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ABSTRACT  

Background 

Acute coronary syndromes (ACS) are one of the leading causes of hospitalization and death.  

Patients with non-ST elevation ACS (NSTE-ACS) undergo coronary angiography (CAG). 

However, identifying the lesions which are physiologically significant is difficult based upon 

CAG alone. Fractional flow reserve (FFR) measured with a pressure wire is used in a few and 

produces a 25% change in management compared with visual assessment. Virtual (computed) 

FFR (vFFR), which uses a 3D model of the coronary arteries constructed from the invasive 

angiogram, and application of the physical laws of fluid flow, has the potential to be used more 

widely. Its practicability and impact in the acute setting need to be tested. 

 
Hypothesis  

vFFR leads to a change in planned treatment in >10% cases compared with angiographic 

assessment. 

 
Methods 

This was a prospective, observational study of patients with NSTE-ACS undergoing coronary 

angiography. Clinical data, demographics, CAG result and the initial management (medical 

therapy, PCI, coronary artery bypass grafting (CABG) or multidisciplinary team (MDT)) were 

recorded. The vFFRs were calculated and the cardiologist was asked for any change in 

decision. Study meetings were also convened, and their decisions recorded. The primary 

endpoint was the number of patients in whom management changes.  

 
Results 

Two hundred and ninety-four patients were screened, 208 were recruited and 335 vessels were 

processed. vFFR resulted in an hypothetical change of management in 22% [95% CI: 15% to 

25%, p <0.001] and increased the confidence level of the decisions in 126/208 (61%) cases and 

reduced it in 12/208 (6%). At six months, 6/208 (3%) of patients experienced a MACE; one 

death, two MIs, two unplanned revascularisations and one bleed.  

 
Conclusion 

vFFR is feasible and leads to an hypothetical change in management in 22% of cases. It may 

have the potential impact to augment simple, angiography-based decision making in ACS.  
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disease 

MRI      Magnetic resonance imaging  

MVD      Multivessel disease  

NCEPOD   National confidential enquiry into peri-operative deaths 

NHS     National Health Service  

NICE     National Institute for Health and Care Excellence  

NPV      Negative predictive value 

NSTE-ACS     Non-ST elevation acute coronary syndrome  

NSTEMI     Non-ST elevation myocardial infarction  

NYHA    New York Heart Association  

OASIS-5  Fifth organization to assess strategies in acute ischaemic 

syndromes (study) 

OCT    Optical coherence tomography 

OM    Obtuse marginal artery  

OMT    Optimised medical therapy 

PA    Posterior-anterior  

PCC    Pearson correlation coefficient 

PE    Pulmonary embolism  
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PCI      Percutaneous coronary intervention  

PDA    Posterior descending artery  

PLV    Posterior left ventricular branch artery  

PPP    Positive predicted value  

PVD    Peripheral vascular disease 

RAO    Right anterior oblique  

RCA    Right coronary artery 

RCT      Randomised control trial  

RFR    Resting full cycle ratio  

RIPCORD Does routine pressure wire assessment influence management 

strategy at coronary angiography diagnosis of chest pain? 

(study)  

RWMA     Regional wall motion abnormality  

SCAD    Spontaneous coronary artery dissection 

SPECT    Single photon emission computed tomography   

STEMI     ST elevation myocardial infarction  

SMCs      Smooth muscle cells 

SYNTAX The Synergy between PCI with Taxus™ (stents) and Cardiac 

Surgery (study) 

TIA Transient ischaemic attack  

TIMI    Thrombolysis in myocardial infarction 

TXA2     Thromboxane A2  

UA     Unstable angina  

UFH      Unfractionated heparin  

VFAI     Virtual functional assessment index  

vFFR     Virtual fractional flow reserve  

QALY    Quality adjusted life year 

QCA    Quantitative coronary angiography  

QFR      Quantitative flow ratio   



20 
 

1. Background 
 

1.1. Coronary artery disease (CAD) 
 
Cardiovascular disease (CVD) is the leading cause of death worldwide. In 2019, approximately 

17.9 million people died from CVD alone, with 85% of the cases being myocardial infarction 

(MI) and stroke (1). MI is caused by coronary artery disease (CAD) due to underlying 

atherosclerosis. Atherosclerosis is an inflammatory process which begins as fatty streaks in 

early life, progressing to fibrous plaques at 15-30 years (2). Following a cascade of pathologies, 

it leads to the formation of plaques that comprise cholesterol, smooth muscle cells, intercellular 

matrix, calcium salts and substances found in blood. Plaques can harden and gradually narrow 

the arteries, resulting in reduction in blood flow to the organs such as the heart (3). They can 

also become unstable and heal (see below). 

 
1.1.1 Pathophysiology 

Atherosclerosis is a result of complex pathological changes which involve endothelial 

dysfunction, inflammation and thrombosis (4). Following an endothelial cell injury, monocyte 

cells become activated and form adhesion molecules which later migrate into the arterial 

intima. Lipids, such as low-density lipoprotein (LDL), bind to endothelial cells and become 

oxidised. Macrophages which matured from monocytes then transform the oxidised LDL into 

foam cells which express the pro-coagulant molecule tissue factor. Inflammatory responses are 

amplified by T helper cells which leads to the death of smooth muscle cells (SMCs) and foam 

cells. Macrophages continue to promote the recruitment of SMCs by using pro-inflammatory 

cytokines. SMCs replicate and enhance the dense extracellular matrix which results in a lesion 

formed by subendothelial plaque consisting of lipid core covered by SMCs and connective 

tissue fibres (5). Plaque distorts the layers in an artery and altered shear and hydrostatic force 

may lead to instability, with intramural haemorrhage, erosion and rupture. The content of the 

ruptured plaques can become exposed to circulating blood resulting in thrombosis, which can 

occlude arteries, or embolise (6). This phenomenon underlies acute coronary syndrome (ACS). 

In ST-elevation myocardial infarction (STEMI), atherothrombosis usually causes a total 

occlusion of the artery, whereas in non-ST-elevation ACS (NSTE-ACS), the artery is only 

partially occluded.   
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Figure 1 – Endothelial injury triggers monocyte adhesion. Monocytes migrate and differentiate into macrophages. 
Endothelium becomes loose and permits LDL to enter the intima. Macrophages engulf the LDL and form “foam 
cells” which subsequently becomes a collection of fatty streaks. T-cells in the intima secrete cytokines and 
encourage smooth muscle cells (SMC)s to migrate and proliferate with the help of growth factors. (Illustration 
from https://sphweb.bumc.bu.edu/otlt/MPHmodules/PH/PH709_Heart/PH709_Heart3.html).  

 

 
 

Figure 2 - Cross-section image of an artery. Progressive accumulation of lipid and SMCs in the intima raises the 
endothelium and become an atherosclerotic plaque which invaded into the lumen of the artery. (Illustration 
adapted from https://sphweb.bumc.bu.edu/otlt/mph-modules/ph/ph709_heart/ph709_heart3.html) 

 

 

 

Atherosclerotic 
plaque  

Lumen  
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Figure 3 - Formation of thrombosis and ruptured plaque leading to an acute myocardial infarction. (Illustration 
from Libby, Peter. Nature; London. Vol 420 Iss 6917 (Dec 19-Dec 26, 2002): 868-74). 
 

1.2.  Acute coronary syndromes (ACS) 
 

1.3.1 Epidemiology  
 
ACS is one of the leading causes of hospitalization and death in the UK and around the world 

(7). In 2014-15, the UK national registry recorded 83,842 admissions of acute myocardial 

infarction (MI) to NHS hospitals in England, Wales and Northern Ireland (8). Of these, STEMI 

comprises 40.5% and Non-ST-Elevation MI (NSTEMI) 59.5% with the annual incidence for 

the latter being 3 per 1,000 (9). There is a higher rate of ACS in men than in women below the 

age of 60 years although, after the age of 75, women represent the majority of patients (10).  

 
1.3.2 Definition  

 
ACS is divided into three main categories; STEMI, NSTEMI, and unstable angina (UA) (11). 

The term NSTE-ACS is used to include the latter two.  Acute MI is defined as evidence of 

myocardial injury or cardiac cell necrosis alongside acute myocardial ischaemia in the presence 

of an elevated cardiac troponin in serum plasma. Both STEMI and NSTEMI have some level 

of cardiomyocyte necrosis which lead to the leak of troponin, a cardiac biomarker measured to 

diagnose ACS. The universal definition of myocardial infarction defines acute MI as a 

detection of raised troponin with at least one of the following (12):  
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1. Ischaemic symptoms e.g., chest pain;  

2. New ST-T wave changes or left bundle branch block (LBBB) on a 12 lead ECG; 

3. Pathological Q waves on electrocardiogram (ECG);  

4. Imaging e.g., echocardiogram (ECHO) demonstrating new or presumed new loss of 

viable myocardium or regional wall motion abnormality (RWMA); 

5. Intracoronary thrombus detected at angiography or autopsy.  

Unstable angina (UA) is characterised by the absence of cardiomyocyte necrosis but by 

myocardial ischaemia at rest. Patients with NSTE-ACS typically present with central crushing 

chest pain or crescendo angina radiating to the neck or arm with sweating and nausea in some. 

Nonetheless, the presentation can also be atypical and manifest in non-specific symptoms like 

shortness of breath, abdominal pain and syncope which are usually more common in women, 

elderly and patients with co-morbidities such as diabetes and renal disease (13)(14)(15). 

 
Figure 4- ECG of an acute MI.ST segment is elevated in lead aVR and widespread ST depression in lead I, II, 
and V2-V6. (Illustration adapted from http://ecgmedicaltraining.com). 

 
 

1.3.3 Types of MI 
 
MI can be further divided into five categories (see table 1 for summary). Type 1 MI is caused 

by atherosclerotic plaque rupture or erosion leading distal embolization and reduction in 

coronary blood flow as well as myocardial necrosis. It also includes coronary embolism, 

spontaneous coronary artery dissection (SCAD) and coronary vasospasm. Some patients may 

have underlying CAD, but in 5-10%, women particularly, obstructive CAD may not be evident 

(see 1.3.4 MINOCA below). Type 2 MI occurs when myocardial necrosis is caused by a 

mismatch between myocardial oxygen supply and demand like in hypertension, tachy-brady 
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arrythmias and anaemia. Type 3-5 are MI resulting in deaths without cardiac biomarkers, 

secondary to percutaneous coronary intervention (PCI) or coronary artery bypass grafting 

(CABG) respectively (16).  

 
MI Clinical classification  

Type 1  Spontaneous MI related to primary thrombotic event  

Type 2  Secondary to ischaemic imbalance  

Type 3  MI resulting in death without cardiac biomarkers 

Type 4a MI related to PCI procedure 

Type 4b MI related to stent thrombosis 

Type 5 MI related to CABG  

Table 1 - Summary of different types of MI. 

 
1.3.4 MI with non-obstructive coronary arteries (MINOCA)  

 
MINOCA  is clinically acute MI with the absence of obstructive CAD (coronary artery stenosis 

≥ 50%) on coronary angiography (CAG) and no other specific cause as alternative diagnosis 

for the acute presentation (17). It can meet the criteria of either type 1 or type 2 MI. There are 

various underlying causes of MINOCA, encompassing pulmonary embolism (PE), coronary 

artery spasm or embolism, anaemia,  tachy-brady arrythmias etc, but the latest guidance and 

consensus have now excluded myocarditis and Takutsubo cardiomyopathy as underlying 

causes (16). When MINOCA is suspected, further investigation following CAG should be 

performed. This may be invasively using intravascular ultrasound (IVUS) or optical coherence 

tomography (OCT) to rule out plaque rupture or dissection. Coronary flow reserve (CFR) 

(abnormal <2.0) and index of microcirculatory resistance (IMR) (abnormal ≥24) can also be 

performed to evaluate microvascular dysfunction and coronary vasospasm. The CAG should 

also be reviewed to rule out any potentially significant CAD missed. Standard left ventricular 

(LV) functional assessment should be done either using echocardiography (Echo) or 

ventriculography. Cardiac magnetic resonance (CMR) imaging is also recommended (class 1) 

to assess evidence of ischaemia, myocarditis or Takutsubo cardiomyopathy in those without 

obvious underlying cause. Other specific laboratory test such as D-dimer, septic screen, N-

terminal pro B-type natriuretic peptide (BNP) are also recommended to assess for PE, heart 

failure or sepsis. The European Society of Cardiology (ESC) recommends a traffic light 

algorithm to assist the assessment of suspected MINOCA (see figure 5). Patients with 

MINOCA should be treated based on the underlying cause but those identified as NSTE-ACS 
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or MINOCA of unknown cause should be treated in the same way as the standard ACS patients 

(16).  

 

 
Figure 5 - Diagnostic algorithm for myocardial infarction with MINOCA using a traffic light scheme. Red 
represents those with Red immediate alternative diagnosis without further additional testing. Yellow represents 
those with initial working diagnosis that may lead to the final MINOCA diagnosis or alternative diagnoses. Green 
indicates final MINOCA diagnosis. CAD = coronary artery disease; IVUS = intravascular ultrasound; MINOCA 
= myocardial infarction with non-obstructive coronary arteries; CMR = cardiac magnetic resonance; Echo = 
echocardiogram; LV = left ventricular; OCT = optical coherence tomography; SCAD = spontaneous coronary 
artery dissection. ULN =upper limit of normal. (Illustration from ESC guidance on patients on the management 
of patients with ACS without persistent ST-segment).   
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1.4 Treatment of NSTE-ACS  
 

1.4.1 Non-invasive strategy: pharmacotherapy  
 

1.4.1.1 Anti-ischaemia therapy  
 
Immediate general supportive measures for patients with ACS include anti-ischaemic therapy, 

such as a beta blocker, to reduce myocardial oxygen demand by decreasing heart rate, blood 

pressure and contractility, or to increase oxygenation to the myocardium by supplying oxygen 

if the blood saturation is <90% or if there is respiratory distress (18)(19). Coronary and 

systemic venous vasodilation is achieved by using nitrates and is recommended in patients 

suffering ongoing ischaemia (19)(16). Several studies have shown the benefit of beta-blockers 

at reducing in-hospital mortality rate when introduced early (20). On the other hand, in those 

with vasospastic angina, beta-blockers must be avoided and be treated with calcium channel 

blockers instead (21). Opiates such as intravenous morphine can also be administered while 

waiting for angiography, although it may slow intestinal absorption of oral antiplatelet agents 

(22)(23).   

 
1.4.1.2 Anti-platelet therapy  

 
Dual antiplatelet therapy (DAPT) with aspirin and a P2Y12 inhibitor is recommended to be 

initiated as soon as diagnosis of ACS is established, irrespective of the management strategy 

(24)(25). Aspirin, a cyclooxygenase (COX) inhibitor, which acts by blocking the production 

of thromboxane A2 (TXA2), is recommended in all patients with ACS, with the loading dose 

of 300mg followed by 75mg as maintenance long term. In a meta-analysis study of randomised 

control trials, aspirin administration for up to two years in patients with acute or previous 

vascular disease or some other predisposing condition, has been shown to reduce major 

vascular events (26). P2Y12 inhibitors such as clopidogrel, ticagrelor and prasugrel are also 

advocated in addition to aspirin for 12 months unless there is a high bleeding risk.  In NSTEMI 

patients, Yusuf et al and Mehta et al both demonstrated that treatment with DAPT (aspirin and 

clopidogrel) resulted in a reduction of recurrent ischaemic events when compared with aspirin 

alone (27)(28). The current preferred P2Y12 inhibitors of choice are ticagrelor and prasugrel, 

following the evidence of their superiority in terms of reducing composite endpoint of 

cardiovascular death, MI or stroke when compared with clopidogrel (29)(30). 
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1.4.1.3 Anticoagulation therapy  
 
Current guidelines also advise the administration of an anticoagulant along with DAPT in 

patients with NSTE-ACS (19)(16) from the initial presentation during the course of hospital 

admission up to coronary angiography (CAG). Anticoagulants act by inhibiting the thrombin 

pathway, therefore reducing the risk of thrombus formation. Eikeboom et al showed that the 

combination of antiplatelets with anticoagulation is effective in reducing ischaemic events in 

NSTE-ACS patients when compared with placebo (non-treated control group) (31). There are 

several recommended anticoagulants which include fondaparinux, unfractionated heparin 

(UFH) and low molecular weight heparin (LMWH).  Fondaparinux has the most favourable 

efficacy and safety profile based on evidence thus far. In the OASIS-5 study for example, 

fondaparinux was shown to be non-inferior to enoxaparin but was associated with 50% fewer 

in-hospital major bleeds and significantly reduced mortality at 30 days (32).  Enoxaparin, a 

type of LMWH, in comparison with UFH, has a more predictable behaviour and causes fewer 

side effects such as heparin induced thrombocytopenia (HIT). Two meta-analysis comparing 

trials involving enoxaparin and UFH in ACS with percutaneous coronary intervention (PCI) 

demonstrated that enoxaparin is favourable in terms of reduction of the composite end point of 

death and MI as well as fewer major bleeds (33)(34). UFH is no longer used as a medical 

therapy in its own right but is employed during PCI for ACS (24).  

 

1.4.2 Invasive strategy; coronary angiography (CAG) in ACS  
 
NSTE-ACS is the most common type of ACS and contributes a large proportion of the patients 

undergoing PCI. After six months, it carries as higher risk of mortality and morbidity in 

comparison to STEMI, and therefore requires early risk stratification for the best treatment 

strategy (35)(36) . The aim of CAG and revascularisation is to relieve symptoms and to 

improve prognosis. Patients with NSTE-ACS who have evidence of ischaemia and low risk of 

adverse cardiovascular events (six months mortality prediction of <3%) should be offered CAG 

according to the National Institute of Health and Care Excellence (NICE) guideline (37). This 

allows the clinician to establish the diagnosis and identify the culprit lesion(s) to formulate 

management regarding revascularization (PCI or CABG), and to guide antithrombotic 

treatments as well as stratify the patient’s risk (11). An early invasive strategy (<72 hours) 

carries a class 1 recommendation in the ESC guidelines, whilst those who are at higher risk, 

e.g. with dynamic ECG change, high Global Registry of Acute Coronary Events (GRACE) 

score and rise and fall of cardiac troponin compatible with MI, should have CAG within 24 
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hours (38)(39). Patients with extremely high risk, eg with recurrent dynamic ST changes or 

ST-elevation, haemodynamic instability, life threatening arrhythmias and cardiac arrest, or a 

mechanical complication of MI, should be prioritised for immediate (<2h) invasive CAG  

(40)(41)(42).  Identifying the acute lesions in patients with NSTE-ACS on CAG alone can be 

challenging because nearly 15% present with an acutely occluded artery, about 60% of 

occlusions are already collateralised and about 25% of patients have non-obstructive or normal 

epicardial arteries (43)(44)(45)(46); and, of the remainder, it is frequently unclear whether the 

angiographic lesion, of which there is often more than one, is flow limiting. A culprit lesion 

should show at least two features of a ruptured plaque, such as filling defects due to thrombus, 

plaque ulceration, plaque irregularity, dissection or impaired flow (47)(48)(49).  Angiography 

alone can rarely provide such detail. The pattern of ST depression on the ECG and regional 

wall motion abnormalities (RWMA) on echocardiography can be useful to help identify the 

area of culprit lesion (50)(11). 

 

            
Figure 6 - Standard cardiac catheter laboratory (the author is performing a coronary angiogram). 
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Figure 7 - CAG of normal coronary arteries. A - Left coronary artery. B – Right coronary artery. 

 

 
 
Figure 8 - Wellen's sign on ECG. Deep T wave inversion in the anterior lead V2-V4 associated with ST segment 
change in V1-V3 suggest a critical stenosis in the left anterior descending artery (LAD). 

Deep T wave 
inversion 
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Figure 9 - ECG showing Q waves in V1-V3 suggesting of an old anterior infarction. 

 
1.5 Revascularisation; PCI and CABG  

 
1.5.1 Percutaneous coronary intervention (PCI)  

 
The presence of ischaemia-provoking lesions is a crucial risk factor for an adverse clinical 

outcome (51)(52), and the revascularization of these lesions have been demonstrated to 

improve a patient's functional status and outcome (52)(53)(54). PCI with stent implantation in 

patients with ACS can help minimize the risk of abrupt artery closure and restenosis associated 

with balloon angioplasty only, with evidence supporting the use of new-generation drug eluting 

stents (DES) over bare metal stents (BMS) (55)(56)(57)(58). Vascular access for PCI can be 

obtained via femoral or radial artery although the current recommendation is to use the radial 

approach whenever possible (24)(59).  

 

                   

Figure 10- Angiography guided PCI to a stenosed coronary artery (proximal LAD). (Images courtesy of J 
Gunn).  

Q waves 
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1.5.2 Coronary artery bypass graft (CABG)  
 
CABG is open-heart surgery in which bypass grafts using a healthy artery, such as the left 

internal mammary artery (LIMA, in situ), and veins, most commonly the long saphenous veins, 

are placed from the aorta to the coronary arteries to bypass blocked or stenosed segments. 

Traditionally, CABG surgery uses a heart-lung bypass machine to pump and oxygenate the 

blood while the heart is stopped; however, in off-pump surgery, this is not required (60). 

Minimally invasive CABG is also possible with a smaller incision to the left side of the 

sternum, although this technique is not suitable for everyone. A small proportion of NSTE-

ACS patients (c10%) may require CABG (61). In  about 5% of patients the underlying cause 

of the ACS is bypass graft failures, and in c10% it is left main stem (LMS) disease (24). 

Compared with patients undergoing elective CABG, balancing the risk of ischaemia and 

bleeding in regards to antithrombotic therapy and timing of surgery can be more challenging 

in ACS patients because there is a higher proportion of elderly patients, females, LMS disease, 

and heart failure; all of which carries a high surgical risk (62).  

 
Figure 11 – CABG using LIMA into the LAD. (Illustration adapted from http://www.clinicalexcercise.co.uk). 

 

1.6 PCI and medical treatments in stable coronary artery disease (CAD)  
 
In a study of 558 patients with stable coronary artery disease (CAD) with angina symptoms, 

initial treatment strategy with revascularisation with either PCI or CABG was shown to be 

superior to OMT in terms of reducing the rate of death, myocardial infarction or repeat cardiac 

hospitalisation, but this study was not statistically powered to detect differences in clinical 

outcome (53). On the contrary, in the COURAGE trial, which studied 2287 patients with 

myocardial ischaemia, the initial approach of PCI added to optimal medical therapy did not 
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result in reduction in cardiovascular adverse events when compared to the group who received 

medical therapy only (63). Another study (ORBITA) investigated the effect of PCI vs placebo 

procedure on patients with stable angina in addition to six weeks optimal medical therapy. It 

showed that PCI did not relieve angina symptoms or improve exercise time over and above 

OMT, although it did resolve ischaemia on stress echocardiography (64). Nevertheless, there 

are issues to be considered in this study regarding its statistical power, sample size, 

methodology, patient selection, and result interpretation; therefore any information from it 

should be used judiciously (65)(66). Lastly, in the latest study of 5179 patients with stable 

CAD and moderate or severe ischaemia, an initial invasive strategy was not found to be 

superior to an initial OMT strategy at reducing the risk of cardiovascular events or death. When 

compared with medical therapy, PCI is thought to provide greater relief from angina symptoms, 

which usually arise from a functionally significant stenosis. When combined with medical 

therapy, both CABG and PCI are associated with significantly improved survival compared 

with medical treatment alone (67). Whilst the earlier evidence may have shown the benefits of 

the initial revascularization with PCI when compared to optimised medical treatment (OMT) 

alone in patients with stable CAD, more recent studies have suggested otherwise. 

Interventionalists make decisions regarding treatment based upon clinical judgment regarding 

the individual patient and not purely on evidence-based guidance (68). RCTs investigating PCI 

vs medical treatment in patients with ACS in the early twenty first century led to the current 

ESC recommendation for treating stable CAD by optimization of medical therapy combined 

with early invasive management.  PCI is recommended, with fractional flow reserve (FFR) 

guidance especially in those with intermediate lesions on CAG (69).  

 

1.7 Invasive strategy (CAG/PCI) vs medical therapy in ACS  
 
In contrast to patients with stable coronary CAD, a routine initial invasive strategy is superior 

to a non-invasive approach in patients with ACS. A randomised control trial (RCT) of 

approximately 2,500 patients with NSTE-ACS investigated the impact of invasive strategy 

with the aim to revascularise within seven days compared with a selective invasive approach 

(symptom or ischaemia driven angiography). The study demonstrated the superiority of 

invasive strategy at reducing major adverse cardiovascular events (MACE) as well as delaying  

readmissions with ischaemic symptoms by an average of 37 months (70). Furthermore, a few 

large meta-analyses of RCTs concluded with similar findings. A meta-analysis of 

approximately 8,000 patients with NSTEMI who had PCI, demonstrated that a routine invasive 
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approach leads to a lower risk of death as well as fewer re-admissions to hospital for recurrent 

ACS within two years when compared with those who had non-routine angiography (38). In 

another, a routine invasive approach led to a reduction in cardiovascular death and myocardial 

infarction with a more pronounced absolute risk reduction in those at higher vs lower risk (71). 

Whilst there may not be any more recent evidence, an invasive approach has continued to be 

proven a successful practice and remains the recommended treatment strategy in patients with 

ACS (19)(24) (see table 2 below).  

  

1.8 Multi-vessel disease (MVD) and bystander disease 
 
Multivessel CAD is associated with worse outcome compared with single vessel disease 

(72)(73). It is found in approximately half the patients with STEMI (74), and about 40-60% of 

NSTE-ACS (75). There is emerging evidence that revascularisation of non-culprit arteries 

within eight weeks results in a significant survival benefit and improved quality of life 

compared with culprit-only treatment (76)(77)(78)(79). In a randomised control trial (RCT) of 

627 patients with STEMI, complete revascularisation guided by fractional flow reserve (FFR) 

measurements was shown to reduce risk of future events compared to treating the culprit lesion 

only (79). Smits et al also described a similar result in a study of 887 STEMI patients with 

MVD, demonstrating a lower cardiac composite end point and repeat revascularisations in the 

group who had complete revascularisation (78). Another much larger RCT, COMPLETE, 

consolidated this finding. In this study, 4,047 patients with STEMI and MVD were randomised 

to complete-revascularisation vs infarct related artery only and demonstrated that the complete 

revascularisation resulted in a lower risk of cardiovascular death or new myocardial infarction 

at three years follow up (80).  In patients with NSTE-ACS, a complete revascularisation 

strategy should be considered, because several studies have shown advantages of early 

intervention on these lesions when compared with a conservative approach (81)(82). This 

finding is supported by other trials demonstrating a detrimental prognostic effect of incomplete 

revascularisation  (83)(84)(85). In a large observational cohort study of 37,491 patients with 

NSTE-ACS, Rathod et al showed that long term mortality was reduced in the group which had 

complete revascularisation compared with the culprit-only group (86). Although most evidence 

to date is not from RCTs, the trend is in favour of complete revascularisation in NSTE-ACS 

patients (see table 2 below).  
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Evidence for revascularization in patients with NSTE-ACS 
 

Study  Type of study  N=patients  Outcome  
 

Wallentin et 
al (82) 

FRISC-II 
invasive 
randomized 
controlled 
trial  

2457 An early invasive treatment strategy delayed 
the occurrence of death or MI compared with a 
non-invasive strategy.  

Poole-
Wilson et al 
(87)  

RITA – 3 
Randomized 
controlled 
trial  

1810 An interventional strategy is preferable to a 
conservative strategy in terms of  refractory or 
severity angina, and with no increased risk of 
death or MI.  
 

Fox et al 
(39) 

Meta-analysis  5467 A routine invasive strategy reduces long-term 
rates of cardiovascular death or MI with the 
largest absolute effect in seen in higher risk 
patients. 
 

Shishehbor 
et al (88) 

Retrospective 
observational 
study  

1240 Multivessel intervention was associated with a 
lower revascularization rate and lower 
composite end point compared with culprit 
only stenting.  
 

Rathod et al 
(86)  

Observational 
cohort study  

37491 In NSTEMI patients with MVD, complete 
coronary revascularization appears to be 
superior to culprit-only vessel PCI in terms of 
long-term mortality rates.  
 

Kim et al 
(89) 

Observational, 
retrospective 
multicentre 
study  

2872 Multivessel revascularization reduced 3-year 
MACE compared with culprit only 
revascularization. . 

 
Table 2 – Table summarizing the evidence for revascularization in patients with NSTE-ACS 

 
1.9 PCI vs CABG in MVD  

 
Treating multivessel CAD with PCI using DES has increased in recent years, although CABG 

has been the treatment of choice before that. Whilst there are no randomised control trials to 

address the selection of intervention mode (PCI vs CABG) in patients with ACS in the current 

era, the ESC has suggested that the revascularisation strategy for patients with stable CAD can 

be followed in patients with NSTE-ACS patients who have been stabilised (90). Serruys et al, 

in the SYNTAX study, comparing PCI and CABG in patients with stable CAD, showed that 

there was lower MACE at one year in the CABG group (91). Current guidelines recommend 
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that the preferred method of treating multivessel CAD is CABG (90). Nevertheless, recent 

studies have also indicated that PCI can be performed as an alternative method to CABG in 

patients with low and intermediate SYNTAX scores; a clinical tool used to grade complexity 

of coronary artery disease (90)(92). A study has also demonstrated the increase use of PCI over 

the course of nine years (from 2001-2009) with a decreasing trend of CABG in patients with 

NSTE-ACS (93). Nonetheless, pursuing complete revascularisation could pose increase risks 

from PCI, possibly including emergency CABG, especially in patients with complex coronary 

anatomy. Therefore, it is desirable that these patients are considered carefully and discussed in 

a multi-disciplinary ‘heart team’ meeting involving an interventional cardiologist, a cardiac 

surgeon and other healthcare professionals relevant to the needs of the patient based upon their 

general condition, age and co-morbidities as well as the number of lesions, their complexity, 

the quality of the distal vessels and the level of revascularisation required regarding the choice 

of treatment strategy (PCI or CABG). If PCI is the choice of strategy, intervening on the culprit 

lesion first is recommended; whereas in cases of multiple non-culprit stenoses, or those which 

are difficult to assess angiographically, the use of fractional flow reserve (FFR; see below) is 

advised to aid treatment strategy (94). However, determining which lesions are ischaemia-

inducing in patients with multivessel disease can be challenging, and non-invasive stress 

testing is limited in its ability to localize these lesions and that angiography guidance alone is 

often insufficient (95). Overall, deciding on a PCI approach that would result in judicious use 

of stents to achieve relief of ischaemia is a pragmatic approach to improve the clinical outcome 

as well as health economics.  

 

1.10 Health economics of ACS  
 
ACS leads to significant economic burden because of its high mortality and morbidity. At least 

50% of all CVD deaths are secondary to this condition (96). The need to improve and reduce 

medical and societal expenditure related to this condition is pivotal and should include 

evaluation of admissions cost as well as treatment strategies encompassing medical 

management, PCI or CABG. Zhao et al analysed 10,487 ACS patients and demonstrated that 

the medical cost for medical management was lowest, followed by PCI, CABG being the most 

expensive at one year follow up (97). Ensuring that the right treatment strategy is selected when 

treating patients with ACS can potentially lower the overall cost of care by reducing resource 

utilization. Treatment with CABG, as shown by a few studies, carries the highest cost when 

compared with conservative and PCI strategies, so assessing and investigating patients with 
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CAD methodically prior to any decision making will ensure that no unnecessary 

revascularisation or intervention is done (97)(98). This approach may also reduce the number 

of repeat revascularisations or re-hospitalisations, and hence the overall cost, in the future. 

Adoption of a coronary physiology approach using FFR when treating these patients may also 

contribute not only to an improvement in clinical outcome but also to a total cost reduction (see 

below).  Additionally, new generation drug eluting stents (DES) are now less costly than bare 

metal stents (BMS) used to be (99). Furthermore, even though an invasive strategy can be 

costly at the start, in the long term this option can reduce the rates of complications and 

myocardial infarction in patients with myocardial ischaemia, which may reduce subsequent 

treatment costs (100).  

 
1.11 Non-invasive ischaemia testing; is there a role in NSTE-ACS?  

 
In patients with NSTE-ACS who are considered to be at low risk for ischaemic events, without 

the  criteria listed above for early or immediate invasive strategy, and no recurrent symptoms, 

a non-invasive approach can be applied, e.g. with stress electrocardiography or cardiac 

magnetic resonance (CMR) imaging, before deciding upon angiography (101).  

 
1.11.1 CTCA  

 
Multi detector CT coronary angiography (MDCTA) is excellent at excluding significant CAD 

with negative predictive values (NPVs) approaching 100% (102). It is a useful tool to risk 

stratify patients presenting with chest pain with no ECG changes. Functioning as a ‘triple rule-

out’, it can also identify those with other life-threatening causes like acute aortic syndrome or 

pulmonary embolism (103). In one study of 568 patients with suspected ACS, 84% were 

identified as low risk and were discharged after CTCA with no adverse cardiac events at 30 

days (104). In another study of 368 patients with acute chest pain who underwent CTCA after 

an inconclusive initial evaluation, showed that 50% of patients were free of CAD and had no 

ACS (105). This illustrates how early CTCA could improve patient management when used at 

triage in the emergency department. Current ESC guidelines recommend CTCA as an 

alternative to invasive CAG in patients with low to intermediate risk of CAD and, when the 

troponin and ECG are inconclusive, to exclude ACS as class IIa (11). However, the RAPID-

CTCA trial of 1748 patients did not demonstrate a benefit of CTCA in reducing death, MI or 

stent thrombosis in suspected ACS when compared to standard practice (5.8% vs 6.1%; 

p=0.65) (106). More importantly, not all patients with significant CAD have ACS, thus 
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achieving an accurate, quick ‘rule-in’ or ‘rule-out’ diagnosis in this group is challenging. Sarno 

et al also demonstrated that only half of the stenoses classified as significant by CTCA are 

associated with ischaemia (107). CTCA is limited at predicting the haemodynamic significance 

of a lesion, and its use in the acute setting is less reliable than invasive angiography, which also 

provides the opportunity to be combined with PCI in a single procedure.  CT-FFR, however, 

can demonstrate ischaemia-provoking lesions by modelling the coronary vasculature and 

incorporating computational fluid dynamics (CFD) (108) with a diagnostic accuracy of 81% 

(109)(110). CT-FFR is now recommended as an adjunct to CTCA in stable patients (111). It is 

limited, however, by the presence of calcification, tachycardia and arrhythmia (112). Other 

limitations are the availability of CT and, for CT-FFR, cost, and the requirement for off-site 

processing (up to 24h). In the move towards timely interventional management for the ACS 

patient, CTCA is, therefore, generally impractical.  

 
1.11.2 Stress tests 

 
Stress echocardiography, using bicycle, treadmill or pharmacological stressors such as 

dobutamine, is more accurate than an exercise ECG to detect ischaemia and has a sensitivity 

(80-85%) and specificity (84-86%) but is operator-dependent in comparison to other imaging 

techniques (113). Compared to exercise ECG testing, stress imaging is preferred in patients 

with previous PCI or CABG because it is superior at quantifying and localizing ischaemic areas 

in cases with abnormal resting ECG or when the patient is unable to exercise. Cardiac magnetic 

resonance imaging (MRI) stress testing is also useful to detect wall motion or perfusion 

abnormalities. Recent meta-analyses have demonstrated a sensitivity and a specificity of more 

than 80% in detecting wall motion abnormalities and sensitivity as high as 91% at showing 

perfusion abnormalities (114). However, there are still limitations for using stress imaging in 

clinical practice. First, most patients are pain free by the time of investigations; therefore, the 

demonstration of a perfusion or motion abnormality may be unreliable. Second, myocardial 

ischaemia may be confined to a small part of the myocardium or sub-endocardium, and so 

contractility or perfusion abnormalities in this scenario may not be identified (115).  Third, it 

can be challenging to identify the exact ischaemia-causing lesion at CMR imaging. Fourth, a 

practical limitation is to conduct dynamic tests on patients who have only just been stabilised 

in hospital; and often the anti-ischaemic therapy is heart rate limiting and can mask the results. 

Stress tests are therefore rarely used in ACS patients in the acute phase. 
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1.12 Problems with CAG  
 
Whilst CAG is the final common pathway, and the default investigation for patients with ACS, 

it has several limitations, in particular in diagnosing ‘significant’ CAD using coronary 

angiography alone. First, there are technical factors limiting the quality of the image, such as 

the position of the x-ray source, the age of the intensifier, variations of contrast concentration 

and flow, selection of the radiographic projections, the frames recorded and analysed, subject 

movement and pixilation of the images (116). Second, because it is a ‘film’ resulting from 

multiple stationary two-dimensional images, recorded in  different projections, lesions in the 

complex three-dimensional structure of branching coronary arteries can be misinterpreted 

(117). Third, the percentage stenoses based upon visual interpretation from angiography is 

subjective and therefore varies from operator to operator.  The severity of a lesion is often 

overestimated, whilst the length is underestimated. White et al described, in a study of 39 

patients (44 vessels), that overestimation is as high as 95% in lesions with >60% stenosis, 

whilst both overestimation and underestimation commonly occur in the lesions with <60% 

stenosis when compared against the true measurement using coronary physiology (118). In 

another study that investigated 83 moderate lesions (40%-70% stenosis by visual inspection), 

the visual estimation demonstrated a poor specificity (45%) and a positive predicted value 

(PPV) (25%) when compared with FFR. Furthermore, the reviewer’s estimation of lesion 

severity and FFR were concordant in only  about 50% of the cases. The study also showed that 

quantitative coronary angiography (QCA), a technique used to measure the stenosis by tracing 

the 2D angiogram image, is only reliable in moderate lesions (<60%) or a minimal luminal 

diameter of more than 1.4mm (119). In summary, CAG assessment is critically dependent upon 

the quality of the angiographic images; inadequate contrast, insufficient projections, 

overlapping vessels, excess movement, and lesions located at ostia, branch points and in series 

pose particular challenges. In addition, it cannot reveal the vulnerability or instability of lesions 

without the assistance of intravascular imaging, although this is also a limitation of 

physiological assessment (120). 

 

1.13 Coronary physiology in the cardiac catheter laboratory (CCL): Fractional 

flow reserve (FFR) 
 
FFR is an invasive technique used in selected cases of cardiac catheterization to determine if a 

narrowing in a coronary artery impedes blood flow by measuring the pressure difference as a 



39 
 

surrogate for blood flow itself across a stenosis during maximal hyperaemia. This equates to 

the ratio of the maximum achievable blood flow in the stenotic coronary artery vs the 

theoretical maximum flow in a normal coronary artery (Pd/Pa): 

 

 
Pa: Mean aortic pressure. Pd: Hyperaemic coronary pressure distal to the stenosis. Pv: Central venous pressure R: Resistance 

 

 

where Pa is mean aortic (proximal) pressure, Pd is pressure distal to the stenosis, Pv is the 

central venous pressure and R is resistance to flow. FFR approximates the ratio of the distal to 

proximal pressure, so it can be measured with a pressure-sensitive angioplasty guidewire. It is 

best calculated during maximum hyperaemia, during which microvascular resistance (MVR) 

is assumed minimal or constant which can be achieved by an infusion of adenosine (see figure 

10). 

 
Figure 12 - FFR. The ratio of the distal coronary pressure (Pd) over the proximal coronary pressure (Pa).  
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Figure 13 -The application of FFR in the CCL. Red and green arrow represent proximal (Pa) and distal pressure 
(Pd) respectively. FFR (Pd/Pa) is 0.58 in the RCA. (Images courtesy of J. Gunn).  

 

FFR, or related 'resting' indices such as resting full cycle ratio (RFR) or instantaneous wave-

free ratio (iFR), is recommended in arteries with narrowing estimated visually between 50% 

and 90%, when non-invasive testing is unavailable or inconclusive (121). It requires a pressure 

wire to be placed into the coronary artery and the use of a vasodilatory agent such as adenosine 

to achieve maximal hyperaemia, rendering myocardial resistance constant and minimal. 

During maximal hyperaemia, the ratio between the mean blood pressure distal to the stenosis 

(pd) and mean pressure in the aorta (pa) is recorded and the FFR obtained. The positioning of 

the wire’s pressure sensor is crucial; it must be placed in the main vessel and distal to the lesion 

that is being investigated. When assessing a sequential stenosis in the same artery, the pressure 

sensor should be positioned downstream of the most distal lesion, because the presence of the 

second lesions affects the FFR of the proximal one (122). An FFR of 1.0 is normal whilst a 

value of <0.80 is the accepted threshold for ischaemia and justifies intervention 

(123)(124)(125). The resting gradient (Pd/Pa) of <0.80 is sufficient to justify ischaemia and its 

haemodynamic relevance, therefore proceeding to maximal hyperaemia is not necessary. 

Physiological guidance, compared with angiography alone, reduces symptom burden, repeat 

revascularisation and health expenditure at the time of percutaneous coronary intervention 

(PCI) (126)(52)(125). A hidden ‘benefit’ of physiological guidance is that, perhaps 

unfortunately, angiographic precision is not essential. 
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1.14 Evidence for the utility of FFR  
 
Pijls et al first described the FFR concept in 1993 (127). There are now several clinical trials 

showing that the use of FFR to guide PCI is beneficial clinically and is cost effective 

(125)(128)(124)(123)(129). In summary, three large studies have concluded that FFR-guided 

revascularization in patients with CAD and narrowing of >50% result in better outcomes when 

compared with angiography guidance alone. In the DEFER trial, 325 patients with a moderate 

stenosis and scheduled for PCI were studied. The FFR was measured before the planned 

intervention and, if the FFR was ³ 0.75, the patients were randomised to deferral (Defer group; 

n = 91) or performance (Perform group; n = 90) of PCI. If the FFR was <0.75, PCI was 

performed (Reference group; n = 144). There was no difference in the primary endpoint 

(freedom from MACE) between the two groups, suggesting that it is safe to treat lesions with 

FFR >0.75 conservatively (130)(126). In the Fractional flow reserve versus Angiography for 

Multivessel Evaluation (FAME) trial, 1,005 patients with stable or unstable CAD were 

randomised to an angiography-only approach or to angiography + FFR-guidance. In the FFR-

guided group, PCI was only performed when the FFR was ≤0.80 whilst all stenoses ≥50 % in 

the angiography-only group were revascularised. The rate of the combined endpoint, and 

myocardial infarction was lower in the FFR-guided group (131)(132). The FAME 2 trial, in 

which 882 patients with CAD were randomised to FFR-guided vs angiography-guided 

revascularization, also demonstrated similar outcomes with a lower rate of the combination of 

death, myocardial infarction and urgent revascularization in the FFR-guided arm (133)(134). 

Although the FAME 2 trial did not include patients with NSTE-ACS, it still demonstrated the 

benefit of FFR-guided approach. Furthermore, in another study of 200 patients with CAD, FFR 

guided approach was shown to result in a change in management in 26% of the cases. There 

was also discrepancy in 32% of the patients between the assessment of ischaemic lesions by 

CAG and FFR-derived stratification. For example, patients who were initially referred for 

revascularisation were found to have no ischaemia-inducing disease, whilst some who were 

deemed to have no significant disease turned out to have MVD after FFR measurements (135). 

Most importantly, overall, the implications of all these studies are profound, and have proven 

that FFR is a valid concept, and that judging CAD based upon angiography assessment alone 

is inaccurate in a proportion. The above evidence, however, is derived largely from patients 

with chronic coronary syndrome (CCS) rather than ACS. 
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1.15 FFR in NSTE-ACS  
 
In patients with NSTE-ACS, there is usually no functional information on ischaemia because 

stress testing in this group is not recommended (24)(9). The care of these patients is usually 

based upon rapid revascularisation, which implies coronary angiography and follow-on PCI. 

Visual interpretation of the stenoses at angiography is the current standard, and this may be 

inaccurate for the reasons outlined above, potentially leading to an inappropriate treatment 

decision (118)(136)(137).  FFR guided revascularization could be adopted because some 

studies have shown its benefit in patients with NSTE-ACS.  Whilst the majority of the evidence 

for FFR is in CCS, there were large NSTE-ACS subsets in some of the seminal studies. In the 

FAME study, 30% of patients had NSTE-ACS. The two-year rate of major adverse 

cardiovascular events (MACE) was significantly reduced in the FFR- vs the CAG-guided 

groups, with no difference between the CCS and NSTE-ACS cohorts (138). Importantly, the 

study also showed that no MIs occurred in the FFR-guided deferred lesions in the NSTE-ACS 

cohort at two year follow up (94). A health economics analysis from the study also revealed 

that FFR-guided PCI improved outcomes and costs at one year when compared with the CAG-

guided approach (139). In a 'real-world' observational study of 3,000 patients with ACS, a 

lower in-hospital mortality was observed for FFR guidance than for a CAG-based approach 

(1.1 vs 3.1%, p <0.01), and reductions in hospital stay, acute kidney injury (AKI) and bleeding 

(140). In a study of 350 ACS patients randomised to FFR- vs CAG-guidance, disclosure of the 

FFR resulted in changed management in 21.6% of cases, reducing the number of unnecessary 

procedures and downstream unplanned revascularizations (129). A cost-effectiveness 

assessment disclosed that increased up-front costs (pressure wire use and laboratory time) were 

more than compensated by later savings in subsequent hospital stay, events and procedures; 

and there was also a small benefit in quality-adjusted life year (QALYs) (141). In another study 

of 107 patients with multi-vessel disease and moderate non-culprit lesions, FFR resulted in 

76% of patients not being revascularised; and importantly there was no MACE in this group 

(142). A meta-analysis of the three major RCTs also concluded that FFR guidance in patients 

with NSTE-ACS led to a reduction in the rate of MI without any difference in death or all-

cause mortality and target vessel revascularisation compared with CAG guided approach (143).  

In a study of 1,983 patients with ACS (n=533) and CCS (n=1450), FFR led to a similarly high 

percentage of reclassification of treatment in both groups (ACS=38% vs CCS=39%). In the 

ACS patients, FFR guidance led to a change from revascularization in 70% and medical 

therapy in 30% to revascularisation in 38% and medical therapy in 62%.  There was no 
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significant difference in MACE (8.0% vs 11.6%; p=0.20) or symptoms (92.3% vs 94.8% 

angina free; p=0.25) between the reclassified (FFR discordant with CAG) vs the non-

reclassified patients (FFR concordant with CAG) groups. FFR-guided deferral to medical 

therapy in the ACS group was as safe as in the CCS group (MACE 8% vs 8.5%; 

revascularization 3.8% vs 5.9%; and freedom from angina 93.6% vs 90.2%). Worse outcomes 

were observed in the six percent of patients in whom FFR was disregarded (144). In a study of 

1596 patients of which 301 had ACS (n=449 lesions), deferral of the non-culprit lesion based 

upon FFR resulted in a MACE 3.8% (ACS) VS 1.6% (CCS), mainly driven by ischaemia-

driven revascularisation (2.8% vs 1.1%)(145). Two systematic reviews comparing available 

data on FFR guidance confirmed this difference, with no significant difference in mortality 

(146)(147). ESC guidelines propose that FFR can be used in ACS (class IIb) to assist decision-

making in non-culprit lesions whose severity is moderate (148), which contrasts with the 

recommendation to use FFR in intermediate stenoses in CCS (Class I) for patients with multi-

vessel disease (MVD)(class IIa) (149).  

 

1.16 Does FFR have a role in STEMI? 
 
FFR has no role in selecting the 'culprit' vessel of ST elevation MI (STEMI), but it may be 

useful in assessing ‘bystander’ stenoses. In COMPLETE, a study of 4041 STEMI patients with 

MVD, in which visual, rather than FFR guidance, was used, complete revascularization 

reduced the risk of cardiovascular deaths, MI and repeat revascularizations from 16.9% to 8.7% 

at 36 months when compared with a culprit-only-PCI approach; the benefit largely driven by a 

reduction in unplanned revascularization (80). In COMPARE-ACUTE (885 patients), 

DANAMI-3-PRIMULTI (627 patients) and FLOWER-MI (1171 patients),  an FFR-guided 

approach, rather than a purely visual one, was used. In COMPARE-ACUTE, the primary 

outcome (composite of all-cause mortality, non-fatal MI, revascularisations and 

cerebrovascular events) occurred in 20% of the culprit-only revascularization group vs 8% in 

the FFR-guided complete revascularization group (P<0.001) (78). In DANAMI-3-PRIMULTI, 

the equivalent figures were 22% and 13%, respectively (p=0.004) (79). The risk of future 

cardiovascular events was mainly driven by a 69% reduction in repeat revascularizations. In 

contrast, in FLOWER-MI, an FFR-guided approach in the non-culprit lesions in STEMI was 

not found to be superior to an angiography-guided strategy at reducing the risk of death, MI or 

repeat revascularization at one year. PCI of non-culprit lesions was performed in 66% of 

patients with the FFR-guided strategy and in 97% with the angiography-guided strategy. The 
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primary outcome occurred in 5.5% (32 of 586 patients) in the FFR-guided approach vs 4.2% 

(24 of 577 patients) in the angiographic-guided group (p=0.31) (150). The difference was 

driven by a non-significant 77% higher risk of MI in patients assigned to the FFR group (18 

patients in the FFR guided group vs 10 patients in the angiographic guided group). The study 

was powered to detect a 37% lower risk of the primary composite outcome, but ultimately 

generated a wide confidence interval (hazard ratio, 1.32; 95% CI 0.78 to 2.23). In addition, 

intervention on the non-culprit lesions was encouraged to be performed at index presentation, 

rather than as a staged procedure. A larger RCT specifically addressing timing may be required. 

A parallel line of enquiry may be necessary to interrogate the hypothesis that conventional 

physiological assessment of bystander lesions may be of lesser importance than identifying 

vulnerable plaques. 

 

1.17 Validity, safety and feasibility of FFR 
 
Despite robust evidence supporting the use of FFR, in practice its use remains low, at less than 

10% of PCIs, and in an even smaller proportion of diagnostic angiograms; the majority being 

in patients with CCS (151)(152). This low uptake in the acute setting may reflect the time and 

cost associated with deploying a pressure wire. Also, if stenting a borderline lesion is likely to 

be straightforward, it may be felt that a ‘quick fix’ is reasonable.  This is not, however, a 

position supported by the evidence. Other reasons for under-use may include complex 

anatomy, such as tortuosity, angulation, calcification and diffuse disease, in which 

manipulating a pressure wire might be hazardous. There may also be a lack of awareness of 

the accumulating evidence in ACS confounded by pressure on the operator to make a swift 

therapeutic decision in response to situational factors.    

 

1.18 Is FFR reliable in acute MI?  
 
The validity of FFR in an acute MI has been questioned due to the possibility that blunted acute 

microvascular dysfunction might limit maximal hyperaemia, reducing the apparent 

physiological significance of a lesion (153). Does this mean that the FFR is ‘incorrect’? The 

value is indeed correct and reflects the current physiology, however the concern is that lesion 

significance may increase as the microvasculature recovers. Whilst this may be the case in a 

culprit lesion, in a study of 101 patients undergoing PCI for an acute MI (75 STEMI and 26 

NSTEMI), the FFR measurements in 112 non-culprit vessels did not change between the acute 
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presentation and follow up (154). De Bruyne et al also demonstrated in a study of 57 patients 

who had recovered from an MI with an average six days previously, FFR measurement of 

<0.75 is accurate at distinguishing  between patients with or without reversible flow when 

compare with single photon emission scintigraphy (SPECT), with a sensitivity of 82% and 

specificity of 87%. It also showed that the relationship between the microvascular resistance 

in the infarcted territory and the viable myocardium was inversely proportioned (155).  Similar 

results were found in a separate study of 38 patients (156). In another study of 1,983 patients, 

which investigated the use of FFR to guide treatment in ACS in comparison to patients with 

stable CAD undergoing angiography, the reclassification of the treatment decision in the FFR-

guided group for ACS patients was 38%, which was as high as the proportion in the non-ACS 

group, with no difference in MACE at one year follow-up. It also showed that FFR-guided 

revascularisation strategy, including deferral to medical treatment, is safe in patients with ACS. 

Most importantly, the study demonstrated that, in those whose FFR measurements were 

disregarded, there was a worse outcome when compared with FFR-guided strategy (144). 

Although these studies were not all large, randomised control trials, they still effectively exhibit 

the positive impact of integrating FFR in patients with ACS and that it is feasible and indeed 

safe clinically in order to deliver the appropriate treatment to each individual patient.  

 

1.19 Problems with FFR  
 
FFR is based upon the assumption that the relationship between flow and pressure in healthy 

and diseased arteries is predictable from a linear relationship. This is not strictly true, because 

energy is lost through friction in the diseased artery (viscous losses), and there is acceleration 

of flow at the outlet, producing a curvilinear relationship, which may particularly affect the 

acute patient (157). The second assumption is that the microvascular resistance in diseased and 

non-diseased artery is the same. This is not always the case, so it is essential to obtain maximal 

hyperaemia in order to keep microvascular resistance minimal; although this is not always 

achievable due to other confounding factors, such as clinical factors, procedural complications 

and extrinsic influence such as caffeine intake as well as endothelial dysfunction; all of which 

can affect the accuracy of FFR measurement (158)(159)(160). In patients with left ventricular 

(LV) dysfunction, the LV end diastolic pressure (LVEDP) is high and this can also affect the 

FFR calculation. Leonardi et al studied 20 coronary arteries in 17 patients to examine the effect 

of LVEDP upon FFR and demonstrated that FFR is higher in patients with higher LVEDPs, 

especially in stenoses with FFR of <0.80. This means that in patients with heart failure, FFR 
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must be interpreted with caution (161). Uncertainty of the measurement itself is also a feature 

as described by Petraco et al.  The reproducibility of a therapeutic decision is >95% when the 

FFR is outside the 0.75-0.85 range, but only about 50% when it is close to 0.80 (162). This is 

of importance in the angiographic ‘borderline’ lesion, for which the FFR is often also 

borderline which means that a repeat FFR calculation could change the initial decision for 

revascularisation.  Furthermore, there are no randomised data studying the use of FFR in left 

main stem (LMS) disease and it is therefore unclear whether the same threshold of 0.80 applies 

to these patients given the larger area of subtended myocardium. LMS disease also often 

involves the bifurcation and further disease downstream which interferes with the 

interpretation of proximal FFR measurements. There are also technical difficulties measuring 

ostial lesions. Measurement of FFR in serial lesions is also difficult due to the relationship of 

each narrowing to flow and pressure. De Bruyne et al stated that FFR measurement in each 

stenosis is possible with the addition of lesion wedge pressure to equation (163). This is not 

practical in clinical practice, but a steady pull-back can be performed instead to identify any 

discrete step-up during maximal hyperaemia. Lastly, microvascular dysfunction which can be 

present in patients with diabetes mellitus (DM), hypertension (HTN), left ventricular 

hypertrophy (LVH) and cardiomyopathy may also affect FFR assessment. It leads to over-

estimation of the FFR and should always be taken into consideration when performing 

measurement. Measured FFR, therefore, has not achieved routine use in the management of 

ACS. 

 

1.20 Decision-making in the CCL and in the MDT meeting  

Selecting the right treatment for patients with ACS in which the culprit lesion may be uncertain 

can be difficult, especially in MVD. Adjunct tools such as FFR are useful but are under-used. 

Moreover, in the CCL, other factors such as time pressure and caseload burden can play an 

important role and could influence an interventionist to conform to a familiar revascularisation 

strategy such as PCI. In oncology, the role of the multi-disciplinary team (MDT) meeting has 

been established; a number of observational studies demonstrating the benefit of MDT to 

facilitate optimum decision making to deliver a uniform and co-ordinated treatment plan 

(164)(165)(166). In coronary revascularisation, the British Cardiovascular Intervention Society 

(BCIS) has reported that this approach is inconsistent and variably implemented, with only 

9.5% of complex cases, such as those with MVD, being discussed; and 23.8% of cases that 

were initially felt unsuitable for PCI being discussed (167). The ESC and AHA guidelines now 
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recommend a Heart Team MDT approach (with class 1c evidence) to guide the 

revascularisation strategy of patients with CAD to ensure that best practice is consistently 

followed (90). This followed reports from the National Confidential Enquiry into Patients 

Outcome and Death (NCEPOD) in first time isolated CABG, NICE guidelines on ACS, and 

ESC data on the variability of utilisation of CABG and PCI in different  countries 

(168)(169)(9). Cases discussed should include those with triple vessel disease especially in 

those with obstruction in the left main stem (LMS) or the proximal segment of its left anterior 

descending (LAD) branch; particularly cases in which CABG may provide prognostic 

advantage (170)(171). Heart team MDT meetings should be attended by a general cardiologist, 

an interventional cardiologist, a cardiac surgeon, and other health care professionals including 

specialty registrars, junior doctors and nurses. However, it is pragmatically impossible to 

discuss all patients with NSTE-ACS, because they are so numerous. Nevertheless, for complex 

cases, it has a useful function to provide guidance, uniformity and best evidence-based 

treatment to aid revascularisation strategy for individual patients.  If such cases are to be 

discussed, knowing the FFR values in major diseased vessels is an advantage. 

1.21 Computed, or ‘virtual’ FFR (vFFR) 
 
Virtual FFR (vFFR) is a novel technique to compute FFR non-invasively, without the passage 

of wire, by using computational fluid dynamics (CFD) and a mathematical formula. CFD is a 

specialised area of mathematics and fluid mechanics that utilizes specific algorithms and 

equation to simulate and analyse the flow of fluid. It has been used and adapted in many 

technologies including safety systems, vehicles and aeronautical designs. Solving the Navier-

Stokes and conservation equations of mass, momentum and energy is the fundamental key to 

CFD analyses. 

 
1.21.1 Imaging based FFR  

 
vFFR can be derived from CTCA (FFR-CT). The DISCOVER-FLOW study, in which 159 

vessels were studied, was the first major trial using this concept, and demonstrated a high 

accuracy to diagnose and exclude ischaemic provoking lesions (FFR >0.80 or ≤0.80) (109). 

Following that, Heartflowâ, with an improved version of FFR-CT, diagnostic accuracy of 

81%, updated software and refined segmenting and automation tools, obtained U.S Food and 

Drug administration (FDA) approval and became the first computational tool for blood flow 

measurement to be applied in clinical practice (110). FFR-CT is now recommended by NICE 
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as an adjunct to CTCA in diagnosing angina in stable patients with symptoms of chest pain 

suspected to be of cardiac origin with the aim to reduce the number of unnecessary referrals 

for angiography (172).  It is limited, however, by the same factors as CTCA such as 

calcifications and cardiac arrythmias. It is not appropriate in ACS, as demonstrated in RAPID 

CTCA (106).  

 
1.21.2 CAG based FFR and how they differ 

 
vFFR can also be modelled from CAG and, to date, several groups have done so. Each has 

differing methodology. These include Quantitative Flow Ratio (QFR, Medis, Leiden, 

Netherlands and Pulse Medical Imaging, China) and Cardiovascular Angiographic Analysis 

System for Vessel FFR (CAAS-vFFR, Pie medical, Maastricht, Netherlands) based upon 3D 

quantitative coronary angiography (QCA); FFRangio (Cathworks Ltd, Kfar-Saba, Israel) based 

upon 3D functional CA mapping with coronary rapid flow analysis; and Virtual Functional 

Assessment Index (vFAI) and Simplified Model of FFR Calculation (FFRsim) based upon 3D 

QCA and CFD. QFR, FFRangio and CAAS-vFFR are commercially available, with QFR being 

the first to obtain CE-mark and FDA approval. VIRTUheart™ is the Sheffield University 

system, currently confined to research use. It applies 3D pseudo-transient CFD based on the 

Navies-Stokes equation to perform analysis (173). Whilst the first QFR study was based upon 

CFD, subsequent studies used faster computation using an algorithm incorporating coefficients 

from flow data to calculate pressure drops (174). QFR employs a 3D reconstruction and a QCA 

algorithm without reconstructing side branches (175). The software assumes that the coronary 

pressure remains constant in a normal coronary artery and that the distal coronary flow velocity 

is similar to the proximal. Based upon the mean hyperaemic velocities, the software can 

provide three different computation values: fixed-QFR (fQFR) based upon a flow velocity of 

0.35 m/s; contrast-QFR (cQFR) applies Thrombolysis in Myocardial Infarction (TIMI) frame 

counting analysis at non-hyperaemic conditions; and adenosine-QFR (aQFR) uses intravenous 

administration of adenosine.  FFRangio provides colour-coded vFFR by applying a rapid 

analysis of flow based upon Poiseuille’s law. A 3D coronary tree is generated and applies 

epipolar ray tracing with mathematical calculation. The software identifies the stenosis 

automatically by systematic segment, branch and junctional analysis.  A user correction is 

required to correct any axis displacements contributed by movement. The resistance of the 

coronary arterial network in each segment is estimated by the vessel diameter and length, each 

vessel flow being based upon the overall impact of the resistance, and the FFRangio value being 
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calculated as the contribution of each narrowing to the total resistance and flow (176). CAAS-

vFFR uses 3D model reconstruction, the vFFR being computed by measuring the pressure drop 

across a lesion by using simpler physical laws of viscous resistance and separation loss effects 

in coronary flow behaviour (177). In addition, it incorporates patient’s specific aortic pressure 

with the assumption that  the velocity of proximal coronary artery is preserved, along with the 

maximum hyperaemic blood flow previously determined from clinical data. Table 2 

summarizes the various CAG-based FFR techniques. 
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Table 3 – Table summarising CAG-based FFR software. CAG, Coronary angiography; 3D, Three dimensional; QCA, Quantitative coronary angiography; VIRTUheartTM, 
(University of Sheffield); QFR, Quantitative flow ratio (Medis, Leiden, Netherlands and Pulse Medical Imaging, China); FFRangio, 3D functional coronary angiography 
mapping with coronary flow analysis (Cathworks Ltd, Kfar-Saba, Israel); CAAS-vFFR, Cardiovascular Angiographic Analysis System (Pie medical, Maastricht, The 
Netherlands);caFFR, Coronary-angiography based FFR (FLASH software); vFAI, Virtual Functional Assessment Index. (Reproduced with permission from Haley et al)

Coronary angiography based FFR technique 
 

CAG-based FFR 
technique 

Company  Mathematical solution Angiographic projections required CAG angle 
requirement  

Key scientific  
reference  
 

vFFR 

(VIRTUheart
TM

)  

University of Sheffield 3D pseudotransient CFD based on Navier-Stokes 

equation  

≥ 2 orthogonal images for each vessel  ≥ 30 degrees  Morris et al (173) 

Gosling et al (178) 

 

QFR Medis, Leiden, Netherlands 

and Pulse Medical Imaging, 

China 

Analytical equations based on laws of Bernoulli 

and Poiseuille. Empiric flow velocity (fQFR), 

TIMI frame counting-derived contrast velocity at 

baseline (cQFR) and under hyperaemia (aQFR) 

 

≥ 2 orthogonal images for each vessel ≥ 25 degrees Tu et al (179) 

Westra et al (180) 

Xu et al (181) 

Stahli et al (182) 

FFRangio Cathworks Ltd, Kfar-Saba, 

Israel 

Simple analytical equations based on Bernoulli 

and Poiseuille  

≥ 2 orthogonal images for each vessel ≥ 30 degrees Pellicano et al (183) 

Fearon et al (176) 

Omori et al (184) 

 

CAAS-vFFR  Pie medical, Maastricht, The 

Netherlands 

Simple analytical equations based on Bernoulli 

and Poiseuille  

 

≥ 2 orthogonal images for each vessel ≥ 30 degrees Masdjedi et al (185) 

caFFR  

(FLASH FFR)  

Rainmed Ltd, Suzhou, China  CFD based on post angiography TIMI frame 

counting of flow velocity  

 

≥ 2 orthogonal images for each vessel ≥ 30 degrees Li et al (186) 

vFAI  Pie medical, Maastricht, The 

Netherlands 

 

3D-QCA and steady state CFD  ≥ 2 orthogonal images for each vessel ≥ 30 degrees  Papafaklis et al (187) 
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1.21.3 Evidence for virtual coronary physiology in ACS? 

 
The VIRTUheartTM system was firstly used in VIRTU1 study in which 19 patients undergoing 

elective PCI had their measured FFR (mFFR) and vFFR values compared. There were 35 FFR 

measurements, ischaemic inducing lesions stented and underwent a repeat angiography and the 

FFR repeated. The software demonstrated an accuracy of 97%, sensitivity of 86%, and a 

positive and negative predicted value of 100% and 97% respectively to distinguish 

haemodynamically significant lesions (FFR <0.80). The study also showed that vFFR reliably 

calculated mFFR to within ± 0.06. Tu et al, using the QFR (quantitative flow ratio) system 

based upon 3D quantitative coronary angiography (QCA), conducted vFFR in 73 cases with 

accuracy of 88.3% in different flow models (Medis, Leiden, the Netherlands) (179). In the 

FAVOR China II study of 308 patients, QFR accuracy was approximately 90% (188). Another 

model is the virtual functional assessment index (vFAI), developed by Papafaklis et al; the 

average of the computed pressure ratio between distal and proximal vessel over a steady state 

CFD analysis (187). Whilst this technique can produce a rapid result with similar accuracy to 

the QFR technique, it omits the factor of coronary microvascular resistance (CMV). Pellicano 

et al also validated a technique developed by Cathworks Ltd (FFRangio) in a study of 184 

patients with CAD.  There was high concordance between FFRangio and invasive FFR, with a 

calculation time of minutes (183). Additionally, in a study of 301 patients with CAD, FFRangio 

was shown to have a high diagnostic accuracy (87%) in lesions with FFR range of 0.75-0.85 

which reflects the type of stenosis usually interrogated in real world setting (176). A sub-

analysis from that study also demonstrated that FFRangio is more accurate than other established 

FFR indices like instantaneous wave-free ratio (IFR) and diastolic hyperaemia-free ratio (DFR) 

(189). Most recently, a CE marked vFFR technique derived from 3D-QCA, the Cardiovascular 

Angiographic Analysis System for vessel FFR (CAAS-vFFR) was shown to demonstrate a 

linear correlation with mFFR in lesions with FFR ≤0.80 with a low inter-observer variability 

(190). Table 3 summarizes the accuracy of these systems vs FFR in patients with ACS.
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Summary of angiography based virtual FFR trials involving patients with ACS 

 
Study  Software Methods Average 

processing 
time (min)  

Total no of 
patients  
 

ACS  
   

NSTEMI 
 

UA 
 

Accuracy 
(%) 

Correlation 
with  
FFR  

BA  
agreement 
with FFR  

Sen 
(%) 

Spec 
(%) 

PPV 
(%) 

NPV 
(%) 

AUC 
(%) 

Li et al 
(186) 

caFFR Prospective, multi-
centre, single-arm study 

4.5 ± 1.5 328 275 - 275 95.7 0.89 ± 0.10 90.4 98.6 97.2 95 0.98 

Trobs  
et al (191) 

FFRangio Retrospective  
analysis  

n/a 73 22 4 18 90 0.85 ± 0.13 79 94 85 92 0.93 

Fearon  
et al (176) 

FFRangio Prospective, multi-
centre, observational 
study  

2.7 382 126 28 98 93 0.80 ± 0.14 93.5 91.2 89 94 0.94 

Omori  
et al (184) 

FFRangio Prospective, single-
centre, single-arm study  

9.6 ± 3.4 50 22 7 15 92.3 0.83 ± 0.14 92.4 92.4 n/a n/a 0.92 

Pellicano  
et al (183) 

FFRangio Prospective, multi-
centre, observational 
study 

n/a 199 55 21 34 93 0.88 ± 0.10 88 95 n/a n/a 0.80 

Masdjedi  
et al (185) 

CAAS-
vFFR 

Retrospective, single-
centre, observational 
study  

n/a 100 40 26 14 n/a 0.89 ± 0.07 97 74 85 89 0.93 

Tu et al 
(179) 

QFR Prospective 
observational study  

<10 68 9 - 9 88 0.81 ± 0.11 78 93 82 91 0.93 

Xu et al 
(188) 

QFR Prospective, multi-
centre, observational 
study  

n/a 308 66 - 66 92.7 0.86 ± 0.10 94.6 91.7 85.5 97.1 0.96 

Westra et al 
(192) 

QFR Prospective, 
observational 
investigator-initiated 
study  

5 272 6 * * 86.8 0.83 ± 0.12 86.5 86.9 76.4 93 0.92 

Stahli et al 
(182) 

QFR Single centre, 
retrospective study  

n/a 436 123 18 105 93.4 0.82 ± 0.08 75 97.8 89.3 94.2 0.86 

Papafaklis 
et al (187) 

vFAI  Retrospective  
Study  

n/a 120 41 8 33 90.4 0.78 ± 0.18 86.2 87.8 79.9 93.8 91.9 
 

 

Table 4 - Table summarising the evidence of vFFR in ACS. *not specified; n/a, not reported; BA, Bland-Altman; Sen, sensitivity; Spec, specificity; PPV, positive predictive 
value; NPV, negative predictive value; AUC, area under the receiver operating curve. caFFR, Coronary-angiography based FFR (FLASH software); FFRangio, 3D functional 
coronary angiography mapping with coronary flow analysis (Cathworks Ltd, Kfar-Saba, Israel); CAAS-vFFR, Cardiovascular Angiographic Analysis System (Pie medical, 
Maastricht, The Netherlands); QFR, Quantitative flow ratio (Medis, Leiden, Netherlands and Pulse Medical Imaging, China); vFAI, Virtual Functional Assessment Index. 
(Reproduced with permission from Haley et al).
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1.22 VIRTUheartä 

 
1.22.1 What is it, and how does it work?  

 
The Sheffield University team developed VIRTUheartä, a software suite which uses CFD 

technology and computes vFFR based upon invasive coronary angiography. It has now been 

refined with the introduction of personalised boundary conditions and other parameters to 

increase its diagnostic accuracy to 90% for detecting ischaemic lesions (FFR ≤0.80), with 

computing time of less than four minutes (193)(178)(173).  This is the vFFR system which I 

used in my project.  

 

 
Figure 14- Accuracy of virtual FFR (vFFR) vs measured FFR (mFFR) from the VIRTU1 study (173).  

 
1.22.2 Boundary conditions  

 
Boundary conditions are the physical conditions at the inlet, outlet and arterial walls. They can 

significantly affect the vFFR calculations and the accuracy of the software. The boundaries are 

determined before a CFD analysis can be completed. For coronary artery modelling, proximal 

aortic pressure is deemed as the inlet boundary whilst the vessel wall is constructed as a rigid 
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wall. The distal boundary (outlet) is set by the coronary microvascular resistance (CMVR) (see 

figure 12).  CMVR is more difficult to be determined as it varies in individuals, especially 

those who have co-morbidities such as heart failure, diabetes, LVH, and hypertension. A 

generic resistance value of (8.721e^9 Pa/m3s-1) can be used to run the simulation; a figure 

which was obtained from the early study. More recently, the team has shown that personalized 

distal boundary conditions could improve the accuracy of vFFR calculation. This includes 

inputting clinical details such as patient’s weight, heart rate, diastolic blood pressure (dBP) and 

frailty score along with two specific scoring of the coronary arteries; The Myocardial Jeopardy 

Index (MJI) and Duke Jeopardy (DJ) scores. The DJ score is a combination assessment of 

stenosis severity and location which includes six arteries: the left anterior descending artery 

(LAD), proximal first perforator, first diagonal (D1), circumflex (Cx), dominant obtuse 

marginal branch (OM), and posterior descending artery (PDA). Wherever a lesion that is ≥ 

75% is proximal to one of these arteries, two points are given. The score is the total of all of 

the arteries scored. The MJI estimates the amount of myocardium at risk based on the location 

of the coronary artery stenosis. All vessels are scored. Each vessel is assigned a score of zero 

to three depending on how large the artery is and the overall distance from base to apex of the 

heart, with three being the largest area supplied and so forth. The score is then calculated as 

the ratio of each stenosis divided by the overall score given to all the arteries in total.  
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Figure 15 - Coronary microvascular circulation (CMVC) influence on the distal boundary and vFFR result. 

Personal parameterisation of the distal boundary condition increases the accuracy of vFFR measurement.  

 

1.22.3 VIRTUheartTM: how to use it?  

 
The first step in computing vFFR is acquiring a good quality CAG; good opacification, 

minimal magnification, no panning, minimal vessel overlaps, at least two clear orthogonal 

planes at least 30 degrees apart and a clear ECG trace to identify end-diastolic frames. No 

panning is crucial because any table movements could affect the segmentation and construction 

of the artery. A 3D reconstruction of the coronary anatomy can then be created offline once the 

arteries are segmented which are then discretised into a number of volumetric elements.  

Boundary conditions are then applied.  The modelled system is then generated and processed 

through the CFD software to calculate the vFFR. The steps are summarised below and shown 

in greater detail in the Methods below.  
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Figure 16 - Summary of steps for vFFR calculation using the VIRTUheart™ software. (Reproduced with 

permission from Haley et al).   

 
 

 
Figure 17 - Step 2. Segmenting the coronary artery using the coronary artery segmentation tool in the 

VIRTUheartÔ software.  

 

 

Segmenting the 
coronary artery 

Stenosis in the 
mid left anterior 
descending  
artery (LAD)  
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Figure 18 - Step 3. vFFR result post CFD simulation showing the measurement of 0.76.  

 

1.23 Pros and cons of vFFR  
 
vFFR is fast and could be made available for every angiographic procedure to guide decision 

making. Without the need for inserting a pressure guidewire, it could theoretically be used by 

non-interventional cardiologists before the decision to refer for intervention. It is efficient and 

does not require any pharmacologic hyperaemia. In addition, the 3-D model of the coronary 

arteries can assist the estimation of vessel dimensions and selection of stent size (183). There 

is also an option to provide virtual coronary intervention by placing virtual stents and ultimately 

predict anatomic and physiological outcomes prior to invasively intervening on any vessel 

(178). It has several limitations, however. Poor CAG images or overlapped segments can 

hamper the process. In addition, the distal outlet boundary condition is proximal to the CMV 

circulation, and a fundamental assumption of CMV function (maximal dilatation) is made to 

compute pressure from flow. But the degree of CMV response to hyperaemia varies from 

person to person, which is why personalisation of this parameter is so important in vFFR. 

VIRTUheartä can be used with a standardised or personalised parameterisation (193). Work 

continues on ways to improve the estimation of the boundary conditions. Training is, however, 

essential, both for the CAG operator and the image processor. Lal et al showed that there is a 

substantial difference in vFFR modelling between trained and untrained operators due to errors 

in the 3-D vessel construction. Importantly, the study showed that expert vFFR processing can 
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lead to a change  in the revascularisation decision in 37% cases (194).  However, with some 

simple improvements in technique, the suitability of angiograms for modelling can be 

improved from about 50% to about 80% , based upon a study of 200 CAGs performed by 

trained and untrained operators (195). The trained operators followed the simple steps outlined 

in 1.21.3. 

 

1.24 Next steps for VIRTUheartä  
 
The feasibility and impact of using vFFR in the CCL in an acute setting is as yet untested, and 

was addressed in this study, VIRTU4-ACS. 

 

1.25 Hypothesis and aims  
 
The hypothesis for this study was that vFFR will change the management of patients with ACS 

in more than 10% of cases compared with traditional visual assessment of the CAG.  

 

In this study I aimed to identify patients who have suffered ACS and were undergoing CAG at 

the Northern General Hospital (NGH), Sheffield. Standard CAG based upon the VIRTU4-ACS 

protocol were performed, the angiogram result was recorded, and the images downloaded onto 

the software to be processed for vFFRs. I recorded the initial treatment decision of the 

Cardiologist, based upon the CAG. The vFFR was revealed to the cardiologist, asking them 

how it would change their proposed management and the confidence in that original clinical 

decision. I also aimed to investigate the potential implications of such a change.  
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2. Methods 
 

2.1. Study design  
 
VIRTU4-ACS was a single cohort, prospective, observational study. It was a ‘virtual’ trial of 

angiogram vs vFFR. vFFR was not used to actually change patient management (the software 

was not yet approved by the MHRA) but was designed to determine its likely impact. The 

target sample size was 206  patients. The study was performed in the cardiac catheter laboratory 

(CCL) of Sheffield Teaching Hospitals at NGH immediately after the CAG was performed. I 

used the VIRTUheartä software to calculate the vFFRs of diseased vessels in patients with 

NSTE-ACS undergoing CAG and recorded any changes in the treatment decision. The study 

design was based upon that of RIPCORD, which was a study of measured FFR vs angiogram-

based management (135). The difference here was that the FFR was computed, not measured 

with a wire. As in RIPCORD, I investigated what difference the vFFR would make to the 

normal plan of management based upon the angiogram.  The study was originally planned to 

be conducted from January 2020 to December 2021, but recruitment was extended to March 

2022 due to the COVID-19 pandemic.  

 

2.2. Ethics  
 
This study was approved by a national ethics committee (IRAS 270127 / STH 20595 / REC 

19/NW/0580) (see appendix). All patients recruited were dealt with face-to-face. They were  

given information leaflets and provided written, informed consent on arrival to hospital prior 

to undergoing CAG to allow enough time for questioning and consideration. They were also 

informed about the follow up phone at six months.  VIRTU4-ACS was a virtual study and had 

no impact upon patient care. Permission was granted to allow patients’ data to be anonymised 

and processed.  

 

2.3. Power and sample size  
 
Because this study design mimicked RIPCORD, the number of subjects required was similar. 

In that study, it was 200, and FFR disclosure resulted in a change in treatment between medical 

therapy, PCI or CABG in 26%. But this study investigated patients with ACS. In FAMOUS 

(also FFR in ACS), treatment changed in 22%. Allowing for a lower threshold of treatment 

with vFFR, 206 subjects were estimated to provide 85% power at 5% two-sided significance 
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to reject a change in treatment of 10% when the true rate is 17%; i.e. we would have needed to 

see 35 changes to reject the hypothesis that vFFR changed the decision in 10% or less. From 

the evidence cited above, it was estimated that a change in management would occur in 20% 

of patients, and we asserted that a change of <10% would not be deemed important. The 

number of patients required in this study was directed by p, the proportion of cases in which 

the decision is different after the intervention compared with before. The 95% confidence 

intervals for p are derived from the formula: 

 

p̂±1.96 √(p̂(1− p̂)/n). 
 

[where p̂ is the proportion in a sample; in this case 0.20] 
 

2.4. Patient selection 
 
Adult (≥18 years) patients with ACS undergoing CAG at NGH were screened for the study 

with the aim to recruit 206 patients. Patients were excluded if they had a previous history of 

CABG, severe kidney disease (creatinine >180μmol/l), severe valve disease, intolerance to 

anti-platelet drugs, severe frailty or life-threatening co-morbidities and if they were unable to 

consent due to language barrier. Arteries with narrowing of more than 30%, or less than 90%, 

and a diameter of at least 2.25mm, were included. Patients with a normal CAG, a chronic total 

occlusion (CTO) as the only lesion, severe diffuse disease, left main stem or ostial disease were 

excluded from the study (see SOP pathway in appendix).  

 

2.5. Standard operating procedure  
 
Patients’ clinical data, demographics, CAG result and the initial treatment were recorded on a 

standardized proforma. CAG was done either via radial or femoral approach. Post CAG, the 

cardiologists were asked to identify and grade the stenosis of any stentable or graftable  arteries 

(≥ 2.25mm) which had >30% stenosis and stated their initial management plan of either PCI, 

CABG, OMT or MDT referral. The arteries were then modelled in silico and the vFFR was 

calculated. A modelled vFFR <0.80 in a vessel was taken as an indication for (virtual) 

revascularisation. The result was shown to the cardiologist and any change in decision was 

recorded. Their confidence level of the initial decision made on a scale of 1-10, and any 

changes post vFFR were also logged. Most interview with the cardiologists were done face to 

face on the same day post vFFR calculation. When there has been a delay in processing the 

vFFRs, they were contacted via email using the questionnaire in the same format in order to 
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maintain standard. A Heart Team MDT study meeting was separately convened, involving a 

general cardiologist, an interventional cardiologist and a cardiac surgeon to record their 

decisions in order to introduce a second level of consistency in the decision-making. Ten 

percent of my cases were checked by a colleague for external validation. In addition, for 

internal validation, I re-processed 10% of the cases in random order. The primary outcome for 

this study was the proportion of cases with a treatment decision change after vFFR calculation. 

At six months, a follow up telephone call was conducted to collect secondary outcomes to 

examine the potential for change in clinical outcomes, the CCL time and key aspects of health 

economics such as length of hospital stay, waiting time and other events or complications. 

Clinical frailty using the Rockwood Score and quality of life using the (EQ-5D-5L) 

questionnaire were completed for patients at baseline and repeated at six months follow up to 

assess for any change.  Figure 17 summarizes the recruitment workflow and standard operating 

procedure.  
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Figure 19 - VIRTU4-ACS recruitment workflow 
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2.5.1. Clinical data 
 
ECG changes (ischaemic or non-ischaemic), peak troponin rise (<5 fold of the upper limit of 

the normal range, >5 but < 10-fold of the upper limit of the normal range,  or > 10 times above 

the normal range), weight, height, heart rate (HR), body mass index (BMI) and creatinine level 

were recorded for all participants. Past medical history including diabetes (DM), atrial 

fibrillation or flutter (AF), previous strokes or transient ischaemic attacks (TIA), peripheral 

vascular disease (PVD), previous PCI, previous MI, treated hypertension (HTN), treated high 

cholesterol, and smoking status prior to admission were recorded. Left ventricular (LV) 

function was documented when the data was available. Treatments with LMWH, DAPT, 

anticoagulant, statin, beta-blockers, calcium channel blockers, nitrate or other additional anti 

anginal therapy were also noted.  

 
2.5.2. Clinical scores  

 
Clinical risk scores were recorded at baseline, including the Global Registry of Acute Coronary 

Events (GRACE) score for six-month prediction of mortality from admission, Killip score 

(quantification of severity of heart failure and prediction of 30-day mortality in NSTEMI), the 

Rockwood scale for clinical frailty, the Canadian Cardiovascular Society (CCS) angina 

classification, the New York Heart Failure Association (NYHA), and the EQ-5D-5L for health-

related quality of life (see appendix). The EQ-5D-5L was also repeated at six months follow-

up.  

 

2.6. Modelling protocol   
 

The CAG was recorded using a standardized protocol optimal for modelling purposes. For the 

left coronary artery, six positions are required encompassing postero-anterior (PA) caudal, 

right anterior oblique (RAO) caudal, RAO cranial, PA cranial, left anterior oblique (LAO) 

cranial and LAO caudal whilst the right coronary artery requires an LAO, LAO cranial, PA 

cranial and an RAO angle to ensure that two orthogonal planes of  30 degree apart were 

obtained in order to model a selected artery (see appendix for CAG). In both, images were 

selected with minimal vessel overlap, no or minimal magnification to ensure the images are 

acquired in one full screen, with no panning of the arteries. The injection of the contrast was 

firm to achieve a good opacification of the coronary arteries with acquisition of at least three 

cardiac cycles in order to attain a suitable end diastolic frame for coronary artery segmentation. 
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For an appreciation of the best angiographic views for different arterial segments, see figures 

18-20). 

 

 
Figure 20 - Coronary angiography projection views of LAO cranial, LAO caudal, RAO cranial and RAO caudal 

of the coronary artery. (Illustration from http://semanticscholar.org). 

 

 

 
Figure 21 - Coronary angiography projection views of LAO cranial, LAO caudal, RAO caudal and RAO cranial 

of the coronary artery.(Illustration from http://semanticscholar.org). 
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Figure 22 - Coronary angiography projection views of LAO, PA cranial and LAO cranial of the right coronary 

artery.   

 
2.6.1. Data protection and handling of the CAG images  

 
CAG images were automatically transferred into the NGH radiology server (IMPAX), as a 

standard hospital policy. I transferred and uploaded all of the images post CAG into another 

secured database, (XNAT), created by the scientific computing department at Sheffield 

University especially for clinical studies like VIRTU-4, which specifically require storage and 

access to imaging and physiology data. All patients had a unique study identifier identification 

and were anonymized. From XNAT, I was able to download the CAG images into an encrypted 

laptop to process in the VIRTUheartTM software on site. Some cases were processed securely 

off-site only when there was a delay in the image transfer between the servers due to internal 

error. All data were used lawfully complying with the Data Protection Act 2018. Only 

authorized users were given access to the database to maintain quality control and protected 

data analysis. The storage of the anonymized database conforms to the standard research 

governance and will be stored for up to 15 years.  
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2.6.2. VIRTUheart™ workflow for vFFR calculation 
 
VIRTUheart™ vFFR calculation can be summarized as having three phases. The first is to 

acquire suitable angiographic images for modelling as described above. Second, the coronary 

artery of interest is segmented using the segmenting tool on the software. Two images which 

are at least 30 degree apart and ideally at end diastolic frame are selected for this process. Here, 

the catheter size is entered, two reference point identifying the same spot on each image is 

marked, centreline is drawn, and the vessel outline is traced. Manual correction is used to 

smoothen and perfect the outlining. The cumulative effect of all these steps will generate the 

3D construction of the segmented artery which are then saved. The saved 3D mesh is uploaded 

onto the CFD simulator afterwards for vFFR processing. The detailed step-by-step 

segmentation is demonstrated below (figure 21-29).  

 

 
Figure 23 - Step 1. Two images  of the LAD (>30 degrees apart) are selected at end diastole.  

 

Stenosis in the 
mid-LAD   
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Figure 24 - Step 2. Two points are placed along the catheter to determine the diameter of the catheter.  

 

 
Figure 25 - Step 3. Two similar points are placed on both images as reference.  
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Figure 26 - Step 4. Centreline is drawn in the left image along the artery.  

 

 
Figure 27 - Step 5. The edges of the artery are traced and manually corrected.  
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Figure 28- Step 6. Similar steps are repeated on the right image with the centreline in the right image placed 

before the blue and beyond the yellow epipolar lines.  

 

 
Figure 29 - Step 7. The artery is traced and corrected manually on the right image.  
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Figure 30 - Step 8. The segmented arteries from the images are ready to be constructed into a 3D model.  

 

 

 
Figure 31 - Step 9. The generated 3D reconstruction of the LAD. 

 

Third, the reconstructed 3D segment is uploaded into the CFD software to calculate the vFFR. 

In this section a standardised myocardial resistance (8.721e9) or a personalised parameter 

generated by incorporating the patient’s weight, heart rate, diastolic blood pressure, MJI, DJ, 

and frailty score can be used. The latter is used to improve the accuracy of the result obtained. 

This process is shown below (figure 30-32). 
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Figure 32- Step 10. The 3D model of the LAD is loaded onto the CFD simulation software. 

 
 
Figure 33 - Step 9. Personalized parameter is entered to improve accuracy of vFFR calculation.  
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Figure 34 - Step 9. Post CFD analysis. vFFR of the LAD of 0.74.  

 

A unique feature of the VIRTUheart™ software is the flexibility to calculate vFFR between 

any chosen points along the artery after the model has been generated. To do this, the user can 

mark the proximal and distal point in between which  the vFFR is required, as demonstrated 

below. Moreover, from the pre-calculated inlet, outlet and minimum diameter of the vessel a 

percentage stenosis can be generated as well. These aspects are shown below (figure 33 and 

34).  

 

 
 
Figure 35 - Example 1. Post CFD analysis. VFFR of the chosen LAD segment of 0.86.    
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Figure 36 - Example 2. Post CFD analysis. vFFR of the proximal segment of the LAD of 0.97.  

 

2.7. Treatment plans  
 
A standardized proforma was used to record treatment plans pre- and post-vFFR calculation 

(see appendix for VIRTU4-ACS treatment proforma). This was divided into five options 

comprising of OMT, PCI, FFR guided PCI, referral for CABG and discussion in an MDT. 

Details regarding any of the treatments could be added in the space provided. The CAG quality 

was recorded as good, average or poor. The confidence level for the treatment decision or the 

revascularisation strategy was recorded using a scale of one to ten. Similarly, any change in 

the treatment plan and the confidence level after vFFR calculation was recorded.  

 

2.8. MDT meeting protocol 
 
Study MDTs were convened to provide consistency of decision making. They comprised of a 

general cardiologist, an interventional cardiologist and a cardiac surgeon. Cases were re-

discussed, and their initial management plan treatment were recorded. This was conducted in 

sessions of about 10 cases at a time. The MDT members were presented with the patient’s 

clinical data, ECG and the CAG images. Each specialist was also asked to grade the CAG 

quality (good, average or poor) and the percentage of stenosis of any diseased arteries (>30% 

stenosis) from visual estimation. They then decide on the initial treatment plan of either OMT, 

PCI, FFR, CABG or if more information is required. Their confidence level from a scale of 1-
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10 for the initial decision made was also recorded (see workflow below). They were then 

presented with the vFFR result of the processed arteries. Similar questions were asked after 

revealing the vFFR result and any change towards treatment plan and confidence level were 

recorded once again. When general consensus was not reached, a majority decision was used 

instead. When there was equipoise in the decision between the three specialists, the 

interventionist’s decision was used as the primary choice.   

 

 
Figure 37 - MDT workflow. 

 



75 
 

2.9. Clinical outcomes  
 
The primary endpoint was the number of patients in whom management changed. The 

secondary outcomes were MDT outcomes and clinical events at six months, ascertained with 

national statistics, hospital records and telephone follow-up. Relevant events included death, 

hospital admissions and repeat revascularisation, MI, angina, CVA, major bleed, or any 

important related events. Three different sub-analyses were be performed; first, to examine any 

change in the confidence level of the treatment decision; second, the inter- and intra-observer 

variability at calculating the vFFRs; and third, a validation between vFFR and mFFR. 

 

2.9.1. Inter and intra-observer variability  
 
To assess variability, inter- and intra-observer analysis were performed for vFFR calculation 

and the treatment decision. The vFFR measurements were re-calculated by me as well as by a 

secondary research investigator in 10% of the cases. A Pearson correlation coefficient (PCC) 

and Bland Altman (BA) analysis were used.  

 

2.9.2. Sub-analysis of vFFR against mFFR  
 
In 10% of the cases, an offline vFFR validation study against mFFR was also performed. A 

PCC and BA analysis were used.    

 

2.10. Statistics  
 
The primary and secondary outcomes were compared using Fisher exact tests, X2 and paired t-

tests, as appropriate, with a P value <0.05 considered as significant. Continuous variables were 

presented as means and standard deviations or medians and quartile ranges, as appropriate. 

Categorical variables were presented in counts and percentages. Sub-analysis for inter, intra-

observer and mFFR vs vFFR were compared using PCC and BA analysis.  

 
2.11. Health economics  

 

From the data collected, in this study, a further analysis will be performed to investigate the 

potential benefit of vFFR with regards to health economics. This analysis is beyond the scope 

of the present study, but the necessary data were collected. These included the clinical events 

listed above, augmented by length of hospital stay, the angiogram and PCI time, the vFFR 
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computing time, waiting times, the number of stents used, change in quality of life and most 

importantly, the documented changes that vFFR would have made. A collaboration with a 

health economist (Dr Thaison Tong) assisted in identifying the correct methodology.
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3. Results  
 

3.1. Patients: screening, enrolment, angiography and processing vFFRs 
 
From August 2020 to September 2021, 292 patients were screened and recruited into the study. 

After CAG, a total of 208 were included in the study, whilst 84 patients were excluded based 

on the study protocol. The breakdown is shown below (table 4).  

 

 
Table 5 - Summary of excluded cases. 

 
All 208 patients had at least one artery processable for vFFR. A total of 335 vessels were 

successfully processed for vFFR. Twenty of 355 vessels (5.6%) failed to process due to the 
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lesions being too severe (>90%), or other technical errors. The former led to a ‘non-

convergence errors. See consort diagram below (figure 36).   

 

 
Figure 38 – Summary of the vFFR procedural outcomes.  
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3.2. Clinical characteristics (processed patients) 
 

All patients who were recruited had their clinical characteristics and demographic recorded 

prior to undergoing CAG. Echocardiogram data was available in 35% (72 out of 208) patients. 

This is summarized below (table 5).  

 
Baseline and clinical characteristics  n=208 
 
Clinical  

 

  Age  65±12 
  Male sex n (%) 150 (72) 
  Female n (%) 58 (28) 
  Heart rate b.p.m  68±11 
  ECG evidence of ischaemia at presentation n (%) 
 
 

139 (67) 

Peak troponin before the procedure   
  Less 5 upper limit of normal or zero n (%) 27 (13) 
  More than 5 upper limit of normal n (%) 47 (23) 
  More than 10 upper limit of normal n (%) 
 
 

134 (64) 

*GRACE score for death or myocardial infarction at 6 months  108±25 
Patients with GRACE score for death or myocardial infarction of  >140 n 
(%) 
 

20 (10) 

Killip Score   
I 208 
II 
III 
IV 

0 
0 
0 

 
 

 

Diabetes mellitus n (%) 54 (26) 
History of atrial fibrillation or flutter n (%) 27 (13) 
History of stroke or TIA  n (%)  9 (4) 
Previous myocardial infarction n (%) 36 (17) 
Previous percutaneous intervention n (%) 39 (19) 
History of treated hypertension n (%) 127 (61) 
History of treated hypercholesterolaemia n (%) 
 

126 (61) 

History of smoking n (%)  
  Current  68 (33) 
  Former (stopped > 3 months)  61 (29) 
  Never  
 
 
 

79 (38) 
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Angina Canadian Cardiovascular Society (CCS) class at presentation n (%)  
  I  148 (71) 
  II  55 (26) 
  III 5 (2)  
  IV 0 
 
New York Heart Association (NYHA) functional class at presentation  n 
(%) 

 
 

  I 32 (15) 
  II 155 (75) 
  III 21 (10) 
  IV 0 
 
Left ventricular function on echo at presentation n (%) 

 

  Normal  38 (18) 
  Mildly impaired  16 (8) 
  Moderately impaired  13 (6) 
  Severely impaired  
 

6 (3) 

 
Frailty (Rockwood score) class classification n (%) 

 

  Well (1-3)  173 (83) 
  Vulnerable  (4-5) 35 (17) 
  Frail (6-9) 
 

0 

  Health-related quality of life EQ-5DL score  
 

67±14 

Medication at procedure n (%)  
  Aspirin  208 (100) 
  P2Y12 inhibitor  208 (100) 
  Ticagrelor or Prasugrel  196 (94) 
  Clopidogrel 12 (6) 
  Warfarin 1 (<1) 
  Direct oral anticoagulant (DOAC)   11 (5) 
  Statin 207 (100) 
  Beta-blocker  200 (96) 
  Calcium channel blocker  28 (13) 
  Isosorbide mononitrate  25 (12) 
  Nicorandil 0 
  Intravenous nitrate  208 (100) 
  Low molecular weight heparin  208 (100) 

 
 
Table 6 – Patients’ demographics and clinical characteristics. Mean ± SD or median (inter-quartile range) for 

normal and non-normally distributed data, respectively. (*Estimates mortality rate from admission up to 6 months 

for patients with ACS; [low risk (1-108) probability of death in hospital <1%, intermediate (109-140) probability 

of death in hospital 1-3%, high (141-372) probability of death in hospital >3%]).  
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3.3. Procedure characteristics  
 
Procedure characteristics and findings after CAG are summarised and presented in the table 

below (table 6).  

 
Procedure characteristics and findings N=208  

 
Procedure  

 

  Average time from index episode of MI to the invasive CAG,  n=days 
  Average time for coronary angiogram only, min 
  Average time for coronary angiogram and PCI or ± FFR , min 
 

5±2 
46±12 
91±39 

Procedure characteristics   
  Radial artery access  197 (95) 
  Femoral artery access 11 (5)  
  Procedure time (including angiography and PCI), min 78±39 
    
Stents  
  Total number of stents  

 
223 

  Average number of stents per patient  1.6 
 

  
Angiographic findings, n(%)  
Total number of lesions with a stenosis ≥ 30% diameter  462 (55) 
Total number of lesions with a stenosis ≥ 50% diameter  380 (45) 
Patients with at least one lesion ≥ 50% severity 
 

193 (93) 
 

 
Lesion characteristic based upon visual interpretation at angiography, n(%) 

 

  >30-49% stenosis 70 (14) 
  >50-69% stenosis 115 (26) 
  >70-90% stenosis 170 (36) 
  >90% stenosis 86 (20) 
    Total occlusion 20 (4) 

 
 
Arteries with at least one significant lesion n(%) *An angiographically 

significant artery was defined as an artery with one or more lesions ≥70% of the reference 

vessel diameter*  

 

 

  0 32 (14) 
  1 86 (41) 
  2 63 (30) 
  3 26 (13) 
  4 
 
 
 

1 (<1) 
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Patients with at least one lesion >50% severity in the proximal or mid left 
anterior descending artery, n (%) 
 
 
 
 
 

134 (27) 

Invasive treatment strategy   
1VPCI 101 (48) 
2VPCI 30 (14) 
3VPCI 3 (1) 
FFR 25 (12) 
1VPCI+FFR  4 (2)  
2VPCI+FFR 
 

2 (1) 

  
Table 7 - Procedure characteristics. A diseased artery was defined as an epicardial artery with one or more lesions 

≥30% of the reference vessel diameter and amenable to PCI or CABG. An angiographically significant artery was 

defined as an artery with one or more lesions ≥70% of the reference vessel diameter. 1VPCI, one vessel PCI; 

2VPCI, two vessel PCI; 3VPCI, three vessel PCI; FFR, Fractional flow reserve; 1VPCI+FFR, 1VPCI with an 

additional FFR to another vessel; two vessel PCI with an additional FFR to another vessel. Mean ± SD or median 

(inter-quartile range) for normal and non-normally distributed data, respectively. 

 

3.4. vFFRs processed: vessels and values  

 
VFFR computation was processed in 355 vessels with a 94% (335 out of 355 vessels) success 

rate. All patients included had at least one successful artery processed for vFFR.  When the 

there was a delay in processing the arteries on the same day due to internal radiology error, the 

cases were processed off site as soon as images were available to upload. The interventionalists 

were then questioned using the same standardised proforma via email to maintain consistency. 

There were 148 haemodynamically significant vessels (vFFR <0.80) and 187 non-significant 

vessels (vFFR ≥0.80). The vFFR processing and findings are summarized below (table 8). 
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vFFR findings  

   
  Average vFFR processing time per case, mins 

 
18±10 

  Average vFFR processing time per vessel, mins 
 

11±3 

  Lesions successfully measured for vFFR number/total number (%)  335/355 (94) 
  Number of physiologically significant (vFFR <0.80) (% of all lesions)   148/335 (44) 
 
Arteries with ≥1 physiologically significant (vFFR <0.80) lesion, n (%)  

 

   0 95 (28) 
   1 80 (24) 
   2 31 (9) 
   ≥3  2 (1)  
 
 vFFRs processed  

 

  LAD 138 (41) 
  CX 58 (17) 
  OM 13 (4) 
  D1 28 (8) 
  D2 4 (1) 
  Intermediate 3 (1) 
  RCA 79 (24) 
  PDA 8 (2) 
  PLV 
 

4 (1)  

Patients with ≥1 physiologically significant (vFFR <0.8) lesion, n (%) 
 

113/208 (54) 

Patients with ≥1 physiologically significant (vFFR <0.8) lesion, in the 
proximal or mid left anterior descending artery, n (%) 
 

76/208 (37) 

Mean vFFR in lesions with vFFR <0.80  
 

0.65 

Mean vFFR in lesions with vFFR ≥0.80  0.89 

 
Table 8 - vFFR findings. LAD, Left anterior descending artery; CX, Circumflex artery; OM, Obtuse marginal 

artery; D1, First diagonal artery; D2, Second diagonal artery; Ix, Intermediate artery; RCA, Right coronary artery; 

PDA, Posterior descending artery; PLV, Posterior left ventricular branch artery. Mean ± SD or median (inter-

quartile range) for normal and non-normally distributed data, respectively. 

 



84 
 

3.5. How did the visual stenosis severity compare with vFFR?  

 
The severity of stenoses were visually graded by the interventionalist immediately post CAG. 

This was divided into mild (30 - 49%), moderate (50 - 69%), severe (70 – 90%), and extremely 

severe (>90%). Extremely severe lesions (>90%) were not processed for vFFR as per study 

protocol. The rest of the categories were tabulated and plotted against the vFFR result (see 

table 8 and figure 37).  

 

Stenosis (%) vFFR <0.8 vFFR ≥0.8 Total  
30-49 3 58 61 
50-69 32 83 115 
70-90 123 36 159 
Total  158 177 335 

 

Table 9 – Relationship of the stenosis severity graded visually with the lesion’s haemodynamic significance 

based on vFFR.   

 

 
Figure 39 – Scatter plot of CAG % stenosis severity vs vFFR measurement. vFFR measurements below 0.80 

(dotted red line) is the reference point of which revascularization is recommended.   
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3.6. Actual treatment given vs initial treatment plan 
 
Fifteen cardiologists (interventionists) were involved in this study. After CAG, 165 patients 

were planned to have at least one vessel PCI (± FFR),  32 to have OMT and seven CABG. Four 

patients were referred for MDT. Those who were initially planned for PCI underwent their 

treatment as planned, apart from two minor changes during the procedures, in which intended 

two vessel PCI was changed to single vessel PCI. The first of these was a change from PCI to 

RCA and LAD to PCI to RCA only, with the bystander LAD procedure being abandoned, due 

to a peri-procedural TIA. In the second of these, the operator felt that the LAD was too small 

and diffusely diseased to undergo PCI after guide catheter engagement and opted for PCI to 

RCA only. In one case, PCI to RCA was unsuccessful because the wire was unable to cross the 

lesion, so the patient was treated with OMT in the first instance and planned for repeat PCI as 

a complex case should he remain symptomatic. Two of the four patients referred for MDT 

underwent CABG with three grafts, whilst the other two had a complex multivessel PCI to 

LAD, CX and OM. In both, the LAD was deemed ungraftable alongside issues with frailty. All 

seven patients who were referred for CABG had the surgery as planned. Two patients from the 

OMT group had left ventriculography which demonstrated apical ballooning suggestive of 

Takutsubo cardiomyopathy. Most patients who were transferred from district hospitals for 

CAG were repatriated to back to their respective hospital on the same day. In those with non-

obstructive CAD (<30% stenosis) treated with OMT, further investigations such as LV 

function assessment, CMR or specific laboratory test to rule out other causes and underlying 

MINOCA were recommended to be undertaken locally. 

 

3.7. vFFR: impact upon treatment plans 
 

3.7.1. Change in management  
 
After the vFFRs were revealed, there was an hypothetical change in management in 46/208 

patients (22%) [95% CI: 15% to 25%, p <0.001]. Figure 38 illustrates the distribution of change 

in management pre and post vFFR. The change between the extent of significant CAD 

angiographically and post vFFR is shown below (table 9).  
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Extent of 

angiographically 

significant CAD  

 

Extent of significant CAD post vFFR 

0VD 1VD 2VD 3VD 4VD Total 

0VD 31 1 0 0 0 32 

1VD 4 59 22 1 0 86 

2VD 0 4 52 6 1 63 

3VD 0 0 2 24 0 26 

4VD 0 0 0 0 1 1 

Total 35 64 76 31 2 208 

 
Table 10 – Extent of significant CAD angiographically and post vFFR reclassification, n=208.  

 

 
 

Figure 40 - Distribution of treatment pre and post vFFR. A change occurred in 46/208 patients (22%); p <0.001. 

Out of the 46, 18 changes occurred within the PCI group (10 had an additional intervention with PCI/FFR to 

another vessel whilst 8 had less intervention with PCI/FFR to another vessel). 1change occurred within the CABG 

group (FFR to a vessel was eliminated).  
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Table 10 and 11 summarized the distribution of treatment plans after CAG and following vFFR 

recommendation. In 184 cases (88%) there was agreement between the pre vFFR and post 

vFFR treatment plan. In further detail, there were six patients who were initially referred for at 

least one vessel PCI with an additional FFR to another vessel post CAG. After vFFR 

calculation, a 5 would have hypothetically had their original FFR plan omitted. In those with 

hypothetical changed in management, vFFR calculation only increased the number of 

additional vessels intervened upon by 7% (12/165 patients: 10 for PCI or FFR, 2 for CABG) 

only.  Overall, the use of vFFR showed a trend of reduction in PCIs and increased in referral 

to OMTs. In 146/208 (70%) patients whereby vFFR did not impact the management, 89 were 

simple one vessel PCI and 30 were multivessel PCI.  

 

Post vFFR 

Post CAG OMT PCI CABG MDT Total 

OMT 31 1 0 0 32 

PCI 21 142 2 0 165 

CABG 0 0 7 0 7 

MDT 0 0 0 4 4 

Total 52 143 9 4 208 
 
Table 11 – Breakdown of treatment plan post CAG compared with post vFFR of all cases, n = 208. Six PCIs 

included FFR with PCI and 25 included FFR without PCI.     

 

 

Post vFFR  

Post CAG OMT PCI Total 

OMT 31 1 32 

PCI 21 142 163 

Total 52 143 195 
 
Table 12 - Summarized table for treatment plan post CAG compared with post vFFR recommendation excluding 

CABG and MDT cases which were statistically non-calculable, n = 195; p <0.001 by Fisher exact test.  
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Post vFFR 
Post CAG OMT -FFR/PCI* PCI +PCI/FFR* FFR CABG MDT Total 

OMT 31 0 0 0 1 0 0 32 
PCI 1 3 118 10 0 2 0 134 

PCI+FFR* 0 5 0 0 1 0 0 6 
FFR 20 0 2 0 3 0 0 25 

CABG 0 0 0 0 0 7 0 7 
MDT 0 0 0 0 0 0 4 4 
Total 52 8 120 10 5 9 4 208 

 

Figure 41 - Full breakdown of distribution of treatment change pre and post vFFR. *PCI+FFR - At least 1 vessel 

PCI and FFR to another vessel ;  -FFR/PCI - Less FFR or PCI to a vessel ;  +PCI/FFR - Additional FFR or PCI 

to another vessel, N=208.  

 
3.7.2. Concordance  

 

Concordance between post vFFR and initial treatment decision was marginally higher in the 

non-significant lesions vs significant lesions (74% vs 70%; p= 0.73). In those vessels with 

vFFR <0.80, 103/148 (70%) were concordant; whilst 45/148 (30%) were discordant with the 

initial decision. In those vessels with vFFR ≥ 0.80, 138/187 (74%) were concordant, whilst 

49/187 (26%) were discordant with the treatment decision. Details are shown in the following 

consort diagram (figure 39). 
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Figure 42 – Consort diagram on all vessels successfully processed for vFFR, n=335.  

 

3.8. Operator confidence 
 
The average operators’ confidence levels pre vFFR and post vFFR were 8 (SD 1) and 9 (SD 1) 

respectively, (p <0.004). vFFR calculation led to an increase of confidence in 126/208 (61%) 

of cases whilst in 12/208 (6%), the confidence level was reduced.  Of those who had an 

increased confidence level, 106/126 (84%) were recommended to have an invasive strategy 

with either PCI or FFR. Those with reduced confidence were associated with discordance of 

treatment with the initial plan after vFFR (ie vFFR ≥ 0.80 with planned PCI, or vFFR <0.8 with 

medical OMT). In 70/208 (33%) cases, vFFR calculation did not affect the decision and 

therefore the confidence level remained unchanged. This was usually in cases in which there 

was either a severe culprit lesion (>90% stenosis) with no bystander disease or clear-cut, non-

obstructive lesions in which patients were recommended to have OMT with possible 

consideration of MINOCA.  
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3.9. Inter-observer and intra-observer variability  
 
To investigate the variability of the measured vFFRs, inter-observer and intra-observer analysis 

were performed. I re-processed 10% of the cases. I conducted the repeat measurements blinded 

to the initial result to reduce bias. The specific personalization parameters, MJI and DJ scores 

were also recalculated.  PCC was used to analyse the result. I found there was a good correlation 

between my initial vFFR measurements and my repeat measurements (R=0.96) (figure 40). 

BA analysis showed a mean difference (bias) of 0.01 (±0.01) (figure 41).  

 

 
Figure 43 - Correlation between vFFR1 (initial vFFR) and vFFR2 (repeated vFFR). R=0.96. 0.80 represents the 

ischaemic threshold.  
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Figure 44 - Bland Altman plot for the difference between the vFFR measurements with a mean difference of 

0.01 (±0.01) and limits of agreement from -0.09 and 0.08 (1.96 SD dotted lines).  

 

For the inter-observer analysis, another expert user was invited to re-process 10% of the cases. 

The expert was blinded to the initial vFFR calculation and the MJI and DJs scores were also 

re-calculated.  The same correlation analysis was performed on these results and demonstrated 

a correlation of R=0.90 (figure 42) and a BA analysis showed a mean difference (bias) of 0.03 

(±0.03) (figure 43). 
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Figure 45 - Correlation between vFFRa (second expert user) and vFFRb (primary investigator). R=0.90. 0.80 

represents the ischaemic threshold.  

 

 
 Figure 46 - Bland Altman plot for the difference between vFFRa and vFFRb with a mean difference of 0.03 

(±0.03) and limits of agreement  from -0.07 and 0.13 (1.96 SD dotted lines).  
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3.10. Sub-analysis validating vFFR against mFFR  
 
In 33/208 (16%) of cases, mFFRs were performed for clinical reasons, allowing the vFFRs to 

be compared with the mFFRs. The mean vFFR was 0.85 (SD 0.08) and mean mFFR was 0.86 

(SD 0.08). The accuracy, sensitivity, specificity, PPV and NPV  were  94%, 83%, 96%, 83% 

and 96% respectively, and the ROC-curve AUC was 0.95 (95% CI: 0.85 to 1.00) (figure 44). 

There was a good correlation between vFFR and mFFR (R=0.86) (figure 45). BA analysis 

showed a mean difference of 0.01 (±0.01) (figure 46). 

 

 
Figure 47 -  ROC curve of vFFR compared to mFFR. AUC 0.95. 
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Figure 48 - Correlation between vFFR and mFFR. R=0.86. 0.80 represents the ischaemic threshold.  

 

 
Figure 49 - Bland Altman plot for the difference between vFFR and mFFR with a mean difference of 0.01 

(±0.01) and limits of agreement from -0.07 to 0.1 (1.96 SD dotted lines). 
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3.11.     Study MDT outcomes 
 
Eleven MDTs were convened. A total of 101 cases were discussed with an average of nine 

cases per meeting. At the MDT, 71% of the angiogram images were categorized as good, 27% 

as average and 2% poor in quality (see figure 47).  vFFR hypothetically led to a change in 

management in 34/101 (34%) of cases [95% CI: 12% to 28%, p <0.001].  No change of decision 

was observed in 67/101 (66%) cases. Out of those in which management changed, 23/34 (68%) 

patients were from PCI to OMT, reducing the total number of PCI by 31%.  Confidence level 

in the decision made increased in  45% (45 out of 101 cases), did not change in 53/101 (52%) 

and was reduced in 3/101 (3%) of cases.  The breakdown of treatment plans and changes are 

shown in table 12 and 13.  

 

Post vFFR 

Post CAG OMT PCI CABG Total 

OMT 14 1 0 15 

PCI 23 51 0 74 

CABG 0 0 12 12 

Total 37 52 12 101 
 
Table 13 - Distribution of treatment change between post CAG and post vFFR at the MDT level, n = 101.  

 

Post vFFR  

Post CAG OMT PCI Total 

OMT 14 1 15 

PCI 23 51 74 

Total 37 52 89 
 

Table 14 – Distribution of treatment plan and changes between post CAG and post vFFR group, excluding 

CABG cases which were statistically non-calculable, n = 89; p <0.001 by Fisher exact test.   

 

3.12.     Secondary outcomes 
 
All 208 patients were followed up for MACE (see figure 48 and table 14). Six of 208 (3%) of 

experienced a MACE; one  death, two MIs, two unplanned revascularisations and one 
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intracerebral bleed. The death was in a patient who had CABG. The unplanned 

revascularizations were due to continued angina arising from diseased arteries which were not 

treated at first presentation. One of the two MIs was triggered by sepsis due to chest infection, 

and the other was caused by in-stent thrombosis secondary to non-compliance of DAPT. A six 

month follow up phone call was undertaken in 143 patients to record other clinical events.  

Three patients who were initially referred for MDT were excluded for further analysis because 

the interventionists were encouraged to decide on either PCI, OMT, or CABG as their final 

plan. Overall, there were 33 hospital admissions. Of those, 10 were visits to A&E only. The 

breakdown for clinical events resulting in either hospital or A&E visits are summarized  below 

(table 15).  The seven admissions for chest pain required  observation, investigation and 

medication up-titration. Treatment concordance and discordance following vFFR in those 

followed up for clinical events excluding those initially referred for MDT is shown below (table 

16). Ninety-six patients were in touch with their GPs either by phone consultation, home visit 

or appointment at the surgery. Most of these were routine checks, medication reviews or minor 

medical issues.   

 

 

 
Figure 50 - Consort diagram summarizing the secondary outcome at 6 months; total number of patients followed 

up for MACE, n=208; total number of patients followed up by phone call for all other clinical events, n=143.  
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MACE  

Details  n (%)  

Death  1 (<1) 

MI 2 (1) 

Unplanned revascularisation  2 (<1) 

Intracerebral bleed 1 (<1) 

Total  6 (3) 

 
Table 15 – Summary for causes of MACE; n=208. 

 

Clinical events 

Hospital admissions  n (%)  A&E admissions  n (%)  

MI 2 (1) M/S Chest pain  6 (3) 

Angina  7 (3) Palpitations 2 (1) 

Bleed (Intracranial)  1 (<1) Dizziness 1 (<1) 

Unclassified chest 

pain 2 (1) Other  2 (<1) 

Infection/sepsis  3 (1)     

Anaemia  1 (<1)     

AF 2 (1)     

Diabetes 1 (<1)     

Bladder/urinary issues 1 (<1)     

Fall/Collapse 2 (1)     

Diverticulitis  1 (<1)     

Total  23   10 

 
Table 16 – Breakdown of clinical events based on hospital or A&E admissions at 6 months follow up; n=143.  

 

Clinical 

events  

  Concordant  Discordant  Total  

Yes  23 8 31 

No  89 20 109 

Total  112 28 140 
 

Table 17 - Summary of treatment concordance and discordance following vFFR in the patients followed up for 

clinical events, n=140; p=0.45 by Fisher exact test. 

 



98 
 

 
3.13. Quality of life 

 
A repeat EQ-5D score was also performed for comparison from baseline. At six months follow 

up, 99/140 (70%) of patients had increased in quality of life. There was no change in 23/140  

(16%) and a reduction was seen in 20/140 (14%) of patients (see table 17 and 18). Treatment 

with PCI, OMT and CABG, all resulted in a statistically significant increase in  EQ-5D score. 

The relationship between treatment concordance and change of EQ-5D score is shown in table 

19 and 20. The breakdown of treatment and the change of EQ-5D score at 6 months are shown 

in table 21. Out of those with changed of management, vFFR led to increase in EQ-5D score 

in 15/26 (59%) of patients. 

 

A     B   
Table 18 – A) EQ-5D score at baseline and 6 months, n=140; R=0.36. B) Change in EQ-5D score at baseline 

and 6 months; p<0.001 by paired t-test.  

A     B   
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C  
 

Table 19 – Change of EQ-5D score for PCI baseline and at 6 months for each treatment. A) PCI patients B) 

OMT patients C) CABG patients; n=140.  

 

A   B   
 

C  
 
Table 20 – Change of EQ-5D in A) concordant; n=112, p<0.001 and in B) discordant; n=28 patients, p=0.02 by 

paired t-test. C) Difference between 6 month and baseline EQ-5D score in these patients, p=0.32. 
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Treatment 

 
Patients 
n (%) 

EQ-5D score 
 

Patients 
n (%) 

Change from FFR to OMT  9 (62) Increased 15 (58) 

Additional vessel FFR/PCI (existing planned PCI) 4 (25) 

Change from PCI to CABG 2 (13) 

Change from FFR to OMT  2 (33) Decreased 6 (22) 

Additional vessel FFR/PCI  3 (50) 

Less vessel FFR/PCI (existing planned PCI) 1 (17) 

Change from FFR to OMT  4 (80) Unchanged 5 (19) 

Additional vessel FFR/PCI (existing planned PCI) 1 (20) 

 
Table 21 – Distribution of change in EQ-5D score at 6 months of all 140 followed up patients whose 

hypothetical treatment changed following vFFR.    

 

3.14.  Health economics: preliminary findings 
 

Out of 208 patients, 165 were treated with PCI with or without measured FFR. A total number 

of 223 stents were used with an average of 1.6 stents per patient. The use of vFFR would have 

reduced the average total number of stents by 18% (42/223 stents). Moreover, vFFR led to a 

lack of requirement for mFFR in 25/31 (80%) cases. There were seven patients referred for 

CABG with an average inpatient waiting time of 35 (SD 28) days. MACE is summarized in 

the consort diagram above (figure 48). Average waiting time for inpatient CAG from index 

presentation was 5 (SD 2) days. The average procedural time for CAG only was  46 (SD 12) 

min, and  for PCI ± FFR 91 (SD 39) mins. The average computing time for vFFR was 18 (SD 

10) mins per case and 11 (SD 3) mins per vessel.  
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4. Discussion 
 

4.1. Summary of results 
 
In this study, VIRTU4-ACS, I have shown that applying vFFR is feasible in ‘real time’ in the 

CCL in the management of patients with NSTE-ACS. This novel tool was successfully applied 

in 208/208 (100%) cases and 335/355 (94%) vessels. vFFR was not processable in 20/355 

(5.6%) vessels.  The application of vFFR resulted in an hypothetical change of management in 

46/208 (22%) [CI 15% to 25%; p <0.001]. The main hypothetical change was largely secondary 

to patients being changed to OMT from PCI in 21/208 (10%). At the MDT level, vFFR 

triggered an hypothetical change of management in 34/101 (34%) [95% CI: 12% to 28%, p 

<0.001]. vFFR increased the confidence level of the decisions made in 126/208 (61%) and 

reduced it in 12/208 (6%) cases; the average increase in confidence being 1/10 per case (p< 

0.004). At six months, 6/208 (3%) patients experienced MACE; one death, two MIs, two  

unplanned revascularisations, and one intracerebral bleed.  

 

4.2. How did this study compare to other relevant clinical trials?  
 
The large discrepancy between haemodynamically significant lesions assessed physiologically, 

compared to visually, supports the findings of existing studies of measured FFR. My study 

demonstrated an hypothetical change of management in 22% of patients with an overall 

increase in operator confidence. This is in keeping with a study of ‘virtual stenting’ by Gosling 

et al, which also led to an hypothetical change of management in 27% as well as an increased 

confidence in the decision made (196). The 22% change of management in this study is 

identical to the change after measured FFR in ACS seen in FAMOUS-NSTEMI . My study 

also showed that hypothetically, a higher proportion of patients were treated with OMT after 

vFFR was revealed, compared with before; 52/208 (25%) vs 32/208 (15%). Again, this finding 

is in keeping with FAMOUS-NSTEMI, [40 (22.7%) vs. 23 (13.2%)] (129). This also accords 

with the trend seen in other trials such as RIPCORD, in CCS (135). This is relevant because 

physiology guidance supports the intervention of haemodynamically significant lesions only 

and can reduce the incidence of adverse events by at least 30% (131). A recent study of 3847 

patients (1213 ACS patients) performed a head-to-head comparison of treatment guided by 

QFR vs CAG. There were fewer MIs and ischaemia-driven revascularisations in the QFR-

guided group when compared with the CAG-guided group [hazard ratio 0.65; (95% CI 0.51 to 
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0.93); p=0.0004]. At one year, the primary endpoint, encompassing death from any cause, MI 

and ischaemia-driven revascularisation, occurred in 110 (5.8%) vs 167 (8.8%) in the QFR-

guided vs the CAG-guided group (197). The use of vFFR in the management of patients with 

ACS could improve clinical outcomes by achieving a more limited use of PCI, relieving 

significant ischaemia in the same way as mFFR but with less risk. Of course, this depends upon 

the accuracy of vFFR when compared to mFFR. This was at a high level in my sub-study. But 

it may be a limiting factor in the ‘real world’. The clinical application of vFFR in patients with 

ACS should still be subjected to more studies in the future to evaluate how the various types 

of software will compare to FFR-guided or CAG-guided approach in managing these patients. 

Nonetheless, the evidence of its feasibility so far is encouraging. This study also suggests that 

CAG-based vFFR could improve patients’ clinical outcomes.      

 

4.3. Changes in treatment plans  
 
In this study, 136 patients had moderate MVD (>50% stenosis). Of these, 101 patients were 

treated with a single vessel PCI (culprit lesion only), omitting any bystander diseases. Out of 

the 101 patients, vFFR revealed 27/101 (27%) cases with haemodynamically significant 

bystander disease (vFFR <0.80). The reason for leaving the significant bystander diseases alone 

was usually because of treating culprit lesions only. This may be explained by ‘real world’ 

practice not being based, in ACS, upon physiology alone, but anatomical and practical features, 

such as safety, accessibility, tortuosity, calcification, importance of the lesion, etc. The 

perception that the plaque may be vulnerable may be relevant. Nonetheless, when discussed 

informally, most interventionalists involved in this study agreed that the use of vFFR as an 

adjunct tool during CAG may be useful to guide future treatment if the patient remains 

symptomatic. This study also demonstrated that, in 29/208 (14%) of patients, unnecessary 

invasive procedures with either FFR or PCI could have hypothetically been avoided by using 

vFFR guidance. In the case of the patient who was originally planned to undergo PCI to RCA 

and an FFR guided approach to the LAD, who suffered a TIA during the procedure, the initial 

FFR plan to treat the LAD was abandoned, and the vFFR in LAD was negative (0.81). The 

interventionist agreed that this would have led him to leave the LAD untreated. In another case 

with a negative vFFR, a coronary angioplasty guidewire was trapped behind a stent and was 

not able to be pulled out easily. It was eventually rectified but became an extended procedure 

which could have become catastrophic.  Two patients had angina within six months of the 

procedure when a lesion was not treated. They subsequently underwent elective PCIs. One was 
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initially treated medically. In this case, the vFFR was positive (0.77); in the other the vFFR 

was (0.83). Both of these patients may have benefited from an FFR guided approach at 

presentation. In the latter, although vFFR was negative, due to the potential of slight variation 

when repeating vFFR measurements, an invasive FFR may help to consolidate the result and 

decision. In another case with severe LMS stenosis and a 51-69% stenosis in the RCA, the 

interventionist decided to measure the FFR in the RCA. If the RCA was positive, then the 

patient would have been referred for CABG; and, if negative, undergone PCI. FFR in the RCA 

was 0.83 and the patient was referred for CABG. vFFR for the RCA was 0.85, in keeping with 

the measured FFR result. Perhaps this shows that the FFR result, whether measured or virtual, 

is not the ultimate arbiter of treatment for some cardiologists. But vFFR would have 

hypothetically avoided the risk of manipulating a guide catheter and wire into the RCA.   

 

4.4. Confidence in decision making 
 
This study demonstrated that the use of vFFR hypothetically increased the confidence of 

decision making in 126/208 (61%) of patients. In most cases, it reassured the operator of their 

initial treatment decision, because the vFFR accorded with the lesion appearing significant 

visually especially if an FFR guided approach was chosen to treat those with moderate 

stenoses. A reduction of confidence was seen in 12/208 (6%), and was generally associated 

with cases in which a lesion was thought to be non-significant visually but turned out to be 

significant based upon vFFR. This does not mean that the use of vFFR confers a negative 

impact on a patient’s treatment, but could generate reasonable doubt about their initial decision.  

In simpler cases, with one clear culprit, which can be easily treated with one vessel PCI, or in 

cases with mild CAD disease only, the operator remained neutral to the application of vFFR, 

and it did not affect the operator’s confidence. Additionally, the high agreement rate of vFFR 

when compared with mFFR also often strengthened the operator’s confidence in their decision. 

All of the operators involved in this study also stated that they would adopt the use of vFFR 

should it become an approved clinical tool in the future. 

 

4.5. Potential impact of vFFR upon treatment decision 
 

A major attraction of vFFR for patients with ACS is that it can be used at the time of invasive 

management in a ‘one-stop shop’, in which coronary anatomy can be revealed alongside lesion-

specific ischaemia testing. This is both time- and cost- efficient. It could be particularly useful 
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in the common situation of multi-vessel, multi-lesion disease, when the culprit is frequently 

not angiographically obvious. Limited data support intervention for non-culprit lesions 

(129)(80)(78)(79) but, in the ‘real world’ and, FFR guidance being rarely used (198). vFFR 

would provide an opportunity to select lesions requiring intervention without instrumentation 

and, perhaps more importantly, eliminating those that do not (see figure 50-52). This may be 

particularly important in apparent triple vessel disease, in which bypass surgery could be 

avoided. Additionally, even if the vFFR positive lesions are not intervened upon at ACS 

presentation, the information itself may be extremely useful in guiding future treatments should 

a patient remain symptomatic. The greatest advantage is that vFFR could bring the advantage 

of coronary physiology to many more patients with ACS than at present. Finally, recent CFD-

based modelling innovations are able to predict microvascular resistance which is known to be 

of prognostic significance in ACS (199).  

 

4.6. Individual vs collective decision making: Cardiologist and MDT  
 
In both the original clinical situation and the study MDT, there was a trend towards 

conservative management, with fewer PCIs when the physiology guided approach was used. 

This corroborates previous studies which showed that a PCI plan based upon visual assessment 

alone may often overestimate the need for intervention. Interestingly, in my 101 MDT cases, 

more patients were hypothetically referred for CABG when compared with the individual 

decision of 208 patients (12/101 vs 7/208). This may because of the presence of the cardiac 

surgeon and a general cardiologist, allowing for a more systematic and holistic decision, 

without any bias towards PCI treatment. Equally, it could be because this is the ‘true’ result, 

reflecting consistent decision making by the practised study team. I also found that, in the initial 

individual decision, four patients were referred for MDT. In these cases, a vFFR could have 

contributed to an immediate MDT, reducing the waiting time for a potential CABG or a 

complex multivessel PCI, which may benefit not only the patients but also health economics.  

 

4.7. Intra- and inter- observer analysis  
 
As shown in the PCC and BA analyses, both the intra- and inter-observer analysis demonstrated 

a good correlation and agreement between the vFFRs measured. In a previous study, our group 

has shown that the accuracy of vFFR is dependent upon training of an expert user, and accuracy 

is much less without this training (194).  
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4.8. VFFR validation against mFFR 
 
Although this study was not designed nor powered specifically to validate vFFR against mFFR, 

in the 33/208 (16%) of the cases which had mFFR measured, there was a strong correlation 

(R=0.86) and agreement between vFFR and mFFR.  This, and the accuracy of 94%, 

corroborates findings from previous studies which showed accuracy of >90% for the 

VIRTUheartTM software (173)(178).   

 

4.9. Is VIRTUheartTM really feasible in real time?  
 
VIRTU4-ACS was the first study in which VIRTUheartTM software was used in ‘real time’ 

patient management. It showed that the integration of this software into assisting treatment 

planning for patients who have suffered ACS and are undergoing CAG is feasible.  In most 

cases I was able to download the CAG images and upload it for processing at the same sitting 

before interviewing the interventionist regarding their treatment decision post vFFR 

calculation. However, I was also faced with technical errors, such as failure to upload the 

images on the same day which led to delay in processing the cases on site. In that situation, I 

processed the cases offline and offsite as soon as the images were uploaded and emailed the 

consultants with the results using the standard questionnaires. I found this method efficient and 

usually obtained a reply the same day. In fact, this method was less intrusive to the 

interventionists who were sometimes preoccupied with other cases following a VIRTU4-ACS 

study case. This allowed them to reply in their own time. If VIRTUheartTM software were to 

be integrated into the CCL radiography system, vFFR processing would be quicker, without a 

need for downloading and images prior to vFFR calculation. The processing time would also 

be reduced and a vFFR measurement obtained swiftly and during the CAG itself. This would 

be an attractive prospect when compared with mFFR which, apart from being invasive, 

carrying a risk, and expensive my actually be slower than integrated vFFR.  

 

4.10. How can vFFR be applied in real life?  
 

A potential algorithm for the invasive management of ACS, incorporating vFFR, is shown in 

Figure 50.  
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Figure 51 - Proposed algorithm for the use of vFFR in the management of patients with NSTE-ACS. 

Reproduced with permission from Haley et al.  

 
 



107 
 

 
Examples of vFFR application in patients with ACS are shown below (figure 51-53).  
 

 
 
Figure 52 - vFFR use in NSTE-ACS; case 1. A) Severe RCA stenosis, judged to be the ‘culprit’, and not requiring 

vFFR; B) mid-LAD stenosis; C) stenosis in the marginal branch D) vFFR model of the LAD lesion; and E) vFFR 

model of the marginal lesion. Reproduced with permission from Haley et al.  

 

 
 
Figure 53 - vFFR use in NSTE-ACS; case 2. A) Probable culprit LAD stenosis; B) Probable bystander ostial 

diagonal stenosis C) vFFR model of the LAD lesion D) vFFR model of the D1 lesion. Reproduced with permission 

from Haley et al.  
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Figure 54 - VFFR use in STEMI. A-C) A case of anterior STEMI: A) occluded proximal LAD; B) mid RCA non-

culprit stenosis; and C) vFFR model of the RCA lesion. D-F) A case of infero-lateral STEMI: D) occluded mid 

Cx;  E) non-culprit mid-LAD stenosis. Reproduced with permission from Haley et al.  

 
In all three cases, vFFR was successfully applied in the bystander disease which may provide 

guidance for the ultimate revascularisation strategy.  This technology could also be useful when 

discussing cases in the MDT setting as vFFR can be applied there and then. Ultimately, with 

the advantage of vFFR being quick and less invasive, a physiology-guided strategy could be 

implemented quite simply when treating patients with ACS, be it NSTE-ACS or even STEMI.  

 

4.11. Potential impact upon health economics  

 
The use of vFFR theoretically led to a reduction in the number of PCIs, the typical cost of 

which is  £1815  to £7507 depending on the complexity of the cases and the total number of 

stents used.  It hypothetically led to an increased number of patients being managed with OMT 

(32 to 52 /208), the more cost-effective treatment in comparison to PCI or CABG. The main 

contribution may have been the  avoidance of mFFR, which would have saved an average of 

£600 per pressure wire. vFFR can also easily be incorporated in MDT discussions. The 

additional information which it provides might not only assists team members to instigate 

optimal management for patients but also could potentially reduce referral waiting time for 

complex PCI procedure or CABG by avoiding other tests of ischaemia. The cost of vFFR, once 

installed, on a patient-by-patient basis, is likely to be trivial. This contrasts with FFRCT, for 

example, which costs £750 per study.  
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4.12. Potential impact upon quality of life 

 
Although this study was not powered nor designed to evaluate the impact of vFFR upon the 

change of quality of life, it demonstrated that its deployment may have resulted in a better 

treatment strategy as evident by the increased in EQ-5D score in 16/27 (59%) patients who had 

changed of treatment (nine from PCI to OMT, four for additional vessel PCI/FFR, two from 

PCI to CABG) at six months follow up. Additionally, as discussed above, vFFR could have 

led to a reduction in MACE by saving two patients from a repeat revascularisation, had vFFR 

been used as a guidance at presentation. Even though the number of patients referred for CABG 

was hypothetically increased post vFFR (from 7 to 9/208) and may increase the cost slightly, 

if balanced overall, with the total reduction of PCIs and repeat admissions, the use of vFFR 

may still be cost effective.  A larger study with a complete health economic analysis will be 

performed in order to assess the full impact of vFFR application in the management of patients 

with ACS. The preliminary findings of this study may be a strong platform to encourage future 

studies to look into this aspect in a more complete form.  

 

4.13. What are the advantages of vFFR?  

 
vFFR is fast. Computation time used to be the limiting factor, but now takes only minutes. The 

main time-limiting factor is manual image correction prior to the CFD step. The whole process 

can now be done in 'real time' in the acute CCL while the patient is on the table. It does not 

require a pressure wire or pharmacologic hyperaemia. In addition, the 3D anatomical model 

can assist with treatment planning, selection of stent size and 'virtual coronary intervention' 

together with an estimate of post-stent FFR (183)(178)(196).  The same modelling technique 

can also predict the local haemodynamic consequence of a particular stenting strategy (200).  

Deploying vFFR does not supplant measured (m)FFR; if a lesion is equivocal at both 

angiography and vFFR, a pressure wire can still provide ultimate accuracy. There are, though, 

a few situations in which vFFR might actually be superior to mFFR. The first is serial lesions. 

Although a pressure wire ‘pullback’ can provide some clues as to the relative significance of 

serial lesions, it is not infallible. In contrast, vFFR can reveal the FFR at each lesion simply by 

excluding the other lesion and modelling the lesion in question as if the other were not present. 

Of course, it can also model both together too.  The second situation is when lesion complexity 

would make passing a pressure wire undesirable or hazardous.  Another advantage is that vFFR 

can be used in any CCL without interventional capability.  Also, the cost on a per-patient basis 
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is likely to be low, because the business model for most commercially available systems is 

based upon an institutional licence.  

 

4.14. What are the disadvantages of vFFR ?  
 
Whilst the final coloured image appears seductive, its validity is mainly dependent upon good 

angiographic images, which require meticulous technique. Lesions at ostia, and at or close to 

the left main or a bifurcation, are difficult to model. In practice, in most CCLs, the radiographer 

is the most suitable professional to run the software but, even so, thorough training and practice 

is important. Casual users are considerably less accurate and consistent than regular users, 

largely due to errors in the 3D reconstruction; expert re-analysis of their models revealing 

errors that can lead to a change in the treatment decision in 37% cases (194). Although up to 

50% of 'standard' angiograms are unsuitable for processing, with a few simple improvements 

this proportion can be increased to 80% (195).  This limitation is unfortunate, because it is the 

antithesis of measured FFR, where a scrupulous angiogram is less important. In addition, the 

distal outlet boundary condition is proximal to the CMV circulation, and a fundamental 

assumption of CMV function (maximal dilatation) is made to compute pressure from flow. The 

degree of CMV response to hyperaemia varies from person to person, which is why 

personalisation of this parameter is so important in vFFR. Also, very severe stenoses are 

difficult to model because the width of the lumen is less than a pixel, although in practice the 

likelihood is that such a lesion is physiologically significant. Finally, physiological 

measurement of all kinds is of most use in the assessment of angiographically intermediate 

lesions. So, however small the error on a vFFR system is, and it is usually at least ±0.10, if the 

vFFR is calculated to be 0.75-0.85, doubt will remain, and a measured value may be required. 

There is a further uncertainty, which also applies to measured FFR, which is that the 

physiological significance of a lesion, particularly in the acute patient, may not correlate with 

the presence of vulnerable plaque (201)(202)(203), probably explaining why long term 

outcomes are worse in ACS compared with CCS, even with physiological guidance. vFFR, 

therefore, whilst being an improvement over current management, is unlikely to provide a 

complete treatment strategy.  
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4.15. Technical issues encountered with VIRTUheartTM  
 
The success of segmenting an artery for vFFR calculation relies upon good quality CAG 

images. In some cases, however, images may still be poor due patient factors such as body 

habitus and obesity. In this situation, it is important to get a balance between an increased x-

ray dose and adequate images. Occasionally, patients also have difficult anatomy and vessel 

overlap. My role in the CCL was often to advise the best angle to minimize overlap, although 

sometimes this issue could still not be rectified fully. Good catheter engagement and contrast 

injection are also essential to ensure good opacification of the artery for edge tracing during 

the segmenting process. Nevertheless, in some cases in which the operator finds difficulty to 

engage the coronary artery, this can be a significant limitation. Another common technical 

difficulty with this tool is the epipolar lines. When the centreline is not drawn adequately above 

the first epipolar line (blue) and beyond the second epipolar line (yellow), the 3D 

reconstruction of the segmented artery will fail (see figure 54). This can be improved by 

marking the reference point elsewhere in a trial-and-error manner to find the best spot and 

solution for this issue, although in rare cases, it may be futile. The automatic edge tracing 

function can occasionally become impaired and appear erratic (see figure 55). This is due to a 

condition where, for a certain part of the segment, the edges could not be traced as there is no 

well-defined gradient change which will be inconspicuous to the human eye but the processed 

image and pixel level in the code background will lack this information. This phenomenon 

depends upon the position of the centreline points placed by the user in combination with the 

local curvature of the vessel segment under consideration. Additionally, if two of the images 

chosen are too foreshortened or may occasionally lack centreline points correspondence, 

despite being 30 degrees apart, an error of segmentation can occur. The algorithm cannot 

resolve or locate the corresponding points from one view onto the other. Table movement and 

the compensation that is performed in the image registration step can contribute to the lack of 

correspondence, leading to interpolation error in the radii interpretation, which is an average 

from the 3D centreline reconstructed from the two views; the segmented artery will form a 

bell-shaped distal end and will not run on the CFD simulator (see figure 56 and 57). Lastly, if 

the lesion in the artery is very significant (>90% stenosis), the vFFR will fail to compute and 

result in a non-converged error, producing a non-processable simulation resulting in a ‘leopard 

skin’ appearance on the vessel (see figure 58). Although the vFFR is not generated in this 

situation, it is acceptable to deem the artery as haemodynamically significant. The research 
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team continues to strive  to fix these technical errors to produce reliable and user-friendly 

software.  

 
 

 
 
Figure 55 – Drawing of the centreline. It has to start before the first epipolar line (blue) and ends beyond the 

second epipolar line (yellow) for the segmentation process to accept the vessel registration and proceed to the 

next step.  

 

 
 
Figure 56 - Erratic vessel edge tracing error. 

 

Erratic vessel edge 
tracing  

Erratic vessel edge 
tracing  
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Figure 57 - Bell shape error during segmentation. 

 

 
 
Figure 58 - 3D reconstruction of a vessel following a bell-shaped error.  
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Figure 59 - Non-convergence error of a severely stenosed lesion (leopard skin appearance).  

 
 

4.16. Reflections and future studies 
 

Reflecting ‘real world’ practice, the rate of treatment of bystander disease in this study was 

low [27/101 (27%) of patients], but vFFR was hypothetically demonstrated to have a 

potentially significant impact to guide PCI treatments either at de novo presentation or in the 

future. By reducing unnecessary invasive procedures, risks and adverse events may be avoided. 

Even if a bystander lesion is not intervened upon at presentation, the vFFR measurement will 

be useful to guide future treatments should a patient remain symptomatic. All of these results 

could influence and may encourage more studies to be undertaken in which vFFR is clinically 

applied in a larger ACS population. FAVOR III China, a multi-centre RCT of 3860 patients 

(1213 ACS patients), has shown that a QFR-guided approach led to an improvement in clinical 

outcome when compared with CAG-guided approach (197). My study has demonstrated that 

the integration of vFFR into standard management of ACS is feasible and may have benefits. 

Three approaches are possible for the future. The first would be simply to assume that the 

benefits seen in the trials of measured FFR are directly transferrable to vFFR, and therefore 

employ vFFR routinely. However, in the light of the limitations of vFFR outlined here, this 

assumption may be optimistic. The second would be to interrogate existing data derived from 

studies employing angiographic guidance, generating post-hoc vFFRs, and re-evaluating 

outcomes in accordance with vFFR. Because vFFR requires optimal angiographic images, 

however, many cases would be excluded using this approach; and it would be subject to the 
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limitations of retrospective studies. The third would be to undertake more prospective, 

randomised, controlled trials of vFFR- vs CAG- guidance with clinical and health economic 

endpoints. Work should continue within each vFFR techniques’ developers to improve its 

accuracy and accountancy of CMV resistance in order to improve personalisation the CFD 

simulation to each individual and/or specific population. This study may be used to generate 

pilot data to construct a follow-on study focusing on health economics and quality of life. The 

next step is to compare the head-to-head impact of the various vFFR techniques with CAG-

guided or FFR-guided approach in this population. Ultimately, endorsement in clinical 

guidelines will be required.  

 
4.17. Possible impact of vFFR 

 
vFFR could be the solution to the limited FFR-guided practice in the CCL. In addition to 

improvement in treatment planning, a benefit of vFFR will be to increase the use of 

physiological guidance. In the UK, for example, this could be from <20,000 patients who 

undergo FFR or IFR at the moment, to the 250,000 who undergo CAG. Currently the former 

groups are all in interventional CCLs. Of the 100,000 PCIs, the equivalent figure is 

approximately 10,000. So, of all patients being assessed or treated for CAD, invasive 

physiology is deployed in only 6-7% (198). When vFFR technology becomes available in 

routine clinical practice and CCL in the future, it may provide greater impact in the way we 

approach patients with CAD.  Whichever approach is adopted, this technology is here to stay. 

 
4.18. What are the limitations of the study?  

 
The first limitation of this study is that it is only hypothetical and did not truly affect the 

patient’s management. Therefore, it cannot be used to assess clinical outcomes. Second, the 

fact that the study is virtual, may have affected the Cardiologists’ decisions. Third, this study 

excluded prior CABG, severe LMS or ostial lesions, extremely severe lesions (>90%) as well 

as severe diffuse disease. Therefore, it did not represent those with these conditions. Fourth, it 

was unknown how it might have been affected by the CMV resistance when compared with 

mFFR. Fifth, some lesions which were originally deemed <30% and therefore excluded from 

vFFR computation in the first stage, were re-classified as >30% at MDT level, or vice versa. 

This may have introduced some inconsistency and would have benefited from a more objective 

approach of classifying the stenosis in both settings. Sixth, COVID-19 delayed the start of 
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recruitment by six months. However, because ACS cases were still abundant during the 

pandemic, I was still able to reach the sample target within the time limit.  

 

5.0. Final summary 
 
In this study, I have shown that vFFR is feasible in a ‘real world’ cardiac catheter laboratory 

treating patients with NSTE-ACS, and it hypothetically led to a change in management in 22% 

of patients. Although vFFR requires meticulous CAG and software training, the less invasive 

requirements may be more enticing when compared with mFFR which is currently under-used 

for cost and logistic reasons. The use of vFFR increases operator’s confidence. vFFR can be 

usefully incorporated into MDTs and could positively impact health economics and quality of 

life. Whilst not all ACS patients may benefit from vFFR, it can be applied to intermediate 

lesions to aid PCI strategy at presentation or in the future. The next step is to apply vFFR in 

the real world’s clinical setting in order to evaluate its impact on patient’s outcome, quality of 

life and health economic.  
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I. Standard operating procedure  

 
 

II. vFFR Angiography protocol  
 

                               

PI: Prof Gunn.                           Date: 19/01/2020.                                         STH  20595 

 

VIRTU4–ACS standard operating protocol 

Does the virtual FFR (vFFR) have the potential to change management of patients with acute coronary 
syndrome?  

Inclusion Criteria  

1. Age ≥ 18  
2. Patients admitted to NGH or (treat and return) with Acute Coronary Syndrome 
3. Arteries with ≥30% but less than 90% stenosis and suitable for stenting ( ≥ 2.25mm)  

Exclusion Criteria  

1. Age ≤ 18  
2. Unable to consent due to language barrier  
3. Patients with stable coronary artery disease in a non-acute presentation  
4. Severe co-morbidities and frailty 
5. Renal impairment > 180mmol/l  
6. Prior CABG  
7. Chronic Total Occlusion (CTO) as the only lesion  
8. Severe diffuse disease  
9. Left main and ostial disease  
10. Normal coronary angiogram  

Threshold for Ischaemia: vFFR ≤ 0.80 

Checklist  

1. Identify eligible patients and supply them with patient information sheet 
2. Consent patients as per guideline 
3. Brief lab team including consultant and radiographers prior to starting the case  
4. Ensure angiogram captured are suitable for modelling and that they meet standard requirements  
5. Enter patient’s data on  VIRTU4 ACS spread sheet during each case (Demographics, Clinical data etc)  
6. Record Consultants’ decision on patient’s management after angiogram is taken  
7. Upload angiogram images ( DICOM format) onto lap top/storage drive/CD for processing on 

VIRTUheartTM  workflow  
8. Segment coronary artery as per study criteria, run coronary simulation and compute vFFR  
9. Reveal the result of virtual vFFR to the consultant and record how his/her management would 

change  
10. Record patient’s participation for the study in medical notes  
11. Re-process angiograms offline centrally and calculate second set of vFFRs as per previous steps  
12. Present second set of vFFRs at Heart MDTs and record outcome in similar fashion to previous steps  
13. Upload all anonymised data to central ARQ database.   
14. Conduct telephone interview and remote interrogation of medical records at 6-month and 

complete VIRTU4 ACS spread sheet  



136 
 

 
 

III. Proforma for data collection sheet  
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IV. Intra-observer analysis  
 

Intra-observer analysis (vFFR 1 vs vFFR 2)  
    Ha Hb Difference  Mean  
  LAD 0.56 0.57 0.01 0.565 
  RCA 0.93 0.95 0.02 0.94 
  RCA 0.71 0.75 0.04 0.73 
  LAD 0.81 0.86 0.05 0.835 
  D1 0.86 0.93 0.07 0.895 
  LAD 0.7 0.68 0.02 0.69 
  CX 0.87 0.94 0.07 0.905 
  LAD 0.94 0.94 0 0.94 
  OM 0.84 0.85 0.01 0.845 
  LAD 0.38 0.37 0.01 0.375 
  LAD 0.85 0.83 0.02 0.84 
  LAD 0.76 0.7 0.06 0.73 
  RCA 0.96 0.97 0.01 0.965 
  RCA 0.98 0.98 0 0.98 
  LAD 0.65 0.55 0.1 0.6 
  CX 0.93 0.93 0 0.93 
  OM 0.59 0.57 0.02 0.58 
  LAD 0.84 0.77 0.07 0.805 
  LAD 0.7 0.78 0.08 0.74 
  D1 0.83 0.85 0.02 0.84 
  RCA 0.93 0.96 0.03 0.945 
        
            
            
   Correlation 0.96477347    
    96%    
        
Bias   0.03380952 0 -0.0945 Lower LOA 
Stand Dev   0.03007926 1.1 -0.0945   
Lower LOA   -0.0251458 0 0.084069 Upper LOA  
Upper LOA   0.09276487 1.1 0.084069   
    0 -0.00523 Bias  
    1.1 -0.00523   
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V. Inter-observer analysis  
 

Interobserver analysis ( vFFR a vs vFFR b)  
   vFFR a vFFR b  Difference  Mean    
  LAD 0.84 0.81 0.03 0.825   
  RCA 0.97 0.92 0.05 0.945   
  RCA 0.97 0.88 0.09 0.925   
  IX 0.89 0.81 0.08 0.85   
  LAD 0.68 0.7 -0.02 0.69   
  RCA 0.84 0.84 0 0.84   
  LAD 0.85 0.86 -0.01 0.855   
  RCA 0.99 0.93 0.06 0.96   
  LAD 0.79 0.64 0.15 0.715   
  LAD 0.86 0.86 0 0.86   
  RCA 0.97 0.96 0.01 0.965   
  LAD 0.94 0.85 0.09 0.895   
  D1 0.67 0.74 -0.07 0.705   
  RCA 0.97 0.93 0.04 0.95   
  LAD 0.48 0.54 -0.06 0.51   
  RCA 0.8 0.77 0.03 0.785   
  CX 0.76 0.7 0.06 0.73   
  LAD 0.88 0.92 -0.04 0.9   
  LAD 0.89 0.86 0.03 0.875   
  RCA 0.84 0.79 0.05 0.815   
  D1 0.88 0.83 0.05 0.855   
         
         
  R=0.90  Bias  0.02952381    
Correlation of 
90%   Stan Dev  0.05314849    
    Lower LOA -0.0746472    
    Uppper LOA  0.13369485    
         
    0.5 -0.074 Lower LOA    
    1 -0.074    
    0.5 0.13 Upper LOA   
    1 0.13    
    0.5 0.0295 Bias    
    1 0.0295    
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VI. vFFR vs mFFR sub-analysis  

 
Sub-analysis : vFFR  validation  

  mFFR vFFR  Difference  Mean    
  0.86 0.86 0 0.86   
  0.78 0.71 0.07 0.745   
  0.95 0.96 -0.01 0.955   
  0.81 0.82 -0.01 0.815   
  0.95 0.93 0.02 0.94   
  0.82 0.81 0.01 0.815   
  0.84 0.8 0.04 0.82   
  0.96 0.93 0.03 0.945   
  0.87 0.92 -0.05 0.895   
  0.91 0.88 0.03 0.895   
  0.76 0.69 0.07 0.725   
  0.78 0.72 0.06 0.75   
  0.93 0.81 0.12 0.87   
  0.95 0.94 0.01 0.945   
  0.82 0.88 -0.06 0.85   
  0.61 0.65 -0.04 0.63   
  0.9 0.89 0.01 0.895   
  0.84 0.86 -0.02 0.85   
  0.93 0.92 0.01 0.925   
  0.89 0.94 -0.05 0.915   
  0.91 0.91 0 0.91   
  0.78 0.7 0.08 0.74   
  0.97 0.92 0.05 0.945   
  0.8 0.85 -0.05 0.825   
  0.96 0.97 -0.01 0.965   
  0.85 0.89 -0.04 0.87   
  0.83 0.85 -0.02 0.84   
  0.89 0.88 0.01 0.885   
  0.91 0.92 -0.01 0.915   
  0.83 0.81 0.02 0.82   
  0.83 0.83 0 0.83   
  0.9 0.85 0.05 0.875   
  0.9 0.84 0.06 0.87   
  0.86424242 0.85272727 0.01151515 0.85848485   
    0.8629938 0.5 -0.07238 Lower LOA 
  Correlation  86% 1 -0.07238   
    0.5 0.095 Upper LOA  
  Bias  0.01 1 0.095   
  Stand Dev  0.0425782 0.5 0.011515 Bias  
  Lower LOA  -0.0734533 1 0.011515   
  Upper LOA  0.09345327     
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VII. EQ-5D questionnaire 
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VIII. EQ-5D analysis  
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IX. Clinical scores  

 
1. Rockwood clinical frailty scale 
 

 
 

V.II. Canadian Cardiovascular Society (CCS) angina classification 
 
Class Description  
I No angina with ordinary activity. Strenuous activity may cause symptoms  
II Angina causes slight limitation on ordinary physical activity  
III Angina causes marked limitation on ordinary physical activity  
IV Angina occurs with any physical activity and may be present at rest  

 
 

V.III. New York Heart Association (NYHA) HF classification  
 
Class Description  
I No symptoms* with ordinary activity. Normal functional status.  
II Mild symptoms* on ordinary physical activity.  
III Moderate symptoms* with less than normal physical activity. Marked 

limitation of functional status.  
IV Severe symptoms* and with features of heart failure with mild physical 

activity and even at rest. Severely limitation of functional status.  
*Symptoms of dyspnoea, fatigue, palpitations, angina, and/or syncope.   
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X. Ethics approval 
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