined by
(6.22)
(6.23)
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,, are defined in the human circulation model
where the Compliances C,l and C
of Figure 4.5 in Chapter 4. We have allowed the unstressed volumes and the
compliances in both venous
sections to be altered since
the experimental data and
the lumped approach
do not allow an individual measure
of each of the parameters.
The experiments do not distinguish between alterations in the arterial unstressed
volume AV,,, and the venous unstressed volume AV,,,,,.
Since most of the
circulatory volume resides in the veins, we assume that the entire change in the
unstressed volume is mediated bythe veins.

6.5 OpenloopResponses
Determination of the parameters values of ai, pi, yi and ri for an intact human
evolves from a compromise between the experimental open loop responses reported in Section 6.2 and the experimental data from an acute hemorrhage by
(Hosomi and Sagawa, 1979) (see Section 6.8). The reason why the latter experiments are used,is that the open loop responses only can be guidingsince they are
obtained in vagotomized animals. The experiments are not representative foran
intact subject.
The computed open loop responses for the first model, shown in the figures
6.4 - 6.6, are obtained by varying the carotid sinus pressurep,, sufficiently slowly
in the model and observing the concomitant efferent responses. The parameter
values of ai,pi and ~i are determined from the low andthe high saturation levels
listed in Table 6.5. The parameter values of ai, pi and yi can be found in Table
6.7. The parameter values in Table 6.7 are also valid for the second model. The
computed open loop responses of the second model will not be shown
for reasons
of brevity. The second model contains 9 parameters which are not included the
first model. These parameters are described in Section6.6
Figure 6.4 shows the open-loop response in cardiac contractility Ema,,lu&
E,,,,,,
and heart rate H superimposed on the data by (Suga et al., 1973) and
(Korner, 1974),(Bolter and Ledsome, 1976) & (Greene, 1986), respectively. The
computed heart rate response for theintact human is chosen to follow the experiments by (Korner, 1974) in the central range. The experimental data by (Bolter
and Ledsome, 1976) & (Greene, 1986) are obtained with the contribution
of aortic
arch eliminated and they are thus not fully representative for an intact human.
The open loop responses for thethree arterial resistances&, f& and Ra3are
shown in Figure 6.5 superimposed on the experimental data by (Greene, 1986),
(Cox and Bagshaw, 1975) & (Shoukas and Bmnner, 1980). (Cox and Bagshaw,
1975) discriminates between the resistance in the femoral and in the celiac part
of the systemic arterial system. The resistance varies more in theouter part than
in the more internal parts of the cardiovascular system. The lumped approach
adapted here does not allow such a division.
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Figure 6.4: The left panel shows the computed open loop responses
of the maximum elastances
Emaz,lv
and E,,,,,,
as functions of the normalized average carotid sinuspressure p,, superimdisplays the computed
posed on the experimental data from (Suga et al., 1976) (*). The right panel
open loop responses of the heart rate H as a functionof the normalizedaverage carotid sinus pressure& superimposed on experimental data from (Korner, 1974)(*), (Bolterand Ledsome, 1976)
(dashed, x) & (Greene, 1986) (full line, +). The pressures are normalized with respect to the
computed steady state value (92 mmHg) and experimentaldata to the reported baseline values.
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Figure 6.5: Computed open loop response for the three anerid resistances Ral, Ra2and Ra3
superimposed on the experimental data from (Greene, 1986) (full line, x), (Cox and Bagshaw,
1975) (dashed line, *) & (Shoukas and Brunner, 1980) (full line, +). The computed pressures
are normalized with respectto the steady state value(92 mmHg) and the experimental data tothe
reported baseline values.
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Figure 6.6: The left panel shows the computed openloop response for the venous compliances
C
,, and ,C
,, superimposed on data from (Shoukas and Brunner, 1980) (*). The right panel shows
the computed open loop response for the venous unstressed volumeVu,,z (full line)and the total
change in computed venous unstressed volume from 0 - 250 mmHg (full line, *). The right panel
shows also the corresponding experimental changes in the total venous unstressed volume obtained
from (Shoukas and Sagawa, 1973) (dashed line, +) and (Shoukasand Brunner,1980)(dashed line,
X).

The venous unstressed volume and the venous compliance exhibit the open
loop responses shown inFigure 6.6. The left panel shows the open loop response
of the venous compliance superimposed on the experimentaldata by (Shoukas and
Brunner, 1980).The right panel shows the venous unstressed volume displayed
in
absolute values superimposedon the absolute changes in the systemic unstressed
volume by (Shoukas and Sagawa, 1973) & (Shoukas and Brunner, 1980).
A first validation of the baroreceptor model may consistof a comparison between computed and experimental open loop responses between the carotid sinus
pressure and the arterial pressure as shown in Figure 6.7. The response from the
baroreceptor model appearsto bemore powerful than the experimental
data allow.
It should be kept in mind that the experimental data are measured after the aortic
arch receptors are eliminated. Consequently, the two results cannot be directly
compared.
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Figure 6.7: Computed openloop responses for the arterial pressurepal superimposed on experimental data by (Cox and Bagshaw, 1975) (dashed line, e), (Bolter and Ledsome, 1976) (dashed
line, x), & (Shoukas and Brunner,1980) (dashed line+). The computed pressures are normalized
with respect to the steady state value (92 d g ) and experimental data to the reported baseline
values.
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6.6 Parameter Valuesof the two Baroreceptor Models
The parameter values p and v, used in the generation of the sympathetic
and
the parasympathetic activity in the first model, can be found in Table 6.3. The
parametervalues of ai, and yi, valid for bothbaroreceptormodels,can
be
found Table 6.7.
7-2, r3,N, M and N p
The second model contains 9 parameters kl, k2, k3,
which are not included in the first model. These parameters are determined as
follows. The parameter value of N p is equal the average firing rate generated
by the steady state arterial pressure (the adapted pressure of baroreceptors). The
value of the time constants~ 1 , 7 2 , 7 - 3are taken from (Ottesen, 1997b) and
are given
in Table 5.1. The values of the weighting factors k l , k2, k3 are determined from
a comparison between the computed and the experimental
results during an acute
hemorrhage considering the physiological significance
of the parameters. During
the 30 S hemorrhage we assume that the slow component has the dominating
role
(k3 = 1.5 WmmHg) whereas the intermediate component plays a minor
role
(k2 = 0.5 HdmmHg) and that the quick component is of no importance (kl =
0 HdmmHg). The parameter values can be found
in Table 6.4.

6.7 Results using the First Model
In the sections 6.8 - 6.10 we compare a number of animal experiments found in
the literature with the corresponding results predicted by the first model.
This
evaluation is carried outby computing the responses during
e

Acute hemorrhage

a

Heart pacing

e

Different pulsatile carotid sinus pressures

The efferent organs are not equally important during a hemorrhage. Thus,
have we
performed a sensitivity analysisin order to investigate the impact thecontrols of
H , I l p s , S, C, and V,, have on the cardiovascular performance. This is done in
Section 6.8.1.

6.7.1 Numerical Method
The set of differential equationsin the model has been solved by ofuse
a 5-6 order
Runge-KuttamethodwithvariabletimestepsandTOL
=
The maximum

102

A Baroreceptor Model

allowed time step is
S. All the averagevaluesarecomputedover
one heart
period by used of a trapezoidalintergration method. The computed average values
in the model are calculated over the previous heart periodt h from the current time
t , i.e. from t - t h to t. The human circulation model has also been tested on a
fourthorderRunge-Kuttamethodwithvariabletime
steps and TOL =
The
maximum timestep was equal to 0.02 S.

6.8 Acute Hemorrhage using the FirstModel
An acute hemorrhage from the femoral arteries is followed by a weakening of
cardiac filling and diminished
arterial pressure, cardiac output, stroke volume and
increased heart rate and vessel constriction. These general lines are found in the
experimental results by (Hosomi and Sagawa, 1979) where10 % of the total circulatory volumewas removed via the femoral arteries in30 S.
The experiments by (Hosomi and Sagawa, 1979) are simulated by a constant
leak in the third section of the arterial systemic system. Figure 6.8 displays the
computed and the experimental results for an intact human. The figure shows
the relative changes in the average arterial pressure pa, the cardiac output CO,
the heart rate H and the peripheral resistance R p s . The agreement between the
computed and experimentalresults are striking.
The response during complete denervation is shown in Figure 6.9. Again, the
computed results agree well withthe experiments.
The computed results areobtained using only the average of the
arterial pressurepal. This is consistent with the results reportedby (Kumada, Schmidt, Sagawa
and Tan, 1970). They concludedthat the pulsatile component of the carotid sinus
pressure has only
little effect compared with that of the average carotid
sinus pressure during a20 %
’ acute hemorrhage.

6.8.1 Sensitivity results during a Hemorrhage
The control ofthe venous unstressed volume has a profound impact
on the overall
performance of the circulatory system as will becomeclear from Figure 6.10. Figure 6.10 shows the computed responses during the acute hemorrhagefor weaker
control of the venous unstressed volume alone. The differences between experiments and computed results increase as the strength of the control is decreased
except for the response in the heart rate H. However, the response in H differs
from the experiments when the control of the unstressed volume
is absent. The reladve changes inarterial pressure p,, cardiac output CO, peripheral resistanceR p s
and heart rate H increase. Thecomputed results suggest thatthe impaired ventricular fillingof the heart, following acute hemorrhage, can be partially compensated

6.8 Acute Hemorrhage using the First Model
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Figure 6.8: Computed (black bars) and experimental (white bars) relative changes in average
arterial pressure Par cardiac output CO, heart rate H and peripheral resistanceRps during an acute
10 % hemorrhage from the femoral arteries. The experimental results are adopted from (Hosomi
and Sagawa, 1979) for an intact animal. The total circulatory volume is reduced by 10 % in 30 S
and the experimental data is obtained 1- 2 min afterthe hemorrhage is terminated. The computed
results are obtained in the new steady state reached after 1min.
by active vessel constrictions in the veins. Discrepancies arise as the strength of
this controlis reduced while leaving the remaining regulatory strengths unaltered.
This is consistent with the computed results by (Ursino et al., 1994).
In contrast to the unstressed venous volume, heart
rate H , peripheral resistance
R p s , venous compliance C, and cardiac contractility E,,
play no major roles
during an acute hemorrhageas is evident from figures 6.1 1 and 6.12. Figure 6.1 1
displays the computed resultduring different strengths of heart rate control. The
results show that heart rate has onlya weak influence after an acute hemorrhage.
Figure 6.12 shows the computed results when the control of cardiac contractility
E,,,
peripheral resistance Etps and venous compliance are eliminated. In particular, ignoring the control of the peripheral resistance generates an improved
cardiac outputbut no worthwhile changesin average arterial pressure
pa and heart
rate H compared with an intact human. Raising cardiac contractility
E,, or heart
rate H has only a weak impact on the circulatory response since cardiac performance cannot be much improved because
of the poor ventricular filling during an
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Figure 6.9: Computed (black bars) and experimental (white bars) relative changes in average
arterial pressure pc and cardiac output CO during an acute 10 % hemorrhage from the femoral
arteries with complete denervation (i.e. no carotid sinus and aortic arch receptors active). The
experimental results depend onthe order of carotid sinus and aortic arch denervation.
Aortic arch
is denervated first in the left column. In the right column, the carotid sinus is denervated first.
The experiments are adopted from (Hosomi and Sagawa,1979). The total circulatory volume is
reduced by 10 % in 30 S and the experimental datais obtained 1 - 2 min after the hemorrhage is
terminated. The computed results are obtained in the new steadystate reached after 1min.
acute hemorrhage. It may do the oppositeand deteriorate performancefurther by
pumping more blood outof the heart. The minor contributionfrom the change in
venous compliance may be related to minor absolute volumechanges associated
with this reflex.
The computed arterial pressurepRl during the hemorrhage withdifferent impairments of the efferent regulations are shown in the figures 6.13 and 6.14. In
essence, the two figures summarize the results stated above.
The left panel of Figure 6.13 shows the pivotal role played by the baroreceptor mechanism during an
acute hemorrhage. Theright panel shows the arterial pressure
pal when the control
of cardiac contractility is absent and the computed result with intactbaroreceptor
mechanism. No marked difference exists between the two results. This shows
the weak role playedby the control of the cardiac contractility,Emaz,lu
& EmRz,iv,
after an acute hemorrhage. The impact
of the venous compliance can
be neglected

6.9 Heart Pacing using the First Model
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Figure 6.10: Computed and experimental (white bars) relative changes
in average arterial pressure pa, cardiac output CO, heart rate H and peripheral resistance R p s during an acute 10 %
hemorrhage from the femoral arteries with different control strengths of the unstressed volume.
The experiments are adopted from (Hosomi and Sagawa, 1979). The total circulatory volume is
reduced by 10 % in 30 S and the experimental datais obtained 1 - 2 min after the hemorrhage is
terminated. The computed results are in the new steady state after1min.

as is evident from the left and right panelof Figure 6.14.

6.9 Heart Pacing using the First Model
Stroke volume V, drops as heart rateH increases whereascardiac output CO first
increases, reaches a maximum and finally declines (Kumada, Azuma and Matsuda, 1967)& (Melbin, Detweiler, Riffle and Noordergraaf, 1982). Figure 6.15
shows the computed stroke volume V, and cardiac output CO during heart pacing.
Heart rate H is taken as the independent variable whereasthe remaining effector
organs are modified by the baroreceptor mechanism.The computed results show
that stroke volume is consistently falling as the heart rate increases. The result
is in qualitative agreement with experiments reported by (Kumada et al., 1967)
& (Melbin et al., 1982). The computed result exhibits a reduced end-diastolic
volume during the rising heart rate which contributes
to the decline in stroke vol-
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Figure 6.1 1: Computed and experimental (white bars) results when the regulation of the heart
rate is varied in strength. The figure shows the relative changes in average arterial pressure pa,
cardiac outputCO, heart rate H and peripheral resistance during an acute 10 % hemorrhage from
the femoralarteries with different control strengths on the heart rate. The experimentsare adopted
from (Hosomiand Sagawa, 1979). The total circulatory volume is reduced by 10 % in 30 S and the
experimental data is obtained 1- 2 min after the hemorrhage is terminated. The computed results
are obtained inthe new steady state reached after 1min.

ume and the behavior pattern of thecardiac output during atria pacing (Kumada
et al., 1967) & (Melbin et al., 1982).
The heart rate cannot compensate the drop in stroke volume when the heart
rate exceeds approximately 2.3 Hz. Consequently, the cardiac output and the arterial pressure drop significantly as shown inthe right panel of Figure 6.15 and in
the left panel of Figure 6.16, respectively. The right panel of Figure 6.16 shows
that the peripheral resistanceincreases when the heart rate exceeds 2.3Hz which
may decrease in stroke volume even further. The results show that the baroreceptor mechanism cannot effectively
combat the drop in cardiac output when
the
heart rate is sufficiently high.
A sudden and sustained increase in peripheral resistance lowers stroke volume
and cardiac output. Figure 6.15 shows the computed results when the peripheral
resistance is increased to 1.7qS. This result agrees favorably with the experiments by (Kumadaet al., 1967).
Experiments have shownthat d V , / d H as a function of heart rate H remains

Pacing
6.9 Heart
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Figure 6.12:Computed results when the control of cardiac contractility B,, , peripheral resistance RP$or venous compliance C,, are removed. The figure shows the relative changes in average
arterial pressure& cardiac output CO, heart rate H and peripheral resistanceRps during an acute
10 % hemorrhage from the femoral arteries. The computed results are obtained inthe new steady
state reachedafter 1min.

unaltered during a number of different
conditions. This includes standing, awake,
recumbent and during influence of various anesthetics.The curve is altered when
e.g. the peripheral resistanceis increased suddenly. Figure6.17 displays the computed results superimposedon the data givenby (Melbin et al., 1982). The figure
shows close agreement between thecomputed and the experimental results when
heart rate runs from 1.33 Hz - 2.2 Hz. Discrepancies arise when heart rate is increased abovethis range. The computed dV,/dH declines significantly when the
heart rate exceeds 2.2 Hz as shown in Figure 6.18. This corresponds to an accelerated drop in the stroke volume with the heart rate. In the previous computed
results, the cardiacoutput displayed a drop when the heartrate exceeded 2.3 Hz.
This fall commences at a lower heart rate
than in the animal experiments.The reasons for these discrepanciesmay be relatedto the simple model of the ventricular
performance. In the ventricular elastancefunction (4.2), the division between the
active phase andthe passive phaseis specified by (4.4) which is a linear function
of the heart period t h . When the heart rate increases, the diastole shortens much
more than the systole which implies an impaired ventricular filling (Tortora and
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Figure 6.14: The left panel show the computed arterial pressure pal during a 10 % acute hemno control of the veins
orrhage with the entire baroreceptor mechanism active (full line) and with
(dotted line) (i.e. no control of compliance, C,, & Cu2,and unstressed volume, Vu,l % VUn2).
The right panel shows computed arterial pressure pal with the entire baroreceptor mechanism
active (full line) and with no control of thc venous compliance,CV1& C,2 (dotted line).

Anagnostakos, 1990). This is included in the model. However, one reason for
the discrepancy, may be, that the diastole shortens too fast, as a function of the
heart rate, when (4.4)is used. In addition, autoregulation and
the control from the
chemoreceptors have not been included in the model which
may play a roleat this

6.9 Heart
using
Pacing

the First Model
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Figure 6.15: The left panel shows computed steady valuesstroke
of volume V, with the peripheral resistance I l p s (+) and with a higher peripheral resistance 1.7Rp, (*) during heart pacing.
The right panel shows the corresponding computed cardiac output with the
peripheral resistance
Bps(+) and with a higherperipheral resistance 1.7Rp, (*) during heart pacing.
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Figure 6.16: The left panel shows computed steady state
values of the average of arterial presfor
sure pal during heart pacing. The right panel shows the corresponding computed steady values
the peripheral resistance.

high value of the heart rate.
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Figure 6.17: Computed dV8/dH (+) as a function of the heart rate H superimposed on data by
(Melbin et al., 1982)(*).
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Figure 6.18: Computed dV,/dH (+) as a function of heart rate H superimposed on data by
(Melbin et al., 1982)(*)in the heart rate range from 1.33 Hz - 2.6 Hz.
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6.10 Responses to Pulsatile Carotid Sinus Pressure
using the First Model
Exposing the model to different pulsatile carotid sinus pressures is a critical test
of this model since it is built exclusively on steady state results and is used in
a pulsatile environment. (Schmidt, Kumada and Sagawa, 1972) studied experimentally the response in the average arterial pressure, the peripheral resistance
and the cardiac output to pulsations in the carotid
sinus pressures in vagotomized
animals. In these experiments, the carotid sinus pressure p,, is taken as the independent variable (i.e. open loop) and the hemodynamic variables
are altered
accordingly.Thecarotid sinus pressureequalsa static pressureplusapulsatile term A sin(2rft), where the frequencyf = 2 Hz. Thus,

P, = P,,,o

+ A sin(2lrft),

(6.24)

where A is the amplitude. In order to study the effects of pulsation, we replace
the average pressure Is,,in the model of the sympathetic and parasympathetic
activity, (6.3) - (6.4), by the instantaneous pressure p,, in (6.24). We mimic the
vagotomized condition bytaking n, = 0 and reduce the strength of the heart rate
control from 75% to 50 %.
The computed results are shown in the left panel of Figure 6.19. This figure
shows the averageof the arterial pressurep,, as a function of the static pressure
p,,,~ when the carotid sinus pressure is given by (6.24) with A = 0 superimposed
on the predicted response when A = 25 mmHg. In these computations the static
pressure p,,,~ has been varied from 30 - 250 mmHg in steps of 15 mmHg. The
displayed results are obtainedin the steady state.
According to the computations, shown in the left panel of Figure 6.19, the
effect of pulsation in the carotid sinus pressure is a drop in the arterial pressure
when the static pressure pcS,ois below 90 mmHg. In contrast, the arterial pressure
is unaltered when pcS,ois equal to 90 mmHg and when the arterial pressure is
in the high and low saturation regions. When
the static pressure p,,o exceeds
90 mmHg the effectof pulsation inthe carotid sinus pressure is arise in the arterial
pressure. The same behavior patternis predicted in the peripheral resistance and
in the cardiac output.
The right panel of Figure 6.19 shows the experimental results by (Schmidt
et al., 1972). The experimental results show also a drop in the average arterial
pressure when the carotid sinus (6.24) becomes pulsatile. The effect of pulsality is a marked drop in the arterial pressure when
p,,,~ falls below 150 mmHg
but the arterial pressureis practically unaltered whenp,,,~ is equal to 150 mmHg.
The behavior above 150 mmHg and below 75 mmHg is not available. Thus, the
computed sigmoidal behavior pattermcannotdirectly
be
compared withthe exper-
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Figure 6.19: The left panel showsthe computed averageof the arterial pressurep,, as a function
of the static pressurep,,,o when the carotid sinus pressure is given by (6.24) withA = 0 (full line,
+) after vagotomy. This is superimposed on the predicted pressurewhen A = 25 mmHg (dashed
line, *). The results are obtained in the steady state. The right panel displays the corresponding
experimentally obtained arterial pressure p,, when A = 0 (+) in (6.24), as a function of p,,p
This is superimposed on the obtained arterial pressure when A = 12.5 (x) and whenA = 25 (t).
The experiments are adopted from (Schmidt etal., 1972).

iments. However, the drop in the arterial pressure is clearly more pronounced in
the experiments than in the computations. The experiments display also a fall in
the peripheral resistance and in the cardiac output. Again, the fall in the experiments is more accentuated than in the corresponding computations.
One likely reason for the differences between the experiments the
andcomputations may be the simple description (6.3) of the relation between the sympathetic
activity and the average arterial pressure. Explicit knowledge
of the processes in
the CNS is not available yet but knowledge does exist about the relation between
the firing rates n of the carotid sinus receptors and the carotidsinus pressure pes.
This relation is not a building blockin the model butis lumped into the formulation (6.3). Experimentally, the firing rates are affected by the carotid sinus pressure (6.24) in a characteristic fashionas shown by (Chapleau and Abboud,1987).
These experiments show that the firing rates n of the baroreceptors increasesigmoidally with the static carotid sinus pressure when the pressure
is varied from 40
- 200 M g . When a pulsatile pressureis superimposed on the static carotid sinus pressure, the curve can become practically linear.
Thus, the effectof pulsality
in the experiments is that the firing ratesrise when the average pressureis below
approximately 100 mmHg and drop when the average pressure exceeds approximately 100 d g . The firing rates are almost unaltered
for high pressuresand at
100 M g .

6.11 Acute Hemorrhage using the Unified
Model
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Thus, the computed pressure in the left panel
of Figure 6.19 is consistent with
the experiments by (Chapleau and Abboud, 1987). The behavior
of the computed results when the pressure is given by (6.24), can be explained from the
sigmoidal curve shape of (6.3) relating the sympathetic activityns to the arterial
pressure. The symmetry around the central point
of the sigmoidal curve generates
no changes in the average pressure. As the static term
p,,,~ decreases, the top portion of the pulsatile term is reduced compared to the lower part due to the bending
of the sigmoidal curves. This implies a lower average value
of n,.In contrast, the
lower portion of the pulsatile termis reduced, when the static termp,,,o is higher
than the baseline value.

6.11 Acute Hemorrhage using the Unified Model
In this section we will compare the computed results of an acute hemorrhage,
using the second model, with the experiments by (Hosomi and Sagawa, 1979)
where 10 % of the total circulatory blood volume is removed via the femoral
arteries in 30 S. The experiments are computedas explained in Section 6.8. Figure
6.20 shows the computed and the experimental relative changes in the average
arterial pressure pa. the cardiac output CO, the heart rate H and the peripheral
resistance 4,.The figure displays a striking agreement between the computed
and the experimental results.
Adaptation is built into the model as discussed in Section5.3.2 of Chapter 6.
The adaptation after the hemorrhage is shown
in the figures 6.21 and 6.22.
Figure
6.21 shows the instantaneous changes in the heart rateH and the resistance Ra3
during and after the hemorrhage. Figure 6.22 shows the concomitant change in
the average of the arterial pressure pal and the average of the firing ratesn. The
adaptation directs the firing ratesn,the heart rate
H and the resistance
Ra3 towards
approximately their pre-hemorrhage values. In contrast, the arterial pressure will
reach a lower value close to the pressure level obtained, if the control from the
baroreceptor mechanism is absent during the hemorrhage. Thisis shown in Table
6.2. We stress that this adaptation results exclusively from the baroreceptors and
thus that the computations exclude many other contributing mechanisms.
As seen in the figures 6.21 and 6.22, the arterial pressure pal decays faster
and the rise in the firing
than the decline in the heart rate, the peripheral resistance
rates. The reason for this is, that the total effect on the pressure consists
of a nonlinear interaction between the controls and
is not simply the sum
of the individual
effects.
The figures 6.21 and 6.22 show that a knot appears in the curves of the heart
rate, the arterial pressure andthe firing rates in the early stage
of the hemorrhage.
The knot is only weakly displayed in the curve
of the peripheral resistance which
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Figure 6.20: Computed (black bars) and experimental (white bars) relative changes in average
arterial pressure pa,cardiac outputCO, heart rate H and peripheral resistance I l p s during an acute
10 % hemorrhage from the femoral arteries.The experimental results are adopted from (Hosomi
and Sagawa, 1979) for an intact animal. The total circulatory volume is reduced by 10 % in 30 S
and the experimental data is obtained 1- 2 min after the hemorrhage is terminated. The computed
results are obtained in thenew steady statereached after 1min.

Table 6.2: The values of the firing rates n, the heart rate H and the peripheral resistance Ra3 and
average arterial pressure& before thehemorrhage and after the hemorrhage when the adaptation
is completed.

Parameter I Value before I Value a f e r
n
1 49.1
I 47
1.27
1.37
H
0.70
0.67
Ra3
94
63
Fa1

I Units
1 Hz

Hz
m m H g . S /ml

is due to the higher distributed time-delay.In fact, the knot is most pronounced
in the efferent controls withlow distributed time-delay. The knot is also observed
in the first model butless pronounced. In contrast, the knot is not observed if the
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Figure 6.21:

The left panel shows computed heart rate H during and after the 10 % acute
hemorrhage which starts at 50 S and ends at 80 S. The right panel showsthe concomitant changes
in the resistance Ra3.

95h

Figure 6.22: The left panel shows computed average of the arterial pressure pal during and
after the 10 % acute hemorrhage which starts at 50 S and ends at80 S. The right panel shows the
concomitant changes in the average of the firing rates n.

bleeding is carried out in the veins instead
of the third sectionin the cardiovascular
model. When the controlsfrom the baroreceptors are absent,the computed firing
rates n and the pressure exhibit a small change in the decay rate in thestage
early
of the hemorrhage. We conclude therefore that the appearance
of the knot depends
on where the hemorrhage is carried out, and evolve from the interaction between
the cardiovascular system and the baroreceptor mechanism. In the near future
we will carry out animal experiments. As a part of these experiments, we will
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investigate if the knot appears in the real world as computed above. From this
experiments we will perhaps
also be able to determine if the knot is a result ofthe
lumped element approach usedto model the humancirculatory system.

6.12 Summary and Discussion
Based on experimental data found in the literature and physiological principles,
we established two mathematical models of the baroreceptor mechanism and dlowed the models to controlthe human circulation model established in Chapter
4.
The two baroreceptor models differfundamentally in their description of the
afferent part and theCNS. In the first model, two sigmoidal functions relate the
sympathetic activity n, and the parasympathetic activity n, to the average arterial pressure. By this, the model
assumes that the firing rates of the baroreceptors
are immune to alterations inthe arterial pressure which do not generate changes
in the average pressure. The second model adopts the unified model to describe
the firing rates of the carotidsinus receptors. The sympathetic activity ns and the
parasympathetic activitynp are related to the firing rates by two sigmoidal functions. In particular, the second model includesadaptation of the baroreceptors.
The mathematical descriptionof the efferent control of the human circulation
is common to both models and offers control of heart rate, cardiac contractility,
peripheral resistance, venouscompliance and venousunstressed volume specified
partially by the shape of the sympathetic ns and parasympathetic npactivity. The
a static and a dynamic component. The dynamic
efferent control is composed of
component consistsof a firstorder differential equation and a timeconstant characterizing the transition time
for the efferent control to take full effect. The static
component consists of a linear combination of n, and n,. The heart rate is assumed to be controlled by a linear combination of ns and n, and the remaining
controls are assumed to belinear in n,. Based on experiments, the heart rate has
been described as non-linear in the n, and n, by (Levy and Zieske, 1969). The
control from the nervous activity
on the remainingeffector organs are limited.We
have adopted open loop responses
to describe the baroreceptor mechanism. Thus,
we find the linear approach perfectlysuitable following our general lines of simplicity. The sympathetic activity
n, is delayed withrespect to the parasympathetic
activity n,. We have omitted this feature since we are interested in the steadystate
rather than the dynamic behavior
during transition to a new steady state. However,
discrimination betweennsand n, in our model offers access to studythe effect of
time-delay. Further detailsof time-delay canbe found in (Ottesen, 1997a).
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6.12 Summazy and
The parameter values inthe model are constructedas a compromise between
open loop responses and the experimental data from an acute hemorrhage by
(Hosomi and Sagawa, 1979).The latter experiments are used since theopen loop
responses are obtained in vagotomized animals and thus not representative for
the intact human. The parameter values in thecontrol of the unstressed volume
have been adjusted in order to fit the computed result
to the experimental data by
(Hosomi and Sagawa, 1979). This shows the pivotalrole played by the control of
the unstressed volume.
model, we showed that principal efDespite the striking simplicity thefirst
of
fects of acute hemorrhage, heart pacing and pulsationthe
ofcarotid sinus pressure
were includedin the model.
Thefirst model was shownto compute a10 % hemorrhage of an intact human
in close agreement with the correspondingexperiments by (Hosomi and Sagawa,
1979) when the baroreceptor mechanism was intact and after complete denervation. Also, this is in agreement with the experiments by (Kumada et al., 1970)
which show that the pulsatile term of the carotid sinus pressure has only a minor
influence during an acute hemorrhage. We showed also that the control of the
venous unstressed volume play a significant role in maintaining the ventricular
filling during an acute hemorrhage whereas the
remaining controls have a minor
influence.
The computed stroke volume and cardiacoutput during heart pacing were in
qualitative agreement with the corresponding experimental results by (Kumada
et al., 1967) & (Melbin et al., 1982). The stroke volume was consistently falling
as the heart rate was increased whereascardiac output first increased, reached a
maximum and then declined.The latter showed that the baroreceptor mechanism
cannot effectively combat thedrop in cardiac output when the heart rate is sufficiently high.We showed alsothat an increasein the peripheral resistance caused a
decrease in both the stroke volume and inthe cardiac output in qualitative agreement with (Kumada et al., 1967). Experiments have shown that dK,ldH as a
function of the heart rate remains unaltered during a number of different conditions. The computed results were inclose agreement with the experiments in the
range from 1.33 Hz - 2.2 Hz. A discrepancy arose consisting of an accelerated
drop in the stroke volume
when the heart rate exceeded 2.2 Hz. We observed also
a drop in the cardiac output whenthe heart rate exceeded 2.3 Hz. This fall starts
at a lower heart rate thanthe
in animal experiments.One reason for the difference
may be the fast shortening of the diastole as defined by the elastance function
which specifies the ventricular performance. In addition, autoregulation and the
control fromthe chemoreceptors have not been
included in the model which may
play a role at this high value
of the heart rate.
We allowed the model tobe sensitive to the pulsatility of the arterial pressure
and studied the effect
of pulsation when the carotid
sinus pressure followed (6.24).
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The computations showed that the effect of pulsation in the carotid sinus pressure
amounts to a decrease in the average arterial pressure when the average carotid
sinus pressure is below 90 mmHg and a rise in the average arterial pressure above
90 &g.
In contrast, the average arterial pressureis unaltered when the carotid
sinus pressure is equal to 90 mmHg and when it is in the high and low saturation
regions. The same behavior pattern is predicted in the peripheral resistance and
in the cardiac output. All obtained drops are more pronounced
in the experiments
by (Schmidt et al., 1972). However, the direction of the computed effects are
consistent with the results in the firing rate measured by (Chapleau and Abboud,
1987). We explained the behavior in the computed results with the sigmoidal
curve relating the sympathetic activity to the average arterial pressure.
How simple can a baroreceptor model be and still include the main principles
of it’s real counterpart ? As discussed previouslyin this chapter, the modelof the
afferent part lacks the sophistication used in previous models.In the case of the
CNS, explicit knowledge is not available yet. Thus, tentative descriptions cannot
be replaced by descriptive models before further experimental studies are available. However, we do have knowledge about the relation between the firing rates
of the carotid sinus receptors and the arterial pressure which we have not fully
used but merely lumped into the description of the sympathetic and parasympathetic activity. The sensitivity to the change in pressure
p c , has not been modeled.
This may be onelikely reason for the results we observed during pulsation in the
carotid sinus pressure. According to the results of (Chapleau and Abboud,1987),
the effect of pulsation can alter the relation betweenthe baroreceptor activity and
the arterial pressure from being sigmoidal to be practically linear. Studies of the
effects of pulsation require amore advanced descriptionof the afferent part which
includes sensitivity to the change in the carotid sinus pressure pes. The unified
model is one approach. Alternatively, less comprehensive models can be used, as
for instance the recent proposalby (Ursino, 1998), based on a high pass filter,as
described in Section 5.5 of Chapter 5. In essence, including the sensitivityof the
firing rates of the carotid sinus pressure to
in the model, will broaden
the range
of the description of the baroreceptor mechanism.
The second model displayed a striking agreement between the computed and
the experimental results during the 10 % hemorrhage. In addition, the model exhibited adaptation after the hemorrhage.We showed that a knot appears clearly in
the curves of the arterial pressure and in the curves of the efferent controls with
the lowest transient time whenthe hemorrhage is carried out viathe third section
of the cardiovascular model. The knot disappears when the hemorrhage
is carried
out via the veins. We concluded that the appearance
of the knot dependson where
the hemorrhage is carried out, and evolvesfrom the interaction between the cardiovascular system and the baroreceptor mechanism. Future animal experiments
will reveal if the knot is a real phenomena.
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Two items needs to be critically addressed in the second model. Theitem
first
involves the estimation of the parameters values and the second item
is related to
the model of the CNS.
The unified model contains 8 parameters kl, kz. k3, 71,72, 73, M and N .
Except the values of the weighting parameters kl,kz and k3, the remaining parameter values are adopted from (Ottesen, 1997b). He has obtained the values
from literature data and through curve fitting procedures. We altered the values of the weighting factors kl, k2, k3 in order to obtain a better agreement between the computed and experimental results during an acute hemorrhage. During
the acute hemorrhage, we assumed that the slow component has the dominating
role (k3 = 1.5 HzImmHg) whereas the intermediate component plays a minor
role (k2 = 0.5 HdmmHg) and that the quick component is ofno importance
(kl = 0 HdmmHg). The computed results are sensitive to alterations the values
of k2 and k3. The adaptation after the hemorrhage is accelerated when k2 and
k3 are assigned higher values. If the acceleration is too strong the computed results will not be in agreement with the corresponding experiments. In addition,
the parameter values of the unified model appears to depend on the physiological
processes involved in each experiments as also pointed outby (Ottesen, 1997b).
This dependence is not yet available.
The model of the CNS is a tentative descriptionof the information processes
in the CNS which is due to the lack
of available data.If more experimental knowledge is provided about the relation betweenthe firing rates and the sympathetic
and parasympathetic activity in the future, the information provided by the unified
model can be better utilized. The description of CNS appears as a weak link in
the baroreceptor model.
In summary, we conclude that the parameters of the unified model needs a
further study. We find such a study necessary before the baroreceptor model, using
a
the unified model, can be used further. We find that the model is not matured to
stage where it can be used in an environmentas the simulator.
The control form the mechanoreceptors(or low pressure receptors) have been
ignored. This control can combat alterations in the venous volume before activation of the baroreceptors (Guyton, 1991). The modelby (Ursino, 1998) describes
the control from the baroreceptors and the mechanoreceptors.His computed results suggest that the control mediatedby the mechanoreceptors exhibits the major
role in the first stage of an acute hemorrhage when the drop in the circulatory volume is less than 150 - 200 ml. In this range he observed no evident fall in the
arterial pressure. When the drop in the circulatory volume exceeds this level, the
dominating control stems from the baroreceptor mechanism. Our model reacts
only changes in the circulatory volume which affects the arterial pressure. Thus,
the control mediated by the mechanoreceptors constitutes a possible extension
of
the model and may be relevant in applications suchas an anesthetic simulator in
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which a hemorrhage is a topical case. Unfortunately, the literature data on this
control is very sparse. The literature offers only qualitative descriptions and no
explicit dependence on the pressure changes.
The effect of autoregulation is omitted in the model. In fact, the model assumes the response in the efferent organs to be controlled entirely by the neural
shapes of n, and np. However, duringan acute hemorrhage the vessel may dilate,
by local controls, in order to provide blood flow to the local tissue with a high
demand of oxygen as the brain. The control from the chemoreceptors are also
ignored since they are not believed to play a major in
role
the short term pressure
control compared with the baroreceptor mechanism.These aspects may be a part
of future improvements.

6.13 ParameterValues
In this section we will give the parameter values usedthis
in chapter.
Table 6.3: Parameter valuesused in the generation of the sympathetic and the parasympathetic

.

activity in the first model given
by (6.3H6.4)
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Table 6.4: Parameter valuesused in the generation of the firingrate and the sympathetic and'the
parasympathetic activity in the second modelgiven by (6.5)-(6.8).

HdmmHg
N

M
49

mmHg

Table 6.5: Low and high saturation levelsfor each effector control given by the relative deviation
from the baseline value. The baseline valuesof the parameters canbe found in the tables 4.4 - 4.7
of Chapter 4.

Low value High value
0.25
0.8
0.8
0.60
0.60
0.60
0.79
0.79
0.90
0.90

1.21
1.21
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Table 6.6: Parameter values for ~i which represents the transient time for each effectorcontrol
The parameters are explained in sections 6.3.3 and 6.4.

Table 6.7: The parameter values for the efferent control parameters ai,p,,

yi. The values are
valid for thejirstm d e l and the second model. The parameters are explained in Section 6.4

Value
0.50
0.50
1.0
1.0

2.0
0.21
0.42
0.066

0.050
0.14
0.11
0.53
0.40

2.6
14.6
14.8
81.3
246.7
719.2
802.2
2338.6
-

Chapter 7
Conclusions
The pumping heart, the human circulatory system and the baroreceptor mechanism have been the topics of this dissertation. In Section 7.1and Section 7.2 we
will give our final conclusion on the first and second part of this work, respectively.

7.1 Interaction between Ventricle and Arterial Load
In this study we addressed the interaction between the pumping heart
and the receiving arterial system by describing the isolated heart and the arterial system separately. This approach is fundamentally different from previous attempts which
tend to lump the description of the vascular and ventricular effects.Also, we succeeded in describing the ventricle by relating the events at the chamber level with
those at theultrastructural muscle level.
We based our investigations on the modelof the isovolumic ventricular pressure established by (Mulier, 1994) which is based on the Frank mechanism. By
allowing this ventricular model to eject, we showed that Starlings’s two observations were embodied in the model. Consequently, we concluded that Starling’s
law can be reduced to the Frank mechanism and is thus disqualified as an independent law of the heart.
The ventricular model exhibits the major features of ventricular performance
when coupled to a human circulation model. However, discrepancies exist between model predicted and experimentally observed pressures. The discrepancies
amount to two phenomena, deactivation and hyperactivation, which we denoted
the ejection effect. We related the ejection effect to alterations in the ventricular contractile properties attributable to muscle shortening during ejection. By
the ejection effect, we broaden the description of the ventricle to include ejection. The pressure and flow curves were clearly more representative
for the intact
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human than without the ejection effect. Our results suggest that the ventricular
ejection directly changes the underlying muscle contractionprocess and that the
ventricle is influenced by alterations in the vascular parameters.Also, we showed
that theejection effect cannot be explained fromsmaller effects as inertial effects
of ventricular bloodand vascular reflections.
By the ejection effect,we have emphasizedthe combination ofboth deactivation and hyperactivation in the ventricular performance.We find hyperactivation
essential in order to maintain the ventricular pressure in late systole. However,
hyperactivation hasnot been accentuated to thesame degree inearlier ventricular
models as in our results althoughit has been experimentallyobserved previously.
This can be related to the absence
of an isovolumic ventricular model.In contrast
deactivation hasbeen included in several previous ventricular models.
We showed that the computed deactivationincreases with higher ventricular
outflow which follows the experiments
by (Mulier, 1994). The variation in deactivation and hyperactivation are reflected
in the sensitivity of the parameters of the
ejection effect to alterations in the vasculature.These changes may be guided by
neural, hormonal and other effects affecting the
interaction between the left ventricle andthe arterial load. However, we have not
yet formulated this dependence
mathematically.
As mentionedin the section describing alternative modelsthetoejection effect
we emphasized that the ejection effect should be related to
cumulative
the
effects
of flow since the correction for ventricular volume
is included by the Frank mechanism. Our mathematical formulation of the ejection effect depends exclusively
on the instantaneous volume or solelyon the ventricular outflowduring ejection.
These formulations of the ejection effect have only been tested
against slow events
during ejection. We outlined briefly anew modeling approach to the ejection effect based on shifting of energy along the time axis.This approach maybe tested
against experiments of withdrawal of small volumes from an otherwise isovolumic contraction. In addition, the parameter values ofthis approach can probably
be determined from these experiments. The interesting question is if this new
approach canbe applied to both slow and quick phenomena.
One of the advantages of the approach taken inthis dissertation is that we use
a physiologically based model. The ventricular model is experimentally based
and givesan excellent descriptionof the isovolumic pressure and
includes parameters which all aregiven physiological meaning. The model of the ejection effect
was, for instance, established by expanding a parameter directly related to the
ventricle’s contractile state. Regarding the mathematical modelingtheofejection
effect we emphasize that deactivation should be
related to detachments of bonds
via Hill’s force-velocity relation and hyperactivation
to the formation of new and
cycling of crossbridge bonds.
By this study we hope that the combinationof the ventricular model and the
ejection effect has shed
new light on the ventricular modeling.

7.2 The
Cardiovascular
System
and

the Baroreceptor
Mechanism
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7.2 The Cardiovascular System and the Baroreceptor Mechanism
The goal of the second part
of this dissertation wasto establish a humancirculation model and two modelsof the baroreceptor mechanism of the intact human,
built on experimental data and physiological arguments. These goals have been
achieved.
We established a human circulation model with the ventricular performance
specified by two time varying elastance functions and the vasculature described
by lumped elements based partially on the architecture of (Rideout, 1991). We
showed this model generates root aortic pressure and ventricular outflow curves
representative for the normal human.
We divided the baroreceptor mechanism into
three distinct physiological modules, the afferent part, the CNS and the efferent part. In the j r s t model of the
baroreceptor mechanism we lumped the firsttwo modules and related the sympathetic activity n, and the parasympathetic activity np to average arterial pressure by two sigmoidal functions. Thesecond model adopts the unified model to
describe the first module whereas the second module consists of two sigmoidal
functions relatingn, and n, to the firing raten.
The description of the efferent part is common to both baroreceptor models.
The models offer control
of the heart rate, thecardiac contractility, the peripheral
resistance, the venous compliance and the venous unstressed volume.
We divided
the controlinto a static and a dynamic component. The
dynamic component consists of a first order differential equation with time
a
constant characterizing the
transition time for the efferent controls to take full effect. We discriminated between the controlfrom sympathetic activityn, and the control from the parasympathetic activity n, in the static component. We assumed that the heart rate is
guided by a linear combinationof n, and n,, and that the remaining controls are
linear in m,. We determined the corresponding parameter valuesfrom open loop
responses and experimental results from an acute hemorrhage inintact
an animal
by (Hosomi and Sagawa, 1979).
We studied mainly the first model and computed the response of the model
to an acute hemorrhage, heart pacing andto pulsations in the carotid sinus pressure. The computed response to a 10 % acute hemorrhage with the first model
was in striking agreement with the corresponding experiments by (Hosomi and
Sagawa, 1979). The model also confirmed the results by others that the control
of unstressed volume plays a significant
role in maintaining the ventricular filling
during an acute hemorrhage. The computed effectsof heart pacing was in favorable agreement with the corresponding experiments by (Kumada et al., 1967) &
(Melbin et al., 1982) when the heart rate
is below 2.2 Hz. The model confirmsthat
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pulsality of the carotidsinus pressure can reducethe average arterial pressure but
the computed drop inthe arterial pressure was small compared with that
of the experiments by (Schmidt et al., 1972). However, the behavior pattern was consistent
with the measured baroreceptor activity by (Chapleau and Abboud, 1987).
The second model does not have the same practicalscope as the first one but
gives a more fundamental physiological description of the afferent part. Also,
this model of the baroreceptor mechanism was shown to compute a 10 % acute
hemorrhage in strikingagreement with the corresponding experimentby (Hosomi
and Sagawa, 1979). The model exhibited adaptation of the baroreceptor after
the hemorrhage. To our knowledge this has not previously been included in a
baroreceptor model.
One could argue that the validation of bothmodels couldbe expanded. Indeed,
a number of other experiments exist which can validate the model. Examples of
these experiments include hemorrhages with weaker strength, tilting of patients,
pulsation of the carotid sinus pressure with different frequencies and responses
in atrial pressures. Also, computed response to heart failures and changes in the
vascular parameters could have been computed. Finally, it would also have been
interesting to show the impact played by the parametersin sigmoidal curvesin the
first model and the influence displayed by the parameters of the unified model.
However, the time limitation of this project has limited the number of computations.
The ventricular performance in the human circulation model was based
on the
classic time-varying elastance function concept. We suspected that the description
impairs the ventricular filling more than expected during heart pacing and thus
plays a role in restricting the range of the heart rate change to be below 2.2 Hz.
The division between the active and passive phase should be studied in greater
details. The ventricular modelestablished by (Mulier, 1994) cannot yet be applied
fully to a modelof the human circulation. This is due to the problems associated
with changes in the heart rate and that the mathematical formulation of neural
impact on the ejection effect is not yet available.
A future expansion of the first model would be
to include sensitivityof the firing rates to thechange in pressure. This will broaden the description of the baroreceptor mechanism to include the effect of pulsation in the carotid sinus pressure
in a better way. As a firstapproach, we recommend the modelto be expanded by
a description of the firingrate based on previous attemptsas described in Chapter
5. The unified modelis not matured to a stage whereit can be widely applied. As
discussed in Section 6.12 of Chapter 6 the significance of the parameters of the
unified model when used in a baroreceptor model
is not fully understood. Therefore, the second model needs to be studied in greater detail before it can be used
further. Also, the unified model is computationally time consuming. This disadvantage may be reduced by using only one of the three differential equationsof
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which the unified model is comprised.
In the near future we will perform a numberof animal experiments. In these
experiments we intend to perform hemorrhages with different speeds but with
same drop in circulatory volume. By this we will examine the effectof the temporal dynamics. As mentioned in Section 6.11 a knot appeared in the curves of
the heart rate, the arterial pressure and the firing rates in the early stage of the
hemorrhage. As a partof these experiments we will try to determine its origin.
In both baroreceptor models the description of the CNS is given as a tentative
formulation of the information processes in the CNS which is due to the lackof
available data. A challenge for the future would be to focus on subsystems and
study the relation between the firing rates and the sympatheticand the parasympathetic activities and the influence of the two nervous activities in the efferent
controls.
In summary, we conclude that the Jirst model of the baroreceptor mechanism
exhibits the principal features of the short term pressure control duringan acute
hemorrhage, alterations in the peripheral resistance and changesin the heart rate
in the range below 2.2 Hz when coupled to the pulsatile human circulation model
established in Chapter 4.In addition, the model is computationally fast dueto its
simplicity. The main use of the first model is to present a model which exhibits
the principal features of the short term pressure controland which canbe used in
an anesthesia simulator. Considering the aims listed in Section 5.6 of Chapter 5
we will conclude that we have accomplished our goal.

Appendix A

English Summary
The pumping heart has been the central topic
in the first part of thisdissertation.
In Section A.l we will summarize our research into the interaction between the
left ventricle andthe arterial load. The second part
of this dissertationamounts to
our study of the human circulatory system
and the baroreceptor mechanism. The
results in this part are summarized
in Section A.2

A.l

Interaction between Ventricle and Arterial Load

The peak developed cavity pressure of the isovolumically contracting ventricle
increases with the end-diastolic pressure toan upper physiological limit. This is
known as the Frank mechanismand constitutes the key element in an experimentally based analytical descriptionof the isovolumic ventricular pressure
as a function of time and volume contained (Mulier, 1994). When
coupled to adescription
of the vasculature this model of the isolated ventricle exhibits the principal features of the pumping heart. In particular, we showed that the ventricular model
includes Starling’s two observations and thus disqualified Starling’s as
lawan independent lawof ventricle. As we have modeled the left ventricle, Starling’s law
follows from the Frank Mechanism.
We uncovered, upon our more detailed analysis that discrepancies arise between model predicted and experimentally observed ventricular pressure during
ejection. Measured cavity pressure tends to be lower, deactivation, during early
ejection and higher, hyperactivation, during late ejection than predicted
from isovolumic properties via the ventricular model. The discrepancies amount to two
phenomena, deactivation and hyperactivation, identified during ejection.
We termed these two phenomena the ejection effect.
We interpreted the ejection effect as
alterations in the
contractile properties of the ventricle attributable to muscle
shortening during ejection. This suggests that ventricular ejection directly changes
the
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underlying muscle contraction and that the ventricle is influenced by alterations
in vascular properties. Studies show that vascular reflections and
inertia of blood
movement alone cannot explain the two phenomena. Apparently the ejection effect consistsof a numberof small effects. The two phenomena should be modeled
as detachmentof bonds andas formation of new and cycling
of crossbridge bonds,
respectively.
We outlined briefly a new approach to the modeling of the ejection effect
which we will follow in the near future. In this approach, the two phenomena,
deactivation and hyperactivation, will be related to the shifting of energy along
the time axis.

A.2 The Cardiovascular System and the Baroreceptor Mechanism
We have established a humancirculation model and two modelsof the short term
pressure control mediated by the baroreceptor mechanism based on experimental
data and physiological arguments.
The vasculature of the human circulationis described by lumped elements andthe ventricular performance is specified by two
time-varying elastance functions. In the first baroreceptor model,the sympathetic
activity n, and the parasympathetic activity np are related to the average arterial
pressure by two sigmoidal functions. The second baroreceptor model adoptsthe
unified model, first proposed by (Taher et al., 1988), to describe the relation between the firing rates and thecarotid sinus pressures. The unified model contains
all the experimentally known non-linear phenomena. Consequently, the second
model includes adaptation of the baroreceptors.
The modelof the efferent control is shared by both models. The model offers
control of heart rate, cardiac contractility, peripheral resistance, venous compliance and venous unstressed volume.The efferent controlis composed of a static
and a dynamic component.
The dynamic component consists of a first order differential equation with a time
constant which characterizes thetransient time for the
control to take full effect. The static component consists of a linear combination
of n, and n,. The heart rate is assumed to be controlled by a linear combination
of n, and np and the remaining controls are assumed tobe linear in ns.
The computedresults of thefirst model during a10 % acute hemorrhage, heart
pacing and the computed effects of pulsation in the carotid sinus pressure are
compared with the corresponding experiments. We concluded that this model
contains theprinciple effects of the baroreceptor mechanism.
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The results of the second model during a10 % acute hemorrhage is also compared with the corresponding experiments. The modelexhibited adaptation after
the hemorrhage. We showed also that a knot appearsclearly in the curves of the
arterial pressure and in the curves
of the efferentcontrols with the lowest transition
times depending on where the hemorrhage is carried out, and is amplified by the
interaction between the cardiovascular system and the baroreceptor mechanism.
Future animal experiments may reveal if the knot is a real phenomena. We concluded that the unified model needs further
a
study before the range of application
of this model can be broadened.

Appendix B
Dansk Resume
Det pumpende hjerte har vreret det centrale emne i denfprrste del af denne ph.d.
afhandling. I Afsnit B. 1 giver vi et resume af vores forskningi sammenspillet rnellem denvenstre ventrikel og den arterielle belastning. Den anden af
delafnandlingen bergrer vores arbejde med det rnenneskelige blodkredsklgb og baroreceptor
mekanismen. Et resume af dette arbejde findes i AfsnitB.2.

B.l

Sammenspillet mellem Ventrikelog Arteriel Belastning

Det maksimalt udviklede tryk i den isovolumetrisk kontraherende ventrikel stiger med det slutdiastolske tryk til en Ovre fysiologisk grrense. Detteer kendt sorn
Frank mekanismen og den udgprr nprgleelementet i en eksperimentel baseretmatematiske model for det isovolumetriske tryk sorn funktion af tiden og indeholdt
volumen (Mulier, 1994).Denne model for den isolerede ventrikel udviser de principielle egenskaber ved det pumpende hjerte n k modellen bliver koblet til en
beskrivelse af det menneskelige blodkredslprb. Vi viste, at modellen indeholder
Starlings to observationer, hvilket diskvalificerer Starlings lovsom en uafhrengig
lov for ventriklen. Resultatet af modelleringen er, at Starlings lovf@lgerfra Frank
mekanismen.
Vi afslgrede efter en mere detaljeret analyse, at der eksisterer uoverensstemmelser mellem model forudset og eksperimentelt observeret ventrikeltryk under
udpumpning. Milt tryk er lavere i den tidlige delaf udpumpningen, deaktivering,
og hojere i den senere del af udpumpningen, hyperaktivering, end forudset
fra de
isovolumetriske egenskaber indeholdt i ventrikelmodellen. Overensstemmelseme
best& af to fmonener, som kan identificeres under udpumpning. Vi kalder de
to frenomener for udpumpningseffekten. VI tolker udpumpningseffektensom mdringer i ventriklens kontraktionsegenskaber sorn skyldes muskelforkortelse un-
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der udpumpning. Vores resultater foreslir, at udpumpningen direkte zndrer den
underliggende muskel kontraktion, og at ventriklen er pgvirket af zndringer i
blodkredslobets egenskaber.Vores arbejde viser, at udpumpningseffekten
ikke kan
forklares alene ved mindre effekter som inertiaf blodbevzgelser og reflektioner
fra den arterielle belastning. Udpumpningseffekten bestir tilsyneladende af flere
mindre effekter. De to faenomener b0r modelleres som henholdsvis afkobling af
tvaerbindinger og generering af nye og cycling af tvzrbindinger.
Vi afsluttede med kort skitse af en ny indfaldsvinkel til modelleringenaf udpumpningseffekten som vi vi1 folge i dennzrmeste fremtid. Denne metode relaterer deaktivering og hyperaktivering til bevaegelse af energi langs tidsaksen.

B.2 Blodkredslllbet

og Baroreceptor Mekanismen

Vi opstillede en model for det menneskelige blodkredslob
og to modeller af kontrollen fra baroreceptor mekanismen baseret p i eksperimentelle data og fysiologiske argumenter. Det menneskelige blodkredslob er beskrevet ved elektriske
kredsl0bselementer. og de to ventriklerer modelleret vedtidsvarierende elastance
funktioner. Den fgrste baroreceptor model relaterer den sympatiske aktivitet R,
og den parasympatiske aktivitet n, til middelvaerdien af det arterielle tryk. Den
anden baroreceptor model udnytter modellen som er blevet
kaldt "the unified model". Denne model blev forste gangforesliet af (Taher et al., 1988) og indeholder
alle de eksperimentelt kendteikke-linezre fznomener. Som en konsekvens indeholder modellen adaptationaf baroreceptoreme.
Den matematiske beskrivelseaf den efferent kontrol er fzlles for begge modeller. Modellen formidler kontrol af hjertefrekvensen, den perifere modstand,
kontraktiliteten, compliance p i venesiden og det tryklose volume p i venesiden.
Beskrivelsen af den efferente kontrol
er opdelt i enstatisk og i en dynamisk komponent. Den dynamiske komponent best&
af en forste ordens differential ligning
med en tidskontanst, der beskriver tiden som det krzver at fuldfore en kontrol.
Den statiske komponent best& af en lineaer kombination af n, og n,. VI antager, at hjertefrekvensen er kontrolleret af sivel R, som n,, mens kontrollen af de
resterende effektor organerer lineaere i n,.
Vi sammenlignede de beregnede resultater fra den forste model med de tilsvarende eksperimentelle data underen akut 10 % blodning, hjertepacing og ved
pulserende carotid sinus tryk. Vi konkluderede, at modellenindeholder de principielle effekter somer indeholdt i baroreceptor mekanismen.
De beregnede resultater fra den anden model under en akut 10 % blodning
blev ogsi sammenlignet med de tilsvarende forsgg. Denne model
udviste adaptation efter blodningen. Vi viste og&, at en slags knude optrzder klart i kurveme
for det arterielle tryk og i kurverne for de efferente kontroller med de laveste
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tidskonstanter. Tilstedevzrelsen af knuden afhznger af, hvor blgdningen udfores
og bliver forstmket af baroreceptor mekanismen. I den nzmeste fremtid vii vi
udfgrer en rzkke dyreeksperimenter som miske kan afslgrer om knuden er et eksperimentel observerbart fznomen. Vi konkluderede, at den anden model,bygget
p i "the unified model", skal udszttes for et namere studie f@rden kan anvendes
i en bredere forstand.
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