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Abstract

Background

Coronary artery disease (CAD) is one of the most common causes of death in the world.

Diagnosis is based on imaging of the artery, either by CT or conventional angiography.

Conventional angiography is an invasteehnique which involves the introduction of a system

of guidewi r e s , catheters and radiopaque contrast

Fractional Flow Reserve (FFR) is widely considered to be thegjaltlard assessment of the

physiological gnificance of CAD. FFR is measured invasively by the passage of a pressure

wire through the diseased artery.

Hypothesis and Aims

It is hypothesised that a computational model can be employed to characterise the

haemodynamics of blood flow in patiespecfic coronary arteries in order to compute clinical

indices of interest, including FFR, in an effective and reliable way. The aims of this project are
to combine a coronary artery reconstruction tool with Computational Fluid Dynamics (CFD)
and Reduced Ordeviodelling (ROM) techniques to estimate the pressure drop and FFR in
patientspecific coronary arteries in a fast and accurate way.

Methods & Results

This thesis comprises two parts, both associated with the effective computation of FFR from

angiographic dta:

I. The first part addresses the problem of accurate reconstruction of coronary artery
anatomy from multiple, singlplane coronary angiography (MSPCA), to underpin the
creation of a computational model. A segmentation tool with aftisadly graphical
user interface (GUI) was developed in MATLAB to generate the surfaces meshes
required for the CFD studies and to obtain other cliniealgvant coronary parameters.

ii. The second part focuses on the effective and accurate computation of the pressure
gradien and the FFR using ROMs built from CFD solutions in ANSM&ent,
exploiting the ANSYS ROMBuilder suite. The methods were applied to compute
pressure profiles along the length of the artery, and FFR, in representations of coronary
stenosis. The study inales the identification of an appropriate parameterisation of the
artery shape to support the effective construction and operation of a ROM, as well as an

evaluation of the sources of error and a comparison between results from Bernoulli



estimates, from 1Dnodels, from ROM, from CFD and from clinical measurement.
Sequential increases in complexity of the anatomical representation are made, from
axisymmetric with idealised stenoses to realistic radius variations from a coronary artery
dataset and finally tourved arteries. In all cases each arterial eses$ion is assumed

to be circular. The study includes analysis of the interaction between idealised serial

stenoses, and of a dataset of 140 paseetific arteries characterised by angiography

Results and Conclusions

It was demonstrated that ROM applied to idealised coronary geometries achieved accuracies
comparable with CFD results, and better than other approaches, in dramatically reduced
timescales (order 900 times reduction relative to CFD). Limitatiand opportunities for
improvement include more accurate reconstruction of the -sexg®nal profiles, more
comprehensive representation of 3D curvature in the ROM and improved automation of
segmentation, but the ROM approach shows great promiseigaplication in the delivery

of solutions of sufficient accuracy in timescales consistent with the clinical process.



Statement of Contribution

This thesis investigates the combination of a developed segmentation algorithm,

Computational Fluid Dynamics and Reduced Order Methods to achieve a fast, reliable and

objective prediction of patiergpecific pressure gradient and FFR. The main contributions of

this thesis are:

1) A segmentation tool able to reconstruct in 3D coronagyiad starting from 2D projection
images.

2) Reduce Order Methods applied to idealised geometries for a fast computation of the
pressure gradient plus fluid flow interactions between multiple lesions;

3) A shape parameterisation with an optimisation method sorie the variation of the
radius along the length for patiespecific coronary arteries in 2D;

4) Creation of clinical ROMs for redglme computation of the FFR clinical index, which can
support the objectivity of the definition of the FFR on which ti@adl decision is made;

5) A centreline based parameterisation to describe the curvature of any coronary artery with

numerical parameters and 3D ROM construction.
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Chapter 1

Introduction

The goal of this thesis is to develop and to report a process for fast and effective computation

of an important measure of coronary physiology, namely Fractional Flow Reserve (FFR) [1].

The underpinning methods are:

Vi.

Reconstruction of coronary arteriesthree dimensions from coronary angiography
images.

Computational Fluid Dynamics (CFD) analyses to compute pressure distributions in
the coronary arteries.

Coupling between CFD analysis and simple lumped parameter models to provide
appropriate boundary cditions for the coronary analysis.

Parameterisation of coronary anatomy to provide a representation to support a Reduced
Order Model (ROM) protocol.

Development of ROM models, with the aim to support the very rapid computation of
FFR in clinicallyviable imescales (a few minutes).

Validation of ROM against measured clinical data.

In this first chapter the context and background material is described, together with a brief

overview of the technologies that are deployed in this work. The chapter commethctggewi

motivation of the project, followed by an introduction to the relevant cardiovascular anatomy

and physiology. Particular attention is given firstly to coronary circulation in order to

understand the physiology and secondly to the clinical assesantetteatment of coronary

artery disease, including the processes of coronary angiography and the measurement or

computation of FFR.

1.1 Motivation

Modelling and simulating biological processes in a virtual environment has never been an easy

task to achieve. Thanks to silico medicine, clinical decision making with the usage of

computer modelling simulations to describe the biomechanics interactions human body

1
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have been improved [2]. Nevertheless, it remains a major challenge to achieve a fast, effective
and robust patient specific simulation in tis@ales that are consistent with the clinical
process, which often requires close to #t@ak operation. Dramatic reduction in the whole
process time, including both model building from medical image data and execution of
simulation, could improve clinical decisianaking with benefits not only for patients but also

for the health service.
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1.2 The cardiovascular system

The cardiovascular system is composed by three elements: the heart, the blood and the blood
vessels; its main role is to allow the blood to circulate through our organs and’bedyeart

is the muscular pump which distributes the blood flow through the vessels [3]. The blood is the
fluid which circulates through our body and organs supplying them with nutrients, such as
oxygen, glucose and amhazids, also hormones and electtel; whilstsimultaneously
removing waste, such as carbon dioxide and metabolic breakdown products. Finally, the blood

vessels make up the circuit through which the blood can flow.

1.2.1Cardiovascular and coronary anatomy

The cardiovascular system consists dfeart and a closed system of vessels containing the
blood (Figure 1.1).

Cardiovascular System

Systemic Circuit Pulmonary Circuit
B systemic arteries B Pulmonary arteries
[l Systemic veins [l Pulmonary veins

Coronary circulation

Figurel.1: Cardiovascular system.
Figure adapted from Blausen Medical Communications, Inc. via Wikimedia Commons Attribution 3.0
Unreported (CC BY 3-Ohttps://creativecommons.org/licenses/by/3.0/deed.e).

The role ofthe heart is to pump blood through the vessels in order to distribute it throughout
all the tissues. The heart has four chambers, two atria and two ventricles (Figu8entelihe

heart works contimusly, even in a rest statié,needs a continuous supply of oxygenated
blood, deliveredthrough the coronary arteries and coronary microvasculainirehe
myocardum.

Coronary arteries are small vessels (of the order4€3n in diameter) which arise at the

origin of the aorta; mer precisely from the coronary ostia which are located just downstream
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of the aortic valve leaflet3.here are two main coronary arteries in the human heart which are
described in more details belpthe left and the right [4] (Figure 1.2).
Left coronary atery: the first part of the left coronary artery is called the common trunk.
After the first 24 cm the vessel divides into two branches, these are; the circumflex
and the left anterior descending branches. The left coronary artery supplies blood to the
left and anterior parts of the heart.
Right coronary artery: this supplies the right ventricle and also carries blood to the

posterior aspect and the base of the left ventricle.

Superior vena cava Left pulmonary artery

Left pulmonary veins
Aorta

Left coronary artery
Fight atrium

L eft circumflex arte
Right coronary v

artery L eft marginal artery

Fosterior

descending artery Left anterior descending

(or interventricularn) artery

REight diagonal branch

marginal artery
~— | eft ventricle
Right ventricle

Figurel.2: Anterior view ofthe heart and coronary circulation.
Figure by Coronary.pdf: Patrick J. Lynch, medical illustrator, derivative work: Fred the Oyster (talk), adaption
and further labeling: Mikael HaggstrémCoronary.pdf, CC BSA 3.0.

https://commons.wikimedia.org/w/index.php?curid=9967381

Due to pathology, coronary arteries may be unable to provide adequate blood flow to the heart.
In this case the pumping action of the myocardium will be impanedmay ultimately prove

fatal.

Significant changes in both the function and structure of the coronary vessels are caused by
Coronaryartery disease (CAD)hich is a very common pathologylaque formation due to

the abnormal deposition of lipids in thessel wall lead to a narrowing of the lumen. If the
restriction reaches a stage where the oxygen supply to the myocardium becomes insufficient,
this may lead to chest pain (angina). Severe ischemia can lead to infarction and death of

myocytes. An examplef@oronary atherosclerosis is shown below (Figure 1.3).
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Normal Artery Narrowing of Artery

Lipid deposit of
plaque

Figurel.3: Coronary atherosclerosis.
Blausen.com staff (2014). Figure fromMeédical gallery of Blausen Medical 2014WikiJournal of
Medicine 1 (2). DOt10.15347/wjm/2014.0101SSK0024436 CcC BYGA 3.0 -
https://commons.wikimedia.org/w/index.php?curid=9967381

In order to investigate the presence of CAD, several imdgasgd assessments are used
clinically, these tests inctle invasive coronary angiography (ICA) and computed tomography

(CT) coronary angiography (CTCA).

1.2.2Coronary circulation

The coronary circulation provides nutrients to the heart muscle (the myocardium) [5]. The
blood flow in the coronary arteries differsfindhat in the systemic arteries, because the phases
of cardiac contraction generate myocardial extravascular compression. During systole (the
ventricular contraction and ejection phase), blood is ejected through the aortic valve into the
aorta and systemiarteries and pressure and flow in the main systemic circulation reach a
maximum. In contrast, in the coronary arteries during systole, the myocardium is contracted
and the coronary microvasculature is compressed thus impairing coronary flow. This explains
the diastolic predominance of the coronary flow, an effect which is more pronounced in the left
coronary system than the right due to relatively higher left ventricular pressures [6].

While other tissues extract about 25% of oxygen from the blood abezstuse of the high
density of capillaries (with more or less one capillary for each cardiomyocyte) the myocardial
tissue extracts 70% of the oxygen from the blood [7]. This high rate of extraction explains why,
when the heart needs to increase its oughwing exercise for example, the myocardium will
need more oxygen and nutrients. The only way to achieve this is to increase coronary blood

flow.
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1.3 Diagnostic process for CAD

Patients with coronary artery disease (CAD) undeggalinical test calledcororary
angiographywhich is usedo diagnose the extent and seriousness of the disease [8], [9].
Coronary vessels are investigated duringiagraphy using a catheter that is inserted into the

aorta via the femoral or radial artery and advanced along umghches one of the main

coronary arteriesOnce a coronary is reachedsgp e c i al 6dyed is releas
bl oodstream [ 10], -ppaqué contrdshagent whiah ynakés thie soromaryr a d i
arteries visible radiographically and a sserof Xray images are acquired (Figure 1.4).

These images ar@D projections of the lumen of the coronary artery taken from multiple
directions (projection angles) allowing the operator to mentally reconstruct the 3D anatomy of

the vessel (a process thganot without difficulty even for an expert operator).

Figurel.4: An example of angiographic image.
The black arrow shows the stenosis along the coronary vessel. (Courtesy of Dr. Julian Gunn, NdBtrezral
Hospital, Sheffield)

Based on the visual representation of the stersodiscision on its severity and the need for
intervention can be madk.is important to highlight that this processaipurely anatomical
measure rather than a physiologioak. Howeveryusing a pressure wingassed through the
catheteduring angiography it is possible to complement the anatomical measurements with a
physiological one, th€ractional Flow Reserve (FFR)2]i [17].

FFR measureshe pressure difference alorftetcoronary stenosis, and is defined as the ratio
between the maximum coronary flow in the presence of the stefosis, and the maximal

flow in the absence of the stenosis . The calculation is based on a simple electrical
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analogue, assumng t hat the resistance is constant |

derivation are presented in section 1.3.1.

0 0

oY z e T (Eq.1.1)

To obtain a measurement of the FFR, cardiologists use an invasive pressure wire to measure
the pressure upstream and downstream of the stenosis. The result obtained is a number between
0 to 1 and is helpful to cardiologists in their decisimaking. A value higher than 0.8, is taken

to indicate a physiologically nesignificant stenosis (impairg the flow by only 20%), whilst

a lower value indicates a significant stenosis [14], [17], [18]. The measurement of FFR is very
importantbecause it ian objective physiologhased parameter and thus better than the visual
assessment of the stenosis nfesquently made by clinicians in current practice. A potential
criticism of FFR is that it measures only the capacity to reinstate a relative flow, but it says
nothing about the absolute flow in the artery. Nevertheless it has proven to be a very reliable

clinical measure of the likely effectiveness of intervention [17], [19].

Despite its proven clinical value, in the UK, clinical evaluation of FFR is used in less than 15%

of cases [1], [9]. The main reason for this is that measurement of FFR is exp&h®vs, in

part, due to the cost of the wire (& A600 pe
time required [20].

A number of different techniques (as described in the next sections) can be used to acquire
angiography images, the most amon being multiple single plane coronary angiography
(MSPCA). Other imaging protocols available include rotational coronary angiography (RoCA)

and biplane angiography. MSPCA images are obtained from a series of single plane
acquisitions whilst the biplartechnique uses two independent acquisition systems to acquire

two coronary images simultaneously. Finally, in the RoCA technique, the camera rotates

around the patient while acquiring a series of images.

Several authors [9], [2L]26], have shown that itsi possible to estimate FFR using
computational fluid dynamics (CFD) starting from a description of the anatomy. The first
challenge addressed in this thesis is to obtain a full and fast 3D reconstruction of the whole
coronary tree starting from 2D images [east two projection images) obtained from MSPCA

in order to define the 3D surface of the coronary artery. A virtual Fraction Flow Reserve (VFFR)
can then be calculated, using a computational model, to help the cardiologist in the clinical
decision makig [9]. This thesis is based on the use of MSPCA and not biplane or RoOCA images

because MSPCA is both widely used and more common than the other two techniques [27].
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Once the 3D surface of the coronary tree is obtained, there are several advantaggsma appl
a computational FFR. For example: cost and time savings, no need to use a pressure catheter

in patients and last but not least, multiple lesions can be included in the computational analysis.

1.3.1Derivation of the FFR index

Fractional Flow Reserve (FFR)s def i ned as: At he maxi mal m
hyperaemia in the presence of a stenosis in the epicardial artery, expressed as a fraction of its
nor mal max i mal expected valueo [ 28]. FFR i s
pressure drop agss the stenosis giving an objective information about the severity of the
coronary | esion. Ohmés | aw can al so be descr
fluid is the analogy of voltage. A pressure difference between two points in dpiptal)

drives the fluid flow in the same way as a voltage difference drives the current flow. Therefore,

we have:
® YO (Eq.1.2)

L YO (Eq.1.3)
A simple electric circuit of the coronary circulation (Figure 1.5) can be represented as:

Pa Rs IDd Rmc P\‘r

—\/\/ o AVAY e

Figurel.5: Circuit analogy for coronary circulation.
Rs defines the resistance given by the stenosis whilst Rmc is the resistance given by the coronary
microcirculation.

Considering the figure abové is the aortic pressurd) indicates the distal pressure
downstream of the stenosis (or multiple stenoses if present in the véssslthe venous
pressure (considered to be equatero for small vesselsy, is the resistance due the stenotic
vessel andy is the physiological resistance in the coronary microcirculation.

The FFR index can be expressed as the ratio between the distal and the proximal blood pressure,

noting that &hough it is derived from a pressure measurement, it is a&x iotdflow:

Y U U V)

0o Y Y 0

c c
cd <[ ca
cd <| ca
c:-zl C-

(Eq.1.4)
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Wherethe maximum coronary flow in the presence of the stef®8is , and the maximal
flow in the absence dhe stenosiss 0 . Duringangiography, the FFR is calculated as the
ratio between distal and proximal pressures across the stenosis based on measurements
obtained from a pressure wire. The pressure difference is measured in both rest and feyperaemi
conditions, but FFR is defined as the pressure ratio under hyperaemia. Vasodilation of the
myocardial microcirculation is necessary to emulate the exercise condition (hyperaemia).
Adenosine is administered to induce a relaxation of the vessels, a deaf¢las myocardial
resistance and thus an increase in coronary blood flow.
As indicated previously the FFR value is always within the range [0, 1] and a value below the
threshold of 0.8 is take to indicate myocardial ischemia. There are different tredmigdhe
influence of haemodynamic conditions on FFR.
According to Pijls and De Bruyne [15], haemodynamics and FFR are independent, because of
the linear relationship between pressure and
demonstratedhiat in stenotic conditions, the relationship between pressure and flow is not
linear.

Yoo 00 00 (Eq.1.5)
The firstterm 9 0) is rel ated to the viscous | osses,
second term{( 0 ) is related to the Berndilosses, or the reduction of static pressure due to
convective acceleration through the stenosis, and a lack of pressure recovery due to viscosity,
flow disturbances and sometime turbulence. As it can be seen, the second term in the equation
increases wh the square of the flow and the Poiseuille part often becomes negligible in
comparison. This means that if the fluid flow in the coronary is increased the associated
pressure gradient increases in a quadratic manner. If there is no stenosis alorantrg tice
quadratic term vanishes from th® equation and the pressure loss follows a linear trend,
considering only the pressure losses given by the Poiseuille term.
FFR is based on the pressure drop when blood flows across a coronary stenosis t8imestwo
described above can be approximated using the standard engineering equations:

Bernoulli losses
YO =" 0 0 (Eq.1.6)

or in a second form: considering the continuity equation:
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C 5 b (Eq.1.7)

where for the first equatiow is the velocity, and’ is the density of the fluid under
consideration. In the second equatipis the flow,0 andd are the crossectional areas for

the stenosis and the inlet for the geometry under consideration

Poiseuillelosses every fluid has a viscosity, meaning that it has an internal friction
that is a result of the electric forces between the molecules of the fluid. Moreover, to
overcome fluid viscosity a pressure difference is required between theldehe

outlet of a tube or a pipe for the fluid to flow. The Poiseuille equéiqgnl.8)explains

the viscous losses, which are the pressure losses in a straight tube, associated with a
fully developed parabolic floWFigure 1.6) The equation holdsndler two conditions:

first the fluid has to be incompressible (the volume has to remain constant) and second,

the flow has to be laminar.

~ ~

YO 0 0

<
g
C:

(Eq.1.8)

“® 'Y

Pinlet Poutlet

Figurel.6: Example of bod flow on a straight tuberepresenting the Poiseuille flow.

It is possible to notice that, in the Poiseuille equation, pressure losses increase linearly with
flow, viscosity and the length of the tube. Furthermore, they are critically depeon the

fourth power of the radius.

Coronary blood flow is one example of application of these two equations. However, the
Bernoulli and Poiseuille laws are very basic haemodynamic laws that do not describe the reality
exactly but, rather, approximatiee behaviour of the blood flow in the vessels. Furthermore,
they have some constraints, for example, as already mentioned above, the Poiseuille equation
assumes fully developed flow along a cylindrical pipe and is based on the balance between the

pressurgradient and viscous stresses.

On the other hand, the Bernoulli equation, whilst able to predict the pressure loss in a coronary

stenosis (vena contracta), has no information about the degree of pressure recovery distal to

10
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the lesion. Both of these equats are based on very simple geometrical approximations they
are unable to capture complex haemodynamic behaviour associated with vessel shape and
tortuosity. Whilst they may give important information relating to a 1D model with a single
stenosis [3Q][33], they cannot describe the haemodynamic interactions between two or
multiple stenosis in series. All this suggests that CFD might be required in order to describe
adequately all the characteristics of the blood flow in coronary arteries and more gdoerally
physiological simulation. This hypothesis is examined in the context of coronary geometry in
chapter 3.

1.3.2Energy loss in coronary stenosis

The blood flow through our body is driven by pressure but, in contrast to other regions of the
circulation, corongy flow increases during the diastolic phase of the cardiac cycle and
decreases during the systolic phase. Furthermore, the resistance to flow increases during systole
and reduces to a baseline during diastole. It is the pressure gradient that driloes. tBte

it is widely accepted that coronary venous pressure is sufficiently low that it can be regarded
as zero [1], [9]; the relative influence of the two resistances is key to understanding and
interpreting physiological indices of coronary flow sashFFR.

In the vena contracta or just beyond the occlusion, the flow accelerates increasing the kinetic
energy and since total energy must remain constant, the fluid pressure must decrease. Formally
the Bernoulli equation is derived by a reduction ofrtl@mentum equation, but it is useful to

think about its elements in terms of potential and kinetic energies. In general, the Bernoulli
eguation gives a good estimation of the static pressure drop between the inlet and the coronary
stenosis. Furthermore, th$ to the vena contracta, the fluid flow starts to decelerate; in this
case kinetic energy is lost which corresponds to an increase in pressure and distal to the lesion
the Bernoulli equation predicts an increase in hydrostatic energy i.e. pressure eHdhev
conversion between kinetic energy and pressure is not efficient and, for multiple factors, the
static pressure does not recover completely; just beyond the vena contracta the flow starts to
rotate producing vortices, a major component of turbuleat, furthermore it is possible to

notice flow separation. Due to these factors pressure will never reach a full recovery. Moreover,
there are also viscous losses due to viscous friction between laminar layers of fluid to consider,

although these play ads important role.

11
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1.3.3Factors influencing pressure drop across a stenosis

The most important factor influencing the pressure drop along a coronary artery is the ratio
between the minimum radius of the stenosis and that of the undiseased vessel. Asseean be
from equation 1.9, the pressure gradient is inversely proportional to the fourth power of the

radius ratio.

Typically, clinically important pressure drops are associated with radius reduati5@%o or
greater. However, as shown in eq. 1.5, the predtawerelationship is not linear, the shape of

the curve depends by the stenosis resistance.

1.4 Coronary reconstruction in 3D: different models and

approaches

Coronary artery disease (CAD) is theshoommon cause of cardiovascular death in the world
[34]. Currently, diagnosis and assessment of CAD relies on invasive techniques such as
angiography. Fractional Flow Reserve (FFR) is considered to be thestgalthrd for
assessment of the physiologisainificance of coronary artery disease [35]. Several different
angiography techniques can be usedetect CAD biplane, rotational or mulsingle plane
angiography All these techniques produce a serasprojection images from where it is
possible & start a 3D coronary reconstruction. These techniques and the different models

employed to achieve 3D coronary reconstruction are described in the next sections.

1.4.1Biplane technique

Biplane devices have two-Ky source systems, these two systems carerotdependently

from one another [36]. Thus, they have a frontal and a lateral view with a global coordinate
system in common. The origin of this coordinate system is called the isocentre and is taken as
the point of intersection between the lateral amdftbntal system. Using biplane angiograms

we can obtain two images, acquired at the same time, or better, at the same phase of the cardiac
cycle. This could be of particular help in the reconstruction process; acquiring two images at
the same time allowss to eliminate the influence of cardiac and respiratory movement on the
heart. It is important to emphasise that there should be no table movement or panning during
the acquisition. A large number of studies in 3D reconstruction have been carriedtog star

from biplane imageB31, 32], [3641].
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Hoffmannet al.[39] produced a tool which determines the 3D vessel tree centreline starting
from biplane angiography images. According to them, the first problem to be resolved is the
determination of the imagggeometry, i.e. evaluation of transformation matrices relating to
the entire system. However, all this information is expressed in tdrbeft Anterior Oblique

(LAO), Right Anterior Oblique (RAO) and Crani@laudal (CC) anglesnd distances from the
souce to the Xray intensifier plane. Endiastolic images were chosen, and points along the
centreline marked manually by the userl(bpoints). These points were interpolated with a
vessel tracking algorithm. Considering the two planes of projectiomgatiespondence of
points along the two centrelines has been computed using the epipolar technig#5]42]
Every matched point from the two planes is used to calculate the 3D position of the point. This
position in the threglimensional space is computasl the interception point retracing the X

ray source beams. Thus, the 3D centreline is obtained repeating the procedure for each point

along the centreline in both planes.

In Tuet al[36], the workflow for the reconstruction is composed of several siégesfirst step

is the correction of the isocentre offset. In a biplane device the isocentre offset is defined as the
spatial difference between the two isocentres (frontal and lateral). These should intercept each
other, but due to system distortion, thecentre is not a stable point. Correcting the offset and
the epipolar geometry, they wanted to develop a robust tool for the coronary tree
reconstruction. This offset leads to inaccurate 3D reconstruction, due to the uncertainty of the
correspondence @bints between the two projections planes which has to be eliminated before
starting the reconstruction process. Their solution to resolving this offset error is to choose one
or three pairs of points (usually bifurcations) and then approximate theisttalad from the
chosen points to the corresponding epipolar lines. The resultant error is a function of the
isocentre. They must then minimise this error function to obtain, and eliminate, the offset
between the two views. The second step is to mark riigrii@ proximal and the distal point

along the coronary vessel in one view, and then the coronary centreline is computed
automatically. The proximal and the distal points on the second project plane are calculated
once again from the epipolar geometry.oiiing the correct position of corresponding points
from the two views, the 3D centreline is computed, calculating the position of each point in 3D
as the point of intersection derived from the twway sources beams. According to Tu et al

[36], even if two images in biplane device are acquired simultaneously, reproducing an accurate

coronary tree in three dimensions is challenging.
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Biplane angiography has a great advantage in terms of accuracy of reconstruction because there
iS no extraneous movement, l@umajor disadvantage of the biplaeehnique ighat isnot

widely used in routine cardiological procedures.

1.4.2R0oCA Technique

Rotational coronary angiography (RoCA) is characterised by a singten@vhich collects a
series of coronary images during a single rotation. The RoCA technique covers an angle of
approximately 120 degrees; thea@n starts typically fron60 degrees righanterior oblique

(RAO) and ends at 60 degrees left anterior oblique (LAO). Depending on the choice of the
operator, the @rm can begin its rotation with a caudal (CAU) or cranial angulation (LAO).

The RoCa technique is very limiting in the sense thatesithe heart is moving continuously,
and 3D reconstruction has to start from same cardiac phase (usuathastule) there are
very few images across a single acquisition which are useful for 3DR in any particular cardiac

phase, even without respiratanotion.

Hansiset al [74] described a workflow for 3D reconstruction using 2D RoCA projection
images. Their aim was to improve the consistency of the projected images with respect to the
heart motion. The procedure for 2D motion compensation startawithitial coronary artery
reconstruction; the reconstructed vessel centreline is then projected back on the forward
projections. The projected centrelines are then transformed to obtain the best possible match
with the centrelines of the forward projexts. The group in Sheffie[d, 9, 13]originally used

RoCA images and a reconstruction supported on the Philips clinical imaging equipment, but
this was only applicable to a small research cohort on which RoCA was performed, and one of
the aims of this tbsis was to develop a software solution usable by members of the research

team on standard MSPCA images.

1.4.3Reconstruction starting from MSPCA images

Andriotis et al [48] presented a 3D reconstruction workflow of coronary arteries from
conventional monoplane angiograms (MSPCA). Their reconstruction approach is based on the
epipolar geometry concept. Their model was validated initially against a virtual phantom
coronay and then against a reconstructed CT coronary artery. The reconstruction output was

a surface grid that could be used as a further step for computationadyhadics. In their
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paper the group does not mention the presence of artefacts or errorsemoitistruction given

by heart motion or table movement during imageuisition.

One model that is still representative of the state of art in reconstruction from MSCPA images
is that of Messengeat al[49]. Their algorithm is composed of a number opste achieve

the coronary reconstruction. The first step is to acquire images and register the gantry
parameters. Gantry parameters are as always: angles (RAO/LAO, Caudal/Cranial), distance
sourcedetector, distance source isocentre and distance betaekrkeay source which are
important to compute the epipolar geometry.

The second step is the manual extraction of the centerline in one view. Knowing the spatial
relationship between the two views, they can compute the third step which is based orgmatchin
centerline points from the first view to the second one. In this algorithm correspondence points
are computed following the epipolar geometry constraints for the computation of the 3D
centreline. The skeleton of the coronary is then computed as sequfenresssectional

circular disks. The method described in chapter 2 of this thesis follows a similar approach.

1.5 Computational Fluid Dynamics and Reduced Order
Methods

Computational fluid dynamics (CFD) is a branch of fluid mechanics and a special area of
mathematics [50]. CFD is essential nowadays for engineering applications such as the design
of aircraft or in the automotive industry. However, over the last few years, CFD is becoming
increasingly important in medical applications dealing with complex feuch as in
cardiovascular modelling because it can measure haemodynamic parameters and predict
physiological responses which were not possible previous|y 4]

CFD is based on the computation of solutions of the continuity and momentum (Navies) Stoke
equations which govern fluid motion. These equations arelinear partialdifferential
eqguations, based upon the conservation of mass and momentum. These equations are presented
below for an incompressible fluid (density does not change in time).obt oases it is not

possible to derive analytical solutions, and they are solved numerically.
T o - T_f] I SR O
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whereu, vandw are the three velocity components along the three directionandz.” is

the density which characterize the fluis the pressur€Yis the velocity vector antlis the
shear stress. Applying Newtonbs second | aw
derive the momentum equations. The convective acceleration described by tide ¥fon
thex-direction) is norinear and makes the analytical solution of the NaSiekes equations
extremely challenging. The first term in each equation accounts for the acceleration in the three
dimensions. The second termD” & ™s the velocity vector accoung for convective

acceleration in the appropriate direction. In a simple 1D model, this term can be simplified into

the Bernoulli equation. The third term — is the pressure gradient in the direction specified

by the denominator, and finally tHast three components account for

viscous losses which in a 1D model they can be seen as the Poiseuille equation.
In a Newtonian fluid the viscous stresses are proportional to the rates of defor(qtibri3
andEq. 1.14. The dynamic viscosity relates stresses to linear deformations, and the second

viscosity_ relates stresses to the volumetric deformation. The effect of the second viscosity

is small in practice and can be thoughtas -°.

The first hiree equations account for the conservation of momenttime )y andz-direction,

while the last equation accounts for the conservation of mass.

The NavierStokes equationahich are partial differential equations have to be transformed
into a system afion-linear algebraic equations which can be solved iteratively. In order to have
a full system of equations, the ROI (region of interest) has to be temporally and spatially
discretised, furthermore boundary conditions have to be applied to any inlet,amdlwalls.

There are several spatial discretisation methods, but the principal are: Finite Difference (FDM),
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Finite Volume (FVM) and Finite Element method (FEM). The spatial discretisation consists in
dividing the computational mesh in a finite numbéaceas for 2D or volumes in 3D where
the equations are solved. Regarding the temporal discretisation,-enéimbing scheme is
applied and the end of the solution is achieved incrementally. ANSY&ht is based on the
FVM.

For complex transient flows,ometimes with millions of degrees of freedom, large
computational resources are often necessary and execution times can still be of the order of
days or weeks. Furthermore, if we are interested in having results of the fluid equations for
different value(y of model parameters, we have to repeat the simulation for each value
requiring morecomputational time and effort.

The increasing interest in solving complex multidisciplinary systems has led to the
development of model reduction strategies. ROMs gaatiedtion and popularity in different
engineering and scientific applications, specifically in different areas: optimisation and design,
treatment of high dimensional space, +@@e computing (especially in biomedical

engineering) and interaction betwetifferent model reduction techniques.

ROMs are computationally cheaper than the full order systems; however, they are capable of

collecting the most important features of the mgdi#l, 116]

The following section is a brief overview of the state ofateand of the challenges for ROMs
applied to computational fluid dynamics problems. ROMs have been applied to different fluid
dynamic applications such as: medical, nautical, mechanical and automotive engineering;

furthermore, they have been applied tolbgy and geophysics.

Progress ircomputational power and capabilities of modern computarv® ledto a more
accurate numerical analyses and advances in simulation modelling. However, even with
advancements of technology, there are still unsolved cloggfe[59, 90, 91, 96] summarised

below:

1 Models defined in a high dimensional space are very difficult to handle and they
encounter what is called Acourse of di men

this class;

1 Complex systems which require a fastlose to real time computation are difficult to

solve and to control;
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1 ROMSs, which include geometrical parameterisation (difficulinedealingwith large
deformations). A clear example is the goal of this thesis, where a fast computation of

the haemoghamic in coronaries is required.

Introducingidealisingassumptions to the model could be a possible solution to solve these
challenges, however this will make the model less accurate. A second solution could be using
High Performance Computing or HPC whéhe great computational power can solve highly
complex problem reducing the computational time. The drawback of using HPC is that they
are expensive to instathey are not mobiland lack of accessibility

A more feasible solution is to develop ROMAKBich aim to maintain high accuracy with less
computational cost, allowing researchers and engineers to solve complex problemsrrereal

or close to reatime. As already discuss, introducing parameters (for parametric problems) into
the model increasdbe dimensional spacei these cases solving parametric PDEs, such as
NavierStokes equations, requirt collection of multiple full CFD solutions with different
values of the paramet€d®0, 91]

In order to solve fluid flowproblems robustly and efficiently, different ROMs techniques have
been developed, such as the Proper Orthogonal Decomposition (PR@Reauced Basis
Methods (RB)Both methods are used in academia and for industrial engineering problems;
however in thighesis focus will be given to the POD method and it will be described in details

in the next section.

In the last few years researam the medical fieldnas moved towards a patiesgecific
characterisation of tHe@loodflow. This has the aim of improvirthe diagnosis helping clinical
decision making. In order to compute a close to real time simulation, often demanded in a
clinical application, and an accurate result we need to rely on ROMs. By usage of the ROMs a
huge acceleration in the computationtw# variables we are interested in can be achieved, and
at the same time reducitige CPU and memomemandgRAM).

1.5.1The Proper Orthogonal Decomposition and the Singular Value

Decomposition Approach

In any scientific field, collecting very large amountsdata by numerical simulations or
experimental approaches is a common situation. There is a great need to have specific post

processing techniques able to extract from these large quantities of high dimensional data,
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synthetic information essential to werdtand and eventually to model the process under study.
One of the most powerful methods of datelysis for multivariate and ndimear phenomena

is the Proper Orthogonal Decomposition (POD). The POD procedure is a linear procedure that
takes a given dkection of input data and creates an orthogonal basis constituted by functions
estimated as the solutions of an eigenvalue problem. The POD can be approached as an
application of the Singular Value Decomposition (SVD).

The SVD provides a basis for the nabdecomposition of an ensemble of functions, such as
data obtained from experiments or numerical simulations. The beauty of the SVD method is its
optimality in the sense that it provides the most efficient way of capturing the dominant
componentsordomaant f eatures with only a finite num
CFD analysis, the SVD allows to capture the most significant fluid flow patterns in the dataset.
The SVD then, provides a linear approximation of a set of functions that enabésian e
characterization of the complex original input data as a sum of weighted modes. Furthermore,
the mathematical fundamental idea of the SVD approach is to decompose any quantity

distribution into a linear combination of modes coefficients and modéis 1.

Therefore, we have:

Y . (Eq.1.1)

Where'Y is the recomputed solution given by the linear combinatfmindex defines the

k-th recomputed solution, are the modes coefficients for the solutloande are the
modes. In order to construct the SVD all the mesh nodes values for each simulation is reordered

into a rowand put into a matrix-or a 2D example we have:

v
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whereSis the matrix constructed (for a 2D mesh grid) with all the full CFD simulatiortedor
guantity or quantities of interedf; is the total number of CFD simulations, called snapshots,
considered to build the ROM andl is the total number of nodes vatum the considered
geometry.Thei define the solution value at the mesh nodesan be deduced from the
rectangular form of the matri$ that all the meshes which form the dataset have to be

isotopological, which means they have to have same nuohibedes and elements [60].
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Once all the data are saved in 8matrix, the correlation matrix is computed as:

p

6 oYY (Eq.1.B)

The aim of the SVD is to find a sequence of modes in order to minimise the following function:
AY | e £ O aQ¢ (Eq.1.19)

where£Jedenotes thé norm.K is the total number of snapshots considered to construct the
correlation matrixM is the number of modes considered to build the ¢oder model where

ML 0.The"Y termin eq. 1.17 is the full CFD solution and the second term represents the
recomputed solution as linear combination of modes coefficient and modes.

The minimisation problem is resolved by computing a singular value decomposition on the

correlation maix. The problem is of the form:

6 "B (Eq.1.20
whereC is the correlation matri{) is anNxN orthogonal matrix formed by the left singular
vectors,V is anmxm orthogonal matrix formed by the right singular vectors Brid anNxm
matrix with all element zero except the diagonal. The non zero diagonal elements, are arranged
in decreasing order and are called the singular values. The modes represent the extracted flow
pattern however they do not necessarily refleceal flow stricture that can be observed in a

flow field. Instead, every mode represents a component of a flow field that is reconstructed by
summing over all modes coefficients ().

The modes coefficients are computed by projecting the original solution f&ldaifix) onto
the computed modes ; every coefficient represents a weight, which is telling us how much

that particular mode is contributing to a particular snapshot. However, when the full CFD

solution is not known, the modes coefficient arecomputed by interpolatioAim of the

project and thesis workflow

The pri mary a Efimctive tompubagonapcoronarg eamodinamics for clinical
applicatom i s to construct and validate a comput
of cormary arteries and Reduced Order Methods to achieve a fast (close to real time), accurate
computation of the FFR index. Achievement of this aim will underpin the development of a
software solution to help clinicians in their decision making. The overakflgor (Figure 1.7)

to achieve the computational model is composed of several major blocks:
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Clinical Imaging
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Figurel.7: Overall Thesis workflowvith the different steps
The workflow starts from the acquisition of clinicéinages. Coronaries are then reconstructed in 3D to create
volumetric meshes. CFD are run for every geometry and CFD solutions are collected in order to build and train
the ROM.

The different blocks are briefly explained:

Clinical Imaging: In this thesis MSPCA images acquired with a Philips Allura Xper
Swing Garm system (Philips Healthcare, Best, NL) are used in the segmentation tool
for the reconstruction. Images should provide sufficient anatomical and physiological
details, in an apppriate format (DICOM) andquality. In addition, geometries
reconstructed with Philips 3DCA (RoCA images) segmentation tool have been used as
well in order to extract the parameters to develop and build the clinical parameterised
ROMs.
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Segmentation and 3CReconstruction The segmentation and the reconstruction step

is a key point in the workflow, but also the most error prone and subjective. The
segmentation identifies the coronary geometry from the angiography images and,
starting from at least two projéoh images, a three dimensional geometry is computed.
The 3D geometry has to be an accurate reconstruction and has to maintain the most
important geometrical features (radii dimensions, shape, curvature etc etc.) of the
projected coronary. Furthermorethe reconstructed geometry is not accurate, one can
end up withcompletelydifferent value of the FFR index (true FFR vs VFFR) resulting

in the wrong clinical decision.

Mesh creation The output of the segmentation step is a 3D mesh surface (.stl file),
which is necessary but not sufficient to compute a CFD analyses. For a CFD study a
volumetric mesh is necessary. The action of creating a volumetric mesh is called spatial
discretisation and the aim is to divide (or discretise) the geometry into littietdisc
volumetric cells (FVM). Temporal discretisation is also available, it allows to divide
the solution into discrete time stepdowever, since in this thesis steady state
simulations will only be taken into consideration, temporal discretisation wilb@o
applied.The mesh creation is the most time consuming time step in setting up the CFD
analysis. The accuracy and the numerical stability of the solutions are influenced by
the mesh, thespatial discretisation must be refined enough to capture the
haenodynamic behaviour in the entire domain. However, much refinement of the
spatietemporal discretisation will not lead to an improvement of the solution and
furthermore will impact on CPU memory and solution time. In order to build the ROM

several thousands simulations are necessary to construct the training dataset.

CFD simulations: As stated above, in order to build the Reduced Order Method, many
CFD simulations have to be run. Every simulation is characterised by its own journal
file, a journal filecontains a sequence of Ansys Fluent commands. These commands
could be typed in the Fluent GUI, however to automate the process these files have
been created automatically in MATLAB and then saved as a text file (.scm). The
purpose of a journal file is tautomate a series of commands instead of entering them

in the command line or selecting the same commands from the Huénthe journal
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file contains all the information necessary to compute a simulation i.e. all the settings

defining the physical parartegs of the model.

The journal file must include following information:
7 units of the mesh;

1 the fluid properties as density and viscasity
1 boundary conditions;

T model to use;

{1 the discretisation method;

1 convergence criteria.

Regarding boundargonditions, in order to compute a CFD analysis the user has to
define at least one inletne outlet and the wall region.oBndaryconditions are
required componenio solve the mathematical modelin& a clinical problem is
consideredboundary conditiog should be as close as possible to the reality (which is
physiological)i.e. the user has to specify an initundary condition valuas a
pressure, a mass flow rate or a velocity. Boundary conditions are really important in
CFD analyses, it might b@mmon to analyse a very difficult problem with a very high
refined mesh, but with a poor description of boundary conditions. In this case the user
ends with a very accurate solution, however that solution does not represent the

physiological problem takeinto consideration.

The NavierStokes equations are a nlmear system of partial differential equations.

The CFD solutions are achieved iteratively where an algorithm leads to a reduction in
error at each iteration until the equations are satisfied sathe defined tolerance
(convergence criteria). If the CFD analysis is a transient simulation, once the
convergence has been achieved for the first time step, the time is incremented and the
iteration process starts again. However, even if the solutioconasrged, there is still

the possibility the solution is not accurate; the convergence criteria in fact could be
misleading. The user should define a solution monitor in order to check the variable of

interest in is not changing of value during the tieraprocess.
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A CFD simulation could take several hours of computational time and thus CPU
memory depending on the number of elements and on the temporal discretisation. This
is why in this thesis a method to achieve a fast and accurate computatiopretthee
field in coronary arteries using a ROM is presented. All the CFD simulations presented
in this thesis have been run with a steady state laminar model, since the Reynolds

numbers were below the turbulent threshold.

Building the ROM: Once all thedesigned CFD simulations have been computed, the
following step is the collection of the data. The output data we are interested in for the
purpose of this thesis is the pressure field for every coronary artery. It should be noted
that the user could sawand build a ROM for any/every variable. Since all the CFD
solutions depend on a pdefined number of parameters such as geometrical
parameters (e.g. shape and curvature parameterisation) and fluid dynamic parameters
(e.g mass flow), the ROM is also pamterised by these. To build a ROM two different
steps are needed: tb#line modeand theonline modeThe offline mode is the step in
which many CFD simulations have to run to build the reduction order method, and is
therefore the most time consuming.Wver, theoffline step has to be computed only
once. The second step is the online mode which is based on the computation of the
pressure profile for a completely new set of parametersomhiee step is very fast,

close to real time and has great besein terms of time and computational

requirements.

In the online mode, there are two major steps: the evaluation step and the validation
step. Important in these steps is the computation of two errors: the projection error and
the interpolation error which describe the goodness of fit of the ROM. The full process
for building a ROM will be detailed in Chapter 3 and Chapter 4.
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1.6 Thesis Outline

This PhD project has been organised into four main chapters plus introduction and conclusions.
This first chapterintroduction provides a contextual overview of the relevamatomical and
physiological concepts of the cardiovascular system, of the clinical problem and of the state
of-the-art in 3D algorithms for coronary artery reconstructions and an introduction for Reduced
Order Method in Computational Fluid Dynamics.

Chaper 2, 3D Coronary Reconstruction software: towards a clinical toptovides a
description of the developed tool written in MATLAB to achieve a 3D reconstruction of
coronary arteries starting from 2D mdingle plane coronary angiography projection insage
Chapter 32D ROM generation and fluid flow interactions between multiple sterdessribes

the right ingredients and the most important steps necessary to build alRi@went ROMs

have been created in idealised coronary geometries, i.e. sarigyrhmetric tubes in 2D with

a single or multiple stenosis. Pressure gradients have been computed and compared using
differentmethods.

Chapter 4Shape parameterisation and ROM in 2D patispécific coronary geometries
focused on shape parameteiisatin order to extract geometrical parameters which describe
the variation of the radius along the length for any paseetific coronary geometry.
Furthermore, multiple ROMs have been created, evaluated and tested against a clinical
coronary dataset.

Chapter 53D CFD coronary arteries simulations: towards a Reduced Order Method for fast
haemodynamic predictignllustrates a comparison between multiple models to compute
pressure gradients. It also introduces a 3D coronary centreline parameterisatidarito
develop 3D ROMs applied to 3D coronary arteries.

In Chapter 6Conclusions and future wark final overview of the limitations and conclusions

of this project in terms of results obtained is reported. Also future work and ideas for

improvementre presented.
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3D Coronary Reconstruction software:
towards a clinical tool

In this chapter, the development of a coronary segmentation tool will be presented. The chapter
addresses the problem afcurate reconstruction of the anatomy from multiple single plane
coronary angiography (MSPCA), which is the most reaahlgilable, and universally used,
standard imaging protocol [27]. The development of the segmentation tool is the first step in
order b achieve the computation of the FFR with a CFD software and for using the ROM
method [13], [26], [1]. The segmentation process and the segmentation tool are based on
MATLAB. Furthermore, a GUI has been developed in order to allow the user easier wse of th
research tool. The first output of the presented tool is a 3D single coronary vessel reconstruction
in the form of a surface mesh (.stl) which can be imported into any CFD solver to compute a
full fluid flow simulation after creating a volumetric mesthelcomputed surface meshes are
used both to compute standard CFD analyses for the calculation of the VFFR index and to feed
the clinical dataset used for training the ROM. A virtual Fraction Flow Reserve (VFFR) can
then be calculated in order to help catdgists with their clinical decision making [9], [22],

[48], [61].

Furthermore, the tool can be used as an offline standalone software helping clinicians to
visualise the coronary in 3D in a computer screen. Due to time constraints, dumiogl cli
operations it is not possible to reconstruct the coronary tree (unless this is done mentally based
on experience) since the coronary arteries are projected as a series of 2D images [45], [62],

[63]. The workflow for the 3D coronary reconstructiormpresented in Figure 2.1 below.
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Image acquisition
and retrieve system
param. from Dicom
header
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views
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vessel
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between the two
views
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for each image plane

Computation of 3D
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sectional area

Creation of .stl
surface mesh for CFD
analyses

Figure2.1: 3D Coronary Reconstruction Workflow with the different steps.

2.1 3D Coronary Reconstruction: main features and goals

In recent times, a lot of attention and resedrat been given to achieve predictive medicine
([64]1[69]) . However, predictive medicine requires accurate models and accurate models
require time ( [70Q][73]). Therefore, one of the biggest challenges is to achieve a fast, effective
and robust patient spific simulation close to redlme for predictive medicine, which could

improve the clinical decision making.

The first step of the workflow to compute a virtual FFR (VFFR) is to reconstruct the coronary

geometry in 3D to have a clear view of the diseassdel.

There are five catheterisation laboratories in Sheffield. Many of the images on which the
current analysis is based were captured in a laboratory equipped with an Allura Xper Swing C
arm system (Philips Healthcare, Best, NL). Thar@ is capablef acquiring MSPCA images,

and includes the facility to acquire rotational coronary angiography (RoCA) images [74], [75].
In a RoCA system, the-&m rotates around the patient acquiring 121 images in a 120° arc
with a rate of 30° degrees per second; whtnROCA technique the table on which the patient
lies is not moved during the acquisition and this strongly improves the accuracy and stability
of the reconstruction process. However, MSPCA is the normal clinical protocol, the spatial

correspondence betee the multiple images is uncertain [27]. Here the cararges and
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distance are known and recorded, but arbitrary table movements are made to present the
clinician with the best views to see the culprit arteries. In the most modern systems these
movemend might be recorded, but for the data available to the current study, and indeed still
generally in clinical practice, they are not. Therefore, the software development described in

the current chapter is for MSPCA image data.
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2.2 Implementation of the workflow

To obtain angiography images aa@n is needed, which carries array tube plus an image
intensifier. The €arm has two degrees of freedom: independent rotations are made about the
global axisX and the global axi¥ (Figure 2.2) [76][78]. Most of the 3D reconstruction models
taken into account in this section provide a coronary reconstruction knowing some geometrical
parameters such as the positions of the foc(lses Figure2.2), distances from the -xay
sources to projection planéBa - Oa in Figure2.2), ganty angles(%. and%o. in Figure2.2)

and ECG data. Gantry angles are described in terms of left/right anterior oblique (LAO/RAO)
and Caudal/CranialQaud/Cra) angle. All these parameters which are necessary to provide a
3D reconstruction, are usually written into the header of the DICOM file that describes the

image [79]. At least two 2D projection images are needed to compute a 3D reconstruction.

I SNy

FA

Figure2.2: Degrees of freedom for the-@rm.
A) No rotations are applied to the system. B) Two rotations are appligte first one along the global-axis

-

«. and the second rotation along the globgdaxis™ ,.

With the Garm we can obtain projection images in 2D which are captured on a projection
plane by an Xay intensifier.Figure 2.2A shows the initial position of theddm. Fixing a
coordinate system, the-bay source is positioned at a distance equal tovhilst the centre of
the X-ray intensifier plane is positioned att . The Garm has two degrees of freedomgo

rotation about the-axis expressed & and a second rotation about th@xis expressed as
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%o . An experienced cardiologist might be able to mentally reconstruct a 3D coronary starting
from coronary images taken from different angles and positidosvever, in most cases,
images are not easy to interpret. Image properties such as noise, low levels of contrast,
foreshortening and overlapping make it difficult to identify the various coronary arteries in the
image (ttps://rpop.iaea.orp[79]. In normal practice, it is already a challenge to find images

which do not contain artefacts including the ones described above. For example, foreshortened
vessels are very difficult to reconstruct sinceytlae not in the longitudinal alignment
necessary for the evaluatig¢as an effect of the angle visiorgnd overlapping can obscure
regions of interests.

For all these reasons an accurate Haiegensional reconstruction is necessary to give a
geometricarepresentation and furthermore to make a CFD analysis possible and meaningful.
Most of the 3D recontruction models are based on biplane angiography images [39], [41] which
differ from MSPCA in terms of both the images and the technique, but the ideasmnstruct

the coronary tree are very similar. The downside of the biplane and RoCA technique is that
they are not widely used [27] in interventional cardiology. Moreover, even if those two
techniques are used in combination with the ECG signal to dbiaisame heart phase, they
may give higher errors in correlating the two views due to table movement or panning than the
MSPCA technique.

2.2.1lmage Acquisition and Epipolar Lines Method

Over time, severaifferent models have been developed for 3D reconstruction starting from
multiple single plane images [49], [62], [82], [83], [BAEquiring multiple single plane images
(MSPCA)(Figure2.2), uses a slightly different protocol to the biplane technique. Whilst in the
biplane device two images are acquired at the same time and thus at same heart phase, coronary
artery cineimages are independently aceurfrom different views, i.e. different projection

angles [37i[40], [80]. The gantry position to obtain different projections is decided by the
cardi ol ogistdos experience and it is possi bl e
due to noroptimd angle view. With MSPCA images we must correlate the ECG data in order

to choose images at the same point in the heart motion [81]. Respiratory motion might also be
an issue but there is no simple way to compensate for this, and for the current wotlaied

just as part of a general movement between acquisitions.

One of the most difficult challenges of working with MSPCA images is that, during
acquisitions, in order to have a better view of the culprit artery on-tag ¥atensifier screen,

the viev might be magnified by panning the screen along the projection axis. Furthermore,
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often one image of the coronary tree is captured in one view, and then the table is moved before
acquisition commences from a different angulation. Although in some moneging
systems the table movements are recorded, historically this has not been the case. Table
movements are very difficult to evaluate posteriorj and they can lead to important
reconstruction errors and inaccurate geometry which do not represent the real vessel.

These table movements lead to a4gomrespondence of points between planes and then to an

inaccurate reconstruction.

The workflow to ompute a 3D reconstruction is composed of several steps, outlined in the
abstract and illustrated graphically in Figure 2.1.

The first step is the choice of the pair of images that the user would like to segment. Usually
enddiastole is chosen as the hganase in which to perform the segmentation. The consistent
identification of the same phase in multiple projections is much simpler when ECG data is

available.

The acquisition process for anrdy angiography is similar to the pinhole camera model used

in computer vision and both of them are based on perspective projection. The main difference
between the two systems is that using cameras the image is inverted. Apkngldigital
angiographic system (Allura Xper FD10 System, Philips Medical Systeassjyised for image
acquisitions. A single run is composed of several image frames, in order to record different
heart phases, and the gantry angles are selected by the individual operator. There was no
restriction for table movement or panning during asijons since the software had to cope
with images acquired from the standard clinical protocol. The information needed to compute
the 3D reconstruction are all stored in the DICOM header. However, within the header the
coordinates of the table movement aot stored. The data strictly needed for the 3DR are the
following: gantry angles, distance source to detector, distance source to patient, image pixel
scaling in terms of pixel size (e.g. 0.28r/pixel) and ECG data. The gantry angles are
described interms of right/left anterior oblique (Rao/Lao) and Caudal/Cranial (Caud/Cran).

The second step of the workflow is the computation of the transformation matrices which
describe the relationship between the two views. The relationship between globadihetes

and local coordinate(sZ;oFlJ OFﬂ ,) are described by rotation and translation matrices, which
can be combined into a 4x4 matrix operdteqg.21). The rotation matrix in 3D is composed

of two rotationsY and’Y , dictaed by the degrees of freedom of tha@in: the first rotation
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is about the globat axis, and the second rotation is about the glplaais. The description of

the total rotation is:

CEe @ Al% m 0O B p m ] @
e2 2 U m p m m Al% OBd U (Eq.22)
Olee e U o m Al% m OBéd Al% U
e AT% O E'i/oB O'E%B A |%39 B @
e 7 Al % O B U (Eg.23)
dee OBA OBAAT% AT%WAT%R U
Adding the translation:
(e NA 1% OB& OBk A 1% O Béb N @
e, T AT% O Bd Y. U
o= e o M (Eq.24)
Geeae 10 B OBPbAI% Al%AI|% Y-’JU
P U T T oUP

In Figure 2.3 a point on the centreline of the coronary artery is projected to the image plane.
The point has coordinates afuitx , while the coordinates @f are naturally expressed in
terms of the position in projection plane Also @ o  where® andw describe

the projected sxcoordinate and-goordinate of point P into plane A.

To derivethe coordinates of the point P in the projection plane the following equations are

used:
Q?o, /! ’&, Q-’o (Eq25)
: v /] 1 & uO
. /L s& ¢ (Eq.26)
u'O! /o ' & uou-o

, ; 1 defines the distance between the centre of projection plane A and the patiscribes

the distance between the patient and theyysource,; ; and , g are data stored within the
Dicom file. The dimensiongj | andy , describe the local coordinate of point P into plane A.
Furthermore,he dimensiorx is always negative and so there is always a magnification of

the object to consider.
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Pa = [Xapa » Yapal

Projection
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Figure2.3: Coronary centrelingpoint projected onto the two planes.
A 3D point (point P) is projected into two planes starting from two differepositions of the focus (Fa and
Fb). Pa is the projection of point P onto plane A. Pb is computed as intersection point between the projected
coronary centreline onto plane B and epipolar plane computed from Fa, Fb, and Pa.

As already described, the coordinates of the point which has to be projected into the projection
planes are given in the global coordinate system and so to apply the gbatiere the Q
transformation is needed first in order to transform global to local coordinates (Eq.2.6).

w
W
& (Eq.27)

C1 C1 Cr CH
C1 C1 C CH
C1 CrC1 CA

Cl C CCA
o EE

P GA
TheQ matrix describes a rotation plus a translation B 8), the subscript GA defines that

the operation transforms the global coordinates of a 3D paihto(h ) to local coordinates

onplane A@ ho hx ).

Before starting with the third step which is the table movement correction, the image coordinate
reference in MATLAB are moved to be in the middle of the image as shown in Figure 2.4 this

is done in order to have a consistent coordinate reference witthible system.
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Figure2.4: Moving Coordinate reference in MATLAB for table correction.
A) Initial coordinate system. B) The coordinate systenoved to the centre of themage in order to reflect
the Garm coordinate system.

2.2.2Novel Click to Correct Algorithm

Between and during acquisitions of MSPCA images, the table position is often changed based

on the clinical operator 6s cl i niofdranklationése d . F
not known or predictable which makes the 3D reconstruction drivial process. Since these
movements may introduce large errors, they have to be eliminated before starting the
reconstruction process. The approach for table movemerdgction implemented for this

thesis is based on the application of an affine transformation between the two planes, based on

the hypothesis that the motion of the coronary system produces a projection image that is an
affine transformation of the image thaould have been produced without motion [79]. This

is not strictly true, but might be a good starting point for the motion correction. The accuracy

of reconstructions under table movement using this model has been investigated separately.

The affine trasformation matrix has six parameters §, and in principle these could be

computed if six correspondence poiffesatures pointsjvere selected in two images.

w | | | w
w | | | w (Eq.29)
D Tt Tt 0 0

However, in practice the computation is unstable, for reasons that will be discussed later, and

in this thesis a simpler transformation matrix with only 3 parameters is adopted (Eq.2.8).

w | m | w
&) m | | ® (Eq.210)
p m T o) p
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The three parameters describe a scaling, associated with the movement of the coronaries along
the line from the source and orthogonal to the projection plane and a translation parallel to the
projection plane. Since the afé transformation matrix has three unknown parameters, the
user must choose at least three points which are visible in both views (usually feature points
such as bifurcation are chosen or stenosis), which will be moved into correspondence in the
correctionoperation. However, the user can choose as many points as required to correct table
movement during acquisition. Corrections are not just necessary for table movements and heart
or respiratory motion, but the gantry parameters stored in the DICOM heagdenaoh
accurately describe by the system. The main reasons why these data are not accurately
described are related especially to mechanical errors (manufacturing) in the device, and
intrinsic parameters such as the skew parameter. Examples of errorsrantiacoof the latter

ones between the two views is shown in Figure 2.5.
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Figure2.5: Steps for table movement correction.
A) Featured points (e.g. branches, stenosis) are marketb the first view. B) Epipolar planes are projected
on second view to form epipolar lines. C) Affine matrix is computed. D) Table movement correction applied
to second view.

Epipolar geometry is the term used to describe the geometry of reconstrudtiersbipe of

a body from stereoscopic views. The concept of epipolar geometry is to correlate points
between two or more different views in different projection planes [43], [44], [89]. If the
projection of a point in 3D onto any particular imaging plsienown and the locations of the
X-ray source are known for that and any other projection are known then the epipolar plane is
defined as that which includes these three points (Figure 2.3). The projection of the point into

the second projection planedien a line that is the intersection between the epipolar plane and
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the second projection plane. In order to find the correspondence of points between the two
views, epipolar lines are computed [44], [63], [gBB]. The epipolar lines are the lines in the
second projection that a selected point in the first projection must lie, given the position of the
camera for the two projections. In Figure 2.5 the point at the blue cross in image A must lie on
the blue line in image B, and similarly for the magentateNhat the epipolar lines for the two
points are almost parallel to each other, and this is responsible for a lack of robustness to error
in the identification of corresponding points since large translations parallel to the lines is
required to compensgafor small errors in distance between the points

The general equation of a plane is c1x+ c2y+ c3z+ c4=0. The equation can be multiplied by an

arbitrary constanChoosi ng t hi ss(pooddngcl @)t aasda=dl kwwei n g

obtain:
DO OW Oa p 1 (Eq.211)
or, in matrix algebra,
OT &
®w W p T (Eq.212)
a o

This equation must be satisfied at each of the known poipidsFand R, in the epipolar

plane, and so:

XeA Yea ZFA @ 0
XFB Yepg ZFB @ P (Eq.213
XPA Yppa ZPA @ p

W XFA Yea ZFA (Eq.219)
® Xke Yeg ZFrB
&) XA Ypa ZPA

Thus, the equation of the epipolar plane in any coordinate system can be determined by
computing the cerdinatedn that coordinate system.
To determine the equation of the epipolar line in projection plane B that is the intersection of
this plane with the epipolar plane, it is simplest to describe the epipolar plan®idicate
system B. Then:

Xrm YE ) ZF /g p

W

e B

Wy X Yemy ZFB (Eq.219)
w B Xp B yP P Zp B p

The equation of the epipolar line in projection plane B is simply the equation of the plane when
z3=0, or:
Wty Wgy p T (Eq.216)
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The intersectiorbetween projection plane B and the epipolar plane is the epipolar line. The
projection of the point to be reconstructed in 3D must lie along the epipolar line. The
intersection between the projection of the vessel centreline in plane B and the epipolar lin
yields the position of point B in projection plane B.

An example of the epipolar concept applied to clinical coronary artery images is given in Figure
2.6.

RAO:10.4

LAO: 372 8

Caud:24.9 ’ Caud:24.9

Figure2.6: Example of Epipolar linesoncept applied to angiography images.
For this exampldt can be noticed the near paralleiature of the epipolar lines.

It is clear from these test images that the epipolar lines are almost parallel to the coronary
centreline, and this introduces a complication in the correction for motion artefact. Although it
is possible to find the parameters in the transformation miduaixbring three useselected

points onto the epipolar lines, the near parallel nature of the epipolar lines means that small
errors in the selection of corresponding points can lead to unrealistically large transldteons.

actual transformation commd is:

W | 1 a | W
%) T | %) (Eq.217)
p Tt Tt P p

whered is the mean slope of the epipolar lines for the selected points used for the correction.

This change in the transformation is more stable in practice.

2.2.3Manual segmentation and the 3D Reconstruction process

To achieve a 3D reconstruction, the next stefhe workflow is the centreline segmentation
in the first view where the 2D coronary is extracted manually from the image. In the developed

workflow, the centreline segmentation process and table movement correction require user
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input. Although it is pogble to identify the centreline automatically, experience gained during

the development and testing of the workflow indicated that manual identification in each view
gives to the user more control and is less error prone. There is a balance betweeratt®mt
demanded of the user, which should be minimal, and the robustness of the process. It can be
very frustrating when an automated process detects the wrong line unless correction is easy.
For this thesis manual assistance was chosen to maximizerttieenof vessels that could be
segmented by the software in normal operation. An example of coronary segmentation in the
first view (Plane A) and the corresponding proximal and distal point in the second view using

epipolar lines is shown in Figure 2.7.

D

Figure2.7: A) Manual segmentation in the master view (Plane A).
B-C) The proximal and distal point have been projected into the second view (Plane B). D) Segmemntattion
table correction can start on the second view.
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The computation of the two transformation matrices which define the relationship between the
two views in conjunction with the epipolar constraints are employed for establishing the point
correspondences on the vessel centrelines based on the two 2D coronary artery identified
manually on the two views. The centreline is then discretised into equallydspautds.
Starting from several points along the first 2D segmented centreline epipolar planes from each
point taken from the first view are computed and then projected onto the second view. The
position in plane B of points identified in plane A are gibgrthe epipolar line intersections

with the 2D centreline in the second view.

The reconstruction operation is the computation of the 3D position of point P given the
coordinates of its image in the two projection planes. Equations presented in sécliare.

re-arranged to give:
Le LoaXap Xap,Zap Le LoaXap, (Eq.218)
Le LoaYap YapZap  Lr LoaYa,, Eq.219)

And in matrix representation:

()
Le L XA T o 0 0
F oA m A , - (Eq.220)
T L Loa YAPA m A U U
P
Substituting & ho i Fp  with the Eq. 2.6 we have
. ‘ 0 0 o
HaUga®p » & o (Eq.221)
with:
L[: LOA T XAPA n
H Eq.222
A T LF LOA yApA TT ( q )
Similarly, from the second view:
. i 0 0
HeVee®Wr & o & (Eq.223)
Taking the two equations together:
n’D 0 o ¥
H A Q GA - 110 0 W N
H B Q GB (L)p ::0 0 (‘L) l’l (Eq224)
11
yo 0 0 g
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Having four equations in three unknowns (i.e. an overdetermined systemxinythzglobal
coordinates) the linear system can be solved using a standard linear least squares approach
which minimise the sum of squared differences.
The best approximation is computed using the general formula:

6 0 O 0 ® (Eq.225)
where O is equal tocfudr . Once theu matrix is computed the skeleton of the segmented
coronary is produced in terms of 3D vessel centreline. An example of 3D vessel centreline is

shown inFigure2.8.

3D centreline reconstruction

Figure2.8: Top) Images of a right coronary artery from two different angiographic views.
Bottom)3D @ntreline reconstruction example from the two image$he centreline is defined witka series
of 3D points with their coordinates x, y and z.
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Once the 3D centreline is constructed, the next step is the computation of the vessel borders in
order to achieve information about the vessel radius for each location along the 2D centreline.
Since edge detection is very sensitive to noise, a prior operation of smoothing is performed in
both views. The smoothing is performed with a convolution between the image and a Gaussian
blur kernel,given by Eq. 2.24 in order to obtain a smooth grayscale digital image as shown in

Figure2.9.

"06ft) —Cf’ Qan (Eq.226)

Following the smoothing operation, the normal along each location is computed. To compute
the normal for every point the derivative has to be computed first

Figure2.9: Smoothgrayscaladigital image.The original image is convoluted with 2D Gaussian kernel.

The considered derivative is the central difference:

"0 o w 00 (Eq.227)
@ W
Thus, starting from the centreline, the normal is computed for every point and the values of the
pixel intensity along the normal is registered. Border locations are where the derivative reaches

the highest and lowest values. Ideally, if we would haveahaidary image (black background

equal to 0 white vessel equal to 1) as input the derivative would have the feigmrex.10.
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Figure2.10: Example of computing borders omgreyscalecoronaryimage.
Top Image) Greyscale image of a coronary, along the blue line values of pixel intensity are saved. B
left) Plot of the pixels intensitwalues along the blue line; the two red vertical lines represent the locati
of the borders for the coronary. Bottom right) Idealised coronary edge detection for a binary image (b
and white pixels)

Once the radius for each centreline locatiacoimputed on the image plane, to recover the real

dimension(since radius on the image plane is magnifted)following formula has been used:

QQi 6 °"Y0
z Eq.228
o Qi 6 "YO (Fq228)
Wherei s the radius dimein for the 3D reconstruction, is the radius computed on

the 2D projection imagef) Qi &l Qi caf¥'@e distance between the sourceR@y
source) and the patient and the distance between the source and the detRetpipéxel).

The ratio——is always <1so is always smaller than as it should be when working

with projected images. Note that this is an approximationdasi8Pcould be replaced using

the computed localzo-ordinatein 3D. In practice this produces a relatively small change, but
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it has been implemented in later versions of the software. It is important to mention that all the
dimensions taken from the image plane have to be transformedpis@into mm this is
achieved multiplying the pixel dimension for the image pixel ratio which is a parameter within
the DICOM header. Once the 3D centreline is reconstructed starting from the two projection
planes, the 3D lumen of the vessel has to be computed. The coronary llappromated

on the basis of a sequence of circular cgEgion contours. Each circular disk along the vessel

is centred at and perpendicular to the 3D centreline at each locaifwohy U "(BQ

ph8 FE in order to form the coronary slk¢bn. Every circle which forms the skeleton has been
arbitrarily chosen to have 128 nodes called vertices, the conjunction between three vertices
form a closed domain called a face. Since from the reconstruction process two different values
ofi are obtained for every point along the centreline (one from each projection), the mean
value for every pair of points has been chosen to compute the circle in 3D. It is a limitation of
the reconstruction that the vessel is considered circular at evesseion. Superficially it

might appear that there is sufficient information from the two projections to define the two
principal radii of an ellipse, but in fact the orientation about the axis would not be determined

from just two projections.

Triangular patches formed by vertices and faces have been computed to create the surface and
to connect every pair of consecutive disks in order to have a 3D rendering of the segmented
vessel Figure 2.11. The computed .stl file is a closed domain withoaoléet and wall (Figure

2.12).

&2

Figure2.11: A)Skeleton of a coronary artery fored by circles normal to the centreline
B) Zoom of coronary surface mesh (.dtfymed by triangular patches.
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Example of the inlet surface

Figure2.12: Example of the inlet surface for the surface mesh.
The surface is created with triangular patches, the base of ewdgngle is formed connecting two consecutive
points on the circle edge.

Thecreation of a 3D surface mesh is the first step to computed CFD analyses on the
reconstructed geometries.
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2.3 Creation of a Graphical User Interface (GUI) to

achieve the segmentation

A MATLAB GUI (graphical user interfaces) has been created in order to allow users to use the
3D Reconstruction tool more easily without the need to learn how to code in MATLAB.
Furthermore, it is also possible to export into, and to use the applicatmotiner computer

as a standalone project without the need to have MATLAB installed.

The GUI contains several windows such as buttons and sliders to visualize the angiography

images. An image of the developed GUI is shown in Figure 2.13.

Figure2.13: Skeleton of the developed GUI with push buttons to perform coronary segmentation.
The left hand side is formed by push buttons and system information. Central panek) @e for ECG data
and 2D coronary images

First Step Segmentation

The segmentation process starts with the DICOM viewer (Figure 2.13 box n 1). The DICOM
file name is a numeric and letter code which is not linked to the angiography run number, so it
is impossible to recognize the run from the DI@@ame. This is important for clinicians since
they are not able to remap the DICOM code to the right angiography run. The viewer gives the
user the opportunity to have a priew of the file to support the choice of the best runs for the

segmentation. Omcthe choice is made the user needs to load the two views pressing the two
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buttons on the left hand side (Load DICOM 1 and DICOM 2). Information regarding the
position of the Garm in terms of angles (LAO/RAO Caud/Cran) and the distance between the
sourceto the detector are printed in the boxes on the left hand side (Figure 2.13 box n 2). These
data are important for two reasons: first of all the geometrical data are important for the
reconstruction process, if these data are not saved within the DICQIdrhia reconstruction
cannot start, and secondly the angles give a spatial information to the user about the position
of the Garm while the acquisition was done. If the difference between the angles is less than
30° a warning window pops up telling theeu the reconstruction can be achieved although it
might be less accurate than using a bigger angle difference between the two images. Showing
a warning message regarding the low angle is a reasonable choice, in fact even if the coronary
with its stenosiss displayed successfully on the screens, the stenosis severity assessment from
the 2D views could be unreliable. Furthermore, 2D images are unable to collect the right cross

sectional area of the stenosis (Figure 2.14).

Contrast Agent
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Figure2.14: Percentage of coronary lumen view from different angulations.
A section of a stenotic vessel is represented with a stenotic area in yellow, contrast agent in blue, indicating
where the blood is flowing and vessel wall ied. Images of the vessel from different angulations/perspectives
(A, B, C) can show a different stenosis severity (80%, 60%, 20/30%).

There is the option to give a first estimation of the coronary radius on a box on the left hand
side, usually the values of the first estimation varies betwe&amm (Figure 2.13 box n 2). A

process starts in background for the coronary edge detectioagibs initialization is helpful
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especially in coronaries with branches. Close to the region of a branch the edge detection
algorithm is likely to fail and manual corrections are needed.

On the top part of the GUI, two sliders allow the user to move gifirdloe runs and allow for

an accurate selection of the best frame to use for the segmentation, trying to avoid overlapping
of the vessels (Figure 2.13 box n 6). The movement of the slider is paired with the ECG graph,;
the user needs to know the exact cgihase of the projected image.

On the bottom part of the GUI ECG curves are plotted underneath the correspondent run in
order to choose a frame in both view which are in the same cardiac phase (Figure 2.13 box n
4). Usually the chosen cardiac phase nsl@iastole since the heart is at its maximum
expansion. On these two plots a red marker is moving accordingly with the motion of the slider.
Once the two MSPCA images have been chosen, the two images are displayed on the two
windows (Figure 2.13 box n &1d Figure 2.15) and the user starts to segment manually the
centreline in the first image, a manual segmentation gives more control to the user and is quick.
If the user clicks accidentally a wrong point, there is the option to undo the last actiamgclicki

the right mouse button.

Centreline Computation

The computation of the centreline is achieved by a piecewise cubic interpolation which
produces a cubic polynomiél & where on each subintervé @ & the polynomial

is a cubic Hermite interpating polynomial with specified derivatives at the interpolation
points. Moreover, the centreline is discretized with equally spaced points which are saved in a
MATLAB matrix as points coordinatdg,y)in the projection plane.

Manual corrections are nexsary regarding the edge detections, the variation of the radius
along the length for every coronary artery is the most important factor for the FFR computation.
For this reason, it is fundamental to maintain the coronary shape and more important & captur
correctly the physiological radius variation along the stenosis. Using a simple Bernoulli
calculation is easy to show that a small variation in the minimum radius) (for the stenotic

area leads to large errors for the FFR index (eq. 1.9),@itdsscritical that the user checks

the segmentation and ensures that the radii are adequately captured especially in the region of

the stenosis.

Surface Mesh Creation
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When the user has completed the segmentation, the 3D surface mesh can be safoecthat
plus it is also possible to save the coordinates of the centrelivilk format (Figure 2.13 box

n 3). The outpuitstl file is a concatenation of threstl files; the 3D surface mesh is a closed
surface connecting inlet, wall and outlet to kié&ie the process of creating a volumetric mesh

when thestlfile is exported to a meshing software.

As it can be seen in Figure 2.15 the user is computing the table movement corrections. Three

points (or at least) are marked on the first view; therpthiets are projected on the second

plane for correction. In Figure 2.16 the user had segmented the vessel from the first view and

borders are computed starting from each point of the centreline. The segmentation process ends
when the vessel is segmentedbioth views (Figure 2.17). The created surface mesh can be

i mported and visualized within the VIRTUhear

the volumetric mesh, it is possible to apply CFD to the geometry and to compute the vFFR
index (Figure 219,Figure 2.20).

Figure2.15: Table movement correction process.
A) Three points are m&ed on the first plane. B) Epipolar lines are computed on second plane.
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Figure2.16: The vessel has been segmented in the first view (Left).
The start and end points of the vessel are marked by the epipolar lines on the second view (Right).

Figure2.17: Thevessel is segmented on the two viewSoronary edges are computed in both images.
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@ Simulation App for the RISC v2 project o | B |
Overview  Angiog Surface Preps Volume Prep, Coronary Simulation ~ Coronary Results _Pressure Wire_ _Tree Simulation. _Old_ = App Menu
P
File Centreline - Suface ™ E
Centrelines
@ cp11_Lan_pre POl
Surfaces

CP11_LAD_pre_PCI

Right click on Fem: st fo reveal visua/ options.

Proceed to volume preparation —

Figure2.18: Visualisation of the coronary geometry within the VIRTUHeart tool.
The user can create a volumetric mesh anoh a full CFD analyses within the tool.

Cut surface at select locations @

Restart |

Show live preview =]
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Left-click whistt holding down SHIFT
Perform the INLET cut first.

2 - Manage cuts
One
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3 - Perform cut
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Figure2.19: The user can cut the geometry (decide location for input and ouput along the centreline) and
apply boundary conditions.
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ew Surface Prep, Coronary Results
o (2]
FFR CP11_LAD_pre_PCIOUTLET1 070

Name: CP11_LAD_pre_PC|_sim_BC
Protocol: SingleVessel

Created on: 22/11/2017 12.07:30
Results fidelty: Converged

» FFR
The FFR between the selected points is: 0.70

© Select distal point [ Stop seiectng |

FFR = 0.70

Figure2.20: Result of the full 3D simulation, where the FFR is computed as pressure ratio between inlet and
outlet.
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2.4 Validation of the tool

One 3D printed geometry has been used to validate the 3D reconstruction tool. The model is a
straight tube with a narrow part in the middle of the geometry. The phantom has been mounted
in a rigid structure in order to not allow translations and rotations during acquisitions in the

CathLab. Before starting the acquisitions, the model had beed Wikh contrast agent.

2.4.1Straight tube geometry with a stenosis

The straight tube geometry is shown in Figure 2.21. Several projection images have been taken
for the geometry following a protocol i.e. standard acquisitions without and with table
movementmn the three global directions, rotational angiogram, acquisitions with panning and

finally acquisitions with different magnification factor.

Figure2.21: Straight 3D printed tube used for validation attacdeon LEGO frame.

The first step to validate the MATLAB workflow for 3DR has been to check whether the
epipolar lines were intersecting marked objects. Along the Lego scaffold, some ball bearings
have been positioned along the frame during image acqnisditowing the presence of

reference points onto the 2D projection images.
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Figure2.22: Validation step for the epipolar lines.
The four ball bearings are marked on the first image, the correspondent epipolar lines are not passing through
the centre of the ball bearings on the second image.

Figure 2.22 is showing the correction step, the centre point of the four ball bearihgdeii

image have been marked. The four pairg,ofcoordinates are saved in a matrix and used to
compute four epipolar planes to be projected to the second view on the right. The four epipolar
lines on the right image should pass exactly through the centre points of the four ball bearings.
However, thiss not the case here because although the 3D model attached to the frame is not
moving as a real heart would do during acquisitions, there are still intrinsic errors introduced
by the system (mechanical errors). In fact, it is possible to notice thatuhepolar lines

are moved towards the upper part of the ball bearing centres. To correct this error, the affine
matrix described Section 2.2.2 has been computed and applied, the result of the computation is
shown in Figure 2.23.
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Figure2.23: Epipolar lines passing exactly through the centre of the liedhrings.
As it can be seen, following the affine matrix calculation, the four epipolar lines on the right
projection pass exactly through the marked cewittbe ball bearings.
Measurements on the mean radius have been performed on the 3DRs compared with the real

phantom data and also with a second segmentation tool available in our laboratory, the Philips

3DCA which works just on rotational angiography gea (Figure 2.24).

Figure2.24: Coronary centreline segmented and computed edges for the straight tube.
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The segmentation and radius detection has been performed in both planes and the
corresponding image reconstruction from different views is shown in Figure 2.25. To validate
the reconstruction of the straight tube with our MATLAB tool, the reconstructiconpared

with that obtained from RoCA reconstruction of the same geometry using the Philips 3DCA
tool. From the two 3D results in Figure 2.25 it is possible to see that the two geometries are
overlapping, confirming the ability of the software descrilveithis chapter to reconstruct these

two phantom geometries. As can be seen in the radius variation along the length for the CAD
file geometry is a straight tube of radiusmBhplus a stenosis (Figure 2.26 left panel).

The minimum radius of the stenosisOi$ mmwhich corresponds to 75% radius reduction.
Figure 2.26 and Figure 2.27 show a comparison between three geometries, the original CAD
geometry, and the two geometries reconstructed with the Philips tool and the MATLAB tool
described in this chapter. It cée seen that the professional tool, based on RoCA images,
better reconstructs the diameter of the normal artery, whilst the diameter of the stenosis is
similar in the two reconstructions. Furthermore, it has to be said that at the stage when the
validation for the straight tube had been done, manual corrections had not yet been
implemented in the current tool: later modifications have further improved the accuracy of the
segmentations. The average error in the radius reconstruction relative to CAD from the
developed software was 0.27Tm Given that each pixel in the image is approximately 0.21
mm the error is of the order of a pixel. A comparison of the computed errors is shown in Figure
2.28.

Figure2.25: Left) Comparison of two 3D reconstruction.
Left) Philips 3DCA tool (Blue geometry) and the MATLAB tool (Grey geometry). Right) 3D Reconstruction with
the MATLAB tool of the straight tube.
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Figure2.26: Plots of the CAD geometry.
CAD geometry radius variation along the length (Left). Comparison of the two segmentation tools (Philips and
VIRTUHeart MATLAB tool) with the CAD
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Figure2.27: Zoom onto theminimum radius for the three geometries (CAD, Philips and Med. Physics).
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Figure2.28: Comparison of the reconstruction errors with the Philips and the MATLAB tool.
Left) Raw Errors. Right) Percentagerors.

FromFigure2.28it is possible to notice how the Philips tool is performing better in segmenting
the straight geometry than the VIRTUHeargsentation tool. This is not surprising since the
Philips tool already has some important features implemented such as manual corrections for
a better border extraction. However, the results obtained with the VIRTUHeart segmentation

tool are really promisig.
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2.5 Conclusions and limitations

Segmenting coronary arteries is not a trivial task; foreshortening, overlapping, heart motion
and table movement lead to a very complicated reconstruction process. One limitation is that
the orientation of the coronaishould remain unchanged while thea@n is going to be
repositioned to another angulation, however this condition is never respected due to patient,
cardiac and respiratory motion. Even using ECG gating, patients need to hold their breath to
avoid respirairy motion. Regarding the table movement correction, the user might find
difficult to correct images where chosen points have different distances between their
correspondent epipolar lines. This situation could happen especially when the user would like
to correct a point near the catheter tip which usually is quite fixed and a point in the bottom
part of the coronary which is really affected by cardiac and diaphragm motion. The result of
the application of the computed affine matrix applied to the imagghtntie a strong
magnification or a shrinkage of the image itself. In these cases, the reconstruction process
described in this chapter can produce significant errors, and the selection of points that might
be subjected to strong relative deformations aposed to pure translations is not
recommended. The reconstruction process using epipolar lines sometimes is not possible,
difficult situations arise where epipolar lines are parallel or nearly parallel to the vessel
centreline. To avoid these reconstructjoroblems a script has been written in order to use
more than two images to compute the 3D coronary vessel reconstruction, although the code
has not been optimised yet. Having more than two views allows the user to segment different
parts of the vessel drthen once the segmentation is terminated merge the segmented parts in
one total vessel. Using multiple views would also benefit the edge detection for the reason

explained in Figure 2.14.

In conclusion the software developed and implemented in MATLAdbls to compute a 3D
coronary reconstruction and to obtain geometry meshes which are useful to compute CFD
studies and to compute important coronary parameters such as the FFR. Once the 3DR has
been computed, i nf or mat i o nclinical decidioma makisge To t o
correct for cardiac motion and table movement between acquisitions a novel click to correct
algorithm has been introduced. The advice is to choose bifurcation points as correction points,
however sometimes there might be nofew bifurcations visible in the two views, so the
catheter tip and small branches with little clinical value can be used to compute the affine
matrix. The computation of the affine transformation requires at least three pairs of feature

points. Theoretic§f more pairs of points would improve the accuracy of the system. However,

59

h



3D CoronaryReconstruction software

three or four pairs of points may be sufficient to determine an accurate correction. A further
development would be to fit elliptical cross sections instead of circles in ordefine dhore

accurately the artery shape, especially in the region of stenoses.
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Chapter 3

2D ROM generation and fluid flow
Interactions between multiple stenosis

Nowadays, numerical analysis is playing a vargortant role in every engineering field where
complex physical phenomena are involved. These models quite often require large amount of
time and furthermore CPU power and memory leading to dewasible process. Moreover, in

a general CFD study, if weainterested in changing even only one parameter within the model
we are required to repeat the whole full order simulation. However, in the last decade the aim
of computer simulations applied in the medical fields is pushing towards a ysteasific
aralysis for personalised decision support. Reduced order methods (ROMs) aim to reduce the
computational demand, to achieve an acceptable level of accuracy compared to the full order
system and last but not least they provide a huge acceleration on theatmnpmi the reduced
solution demanding much less CPU power and RAM memory [59],[90]. In this chapter and in
general in this thesis the fundamental principles and all the ingredients necessary to build a
parameterised ROM will be presented and describatiese systems the full order equations
which govern the model and their correspondent solutions depend on a set of parameters, i.e. a
parametric approach. The first aim of these ROMs is to build a low order but sufficiently
accurate model which is alile describe every solution for a completely new set of numerical
values of these parameters. The parameterised ROM should approximate the full order model
with sufficient level of accuracy, which will depend on the application, on sensitivity and on
the interpretation of the model outputs. To achieve this, in order to train the model, it is required
to compute multiple fulbrder solutions for different values of the parameteifdihe mode).

In the next sections of this chapter, the most important $tejpsiild a ROM plus some
examples of ROMs applied on straight tubes are presented with single and multiple lesions in
series [91].The aims of this chapter are firstly, to highlight the basic principles of ROMs
applied to simple models and secondly to descahe fluid flow interactions between multiple
lesions. Furthermore, the pressure drop in different coronary geometries will be considered
using different methods of computation: Bernoulli pressure drops vs 1D vs 2D CFD vs 2D

ROMs pressure drops.
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3.1 Building the ROM (the off-line mode)

The first step to build a reduced order method is to construct a fluid flow full order
computational model dataset. In the current application in coronary haemodyamics, this means
using Fluent or any oth&@FD solver to compute the full CFD simulation on the given mesh
with the right boundary conditions to achieve a high fidelity solution. As already mentioned in
Chapter 1, considering a practical approach, the user needs to collect the steady state solution
of the full dataset, called snapshots, into one matrix (the correlation matrix), and perform a
singular value decomposition of this matrix [55], [d8W]. Every snapshot is a vector stored

as a row in the matrix. If the model can be parameteriseddingthe geometrical description

and the boundary conditions (it is assumed that the rheological properties are fixed in this
application), every full order solution depends upon the numerical values of the parameters
[59], [95], [96].

The workflow to caistruct a ROM consists of two steps: tifeline, and theon-line mode.

The off-line mode is based on the design of the whole dataset; it is not possible to compute a
full order simulation for every change in the parameter values. Thus, we need to themple
parameter space in a smart way. In designing the process for sampling of the parameter space
we are interested in the full order solution over a range of parameter values, for example a
change in the coronary shape and/or a change in the mass floWoatever, when creating

the design of experiments (DOE), the variation range for every parameter has to reflect the
physiological model. It is possible to sample a larger parameter space, however this is
inefficient since some regions of the space wilt gorrespond to practicalgccurring
variations of coronary artery geometry or boundary conditionsofffime process is the step

within the ROM, which takes most of the time (weeks), although it needs to be completed only
once, assuming that the spa&adequately sampled.

Theonline mode consists on the evaluation and validation of the built ROM. At this stage the
user can change one or all the parameters within the applicable domain of the ROM to have a

guastreal time solution.

3.1.12D Mesh Generation

For the work described in this chapter and the next, the ROM is constructed using the
ROMBUuilder tool developed and supplied by the research team at ANSYS in France, with their

industrial collaboratorsThe ROMBuilder tool is an addn package which cabe loaded
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within the Fluent environment. As already mentioned with the ROMBUuildeittegopossible

to store all the CFD simulations taken into consideration in a binary format. Once all the CFD
simulations have been computed it is possible to start tieess of building the reduced order
model.

The use of the ROMBuilder tool requires all of the meshes in the training and validation dataset
to be isotopological [57], [58] and to contain the same number of nodes and eldthieass.
been found difficult to create isotopological meshes using ANSYS prodoctkjd reason, a

2D mesher was written in MATLAB(https://uk.mathworks.corj)/ saving the text file

describing every mesh as a lhmand then importing the mesh into Fluent for the 2D CFD
analyses. In order to create all the .msh files, the ANSYS mesh file format documentation has
been followed.Furthermore, the MATLAB environment has been exploited to launch

simulations in parallebgloiting the parallel toolbox.

Mesh single stenosis

0 5 10 15 20 25 30 35 40 45 50
[mm]

Figure3.1: Example otomputed 2D axisymmetric mesh developed in MATLAB.

3.1.2Generation of a 2D phantom training dataset

To use the ROMBuilder tool, first of all a design of experiments (DOE) of the Fluent cases has
to be designed. A DOE is a structured set of tests for a system or process. Since thousands of
simulations have to run for the training dataset inatffidine mode, sampling the parameters
space become important. The challenge is to explore the-aimakinsional space in an
effective and computationally efficient way. The first sampling method which has been
employed in this thesis was to randomly sample theespgamwvever this proved stdptimal

case since one could end with some regions of the space which are barely sampled or not

sampled at all.

To improve on the random sampling, a Latin hypercube sampling (LHS) was implemented.
The LHS design is a strategy fgenerating random sample points ensuring that all portions of
the parameter space is represented [97] [98], [99].

Furthermore, the size of the training dataset is also very important. The essential process of the

ROM can be summarised into four main step

1. In order to characterise the solution space, to perform sufficiently many CFD simulations

of points in the space;
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2. Computing the modes, the aim is to identify a more concise representation of the solution
space;

3. Reconstruct the low order solution usihg imodes computed at step 2;
Interpolation is used to compute the modes coefficients for intermediate values of the input

parameters which were not included in order to characterise the solution space at step 1.

It might be expected that the numberpoints needed in the training set might depend on the
number of parameters in the input and on the form (nonlinearity or flat regions of the space) of
the relationship between the input parameters and the outputs. However, it is still not clear
exactly howmany points in the training dataset are needed so it is a matter for experimentation
to establish the minimum size of the training set for any particular problem. It might be
expected that too few points in the training set might manifest itself by highs en the
interpolation step, but it is also possible that the first transformation step may not inadequately

capture the overall fundamental behaviour of the system.

In summary, for a given new coronary geometry which is characterised by some input

pamameters, ROM is applied on the output pressure profile of the Fluent solver [58].

Several CFD simulations are necessary fordfidine learning step where saved pressure
profiles are compressed into a small number of modes using a Singular Value Datiompo

SVD allows each pressure profile to be described by a linear combination of modes coefficients
and modes. Once the ROM has been built, it can interactively give an accurate approximation
of the full order solution for a new set of input paramef@ndine mode).

To maximise the power of the current study to explore the application in large parameter
spaces, theff-line mode has been computed on Prometheus, an HP computer based in Krakow

(Poland, http://www.cyfronet.krakow.pl/komputery/15207,artykul,prometheushtpits a

local desktop machine with 12 cores.

3.1.3Extracting modes with SVD approach

Once all the CFD simulations have run, and the correlation masikden populated, the next
challenge is to choose the dimens@of the subspacenumber of modes to recompute full
CFD solutions)Here, the purpose is to describe a more compact combination of the solution
vectors which supports the assembly of thedalutions so it is possible to interpolate in this

low order space.[58]. In order to decide the right dimension for thetder system we need
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to study the singular values, which are the output values from the singular value decomposition

of the correhtion matrix (Section 1.5.1).
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3.2 Tuning the ROM (the on-line mode): the ROMbuilder

tool

The second step in building the ROM is treline mode. Theon-line mode is the step where
the user exploits the built ROM to compute a low order solution for a new set of parameters
(new coronary geometry and mdksw rate) which were not used for thé-line mode.

The online process is composed of two steps: theuatadn and the validation of the ROM.

3.2.1Evaluation of the ROM

To evaluate the ROM for a specific value of the input parameters, the first step to do is to
configure theevaluation.confvhich is a .json configuration file. The configuration file contains

different fields:

Read ROM from: in this field the user gives the name (and the path if necessary) of
the input file that contains the ROM. Usually the ROM is the last created in the previous
step, with the reduce configuration file.

Vector type: in this fieldthe user has to specify the type of format of the output file of
the solution vector. The ROM is built with binary input files, so the suggested field is
Abi naryo.

Parametric configuration: this field is the most important one respect to the above
fields. The user has to specify the parameter values where to evaluate the ROM, so
instead of running a full CFD simulation, we can exploit the ROM and obtain an

accurate and low order solution in few seconds.

3.2.2Validation of the ROM

The last step is theerification and validation of the computed ROM. At this stage it is possible

to have information about the projection and interpolation errors since the user has to compute
the CFD simulations for the cases evaluated at the former step. The validgtismsteessary

since it allows the user to check if the ROM is performing as expected. The built ROM can be
validated against the simulations used for training the ROM and against simulations which
were not part of the training dataset. The two methodstlamcerror estimation step are

explained in details in the next section.
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3.2.30utput errors estimation

Once the validation step has been run it is possible tetygagtthe solutions. The quality of

the ROM is estimated by comparing in the validation poirngsetkact solutions (fulbrder)

computed by Fluent and the rebuilt solutions from the ROM. The whole error for the ROM is

composed of two parts: the projection error and the interpolation error.

1 Projection Error : is the output error obtained from the prégetfield. Once the ROM is

built, we can validate the ROM against the full order solutions used to build the ROM
itself. The projection error is a measure of how good is the description of the exact fields
which are projected into the basis of modes. énrtbxt sections it will possible to notice
how the projection error decreases if we increase the number of modes. The former trend
is expected; in fact if we continuously increase the number of modes we should expect to
obtain the same level of accuracytloé full order solution. The projection error for every
case is computed as:

Qi 1 2_Y% (Eq.31)

ADE

where® is the full order CFD solution for caga) is the projected solution amgg4is the
2-norm error.
Interpolation Error : is the output error computed as a difference between the full order
solution and the predicted solution; the latter one is thedlml@r solution which has been
evaluated with a complete new set of numerical parameters. Furthernmneottes
coefficients have been computed with interpolation. However, it has to be clear that for a
complete new coronary geometry parameterised by a new set of parameters, is not possible
to compute both the projection and the interpolation error if th€&D solution has not
been computed. To compute the norm of the interpolation error the full CFD and the
decomposition of the solution into the mode space are needed. The interpolation error is

described as:

QY& (Eq.32)
"YU E a4

where’Y is the predicted solution computed with the ROM
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3.32D axisymmetric straight tube model with a single

stenosis

Introduction

In this section(divided into Introduction, Methods and Resuls)ROM is constructed for an
axisymmetric straight tube with one stenosis. The tulie isx @ & long, inlet and outlet

radius aréY ¢a @, the stenosis is centredat p @ &. In order to construct the training

dataset, two parameters are varied: #nedty of the stenosis and the inlet mées rate
0 — . The severity of the stenosis is measured as a radius reduction percentage and this

reduction can vary between 55% and 80%, the minimum radius that can be achieved is equal
toY @& & , which is still within the ROI (region of interest) for real stenosis in which
FFR might be measured (tighter stenoses would generally be treated irrespective of FFR).

The axial variation of the radius is described by the following equation:

Ya ¢ YQ (Eq.33)
where"Y is the stenosis radius andepresents the width of the stenosis
F 3 y
5 ISiLqusteno’s_isqeometr'f : | |
? . —\/_ X -
E B Lt
B _A_ L L L 1 L L
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Figure3.2: Single stenosis geometry.
In order to obtain values of malew rate within the clinical range, a first estimation of the
mass flow has been computed resolving the electnigdidaulic circuit coupling the 2D tube
model with a 0D model characterised with a downstream resistdnceThe inputs to the
problem ared (inlet pressure = arterial pressur@),(venous pressure = 0y, (downstream

resistance)) ando (Area inlet and area stenosis).
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Figure3.3: 2D model coupled with OD model.
The coupling is made in order to compute a first estimation of the mass flow rate to use as inlet boundary
condition.

Considering the Bernoulli equation between the inlet and the stenosis, the venous peessure (

equalto 0 and moreover assuming no pressure recovery downstream the vena contracta we

obtain the following quadratic equationOrfEq.3.6):

C 0 0

Pog P ) 0Y 0 ™ (Eq.34)

The values ofY and0 are assigned in advance for this study, although of course they could
be additional parameters in a ROM. The valué a§ equal to the aortic pressure of fifiHg

or 1333%a The downstream resistancéY is representing the resistance of the
microvasculature. The value &f is a patient specific value and is changing accordingly to
baseline or hyperaemic condition, physiologically its value changes between 50 to 90

mmHg*s/ml [26]. For all the numerical simulations, blood has been modellednas
incompressible fluid with density and viscosity values equal to 1866and 0.00350 &

The partial differential equations were solved iteratively in Fluent, until convergence criteria
of p 1 were reached both for the continuity equation fandhe momentum equations in the

two dimensions.

3.3.1Generation of the ROM with the single lesion dataset
Methods
Three different training datasets with full order solutions have been used to train the ROM for
a total of 300 cases. Each of the dataset cansistLtO0 geometries. However, these 100
geometries are equal for each dataset and the variable that is varied between the three datasets
is the value ofyY (Table 3.1). For obvious reasons we should expect the inletfloassate
to change as we chamghe value of the downstream resistance (higher values offloass
rate for low values of resistance and wia¥sa). The two parameters used for the ROM
construction are. (in percentage) which is defined as the ratio between  andi ;

and the mas#ow inlet (Q).
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Table3.1: Single stenosis dataset with ROM.

Dataset # of geometries 15 Lvalue ROM
1 pEpmm £ g e |
, Lma OQc{a ROM with 2
2 pPTTECTT X 1 & "o'nd_d parameters (Radius

3 CM@o T T & 0 reduction< %) v
a d

Considering the three datasets, the computed flow values varied bepween 0

¢®& — (Figure3.4).

5 107 Radius Reduction vs Mass-flow Rate

2 ,L""--

Mass-flow Rate [Kg/s]
>
@

0.55 0.6 0.65 0.7 0.75 08
A Radius Reduction %

Figure3.4: Massflow rate vs Radius Reduction
The masdlow rate is computedfor different values of microvasculature resistan¢g0, 70, 90 mmHg * s/ml]

Once all the 300 CFD solutions have been computed it is possible to store all the snapshots

into the correlation matrix and to compute an SVD. The singular values obtained with SVD are

shown below (Figure 3.5):
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o Singular Values from the SVD

R
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Figure3.5: Singular Values computed from the SVD algorithm on the training dataset.
The xaxis represents the number of singular values, whilst th@xyis represents the value of the singular
values on a logarithmic scale.

The training dataset is made up of 150 simulations (50% of the full dataset size), with 50
different geometries and where for every geometry three full order CFD simulations have been
computed, with three different values of mass flow rate (each corrasgdad different value

of the downstreanyY ). From the study of the singular values given by the system (Figure
3.5), it is possible to notice the initial steep decay of these values. This means that the first few
modes are collecting the most img@ort behaviour of the fluid flow. Furthermore, a reduced
order model was built using just few modes, chosen to ensure that the ROM is capable to
describe with a good level of accuracy every full order solution. Different ROMs have been
built, with differentnumber of modes. Once the ROMs have been builprtHime mode can

start, this means new geometries with new parameters have to be generated in order to evaluate
the ROMs.

Since the initial flow computed with the quadratic equation is only a crudeagistimof the

real flow, another step is necessary for the evaluation step. A recursive loop has been written
in MATLAB to check the convergence of the mdigsv rate for every iteration. Figure 3.6

shows the workflow:
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Compute new
geometries for

Evaluate ROM Compute

New parameters (A.Q) .
with (A.Q) Pressure distal

evaluation and Recompute new Q

validation step

Convergence?

Yes

Validate ROM vs CFD

Figure3.6: Iterative loop forrecomputing Qto achieveconvergenceThe iteration is computed in MATLAB.

Results

The computed ROMs are evaluated with 25 geometries outside of the training dataset. If a
solution space for a twparameter model is smooth enough we should expect that the system
should be welkepresented by 150 points in the space.

The graphs below (Figure 3.7) show the evaluation step for two cases (igbdeit3ide the
dataset exploiting the computed ROM witffefent number of considered modes (m=1,2,3,4).
What should be expected is that, increasing the number of modes, the ROM solutions should
converge to the full CFD solutions, achieving a better accuracy for the overall description of
the different pressungrofiles (and then FFR). Furthermore, a Blakitiman graph is presented

for the 25 cases outside the dataset when m=4 (Figure 3.8).

Table3.2: Mass flow rate and radius reduction for each simulation.

MassFlow Rate Radius reduction
Case #4 0.0018 71%
Case # 8 0.0015 79%
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Figure3.7: Full CFD solutions vs ROM computation for two different cases of the single stenosis da
described with Imode.

Top Row) Pressure profiles along the length comparison for full CFD and ROM. Bottom Row) Error in |
between the pressure profiles.
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Figure3.11: Correlation between full order pressure drop and ROM computed pressure drop.
Left) Linearcorrelation; Right) BlandAltman plot.

Discussion

Although the model is very simple (single stenosis with two parameters), the results obtained
are excellent in terms of the computation for the pressure profile. The correlation between full
pressure dneand the low order pressure drop obtained a vali¥ of T@o awhen computing

the solution with 4 modes. Furthermore, the maximum error shown on the Btamah graph
reached a value af0 o md@ a a ‘O"at high values of pressure drop. Errors
between full solutions and recomputed solutions with the ROM are very small, reaching a
magnitude op 1t for the cases described by 4 modesgarding execution time comparispns

a full 2D steady state CFD simulari takes approximately 2 minutes; the computation of the

ROM solution takes 0.2 seconds on a normal laptop Pc.

3.3.22D CFD analysis vs Bernoulli pressure drop for single stenosis

In this section, and also for the next examples the simplified Bernoulli equation and a full CFD
analyses will be taken into account in order to consider the errors in the computation of the
pressure drop. The aim of this section is to consider the cotigpubdithe irreversible pressure

drop across a stenotic lesion comparing the Bernoulli and 2D CFD straight tube axisymmetric
model with a single stenosis. The hypothesis is that even for very simple cases such as a single
lesion along the straight tube rdain the Bernoulli equation cannot describe accurately the

fluid flow behaviour.
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We use the geometrical model as described in the former section, i.e. one single stenosis along
the fluid domain, followed by a sudden expansion which returns the geométey aaginal
crosssectional areaWriting down the energy balance on a particle of fluid travelling on a
streamline through this domain, it gives:

6 E,, 0 ) 5 p,, . " (Eq35)

C
whereP is the pressure; is the velocity,g is the gravitational accelerationjs the height;

0 0

is the density of the fluid arfds the frictional energy losglowever, the height in a horizontal
tube can be eliminated on both sides and the frictional energy loss is negligiiée, the
assumption of no viscosity'he equation becomes a simplified Bernoulli equation used to

translate velocity to a pressure difference:

(Eq.36)

C
CA

Pressure drop with Bernoulli has been computed considering mass flow of the fluid, the inlet

area and the stenosis area. Applying the continuity equation and writingwe have:

o L B2 (Ea-37)
C 0O o0
Considering the Bernoulli equation, the energy balance can be applied between any pair of
points
1 2 3
2 Single stenolsis geometr'_l.r : : |
T L \/_ |
:_2 /\_ I ] ] ] ] J

70mm

Figure3.12: Single stenosis geometry for Bernoulli computation.

Looking at Figure 3.9 the type of geomeisya straight tube with a vena contracta, the radius

at point 1 is equal to the radius at point 3 and considering the continuity equations the two

velocities have to be equal. So according to Bernoulli (and neglecting frictional loss) we have

no pressurerdp between point 1 and 3. Clearly, in a real system this is not true, the pressure

value at point 3 is lower than at point 1 due to frictional energy loss which reduces the pressure
recovery between point 2 and 3. Furthermore the stenosis creates dstsrbad complex

flow fields which contribute to the overall losses.
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Figure3.13: Example of pressure contour (top) and velocity contdqiiottom) for the single stenosis
geometry.

As expected, the blood flow increases its speed significantly as it passes through the vena
contracta. The phenomenon of flow separation occurs just after the constriction, since there is
a rapid expansion of the geometry. The flow separation causes geabarthe fluid motion

since the fluid starts to recirculate near the walls. Most important, it is possible to notice from
the pressure contour, that the pressure drop is concentrated on the region of the stenosis and
that there is a little pressure recoyelownstream of the vena contracta which is due to the
deceleration of the fluid. In fact, in the direction of the fluid, the pressure is falling on the
convergent section of the tube, however the pressure rises as the cross sectional area starts to
expard again after the lesion. The fluid jet continues to narrow further downstream of the lesion
until it reaches the vena contracta where the velocity of the fluid is at its maximum speed
(minimum fluid crosssectional area). At this stage, the flow startexpand, filling the whole
crosssectional area of the idealised straight coronary.

Before writing the discussions for these cases, it is important to mention that the idealised
coronary domain should be long enough to ensure that pressure recoveris eftegplete.
However, for the cases taken into consideration, the domain is quite short and pressure is still
recovering, meaning that the reported pressure drops are arbitrary since the length of the
domain is arbitrary. One should consider the pressuoe once the flow has fully recovered

and the pressure profile starts to diminish again following a linear pressure drop given by the

Poiseuille law after which the full effect of the stenosis has been accounted for (Figure 3.11).

79



2D ROM generation and fluid flow interactions between multiple stenosis

However, as it can be ee from Figure 3.11 (considering a much longer twub800mn) the
maximum pressure recovery (full recovery), can be far away and not important for coronaries.
It can also be said that the coronaries are too short to allow blood flow to develop. The length
needed by the flow to develop on a straight tube, is called inlet length; the inletdength

depends on the Reynolds number as:
o} Eq.
@Y O (Eq.38)
O
If itis considered & 'Q v Ttand an average coronary diameter of & ; the length necessary

to the blood flow to become developed i ¢ dt d.

110 Pressure vs Length

(=] (=]
(=] [

Pressure [mmHg]
&

L

85
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tube length [mm]

Figure3.14: Example of pressure recovery for a long straight tube ¢okircle.

A Bland-Altman graph has been computed with 50 different geometries where thdlomass
rate was a parameter (Figure 3.12). However, the different-fhoags have been computed

starting from different values of thé¢ as shown in Table 3.1.
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Figure3.15: Top graphs) Comparison of pressure drops computed with CFD and Bernoulli (A).
Bland-Altman plot for the pressure drops (B). Bottom graph) FFR CFD vs FFR Bernoulli for different values of

Rmc.

It is possible to notice that using the Bernoulli formula (with the average velocity) the pressure

drop is wunder est isdantqddebis segative.d-urthemneore ghre difterencep P

bet ween tshissincreasing whiBt considering higher vadue o f meda n P

underestimation of the pressure drop means that the FFR index computed with Bernoulli is

overestimated, moreover low values of FFR are poorly described since for high values of mean

P correspond higher

e r r tois gerhapsnsurpribirg thatrthe s s u r e

Bernoulli loss is smaller than the CFD pressure gradient despite the fact that in the Bernoulli

computation it has been assumed no pressure recovery. This is why for the next computations

of Bernoulli pressure drops presediin the next sections, it will be taken into account also the

maximum velocity reached by the blood flow along the centreline of the coronary. The peak

velocity values computed with CFD simulations have been plugged into the Bernoulli formula.

3.3.3Results CP vs ROM vs Bernoulli for a single lesion

The ROM has been validated against 90 cases which were out of the dataset, the FFR has been

computed with three different methods, CFD, ROM and Bernoulli, in order to compare the

accuracy. The FFR value with Berdlolnas been computed twice, the first computation has
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been done considering the average value of velocity, instead the second Bernoulli computation
is considering the maximum value of the velocity along the coronary centreline. The correlation
between théFR computations is represented with Blakiinan graphs (Figure 3.15). Some
results of the CFD simulations vs ROM solutions are shown in Figure 3.13 and Figure 3.14.

i d P e
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Figure3.16: Top graphs) Full CHdlution vs ROM solution with 4 modes for the pressure contour.
Bottom graph) Axial pressure profile vs coronary length for Giellution and ROMsolution.
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Figure3.17: Top graphs) Full CFD solution vs R@dUtion with 4 modes for the pressure contour.
Bottom graph) Axial pressure profile vs coronary length for Giellution and ROMsolution.
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Figure3.19: BlandAltman graphs for the different methods.
A) CFD vs Bernoulli; B) CFD vs Bernoulli max; C) CFD vs ROM.

This study is showing how the modified Bernoulli equation is not a very good estimation for
the FFR computation, furthermore the graphs are showing that the ROM estimate of the FFR
is better than Bernoulli with an excellent correlation (the slope ofieardiregression model

is equal to 1). However, it has to be said that the ROM is built on the same domain as the CFD,
S0 it is not surprising the errors are very small. The error values computed with Bernoulli are
higher compared to the ROM errors. It igeresting to notice how the FFR computed with
modified Bernoulli equation using the maximum value of velocity is always overestimating the
pressure drop meaning that the computed FFR is always underestimated. This behaviour is
opposite to the underestinmt of the pressure drop given by Bernoulli with the average
velocity. Other studies have highlighted this kind of behaviour as in [100], [101] especially the

case of overestimating the pressure drop, using Doppler ultrasound for clinical measurements.

However, if considering invasive study, it is common to consider the pressure profiles
effectively uniform after the lesion. As already described in the previous sections, the jet of the
fluid expands downstream of the vena contracta; moreover, its valecitgases, and pressure
recovers thanks to the conversion of kinetic energy to pressure. The pressure recovery

behaviour can lead to overestimation of the pressure gradient so that the measured gradient will
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be lower if the distal catheter is positionedwistream from the vena contracta. This can lead

to the overestimation of the pressure gradient because of the phenomena of pressure recovery.
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3.4 2D axisymmetric straight tube model with a double

lesion

A potential question with regard to the analyses sihgle stenosis presented in the previous
section is whether the pressure behaviour might be captured by a 1D model. In this section a
straight rigid tube with two stenoses in series has been analysed. For this system it might be
expected that a 1D modelight not adequately capture the interactions between the stenoses
that are associated with jet expansion and pressure recovery. Multiple CFD studies have been
performed for the 2D straight tube axisymmetric study with a double stenosis [12], [102]
[104]. The present numerical study has been developed to understand the haemodynamic and
geometrical effects of two stenosis in series since it is quite common to find multiple stenosis
in series in a diseased coronary vessel. Although is a simple model, itulktosenderstand

the different interactions between the stenosis, representing situations which could easily occur
in patients with CAD. The hypothesis is that the interaction between the two stenosis depends
on the grade of the severity, on the intergpgadistance between the two occlusion and on the

mass flow rate.

3.4.12D CFD interactions between two stenosis in series

double sten?sis geometry

double stenosis mesh

100mm

Figure3.20: Double stenosis geometry withelative 2D mesh.

The geometry of thstraight tube is 10 cm long, the dimensions of the inlet and outlet radii are
equal ¢ = 2mm). The position of the first stenosis has been kept fixed and it is centred at 5
The position of the second stenosis is varied such that the interspace distarezn the two
minimum radii of the two constrictions is varied betwagn "Qé o b increasing
gradually the distance in increments20br. Four datasets, consisting of 13 geometries each

have been taken into consideration. The fluid floveach of the 13 different geometries in a
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single dataset have been simulated using different mass flow rates, with Q ranging from 1 to3
ml/s. Every dataset is formed by 65 simulations, giving a total of 260 steady state simulations
(Table 33). The interspee distance between the two stenosis, the two radii reductions (severity

of the stenosis) and the inlet mass flow rate have been varied for this study (

TN O &a Qd@l become evident in the next sections that the haemodynamic intesactio
between two stenoses in series is strongly dependant on all four parameters. We demonstrate
that the two stenoses do not interact haemodynamically if the fluid flow after the first stenosis
has effectively reattached to the wall.

Table3.3: Summary of the different simulation.
The two lambdas}{ andy ) refers to the radius reduction in percentage of the first stenosis and the second
stenosis.

A°HTHTI B o A "HTHITi B 6 Massflow (Q) Distance Total
[1:0.5:3] [5r:2.5:35r1] Simulations
50 50 5 flows 13 geometries 65
70 70 5 flows 13 geometries 65
50 70 5 flows 13 geometries 65
70 50 5 flows 13 geometries 65

We consider axial velocities and axial pressure profilesiagariables of choice to study the

geometric and haemodynamic interactions.

Pressure profiles on the centreline
CaseA S1=50% S2=50%

For two stenoses in series of the same degree which armteoarcting (large interspace
between them), the pressutp along the centreline is (almost) double that of the pressure
drop on a single stenosis (Figure 3.25 and Figure 3.26). In fact, the two stenoses, even if they
are in series, act as two separate stenosis and the total pressure drop along the @&ubleyis giv

the summation of the two independent pressure drops (case where s1=50% s2= 50% at high

value of distance).

In contrast, if we consider interacting stenoses, the total pressure drop along the tube is less
than the sum of the pressure loss of eacloster{graph of pressure profiles Figure 3.23 and
Figure 3.24). The closer the two stenoses are, the more the difference increases in the total
pressure drop. As the second stenosis get closer and closer to the first stenosis, the pressure

drop across theesond stenosis tends to be lower (Figure 3.21 and Figure 3.22). Moreover, the
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minimum pressure at the throat of the second stenosis increases when the second stenosis is

close to the first.
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Figure3.21: Left plot) Axial velocity profile. Right plot) Axial pressure profile.
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Figure3.22: Left plot) Axial velocity profile. Right plot) Axial pressupeofile.

91



Velocity [m/s]

1.2

O
o0

o
o

O
N

O
N

2D ROM generation and fluid flow interactions between multiple stenosis

Velocity Profile S 1=50% 82=50%

2 4 (3} 8 10
Length [ecm]

Velocity contour

-  O—

Q A Q
g N S
W o> X

L T (s

Pressure [mmHg|

110

108 |

106

104 |

102

Pressure Profile S1=50% 82=50%

2 4 6 8 10

Length [cm]

Pressure field
] | e
9 9 o
& S &
Cbrbo"e. »\'\Q Di'\
q’. !\ .

Figure3.23: Left plot) Axial velocity profile. Right plot) Axial pressure profile.
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CaseC S2=70% S2=50%

In case the severity of the two stenosetfifferent, it is interesting to looktan example where

the first stenosis is more severe than the distal one. For interacting stenoses (small interspace
distance), the flow accelerates at the first stenosis, pressure is converted into kinetic energy and
a big pressure drop occurs. The accelerated fluid flow does not interact haemodynamically with
the second stenosis, in fact there is no additional pressure drop at the second vena contracta but
surprisingly there is a pressure recovery. This effect mdaatstie second stenosis has a
positive impact in helping the pressure recovery [105]. The small radius reduction of the second
stenosis does not accelerate the flow any further, on the contrary the distal stenosis decelerates
the jet. This behaviour is eblgined by Figure 3.25, the jet is expanding at the second stenosis
and this expansion is causing a reduction in velocity and a concomitant increase in static
pressure.

The beneficial effects of the second stenosis disappear when the interspace betiveen the
increases. We note a small acceleration into the second stenosis when the two stenoses are far
apart. As result, the less severe distal stenosis adds a small contribution to the total pressure
drop, increasing when the distance between the two stanomsses. It is apparent that, as

might be expected, the two stenoses in series tend to act haemodynamically as a single stenosis
when they are close together. The jet does

when it arrives at the secdistenosis.
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Figure3.24: Left plot) Axial velocity profile. Right plot) Axial pressure profile.
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Figure3.25: Left plot) Axial velocity profile. Right plot) Axial pressure profile.
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Figure3.26: Left plot) Axial velocity profile. Right plot) Axial pressupeofile.
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CaseD S1=50% S2=70%

When the first stenosis is less severe than the distal stenosis, the system behaves as expected.
There is pressure drop which occurs at the first occlusion, moreover the fluid flow encounters
the second stenosis while it is in recovery in the separatioe. Ade largest pressure drop

occurs at the more severe stenosis where the flow suddenly accelerates.
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Figure3.27: Left plot) Axial velocity profile. Right plot) Axialressure profile.
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Figure3.28: Left plot) Axial velocity profile. Right plot) Axial pressure profile.
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Figure3.29: Left plot) Axial velocity profile. Right plot) Axial pressure profile.
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Pressure Profiles

In this section we present the pressure profiles along the centreline for the dataset case A
(S1=50%, S2=50%) in order to visualise the change in pressure with the interspace distance
between the stenoses. Figure 3.36 shows that as the interspace distaremn the two
increases, each stenosis acts as independent. In fact, at 7cm interspace distance the total
pressure drop is twice the pressure drop on a single stenosis. Since the Bernoulli formulation
does not account for the geometrical and haemodyrrafaitions between the two stenoses, a
decreasing difference between the computatio
as the interspace distance is increased (TaBlard Figure 3.37).
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Figure3.30: Pressure profiles for Case A (S1=50%, S2=50%) at different interspace distances.

Table3.4: Comparison of CFD and Bernoulli pressure gradient.

{1 PHA PhrivaF- CFD &P [ mmk Ber nou[miHg] eF
50,50,5r 4.60 6.80
50,50,20r 531 6.80
50,50,35r 5.99 6.80
70,50,5r 21.63 31.17
70,50,20r 23.46 31.17
70,50,35r 25.79 31.17
50,70,5r 26.18 31.17
50,70,20r 28.73 31.17
50,70,35r 31.23 31.17
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Figure3.31: Error between Bernoulli and CFD pressure drop for three different casas:¥850%), (870%,
S$-50%), (8=50%,%=70%)

Axial velocity profile (fixed interspace distance, varying severity of stenosis)

Velocity profiles for Case A, B, C, D are shown in Figure 3.38. The centreline velocity profile

is shown for the different geometries at fixed interspace distance between the two stenoses of
20r. The maximum velocities occur along the centrelines andfggadigi at the location of the

vena contracta where we have global maximum values for the most severe stenoses (Case B
70%, 70%). It is clear that after the restrictions the fluid flow decelerates and the pressure
gradually recovers. However, the case \ehiire first stenosis is more severe than the distal

one (Case C 70%, 50%), velocity at the second stenosis does not increase but decreases instead.
The second mild stenosis decelerates the jet causing a reduction in velocity and a concomitant

increase intaitic pressure.
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Figure3.32: Velocity profiles for the four different datasets, keeping constant the interspace distance.
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3.5 2D vs 1D vs Bernoulli of the double stenosis interaction

model
I n the previous section it has been alread
computed with Bernoulli and the computation

when the two stenoses have a large interspace distance; this is becausddb®hs are no
longer interacting haemodynamicallyn section 3.3 the single stenosis case has been
considered highlighting the difference between the computation of the pressure drop with a
simple Bernoulli formula or with CFD for an axisymmetric getmye

However,whathas not been demonstraisch comparison between a 2D model, a 2D model
with ROM and a 1D modellThis comparison is a necessary step since if the 1D model will
show comparable results with the 2D model, a ROM computation would netbssarydue

to the fact that 1D models require a small amount of CPU and)RAMhis section a similar
study with a comparison between axisymmetric CFD vs Bernoulli vs 1D solver has been
computed in order to numerically assess the errors in the presp when different methods

are deployed [106],[31], [107].

Considering the Bernoulli formula, in a straight tube, Witstenoses in series the total pressure
drop is the summation of the pressure drop given byjthestenosisTherefore, we would

have:
Y0 Y0 (Eq.39)
whereY0 is the pressure drop which occurs atithstenosis. Since in this study there are two

stenosis in series and the geometry of the tube is known, the total Bernoulli pressure drop is

given by:

Vi P 2 L
C o) o)

0 0 (Eq.310)

In the 1D model, the fluid flow domain is decomposed into little segments, connected at nodes.
The 1D solver used in this section is called OpenBF, the solver is open source (Apache 2.0)
and has been developed in INSIGNEO (Sheffield) [30]. Bp4da a finite volume solver based

on a 1D reduction of the Navi&tokes equations and it is characterised by some model

assumptions:

104



2D ROM generation and fluid flow interactions between multiple stenosis

The blood flows through narrow and circular vessels;

The vessels are straight and have linear elastic compliant walls;

Displacements in the radial direction are small;

The blood is an incompressible Newtonian fluid.
For this study a single vessel is considered and furthermore the vessel must not present bends
along the axial direction.

The equations which describe the ldver are:

- ot1Tv .

el p T w » 5

o8 era oo B

Tofwo T $3 (Eq.311)
Vi — _

A . o) . “0Q

l\fU o U I 5 P f 5 o0

Vg

wheret is time,x is the axial coordinatéd(x,t) is the coronary crossectional areaQ(x,t) is

the volumetricflowrate, i s t he Cor i 0isthedbldéod deosityp (X,t)isdhie blood |,
pressure, is the blood dynamic viscosity, is a parameter defining the shape of the radial

velocity profile,0  is the vessel externalpressi®e i s t he vessel wall Yoc
"is the Poiose tsrihe seferenaee droggctional area and finalliR is the
reference \all thicknessThe crosssectional area8  for the different cases have been set
up to match the variation of the radio$ the 2D geometriesSince the 2D geometries
considered in the previous sections were not compliant, in order to replicaewbashaviour

for the 1D model, it has been wdsasesckn a hi gh

52 cases have been used for the comparison between 2D and 1D model, using the same
boundary conditions.
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Pressure Profile
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Figure3.33: 1D vs 2D model comparison for Pressure vs Length for different double stenosis geomet

In Figure 3.33t is possible to notice the differences between the computations of the pressure
profiles for different geometries. The 1D is capable of collecting the pressure drop at the right
locations (minimum radii) however there is no sign of pressure recoventladtlesion in any

of the plots. In fact, although 1D models are less computational expensive than 2D models,
their drawback resides in the lack of accuracy where recirculation of flow may occur. It is also

possible to notice how the pressure drop inlthenodel is following a linear decay just after
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the lesion (Poiseuille pressure drop), whilst 2D models are still in pressure recovery mode. In
Figure 3.40 it is shown a full comparison of the three different methods for the pressure drop
computationsitcan be notice that the Bernoullii C Omj
majority of the cases.
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Figure3.34: Bernoulli vs 1D vs 2D pressure drops for 52 double stenosis cases.
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3.6 Generation of the ROM with double lesion

In this section a generation of a ROM in a straight tube with double lesion is presented. This
study is different from section 3.4, the former was characterised by two stenoses where the first
one was kept fixed, varying the interspace distawith the second stenosis. The two stenoses
had a fixed radius reduction as well.

ROM Off -line step

In this case, every geometry within the dataset is parameterised by six parameters which are:
massflow rate, two parameters describing the radii reidnctf the two stenosis (1 parameter
each), two parameters for the location of the two stenosis along the axial direction and the last
parameter is the length of the tubde difference between the two stenosis locations along a
single coronary domain defined as distanc&he aim is to build a ROM capable of describing

the pressure profile along the centreline of the straight tube for every parameterised simulation.
As already presented in section 3.3 the 2D model is coupled with a 0D model degbebing
microvasculature downstream resistance.

A total of 3663 geometries have been considered to produce Table F@ared3.35

Table3.5: Summary of the dataset for ROM construction.

Dataset # of geometries 4, wvalue ROM
1 é L e |
PEPSEP LT A OV ROM with (Severityl,
2 PCCECTTC 4 40D ! Severity2Q, Location
xaao a o S1, Location S2,

3 CTT&O Q@O W1 & 00— Length
& o
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Figure 3.35: Pressure gradient as a variable dependent by Flgwassflow inlet) and Distance(distance
between the two stenosis along a coronary domain)

Blue dots represent thepressure dropof the 3663 geometriesused to train the ROM.Higher flows will
produce a lower pressure drop.

In Figure 335 the x-axis represents the distancenmm between the two stenosis in series
(interspace distance); tlyeaxis represents threassflow inlet used as boundary conditions for

the different geometriesThe fluid flow has been computed with the Eq. 3.4 starting with a
distal resistance and the values of the two radii (inlet and min radius of the two stenosis).
However, we would expect high values of pressure drop for high irigs$ fiow rates, this is

not true in this example since the mass flow rate has been computed to be inversely proportional

to the min radius of the stenosis|(—) . Mild stenosis will have a higher flow, but they will

not be affected by a higiressure drop (bottom part of the graph). On the contrary, very severe
stenosis will be characterised by a low value of mass flow inlet but they will be affected by a

higher pressure drop (top part of the 3D scatter plot).

Figure 3.36 is showing the quaticarelationship between the severity of the stenosis and the

computed correspondent flowor very mild stenosis® _ h. 1@ uhe computed mass

flows have higher values than severe stenosis; this is still in accordance with Eg. 3.4.
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