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Abstract  

Chronic coronary syndrome (CCS) is accompanied by angina and limitation to the ǇŀǘƛŜƴǘΩǎ 

life. The significance of coronary blood flow reduction is currently best assessed by fractional flow 

reserve (FFR) as a guide to intervention. The beneficial effect of percutaneous coronary 

intervention (PCI) in these patients has been challenged, and therefore fresh evaluation of the 

changes in response to PCI is needed. 

Using real-world data from 40 patients, detailed examination of coronary anatomy and 

physiology, using FFR and computational fluid dynamics (CFD) to assess absolute coronary flow, 

was conducted. tŀǘƛŜƴǘǎ ƴƻǘ ǳƴŘŜǊƎƻƛƴƎ t/L ŘǳŜ ǘƻ CCw ƴŜƎŀǘƛǾŜ ƭŜǎƛƻƴǎ ŎƻƳǇǊƛǎŜŘ ǘƘŜ ΨŎƻƴǘǊƻƭΩ 

group. A novel method to assess the myocardial ischemic burden and address the global flow 

reduction ƴŀƳŜŘ ΨŎǳƳǳƭŀǘƛǾŜ CCwΩ (FFRCUM) was developed. Fitness trackers monitored everyday 

physical activity, and six-minute walk tests were performed, before and three months after the 

procedure. Questionnaires were used to evaluate the change as reported by the patients.  

I found a clear and significant physiological improvement following PCI in FFR, hyperaemic 

stenosis resistance (HSR), microvascular resistance (MVR), absolute flow (which increased 80%) 

and FFRcum  (which increased from 0.72 to 0.83). The change in FFRcum was a predictor of the change 

in quality of life at follow up. Improvement in spontaneous and observed physical activity, which 

ǿŀǎ ƘƛƎƘƭȅ ǾŀǊƛŀōƭŜ ōŜǘǿŜŜƴ ǇŀǘƛŜƴǘǎΣ ǿŀǎ ƳƛƴƛƳŀƭΣ ǿƛǘƘ ǎƛƳƛƭŀǊ ŦƛƴŘƛƴƎǎ ƛƴ t/L ŀƴŘ ΨŎƻƴǘǊƻƭϥ 

patients. This was also observed with questionnaires in all domains except angina frequency. 

Taken together, this work shows that physiological improvement (FFR and FFRcum), and 

absolute flow restoration, are achieved with FFR-guided PCI. However, that does not necessarily 

result in measured improvement in everyday physical activity, or self-reported general health 

status, but it does result in improved angina status, at three months. Overall, these findings 

indicate that physiological improvements in myocardial perfusion produced by PCI tend not to 

lead to a major change in objective measures of activity or wellbeing in everyday life, but are worth 

pursuing in terms of angina, specifically. 
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1. Chapter one: Introduction and background 

1.1 Ischemic heart disease  

1.1.1 Epidemiology of Ischemic heart disease  

Coronary artery disease (CAD) is the third leading cause of death in the United Kingdom, and is 

responsible for around 64,000 deaths every year. In 2021, it is reported that the number of people 

living with CAD in the UK can reach up to 2.3 million, around 83,000 are women and 1.5 million 

are men. Despite the fact that these numbers are significantly high and the issue needs to be 

addressed, the mortality rate of cardiovascular disease including CAD has declined by three 

quarters in 2020 compared to 1969. Nationwide mortality caused by CAD is estimated to be 

around 177,992 deaths per year in 1981 whilst today it has dropped to 64,170 death per year 

(BHF, 2022). CAD is not only a lethal disease; it imposes high costs on economy and healthcare 

systems around the world. In the UK, the costs of CAD account for one third of the total costs of 

cardiovascular disease and stroke, resulting in a total cost of £7.6 billion merely due to CAD in 

2015. Not all of these costs are healthcare related, productivity loss due to morbidity and mortality 

are responsible for a total of 33% of the total costs contributing for around £2.5 billion (BHF, 2022). 

 

1.1.2 Coronary artery disease: clinical presentations 

As a consequence of plaque development, luminal diameter starts to get reduced progressively. 

Early stages of the disease are often asymptomatic; however, when the lesions start to be more 

flow limiting, symptoms are likely. Myocardial ischemia can result from stenotic flow limitation 

and it is caused by oxygen supply-demand mismatch. When the flow can no longer be increased 

to achieve myocardial demands, a characteristic chest pain or discomfort can arise (Shao et al., 

2020). Fundamentally, coronary artery disease can be stable for prolonged periods, but due to its 

chronic nature, progression to unstable disease can occur. Acute atherothrombotic events like 

plaque rupture and erosion cause this serious change of disease stability. Based on that, CAD is 

categorised into two types of clinical presentations, which are chronic coronary syndrome (CCS) 

and acute coronary syndrome (ACS). 
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1.1.3.1 Chronic coronary syndrome  

The term Ψchronic coronary syndromeΩ was proposed by the European Society of Cardiology (ESC) 

to replace the old term Ψstable coronary artery diseaseΩ. The term is thought to be a distinctive 

name that better describe the dynamic nature of the disease. Stable angina is the distinctive and 

typical symptom for CCS. It is best described as short episodes of exertional central chest pain or 

tightness that may last for few minutes or even less and is relieved by rest. Typical angina can have 

other triggers such as emotional stress and cold weather. Pain might radiate to other parts 

including neck, back and left arm (Saraste and Knuuti, 2020). 

1.1.3.2 Acute coronary syndrome (ACS) 

There is a spectrum of possible clinical presentations of ACS ranging from cardiac arrest, to severe 

pain. However, the typical symptom of ACS is acute and persistent chest discomfort at rest that 

can also radiate to other part of the upper body and can be described as pain or tightness. ESC 

guidelines has suggested two main clinical investigation to identify ACS based on ECG (Thiele and 

Jobs, 2021): 

1- Acute chest pain and persistent ST segment elevation myocardial infarction (STEMI) 

2- Acute chest pain but no persistent ST elevation; non-ST segment elevation acute coronary 

syndrome (NSTEACS)  

 

1.1.3 Coronary blood flow in health and disease 

Coronary anatomy 

The coronary arteries originate from the aortic sinus just superior to the aortic valve. The left and 

right coronary arteries supply the myocardium and epicardium. The left coronary artery (LCA starts 

at the left main stem coronary artery (LMS), which divides into left anterior descending (LAD) 

artery and left circumflex artery (LCx). Moreover, the LAD supplies the anterolateral left ventricle 

and two thirds of the anteroseptum segments of the LV through the diagonal and septal branches. 

The LCx supplies the left atrium and one third of the posterolateral free walls of LV. Furthermore, 

the LCx branches into a variable number of obtuse marginal branches. The largest is usually the 

terminal branch. In a minority of the population, the posterior descending artery (PDA) branches 
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from the LCx to supply the inferior segments of both ventricles. The right coronary artery (RCA) 

which originates from the right sinus supplies the right side of the heart, and the inferior wall if it 

is a right dominant system. A right dominant system is more common among the population (70%) 

and supplies the PDA branch along with the acute marginal artery. The RCA and its branches supply 

the right ventricle, SA and AV nodes and one third of the septum and inferior segments of the 

ventricles. An illustration of the coronary artery tree is shown in figure 1.1. 

 

Figure 1.1 Illustration of coronary artery tree 
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Coronary physiology 

Myocardial oxygen demand is susceptible to an increase in heart rate, left ventricular contractility 

or wall tension. This increase in demand requires an increase in supply to maintain myocardium 

perfusion, and failure to achieve sufficient oxygen supply can result in myocardial ischemia. An 

increase in oxygen demand can only be met by increasing blood flow to the myocardium, due to 

fact that oxygen extraction is already near maximal levels at rest. To match demand, the increase 

in flow may need to be by four to five fold (Detry, 1996). In normal adults, coronary blood flow 

(CBF) represents five percent of the total cardiac output. Change in coronary vascular resistance 

is responsible for coronary blood flow regulation. However, epicardial coronary arteries are not 

the major contributor to resistance across the coronary bed; they only account for five percent of 

the total coronary vascular resistance, whereas the ƳƛŎǊƻǾŀǎŎǳƭŀǘǳǊŜ όғолл ˃Ƴύ ǘƘŀǘ ōǊŀƴŎƘ ƻŦŦ 

the coronary arteries constitute the remaining 95% όhΩ.ǊƛŜƴ ŀƴŘ bŀǘƘŀƴΣ нллуύ. CBF is regulated 

by multiple factors that include metabolites (adenosine, hypoxia), endothelium derived agents 

(nitrous oxide and endothelin-1) and other neuro-hormonal mechanisms (epinephrine and 

acetylcholine). This autoregulation process is essential in controlling vasodilation and 

vasoconstriction phenomena, maintaining appropriate coronary blood flow to the myocardium 

(Johnson, Gould and De Bruyne, 2021). In healthy individuals and under resting conditions, the 

mean aortic pressure of 60 to 140 mmHg is sufficient to maintain myocardial perfusion. However, 

if pressure exceeds or drops below this range, autoregulation fails and CBF becomes purely 

pressure-dependent (Duncker et al., 2015). Coronary perfusion pressure (CPP) is essential for 

maintaining coronary blood flow. CPP refers to the pressure gradient between aortic diastolic 

pressure and left ventricle end diastolic pressure (LVEDP). Most of coronary perfusion takes place 

during diastole, because myocardial contraction compresses the arterial walls, limiting flow. CPP 

provides sufficient pressure to drive coronary perfusion from epicardial to endocardial regions 

(Heward and Widrich, 2022).  
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Effects of coronary stenosis upon coronary blood flow 

Healthy coronary arteries can respond to myocardial demands by increasing flow up to five times 

compared to resting flow, subject to the absence of microvascular dysfunction. This mechanism is 

defined as coronary flow reserve (CFR). However, in the presence of stenosis, epicardial resistance 

increases due to flow obstruction. As a response, autoregulation mechanism attempts to reduce 

microvasculature resistance to preserve blood flow. CBF can thereby be maintained. Eventually, 

with increase in stenosis severity to approximately 70% by diameter, the microvasculature 

becomes exhausted and fails to reduce its resistance, and the inability to meet the myocardial 

metabolic demands becomes impaired, resulting in myocardial ischemia. Nevertheless, resting can 

restore the balance by reducing myocardial demands (Duncker et al., 2015; Johnson, Gould and 

De Bruyne, 2021). Further details on pressure-flow relationship is provided in section 1.3.4. 

 

1.2 Management of coronary artery disease (CAD) 

There are three principal objectives in the management of CAD: eradicating angina, reducing 

cardiac events, and improving quality of life. These objectives can be achieved through a 

conservative treatment strategy ('medical management'), coronary revascularisation, or a 

combination of the two. Both strategies have been in routine clinical practice for several decades 

and can, in different circumstances, reduce the mortality and morbidity of CAD. In addition, risk 

factor modifications, such as increased physical activity, low fat diet and smoking cessation have 

shown positive outcomes in preventing ('primary prevention') and slowing the progression of 

('secondary prevention') coronary artery disease (Chow et al., 2010).  

 

1.2.1 Medical management 

Medical management is aimed at reducing symptoms and preventing cardiovascular events. The 

first is nitrates or nitric oxide donating drugs such as glyceryl trinitrate. Nitrates have vasodilator 

effects that helps relieving angina attacks when they occur within minutes by reducing preload 

and increasing blood flow to the myocardium by coronary vasodilatation (Wight et al., 1992). Beta-
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blockers are used to control heart rate and the force of myocardial contraction, which helps to 

reduce exertional angina, and prevent angina attacks, by reducing myocardial oxygen demand 

(Diaz et al., 2005). Calcium channel blockers reduce afterload by peripheral arteriolar 

vasodilatation and reducing arterial blood pressure (Husted and Ohman, 2015). To minimise the 

risk of future cardiac events, two approaches are used, namely, anti-thrombotic (anti-platelet) 

agents and lipid lowering therapy (plaque stabilisation). Aspirin's mechanism of action is as a cyclo-

oxygenase inhibitor, causing inhibition of platelet aggregation. Moreover, aspirin is associated 

with reduced risk of death from MI (The RISC Group, 1990). Statins are lipid lowering drugs and 

are used to lower cholesterol levels by inhibiting the formation of LDL cholesterol via HMG-CoA 

reductase. They can reduce LDL cholesterol by 50% and reduce the incidence of cardiac events 

(Ridker et al., 2008). 

 

1.2.2 Revascularisation  

The principal goal of coronary revascularisation is to improve coronary blood flow by improving 

blood supply, thereby relieving ischemia, reducing symptoms, improving quality of life and 

increasing exercise capacity. Revascularisation can be achieved by two strategies; coronary artery 

bypass grafting (CABG), and percutaneous coronary intervention (PCI). The earlier is the original 

technique to restore flow in stenosed arteries. The first successful CABG surgery was in the early 

1960s (Goetz et al., 1961). CABG can be defined as a vascular conduit grafted beyond the stenosis 

to restore blood flow to the myocardium. Routinely used conduits are saphenous vein grafts (SVG) 

and the internal mammary artery (LIMA). The choice of conduits depends upon different factors 

including lesion location and anatomy. The LIMA which, being arterial, is more resistant to 

degeneration than vein grafts, is usually applied to the LAD. Generally, CABG is recommended 

when PCI fails, in the presence of complex three-vessel disease with high SYNTAX score or when 

there is left main stenosis (Sousa-Uva et al., 2019). The SYNTAX score is used as angiographic 

grading system, that helps in evaluating the complexity of CAD (Sianos et al., 2005). Alternatively, 

PCI, which is minimally invasive, is used more widely than CABG. The first successful in human 

angioplasty was performed in 1977 (Grüntzig, Senning and Siegenthaler, 1979). The technique 

involves gaining access to coronary vasculature through a catheter inserted into the radial or 



25 
 

femoral artery. The catheter is inserted into one of the major epicardial vessels under Xray 

guidance, and contrast agent is injected to visualise the coronary vessels. This is angiographic 

guidance. The coronary angiogram is the gold standard diagnostic tool in the catheterisation 

laboratory (see section 1.3.2). Once the lesion of interest is identified and located, a guide wire is 

advanced across the lesion followed by a balloon inflation and stent deployment to maintain vessel 

patency. Each strategy has its own benefits and limitations, however, both have been evidenced 

to be effective and safe in treating ischemic heart disease. A summary of the European guidelines 

on myocardial revascularisation is presented in figure 1.2. Both strategies have been shown to 

reduce symptoms, the risk of myocardial infarction and cardiovascular death (Sousa-Uva et al., 

2019).  Both interventions have proven effectiveness when compared to optimal medical therapy 

alone (OMT) in CCS. The superiority of CABG to OMT in terms of survival, especially in left main 

stem and three-vessel disease, was reported in a meta-analysis (Yusuf et al., 1994). The FAME-2 

randomised clinical trial compared PCI and OMT vs OMT alone in CCS patients with at least one 

physiologically significant stenosis, with a significant reduction (4.3% vs 12.7%) in cardiovascular 

events at three year follow up. Additional benefits were improved quality of life and exercise 

capacity and reduced anti-angina medication. This trial was guided by the use of fractional flow 

reserve (FFR) (see section1.3.3) (Fearon et al., 2018). A large meta-analysis that included 100 trials 

compared PCI and OMT and concluded that revascularisation with new generation drug eluting 

stents (DES) is associated with improved survival (Windecker et al., 2014).  
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Figure 1.2 Main aspects that need to be considered for decision making in CABG and PCI. 

Reproduced with permission from Oxford University Press via copy right clearance (501742989). 

1.3 Assessment of Ischemic heart disease 

1.3.1 Non-invasive investigation  

Cardiac diagnostic tools vary in their availability, utility and accuracy, which makes it important to 

determine the most suitable test depending on the condition and urgency (Sousa-Uva et al., 2019). 

One illustration of their use in the diagnosis of CAD is presented in figure 1.3. To identify ischaemia 

in patients with suspected CAD, an exercise stress test can be used as a diagnostic tool. The aim is 

to reproduce a state in which the oxygen demand/supply mismatch occurs. The patient can be 

stressed physically, using a bicycle or a treadmill. If the patient is unable to exercise, 

pharmacological stress, using dobutamine or adenosine, can be used (Banerjee et al., 2012). In 

stress echocardiography, abnormal LV wall contraction and motion are induced by ischaemia 
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which resolves under resting conditions. Contrast can be administered to enhance image quality 

if required (Sousa-Uva et al., 2019).  Alternatively, in single photon emission computed 

tomography (SPECT), radiopharmaceutical tracers (Technetium-99m or Thallium 201) are 

administered under stress and rest conditions.  Tracer uptake reflects perfusion and therefore 

local myocardial blood flow. CAD can be predicted with high sensitivity (Germano and Berman, 

2007). Computed tomography coronary angiography, now recommended by NICE as a first-line 

investigation of stable chest pain (NICE, 2017), is an anatomical modality that acquires coronary 

lumen images with an intravenously administered contrast agent. Certain factors can degrade 

image quality, such as heart rate >60 bpm, inability to hold the breath, obesity, high calcium score 

and arrhythmia. This tool has demonstrated sensitivity of 95-99% and 97-99% in CAD prediction 

in different multicentre studies (Meijboom et al., 2007, 2008).  Cardiovascular magnetic resonance 

(CMR) imaging is a tool that generates images from hydrogen nuclei using radio waves in a 

magnetic field. It can detect either myocardial perfusion (vasodilator stress CMR) or ischaemia-

induced regional wall motion abnormalities (dobutamine stress CMR). This technique can perform 

complete quantification of perfusion, and provide cardiac structure information and high spatial 

resolution (Kato et al., 2010; Sakuma, 2011). 
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Figure 1.3 Commonly used algorithms in the diagnosis of CAD. 

This algorithm separates diagnostic tools based on risk degree (high/low) and type of test (functional or 
anatomical). Created with Draw.io 

 

 1.3.2 Invasive coronary angiography  

Invasive coronary angiography (ICA) is the gold standard tool for diagnosis, management planning 

and intervention with PCI. Images are visible after injecting contrast media into the coronaries 

through catheters inserted via the radial or femoral arteries. ICA is used to identify the severity 

and location of lesions, and it is also valuable in visualising branches and collateral vessels (Figure 
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1.4). The main purpose of the coronary angiogram is determine the number, position, importance 

and degree of luminal narrowings. Coronary stenoses which are estimated to be greater than 50% 

of a vessel's cross-sectional area or 70% of its diameter are regarded as probably flow-limiting 

(Feldman et al., 1978). ICA captures a series of two-dimensional images from different angles, 

creating a conceptualisation of three-dimensional coronary anatomy. Over 250,000 ICAs are 

performed, and about 100,000 PCI procedures, each year in the UK (NAPCI, 2021). ICA carries a 

risk of major complications of considerably less than 1:1000. Additionally, its spatial and temporal 

resolution is superior to other imaging tools (Collet et al., 2017). However, ICA has some 

limitations. The three-dimensional (3D) nature of the coronary anatomy makes two-dimensional 

(2D) images unrepresentative in some cases. For instance, an eccentric stenosis can be under-

estimated, an ostial lesion missed, or long diffusely diseased vessels incorrectly classified. Finally, 

ICA is limited to anatomical assessment, so it does not inform about the functional severity of 

coronary stenosis. Functional severity carries valuable prognostic value in coronary artery disease. 

To overcome these limitations, several adjunctive invasive diagnostic techniques were developed 

to guide treatment and improve coronary artery disease assessment. 

  

Figure 1.4 Right coronary artery angiogram showing a moderate stenosis in the mid segment. 

The red arrow points at the stenosis location 
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1.3.3 Fractional Flow Reserve (FFR) 

ICA is particularly inadequate to identify the functional severity of mild to moderate lesions (25-

70% diameter stenosis), for which visual assessment is poor (Brueren et al., 2002). Sixty five 

percent of stenoses with angiographic severity 50%-70% were found to be functionally non-

significant (Tonino et al., 2010). Therefore, there was a need to provide a complementary 

functional diagnostic tool to distinguish flow-limiting disease. Fractional flow reserve (FFR) is a 

pressure-derived index representing the extent to which myocardial blood flow is limited by the 

presence of a coronary stenosis in hyperaemic conditions. To elaborate, maximal myocardial blood 

flow is assumed to be similar across the normal artery to govern adequate supply to myocardium; 

whereas, in the presence of an epicardial stenosis, myocardial blood flow is reduced by the effects 

of epicardial resistance. This is demonstrated in figure 1.5A. The simplified ratio of these two flows, 

with fundamental assumptions, represents FFR. In practice, FFR is measured by advancing a 

pressure-sensitive wire across the coronary lesion, whereas the proximal coronary pressure is 

measured from the tip of coronary guide catheter (figure 1.5B). Hyperaemia is then induced by 

infusing a pharmacological microvascular vasodilator (adenosine) intravenously. The mean distal 

coronary pressure (Pd) and mean proximal coronary pressure (Pa) are measured simultaneously 

and the ratio of the two mean pressures is calculated. The ratio (Pd/Pa) when maximal hyperaemia 

is most stable is calculated as the FFR. The threshold for significant flow limiting stenosis is Җ 0.8, 

however, the range 0.75 to 0.8 is still considered a grey area. 
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Figure 1.5 Demonstration of basic theoretical and technical principles of FFR. 

A) Representation of pressure drop in response to increased resistance at the presence of stenosis and at 
hyperaemia. B) Technical demonstration of FFR measurement in downstream diseased coronary artery.  

Pa: Proximal aortic pressure, Pd: Distal pressure, Pv: Venous pressure (created with draw.io). 
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1.3.3.1 Theory of FFR 

Pressure-flow relationship 

It is important to understand the relationship between pressure and flow in the context of CBF. 

Generally, CBF increases as a response to increase in demand, but this increase is limited by the 

resistance in the coronary system. The resistance can be either epicardial, a coronary stenosis, or 

microvascular, which accounts for most of the resistance in the system. In hyperaemia, the 

resistance of healthy microvasculature drops to the minimum, and the only resistance that can 

affect the flow is epicardial stenosis. CBF is driven by coronary perfusion pressure. Pressure loss in 

the absence of coronary stenosis is unlikely, therefore, a positive linear relationship can be 

observed. The pressure gradient-flow velocity relationship is described by Poiseuille's law, which 

assumes that flow is laminar through a pipe under constant velocity and circular cross section. 

Given that in a coronary artery viscosity is constant, vessel radius is the determining factor (to the 

fourth power) in a pressure drop. This explains the exponential increase in pressure gradient with 

increase in stenosis severity. Across the stenosis, the flow accelerates due to the reduced cross 

sectional area according to .ŜǊƴƻǳƭƭƛΩǎ ƭŀǿ. Distal to the stenosis, pressure drops due to energy 

loss caused by friction through the stenosis, and flow slows.  

 

Derivation of FFR 

FFR is the ratio of flow through a stenosis (Qstenosis), to the flow without the stenosis (QNormal) 

assuming the flow before the stenosis to be normal. This can be represented by the following 

equation: 

 

ὊὊὙ 
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Cƭƻǿ ƛǎ ŘŜǊƛǾŜŘ ŦǊƻƳ hƘƳΩǎ ƭƻǿ ǿƘŜǊŜ Ŧƭƻǿ ƛǎ Ŝǉǳŀƭ ǘƻ ǇǊŜǎǎǳǊŜ ŘƛŦŦŜǊŜƴŎŜ όҟP) divided by 

resistance (R): 
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Where:  Pd is pressure distal to stenosis 

Pa is pressure proximal to stenosis 

Pv is venous pressure 

R  is resistance 

 

Therefore: 

ὊὊὙ 
ὖ ὖ ȾὙ

ὖ ὖȾὙ
 

 

Measurements are obtained under hyperaemic conditions, therefore resistances are minimal and 

equal, and they cancel out: 

ὊὊὙ 
ὖ ὖ

ὖ ὖ
 

Venous pressure is negligible compared to aortic pressure, therefore assumed zero, leading to the 

simplest form of the equation: 

ὊὊὙ 
ὖ

ὖ
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1.3.3.2 Validation of FFR 

Non-invasive ischemia tests were the reference tools used to validate FFR and identify the 

threshold of flow limiting stenosis. The accuracy of FFR was validated extensively in the past three 

decades, in different clinical settings including single-vessel disease, multi-vessel disease, 

anatomical location of disease (i.e. ostial) and in patients with previous myocardial infarction. The 

major studies are reviewed in this section. All are limited by the lack of a 'gold standard' 

investigation with which to compare FFR. 

FFR was first validated against exercise testing in patients with single vessel disease. The earliest 

study to produce a valid cut off value for FFR that could be assumed to induce ischemia was done 

in 1995. The study showed strong correlation (r=-0.75) between lesions with FFR >0.72 and ECG 

changes (ST-segment depression) at peak exercise with a diagnostic accuracy of 87% (De Bruyne 

et al., 1995). All patients who were positive at ET underwent single vessel PCI and had FFR 

measurement before and after revascularisation. Repeat ET was completed one week after the 

procedure to identify FFR values that were associated with a normal ET, and which were ischemia 

inducible values. The study suggested a value of 0.74 to be a reliable threshold to determine 

functional severity with a diagnostic accuracy of 97% (Pijls et al., 1995). One year later, the same 

group conducted another validation study, but with three non-invasive stress tests (ET, 

dobutamine stress echocardiogram (DSE) and thallium scintigraphy). All patients with FFR value of 

Җ0.75 showed reversible ischemia on at least one of these tests, which were repeated after 

revascularisation (PCI or CABG), and the diagnostic accuracy was 93% (Pijls et al., 1996). Other 

studies have validated FFR in multi-vessel disease by comparing it with DSE and thallium 

scintigraphy mainly. A cut-off value of 0.75 was agreed except for one study which suggested 0.76. 

However, diagnostic accuracy was lower in MVD compared to SVD, ranging from 69 to 81% 

(Chamuleau et al., 2001; Rieber et al., 2004; Erhard et al., 2005). A cut off value of Җ0.80 is now 

used routinely in clinical practice to increase measurement sensitivity. The difference between the 

two cut off points (0.76-0.80) is termed the ΨƎǊŜȅ ȊƻƴŜΩΣ in which the ƛƴǘŜǊǾŜƴǘƛƻƴƛǎǘΩǎ decision 

making is important to decide on revascularisation (De Bruyne and Sarma, 2008).  
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1.3.3.3 Evidence for the clinical utility of FFR  

The accuracy of FFR in discriminating functional stenoses has led to multiple studies that aimed to 

focus on its role in improving management of coronary artery disease in the cardiac 

catheterisation settings.  

Benefit from FFR in moderate coronary stenosis 

FFR may be most useful in moderate lesions, where the decision to intervene or not might be 

unclear based upon the ICA alone. The first study to report deferring the treatment of 

physiologically non-significant stenoses based upon FFR measurements was the DEFER study 

(Bech et al., 1998), in which 325 patients were studied. Those with FFR >0.75 were randomly 

assigned to ΨperformΩ (PCI) and ΨdeferΩ (no treatment) groups, whilst treated significant lesions 

were the ΨreferenceΩ group. The five-year outcome showed no significant difference between the 

groups in event free survival (80% vs 73%, p=0.52) for 'defer' and 'perform' groups respectively.  

The composite rate of cardiac ŘŜŀǘƘ ŀƴŘ aL ǿŀǎ ƘƛƎƘŜǊ ƛƴ ǘƘŜ ΨǇŜǊŦƻǊƳΩ ƎǊƻǳǇ ŎƻƳǇŀǊŜŘ ǘƻ ΨŘŜŦŜǊΩ 

(3.3% vs 7.9%, respectively), whilst ǘƘŜ ΨǊŜŦŜǊŜƴŎŜΩ ƎǊƻǳǇ ǿŀǎ ǘƘŜ ƘƛƎƘŜǎǘ at 15.7%. It was 

concluded that deferring moderate stenosis with FFR of >0.75 is safe (Pijls et al., 2007). At 15 years, 

ǘƘŜ ǊŀǘŜ ƻŦ aL ǿŀǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƘƛƎƘŜǊ ƛƴ ǘƘŜ ΨǇŜǊŦƻǊƳΩ ƎǊƻǳǇ ŎƻƳǇŀǊŜŘ ǘƻ ΨŘŜŦŜǊΩ ƎǊƻǳǇ όмл҈ Ǿǎ 

2.2%, p=0.03), whilst the difference in mortality remained non-significant between the two groups 

p=0.79 (Zimmermann et al., 2015). 

FFR utilisation in CCS 

As FFR has proven to be an important tool to discriminate ischemia-inducing stenoses, in addition 

to the proven safety in deferring lesions with an FFR of >0.75, large randomized trials were 

conducted to understand its utility in patients with symptomatic CAD.  

FFR-guided PCI 

The FAME study investigated the role of FFR-guided PCI in MVD compared to ICA-only guided PCI 

in 1005 patients. Patients were included if there were at least two major coronary vessels with at 

least 50% diameter stenosis, and then randomised to receive stents based upon FFR and 

angiogram (FFR-guided group) or angiographic finding alone (angiography-guided group). In the 

CCw ƎǊƻǳǇΣ ŀƴȅ ƭŜǎƛƻƴ ǿƛǘƘ CCw ҖлΦул ǳƴŘŜǊǿŜƴǘ PCI (Tonino et al., 2010). At one year, FFR-guided 
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PCI was associated with a lower rate of myocardial infarction and death compared to the 

angiography-guided group (13.2% vs 18.3%, p=0.02, respectively). Also the FFR-guided approach 

resulted in a reduced number of deployed stents (1.9±1.3 vs 2.7±1.2 p<0.001). There was no 

significant difference in angina symptoms (p=0.2) and number of indicated lesions per patients 

(p=0.34). At two years, there were similar results, MACE being significantly lower in the FFR-guided 

group compared to angiography-guided group (17.9% vs 22.4%, p=0.08, respectively), as was the 

rate of death and myocardial infarction (8.4% vs 12.9%, p=0.02) (Pijls et al., 2010). However, at 

five years, the difference between the two groups in MACE diminished (28% vs 31%, p=0.31) (Van 

Nunen et al., 2015). FAME was the first trial to favour the use of FFR-guided PCI over an ICA--

guided approach, and showing positive outcomes up to 5 years. FAME-2 was a multicentre 

randomised clinical trial that compared FFR-guided PCI with optimal medical therapy (OMT) alone 

in 888 ǇŀǘƛŜƴǘǎ ǿƛǘƘ CCw ƻŦ ҖлΦул.  Non-significant lesions (n=332) were entered into a registry and 

received OMT only (De Bruyne et al., 2012). The primary endpoint (a composite of death, MI, or 

urgent revascularisation) was significantly different between the groups (12.7% vs 4.3%, p<0.001) 

for OMT vs FFR-guided intervention respectively. This was primarily driven by the high rate of 

urgent revascularisation in the OMT group (11.1% vs 1.6%, p<0.001). These findings resulted in 

halting the recruitment prematurely.  At three and five years, MACE remained significantly higher 

in the OMT group compared to PCI-guided intervention (22% vs 10.1%, p<0.001) and (27.0% vs 

13.9%, p<0.001), respectively. It was concluded that FFR-guided revascularisation provides more 

value compared to OMT alone in CCS, whilst medical management is adequate for non-significant 

lesions(Fearon et al., 2018; Xaplanteris et al., 2018). The findings from the FAME trials 

demonstrated that FFR to guide intervention is superior to ICA in assigning treatment and a proof 

of its clinical applicability in short and long term outcomes.  

FAME 3 was a multicentre randomised trial comparing CABG with FFR-guided PCI. Multiple large 

randomised clinical trials have shown that treating MVD with CABG has better outcomes 

compared to PCI. However, it is argued that FFR-guided PCI might show non-inferiority to CABG as 

there was a lack of data to compare the two. The one year findings failed to prove non-inferiority 

of FFR-guided PCI in MVD to CABG, mortality and MI, stroke and repeat revascularisation was 

lower in the CABG group 6.9% vs 10.6% (Fearon et al., 2022). However, there are some points that 
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should be considered in this trial. First, FFR was not performed equally in both groups; in fact in 

the CABG group FFFR was performed in 10% only. This means that some lesions were bypassed 

although they were not necessarily physiological significant.  Moreover, the FFR-guided PCI design 

of the study resulted in treating only physiologically significant lesions which may result in having 

more complex cases on the PCI arm and negatively skewing the data.  

FFR influence in management strategy 

The first study to investigate the role of FFR in influencing the management plan was the FFR-R3F 

multicentre registry. The objective of the study was to evaluate the rate of reclassification of 

coronary revascularisation based upon FFR during diagnostic angiography in 1075 patients with at 

least one ambiguous coronary lesion. Initial revascularisation strategy were recorded before 

measuring FFR and based on angiography alone (Van Belle et al., 2013). The initial distribution of 

treatment plan for medical therapy, PCI and CABG was 55%, 38% and 7%, respectively. After FFR 

measurement, that was changed to 58%, 32% and 10%, respectively. The final applied strategy 

was based upon FFR measurement in 95% of the study population, that resulted in treatment 

reclassification in 43% of the patients. At one year, there was no significant difference in outcome 

between patients whose initial strategy agreed with their final strategy and those who were 

reclassified.  Similarly, the RIPCORD study investigated the routine use of FFR in diagnostic 

angiography in 200 patients with CCS. The initial strategy was recorded prior FFR disclosure, as 

ΨƳŜŘƛŎŀƭ ǘƘŜǊŀǇȅΩΣ Ψt/LΩΣ Ψ/!.DΩΣ ŀƴŘ ΨƳƻǊŜ ƛƴŦƻǊƳŀǘƛƻƴ ƴŜŜŘŜŘΩ. When FFR was given, the 

management plan was changed in 26% of the cases suggesting that significant stenosis was 

reported incorrectly in 32% of the cases based on coronary angiogram only (Curzen et al., 2014). 

The POST-IT trial evaluated the effects of routine measurement of FFR upon management and 

outcomes in 918 patients with 1293 lesions (Baptista et al., 2016)(Van Belle et al., 2017). Patients 

were included in whom the FFR was measured in at least one vessel. Change in management was 

assessed per patient and per vessel, and management strategies were medical therapy, 

revascularisation, or additional stress imaging. The management plan was changed in 44.2% of the 

patients and 45.2% of the lesions. At one year, MACE was lower in patients with lesions FFR>0.8 

compared with those who had revascularisation (5.3% vs 7.3%). The DEFINE REAL study 

investigated physiological assessment in MVD. Overall management was reclassified in 45.7%, 
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whilst vessel management was reclassified in 30.0%. (Van Belle et al., 2018). It can be concluded 

that incorporating FFR in routine diagnostic angiography is associated with a reduction in 

intervention and a considerable change in management strategy.  

FFR utilisation in acute coronary syndrome (ACS) patients 

Although FFR is well-established in CCS, its role in ACS is less clear. The FAMOUS-NSTEMI study 

randomised patients with non-ST segment myocardial infarction (NSTEMI) with one or more 

coronary stenosis >30% to FFR-guided PCI and angiogram-guided PCI. The FFR group was 

associated with more deferral (22.7% vs 13.2%, p=0.02).  At one year, the FFR group had a lower 

revascularisation rate compared to the angiogram-guided group (79% vs 86.8%, p=0.054) and 

there was no significant difference in MACE rates (p=0.89). FFR-guided PCI was responsible for 

changes in treatment plans in 21.6% of the patients (Layland et al., 2015). In the COMPARE-ACUTE 

trial, FFR-guided complete revascularisation of the non-infarct related artery was compared to 

culprit only revascularisation in STEMI patients with MVD. Patients were randomly allocated in 

each group in a 1:2 ratio, complete and culprit only respectively. FFR was performed in both groups 

but was disclosed only in the FFR-guided group. At one year, the rate of MACE was significantly 

lower in the FFR guided complete revascularisation compared to culprit only revascularisation 

group (8% vs 21%, p<0.001), respectively. Interestingly, half of the non-infarct related lesions that 

were considered significant on the ICA were found to be functionally non-significant and deferring 

these lesions was safe and efficient (Smits et al., 2017). The DANAMI-3-PRIMULTI study, of similar 

design, randomised patients with STEMI to FFR-guided complete revascularisation vs culprit only 

revascularisation in MVD patients with STEMI (Engstrøm et al., 2015). The findings in 627 patients 

were significant reductions in all-cause mortality, recurrent MI and repeat revascularisation in the 

complete revascularisation group (13% vs 22%, p=0.004). This finding was mainly driven by the 

reduction in repeat revascularisation. 
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Theoretical Limitations of FFR  

Despite the strong clinical evidence for FFR and the positive outcomes that have followed over the 

years, FFR still has theoretical and practical limitations. Theoretically, FFR is based upon multiple 

physiological assumptions, and therefore may not be completely accurate. In FFR, pressure is used 

as a surrogate to quantify flow, assuming a perfect linear relationship, with MVR being minimal 

and constant. However, the relationship between pressure and flow can be more complicated, 

particularly when perfusion pressure is low. Perfusion pressure is the dynamic force that drives 

flow across the artery, therefore, low perfusion pressure results in low flow velocity. It is known 

that flow acceleration (.ŜǊƴƻǳƭƭƛΩǎ law) and energy loss (due to friction) are determining factors in 

pressure drop. Low velocity might underestimates the pressure gradient at the presence of a 

stenosis and therefore, FFR (van de Hoef et al., 2012). FFR also fails to take microvascular 

dysfunction into account. Microvascular resistance (MVR) is assumed constant and minimal at 

hyperaemia in the presence (RStenosis) and absence (RNormal) of coronary stenosis and, therefore, 

these cancel out when calculating FFR=
Ⱦ

Ⱦ
. Omitting MVR resistance is governed by 

achieving maximal hyperaemia, and failure to do so will influence FFR measurement. Therefore, 

external factors such as caffeine intake before the procedure might affect vasodilatation and result 

in inaccurate FFR (Matsumoto et al., 2014). In addition to the two assumptions discussed above, 

venous pressure is negligible and assumed to be zero, FFR=  leading us to the simplest form 

of the equation FFR=Pd/Pa. Venous pressure is typically close to zero (1-6 mmHg); however, using 

a fixed value such as 5 or 10 mmHg or assuming Pv is zero is associated with significant error in 

low FFR values. The sensitivity of FFR is significantly reduced (64%) when Pv is assumed to be zero. 

However, that was during the >0.75 threshold era, and the adoption of a Җ0.8 threshold reduced 

this misclassification (Divaka et al., 2004). It is understandable that acquiring a true individual value 

for Pv is not simple, because it requires extra vascular access and is time consuming. It is also 

important to state that the first study to validate FFR by Pijls and colleagues considered 

simultaneous Pv (central venous pressure), Pd and Pa measurements to produce the outstanding 

early findings of FFR.  
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Practical Limitations of FFR 

Decision making in medicine is driven by different factors, but it is most favoured when there is a 

binary cut-off value that aids excluding interventions (treat vs defer). This was applied in FFR and 

early findings showed high accuracy in detecting ischemia inducing lesions at a cut off value of 

Җ0.75 and it was later evidenced by the DEFER trial (Pijls et al., 1995, 1996; Bech et al., 1998). 

However, the landmark trials of FAME and FAME 2 increased the FFR cut off value to Җ0.8, 

justifying that by the small number of patients that FFR was previously validated on, and the fact 

that the non-invasive imaging modalities that were used had their own limitations as well (Tonino 

et al., 2010; De Bruyne et al., 2012). Both cut off values yielded significant outcomes in favour of 

physiological assessment to discriminate flow-limiting stenoses. This led to create a grey-zone 

between the two cut off values. On the one hand, FFR carries significant prognostic and diagnostic 

values; the lower the value, the more the benefits gained from revascularisation. On the other 

hand, other factors need to be considered when the FFR value is measured in the grey zone. 

Following from that, it was reported that decision making certainty was at its lowest when FFR 

values were measured at 0.8 compared to a closer range (0.77 to 0.83) and a wider range (<0.75 

and >0.85). FFR was associated with a diagnostic certainty of 50%, 80% and 95% respectively 

(Petraco et al., 2013). Other procedural difficulties include pressure signal drift (PD) from the wire 

transducer. Analysis of 1218 FFR measurements revealed that 39.3% showed pressure drift, 

resulting in 3.6% reclassification (Wakasa et al., 2016). It is recommended that PD difference of >5 

mmHg requires repeat FFR measurement and ±5 mmHg should be taken into account when 

calculating FFR (Vranckx et al., 2012). FFR is time consuming and increases the up-front costs; 

especially for the pressure wire (about £500). Also administration of hyperemia can cause 

discomfort for patients and it is contraindicated for severe asthmatics. 
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1.3.4 Resting pressure indices  

FFR remains the gold standard tool to assess functional ischemia, and the body of evidence that 

support its use is robust. However, some of its limitations have been addressed earlier and one of 

them is the induction of hyperaemia. Alternatively, non-hyperaemic pressure ratios (NHPRs) have 

been introduced as a possible alternatives to FFR. To understand how the resting indices work, it 

is important to remember that most of the myocardial perfusion takes place during diastole. This 

highlights two main points which are resting blood flow should be high and microvascular 

resistance ideally should be constant but not necessarily minimal. This form the fundamental 

methodological concept of what is known as diastolic indices . Alternatively, whole-cycle indices, 

which follow similar assumptions of FFR (Pd/Pa) form the second category of the resting indices. 

Figure 1.6 illustrates different resting indices and the period in which they were measured. 

 

Figure 1.6 Commonly available resting pressure indices. 

Period of cardiac cycle is represented for each index. Pd/Pa, ratio of mean distal coronary artery pressure 
to mean aortic pressure in the resting state; RFR, resting full-cycle ratio; iFR, instantaneous wave. 
Reproduced with the permission of BMJ ς Open Heart via copy rights clearance (5490261420838).  
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1.3.5.1 Instantaneous wave-free ratio 

Instantaneous wave-free ratio (iFR) was developed as an adenosine-free alternative to FFR. iFR is 

measured during the wave-free period, which is a portion of diastole where MVR is low and stable 

(Sen et al., 2012). The ADVISE study demonstrated the concept of iFR and validated it against FFR. 

iFR showed similar resting resistance during the wave-free period to the values reached during 

adenosine hyperaemia and the Pd/Pa ratio obtained by iFR during the wave-free period showed 

close correlation with FFR. It was concluded that diastolic resistance during the wave-free period 

can produce an index that is efficient in identifying ischaemic stenosis (Sen et al., 2012). The VERIFY 

study showed that the agreement between iFR and FFR was weak, particularly in the context of 

decision making, and iFR was not hyperaemia-independent since the parameters changed 

markedly (Berry et al., 2013). Conversely, the CLARIFY study demonstrated close agreement 

between iFR and FFR with hyperaemic stenosis resistance (HSR) and they were both able to 

equivalently classify stenosis severity (Sen et al., 2013). The iFR SWEDEHEART study was a 

randomised control multicentre trial aimed to compare MACE in iFR-guided vs FFR-guided PCI 

(Götberg et al., 2017). A total of 2037 patients were recruited for the study. At one year, there 

was no significant difference in MACE between the two groups (6.7% vs 6.1%, p=0.007) for iFR and 

FFR respectively. The difference remained non-significant at 5 years (21.5% vs 19.9%). The DEFINE-

FLAIR study was a multicenter, international, randomized, blinded trial with similar objective and 

design to the earlier study (Davies et al., 2017). A total of 2492 patients were randomly allocated 

to FFR-guided and iFR-guided groups. At one year, there was no significant difference in MACE 

rate in the iFR and FFR groups (6.8% vs 7.0%, p<0.001) respectively, suggesting non-inferiority of 

iFR to FFR in guiding angioplasty. 

1.3.5.2 Resting full cycle ratio  

Resting full cycle ratio (RFR) is a full cardiac-cycle index that is based on the maximal relative 

pressure difference proximal and distal to stenosis. RFR is calculated as the lowest averaged 

pressure ratio (Pd/Pa) in five consecutive full cardiac cycles. The suggested cut off value for RFR is 

Җ0.89 to determine physiological significance of a stenosis. The VALIDATE-RFR study aimed to 

validate RFR against iFR (Svanerud et al., 2018). The study compared the agreement between RFR 

and iFR in 651 waveforms which were obtained for iFR assessment. Correlation between the two 
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indices was high (R2=0.99, p<0.001) and there was a diagnostic accuracy of RFR of 97.4%. The RE-

VALIDATE RFR trial was a prospective study that aimed to validate diagnostic equivalence between 

RFR and iFR in clinical practice with a cut off value of 0.89 for both indices (Kumar et al., 2020). 

FFR was used as a reference standard. The mean value for FFR, RFR and iFR was 0.80 ± 0.09, 0.90 

± 0.08, and 0.90 ± 0.08, respectively. RFR was found equivalent to iFR (95% CI:0.025-0.019) with 

high diagnostic accuracy (97.8%). Moreover, RFR diagnostic performance has also been compared 

to FFR in 'real world' settings. Findings from 712 coronary lesions (617 patients) demonstrated a 

correlation between RFR and FFR (r=0.766, P<0.01) with diagnostic accuracy of 78% (Wienemann 

et al., 2021).  

 

1.3.5 Assessment of flow  

Reduced blood flow to the myocardium is the fundamental pathophysiology of ischemic heart 

disease. Thus, the assessment of CBF is an attractive choice to assess the significance of CAD, 

especially because FFR is only a surrogate for flow. Coronary flow reserve (CFR) is defined as the 

ratio of maximal flow at hyperaemia to the resting flow. CFR  measures flow in the entire coronary 

circulation, including epicardial and microvascular flow, unlike FFR, which simply assesses the 

epicardial stenosis (Figure 1.7) (Joye et al., 1994)). CFR can be measured invasively through two 

methods; thermodilution (CFRthermo) and Doppler velocity ultrasound (CFRDoppler). In the case of 

thermodilution, CFRthermo is measured by injecting room temperature normal saline through the 

coronary artery and calculating the mean transit time at the end of the pressure-wire which is 

supplied with a thermistor. The resting and hyperaemic mean transit time is then calculated and 

the ratio of the two is reported as the CFR (Barbato et al., 2004). CFRDoppler is measured using a 

Doppler tipped guidewire that is able to measure coronary flow velocity, assuming velocity and 

flow are proportional. The ratio of average peak velocity is measured at rest and hyperaemia to 

calculate CFR (Piek et al., 2000). Both flow assessments are technically challenging and possess 

some practical limitations (consistency of saline injection for thermodilution, and directionality of 

the Doppler wire) that made their use mainly confined to research. Moreover, invasive CFR is not 

routinely utilised in today's practice, which can be attributed to the complexity of the technique, 

skill and experience required to produce reliable and accurate outcomes. One of the limitations is 
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that changes in systemic hemodynamic (HR, blood pressure or LV contractility) have significant 

impact upon resting flow, and therefore CFR (de Bruyne et al., 1996). A clear cut-off value for CFR 

might be difficult to be identified, due to the wide range of normal CFR value (2 to 6), and any 

given value in this range might be normal for some patients and abnormal in others (Fearon, 2018). 

Also CFR, measuring flow in the entire coronary system, cannot distinguish a significant stenosis 

from a microvascular dysfunction (Ng, Yeung and Fearon, 2006).  

 

Figure 1.7 Demonstration of coronary vasculature at presence of epicardial and microvascular diseases. 

FFR neglects the increase in microvascular resistance whilst CFR relies upon microvascular resistance in its 
calculation. Created with (BioRender) 

 
 

1.4 Computational modelling of coronary blood flow 

Computational fluid dynamics (CFD) is a field in which systems that involve flow of fluid, transfer 

of heat or related phenomena are analysed using computer-based simulation. It is a powerful and 

safe tool and it is used in different applications including aerodynamics, hydrodynamics, and other 

engineering uses (Katz, 2012)Φ /C5 ƛǎ ŀ ǘŜŎƘƴƛǉǳŜ ǘƘŀǘ ŀƴŀƭȅǎŜǎ ŀƴŘ ǇǊŜŘƛŎǘǎ ǘƘŜ ŦƭǳƛŘΩǎ dynamic 

properties by solving the Navier-Stokes equations governing fluid flow, encompassing energy, 



45 
 

momentum and conservation of mass (Morris et al., 2015). CFD has been used to model blood 

flow within arteries and veins, especially coronary arteries. The benefit of CFD is its ability to 

simulate fluid dynamics in specific regions which are difficult to study through seven essential 

stages (table1.1). CFD has been applied to the physiological assessment of CAD. To produce 

functional information, including FFR, both anatomical and physiological inputs are required. Fluid 

movement is solved by using CFD, and anatomy is reconstructed from coronary imaging. Different 

software systems ƘŀǾŜ ōŜŜƴ ǳǘƛƭƛǎŜŘ ǘƻ ŎƻƴǎǘǊǳŎǘ ΨǾƛǊǘǳŀƭΩ CCw όǾCCwύ ǳǎƛƴƎ ƛƴǾŀǎƛǾŜ ŎƻǊƻƴŀǊȅ 

angiography and CT coronary angiography. Both have demonstrated promising outcomes and 

have been investigated. Development of computer-based vFFR can provide wide availability of 

physiological assessment, as FFR is being measured in less than 10% of PCI procedures around the 

United Kingdom and even fewer in diagnostic procedures. 

 

Table 1.1 Stages of computational fluid dynamics model construction in medicine 

Stage Description 

Clinical imaging 
Using different imaging modalities (CT, Angiography, MRI and 

Ultrasound) to provide anatomical and physiological features.    

Segmentation and 

reconstruction 

Creating physical bounds of the region of interest by obtaining clinical 

images and converting them to in-silico geometry. 

Discretisation 

Dividing the geometry into fixed and limited elements or time periods 

in order to prepare the constructed geometry for analysis (This is also 

ƪƴƻǿƴ ŀǎ ΨƳŜǎƘƛƴƎΩύΦ 

Boundary conditions 
Wall, inlet and outlet are considered specific physical and physiological 

boundaries that are necessary to permit CFD analysis.  

Simulation 

Creating a solution and computer file that is able to define both 

ōƻǳƴŘŀǊƛŜǎΩ ŎƻƴŘƛǘƛƻƴǎ ŀƴŘ ƻǘƘŜǊ ǇǊƻǇŜǊǘƛŜǎ όƛΦŜΦ ŦƭǳƛŘ ƳƻǾŜƳŜƴǘΣ 

model and meshing details).   

Post-processing Extracting and illustrating the applicable data from the overall element.  

Validation 
Using the acceptable standards as a method of validating the modelled 

results by comparison.  

These stages are reproduced from (Morris et al., 2016).  
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1.4.1 VIRTUheartϰ system: the Sheffield group 

The VIRTUheart system (the University of Sheffield, Sheffield, United Kingdom) is based upon 

invasive coronary angiography and can generate vFFR using CFD techniques by solving the Navier-

Stokes continuity equations and applying boundary conditions. Two clear diastolic ICA images with 

angle difference җ30° are needed to generate vFFR in addition to good opacification and adequate 

contrast media injection. The first study to derive vFFR based upon ICA was VIRTU-1.  This was a 

feasibility study that computed vFFR in 19 patients. The patients underwent elective PCI, and 

lesions identified were relatively simple, in native vessels with >50% diameter stenosis. Rotational 

coronary angiography images were used for segmentation (3D reconstruction of the coronary 

artery) and vFFR prediction because that system was available and thought to be necessary; later, 

this was changed in recognition that it is not available in all centres, and due to the limited number 

of images taken at end diastole. The study aimed to compare vFFR to wire-based FFR as the first 

of its kind and to assess the system feasibility and reliability.  FFR was measured in intermediate 

lesions if indicated and post stent FFR was measured in stented vessels. Thirty five matched data 

sets were analysed, 12 left coronary artery (LCA) and 10 right coronary artery (RCA). A binary cut 

off value җ0.80 was used for both vFFR and FFR for diagnostic accuracy. Measured and virtual FFR 

were highly correlated (R=0.84); the average absolute error was ±0.06 (p=0.08) and diagnostic 

accuracy was 97% (Morris et al., 2013). There were some limitations: the number of patients was 

modest, which is understandable for a feasibility and hypothesis generating study; and the 

computation time was long (up to 24 hours), which is impractical, although this was improved 

significantly in later studies. However, the outcomes of VIRTU-1 were encouraging and led to 

subsequent studies and developments to the system. The VIRTU-FAST study aimed to address the 

long processing time due to using a fully transient CFD analysis. The study proposed pseudo-

transient (nine parameters) and steady state (four parameters) novel protocols to perform CFD 

analyses. The findings were that the novel pseudo-transient protocol was able to generate vFFR in 

<4 minutes with 100% accuracy compared to the fully transient CFD analysis. The pseudo-transient 

model proposed by Morris et al., (2017) takes the luminal boundary condition, derived from 

angiograms, and using less expensive steady-state calculations, extracts from this geometry a 

Bernoulli resistance to represent any stenosis. Furthermore, the workflow then adds, a micro-
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vascular resistance to produce a compartmental or 0D representation of the artery, This was then 

subject to pulsatile pressure and/or flow boundary conditions, resulting in pseudo-time-

dependant flow. Of course, this computation of flow contains much less information than would 

be obtained from the full velocity field computed by the expensive, traditional fully transient 

analysis. Steady state analysis, which is even simpler, yielded similar results, suggesting that 

reliable vFFR can be generated with standard computers and therefore utilisation in clinical 

practice is feasible.  Furthermore, the authors concluded that MVR had the highest impact upon 

vFFR sensitivity. Thus, a more personalised, patient-specific tuning is needed to improve vFFR 

accuracy and to accurately represent MVR (Morris et al., 2017). 

The Sheffield group has developed another novel technology, virtual coronary intervention (VCI), 

introduced to plan treatment based upon angiogram images. The aim was to predict physiological 

responses to stent deployment using CFD including a radius correction tool to replicate a deployed 

stent. This study was the first to simulate stent implantation based solely upon ICA and to obtain 

accurate physiological responses post-stenting. FFR was measured pre and post-PCI, vFFR was 

then generated before PCI and post VCI in 59 vessels. Pre-PCI mFFR and vFFR showed high 

correlation (R=0.87), with diagnostic accuracy of 93%. Post-PCI mFFR and post VCI vFFR showed 

good correlation as well (R=0.80). Interestingly, this model was able to produce these outcomes 

with comparable time to FFR which makes it practical for patient-specific treatment-planning 

(Gosling et al., 2019). 

A further development of the VIRTUheart system is a tool  for novel measurement of coronary 

absolute flow (QCFD) and MVR (Morris et al., 2021). Absolute flow was measured in vitro (flow 

circuit) and in vivo to validate the tool. In vitro, QCFD and experimental flow agreed closely 

(R2=0.999 p<0.001). In vivo, QCFD and MVR at rest and hyperaemia were used to calculate QCFD-

derived CFR which showed good correlation with pressure-derived CFR (R2=0.92, p<0.001) in 40 

patients. Further comparison with Doppler-derived flow showed that this method was significantly 

more accurate in vitro and in vivo than Doppler. Incorporating coronary absolute flow and MVR 

alongside FFR in decision-making could have a key role, and further studies are needed to evaluate 

the tool. This modelling software will be used in this study. 
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As mentioned above, the VIRTUheart system provides wide range of advantages and robust 

potentials. Starting from the high diagnostic accuracy, to post-PCI assessment, virtual stenting and 

detailed virtual physiological assessment of coronary vessels.  

Some of the limitations that can be linked to VIRTUheart technique in generating vFFR is that most 

of the studies that were used to validate it were of a modest sample size and are carefully chosen 

under controlled conditions. Also, personalisation are needed to tune the model, as for most of 

the earlier published work, population-averaged values were used. However, in later publications, 

some personalised inputs improved the accuracy of vFFR (Gosling et al., 2022). Additionally, 

complex diseases, LMS stenosis and previous CABG are not suitable for modelling for various 

reasons including difficulty of segmentation or failure to produce the volume mesh in the cases of 

complex disease.  

 

1.4.2 Other systems  

The principle of deriving FFR from ICA has shown promising and encouraging outcomes which have 

led to the development of different systems.  

CAASϰ system: PIE Medical Imaging 

CAAS 3D-QCA system (Pie Medical Imaging, Maastricht, Netherlands) has been developed to 

include lesion assessment of functional severity. Early version of CAAS system did not actually 

provide vFFR, but it gives virtual functional assessment index (vFAI) based upon pressure gradients 

at pre-specified flow rates using CFD (Papafaklis et al., 2014). The first validation study showed 

reasonable correlation between vFAI and FFR (R=0.78, p<0.0001) and modest agreement (p=0.59). 

vFFR was then utilised into the CAAS workstation (conventional method of Pd/Pa). The CAAS vFFR 

was first evaluated in the FAST I study, which assessed 100 patients and demonstrated high 

accuracy and reproducibility (93% and 95%) when compared with wire-based FFR (Masdjedi et al., 

2020). This was followed by the FAST EXTEND study which was of a larger study population 

(n=296). The diagnostic accuracy of core lab analysis to discriminate significant lesions (FFR <0.8) 

remained high 94% (Neleman et al., 2021). Both studies demonstrated excellent outcomes, 

leading to the international multicentre FAST II study, including 334 patients to study diagnostic 
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accuracy of CAAS vFFR on-site (local operator in the catheterisation laboratory) and offline (core 

laboratory) in comparison with wire-based FFR (Masdjedi et al., 2022). There was high diagnostic 

accuracy for on-site (91%) and blinded core lab analysis (93%). Moreover, mean vFFR value 

analysed on site was 0.82 ±0.10 and core lab was 0.83 ±0.09, whilst the reference mean value was 

0.83±0.08. The FAST III study is designed to determine the safety and effectiveness of vFFR. This 

randomised controlled multicentre trial aims to compare vFFR-guided PCI strategy to FFR-guided 

PCI strategy to guided coronary revascularisation. 

QFRϰ: Medis Medical Imaging 

Quantitative flow ratio (QFR) is generated using a combination of anatomical reconstruction from 

ICA an estimate of flow derived from thrombolysis in myocardial infarction (TIMI) frame count to 

calculate the mean flow-rate at hyperaemia as the input for the CFD and 3D quantitative coronary 

angiography (QCA). QFR showed good correlation with FFR when was first analysed in 77 vessels 

(R=0.81, p<0.001) and high diagnostic accuracy (88%)(Tu et al., 2014). The FAVOR pilot study 

compared wire-based FFR and QFR analysed in core laboratories. The study derived flow from 

three different models; (1) fixed-flow QFR [fQFR], (2) contrast-flow QFR [cQFR], and (3) adenosine-

flow QFR [aQFR]. Analysis of 84 vessels showed good agreement between all three models with 

FFR. Overall diagnostic accuracy for each method was fQFR (80%), cQFR (86%) and aQFR (87%). 

(Tu et al., 2016). cQFR showed close diagnostic accuracy to aQFR, despite the latter being at 

hyperaemic state. Thus, the FAVOR II study compared cQFR with invasive FFR in routine coronary 

angiography in a prospective multicentre study. Study findings demonstrated good agreement 

between the two FFR methods (p=0.006) and high diagnostic accuracy (92.7%) for on-site analysis, 

and (93.3%) for offline analysis (Xu et al., 2017). The FAVOR III China was a multicentre 

randomised, sham-controlled trial with the objective of comparing QFR-guided strategy to 

angiography-guided strategy in guiding coronary revascularisation. A total of 3825 patients were 

randomised  into each group, both stable (36.5%) and acute (63.5%) patients being included. At 

one year, QFR-guided strategy improved outcomes and was associated with lower MACE rates 

(5.8%) compared to angiography-guided strategy (8.8%) (Xu et al., 2021). 
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1.4.3 Comparison between the current technologies 

Deriving FFR from coronary angiography can be classified into two categories, the first is based on  

CFD and the second is based on simplifying the fluid motion using different mathematical formulas 

including Bernoulli and Poiseuille as described in the theory of FFR section. To elaborate, the CFD 

technique generates pressure throughout the produced model, requiring boundary conditions at 

inlet and outlet. An example of CFD model is the vFFR, in which 3D reconstruction and boundary 

conditions are provided to the system. Other systems that are based on mathematical formulas 

and 3D reconstructions require further inputs such as TIMI frame counting empiric hypermeic.  A 

summary table showing the different techniques is presented in table 1.2. 

Table 1.2 Comparison between the covered angiography-derived FFR technologies 

Technology Model Inputs 

vFFR (VIRTUheart) CFD 

¶ 3D model geometry 

¶ Two projections җ30° difference 

¶ Aortic pressure 

¶ Generic outlet resistance 

CAAS-FFR 
(Pie medical imaging) 

Mathematical formula 

¶ 3D model geometry 

¶ Two projections җ30° difference 

¶ Aortic pressure 

¶ Empiric hyperemic flow 

QFR (Medis medical 
imaging) 

Mathematical formula 
¶ 3D model geometry 

¶ җ two views җ25° difference 

¶ TIMI frame counting 
vFFR= virtual fractional flow reserve, QFR= quantitative flow ratio, CFD= computational fluid dynamics, 
TIMI= thrombolysis in myocardial infarction and  3D= three dimensional.  
 
 

Advantages and disadvantages of angiography-derived FFR 

For patients being evaluated for revascularization, especially those scheduled directly for ICA, 

angiography-derived FFR proves to be an ideal all-in-one test. During the procedure, vFFR (or other 

technologies) has the potential to provide quicker and improved decision-making. The significant 

benefit it offers is the ability to provide an initial physiological assessment within any diagnostic 

coronary angiogram, including non-tertiary centres, without requiring extra equipment, pressure-

wires, interventionists, or increased costs. Most importantly, the increased availability of these 

technologies can result in increase the number of physiological tests (which is considerably low 
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where less than 10% of the procedures in the UK measure FFR). Additionally, if validated well, 

these techniques may provide a key role in decision making inside the cardiac catheterisation suits. 

Conversely, there are some limitations associated with the use of these methods. To start, all these 

methods fail to represent patient-specific physiology, as many variables are based on population 

averages as previously mentioned. There are two main component that cannot be measured 

precisely with angiography derived FFR, and these are microvascular resistance and hyperemic 

flow. Both are very important compartments in the measurement of FFR and building on the 

measured value. Due to the nature of the acquired images (2D), there are certain lesions that are 

difficult to reconstruct such as those located in a bifurcation with excessive overlapping or those 

located in ostiam like LMS where there is lack of healthy segment of the vessel to reconstruct.   

It is worth highlighting that all these methods are dependent on high quality coronary angiogram 

(i.e. high contrast, minimal overlapping and no magnification) are required to generate reliable 3D 

reconstructions. Finally, as of many other modern assessment tools, anatomical modelling require 

extensive practice, understanding of coronary anatomy and computer skills (Lal et al., 2019).  
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1.5 Living with CCS 

Coronary artery disease is not only a leading cause of death, but also remains one of the greatest 

causes of morbidities. Treatments have improved and life expectancy is prolonged; however, 

patients still have to adapt to angina symptoms, complex managements, and limitation in physical 

activity. All of these factors may cause undesirable effects on patients, especially on their physical 

functioning, wellbeing, quality of life and lifestyle.  

1.5.1 Patients reported outcomes measures in CAD patients 

One of the major goals in the treatment of CAD patients is improving quality of life (Fihn et al., 

2012). Previously, core clinical outcomes were the focus in patient care, which are indeed 

necessary. However, since the 1990s, there has been increased focus on what constitutes quality 

of life (QoL) in IHD and CCS in particular. This has become an important aspect to investigate, in 

an objective and theoretical manner, and was the motive to produce patient reported outcome 

measures (PROMs) during this era. Furthermore, PROMs or questionnaires can be completed to 

investigate the effects of a specific disease in the population, to observe the general health of 

certain population suffering from a disease and to compare different management strategies. 

These research questions have been studied in IHD in particular to address angina and chest pain 

as a standalone life-limiting factor (i.e. Seattle angina questionnaire) or to observe the overall 

health in those patients (EuroQoL quality of life and short form ς 12). QoL in association with 

coronary revascularisation of CCS was studied in different clinical trials. The first to report a 

comprehensive QoL assessment was the ACME trial (Parisi et al., 1992). The study randomised 212 

patients with single vessel disease into PCI and OMT groups. Results at baseline reported no 

significant difference in the groups, whereas at six months the improvement in angina symptoms 

in PCI group was significant compared to OMT (64% vs 46%, p<0.01, respectively). Additionally, 

physical and physiological wellbeing domains were significantly improved in the PCI group after 6 

months (p<0.02) (Strauss et al., 1995). The ACME II trial was of a similar design, but studied 

patients with two vessel disease. There was no significant difference in QoL (p=0.32) and freedom 

from angina (0.09) between PCI and OMT groups at baseline and after six months (Parisi et al., 

1997). The findings of this study, suggested contradictory results to the earlier work, in which 

differences were significant between the groups. This could be attributed to the use of different 
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PROMs instruments and the extent of the disease. The MASS trial compared three management 

strategies; CABG, PCI and OMT (Hueb et al., 1995). At three years, angina freedom rates were 

significantly higher in the CABG and PCI groups compared to OMT group (98%, 82% and 32%, 

respectively). These findings were confirmed in the MASS II trial, which had similar design, but 

studied  MVD and used the SF-36 instrument to report QoL (Favarato et al., 2007). The findings of 

RITA II study showed improvement in QoL, as scored by SF-36, in the PCI group compared to the 

OMT group, at one year. However, this difference was diminished at three years, unlike the MASS 

trials (Pocock et al., 2000).  

Both the FAME II and COURAGE trials suggested significant improvement in QoL and angina 

symptoms with PCI compared to OMT alone at two years when assessed by EQ-5D and SAQ 

respectively (Weintraub et al., 2008; Fearon et al., 2018). In the ISCHEMIA randomised trial, which 

examined invasive and conservative strategies in treating moderate to severe ischemia and health 

outcomes of the two strategies assessed by SAQ. The study reported improvement in the summary 

scores up to 3 years, however, despite the modest difference between the groups, the invasive 

strategy gained larger improvement (Spertus et al., 2020). However, all these trials would some 

levels of placebo effect for patients who undergo coronary intervention and this should be 

acknowledged. This effect is not only observed in coronary artery disease but in different 

cardiovascular disease and other diseases. The first trial to address the placebo effect in PCI 

settings was the ORBITA trial. This was a true randomised, blinded, placebo-controlled trial, in 

which symptomatic patients with single vessel disease were randomised to placebo (sham) 

procedure or PCI (Al-Lamee, et al., 2018). Patients and follow up consultants were blinded to FFR 

and randomisation up to six weeks when follow up was completed. Results of the study were 

surprising, because there was no significant difference between the groups in QoL or symptoms. 

Moreover, there was no significant difference between baseline and blinding period in physical 

limitation and angina frequency and stability when assessed by SAQ (p=0.42, p=0.26 and p=0.85, 

respectively). Additionally, there was no significant difference between the groups in EQ-5D-5L 

index (p=0.99). These findings may indicate that using questionnaires alone might not give a 

complete understanding of a ǇŀǘƛŜƴǘΩǎ actual quality of life and symptoms status. Instead, we 
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might need to relate these findings to disease severity as assessed per patient level or even per 

lesion level, and factor in the powerful effect of a procedure, whether therapeutic or not.  

 

1.5.2 Physical limitation and activity monitoring 

Patients with CAD are expected to be less active, due to angina upon exertion. This can result in 

modification to lifestyle to adapt either by reducing the intensity of activity, possibly becoming 

sedentary if angina is more frequent. However, physical activity and CAD are also related causally. 

Studies have shown that inactivity and sedentary lifestyle are significant risk factors for CAD, whilst 

exercise and active lifestyle are associated with reduced incidence of CAD and improve survival 

rates (Taylor et al., 2004). There are two main ways to quantify limitation of physical activity, 

namely questionnaires and wearable activity monitors. Several studies have reported that physical 

activity is limited at baseline compared to after revascularisation. This has been reported using 

questionnaires including SAQ, RAND 36 and SF12 (Weintraub et al., 2008). However, this remains 

a subjective measure and might be affected by different factors at the time of questionnaire 

completion. Therefore, an objective method of measuring physical activity might be more useful 

to understand and quantify limitation associated with CAD.  Monitoring in cardiology is not a new 

concept, despite the notable evolution of the technology in the past decade. For example, the 

Holter monitor has been used for ŘŜŎŀŘŜǎ ŀǎ ŀƴ ŀƳōǳƭŀǘƻǊȅ 9/D ǘƘŀǘ ǊŜŎƻǊŘǎ ǇŀǘƛŜƴǘǎΩ ŎŀǊŘƛŀŎ 

activity (Corday, 1965). Many new wearable devices have emerged over the past decade, with a 

remarkable adoption by researchers, clinicians, and consumers with different parameters that can 

be collected including arrhythmias, heart rate, and several aspects of physical activity. Physical 

activity measured by accelerometer was investigated in CAD patients before and after 

revascularisation. Results from a post-CABG monitoring study have shown a relationship between 

hospitalisation and activity. Increasing activity straight after CABG was associated with decreased 

hospitalisation time (Cook et al., 2013). A direct correlation between wearable monitoring devices 

and increased physical activity in CAD patients was demonstrated in rehabilitation studies 

(Frederix et al., 2015). The TEACH trial aimed to assess physical after CAD related hospitalisation 

compared to baseline using worn accelerometer. The study suggested that, at one year, activity 

levels were proportional (those who were active before admission became more active) and those 
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who had CABG were more active compared to PCI. Interestingly, increased in activity levels lasted 

up to two months and then started to decline. Nevertheless, monitoring activity levels in CAD 

patients remain understudied and has been addressed mainly in rehabilitation studies, although 

this might not representative for CAD population since it was suggested that up to 85% of these 

patients do not participate in rehabilitation programs (Reid et al., 2006).  

 

1.5.3 Functional capacity  

An essential necessity for most of our daily activities is the ability to perform aerobic work. These 

types of activities are dependent upon functional cardiovascular and pulmonary systems, and their 

ability to deliver oxygen to the active muscles. The ability to do these activities is a simple 

conceptualisation of functional exercise capacity which is defined as the maximum amount of 

physical exertion that a person can sustain (Larson, 2007). Exercise testing has been studied in 

CAD as a prognostic and diagnostic evaluation method for functional capacity and it was shown to 

be a strong predictor of mortality and cardiovascular events (Mark et al., 1987; Kwok et al., 1999; 

Myers et al., 2002). Exercise testing protocols vary. It can be performed as a treadmill exercise, or 

walking or cycling, under controlled settings with or without ECG monitoring. This non-invasive 

stress assessment has been used as a gold standard method to validate other diagnostic tools due 

to its robust ability in discriminating ischemia.  In a cohort of 9852 patients with known CAD, either 

revascularised or not, the value of functional capacity value in CAD was shown. Follow up at 11 

years revealed that exercise capacity is a strong predictor of MI, revascularisation and all cause 

mortality. Additionally, it was suggested that patients with similar capacity levels carry equivalent 

mortality rate despite revascularisation status at baseline (Hung et al., 2014). However, an exercise 

test might be difficult to perform in elderly or frail patients despite being the most commonly used 

functional capacity test. Other forms of test can be completed, such as 'sub-maximal', walk-based 

testing. The six-minute walk test (6MWT) is onŜ ƻŦ ǘƘŜ ǎƛƳǇƭŜǎǘ ǘŜǎǘǎ ǘƘŀǘ Ŏŀƴ ŜǾŀƭǳŀǘŜ ŀ ǇŀǘƛŜƴǘΩǎ 

functional capacity (Enright, 2003). The test has been extensively investigated in chronic diseases, 

including respiratory ones, such as chronic obstructive pulmonary disease (COPD), and cardiac 

heart failure (HF). Measures including distance walked, changes over time and response to 

interventions or treatment, and relationship to disease prognosis, has been studied (Du et al., 
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2017). However, the prognostic value of 6MWT in CAD as a predictor of future events or as a tool 

to measure functional exercise capacity is still under-studied. A study was conducted to evaluate 

6MWT predictability of MI, HF and all-cause mortality in comparison with traditional treadmill 

exercise test in CCS patients.   The study involved 556 patients, and follow up for cardiac events 

and heart failure was eight years. At follow up, cardiac events occurred in 39.2%, and those who 

were in the lower walked distance (87-419 m) group were at four-fold risk of cardiac events 

compared with those in the higher walked distance (544-837 m) group (p<0.001). The study 

suggested that a decrease in walked distance by an average 104 m was associated with 55% of 

cardiac events. When this was adjusted for risk factors and cardiac severity measures (EF, diastolic 

dysfunction, inducible ischemia, and other diagnostic blood tests), the risk of cardiac events was 

reduced by 30%. The study concluded that 6MWT and treadmill exercise were similar in predicting 

cardiac events (Beatty, Schiller and Whooley, 2012). Other studies have investigated the role of 

the 6MWT in rehabilitation.  
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1.7 Aims and hypothesis  

The primary hypothesis is for this thesis is: 

Assessment of coronary blood flow can predict the benefit of revascularisation in CCS patients.  

 

My overall aim is to assess the change associated with PCI in CCS patients at different levels, from 

coronary physiology, through myocardium, ǘƻ ǘƘŜ ǇŀǘƛŜƴǘΩǎ ŜǾŜǊȅŘŀȅ ƭƛŦŜΦ  This will be achieved 

through these experimental objectives: 

 

1- Evaluate the effect of coronary stent upon blood flow and other coronary physiology 

metrics using VIRTUheartϰ and virtuQϰ software. 

2- Compare coronary physiology in flow limiting disease and non-flow limiting disease. 

3- Develop and validate a single FFR index (Cumulative FFR) based on coronary physiology and 

anatomy to assess CAD severity and myocardium at risk. 

4- Assess physical activity in CCS patients using wearable devices and 6MWT to evaluate the 

changes associated with PCI.  

5- Assess changes in generic and disease specific PROMs in response to PCI. 
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1.8 Study design and ethics 

1.8.1 Study design  

This was a prospective observational single centre study of elective patients with CCS who were 

scheduled to undergo elective PCI or left heart catheterisation ± PCI at the Northern General 

Hospital, Sheffield between September 2020 and August 2022 under the care of Professor Gunn 

or Dr Morris. Forty patients were recruited for this study, on the basis of including 20 patients at 

each group (intervention and no-intervention). This is a hypothesis generating work, with limited 

time and fund, therefore, initial plan to include 20 patients in each group was decided upon. To 

maximise recruitment of suitable patients, patients were identified on the basis of documented 

CAD either from previous procedures or at CTCA. To these patients, an information sheet (PIS) and 

initial approval for contact were sent by post, and patients were contacted upon their approval. A 

home visit was undertaken and written informed consent obtained (see appendix for PIS and 

consent sheet). Baseline characteristics were collected upon recruitment. Questionnaires were 

completed and monitoring devices set up during the study initiation home visit. Patients were 

contacted again for pre-procedure assessment (6MWT and CMR) prior to the PCI. The CMR data 

were not used in this thesis, due to some limitations that will be discussed in the next chapters. 

All data were anonymised and uploaded into University of Sheffield PLOARIS database. All scans 

were labelled by VIRTU-5 ID and can be linked to other collected data to every participant. Patients 

underwent their coronary angiography, multi-vessel pressure wire examination, and PCI when 

indicated by the FFRs. Study particiǇŀƴǘǎ ǿŜǊŜ ǘƘŜƴ ƎǊƻǳǇŜŘ ƛƴǘƻ Ψt/LΩ ƛŦ ǘƘŜȅ ƘŀŘ ƛƴǘŜǊǾŜƴǘƛƻƴǎ 

ōŀǎŜŘ ƻƴ CCw ƛƴ Ƴƻǎǘ ŎŀǎŜǎΣ ƻǊ ΨŎƻƴǘǊƻƭΩ ƛŦ ƴƻ ƛƴǘŜǊǾŜƴǘƛƻƴ ǿŀǎ ǳƴŘŜǊǘŀƪŜƴ ƻƴ the basis of FFR cut-

off value. All pressure wire assessment and coronary angiograms were repeated after the 

procedure if applicable. Follow up assessment was completed after three months except for CMR 

in the control group. The main reason to undertake CMR analysis in this study was to produce 

perfusion scans, therefore, patients who did not have intervention (control) did not have a follow 

up scan as changes cannot be measured in response to intervention and funding limitations. An 

overview of the protocol is illustrated in figure 1.8 and a recruitment diagram is shown in figure 

1.9.  
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1.8.2 Selection criteria 

This study included heavy screening, but limited number of recruitment (N=40). This might have 

caused some sampling bias during the selection process. First, only patients with documented 

disease either by CTCA or ICA were recruited, this was intentionally performed due to the limited 

sample size and to exclude patients who were listed for diagnostic angiogram only. Second, 

patients with severe co-morbidities such as neuropathy, chronic kidney disease, or severe mitral 

valve disease were excluded to avoid any effects on physical activity monitoring and PROMs. Third, 

patients who suffer from significant mobility impairment were excluded for the same reasons. 

However, this is a hypothesis generating and a proof of concept study as mentioned in the 

previous section, therefore, it might be understandable that restricted selection was used for the 

recruitment. 

 

1.8.3 Recruitment difficulties 

Apparently, the main difficulty was the inability to allocate patients into their groups at the 

recruitment stage. This challenge raised from the fact that this is not a randomised nor blinded 

study and allocation can only be decided following the outcome of the procedure. Although it is 

all assessment were done alike for these participants prior to their procedures, the inability to 

allocate participants into groups resulted in an unequal number of participants in each group (13 

vs 26) for non-PCI and PCI groups respectively. Additionally, this study was considerably selective 

with a design that required multiple visits, some challenges were encountered. Since the cardiac 

catheterisation suits in Sheffield Teaching Hospitals covers most areas in south Yorkshire, some of 

the study participants were referred from other district hospitals. This caused considerable 

challenges since the study required home visits and multiple hospital visits which resulted in 

increased travelling time for both researchers and participants. The study design requires high 

collaboration from the participants, especially with the monitoring component as the data 

collection depends heavily on following the instructions and compliance. Therefore, extensive 

communication was needed throughout the involvement period to ensure that data were being 

collected at high standards.  
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1.8.4 Ethics and funding 

The study was approved by the Health Research Authority (HRA) and Health and Care Research 

Wales (HCRW) [IRAS: 272069]. The Sheffield Teaching Hospital Cardiothoracic Directorate 

Research Executive (CDRE) and NIHR Cardiovascular Patient Panel (CPP) approved the study 

protocol. Funding was granted from Sheffield Hospitals Charity (Grant number: 192027) and King 

Saud bin Abdulaziz University for Health Science (KSAU-HS) through the Saudi Arabian Cultural 

Bureau in the UK (UKSACB) as part of an awarded scholarship to the author. 
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Figure 1.8 Flowchart of the overall methodology for VIRTIU-5 project. 
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Figure 1.9 VIRTU-5 recruitment diagram 
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2. Chapter two: Revascularisation in CCS: invasive and computational 

assessment of coronary physiology. 

2.1 Introduction 

Coronary arteries response to myocardial demand by increasing blood flow significantly compared 

to the resting state. However, the progression of coronary stenoses results in failure to meet these 

demands and, when becoming flow limiting, can cause myocardial ischemia. A stenosis can be 

treated with PCI, aiming to dilate the narrowing and restore coronary flow. The gold standard for 

guiding PCI is the invasive coronary angiogram (ICA). ICA is used to assess the disease severity 

anatomically, but visual analysis is not accurate enough to discriminate ischemia in intermediate 

lesions. Up to 65% of intermediate lesions with diameter stenosis of 50-70% are not flow limiting 

(Tonino et al., 2010). Coronary flow reserve (CFR) is used as an estimate of flow and can be 

measured by thermodilution or Doppler velocity ultrasound, but assessment of flow is technically 

challenging and has so far failed to penetrate clinical practice. However, FFR, which measures flow 

reduction, is more feasible, and a strong predictor of ischemia. Other physiological indices have 

shown to be capable to discriminate ischemia in intermediate lesions at comparable levels to FFR 

such as iFR (Davies et al., 2017). (See Chapter1) 

The past decade has seen the introduction of computational methods in the assessment of 

coronary artery disease. Different systems have been successful in providing reliable and non-

invasive methods to assess functional severity of a stenosis, such as QFR and vFFR. The Sheffield 

group developed the VIRTUheart system, which was the first to derive FFR from angiographic 

images, with diagnostic accuracy of 97% (Morris et al., 2013). The model generates vFFR using CFD 

techniques, and has undergone different developmental stages including reducing the processing 

time to five minutes, personalisation of the boundary conditions, incorporating virtual stenting 

and computing coronary absolute flow and resistances (Gosling et al., 2019; Morris et al., 2021; 

Gosling et al., 2022). The tool can estimate MVR, HSR and CFR, therefore providing a 

comprehensive physiological assessment of coronary artery disease.  (See Chapter 1) 

Whilst baseline coronary assessment using FFR has been investigated extensively, post-PCI FFR 

(the whole point of revascularisation) has been less studied compared to pre-PCI, and its routine 
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use in clinical practice is considered occasional, although recent studies suggest a prognostic value 

(Piroth et al., 2022). There is also lack of agreement in a cut-off to target best possible outcomes. 

The largest prospective study to investigate post-PCI FFR in stable patients reported a cut-off value 

of Җ0.88. It was suggested that this value was predictive of target vessel failure and cardiac death 

(p=0.001 and p=0.02), respectively (Li et al., 2017). A combination of computational and invasive 

assessment could provide comprehensive physiological assessment of CAD. Additionally, the 

invasive measurement of FFR can be of great value to generate more information about flow and 

MVR.  

The aim of this chapter is to evaluate the relationship between coronary physiology metrics and 

FFR, and to quantify the physiological change in response to PCI.  

 

 

2.2 Methods 

2.2.1 Patient screening and recruitment 

Patients were screened who were listed for elective PCI or left heart catheterisation (LHC) ±PCI 

according to standard clinical criteria at the Northern General Hospital, Sheffield, between 

September 2020 and May 2022. See page 59 for recruitment details. All available waiting lists were 

screened for suitable candidates. Once candidates identified, a summary of each patient was 

presented to the principle investigator of the study for final selection. Patients then were 

contacted through the NHS prior to researchersΩ contact, once participants responded with 

intention for involvement in the study, research fellow contacted them and a visit was planned. At 

the home visit, baseline characteristics were collected, a monitoring device was given and 

questionnaires were completed (see chapters four and five for more details of those activities). 

Inclusion criteria: 

¶ Adult patients >18 years old. 

¶ Symptomatic patients with stable angina listed for LHC±PCI. 

¶ Previous CTCA or angiogram reporting visual stenosis of >50% in at least one 

coronary artery. 
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Exclusion criteria: 

¶ Acute coronary syndrome. 

¶ Severe valvular disease. 

¶ Previous CABG or recent PCI.  

¶ Contra-indications to CMR or adenosine. 

¶ Renal failure (Cr >180 µmol/dL).  

¶ Significant mobility difficulties (Further details about mobility will be discussed in 

chapter four). 

¶ Multiple co-morbidities or terminal conditions. 

 

2.2.2 Procedural protocol 

Patients underwent invasive coronary angiography using standard techniques and clinical 

protocols, with a 6F guide catheter, in preparation for pressure wire examination and PCI. To 

ensure images were suitable for analysis with the VIRTUheartϰ software segmentation tool, the 

following protocol was applied, which is the Sheffield 'standard' for modelling. The main objective 

was to capture at least two high quality, clear, non-overlapped images for each major vessel in 

diastole.  

¶ 5-6 views for LCA and 3 of the (dominant) RCA (Figure 2.1) 

¶ At least two views of each diseased vessel at least 300 apart 

¶ Image must be centred before acquiring 

¶ No panning or magnification 

¶ Adequate contrast injection 

¶ Increased Xray dose if patient is obese 

¶ At least 4 cardiac cycles must be acquired per image 

¶ Good catheter engagement 

Patients were loaded with aspirin and clopidogrel, if not already taking those drugs, and a single 

dose of weight-adjusted heparin was given. A final visual assessment of all vessels was then made. 

Any epicardial vessels >2.5mm (i.e stentable) with diameter stenosis 30-90% were then assessed 

with a pressure wire (PRESSUREWIREϰ X, Abbott). This was performed according to standard 

practice. FFR was measured during stable hyperemia, which was induced by intravenous 
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adenosine infusion (70 µg/kg/min). In cases with a severe stenosis, RFR alone was recorded. The 

average resting pressures proximal and distal to the lesion (Pd and Pa) were also recorded. 

Dedicated software (Coroflow®, Coroventis, Abbott, Uppsala, Sweden) was used to measure and 

record FFR and RFR (Figure 2.2). Based upon the angiographic findings and the wire-based FFR 

assessment, a decision to proceed to PCI was made by the operator (JPG and PM). PCI was 

conducted according to standard contemporary practice, with implantation of a drug eluting stent. 

Repeat angiography and measurements of FFR were taken after PCI whenever possible. 

Angiogram images were anonymised and transferred to the XNAT database (University of 

Sheffield). Coronary pressure data were exported in the form of (.csv) files for further analysis.  
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Figure 2.1 Suggested views for VIRTUheart segmentation tool. 
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Figure 2.2 Examples of coronary angiogram before and after intervention and the corresponding invasive 
pressure trace as shown by Coroflow (3.0) 

On the left, a coronary angiogram shows a proximal LAD lesion (A). The adjacent image is the Coroflow 
(3.0) user interface showinga  pressure drop after adenosine infusion. The top right corner shows FFR 

(0.66) at hyperemia, averaged pressure proximal to stenosis (Pa) and averaged pressure distal to stenosis 
(Pd). Repeat angiogram and post stent FFR (0.91) is shown below (B). 
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2.2.3 Segmentation using VIRTUheartϰ (v201 Beta) tool 

 

The VIRTUheart workflow bundle provides multiple tools, and the segmentation tool incorporated 

in it is the starting point. To generate a 3D reconstruction of the coronary artery, two high quality 

images with a difference of 30° are needed.  DICOM images are uploaded into the software, and 

views (RAO and LAO) and directions (Cranial or Caudal) are indicated to provide more reliable 

angle difference.  

 

 

The ECG trace is imported automatically, allowing the user to identify the ideal frame, which 

should be in end-diastole, to capture the maximal flow at the lowest point of myocardial 

contractility.  
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To compensate for possible table movement between two image acquisitions, images correction 

is performed. The process is completed by identifying one correction point at each image at the 

same location, correction points are crucial for the segmentation process, and therefore user 

judgment is necessary. To confirm confident identical points, bifurcations are used.  

 

 

The centre line is drawn along the vessel by the user on the first image (left side). Two 

ŎƻǊǊŜǎǇƻƴŘƛƴƎ ƭƛƴŜǎΣ ƪƴƻǿƴ ŀǎ άŜǇƛǇƻƭŀǊ ƭƛƴŜǎέ ŀǊŜ ƎŜƴŜǊŀǘŜŘ ƻƴ ǘƘŜ ǎŜŎƻƴŘ ƛƳŀƎŜ όǊƛƎƘǘ ǎƛŘŜύ ǘƻ 

allow better judgement of vessel reconstruction.  
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Diameter markers are assigned and automatic vessel edge detection is generated. Errors in edge 

detection are common, so manual correction is performed.  

 

All steps are repeated on the other image (right side) and a 3D reconstruction of the artery is 

generated.  

 

2.2.4 Deriving vFFR from 3D reconstruction 

A 3D surface mesh is inserted into the segmentation described above to represent the arterial 

lumen. VIRTUheartϰ then converts the 3D surface mesh to a volumetric mesh (ANSYS Inc, PA, 

USA) which allows computation of the trans-lesional pressure gradient using computational fluid 

dynamics (CFD) by solving the Navier-Stokes equations of conservation of mass and momentum, 

as applied to Newtonian fluids. In the computation of steady state vFFR, the distal parameters of 

coronary microvascular physiology are reduced to a single time averaged resistance (8.721e9 

Pa/m3s-1) derived from averaged value from a previously studied cohort. vFFR can therefore be 

described as a function of four parameters: mean proximal pressure (mmHg), terms Z1 

(mmHg.min/ml) and Z2 (mmHg.min2/ml2) and total distal resistance. Z1 and Z2 represent the linear 

and quadratic coefficients that describe the relationship between pressure and flow which is 

described as follows.  

 

Ä0 ὤϽὗ  ὤϽὗ  ὤ 

where dP = pressure drop, Q is flow and Z2, Z1 and Z0 are dimensional constants. 
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It is assumed that, when flow is zero, pressure drop (dP) is zero, therefore Z0 = 0. At two specified 

flow rates (Q1 and Q2), the pressure drops are computed as dP1 and dP2 respectively. From this 

Z1 and Z2 can be calculated as: 

ὤ
Ὠὖὗ Ὠὖὗ

ὗὗ  ὗὗ
 

ὤ
Ὠὖὗ  Ὠὖὗ

ὗὗ  ὗὗ
 

This CFD solver uses flow rates of 1ml/s and 3ml/s based on previous work to determine the 

optimal rates (Morris et al., 2017). Once Z1 and Z2 are known, the coronary flow, for a given 

myocardial resistance can be calculated as: 

ὗ
ὤ Ὑ ὤ Ὑ τὤϽὖὥ

ςὤ
 

 

vFFR can then be determined as: 

ὺὊὊὙ
ὗϽὙ

ὖ
 

vFFR is then generated with a colour mapping system used to demonstrate the pressure drop 

across the vessel (figure 2.3). The pressure drop can be measured at any point across the simulated 

arterial lumen. 
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Figure 2.3 Generated vFFR (0.77) with colour map of pressure drop across the vessel. 

 

 

2.2.5 virtuQ: Deriving absolute flow from angiogram and intracoronary pressure data  

virtuQϰ software (University of Sheffield, Sheffield, United Kingdom) was used to compute 

absolute flow. This is an extension of the VIRTUheartϰ software. In this case, in addition to the 

angiographic (anatomical) images, real (rather than modelled) pressure data from the pressure 

wire are used to construct a model of absolute blood flow (mL/min) also using CFD. Time-averaged 

proximal pressure (Pa) and distal pressure (Pd) at baseline and under hyperemic conditions are 

applied at inlet and outlet to tune accurate boundary conditions. Volume mesh was constructed 

with 1.2ς1.5 M elements, CFD then computes coronary volumetric flow rate. Applying the 

hydraulic equivalent of OhƳΩǎ ƭŀǿ ǘƻ ǘƘŜ ŎƻƳǇǳǘŜŘ ŎƻǊƻƴŀǊȅ Ŧƭƻǿ ŀƴŘ ŀƭǊŜŀŘȅ ƛƴǇǳǘǘŜŘ ǇǊŜǎǎǳǊŜǎ 

are used to derive HSR, MVR, CFR following these equations: 
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Model inputs and outputs are illustrated in figure 2.4. Validation and technical background have 

been published previously (Morris et al., 2021). All outputs were reported before and after 

intervention (if applicable). 

 

 

 

Figure 2.4 virtuQ user interface. 

 (A) showing inputs panel, averaged Pa and Pd at baseline and hyperemia are entered and (B) showing the 
model outputs (Flow, FFR, MVR, SR and CFR) at baseline and hyperemia. 
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2.2.6 Modelling protocol 

I collected all pressure-wire based FFR data as reported by the procedure operator and the raw 

data in all feasible vessels pre-PCI and as many as feasible post-PCI. All lesions with pressure wire 

assessment were segmented and processed offline through VIRTUheartϰ version 2.0 and virtuQϰ 

version 3.0 software (the University of Sheffield). I performed all the segmentation and processing 

of the modelled vessels. Moreover, vFFRs were generated for all segmented vessels and 

subsequent simulations through virtuQ were completed to compute coronary absolute flow, HSR, 

MVR and CFR at baseline and hyperemic conditions. Hyperemic physiology metrics and vFFR 

values were reported. To ensure accuracy of the processing, 10 cases were randomly assigned for 

a second operator who was a cardiologist with strong exposure to VIRTUheart system. The 

operator was blinded to the wire-based FFR and produced vFFR values, to ensure reliability of the 

results. I was not blinded to the wire-based FFR values and this was due to the nature of the data 

collection which requires attending all the catheterisation procedures and performing the analysis 

as a part of this PhD work. However, to ensure reliability and accuracy, interobserver analysis was 

performed as mentioned earlier.  

 

2.2.7 Statistical analysis 

Data were reported as means, standard deviations of the means and percentages unless stated 

otherwise. Bland-Altman plots were used to assess the limits of agreement (±1.96 SD) between 

wire-based FFR and vFFR. Inter-class correlation was used for inter-observer variability to assess 

the agreement between two operators. Histograms were used to display frequency of variables 

and bar charts to demonstrate differences. For each vessel, coronary physiology variables were 

reported before and after PCI (if applicable) and paired samples t-test was used to compare the 

difference. Pearson coefficient (r) was used to calculate linear correlation between FFR and other 

coronary metrics. Correlation matrix was used to assess the correlation coefficient in the 

percentages of change between the variables before and after PCI. GraphPad Prism (9.4.1) was 

used for statistical analysis. 
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2.3 Results 

2.3.1. Patients and lesions characteristics 

Forty patients were recruited, of which 39 underwent LHC±PCI. The mean age of study participants 

was 65 (±8.6), of which 31 (77%) were male, 20 (50%) were ex-smokers, 4 (10%) were current 

smokers, 25 (65%) had hypertension, 14 (35%) had hyperlipidaemia and 6 (15%) had type 2 

diabetes.  The number of diseased vessels per patient was 1.48 (±1.48). Eight patients had mild or 

visually absent disease (22.9%), eight patients had single vessel disease (22.9%), 13 had two vessel 

disease (37.1%) and six had triple vessel disease (17.1%). Three patients were referred for CABG 

due to the presence of a chronic total occlusion (CTO) in one vessel or more. Patients and lesions 

characteristics are shown in table 2.1. The total number of vessels studied before PCI was 56, of 

which 21 (37.5%) had a functionally significant stenosis (FFR ҖлΦуύΦ ¢ƘŜ CCw ŘƛǎǘǊƛōǳǘƛƻƴ ƛǎ ǎƘƻǿƴ 

in figure 2.5. The mean post-stent FFR was 0.89(±0.04), measured in 22 vessels, of which 10 

(45.5%) had FFR>0.9. Three patients did not have FFR pre-procedure due to a difficulty of passing 

the wire (2) or the absence of a significant lesion (1). Thus, the total number of patients with FFR 

measured in one or more vessel was 36. Studied vessels characteristics are shown in (Table 2.2). 
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Table 2.1 Patients and lesions characteristics 

Patient characteristics  N Percentage Mean (±SD)  

Age  65 (±8.6) 
Male 31 77  
Female 9 23 

Current smokers 4 10 
Ex-smoker  20 50 
Non-smoker 16 40 

Hypertension,  25  65 
Hyperlipidaemia  14  35 
Type 2 Diabetes 6 15 

Vessel and procedural characteristics   
Number of patients  38 

Mild or absent 8 21   
Single vessel disease 9 24 
Double vessel disease 14  38 
Triple vessel disease 6 16 

Diseased vessels location 69  

LMS  9 12.3  
LAD  22 32.8 
LCx  11 15.1 
RCA  18 26.1 
RAMUS  3 4.1 
PDA  3 4.1 
OM  1 1.4 
D1  2 4.1 

Chronic total occlusions 9 13 
LAD 3 4.1  
RCA 5 8.2 
LCx 1 1.3 

Treated vessels distribution  38 
LMS 5 12.5  
LAD 14 37.5 
LCx 6 15 
RCA 10 25 
RAMUS 2 5 
PDA 1 2.5 
D1 1 2.5 

Referred to CABG  3 8.3  
LMS= left main stem artery, LAD= left anterior descending artery, LCx= left circumflex artery, RCA= right 
coronary artery, PDA= posterior descending artery, D1= first diagonal artery, OM1= obtuse marginal artery, 
CABG= coronary artery bypass graft. 
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Table 2.2 Summary of studied vessels before and after intervention 

Functional assessment   N  Percentage Mean ±SD 

Pre-PCI    
Studied vessels  56  
FFR Җ 0.8 21 37.5 0.69 ±0.09 
FFR >0.8 37 66.1 0.90 ±0.04 

Location  
LAD 28 48.3  
LCx 10 17.2 

RCA 16 27.6 
RAMUS 1 1.7 
OM1 1 1.7 
D1 2 3.4 

Post-PCI 
Studied vessels  22  
FFR >0.9 10 45.5 0.92 ±0.02 
FFR <0.9 12 54.5 0.85 ±0.03 

Location  
LAD 13 59.1  
LCx 2 9.1 
RCA 7 31.8 

FFR: Fractional flow reserve, PCI= percutaneous coronary intervention. 

 

Figure 2.5 Distribution of all wire-based FFR 

Represented as values of pre PCI wire-based FFR in the x axis and frequency on the y axis. The threshold for 
treatment (FF<0.80) is shown in red. 
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2.3.2 Accuracy of processing 

Seventy-five vessels were successfully segmented and vFFR was generated, of which 17 were 

segmented twice (pre and post PCI), five were post PCI only and 36 were pre PCI only. Three lesions 

were excluded from the analysis because of parallel epipolar lines (n=1), and ostial and LMS lesions 

(n=2). There was no significant difference between wire-based FFR (0.84±0.1) and vFFR (0.85±0.1), 

the mean difference (bias) was (-0.01±0.04), the standard error (0.005), p=0.31 and the results 

were closely correlated (r=0.90). A Bland-Altman plot is shown in figure 2.5A. Inter-observer 

variability was calculated using inter-Ŏƭŀǎǎ ŎƻǊǊŜƭŀǘƛƻƴ ŀƴŘ tŜŀǊǎƻƴΩǎ ŀŦǘŜǊ ǊŀƴŘƻƳƭȅ ŀǎǎƛƎƴƛƴƎ мл 

cases for reprocessing by another VIRTUheartϰ experienced operator. The second operator was 

blinded to the vFFR and FFR results. The mean vFFR for the first operator was 0.83±0.13 and 

0.81±15 for the second operator, the mean difference was (0.02±0.09), the agreement between 

observers was strong (r= 0.80, ICC= 0.89, p<0.01). Bland-Altman and correlation plots are shown 

in figure 2.6. 

 



80 
 

 

Figure 2.6 FFR agreement plots 

(A) Bland-Altman plot demonstrating agreement and differences between wire-based FFR 
and vFFR. The upper and lower limits of agreement are shown with the interrupted line (-
лΦлф ǘƻ лΦлуύΣ ό.ύ tŜŀǊǎƻƴΩǎ ŎƻǊǊŜƭŀǘƛƻƴ ŦƻǊ ƛƴǘŜǊ-observer variability, and (C) Bland-Altman 
plot demonstrating agreement and differences between the two operator. The upper and 

lower limits of agreement are shown with the interrupted line (-0.15 to 0.19). 
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2.3.3. Coronary physiology assessment for the full cohort at baseline 

All segmented vessels with FFR at baseline (n=54), including vessels with flow limiting disease, 

were processed for computation of coronary physiology parameters. Absolute flow, CFR, HSR and 

MVR were generated using virtuQϰ software (University of Sheffield). The mean coronary 

absolute flow was 61.8±26.6 [range 21.4 to 132] ml/min; mean HSR was 0.29±0.29 [range 0.06 to 

1.44]; mean MVR was 1.18±0.52 [range0.26 to 2.90]; and the mean CFR was 2.27±1.09 [range 0.95 

to 6.02]. The distribution of coronary physiology parameters is presented in figure 2.7. In 54 

vessels, there was a weak correlation between wire-based FFR and coronary absolute flow 

(r=0.16), p=0.24 (figure 2.8A), a strong negative correlation between wire-based FFR and HSR (r=-

0.74), p<0.01 (figure 2.8B), a moderate positive correlation between wire-based FFR and MVR 

(r=0.39), p<0.05 (figure 2.8C), and weak positive correlation between wire-based FFR and CFR 

(r=0.24), p=0.07 (figure 2.8D). Same analyses were done for vFFR and showed moderate 

correlation with coronary absolute flow (r=0.35), p<0.05 (figure 2.8E), strong negative correlation 

with HSR (r=-0.77), p<0.01 (figure 2.8F), weak positive correlation with MVR (r=0.18), p=0.18 

(figure 2.8G), and weak positive correlation with CFR (r=0.23), p=0.08 (figure 2.8H).  



82 
 

 

Figure 2.7 Distribution of computed coronary physiology 

(A) coronary absolute flow (B) HSR (C) MVR and (D) CFR in 54 vessels at baseline. 
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Figure 2.8 Correlation plots between wire-based FFR and coronary physiology parameters on the left and 
with vFFR on the right at baseline. 

A) Correlation between wire-based FFR and absolute coronary flow (r=0.16), B) wire-based FFR and HSR  
(r=-0.74), wire-based FFR and MVR (r=0.39), D) wire-based FFR and CFR (r=0.24), E) vFFR and absolute 

coronary flow (r=0.35) F) vFFR and HSR (r=-0.76), G) vFFR and MVR (r=0.18), and H) vFFR and CFR 
(r=0.24). 
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2.3.4 Physiological assessment of coronary arteries in the presence of flow limiting 

disease 

A total of 20 vessels from 16 patients who were treated with PCI after FFR revealed flow limiting 

disease were successfully processed and vFFR was generated. In addition, the vessels were 

processed for computation of coronary absolute flow, HSR, MVR and CFR based upon baseline and 

hyperemic pressure proximal and distal to the stenosis (Pa/Pd). Mean coronary flow was 55.5±23.3 

ml/min, range 21.4 to 130 ml/min; mean HSR was 0.50±0.3, range 0.13 to 1.4; mean MVR was 

0.98±0.35, range 0.26 to 1.55; and mean CFR was 1.90±0.4, range 0.95 to 2.63. The distributions 

of values per vessel are shown in figure 2.9. There was poor positive correlation between wire-

based FFR and coronary absolute flow (r=0.31, p=0.17) (figure 2.10A), a strong negative correlation 

between wire-based FFR and HSR (r=-0.80, p<0.01) (figure 2.10B), a poor positive correlation 

between wire-based FFR and MVR (r=0.22, p=0.4) (Figure 2.10C), and a poor positive correlation 

between wire-based FFR and CFR (r=0.37, p=0.1) (figure 2.10D).  

The same analyses were done for vFFR and showed a strong positive correlation with coronary 

absolute flow (r=0.72, p<0.01) (figure 2.10E), a strong negative correlation with HSR (r=-0.86, 

p<0.01) (figure 2.10F), a poor negative correlation with MVR (r=-0.34, p=0.13) (figure 2.10G), and 

a positive correlation with CFR (r=0.57, p<0.01) (figure 2.10H). 
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Figure 2.9 Distribution of computed coronary physiology in 20 vessels with flow limiting disease. 

Absolute coronary flow (A) HSR (B) MVR (C) and CFR (D) 
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Figure 2.10 Correlation plots between wire-based FFR and coronary physiology parameters on the left and 
vFFR and flow parameters on the right (pre-PCI). 

A) Correlation between wire-based FFR and absolute coronary flow (r=0.31), B) wire-based FFR and HSR  
(r=-0.8), wire-based FFR and MVR (r=0.22), D) wire-based FFR and CFR (r=0.37), E) vFFR and absolute 
coronary flow (r=0.72) F) vFFR and HSR (r=-0.86), G) vFFR and MVR (r=0.34), and H) vFFR and CFR (r=0.57). 
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2.3.5 Changes associated with coronary angioplasty in flow-limiting disease.  

FFR post-PCI was measured in 17 vessels; all vessels were successfully processed, although one 

vessel was excluded due to parallel epipolar lines. Lower FFR values before PCI were strongly 

associated with higher level of changes (r=-91, p<0.01) (Figure 2.11). Summary of changes 

associated with PCI are listed in table 2.3 and individual changes are demonstrated in figure 2.12. 

There was a mild correlation between the change in coronary absolute flow and change in FFR 

(r=0.45, p=0.07) (figure 2.13A). A similar correlation observed with change in vFFR (r=0.44, p=0.07) 

(figure 2.13D), a moderate negative correlation with change in HSR (r=-0.51, p<0.05) (figure 

2.13B), a moderate negative correlation with change in MVR (r=-0.56, p<0.05) (figure 2.13E) and 

poor correlation with change in CFR (r=0.15, p=0.55) (figure 2.13C). A correlation matrix between 

the percentage of changes between all metrics is shown in table 2.4. 

 

Figure 2.11 Change in FFR in response to pre-PCI FFR. 

This correlation plots demonstrates the liner relationship between the baseline FFR and the increase in FFR 
(r=-91, p<0.01). 
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Table 2.3 Summary table of computation of coronary flow and resistances before and after PCI 

Summary of the change in coronary physiology parameters  Mean ±SD p-value 

Number of successful computations of absolute flow N=17  
Mean FFR before PCI 0.69 ±0.10  
Mean FFR after PCI 0.87 ±0.04  
Mean increase in pressure after PCI 0.18 ±0.09  
Percentage of change in pressure after PCI 28 ±19 % <0.01 

Coronary absolute flow  
Mean flow before PCI (ml/min) 62.22 ±26.22  
Mean flow after PCI (ml/min) 112.23 ±35.99  
Mean increase in flow after PCI (ml/min) 49.97 ±32.61  
Percentage of change in flow after PCI (ml/min) 80 ±63% <0.01 

CFR   
Mean CFR before PCI  1.96 ±0.41  
Mean CFR after PCI  2.01 ±0.64  
Mean increase in CFR after PCI  0.05 ±0.66  
Percentage of change in CFR after PCI  6 ±36% =0.75 
HSR   
Mean HSR before PCI 0.48 ±0.37  
Mean HSR after PCI 0.09 ±0.06  
Mean decrease in resistance after PCI -0.38 ±0.34  
Percentage of change in HSR after PCI -74 ±13% <0.01 
MVR  
Mean MVR before PCI 0.91 ±0.33  
Mean MVR after PCI 0.58 ±0.18  
Mean decrease in resistance after PCI -0.33 ±0.25  
Percentage of change in MVR after PCI -32 ±20% <0.01 

FFR= fractional flow reserve, HSR= hyperemic stenosis resistance, MVR= microvascular resistance, CFR= 
coronary flow reserve. 
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Figure 2.12 Individually plotted and matched pre-PCI coronary physiology parameters with corresponding 
value post-PCI. 

(A) FFR, (B) coronary absolute flow, (C) HSR (D) CFR, and (E) MVR. Mean ±SD are presented in boxes. 
Dotted red line in graph (A) represents FFR cut-off value (0.8).  
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Figure 2.13 Correlation plots demonstrating the relationship between the changes in coronary absolute 

flow with other coronary physiology metrics post PCI. 

ҟ Coronary absolute flow = Flow post PCI ς flow pre PCI 
!ύ ҟCCw Ґ CCw Ǉƻǎǘ t/L ς CCw ǇǊŜ t/LΣ .ύ ҟI{wҐ I{w Ǉƻǎǘ PCI ς I{w ǇǊŜ t/LΣ /ύ ҟ/CwҐ /Cw Ǉƻǎǘ t/L ς CFR 
ǇǊŜ t/LΣ 5ύ ҟǾCCw Ґ ǾCCw Ǉƻǎǘ t/L ς ǾCCw ǇǊŜ t/LΣ 9ύ ҟa±w Ґ a±w Ǉƻǎǘ t/L ς MVR pre PCI 
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Table 2.4 aŜŀƴǎΣ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴǎ ŀƴŘ tŜŀǊǎƻƴΩǎ ŎƻǊǊŜƭŀǘƛƻƴǎ ƳŀǘǊƛȄ ŦƻǊ ŎƻǊǊŜƭŀǘƛƻƴǎ ƻŦ ǇŜǊŎŜƴǘŀƎŜǎ ƻŦ ŎƘŀƴƎŜ ŀŦǘŜǊ 
PCI in flow limiting disease 

 
Mean 
(±SD) 

Change % 
in FFR 

Change % in 
coronary 
absolute 

flow 

Change % 
in HSR 

Change % 
in MVR 

Change % 
in CFR 

Change % in 
FFR 

28  
(±19)% 

- 0.60* -0.60* -0.15 0.24 

Change % in 
coronary 
absolute flow 

97 
(±82)% 

- - -0.61** -0.67** 0.12 

Change % in 
HSR 

-74 
(±13)% 

- - - 0.34 -0.03 

Change % in 
MVR 

-32 
(±19)% 

- - - - -0.38 

Change % in 
CFR 

6 
(±36)% 

- - - - 
- 

*  = p<0.05 
**  =p<0.01 
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2.3.6 Measurable differences in FFR positive and FFR negative vessels: a subgroup analysis  

A subgroup analysis was done to compare the differences between FFR positive (n=20) and FFR 

negative (n=30) groups. Five flow models of branches were excluded from the analysis to match 

the two groups for major coronary arteries only. There was a significant difference between FFR 

positive group and FFR negative group in wire-based FFR (p<0.01), vFFR (p<0.01), HSR (p<0.01), 

MVR (p<0.05) and CFR (p<0.05). Although flow in FFR negative group (66.80 ±27) was higher than 

the FFR positive group (55.47 ±23.3), the difference was statistically not significant (p=0.13). 

Summary of the comparison is listed in table 2.5. Differences between the groups are 

demonstrated as histograms in figure 2.14. Coronary absolute flow in the positive group showed 

mild positive correlation with FFR (r=0.31, p=0.17), and moderate but significant negative 

correlation with MVR and HSR (r=-0.46, p<0.05 and r=-0.48, p<0.05, respectively) and modest 

correlation with CFR (r=0.38, p=0.09). There was no correlation between coronary absolute flow 

and FFR in the positive group (r=0.01, p=0.95), a significantly strong negative correlation with MVR 

(r=-0.84, p=<0.01), weak correlation with HSR and no correlation with CFR (r=-0.12, p=0.51 and 

r=-0.05, p=0.78, respectively). Correlation plots are demonstrated in figure 2.15 

 

Table 2.5 Summary of the differences in coronary physiology metrics between FFR positive group and FFR 
negative group  

Coronary physiology 
parameter  

FFR positive 
(n=20) 

FFR negative 
(n=30) 

Difference 
 p-value 

Mean ±SD Mean ±SD Mean ±SD 
Wire-based FFR 0.69 ±0.09 0.90 ±0.04 0.20 ±0.02 <0.01 
vFFR 0.70 ±0.10 0.89 ±0.04 0.19 ±0.02 <0.01 
Coronary absolute flow 55.47 ±23.3 66.80 ±27 11.33 ±7.46 0.13 
HSR 0.51 ±0.33 0.18 ±0.19 -0.32 ±0.07 <0.01 
MVR 0.98 ±0.35 1.28 ±0.46 0.30 ±0.12 <0.05 
CFR 1.90 ±0.41 2.6 ±1.34 0.69 ±0.31 <0.05 
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Figure 2.14 Bar charts demonstrating the differences between FFR positive and FFR negative groups  

A) mFFR, B) flow, C) MVR, D) vFFR, E) HSR and F) CFR. Error bars represents SD. (*p<0.05, ****p<0.0001) 
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Figure 2.15 Correlation plots between coronary absolute flow and other coronary physiology metrics in 
FFR positive (left) and FFR negative (right) groups. 

A) Flow and FFR+ve (p=0.17 ), B) flow and MVR (p<0.5), C) flow and HSR (p<0.05) and D) flow and MVR 
(p=0.09). E) Flow and FFR-ve (p=0.95), F) flow and MVR (p<0.01), G) flow and HSR (p=0.51) and H) flow and 
MVR (p=0.78). 
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2.4 Discussion 

2.4.1 Summary of the results 

In this chapter, which represents one component of the VIRTU-5 project, I have shown that 

computing coronary physiology metrics such as coronary absolute flow, HSR, MVR and CFR using 

the ICA and invasive pressure wire data is feasible both before and after PCI. This is currently not 

done in everyday clinical practice. This was achieved in 75/78 vessels with a modelling success rate 

of 96% including severe, moderate, mild lesions and post-PCI assessment. The relationships 

between wire-based FFR and vFFR with other coronary physiology metrics in the presence of flow 

limiting disease were shown to follow certain patterns. This was shown in the negative correlation 

with HSR (p<0.01) in FFR and vFFR. A positive relationship was observed between wire-based FFR 

and coronary flow, and it was even stronger with vFFR (p=0.17 and p<0.01, respectively). This 

relationship was observed between CFR with FFR and vFFR as well. However, MVR did not show 

any significant pattern in that respect. Additionally, all coronary metrics significantly changed post-

PCI at the (p=0.01) level, except for CFR (p=0.75). The change in HSR and MVR in response to PCI 

had the largest effect on coronary absolute flow compared to other metrics (p<0.01, p<0.01, 

respectively). Additionally, when vessels with a positive FFR were compared to vessels with a 

negative FFR, MVR and CFR were significantly higher in the latter (p<0.05, p<0.05) and HSR was 

significantly lower (p<0.01). Computed flow was numerically higher in the negative group, but this 

was not statistically significant (p=0.13). Summary of the main findings is shown in figure 2.16. 
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Figure 2.16 Schematic summary of the findings from chapter two 

 

2.4.2 Modelling coronary physiology 

Conventional methods for assessing functional severity are mainly pressure-derived, such as FFR 

and other resting indices. However, FFR provides a percentage of coronary flow reduction 

compared with a similar hypothetically healthy artery. In concept, FFR is a representation to the 

ratio of pressure drop across the artery in a response to increase in epicardial resistance (stenosis). 

Despite FFR being superior to the angiogram in guiding PCI, and the current gold standard for 

ischemia discrimination, pressure in this context is used as a surrogate to flow, yet the exact flow 
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value remains unidentified. FFR as it stands has provided excellent value to the current practice, 

yet quantifiable specific coronary metrics may enrich our assessment. This computational method 

provides a comprehensive exploration of coronary physiology and potentially an assessment 

method that aids in quantifying the ischemic burden of a given lesion, especially that this work 

was done in real-world patients.  

The current methods to derive coronary flow and the subsequent metrics such as resistances (HSR, 

IMR and MVR) are limited to coronary Doppler ultrasound and thermodilution. However, these 

modalities are very limited in clinical practice due to operator experience, high levels of variability, 

expense, time, wire handling and proneness to errors. Recent findings (Morris et al., 2021) 

demonstrated that virtuQ flow modelling system was able to predict flow and was in agreement 

with ultrasound Doppler in-vitro and in-vivo. It was also reported that computed flow was 

associated with low levels of variability compared to Doppler derived flow. Additionally, computed 

CFR using virtuQ was closely correlated with pressure-derived CFR. Therefore, believing that this 

system is able to produce validated flow, it is safe to assume that computed resistances which are 

ŘŜǊƛǾŜŘ ŦǊƻƳ Ŧƭƻǿ ōŀǎŜŘ ƻƴ ƘȅŘǊŀǳƭƛŎ ŜǉǳƛǾŀƭŜƴǘ hƘƳΩǎ ƭŀǿǎ όvҐҟtκwύ, could carry a high level of 

reliability. It is crucial to highlight the role of segmentation and 3D reconstruction that was used 

in this method of calculating flow. The VIRTUheart system has been shown to be accurate in 

predicting FFR with a diagnostic accuracy >90%. In this chapter, I have shown that there was no 

significant difference between mFFR and vFFR (p=0.31) and they were closely correlated (r=0.90) 

with strong inter-observer agreement (ICC 0.89, r=0.80). Therefore, the computed flow and 

derived metrics may be assumed to be acceptable.  

 

2.4.3 The relationship between FFR and other coronary physiology metrics 

Fractional flow reserve and coronary absolute flow 

In this chapter, I investigated the relationship between FFR in both its invasively measured and 

virtually generated forms using CFD simulation with other coronary physiology parameters in 

chronic coronary syndrome patients. Acceptable levels of correlations were observed pre-PCI for 

all patients (figure 2.6) and for the flow limiting disease subgroup in particular (figure 2.9). 
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Furthermore, coronary absolute flow and FFR were poorly correlated when assessed at the full 

cohort level, however, this was not the case in flow limiting disease. The relationship failed to gain 

statistical significance on the latter; yet a stronger correlation was observed. This relationship was 

strong and significant when assessed against vFFR in flow limiting disease. Note that vFFR failed to 

show a significant correlation with flow when assessed in the whole cohort, similar to mFFR; yet 

there was a significant relationship in the flow-limited group, unlike mFFR. This is an important 

finding because it highlights the sensitivity of this flow model to the geometry more than the 

pressure drop, since mFFR and vFFR showed good agreement as discussed earlier and did not 

differ significantly. Flow around the uncertainty zone (FFR of 0.78-0.82) was more scattered and 

away from the fitted trend line (Figure 2.9A) which agrees with the literature that this range of 

FFR might be not representative of actual flow reduction in 20% of the measurements and could 

result in change of management (Petraco et al., 2013). Due to the small sample size of flow limiting 

disease (20 vessels), I was not able stratify the data into groups to compare the uncertainty zone 

with more severe cases. Furthermore, understanding the degree of relationship between FFR and 

flow in this range might be of a great value. Absolute flow and FFR seem to correlate better at 

lower values. This was also demonstrated when FFR negative vessels were compared to FFR 

positive (figure 2.13). The diminished relationship at higher values of FFR may indicate that 

coronary flow cannot be generalised and in fact should always be treated as vessel-dependent and 

patient-dependent. For example, hyperemic coronary absolute flow of 70 ml/min is not 

necessarily better than 40 ml/min, because the latter might be enough to meet the myocardial 

demand whereas the former may be insufficient for some. This may be useful in personalised 

decision making, and in developing systemic and coronary vascular models. 

 

FFR and HSR 

HSR was the most closely related metric to FFR and vFFR alike in both analyses compared to others. 

HSR remained strongly correlated with FFR, in which a high FFR was associated with a low HSR, 

and vice versa. This finding aligns ǿƛǘƘ tƻƛǎŜǳƛƭƭŜΩǎ ǇǊƛƴŎƛǇƭŜΣ ǿƘƛŎƘ ǎǘŀǘŜǎ ǘƘŀǘ ǾŜǎǎŜƭ ǊŜǎƛǎǘŀƴŎŜ ƛǎ 

inversely proportional to r4 (De Bruyne and Sarma, 2008). Furthermore, small changes in vessel 

diameter, which imitate epicardial resistance, should reflect on flow and, therefore, significantly 
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on FFR. This was also demonstrated when the change in resistance was assessed against 

percentage of change in flow (table 2.4); and changes in FFR and flow were most sensitive to 

changes in HSR after PCI (r=-60, p<0.05, and r=-61, p<0.01) respectively. Moreover, HSR had a 

strong correlation with FFR in different analyses (full cohort, flow-limiting disease only and post-

PCI). The reported correlation between FFR and HSR for the full cohort agrees with the findings of 

others (Van De Hoef et al., 2014). This finding also agrees with optical coherence tomography 

derived stenosis resistance in 21 patients in a cohort of negative and positive FFRs (Guagliumi et 

al., 2013). 

 

FFR and MVR 

Calculating hyperemic MVR non-invasively is one of the most important outputs of this CFD model.  

Different groups have been successful in generating angio-IMR derived from QFR by incorporating 

aortic pressure and an estimation of the mean transit time (Tebaldi et al., 2020; Mejia-Renteria et 

al., 2021; Scarsini et al., 2021). One main difference between the QFR based method and the vFFR 

based method is that, in the latter, the boundary conditions are precisely entered into the model, 

ensuring personalisation of the model. Incorporating microcirculatory information while 

interpreting FFR can be of a great value, since FFR is calculated with the assumption of neglecting 

a±wΦ ¢Ƙƛǎ ŎƘŀǇǘŜǊΩǎ ǊŜǎǳƭǘǎ ǎǳƎƎŜǎǘŜŘ ǘƘŀǘ ǘƘŜǊŜ ƛǎ ŀ ƳƻŘŜǊŀǘŜ ǇƻǎƛǘƛǾŜ ǊŜƭŀǘƛƻƴǎƘƛǇ ōŜǘǿŜŜƴ a±w 

and mFFR (r=0.34, <0.05), MVR and vFFR (r=0.39, <0.05) when MVR was assessed in the full cohort. 

However, in the flow limiting disease subgroup, this relationship was not significant and, 

interestingly, it was reversed between FFR and vFFR (r=0.22, p=0.4 and r=-0.34, p=0.13) 

respectively. Increased hyperemic MVR with increased stenosis severity (low FFR) has been 

reported previously (Van De Hoef et al., 2014; Nijjer et al., 2016), however, I was able to show that 

only in one relationship analysis. The three other analyses showed that hyperemic MVR increases 

with reduced severity (high FFR). This controversial finding might be attributed to the probability 

of microvascular dysfunction in the FFR positive group. When groups were compared in the basis 

of FFR in section 2.3.6, MVR was significantly higher in the negative group 1.28±0.46 compared to 

0.98±0.35 in the positive group (p<0.05). This shows that high MVR values were clustered in the 

negative group (n=30) compared to the positive group (n=20). A possible explanation to the 
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inverse relationship in flow limiting disease could be the high sensitivity of the MVR generated by 

the model to the vFFR, which resulted in redistribution of the MVR values based upon vFFR, 

although the difference between FFR and vFFR was not significant. However, further investigations 

are warranted to ascertain the nature of the relationship, and sensitivity analysis might be helpful 

to identify which parameters are most affected by such differences.  

 

FFR and CFR 

CFR provides a ratio that can measure the entire coronary circulation, because the 

microvasculature is accounted for in addition to any epicardial stenosis. Therefore, I tried to assess 

its relationship with FFR, which evaluates the severity of the stenosis neutral to microvasculature 

(in concept). When the relationships between CFR, FFR and vFFR were assessed for the full cohort, 

results agreed with earlier work (Lee et al., 2016), which reported a very modest positive 

correlation (r=0.20), similarly to my analysis (r=0.24 for FFR and r=0.23 for vFFR). Also, a 

comparable correlation between FFR and CFR (r=0.34) was reported earlier where a CFD model of 

the coronary circulation was used to predict the relationship between FFR and CFR in 438 cases 

(Johnson, Kirkeeide and Gould, 2012)Φ ¢Ƙƛǎ ŎƘŀǇǘŜǊΩǎ ǊŜǎǳƭǘǎ ǎǳƎƎŜǎǘŜŘ ŀn even stronger 

relationship in the subgroup of flow-limiting disease only (FFR r=0.37, vFFR r=0.57), indicating that 

low FFR is associated with low CFR. However, this modest correlation may add to the fact that CFR 

alone might not be a suitable index of stenosis severity due to some limiting factors, most 

importantly, its dependence on baseline coronary flow which carry a high probably of variation 

due to HR discrepancy, myocardial performance and metabolism (Heusch, 2010). In addition, this 

modest relationship might explain the previously reported discordance between FFR and CFR 

relative to identified cut-off values. Furthermore, the sub analysis of FFR positive and FFR negative 

groups showed that the mean CFR value for each group (1.90±0.41 vs 2.6±1.34, p<0.05) respectively, 

ŀƎǊŜŜǎ ǿƛǘƘ ǘƘŜ ŎǳǊǊŜƴǘ ŀŎŎŜǇǘŀōƭŜ /Cw Ŏǳǘ ƻŦŦ ǾŀƭǳŜ όҖнΦлύΦ 5ŜǎǇƛǘŜ ǘƘŜ ƳŜŀƴ ƻŦ the FFR negative 

group being in the normal range, it is important to note that the standard deviation is relatively 

large, which could be attributed to the high MVR that was discussed earlier. 
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2.4.4 Coronary physiology changes in response to PCI 

The physiological and angiographic outcomes after stent deployment can be of a significant value 

to assess procedural success and prognosis. The importance of post-PCI FFR has been addressed 

before, but it was not extensively investigated compared to pre-PCI FFR. It has been reported in 

different studies that higher post-PCI FFR values are associated with fewer cardiac events following 

PCI, with a range of estimated cut-off values for better outcomes of 0.88-0.92. In this chapter, the 

mean post-PCI FFR was 0.87±0.04. Although this value was below the prognostic cut-off, the 

ƛƴŎǊŜŀǎŜ ƛƴ CCw ǿŀǎ ǎƛƎƴƛŦƛŎŀƴǘ όҟCCwҐлΦмуύ, which equates to an increase of 28% (p<0.01). A linear 

relationship was observed in the change in FFR, and (self evidently) lower values increased the 

most (figure 2.11).  Moreover, FFR and coronary absolute flow increased in 100% of the treated 

vessels. The associated increase in absolute flow was substantial (80%) with a mean increase of 

49.97±32.61 ml/min (p<0.01), suggesting that myocardial blood supply was almost doubled 

immediately after PCI. A similar mean increase in flow (52.8 ml/min, p<0.01) was reported by 

(Kanaji et al., 2017) and the same group reported a similar modest relationship between the 

change in FFR and absolute flow in a later work (Hamaya et al., 2019). Furthermore, HSR and MVR 

dropped significantly after stent(s) deployment as well. These findings agree with earlier work by 

(Murai et al., 2017) where IMR was significantly reduced and coronary absolute flow (measured 

by thermodilution) has significantly increased. The study suggested that the change in flow was 

strongly correlated with pre-PCI IMR, which aligns with the significance found on the correlation 

matrix in table 2.4 which shows that FFR and MVR are strong markers in change in absolute flow 

(p<0.05 and p<0.01) respectively. Nijjer et al have demonstrated similar outcomes in JUSTIFY-PCI 

study signifying that treating significant stenosis (FFR<0.80) was associated with significant 

increase in coronary flow (measured by Doppler flow) and significant decrease in HSR and MVR 

(Nijjer et al., 2015). Patients in the later study were stratified according to FFR values, which 

resulted in interesting correlations between lower FFR values and higher levels of changes. I was 

not able to perform similar analysis due to my small sample size (n=17). In the contrary, decrease 

in the microvasculature post-PCI was challenged by other studies which reported that it was 

independent from epicardial stenosis or remained constant after correcting for collaterals by 

incorporating coronary wedge pressure (Fearon et al., 2003; Layland et al., 2012). The change in 
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HSR and MVR showed weak relationship despite them both being significantly related to the 

change in flow. It would be interesting to study the prognostic value of post-PCI MVR as it was the 

strongest marker to change in flow. Conversely, CFR was increased slightly (6%) post-PCI, but this 

was not statistically significant, unlike what was reported by other studies. In the current study, 

seven vessels (41%) had decreased CFR post-PCI (figure 2.19). Matsuda et al, for example, 

reported a decrease in CFR in 28% of 220 studied lesions; however, the authors reported a 

significant ŎƻǊǊŜƭŀǘƛƻƴ ōŜǘǿŜŜƴ ҟ/Cw ŀƴŘ ҟCCw ǿƘƛŎƘ ǿŀǎ ƴƻǘ ǎƘƻǿƴ ƛƴ ǘƘŜ ŎǳǊǊŜƴǘ ǎǘǳŘȅ 

(Matsuda et al., 2022).  

 

2.4.5 Differences in physiology in the presence and absence of flow limiting disease  

The comparison between functionally significant stenoses (FFR<0.80) with non-significant 

stenoses (FFR>0.80) has shown significant differences in multiple parameters. Coronary absolute 

flow was numerically higher in the negative FFR group, although this was not statistically significant 

(55.47±23.3 vs 66.80±27, p=0.13). This was reported by others using a thermodilution 

microcatheter (Rayflow, France) (Laforgia et al., 2020; Fournier et al., 2021; Paradies et al., 2021). 

However, unlike the findings in this chapter, the authors of the earlier works reported no 

difference in MVR between the groups (p=0.89), whereas in my subgroup analysis the MVR was 

higher in the negative group (p<0.05). It is important to highlight this difference in MVR between 

the groups as this reflected significantly on the absolute flow (figure 2.13). In Laforgia et al and 

Paradies et al works, all assessments were performed on LAD, whereas only 48% of my cases 

involved the LAD. Alternatively, other metrics such as HSR were lower in the FFR negative group, 

and the mean CFR was beyond the normal cut off value (2.6±1.3). In addition, the FFR negative 

group showed weak to no relationship between coronary flow, FFR and other metrics. 

Nevertheless, when the same relationships were assessed in flow limiting disease, the correlations 

were greater (figure 2.13). My analyses suggest that MVR was the dominant factor that controls 

coronary flow when the FFR is >0.80, independent of FFR, HSR and CFR. In the contrary, all metrics 

show mild to moderate relationships to flow in flow limiting disease.  It is worth highlighting that 

using dichotomous cut-off value of FFR to analyse this wide-spread physiological metrics may 

undermine some aspects of the generated data. This cut-off value was mainly proposed on the 
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basis of treat or differ to aid decision making. However, FFR should be looked at more broadly 

since FFR values may tell us different messages based on different patients and vessels. However, 

with dichotomising, all values below 0.80 suggest the presence of flow limiting disease. Although 

I have performed this analysis based on the dichotomous cut off value, I have also presented a 

more comprehensive analysis including all physiology metrics and FFRs despite the significance as 

shown in figures 2.8. Yet, this dichotomised analysis remains important for two main reasons; the 

first is to understand physiology based on real-life practice and, the second is that it will be 

followed by similar analyses in the next chapters. Therefore, it is important to put these metrics in 

the context of the current method of assessing flow limiting disease.  

2.4.5 Limitations 

First, the number of studied vessels in the flow limiting disease group was small, with even fewer 

cases having a full set of pre and post PCI pressure wire data (17 vessels). As a result, I was not 

able to undertake further analysis based upon FFR strata and how coronary physiology was 

affected in response to pressure drop and different FFR values including the grey and uncertainty 

zones. Second, there was high distribution of increased MVR in the FFR negative group, which may 

led to unintentional bias, especially considering that MVR was a predominant factor in determining 

coronary flow. This may have resulted in reduced flow in the FFR negative group, although 

coronary flow remained higher than FFR positive group. Third, this CFD analysis neglects side 

branches, as reported earlier by (Morris et al., 2021), and consequently underestimating flow in 

proximal segments. 

2.5 Conclusion 

In this chapter, I studied the physiology of coronary artery disease in the presence and the absence 

of significant stenosis. The virtuQ modelling system is capable of generating coronary physiology 

metrics using invasive pressure data reliably, but is highly dependent upon the segmentation. The 

relationship between FFR and other metrics suggests that HSR is the most significant predictor of 

FFR. In addition, the absence of a significant stenosis does not necessarily mean a high flow; but 

once the FFR is reduced below certain levels, flow can be explained by FFR. Additionally, elective 

PCI guided by FFR can guarantee significant increase in coronary flow (80%), significant decrease 
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in HSR (-74%) and MVR (-34%) even though prognostic post PCI cut-off was not achieved. Finally, 

decrease in MVR post-PCI was the strongest predictor to high levels of coronary absolute flow 

restoration. These novel concepts may have a role in more precise assessment of ischaemia and 

predicting the likely improvements following revascularisation. 
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3. Chapter three: Myocardial ischemic burden. 

3.1 Introduction 

The key role of coronary arteries is to supply the myocardium with blood and thereby match its 

demand. Reduced or absent supply increases the risks of ischemic events. Moreover, the location 

of the lesion in the coronary artery, and the degree of narrowing, determines the myocardium at 

a risk. It has been established that stenting proximal LAD and LMS lesions result in symptomatic 

improvement and high event-free survival rates (Hueb et al., 1995; Thiele et al., 2009; Knuuti et 

al., 2020). This emphasises on the importance of lesions location to prognosis, because it is 

prognosis is defined by the myocardium area at risk. This was proposed by the Bypass Angiography 

Revascularisation Investigation (BARI) trial, in which an index based upon anatomy was proposed 

to estimate the myocardium at risk (Alderman and Stadius, 1992; Bourassa et al., 1995). 

Myocardial jeopardy index (MJI) provides a simple method to estimate myocardial area at risk that 

only requires invasive coronary angiogram. Furthermore, BARI-MJI has been shown to be 

predictive of mortality at one year in patients who were treated medically or with PCI and was also 

reliable at estimating area at risk when validated against CMR (Graham et al., 2001; Moral et al., 

2012). However, we have learned from the FAME trial that ICA might misjudge the severity and 

FFR is superior in discriminating ischemia inducing stenosis (Tonino et al., 2010). In addition, higher 

residual FFR after intervention is associated with better outcomes (Piroth et al., 2017, 2022). 

Nevertheless, FFR remains vessel specific, and the measured value represents the pressure drop 

in a given vessel of a certain size. Therefore, FFR provides understanding of the physiology within 

a vessel and, combined with positional information, helps us estimate which territory of the 

myocardium is endangered (Watkins et al., 2009). But it does not inform us about the precise 

extent of the myocardium at risk. Each major vessel perfuses different segments of the 

myocardium and, by estimating the flow reduction in all major vessels, we can hypothetically 

estimate the overall myocardial hypoperfusion and the amount (and severity) of myocardium at 

risk. In fact, this is not a completely new idea. The 3VFFR method was the first to propose a value, 

calculated by ǎǳƳƳƛƴƎ ǳǇ ǘƘǊŜŜ Ƴŀƛƴ ǾŜǎǎŜƭǎΩ CCwǎ. Its prognostic value was shown by (Lee et al., 

2018) who stratified the patients into two groups (high and low risk), based upon the median and 

reported significant negative correlation between 3VFFR and MACE rates at two years (p<0.001), 
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suggesting lower values to be associated with higher rate of events. MACE was mainly driven by 

revascularisation rates. The FAME investigators proposed a similar method (GLOBALFFR) which 

works by summing the FFR values as well to predict the long-term outcomes (Fournier et al., 2020). 

Their study included patients with non-flow limiting disease or post-stent FFR values only. The 

authors stratified the patients into three risk groups (low, mid and high). Lower GLOBALFFR values 

were associated with higher events rates (high risk) and vice versa. MACE rates were mainly driven 

by revascularisation similar to 3VFFR method. The message from these studies is that it is possible 

to predict future outcomes based merely upon summing FFR in the three major coronary arteries. 

However, it could be argued that these methods neglect the coronary vasculature, which carry 

information about flow distribution, as discussed above. Prior to that, the FAME investigator 

proposed a score that combine physiology and anatomy, namely, functional SYNTAX score (FSS) 

(Nam et al., 2011). The FSS method suggested adding the FFR in flow limiting lesions (FFR <0.80) 

to the score of SYNTAX to calculate the FSS. This method predicts MACE at one year based upon 

risk stratification (p<0.01), and is a better predictor of MACE compared with the purely anatomical 

SYNTAX score. IƻǿŜǾŜǊΣ ƛǘ ƴŜƎƭŜŎǘǎ ƻǘƘŜǊ Ψƴƻƴ-Ŧƭƻǿ ƭƛƳƛǘƛƴƎΩ ƭŜǎƛƻƴǎΣ ŀƴŘ ǘƘŜǊŜŦƻǊŜΣ ƭƛƳƛǘŜŘ ǘƻ 

assess the coronary system objectively. In this chapter, I propose a novel method named FFRCUM 

that incorporates anatomy and physiology in calculating an index value of myocardial ischemic 

burden, validate it and assess the change in response to coronary intervention. 

 

3.2 Methods 

3.2.1 Study population 

Forty patients were recruited for this study, and 33 were included in this analysis. Patients 

screening and recruitment was described earlier (page 59). FFR measurement in at least on vessel 

pre or post PCI and complete ICA for all arteries and branches were the inclusion criteria for this 

analysis. Patients who underwent CABG, did not have any coronary physiology measures or had 

missing angiograms were excluded (n=7). 
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3.2.2 Angiographic estimate of myocardium at risk 

Myocardial Jeopardy Index (BARI-MJI) 

The BARI-MJI method of assessing left ventricular myocardial jeopardy was used in this study. It 

was first described by the Bypass Angioplasty Revascularization Investigation (BARI) (Alderman and 

Stadius, 1992; Bourassa et al., 1995). The percentage of LV myocardium jeopardized by 

angiogrŀǇƘƛŎ ƭŜǎƛƻƴǎ җрл҈ ŘƛŀƳŜǘŜǊ ǎǘŜƴƻǎƛǎ ǿŀǎ ōŀǎŜŘ ǳǇƻƴ ǘƘŜ ŜȄǘŜƴǘ ƻŦ ŘƛǎǘǊƛōǳǘƛƻƴ ƻŦ ǘƘŜ 

three main coronary arteries and all major branches. Different scores were given to each vessel 

ranging from absent, through non-significant, small, medium to large, based upon vessel length 

ŀƴŘ ƛǘǎ ŜȄǘŜƴǘ ƻŦ ōǊŀƴŎƘƛƴƎΦ /ƻǊƻƴŀǊȅ ŀǊǘŜǊƛŜǎ җ мΦр ƳƳ ŘƛŀƳŜǘŜǊ ǿŜǊŜ ƛƴŎƭǳŘŜŘ ƛƴ ǘƘŜ ǎŎƻǊƛƴƎΦ 

The vessels Included were left anterior descending artery, diagonal and some septal branches, left 

circumflex, obtuse marginal branches, ramus intermedius (when it existed), right coronary artery, 

posterolateral and posterior descending arteries. A numerical score reflecting the size of LV 

territory supplied by each vessel was based upon the ratio of the length of the terminating artery 

to the LV base to apex distance. A numerical LV score for each terminating artery was assigned 

based upon extent of LV distribution (Table 3.1). The sum score of all terminal arteries (diseased 

and healthy) reflected the coronary distribution of the entire LV myocardium. The BARI MJI ratio 

was then calculated as follows: 

 

ὄὃὙὍ ὓὐὍ 
Ὕέὸὥὰ ὸὩὶάὭὲὥὰ ὥὶὸὩὶὭὩί ὨὭίὸὥὰ ὸέ ὰὩίὭέὲί έὪ ὭὲὸὩὶὩίὸ 

Ὓόά έὪ ὰὩὪὸ ὺὩὲὸὶὭὧὰὩ άώέὧὥὶὨὭόά ίὧέὶὩ
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Table 3.1 Terminal arteries segmentsΩ sizes and corresponding scores 

Segment size Definition Scores 

Insignificant 
Branches that extend less than one fifth of the distance 
from base to apex of the left ventricle  

0 

Small 
A small segment is subtended by a terminal vessel 
extending less than one third of the distance from base 
to apex of the left ventricle  

1 

Medium 
A medium segment is subtended by a terminal vessel 
extending approximately one third to two thirds of the 
distance from base to apex of left ventricle  

2 

Large 
Large segment is subtended by a terminal vessel 
extending approximately more than two thirds of the 
distance from base to apex of left ventricle  

3 

 

3.2.3 Calculating FFR as an index value for multiple vessels 

There are several methods to calculate an index representing a total FFR across the main epicardial 

vessels. In this study, three methods were used to calculate an index value of total FFR, using both 

previously published methods and a novel method incorporating vessel specific weighted score 

based upon the BARI MJI protocol. This is described in detail in section (3.2.1). 

 

A) The 3V FFR FRIENDS method  

A method of calculating global FFR was described by Lee et al in the 3V FFR FRIENDS prospective 

study. The proposed method was to sum the FFR values of the three major epicardial vessels, and 

provide a metric index of total physiologic atherosclerotic burden, and its clinical relevance, with 

two year clinical outcomes. FFR was not measured in diminutive LCx or RCA; therefore, in those 

cases the mean value of the FFR in the two main vessels was multiplied by 3 to calculate 3VFFR. In 

d vessels, FFR is rarely measured due to the fact that the short length and small diameter (<2.0 

mm). This is a prognostic method and only applied final FFR values, therefore, it includes post-

stent values and untreated or healthy arteriesΦ ! ƳŜŘƛŀƴ ǾŀƭǳŜ ƻŦ җ нΦтн όƻǳǘ ƻŦ оύ ǿŀǎ ǳǎŜŘ ǘƻ 
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identify patients into groups of low and high risk in the original work. Further details about the 

3VFFR method have been published previously (Lee et al., 2018).  

If FFR were measured in all three major vessels: 

ὊὊὙ ὊὊὙ ὊὊὙ ὊὊὙ  

 

If FFR were measured in two vessels and a diminutive vessel was present: 

ὊὊὙάὩὥὲ έὪ ὊὊὙ   ὥὲὨ ὊὊὙ    ὼ σ 

 

B) Global FFR as described by Fournier et al 

The method used by Fournier et al was of a similar design to the 3VFFR and was proposed by the 

FAME trials investigators. The authors suggested a sum of the three FFR values to calculate a single 

metric. In case of a missing FFR, but a vessel reported as angiographically 'normal', an FFR value 

of (1.0) was given; and if the missing FFR were post-PCI, a value of (0.90) was given. This was based 

upon the median value of post-PCI FFR in the FAME 1 and FAME 2 trials. The post PCI FFR values 

were used to calculate GLOBALFFR. Only FFR values higher than 0.8 were included in this method, 

and the five-year risk evaluation. Values ranged from 2.40 to 3.0, where 3.0 was considered as the 

maximal achievable value. Patient stratification was based upon GLOBALCCw ǘŜǊǘƛƭŜǎΤ ƭƻǿ Җ нΦулΣ mid 

2.81-нΦут ŀƴŘ ƘƛƎƘ җнΦуу according to the original work. Further details about the GLOBALFFR 

method have been published previously (Fournier et al., 2020). 

 

If FFR was measured in three vessels: 

ὊὊὙ ὊὊὙ ὊὊὙ ὊὊὙ  

If FFR were measured in two vessels only and a post-PCI FFR value were missing: 

ὊὊὙ ὊὊὙ   ὊὊὙ   πȢω 

If FFR were measured in two vessels and third vessel was angiographically normal: 



110 
 

ὊὊὙ ὊὊὙ   ὊὊὙ   ρ 

C) Cumulative FFR: my proposed method 

The objective was to create a single index which incorporated both pressure drop across the vessel 

represented by FFR and a vessel-specific weight derived from BARI MJI scoring protocol for 

terminal arteries. This index is named FFRCUM to differentiate it from earlier indices. This metric 

was calculated before and after PCI, and comparison between post PCI and baselinewas made.  

 

FFR values in the FFRCUM method 

FFR was measured during the procedure for vessels with visual stenosis of 30-90% whenever 

possible. Post-stent FFR was also measured if possible. Details of the VIRTU-5 procedural protocol 

including pressure wire assessment were described earlier in section 2.2.2. In the case of missing 

FFRs, I used the previously validated VIRTUheartϰ software (University of Sheffield) to generate 

vFFR, such as those with minimal disease, vascular anatomy precluding safe pressure wire 

deployment, and other practical limitations. The method of generating vFFR has been described 

in section 2.2.3 and 2.2.4 (refer to pages 70-73). If a vessel were so severely diseased that pressure 

measurement was not possible or indicated, an FFR value of 0.6 was assigned. If a CTO were 

present, an FFR value of 0.5 was assigned.  

 

Vessel anatomical weighed score 

Each major coronary artery was given a score based upon the BARI-MJI protocol. The total sum of 

these scores equals 1.0; the total myocardial score. The score of a given artery depends upon its 

length and branches, thus, scores vary from one patient to another. The criteria for scoring is 

described in table 3.1.  

 

 

 



111 
 

Calculating FFRCUM 

To calculate FFRcum an FFR either measured, simulated (vFFR), or even estimated should be 

available for all coronaries. Subsequently, vessel specific weighted score should be calculated for 

each vessel following the BARI-MJI method for assigning scores for each terminal artery based on 

its number of branches and length (Alderman and Stadius, 1992).  Please note, only the vessel 

score is adapted into this method not the stenosis score. Once the two components are available 

for each major coronary artery, the score can be calculated by multiplying the FFR by the vessel 

specific weighted score for each artery. The sum of these values is then used as FFRcum with a 

maximum achievable value of 1.0. This method can be applied for before intervention (with pre 

PCI FFR values) and after (with post PCI FFR values).  

ὊὊὙ &&2 Ø ÖÅÓÓÅÌ ÓÐÅÃÉÆÉÃ ×ÅÉÇÈÔÅÄ ÓÃÏÒÅ 

Where  Ὥ =1 Left anterior descending artery 

Ὥ =2 Left circumflex artery 

Ὥ =3 Right coronary artery 

 

ὊὊὙ ὒὃὈ   ὒὅὼ   Ὑὅὃ     

 

The maximum possible value for FFRCUM is 1.0 governed by FFR of 1.0 for all coronaries. However, 

the minimum is subjective to the lowest possible FFR. Therefore, a minimum value can not be 

stated similar to wire-based FFR.  
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Figure 3.1 The method of calculating FFRCUM. 
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In the top diagram, a normal coronary circulation is demonstrated, with each main artery and its branches 
being assigned a score based on its length. Each artery is given a weighted score based on the sum of 

main artery and its branches, and also given an FFR of 1.0. In the bottom diagram, a similar 
demonstration of the circulation but at the present of disease. Thus, hypothetical FFR values were 

assigned accordingly. FFRCUM is then calculated using the shown equation where each vessel anatomical 
weighted score is multiplied by its FFR and then summed up. 

 

Comparing FFRcum with previous methods 

In one hand, Interquartile ranges were used to divide the data into three risk groups; low, mid  and 

high to compare it with (Fournier et al., 2020) originally reported risk groups based on IQRs. In the 

other hand, the median was used to divide the data into two risk groups (low and high) to compare 

it with (Lee et al., 2018) originally reported risk groups based on median. 

 

3.2.4 Statistical analysis  

Data were reported as means, standard deviations and percentages unless stated otherwise. Inter-

observer variability was calculated using inter-Ŏƭŀǎǎ ŎƻǊǊŜƭŀǘƛƻƴ ŀƴŘ tŜŀǊǎƻƴΩǎ ŀŦǘŜǊ ǊŀƴŘƻƳƭȅ 

assigning 10 cases for MJI experienced cardiologist. The cardiologist was blinded to the MJI scores 

that were already produced. Histograms were used to display frequency of variables and bar 

charts to demonstrate differences. For each patient, all indices were reported before and after PCI 

if applicable. A paired samples t-test was used to compare before and after PCI values, and an 

unpaired t test was used to compare the PCI and control groupsΦ tŜŀǊǎƻƴΩǎ ŎƻǊǊŜƭŀǘƛƻƴ (r) was used 

to assess the linear relationship between CUMLATIVEFFR values and other indices values. KendŀƭƭΩǎ 

ŎƻŜŦŦƛŎƛŜƴǘ ƻŦ ŎƻƴŎƻǊŘŀƴŎŜ όYŜƴŘŀƭƭΩǎ ²ύ ǿŀǎ ǳǎŜŘ ǘƻ ƳŜŀǎǳǊŜ ǘƘŜ ŀƎǊŜŜƳŜƴǘ between FFRCUM 

ŀƴŘ ƻǘƘŜǊ ƛƴŘƛŎŜǎ ŀƴŘ {ǇŜŀǊƳŀƴΩǎ Ǌŀƴƪ ŎƻǊǊŜƭŀǘƛƻƴ όǊƘƻύ ǿŀǎ ǳǎŜŘ ǘƻ ŀǎǎŜǎǎ ǘƘŜ ǎǘǊŜƴƎǘƘ ƻŦ ǘƘŜ 

agreement. GraphPad Prism (9.4.1) was used for statistical analysis. 
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3.3 Results  

Thirty three patients were included in this analysis. Six patients were excluded for the following 

reasons; three were referred for CABG, one patient had missing RCA views on the angiogram 

DICOM file and two did not have any FFR measured. Twenty three patients underwent single 

(n=13) or double (n=10) vessels PCI. Details of the 33 patients are shown in table 3.2. All patients 

had at least one FFR measurement pre or post PCI. FFR was measured in 55 vessels pre-PCI, and 

26 vessels post-PCI.  vFFR was generated in 24 vessels pre-PCI, and nine vessels post PCI, that did 

not have wire-based FFR.  FFR was estimated in high-risk vessels and CTOs in 20 cases, of which 

four were categorised as Ψpost-stent valuesΩ as there was no intervention. The sum of included 

values was 134 FFRs, including measured, virtual and estimated. A breakdown summary of the 

included vessels (n=134) is presented in table 3.3. Frequency histograms of FFR distributions for 

each vessel is demonstrated in figure 3.2. Individual FFRs per vessel per patients are shown in 

figure 3.3. 

Table 3.2 Basic demographics for patients included in FFRCUM 

Patient characteristics  N = 33 Percentage Mean (±SD) 

Age 65 (±8) 
 Male 25 76  

Female 8 24 
Smoking status  

 Current 
smokers 

4 12 

Ex-smoker  21 64 
Non-smoker 8 24 

Risk factors  
 Hypertension  21 64 

Hyperlipidaemia  11 33 
Type 2 Diabetes 5 15 

Procedural outcomes 
Underwent PCI  

 Yes (PCI group) 23 70  
No (Control 
group) 

10 30 
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Table 3.3 {ǳƳƳŀǊȅ ƻŦ ŀƭƭ CCw ǾŀƭǳŜǎ ƛƴŎƭǳŘŜŘ ƛƴ ǘƘŜ ŀƴŀƭȅǎƛǎ όƳŜŀǎǳǊŜŘΣ ǾƛǊǘǳŀƭ ΨǎƛƳǳƭŀǘŜŘΩ ŀƴŘ ŜǎǘƛƳŀǘŜŘύ 

 Baseline (n=33) Post PCI (n=23) 
Wire-based FFR N % N % 
FFR was measured in three vessels 5 15% 0 0% 
FFR was measured in two vessels 14 42% 7 30% 
FFR was measured in one vessel 12 36% 12 52% 
FFR was not measured 2 6% 4 17% 
Total number of mFFR  55 56% 26 67% 

 
vFFR  
vFFR was generated for three vessels 0 0% 0 0% 
vFFR was generated for two vessels 5 15% 2 9% 
vFFR was generated for one vessel 14 42% 5 21% 
vFFR was not generated 14 42% 16 70% 
Total number of vFFR 24 24% 9 23% 

 
Estimation of FFR (CTOs and high-risk stenoses) 
FFR was estimated in three vessels  0 0% 0 0% 
FFR was estimated in two vessels 5 15% 0 0% 
FFR was estimated in one vessel 10 30% 4 17% 
FFR was not estimated  18 55% 19 82% 
Total number of estimated values 20 20% 4 10% 

 
FFR per vessel Mean ±SD Mean ±SD 
 LAD 0.76 ±0.14 0.85 ±0.08 

LCx 0.81 ±0.14 0.87 ±0.11 
RCA 0.75 ±0.18 0.85 ±0.14 
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Figure 3.2 Frequency histograms showing the distribution of FFR values used in the analysis 

Â    Black coloured bars indicate mFFR and vFFR 
Â    Red coloured bars indicate estimated FFR of 0.5 for CTO 
ÂÂ Red and black coloured bars indicate estimated FFR of 0.6  
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Figure 3.3 Individual baseline FFR values per patient 

Values are presented as stacked bars, each bar represent FFR value in a given artery. Blue coloured bars 
are for LAD, orange coloured bars for LCx and grey coloured bars for RCA. 

 

3.3.1. Visual assessment of myocardium at risk: the BARI MJI. 

MJI was reported in 33 cases, of which 23 underwent PCI and 10 did not (the control group). The 

mean MJI score for the PCI group was 0.64±0.23 [range 0.17 to 1.0] and for the control group 

0.22±16 [range 0 to 0.48] (p<0.01) (figure 3.3). The mean MJI score post-PCI was 0.25±019 [range 

0 to 0.62]; a significant decrease (p<0.01), with a change of 65±22%. Individual changes and mean 

difference are shown in figure 3.4. A moderate relationship was observed between MJI scores pre 

and post PCI (r=0.57, p<0.01) (figure 3.5). A summary of MJI scores is presented in table 3.3 
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Figure 3.4 Histograms showing the difference in MJI between the PCI group and control group. 

 

Figure 3.5 Changes in MJI in response to PCI  

(A) individual changes per patient, and (B) the difference between the means pre and post PCI. 

(****p<0.0001) 
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Figure 3.6 A correlation plot showing the percentage of change in MJI in relation to MJI values pre-PCI.  
 

Table 3.4 Breakdown of MJI scores per vessels.  

 
PCI 

(n=23) 
Control 
(n=10) 

Full cohort 
(n=33) 

Mean ±SD Mean ±SD Mean ±SD 

Total possible score 27.5 ±2.1 25.6 ±1.9 26.9 ±2.2 
Total stenosis score 18 ±7.1 5.8 ±4.2 14.3 ±8.5 
MJI score 0.65 ±0.2 0.22 ±0.16 0.52 ±0.3 
Breakdown of MJI scores   

LAD possible score 11 ±1.6 9 ±1.2 10 ±1.7 
LAD stenosis score 7.73 ±3.8 2.8 ±2.6 6.2 ±4.2 
Percentage of myocardium 
jeopardised by LAD 

39.5 ±5% 35 ±4% 37 ±5% 

 

LCx possible score 8.3 ±2 8.1 ±2.2 8.2 ±2 
LCx stenosis score 4.5 ±4.2 0.3 ±1 3.2 ±4.1 
Percentage of myocardium 
jeopardised by LCx 

30 ±7% 31 ±9% 30 ±7% 
 

RCA possible score 7.8 ±1.8 7.8 ±2.1 7.8 ±1.8 
RCA stenosis score 5.4 ±4.2 2.7 ±4.3 4.6 ±4 
Percentage of myocardium 
jeopardised by RCA 

29.5 ±6% 30 ±7% 29 ±6% 

Dominance  

 

Right 65% 80% 70% 
Left 26% 20% 24% 

Codominance 8% 0% 6% 

MJ= myocardial jeopardy index, LAD= left anterior descending artery, LCx= left circumflex, and 
RCA= right coronary artery. 
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Inter-observer variability of BARI-MJI scoring 

The mean MJI for the first assessor was 0.61±0.30 and 0.63±0.24 for the second (p=ns), and the 

agreement between observers was strong (r= 0.83, ICC= 0.90, p<0.01). Bland-Altman and 

correlation plots are shown in figure 3.7. 

 

Figure 3.7 BARI MJI agreement plots. 

(A) Bland-Altman plot demonstrating agreement and differences in scoring BARI-MJI between two 
assessors. The upper and lower limits of agreement are shown with the interrupted line (-0.34 to 0.31), 

and ό.ύ tŜŀǊǎƻƴΩǎ ŎƻǊǊŜƭŀǘƛƻƴ ŦƻǊ ƛƴǘŜǊ-observer variability (r=0.83, p<0.01). 
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3.3.2. Calculating a single FFR value for multiple vessels: The FFRCUM index. 

 The FFRCUM was successfully calculated for all the patients (n=33). The mean FFRCUM at baseline 

was 0.76±0.1 [range 0.51 to 0.93]. The distribution of values at baseline is shown in figure 3.8. The 

mean FFRCUM in the PCI group pre-PCI was 0.72±0.1 and in the control (non-PCI) group 0.84±0.07. 

Post-PCI FFRCUM was 0.83±0.08, p<0.01.  Pre- and post PCI values were closely correlated (r=0.83). 

The mean percentage of change in response to PCI was 16.6±10%. A strong negative relationship 

was found between the change in FFRCUM and pre-PCI values (r=-70, p<0.01). Individual changes 

and the correlation between change and pre PCI are demonstrated in figure 3.9.  There was no 

significant difference between the post-PCI values and those of the control group (p=0.78). The 

differences between all groups are demonstrated in figure 3.10. I have conducted a preliminary 

analysis of vessels contribution to the myocardium at risk (table 3.5). In single vessel intervention, 

the LCx was associated with the highest increase in FFRCUM (0.14±0.01) compared to 0.08±0.4 for 

interventions on LAD and on RCA alike. Two vessel PCI resulted in the greatest increase in FFRCUM 

(0.24±0.02), and this was in LCx and RCA. The relative increases in response to single and double 

vessel interventions were 0.09±0.04 and 0.14±0.06, respectively. 

  

Figure 3.8 Distribution of FFRCUM values at baseline in increments of 0.03. 
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Figure 3.9 Changes in FFRCUM in response to PCI  

(A) Individual changes per patient, and (B) A correlation plot demonstrating the percentage of 

change in FFRCUM in relation to FFRCUM values pre-PCI (r=-0.70, p<0.01). Dotted lines showing 
no change in the control patients. 

 
 

 

Figure 3.10 Histograms showing the FFRCUM values for each group 

Histograms showing the difference between Pre PCI FFRCUM and control group FFRCUM, Pre PCI FFRCUM and 
post PCI FFRCUM, and (C) Post PCI FFRCUM and control group FFRCUM 

***p<0.001, ****p<0.0001. 
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Table 3.5  Contribution of individual vessel revascularisation to FFRCUM 

Revascularisation n % 
Relative increase in FFRCUM 

Mean SD 

One vessel only  intervention 13 57% 0.09 ±0.04 

 

LAD 9 70% 0.08 ±0.04 

LCx 2 15% 0.14 ±0.01 

RCA 2 15% 0.08 ±0.04 

Two vessels intervention 10 43% 0.14 ±0.06 

 

LAD and RCA 5 50% 0.12 ±0.03 

LAD and LCx 3 30% 0.10 ±0.03 

RCA and LCx 2 20% 0.24 ±0.02 

Total 23  0.11 ±0.05 

 

3.3.3 Validation of FFRCUM 

3.3.3.1 Accuracy of the calculation 

First, I compared FFRCUM with BARI-MJI to estimate the myocardium at risk in baseline and post 

PCI. There was a significant and strong negative correlation between the two methods (r=-0.73, 

p<0.01) at baseline and with post-PCI only values (r=-0.61, p<0.01). Second, I compared the final 

single FFR, which includes post-PCI and control values, similar to what was reported by Fourier et 

al and Lee et al. This was applicable in all cases (n=33) for 3VFFR and in 25 case for GLOBALFFR. FFRCUM 

scores demonstrated moderate to strong and statistically significant correlation with 3VFFR and 

GLOBALFFR scores (r=0.73, p<0.01 and r=0.57, p<0.01) respectively. Correlation plots are 

demonstrated in figure 3.11. 
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Figure 3.11 Correlation plots demonstrating the relation between FFRCUM values and the other methods. 

(A) Correlation between baseline values (n=33) of FFRCUM and BARI-MJI (r=-0.73, p<0.01), (B) 
Correlation between post-PCI values (n=23)  of FFRCUM and BARI-MJI (r=-0.61, p<0.01), (C) 
Correlation between FFRCUM and 3VFFR values (n=33) (r=0.73, p<0.01) and (D) Correlation 

between FFRCUM and 3VFFR values (n=25) (r=0.73, p<0.01). 
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3.3.3.2 Agreement in classifying total physiological ischemic burden after invasive coronary 

angiogram ±PCI: A comparison with established values. 

 

I used ranges to divide the patients (n=33) into three groups; low (Җ0.78), mid (>0.78 to Җ0.91) and 

high (>0.91) FFRcum and compared it with Fournier et alΩǎ originally reported tertiles of GLOBALFFR; 

low (Җ2.80), mid (>2.80 to ҖнΦ88) and high (>2.88) (figure 3.12). Eight cases were excluded from 

the analysis because they did not meet the eligibility criteria for GLOBALFFR. The agreement between 

FFRCUM and GLOBALFFR (n=25), ŀǎ ǘŜǎǘŜŘ ǳǎƛƴƎ YŜƴŘŀƭƭΩǎ ŎƻŜŦŦƛŎƛŜƴǘ ƻŦ ŎƻƴŎƻǊŘŀƴŎŜ, was acceptable 

(W=0.74, p=0.06). There was a moderate positive relationship between the classifications of the 

two methods (r=0.57, p<0.01). Individual values and classification is shown in table 3.6. 

 

Figure 3.12 Distribution of FFRCUM and GLOBALFFR values. 

Bars are coloured according to their classifications; Red represents low values, yellow represents mid 
values and green represents high values. 

*Green and yellow represents intertwine of both classes at this bar. 



126 
 

Table 3.6 Comparing the agreement between FFRCUM and GLOBALFFR 

Patients 

N=25 
 FFRCUM Classification GLOBALFFR Classification 

1 Post-PCI 0.82 Mid 2.72 Low 

2 Post-PCI 0.92 High 2.84 Mid 

3 Post-PCI 0.80 Mid 2.72 Low 

4 Post-PCI 0.85 Mid 2.67 Low 

5 Post-PCI 0.76 Low 2.83 Mid 

6 Post-PCI 0.76 Low 2.64 Low 

7 Control 0.92 High 2.89 High 

8 Control 0.93 High 2.9 High 

9 Post-PCI 0.92 High 2.78 Low 

10 Control 0.91 High 2.9 High 

11 Post-PCI 0.89 Mid 2.89 High 

12 Post-PCI 0.94 High 2.81 Mid 

13 Control 0.81 Mid 2.92 High 

14 Control 0.81 Mid 2.8 Mid 

15 Control 0.76 Low 2.62 Low 

16 Post-PCI 0.91 Mid 2.73 Low 

17 Post-PCI 0.75 Low 2.4 Low 

18 Post-PCI 0.88 Mid 2.64 Low 

19 Post-PCI 0.93 High 2.81 Mid 

20 Control 0.93 High 2.91 High 

21 Post-PCI 0.73 Low 2.43 Low 

22 Post-PCI 0.95 High 2.85 Mid 

23 Post-PCI 0.88 Mid 2.8 Mid 

24 Post-PCI 0.91 Mid 2.55 Low 

25 Post-PCI 0.87 Mid 2.6 Low 

Classification n % n % 

 Low 5 20% 12 48% 

 
Mid 11 44% 7 28% 

High 9 36% 6 24% 

Agreement P-value 

/ƻǊǊŜƭŀǘƛƻƴ ό{ǇŜŀǊƳŀƴΩǎύ r= 0.55 <0.01 

/ƻƴŎƻǊŘŀƴŎŜ όYŜƴŘŀƭƭΩǎύ W= 0.74 0.06 
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The same analysis was performed against the 3VFFR (n=33) method to assess agreement. Groups 

were divided into high and low scores according to the original median reported by Lee et al (2.72); 

for the FFRCUM, the median was (0.85) (figure 3.13). Values therefore were classified as high when 

җ2.72 and җ0.85, or low when less than those. The agreement between FFRCUM and 3VFFR was good 

(w=0.74, p<0.05) and the relationship between the classifications of the methods was moderate 

(r= 0.45, p<0.01). Individual values and classification are shown in table 3.7. 

 

 

Figure 3.13  Distribution of FFRCUM and 3VFFR values. 

The red dotted line represents the median in both methods. 
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Table 3.7 Comparing the agreement between FFRCUM and 3VFFR:  

Patients (N=33) FFRCUM Classification 3VFFR Classification 

1 Post-PCI 0.82 Low 2.58 Low 

2 Post-PCI 0.92 High 2.75 High 

3 Post-PCI 0.80 Low 2.67 Low 

4 Post-PCI 0.85 High 2.56 Low 

5 Control 0.83 Low 2.65 Low 

6 Post-PCI 0.76 Low 2.745 High 

7 Post-PCI 0.76 Low 2.23 Low 

9 Control 0.92 High 2.76 High 

10 Control 0.93 High 2.81 High 

11 Post-PCI 0.84 Low 2.82 High 

12 Post-PCI 0.92 High 2.78 High 

13 Control 0.91 High 2.74 High 

14 Post-PCI 0.86 High 2.715 High 

15 Post-PCI 0.89 High 2.68 Low 

16 Post-PCI 0.94 High 2.81 High 

17 Control 0.81 Low 2.73 High 

18 Control 0.81 Low 2.8 High 

19 Control 0.76 Low 2.62 Low 

20 Post-PCI 0.91 High 2.73 High 

21 Control 0.75 Low 2.28 Low 

22 Post-PCI 0.75 Low 2.595 Low 

23 Post-PCI 0.75 Low 2.35 Low 

24 Post-PCI 0.63 Low 2.09 Low 

25 Post-PCI 0.88 High 2.64 Low 

26 Post-PCI 0.93 High 2.81 High 

27 Control 0.93 High 2.8 High 

28 Post-PCI 0.73 Low 2.685 Low 

29 Post-PCI 0.95 High 2.85 High 

30 Post-PCI 0.88 High 2.65 Low 

31 Post-PCI 0.91 High 2.805 High 

32 Control 0.80 Low 2.39 Low 

33 Post-PCI 0.78 Low 2.13 Low 

Classification N % n % 

 
Low 16 49% 17 51% 

High 17 51% 16 49% 

Agreement P-value 

/ƻǊǊŜƭŀǘƛƻƴ ό{ǇŜŀǊƳŀƴΩǎύ r= 0.46 <0.01 

/ƻƴŎƻǊŘŀƴŎŜ όYŜƴŘŀƭƭΩǎ ²ύ W= 0.72 <0.05 
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3.4 Discussion 

3.4.1 Summary of the results 

In this chapter, I have described and validated a novel index (FFRCUM) of determining myocardium 

at risk by quantifying the total ischemic burden prior and after coronary intervention, which may 

in future be used for its diagnostic and prognostic value to assess the value of different treatment 

strategies. In my method, anatomical complexity is accounted for as well as physiological severity 

to provide a patient specific value. I have demonstrated that FFRCUM (0.72±0.1) was able to predict 

myocardium at risk in different disease severity when it was compared to myocardial jeopardy 

index before intervention. The FFRCUM increased in this cohort by a mean 17% after coronary 

intervention (from 0.72±0.1 to 0.83±0.08). Acceptable agreement was demonstrated with existing 

risk stratification methods, namely 3VFFR and GLOBALFFR, in 33 and 25 patients respectively. 

Summary of the main findings is shown in figure 3.14. 
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Figure 3.14 Schematic summary of the findings from chapter three 

 

3.4.2 Method development 

The FFRCUM consists of two components which are physiology and anatomy. Generally, it is a 

functional method to provide a single FFR value with respect to anatomy. The functional SYNTAX 

score was the first to include functional assessment with anatomy. Moreover, thirty-two percent 

of patients were moved to low-risk classification after applying FFR measures to their initial SYNAX 

scores. Thus, it is apparent that adding physiology to anatomical assessment inform us more about 

CAD. However, the SYNTAX score  was designed to assess the complexity of coronary artery 

disease, and was applied retrospectively in the SYNTAX study, where a relationship was found 
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between this measure and long term outcomes after coronary intervention (Mohr et al., 2013). 

Yet, it does not account for visually non-significant stenosis, which makes it incomplete to some 

extent. Following from that, two functional methods were proposed (GLOBALFFR and 3VFFR), in which 

a simple sum of the three FFR values for the major vessels was derived. These methods overcome 

the limitation of FSS by including physiologically non-significant lesions. However, these two 

methods do not account for anatomy and were designed to be used after left heart catheterisation 

(±PCI) to assess prognosis. They were not intended for pre-PCI assessment of myocardium in any 

form. The other component of FFRCUM is personalising the FFR values relative to the coronary 

specific anatomical weighted score based on BARI-MJI criteria of identifying anatomical score for 

each terminal artery. In this system, individual vessel scores are calculated for each major terminal 

artery based on the length, calibre and branches (Alderman and Stadius, 1992). An estimate of the 

total LV supply is calculated as the sum of these scores. Therefore, by assigning each vessel score 

(as percentage) to the FFR, a relative fractional value is obtained and the sum of these three values 

result in FFRCUM. The inclusion of a vessel weighted score is the main difference between my 

method and the other methods, which treat FFR as an independent value.  

Ideally, FFRCUM requires FFR measurement in all major vessels, but this is not practical, and is 

challenging for routine practice, because FFR is only indicated in intermediate lesions and FFR is 

costly and invasive. Thus, an alternative vFFR can be used to replace any missing FFR. 

VIRTUheartϰ, which was used to produce vFFR in this work, has demonstrated excellent diagnostic 

accuracy (>90%) compared with wire-based FFR (see section 2.3.2). The only remaining obstacles 

to calculate FFRCUM are CTOs and high-risk stenosis in which passing a pressure wire might impose 

a risk. By this means, an estimation using vFFR is reasonable to produce this index value in clinical 

routine cases. Different FFR values for CTO (also known as FFRmyo) have been reported in the 

literature, with values ranged from 0.45 to 0.50 (Zimarino et al., 2006; Sachdeva et al., 2014; Lee 

et al., 2017). In this study, I therefore used an FFR of 0.50 for cases with CTO. Similarly, an FFR of 

0.60 was used for lesions in which passing the FFR wire was not safe, and in which using 

VIRTUheartϰ was not successful for technical reasons including very extremely narrowed lesions 

or severe left main stem lesions which can not be segmented using the software. Moreover, 

extremely narrowed lesions will result in failure of processing in some cases. 
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Variability between FFRCUM assessors 

The mathematical principles behind cumulative FFR, is not complicated and can be performed 

using simple equations. However, the components of the technique may carry some levels of 

operator subjectivity, particularly, in modelling vFFR and vessel weighted scoring. Ideally, this 

method should be calculated with pressure-wire derived FFR, however, this is rarely available in 

all three major vessels unless for research purposes. Additionally, the BARI-MJI vessel scoring 

method is subjective, and requires a detailed visualising of the coronary angiogram and 

appropriate levels of understanding of the coronary anatomy. The BARI criteria to define and score 

anatomy is not recent, in fact it has been published and used for almost three decades. These 

challenges, that may impose some levels of variability are not limited to the FFRCUM method and 

similar limitations have been proposed before with other operator-dependent methods. To 

ƳƛƴƛƳƛǎŜ ǎǳŎƘ Ǌƛǎƪ ƻŦ ŀǎǎŜǎǎƻǊǎΩ ǾŀǊƛŀōƛƭƛǘȅΣ ǎƻƳŜ ƳŜŀǎǳǊŜǎ Ŏŀn be taken including inter-observer 

variability in both components separately to avoid cumulative error in calculation. This was 

performed in this work, as shown in sections 2.3.2 and 3.3.1, for both vFFR modelling and BARI 

scoring respectively. Inter-observer variability analysis is encouraged at the validation stage of this 

technique. Automated methods can be later introduced, including anatomical scoring because it 

follows a simple concept which is based on the length of arteries and branches from the base to 

apex. In concept, if the myocardium length and the distance that a given artery covers measured 

manually, a ratio or a score can be automatically generated. This preliminary proposal can reduce 

the variability in anatomical vessel scoring, but it has yet to be developed and investigated.  

Advantages of FFRcum 

FFRCUM can be used to estimate overall disease severity, incorporating a more sophisticated 

measure of myocardium at risk than is currently used (or not used) following a simple 

mathematical calculation. Moreover, this system can be used ahead of the LHC to provide an initial 

ŜǎǘƛƳŀǘƛƻƴ ƻŦ ǘƘŜ ŘƛǎŜŀǎŜΩǎ ōǳǊŘŜƴ ŀƴŘ Ǉƭŀƴ ŀŎŎƻǊŘƛƴƎƭȅΦ  tǊƻƎƴƻǎǘƛŎ ǾŀƭǳŜ Ŏŀƴ ōŜ ŀƭǎƻ ƎŀƛƴŜŘ ƛŦ 

calculated post-PCI since the technique allows the calculation with FFR negative and positive 

vessels unlike other methods.  Therefore, the calculation may be deployed in cases with visually 

non-significant disease, which is an advance. 
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3.4.3 Myocardium at risk assessed by FFRCUM  

I have used the BARI-MJI in this chapter which follows a similar concept to estimate myocardium 

at risk and to validate my method (Graham et al., 2001). The BARI-MJI has been validated against 

CMR and found to be a reliable estimate of myocardial at risk in STEMI patients (Ortiz-Pérez et al., 

2007; Moral et al., 2012). A further analysis of the MJI suggested that it has an inverse relationship 

with FFR, meaning that the higher the percentage of jeopardised myocardium, the lower the FFR 

values (r=-0.40, p<0.01) (Leone et al., 2013). In this chapter, I have shown that pre-PCI MJI was 

significantly higher than the post PCI group (p<0.01), and higher than the control group (p<0.01) 

suggesting that lesions in the PCI group ŘƻƴΩǘ ƻƴƭȅ ƘŀǾŜ functionally significant disease but a larger 

area at risk as well based on the findings of previous works. The relationship between BARI-MJI 

and FFRCUM was significant and inversely correlated which aligns with Leone et al work. 

Nonetheless, the correlation was stronger in my method compared to individual FFR values only 

(r=-0.73 vs r=-0.40). This is understandable because MJI estimates the area at risk by dividing the 

sum of branches distal to the index lesion by the total LV score. Thus, providing a single FFR value 

will only apply to one vessel or lesion whereas MJI accounts for all vessels and lesions with 

narrowings >50% diameter, even if not functionally significant. 

FFRCUM was significantly lower in the PCI group (0.72±0.1) compared to the control group 

(0.84±0.07), which is perhaps not surprising, but was also lower than post PCI values (0.83±0.08). 

These findings suggest that PCI reduces, but certainly does not normalise, the myocardium at risk. 

This is an unpalatable finding, but accords with common interventional practice, in which residual 

FFR, even after a single vessel PCI, is not always measured, and seldom achieves normality. 

Interestingly, the change in FFRCUM post PCI was inversely correlated with FFRCUM pre PCI (r=-0.70, 

p<0.01), implying that more severe cases (lower values) benefit from intervention the most in 

terms of reducing the area at risk. A similar finding was found in chapter two, where lower FFR 

values had the largest increase (p<0.01). In the preliminary analysis of vesselsΩ contribution to the 

myocardium at risk (table 3.5), the findings suggested that, in single vessel intervention, PCI to LCx 

resulted in the highest increase in FFRCUM. In double-vessel intervention, PCI to LCx and RCA, 

resulted in the greatest increase in FFRCUM. In our study, only large calibre or dominant LCx were 

treated, which may explain this finding. However, the sample size of the analysis was modest, with 
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13 single and 10 double vessel interventions. In addition, about 73% of the cases involved an 

intervention on the LAD either alone (n=9) or with another artery (n=8). Yet, this seems an 

interesting area to explore in future work to better estimate outcomes.  

 

3.4.4 Comparing FFRCUM with similar methods  

The GLOBALFFR method is used for prognosis and is calculated at the end of the procedure. Thus, it 

only includes vessels with wire-based FFR >0.80 (a non-significant stenosis) or post-PCI (FFR which 

is usually >0.80). Therefore, the lowest achievable value is always (2.40/3). Additionally, the 

GLOBALFFR method assumes a value of 1.0 if the artery is ŀƴƎƛƻƎǊŀǇƘƛŎŀƭƭȅ ΨƴƻǊƳŀƭΩ ŀƴŘ ŀ ǾŀƭǳŜ ƻŦ 

0.90 if post-PCI FFR was missing, whilst FFRCUM includes all values from severe to very mild, 

including CTOs and missing FFRs (by using vFFR);  in the case of CTO, an FFR value of 0.50 was 

given (n=3), and an extremely severe stenosis left untreated was given a value of 0.60 (n=4). It is 

clear that both methods (cumulative and global) have some levels of assumptions in their 

calculation which is understandable as measuring FFR in all epicardial vessels after intervention is 

not always feasible. Nonetheless, GLOBALFFR tends to overestimate the calculation by assuming an 

FFR of 1.0 for angiographically normal arteries. Theoretically, there should not be a significant 

pressure drop across a healthy coronary artery and the FFR should be 1.0. However, these indices 

are likely to be used in patients with CAD, so an assumed FFR of 1.0 is unlikely to be correct. In the 

FFRCUM method, vessels with missing FFR and those which cannot be segmented (CTOs, ostial 

location, calcification or severe LMS disease) or those which failed at the simulation process 

(extremely narrowed) were given estimated values as well.  

The 3VFFR method, on the other hand, which is also calculated at the end of the PCI, includes all 

measured vessels, whether functionally significant or not. That will of course provide a wider range 

of values than the GLOBALFFR method; and as a result, lower 3VFFR values may be produced. The 

3VFFR method assumes the calculation to be invalid in case of a missing FFR, so measuring FFR in 

all major arteries is obligatory. However, FFR was not measured in diminutive RCA or LCx, in which 

case the mean of the FFR values in the other two vessels is multiplied by three and used as the 

total value. In terms of obtaining FFR in all vessels, this is indeed ideal, and the ultimate objective 
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in all methods that aim to calculate similar value, but this is rarely possible in a routine practice, 

thereby limiting the method to research only in very few cases. The authors used this method as 

a dichotomous index in which any value below <2.72 has a higher risk of 2-years MACE and a high 

total physiologic burden. That means all FFR values that are included in the calculation of 3VFFR 

should be at least 0.90-0.91 to obtain a value >2.72, and therefore, low risk of 2-years MACE. It 

can be understood from the work of lee et al that 3VFFR method is another evidence of the value 

of post-stent FFR of >0.90 in showing favourable outcomes (Pijls et al., 2002; Diletti et al., 2021; 

Piroth et al., 2022).  

A primary difference between my method and the previous methods is the applicability prior to 

the procedure. With FFRCUM an estimation of the myocardium at risk because of the diseased 

arteries can be, and encouraged to be calculated. This is useful to be used in diagnostic 

angiography settings, because vFFR can be applied to all vessels, without a pressure wire. An early 

assessment of myocardium at risk may be of use in planning the management, and in quantifying 

the change post procedure.  

In general, all of the methods are in agreement about summing three FFR values for the major 

arteries to produce a single prognostic index value. However, what distinguishes FFRCUM is that it 

incorporates the distribution of the lesions. Coronary arteries vary in their sizes (length and 

diameter) and number of branches, based upon patient size, dominance, race and gender. 

Furthermore, sƛȊŜ ǾŀǊƛŀǘƛƻƴ ƛǎ ƴƻǘ ƻƴƭȅ ƭƛƳƛǘŜŘ ǘƻ ŘƛŦŦŜǊŜƴǘ ǇŀǘƛŜƴǘǎΣ ōǳǘ ǿƛǘƘƛƴ ŀ ǇŀǘƛŜƴǘΩǎ ŎƻǊƻƴŀǊȅ 

bed as well. For example, an FFR of 0.75 in an RCA of a right dominant system does not represent 

equal flow reduction compared with a normal sized LCx with FFR of 0.75 in the same patient. The 

flow is indeed significantly reduced in both, but FFR remains a pressure ratio-based tool and the 

measured value is percentage rather than an absolute flow reduction. Therefore, the relative size 

and extent should be considered when trying to assess a global flow reduction and its effect on 

the myocardium. In my method, anatomical vessel specific score is given for each major artery and 

the FFR values are cumulatively added together relative to vessels distribution. The vessel 

weighted score method is adapted from the well described BARI-MJI angiographic definitions 

protocol (Alderman and Stadius, 1992).  



136 
 

3.4.5 Method validation  

To validate the reliability of FFRCUM values in matching different severity degrees, correlation of 

the numeric values were performed to ensure the consistency between my method and previous 

methods. First, FFRCUM and BARI-MJI showed significantly strong negative correlation at baseline 

and in post-PCI only cases (r=-0.73 and r=-0.61). This suggests that the higher the FFRCUM value, 

the less the myocardium is jeopardised. It could be argued that BARI-MJI scoring method was 

partially used to calculate my method and therefore, values are expected to correlate. 

Nevertheless, the BARI-MJI scores neglect diameter stenosis less than 50%, and this can be seen 

in the seven cases shown in (figure 3.11B) with a total BARI-MJI score of zero. In contrast, in my 

method, I only use the vessel weighted score not the stenosis score. The former is a score that is 

used to describe the size, length and branches of the artery, whilst the latter is for the myocardium 

beyond the lesion. Thus, FFRCUM adopts the vessel scoring method but not the calculation. Despite 

this major difference in calculation methods, the two indices were closely correlated. Second, 

functional methods (GLOBALFFR and 3VFFR) values were compared with FFRCUM. Moderate to strong 

and statistically significant correlations were observed with GLOBALFFR (r=0.57, p<0.01) and 3VFFR 

(r=0.71, p<0.01). Clearly, my values correlated better with 3VFFR and this can be attributed to the 

GLOBALFFR protocol of requiring any missing FFR that appear angiographically normal to be counted 

as 1.0 which might overestimate the FFR values when I compare it with virtually generated FFR. 

Another factor is that there were fewer variables included in the analysis, because the eligible 

cases were fewer in GLOBALFFR (n=25) compared to 3VFFR (n=33). Of note, as the 3VFFR method 

requires all vessels to be measured and does not propose an estimation method for missing values, 

I used vFFR to replace missing angiographically normal arteries or missing post-stent values. It is 

worth nothing that all methods seem to correlate better in higher values (less functionally 

diseased), and vary considerably around 0.75-0.85 in the FFRCUM scale (figure 3.11C and D). Most 

importantly, I validated the ability of my method to classify patients into risk groups. I used 

previously reported values from the GLOBALFFR and 3VFFR original work generated corresponding 

values using my data set to assess the agreement between the methods. The authors of the 

GLOBALFFR method used tertiles to divide the patients into three groups, indicating that higher 

values are associated with better outcomes at five years. I performed a similar analysis of my 
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dataset. ¦ǎƛƴƎ YŜƴŘŀƭƭΩǎ ŎƻŜŦŦƛŎƛŜƴǘ of concordance, the agreement was acceptable (W=0.74, 

p=0.06). It is clear from table 3.6 that the discordance was mainly observed in lower values, 

because almost half of GLOBALFFR values were considered in the low group compared to 20% in 

FFRCUM. Of course, ranges quoted in GLOBALFFR are more reliable due to the large population that 

was used (>2000 patients), yet I was able to demonstrate a close to statistical significance 

agreement and showed a significant SǇŜŀǊƳŀƴΩǎ ŎƻǊǊŜƭŀǘƛƻƴ όǊҐлΦррΣ ǇғлΦлмύΦ [ƛƪŜǿƛse, I used the 

original method to report risk group in 3VFFR method where values higher than or equal to the 

median had better outcomes. The agreement was acceptable and statistically significant (W=0.72, 

p<0.05), and the classes of risk were moderately correlated (r=0.46, p<0.01). There was more 

cases (n=33) in this comparison compared to the earlier (n=25). Based upon these findings, it can 

be concluded that FFRCUM can classify patients into risk groups at comparable rates to previously 

validated methods. 

 

3.4.6 Limitations  

First, this is an hypothesis-generating work with a modest sample size (n=33). These are 

preliminary findings, so the reported median and IQRs should be updated with a larger dataset. 

Second, this method neglects demographic characteristics and clinical risk predictors (i.e. 

hyperlipidaemia and diabetes). However, none of the other similar methods (BARI-MJI, GLOBALFFR 

and 3VFFR) were able to address this limitation either. Third, because of the time limitation, I was 

not able to perform quantifiable perfusion analysis to elaborate more on the diagnostic value of 

FFRCUM. This can be achieved with the already collected perfusion scans for some of the study 

participants. The acquired data can be used to generate quantitative perfusion maps following the 

16 segments AHA model and a percentage of reduced perfusion can be produced. Furthermore, 

by comparing these values with the already produced FFRcum, the first step to appropriately 

validate this scoring method could be established. This is a key area for future work if this method 

should be fully validated and potentially applied at larger dataset. Fourth, FFRCUM carries a level of 

subjective measures, particularly in the weighted score step, and training for BARI-MJI scoring 

protocol is essential, and inter-class variability should always be considered if this method to be 

used in research.  
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3.5 Conclusion  

Calculating FFRCUM before and after coronary revascularisation is feasible and carries important 

information about myocardium at risk and ischemic burden. This novel method might be useful in 

reclassifying risk stratification in middle or lower values compared to currently available methods 

of single FFR for multiple vessels. Further work is needed to validate this methodΩǎ ability to predict 

reduced myocardial perfusion. It may be useful in predicting a patient's response to treatment 

(see Chapters four and five)  
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4. Chapter four: Living with CCS 

4.1 Introduction 

Episodes of angina typically are triggered by exertion, and therefore people who suffer from 

angina perform fewer activities, or conduct them with caution. PCI has been shown to improve 

angina symptoms and physical activity as assessed by exercise time. The ACME trial, for example, 

reported a significant increase in exercise time (2.1 vs 0.5) minutes after PCI vs OMT alone (p<0.01) 

(Parisi et al., 1992).  It has been widely accepted by cardiologists that PCI results in considerable 

improvement in exercise time. However, the Objective Randomised Blinded Investigation with 

optimal medical Therapy of Angioplasty in stable angina (ORBITA) trial, which was the first truly 

blinded, placebo-controlled, randomised study of PCI (+OMT) vs OMT, reported otherwise (Al-

Lamee et al., 2018). The findings of ORBITA were that, despite successfully treated coronary 

stenoses, exercise time and angina did not improve significantly in comparison to placebo 

intervention combined with OMT.  

The ORBITA trial was the first to apply true blinding in patients undergoing PCI. Although blinding 

was shown to be effective and safe in invasive and surgical settings before (Bhatt et al., 2014). The 

PCI effect on mortality rates in CCS patients, with and without adjacent physiological tools has 

been heavily investigated in the past two decades, however, the true effect size of PCI, or simply 

the magnitude of the difference between the two compared arms, in exercise and angina was not 

tested before ORBITA. The trial has shown that placebo controlled studies on PCI are safe and 

feasible. However, it is also worth mentioning that the follow up time was relatively short (six 

weeks), but this might be attributed to the difficulty of blinding the patients for longer period if 

they had truly ischemic stenoses. The findings of ORBITA were indeed surprising, which resulted 

in conflicting responses to the trial outcomes. The belief that revascularisation results in significant 

improvement in both symptoms and exercise capacity arose from previous trials, and from the 

pathophysiological principles of CAD which states that coronary stenosis results in flow 

impairment, thereby, reducing blood supply to myocardium resulting in angina and physical 

limitations. However, the current guidelines are still in favour of treating patients with stable 

ischemic disease with PCI to improve angina if angiographically or physiologically indicated, 
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despite the outcomes of ORBITA. Moreover, angina relief is a principal outcome in the 

management of CCS, and achieving that with optimised medications for a long period or the rest 

of life might be challenging and impractical in real-life settings. In addition, it is still not clear 

whether these findings apply to MVD or not. The absence of a meaningful change in exercise test 

duration, as shown in ORBITA, inspired the design of this component of VIRTU-5, but in free-living 

conditions. In this chapter, physical activity is assessed through complementary methods, with the 

objective of evaluating the change in response to PCI, in a more systematic and personalised way 

than is common in everyday practice.  

Wearable devices have been available for 15 years, and are becoming used to objectively measure 

daily activities such as step count and time spent in different state of activities (sedentary, light 

and vigorous). However, activity monitoring has been mainly directed towards rehabilitation in 

CAD patients, particularly, evaluating home-based rehabilitation. However this technology has not 

been used for the assessment of activity after revascularisation in comparison to baseline (Reid et 

al., 2006; Houle et al., 2011; Frederix et al., 2015). Exercise testing, usually in the form of maximal 

exercising on a treadmill or bicycle, has long been employed both to diagnose ischaemia (McNeer 

et al., 1978; Belardinelli et al., 2003) and, to a lesser extent, assess the success or otherwise of 

revascularisation (Bengtson et al., 1990; Rosanio et al., 1998). The problem with these forms of 

assessment is their artificial nature compared with what the patient is used to in everyday life. In 

contrast, the , six-minute walk test, which is a 'submaximal' test, more relevant to the patient's 

experience, and which is well validated as a clinical tool to measure activity and functional 

capacity, was used in this work. It has been previously utilised in cardiovascular disease before and 

after intervention to assess the response (Gremeaux et al., 2011; Beatty., et al, 2012; Stewart et 

al., 2018).  

The aim of this chapter is to evaluate and assess physical activity in CCS patients before and after 

coronary revascularisation using contemporary methods, which are relevant to the patient's 

experience.  
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4.2 Methods 

4.2.1 Study population 

Patient screening and recruitment was described earlier (section 2.2.1). In brief, patients had a 

CCS and were on the waiting list for ICA with a view to PCI. They must have internet connection at 

home, a sufficient period of monitoring at baseline (>one month), and after LHC±PCI (>three 

months) in order to be included in this analysis. Patients who underwent CABG shortly after their 

LHC were excluded. It is important to note that the selection criteria for this study was based on 

the ability of the participants to be mobilised due to the nature of the study which requires physical 

activity monitoring. Thus, patients who had severe mobility limitations where excluded during the 

initial selection phase. Additionally, access to internet was preferable, however, this did not 

ƛƴŦƭǳŜƴŎŜ ǘƘŜ ǎŜƭŜŎǘƛƻƴ ŎǊƛǘŜǊƛŀ ŀǎ ǘƘƛǎ ƛƴŦƻǊƳŀǘƛƻƴ ƛǎ ŘƛŦŦƛŎǳƭǘ ǘƻ ōŜ ƻōǘŀƛƴŜŘ ōŜŦƻǊŜ ǇŀǊǘƛŎƛǇŀƴǘΩǎ 

contact or visit. However, only three participants did not have wi-fi access at home.  

 

4.2.2 Activity monitoring 

4.2.2.1Fitbitϰ Charge 4  

A commercially available Fitbitϰ Charge 4 wrist-worn fitness tracker (Healthy Metrics Research 

Inc. California, US) was used for this study to monitor physical activity in free-living conditions. The 

watch uses Fitbit Operating System (OS) and Fitbit cloud storage to transfer and export data. 

Activity and sleep data can be tracked and exported, as well as heart rate. All daytime activities 

including steps, distance and 'active zone' minutes can also be acquired on daily basis. The Charge 

4 contains several sensors, including accelerometers, a vibration motor sensor and an optical heart 

rate sensor. A micro-electromechanical system (MEMS) tri-axial accelerometer is used for motion 

tracking and specifically step counting. The mechanism of this built-in sensor is to translate 

mechanical movement into electrical signals to measure dynamic acceleration (Albarbar and Teay, 

2017). Photoplethysmography (PPG), a non-invasive and simple optical sensor, is used to detect 

HR.  PPG uses a photodetector and light source to measure volumetric changes in radial and ulnar 

arteries (Figure 4.1).  
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Figure 4.1 Basic explanation of HR detection technique in Fitbitϰ Charge 4 watch. 

A) Fitbit charge 4 watch and user screen, with a magnified PPG sensor device B) The principle of heart rate 
detection via PPG. 

 

4.2.2.2 Data collection 

The watch provides simultaneous data synchronisation to the Fitbit official website through a 

Bluetooth pairing with a network-connected smartphone. If a patient's mobile phone was 

outdated, a smartphone was supplied, to ensure data synchronisation. Each patient had a unique 

Fitbit account, and a unique password to ensure data safety and confidentiality. Strict measures 

of data anonymisation were taken, each participant had a unique code consisted from letters and 

numbers, with no identifiable or personal information on the account to ensure data protection 
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and safety as all data were uploaded directly to Fitbit website. Only the research team had access 

to account details. Raw activity data were exported periodically, either monthly or weekly, 

according to the number of participants being monitored at the same time.  

Data collection started one day after giving the patients their watches. Watches were given on the 

day of recruitment and were kept with the patient for up to six months after their LHC±PCI. The 

period from recruitment to procedure was considered the baseline activity period. This time 

depended upon the hospital waiting list (which was prolonged during the COVID pandemic of 

2020-22), aiming for at least one month of activity data before the procedure day. Once the 

procedure was done, both groups of patients (PCI and control) were asked to continue wearing 

the watches for up to six months. Patients were not asked or encouraged to do any extra activity. 

Instead, all notifications and reminders to undertake activity were disabled to avoid bias resulting 

from motivational notifications. The intensity classifications are defined and coded in the Fitbit 

device. These are based on the metabolic equivalent task (MET) calculations. The definition of 

each category is presented in table 4.1. The main exported data, measured per day, were the 

number of steps, 'fairly active' minutes and 'very active' minutes. The sum of the last two metrics 

was used to generate 'moderate to vigorous' physical activity minutes, which have previously been 

used to assess changes in intensity efforts associated with intervention. Daily heart rate data were 

only able to be viewed in the database as averaged data points, which were plotted graphically 

and used for analysis. 

Table 4.1 Definitions of activities intensity 

Intensity category Definition of threshold according to Fitbit system 

Sedentary  Activities registering <1 MET. 

Lightly active Activities registering between 1 to 3 METs. 

Fairly active Activities registering between 3 and 6 METSs. 

Very active Activities ǊŜƎƛǎǘŜǊƛƴƎ җ6 METs or greater than or equal to 145 steps 
per minute in at least 10-minute bouts. 

Moderate to vigorous 
physical activity 

Activities registering җо a9¢ǎ in at least 10-minute bouts (a 
combination of the fairly active and very active categories)   

These definitions are reproduced from (Semanik et al., 2020). Extracted with permission from John Wiley 
and Sons via copyright clearance (5476531089345) 
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4.2.2.3 Quality assurance and wearing time  

Patients were instructed how to recharge their watches by demonstration. Each watch was linked 

to the ǇŀǘƛŜƴǘΩǎ ǎƳŀǊǘǇƘƻƴŜ ƻǊ, if not available, a Samsung Galaxyϰ A10, which was given to the 

patient for the period of the study. Common troubleshooting methods were explained to patients, 

or the ǊŜǎŜŀǊŎƘ ŦŜƭƭƻǿ ǿƻǳƭŘ Ǿƛǎƛǘ ǘƘŜ ǇŀǘƛŜƴǘΩǎ ƘƻƳŜ ǘƻ ŦƛȄ ŀƴȅ ǘŜŎƘƴƛŎŀƭ ƛǎǎǳŜǎΦ ! 'valid day' was 

explained to the patient as one in which the watch was constantly worn while sleeping, while 

awake, or a cumulative wear time that exceeded 10 hours. Daily data were checked for quality 

assurance, the Fitbitϰ heart rate algorithm being the first option to check number of hours or gaps 

during the day. A valid day also required all exported daily metrics to be error-free and a day with 

any missing metric was excluded (figure 4.2).   

 

Figure 4.2 Flowchart demonstrating the method of Fitbits wear-time and data quality assurance. 
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4.2.3 Six-Minute Walk test (6MWT) 

4.2.3.1 Procedure protocol  

The test was performed according to the standardised protocol and guidelines of American 

Thoracic Society (Enright, 2003; Holland et al., 2014). The test was conducted in a quiet, flat, 

obstacle-free corridor at Sheffield Northern General Hospital. Before the test, study participants 

were instructed to rest for 15 minutes, during which baseline assessment, comprising oxygen 

saturation, heart rate, and blood pressure were measured. Test instructions were given to the 

participant as follows; to walk as far as possible, back and forth along a 20m course for 6 minutes. 

Participants were also instructed to walk around the cones at each end of the course, keeping 

them always towards their right. The research fellow demonstrated one lap. Participants were 

made aware that they could stop for rest if necessary, and continue to walk as soon as they felt 

able to. If no further walking could be done, the test was terminated, and the reasons recorded, 

along with the distance walked. To avoid influence on walking speed, patients walked 

unaccompanied and were asked not to talk unless there was a problem or a question. Participants 

were asked to inform the research team if they experienced chest pain or dizziness. A final 

reminder was given that the objective was to walk as far as possible and to avoid running or 

jogging. During the test, a standard encouragement was called out every minute, also giving an 

indication of the time remaining (i.e. 'Keep up the good work; you only have two minutes left'). If 

a participant stopped during the test, the stop watch was kept running and a chair was brought if 

needed. The research fellow advised the participant to resume walking if they felt better.  When 

the six minutes were over, participants were asked to stop and stay where they were. A trundle 

wheel was used to measure the distance walked in the last lap. The total distance walked, HR, BP 

were recorded while sitting on a chair. A resting period of 15 minutes following the completion of 

the test was provided. 

4.2.3.2 Safety during the walk test 

All walk tests were conducted in a clinical area under the supervision of two research fellows. A 

portable oxygen cylinder, a suitable face mask and cardiac arrest trolley were all located in the 

next ward. Any clinical concern regarding participant safety resulted in test termination.  
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4.2.3.3 Scoring 

The 6MWT walked distance (in meters) was reported for each test. This was performed at baseline 

and at follow up. Each participant performed the 6MWT twice at every visit, both walk distances 

were documented, and the second walk was reported for analysis. This practice was conducted to 

eliminate the training effect as was reported earlier (Wu., 2003). The absolute increase in walked 

distance was reported and the percentage of change was calculated. Additionally, the reported 

cut off value of 25m was used to differentiate minimal clinically important difference (MCID) for 

CAD patients (Gremeaux et al., 2011). Symptoms or clinical events were recorded as well.  

4.2.4 Change in physiology  

The change in three months physical activity was calculated as an averaged change of the three 

months following the procedure.  

Change in FFR was calculated as:  

If no intervention, a value of 0% was given 

If one vessel:   
Ў

 
ὼρππ   If two vessels:  

Ў

 
 

Ў

 ὼρππ 

Change in FFRCUM was calculated as:  
Ў

 
ὼρππ 

4.2.5 Statistical analysis  

Data were reported as means, standard deviations and percentages unless stated otherwise. 

Histograms were used to display frequency of variables and bar charts to demonstrate differences. 

Unpaired t tests were used to compare the metrics of the PCI and control groups, and paired t 

tests were used to compare the change in all measured metrics in individual patients after 

LHC±PCI. One-way ANOVA was used to assess statistical difference between control, single vessel 

and two vessel interventions tŜŀǊǎƻƴΩǎ ŎƻǊǊŜƭŀǘƛƻƴ ǿŀǎ ǳǎŜŘ ǘƻ ƛƴǾŜǎǘƛƎŀǘŜ ǘƘŜ relationship 

between disease severity and physical activity and trends in changes at follow up. GraphPad Prism 

(9.4.1) was used for statistical analysis.  
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4.3 Results 

4.3.1 Physical activity assessment in CCS patients using fitness tracker.  

tŀǘƛŜƴǘǎΩ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ  

Forty patients who were planned to undergo elective LHC±PCI were recruited in this study. Thirty-

two patients were included in this analysis.  Eight patients were excluded for the following reasons; 

two underwent CABG, three did not have Wi-Fi at home to set up the devices, and three did not 

have enough data after their procedure for useful analysis. All 32 patients underwent LHC, of 

which 21 had PCI in one (n=12) or two (n=9) vessels. The patients without revascularisation (n=11) 

comprised the 'control' group, because they received all the assessments, and an invasive 

procedure, including pressure wire measurements in all relevant vessels, but without stent 

implantation. tŀǘƛŜƴǘǎΩ characteristics are shown in table 4.2.  

Table 4.2 Baseline characteristics and procedural outcomes. 

Patient characteristics  N = 32 Percentage Mean (±SD) 

Age 65 (±8) 

 Male 24 75  

Female 8 25 

Smoking status  

 Current smokers 3 9 

Ex-smoker  20 63 

Non-smoker 9 28 

Risk factors  

 Hypertension  22 69 

Hyperlipidaemia  11 34 

Type 2 Diabetes 5 16 

Anti-anginal medications 

 Beta blockers 22 69  

Long acting nitrates 15 47 

Calcium channel blockers 15 47 

Ranolazine 3 9 

Procedural outcomes 

Underwent PCI  

 Yes (PCI group) 21 66  

No (Control group) 11 34 

Single vessel intervention 12 57 

Double vessel intervention 9 43 
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4.3.2 Assessment of physical activity in patients planned to undergo LHC±PCI 

The mean daily step count for the full cohort at baseline was 8190±4279 steps [range 3057 to 

20921 steps] and the mean daily minutes of moderately vigorous physical activity was 40±35 

minutes [range 3 to 145 ] (figure 4.3). Physical activity at the third month did not significantly differ 

from the baseline, with a mean daily step count of 8553±4275 [range 3329 to 22972 steps] and a 

mean daily minutes of MVPA of 44.69 [range 4.9 to 175 minutes]. The difference was not 

statistically significant when the two time points were compared, (p=0.33 and p=0.21) but they 

were closely correlated (r=0.88 and r=0.88) for step count and minutes of MVPA respectively. 

Additionally, anti-anginal medications remained the same for all except for one in the control 

group. Summary of the medications is shown in table 4.3 

 

Figure 4.3 Full cohort frequency distribution demonstrating physical activity metrics at baseline 

(A) Frequency of mean daily step count in increments of 1500 steps and (B) the mean minutes of MVPA 
are presented in increments of 10 minutes. 
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Table 4.3 Summary of anti-anginal medications before and after procedure 

  PCI Control 
 N=21 Percentage N=11 Percentage 

Anti-anginal medications      
Beta-blockers Pre 15 71% 7 64% 
 Post 15 71% 6 55% 
      
Long acting nitrates Pre 10 48% 5 45% 
 Post 10 48% 5 45% 
      
Calcium-channel blockers Pre 11 52% 4 36% 
 Post 11 52% 4 36% 
      
Ranolazine Pre 3 4% 0 0% 
 Post 3 4% 0 0% 

 

There was no significant difference in the mean daily step count at baseline between the PCI group 

(8699±4413) and the control group (7216±4030) (p=0.36). The difference remained statistically 

non-significant between the groups up to three months (p=0.27, p=0.25 and p=0.21) at first, 

second and third months, respectively. Monthly changes following the procedure were assessed 

in both groups. For the PCI group, the mean daily step count was less than what was measured in 

the three months averaged baseline by 204 steps (p=0.58) and the performed minutes of MVPA 

were less by 0.5 minutes (p=0.88) at the first month. However, in the second month, patients 

gained an extra 638 steps and 6 minutes of MVPA a day on average (p=0.13 and p=0.10) 

respectively. At three months, patients gained an extra 545 steps and 6.8 minutes of MVPA a day 

on average (p=0.30 and p=0.08) respectively. Similarly, the analysis was done for the control 

group.  After one month, daily step count was less by 321 steps and time spent in MVPA was 

reduced by 8 minutes (p=0.52 and p=0.23) respectively. After two months, patients walked extra 

279 steps a day in average and minutes of MVPA remained reduced compared to baseline by 4.5 

minutes (p=0.56 and p=0.38). At the third month, walked distance was similar to baseline, with an 

extra 16 steps, and the minutes of MVPA were reduced by 1.9 minutes (p=0.97 and p=0.77). 

Monthly differences are demonstrated in figure 4.4 for both groups, and a summary is shown in 

tables 4.4 and 4.5. Trends of daily steps and MVPA following the procedure are shown in figure 

4.5.  
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Figure 4.4 Physical activity metrics before and after LHC±PCI. 
In (A) mean values for daily step count for each group are placed at the same time point. Similarly, for (B) 

but in minutes of MVPA. Black bars represent the PCI group and white bars the control group. The red 
dotted line is a representation of the time of the procedure. 
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Table 4.4 Summary of daily step count for both groups up to three months before and after LHC±PCI 

Daily step count 
PCI (n=21) Control (n=11) 

p-value 
Mean ±SD Mean ±SD 

Pre procedure 
Three months 8012 ±3575 6094 ±2976 0.21 
Two months 8816 ±4451 6192 ±2607 0.13 
One month 8566 ±4858 5590 ±3087 0.07 
Post procedure 
One month 8399 ±4104 6879 ±3309 0.27 
Two months 9288 ±4561 7496 ±3495 0.25 
Three months 9245 ±4646 7233 ±2370 0.21 
Change in step count 
Change at first month 3 ±25% 1 ±29% 0.91 
Change at second month 12 ±27% 11 ±35% 0.90 
Change at third month 11 ±30% 8 ±29% 0.77 
Overall change after three months 9 ±23% 7 ±30% 0.83 

PCI=percutaneous coronary intervention 

Table 4.5 Summary of daily time spent in moderate to vigorous physical activity in both groups up to three 
months before and after LHC±PCI 

Minutes of MVPA 
PCI (n=21) Control (n=11) 

p-value 
Mean ±SD Mean ±SD 

Pre procedure 
Three months 42 ±30 22 ±24 0.12 
Two months 45 ±36 20 ±18 0.08 
One month 42 ±37 28 ±38 0.30 
Post procedure 
One month 46 ±35 24 ±20 0.08 
Two months 53 ±39 28 ±24 0.08 
Three months 54 ±40 29 ±21 0.11 
Change in minutes of MVPA 
Change at first month 4 ±31% 1 ±34% 0.81 
Change at second month 27 ±43% -4 ±33% 0.06 
Change at third month 28 ±42% 34 ±52% 0.72 
Overall change after three months 20 ±31% 10 ±33% 0.46 

PCI=percutaneous coronary intervention, MVPA= moderate to vigorous physical activity. 
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Figure 4.5 Trends in daily physical activity reported as monthly means prior and after the procedure 

The red dotted line illustrated the procedure (the starting and ending point for each phase). The PCI group 
trend is shown with black line and the control group with black dotted line. 
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4.3.3 Relationship between disease severity and physical activity 

Number of treated vessels: sub group analysis 

The mean daily step count for patients who underwent PCI to one vessel (n=12) was 8856±3673 

steps at baseline, 8315±3210 steps at one month, 9295±s3825 steps at two months and 

ууноҕоусо ǎǘŜǇǎ ŀǘ ǘƘǊŜŜ ƳƻƴǘƘǎΦ ¢ƘŜ ŘƛŦŦŜǊŜƴŎŜ ōŜǘǿŜŜƴ ŜŀŎƘ ƳƻƴǘƘΩǎ Řŀƛƭȅ ǎǘŜǇ Ŏƻǳƴǘ ŀŦǘŜǊ 

PCI and baseline did not significantly differ (p>0.05). The mean change in daily step after three 

months following the intervention was 2±20%. For patients who had stents in two vessels (n=9), 

the daily step count was 8491±5482 steps at baseline, 8734±5275 steps at one month, 9394±5646 

steps at two months and 9807±5729 steps at three months. The difference between the first two 

months and baseline was non-significant (p>0.05), the number of daily steps was significantly 

higher in the third month compared to the baseline (p=0.03) and the mean change was 17±24%.  

Same analysis was done for minutes of MVPA.  The mean daily performed minutes of MVPA for 

single-vessel PCI patients was 48±28 minutes at baseline, 49±24 minutes at one month, 57±30 

minutes at two months and 55±31 minutes at three months. There was no statistically significant 

difference between baseline and the other three months following the intervention. The mean 

change in minutes of MVPA after three months following the intervention was 21±29%. Daily 

minutes of MVPA for patients with two-vessels PCI was 44±46 minutes at baseline, 41±49 minutes 

at one month, 45±52 minutes at two months and 50±54 minutes at three months. Similarly, no 

significant difference in performed MVPA was observed. The mean change in minutes of MVPA 

after three months following the intervention was 18±35%. Comparison between baseline and 

following months for each metric and group are presented in figure 4.6. There was no significant 

difference observed in all studied PA metrics at baseline, three months and percentage of change 

between patients with single-vessel and two-vessel interventions (Table 4.6 and 4.7).  
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Table 4.6 Summary breakdown of daily step count subgroup analysis based on number of treated vessels. 

Daily step count 

Control 

N=11 

Single vessel PCI 

N=12 

Two vessel PCI 

N=9 p-value 

Mean ±SD Mean ±SD Mean ±SD 

Pre-procedure 

Three months 6094 ±2976 8987 ±3583 6721 ±3420 0.21 

Two months 6192 ±2607 8741 ±3218 8945 ±6357 0.33 

One month 5590 ±3087 8837 ±4211 8205 ±5860 0.20 

Post procedure 

One month 6879 ±3309 8315 ±3210 8734 ±5275 0.54 

Two months 7496 ±3495 9295 ±3825 9394 ±5646 0.52 

Three months 7233 ±2370 8823 ±3863 9807 ±5729 0.40 

Change in step count post procedure 

Change at first month 1 ±29% -4 ±18% 11 ±32% 0.44 

Change at second month 11 ±35% 8 ±25% 17 ±30% 0.77 

Change at third month 8 ±29% 3 ±28% 23 ±29% 0.28 

Overall change after three 

months 
7 ±30% 2 ±20% 17 ±24% 0.40 

 
Table 4.7 Summary breakdown of daily step count subgroup analysis based on number of treated vessels. 

Daily minutes of MVPA* 

Control 

N=11 

Single vessel PCI 

N=12 

Two vessel PCI 

N=9 p-value 

Mean ±SD Mean ±SD Mean ±SD 

Pre-procedure 

Three months 22.2 ±24 51.6 ±32 30.4 ±23 0.11 

Two months 19.7 ±18 43.6 ±27 46.8 ±51 0.11 

One month 28 ±38 46.5 ±30 36.2 ±47 0.48 

Post procedure 

One month 25 ±20 49.5 ±24 41.2 ±49 0.19 

Two months 28 ±24 57.5 ±30 45.6 ±53 0.17 

Three months 31 ±21 55.5 ±31 50.6 ±53 0.26 

Change in minutes of MVPA post procedure 

Change at first month 1 ±34% 9 ±31% -3 ±34% 0.69 

Change at second month -4 ±33% 29 ±43% 24 ±33% 0.16 

Change at third month 34 ±52% 24 ±42% 33 ±52% 0.13 

Overall change after three 

months 
10 ±31% 21 ±30% 18 ±34% 0.74 

MVPA= moderate to vigorous physical activity 
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Figure 4.6 Differences in physical activity in response to PCI based upon the number of treated vessels. 

In (A) the averaged three months prior to the procedure (baseline) daily step count are compared with 
each subsequent month in patients with single-vessel, two vessel intervention and control. Likewise in (B) 
but comparing minutes of MVPA with baseline. Each group is compared to the other groups at all time 
points in both (A) and (B) figures. All comparisons were statistically non-significant (p>0.05) except the 

labelled ones.* p<0.05. 
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Relationship between CAD severity and the change in physical activity: subgroup analyses 

1) Change in FFR and averaged change in physical activity up to three months  

Twenty-eight patients were included in this analysis, of whom 17 had PCI and 11 did not. The 

averaged change in FFR was compared to the average change of the three months period post 

procedure. For the control group (n=11) there was no change in FFR and therefore a value of Ψ0Ω 

was given. The ΨchangeΩ in FFR failed to show a meaningful relationship with the change in PA 

metrics. The correlation between daily step count and the change in FFR was weak (r=-0.10, 

p=0.58), and diminished for minutes of MVPA (r=-0.01, r=0.98). The same analysis was conducted 

for the PCI group only. The change in daily step count remained independent from the change in 

FFR, but there was better correlation (r=-0.28, p=0.27). Similarly, the relationship remained weak 

between the change in FFR and minutes of MVPA (r=0.13, p=0.62). Correlation plots are shown in 

figure 4.7. 

2) FFRcum and three months change in physical activity 

Twenty patients were included in this analysis, and one patient was excluded due to missing RCA 

views and therefore inability to calculate FFRcum. Moreover, pre-PCI FFRcum showed no correlation 

with daily step count (r=0.01, p=0.99) and weak correlation with time spent in MVPA (r=0.33, 

p=0.16) at baseline. This was not changed when post-PCI FFRcum values were compared with third 

ƳƻƴǘƘΩǎ ŦƛƴŘƛƴƎǎ όǊҐлΦ10, p=0.68) and (r=0.32, p=0.18) for step count and minutes of MVPA 

respectively. The change in FFRcum did not explain the change in other PA metrics suggesting weak 

correlations with the change in both daily step count (r=0.04, p=0.84) and minutes of MVPA (r=-

0.01, p=0.71). Correlation plots are shown in figure 4.8. 
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Figure 4.7 Relationship between the change in FFR and the change in physical activity. 

The overall change represented as averaged percentage of the change in the three months post LHC±PCI 
are plotted against the change in FFR in (A) daily step count and (B) minutes of MVPA for the full cohort. 
Similar analysis was done but only including PCI patients (C) daily step count and (D) minutes of MVPA. 
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Figure 4.8 Relationship between FFRCUM before or after PCI and associated change in physical activity. 

The overall change represented as percentage after three months are plotted against pre-PCI FFRCUM in (A) 
daily step count and (B) minutes of MVPA. Same values are then plotted against post-PCI FFRCUM in (C) 

daily step count and (D) minutes of MVPA. The change in FFRCUM after intervention is plotted against the 
overall change in (E) daily step count and (F) minutes of MVPA. 
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4.3.4 Six-minute walk test: assessment functional capacity and the change following 
elective PCI 
 
Out of the forty patients recruited for the study, 34 patients had at least one six-minute walk test,  

of which 26 had 6MWT before LHC±PCI and three months after. Two patients had baseline 

assessment only and six had three months assessment only. Only patients with complete 

assessment (before and after) were included in this analysis. Baseline characteristics for the 

included patients are as follows; 22 (81%) were male, 17 (63%) had hypertension, eight (30%) had 

hyperlipidaemia and three (11%) had 2DM. The mean walked distance at baseline for the full 

cohort (n=26) was 457±85 m [range 299 to 636], and 482±69 m [range 340 to 664] at three months 

(figure 4.9). The mean difference was 25±39 m and the overall change was 6±7%.  

 

Figure 4.9 Full cohort frequency distribution of six-minute walked distance for each patient  

Frequency of walked distance (in meters) are shown in (A) baseline and (B) after three months. 
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Effect of PCI upon functional capacity 

Nineteen patients underwent PCI in one or more vessel following their baseline 6MWT assessment 

(PCI group), and seven did not (control group). There was no statistical significant difference in the 

walked distance between both groups, 474±91 m and 411±59 m, p=0.10 for PCI and control 

respectively. The difference remained statistically non-significant at three-months between the 

PCI group (496±90m) and the control group (447±56m), p=0.19. When each group was analysed 

separately, a statistically significant increase in walked distance was observed (p<0.05) in both 

groups at three-month follow up figure 4.10. The mean change in walked distance for the PCI 

group was 5±9% and 9±7% for the control group. A mild, non-significant, negative correlation was 

observed between the walked distance and the percentage of change (r=-0.37, p=0.12) in the PCI 

group, and a mild, non-significant, negative correlation was observed in the control group (r=-0.52, 

p=0.23). A full cohort analysis suggested a statistically significant moderate negative correlation 

between distance walked and percentage of change (r=-0.43, p=0.03). Correlation plots are 

demonstrated in figure 4.11. Minimal clinically important difference after PCI was observed in 47% 

of the patients (9/19). No difference was observed when patients were stratified according to the 

number of treated vessels. 6MWD summary breakdown based on this stratification is shown in 

table 4.8. 

Table 4.8 Summary of the differences between single-vessel and double-vessel PCI 

 

 

Control 

N=7 

Single vessel PCI 

N=9 

Double vessel PCI 

N=10 
p-

value 
Mean ±SD Mean ±SD Mean ±SD 

Baseline walked distance 411 ±59 502 ±101 450 ±80 0.11 

Follow up walked distance 447 ±56 519 ±82 476 ±97 0.23 

Difference 35.3 ±26.5 17 ±41 26 ±48 0.67 

Percentage of change 9 ±7% 4 ±9% 6 ±10% 0.54 

 (n) % (n) % (n) % 

 Minimal clinical important 

difference 
4 57% 4 44% 5 56% 
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Figure 4.10 Comparison of the six-minute walked distance following LHC±PCI in PCI and control groups  

The histograms demonstrate the non-significant difference in the six-minute walk distance (meters) at 
baseline (p=0.10) and after three months (p=0.19) between the PCI and control groups. The change in 

response to LHC±PCI is shown in top two pairwise comparisons for the control (p=0.01) and PCI (p=0.05) 
groups.  
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Figure 4.11 Relationship between baseline six-minute walked distance and the change after PCI 

The change in walked distance after three months reported as percentage is plotted against the baseline 
walked distance for (A) full cohort (r=-0.43. p<0.05), (B) PCI group (r=-0.37, p=0.12), and (C) control 

group(r=-52, p=0.23). 
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Relationship between 6MWT and FFRcum 

The total number of patients who underwent PCI with complete 6MWT at baseline and at follow 

up in addition to FFRcum was 14 patients. The 6MWD at baseline was compared with pre-PCI FFRcum 

and showed a weak correlation (r=0.12, p=0.67). Similarly, the correlation was weak when 

investigated for follow up 6MWD and post-PCI FFRcum (r=0.14, p=0.62). Finally, no correlation was 

observed between the change in the walked distance and the change in FFRcum both calculated as 

percentage (r=-0.03, p=0.90). Correlation plots are shown in figure 4.12. 

 

Figure 4.12 Correlation plots demonstrating the relationship between FFRCUM and 6MWD 

Correlation between 6MWD (m) and FFRCUM at (A) baseline (r=0.12, p=0.67)  and at (B) follow up (r=0.14, 
p=0.62) and the percentage of change between the two values (r=-0.03, p=0.90). 
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Relationship between 6MWT and other PA metrics: a subgroup analysis 

Twenty three patients had complete dataset with 6MWT performed at baseline and after three 

months, in addition to three months PA monitoring. The 6MWD and daily step count at baseline 

was moderately correlated (r=0.67, p<0.01), and similarly with daily minutes of MVPA (r=0.48, 

p=0.02). At follow up, the correlation between 6MWD and daily step count did not change (r=0.67, 

p<0.01), but was higher than baseline for the minutes of MVPA (r=0.58, p<0.01). Correlation plots 

are shown in figure 4.13. 

 

Figure 4.13 The relationship between 6MWT and other daily PA metrics. 

(A) Correlation between 6MWD and daily step count at baseline (r=0.67, p<0.01), (B) 6MWD and minutes 
of MVPA at baseline (r=0.48, p=0.02), (C) 6MWD and daily step count at follow up (r=0.67, p<0.01), and 

(D) 6MWD and minutes of MVPA at follow up (r=0.58, p<0.01). 
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4.4 Discussion 

In this chapter, the physical activity and functional capacity of patients who were planned to 

undergo revascularisation were assessed before and after the procedure. In summary, the findings 

were as follows. First, the findings suggested no statistically significant difference in daily step 

count (8699 vs 7216), minutes of MVPA (47 vs 32) and six-minute walked distance (474m vs 411m) 

at baseline between patients who underwent PCI and those who did not. However, the PCI group 

had numerically higher values, albeit non-significant, in all measured components. Second, the 

difference in these metrics (step count; 9244 vs 7233, MVPA minutes; 54 vs 29, and walked 

distance; 496m vs 447m) remained statistically non-significantly different between the PCI and 

control groups up to three months after the procedure. Third, there was a significant increase in 

walked distance after procedure in PCI and control groups, but this was not observed in other daily 

physical activity metrics. Fourth, the change in wire-based FFR and FFRCUM were associated with 

weak and non-significant correlations with change in PA. Finally, patients who received stents in 

two vessels had higher overall change in daily step count (17% vs 2%) and performed slightly better 

in 6MWT at follow up (6% vs 4%) than one vessel intervention. Summary of the main findings is 

shown in figure 4.14. 
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Figure 4.14 Schematic summary of the findings from chapter four 

 

4.4.1 Physical activity monitoring in CCS patients 

To the best of my knowledge, this is the first study to evaluate and objectively measure daily 

activities with wearable technology following LHC±PCI for a prolonged period. In this work, 24 

patients were monitored for three months or more prior to their procedure but a maximum of 90 

days were included in the monitoring period (2.6±0.75 months). This provides both extensive, 

reliable and representative baseline information about the patientΩǎ ŀŎǘƛǾƛǘȅ ƭŜǾŜƭǎ. Baseline data 

should be treated carefully in these settings especially concerning analysis of the response to 
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intervention. Inadequate baseline data may result in an inaccurate or misrepresentative 

evaluation of the change if the baseline monitoring period were too brief. Moreover, following the 

procedure, despite including only three months, most patients were monitored for up to six 

months (6.6±1 months), which also highlights the feasibility of PA monitoring in CAD patients. 

Generally, patients were compliant with the instructions given and wore their Fitbitϰ for most of 

the time. A major issue was 'data hygiene', which is particularly necessary in this type of work. This 

term includes aspects such as checking wearing time and artefact free days. It was  time consuming 

to ensure data hygiene, but it ensured that only days with error free >10 hours of wearing time 

are included in the analysis as described in the quality assurance section. See figure 4.2 for more 

details. It is clear that using commercially available fitness tracker such as a Fitbitϰ for monitoring 

is feasible and an objective way of quantifying physical activity for prolonged periods. 

Furthermore, using activity tracker was well received by the patients, and some patients have 

stated that they will buy their own trackers once they end their participation in the study.  

 

Device selection 

In this study, I used the well validated fitness trackers (Fitbitϰ). The Fitbit trackers have been 

proven to be feasible for monitoring in multiple studies and in different conditions (Evenson et al., 

2015; Vetrovsky et al., 2020; St Fleur et al., 2021). One of the main reasons to elect this tracker 

was its battery life, which can last for one week with one charge only. This provides more reliable 

data collection due to the increased wear-time and also more convenience for the study 

participants. Another reason is its simplicity, the trackers are designed as wrist-band that only 

shows time unless the user intentionally reach for the advanced settings. Due to this simple design, 

these trackers are limited on the collecting and downloading vital signs time-series data (i.e. HR), 

but only allow a view of HR intervals over the course of 24 hours. In addition, it fails to measure 

blood pressure, or detect arrhythmias, although these might not be very relevant for this study.  
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4.4.2 Quantifiable differences between PCI and control groups 

 The mean daily step count was numerically higher in the PCI group compared to controls for the 

averaged period since recruitment until the procedure (8699 vs 7216 steps), but this 20% 

difference was not statistically significant. The PCI group mean daily step count lay beyond the 

suggested daily step count threshold (7500 steps) which is associated with reduced cardiovascular 

events (Houle et al., 2013; Lee et al., 2019). The difference remained non-significant at the end of 

the analysis period (9245 vs 7233 steps at three months) but the difference between the groups 

increased every month, starting from a difference of 1483 steps (p=0.36) at baseline to 2011 steps 

(p=0.21) after three months. See table 4.4 for more details. It may be therefore, that the different 

may have become significant with the passage of more time. Similar to the above, the difference 

in daily minutes of moderate to vigorous physical activities was not significant between groups 

either at baseline (47 vs 32 minutes) or after three months (54 vs 29 minutes). Nonetheless, the 

gap between the groups tended to increase over the months, from 15 minutes between the 

groups at baseline to 25 minutes at three months. Although the difference was not significant, a 

trend can be seen towards increased activity in the PCI group in both metrics. Furthermore, light 

activities such as walking might be less transformed by PCI, whereas patients may benefit more in 

high-intensity activities, hence the close to significance p-value in time spent in MVPA post PCI. 

Both groups achieved a similar 6MWD at baseline (p=0.10) and follow up (p=0.19) and no 

significant difference was observed between the groupsΩ functional capacities, although both 

groups achieved a greater distance, on average, at follow up (+22 vs +35m) for PCI and control 

group respectively. Therefore, whilst intervention may result in some improvement in functional 

capacity, this  may be non-significant (Chen et al., 2018; Stewart et al., 2018). In addition, the 

increase in walked distance in both groups may be explained by the 'learning effect' which has 

been observed in several disease states (Wu et al, 2003; Bellet et al, 2012). It can be argued that 

cardiac rehabilitation may have influenced the outcomes of physical activity analysis following the 

procedure, since it can be routinely prescribed following cardiac catheterisation procedures. 

However, cardiac rehabilitation is mainly performed following acute cases (STEMI and NSTEMI). 

Yet, it can be recommended either by the cardiologist or the general practitioner for chronic 

patients similar to the studied cohort in VIRTU-5. Though, due to COVID-19 pandemic, cardiac 
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rehabilitation appointment either took longer than the study involvement period or did not take 

a place at all. Therefore, it is safe to assume that the 6MWT and physical activity performance 

were not influenced post-procedure for this particular sample of patients.  

 

4.4.3 The change in physical activity following coronary revascularisation  

Until recently, it has been widely accepted that PCI results in  an improvement in physical activity 

levels in CCS patients, as assessed by exercise time or domains in questionnaires (Parisi et al., 1992; 

Weintraub et al., 2008). Conversely, daily monitoring of physical activity in this work failed to 

demonstrate any significant increase in activity levels up to three months following PCI, whether 

in daily step count or in time spent in high intensity activities. This is an interesting finding, despite 

invasive intervention and demonstrably improved (albeit hyperaemic) coronary blood supply to 

the myocardium. The absence of a meaningful change following PCI agrees with the ORBITA trial 

findings (Al-Lamee, et al., 2018). In ORBITA, participants were blinded to their procedure, and no 

difference was reported in either (treadmill) exercise time (p=0.20), nor Duke treadmill score 

(p=0.10) at six-week follow up. Despite the difference in the assessment tools between our study 

and ORBITA, a similar message is emerging. This was also observed in the control group, which 

maintained similar levels of activities despite the fact that those patients became aware that the 

narrowings in their arteries are not significant and were assessed with gold-standard technologies. 

It is worth highlighting that these findings address PA in particular, and are independent from 

angina symptoms. Thereby, the non-significant increase in PA does not particularly constitute 

failure to improve, because if similar activities can be achieved post-PCI without triggering an 

angina episode, then a main reason for undertaking the procedure has succeeded. Further analysis 

about the relationship between PROMs and PA will be discussed in the next chapter. Furthermore, 

angina medications did not change for the PCI and control groups except for one patient in the 

latter group. Therefore, these findings in this chapter can be regarded as independent from any 

medication changes and the PA results are not influenced by the change in anti-anginal 

medications. For the 6MWT, a significantly increase post procedure was observed in the PCI group 

(+5%, p=0.046) and control group (+9%, p=0.1), yet no meaningful difference in the walked 

distance between the groups was observed at baseline or at follow up (p>0.5). When patients 
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were stratified into three groups of control, one vessel and two vessel interventions, all groups 

walked similar distances (p>0.5) and had similar levels of change (+9% vs +4% vs +6%, p=0.54). The 

divergent findings in daily monitoring and 6MWT may possibly be explained by the effect of a 

'controlled environment' activity test (i.e. 6MWT rather than steps at home). Also, it might be the 

case that patients believe that they should perform better because they have had an intervention 

or are not at high risk if they were told they do not need an intervention. Blinding the patients to 

outcomes, as done in ORBITA, may have overcome this uncertainty. Another justification is the 

learning (training) effect as mentioned in the previous section, by the time the 6MWT was 

completed at follow up, a total of four tests were conducted which made patients more familiar 

with test allowing them to perform better. In previous work, it has been reported that even in 

healthy volunteers, significant levels of increased walked distance were reported between same 

visit 6MWT (p<0.001) and at baseline vs two-month follow up tests (p<0.05) (Wu., 2003).  

 

4.4.4 The relationship between disease severity and physical activity  

In this chapter, the number of treated vessel (control vs single vs double) was used as a method 

of stratifying the patients in addition to FFR, FFRCUM and the change in FFR. On the one hand, the 

physical activity in daily living did not differ significantly between the groups, whether in regards 

to daily extra steps after intervention, or in time spent in MVPA. However, it is perhaps worth 

noting that when compared with averaged three months pre procedure (baseline) the number of 

daily steps remained exactly the same three months post procedure in the control (7%) and one 

vessel (2%) groups whereas it increased by 1316 (23%) in the two vessel group (p=0.03). This was 

the only significant improvement in daily activity metrics in all of the analyses in this study. The 

single vessel group spent more time in minutes of MVPA compared to the control group (p<0.05) 

in each month post PCI, but this was not observed between one vs two vessel intervention nor in 

control vs two vessel intervention. Alternatively, the 6MWD did not significantly differ between 

the groups at baseline, or at follow up, with similarly minimal change (9% vs 4% vs 6%) for control, 

single and double vessel interventions, respectively. Although the difference in the walked 

distances between the groups was not significantly different at baseline (p=0.11) and at follow up 

(p=0.23), the single vessel group walked an extra 52m at baseline compared to the two vessel 
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group and an extra 91m compared to the control group. Both FFR and FFRCUM failed to explain any 

trends in the activity measures. Correlations were weak or diminished except for the change in 

FFR for the PCI group and the change in daily step count. Although the finding was not statistically 

significant, a trend towards larger changes in daily step count in association with small changes in 

FFR (r=-0.28, p=0.27) was observed. However, conclusion cannot be drawn, yet it might be an 

interesting area to explore. Perhaps an FFR of > or <0.80, as one might expect (being a hyperaemic 

measurement), has more relevance to maximal effort, such as that seen on a treadmill, than to 

daily living, such as the number of steps undertaken or a distance walked (rather than run). In a 

society in which maximum exercise is a rarity, perhaps the interventionist's concept of the 

physiological threshold does not accord with real life. This hypothesis may accord with ORBITA, in 

which the results of exercise testing did not show increase in time as a response to PCI more than 

the placebo procedure.   

 

4.4.5 Limitations 

The main limitation of this study is that the targeted population was of limited size. This is 

particularly important because the magnitude of the parameters measured varied greatly 

between individuals. For example, two patients of a similar age, who both needed stents in two 

vessels, had a baseline daily step count of 6079 and 20921 steps a day, respectively. It is also 

possible that the group were in some way unrepresentative of the group of patients with CCS as a 

whole. As in the ORBITA study, it could also be possible that the frequency and quality of 

physicianly input by the research fellow to both groups, and throughout, may have eroded any 

measurable differences either between groups, or over time. Additionally, the selection criteria 

ǿŀǎ ǊŜǎǘǊƛŎǘŜŘ ƛƴ ǇǊƛƴŎƛǇƭŜ ŘǳŜ ǘƻ ǘƘŜ ƴŜŜŘ ƻŦ ǇŀǊǘƛŎƛǇŀƴǘǎΩ Ƴƻōƛƭƛǘȅ ƛƴ ƻǊŘŜǊ ǘƻ ŀǎǎŜǎǎ ŎƘŀƴƎŜǎ ƛƴ 

daily physical activity. However, this could be understandable as the total recruited patients for 

the study was modest. Yet, a more generalised study including participants with mobility aids may 

be needed to understand the change in all types of CCS patients. Another weakness was that the 

control group were not truly 'blinded' to their procedure. Although they underwent a procedure 

which was 90% similar to the PCI patients (premedication, the same catheterisation laboratory, 

arterial catheter insertion, angiography, pressure wire insertion, adenosine administration, 
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aftercare), they were aware whether or not they had received a stent. However, if this had been 

an important influence, one would have expected the PCI group (or perhaps both groups) to show 

evidence of post-procedural improvement, which they did not. As regards general applicability of 

the methods, some older patients do not have an internet connection at home, and these could 

not be included, which may have biased the sample. Furthermore, some participants were not 

familiar with the technology used. This problem, however, was solved by multiple visits for 

troubleshooting, which is clearly not practical for large scale studies. Additionally, some 6MWTs 

were cancelled due to restrictions during the COVID-19 pandemic, which coincided with this work.  

4.5 Conclusion 

Daily physical activity for patients who suffer from CCS with flow-limiting disease, according to the 

standard definition of FFR<0.80, does not appear to significantly improve after receiving one or 

more stents. This was also observed in patients who underwent for LHC without PCI. Moreover, 

no difference was observed when both groups were compared in terms of change over three 

months. Additionally, disease severity does not seem to have an explanatory role in understanding 

the levels of change after treatment. Finally, only a subgroup of patients who had stents in two 

vessels showed significant and gradual improvement towards the third month. Further analysis to 

explore the relationship between physical activity, angina and quality of life after intervention will 

be conducted in chapter five.  
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5. Chapter five: Patient reported outcomes measures (PROMs) in CCS 

patients  

5.1 Introduction 

CCS is associated with MACE rates which are substantially lower compared with ACS. In a meta-

analysis that included 5457 patients, it was shown that CCS patients have lower rates of all-cause 

mortality, recurrent MI and revascularisation after deferral compared with ACS patients, on the 

basis of an FFR-guided revascularisation strategy (Liou et al., 2019). Therefore one of the main 

reasons to undertake PCI in CCS patients is to relieve angina symptoms and, subsequently, improve 

quality of life, rather than prevent adverse events. Different measures are being used to assess 

symptoms, quality of life and health state in general, and these can be either patient reported (e.g. 

the Seattle Angina Questionnaire) or physician reported (e.g. Canadian Cardiovascular Society 

classification system for angina).  

In this work, three patient reported outcomes measures (PROMs) were used, namely EuroQoL 

(EQ-5D), Short-Form-12 (SF-12) and Seattle Angina Questionnaire (SAQ). The EQ-5D is one of the 

most used health status instruments in research, and has been translated into more than 170 

languages. It consists of five dimensions that all together can be scored and health status can be 

identified. These domains are mobility, self-care, usual activity, pain and discomfort, and anxiety 

and depression. The main objective that EQ5D was been built to fulfil was to value and describe 

the health-related quality of life by developing a generic measurement (Devlin and Brooks, 2017). 

The SF-36 was first introduced in the early 1990s to be used in clinical practice, general population 

surveys and research (Brazier et al., 1992). However, a shorter version was later developed 

consisting of 12 questions with an objective of reproducing similar outcomes of the 36 questions 

instrument, with less questions, and therefore shorter completion time. Two specific summaries 

can be produced by completing these questions, which are physical component summary (PCS) 

score and mental component summary (MCS) score (Ware, Kosinski and Keller, 1996). The post 

infarction care study reported a strong correlation between the SF-12 and SF-36 in CAD patients, 

(r=0.96, p<0.001) for both PCS and MCS, and was responsive to change (Müller-Nordhorn, Roll 

and Willich, 2004). The SAQ is considered the most commonly used questionnaire in cardiology 
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research. A unique and important characteristic of this PROM is its disease specificity for CAD. 

Moreover, SAQ is a self-administered instrument that consists of 19 questions to quantify relevant 

domains to chest pain chest tightness and shortness of breath. SAQ domains include physical 

limitation, angina frequency, angina stability, treatment satisfaction and quality of life, all in 

relation to angina. This instrument can quantify relevant treatment objectives in CAD which makes 

it an appropriate endpoint for clinical investigations. The earliest study showed correlation 

ōŜǘǿŜŜƴ ǘƘŜ ŦƛǾŜ ŘƛƳŜƴǎƛƻƴǎ ŀƴŘ ǘƘŜ ǇŀǘƛŜƴǘΩǎ ŦǳƴŎǘƛƻƴΣ ŀƴŘ ƛǘ ǿŀǎ ǎŜƴǎƛǘƛǾŜ ǘƻ ōƻǘƘ ŘǊŀƳŀǘƛŎ ŀƴŘ 

subtle clinical changes as seen in angioplasty and outpatients, respectively (Spertus et al., 1995). 

Furthermore, a UK version of SAQ was introduced, and tested among different GPs in North East 

England to assess validity, reliability and responsiveness. Both EQ-5D and SF-12 were used to 

validate SAQ, and the findings suggested moderated to strong correlation in all domains (Garratt, 

Hutchinson and Russell, 2001).  

All three questionnaires have been used in landmark CCS trials. For instance, the FAME-2 trial used 

EQ-5D and demonstrated a significant improvement in quality of life in the FFR-guided PCI group 

compared with standard care. The RITA-2 trial used SF-36, and showed a higher PCS score 

improvement in the PCI group compared with the medical therapy group. Other trials have used 

both generic and disease specific metrics. The COURAGE trial is an example in which both SF-36 

and SAQ were utilised. Similar to the previous trials, greater improvement in both symptoms and 

physical limitation were reported in the PCI group compared with the medical therapy group. The 

ORBITA trial, which was of a different design (double blinded, as well as randomised and placebo-

controlled), used SAQ and EQ-5D, and was the first to assess the placebo-effect of a procedure 

(PCI or sham). ORBITA, however, did not report an improvement in the PCI group compared with 

the placebo group (Al-Lamee et al., 2018). Although freedom from angina was more common in 

the PCI group compared to the placebo group (one in five at follow up), other domains in SAQ and 

EQ-5D were not significantly different between the groups with respect to the change from pre-

randomisation to six weeks after the procedure (p>0.05). The lessons learned from ORBITA are 

important for the interventional cardiology community. The first is that improvement in response 

to PCI is not as great as expected; and in fact it was not statistically significantly different between 

the PCI and placebo groups, despite the reported improvement in coronary physiology metrics. 
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The second was the re-evaluation of our understanding about the relief of angina symptoms, 

because angina appears to be more complex than simple relief of physical symptoms. In this 

chapter, I aim to investigate the change in generic and disease specific PROMs in response to PCI 

and to evaluate health state and angina symptoms with disease severity in CCS patients.  

 

5.2 Methods 

5.2.1 Study population 

Patient screening and recruitment was described earlier (see section 2.2.1). In brief, patients had 

a CCS and were on the waiting list for coronary angiography with a view to PCI. Patients who had 

CABG were excluded, as did those who did not complete all questionnaires.  

 

5.2.1 Patient reported outcome measures (PROMS) 

Each patient completed a combination of generic and disease specific questionnaires during a 

home visit intended for recruitment (baseline). After three months of having their procedure, 

repeat questionnaires were completed during a hospital visit to the first follow up. Patients were 

also invited for another visit six months post-procedure to complete a second follow up and end 

study participation. However, only the first follow up questionnaires were used in this analysis due 

to time limitation. Furthermore, the second follow up questionnaires will be used in future analysis 

looking at longer-term (six months) changes following LHC±PCI. At each time point, the EuroQoLϰ 

(EQ-5D-5L) and the Optumϰ (Medical Outcomes Short Form SF-12v2®) generic health 

questionnaires were completed. Additionally, the Seattle Angina Questionnaire (SAQ) [United 

Kingdom version], provided by CV Outcomes Instruments, LLC was completed to measure disease-

specific patient reported outcomes. All three questionnaires address quality of life, physical 

limitation and mental health based upon different perspectives and scoring methods. Each domain 

utilised the recommended scoring method provided by EuroQoL, Optum and Outcomes 

Instruments. Licences were obtained specifically for this study (Appendix 3).  
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5.2.2 Measurement of general health status 

EQ-5D 

Patients were asked to report their general quality of life by describing their health on the specific 

day of completing the questionnaire, in five domains (mobility, usual-activity, self-care, pain or 

discomfort and anxiety or depression) and five levels of severity (no problems, slight, moderate, 

severe and unable or extreme). An additional visual analogue scale (VAS) was also provided as a 

ƴǳƳŜǊƛŎŀƭ ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ ƻŦ ǇŀǘƛŜƴǘΩǎ ƻǿƴ ǾƛŜǿΦ ¢ƘŜ ǎŎŀƭŜ ǊŀƴƎŜǎ ŦǊƻƳ л labelled 'the worst health 

you can imagine' to 100 labelled 'the best health you can imagine' (See Appendix 3.A).  

 

Scoring EQ-5D 

Two main scores were generated from EQ-5D. The first was the VAS score which constitutes the 

patientsΩ general view of how they feel. The second was the England index value which was 

generated based upon patientsΩ response to each domain (Devlin et al., 2018). The scoring method 

is based upon a 20-parameter model which weighs each answer to each dimension differently. 

The maximum achievable value is 1.0 and the minimum is -0.285 depending upon status profiles 

that were built based on responses. The model described by Devlin et al weighs the pain as the 

highest influencing factor on the index value followed by the mental state. Set values for each 

response is shown in table 5.1   

Table 5.1 EQ-5D England index value model of domains and responses 

 No problems Slight Moderate Severe Unable 

Mobility 0 0.058 0.076 0.207 0.274 

Self-care 0 0.050 0.080 0.164 0.203 

Usual activity 0 0.050 0.063 0.162 0.184 

Pain and discomfort 0 0.063 0.084 0.276 0.335 

Anxiety and depression 0 0.078 0.104 0.285 0.289 
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SF-12 

Patients were asked to report their views on health based upon their current status and the last 

four weeks in general. The short-form, 12 items, instrument was used to measure functional status 

in terms of physical and mental components. A set of 12 questions distributed among eight health 

domains targeting physical abilities and expectations, pain, vitality, social functioning, emotions, 

mental and general health (See Appendix 3.B). By answering these question a calculation of 

physical and mental summary scores can be completed.  

 

SF-12 Scoring 

Patient responses were entered into dedicated software (PRO CoRE 2.0 Smart Measurement® 

System), SF-12v2® Health Survey. Physical component summary score (PCS) and mental 

component summary score (MCS) are generated based on the responses. Higher scores indicate 

better health status.  

 

5.2.3 Measurement of disease specific health status  

SAQ 

Participants were asked to complete a disease-specific questionnaire. The questionnaire consists 

of 19 questions, aiming to quantify physical limitation, angina status and quality of life. All the 

questions are designed to be directly related to angina in the form of chest pain, chest tightness 

and shortness of breath during the last four weeks (See Appendix 3.C). A UK version was licenced 

and used for this study (Garratt, Hutchinson and Russell, 2001). Outcomes Instruments, LLC, 

supplied the scoring instructions.  

SAQ Scoring 

Each domain was scored according to the official Outcomes Instruments, LLC scoring instructions. 

A principal equation was used for all domains, the main difference being the number of possible 

responses. Each domain is scored separately, on a scale of 0-100, where higher scores indicate 

better health status. 
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For domains with five possible answers, the following equation was used: 

ὈέάὥὭὲ ίόάάὥὶώ ίὧέὶὩρππ ὼ 
ὓὩὥὲ ὶὩίὴέὲίὩρ

τ
 

For domains with six possible answers, the following equation was used: 

ὈέάὥὭὲ ίόάάὥὶώ ίὧέὶὩρππ ὼ 
ὓὩὥὲ ὶὩίὴέὲίὩρ

υ
 

 

5.2.4 Change in physiology  

Change in FFR was calculated as:  

If no intervention, a value of 0% was given 

If one vessel:   
Ў

 
ὼρππ 

If two vessels:  
Ў

 
 

Ў

 ὼρππ 

Change in FFRCUM was calculated as: 

A 
Ў

 
ὼρππ 

 

5.2.4 Statistical analysis 

Data were reported as means, standard deviations and percentages unless stated otherwise. 

Histograms were used to display frequency of variables and bar charts to demonstrate differences. 

Unpaired t tests were used to compare the summary scores of the PCI and control groups, and 

paired t tests were used to compare the change in each domain summary score in individual 

patients after LHC±PCI. One-way ANOVA was used to assess statistical difference between control, 

single vessel and two vessel interventions. tŜŀǊǎƻƴΩǎ ŎƻǊǊŜƭŀǘƛƻƴ ǿŀǎ ǳǎŜŘ ǘƻ ƛƴǾŜǎǘƛƎŀǘŜ ǘƘŜ 

relationship between disease severity and PROMs, and the relationship between the change in 

reported physical limitation and measured physical activity. GraphPad Prism (9.4.1) was used for 

statistical analysis.  
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5.3 Results 

5.3.1 Patient characteristics  

Forty patients who were planned to undergo elective LHC±PCI were recruited in this study and all 

completed baseline questionnaires at baseline. Six patients did not have three months follow up 

questionnaires for the following reasons; two underwent CABG, three were unable to meet for 

follow up assessment and one patient did not undergo LHC±PCI at the time of the analysis. All 

remaining 34 patients underwent LHC, of which 23 had PCI in one (n=13) or two (n=10) vessels. 

The patients without revascularisation (n=11) comprised the 'control' group, because they 

received all the assessments, and an invasive procedure, including pressure wire measurements 

in all relevant vessels, but without stent implantation. tŀǘƛŜƴǘǎΩ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ŀǊŜ ǎƘƻǿƴ ƛƴ ǘŀōƭŜ 

5.2. 

Table 5.2 Baseline characteristics 

Patient characteristics 34 Percentage 
Mean 
(±SD) 

Age 65 (±8) 

  
Male 28 82% 

  

Female 6 18% 

Smoking status   

  

Current smoker 3 9% 

Ex-smoker 20 62% 

Non-smoker 10 29% 

Risk factors   

  

Hypertension 22 64% 

Hyperlipidaemia 11 32% 

Type 2 Diabetes 4 12% 

Procedural outcomes 

Underwent PCI*   

  
Yes (PCI group) 23 68% 

 
No (Control 
group) 

11 32% 

Single vessel intervention 13 57% 

Double vessel intervention 10 43% 

PCI= percutaneous coronary intervention 
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5.3.2 PROMS for patients undergoing LHC±PCI 

Three questionnaires were assessed separately for the full cohort. Starting with general health 

questionnaires, the mean EQ-5D UK index value was 0.77±0.18 [range 0.07 to 1.0] and the EQ-VAS 

was 72±14 [range 40 to 100] both at baseline. After three months, these values increased to 

0.83±0.17 (+9%, p=0.10) and 75±20 (+3%, p=0.49) for EQ-5D UK index value and EQ-VAS, 

respectively (Figure 5.1). Similarly, this was done for the SF-12, in which the physical component 

increased minimally following the procedure (42.3±10 vs 44.3±12, 5%, p=0.03), but no difference 

was observed in the mental component (49.3±10 vs 50.3±9, +2%, p=0.51) (Figure 5.2). With 

regards to angina, SAQ scores for the full cohort were as follows; physical limitation domain (67±21 

vs 78±19, +16%, p<0.001), QoL domain (41±25 vs 70±23, +70%, p<0.0001) and angina frequency 

domain (64±25 vs 89±15, +40%, p<0.0001) (Figure 5.3). The number of patients who reported to 

be angina free was two (6%) at baseline and 19 (56%) at follow up. 

 

Figure 5.1 Full cohort frequency distribution demonstrating EQ-5D scores at baseline and at three-month follow up 

PCI (Black) and Control (White) ƎǊƻǳǇǎΩ summary scores using VAS tool are shown at baseline (A) and at 
follow up (B). Likewise but using EQ-5D UK index value at baseline (C) and at follow up (D) 
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Figure 5.2 Full cohort frequency distribution demonstrating SF-12 summary scores at baseline and at three-month 
follow up 

t/L ό.ƭŀŎƪύ ŀƴŘ /ƻƴǘǊƻƭ ό²ƘƛǘŜύ ƎǊƻǳǇǎΩ Ǉhysical component summary score at baseline (A) and at follow 
up (B). Mental component is demonstrated in (C) at baseline and in (D) at follow up.  
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Figure 5.3 Full cohort frequency distribution demonstrating SAQ three domains summary scores at baseline and at 
three-month follow up 

Frequency of physical limitation scores are shown in (A) at baseline and (B) at follow up. In the second row, 
quality of life scores are stacked at baseline (C) and at follow up (D), and finally, angina frequency is shown 

at baseline (E) and at follow up (F). Black bars represents PCI group and white bars represent control 
group.  

  












































































































































