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ABSTRACT

Background

Coronaryartery disease (CAD) is a clinical condition characterised by an obstruction of the
blood flow to the myocardium. Coronaaggiographyis the gold standard clinical procedure

to assess the coronary stenosis based on the vessel anatomy. FrHotiorederve (FFIR
describs the physiological severity of the stenodisring maximum coronary flow, induced

by adenosine infusion.

Hypothesis

Mathematical models can be used to repretberdardiovascular system and be employed as
investigative and predictive taalio asses€AD in individual patients.

Aims

To support the computational estimation of coronary FFR (VFFR) by characterising and
predicting the response to the administration of adenasteems of the myocardial resistance
and by investigatingorrelations between patient parameters and myocardial resistance.
Methods & Results

1) A zeradimensional0D) cardiovascular moddias been developethrting frompublished
modelsto simulate adenosingnduced hyperaemia asfanction andis shownto reproduce
gualitatively the effects described in the literature using generic param&tsensitivity
analysis was performed fatroduce andestassumptions, including the decoupling of the
systemic model from the local coronary compartment, whatér Ifacilitates the process of
tuning model parameters to individual patient data.

2) Clinical data from patients with CAD have been usedp®&rysonalisethe systemic
cardiovascular system and safaently, at a coronary level, tepresent thendividuat
specificresponse t@denosineThe 0D coronary model includeaepresentation of a vessel
stenosis, characterised by a computational fluid dynamics amalysd the myocardial
impedanceThe natue of the response of individual patients to the administration of adenosine
was quantitatively characterised in terms of the underlying parameters described by the model.
The myocardium adenosine concentratiorofile and resistancavere used to identify
correlation with patient parameterklo statistically significant associations were found

between the type of response atdervations in the clinical records.
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3) Considering the lack afonsensus on the definition BFR under hyperaemia, an algorithm

has been developed to objectively idenstgbleand minimumFFR.

Conclusions

It is possible to use a OD model to support the individual characterisation of the response to
adenosine, and thus to provide insight into the natutreegihysiological respaseto this drug.
However this approacliloes not support the reliable prediction of this responselividuals

with CAD from baseline measurements that are made in the routine clinical patwesayg

from this work, a robust algorithm has been develofeidentify the stable and minimum

FFR, which can be used to improve clinical decision making.
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CHAPTER 1
INTRODUCTION & BACKGROUND

BACKGROUND

This section presents an introductiorterms and conceptsgether withbackground review

of the three essential components of this thesis

- The anatomy and physiology of the cardiovascular system is reviewed, including the
regulatory control maintaing adequate blood pressure and flow in all the organs.

- The useof mathematical models to study the cardiovascular system is widespread and the
literature providesiccess t@an enormous number of silico studies on the cardiovascular
system. Modelsfrom O dimensional to 3 dimensionahre used separatelgr in
combnation, to represent a specific cardiovascular compartment or the overall
cardiovascular system. the currentproject the 3D model(lumpedparameter model
has been chosen to represent system physiology, using the eleadraulic analogy.

- At the endof this chapterthe focus will move onto the clinical contextaoionaryartery
disease. Diagnostic and therapeutic processes are discussed, including angiography and

theuse of thé~ractional FlowReserve index.




Chapter 1i Introduction & Background

OVERVIEW

The cardiovascular system plays an essential role in transporting the blood and carrying
metabolites, to and from all the tissues in a body. The coronary arteries are responsible for
supplying blood to the heart muscle (the myortarg, enabling its pumping functidd, 2].

In common with many other arteriegronary artaescan be affected barterial disease with
plaque depositionesuling in stenosisvhich may lead to a reduction of theobtl flowing to

the myocardiumVessel narrowing can result in an inadequate blood supply (myocardial
ischemia) and limit the quantity of metabolites which can be transported to and from the
myocardial cells. In severcases, this can lead to def@¥].

Quantification of the reduction in blood flow to the myocardium has been demonstrated to be
a valuable diagnostic and prognostioltm the evaluation of the impact of coronary disease.
Moreover, the reduction in flow is linked to the physiological state of the patient (for example
the reduction might be greater in an exercise state). A computational model can be a powerful
aid in ths context since it has the potential to be employed to quantify the effect of the stenosis
under different physiological states.

A major challenge in the development of a computational model for diagnostic purposes in an
individual patent is the personahtion ofthe model which consists of a selection of the
parameters values to represent the individual cardiovascular.nbeeduccess of the process,

and the degree to which a model can be personalised, is critically dependent on the availability,
and quality, of measured data.ypically, a wealth of clinical informations accessible
including patient demographics, comorbidities, laboratory test reaunlismages However
physiological information (such as pressure and flow data) that can bdiressly to tune the

model is often insufficient and, indeeas will be demonstrated inifithesis may often be

contradictory.




Chapter 1i Introduction & Background

It is evident that thehances of a computational work flow being adopted into the clinical
process will begreaterif the information already collected as part of the routine clinical
protocol can be exploited to provide the inmather than requiring new measuremenisch

will inevitably increase cost&f course, his point of viewmay change as coidfence in the
process inreasesand as savings associated with better diagnasid management are
quantified but, for now at least, this remains ph@gmatic starting point.

The clinical communitys increasingly aware of the importanaiephysiological assessment

of the severityof the stenosi§b, 6] and technology provides an important aichthievethis

[7, 8]. Angiography has become the gold standard clinical procedure to visualise the lumen of
the diseased coronary artery. This process requires catheterisation of the patient to provide
access to inject a radmpaque agent dhctly into the coronary artery of interest

[http://www.nhs.ul. Images of the diseased artery are then evaluated by clinicians to

determine the severity of the stenosis and hence the best treatment. This evaluatitxe migh
subjective, but more often it is based on a quantitative measurement derived from the image
data (Quantitative Coronary Angiography, QCA). However, the assessment of the severity of
the stenosis based on anatomy alone is a major limitation. Foretdssn, theconcept of
Fractional Flow Reservendex (FFR) has been introduced to support assessment of the
physiological severity of the stenosis during angiogrghy, 10]. The FFR represents the
stenoss severity as the ratio between the hyperaemic coronary flow in presence of the lesion
and the hyperaemic coronary flow that would be expected in the absence of disease. In order
to measure this, it is necessary to stimulate hyperaemia, under the assuhgitiwhen the
coronary flow is maximum the impact of the lesion is more evident.

Although theclinical merit of FFRis recognised across the waritis still conducted ironly

asmall percentage of patiengsimarily dueto the necessity of skills dnthe increase of

procedur e 0 s[l14. éwthesnora, the lack afstaedardised protocol leads to inter
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operatorvariability [12]. These concerns have motivated the development of the concept of a
virtual FFR (VFFR)[13], which could be introduced as an addition to the angiography and
bring more objectivity in the lesion severity assessment.

The clinical process of FFR measurement produces exactly the type of physiological
information that can be usedpersonalise (tuned computational modelhepressure data is
collected ovethe transition from resting to hyperaemic state resulting th@administration

of a hyperaemic drugaflenosing An immediate benefit ofthe personalisation of a
mathematical moel of coronary flow to reproduce the patient measurenisnigt it might

be possible to deriveelationshig between themodel parameterand the broader patient
characteristicsThese relationships couldenbe used predictively in a vFFR modet those

caseswhen FFR ks not been measured clinically, making assessment less invasive.
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AIMS AND OBJECTIVES

The challenges of VFFR computation are describedMuayris et al. [13]. The local
pressure/flow characteristics of the lesion itself can be computed from its anatomy, using
Computational Fluid Dynamics, but it remains a major challenge to ¢stihma patientand
vesselspecific distal resistance associated with the smaller vessels in the myocardium.

The primary aims of the prajedescribed in this thesis are:

1. to characterise the timmurse response of coronary pressure and flow under a change
of physiological state, and specifically during the administration of adenosine in the
clinical protocol for induction of coronaryperaemia;

2. to investigate correlations between patient parameters and myocardial resistance, and
with changes of myocardiatsistance in the transition from a baseline to a hyperaemic

State.

To support the characterisation of response, and the understanding and interpretation of these
characteristics, the secondary aims of the project are
i. to develop a model to represeneé tclinical process, including significant compartments
and regulatory mechanisms
ii. topersonalis¢he parameters in the model to describe the response of individual patients

in which coronary pressure is measured and coronary flow is evaluated with CFD
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1.1 THE CARDIOVASCULAR SYSTEM

The cardiovascular system distributes bloodtissue andorgansthroughout thebody,
supplying them with nutrients, such as oxygen, araicids, hormones, electrolytes, and
removing wasteproducts such as carbon dioxide. The cardiovascular system plays an
important role in the maintenance of homeostasgsstabilising the bodyeémperature and pH,

and it takes part in the immune response. This section presents a descriptioanaftoney

and physiology of thecardiovascular system, with particular focus on the haemodynamic
properties necessary to be represented in a model thegeted at the description of pressure

and flow distributions in the system and their changes under a change of physiological state.

1.1.1 Anatomy

1.1.1.1 Heart and systemic circulation

The cardiovascular system consistdhe heart and a closed system of vesselguifa 1.1).

The heart is a fouchambered muscular organ, which pumps blood through the vessels
distribuing blood toall the tissues. The hdaran be divided into left angight sides each of
which comprises aatriumand aventricleseparatethy a vale; thetricuspid valveon the right

side and thenitral valveon the left side. The ventricles aeparated frorthe vascular tree by
another valve, thpulmonary valven the right side and ttartic valveon the left sidéFigure
1.1).Within the vasclar tree, two main circulations can be identified: the systemic circulation
and the pulmonary circulatioithe systemic circulation brings nutrients and removes waste
products from the organs such as liver, kidneys, skeletal muscles, cardiac muscle, brain,
intestine, stomaghetc, the pulmonary circulation perfuses the lumggblingexchange of
oxygen and carbon dioxide in the blodd4].

Vesselsn different pars of the vascular tree have different stures andlifferent properties.

Arteries, the vessels that carry the blood away from the heart, are compliant.
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Pulmonary circulation

(capillary bed of lungs where gas
exchange occurs)

Pulmonary Pulmonary vein
artery

Coronary circulation

Vena cava Aorta

Systemic circulation
(capillary bed of all body tissues
where gas exchange occurs)

Figurel.l: Simplified scheme of the cardiovascular system.
Figure adapted byOpenStax College [CC B¥0 (http://creativecommons.org/licenses/by/3.0) ], via
Wikimedia Commons Creative Commongttribution-Share Alike 4.0 Internationdicense copyright
(https://commons.wikimedia.org/w/index.php?curid=3014823h

Whilst this generallyresults ina smoothingof the flow anddamping ofpressure pulses
produced by the istmittent ventricular ejectiofd, 14], there caralsobe local amplification

of pulse pressusein the arterieassociated with wave reflections. Tiypical range of vessel
diametes is around 25 mm for the aorta decregsthrough a series of bifurcation®r the

main arteries to-6 mmand for the arterioles to 20n. Capillaries are themallvesselsvithin

the tissues in which nutrients and waste are exchanged. They have a diam&tenof4.

Veins are very compliant vessels, which act as a blood reservoir and enable blood redistribution
when physiological changes occur. They collect the blood from ther lyoply(superior vena
cava)and lower bodyinferior vena cava) returning it batt the heart. The diameter varies

from 30 mm for the vena cava to about-8.5am for smaller veinEL, 4].

1.1.1.2 Coronary circulation

The coronay circulation provideswtrientsto theheart muscle (the myocardiun@oronary
arteries originatérom the root of the aorta and branchrtm overthe surfacéepicardium)of
the cardiac musclémyocardium) There are twomain coronary arterieshe left and right

(Figure 1.2) The left coronaryartery divides into two branches to supply the letind the
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anteriorpartsof the hearwhilst the right coronanartery supplies the rigt#tnd the posterior
pars [1, 15]. Blood return from the coronary circulation is primarily via the cargrnveins

which drain into the right atriufi6, 17].

Aorta\%

Left Main
Coronary
Artery

: Circumflex
gfrrc])tnary Gorenary
Artery Artery

Left Anterior
Descending
Coronary
Artery

Figurel.2: Anatomy of coronary circulation to the myocardium.
The left and right coronaries originate from the aortic root: the left supplies the left and anterior part of the
heart, with its two main branches, circonflex and anterior descending, while the right supplies the right and
the anterior part of the heart.
Figure by BruceBlaus (Own work) [CC BY Bith(//creativecommons.org/licenses/by/3.0)], viaWikimedia
Commons via Wikimedia CommonsCreative Commongttribution-Share Alike 4.0 Interational license
copyright (https://commons.wikimedia.org/wiki/File%3ABlausen 0256 _CoronaryArteries 02.png

1.2 PHYSsIoLoGY

Blood drculation is a vital functionevery cell inthe body needs oxygen to carry out its
functionsand oxygen is supplied by the blood. Simultaneously, waste products derived from
tissue metabolism need to be eliminated. Other funstajthe cardiovascular system arg

to maintain the flid balance within the bodly) to distribute the blood appropriately according

to different activitiesiii) to protect the body from infection and blood Ipsg to maintain

body temperaturevithin the physiological ranger) to distribute hormones. Ithis project
consideration otardiovasculaphysiologyis limited to the transport of oxygen and carbon
dioxide and the regulation of blood flow and pressure to distribute blood volumes according to

the adenosine stimulus.
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1.2.1 System physiology

The cardiovasular system enaldean appropriate blood supply tbe different organs and
tissues. The brain, a very delicate and vital organ, has high priority in terms of oxygen supply
and in consequence, cerebldbod flowis relatively constantor other organs, blood flow is
strongly related to need. For examplhesskeletal muscles require more oxygieming exercise
andthe stomach and intestsare the most active orgadsring digestiopflow to these organs

increases to meet these needs

1.2.1.1 Physiology of regulatory pathways

The cardiovascular regulation acts to ensure the appropriate distribution of blood throughout
the bodyand maintainsappropriate blood pressgrand flows [1]. There are two types of
regulation: autaegulation and neurcegulation.

Auto-regulation is a process of local flow regulatidhis hasa higher impact and importance

in delicate and vital organs such as the briagartand kidneys. The vascular tree in these
organs responds intrinsically to changes in haemodynamics, aiming to maintain an appropriate
flow andpressure.Auto-regulation isdriven bymyogenic and metabolic stimulih€ firstof

thesds directlyrelatedto stretchingof smooth musckein the vessel wallvhichin turncontrols

the artey/arteriolar diametes, in order to create aappropriatepressure gradiergnd blood

flow. The second is relatetb the minimum/maximum threshadof concentration of
nutrients/wasteand can increase or decrease the blood ftomeet local requirements
Neuroregulation is a more complex and sophisticated system iimgptkie nervous system
through the sympathetic and vagal pathways. In the cardiovascular system there are check
points in the aortic arch and in the carotid artery, where baroreceptxk the pressuiend
chemoreceptorsheckthe oxygen and carbon dioxide levels in the blgodtinuously An

afferent signal is serftom the receptor$o the vasomotor centre in the medulla oblongata

where, in response, an efferent signal is produced and sent back to the cardiovascular system
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through the sympathetic and the parasympathetic systBmeschemoreceptor response is

carried just by the sympathetic system, while the baroreceggponseénvolves both systems.

The sympathetic systewsfigésporesipbines efoor atch &
vasculature, increasing the heaterand changing thascularesistance in order to increase

the blood flow in the organs involved in activity

The parasympathetic or v agaidanddsiygd setnp, o emnsdio
compensates the effects of the sympathetic sybiedeceasing theheart rate (Figure 3).

The system of regulation detsermbededgwluat if@anm,
over a timescale from a few s ectoenrdnsé tnoe cah af neiw
which acts over hours and invosséhe kidneys and hormonal system. Since the focus of this

thesis is on the shetérm response to the administration of adenosine, a surrogate for an
exercise state under which coronary flow is maximum,-k@ngn regulation is considered to

be outof-scope and not discussed in detail here.

Medulla oblongata

Vagus nerve
— Afferent nerves

Sympathetic
cardiac nerves

—
~ Blood vessels

Aortic/carotid
baroreceptors

Figurel.3: Scheme of baroreceptors reflex diagram on cardiovascular system.
Aortic sinus and carotid baroreceptors send signal to the vasomotor centre in the medullargata through
the afferent nerves. The information is integratednd the sympathetic and parasympathetic (vagal) systems
transmit the signal to the effectorsthe heart and vessels. The sympathetic system can create different effects
depending on the targetrgan. Chemoreceptors act in a similar wayjut are confined to the sympathetic
response. Figure adapted from OpenStax College Anatomy & Physiology, Connexions Web site.
(http:/ /cnx.org/content/col11496/1.6/), Creative Commonégittribution -Share Alike 4.0 Internationdicense
copyright fttps://commons.wikimedia.org/w/index.php?curid=3014823p
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1.2.2 Coronary physiology

Coronaryblood flowdiffers fromthe systemic blood flow in the aorta (Figurd)lbecause of

the phases of cardiac contraction which generate compression of the coronary
microvasculatureDuring systole (the ventriculazontraction and ejectiophasé blood is
ejected through the aortic valve into the aorta and systemic arteries andeggess flow in

the systemic circulation reach a maximusaowever, during this phase, the myocardium is
contracted and the coronary microvasculature is compressed thus impairing coronary flow.
This explains the diastolic predominance of the coronary flaveffect which is more
pronounced in the left coronary system than thetritgle to relatively higheft-ventricular

pressure§3, 18].

Systole Diastole

I

Aortic pressure (mmHg)

1000

= o [+]
(=1 (=1 =1
(=1 (=} (=]

Aortic flow (m/s)
g

0.4 0.6 0.8 1

Time (s)

Figurel.4: Coronary blood flowand aortic blood flowduring cardiac cycle.
Typical coronary blood flow{red) wave shows a peakluring diastole, due tocontraction of theventricle in
systole in contrast with the aortic flow that has a peak during systole
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1.2.2.1 Local regulation

While other tissuesxtractabout 25%of oxygen from theblood at restbecause of thaigh
density of capillariesxith approximatelyonecapillaryfor eachcardiomyocytei.e. the cardiac
muscle cell, myocardial tissués able toextractas much a30% ofthe oxygen from the blood
[15]. This high rate of extraction explains why, whba hearts working hardduring exercise

for example, the myocardium nesstcesgo moreoxygenand nutrients anthe only wayto
achieve this is to increase coronatgod flow.

Coronary blood flow(CBF) has been shown to beroportionalto myocardial oxygen
consumptior{19-22] and it is driven by the regulation of the coronary resistance vessel tone,
as the result of a huge number of vasodilator andcesstrictor signals. These signals are

produced byseveraldifferent mechanisms

the metabolic response in the coronary vesgeldetermined by pH, carbon dioxide
concentration and adenosindri-phosphate (ATP) concentratiolATP reacts with
adrenoreceptors to produce adenasine
- the endotheliunderived response is sensitive to shear stress and pulsatile strain and
therefore to blood flow
- the autonomic nervous system innervates the coronary vasculatughits sympathetic
andvagal pathwaystlie formeris activated during exercise to contribtievasodilation
in a feedforwardmanney while thelatteris the most active during the rest condijion
- aortic pressure, which determines the pressure gradient between the coraray and
the right atrium, where the coronary veempty
- myocardial extravascular compression
- heart rate and cardiac output
The dominant effect is the vasoconstriction/vasodilation of the small arteries and arterioles in

the myocardiumthesecontribute 90%of the coronary resistan¢2(].

12
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1.3 HAEMODYNAMIC MODELS

Theworking principles of theardiovascular systehmave always fascinated scientists from the

time of ancient populationg23]. The cardiovascular system can be represented as a-closed

loop circuit (Figure 15), in which flow obeys the laws which apply to all physical fluid

systems: the principles of conservation of mass and conservation of monj&8fum

RH
% Pulmonary circulation

LH

Aortic sinus

| Coronary circulation [<

B

rain
Arms L

Vena Cava

= |

Liver

Stomach
Intestine

Aorta

Kidneys le

L ~=r |

Legs

Figurel.5: Basicrepresentationof the cardiovascular systerasa closed loop.

1.3.1 Physics of flow: governing equations

The principle ofmass conservatiorasserts thahe mass flow into a compartment must equal

the sum ofincrease in mass in the compartmand the mass flow outlt is essentially

expressed by the continuity equation (Eq.1vlhere} is the density of the fluid and v the

vector of fluid velocity:

(Eql.1)

The principle ofconservation of momentum which might be interpreted as an expression of

Newt onds

second

| aw,

states that the rate
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to the forces acting on it and is expressed by NeStekes equation for momentum (Bg2),
where} is the density of the fluid, v is the fluid velocity vector, p is the presgusathe fluid

viscosity and f represents the external forces:

—a

” = o o N ‘n oo ”l (Eql1.2)

Integrating the NavieBStokes equation along dreamline and assuming a steashate
condition with incompressible and inviscid fluid, the Bernoulli equasoobtained 24] (Eq.
1.3),wherey is the flow density, v is the velocity of fluid, p is the pressgris, gravitational

acceleratiorandh isthe elevationof the point above a reference plane
0 . \
n "? "D wéEEi OWEOD (Eq1.3)
The vasculasystencan be represented as branching tree with each vessel defined by its length
andradius Each of the single vessels offers resistance to blood flow, which can be calculated
by HagerPoiseuild s | aw (Eq. 1.4), where O racteristt he vi

length of the vessel and r is the vessel radius:

o 0.
i o Y% (Eq14)

Also the HagerPoiseuillelaw (Eq.1.4)can be derived from Navietokes equation (Eq.1.2),
assuming a Newtoniaftuid, laminar flow, steadystate condition in horizontal small tubes,
where the gravity force can be ignored. These hypotheses can be valid in peripheral vessels,
such as arterioles and capillaries, where the pulsatility is smoothed by the proximal high
compliance vessels, i.e. the main arteries.

From the HagetPoiseuillelaw (Eq.1.4) it is clear that the pressure gradient in the system is
much more sensitive to a change in vessel radius than to a change iAssmming p and L

to be relatively constan& small variation of radius, which has exponeimt Bg 1.4, results in

a significant variation in pressugeadient25].
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Another important principle applied to the cardiovascular system is the-Btarlilng law
which describes the relationship betwdeacardiac output and venous retufine main aim
of this mechanism is to synchronisediac output and venous return, maintaining the blood
pressure in the systemic and pulmonary circulations within physiological ranges and thus
avoiding an unbalanced distribution of blood volubetweenthe pulmonary and systemic
circulatiors. The venous eturn changes according fmarticular stimuli for example, it
decreases when an individual stands up because the central venous pressure decreases; it
increases during wallkg because thaction of the calf muscles (calf muscle pump) bédp
returnthe Hood totheright ventricle. This variation of venous returings about changen
left-ventricularfilling pressure and, thereforef stroke volume and cardiac output. The amount
of blood filling the left ventricle determingise degree dftretchof the ventricular wallwhich
in turn influenceghe length ofthe contractile units (sarcomeres) within ttadiac muscle
fibres Duringsystolethe cardiacmuscle fibrecontract generating a force proportional to the
initial stretched lengthi4, 26, 27]. An increase in contractiors related toan increase in
myocardial metaboliswhich, in turn is asso@ted withanincreasen demand foblood flow
in coronary vesss.
Several physical quantitiesan be defined that characterise the operation of the cardiovascular
system in a particular state, many of which might be measured clir{i2g]lyrhese include
- heart ratdHR), the number of beats psrinute
- stroke volumgSV), the amount of blood volume ejectiedm the ventricleat each beat
- cardiac volumes, in particular the esgstolic(ESV)and enediastolic volume$EVD) of the

left ventricle, whichprovide informatiorconcerninghe efficiency of the pumping heatrt;
- gection fraction(EF), the ratio between SV and EVD;
- aortic pressuréPag), whichcan be distinguishad systolic, diastolic and meaorticpressure

(MAP);

15
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- pulmonary pressurehe pressuren thepulmonaryartery,
- cardiac outpuf{CO), the volume of blood ejectedtto the systemic circulation ione minute
COis related tdheheart ratd HR) andstroke volumgSV) as shown beloWEq. 15):
00 0OY Yw (Eq.1.5)
- peripheral resistanc’R), the resistance offered the flow by the vessels of the systemic
circulation A number of factors influence this paramet@cluding vessel compliance,
vasoconstriction and vasodilation mechanisRR.can beestimated fronthe ratio of the

mean arterial pressure and the cardiac oytpatl.g:

- pulmonary resistangéhe resistance of the pulmonary circulatitma similar way, his can
be estimateftom the ratioof mean pulmonary pressure and the cardiac output relative to the

right ventricle.

1.3.2 Models of cardiovascular system

Different type of models can be used to represent and study the cardiovascular Elgstem
main categories arédumpedparameters zeradimensiongl OD) and distributeebarameters
(onedimensiongl 1D; two-dimensional2D; threedimensional3D model3. It is necessary to

select the most suitable type of model depending on what is the aim of the study, on what are
the features of intest angdmoreoveyon what are the clinical data availalfleable 11) [29-

31].

0D models areisually used to study the global distribution of pressure, flow and volume of
blood under different physiological states. They represent the cardiovascular system in
compartmentslumping together parts of vasculature with similar characteristics, and thei

blood pressure, flow and volume are exclusively a function of time. A system of differential
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eqguations solves the conservation of mass, the conservation of momentum and the equilibrium
between pressure and volume.

1D models are mainly used to study tve propagation effect in the vasculature, especially

for large arteries. Blood pressure andnwflare function of time and of the cressctional area

of the vasculaturel'his type of model requires pressure and/or flow curves and cross sectional

area ofthe vessel as boundary conditions

Table 1.1: Types of cardiovascular models with the described features and the clinical data required for
personalisation.

Model type  Described features Clinical data required

0D Pressure, flow and volume distribution  Pressure and flow upstream the mo
compartments
P(t), Q(1), V(1)

1D Pulsatility and wave propagation Pressure and/or flow curves as
P(t,x), Q(t,x), V(t, X) boundariesradius variation along th:

vessel

2D Variation of velocity profile in radial direction in axis Images for geometrical propertie
symmetric conditions pressure and/or flow curves
P(t, x, y), Q(t, X, ), V(t, X, y) boundaries

3D Complex flow patterns in specific region « Images for geometrical propertie
cardiovasculasystem pressure and/or flow for boundarit
P, x, Y, 2), Qt, X, ¥, 2), V(t, X, ¥, 2) conditions

2D models enable the study of the velocity variation in the radial direction for an axis
symmetric vessel model and thane often used in multiscale modelling with 3D models.

3D models are the most accurate model, where blood pressure and flow have a spatial and
temporaldistribution Computational Fluid Dynamics (CFD) simulations can capture complex
flow patterns in smalfegion of the cardiovascular system, such as ventricles, heart valves,
bifurcations. These type of model require geometrical details of the area of interest and,
therefore images need to be available and predestoreover, boundary conditions in terms

of pressure and/or flow are essential to perform the simulations. The computational cost for
these models and the amount of input data increase massively and this is the reason why they

are used to represent only small portions of the cardiovascular system.
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For the purpose of this project and for the type of clinical data available, the 0D models have
been selected. In the following paragraph these model are therefore the focus and they are going
to be described.

However the parameters of the OD represgioin of patienspecific coronary stenoses
described in Chapter Giave been determined from thh@ienensional computational fluid
dynamics analyses that represent in particular the convective acceleration and viscous
dissipation in the complex flow figs and capture the nonlinear relationship between pressure

gradient and flow.

1.3.3 Zero-dimensional or lumped parameters models

Zero dimensionalmodels (also known asumpedparameter model§ are based ona
combination of resistive, compliant and inertial elatsearrangedn series oiin parallel,to
representthe cardiovascular systemr specific part of it (compartment)Vithin each
compartment the quantities are assumed to be spatially inyaneytemporal variations are
representedSuchmodek canbe monecompartmental, in whicthe different componentzre

merged io a single compartmetttat includsthepropertieof eachor multi-compartmental,

in which the vascular system is dividedarseparate modelled compartments between which

it is alo possible taevaluate the interactio80]. The development of these models is based

on anelectrichydraulic analogyTablel2)and Ohmés and Kirchoffdéds |

Tablel.2: Analogies between hydraulic and electric quantities

HYDRAULIC ELECTRIC
Pressure (P) Voltage(V)

Flow (Q) Current(l)
Friction Resistanc¢R)
Compliance Capaciance (C)

Inertial mass InductancelL)
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1.3.3.1 Mono-compartmental models

The sinplest modelis the 2-elementWindkessel(18830tto Frank), aparallel RC circuit

(Figure 1.6A). This modelwasused to study the arterial tree in terms & Relationships
during diastole, considering pressure decay as characteristic time decay of RCattincwigh
it cannot represent high frequencies of the arterial load to the verjB@leThe resisr
represents the resistance offered by rieévork of vesselsand the capacitor the arteri@s

capacityfor blood storagé¢30]. Thecircuit is described by the following system of equations:

In 1971 Westerhof[33] developed th&-elementWindkesselFigure 16-B), introdudng in

seriesthe characteristic aortic impedan@s, which represents thesistancef large conduit

arteries[34, 39]. Its value is equal to ¢hratio between the oscillatory pressare the flow
rate in the absence of reflective wa' & - . However, in lumpegharametes models the
characteristic impedance of main arterieghich consists about-B% of the peripheral

resistanceis often represented as a resigjeneratingsmall errorsat low frequencie$34].

The equations that describe the model are:

. . . QD
V)] V)] 00—
. . . Qo
) ) o v v JY

Burattini in 1982 36] proposedhe4-elementMindkesselintroducingan irductancel., which

represents the inertial behaviour of ldtow in the arterial vess¢B7]. This canbe insergd
in series or in parallel witlo and eactcircuit has different solving equations and different
values of L(Figure 1.6 C, D). Whilst this model works well at all frequencies, it is difficult to

estimate a value for the inductance. For this reason-gien3ent Windkessel is often chosen
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to represent the global behaviour of arterial system using physiologically estimated parameters,

although it is not able to represent wave propagg8dh
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Figurel.6: Most used lumpedparameter models.
A) 2 element Windkessel electrial analoguemodel. B) Windkesselmodel with 3 elements.C) 4-element
Windkessel model with thanductancel in series D)4-element Windkessel model with thénductance L in
parallel.

More elements an be added to #se modek and arraged in different ways, aimintp
represenparts ofthe \ascular systemwvith greater accuracy. Here it sholdrecognisedhat
a value needs to be found fmch adiional elememn and often it is nbba simpletaskto define
or measurehis.

A multi-compartmentalmodel has beechosen as the basis for the current stiséy Chapter

2 for more details).

1.3.3.2 Modelling cardiovascular system and regulatory pathways

Inspired by thevork of Guyton[38], manyscientists have developed differenathematical
models to represent the cardiovascular system in terms of its multiple aspects and functions
with the final aim of building a virtual model capable of including therenbiuman
cardiovascular system.e$erd models of varying levels of complexity have been used to
describe the physiologef the cardiovascular siem A mathematical model of the pumping

left ventricle was developed [8ugaet al.[39]. Both pressure and volume cusve# the left

ventricle were defined.The ratio between pressure and volume during the cardiac cycle

20



Chapter 1i Introduction & Background

represents the contractioat@ity of the ventricle (E(t)). This depends tire highest value of

the pressure and volume rafitnay) andits relative instantin the cardiac cycleTgay). This

model oftheheart has subsequently been widely used by otimefsdapted for all the cardiac
chambers

Shiet al.[40] describe different models of closmbp circulation, including the left and right

heart with the syemic and pulmonary circulationBoth systemic and pulmonary circulations
comprise different monoompartmental elementgepresenting thearteries, arterioles,
capillaries and veins, arranged in series. Each cardiac chamber is represented by a variable
elastance with its specific contractility function. The cardiac valves, represented as diodes,
guarantee unidirectional blood flow. This complete model describes the pressure curves in the
arteries, veins and heart and the volume cuirgthie ventricles iad atria. The results obtained
arerealistic and physiological in terms of pressure and flotli¢@tria and ventricles. Curated
implementations of these models are publicly available from the CellML Model Repository

[https://models.cellml.org/cellhl This Repository, established and maintained by the

Auckland Bioengineering Institute (ABI) hitps://www.auckland.ac.nz/en/fbin New

Zealand, aims to support the biomedical modelling community by making available a series of
published models, in a consistent format, thatrated to ensure that the produced results are
consistent with the original published data.

A more complete mod&asdeveloped byianget al.[4]]. Here, the heart model includes the
interaction between left and right heart and considers the ventriculasepd pressurel?].

The model includes different compartmerttse vena cava, aorta, cerebraldanpper limb
circulations, pulmonary circulation, renal circulation, splanclumculation and lower limb
circulation. The results are realistic for both the healthy system and that with heart dysfunction.
One drawback of this model is the large numbempafameters which must be defined,

especially in regional segments of the circulation. This highlights a particular issue that is of
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fundamental importance to the wohat is presented in this thesisetvery simplest models

are able only to representetisimplest responses, whilst increasing complexity in the model
can represent more of the physiological phenomena and responses and provide an increasingly
faithful representation of the systems physiology. This is excellent when the purpose of the
model B to increase understanding of the system, and to evaluate the likely contributions of a
multitude of parameters and effects to the system response. Howhearthe purpose of the
model is to describe the physiological characteristics and responsgsaaiféc individual, the
sparsity of the available clinical data upon which the model caets®nalisedespecially if

the intent is to use only data that is collected in the standard clinical pathway rather than under
a research protocol, necessarilyilis the number of parameters that can be included in the
model.

In recent years, with increasing emphasis on the use of personalised models to describe
individual cardiovascular physiology, there has been a renewed interest in the identification
and operton of the simplest models that cangersonalisé from minimal clinical dat§43)].

It has been demonstrated that even the simplest models, when personalised to the individual,
might have important diagnostic utilifst4].

Within this thesis the aim is to select the simplest model that can de$®@ipaenomena of
interest,in orderto facilitate the personalisatiasf parameters for an individual patient. The

aim is to predict how an individueéspondgo a change of state.

Recently research focus has been concentrated on the definition of thevascular
regulatory system, or parts of it, with different models, simulating heaitiividuals and
patients with different disease under different conditions.

Ursino and ceworkers[45-53] developeda number otlifferent modelgo studyhow the blood
pressure and the concentration of oxygeftuence the response of efferent pathwaystaed

local regulatiorof cardiovascular systenfortic baroregulationgchemeregulation as function
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of the partialpressure obxygenandcarbon dioxide, metabolic regulation driven by libeal

effect ofoxygenandcarbon dioxide concentrations and the action of lung stretch receptors on
tidal volume during respirationwere implemented. The resultebtained show a good
representation of the effect of each regulatory system analysed for a generic individual, during
simul ati on of haemorrhage and variation of th
modelswerealso used by Fresiellet al[54] to develop a baroreflex cardiovascular model,
which can represette exerciseondition in healthy individuals and patient with heart failure,
providing an educational and clinical tool. In additieresielloet al[55] developed a model

that can be used for patiespecific purposgusing some measured data, including patients
with VAD devices, drug infusion representation andgeedisease.

The same research group developed[a Model of catliovascular system including the
baroreflex model to study the general effects of early inflation, late inflation and length of
inflation of the intraaortic balloon pump (IABP) witlparticularregardto aortic receptorst

the sitewhere the device is lated[56, 57].

Ursinodbs regulatory model focuses on a numb
systemic resistance, heart rate and venous unstressed volume)aveacialysed in more

depth in Chapter 2. This type of control is relevant for the study of the adenosine response, in
terms of the aortic pressure and heart rate affemtd for its implementation in the
cardiovascular model.

Other complex cardiovascular ohels with details of vascular compartments and regulation
mechanismm were implemented with the purpose of undersiagdspecific mechanisms,
although herghe representation of specific individa& not possible.

In 2010 Chenget al. [58] developed an integrated lumped carddepratory model
(PNEUMA) to study and understand the regulatbisleepin cases of obstructive or central

sleep apnoea for a generic individual.

23



Chapter 1i Introduction & Background

In 2011 Hesteet al.[59] developed a integrative model of human physiology (HumMod), with
more than 5000 variables to describe cardiovasculapjragsry, renal,musculoskeletal
systemncluding the neural, endocrine and metabolic physiology. This complex model is based
on empirical datdrom the peerreviewedliteratureand the interface allows parameters and
conditionsto be modified manuallyAlthough tuning 500 varialdes is impossible for patient
specific applicationsthis modelis a great toofor investigatingthe human body and for
research and education purposes

Blancoet al.[60] built a coupled OBLD-3D closedloop cardiovasculanodel, with OD model

of baroreflex to simulate the generic response to haemorrhage, valvular disease and cerebral
aneurism and understand the influence of the barocontrol in a generic individual or patient.
Similarly, Neidlinet al.[61] developed a 3D aortic arch model coupled with a OD bésx
componento study the cerebral circulation during cardiopulmonarpags surgery with & 2

way coupled fluidstructure interaction.

Manteroet al.[25] developed a model of the complete circulation including coronargkga an
control loop to regulate the effect of heart rate on aortic flblme ®@ronary circulation is
represented as a single branch in parallel with the systemic circulation and, in order to represent
the intramyocardial pressure during systole, the myo@rdompliance has a pressure
generator. Theontrol loop is able to represent different physiological conditisunch as rest
andexercise and the response of the heart rate, contractility and cardiac output to the oxygen
demand, by comparing with a tisteoldfor both coronary andortic flows. Results show good
agreement with the natural cardiovascular behaviour.

Other types of integrated cardiopulmonary models with regulateepublished to represent

the generic system of healthy individuals or gappatients with certain pathologiesorder

to compare the response to different stirsuth as exercigé4, 62], orthostatic stress td€i3,

64] andValsalva manoeuvrgs8, 65).
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In summarymany lumped parameter models have been developed to describe and to represent
the physiology of the cardiovascular system. The level of complexity, and processes
representedni the model, depend on the question or hypotheisessedThe majority of

studies focus on the representation of physiological processes and the facility to describe
known phenomena rather than on the operation for diagnostic or prognostic pliop@se
individual. Complex modelmcorporating multiplgparameters represent a major challefitge
isimportant to understand the sensitivity of the model outputs to its inputs so that an appropriate
subset of parameters cangmrsonalisedo the individual physiology. For the current study it

is important to understand which processes are important in this specific context of coronary

physiology This is the focus of the next section.

1.3.3.3 Modelling the coronary system and physiology

The coronsey circulation hasrecently become a key area of interest for the application of
lumped parameter models. Largely due to the high incidence of coronary path[26g&&

75], the coronary circulation is an application of @rénterest, in which lumped parameter
models have significant potential both to improve understanding and to represent changes of
physiological state in an individualvVhilst some of thesestudies aim to reproduce pressure

and flow in the coronaries (patitspecific and generic) with mathematical models and use
them as a tool for understanding afidgnosispthess are more focused on the regulation of

the coronary circulation.

Maasraniet al. [70, 72, 73, 76] aimed to simulate the patiespecific coronary blood flow
before and after coronary bypass graftigin coronary branches are represented by mono
compartment models, using resistors, capacitors and inertances, with parameter values
obtained from vessel gewtry averaged data (length and diameter). These are assumed to be
the same for all patientk contrastthe myocardial resistance and aoptiessure are patient

specific.In this way by knowing the patient coronary artery stenosis location and gé#ing
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corresponding values of parameters in relevant branches, it is possible to evaluate whether
myocardial blood flow is sufficient before and after the treatment.

Kim et al.[74, 77, 78] developed a 3D model of the aorta coupled with 0D ns@d¢he outlet
representing the differerirancles The modelalso included the coronaries and the left
ventricle. MRI images and measurememéseused talefine the patierspecific 3D geometry

of the aorta and the patiespecific blood flow in some of the aortic branchath brachial

pulse pressure measurements used to persetiafunction of thdeft ventricle. Inthis model

the simple coronary compliance, represented by an ordinary capaa@®rlistinct bythe
ventricular contraction activity, represented by a second capacitor with the back pressure
applied. Simulatiogat rest and exercise in both healthy and patholddgeoronary stenosis)
conditionswereperformed, including a number of assumptions with regaréise change of
cardiac output, heart rate and the peripheral resistarite coronary circulatia. Results of
pressure, flow and wall shear stresshiacoranary circulation shoed that the implemented
model is useful for prediction of specHpatient conditions, although many hypotheses and
assumptionsieed to benade to represent the exercise condition.

Gevenet al[66] developed ann vitro model and a mathematicaelodel for a simplified
cardiovasculasystem which includedthe heart, the systemic and coronary circulaiam
orderto study and reproduce coronary pressures and flows for both baseline and hyperaemic
conditions validating them against invasive measuremengcionscious man.

Manoret al.[79] described the coronary circulation with a OD model including the epicardial
coronaries and the intrayocardial compartments, where the ventricular pressuapplied.

The model is able to avtegulate in case of an obstruction in the epicardial coronaries or in
case of increase of flow demand, varying the capacitances according to theectus®al area.
Cornelisseret al [80, 81] studied the control of the blood flow in a generic coronary arterial

tree consighg of 10 resistors in series, each represerttiegoroperties dd class of vesssize.
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The model aims to study the interaction of the different control mecharfrsygenic,

metabolic and shear streg®\verningthe coronary blood flow.

1.4 CORONARY ARTERY DISEASE

The heartmust pumpblood continuouy in order to avoid tissue ischemléblood flow to the
myocardium is impaired due to pathology, the hisauhable to continue to pump effectively

and myocardial ischemia and, oitately in severe cases, deaththeeconsequense

The incidence of coronary artery disease (CAD) increasgexy year all over the world in both
young and old. CAD is the most common type of heart disease and is related with the life style
habits (e.g. smokingdiet highin cholesterol) and with other pathologies such as hypertension
and diabetes. CAD is caer$ by plague formation inside the coronary lumen. This impairs

blood flowandthusthe myocardial tissue doestreceive all thenutrientsit needg82].
1.4.1 Clinical investigation

It is important to diagnose CAD at an early stage in order to avoid complications and symptoms
such as angina and myocardial ischemia. This is also supported by the huge growth of
technology in the last century especially with regerctlinical applicatims. There are a
number of diagnostic techniquawsailablein clinical practice and eacbf theseprovides
different qualitative and quantitative information. Some examples dfethl&gnostic
techniqus are angiography (3D angiographylnvasive Coronary Agiography, CT
Angiography, Quantitative Coronary Angiography, Rotational angiography), Positron
Emission Tomography (PET), Optical Coherence Tomography JG@d Cardiovascular
Magnetic Resonance (CMRIhis thesis focusson InvasiveCoronary Angiography.

1.4.1.1 Symptoms: Baseline vs Hyperaemia

It is important to define the impact of a coronary stenosis. The same stenosis migggnep

a different severity ifpatient has a sedentary lifestyle or active one. Different lifestyles
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generate different levebf oxygen demand by the tissues atitereforea different workload
for the heartto achieve the appropriate cardiovascular function. A condition of exercise or
hyperaemia is thus a valuable waydeterminingthe effect of the stenosis during increased

myocadial flow.

1.4.1.2 InvasiveCoronary Angiography
The most common diagnostic method for CADInsasive Coronary Angiography{ICA)

[http://www.nhs.ul. ICA is a clinial diagnostidechniqueused to studgoronary vessslin

symptomatic @tients who are believed to have a significant coronary stenbsestechnique
consists of inseirig a guiding catheter to a peripheral arter{femoral or radial)pushing it

into the aorta, alonthe aortic arch anithto oneof themain coronay arteriesA contrast agent

is injectedthrough the catheter to makiee vessel lumen visible ¥§-rays.In this wayit is
possibleto identify regionsvhere the lumen is redutéstenosisand to quantify the occhion
(Figure 1.7left).

Invasive Coronary angiography produces 2D images of the single coronary and the major
limitation concerns the overlapping or foreshortening during the acquisition, whesnad

provide a valuable way to estimate the severity of the stenosis.

Automatic Obstruction Analysis

Figure 1.7: Coronary Angiographyleft) and QCA(right) example in a case o$tenosisof the circumflex
coronary artery
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In the Quantitative Coronarngiography (QCA)2D images of the lumen of the vessel are
provided as inpstto image reconstructiosoftware in ordeto create 3D geometries of the
coronary vessels, determining the contour of the lumen. dlloiers parameters related with

the stenosis, such as the lesion length, the reference average vasstedithe minimal
luminal diameter, the severity of stenosis, dtcbe estimatefB3, 84] (Figure 1.7right).

1.4.1.3 Fractional Flow Reserve index (FFR)

Following the publication of the results of tiEFER study in 2007the Fractional Flow
Reserve (FFR) indekas been introducedtmclinical practice to provide a mobjective
assessment of the lesiotd=R is a physiological index which gives information about the
severity ofthestenosis in the coronary aies[5, 85-87]. FFRreflectsthe pessure drop across

the stenosis: it is defined as the ratio between the maximum coronary flow in the presence of
the stenosis and the maximum coronary flow that could be achieved if the stenosis was not
presen{10, 86].

The coronary stenosis cdre represented as an electeiccuit (Figure 1.8), in which Pa
indicatesthe aortic pressure,vRhe venous pressurep fhe distal pressurdownstream the
stenosisRsis theresistanceffered by the occlusioand R is the physiological resistance in

the coronary microcirculation

Myocardial microcirculation

Figurel.8: Representation of a coronary artery stenosis and myocardial microcirculation withresponding
lumped model

The pressure guide measures the aortic pressurg ¢nd the distal (8) pressure across the stenosis when the
microcirculation is vasodilated maximally..lPepresents the coronary venous pressure.
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Considering the hypothestihat Py is null, the resistance R has the same valespective of
the presence of stenosisand consideringoiseuilld® s | a w, FFR can be expr

between the distal and the proximal blood pressurel(Zy.
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During ICA, proximal and distal pressures across the stenosis are continuously recorded with

catheters during intravenous infusion of adenosine, the drug routinely used to stimulate

hyperaemic conditions. Hyperaemia refers to vasodilatation of myocardial micratooul

aiming toemulate the exercise condition, i.e. myocardial resistance decreases and coronary

flow increasesThe R/Paratio is continuously calculated from rest through to hyperaemia and

the FFR is identified as the/P, duringhyperaemia.

Duringthehyperaemic condition an increabg a factor of 2jn coronary flow and a decrease

of thePy/Pa caused by the vasodilatory response of the myocardial microcircukbbserved

when compared t@sting conditionMyocardial resistance decreaseabout 50% othevalue

observed atest[10]. The variation of ¥Pademonstrates that the lesion hesseffect at rest

comparedo thehyperaemic statayhentheeffect of the stenosis dominates dotdod flow is

mainly obstructed by the narrowing, reducing the influence of the microcirculation.

The cardiovascular autoand neureregulatory mechanismglay primary roles in the
hyperaemic response at pulmonary, systemic and coronary |&wetg pressure and heart

rate increase as direct effect of adenosasponsand the cardiovascular system responds by

decreasing aortic pressure and heart rate. The evidence oathize observed in tHe/Pa
behaviour, whergpeak andstable hyperaemic phases amally achieved[10]. The FFR

value is within theange [0; 1] with values between 0-@8B0indicating that the stenosis is
responsible for significant myocardial ischerfialQ].

This indexis used bylinicians to makelecision about theeatmenfor each patient.
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Different theoriesbout the influence of haemodynamic conditions on FFR have been exposed.
According to Pijls and De Bruyn®, 10|, pressure and FFR are independent, because of the
linear relationship between pressure and flewigeuill® s IHaweyer,Siebeset al. [87]
demonstrated that in stenotic conditions, where therealylik be turbulent flow, the pressure
drop consists ofiscous(Av) and inertial(B) losses (Eql.8):

Yo &0 60 (Eq1.8)

Therefore, the stenosis resistance varies according to the blood flow apmgpthrimation of
FFR as R/Psis imprecise. By calculating the FFR as ratio of resistances, its dependence on

haemodynamic conditions becomes clearer {£3):

l| C-i

Y (Eq1.9)
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where R and Rare strictly related to the haemodynamic conditions determined by disease and
the pressure gradiem¥loreover,Siebeset al.[87] believe that other assumptions made in the
calculation of FFR as dAP. leadsto an incorrectestimation In particular, the downstream
pressurePy, which isassumed to b8, actually depends on the aortic pressure, the venous
pressure and the slope of th€@Rcurve in coronary artegt maximum dilatation.

In this project the clinical FFiRieasuremerns considereds the ratio between the distal and
proximal pressure duringtable hyperaemia and the resistaoicthe stenosiss described by

the quadratic equation (Eqg.1.8)hich includessiscous and inertial losses.

1.4.2 Coronary Artery Disease models

As presented before, mathematical modellirsy increasingly used to represent the
cardiovascular systemmhetherconsidering the system as a whotdéocusing on specific parts
of it. In particular, models of coronary artery diseasee beerdeveloped with different
purposes, for example to study the wall shear stres$p estimatethe myocardial

microcirculation resistancelo predict the severity of the stenos@nd to predid stent
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deployment. A number of-D coronary circulatiormodels have been already mentioned in
paragraptl.3.2.3 Modelling the coronary system gig/siology

Image processing and Computational Fluid Dynamics (CFD) techniques have been integrated
into a number of diagnostic examation processesuch as angiography, Positron Emission
Tomography (PET), Optical Coherence Tomography (OCT), Cardiowasdvuagnetic
Resonance (CMR)Jsing thesdechniquesthe 3D structure of the vessel can be reproduced
to be used in CFD anthus estimate differenphysiologicalparameters.

Wellnhoferet al.[88, 89 compared the wall shear str&sshe right coronary artery in control
patients, patients with CAD and patients with aneurysmatic CAD, employing a CFD analysis.
The angiographic images from each patigateused to define the vessel geometry with the
complete RCA side branches, with boarydconditions definedrom Doppler measurement of

the ptal blood flow, divided intdranches proportionally to tingespective diametsr

CFD analysisusingpatientspecific vessel geometries was also employed in the sardgd

out by Morris et al. [13]. Patientspecific geometriesvere obtained from 2D angiographic
images from patients with CAD, stemssverecharactesed in terms of visous and inertial
losses applying CFD analysis and a virtual FwRs estimatedapplying patienspecific
pressuress the boundary conditions

Li and ceworkers[90] reconstructethe coronary geometries with branches using information
from OCT and 3Bangiography to evaluate the effect of the brancéleswing better accuracy

for determining the blood flow arfdr shear stress evaluati@nth more complex models

CFD can be also used for simulation of the implanted stent. Naglapabf91] studied drug
release fom a PLGA eluting stent using a computational study to investigate the growth of
restenosis, the influence of the coated stent and the viscoelasticity of the arterial wall. This

approach has the potential to be used as a predictive tool for the fololsigmted patients.
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This thesis considsa 0D model for the coronary circulation using the resulmevious3D
CDF analyss, which charactesed the stenosis pressure losses. phevious work was the
subject ofthe thesisfiComputational Fluid Dynarmms modelling of coronary artery disease

submitted in 201®y Dr Paul Morris[92].
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1.5 CONCLUSIONS AND CLINICAL PERSPECTIVE

This chapter descrig¢he projectbackground in tersiof its clinical and modelling aspexct
Theoverallfocus is the clinical investigation of coronary artery stendsadellingis usedo
investigate the physiological effsodf coronary obstruction under different conditions and
predict the hyperaemic response to estimate FFR drpatientspecific model.

FFR has become a valuable tool in theical assessment of CAD and in guiding treatimen
decisions. FFR isbleto identfy ischemiacausing lesion§93], improveclinical outcomes
[94] and reduce longerm cods [95]. Despitethese benefitd:FR remais underused (<10%
patients have this treatmégrdue to increask procedural timiostsand lack of operator
expertise in general clinicians arenore familiar with traditional angiographyl11]. More
recently,predictive models of FFRave been developed whiphovide the proven benefits of
physiological coronary assessment without the factors limiting widespread s hese
have been relatively successfldut, because they make assumptions about coronary
microvascular adenosine response (usually apglpopulatioraveraged datap ceiling of
accuracy appears to have been reached. The acalefioing step is how these models
represent coronary microvascular physiology and response to adenosine on speatiéint
basis[96]. The focus of this thesis is on the development of a lurpaedmeter model of the
cardiovascular systerieaturesnodellingthebarocontrol systerand thedistributionof blood
volume adenosine and gaseall necessary to describe the adenosine response during
hyperaemia are also describedClinical data from CAD patients undging Coronary
Angiographyareused as inpstfor different analyss and classificationsncluding

- tuningof the cardiovascular model at a systemic level and coronary level

- identification of the minimum and stable FFR through an objective alggrithm

- classification of patient hyperaemic response.

The hypotheses and resulissociated witkeach topic will be gesented in the rest of thesis.
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1.6 THESIS OUTLINE

This PhD project has been organisdd five main chapterplus introduction and conclusions
This first chapterintroduction & Backgroungdprovides a contextual overview tife relevant
anatomical and physiologicabnceptsof the cardiovascular systemf, the clinical problem
andof the stateof-the-artin 0D modelling.

Chapter 2,Modelling the cardiovascular systenprovides a description of the-[D
cardiovascular modelevelopedn this projectn terms of thdnaemodynami; the barocontrol
system and the adenosine pharmacokinetics.

Chapter 3Modelling the response to the administration of adengsiescribeshe adenosine
response in a generic individuabnsideringwhat is reportedn the literature. e relative
influence between the systamand the coronary circulatiojustifies the approach of
personalising the two circulations separately.

The focus of Chapter, €linical data is entirely on the data collected duginvasiveCoronary
Angiography, whichhawe been processed to develop agorithm to objectivelyidentify
maximal and stable hyperaenaiad to classify patients on the type of adenosine response.
Chapter 5 Personalisation of parameters of cardiovascular systalstrates the
personalisation process tife global system, which allows to estimate dlogtic adenosine
concentration for each patient.

In Chapter 6 Local tuning of coronary brancheshe focus moves omo the coronary
personalisation providing a set offfdrent patientspecific inputs to obtain nyocardial
adenosine concentration and resis& during adenosine injection, which habeen
considered tpredictthe adenosineresporsen pati entsé profile basis
Chapter 7Conclusios andfuture work afinal overview of the limitations and conclussof
this projecin terms of results obtained is reported. Also future wodkideas for improvement

arepresented.
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CHAPTER 2

MODELLING THE
CARDIOVASCULAR SYSTEM

INTRODUCTION AND PURPOSE

The primary aim of the project is to construct and validate a computational lumped parameter
model to represent the cardiovascular system in order to understand the effect of coronary
lesions under different physiologicabnditions in a specifimdividual. The cardiovascular
model to be introduced and developed in this chapter must inaluelgresentation of the
coronaries and of myocardial flow. Ultimatetiile model isapplied to seekinderstanding of

the physiologicaresponse of a specific individual and, because the measured clinical data
available to support the model personalisatomsparse, the minimal sef parameters that

need to be personaliséd capture the basic characteristic measures of coronary fagysio
mustbe identified. The impact of the coronary stenosis is more evident during theeshort
regulation mechanism where myocardial blood floareases and the myocardial resistance
decreases. An example of this is observed dutiegxercisecondiion, which is simulated
metabolicallyduring angiography by the infusion of adenosine.

In this chapter, the focus is on tevelopment of an appropriat® 0nodel to represent the
cardiovascular system, dluding the coronary arteries, to support the aims of the study. A
published cardiovascular model, featuring representations of the heart and pulmonary and
systemic circulatios) has been ég&ndedo include the coronary circulation and the banod

chemaocontrok by theintegration ofother published model$hus, hemodeldewelopedis
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able to represent the blood volume distribution and the species distrébutioeach
compartment. The main componentgto$ model are;

- thecardiovascular circulatiordescribed in terms dflood pressure, flow and volume,
- theshortterm regulatory mechanisms
- theadenosine pharmacokinetics

This chaptemprovides a description of the implementation of these elements, justifying the

choices thatveremade according to ¢hchallenges and the problems encountered.

2.1 LumPED PARAMETER MODEL OF

CARDIOVASCULAR SYSTEM

The lumpeeparameter model is based on the eledtyidraulic analogysee Table 1.1&nd

uses electric components such as resistances, capacitances, inertadoedeard represent

a hydraulic circuit.

This thesis is focused dhe investigation of coronary flow under a range of physiological
states, the latter described by a global circulation model operating under appropriate conditions.
Starting from the glodl multi-compartmentamodelfor a generic individuateveloped by
Korakianitis et al40], which represents the whole cardiovascular system incluttieg
systemic circulation, pulmonary circulation and left and right heart, with respective cardiac
valves,a coronary circulatiordivided irto left and right branchewasadded in parallel with
systemic circulation (Figur2.l).

In order to represent the aomy of the coronary circulation, the coronaaesintroduced as

an RCR circuit originating downstream of the aortic sinus compartment (SAS) and draining
into the right atrium. To represent the ventricular contractimmg systole, a back pressure

proportional to the ventricular pressunas applied to the coronary compliani2s).
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The distribution of volume in each compartment is a function of the initial volume and the
difference of the inlet and outlet flow. The sp@s distributios, in particular oxygen, carbon
dioxide and adenosingere estimated with a mass balaneguation Finally, the bareand
chemacontrok systems wee introduced by adapting published models presented in the
paragraphsvhich follow.

The reasonsor this levelof complexityin our cardiovascular model are firstly relateche
implementation and curation in CellML repository and secondly becalisis level of

resolution which could eventually represent different physiologicalsstate

Figure2.1: Zero dimensional cardiovascular model used in this project.
Compartments: systemic aortic sinus (SAS), systemic artery (SAT), systemic arteriole (SAR), systemic capillary
(SCP), systemic vein (SVNJJmonary artery sinus (PAS), pulmonary artery (PAT), pulmonary arteriole (PAR),
pulmonary capillary (PCPpulmonary vein (PVN), left and riglventricles (LV, RV)eft and right atria (LA, RA)
The coronary circulation comises 2 branches (LC, RC) with the application of back pressure (blue line).
Adapted from[40].
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2.1.1 Haemodynamic system

This paragraph develops the equations which describe the haemodynamics for each
compartment of the model, with respect to blood pressures, flows and volumes. As mentioned
before, the global model including heart, systemic and pulmonary circweispublished in

literature byKorakianitis et al [40] and the equations of the mo@eéreported.

2.1.1.1 Heart: chambers and valves
Each cardiac chamberat(ia and ventrid9 are defined as a variable elastance, which

represerdthe contracting function, and a diode, whiepresentshe valve (Figure 2.2).

Qn —» N — Quur
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Figure2.2: Variable elastance and diode for heart chamber.

The variable elastancel(t), are defined by a function of contractility(t), as describeth

Eqg.2.1:

0 0
06 O TO'Qo (Eq2.1)

where v and Euax are constants defined for each atrium weaditricle (Table2.1).

For the atrige(t) is defined as in Eq.2.2:
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where Tww= 0.0, Towo= 0.92X, considering T = %.

For the ventricles e(t) is defined as in EQ.2.3:

. D
“p Al % J Qo o0 Y
Q0 .. DY S C. (Eq2.3)
"y Al QayY Y
|’|Jp W J ©
Tt QY o0 Y
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Chapter 2 Modelling the cardiovasculaystem

where k1= 0.34, Tso= 0.454.

The outflow from each chamber or the flow through the valve at its outlgtisdetermined

by the transralvular pressure gradiemtP, modelled by a smooth diode for each cardiac valve.
The pressurdlow relationship for a perfect diode is with a quadratic relationship between flow
and pressure in the forward flow regime. The abrupt change at the origin tends to create
instability ina numerical solver, and for this reason smootkiagintroduced. The smoothing
parametersverechosen to produce a reasonable behaviour in this region of the system, without
impacting on the system behaviour during the main periods of systole and digsitie

cardiac chamber is therefore described by the following system of equations

o o 6 cOY0 EY0 OE

’ Wed YO 6, ‘s

o ——— O EF— 8 ISR o8 — Y OE

. vy GV0Q v C

L I — ’

X v n 0 dsQ y5 ga - o

rr Ly Al - p oM — YO §Q -
G 0 S S

v Uy s s O

r'p T QW 0Q —

I'p, u L C

i n Oow

rw ., .

Foy © P

r Yo 0 n

where CV [ml & mmHg®9 represents the flowoefficient, putis thepressure downstreaat

the valve,pini and \Mni are respectivelyhe pressure and bloodlume always present within
each specifichamber, @ is the flow in input in the chamber, th is the threshold used to define
the smooth vale function arbitrarily chosetbelow™ /2 for the type of sinusoidal curves used
to define the relationship in the region of null pressure gradieris a reference value equal

to 1 mmHg Figure 2.3 shows the perfect diode and the smooth diode relapiaristained

with th=0.25 and th=0.9n this modek threshold vale of 0.5was selected
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Figure2.3Y yQtrelationship obtained with perfect diode and smooth diode.
pnt FYyR v INB NBaLSOGA@Ste (KS LINBaadz2NE 3INIRASY(H FyR
perfect diode, the blue and red dashed lines represent the smooth diode using two diffetbresholds(0.25
and 0.5 respectively).

2.1.1.2 Systemic ath Pulmonary Vasculature

The systemic circulation is composed of several compartments (Figure 2.1): systemic aortic
sinus (SAS), systemic arteries (SAT), systemic arterioles (SAR), systemic capillaries (SCP)
and systemic veins (SVN). The pulmonary circulation has similar compagnmilmonary

artery sinus (PAS), pulmonary arteries (PAT), pulmonary arterioles (PAR), pulmonary
capillaries (PCP) and pulmonary veins (PVN).

Both systemic and pulmonary sinuses and arteries are represented by a CRL circuit, the veins
are represented ey CR circuit, arterioles and capillaries are represented by simple resistors.
The resistances in the different compartments are considered to be linear and result in
proportional pressure gradient and flow. Their values are not constraint by derivatnoitnér
Poiseuilleds equation (Eq.1.4), b The circuisst h e r
and the systems of equations for each component are reported in Figure 2.4. Values used for

each parameter in the model to represent a generic healiigirad are reported in Table 2.1,
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except for the coronary parameters whacbdescribed in detail in the next paragrapi (1.3

Coronary modelliny

— Qour o Qﬂ = 4
Qi 0 E) V) V)
Pin | |I| LM Pour 5 QO " A 5 oy
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Qy —s — Qour [] Lﬂ Y n
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Qr— — Qour 5 m L~) 6
S 2 o

C

i1—

Figure2.4: Circuit components with relative system of equations.
Artery sinus and main arteries (top), arterioles ama@pillaries (middle), vein (bottom).

Table2.1: Values of constant parameterf®r the model parameters.
Units: C [ml/mmHg], R [mmHg s/ mIg [mmHg s/ ml], L [mmHg?éml], V [ml], P [mmHg], Edimensionless],

CV [ml /s mmH§?).

Left heart and systemic

Right heart and pulmonary

Csas 0.08 Vivi 500 Cepas 0.18 VRrvi 0
Rsas 0.003 Vial 400  Repas 0.002 VRai 0
Lsas 0.000062 Vi.vo 5 Lpas 0.000052 Vrvo 10
Csar 1.6 Va0 4 Cpar 3.8 VRrao 4
Rsat 0.05 PLvo 1 Rpat 0.01 Prvo 1
Lsar 0.0017 PLao 1 Lpat 0.0017 Prao 1
Rsar 0.5 ELamax  0.25 Rpar 0.05 Eramax 0.25
RSCP 052 ELVmax 25 Rpcp 025 ERVmax 115
Cswn 20.5 Eiamn  0.15 Cpwn 20.5 Eramn  0.15
Rswn 0.075 Eivmin = 0.1  Rpwn 0.006 Ervmin = 0.1
Psaso 100 CVa 350 Ppaso 30 CVp 350
Psato 100 CVmt 400 Ppato 30 CVy 400

2.1.1.3 Coronary modelling

The coronary circulation, in teswf left and right coronariesyas included in the model

as two Windkessel circuits which originate from the aortic sinus (SAS) and endnghhe
atrium (RA). h this generic modet is assumed that the left and right cororn@ayameterare

equal. Each branch is represented by the circuit reported in figure 2.5 and described by the

following system of equations:
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Figure2.5: 0D model of the coronary branches, using an external pressure on the capacitor.
Theventricularcontractioneffecton the coronariewas introducedvith an external pressure,
Pext, Set tohalf of the instantaneous left/righientricularpressure fothe left/right coronary.
This was intended to represent grossly the spatial average of the pressure in the wall of the
ventricle. The value of the total coronary resistance parametes calculated with the
hydraulic Ohmés | aw (Eqg.2.4) using average
healthy adults. The pressure gradient is given by the difference of the m@dsure (100
mmHg) and the right atrial pressure (15 mmHg), while the average coronary flow is around 1
ml/s per branch in baseline conditid8s]:

YO pnmguwd’0OQ  aa’'on

Y 7 o6 & Yo —5 (Eq2.4)

Typically, the arterial models represented with 3-element Windkessel figressure and flow

data distributing the total resistances as 10% in the proximal resistance, Z, and 90% in the distal
one, R[98]. In the modelling of the coronary circulation, this distributtmes not produce
physiological flow results because of the back pressure applied to the capacitance. When the
back pressure is active, it genesi@ outflow from the capacitor, forced to the direction of

the proximal resistance because of its lower valrapared tahatdownstream. To achieve
typical coronary flow waveforms, with the characteristic diastolic dominance, the Windkessel
model for coronary circulation works using the opposite distribution of the resistances. Thus,

the values of the coronaparameters are:

a4 aon , a4 aon
- - Y - -

X® aa aa

The coronary capacitancegreset to 0.9 ml/mmHdg_25].
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2.1.1.4 Blood volume distribution

An average adult male, with heightt 70 m and weight of 80 kg, wasnsidered to have

about 5 litres of total blood volume, BV, according to Natbemula[99] (Eq.25, Eq2.6):

6 o T® @ eIDO A TBIo ¢ pd QQ ™t p (Eq2.5)
6w a T L P00 G T™io o @ QQ ™ Yoo (Eq2.6)

In the cardiovasculaystem the total blood volume can be divided:in

- theunstressed volum#&,o, whichfills the blood vessels without generating pressure;

- the stressed volumeyhich in the neflow condition would generate an intravascular
pressure of 7 mmHL0(Q, known aghe mean systemic filling pressure (PMHG3, 101-
104.

Blood volume (V) and pressure (P) in each compartment are propottiothe& compliance

(C) (Eqg.2.7).The variation othe compartmental blood volumeaalculated as the difference

between the inlet flow, @ and outlet flow, Qs (EQ.2.8).

G 620 o (Eq2.7)

Q.
Qo

C

(Eq2.8)

An initial value for V is required forhie derivative ecation (Eq.2.8) for each compartment.

To select thesvalues, data was obtained from the literature; the aim was to achieve a realistic
distribution of blood volune in the system model and thus gisesalistic values for the
distribution of the speciesf interest The initial value of blood volume in eacbhropartment

is the average amount of blood that fills the specific compartoretgrpumping conditions.

The specific example of the aorf&igure 2.§ showsa change of volume between the end of
systole (\hax) and the end of diastole W), correspondingo thechange ofaortic pressure

(120 and 80 mmHg respectively). The average value of blood volumeqVthe value used

for the initialisation of the systemdefined using different percentages of the total blood

volume.
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Figure2.6: Representation of the change of the aortic volume during the systole and diastole.
The mean aortic volume, ¥, is associated with mean arterial pressure, MAP (= h@®Hg). The aortic volume
increases during systole (P=120 migHoward its maximum, Wax, and it decreases during diastole (P=80
mmHg) towards its minimum, Mn. Part of the figure is from Wikipedia Common (author Benutzer:Lupino,
with public domain).

The blood volumevasdistributedbased ordata intheliterature[1] (Figure 2.7) rearranging

the percentagéds take account of a differencesabdivisons of compartments

Figure2.7: Distribution of blood volume in the cardiovascular system.
(Blood volumedistribution, Pearson Education, Ink.

The total cardiac chambers volume was 387.5 ml, corresponding to 7.75 % of total volume.
Coronary circulation is not included in the distribution in Figure 2.7. Data from the literature

with regard to the amount ofdod per 100 gr of LV (9 ml/100 gr L\,105) and the mass of

45


http://www.napavalley.edu/people/briddell/Documents/BIO%20218/22_LectureOutline.pdf

































































































































































































































































































































































































































































































































































































