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Abstract

Computed Tomography based Fractional Flow Reserve (FFRCT) is a
non-invasive simulation based measure for diagnosing ischaemia causing
arterial stenoses. One drawback of simulation based measures are the
assumptions made that are usually based on population studies that may

not apply to all patients.

This study describes the fundamental characteristics to FFRCT
simulations and how the simulations can be simplified where it can and
where assumptions break down. The investigation starts with assessing
whether the simulations can be simplified to a steady flow, whilst
uncharacteristic of typical coronary blood flow, it was demonstrated that with
regards to the diagnostic measures of FFR, and its variants dFFR or iFR,
that steady flow was applicable, which reduces the complexity of the
simulation, saving computational time and resources as well as removing

uncertainty in the input assumptions.[1]

The next phase of the study explored the downstream conditions of
the FFRCT simulation scheme. The microvasculature is too small to
resolve in CT imaging and therefore assumptions are made regarding its
form and function. Whilst form function relationships of the
microvasculature are well established in the literature for the structure of
microvessels at rest, assumptions regarding stress or hyperaemia are used
for FFRCT to simulate maximal blood flow through the coronary arteries.
The investigation utilised perfusion imaging to assess the validity of this
assumption and showed how variable the microvascular response to
hyperaemia is, and the effect that has on FFRCT.[2][3]

The last part of the study produced a novel method of estimating the
microvascular response using patient metrics such as age, sex, diabetes,
smoker status etc, from a training dataset of 101 patients. By using the
patient-specific microvascular response, FFRCT simulations better
represent the coronary artery health of the patient. On a separate dataset
of 10 patients, the FFRCT measurements using this novel method was also



validated against the gold standard invasive FFR and has demonstrated a
better diagnostic performance (94% accuracy) than the conventional
method (82% accuracy). Secondly the novel method also created a
probabilistic spread of FFRCT values that may provide better utility than a
strict binary measure. Whilst this novel method will require further validation
with larger studies, it nevertheless has potential to address some of the
current drawbacks of FFRCT methods when applied to a varied patient

demographic.



Impact Statement

Coronary artery disease (CAD) is the number one cause of
premature death globally. As imaging modalities improve over time,
minimally invasive and non-invasive diagnostic measures are becoming
ever more popular in diagnosing the severity of suspected CAD. Fractional
flow reserve, the ratio of pressures proximal and distal to a stenosis, has
been demonstrated to be an effective indicator of the physiological severity
of a stenotic (constricted) artery, and currently is the gold standard for
functional diagnosis of CAD. Standard FFR is measured invasively using a
pressure wire with the patient under induced hyperaemia. As imaging
technologies improve, the medical community has been increasingly drawn
to non-invasive alternatives such as Computed Tomography FFR (FFRCT),
which uses CT angiography and computational fluid dynamics to simulate
flow conditions such that FFR can be calculated directly. This popularity has
coincided with the widespread adoption of CT coronary angiography as the
first line test for CAD. However, conventional FFRCT protocols make strong
assumptions based upon morphological predictions, many of which are
based on population-wide studies which may not be suited to individual

patients.

This study tackled assumptions, especially those related to outflow
boundary conditions in computational fluid dynamic modelling (CFD), by
developing a contrasting FFRCT model that uses perfusion imaging data
from PET perfusion and CT Perfusion to compliment the simulation
parameters as well providing validation of downstream flow conditions.
Sensitivity of the predicted FFR values to the outflow boundary conditions
(BC) was first examined using a novel outflow BC based on PET images.
Then, using patient demographic statistics of 101 patients, a novel FFRCT
method was developed and validated using a sample of 10 patients with
invasive FFR to produce an FFRCT measure that more accurately
represents the functional severity of a patient’s stenosis. Ultimately the goal
is to produce an FFRCT system that is more reliable and representative for

all patients.



The importance of the accurately characterising the microvascular
response has clinical ramifications, if incorrectly estimated, it can
overestimate the severity of a coronary artery stenosis, leading to
unnecessary procedures that serve little patient benefit. In particular,
patient demographics such as women, the elderly, smokers, and diabetics
tend not to be suited to the conventional assumptions.

On the engineering and computational modelling side, various
simulation and physical assumptions were tested and validated,
demonstrating that coronary blood flow simulations can in some aspects be
simplified for specific purposes such as FFRCT. These findings will further
demonstrate the possibility of devising computationally fast and reduced
order models for FFRCT and similar simulations.
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Chapter 1. Introduction

1.1. Problem overview

Coronary heart disease or ischaemic heart disease is the leading
cause of death globally. In the UK alone deaths by coronary heart disease
account for more than 12% of deaths by all causes across all ages [4].
Ischaemia occurs when the myocardial tissue does not receive enough
glucose and oxygen, usually from a restriction in blood flow to muscle
tissue. As myocardial cells die from the lack of oxygen, it can lead to
myocardial infarction that is commonly known as a “heart attack”. This can
lead to permanent heart muscle damage, scarring and even heart muscle
death.

Generally, a restricted blood flow in the myocardium is caused by a
stenosis or multiple stenoses in the coronary artery system; a narrowing of
the lumen (the space for blood flow) caused by a lesion typically of
atherosclerotic plaques. Chronic stenoses can lead to transient ischaemia
which can eventually lead to ventricular arrhythmia and even fibrillation, also

causing patient death [5]

Due to its preventable and treatable nature, there has been many
techniques proposed, and continuously improved, to aid the prognosis and
diagnosis of potential CAD patients. One such measure is Fractional Flow
Reserve (FFR). FFR is the ratio of the blood pressure proximal to (upstream
of) a suspected lesion, and the pressure distal to (downstream of) the lesion
(shown in Figure 1-1). It has been shown that FFR is highly determinative of
patient outcomes after treatment, and has become a quantifier to the
significance of a stenotic artery, directly quantifying the severity of the
ischaemia and producing an important indicator for physicians to plan an
interventional strategy [6]. To calculate this value traditionally required
catheterisation which is invasive/minimally invasive. However, non-invasive
or catheterisation-free alternatives have been sought since angiography
technigues have evolved and matured, most notable being Computed

Tomography Coronary Angiography (CTCA). Non-invasive methods do not
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expose the patient to the risk of complications that invasive and minimally

invasive methods do.

Distal Coronary Pressure (Pd)

FFR =

Proximal Coronary Pressure (Pa)

(During Maximum Hyperemia)

Figure 1-1 Diagram showing a pressure wire measuring the pressure proximal Pa
and pressure distal Pd to the obstruction. Note that this pressure wire is inserted
using a catheter with the patient under the effects of adenosine induced
hyperaemia. FFR is the ratio of Pd and Pa [7].

Recently, clinically viable non-invasive FFR has been derived using
FFRCT (Computed Tomography measured FFR) techniques. One of the
most promising ways is to use computational fluid dynamics (CFD) to
simulate blood flow in a 3D CT reconstructed coronary artery geometry.
Blood flow simulation allows predictions on pressure changes across
stenoses without the need of catheter-based measurements or other
invasive physiological tests. However, there are many assumptions made in
FFRCT CFD simulations that need to be addressed, and this study will
investigate where these assumptions are valid and where it fails, using PET
perfusion and CT perfusion data to supplement the conventional model.
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1.2.

Aims and objectives

The overarching aim of this project was to investigate CT-based FFR

computation methods, understand their sensitivity to various input

conditions and evaluate potential clinical implications. There are two main

aims, each of which has specific objectives, as summarised below.

Aim 1: To examine the sensitivity of FFRCT to inflow and outflow
conditions

Objectives:

Investigate the effect of flow pulsatility on FFRCT.

Investigate the impact of using population average metrics (heart
rate, blood pressure, cardiac output etc) on FFRCT simulations, in
comparison to patient specific metrics.

Investigate the impact of outflow boundary conditions, in particular
the vasodilatory response to hyperaemia, on FFRCT.

Evaluate the differences between various functional measures (iFR,
Resting Pd/Pa, CFR, etc.) in comparison to FFR.

Aim 2: To propose and examine a method to improve FFRCT

Objectives:

Develop a method to define outflow boundary conditions based on
perfusion images.

Investigate the variability of hyperaemic response for different patient
profiles (young, old, male, female, smoker, non smoker etc).

Develop a method to define outflow boundary conditions that reflect
patient-specific myocardial perfusion but without the need of
perfusion images.

Evaluate the proposed methods against invasive FFR and assess
their potential clinical implications.

26



1.3. Thesis structure

Chapter 1 will set out the research problem and the questions that this

project attempts to answer.

Chapter 2 will lay out some of the background information needed to
understand the clinical problem, the diagnostic techniques currently in use,

what FFRCT is and what are its strengths and weaknesses.

Chapter 3 will set out the broad methodology. Describing the clinical data
used in this study, the anatomical model reconstruction, and the simulation

scheme.

Chapter 4 explores primarily the inflow boundary conditions into the
coronary tree, the effects of pulsatility of flow, blood pressure and stroke

volume on the variability of FFRCT.

Chapter 5 explores primarily the outflow boundary conditions, the
assumptions on coronary microvascular flow, the flow response to
hyperaemia and whether perfusion imaging can provide insight into the

variability of these assumptions.

Chapter 6 attempts to produce a clinically viable model of making
assumptions based on more patient specific metrics like sex, smoker status

and diabetes etc.

Chapter 7 will provide the conclusions to this project, identify broad

limitations, and suggest the next step for future work.
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Chapter 2.  Background

2.1. Clinical background

2.1.1. Heart anatomy

The human circulatory system has four main vessels, the aorta, the
vena cava, the pulmonary artery and the pulmonary vein. The Aorta carries
oxygenated blood out of the heart to supply the body as well as the heart
muscle (the myocardium), via the smaller coronary artery branches, which
needs oxygen and nutrients to function. The pulmonary artery takes
deoxygenated blood into the lungs to be oxygenated, and the pulmonary
vein carries oxygenated blood back to the heart. The Vena Cava takes
deoxygenated blood from the body back into the heart. In this study, the
main region of interest in this study is the aorta, coronary arteries and the

myocardium.

The cardiac cycle is divided into two parts, diastole and systole.
Diastole is the expansion and relaxation of the heart, where deoxygenated
blood from the body and oxygenated blood from the lungs travels into the
heart. Systole is the contraction of the heart muscle, causing blood to be
pumped out, deoxygenated blood into the lungs, and oxygenated blood
around the body. As the heart muscle (or myocardium) itself requires
nutrients and oxygen, and blood inside the ventricle does not perfuse into
the myocardium, blood must be supplied externally via the aorta. The
system of blood vessels coming out of the aorta to supply the myocardium,

is known collectively as the coronary arteries.

Generally, there are two main coronary arteries coming off the aortic
sinus which are referred to as the Left Main stem and right coronary
arteries. Further in describing anatomy and in diagnoses, two prominent
branches after the left main stem — Left Anterior Descending (LAD) and Left
Circumflex (LCX) — and the Right Coronary Artery (RCA) are often referred
to. These major coronary arteries are usually called epicardial vessels to

distinguish them from the small branches at the terminal ends, the
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microvasculature. The RCA supplies blood to the right atrium and right
ventricle, as well as the sinoatrial node, which regulates heart rate and
rhythm. The LAD supplies blood to the front (anterior side) of the left heart
muscle and the LCX supplies around the side and back. The left heart
muscle is much larger due to the pressure demands of pumping blood
around the whole body versus just the lungs, which the right heart muscle is
responsible for. A diagram of the heart and its coronary arteries are shown

in Figure 2-1.

Coronary Arteries

(anterior view)

Coronary arteries supply
blood to heart tissue. They
originate from the aorta.
Aorta
Br. to S-A node
R. coronary a.

L. coronary a.
\ Circumflex a.
R. atrial aa. 20 MY “ N Posterior atrial a.

Conus arteriosus br. L. marginal a.

R. anterior

; Diagonal a.
ventricular a.

Anterior interventricular a.
L. posterior ventricular br.

@ Common areas of coronary artery blockage
that result in damage to heart muscle.

Figure 2-1 Anatomical diagram of the human heart displaying the coronary arteries
and major blood vessels. Of particular importance is the Right Coronary Artery
(RCA), Left Anterior Descending (LAD) and Left Circumflex (LCX) which wraps
around the back of the heart. Diagram from [8]

2.1.2 Coronary Artery Disease

A build-up of plaque in the arteries can cause an obstruction or even
a complete blockage, which is known as atherosclerosis [9,10]. It begins
with deposits of white blood cells and the remains of dead cells such as

cholesterols and fats, forming “fatty streaks” across the arterial wall. As they
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build up, calcification occurs, significantly hardening the arterial wall. In the
early and mid stages of this process, most individuals are asymptomatic,
with some experiencing interference with their ability to perform intense
physical exercise. The progression of the disease starts narrowing the
vessel lumen (=stenosis) which limits the flow, and in response, the body
will increase blood pressure beyond healthy levels to compensate for the
restricted flow. Symptoms are more apparent in older men above the age of
50, where plaques obstruct coronary flow and cause momentary phases of
ischaemia during physical stress, causing chest pain or angina when the
oxygen supply to the myocardium is temporarily subdued. This is usually the

starting point for patients to seek medical help [11].

However, mild to intermediate coronary artery stenosis often does
not cause ischaemia, and there are other reasons behind myocardial

ischaemia such as microvascular disease.

2.1.2. Coronary Microvascular Disease

Coronary microvascular disease also known as microvascular
disease (MVD) is when instead of plagues or stenoses, the endothelial cells
(inner wall) of the micro vessels are damaged and subsequently leads to
reduced flow [12]. Female patients presenting with stable angina tend to
have no obstructive disease 65% of the time versus 32% of men, this is
mostly attributed to microvascular disease. As the symptoms for ischaemia
are similar whether caused by an epicardial stenosis or microvascular
disease, imaging modalities such as perfusion that can only identify the

presence of ischaemia may fail to identify the cause of flow limitation.

2.1.3. Hyperaemia

A crucial aspect of coronary flow and the effects of coronary artery
disease is to understand the physiological effect known as hyperaemia, also
sometimes known as stress. In the stressed or hyperaemic state, blood
vessels surrounding muscle tissues that require additional oxygen or

nutrients will dilate causing an increase blood flow and perfusion into those
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muscle tissues. To reach hyperaemia, it can be achieved via physical
stress such as exercise, this is where “stress testing” comes in, or
pharmacologically induced by adenosine. Adenosine induces direct
coronary arteriolar vasodilation through specific activation of the A2A
receptor. This usually results in a 3.5- to 4-fold increase in myocardial blood
flow[13]. Under such hyperaemic conditions, coronary blood flow is directly
proportional to perfusion pressure and a reduction in perfusion pressure due
to a coronary stenosis will thus proportionally decrease coronary flow during
hyperaemia[14].

For most functional diagnostic tests of coronary function, reaching a
state of hyperaemia is essential as that’s when flow limiting effects of a

stenosis is maximised.
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2.2. CAD diagnosis and care

2.2.1. Typical care pathway

The typical pathway for diagnosing and treating suspected CAD
patients, shown in Figure 2-2, starts when a person presents with stable

angina (chest pain).

After initial management and ECG testing, following the NICE
guidelines (latest update 2016), the first line assessment at diagnostic
investigations has been to perform a 64-slice (or higher) CT coronary
angiography [11]. If the CT coronary angiography returns with a non-
diagnostic result or evidence of some coronary artery disease of uncertain
functional significance, then a next phase of assessment is needed. The
second line assessment is to offer a non-invasive functional test, such as
Myocardial Perfusion scanning with SPECT, stress-echocardiography and
Coronary Magnetic Resonance Imaging (CMR) [11].
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Assessing and diagnosing suspected stable angina

Personwith suspected stable
angina

Clinical history and physical
examination

Assess the typicality of chest pain

L

Typical or atypical angina Non-anginal chest pain

.

Initial management and ECG

Diagnostic investigations

Confirm diagnosis of stable
angina or continue investigations

|

‘ Managing stable angina \ Stable angina excluded

Figure 2-2 Typical diagnostic and care pathway for patients with suspected angina
(chest pain). This diagram is from the NICE guidelines 2017 for patients presenting
with chest pain [11]

Although the NICE guidelines (see Figure 2-2) are clear on the
recommended procedure of treating potential CAD patients, which have
been carefully decided by taking into account diagnostic accuracy, patient
risk, comorbidity, cost etc, not all hospitals have the facilities to follow it

through and therefore often skip or use alternative tests [11].
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However, while the first line CTCA may not be readily available for
every patient, there is strong evidence that it is the best single non-invasive

test at the present, and the adoption of routine CTCA is growing rapidly [15].

2.2.2. Invasive Coronary Angiography (ICA)

The current standard method for detecting CAD is invasive coronary
angiography (ICA), shown in Figure 2-3, often also known as just coronary
angiography. It involves X-ray projection imaging of the chest with
catheter-delivered contrast agent to highlight the blood vessels Figure 2-3.
One of the main issues faced by ICA is the disparity between the
angiographic observations (the anatomical measurement) of a stenosis, and
the pathological severity, how likely it causes ischaemia as it progresses.
Coronary physiology has been shown in large clinical studies to be a much
better predictor of clinical outcomes [16,17]. Non-invasive functional tests
are usually performed to detect ischaemia before any ICA or
revascularisation procedures take place [16]. However, patients are still
routinely recommended for ICAs, indicating the limited trust in the

performance of standard non-invasive tests.

Figure 2-3 An example of a coronary angiogram obtained under Invasive Coronary
Angiography (ICA). Image from [18]
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2.2.3. CT Coronary Angiography (CTCA)

Non-invasive imaging based assessment such as Computed
Tomography Coronary Angiography (CTCA) is being used more regularly to
detect significant CAD or rule out non-significant CAD [19,20]. CTCA has a
high specificity, when no coronary stenoses are detected, the prognosis is
usually excellent, foregoing any need for further diagnostic evaluation [19],
however the sensitivity, the correlation of detected stenoses and the
likelihood of downstream myocardial ischaemia is poor, diagnostic accuracy

for a hemodynamically significant lesion at 49%[20].

It has superior spatial and temporal resolution than other imaging
modalities [21,22]. The limitation of CTCA is that it does not quantify
anything further than geometry. CTCA is also split between visual CTCA
and quantitative CTCA, the former requires the operator to visually identify
and assess the severity of a stenosis whilst the latter uses computational
techniques like automatic edge detection to quantify the % obstruction.
Visual CTCA depends far more on operator skill and consistency and is

falling out favour.

By combining CT imaging with CFD and models on coronary
microvasculature, FFR values can be estimated, and the technique is called
FFRCT.

FFRCT, instead of catheter based invasive FFR, has been reported
by one of the teams that has worked on the FAME trials, that it leads to
better patient outcomes as well as lower economic costs compared to
invasive FFR. There was a caveat that patients had higher medical costs
after undergoing FFRCT because FFRCT guided strategy was associated
with more subsequent cardiac procedures, however it was also correlated
with a far greater quality-of-life outcome [23]. Bamberg et al [24] conducted
a meta-analysis of CTCA, looking at 11 studies, covering over 7000
patients, majority over 59, male and have suffered from one or more
significant coronary stenosis. Follow-up assessments of these patients had
a median of 20.4 months, with the maximum at 6 years [24]. Stenoses
detected by CTCA showed a Hazard Ratio (HR) of 4.5 and a 95%
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confidence interval of 2.2 and 9.3, than those without. Indicating that the
event rate of a patient with a CTCA-detected stenosis was 4.5 times higher

than a patient without a stenosis detected [24].

2.2.4. CTCA Limitations

Reliable and consistent segmentation of CT angiograms are
essential for CFD. A poorly segmented 3D model will produce useless
results with CFD.

The assumption that structural information is sufficient to determine
the severity of coronary artery stenosis has been countered by the FAME
studies that have shown volumetric narrowing of an artery is only weakly
correlated with FFR. In other words, vessels with an identical degree of
stenosis (as a radius or area constriction) could have vastly different FFRs

and hence physiological significance.

Patients with a high Coronary Artery Calcium (CAC) score also limit
the performance of CTCA. [25,26] While sensitivity for detecting a
functionally significant stenosis is high at 95%-+ for all CAC scores,
specificity drops from 90% for CAC scores of <100 to 42% for CAC scores
of >400. Otherwise physiologically healthy vessels may be misidentified as
a significant stenosis due to the poor specificity at high calcium levels. A
purely physiological measure like FFRCT is capable of overcoming these
effects, and Norgaard et al using results from an FFRCT clinical trial (the
NXT study) has shown that CAC values have no noticeable influence on
both specificity and sensitivity of FFRCT detecting a significant stenosis
[27].

2.2.5. Alternative CTCA techniques

With the emergence of Computed Tomography Coronary
Angiography (CTCA), multiple techniques other than FFRCT have been
proposed to address the disparity between angiographically significant

stenoses and physiologically significant stenoses as indicators of ischaemia.
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An alternative is Transluminal attenuation gradient (TAG) which looks
at the intraluminal radiological attenuation in Hounsfield Units, measured in

intervals (usually 5mm) [28,29].

Another measure to identify coronary arteries with abnormal flow is
Corrected Coronary Opacification (CCO) [30]. Using CT, the technique
looks at the mean intraluminal Hounsfield units (HU) across two slices that
cover the stenosis. The method was developed precisely to compensate for
the insufficient predictive power of a standard CTA, by looking also at
functional significance of a stenosis. However, CCO has limited
performance while the patient is under hyperaemia (stressed state -
maximal flow), and as hyperaemic flow is the strongest indicator for
coronary health, the functional predictive power of CCO is currently still low,
and further work is being done to fully develop the method [30].

CCO and TAG were evaluated against invasively measured FFR,
showing mediocre performance with moderate-high specificity but
insufficient sensitivity. TAG reported sensitivity of 45% and specificity of
95%, while CCO reported those of 65% and 95%, respectively. The
conclusion from this evaluation showed that classification of patients based
on those techniques were less than desirable, and required technical
improvements to become viable [31]. In contrast, other studies show that
TAG and CCO has some utility despite its moderate performance as it is still
supplementary information that may reduce the number of total invasive

interventional procedures [32].

2.2.6. Percutaneous coronary intervention (PCI) and treatment
guidance

Percutaneous Coronary Intervention (PCI) (diagram shown in Figure
2-4) is the standard treatment for coronary artery disease in the epicardial
sites (the major branches). A catheter with a balloon and a stent is brought
to the suspected stenosis and expanded to “open up” the artery to ideally

restore normal flow.
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However, up to half of all PCI procedures that were guided by
angiography (ICA or CTCA) alone were found unnecessary and did not
improve patient outcomes while exposing the patient to risks, albeit small, of
catheterisation [33]. Despite this trend, interventionalists had a tendency to
stent every stenosis that are observed on images of patients (this is called
“Oculo-stenotic reflex”) and functional tests such as FFR were developed in

order to better guide them [34].

Stent placement

Artery

Catheter

Stent

Balloon

Guidewire

Figure 2-4 Diagram of stenting procedure, taken from [35]

2.2.7. Comparing various diagnostic measures

There are generally three types of tests presented in Table 2-1,
anatomy based imaging, perfusion based imaging and imaging based FFR.
Anatomic based imaging includes the various types of angiography; ICA
and CTCA which essentially determines the severity of an obstruction based
solely on the size of the obstruction. As these methods incorporate to a
large extent the subjectivity of the operator, various CTCA visual studies
have shown varied results (accuracy ranging from 59% to 91%) which are
presented in Table 2-1. The common trend however is that these tests

38



have a high negative predictive value, i.e., it can be used reliably to rule out
negative cases when the stenosis appears mild. However, they have
modest positive predictive values, i.e., they are less accurate at determining
whether an intermediate stenosis is likely ischaemia causing or not. The
premise of FFR is to address this weakness.

Table 2-1 Diagnostic performance of various coronary artery stenosis

severity tests. Diaghostic accuracy is based on comparison with reference
standard FFR < 0.80 for per-vessel ischaemia.

Test N Sensitivity | Specificity | PPV | NPV | Accuracy
vessels
ICA [36] 79 57% 69% 49% | 76% | 65%
FFR-Angio [37] 352 94% 91% 89% | 95% | 92%
CTCA 79 45% 79% 54% | 73% | 67%
(quantitative) [36]
CTCA(visual) [36] | 79 94% 48% 49% | 43% | 64%
CTCA(visual) [38] | 107 75% 95% 76% | 94% | 91%
CTCA(visual) [39] | 103 91% 40% 47% | 89% | 59%
MPI-SPECT [40] 72 73% 82% 52% | 92% | 80%
MPI-MR [41] 50 97% 60% 65% | 96% | 76%
MPI-PET [38] 195 95% 92% 78% | 98% | 92%
MPI-PET + CTCA | 107 93% 99% 96% | 99% | 98%
(38]
MPI-CT [42] 42 76% 84% 82% | 79% | 80%
MPI-CT + CTCA 42 68% 98% 97% | 77% | 84%
[42]
CT-FFR [39] 103 88% 82% 74% | 92% | 84%
CT-FFR [43] 252 90% 54% 67% | 84% | 73%

Myocardial Perfusion Imaging (MPI) methods such as PET, MRI, CT
perfusion etc. generally have higher PPVs and similarly high NPVs, as
perfusion imaging directly samples the myocardial regions supplied by the
coronary arteries and can confidently determine whether any region is
under-perfused which is caused by a stenosis upstream. A hybrid approach
that uses both anatomy and perfusion-based imaging also produces
superior results to each method individually such as MPI-PET and CTCA
reaching an accuracy of 98% versus 92% and 67% individually. Here, the

direct measurement of perfusion that indicates presence of ischaemia and
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the anatomical imaging that indicates the extent of an obstruction
complement each other.

Imaging based FFR seeks to mitigate the weaknesses of purely
anatomical imaging methods like CTCA or ICA, supplementing the
anatomical information with functional information produced using CFD
simulations without the use of additional imaging, adenosine or invasive
methods. Its performance is similar to most of MPI methods but still inferior
to the gold standard of MPIl: MPI-PET (CT-FFR accuracy 73-84% vs MPI-
PET accuracy of 92%). Similarly to CTCA, imaging-based FFR still relies
substantially on anatomical features and does not take into account
microvascular health hence often overestimates the functional significance
of a stenosis, therefore resulting in a slightly weaker positive predictive
value [44].

2.3. Functional measures of severity
2.3.1. Fractional flow reserve (FFR)

Fractional Flow Reserve (FFR) was a new physiological metric that
improved the traditionally poor performance of non-invasive tests. FFR is
defined by the ratio of maximal blood flow across the stenotic artery over the
presumed maximal normal blood flow (as if the obstruction isn't there),
realistically this is calculated using the ratio of blood pressure proximal to
the stenotic section of the artery and the blood pressure distal to the
stenotic section [45]. In a standard procedure, it is measured using invasive
catheterisation technigues. FFR essentially represents the physiological
significance of a coronary stenosis, with a high predictive value in
determining the haemodynamic significance of the stenosis and subsequent
treatments required. FFR has been shown superior to just observing the
degree of a stenosis (fraction that is obstructed) in determining the
likelihood of ischaemia. In the group of patients examined in this study, a
significant portion of cases where the patient had a mild stenosis detected

using ICA actually suffered from ischaemia. On the other hand, half of the
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patients with stenoses that were determined as “high grade” in ICA did not
suffer from ischaemia. These facts indicate that the potential of FFR to
reduce unnecessary follow-up procedures, saving both costs and potential

patient risk.

There were three main clinical studies that demonstrated the
effectiveness of FFR in the clinical setting: DEFER, FAME1, FAME2. The
first study, DEFER tested whether FFR guided treatment for potentially
ischaemic coronary stenosis was appropriate [46,47]. The standard
procedure for determining the prognosis of a stenotic artery at the time was
based purely on anatomical measurements such as the volumetric
narrowing of the arteries, symptoms such as angina and/or blood pressure
during exercise. The DEFER study showed that FFR guided therapy
provides far better outcomes and FFR is an excellent prognostic tool. It
found that a stenosis with FFR > 0.75 is deemed non-ischaemic, requiring
no further treatments but resulting in an excellent outcome: risk of death or
acute myocardial infarction was less than 1% per year [46,47]. For the
control group that were stented (stenotic section were opened up) even if
FFR is higher than 0.75, it was shown that their event rates (i.e., risk of
death or infarction) had not been reduced, indicating that further treatment

was unnecessary [46,47].

The FAME1 and FAME?2 trials were much larger and notable in the
medical community, and set the new benchmark for coronary artery disease
treatment in the US and the UK first [47]. The FAME trials were cross-centre
trials involving hospitals in both countries. FAMEL focused on patients with
multi-vessel diseases, and whether FFR was useful in guiding percutaneous
coronary intervention (PCI) treatments. All the patients in this trial were
recommended for stenting after an angiography. The patient was then
separated into two groups, the FFR+Angiography (FFR+A) group and the
Angiography Only (AO) group. Every patient in the AO group were stented
whereas only those in the FFR+A group that had a measured FFR value
<0.8 had a stent implanted. The FFR+A group received 33% fewer stents
overall, however in comparison to the AO group, the patient outcomes of the

group were significantly better. Here, the patient outcomes were defined as
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the 1-year event rate (death, nonfatal MI, or repeat revascularization) which
was significantly higher in the AO group (18.3%) in comparison to the
FFR+A group (13.2%) [48]. This demonstrates that many stenting
procedures were unnecessary, and not only does it not improve outcomes,

in many cases it could work to its detriment.[48]

The second trial FAME 2 compared FFR guided PCI with Optimal
Medical Therapy (OMT), as PCI without FFR was demonstrated to be equal
to the OMT [49]. The 1-year event rate for the FFR guided PCI group was
4.3%, significantly lower than the OMT group which had 12.7%. The FFR

guided PCI patients also showed better Quality of Life indicators.

Since the outcomes of the DEFER and FAME studies, FFR has
established itself as the gold standard for coronary artery disease diagnosis

and prognosis in interventional cardiology [49].

2.3.2. Invasive FFR

Measurement of FFR is an invasive/minimally invasive procedure
involving a catheter with a pressure wire see figure Figure 1-1. In a standard
diagnostic process, a patient first undergoes some form of angiography
(intravascular or CT). If a significant stenosis, where the narrowing is 50%
or greater (percentage obstructed), is identified, they are then
recommended for an invasive FFR measurement prior to treatment decision
[50-52]. Note that a stenosis that show greater than 70% obstruction also
often skip FFR measurements due to the very high likelihood of it being an
ischaemia inducing stenosis [50-52].

In the catheterisation lab, the patient undergoes both ICA and FFR
measurement in one procedural session. The catheter is inserted into the
arteries usually via an incision in the leg or the arm and leads up to the
coronary artery branch in question. The pressure wire measures the
pressure at locations between the start the of the coronary branch and the
lesion, and between the lesion and the terminus of the coronary branch. The
ratio of the two pressure values is the FFR. This procedure must be
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performed with the patient in a “stressed” or hyperaemic state that is

pharmacologically induced, typically by adenosine.

While catheter procedures are minimally invasive, it does not come
without risk of complications such as perforating the arterial wall, Ml,
arrhythmia and small chance of stroke [33]. Considering that 40% of
patients that undergo these procedures do not have a functionally significant
stenoses and therefore do not require further treatment, cardiologists are
looking at ways to quantify FFR with non-invasive imaging-based methods.

2.3.3. FFR derived from Coronary Angiography (FFR-Angio)

FFR derived from ICA (but not measured directly using a pressure wire) is a
more recent development in comparison to FFRCT. Itis also a
computational method that uses the high-resolution ICA anatomy to produce
an image based FFR value. As shown in the comparison of tests, Table
2-1, it provides some of the highest diagnostic accuracy of 91%,
comparable to MPI-PET, with high sensitivity and specificity of 94% and
91% respectively [37]. The advantage of FFR-Angio over invasive FFR is
the forgoing of vasodilators such as adenosine, however it is still

fundamentally an invasive method and carries the risks of catheterisation.

2.3.4. Coronary Flow Reserve (CFR)

Coronary Flow Reserve (CFR) is another indicate often used to
assess the functionality of myocardial circulation. CFR is defined as the ratio
of flow into the myocardium between a patient in a rest (baseline flow) and
stressed state (maximal flow). CFR is used both as a diagnostic measure
and a gauge for vasodilator drug response as well as a patient's response
to treatment. CFR can be measured invasively through catheterisation and
through non-invasive means such as PET perfusion imaging and myocardial
perfusion SPECT.

CFR =

Maximal (hyperaemic) Flow (l)
Rest Flow
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The normal range for CFR is >2 (and usually between 2 and 4),
whereas the diseased range is more loosely defined as somewhere less
than 2 or less than 1.5, leaving a “gray zone” of 1.5 — 2. CFR is a strong
indicator of disease-causing ischaemia in the coronary tree; however, it is
unable to distinguish clearly between epicardial disease or microvascular
disease.

2.3.5. Index of Microvascular Resistance (IMR)

Index of Microvascular Resistance (IMR) measures the resistance of
the microvascular bed, the small vessels branching off from the epicardial
vessels and feeding into the myocardium [53,54]. IMR is calculated as

follows:

IMR = Distal pressure ( )

Coronary Flow

Distal pressure is the blood pressure at the myocardial end of the epicardial
vessels, and coronary flow is the flow into the coronary branch. IMR < 20 is
generally considered to be in the normal range, and IMR > 30 is considered

diseased.

While IMR is a good indicator of specifically microvascular disease,
there is little evidence that IMR is correlated well with clinical outcomes
[53,54]. In addition, there is a wide “grey zone” where IMR values between
20 and 30 are neither considered normal nor necessarily diseased [53,54].
Lastly it is generally an invasive measure that is not commonly performed

and therefore IMR values are rarely ever recorded.

2.3.6. Instantaneous wave-free ratio (IFR)

Another metric used is the instantaneous wave-free ratio (iFR), an
alternative to FFR, for which the pressures measured at the rest state (non-
hyperaemic) are used. The primary advantage of iFR is that there is no
administering of adenosine to induce hyperaemia, which results in the
reduction of cost and adverse effects associated with the drug [55]. The

rationale behind iFR lies in the nature of the cardiac cycle, where during the
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period immediately following systole, both flow and pressure begin to decay,
and the gradient at this time is most closely matched, making the analogous
use of pressure drop to represent flow limitation most appropriately. It is
currently debated whether resting state measurements can be used to
determine CAD severity; however, it has been well demonstrated that iFR,
and a similar ratio of baseline Pd/Pa, can be used to rule out the majority of

patients before administering vasodilators for FFR measurements [56].

2.3.7. Discordance between functional measures

The three common measures of coronary pathophysiology — FFR,
CFR and IMR shown in Figure 2-5 — are only loosely correlated while each of
those is effective for determining ischaemia [53]. A patient can have a poor
CFR but healthy levels of FFR and vice versa. However, complimentary
information can be gained by knowing both, a patient with poor CFR but
healthy FFR and suffers from anginal pain, is likely suffering from
microvascular disease for example, effectively ruling out the need for PCI.
This becomes important when discussing the benefits of perfusion imaging
vs FFR. Perfusion imaging can only inform the clinician whether or not
there is some form of disease, it cannot distinguish between epicardial
disease or microvascular disease, or a combination of both. FFR on the

other hand can definitively measure the stenosis severity of epicardial
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disease and therefore identify whether the stenosis needs to be

revascularized.

Epicardial Vessel

Microvasculature

. JIMR
CFR

Figure 2-5 The regions of interest in the coronary artery tree that each functional
measure can be used to determine the relative “health” of. Diagram from [53]

2.3.8. Hyperaemia

FFR is defined based on the physiological state under maximal
coronary blood flow [57,58], which can be achieved during intense physical
exercise, however much more consistently achieved in the clinic using

pharmaceuticals such as adenosine [59,60].

The maximal blood flow state is known as hyperaemia, which is
increased blood flow to specific regions of the body. There are two types:
active and reactive hyperaemia [61]. The former is the body’s response to
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an increased need for oxygen and nutrients such as physical stress on the
muscular-skeletal system, increased brain activity and stress/hormone
induced responses such as by adrenaline [61]. Reactive hyperaemia is the
response to a region that is undersupplied due to experiencing hypoxia or
ischaemia [61]. In the context of the heart, hyperaemia, or a “stressed state”
is referring to the increase in coronary blood flow into the myocardium. In
the context of diagnostic measurements, when the patient is not in
hyperaemic state, the patient is said to be in a “rest state”. Perfusion
imaging methods, such as PET, CT Perfusion, MR perfusion, usually take
images of the heart in both states.

When performing FFR measurements with a catheter, adenosine is
used to achieve hyperaemia. The drug mimics physiological stress and
increases blood flow via vasodilation [62][63,64].

2.3.9. PET perfusion imaging

Whilst CTCA is the first line investigation method for potential
coronary artery disease due to its relatively low cost and accessibility,
Positron Emission Tomography (PET) imaging derives direct measurement
of coronary flow and reported to provide superior diagnostic power due to its
higher specificity and positive predictive value (5]. In PET imaging,
radioactive tracers such as rubidium-82 are injected into the bloodstream
and the radioactivity of the tracers allows blood flow to be tracked across
the coronary system. This offers useful measures of blood flow in a dynamic
view although spatial resolution is not as high as CT (2.5mm vs 0.35mm in
CT)

PET myocardial perfusion is considered the current gold standard in
myocardial blood flow measurements [66]. Nuclear Myocardial Perfusion
scintigraphy (the best myocardial perfusion measure at the time) was the

ground truth used in validating invasive FFR.

Combining PET with CT-based coronary images, the flow-based

information superimposed on the structural model can be incredibly
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powerful, reducing the number of assumptions in a fluid dynamics

simulation, thus producing a far more realistic FFR estimation.

PET is not without its downsides. It is expensive, time-consuming
and depending on the tracer it can carry a higher radioactive dose to the
patient and surrounding technicians/operators [67]. Availability of PET
scanners, tracers and qualified personnel is also inconsistent throughout the
healthcare system, and therefore PET is rarely specified as a routine
diagnostic in national guidelines. However, the additional information
provided by PET can pay off, and similarly reduce the need for invasive
coronary angiograms, as well as providing accurate diagnosis that can

likewise prevent risks from unnecessary interventional procedures [68].

2.3.10. CFD based FFRCT

Computational Fluid Dynamics (CFD) applied to coronary CT images
to obtain FFR estimates has found a place in routine clinical practice, as a
service provided by industry. A private company in California, USA,
HeartFlow performs CFD simulations based on coronary CT images taken
in hospitals and returns with a FFRCT values that are used for clinical
diagnosis. In the process of FFRCT, a 3D model of coronary arterial tree is
first reconstructed from CT images. Due to the limited resolution of CT (~0.5
mm/pixel) being able to resolve the smallest coronary artery branches, the
distal ends of the coronary arteries, the microcirculatory system that bridges
between the major coronary arteries and the myocardium are not captured
in the images hence the 3D arterial tree model only includes epicardial
vessels, typically of diameter larger than 2 mm [69]. The effect of
microcirculation downstream to the model is represented by boundary
conditions at the distal ends of the coronary arterial model. These boundary
conditions relies on mathematical models that define resistance of the
microvasculature or myocardial blood flow, based on anatomical features at
the scale captured in the CT images (e.g., myocardial mass, distal vessel
diameter, etc.) [44]. In the HeartFlow’s algorithm that can be found in the
literature, the microvascular resistances are defined based on the terminal

branch diameter. Three clinical studies were performed to demonstrate the
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efficacy of Heartflow's FFRCT technique in clinical setting: HeartFlowNXT,
DeFACTO and DISCOVER-FLOW[70,71][72].

There are some potential downsides to modelling approach that are
currently accepted in the current FFRCT landscape. The most widely
debated one is the hyperaemic boundary conditions relying on population-
wide statistics to infer anatomy of the microcirculation system as opposed to
patient specific data [44]. More specifically, the hyperaemic flow condition is
currently modelled by decrease of vascular resistance (down to 30% or
normal [44]) or homogenous increase of coronary flow (up to 4 times higher
than normal flow across the coronary tree and constant in different
individuals [44]. The effect of hyperaemia on the resistance of blood
vessels, as appears in CFR, is not visible in CT images due to low spatial
resolution and because the CT images are taken while the patient is at rest.
This suggests that the boundary condition needs to be modelled but the
assumptions to use-population averaged data are not ideal, especially in
patients that suffer from microcirculatory disease. With any FFRCT
technique, the performance is also hindered by the quality of CT images,

artifacts, motion, calcification and misregistration etc [73].

2.3.11. Abnormal Resistance in Atherosclerotic Coronary
Arteries

Chilian et al. has discussed the idea that atherosclerosis can cause
myocardial ischaemia through various mechanisms that does not consist of
a localised hemodynamically significant stenosis in the coronary arteries
[74]. An important function of the coronary arteries is the ability to dilate
during physiological stress (hyperaemia) or induced hyperaemia through
pharmacological means. If the vasodilatory mechanism is impaired, it might

be an indicator of atherosclerosis [75].

This problem is easily detected when pressure can be probed
directly, such as using a pressure wire catheter. De Bruyne et al. presented
a study showing that healthy coronary blood vessels preserve the flow
pressure across its length, i.e., no significant pressure drop, when the blood
vessel is maximally dilated via adenosine. This suggests that the
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vasodilation under hyperaemia leads to increased flow due to an increased
diameter, and induced hyperaemia has been reported to increase coronary
blood flow up to 4 fold [75]. The study showed an interesting observation
that, in more than half of the vessels the resistance to flow in atherosclerotic
arteries was high even without a focal stenosis. More specifically, 8% of the
patients without focal stenoses had FFR values below the threshold for
healthy flow (0.75), suggesting a strong likelihood for a myocardial
ischaemia. The study suggests up to 30% of total resistance to flow in
diseased arteries can be accounted for by diffuse structural narrowing as

opposed to a focal stenosis [75].
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Chapter 3.  General Methodology

3.1. Aim

In this chapter, the aim is to lay out the theory involved in CFD simulations
of the coronary arteries and how they will be applied in the investigations.
Starting with the electrical-hydraulic analogue and moving on to the
theoretical underpinnings of form-function models that aid in estimating
microvascular behaviour that is downstream of the main coronary arteries,

and therefore used to set boundary conditions.

3.2. Theoretical framework

3.2.1. Coronary Artery system

The purpose of simulating blood flow within the coronary artery model is to
replicate the flow and pressure within the coronary arteries as FFR requires fluid
pressures to be known beyond just the anatomy of the artery. Essentially the
coronary arteries can be treated as a set of resistive pipes receives an inflow from

the left ventricle, the flow is distributed across its many outlets.

3.2.2. Electrical circuit analogy

A very useful way to look at the circulatory system is to use an
electrical circuit analogue [76]. An electrical circuit's voltage or electromotive
force, current, resistance and capacitance are analogous to blood pressure,
volumetric flow rate, resistance or flow resistance and vessel compliance in
blood vessels. An example of this applied to the coronary arteries can be
seen in Figure 3-1. As Poiseuille flow is generally applicable to most blood
flow, it is useful to compare Poiseuille resistance and electrical resistance

(Ohm's law):

AP
F=—(@)
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Where F is the volumetric flow rate, AP is the change or drop in pressure

across a resistive element and R is the flow resistance.
1= v 4)
= > (

Where [ is the current (the flow rate of charge), V is the voltage drop across

a resistive element and R is the electrical resistance.
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Figure 3-1 Electrical analogue model diagram of a simplified coronary artery
system using Simulink. The values Pa and Pd are defined as the proximal
coronary pressure and distal coronary pressure, shown in Figure 1-1

Kirchhoff’'s laws and other principles of electrical circuits similarly
apply in an analogous manner: Pressure/Voltage does not change at a
bifurcation, but a resistive element will decrease it. The blood vessels
themselves act as resistors. Likewise with current/volumetric blood flow is
divided at each bifurcation, while the sum flow of a tree/parallel circuit

remains unchanged.
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In the context of FFR calculations, electric circuit analogy is used as
boundary conditions, especially at the outflow of 3D anatomical model.
Determination of the model (boundary condition) can be done in two ways,
using a geometrical parameter to define the blood vessel tree hence
deriving the total tree resistance, or finding flow information at the terminal

ends of the vessel using supplementary information such as PET.

Using this simplified electric analogue of the coronary artery tree, the
following relationship between the resistances of the stenosis,

microvascular resistance, and FFR can be derived.

FFR = ﬁ QRmiCTO(Hyperaemic)

Pa B Q(RStenosis + Rmicro(Hyperaemic))

(5)

Here the resistance of the stenosis is Rg:enosis @Nd the resistance of the
microvascular outlet during hyperaemia is Ryicro(Hyperaemic)- Q 1S the inflow
into the artery. As the microvascular resistance decreases during
hyperaemia to drive maximal flow, Ryicro(hyperaemic) Can be expressed as

Rmicro (Baseline)
Rpicro (Hyperaemic) = H (6)

Where Rpicro(Baseline) 1S the baseline microvascular resistance, and H

is the increased flow proportion during hyperaemia.

d Rmicro(Baseline)

FFR = — =
Pa (HRStenosis + Rmicro(Baseline))

(7)

This essentially shows that FFR, in a simplified model, is
independent of flow, independent of neighbouring vessels, and is purely a
function of the resistance of the stenosis (or suspected stenosis), the
microvascular resistance and the vasodilatory capacity (the response to

hyperaemia) of those vessels.

Whilst this is a heavily simplified model of the coronary artery flow
problem, and the electric analog is not always applicable to fluid dynamics

behaviours, it is indeed observed in invasive FFR where there is very little
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influence of one neighbouring vessel on another, which is why FFR is the
gold standard in per-vessel ischaemia analysis.

Pressure
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Response to Hyperaemia (as multiple of flow)
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Figure 3-2 (Top) Simulated "pressure” proximal (Pa) and distal (Pd) using electrical

analogue model. (Bottom) The relationship between FFR and response to
hyperaemia, see equation 7
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3.3. Computational Fluid Dynamics Simulations
3.3.1. Navier Stokes equation

The basis of computational fluid dynamic for haemodynamic
problems is to solve the incompressible Navier-Stokes (NS) equations
numerically for variables p pressure, and u velocity, at any given point in 3D
space and for a non-steady state problem, at any given point in time t.

There is the mass conservation equation:

ap _
a+v-(pu)—0 (8)

Where p is the density of the fluid and u is the velocity vector. Then
there’s the Navier-Stokes momentum equation, which can be expressed as

the convective form of the Cauchy Momentum equation

Jdu 5
p(§+u-Vu)=—Vp+ uvcu+pg  (9)

Where p is the pressure, u is the viscosity, and g is the body force,

external forces acting on the fluid such as gravitational.

The left side of the equation is the acceleration % and the convective

term u - Vu. On the right side, — Vp represents the pressure gradient term,

uVZ2u is the diffusion term, and pg is the body force term.

3.3.2. Solution to NS equations

NS equations are highly non-linear partial differential equations and
therefore analytical solutions generally cannot be found. Numerical methods

are usually used to solve these equations.
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The choice of actual numerical methods depends on several conditions of
the flow, and typical one being existence of turbulence. Since the Reynolds
number of coronary blood flow is generally less than 1000 [77], the flow can
be considered laminar hence no turbulence model is needed to describe the
flow. In the simulation scheme for this study, the rigid wall assumption is
also used.

Currently most commercial CFD applications solve NS equations with
either of the three main methods: Finite Element Method (FEM), Finite
Difference Method (FDM) and Finite Volume Method (FVM). FVM is the
most widely used of the three, and is the method employed in ANSYS CFX,
the CFD tool used in this study. FVM calculates the conservation of mass
and momentum in every element in the mesh based on the flux of those
through the element border. This system of conservation allows the
simulation to be performed resource effective, with the benefit from a
flexible choice of mesh element (e.g. tetrahedral, hexahedral and prism) that
offers the computational mesh well adapts to any geometrical configurations
[78].

More specifically in ANSYS CFX, the governing equations are discretised
in space using element-based FVM, where volume and surface integrations
are performed at the Gaussian integration points on each element/face using
tri-linear shape function, interpolating nodal values of velocity and pressure
in 3D within each element. The time integration in the computations appear
in this thesis was performed using 2nd order backward Euler scheme.
Stabilisation of the advection term was achieved by adaptive 2nd order
upwinding scheme, in which 1st order upwinding was blended with the 2nd
order scheme such that the nodal value of any variable did not exceed the
maximum/minimum bounds of surrounding nodal values. For more details,

readers are referred to CFX theory manual [79].
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3.3.3. Boundary conditions

To numerically solve the NS equations within a control volume,
boundary conditions are needed at the borders of the control volume: walls,

inlets and outlets

The coronary arteries are a complex system to define boundary
conditions for. In most cases the blood pressure at the terminal ends of the
arteries, where they meet the myocardium, is unknown. Unlike simpler
systems, blood is not simply expelled into a vacuum or atmospheric levels
of pressure. Additionally, with the limited resolution of CT images, the total
volume of the coronary arteries is truncated, leaving out the smallest blood
vessels. To realistically simulate the blood flow in coronary arteries, the
boundary conditions need to approximate the effect of the smallest

branches and the myocardium.

Lumped parameter models serve to simplify the entire downstream
vessel system into one parameter, such as pressure or resistance at the

boundary, and often used in blood flow computations [44,80]

3.4. Lumped parameter models

A lumped parameter or 0D model approximates a complex system of
blood vessel network into a simple representation that can be integrated to
the 3D CFD model as a boundary condition. The simple representation is
derived based on assumptions and physical laws known about the system's
behaviour. A typical example is that of a circuit of series and parallel
resistors, which can be easily lumped together into a single resistor with a
certain resistance value. By lumping the resistors into one, the intricacy of
the circuit may be lost, but if the parameter representing the downstream
circulation is simply the total resistance, the lumped parameter model is

sufficient for the problem at hand.

The lumped parameter equivalent for the coronary arteries ideally
need to reduce all the microvascular system into a few parameters, which in

a fluid dynamics context, are resistances or pressure. Flow resistances can
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be summed up similarly to the way how resistances connected in parallel
and series in an electric circuit are added up. And there are scaling laws
that dictate how arteries branch out, which can be used to define resistance

of each branch in the microvascular network.

3.4.1. Murrays Law

Murray proposed that physiological structures such as blood vessels

organise themselves following laws of energy minimisation [81][82].

Murray’s work focused on oxygen transport in the circulatory system.
The cost or inefficiency defined for the blood vessels is represented by the
diameter, arguing that smaller vessels require more energy to push the
same amount of flow (i.e., transport energy), however a vessel too large will
also be a burden as the metabolic/biochemical energy — proportional to the
volume of blood — required would be too high. Murray modelled the blood
flow in arteries as fluid flow in a tube/pipe, which follows Poiseuille’s law
[81].

q -1l

= 81 10
b= 7_”,,4. ( )

where p is the pressure loss from fluid flow in a given cylindrical tube, g is
the volumetric flow, | is the length of the tube, r is the radius of the tube and
n is the dynamic viscosity. Multiplying it by the flow, an equation for frictional
losses is obtained, measured in energy or work.

q 2

B ‘l'87] 1
pq = p— (11)

Murray then calculated the cost of maintaining blood volumes in the
body. The total energy consists of two cost parts: frictional losses and the

energy cost to maintain a blood volume [82].

2, 87’]

E=pq+bVol = + blar? (12)

where pf is the frictional losses from fluid flow in a given cylindrical tube,

and bVol is the per second energy expenditure for every unit volume of
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blood multiplied by the total blood volume in the tube. By differentiating this
equation and finding the minima, the cost of operation is minimised, and the
relationship between vessel radii and flow can be derived. Using some
empirical information to simplify some of the terms, Murray eventually
reached the relationship that blood flow was proportional to the cube of the
radius of the vessels [82].

— 37T2b 13
q=r 1677( )

q =kr3(14)

[82]. Combining this with volume conservation between parent and
two daughter branches through a Y-bifurcation, the relationship between

daughter vessel radii and parent vessel radius can be found.
ry = ri +ri (15)

This is called Murray’s law and used as the basis of calculating resistance in

a lumped-parameter vessel network model.

3.4.2. Structured tree model

Figure 3-3 Diagram from Olufsen et al[93] showing a structured tree diagram of a
root vessel of unit radius, and the radii of subsequent branches. The bifurcation
parameters, a and 3, are chosen to specify the sizes of the major and minor branch
of each bifurcation relative to the parent vessel
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Olufsen et al. devised a zero-dimensional structured tree model of blood
flow and pressure in systemic arteries. A diagram of the structured tree is

shown in Figure 3-3.

The paper starts with the premise that the total cross-sectional area of
vessels at the aortic root starts at approximately 5¢m? and reaches 400cm?
at the arterioles [83]. At each bifurcation (branching), the total cross-
sectional area of the daughter vessels is larger than that of the parent
vessel. Although the paper [83] is not specifically about coronary arteries,

the model is applicable to this problem.

Olufsen et al assumes large arteries are elastic due to its composition of
smooth muscle, collagen and elastin. The elasticity stores pressure energy
and releases to flow during diastole. In the paper, the storage and release
mechanisms are suggested to even out the flow rate over a cardiac cycle
[83].

Olufsen uses a combination of assumptions and empirical measurements to
constrain the model. Starting with inflow measurements taken using MRI to
create the inflow boundary condition [83]. She also uses the conservation of
flow: the sum of flow in daughter vessels is equal to the parent flow as the

bifurcation condition [83].

The purpose of the model is to predict outflow boundary conditions given
the 3D anatomical model of epicardial arterial tree, considering that the
smaller arterioles are a collection of binary and asymmetrically structured
trees. The main challenge is that each sub tree has a variable number of
generations from the root [83]. To simplify the model further, Olufsen et al
assume that the vessels are straight, and higher order terms than those
linear to diameter are dropped. This essentially emulates an electrical
circuit-like impedance based calculation [83]. The vessels are terminated at
a cut-off diameter (e.g. set to 50 microns in [83]), where smaller blood
vessels are physiologically unrealistic. However, because of this cut-off, the
calculation must be performed numerically. Starting from the terminal ends

of the tree, the root impedance for each upper generation (towards the
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arterial root) can be used recursively to calculate the total resistance of the
tree [83].

An interesting feature of Olufsen's model is that it is self-similar at every
generation, similar to a fractal structure. However, it is deliberately
asymmetric between each pair of daughter vessels. The ratio between the
sizes of each daughter branch comes from the literature of experimental
observation, and all subsequent vessels can be calculated just from the
ratio and the starting diameter.

They showed that because blood flow can be well characterised as DC
current, and therefore there is no phase to consider. The resistance along a

vessel segment can be written as:

_ Bulr

3
T

z (16)

Where p is the dynamic viscosity, 1, is the vessel radius and [,,, = L/r0 IS

the length-to-radius ratio of blood vessel segments [83]. This was found
previously to be a constant value of around 50 based on animal
studies[84,85]. This means that the flow resistance of a segment can be
fully quantified, with only radius measurements, which are inferred in the
morphological model. Treating the segments as resistors in an electric-
circuit-like network will allow the calculation of the total resistance of an

arterial tree.

3.4.3. Windkessel model

The two-element or RC Windkessel model, shown in Figure 3-4, is a 0D
hydraulic—electric analogue where vascular resistance and vessel
compliance are represented analogous to electrical resistance and
capacitance [86,87]. Similarly, flow properties like a pressure difference and
mass flow are analogous to a potential difference and electrical current. The
downstream boundary condition after the RC component is essentially the

venous bed approximated to have zero pressure.
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There have been many Windkessel models developed, e.qg., the three-
element, four-element modified Windkessel and others[87—-89]; however,
complex models require more parameter estimation for each individual
component in the circuit. We chose to use two-element model for simplicity.
The limitation of the two-element Windkessel model is its inability to
accurately replicate the high frequency component in the pressure waveform
during systole, because it is essentially a low-pass filter. However, for the
purpose of estimating the behavior in the diastolic wave-free region, the
region important for FFR, it has been demonstrated to perform similar to more

complex models[87].

I(t)
o—*

Cc

Pt) =

o) ®

Figure 3-4 2-element Windkessel model in electrical terms. I(t) represent the
current, P(t) is the potential difference across the two points, C is the capacitance
and R is the electrical resistance.

In Hydraulic analogue terms, I(t) correspond to Q(t), the flow into the
system. Electrical resistance R corresponds to the Poiseuille flow
resistance, R, of the blood vessel. Capacitance, C, corresponds to the
compliance, C, of the vessel. And the potential difference, P(t), corresponds
to the pressure change, P(t), over time across the 2-element windkessel

system.

3.4.4. Blood properties

The material properties of blood are also relevant in the CFD
simulation. Blood is a relatively viscous liquid with its viscosity about 2-3
times that of water. Although blood is known to be a shear-thinning non-

Newtonian fluid blood, in coronary arteries it can be considered Newtonian
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because its high mean shear rate [90] which has also been demonstrated in
the work of Abbasian et al [91]. When approximated as Newtonian fluid, the
dynamic viscosity of blood is typically given as 0.003-0.004 kg/mPa - s at

internal body temperature (37 deg Celsius).

Unfortunately flow within the coronary arteries cannot be measured
directly, as imaging techniques like MRl and PET are too coarse to resolve
individual blood vessels. CT imaging is also optimised for structural imaging
as opposed to flow. However, it is possible to observe changes in
ventricular volume to anticipate the quantity of flow into the body and from
that, the instantaneous flow rate can be found, which is the approach taken

in this thesis to estimate patient-specific flow condition.

3.5. Anatomic reconstruction of Coronary Arteries

The 3D models used for the CFD were reconstructed using the
Simpleware ScanlP software (Synopsys Inc, CA, USA) /Simpleware Ltd
(UK). The program is designed to segment, visualise and reconstruct 3D

surfaces from a wide range of 2D image stacks.

In this study, stacks of CT images in the DICOM format are imported
into the program and a 3D surface model of coronary tree is generated
based on the Hounsfield unit representing the tissue in each voxel. The
actual procedure is carried out in the following steps (shown in Figures 3-5
to 3-10):

Step 1: The user imports a stack of CT images into the ScanlP software.
Then the user selects a part of the CT image, and the software can segment
components based on CT Hounsfield units (HU) limits set. This is normally
considered as an image segmentation process. See Figure 3-5

Step 2: As the initial flood-fill operation segments out all connected regions
having similar HU (due to similar level of X-ray attenuation between bones
and CT contrast agent), blood vessels, and ventricles and bones are
segmented out all together in the program. After segmentation, a 3D model

of a ventricular cavity, the aortic root and the coronary arteries are cropped
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out. Because the myocardial muscle normally has a different level of HU
from blood cavity, the myocardium is not segmented here as its HU is

outside the range to be segmented. See Figure 3-6

Step 3: of anatomical model reconstruction. The user needs to define the
terminal ends of the model. While it can be left as is, it is generally good
practice to “prune” parts of the mesh which are too small to have been
properly resolved in the CT image (Figure 3-8). Vessels in these ends —
peripheral regions of coronary vessel network — are usually tortuous, and
the polygonisation during segmentation create blood vessels that are
physically unrealistic. While the polygon size can be decreased to refine the
model surface, there is a limit to how much can be recovered since the CT
resolution is the limiting factor. The proximal and distal ends of aorta also

need to be defined, preferably perpendicular to the vessel centrelines.

Step 4: Once model boundaries are defined, the ScanlP +FE module fills
the vessel cavity with volumetric (tetrahedral and prism) mesh elements so
that the model is meshed for CFD. The near-wall (boundary layer) region is
filled with prism mesh of small thickness such that the expected steep
velocity gradient can be adequately resolved. The final mesh is shown in

Figure 3-9.
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Figure 3-5 ( Top Panel) 3D rendering of the segmented Chest CT images, the rib
and spine are shown in a bone colour whilst the heart and blood vessels are shown
in red. (Bottom Panel) Ribcage and Spine removed leaving just the heart and its
blood vessels, e.g aorta, vena cava, pulmonary artery and veins etc.
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Figure 3-6 User interface of ScanlP software, used in Step 1 of anatomical model
reconstruction. In this study, the aortic root and coronary arteries are focused, therefore the
HU range needs to be narrow enough to exclude the heart cavity. If there are any
remaining unwanted parts that cannot be segmented using the HU range, it can be

manually eliminated in step 3.
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Figure 3-7 (Top) The Aorta and coronary arteries connected to the myocardial cavity.
The myocardium is not visible as its HU is outside the range that is being filtered here.
(Bottom) Coronary artery segmented from the myocardium
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Figure 3-8 Segmented aortic root and coronary arteries with boundaries defined for CFD
simulations
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Figure 3-9 (Top) Example of a completed mesh. (Bottom) Completed mesh zoomed in
and oriented to view the cross section of the coronary artery opening. Note the
prism layers at the edge.
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3.5.1. Mesh sensitivity test

One of the parameters that needs to be considered when creating a mesh
from a 3D model is the mesh size. Mesh size is essentially the “resolution”
of the model, how many polygons/elements the model is being represented
by. A higher mesh size has a larger number of polygons, each of a smaller
size, and represents surface curvatures better. A lower mesh size will
reduce computational cost during simulations, as CFD generally scales with
the number of elements in the control volume. Computations using
insufficient mesh resolution would yield unreliable results. To gauge the best
“goldilocks” mesh size where the simulation will produce sufficiently
accurate results at the lowest runtime, a mesh sensitivity test was
performed, shown in Figure 3-10 and Table 3-1. Mesh 3 shows similar
pressure difference values as the larger meshes, but Mesh 4 appears to

have a more consistent pressure value with the rest. Mesh size in mm is

effectively the size of the polygons used to represent the 3D model.

0.007 (m) 0.007 (m)

0.007 (m)

0.007 (m) e
| ¢
0.0035 < i

Figure 3-10 A comparison of pressure differences across the same stenotic artery,
at different mesh sizes.

0.0035
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Table 3-1 The difference in pressure values calculated in the CFD simulation
using various mesh sizes.

Element Size (mm) Number of Pressures
Mesh Stenosis Vessel Nodes  Elements Proximal Distal Difference
1 1 1 12250 60536 1765.6 1600.27 165.33
2 0.3 0.7 146813 353465 323857 3055.75 182.82
3 0.2 0.5 253705 648771 3125.13 2929.24 195.89
4 0.15 0.4 461946 1206400 299465 2798.59 196.06
5 0.1 0.3 874547 2719423 2962.55 2768.12 194.43
6 0.075 0.3 989059 2983263 2967.98 2772.75 195.23

3.6. Olufsen model implementation

3.6.1. Structured tree model implementation

The first lumped parameter model is implemented based on the model
outlined in the Olufsen [83]

The boundary condition at the terminal end of each coronary artery outlet is
an RC circuit with an unknown resistance R and capacitance C. To
calculate the resistance first, the hypothetical branching must be developed
using the Olufsen structural tree model. The bifurcation parameters, a and
B, are chosen to specify the sizes of the major and minor branch of each
bifurcation relative to the parent vessel, see Figure 3-3. a and 3 can be
equal, but literature cited in Olufsen’s model suggested an exponent to
Murrays law as 2.76, an intermediate value compromise between 3 for
laminar flow and 2.33 for turbulent flow [85,92]. This leads to the daughter
radii: a as 0.9 and 3 as 0.6. This means at every bifurcation; the daughter
branches have radii 0.9 and 0.6 times the radius of the parent vessel. This
is developed to as many generations as it takes until the largest daughter
vessel reaches the minimum terminating radius (where vessels do not
realistically get smaller), usually about 50 microns [93]. Each bifurcation can
be interpreted as the start of a new generation. The largest daughter branch
will be the blood vessel that scales by a at every bifurcation. The daughter
vessel generation is terminated when the larger daughter branch radius
reaches the cut-off threshold, and generally, for the coronary vessel sizes
being considered, the number of generations does not exceed 20.
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The algorithm in producing the structural tree model is outlined below:

1. Start with two branches from the CT-based terminal artery radius R, with
radii a*R, B*R

2. Split each of those branches into two daughter branches again
Each new branch is a and  multiplied by the radii of the parent branch.

4. Repeat this process starting from Step 2. for 20 generations where you
will have 22 terminal branches. Olufsen et al, suggests that 17
generations is sufficient [93], but as long as the same minimum radius is
used, a larger generation number can account for a wider range of outlet

sizes.

3.6.2. Resistance calculation.

The network can be visualised as a collection of resistors placed in series
and parallel to each other, the total resistance of the outlet accounts for the
total network geometry. This is achieved by adding resistances recursively

from the ends and up the branches.

For the first set of branches, to calculate the resistance, simply use the
eqguation specified in the Olufsen paper to calculate resistance based on the
radius of the vessels. For each of the 22° vessels, a corresponding
resistance value can be calculated using equation 18.

The resistance calculation algorithm is as follows:

1. Calculate each of the terminal branch's resistance using its radius. For
any branch of its radius smaller than the minimum radius (50 microns),
set the resistance to 0.

2. Total resistance of each daughter pair is calculated by taking the two
daughters connected in parallel. This total resistance is called the
downstream resistance.

3. The resistance of the parent vessel is calculated based on its radius.

4. The parent and downstream resistances are summed in series, and this
becomes a new daughter branch resistance of the bifurcation one level

upstream in the tree.

72



5. Repeat steps 2—4 until the singular parent vessel is reached thus the
total resistance of the tree can be calculated.

3.7. Concluding Remarks

This chapter described the fundamental framework to conduct coronary
blood flow simulations using patient-specific anatomical models reconstructed from
CT images which is the basis of CT-based FFR computations. The key theory and
assumptions involved in the framework was also described. In particular, the
methods for defining outflow boundary conditions such as the structured tree
method, and assumptions when applying that, play key roles in the model
framework. The methods described here will be applied in the subsequent

chapters, 4, 5 ,6.
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Chapter4.  Examining the Effect of Inflow
Conditions in Computational Fluid Dynamics
simulation for FFRCT Computations

4.1. Aim

In this chapter, the aim is to investigate the variability of computed FFR
when the simulation models are simplified. Firstly, the importance of a
pulsatile flow simulation is assessed, replicating the cardiac output from a
heartbeat, versus a simplified steady-state simulation in a practical setting
where boundary conditions are not fully known a priori. Secondly, the
importance of patient specific inflow parameters such as heart rate, stroke
volume, blood pressure and flow waveform are examined in comparison to

general population average metrics.

4.2. Introduction

Recently, with an increase in the use of computed tomography coronary
angiography (CTCA), the determination of FFR has been proposed to utilise
coronary CT images and computational fluid dynamics (CFD). A 3D model of
the aorta and coronary arteries is segmented from the CTCA images, and the
pressure profile across the model can be calculated using CFD. There have
been many attempts at simulating the conditions in the coronary arteries,
including commercial entities such as HeartFlow Inc. that performs the CT-
based FFR analysis for clinical diagnoses. The Heartflow approach has been
demonstrated in various clinical trials and studies [70,71,94] and has been
accepted for use in the US with FDA approval[95] and UK under guidance
from NICE[96]. The challenges that are faced by a technique like CT-based
FFR is the availability and quality of input data (parameters), computational
time and its accuracy in producing reliable values of FFR.

Despite invasive FFR being the gold standard, it is currently utilised in
fewer than 10% of CAD assessments, with CT-based FFR even fewer sitill

[71]. There is significant demand for faster and more automated simulations
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with the ultimate goal of on-site calculation of FFR in the matter of minutes or
seconds prompting the need for more efficient simulations [97]. Currently, a
full 3D transient (or pulsatile flow) simulation can take over 36 h [71] and
commercial systems still require 12 - 24 h . The ability to reduce this time to
be comparable or faster than an invasive FFR measurement will likely
increase the use of FFR-based assessments, in general, due to its lower cost
(32% lower cost, HeartFlow Inc. Redwood City, California, US[70]) fewer
adverse effects from vasodilators, non- or minimally invasive procedures and
less requirement of trained clinical staff to be present to perform the
procedure.

There is yet to be solid consensus established for CT-based FFR
calculation or coronary blood flow simulation in general, with various research
groups using a varied set of patient parameters, boundary conditions and
simulation types. For example, in inflow parameters, a successful attempt has
been reported only using population average, rather than patient-specific
values of cardiac output, heart rate and typical vasodilatory response in the
presence of hyperaemia or exercise [98], which raises a question about the
value of patient-specific boundary conditions. Coronary artery blood pressure
in the distal regions of the vasculature have been characterised well using a
steady state simulation with arterial wall assumed to be rigid. The predicted
pressure was found to be similar (~1%) to both a pulsatile simulation and
invasively measured pressure, though conversely this study relies upon
patient-specific inlet conditions that have been measured invasively[99]. It
has been demonstrated in a highly controlled simulation, where boundary
conditions are known or measured invasively, that the steady-state
simulations, pulsatile/transient simulations and measured FFR are close to

equivalent, suggesting that transient effects may not be significant[100].

4.2.1. Pulsatile flow vs Steady flow

In the invasive FFR procedure during catheterisation, the pressure
proximal to the stenosis and the pressure distal to the stenosis are monitored

across multiple cycles spanning minimum 2 min, which are 100-250 full
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cardiac cycles depending on the patient [101]. The FFR value is taken as the
lowest (most severe) Pd/Pa measured, with the caveat that there are various
artefacts that are ignored. This diastolic-quasi-steady state is considered
more representative of the vascular resistance [102], and the lowest FFR
value measured in this period is normally taken as the single numerical
indicator, as the final form of FFR, to be used in diagnoses. Additionally, it
has been suggested end-diastolic FFR (dFFR)—FFR measured at end-
diastole—is a better representation of flow limitation caused by the stenosis
[102,103].

4.2.2. Patient specific input variables

It is also important to consider how variable FFRCT simulation outputs
are when population averaged cardiac outputs, heart rates, blood pressures,
even flow waveform are used, versus the outputs with patient-specific
metrics. For the majority of patients that undergo CTCA, heart rates and
blood pressure is commonly documented but cardiac output is not, this can
be measured using other imaging modalities, or setting a dynamic CT process
to capture the volume of the left ventricle across a cardiac cycle to infer the
stroke volume of the heart and therefore cardiac output. All these variables
play a role in a pulsatile flow simulation but even in a steady flow simulation,
cardiac output and blood pressure can have an immediate impact on the FFR
value that is measured.

For the same given patient, considering constant coronary arteries and
microvascular resistance, a higher cardiac output will lead to proportionately
higher flow, across a resistive “pipe”, i.e., a stenosis, a higher flow will create
a larger pressure drop and therefore FFR will be lower (the patient will be
diagnosed as a more severe case). Blood pressure also affects FFR, as the
pressure drop across a stenosis is only dependent on the flow rate and
resistance, the same given pressure drop with different patient blood
pressures will create different FFR measurements as FFR is the pressure
drop divided by the aortic pressure. Though blood pressure is recorded for

every patient, this pressure value is measured on an upper arm using

76



pressure cuff, also known as Brachial pressure, which is shown to correlate
significantly with but not necessarily the same as the Central Blood
Pressure[104,105], i.e. the blood pressure in the ascending aorta. This is
another consideration worth investigating but is outside the scope of this

chapter.

4.3. Methods

The analyses are based on computational fluid dynamics applied to a 3D
patient-specific anatomical model, following the steps summarised in Figure
4-1. To investigate the dependency of FFR values on boundary conditions,
the inflow conditions were varied in 4 ways: (1) pulsatile patient-specific, (2)
steady inflow patient-specific, (3) pulsatile population average and (4) steady
inflow population average. Additionally, the same conditions were applied to
calculate FFR alternatives such as iFR and baseline Pd/Pa. Details of the
procedure in each stage of the analysis are described in the following

sections.
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Figure 4-1 Workflow of computational procedure to calculate FFR



4.3.1. Patients

Four patients (2 male, 2 female, age: 58 +/- 6 years) who have various
levels of angiographically determined epicardial stenosis (2 mild, 1 moderate
and 1 severe case) were selected. The patients, came to UCL Hospital,
presented chest pain and other symptoms that indicated an intermediate risk
of coronary artery disease. All patients underwent cardiac CT angiography
for anatomical assessment. The study was carried out in accordance with the
recommendations of the South East Research Ethics Research Committee,
Aylesford, Kent, UK, with written informed consent from all subjects. The
written consents were obtained in accordance with the Declaration of

Helsinki.

4.3.2. Image Segmentation and Meshing

Three-dimensional anatomical models of the coronary arteries were
obtained by segmenting the coronary CT angiography images using the
Simpleware ScanlP package (Synopsys, Mountain View, CA, USA). Due to
the limiting resolution of CT, approximately 0.488 mm per pixel in-plane and
0.625 mm slice thickness, the anatomical model included arteries whose
diameter was larger than 2 mm. The 3D anatomical model was meshed using
tetrahedral elements with 6 layers of prism elements near the wall. Total
number of elements resulted in the order of 106 for all patients.

In this investigation, stacks of CT images in the DICOM format are
imported into the program and a 3D image of voxels is generated with the

Hounsfield unit representing each voxel.

4.3.3. Patient Specific Inflow Boundary Conditions

Retrospectively gated CT was performed/acquired, with the data binned
into 10% R-R intervals, to enable segmentation of the LV cavity. Using these

CT snapshots, the left ventricular cavity was segmented including its
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morphological variation. By calculating the change in volume across each
time point, the aortic outflow, which subsequently splits into the systemic and
coronary outflow, was calculated as a function of time (Figure 4-2). Here, the
flow was assumed to be zero in the diastolic phase of the cardiac cycle after
the LV cavity volume started to increase, when the aortic valve is expected to
shut. Physiologically, blood flows from the left atrium in this phase, rather
than backflow from the aorta thanks to aortic and mitral valves.

For the steady-state simulation, the patient-specific stroke volume was
calculated from the difference between the end-diastolic and end-systolic
volumes, and combined with the measured heart rate of the patient to obtain
their time-averaged flow rate. For the pulsatile flow simulation, the patient-

specific flow waveform was used directly as the inflow condition at the aortic
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Figure 4-2 Red line indicates the aortic flow rate across the cardiac cycle, derived
from the changing volume of the left ventricular cavity contracting and relaxing
across the cardiac cycle, shown by the green line.

4.3.4. Coronary Outflow Boundary Condition

As described earlier, the coronary arteries in the anatomical model were
terminated at approximately 2 mm vessel diameter, as it approached the
limitations of the CT resolution. To incorporate the resistance of further
downstream geometry (see Figure 4-3), a structured tree model proposed by
Olufsen [93] was used. In this method, the vascular network after the terminal
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boundary was modelled with a tree of asymmetric fractal-like bifurcations
where each daughter branch of a bifurcation is further divided into asymmetric
branches recursively. The method was based on empirical studies on
geometry of the coronary microvasculature and had been shown to produce
realistic resistance conditions for coronary flow simulations[98].

This process was terminated when the smallest of the daughter branches
reached a size that was the limiting size for arterioles—this was 0.05 mm in
our model following Olufsen et al. [93]. The resistance of entire tree was
calculated and represented the resistance component of two-element
Windkessel model, as shown in Figure 3-4. Note that as the simulation is for
FFR, they need to be adjusted for adenosine-induced hyperaemia, which is
explained in the next section. The capacitance parameter was determined by

setting the time constant (=1/RC) equal to 0.063 s following the literature[98].

Patient inflow

LCX

)

:

Figure 4-3 Schematic showing various outlet boundary conditions. All the boundary
conditions are two-element Windkessel models represented in the circuit diagram.
In this patient, both the left anterior descending artery (LAD) and left circumflex
artery (LCx) supply the left ventricle, which is susceptible to higher levels of
intramyocardial pressure. A pressure term is applied to the boundary condition to
mimic the contraction of the left ventricle causing the embedded coronary arteries
to be compressed and reduced flow[106]. RCA, right coronary artery.
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4.3.5. Aortic Outflow Boundary Condition

The aortic outflow boundary is located proximal to the aortic arch and
the flow to this outlet goes to the rest of the systemic circulation. Here, a
simple two-element Windkessel model is placed, with systemic resistance
tuned to account for 95% of the cardiac output[107] when compared to the
resistance values of the coronary outputs.

As the coronary outlet resistances and the aortic outlet are essentially
in parallel, it becomes a simple calculation to set the resistance to produce
the appropriate flow distribution for a given pressure.

The compliance values were chosen to produce realistic pressure
waveforms at the outlet based on appropriate time constants (resistance
multiplied by compliance) from literature data[98]. The total resistance of all
the outlets—systemic and coronary—was scaled to the patient-specific or
population systolic and a diastolic pressure.

It is generally accepted that whilst outlet diameter is a good
determinant for downstream microvascular resistance, the microvascular
resistance should also be set to produce the appropriate blood pressure given
a known inflow, or the appropriate inflow given a known blood pressure. This
approach has been used in conventional FFRCT approaches[108], by
multiplying the set of microvascular resistances by a scaling factor, therefore
preserving the flow distribution across the vessels. When the downstream
resistance is adjusted, it has been shown that different methods of resistance
calculation tend to produce similar result, especially for functional measures
like FFR[109]. For the simulation setup in this chapter, the simulations are
conducted with a known inflow (both pulsatile and steady flow), and therefore
the resistances are scaled to produce the appropriate blood pressure for the
specific patient. Absolute values of resistance derived either by Olufsen[93]
and Kassab[110] methods can serve as the starting point of resistance
scaling. From this point onwards, the Olufsen structured tree calculation is
used as its algorithm has been well validated experimentally[83], used often

in FFRCT research[80,109] and its algorithm is easily implemented.
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4.3.6. Modelling the Effect of Adenosine

Adenosine induces direct coronary arteriolar vasodilation through
specific activation of the A2A receptor. This usually results in a 3.5- to 4-fold
increase in myocardial blood flow[13]. Under such hyperaemic conditions,
coronary blood flow is directly proportional to perfusion pressure and a
reduction in perfusion pressure due to a coronary stenosis will thus
proportionally decrease coronary flow during hyperaemia[14].

To model the effect of vasodilation, the resistance values (obtained
using the structured tree method) in the Windkessel boundary condition is
uniformly decreased to 30% of the resistance at rest; this is a typical
adenosine response and used in previous coronary flow simulations[98].
Here, the increase of the flow by adenosine administration from the baseline
state (Qadenosine/ Qnaseline) is called coronary flow reserve (CFR), indicating the
ability of vasodilation in a branch and its downstream vasculature.

Adenosine has also been found to increase the heart rate by 40—-50%
of baseline[111,112] as well as stroke volume to a much lesser extent (by
approximately 10%[113]), ultimately increasing the average cardiac output.
The patient parameters in this study had their heart rates and blood pressures
measured already during adenosine-induced hyperaemia, there can be used
directly. Similarly, for the population average example, Population average
haemodynamic parameters (heart rate, etc.) for patients under hyperaemia
were  obtained  from population  average  baseline cardiac
statistics[114,115][111,112], and the typical adenosine response was applied

as mentioned above[112,113], these are presented in Table 4-1.

4.3.7. Modelling Intramyocardial Pressure

Pressure and flow waveforms in coronary arteries are out of sync, i.e.,
the flow is not systolic-dominant, in the coronary arteries which is strongly
influenced by the intramyocardial pressure. Intramyocardial pressure is
assumed to be purely dependent on and linearly proportional to left ventricular
pressure[116,117], and left ventricular pressure closely traces aortic pressure

during systole but drops down to nearly zero during diastole. In our model, an
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intramyocardial pressure was incorporated as the surrounding pressure
across the capacitive component of the Windkessel model boundary
condition, as indicated in Figure 3-4, in the coronary arteries that supply the
left ventricular muscle. This practically mean that the condition was applied
primarily to the main branches of the left anterior descending artery (LAD)
and left circumflex artery (LCx). Due to lack of patient-specific ventricular
cavity pressure, the intramyocardial pressure waveform from the literature
was adopted and scaled to patient-specific systolic pressure, while the

diastolic pressure was kept zero [118].

4.3.8. Computational Schemes and Parameters

The time step for pulsatile/transient simulations used was 0.001 s, and
the convergence criteria for the linear iterative solver was set to 1.0 x 107°
based on the root-mean-square of the residual at every node. Pulsatile
simulations required 3 cycles before it stabilised to a consistent waveform,
and therefore all simulations were performed up to 5 cycles. The actual time
of simulation and total number of time steps varied between patients, as their
heart rate determined the length of the simulation. The steady inflow
simulations were carried out in quasi-steady condition, i.e., transient
simulations were conducted with the steady inflow boundary condition. This
was required to account for the transient response of the downstream
impedance. Here, the same time steps (0.001 s) and convergence criteria
(1.0 x 107°) as the fully transient simulations were used. Sensitivity tests of
the computational results to both mesh and time step size were carried out
such that the pressure drop across a stenosis computed with the finally
chosen mesh and time step was less than 1% of difference compared to a
mesh with doubled number of elements. Computations were conducted using
2 cores on standard desktop workstations (Intel Core i7 6700K 4 GHz, 16 GB
RAM, 4 cores and Intel Xeon E5-2670 2.6 GHz, 128 GB RAM, 32 cores).
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4.3.9. FFR quantification position and interpretation

Suspected
Lesion

FFR=0.71

Figure 4-4 FFR values measured across various distances from the locus of the
stenoses.

In the results of CFD simulations, FFR values were “measured” by
recording pressure values proximal and distal to a stenosis. For simplicity,
this calculation — virtual measurement — will be called simply “measurement”

hereafter.

In some cases, the pressure drop is much more diffuse over a
stenotic artery, like the example in Figure 4-4, making measurement of FFR
ambiguous. There is no general guidance for both invasive FFR
measurements nor conventional FFRCT, on what location to measure FFR
from. FFR standards in invasive measurements specify at least 3-4 cm
distally [40][119]. A further point of consideration is that a diffuse pressure
drop may suggest that the overall pressure drop is not caused by, or not
solely caused by the stenotic segment, but rather by other forms of disease:
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microvascular disease, diffuse atherosclerosis, endothelial damage, low
coronary flow among many other possible causes. In such a case, PCI or

stenting could be ineffectual if not counterproductive to the patient[75].

The HeartFlow Inc service simply returns an FFR profile, essentially the
pressure profile divided by the aortic pressure at the coronary ostia, that
allows quantification and visualisation of the computed FFR at any point
along the coronary arteries[120]. It is then up to the discretion of the
physician to decide the FFR at which point to take.

In the present simulations, monitor points were placed at the coronary
ostium and in the coronary artery at a point approximately 4 cm distal to the
stenosis. In the steady inflow simulation, the pressure ratio of the two points
when the simulation had stabilised and converged was used to represent
FFR. In the pulsatile flow simulation, pressure values at each monitor point
were recorded across the cardiac cycles to calculate FFR (Figure 4-5). FFR
was taken as the lowest value measured (i.e., the most severe measure)
following common clinical practice[121]. FFR of less than 0.8 is deemed as a

physiologically significant stenosis that should be best treated by stenting.

4.3.10. Instantaneous Wave-Free Ratio measurement

The instantaneous wave-free ratio or iFR was similar to the pressure ratio
across the stenosis; however, it is measured during rest (no induced
hyperaemia), and it is the average value across the “wave-free” region of the
cardiac cycle, where the competing forces of aortic compression and
microvascular compression were minimal and where pressure and flow
became linearly related (Figure 4-5). In this region, vessel resistance was at a
minimum and stable throughout. The cutoff threshold of iFR indicating

significant stenosis was <0.89 [55].
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Figure 4-5 Pressure waveform of a patient under induced hyperaemia, showing
the pressure at the coronary ostium (Pa) and pressure distal to an obstruction (Pd)
across the cardiac cycle. Fractional flow reserve (FFR) is measured as the lowest

ratio Pd/Pa measured. Note that there is a region in diastole known as the wave-

free region, where the gradient of both pressure and flow are aligned and
peripheral resistance is minimized. This is when the pressure drop is usually the
most prominent across an obstruction. Instantaneous wave-free ratio (iFR) is
measured in that region if the patient is at rest[122].

4.3.11. Comparison of Patient-Specific Parameters and
Population Average-Based Inflow Parameters

Simplification of models by using population average data for boundary
conditions is a widely accepted approach. While that may not reduce the
simulation, time required to produce FFR values, it reduces the burden on
clinicians to record every patient-specific parameter for each individual
patient. Adequate level of patient information must be thoroughly investigated
by assessing whether the pressure profile and FFR is sensitive to patient
specificity in the inflow parameters and in what cases might this cause a
significant discrepancy. The population average data under induced
hyperaemia[114,115] is listed in Table 4-1.
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Table 4-1 Patient-specific and population average inflow parameters during
hyperaemia. Note: the heart rate is elevated due to adenosine administration.

Heart Stroke Cardiac
_ Pressure
Patient Rate Volume Output
(mmHg) :
(bpm) (mL) (mL/min)
1 106 114/68 98 7200
2 79 140/58 114 9000
3 99 108/46 68 6800
4 115 128/68 103 11800
Population
average 98 122/71 77 7500
[115,116]
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4.4. Results

Spatial distributions of pressure obtained from the patient-specific CFD
simulations of patient 2, with steady patient-specific inflow and with pulsatile
patient-specific inflow, are shown in Figure 4-6 and Figure 4-7. The pulsatile
simulation result is also accompanied by pressure waveforms in the coronary
ostium (Pa) and distal to the stenosis (Pd). Comparison of the two series of
the results shows that the pressure distributions are similar in general. In
particular, the distribution with steady inflow and that with the pulsatile inflow
at t = 0.2 s appear to be close to each other. In both steady and pulsatile
inflow cases, a significant pressure drop is observed across the stenosis (red-
orange-yellow in the Figure 4-6). It is also important to mention that the
pressure difference across the stenosis (Pd vs Pa) is nearly constant from
the peak flow (~0.4 s) to the end of the cycle in Figure 4-7. Note that in Figure
4-5 and Figure 4-7, the proximal—distal pressure difference is larger in the
diastolic period. This is because of the diastolic dominant flow in coronary
arteries, shown in Figure 4-8.

The impact of the type of inflow boundary conditions—pulsatile, steady,
patient-specific and population average—on FFR was examined first. Table
4-2 the result of computations for all four patients and four inflow conditions,
in terms of FFR values in various definitions. Note that the conditions of the
FFR computation in the present study are all hyperemic, which is required for
the measurement of FFR. The FFR are, in general, nearly independent of the
boundary conditions for patients 1-3 (approximately 0.6, 0.8, 0.95,
respectively) but more variable for Patient 4 (range 0.84-0.94). From the
direct comparison between pulsatile and steady conditions for each patient,
the maximum discrepancy of FFR due to flow pulsatility is 0.02 for Patient 2.
Likewise, the maximum discrepancy of FFR owing to the difference between
patient-specific and population-averaged conditions is larger, 0.07, for
Patient 4.

89



Pressure
Wall

.’ 140

- 105

LCX

Stenosis

0 0035 D070 ()
—

00178 0083

. FFR=Pd/Pa=0.8

é‘;

Figure 4-6 Pressure profile of patient 2 with an obstruction in the LAD. At 0.8 FFR, this

patient is in the borderline area where stenting is only marginally better than optimal

medical therapy. This pressure profile is obtained from the steady inflow simulation.
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Figure 4-7 Pressure profile of the same patient as Figure 4-6 for a pulsatile flow

simulation. The stenosis is located on the LAD. In the time history of pressure,

result from the last 3 cycles is shown.
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Figure 4-8 Flow rates of the various coronary branches across the cardiac cycle. In
the left coronary arteries, flow is the highest during diastole due to high
intramyocardial pressure during systole inhibiting flow. Note that there is a stenosis
in LAD of this patient. The highlighted region (Blue) shows the diastolic wave-free
region, where flow and pressure decline together [55,123].

Table 4-2 Comparison of pressure ratio/FFR values obtained using various
types of simulation.

With Patient-Specific Inflow With Population Average Inflow
. Pulsatile Puls. End- ) Steady Puls. Puls. End- ) Steady
Patient . Puls. Min . Puls. Min
Average Diastole State Average Diastole State
(FFR) (FFR)

Pd/Pa (dFFR) (FFR) Pd/Pa (dFFR) (FFR)

1 0.63 0.59 0.59 0.60 0.62 0.59 0.59 0.59

2 0.84 0.81 0.80 0.80 0.85 0.81 0.80 0.81

3 0.96 0.94 0.94 0.95 0.97 0.96 0.95 0.96

4 0.88 0.84 0.84 0.86 0.94 0.91 0.91 0.92

Next, the impact of hyperaemic conditions on the flow reserve indicators
were studied, including iFR—an indicator based on the non-hyperaemic
condition. The comparison of various flow reserve indicators is presented in

Table 4-3. Here, all indicators are based on the pressure drop across the
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stenosis and the difference between those in the baseline and hyperemic
conditions are shown. Because FFR by definition requires hyperemia, non-
hyperaemic (baseline) pressure drop is shown as Pd/Pa—ratio of the
pressure downstream of the stenosis to the aortic pressure. The results were
derived with patient-specific flow conditions. The pulsatie FFR was
calculated as the average of Pd/Pa throughout the cardiac cycle, whereas
iIFR was only in the wave-free (diastolic) region. The hyperemic indicators are
consistently lower than the baseline ones, and the indicators agree with one
another within each category. This is also in agreement with the difference of
cutoff values of the haemodynamic indicators: lower cutoff value of FFR (0.80
[47,124]) in comparison to baseline indicators (e.g., 0.91 for iIFR [123]).
Among the patients in this study, consistent with the FFR below the cutoff,
Patient 1 appears to have a severe stenosis indicated with both baseline
Pd/Pa and iFR below their respective diagnostic cutoffs (0.91 and 0.89). The
patients with the higher FFRs also had baseline Pd/Pa and iFR well above
the cutoffs, indicating good diagnostic agreement in the two metrics.

Lastly, the distribution of the flows to the stenosed coronary branch and
the other non-stenosed branches were investigated under the various inflow
boundary conditions. The results are summarised in Table 4-4. The flow rates
through the stenosed branches are closely matched between the two
simulation types while the difference in the healthy branch flows tend to be
higher. The largest discrepancy in stenosed branch flow rate between
pulsatile and steady flow conditions was observed in Patient 3 (2.18 mL/s
versus 1.83 mL/s). At the same time, Patient 3 has the highest FFR (i.e., least
functionally severe stenosis) and, therefore, it is likely that the pressure drop
across the mildly stenosed branch is not affected by the difference of the flow

rates.

92



Table 4-3 Comparison of pulsatile FFR, iFR, resting Pd/Pa, steady-state FFR and
resting Pd/Pa. Simulations were done using patient-specific inflows.

Hyperamic Indicators Baseline Indicators
Patient Pulsatile Steady-State Pulsatile Pulsatile Baseline Steady-State Baseline
FFR FFR iFR Pd/Pa Pd/Pa
1 0.59 0.60 0.85 0.88 0.85
2 0.80 0.80 0.93 0.94 0.92
3 0.94 0.95 0.98 0.99 0.98
4 0.84 0.86 0.95 0.96 0.95

Table 4-4 Comparison of flow rates out of stenosed and healthy branches, pulsatile
versus steady. Simulations were done using patient-specific inflows.

Stenosed Branch Flow Rate Healthy Branch Flow Rate *
Patient Pulsatile Inflow 2 Steady Inflow Pulsatile Inflow 2 Steady Inflow
(mL/s) (mL/s) (mL/s) (mL/s)
1 4.44 4.28 14.3 11.6
2 1.18 1.15 14.6 11.0
3 2.18 1.83 11.6 9.10
4 5.74 5.59 20.8 18.6

1 Sum of flow out of branches that are not diseased; 2 instantaneous flow rates measured at

the time point of FFR measurement.
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4.5. Discussion

4.5.1. Effect of Flow Pulsatility on FFR

The high correlation between the FFR values obtained using a pulsatile
simulation and that of a steady-state simulation indicates that the use of
simple steady flow condition may be acceptable. Across the range of coronary
artery stenosis from healthy to significantly diseased, the discrepancy of FFR
between the steady state and the pulsatile simulation is small (maximum
discrepancy of 0.02). This remains true for diseased LAD and LCx arteries,
where the systolic—diastolic discrepancy of the flow is particularly high due to
its higher impact of intramyocardial pressure that inhibits relatively low level
of systolic flow.

The cycle averaged Pd/Pa ratio from the pulsatile flow simulation is
naturally higher than the FFR because of its definition, i.e., FFR is the
smallest Pd/Pa throughout the cycle. However, dFFR is not necessarily the
smallest FFR, although it tends to approximate closely to FFR. The minimal
pressure ratio is almost always found in the wave-free region and usually at
the end of diastole. This is well explained by the fact that the downstream
microvascular resistance is stable and minimal in the wave-free region [55],
therefore inviting high flow rate that results in a much larger pressure drop in
the epicardial stenosis.

The steady-state FFR values are more closely aligned with the standard
FFR as opposed to the pulsatile average despite both simulations having the
same average flow rate/cardiac output. Referring to the flow distributions
(Table 4-4), the flow in the stenosed branch seems not sensitive to the
difference between steady and pulsatile conditions, relative to the non-
stenosed branches. This indicates that a stenosis is likely to cause
redirections of flow to the healthy branches, which make it less sensitive to
fluctuations in inflow. This is also consistent with the waveforms presented in
Figure 4-8; the flow in the stenosed branch (LAD) varies less than the healthy
branch (LCx).

Additionally, when iFR as well as baseline Pd/Pa in the pulsatile
simulation are compared with the steady-state baseline Pd/Pa, the steady-
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state Pd/Pa tends to be closer in approximating iFR than the cycle-averaged
pulsatile baseline Pd/Pa. It is most apparent in the case of Patient 1 where
the discrepancy between cycle-averaged pulsatile baseline Pd/Pa and
pulsatile iFR is the largest. This suggests that the steady inflow simulations
in both resting and hyperaemic states may tend to be more representative of
the conditions in the wave-free region of the cardiac cycle. The wave-free
region is defined as the time interval within the cardiac cycle where pressure
and flow are linearly related [55]. In a steady inflow simulation, the pressure
and flows converge to a static value, therefore satisfying this condition. This
would also suggest that in a pulsatile simulation that perhaps rather than the
average Pd/Pa, the value in the wave-free region should be used.

Steady-state simulations would not be the replacement to pulsatile
simulations in all coronary flow simulations; however, there is much value in
using them when the focus is on studying the flow limiting effects of a
coronary obstruction. It is far simpler to simulate, with less input parameters
and therefore assumptions needed and completed in a much shorter time.
The computational time was approximately 2 hours for the steady-state
simulation, whereas a pulsatile simulation that observes 5 cardiac cycles
required approximately 16 hours. Using steady-state simulations may vastly
improve the efficiency of blood-pressure-focused coronary haemodynamic
research and medical diagnostics, especially when a larger population is
looked at.

4.5.2. Importance of Patient Specificity in Inflow Parameters

The largest discrepancy of FFR between patient-specific and population-
averaged inflow was observed for Patient 4, approximately 7% larger in the
population average simulation than with the patient’s own inflow parameters.
The largest disparity between the patient-specific inflow parameters and
population-averaged was indeed in Patient 4 (Table 4-1); the patient-specific
cardiac output, heart rate and stroke volume are all universally higher than
that of the population average. The lower FFR (i.e., less functionally normal)
in Patient 4 is found with patient-specific inflow in both pulsatile and steady-

state simulations; therefore, the likely cause of the FFR discrepancy is the
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cardiac output, a combination of increased heart rate and/or high stroke
volume. Patient 4's cardiac output is 1.9 times as large as the population
average. Using patient-specific inflow, the flow diverted to the stenosed
branch is about 1.7 times (5.6 mL/s versus 3.3 mL/s) more than using
population average inflow. The discrepancy between the inflow difference
(x1.9) and the stenosed branch flow (x1.7) suggests that the stenosis

redirected the increased flow more to healthy branches.
Using the equation for laminar flow resistance: Q = A?P, where Q is flow

rate, AP is pressure drop and R is vascular resistance, a higher flow rate
should lead to a proportionately higher pressure drop for the same coronary
artery system having the same vascular resistance. With the systolic and
diastolic pressures comparable between patient-specific (128/69) and the
population average (122/71) conditions for Patient 4, it is reasonable to
interpret that the pressure drop difference is owing to the flow rate difference
between the patient-specific and population average inflows (i.e., patient-
specific is 1.7 times higher). This is indeed true as the FFR for the patient-
specific case indicates a pressure drop of approximately 1.75 times larger
than that of population average. However, the definition of FFR (Pd/Pa = (Pa
- AP)/Pa; AP is the pressure drop across the stenosed vessel) reduces the
impact of pressure drop, which is why the discrepancy in inflow conditions are
not reflected to FFRs. At the same time, the flow in the branches is clearly
sensitive to the inflow condition, which indicates that if the focused parameter
is not FFR but shear stress, impact of inflow conditions would be more
significant.

It has been documented that FFR is related to the relationship between
coronary artery lumen volume (V) and left ventricular mass (M). Left
ventricular mass is linearly correlated with left ventricular chamber volume
(volume/mass ratio 0.80 mL/g + 0.15 mL/g) [125]. Low V/M ratio indicates that
a small lumen volume is available for large blood demand (i.e., large
volumetric flow) for a large ventricular mass, thus a lower V/M ratio tends
towards a lower FFR (high pressure drop) and higher overall likelihood of

CAD [126]. It has also been suggested that an obstruction in a small coronary
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artery lumen volume is likely to cause ischaemia, and more so for a larger LV

mass that demands a higher volume of blood[126].

4.5.3. Various Definitions of Flow Reserve Parameters

The various definitions of FFR and metrics alternative to FFR —for
gauging physiological severity of an obstruction—fundamentally evaluate the
pressure ratio Pd/Pa in various definitions, each of which has its own merits.
The main advantage of iFR, or baseline/resting Pd/Pa, lies in its
measurement procedure, i.e., the intravascular pressure measurement is free
from adenosine. From a simulation perspective, it may seem irrelevant;
however, setting microvascular resistance and appropriately determining its
response to vasodilatory drugs as the coronary outlet conditions is crucially
important, although acquisition of such data in patient-specific manner is a
challenge. It has been reported that coronary artery haemodynamic
simulations are particularly sensitive to their outlet conditions [71,99]. While
a typical adenosine response is often used, e.g., reduction of peripheral
resistance to 30% of baseline, the response in reality is highly variable and
more importantly, diseased patients’ vasodilatory response is typically less
than optimal. Therefore, using an adenosine/vasodilator-free method even in
simulation is expected to provide a substantial advantage by potentially
reducing the unknown.

Among the patients examined in this chapter, Patient 2 is a borderline
case according to the FFR; both pulsatile and steady-state simulations gave
a value of 0.80-0.81, which is right at the cutoff for stenting treatment. On the
other hand, the baseline Pd/Pa for both pulsatile and steady-state simulation
(0.92 and 0.94) indicate that they are both above the optimal cutoff of 0.91
[55] for determining a significant stenosis. Similarly, the iFR obtained from
measuring the Pd/Pa ratio at the wave-free region (0.93) indicates that the
stenosis is not severely flow limiting, using the iFR cutoff of 0.89. Adenosine-
free methods such as iFR and baseline Pd/Pa is not only beneficial for
invasive assessment but could also be beneficial in simulation-based
assessment of coronary artery disease. As mentioned in the introduction, a

hybrid approach using multiple flow reserve parameters (e.g., FFR and iFR)
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has been considered. The results demonstrate that computationally derived
flow reserve parameters could provide a more consolidated indication when

one parameter shows a borderline result.

4.5.4. Limitations and Further Work

The work presented in this chapter was conducted with a small sample
size (n=4), as a pilot study, including mild to severe range of coronary artery
disease. The inflow waveform was taken from a series of chest 4D CTs
across the cardiac cycle divided into 10 equal intervals. A more in-depth
examination of the pulsatile effects especially around the systolic peak will
require waveforms with more sampling points over the cycle, which may be
acquired with 4D CT of a much higher temporal resolution, time-resolved MRI
or invasive flow measurements. However, as FFR and iFR tend to be
measured during diastole in the wave-free region, an increased complexity in
simulating the systolic region may not add a significant benefit.

CT-based calculation of FFR is focused on this thesis but other
approaches exist. For example, an FFR-equivalent parameter called
quantitative flow ratio (QFR) has been proposed, which is calculated based
on the 3D model reconstructed from 2 projections of X-ray angiograms [127].
Such approaches have their own advantages and disadvantages, but the
discussion of that is out of the scope of our work.

Although the trend of flow reserve parameters we observed in this
study—not strongly sensitive to the inflow boundary conditions in most
cases—appears consistent, this research can be furthered in two major
directions: (1) using a larger sample size comparing the various inflow
boundary conditions, and (2) verifying the result with the gold standard, i.e.,
invasively measured FFR. There are other factors, such as outflow boundary
conditions, that potentially affect FFR. Studies to examine those factors are
also warranted, and the effect of outflow boundary condition is investigated in
next chapter.

It should be noted that whilst Patient 4’s stroke volume and heart rate are
both very high, they are within 2 standard deviations of from the average

person[128], however the likelihood of a person having both these traits is
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highly unlikely, and the cardiac output (calculated from multiplying the stroke
volume by heart rate) for patient 4 does seem to be unrealistically large. As
the stroke volume is produced from segmentation compared to heart rate,
which is directly measured, it is likely that the LV cavity was not segmented
well. Not all CTCA imaging produces a full set of images that allows
segmentation of the LV cavity at specifically at the systolic and diastolic
peaks. This may suggest that methods for calculating cardiac output may
need to be refined, a common patient metric readily available to use is Body

Surface Area (BSA), calculated from height and weight of the patient[129].

4.5.5. Concluding Remarks

The results in this chapter presented/confirmed that steady inflow
simulations are appropriate for the purpose calculating of FFRCT, as well as
alternate measures such as iFR. For the simulations in subsequent chapters,
the steady inflow condition will be used, which minimises computational time
and reduces the need for datasets with full dynamic CT required for a pulsatile
inflow. With regards to using patient specific or population average
parameters, it is apparent that FFR in particular varies with the flow through
the vessel, which is highly correlated with cardiac output. Therefore, it is best
to utilise patient specific parameters where possible, but cautions are needed
when patient-specific metrics are derived from imaging which may introduce

additional errors.
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Chapter 5.  The variability of FFRCT due to
outflow boundary conditions and assumptions

5.1. Aim

The aim in this chapter is to examine the sensitivity of FFR to the
various types of outflow boundary conditions (perfusion based and
conventional morphological based) and evaluate the significance of patient-
specific outflow boundary conditions. Additionally, a method to evaluate a
potential range of FFR for individual patient is proposed and tested as an
alternative method when perfusion is not known from PET or other type of

imaging.

5.2. Introduction

In the previous chapter the variability of FFR was examined based on
the inflow parameters such as pulsatile flow vs steady flow, patient specific
flow rate and blood pressure. In this chapter, the impact of outflow boundary
conditions, especially with regards to vasodilatory response to stress or
hyperaemia, is investigated. As introduced earlier, vasodilation using
adenosine is induced clinically in invasive measurement of FFR, which has
been incorporated in conventional simulation based FFR assessment by a
reduction of the outlet resistance.

Adenosine activates the A2A receptor causing coronary artery
vasodilation, leading to 3.5 to 4-fold increase in myocardial flow in healthy
humans.[130] The increase in flow under hyperaemia is known as coronary
flow reserve (CFR), a functional measurement of coronary health similar to
but distinct from FFR. It reflects the health of an entire coronary tree including
but not exclusively the microvasculature whereas FFR only assesses the
possibility of epicardial disease. In microvascular ischaemic disease, the
vasodilatory response is reduced (a CFR of <2 is common in diseased

patients and is often used as a diagnostic threshold for general CAD) and in
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some extreme cases, adenosine causes no change from the resting state
(CFR < 1).[130]

In simulation-based measurements, these microvessels are part of the
downstream boundary conditions for the outflowing coronary branches, which
are typically defined by the resistance of the microvessels. The microvascular
dilatory response can thus have a significant influence on the flow rate
through each coronary branch. As CT cannot resolve microvascular anatomy
and vasodilatory behaviour, many simulations resort to using this 3-4-fold
increase of the flow as an assumption, which is used to adjust the
downstream microvascular resistances for hyperaemic conditions down to
25-30% of its rest resistance.[131] This particular assumption was noted as
a limitation of the conventional FFRCT methodology by Heartflow
researchers [108], and suggested that in patients that suffer from
microvascular dysfunction as well as epicardial disease, it would likely
overestimate the severity of a stenosis.

To test the variability of the response to patient-specific hyperaemia and
its effect on FFR, CTCA and Positron Emission Tomography (PET) perfusion
imaging were integrated into CT-based FFR measurements, aiming to realise
simulations with outflow boundary conditions that are more patient-specific
and representative of diseased coronary arteries. PET perfusion is currently
the gold standard for assessing myocardial perfusion among available
imaging modalities: SPECT, CT perfusion and MR perfusion.[132] Because
standard clinical PET myocardial perfusion imaging protocol includes both
rest and stressed states (i.e. normal and hyperaemia, respectively), it allows
to incorporate a clear picture of how the microvasculature dilates in CT-based
FFR simulation as outflow boundary conditions.
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5.3. Methods

5.3.1. Patients

The work in this chapter included 10 patients (6 male, 4 female, age:
61.7+ 12.2 years) of various levels of epicardial stenosis (6 mild, 2
intermediate and 3 severe case) determined based on CTCA. The patients
presented chest pain and other symptoms that indicated an intermediate risk
of coronary artery disease. All patients underwent 4D CTCA for anatomical
assessment and 82Rb PET perfusion imaging to identify ischaemic regions in
the myocardium. Demographic details of the patients are summarised in
Table 5-1. The study was carried out in accordance with the
recommendations of the South East Research Ethics Research Committee
(Aylesford, Kent, UK) with written informed consent from all subjects, in

accordance with the Declaration of Helsinki.

Table 5-1 Patient data table.

. Stenosed . _Stenosis severjty
Patient | Sex | Age branch Clinical Diameter
classification | reduction on CT

1 M 79 RCA intermediate 45%

2 M 59 LAD mild 31%

3 F 64 LAD severe 76%

4 F 75 LAD mild 19%

5 F 80 RCA severe 73%

6 M 51 LAD trivial to mild 11%

7 F 64 LAD trivial to mild 9%

8 M 50 RCA mild 14%

9 M 50 RCA trivial to mild 4%

10 M 45 LAD severe 55%
LCx intermediate 37%

RCA: right coronary artery, LAD: left anterior descending (artery), LCx: left
circumflex.

5.3.2. 82-Rb PET Perfusion and flow reserve

The new model being investigated is a PET perfusion based FFRCT
model, serving as a comparison to the morphological lumped parameter

models, see section 3.3. The main drawback of CT-only FFRCT systems is
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that hyperaemia (stress) is usually simulated by adjusting resistance
uniformly across all branches and constant for all patients.

However, there are several reasons why that might not be a valid
assumption: diseased vessels do not respond to the vasodilating drugs —
typically adenosine — in the same way as healthy vessels, and not all
patients respond to it to the same proportions, which can be measured as
CFR. PET perfusion data is taken once at rest, and once stressed (using
adenosine), producing realistic and patient-specific data. To use PET
perfusion data to inform our boundary conditions, the co-registered CT and
PET images are used to find the terminal position of coronary artery
branches, which the regions of interest for assessing myocardial perfusion.
A PET sampling sphere script is written in MATLAB to find the mean

average PET Standard uptake value (SUV) at the regions of interest.

To make sure the PET sampling sphere is not adding up voxels that
carry no perfusion as it is outside the myocardium, the PET sphere will
perform a check and not add up perfusion values in regions where the
corresponding voxel in the CT image displays a HU that is not
representative of the myocardium. Essentially only when the CT image
confirms a certain voxel is part of the myocardium will the PET value of that

voxel be considered.

The patient data is taken using 82-Rb PET perfusion imaging (GE
Healthcare PET/CT Discovery STE) as part of a PET/CT combined
investigation. 82-Rb is a popular tracer choice used almost exclusively in
PET/CT imaging modalities and has the advantage of not requiring an on-
site cyclotron and its short half-life also reduces radiation dose to the

patient.

However, 82-Rb uptake values do not correlate proportionately to
flow/perfusion in comparison to 15-O (Water) and 13-N (Ammonia)
perfusion imaging and therefore requires additional processing to produce

perfusion values.

The perfusion values in this study are obtained via the Siemens
Syngo software shown in Figure 5-1. It uses a single compartment model
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based on the tracer kinetic models of Lortie et al[132] for Rb-82 tracer.
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Figure 5-1 Example of Siemens Syngo software outputs that accompanies Siemens
PET/CT scanners (image courtesy of UCLH). The bullseye plots show the estimated
blood flow based on tracer uptake of each myocardial region. The program requires
minimal manual segmentation by the operator to identify the approximate shape of
the myocardium. The table on the bottom left shows the stress and rest flow (though
perfusion and flow here are used interchangeably, as the value is divided per unit
tissue mass), and the ratio, the flow reserve for each macro-region supplied by each
major coronary artery: LAD, LCX, RCA.
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Table 5-2 Perfusion and coronary flow reserve obtained from PET imaging.
*Vessel specific flow reserve and absolute perfusion (during stress) was
obtained by sampling the region supplied by the stenosed vessel. *LAD,
LCX, RCA regional flow reserves and absolute perfusion are obtained by
Siemens Syngo software package. Yellow shaded cells indicate the vessel
that has the suspected stenosis.

Patient Vessel- LAD regional | LCX regional | RCA regional

(affected | specific flow reserve | flow reserve flow reserve

vessel) flow (absolute (absolute (absolute
reserve perfusion perfusion perfusion
(absolute [ml/g/min])** | [ml/g/min])** [ml/g/min])**
perfusion
[ml/g/min])*

1 (RCA) |1.72(1.45) |2.05(2.12) 2.44(2.00) 1.43(1.16)

2 (LAD) |4.45(4.11) |4.09(3.80) 4.60(2.99) 5.13(3.99)

3 (LAD) |0.80(1.03) |0.79(1.15) 1.53(2.45) 1.78(2.40)

4 (LAD) |2.21(3.42) |2.05(3.28) 1.16(2.16) 1.84(3.22)

5(RCA) |1.21(1.13) |1.73(1.68) 1.56(1.64) 1.15(1.09)

6 (LAD) |3.44(3.27) |3.19(3.13) 3.17(3.03) 3.65(3.17)

7 (LAD) |1.89(2.65) |1.58(2.14) 2.04(3.35) 2.01(2.99)

8 (RCA) |3.59(4.50) | 3.46(4.30) 3.71(4.04) 3.54(4.74)

9 (RCA) |3.32(2.18) |3.53(2.62) 4.01(2.47) 3.15(1.90)

10 (LAD) | 0.81(1.11) | 0.65(0.92) 1.07(1.27) 1.40(1.50)

10 (LCX) | 1.19(2.41) | 0.65(0.92) 1.07(1.27) 1.40(1.50)

5.3.3. PET/CT registration

As PET/CT scans were performed sequentially not simultaneously,

subsequent co-registration of the PET and CT images are required to align

the PET perfusion information with the correct myocardial region in the CT

image. PET data of patients in a stressed and rest states, time averaged

were used for the purposes of this study.
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A MATLAB script was developed to co-register the PET and CT
images; the process is shown in Figure 5-2 to Figure 5-6 . The script scales
the PET image, which has the lower resolution of the two (typically 2.5mm
for 82Rb PET vs 0.35mm for CTCA), to the same pixel dimensions as the
CT.

The user manually selects 5 correspondent points on the two images,
using landmarks such as the ventricles, apex, ribs, aorta etc. The script
uses a 5 point iterative closest point (ICP) algorithm that rotates and

translates within a plane. This is repeated in the sagittal plane.

As PET images have far too low resolution to observe flow
information within the coronary arteries, registration error smaller than the
vessel diameter ~2-5mm is unnecessarily accurate. Using a 1-2 cm radius
spherical sampling volume surrounding the terminal ends, the averaged
PET intensity of each region can be used to determine relative flow between
each coronary artery. The flow distribution will then serve as the outlet
boundary conditions, in contrast to the morphology based outlet condition
outlined by Olufsen et al and ZKM etc [93,133].

This contrasting outlet condition is to challenge the common
assumption made in FFRCT protocols that use morphology based outlet
conditions: that hyperaemia reduces the flow resistance in each branch by a
universal value (approximately 25-30% of the resistance in the rest state in
the conventional approach [44]). However, this is often criticised as
individual arteries may have varying responses to hyperaemia, especially in
patients suffering from microvascular disease. As CTCA imaging is
generally performed only in the rest state, the PET flow information, which is
obtained in both rest and stressed states, will serve as a useful point of
comparison to CT-only FFRCT protocols that simulate stress by adjusting

resistance artificially.
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Figure 5-2 A pair of CT (left) and PET (right) images of the patient's chest. The
coordinates shown indicate the pixels of the images

Figure 5-3 PET image is resized, and five corresponding points on each image are
identified by the user. An ICP algorithm manipulates the images through translation
and rotation so that they are fully aligned. The example is a transversal image
across the chest cavity, and the same process is followed for the sagittal plane to
get the co-registration done in 3D

Figure 5-4 An example of a co-registered transverse slice of CT (left) and PET
(right)
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Figure 5-5 An example of a co-registered sagittal slice of CT (left) and PET (right)

Each patient has two sets of PET perfusion images, taken during the rest
state (baseline) and during the hyperaemic state. The patient-specific and
spatially local hyperaemic response can be calculated and implemented in
the model. As the result, the total hyperaemic coronary outflow as a
proportion of cardiac output is not fixed and reflect the varied hyperaemic

response between patients.
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Figure 5-6 Example of a composite PET/CT image of Subject 3. Transverse slice
of the heart (left). Sagittal slice of the heart (right

5.3.4. Variability quantification of PET-CT registration

To consider the intra-operator variability in registration, the manual
landmark selection was performed twice on two separate occasions and the
variability in X, Y, Z coordinates between the two attempts at registration
was counted for each subject. Here, X, Y, Z coordinates correspond to left-
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right, anterior-posterior and head-foot directions, respectively, i.e., XY plane
is the transversal plane.

Table 5-3 Pixel deviation (variability) between two attempts of co-registration.
Note that the value is absolute, i.e., strictly positive. Error is the result of
manual selection of corresponding landmarks

X-error in pixels |y error in pixels |z error in pixels
Subject 1 5 4 2
Subject 2 5 5 1
Subject 3 6 3 2
Subject 4 4 6 0
Subject 5 3 8 1
Subject 6 6 5 0
Subject 7 7 4 2
Subject 8 3 8 1
Mean Variability |4.875 5.375 1.125
Mean Variability ||[2.93 3.36 3.67
in mm

The Z dimension experiences the smallest pixel error in registration but
highest spatial error primarily because its pixel size represents a far larger
space. The Z dimension pixel is the slice thickness of the image which is
3.27 mm per slice. While the X and Y dimensions are 0.625 mm per pixel.
This is an acceptable error as it is lower than the spatial resolution of the

PET image which is ~5mm.

5.3.5. PET-based perfusion sampling for PET model
implementation

A PET-perfusion-based boundary condition was developed to
contrast the structured tree method in Chapter 3 which prescribes

downstream resistances only based on the size of the of the branch
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terminus in the 3D model. The perfusion-based boundary condition (PBC)
refers to the local perfusion quantitatively, based on the PET image intensity
(representing perfusion in ml/g/min [130]), in the region supplied by each
branch. Local perfusion was quantified by placing a sampling sphere (20
mm diameter) at the end of each branch in 3D model, and the spatial
average of perfusion was calculated, excluding image pixels with its value
lower than 10 ml/100ml/min (this was determined by looking at the noise of
empty space and 10ml/100ml/min is low enough to discount any myocardial
tissue whilst not including noise), in order to eliminate the space outside the
myocardium in the sphere. Rather than averaging out all the pixels of the
sample region, Figure 5-7 to Figure 5-9 show why the low intensity regions
(area outside the myocardium) needs to be excluded. The peripheral
resistances downstream to each of the branches are then determined such
that the flow split through each branch corresponds to the split in the PET-
based measurement. Thus, in this approach, the resistance does not
depend on the terminal branch size. Here, as in the MBC, the coronary

outflow is assumed to be 5% of the total aortic output.

Coronary artery branch

Figure 5-7 Diagram showing a good placement of the PET perfusion
measurement sphere. The coronary artery mesh is terminated right next to its
contact point with the myocardium. By projecting the sphere forwards, it can easily
guantify the perfusion supplied by this branch
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Figure 5-8 Diagram showing the problem with an early terminated mesh, where the
coronary artery branch ends far away from the myocardium. The PET
measurement sphere will just average the portion of that sphere that is within the
myocardium ignoring the space outside the myocardium. While that will work, it is
still recommend placing the sampling sphere closer to the myocardium as it is

more representative of the coronary flow.

Figure 5-9 Diagram showing an obviously early terminated mesh. Because the
coronary artery points away from the myocardium, it is easily identifiable by eye,
when looking at the mesh, that the PET values measured within the sphere is
meaningless. The PET sampling will know through the CT image that it is outside
the myocardium and therefore return a 0 value. This happens because of poor
registration, but also because CT and PET scans are taken at different times,
different orientations and different stages of the cardiac cycle. When a large
misalignment occurs, it is easier to just manually input the perfusion sphere
coordinates based on inspection of the mesh geometry, rather than re-registering
the two images.

Coronary
Artery branch

PET
measurement
sphere

-~ -~ _’

Ay
Ay
-hh-

Coronary mesh
terminated here
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Two different size spheres were used to capture perfusion. Occasionally,
the small sphere size may not be representative of the perfusion of the
region, especially if it is mis-aligned. Conversely, a large sphere may
observe perfusion from multiple sources and not the coronary artery being
assessed. A large sphere also helps to minimise the effect of any errors in
CT-PET registration. 10mm (Figure 5-10) and 20mm Figure 5-11) sampling
sphere were chosen as they represented a good compromise between
overcoming CT-PET co-registration errors (in the order or 2-5mm), and
incorrectly attributing perfusion from other branches (some branches
terminate as close as 20mm from each other). Ultimately the 20mm

sampling sphere option was chosen.

0.060 (m)

Figure 5-10 Depiction of the placement of PET perfusion measurement spheres
(green circles). Note that they are projected forward from the terminal end of the
artery, to approximate the myocardial region that is being supplied. The example
here is the 10mm diameter measurement sphere.
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Figure 5-11 Depiction of the placement of PET perfusion measurement spheres
(blue circles). Note that they are projected forward from the terminal end of the
artery, to approximate the myocardial region that is being supplied. The example
here is the 20mm diameter measurement sphere.

The final PET perfusion sampling works as follows:

1. Generate a sphere of 20 mm diameter around the terminal end of a
coronary branch (this must be located using the CT image during
segmentation) in the 3D model. The sphere in general overlaps
significantly with the myocardial region supplied by the chosen
coronary branch.

2. Sample the sphere for perfusion values above 0.1 ml/g/min (a normal
value of perfusion is between 0.5 — 3 ml/g/min[130]), effectively ruling
out the spaces captured in the sphere where it is outside the
myocardium.

3. Calculate the spatial mean perfusion of the myocardial region within
the sphere, this value is used to represent the flow capacity of a
coronary branch.

4. In the baseline (resting state) simulation, the 5% of aortic output that

is allocated to the coronaries is divided by the various branches via
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their flow capacities, that are implemented in the form of downstream

microvascular resistance.

5. In the hyperaemic (stressed state) simulation, the magnitude
decrease in resistance of each branch is derived from the change in

perfusion that is observed between the rest and stressed states.

5.3.6. Inflow boundary conditions

Based on the previous chapter, it was decided for efficiency that the inflow
into the aorta was set as a steady flow. While this is not representative of
ordinary cardiac function that is pulsatile, the detailed comparison
between steady and pulsatile flow conditions has shown that steady flow
condition is sufficient in CT-based FFR calculations.[71] Inflows were set
patient specific, calculated based on the difference between ventricular
cavity volume, segmented from 4D CT images, at maximum contraction
in systole and maximum dilatation in diastole, multiplied by the patient’s

heart rate.

5.3.7. Implementation of outflow boundary conditions

In the baseline state, a reasonable assumption is to assign 5% of the total
aortic output to the coronary arteries.[107] To accomplish this, the resistance
at the aortic outlet was tuned, also in reference to the total coronary
resistance, such that the systemic outflow through the aorta corresponds to
95% of the stroke volume. In the hyperaemic state, however, the proportion
of coronary flow to aortic output varies from 5% and also patient to patient,
and especially so in patients who suffer from some form of coronary artery
disease.

This was accounted for by adjusting peripheral resistance downstream to
each branch, without control of the flow split between systemic and coronary

circulations at hyperaemia. This was achieved using the relationship below:

1
R =005——— (1
aorta 0 05 ‘{Lzl(l/Rl) ( 7)
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R,oriq 1S the resistance of the aorta outlet, and this relationship is
essentially tuning this resistance to 5% of the total resistance of the
microvessels, each microvessel outlet resistance expressed as R;. As
these outlets are in parallel, the inverse of the sum of their inverse is the
total resistance of the microvasculature. It should be noted that all the
resistances are also scaled to produce the known patient blood pressure
and cardiac output. This approach is used in conventional FFRCT
methods [44].

Figure 5-12 (Left) lllustration of downstream microvascular trees. (Right) Diagram of
structured tree downstream microvascular structure. r represents the radius of the
terminal vessel, and the daughter branches split asymmetrically in a repeated way,
with fractions a and b, with values of 0.9 and 0.6 respectively.[93] This branching
occurs indefinitely until it reaches the minimum radius.

5.3.8. Vasodilatory response model with structured tree

To test whether it is appropriate to set hyperaemic resistance to be 30% of
baseline resistance and how sensitive FFR is to this, we performed
simulations in which the downstream resistance of the diseased branch is
adjusted to various reduced level (30%, 50%; 70%, 90%) of its baseline value
calculated from the structural tree model. The range reflects the vast majority

of patient disease cases, where microvascular vasodilatory response varies
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from healthy and ideal (CFR > 3.0) to ineffectual (CFR ~ 1.0, virtually no
vasodilation). These conditions are referred as Morphological based
Boundary Conditions (MBC) with their reduced resistance level, e.g., MBC
30%, MBC 50%, etc., later in this chapter.

Figure 5-13 Schematic showing the outflow boundary conditions. All the boundary
conditions are two-element Windkessel models represented in the circuit diagram.

5.3.9. Computational methods

The computations in this chapter were conducted in the same way as
in Chapter 4. However, in this chapter it will strictly be in steady state flow
simulation rather than attempting pulsatile flow.

5.3.10. Examination of results to investigate the effect of
outflow BC

CFD analyses on 3D patient-specific anatomical models were
conducted using various outflow boundary conditions introduced above,
namely

(1) structured tree boundary conditions with typical hyperaemic response
(reduction of resistance to 30% of baseline)
(2) structured tree boundary conditions with hyperaemic response that is
varied across the possible disease spectrum and

(3) perfusion (PET) based boundary conditions.
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The results were evaluated in terms of FFR values. Monitor points were
placed at the coronary ostium and in the coronary artery at a point
approximately 4 cm distal to the stenosis. FFR standards in invasive
measurements specify at least 2-3 cm distally, 4 cm was chosen to be
consistent and to ensure the minimum possible FFR (i.e. largest pressure
drop in the vessel) is captured, following the finding of a computational
sensitivity study by Solecki et al.[119] In the simulated results, the pressure
distal to the stenosis divided by the pressure at the coronary ostium was used
as the final CT-based FFR value.
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5.4. Results

5.4.1. Perfusion based boundary conditions versus conventional
boundary conditions

Typical examples of the computational results, in terms of pressure
distributions along the coronary vessel tree, are shown in Figure 5-14. Wide
spectrum of anatomical variations (tortuous/straight vessels, high/low
number of side branches etc) and some different levels of pressure drop
across the tree can be observed. The pressure drop from the aorta to the

end of branches is in general larger for the models with PBC.

A quantitative comparison of FFR values across the stenosis is presented in
Table 4 including those with all the peripheral resistance variations of MBC.
FFR range is from 0.64 (Patient 5 with MBC 30%) to 0.99 (Patients 6 and 7
with PBC). In reference to the cut-off value of CT-based FFR (0.80 [134]),
the range of FFR in this study reflects the wide range of disease state

included in the study.
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Figure 5-14 Comparison of pressure profiles obtained from PET-based boundary
conditions (left of pairs) versus conventional morphology-based boundary
conditions (right of pairs). Patient 1-10 from top left to the bottom right. Arrows
indicate focal stenosis
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The FFR with PBC and ‘the standard (i.e., 30%)" MBC are in general
correlated well (r = 0.68). The correlation is higher for the patients with high
FFR values (FFR >> 0.80), i.e., patients with relatively minor or insignificant
stenosis. The PBC tends to result in FFRs that are higher than the ones with
the conventional boundary condition (MBC 30%). However, this is not true for
Patients 3, 9 and 10. Patient 3 is the most extreme case where the FFR with
PBC (0.76) indicates a different diagnostic result than the conventional MBC
30% (FFR=0.81), straddling across the standard cut-off value of 0.80.[134]

The FFR values obtained with the variable peripheral resistances in MBC
show a clear trend of high FFR for high resistance (i.e., smaller degree of
resistance reduction — close to the baseline) consistently across the patients.
This was expected, based on a principle of fluid mechanics; low peripheral
resistance invites higher flow to the branch which results in a larger pressure
drop thus smaller FFR.

The flow rates through different branches are summarised in Table 5,
both in absolute value and proportion to the total coronary flow. A comparison
between Tables 4 and 5 indicates that the flow rate is a strong determinant of
FFR, with higher flow rates corresponding to lower FFR (more severe
stenosis). Considering Poiseuille’s law, the flow rate increase should linearly
be related to the pressure drop and define FFR in these vessels as in the
following equations.

P, P,—P;, AP

1-FFR=1--"2= =— (18
Fy Fa Fy (18
FFR =1 ap 1 SuL 19
= = —_——_— = —_—— .
P, P, r* ¢ 9

Additionally, the MBCs with various level of peripheral resistance
demonstrate a strong association between the flow rate and the percentage
of coronary flow that is distributed to the stenotic branch. In general, the flow
through the stenosed branch is lower with PBC than with MBC but for Patients
3, 9 and 10 (LCx), where the PBC-based FFR was lower than that of MBC
30%, the flow with PBC is higher.

Figure 5-15 is a graphical representation of Table 4, showing FFRs

obtained with PBC and MBC with the range of reduced peripheral resistance.
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Here, the range of FFR with the variable MBC is examined in a different way
to illustrate more fundamental principle underpinning their relationship. The
patients are reordered in reference to FFR with MBC 30% so that the trend is
clearly visible. For patients with an FFR close to or below the cutoff of 0.8,
the discrepancy in FFR values between PBC and MBC 30% is more
significant. The range of FFR for the various peripheral resistance is also
larger for the lower overall FFR. On the other hand, the range for patients

having high overall FFR is small, only 0.01 for Patients 4, 7 and 9.

1.1

0.8

FFR

0.9 1 f
2 %3 13 I
10(LCX)

X
0.7

0.6

410(LAD)
0.5
Patients
& MBC30% X PBC

Figure 5-15 The FFRs of patients, reordered in reference to the value of FFR
calculated with MBC 30%. The bars indicate the range of FFRs obtained using the
various MBCs, with the conventional (MBC 30%) marked as a blue diamond, and
the PBC marked as orange cross. Patient numbers are shown on the plot as
reference.

121



Table 5-4 CT-based FFR values obtained using various outflow boundary
conditions. PBC: PET-based boundary condition, MBC: morphology-based
boundary condition. The percentage values indicate reduced resistance level
to account for hyperaemic flow increase and reduction to 30% (MBC 30%) is
the conventional assumption. *This is technically not FFR as it is in the rest
state, but rather Pd/Pa.

MBC
0 MBC MBC MBC
Patient | PBC MBC (30%) (100%)
. (50%) | (70%) | (90%)
“Conventional” “Rest”™*
1 0.91 0.89 0.91 0.92 0.92 0.92
2 0.90 0.83 0.88 0.92 0.93 0.93
3 0.76 0.81 0.83 0.84 0.85 0.85
4 0.97 0.96 0.96 0.97 0.97 0.97
5 0.71 0.64 0.74 0.75 0.75 0.75
6 0.99 0.96 0.96 0.98 0.99 0.99
7 0.99 0.97 0.98 0.98 0.98 0.98
8 0.85 0.82 0.85 0.86 0.88 0.90
9 0.96 0.98 0.98 0.98 0.99 0.99
10 0.80
0.73 0.56 0.68 0.74 0.78
(LAD)
10 0.88
0.74 0.77 0.85 0.88 0.88
(LCx)
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Table 5-5 Flow rates through stenosed branch and proportion of that to the
overall coronary flow (%), obtained using various outflow boundary

conditions.
. MBC MBC MBC MBC
Patient : I/i (30%), (50%), (70%), (90%),
mi/s
[ml/s] [ml/s] [ml/s] [mi/s]
3.98
1 (48%) | 4.69 (56%) | 3.78 (45%) | 3.39 (41%) | 3.26 (39%)
3.41
2 (40%) | 5.54 (64%) | 4.59 (53%) | 2.72 (32%) | 2.50 (29%)
2.78
3 (29%) | 2.23 (28%) | 2.07 (26%) | 1.82 (23%) | 1.74 (22%)
2.61
4 (32%) | 3.45 (38%) | 2.87 (32%) | 2.57 (29%) | 2.42 (27%)
1.39
5 (20%) | 1.72 (22%) | 1.28 (16%) | 1.26 (16%) | 1.20 (15%)
2.19
6 (33%) | 5.18 (68%) | 4.37 (57%) | 2.79 (37%) | 1.45 (19%)
1.34
7 (17%) | 2.86 (22%) | 2.35 (18%) | 2.11 (16%) | 1.98 (15%)
1.69
8 (16%) | 2.14 (21%) | 1.71 (17%) | 1.52 (15%) | 1.32 (13%)
5.01
9 (55%) | 4.50 (53%) | 4.12 (48%) | 3.90 (46%) | 2.56 (30%)
10 2.24
(LAD) (21%) | 3.83 (34%) | 2.82 (25%) | 2.17 (19%) | 1.91 (17%)
10 1.22 1.09 0.71 0.58
(LCx) (11%) (9.5%) (6.2%) (5.1%) | 0.56(4.9%)
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5.4.2. Multi-vessel disease case

Patient 10 has two significant stenoses on two separate branches, see
Figure 5-14, the LAD and LCx. In order to examine potential interaction of the
flow in the two branches under the varied peripheral resistances. The
hyperaemic condition was varied, using the concept of variable MBC, first in
each of the LAD and LCx individually, and then both LAD/LCx simultaneously.
The result is summarised in Table 6, it was observed that though the FFR
values in one branch are affected by the varying outflow condition of the other
branch, the effect is minor. Therefore, the effect of varying peripheral
resistance in two stenosed branches can practically be seen as independent.

This is to be expected as the system of outlets can be treated as
parallel circuits where the increased current/flow increases the pressure but
maintains the same pressure/voltage ratio as suggested by the equation 7 in

section 5.1.2.

Table 5-6 CT-based FFR values for Patient 10 when each diseased vessel’s
hyperaemic condition was varied individually and in combination.

Branch with varied | MBC 30% | MBC 50% MBC 70% MBC 90%

BC
(LAD)

LAD 0.56 (LAD) 0.68 | (LAD)0.74 | (LAD)O0.78
(LCx) (LCx) 0.77 (LCx) 0.76 (LCx) 0.76
0.77
(LAD)

LCx 0.56 (LAD) 0.56 | (LAD)0.56 | (LAD)0.55
(LCx) (LCx) 0.85 | (LCx)0.88 | (LCx)0.88
0.77
(LAD)

L AD+LCx 0.56 (LAD) 0.65 | (LAD)0.73 | (LAD)O0.76
(LCx) (LCx) 0.86 | (LCx)0.89 | (LCx)0.90
0.77
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5.5. Discussion
5.5.1. FFR analysis

Although coronary artery flow computations have a relatively long
history and boundary conditions have always been a point of discussion, to
my knowledge, there was no study utilising measured myocardial perfusion
to produce patient-specific outflow conditions. In addition there hasn’t been
much research using myocardial perfusion patient data to produce an
estimate suitable for various patient demographics.The perfusion data was
used to examine the impact of resistance reduction during hyperaemia, and
an attempt was made to characterise an uncertainty range of FFR due to
non-ideal response to vasodilator by the vasculature peripheral to the
stenosis. Uncertainty of FFR-CT computation has been studied in terms of
the sensitivity of FFR to imaging and segmentation uncertainty[135], but not

the hyperaemic response to adenosine.

The results show a high correlation of FFR values computed using
the two types of outflow boundary conditions, namely MBC and PBC. This is
not surprising for the patients with relatively minor stenosis because there is
no significant pressure drop across the stenosis anyways. Therefore, even
with different flow distributions across the branches of the coronary arteries
obtained via the varied outflow boundary conditions, the pressure drop
across the stenosis for those patients was not significantly altered (e.g.,
Patient 9, FFR range: 0.98-0.99 for various MBCs).

On the other hand, the difference of hyperaemic condition model is
shown to have a strong influence on the FFR calculations for more severe
stenosis such as Patients 3, 5 and 10. The pressure drop AP across a pipe
is related to the flow rate in the pipe Q and resistance R (in this case, the
stenosis): AP = Q x R, using Poiseuille’s law. An increase in flow rate for a
given stenosis or a more severe stenosis (i.e., increased resistance)
increases the pressure drop, therefore lowering FFR. This is a simple fluid
mechanical principle behind the differences caused in FFR. The same

principle therefore implies that a reduced flow rate in a stenosis would result
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in a higher FFR, i.e., indicating a less functional severity. A reduced flow
can occur if there is any disease in the peripheral vascular bed
(microvascular disease), which would elevate FFR. From a diagnostic point
of view, this may appear to be false negative, i.e., diseased patient seen as
healthy. However, the purpose of FFR is to detect a focal flow-limiting
stenosis for which percutaneous coronary intervention is effective. The
relatively high FFR in such a scenario — indicating the stenosis being not
flow-limiting or not flow-limiting enough to justify PCI- still provides a valid
indication because this the reduced flow in this case is not due to the

stenosis but to the microvascular disease.

The simulations using the PET perfusion-based boundary conditions
take into account the patient-specific distribution of the flow across the
different branches and the change in flow rate from normal physiological
state to hyperaemia. The FFR obtained using the PBCs are in general
higher than the FFRs with conventional boundary conditions. This is
because the hyperaemic response in reality is generally less than 4 with a
wide range standard deviation of 0.9)[130] and the PET perfusion boundary
conditions reflect that. Clinically evaluated CFRs of our patients’ diseased
vessels are 2.12+1.28, indicating that the conventional assumption, i.e.,
CFR=4, is indeed an overestimate. However, in patients 3 and 10, the FFR
values obtained using PBC are lower than those using MBC. Even though
the conventional boundary conditions make the assumption of the ideal
vasodilatory condition (4x the baseline flow), the baseline flow for the
diseased branch may be higher in the model with PBC than with MBC, and
therefore even with a reduced vasodilatory condition with PBC (<4x), the
absolute hyperaemic flow across the diseased branch can be higher than
that of the conventional model as shown in Table 5, causing a larger
pressure drop and hence lower FFR. This is indeed true for those 2
patients, suggesting that the myocardium downstream to those vessels are
still healthy despite the stenosis in its upstream, making these cases as
illustrative examples of ‘flow-limiting’ stenosis that should ideally be
detected by FFR. The flow through the diseased branch of those patients is
underestimated with the conventional MBC, thus potentially causing false
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negative — indeed, the FFR of MBCs are higher than the cutoff 0.8 and that
with PBC is lower. To make the analysis framework more accurate, this

group of patients need to be looked at for further characterisation.

The PBC-based FFRs generally fall within the range of FFR
calculated using the varied MBC (30%-90%). The patients where the PET
perfusion model predicts an FFR that is outside the bounds all have a
higher flow through the stenosed branch compared to the computations with
MBC. The method of ranging the hyperaemic response to obtain a lower
and upper bound of FFR could therefore be useful approach to have a
‘confidence interval’ of FFR calculation. From clinical diagnostic point of
view, it is particularly concerning when the range of FFR for a particular
patient’s stenosis straddles the cutoff value 0.9. The largest variance in FFR
can be found in Patient 10, specifically with the LAD (0.56-0.78), however
the bounds do not cross over the cut off and therefore it is unlikely to affect
clinical decisions. For the LCx of Patient 10, while the variance is not as

high, the range is across the clinical cutoff of 0.8 (0.74 — 0.88).

Lastly, whilst PET perfusion can identify the presence of ischaemia, it
cannot necessarily identify whether the ischaemia is caused by an
epicardial stenosis, epicardial diffuse disease, microvascular disease or in
rare cases existing tissue damage or fibrosis[136]. That being said,
alternative indicators may help suggest whether the flow impairment is

caused by an epicardial issue or downstream defect.

Of particular importance are the patients where the varied boundary
conditions produced FFR values that straddle the diagnostic threshold FFR
of 0.8. For these cases, it is worth looking at the PET perfusion data directly
and observe whether they are likely to produce the same diagnosis.
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Table 5-7 2-element Windkessel model in electrical terms. I(t) represent the
current, P(t) is the potential difference across the two points, Cis the
capacitance and R is the electrical resistance.

Patien | CTCA Conventional | FFRCT | FFRCT | Absolute | CFR | Pseudo
t measured | FFRCT Range (PBC) Perfusion IFR/
stenosis (MBC 30%) (MBC Rest
30-90%) Pd/pa

5.5.2. PET Perfusion and coronary flow reserve comparison to
verify the computed FFR values

This study was conducted primarily as a sensitivity test of FFR
computations to the outflow boundary conditions. Since there was no gold-
standard data such as invasive FFR values, it was not possible to evaluate

the absolute error of the predicted FFR. However, in light of assessing the
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validity of the predicted FFR, a verification based on the perfusion

observation using PET measurement is conducted.

In Table 5-2, Patient 3 for example has a very low flow reserve
observed by both the vessel-specific sampling and the regional sampling by
the stenosed LAD. Whilst flow reserve does not directly indicate epicardial
disease, there is substantial evidence that indicates microvascular disease
tend not to be localised to a single vessel or region but rather the whole
organ or even systemic (across various organs)[137]. Therefore, when we
observe that the flow reserve for the regions supplied by the LCX and RCA
being well above the clinical threshold of CFR < 2.00, it is highly likely that
the LAD is indeed affected by an epicardial vessel defect, and in the case of
Patient 3, it has already been identified that there is a significant stenosis
observed in the CT coronary angiography. These observations support the
indication by the computed FFR values (Table 5-4).

Patient 10’s LCX, on the other hand, is more of an ambiguous case.
The region supplied by the stenosed vessel (left coronary territory) does
have a lower flow reserve than the region supplied by the RCA that does not
have a stenosis. Whilst the CFR in left coronary region is not significantly
lower locally, CFRs in all regions supplied by the three major vessels are
unanimously below the CFR < 2.00 threshold. This suggests that the
stenoses observed in the CTCA —in LAD and LCx — may be considered
minor therefore unlikely to require revascularisation, but likely a combination

of diffuse disease and microvascular disease.

For the remaining patients, the perfusion data can also assist in
confirming whether the simulated FFR is appropriate. Patients 2, 4, 6, 7, 8,
9 all have very mild angiographically observed stenoses, and their functional
severity turned out non-significant as in their high FFR values >0.80. The
flow reserves of the regions supplied by the suspected vessels are also all
above the clinical threshold of 2.0, with the exception of patient 7 with a
lowered flow reserve of 1.58. However, when sampling the region supplied
by the branch downstream of the stenosis, the flow reserve was 1.89 which

would make it a borderline case. Combined with the fact that the LCX and
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RCA regions also have borderline flow reserves of 2.04 and 2.01
respectively, it is unlikely that the ~9% stenosis of Patient 7°’s LAD is

functionally significant.

Conversely for more severely affected patients that have simulated
FFR values less than the diagnostic threshold of 0.8 and therefore likely
requires revascularisation, the perfusion data also heavily supports this
diagnostic result. Patient 5 has a significant angiographically measured
RCA stenosis of 73% constriction, and observing the flow reserves of 1.15
and 1.21, quantified as the entire RCA territory and the vessel specific
sampling, respectively. These CFR values indicate a low flow reserve that
stand out in comparison to the other regions (LAD and LCX). However, as
all regions have flow reserves below 2.00, it is likely that patient 5 also
suffers from microvascular disease, and therefore whilst the stenosis does
require revascularisation, the upper bound of the FFR estimation: 0.75 is

near the low end of the FFR “grey zone”.

Lastly, patient 10’'s LAD has the most severe case of a focal stenosis,
this is indicated by its markedly low flow reserve even below 1, observed by
both the regional flow reserve, 0.65, and vessel specific flow reserve, 0.81.
A flow reserve below 1 is rare as it suggests that the addition of vasodilators
reduce the flow going through the affected vessel. This is due to the
adaptation of significantly constricted vessels to dilate permanently,
including during the rest state, to maintain sufficient blood flow to the
myocardium. When vasodilators are used, the adapted vessels that are
already at its limit of vasodilation, cannot dilate further, whilst neighbouring
vessels that were unaffected by the stenosis will dilate, lowering their
downstream resistance significantly [138]. Given the same or similar
cardiac output, these newly dilated vessels will essentially draw more flow
leaving the vessel with vasodilatory dysfunction with less flow than before.
This phenomenon, though rare, has been observed and is called “Coronary
Steal”.[139,140]
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5.5.3. Resting Pd/Pa and CT-based iFR comparison

Lastly, building on the work of the previous chapter, it was noted that
Rest-state Pd/Pa in a steady inflow simulation tended to approximate iIFR
better than the true averaged Resting Pd/Pa in a pulsatile simulation. It is
worth looking at the MBC 100%, essentially no vasodilation to see whether
that consistently indicates the diagnostic results produced by the various

FFR schemes, direct perfusion, and PET-based flow reserve.

In most cases, CT-based iFR shows high concordance with
conventional FFRCT with one exception of Patient 3 whose FFR is on the
borderline (FFR = 0.81) whereas the CT-based iFR/Resting Pd/Pa (= 0.85)
is clearly below the cut-off of 0.89. It also confirms diagnostic result from the
PET based boundary conditions, CFR, and absolute perfusion.

5.5.4. Final comments

It should be noted that PET perfusion or other similar myocardial
perfusion imaging generally supersedes FFR measurement obtained both
invasively or non-invasively [141]. Itis rare in the clinic that both of those
are performed before a diagnostic judgement is made, due to the cost and
time it requires. The comparison in this study is not to suggest that a
perfusion based FFRCT model should be adopted as clinical practice, but
rather verifying the flow condition estimation in the downstream of the
coronary arteries using purely morphological methods. That being said,
there have been clinical studies that implement myocardial perfusion
imaging in cases where FFRCT provided an ambiguous indication, and has
shown a noticeable improvement in diagnostic accuracy [142].

Among patients having stable angina, 65% of women and 32% of
men have no obstructive CAD (stenosis <50%) [12]. A significant portion of
those patients suffer from coronary microvascular dysfunction which can be
ischaemia without a focal stenosis [12]. This means that a significant
number of patients would not be best served by current CT-based FFR
techniques that make the assumption of ideal downstream microvascular

health. Because the assumption uses the maximal possible vasodilation, for
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patients whose vasodilatory response is impaired, the simulation would
overestimate the flow passing through a stenosis, producing a lower FFR
than the true value, potentially leading to false positive diagnosis and hence

an unnecessary invasive revascularisation.

Although the FAME trials — the original and main clinical trial for FFR —
suggest a strict 0.8 cut-off, following studies have since suggested that
clinicians should be aware of the biological variability of FFR
measurements, where repeated measurements will produce different values
and possibly different diagnostic outcomes [143]. It has been suggested
that there should be a grey zone around the cut-off, considered to be
between 0.75 and 0.80, with particular caution given to values between 0.77
and 0.83, where the clinician will need to consider other patient metrics
before deciding treatment [143]. This study has examined one major
consideration that can have a drastic effect on CT-based FFR: the
vasodilatory capacity of the patient’s microvasculature. The PET perfusion-
based model has shown that the majority of patient’s microvascular health is
between ideal and diseased, based on their CFR. In the clinic, additional
assessment of microvascular health through testing or identifying risk
factors such as diabetes, age, sex could be used to inform CT-based FFR
measurements directly, producing a possibly more reliable FFR value, and if
that is not available, a similar approach to this study where a band of FFR
values can be produced to identify the likelihood that a stenosis falls below
the cut-off.

5.6. Limitations

The main limitation of this investigation is that the FFRCT values for
the patients were not validated against invasive FFR, the gold standard for
FFR. The study was primarily designed as a sensitivity test, examining the
variability of FFR in simulation based FFRCT with various outflow boundary
conditions. As the best attempt to verify the predictive outcome of the CT-
based FFR, the results were instead compared against perfusion-based

outcomes.
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Additionally, FFR measurement itself has limitations. A typical one is
diffuse disease, where the narrowing is not focal but spread along an artery,
which is also a known cause of ischaemia. The pressure drops across a
diffused stenosis can be as severe as those of focal stenoses, however
revascularization of diffuse disease has shown mixed results and therefore

FFR is not applicable for these patients [144].

In terms of modelling method, assumptions other than those with
boundary conditions are inevitable. The flows were simulated with steady
flow condition using Newtonian approximation of the blood. As discussed in
the method section, these are not deemed significant in FFR computation
but would carry more importance in analyses of stented segment with
potentially larger flow recirculation, and/or of patients with cardiac rhythm
disorders.

Lastly, the finding from the study still need to be confirmed with a
larger number of patients, which is planned for future.

5.6.1. 82-Rb PET and PET perfusion cut-offs

Whilst PET perfusion is well established as the best non-invasive
imaging technique to diagnose coronary artery disease, 82Rb PET is not as
well validated as alternatives like 15-O(Water) and 13-N(Ammonia) PET for
the purpose of measuring both absolute myocardial flow/perfusion and
myocardial flow reserve [145]. This is due to its nonlinear uptake versus flow
relationship that requires additional processing using algorithms that
currently still produce quite varied results depending on the software used
[146]. A comprehensive study on inter-software variability of three major
software packages (including Syngo.via that was used in this patient
dataset) on 82-Rb perfusion imaging shows a kappa statistic upper bound
agreement of 53% and lower bound of 34% when using the flow reserve
CAD diagnostic cut off of <2.00, suggesting variable perfusion values even
for the same PET image [146].

Additionally, the CFR cut-off for ischaemia is not as well agreed upon

like it is for FFR, in a review of multiple PET perfusion studies [147], a large
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range of CFR cut-offs was identified from 1.44 to 2.74, and an absolute
stress perfusion cut-off of 0.91 to 1.86 ml/g/min.

5.7. Summary

In this chapter, a series of computational FFR analysis was conducted using
various outflow boundary condition to investigate their impact on the FFR
derivation. The FFRs computed with a conventional morphology-based and
the novel PET-based outflow boundary conditions agreed in general.
However, the models with PET-based condition revealed that there are,
though rare, cases in which conventional boundary condition underestimate
the functional severity of a stenosis, potentially placing the patient in
different diagnostic category. The proposed method to derive a potential
range of FFR a patient might have, by varying peripheral resistance over a
physiologically possible range, successfully capture the FFRs derived with
PET-based outflow conditions. The method has demonstrated therefore its

potential to compensate the lack of perfusion data in analysis.
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Chapter 6.  Optimising accuracy of FFRCT
without the use of perfusion-based imaging
methods

6.1. Introduction
6.1.1. Purpose

In this final chapter the aim is to develop an approach to FFRCT
simulation that improves upon what is currently used in the clinic. In
particular, there are three main areas of improvement: 1) to better utilise
and implement patient information not previously used, 2) to improve the
specificity of the technique in the “grey area”, i.e., FFR value around the
threshold 0.8, and 3) to create a FFRCT solution that a clinician can more

confidently assess and utilise.

In conventional approaches to FFRCT such as the one used by
HeartFlow [44,70,148], the only information that is used are the CT
Coronary Angiogram (CTCA) images that shows anatomy, as well as
cardiac metrics such as blood pressure and heart rate. However, it has
been reported that conventional FFRCT algorithm often overestimates the
severity of a stenosis for patients that suffer from microvascular disease
[108].

Although the works presented in the previous chapter demonstrate
that perfusion imaging can provide vital information in determining
vasodilatory effect of the downstream resistance boundary condition at
hyperaemia, a necessary condition for FFR, myocardial perfusion imaging
(MPI) is generally used independently of FFR and is considered the gold
standard for ischaemia detection [145]. It should however be noted that
FFRCT is not inferior to PET perfusion imaging for per-vessel ischaemia
diagnosis [149] and in cases of multi-vessel disease where the source of
ischaemia is not as easily identifiable, FFRCT can actually be of greater

utility in deciding revascularisation strategy [136].
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It is also clinically nonviable to require perfusion imaging for the
purpose of providing outflow boundary conditions (BC) for FFRCT which is
intended to be a much more routine technigue that is used on patients with
moderate disease that CTCA cannot accurately diagnose. As CTCA is
recommended by medical bodies such as UK’s NICE as the first line
investigation for suspected CAD patients [11] and FFRCT uses solely CTCA
images, it therefore does not incur additional radioactive dose to the patient,

nor additional imaging.

It is therefore ideal to observe how the vasodilatory capacity of the
microvasculature of a patient is associated with demographic metrics such
as age, sex, heart rate, blood pressure, comorbidities, family history,
smoker status etc., based on perfusion imaging for each patient and to
guide the boundary conditions required for FFRCT.

The patient dataset from the previous chapters contains above-
mentioned metrics and perfusion (PET) imaging of each patient with their
coronary flow reserves (CFR) calculated. Using the full data set — 101
patients in total — rather than the selected small group in Chapters 4 and 5,
the extent to which these metrics can act as surrogate may become evident
and a statistical model can be derived to estimate the microvascular flow

response to hyperaemia.

Additionally, in this chapter, a new dataset of CAD patients that
underwent CTCA and CT perfusion imaging is referred as a point of
comparison to test the hyperaemic flow model devised. This dataset also
includes invasive FFR testing, the gold standard measure for the functional
significance of a coronary artery stenosis, which would allow the FFRCT

values produced to be validated against.

Finally, producing a FFRCT value that is closer to the invasive FFR in
absolute terms will obviously provide confidence to the clinician using the
method, however it is also crucial to observe whether the diagnostic
accuracy is improved compared to the conventional FFRCT method, and
whether it is possible to quantify in a statistical manner the likelihood of a

FFRCT diagnostic result to be correct or incorrect.
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6.1.2. Difference between CFR and response to hyperaemiain
outlet boundary conditions

In this chapter, Coronary Flow Reserve (CFR), hyperaemic flow
response and microvascular vasodilatory capacity/response represent
similar concepts and sometimes used interchangeably, but there are

contexts where these may differ.

One crucial element is that while CFR is the flow response to
hyperaemia, i.e., the proportional increase in coronary flow during
hyperaemia, it is related but not necessarily equal to the outflow boundary
conditions in CFD, where microvascular resistance is lowered to simulate
vasodilation. In the Windkessel boundary condition, the resistance element
represents only the resistive part of the coronary branch downstream, the
microvasculature, to the main sections of the blood vessel represented by
3D anatomical model in CFD whereas CFR takes into account the whole

coronary tree from the aortic root to the microvasculature.

As suggested in the previous chapter, when the CFR of the patient’s
entire myocardium and for each myocardial region supplied by each artery
are known, the downstream microvascular dilatory response to hyperaemia
can be matched to the CFR accordingly, with the exception of the stenosed
branch. In a branch with a stenosis, both the stenosis itself and the
downstream microvascular dilation contributes to the CFR value of that
artery/supplied region. To isolate the downstream microvascular dilation
such that an accurate reduction of resistance can be set in the resistance
boundary condition, it is useful to use other regional CFRs as a proxy to the
microvascular dilatory capacity of the stenosed branch. This is because
microvascular condition tends to be well correlated across all branches, with

any microvascular defects tending to be global rather than localised[150].
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6.1.3. CT Perfusion

Along with PET and SPECT myocardial blood flow/perfusion imaging, CT
myocardial perfusion imaging has been a recent development in CT technology
that aims to provide a similar ischaemia assessment. lodinated contrast
distribution during the first pass through the myocardium is determined by coronary
circulation, areas with reduced contrast will show a lower attenuation and therefore

identify areas of possible malperfusion. [151]

There are numerous advantages of CT perfusion imaging: imaging
protocols can incorporate multiple image types such as CT perfusion, CT
Angiography, Dynamic/Static etc, producing multiple means to assess a patient’s
cardiac health in one scanning session, reducing the number of machines,
manpower and time required. [152] An example of CT perfusion shown alongside
CT Angiography is shown in Figure 6-1

In this study, a CT perfusion patient dataset was available with invasive
FFR measurements allowing a comparison of FFRCT using a perfusion based
model and the gold standard FFR.

6.2. Method

6.2.1. Patient dataset

For this analysis two patient datasets were used:
PET perfusion dataset: (101 Patients, 65 male, 36 female, Age: 70 £9)

The PET perfusion dataset used in the previous chapter is used here
to produce a statistical model of CFR, as a function of demographic
parameters, based on a realistic patient population (as opposed to general
population including both healthy and diseased). The CFR values in this
dataset were calculated clinically using Siemens Syngo.PET platform for
every patient, and even for the ROl of each major branch. The dataset’s
size and a wide range of patient metrics labelled such as Age, Sex,
Smoking status, Diabetes, Family history etc. are sufficient to determine the
contribution of these metrics to a patient’s CFR value using regression

techniques, ultimately producing a patient specific estimate of CFR.
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The limitation of this dataset is that these patients did not undergo
invasive FFR testing, and therefore any FFRCT simulation technique cannot
be validated against the gold standard. Therefore, a separate dataset that
has invasive FFR should be used to test the simulation assumptions

produced from this dataset.
CT perfusion dataset: (10 patients, 10 male, Age: 59+6)

In this chapter, the patient dataset consists of 10 patients that have
undergone CTCA and CT perfusion (stress and rest) imaging (Siemens
SOMATOM Definition Flash) for suspected coronary artery disease. The CT
perfusion dataset whilst not the gold standard for perfusion imaging, has
every patient undergone invasive FFR, as well as a built-in FFRCT
algorithm (Siemens cFFR version 1.4, not commercially available). The
perfusion data will also in addition serve as a benchmark for the CFR
estimation as the data also contain the same patient metrics relevant to
predicting CFR. The full CFD simulations performed in this chapter will use
the geometries produced from the CT images of this dataset. The methods
of meshing and simulation setup are the same as those of the previous

chapters.
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6.2.2. Perfusion estimation from CT perfusion

CT perfusion images whilst not being the gold standard for perfusion
imaging, and is not currently widely used clinically, does have some

advantages compared to PET perfusion imaging and especially beneficial to

our perfusion based FFRCT method.

% ROI[3]® .'

AN (nck showm)

[1] Average (nok shows) ns23 1528 18457
ZIRO1 6353 1556 614

BIROI 12583 1455 19892

Figure 6-1 (Top left) 3D rendering of CTCA, (Top right) CT myocardial perfusion,
(Bottom left) CTCA slice, (Bottom right) CT dynamic perfusion chart) from [181]

CT perfusion imaging though having a lower 3D resolution than CT
coronary angiograms, have far superior resolution to PET perfusion
imaging. As the resolution is high enough: 0.38mm x 0.38mm x 2mm there
is not a need to co-register CT perfusion and CTCA Images to find the
location of the coronary outlets. For the CT perfusion imaging datasets,
major coronary arteries and branches are identifiable directly, and as the CT
angiograms and the CT perfusion images are taken on the same machine,

they can be quite easily superimposed if needed.
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Please refer to the section 5.3.5 in the previous chapter for how flow
supplied by an artery is calculated. Another advantage of this dataset is
that the perfusion values have already been calculated using the Siemens
software package, Syngo.CT Myocardial Perfusion, accompanying the CT

perfusion machine.

One important step to note is that the images taken at rest and stress
may not be aligned, therefore when calculating CFR, i.e., when dividing the
stress perfusion by the rest perfusion for any given region, the images
cannot be divided directly. However, returning to the method proposed in
section 5.3.5, the approximate ROI for each branch is identified in the CTCA
image taken at rest will correspond to the correct CT perfusion ROI at rest,
and performing the same process for stress will produce corresponding

perfusion values for each branches’ ROI in both states.

6.2.3. Inflow conditions

The inflow boundary condition is the same as that of the previous
chapters, a steady flow that corresponds to the patient-specific stroke
volume estimated by the systolic-diastolic difference of left ventricular cavity
volumes based on CTCA. As total cardiac output does affect FFRCT
performance for the same coronary tree volume [135], it is vital to

incorporate any patient metrics possible to estimate cardiac output.

As shown in Chapter 4, where a full range dynamic CT has been
performed, it is possible to segment the LV cavity for its change in size
between diastole and systole, i.e., stroke volume. As heart rate is almost
always known, it can simply be multiplied with the stroke volume to obtain

cardiac output.

Alternatively, Stress Echocardiography, a routine procedure for most
CAD patients, and for medical institutions guided by the ESC, the first line

investigation for suspected CAD, can predict cardiac output directly.

However, in this dataset, neither was available, and as the intention

is to create a scheme where the result can be replicated without necessarily
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having these additional modalities available, an estimation of cardiac output
using height and weight was implemented [129].

Height x Weight(k
BSA:] cight(om) x Weight(kg)

3600

CO = 3.06BSA + 0.37 (21)

BSA is body surface area (m?), and CO is cardiac output (I/min)

6.2.4. Outflow conditions

The approach to outflow boundary conditions is unchanged from the
previous chapters, the only difference is the way the vasodilatory factor
(reduction in downstream microvascular resistance due to hyperaemia) is
applied to each of the coronary outlets. The increase in flow for each branch

during hyperaemia is shown in an example in Figure 6-2.

313
291

2.95
2.86

2.96 Suspected lesion

3.02

Figure 6-2 The ratio of flow during hyperaemia and rest, the Coronary Flow
Reserve (CFR) of each branch outlet as measured. The values shown are
just an example and does not represent any particular patient case.
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6.2.5. Outflow BC with response to hyperaemia based on general
population average (conventional FFRCT assumption)

35
35

3.5
3.5

3.5 Suspected lesion

3.5

Conventional assumption of 3.5 3.5

increase in coronary flow 35
during hyperaemia: 3.5

Figure 6-3 The conventional assumption of flow magnitude increase during
hyperaemia is applied to the downstream resistance boundary condition. The
resistance boundary condition is decreased by this value.

This is the “conventional” model (shown in Figure 6-3) of outflow BC
that is used by commercial FFRCT such as HeartFlow [108], where the flow
response to hyperaemia is based on a population average response of 3.5,
i.e. coronary outlet resistance during hyperaemia drops to 0.29x its

resistance during rest.
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6.2.6. Outflow BC with adjusted response to hyperaemia based
on patient-specific CT perfusion imaging —target branch:

3.13
291

2.95
2.86

2.96 Suspected lesion

3.02

1.79 1.81

The CFR measured at each outlet
will be applied as the downstream
resistance reduction.

Figure 6-4 The measured (from perfusion imaging) flow magnitude increase during
hyperaemia is applied to the corresponding resistance boundary condition. The
resistance boundary condition is decreased by this value.

In this BC, CT perfusion imaging was used to identify the precise
increase in coronary flow due to induced hyperaemia via adenosine
compared to the flow at rest. This response values are observed for every
outlet branch in the CT Image and is applied to the outlet boundary

conditions of each branch in the simulation shown in Figure 6-4.

There is however one downside to this: CFR measures the change in
flow due to hyperaemia, it captures both the upstream section of the
coronary arteries — resolved in CTCA — and its microvascular outlets. In our
simulation, however, the upstream section of the coronary arteries is
represented by its 3D geometry, taking into account any obstructions, or

narrowing. The reduction in resistance of the outlet boundary condition
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concerns only the microvasculature, and therefore using CFR directly as a
proxy for the proportional change in resistance makes erroneous

assumption that the upstream section does not contribute to CFR.

6.2.7. Outflow BC with adjusted response to hyperaemia based
on patient-specific CT perfusion imaging — regional

3.13
2.91
295
2.86
2.96 Suspected lesion
3.02
Regional CFR (LAD): 2.99 2.99

(Use the average CFR as the hyperaemic flow response of the
artery with the suspected lesion whilst excluding the branches
downstream, apply that response to the boundaries
downstream. )

Figure 6-5 The measured (from perfusion imaging) flow magnitude increase during
hyperaemia is applied to the corresponding resistance boundary condition. The
resistance boundary condition is decreased by this value. However, the branches
downstream of the suspected lesion will use the average flow increase of the other
branches in the artery, in this case, the LAD, where the other branches show an
increase of 3.02 and 2.95, averaging 2.99.

Similarly, to the outflow BC above, this condition instead reflects

regional differences in CFR between the regions supplied by the RCA, LAD
and LCX. The CFR of each outlet branch measured in the CT Perfusion
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images is averaged for a regional CFR which is then applied back to the
outlet boundary conditions of our CT-based flow simulation ( Figure 6-5).

The advantage of using a regional based response to hyperaemia for
our simulations is that it overcomes the weaknesses of the branch-wise BC,
where it helps to overcome potentially large variabilities in CFR due to poor
positioning of our perfusion measurement spheres. The second advantage
Is that by averaging out the regional CFR, it will help mitigate the issue
concerning the inability to separate whether a low value of CFR is due to

microvascular dysfunction or a specific obstruction in the main artery.

6.2.8. Outflow BC with adjusted response to hyperaemia based
on patient-specific CT perfusion imaging — global

2.95

2.95

2.95

Suspected lesion

2.95 2.95

2.95

2.95

2.95

Average measured CFR of all branches (excluding
branches downstream of suspected lesion): 2.95

Figure 6-6 The measured (from perfusion imaging) flow magnitude increase during
hyperaemia is averaged before being applied to the corresponding resistance
boundary condition. The resistance boundary condition is decreased by this value.
The measured flow increases of the branches downstream of the suspected lesion
are excluded from the average.
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In this model of BC, instead of assigning CFR value to each branch’s
outlet boundary conditions, CFR values are averaged out to form a global
“response to hyperaemia” value that is applied homogenously to all outlets,

like in Figure 6-6.

This approach further mitigates the problem with the disparity
between CFR and microvascular dilatory response to hyperaemia, as well
as mitigating the effect of potential mismeasurement of outlet perfusion from

the CT perfusion images.

Lastly, this approach most likely reflects the nature of microvascular
function, where any dysfunction is likely uniform across the whole
myocardium rather than severe microvascular dysfunction in one region or
branch but healthy microvascular function elsewhere [150]. This is also well
supported by our PET perfusion dataset which has a large volume of
patients with CFRs of each cardiac region (RCA, LAD, LCX) calculated.
Across 101 patients, the average standard deviation of CFR between the
three regions is 0.13 +- 0.08. This assumption is also in line with the
assumption used in conventional FFRCT [108,148], though they make the
additional assumption that the average CAD patient has microvascular

function representative of the general population.
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6.2.9. Outflow BC with adjusted response to hyperaemia based
on patient population average

2.14
2.14

2.14

2.14 Suspected lesion

2.14

Patient population average
flow response: 2.14

Figure 6-7 The patient population average CFR is applied to all branches. The
resistance boundary condition is decreased by this value.

This BC is similar to the conventional outflow BC except the
microvascular resistance response to hyperaemia uses a patient population
average ~2.14 £ 0.51 rather than general population average ~3.5, example
shown in Figure 6-7. Additionally, for this BC, since the variation of CFR
across the patient population is known, an additional advantage is expected
by performing the simulations with the statistical variability in the response
to hyperaemia. This simulation would therefore produce a range of FFRCT

values where the patient’s “true” invasive FFR would likely lie within.

Clinically, this would aid decision making where currently decisions
are made on a singular FFR value and compared to the FFR threshold of
0.8, as well as using clinical judgement based on other observations. With a
range as well as a well-defined distribution of FFR values, the clinician can
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not only see whether the most likely FFR value based on simulation is
above or below the threshold, but also determine the probability that the true
FFR value is above or below the threshold, creating an additional level of

confidence.

6.2.10. Outflow BC with adjusted response to hyperaemia
based on patient-specific demographic metrics

X

Suspected lesion

Patient specific estimate of
hyperaemic flow response: X

Figure 6-8 The patient specific estimate of hyperaemic flow increase is applied to
all branches. The resistance boundary condition is decreased by this value. The
estimate uses patient metrics and patient population data to calculate a patient
specific value.

This BC is similar to the one that uses patient population average
response to hyperaemia in its outlet boundary conditions. However, the
response value is adjusted based on patient specific metrics that have been

found to influence this value such as sex, diabetes, and smoking status.
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This response value will therefore be patient-specific, but a uniform

proportion across all branches as indicated in Figure 6-8

Simulations using this BC are used to assess whether there is any benefit to
finetuning the response the hyperaemia based on patient specific
information, whether it will bring the simulated FFR value closer to the true

value, but without the use of perfusion-based imaging data.

6.2.11. Patient specific flow response and patient metrics

The boundary conditions set will have to use data that is readily
available for a patient that undergoes a CT coronary angiography. This
would be typical health metrics such as, height, weight, age, sex, heart rate,
blood pressure, and other medical conditions and health indicators etc.

The list of metrics that were consistently measured across all patients in the
dataset (those patients with missing data points were excluded) are listed in
the Table 6-1. This was first performed usingunivariate regression on each
variable from the PET perfusion dataset against the CFR value (n=101). In
Table 6-2, Table 6-3, multiple regression was applied to the variables that
were statistically significant individually. The final regression model was
produced in Table 6-4.
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Table 6-1 Regression coefficients, error, and significance of various patient
metrics on the overall CFR (excluding suspected branch) of a patient. This

was calculated using the PET perfusion data set (n = 101), performing

univariate regression on each data point individually. Coloured cells indicate
the statistically significant coefficients (P value ~<0.1).

Standard

Coefficients Error P-value
Age -0.0098 0.0051 0.0583
Sex 0.2302 0.0998 0.0231
Pain limitation -0.1440 0.0968 0.1401
Breathlessness -0.1237 0.0970 0.2051
Diabetes -0.3334 0.1131 0.0040
Smoker 0.2917 0.1106 0.0097
Hypertension -0.1949 0.0965 0.0461
Hyperlipidaemia -0.0753 0.0991 0.4488
Family History 0.0651 0.0975 0.5063
Rest HR -0.0061 0.0038 0.1090
Rest Systolic BP -0.0037 0.0022 0.0953
Rest Diastolic BP -0.0019 0.0039 0.6293
Stress HR 0.0010 0.0030 0.7459
Stress Systolic BP -0.0036 0.0024 0.1362
Stress Diastolic BP -0.0046 0.0042 0.2688

Table 6-2 Multiple regression of the variables that were statistically
significant in Table 6-1. The least significant variable is removed to perform

the following step in Table 6-3.

Coefficients Standard Error P-value
age -0.0017 0.0051 0.7371
sex 0.2015 0.0960 0.0386
diabetes -0.2859 0.1096 0.0106
smoking 0.2474 0.1083 0.0246
hypertension -0.1251 0.0915 0.1747

151




Table 6-3 Multiple regression of the remaining variables, hypertension’s

influence on the patient’s CFR is not significant and is further knocked out to

produce the final model in Table 6-4.

Coefficients Standard Error P-value
sex 0.2084 0.0934 0.0281
diabetes -0.2906 0.1082 0.0085
smoker 0.2566 0.1043 0.0156
hypertension -0.1280 0.0907 0.1614

Table 6-4 Regression coefficients, Standard Error and P-value of a reduced

model that utilises only variables have a significance of P<0.05

Coefficients Standard Error P-value
Intercept 1.95 0.253 <0.001
Sex (1 if male) 0.22 0.093 0.019782
Diabetes status -0.30 0.107 0.005022
Smoker status 0.265 0.104 0.012905

6.2.12.

Age

Regression coefficient for age (for each year): -0.0017(0.051) (P value =
0.74)

Whilst it is well documented that CFR generally declines with age
[153], however when controlling for other health indicators and metrics it
does not seem to be the case in our patient population. This may be due to
a number of reasons: (1) The patient dataset has a relatively limited age
range (70+- 9) with no patient under the age of 50, (2) age-related reasons
for lower CFR are due to older individuals’ likelihood to have comorbidities
that have been isolated in our regression [153], and (3) selection bias, whilst
lower CFR with age may be true for the general population, when “selection”
into the patient population,(e.g. the exhibiting of symptoms AND severity of
symptoms to justify a referral to a perfusion imaging scan) may eliminate

any age-related CFR effects.
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6.2.13. Sex

Regression coefficient for male sex (as opposed to female): +0.22(0.09)

It has been documented that women exhibiting cardiovascular
disease symptoms have a much higher probability of having microvascular
dysfunction relative to male patients [154]. Note that this is not to suggest
that coronary microvascular dysfunction (CMD) is a uniquely female disease
or even more prevalent among women. The prevalence of CMD in both
sexes have been shown to be comparable, the higher rates of CMD among
the female patient population relative to the male patient population is due
to more men becoming patients due to symptoms being caused by other

cardiovascular conditions.

CFR, the increase in flow response to hyperaemia, takes into
account any restriction in the epicardial vessels as well as microvascular
dilatory capacity, the two most common metrics to measure these being
FFR and IMR see chapter 2 respectively. However, when these are
controlled for, i.e., a dataset of male and female patients with similar
average FFR and IMR, female patients still exhibited lower CFRs relative to
male patients. This has been suggested to be due to female indexed
resting cardiac output (i.e., relative to their body size) to be higher than that
of men, whereas indexed stressed cardiac output to be equal, thus
producing a lower relative CFR. Unfortunately, in this CT perfusion dataset,
there are no female patients therefore this variable cannot be tested directly
in our proposed model.

6.2.14. Diabetes

Regression coefficient for diabetes status (as opposed to no diabetes): -
0.30(0.11)

Diabetes is perhaps the most significant comorbidity that affects
CFR, this is not surprising as it is well documented directly that
microvascular dilatory capability and CFR specifically lowered in diabetic
patients versus nondiabetic patients[155-159]. This is due to increased
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formation of plaques in both macrovascular and microvascular sections of
the coronary circulatory system, caused by hyperglycaemia, sustained high

levels of blood sugar causing damage to arterial linings[159-162].

6.2.15. Smoking

Regression coefficient for smokers (as opposed to non-smokers):
+0.265(0.11)

Smoking status is also known as one of the more influential factors
that affect CFR. However contrary to what is expected as the effect of
smoking on cardiovascular health, it appears as if smokers tend to have
above average CFR in the patient population in our patient cohort, i.e., their
coronary flow increased during hyperaemia better. This is counterintuitive
as studies on CFR and smoking points to smoking causing damage to

circulatory function[163].

This paradoxical observation is in line with, an observation that has
been first reported over 25 years ago known as Smoker’s paradox[164—
166], among many cardiovascular disease experts when assessing smoking
patient’s cardiovascular health. In these studies, for a wide range of varying
cardiovascular diseases, a consistent trend was found where smokers

tended to show better cardiovascular indicators.

Whilst some other research has suggested, though non-conclusively,
that smoking may modify plaque and clot composition that may in some
diseases provide better outcomes (in terms of likelihood of cardiac events in
the short term) [167], the consensus on smoker’s paradox is that the

paradox is the result of a sampling bias [168].

Many studies [166,168] noted that smoking individuals tended to
show up as cardiac patients at far younger ages that meant they were much
less likely to have comorbidities such as diabetes that are much more
common among an older patient population. These comorbidities may
contribute to poorer cardiac outcomes that far exceed the sole harm that

smoking may cause in a younger patient.
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However, in our findings, we isolated the variables of age, sex, and
other health indicators such as diabetes status, yet a significant positive
effect on CFR for patients that are smokers is still observed. There has not
been much research directly on the effect of smoking on CFR over a patient
population or direct biological studies on physical or biochemical
mechanism behind the positive or negative impact of smoking on vascular
dilation during hyperaemia. However, multiple studies have shown even

mild smoking to be detrimental to microvascular health [169,170].

The potential explanation is that smokers present in clinics at less
severe stages of coronary disease whilst exhibiting symptoms that more
commonly occur at more severe stages. The route to being a cardiac
patient generally starts with the exhibiting of symptoms such as chest pain
(at rest or during exercise) or breathlessness, these symptoms whilst
indicative of possible cardiac disease is also influenced by lung function
where smoking is known to cause degradation. Therefore, the paradox
here does not necessarily indicate that smoking improves CFR, but rather
smokers with less severe levels of disease tend to show up more often in
patient datasets due to their symptoms, therefore producing this paradoxical

phenomenon.

Whilst this hypothesis has not been documented elsewhere, it
coincides with previous studies on the Smoker’s paradox that it ultimately is
a result of a selection bias. However, because such bias seems to exist in
our large patient dataset, the regression coefficient should still be included
in our modelling, as it would make the predicting model of the CFR more

representative for patients who are smokers.

6.2.16. Other metrics

It was suspected that hypertension, hyperlipidaemia and a family
history of CAD may contribute to lowering CFR based on the literature[171],
however it appears to not be the case in our patient dataset (P>0.05 for all

those factors as shown in Table 6-1).
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6.2.17. Patient specific estimate for hyperaemic flow
response formula

Based on the statistically significant contributing factors to CFR,
namely sex, diabetes and smoking which are identified in Table 6-4, a
multivariate regression model was derived. The

formula for microvascular response to hyperaemia:
Flow Increase = 1.95 + 0.225x — 0.30Db + 0.285m  (22)

Here, Sx is the sex of the patient, 1 if male, O if female. Db is diabetes
status, 1 if the patient has diabetes, 0 if the patient does not. Sm is the
patient’s smoker status, 1 if the patient is a smoker, 0 if the patient is not.
Smoker status is self-reported. Note this flow increase is not strictly CFR as
CFR takes into account any epicardial obstructions as well as microvascular
vasodilation. However, for unobstructed arteries, this is effectively equal to
CFR.

Taking into account uncertainties expressed with standard error,

using uncertainty propagation:

n

of = Z ot (23)
i
GgFR = O—/%verage + Us‘zx + O—l%b + O—.S?m (24)

02 = (0.25)2 + (0.09)% + (0.11) + (0.10)2  (25)

O-CFR = 031 (26)

Using the above equations and the patient cases, a patient specific CFR

estimate can be produced.
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Table 6-5 Patient specific predicted CFR based on patient metrics compared
to measured CFR

Patient | Sex (1= Diabetes Smoker Predicted Measured
Male) Status (1= | Status (1 | CFR CFR
Positive) = (Global)
Positive)
1 0 1.86+0.31 1.28
2 0 2.17+0.31 151
3 1 2.44+0.31 1.72
4 1 2.44+0.31 2.05
5 1 2.44+0.31 2.04
6 1 2.44+0.31 2.31
7 1 2.44+0.31 3.31
8 1 2.13+0.31 2.83
9 1 2.44+0.31 2.03
10 1 2.44+0.31 2.46
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Table 6-6 The various CFR/hyperaemic flow response values used in
FFRCT simulations.

Hyperaemic flow response (as a multiplier to resting flow)

General
population
average Patient
(assumption Patient Patient specific
Patient used in Patient specific specific (Measured)
population | Conventional | specific (Measured) | (Measured) | Branch
Patient | average FFRCT) estimate Global Regional wise
1 2.14 3.50 | 1.86+0.31 1.28 0.97 0.82
2 " 2.17+0.31 1.83 1.64 1.25
3 " | 2.44+0.31 2.32 191 1.71
4 " | 2.44+0.31 2.61 2.27 2.01
5 " | 2.44+0.31 2.49 2.15 1.23
6 " | 2.44+0.31 2.31 2.28 2.10
7 " | 2.44+0.31 3.31 3.19 3.13
8 " 2.13+0.31 2.83 2.72 2.31
9 " | 2.44+0.31 2.03 2.06 1.95
10-1 " | 2.44+0.31 2.46 1.81 1.07
10-2 " 1.86+0.31 2.46 2.12 1.29
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Bland-Altman chart comparing CT perfusion measured
CFR and Patient Specific CFR estimation

0.8
0.6 ®
0.4 ®

0.2

_0.21.50 1.70 1.90 2.10 2.30 2.58 2.70 2.90

-0.4

Measurement difference
o

-0.6
-0.8

Mean CFR between two measurement/estimation techniques

Figure 6-9 Bland Altman plot showing the performance of Patient specific CFR
estimation versus CFR obtained from directly measured CT perfusion.

6.3. Results

There is a wide variety of patient disease levels present in this
selection when looking at the invasive FFR values, see Table 6-7. For five
out of the eleven vessels analysed, FFR was predicted between FFR = 0.75
and 0.85, close to the FFR = 0.8 cut-off,. Among those, FFR for Patients 4
and 6 was 0.77, which resides in the commonly denoted “Gray Zone” of
FFR (FFR = 0.75 - 0.80). Patients in the gray zone usually require the
physician to consider additional testing for further information. There are two
patients in the more severe category, with FFR of 0.67 and 0.53
respectively, the latter would usually be diagnosed at the CTCA stage
without requiring FFR to confirm a functionally significant stenosis. And
Patient 10 in particular is an example of a patient with multivessel disease,
with both LAD and LCX containing functionally significant stenoses that

require intervention.

159



The CT perfusion imaging scanner also comes with its proprietary
FFR mechanism (Siemens cFFR) that uses purely imaging data, without

CFD, to estimate FFR values in a short amount of time in post processing.

Table 6-8 shows the relative sensitivity, specificity, and accuracy of
the various simulated FFR regimes. Balanced Accuracy (BA or B-Acc) is
included here as the patient dataset was skewed towards more positive
cases than negative. In this context, a positive case is a FFR of <0.80 and
a negative case is an FFR 2 0.80. Note that in a clinical scenario, most
cases between 0.75 and 0.80, the “gray zone” will not be blindly adhered to,
but rather additional testing or consideration before committing to a

tfreatment course.
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Table 6-8 Sensitivity, Specificity, Positive Predictive value, Negative
Predictive value, Accuracy and Balanced Accuracy for various FFRCT
methods compared to the Invasive FFR method. Note that this is referring to
diagnostic accuracy.

FFR method

Hyperaemic
flow

condition

Sensitivity

Specificity

PPV

NPV

Acc

BAcc

Invasive
FFR

Siemens -
cFFR

71%

0%

56%

0%

42%

28%

Conventional
“estimate
FFRCT

3.5x

100%

50%

78%

100%

82%

89%

Patient
population
upper bound
(+1S.D)
estimate
FFRCT

2.68x

100%

50%

78%

100%

82%

89%

Patient
population
mean
estimate
FFRCT

2.14x

86%

100%

100%

80%

91%

90%

Patient
population
lower bound
(-1S.D)
estimate
FFRCT

1.6x

29%

100%

100%

44%

55%

72%

Perfusion
imaging
based flow

response

Patient
specific

measured

100%

100%

100%

100%

100%

100%
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FFRCT -

global

Perfusion Patient 71% 100% 100% | 67% | 82% 83%
imaging specific

based flow measured

response

FFRCT -

regional

Perfusion Patient 14% 100% 100% | 40% | 45% 70%
imaging specific

based flow measured

response

FFRCT -

branch-wise

Patient Patient 86% 100% 100% | 80% | 91% 90%
specific flow | specific

response estimate

estimate

FFRCT —

lower bound

(-1S.D)

Patient Patient 100% 75% 88% | 100% | 91% 949%
specific flow | specific

response estimate

estimate

FFRCT -

mean

Patient Patient 100% 75% 88% | 100% | 91% 94%
specific flow | specific

response estimate

estimate

FFRCT

(+1S.D)
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Bland-Altman chart comparing General Population
Average (Conventional) CT-FFR with Invasive FFR
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Measurement Difference

-0.12 [ ]

-0.14
Mean FFR between two measurement techniques

Figure 6-10 Bland-Altman plot comparing the conventional FFRCT method with
Invasive FFR. Note the particularly strong negative bias of the conventional
method, i.e., FFR values are lower in the conventional FFRCT than that measured
invasively

Bland-Altman chart comparing Patient Population
Average CT-FFR with Invasive FFR
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0.04

0.03 X
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-0.01 X

Measurement Difference
X

-0.02
Mean FFR between two measurement techniques

Figure 6-11 Bland-Altman chart comparing the patient population average
assumption FFRCT with Invasive FFR. Note the slight positive bias of this method,
i.e., this FFRCT method produces slightly higher FFR values on average.
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Bland-Altman chart comparing Measured Perfusion
enhanced (Global) FFRCT with Invasive FFR
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Figure 6-12 Bland-Altman chart comparing the FFRCT using a directly measured
CFR value with Invasive FFR.

Bland-Altman chart comparing Patient Specific FFRCT
with Invasive FFR
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Figure 6-13 Bland-Altman chart comparing the FFRCT using an estimated CFR
assumption based on patient specific metrics, with Invasive FFR.
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Table 6-9 Mean error in FFR measurement of various methods relative to the
invasive FFR measurement. *Note that Invasive FFR itself has a retest
variability and has been included here for reference.

Mean Error (FFR)

Invasive FFR (retest variability) 0.019*
Siemens CFFR 0.138
Conventional “general healthy population 0.073

mean ” estimate FFRCT

Patient population lower bound (-1S.D) estimate | 0.079

FFRCT
Patient population mean estimate FFRCT 0.038
Patient population upper bound (+1S.D) 0.020

estimate FFRCT

Perfusion imaging based flow response FFRCT | 0.027
- global

Perfusion imaging based flow response FFRCT | 0.054

- regional

Perfusion imaging based flow response FFRCT | 0.113

— target branch

Patient specific flow response estimate FFRCT | 0.045
— lower bound (-1S.D)

Patient specific flow response estimate FFRCT - | 0.023

mean

Patient specific flow response estimate FFRCT | 0.070
(+1S.D)
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Table 6-10 The probability that a FFRCT result disagrees (misdiagnoses) with
the diagnostic result of the Invasive FFR measurement based on the
distribution of CFR values for each patient (or average over all patients).

Percentage probability of misdiagnosis
(FFR cut-off = 0.80)
Invasive Patient population | Patient specific
Patient | FFR Average estimate
1 0.84 27% 14%
2 0.73 28% 26%
3 0.72 47% 21%
4 0.77 43% 38%
5 0.67 14% 6%
6 0.77 43% 25%
7 0.88 4% 0.9%
8 0.83 13% 3%
9 0.82 49% 31%
10 0.53 5% 1.6%
10 0.72 42% 21%

The CT perfusion imaging scanner also comes with its proprietary
FFR mechanism (Siemens cFFR) that uses purely imaging data, without

CFD, to estimate FFR values in a short amount of time in post processing.

Table 6-8 shows the relative sensitivity, specificity, and accuracy of
the various simulated FFR regimes. Balanced Accuracy (BA or B-Acc) is
included here as the patient dataset was skewed towards more positive
cases than negative. Balanced Accuracy is the mean average of the True
Positive Rate and the True Negative rate, it is often used in assessing
binary classifiers when the proportion of positive and negative cases are
skewed.In this context, a positive case is a FFR of <0.80 and a negative
case is an FFR = 0.80. Note that in a clinical scenario, most cases between
0.75 and 0.80, the “gray zone” will not be blindly adhered to, but rather

additional testing or consideration before committing to a treatment course.
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Figures 6-9 to 6-13 show the Bland-Altman plots comparing various FFRCT

regimes.

The Siemens cFFR had the lowest accuracy and its specificity was 0,
misdiagnosing four negative cases as positive. This is perhaps not
surprising as its mechanism relies purely on geometry, similarly to that of
CTCA which also has a relatively high sensitivity and low specificity, where
stenosed vessels are essentially over-diagnosed as having functionally
significant disease, refer to Table 2-1. Note that cFFR is still in its research
phase and it is intended as a fast (almost real time) non-invasive FFR
solution. Conventional FFRCT, where the assumption is that the patient
does not have any microvascular disease also faces this problem to an
extent. Whilst FFRCT does use CFD to simulate blood flow through the
stenosed vessel to calculate FFR and therefore assesses functional
severity. By applying idealised and generalised assumptions on the
microvascular flow response during hyperaemia (where flow increases by
3.5x), it inevitably produces the effect that the anatomy and vessel geometry
becomes the sole determinant of FFR. This high sensitivity and moderate

specificity are consistent in multiple studies including clinical trials [172,173].

Assessing the flow response based on the direct measurement from
perfusion imaging Table 6-7, whilst the results do not match the invasive
FFR values exactly, it managed to attain 100% diagnostic accuracy, i.e., the
diagnostic result from a simulated FFR using directly measured flow
responses matches the gold standard invasive FFR.

6.3.1. Response to hyperaemia population estimates

One of the crucial elements being tested in this chapter is the
hyperaemic flow response, this is used to set the amount of reduction in
coronary microvascular downstream resistance due to vasodilatory effects

of hyperaemia.

In the ideal young and healthy patient, this increase in maximal flow
is established to be between approximately 3.5-4.0, with a flow defect often

being diagnosed when this value is less than 2.0 [174]. In this chapter, the
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two available patient datasets — PET and CTP — both show that the patient
population generally have a flow response lower than 3.5 (Table 6-6). With
the large PET dataset (n=101) showing an average CFR of 1.89 (SD 0.48),
measured using the software platform that was developed by the scanner
manufacturer, Siemens Syngo.PET. In the separate and smaller CT
perfusion dataset (n=10) used for simulations in this chapter, it was crucial

to observe whether this lowered flow response is also observed.

The directly measured flow response for the 10 patients is shown in
Table 6-6. On average, the measured CFR value average is 2.36+/-0.52,
this is consistent with the PET dataset (n=101) with an average CFR of
1.89+/-0.48, which is also significantly lower than the healthy assumption of
3.5. Part of the discrepancy between the CTP dataset (n=10) and the PET
dataset (n=101) is likely due to sex, the CTP dataset has only male patients.
Note that these flow response values ignore the flow response of the
suspected diseased vessel, therefore capture more accurately the overall

microvascular dilatory response independent of an epicardial stenosis.

As microvascular disease tends to be systemic rather than localised ,
I.e., it is highly unlikely for a single branch of an artery to have significant
microvascular defect and healthy microvascular vasodilatory function in
other branches. This suggests that the measured flow response to
hyperaemia of the region supplied by a suspected diseased branch, and
comparison of that to other branches, could identify obstructions upstream.
It should be reiterated here that CFR captures the totality of flow defects
both in the main epicardial artery section and the microvasculature. For
example, Patient 10 who has two diseased vessels, one moderate and one
severe (in terms of FFR) has otherwise a relatively healthy flow response
overall of 2.46. When looking at the regions directly supplied by the
suspected diseased branches, the flow response in those regions of interest
is significantly lower indicating that microvascular defects are unlikely the
cause, but rather an obstruction in artery such as in patients 2,5, 10 in Table
6-6.
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For the patients with a negative diagnosis, i.e., FFR = 0.8, therefore
no significant obstruction in the arterial portion of the coronary tree, the flow
response of the branches excluding the suspected diseased branch has a
very similar value to the suspected diseased branch, such as in Patients 7,
8, 9 in Table 6-6. This suggests, in the case of mild or no obstruction, flow
response to hyperaemia is primarily dictated by the microvascular response,
and that response is approximately consistent across branches of the

coronary tree.

Exploring this further, a regional flow response was measured, this
counts the flow response of all branches of a particular artery, such as the
LAD, but excludes the outlet(s) that are in the downstream of the suspected
lesion. This is to identify the possibility that the flow response of a particular
artery and its supplied region may be distinct from that of other
arteries/supplied regions, however this does not appear to be the case. In
general, these values are lower than the flow response of the system in
general (excluding the suspected branch).The reason why this is lower most
of the time is that for an artery with some level of obstruction, even mild,

there is likely a lowered perfusion in the myocardium being measured.

Judging from both the absolute difference in FFR values and the
difference in diagnostic result (FFR = 0.8 or FFR < 0.8) Table 6-7, it appears
that the most reliable hyperaemic condition applied to the downstream
resistance boundary condition is the measured flow response that takes into
account all the branches (excluding the suspected diseased branch).

Lastly, using the flow response of the branch(es) downstream of the
stenosis to set the boundary condition for those branch(es) produces poor
results, specifically a very low sensitivity (14%) and low negative predictive
value (40%). This is not surprising because the branches that are
downstream of a suspected lesion are likely to have a lowered flow
response shown in perfusion imaging, by setting that as the boundary
condition which in essence is the microvascular response rather than overall
flow response, it is essentially counting the flow limiting effects of a stenosis

twice, i.e. the overall flow resistance of that branch segment: the
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downstream boundary and the segment downstream of the stenosis, will be
substantially higher than reality, driving a much lower flow to that branch. A
lower flow, as shown previously, will produce a higher FFR value, therefore
present a “healthy” or “healthier” diagnosis than the actual disease

condition: a false negative.

6.3.2. Efficacy of demographically derived perfusion model of
FFR prediction

The next step is to see whether it is possible to devise a method to
estimate the downstream flow response to apply to the boundary conditions
without the use of any perfusion imaging, as this is the most realistic clinical
use case. Conventional FFRCT[108,148] which uses only CTCA images to
produce its simulation assumes the case that the patient has ideal
microvascular health and therefore microvascular flow will increase by 3.5
times. The caveat is that patients with microvascular defects are likely to be
misdiagnosed when they have a significant obstructive stenosis, which was
mentioned in their paper [108,148]. As evident in the direct comparison with
the measured flow response of the patients in our dataset, the conventional
assumption is a significant overestimation with only the CFR for Patient 7

coming close at 3.31.

Consistent with clinical studies[172,173] of conventional FFRCT
schemes, our analyses using the conventional scheme show a high
sensitivity and negative predictive value, i.e. positive cases are almost
always detected, but low specificity and positive predictive value, 2 out of 4
“healthy” cases are misdiagnosed as severe or requiring treatment (Table
6-7). In this small sample, the 3.5x flow response boundary condition
achieved 100% sensitivity and 50% specificity, an overall accuracy of 82,
consistent with the studies on the diagnostic accuracy of these
techniques[172,173].

In this investigation, a more moderate value was observed to better
represent the patient population as opposed to the general healthy
population. Here, a “training” dataset of 101 patients with possible CAD
was used to derive the average flow response to hyperaemia: 2.14 + 0.54,
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directly from PET perfusion imaging., which then became the basis of our
demography-based estimate model of CFR that was applied to the “test”
data set of 10 patients who underwent CTP (CT Myocardial perfusion
imaging). The PET-based CFR value is much closer to the average of
vasodilatory response in the dataset used for FFRCT (measured directly
from CTP), with 7 out of the 10 patients within one standard deviation of this
estimate. Once applied to estimate FFR, this model shows a much higher
specificity, achieving 100% in this case, but a slightly lowered sensitivity of
86%. But overall this is an increased diagnostic accuracy of 91%
[172][173].

It needs to be said that whilst a higher accuracy is desirable, in
specific diagnostic settings depending on disease and treatment that follows
a diagnosis, it may be more desirable to have a higher sensitivity even if
specificity (and overall accuracy) suffers or vice versa. An extreme example
of this would be a disease that has a near certainty of death if untreated,
while the treatment itself has relatively minor side/negative effects. In this
example it would be crucial to identify every possible Positive case even if

negative cases get misidentified as positive.

For the positive case that this method missed: Patient 4 with an
invasive measurement of 0.77, it would be considered a borderline case
well within what is considered the “gray zone” (0.75-0.80) where it would
often be supplemented with additional testing or further consideration of
other health metrics. The conventional method in this case shows
FFR=0.72, a more confident positive result, which could push the clinical

diagnosis towards a higher level of certainty.

6.3.3. Effect of uncertainty in flow response estimate based on
demographic parameters

Since the patient-specific prediction of CFR has its uncertainty the
impact of this was further investigated by incorporating upper and lower
bounds based on 1 standard deviation in flow response above and below
the mean, therefore the flow response to hyperaemia would be 1.57 and
2.65.

172



The lower bound boundary conditions produced poor sensitivity of
29% and a high specificity of 100%, overall, a low accuracy of 55% and
would be completely undesirable in a clinical setting as a significant number
of positive cases are being missed. This is expected, physically speaking,
as limiting flow downstream will inevitably increase FFR (i.e., indicate less
severe obstruction), a flow response of 1.57 as an average across all
branches is also well below the CFR threshold of 2.0, which would suggest
a likelihood of severe microvascular disease that would likely be detected

during consultation and preliminary testing.

The upper bound flow response of 2.65x on the other hand
performed identically in diagnostic performance with the conventional 3.5x
hyperaemic flow assumption, capturing the same positive and negative
cases. Often in FFRCT protocols, clinicians are advised to defer results in
the gray zone to invasive testing, therefore when the cases between 0.75
and 0.85 (measured via the FFRCT protocol) are excluded from
consideration [143]. The 2.65x boundary condition achieves a 100%
diagnostic accuracy and the conventional 3.5x condition achieves a 90%
diagnostic accuracy, consistent with their findings of 91%[122]. However,
in the 2.65x case, it so happens those 3 cases are in the gray zone and
excluded, whereas the 3.5x case had only 1 case excluded, therefore it is
not a completely fair comparison.

It appears that the optimal value exists somewhere between 2.11 and
2.65 and using the analysis of patient metrics and their influence on
hyperaemic flow response, it is clear why this is the case despite 2.14 being
the average overall. The CT perfusion dataset of 10 patients is exclusively
male, and it has been shown that sex has a statistically significant positive
effect on the flow response Table 6-4, an increase of 0.24 + 0.10, bringing
the value well within those bounds: 2.38, which is very close to the perfusion
imaging measured average of 2.36. However, with this new flow response,
Patient 9 which is already a borderline case would have an FFRCT < 0.80,
creating a false positive case, whilst Patient 4 who was a previously false
negative case is correctly categorised as a positive case. Overall, the

patient-specific predictive model of flow response could produce a better
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performing FFRCT protocol, with 100% sensitivity and 75% specificity which
in this case has an identical diagnostic accuracy of 91% but higher balanced

accuracy of 94% versus 90% using the 2.14x assumption.

Considering that previously correctly diagnosed cases are now
misdiagnosed, it is apparent that one model does not fit all. Since the
patient dataset in this circumstance is disproportionately male (100% male)
versus the PET “training” dataset where the statistical patient population
model was obtained (64% male), other metrics that play a role should be
taken into account on a patient-specific basis. For practicality, these
parameters need to be readily available in routine clinical practice and the
metrics fall into this category are smoker status and diabetes. Applying the
patient specific estimation formula (Equation 24), a patient-specific flow
estimate can be obtained without any additional testing or perfusion

imaging.

Using the patient specific estimates, the diagnostic performance is
identical to that of the 2.38 estimate (2.14+0.24) that took into account the
patient dataset was 100% male. When looking at the deviation from the
measured flow response, the patient specific estimate taking into account
diabetes and smoking slightly outperformed the 2.38 case, standard
deviation of 0.45 vs 0.50, indicating the applicability of these additional
metrics. Whilst the discrepancy is not significant, and in this limited dataset
the diagnostic accuracy is identical, the extreme cases of CFR such as
Patient 1, 2 and 7, are much closer to the patient specific estimates. Lastly
as smoker’s paradox, where smokers tend to show better outcomes is a
controversial finding with many suggested explanations, when smoker
status is excluded from the equation, the standard deviation rises to 0.48,
suggesting that the positive trend (CFR is correlated positively with
smoking) is indeed applicable and consistent between the two datasets.
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Figure 6-14 Relationship between FFR and Hyperaemic Response
6.3.4. Quantitative accuracy of the FFRCT calculation

As expected, FFRCT with the CT-perfusion-based flow response
produced the most accurate FFR values overall, but there is still some
degree of error. The mean error is 0.023, which is slightly higher than the
Test-retest variability of invasive FFR testing of 0.019[175,176] but the
difference was not significant enough to produce incorrect diagnostic
results. In terms of the diagnostic categorisation (based on the threshold
value of FFR=0.8), this method is as good as the invasive method however
it is worth reiterating that perfusion imaging complimenting FFRCT
simulation is not a clinically viable option. Generally speaking, perfusion
imaging, whilst being costlier and often comes with a higher radiation dose,
as well as potential side effects of the drugs and contrast agents, produces
far more information for the clinician to make decisions on than FFRCT. If
perfusion imaging is available and recommended, FFRCT is unlikely to be
used in addition unless in the case of multi-vessel disease where the culprit
vessel cannot be identified in the perfusion imaging. The utility here of

testing the FFRCT computation, with various flow response models, against
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invasive FFR gives confidence to how close the simulation is to predict the
in vivo FFR, which should in theory be based on the ability of the model in
replicating the conditions of the patient’s coronary system, and in particular
the quality of the anatomical model, the assumptions on cardiac output,
blood pressure and downstream resistance, when the response to

hyperaemia is known.

6.3.5. CT-based computational prediction of iFR (CT-iFR)

In Chapter 4, it was shown that steady flow simulations without
hyperaemic flow adjustment tend to approximate iFR (instantaneous flow
reserve) well. With a cut-off of <0.90 being a positive case, iFR measured
in this dataset achieved an 86% sensitivity and 75% specificity, and an
overall accuracy of 82% when compared to the diagnostic categorisation

based on the invasive FFR measurements.

It should be noted that confidence in invasive iFR measurement is
not as established as FFR, with simulation based iFR even less so. With
cases between 0.86 and 0.93, the advice given to clinicians is to perform
invasive FFR testing to verify the result[177]. But in cases lower than 0.86
and higher than 0.93, they are considered as reliable as FFR[178]. In our
dataset a 100% diagnostic accuracy is achieved when excluding cases in

this range, however that only leaves 3 cases outside IFR of 0.86 and 0.93.

6.3.6. Development of probabilistic model

As a spread for the flow response to hyperaemia can be determined,
it would be possible to determine the uncertainty in the FFR prediction and
the relationship between the potential breadth of predicted FFR and
diagnostic categories per patient. For a case where the invasive FFR is
below 0.80, what is the probability that the FFRCT scheme in question will
produce an FFR value of above 0.80. This value can provide clinicians with
a guide to the certainty of a FFRCT result and determine with more
information whether additional testing is required before making treatment

decisions.
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In Table 6-7, it is apparent that for the cases where the distance from
the cut-off (FFR = 0.8) is large, the probability that the FFRCT scheme
would misdiagnose the patient is lower as the spread of FFRCT values

becomes less likely to overlap with the cut-off.

It should be made clear that here a low percentage is not a measure
of a high performing methodology of calculating FFRCT, but rather simply
shows how close to the FFR cut-off the simulated result is and how likely it
would produce the wrong diagnosis given the uncertainty in the flow
response parameter. It should also be apparent that there is a strong
correlation between the distance of the invasive FFR value from the cut-off
with the percentage probability that the FFRCT method produces the wrong
diagnostic result.

In the clinic, most cases between 0.75 and 0.80 (FFR gray zone),
even for invasive FFR testing, would almost always necessitate further

testing and considerations.

It is important to note that whilst invasive FFR is the gold standard
measure for the functional significance of a coronary artery stenosis, it has
its own reproducibility error of ~3-4% [51,72,176].

6.3.7. Relationship between hyperaemia and FFR.

In chapter 3, the electrical analog model was devised as a means to
conceptualise the problem (see Figure 3-1). Equation 7 showed that in the
electrical analog, the “FFR” is only dependent on the resistance of the
epicardial artery and the microvasculature, and the microvascular

vasodilatory response to hyperaemia.

Using the FFRCT results, Figure 6-14, obtained via varying
responses to hyperaemia, it is apparent that the relationship between
hyperaemic response and FFR matches closely with the electrical analog,
see Figure 3-2. This has a couple ramifications; it suggests that perhaps
FFR simulations for the most part can be further simplified. In previous

chapters it was shown that flow pulsatility, whilst important for blood flow
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simulations, doesn’t seem to affect FFR values as much. In chapter 5, it
was shown, consistent with the electrical analog assumptions, that in multi-
vessel disease cases, neighbouring vessels do not affect each other’s
FFR’s either. This provides a lot more validity to some of the novel FFRCT
simulations that focus on per-vessel simulation and the faster more

simplified 1D flow simulations [179].

Whilst estimating the resistance of a stenosis is a non-trivial problem,
the relationship between FFR and the stenosis resistance, microvascular
resistance and hyperaemic response may suggest that once an FFRCT
simulation has been performed, it may be possible to estimate what the
FFRCT value would be if the response to hyperaemia is varied for different
patient demographics, as well as producing a similar probabilistic spread of
values without the requirement of additional simulation runs that require
further computational time. This is however purely theoretical and will

require further investigation and validation to be clinically viable.

6.4. Concluding remarks

The CT Perfusion patient dataset with the invasively measured FFR
was used to validate the findings of Chapter 5, showing that perfusion
imaging data can augment FFR-CT boundary conditions to provide greater
diagnostic performance. Clinically, perfusion imaging and FFR/FFRCT
analysis are not commonly used in conjunction due to cost. Therefore, it
was important in this chapter to devise a new approach to FFR-CT
simulations that could improve upon some of the assumptions made in the
conventional approaches without requiring additional imaging data or
medical testing beyond the routine CTCA.

Using the 101 patient PET perfusion dataset to quantify the
relationship of hyperaemic flow response (a key factor in setting boundary
conditions) and patient metrics, a regression model was derived to produce
an estimate of hyperaemic flow response without actual perfusion imaging.
Using this estimate, a comprehensive analysis of the diagnostic

performance of FFR-CT was completed and validated against invasive FFR
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that is the gold standard. The novel hyperaemic response model based on
patient metrics has strong association with smoking, diabetes and sex.
When the model is used as part of FFR-CT prediction, a better diagnostic
accuracy (94%) than the current conventional approaches (82%) was

demonstrated.

In addition, as both the average response and its variability to
hyperaemia is known in the patient population, it was possible to determine
a spread of values of FFRCT, creating upper and lower bounds of

confidence that a clinician can gain greater diagnostic information.

With further study and trials among a greater and more diverse
patient sample, it has the potential to offer an improvement on existing
FFRCT methods.

6.5. Limitations
6.5.1. Anatomical model reconstruction

In this chapter FFRCT was compared with the gold standard invasive
FFR to assess how close the two values may be. One crucial limitation that
may be difficult to assess is the impact of image segmentation and
anatomical model reconstruction on the predicted FFRCT values. As
FFRCT is determined by the flow across an obstruction and the anatomy of
the coronary tree, image segmentation that accurately produces a realistic
anatomical model plays a major role in determining the FFRCT value.
Further investigation into the variability of FFR based solely on image
segmentation can be performed by using multiple manual segmentation
operators or in comparison to well established automated schemes, which
there are currently only a few commercially available or open-source
options. Sankaran et al [135] shown that manual segmentation of the
minimum lumen diameter, i.e. the smallest cross section across the stenosis
produces approximately 6-8% variability in FFRCT, approximately twice that

of invasive FFR’s reproducibility.
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6.5.2. CFR measurement for CT perfusion dataset

In the PET perfusion dataset with 100+ patients, CFRs were
measured using clinically tested software (Siemens Syngo.via). CT
perfusion on the other hand, only raw perfusion data (regional myocardial
blood flow) in the rest and stress state were available directly from the
clinical software platform. CFR for the CT perfusion dataset was calculated
manually by identifying appropriate ROI based on where coronary branches

are, and the perfusion values of the stress and rest images were compared.

6.5.3. Patient metrics

For the purpose of setting patient specific microvascular response to
hyperaemia, many of the metrics identified as having a statistically
significant effect are binary label, such as diabetes and smoker status. It
does not further describe for example how severe the diabetes is, how long
the patient has had it for, etc. And for smoking, it does not take into account
how long the patient has been smoking and the quantity or frequency of
smoking. The model of the outlet boundary conditions based on these
binary metrics may cause the flow response estimate to overshoot the “true
value” such as in a situation where a patient is a mild diabetic or a very

recent or infrequent smoker.

Ideally these metrics will be quantified in a more precise manner,
which will not only allow further fine tuning of FFRCT simulations but identify
the specific relationship between these variables and microvascular function

and therefore accurately characterise the response to hyperaemia.

6.5.4. Implementation of new scheme

The proposed novel FFRCT scheme is mostly similar to the current
clinical pathway where it is used to determine treatment for cases of
coronary artery disease of uncertain functional significance. Whilst non-
invasive functional testing is always preferred when available, such as PET,
SPECT, perfusion MRI, and more recently CT perfusion, perfusion-based

imaging is often in short supply and costly both in monetary and skilled
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manpower terms. With the exception of MRI perfusion, the other imaging
techniques also incur a radiation dose on the patient. In the current clinical
pathway, especially in the USA and UK, CTCA is recommended as the first
line of investigation for coronary artery disease and in most patient cases
CTCA can identify severe lesions certainly requiring treatment with good
accuracy [180], leaving only a proportion of moderate cases that require
additional assessment. When CT-based FFR computation is applied for this
subset of patients , since FFR is primarily a binary diagnostic tool, it is prone
to a diagnostic accuracy problem for patients around the threshold, where
even a slight error in calculation can produce a vastly different diagnostic
result and therefore treatment decision. By implementing this new scheme
of producing a likely range of FFR with a statistical percentage to show the
likelihood of each diagnostic result, the clinicians could be better informed

in assessing the diagnostic result in a more holistic manner.
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Chapter 7.  Conclusions

This chapter summarises and conclude the major findings of the
thesis and address the questions posed at the start of this project in Chapter
1. The overarching aim of this project is to find ways to improve non-
invasive diagnoses of coronary artery disease, especially the methodology

surrounding FFRCT methods.

The fundamental of FFRCT methods are laid out in the Chapters 2
and 3. In those chapters, the current state-of-the-art conventional FFRCT
such as HeartFlow technology which has FDA approval and approved for
use in many nations worldwide, is described. Variants of simulation-based
FFR such as iFR, dFFR has also been compared, with some examples of
their application using real patient data shown in Chapters 4, 5 and 6.

As FFRCT is primarily a simulation-based method, many
assumptions are inevitably needed to define parameters used in the
computational method, in particular, boundary conditions for blood pressure,
coronary inflow and flow pulsatility that crucially determine the flow
characteristics. In this study, some of these parameters are shown to have
a significant effect on the value of FFR which affects the diagnostic result
even in the range of those parameters which is widely accepted.

Chapter 4 posed the question, how far the FFRCT simulation scheme
can be simplified without significant variation in the FFR measurement.
Specifically, it looked at inflow conditions, patient parameters such as heart
rate, stroke volume (of the left ventricle), cardiac output and blood pressure
were assessed as well as the comparison of pulsatile flow versus steady
flow simulation. Cardiac output was found to play a significant role, as
increased cardiac output led to increased coronary flow which ultimately
lowers FFR in a stenosed artery. The pressure drop across a stenosis is
shown to be directly proportional to the flow which in turn is almost
proportional to the cardiac output, with variation based on how other
branches redistribute flow when there exists one or multiple stenosed

branches.
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Chapter 5 examined the assumption of using an idealised response
to hyperaemia, which has been identified as one of the limitations of current
FFRCT methods, where a healthy population average response is assumed
applicable to the patient population. As the response to hyperaemia is
overestimated in the healthy response assumption, the FFRCT
measurement is often lower than reality, i.e., more severe than it really is.
The lower negative predictive value (NPV) of FFRCT relative to its positive
predictive value (PPV), and relative to the NPV of other diagnostic methods
is well observed in the literature, including by its proponents. Using
myocardial perfusion imaging (MPI) data from PET and CTP, the results
from Chapters 5 and 6 suggest that the response to hyperaemia assumption
is an area to improve on due to the variability of this parameter and how it

directly impacts the FFR.

Chapter 6 looked at the feasibility and efficacy to use patient specific
metrics (e.g., sex, diabetes, smoking status) to estimate the response to
hyperaemia in a more systematic way. This allows to incorporate patient-
specific perfusion information in FFRCT computation without the need for
perfusion imaging data. Using a large dataset of 101 patients with CFR
measured clinically, a statistical relationship was derived between these
metrics and the vasodilatory response of the microvasculature in
hyperaemia. Applying this relationship to the FFRCT simulation produced
FFRCT values that are closer to the invasively measured FFR values (the
gold standard for validating any FFR techniques) in comparison to the
conventional assumptions. The patient-specific estimate on hyperaemia
helped to identify whether the flow defect is solely caused by an epicardial
stenosis or a combination with a decreased microvascular vasodilatory
response. The diagnostic performance of the novel model produced an

accuracy of 91% versus the conventional model with an accuracy of 82%.

Furthermore, as the variability of CFR is known, the novel model can
produce a spread of FFRCT values, potentially a way to inform a clinician of
the probability that an FFRCT value is the correct diagnostic result, adding
utility to the clinical workflow for CAD. Although this will require further

validation in larger patient dataset, the work presented in this thesis
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demonstrated the potential of a novel FFRCT method that incorporate
patient-specific myocardial microvascular response without need of

perfusion imaging.

7.1. Limitations

A limitation of this study is the relatively low number of patients
(n=10) included in our validation where simulation based FFR is compared
against invasive measurements. In order to avoid over-examination of
patients, high quality patient data with both perfusion imaging and invasive
FFR from clinical setting is not commonly available. The two diagnostic
methods typically are not used in conjunction other than explicitly for
comparison studies. Were this data available, a more representative
relationship between the downstream perfusion, the boundary conditions
and the resulting FFRCT measurement could have been derived and more
thoroughly validated. That being said, the novel method of using patient
parameters to inform the boundary conditions was tested and produced

representative FFR values without the need for further perfusion imaging.

Another key limitation of this study is that the comparisons with
conventional FFRCT techniques used commercially in the clinic is based on
a reproduction of their methodology laid out in published literature rather
than directly comparing their FFRCT protocol in a holistic manner, i.e., using
a commercially available FFRCT service. There are possibilities of
methodological discrepancies between what is defined as “conventional
technique” in this thesis and what are used in the commercial service, for
example anatomical model reconstruction method and quality, as well as
precise parameter settings that may not be explicitly described in the
literature. A good comparison study of any FFRCT variants or novel FFRCT
methods with the conventional FFRCT protocols should consist of a large
cohort of patients that have both invasive FFR and commercially available
(and FDA/NICE approved) FFRCT measurements taken.
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7.2. Future work and recommendations

The novel methodology proposed in this study and specifically in
Chapter 6, shows that using patient specific parameters like sex, diabetes,
and smoking status in the consideration of the response to hyperaemia can
possibly improve conventional FFRCT which holds assumptions that does
not take those variables into account. The relationship between these
patient parameters and the response to hyperaemia was quantified using a
moderately sized patient cohort (n=101) which had a diverse range of
myocardial disease classifications based on clinically measured response to
hyperaemia, which can be associated with demographic parameters of each
patient. Further investigation should look at quantifying specifically how
much each parameter individually contributes to the response to
hyperaemia and explain these relationships at a biological and functional

level.

Furthermore, the current study only looked at patient parameters that
are commonly recorded, it is possible there are other parameters out there
that could be included and can draw a significant relationship to the
response to hyperaemia. For example, some clinicians use surveys that
query a patient’s ability to perform certain physical tasks, which produces a
score that essentially provides an estimate to that patient’s microvascular
health. Considerations will be needed here to balance between the
additional merit versus practicality of data collection.

Another unique aspect of the proposed methodology is to show a
probabilistic spread of the likely diagnostic result, rather than relying on a
purely binary result of disease or healthy. There is the “grey zone” currently
defined for 0.75 < FFR < 0.80 but it only suggests that other tests may be
required and does not adequately inform the clinician in either direction the
likely outcome for the patient is. There are multiple possible avenues to test
the utility of the probabilistic FFR spread feature: 1) whether the most
probable diagnostic outcome is the correct outcome, 2) at what degree of
certainty does the method achieve a certain level of accuracy, 3) what

decisions will a clinician make given a probabilistic diagnostic value versus
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a strict binary diagnostic value, this may include decisions such as further
tests, opting for medical therapy/intervention counter to the recommendation
etc. These studies can be performed retrospectively with existing patient
datasets, the only requirement is that they have invasive FFR measured,
high quality CTCA images available for FFRCT and the patient metrics used

currently.

Lastly as FFRCT gains wider acceptance and novel FFRCT methods
are being tested, further research can look into the design of testing
schemes, where depending on the severity of the patient’s coronary
disease, certain diagnostic tests can be skipped, or further diagnostic
testing is required, or a hybrid approach using different tests when needed,
such as FFRCT + MPI, that have complimentary information. This will help
create a workflow that optimises cost, time, and accuracy of diagnosis. The
probabilistic spread of values in this novel FFRCT method can also aid in

the decision making for further tests.
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