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ABSTRACT 

Fractional flow reserve (FFR) improves the assessment of the physiological 

significance of coronary lesions compared with conventional angiography. However, 

it requires additional interventional techniques and equipment to perform. Multiple 

proposed virtual functional indices are derived from coronary imaging alone but 

require complex computational fluid dynamics modelling which is time-consuming 

and hence cannot influence immediate clinical management. 

The Zienkiewicz Centre for Computational Engineering at Swansea University has 

developed a reduced order one-dimensional model that generates a “virtual” value of 

FFR in considerably less time but its accuracy is unknown and has not been 

validated against invasive FFR. This MSc by research project aims to refine this 1D 

model with patient specific data and use it to predict the severity of blood flow 

reduction caused by individual plaques. Clinical data obtained from coronary 

angiography will be used and patient-specific data will be generated and then 

validated by already measured invasive derived FFR data. The study will cover blood 

flow modelling in different arterial network and assess fractional flow reserve (a 

physiological index determined from the ratio of the pressure distal to a stenosis 

relative to that before the stenosis). 
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THESIS OVERVIEW 
 

Chapter 1 In the first chapter, the evidence for the use of FFR for the physiological 

assessment of myocardial ischaemia will be reviewed particularly focussing on the 

recent virtual indices of FFR. 

 

Chapter 2 In this chapter, the concept of 1D FFR in one vessel will be introduced 

and described as a diagnostic modality and a verification study will be performed. 

 

Chapter 3 Describes a refined concept of 1D FFR as applied to a virtual patient with 

four coronary arteries and a verification study will be performed. 

 

Chapter 4 In this chapter, the validation of 1D virtual FFR against FFR obtained 

invasively during routine coronary angiography in a cohort of patients assessed for 

stable coronary artery disease will be assessed. 

 

Chapter 5 Describes the correlation of 1D virtual FFR combined with a novel 

“functional jeopardy score”, BCIS jeopardy score which is a measure of anatomical 

ischemic burden with the invasively obtained FFR 

 

Chapter 6 Summarises the findings of this work and gives an outlook on future 

projects. 

Chapter 7 Conclusion 
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Introduction  

Coronary artery disease (CAD) is one of the leading causes of mortality and 

morbidity in the Western world and accounts for 17% of all deaths worldwide (1). The 

manifestation of chest pain, usually indicative of myocardial ischemia, is a useful 

predictor of adverse clinical outcomes (2, 3). Invasive coronary angiography with its 

high spatial and temporal resolution has revolutionised the cardiologist’s ability to 

diagnose CAD, making it the gold standard diagnostic and risk-stratification tool of 

CAD. Nevertheless, this technique has certain limitations, particularly in determining 

the clinical relevance of an intermediate coronary lesion (diameter of stenosis 

measuring 40-70%). Previous studies have shown that prediction of ischemia due to 

intermediate coronary lesions is poor when based solely on angiography (4-6). 

Hence, sensor guidewire-based techniques such as fractional flow reserve (FFR) 

have been devised to assess more reliably the functional significance of intermediate 

coronary lesions by measuring coronary pressure and flow, and are well established 

in clinical practice (6-8).  

 

This chapter will examine the latest developments in virtual fractional flow reserve 

(FFR) introducing novel methods of measuring FFR using image based modelling 

and computational flow dynamics.  
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Definition of FFR 

FFR is defined as the ratio of maximal achievable coronary blood flow through a 

stenotic vessel to the maximal achievable coronary blood flow in the same vessel 

without any stenosis. It is calculated using a pressure ratio of pressure measured 

distal to the stenosis (Pd) and pressure proximal to the blockage (Pa). Pressure 

distal is measured with a guide catheter during maximum hyperaemic flow, usually 

achieved after bolus infusion of a pharmacological agent such as adenosine (9-12). 

Maximal hyperemia is key to adequately assess FFR, because suboptimal 

microcirculatory vasodilation might underestimate of the functional assessment of 

coronary stenoses.  

Coronary pressure is measured by using a standard 0.014-inch angioplasty 

guidewire with a high accuracy pressure transducer distal to the coronary stenosis 

similar to passing a guidewire for attempting percutaneous coronary intervention 

(PCI) (9). Hence, FFR measurement is usually performed by interventional 

cardiologists. If PCI is needed as a result of the FFR measurement, the pressure 

wire can be utilized for stent delivery. The accuracy of FFR as an index of 

myocardial ischemia has been validated by numerous studies (13-16). In a vessel 

without any stenoses, the value of FFR is 1. Based on FAME I and FAME II trials 

(17, 18), lesions with FFR ≤ 0.80 are considered significant and may benefit from 

coronary revascularization while patients with FFR > 0.80 do not require any 

coronary intervention. Instead, these patients have excellent prognosis solely based 

on medical therapy (19).  

iFR 

iFR is a newer adenosine-independent index of stenosis severity used by operators 

who are concerned with cost, duration of procedure or side-effects particularly in 
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asthmatic patients (20). To obtain iFR, the same pressure wires utilized for FFR are 

passed to a point distal to a stenotic lesion. During a period of diastole known as the 

“wave-free period,” iFR is calculated as the ratio of Pd to Pa. Clinically, iFR may be 

utilized to assess indeterminate coronary artery stenosis further, for lesions 

anywhere from 40 to 90%, but recommendations do not include patients with ACS 

(21). In patients with clinical symptoms or non-invasive testing consistent with 

ischemia and IFR of 0.89 or less is a candidate for PCI. In a 2017 study, iFR and 

FFR demonstrated no significant differences in the prediction of myocardial ischemia 

(22).  Götberg et al, in the iFR-SWEDHEART study, further endorsed iFR-guided 

revascularization as it was deemed non-inferior to FFR-guided revascularization for 

major adverse cardiac events at 1-year follow-up (23). 

 

Rationale of FFR 

 

Coronary revascularization is frequently performed in a number of patients with 

angiographically defined stenosis without any clear evidence that their symptoms 

stem from that coronary stenosis. Many of these patients can be effectively treated 

with optimal medical therapy as demonstrated by the Clinical Outcomes Utilizing 

Revascularization and Aggressive Drug Evaluation (COURAGE) trial, the first to 

compare contemporary medical therapy with contemporary revascularization 

techniques (24).  Coronary angiography also often over-estimates stenoses severity 

while under-estimating lesion length (24-28). Furthermore, conventional angiography 

is unable to differentiate ischemia-inducing lesions from haemodynamically non-

significant stenoses (29, 30), for this an assessment of the functional significance of 
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the lesion is required in addition to the anatomical severity which is where FFR has a 

role.  

 

Features of FFR  

Key benefits of FFR include its ease of use and ability to act as an accurate 

decision-making tool in clinical practice (31, 32). Unlike various other indices, FFR 

has an absolute normal value of 1 for every patient and every coronary artery (33, 

34). FFR is not influenced by variation in blood pressure, heart rate or contractility 

(35). FFR measurements are extremely reproducible, unrivalled by any other 

cardiovascular diagnostic tool (36). FFR can potentially be extrapolated to calculate 

distinct myocardial coronary collateral perfusion and by performing hyperaemic 

pressure pullback recording elaborate spatial information about the distribution of 

lesions along the coronary tree (33). 

FFR has been validated against a true gold standard in a prospective multi-testing 

Bayesian approach and is the only physiological measurement to have been 

validated in such a way (31, 33). FFR has been shown to improve outcome, 

decrease mortality and reduce costs (37, 40).  

Guidelines on FFR 

Several major guidelines recommend measurement of FFR as a decision-making 

tool before considering PCI in patients with stable CAD (38). The European Society 

of Cardiology guideline has upgraded FFR to a class I-A indication for identifying 

hemodynamically significant coronary lesions when non-invasive evidence of 

myocardial ischemia is unavailable (39). Guidelines from the American College of 

Cardiology issued in 2021 recommend FFR or iFR use for assessing patients with 

angiographically intermediate stenoses (37, 40).  
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Clinical use of FFR worldwide 

FFR guided PCI improves patient outcomes, reduces the number of stent insertions 

and lowers the costs of treatment (13). However, even in the USA and many 

European countries where FFR use is highest, it is used in <12% of PCI procedures 

and in fewer diagnostic cases (42, 43). 

Orvin et al. (43) and Curzen et al. (28) demonstrated the decision of the operator to 

insert a stent was contrary with FFR measurements in less than 20% of cases. 

However, it is important to note that 83% of patients in the study had acute coronary 

syndrome (ACS) in which the clinical applicability of FFR is less established than in 

patients with stable CAD (44). Hannawi et al (45) carried out a nationwide online 

survey of current use of FFR among members of the Society of Cardiovascular 

Angiography and Intervention (SCAI), who by definition have completed at least one 

full year (or its equivalent) of training exclusively in cardiac catheterization and 

angiographic techniques and who, after training, have spent a significant percentage 

of their practice time performing and interpreting cardiac catheterization and 

angiographic studies.  Of 253 members who responded to the survey out of 3,474 

members, 145 operators measured FFR in less than one third of their angiograms 

while 39 never measured FFR (45). 

In a 2018 audit carried out by the British Cardiovascular Interventional Society 

(BCIS), it was reported that FFR was used in <12% of cases, with 13,421 FFR 

measurements during diagnostic angiography procedures, and 9455 during PCI 

procedures with a significant variation among centres (42). Measurement of FFR is 

already part of the pathway in some centres when there is uncertainty about the 

significance of stenosis from non-invasive imaging.  

Reasons for the infrequent use of FFR measurement 
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Multiple reasons account for the low use of FFR despite a strong evidence base. 

These include decision making regarding mode of revascularization at time of 

coronary angiography by PCI operators reserved only to have the competence and 

facilities to perform FFR. Also, the perception that doing an FFR will prolong the 

duration of procedure with many operators remaining confident that visual 

assessment is very accurate and coupled with a myth that multiple visual 

assessments for instance carried out by numerous cardiologists (invasive and non-

invasive and cardiothoracic surgeons) in a “Heart Team” setting improve their 

accuracy (46). 

 

Virtual FFR 

This represents a novel, non-invasive method to assess the FFR of a coronary artery 

lesion without the practical difficulties that limit invasive techniques. Several groups 

have used computational fluid dynamics (CFD), image-based modelling coupled with 

other coronary imaging to calculate FFR without invasive use of a pressure wire and 

pharmacological agents (46-52).  

FFR derived from Computed Tomographic Coronary Angiography (CTCA) 

Since the introduction of CTCA in 1998, its use has increased significantly to assess 

severity of coronary artery stenoses. It is a non-invasive test with a sensitivity of 95% 

and specificity of 85% to detect significant CAD in patients with stable angina 

compared to invasive coronary angiography (53, 54). ESC guidelines published in 

2019 have given CTCA class IB recommendation as an alternative to coronary 

angiography to exclude ACS for low to intermediate risk patients with an inconclusive 

ECG and troponin (55). Factors that make CTCA less attractive include severe 

calcifications (high calcium score) and elevated or irregular heart rate; and a dearth 
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of adequate expertise alongside 24 h service that is currently not widely available 

(53).   

Computational modelling- CTCA + CFD 

Calculation of FFR from CTCA data has recently emerged as an innovative, non-

invasive technique for identifying ischemia inducing stenoses in patients with 

suspected or known CAD. The procedure employed involves injecting a patient with 

a contrast material and performing a CT scan. Images obtained from the scanner 

coupled with CFD are used to determine blood flow throughout the coronary tree and 

non-invasive computation of FFR (54, 57).  

CFD is a branch of fluid mechanics that uses numerical methods coupled with 

computer algorithms to analyze and model fluid flow. It has a wide spectrum of 

industrial applications, most well-known is in aeronautics. The basis of all CFD 

methods is the Navier-Stokes equations for single phase fluid flow (gas or liquid but 

not both). Usually for predicting fluid flow, a CFD study comprises of 3 stages. 

Firstly, pre-processing (building of geometry to represent domain of interest), 

discretizing the domain with meshes and defining the physical model and boundary 

conditions. Secondly, solving governing equations via numerical solutions and thirdly 

postprocessing to analyse and present the results (46, 56). 

Application of CFD to study coronary blood flow is challenging as the arteries are 

structures with non-linear elastic properties. However, considerable understanding 

has been gained on CAD through previous CFD studies (46). 

3D computational models derived from CTCA 

Studies that have attempted virtual FFR (vFFR) derived from CTCA have gathered 

the most significant evidence base to date. The DISCOVER-FLOW trial (57) which 

compared invasive FFR with non-invasive vFFR derived from CTCA showed per-
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vessel accuracy, sensitivity and specificity of 84.3%, 87.9% and 82.2% respectively 

from vFFR derived from CTCA. The performance of vFFR derived from CTCA was 

superior to CTCA alone for diagnosing lesion stenosis, the latter of which showed an 

accuracy, sensitivity and specificity of 58.5%, 91.4% and 39.6% (57). The DEFACTO 

trial, a crucially important multicentre international study compared vFFR derived 

from CTCA with CTCA for diagnostic accuracy of ischemia. 252 subjects were 

recruited for which 407 vessels were assessed using FFR. On a per-patient basis, 

vFFR derived from CTCA was superior to CTCA stenosis for diagnosis of ischemic 

lesions for accuracy (73% vs 64%), sensitivity (90% vs 84%) and specificity (54% vs 

42%). In patients with intermediate stenoses (30-70%), a 2-fold increase in 

sensitivity was noted from 37 to 82% without any loss of specificity (58). Another 

study, the ABSORB trial (59) prefers vFFR derived from CTCA as the functional 

marker to assess coronary stenosis over FFR. vFFR derived from CTCA represents 

a promising, innovative, non-invasive technology that permits a combination of 

anatomical and physiological evaluation of CAD that can help patient risk-

stratification for invasive angiography and stenting or optimal medical therapy (59). 

PLATFORM, a prospective consecutive cohort study was designed to test the 

hypothesis that patients with suspected CAD investigated using vFFR derived from 

CTCA guided approach would require fewer invasive angiograms compared to 

patients who were evaluated based on standard practice. The study included 2 arms: 

204 patients underwent elective non-invasive testing and 380 patients underwent 

invasive testing with diagnostic angiography. In both study groups, subjects were 

allocated either to usual care or to vFFR derived from CTCA approach. The vFFR 

derived from CTCA system quantifies FFR using data obtained from a standard CT 

scan aimed at providing both anatomic data derived from the CT scan and functional 
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data about any identified ischemic lesions in patients with suspected CAD. Data 

obtained from the CT scan is forwarded to HeartFlow Inc, a US based medical 

technology company that uses CTCA, CFD and proprietary software to create a 

personalized 3D model of the coronary arteries and assess the impact that stenoses 

have on blood flow by calculating a virtual FFR. The study showed that use of vFFR 

derived from CTCA resulted in cancellation of 61% of invasive angiographies and 

doubled the availability of functional data at the time of revascularization (60). 

However, the diagnostic accuracy of vFFR derived from CTCA may be affected by 

various potential limitations such as significant coronary artery calcifications. The use 

of beta-blockers to reduce heart rate, heart rate variability and use of sublingual 

nitrates to dilate the coronary arteries have been suggested to minimize artefacts 

and maximize image quality.     

 

FFR derived from Invasive Coronary Angiography  

In 2013, Virtu-1(46), a single centre prospective study in Sheffield used generic 

boundary conditions for CFD analysis to calculate virtual FFR in 20 patients with 

CAD undergoing rotational angiography. The 3D computational model used 

predicted physiologically significant (FFR<0.80) lesions with accuracy, sensitivity and 

specificity of 97%, 86% and 100% respectively. vFFR values differed from pressure 

derived FFR by ± 0.06 (mean=0.02, SD=0.08) and vFFR and FFR were closely 

correlated (r=0.84). Virtu-1 showed that FFR could be reliably predicted without any 

need for invasive pressure wire measurements or inducing hyperaemia with 

pharmacological agents. However, Virtu-1 investigated only simple lesions and 

generation of vFFR values took over 24h (46). 
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Tu et al (48) elaborated a novel strategy based on 3D Quantitative Coronary 

Angiography (QCA) and thrombolysis in myocardial infarction (TIMI) frame count. 

The study reconstructed anatomical models by 3D-QCA, applied CFD using mean 

volumetric flow rate of hyperaemic derived 3D QCA and TIMI frame count at the 

boundaries. This technique used FFR at hyperaemia and mean pressure at the 

guiding catheter tip at inlet instead of using generic boundary conditions. This led to 

a fast simulation approach. It revealed that there was good correlation (r=0.81; 

P<0.001), with a mean difference of r=0.81; P<0.001 was found between FFR 

derived from QCA and FFR.  FFR derived from QCA had an overall accuracy, 

sensitivity and specificity of 88%, 78% and 93% respectively (48). 

Papafaklis et al. (47) developed a fast but simplified method of virtual assessment of 

coronary stenosis from routine angiographic data and compared it against pressure 

wire-FFR. Three-dimensional quantitative coronary angiography (3D-QCA) was 

performed in 139 vessels (120 patients) with intermediate lesions assessed by wire-

FFR (reference standard: ≤0.80). The 3D-QCA models were processed with CFD to 

calculate the lesion-specific pressure gradient (ΔP) and construct the ΔP-flow curve, 

from which the virtual functional assessment index (vFAI) was derived. The 

discriminatory power of vFAI for ischaemia- producing lesions was high (area under 

the receiver operator characteristic curve [AUC]: 92% [95% CI: 86-96%]). Diagnostic 

accuracy, sensitivity and specificity for the optimal vFAI cut-point (≤0.82) were 88%, 

90% and 86%, respectively. Virtual-FAI demonstrated superior discrimination against 

3D-QCA-derived % area stenosis (AUC: 78% [95% CI: 70- 84%]; p<0.0001 

compared to vFAI). There was a close correlation (r=0.78, p<0.0001) and agreement 

of vFAI compared to wire-FFR (mean difference: -0.0039±0.085, p=0.59) (61). 

However, the flow used to calculate the FFR is pre-specified and assumed to be 
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equal in all stenoses. However, we know from several studies that there is a large 

variation in hyperaemic blood flow in patients with CAD (62-65). Such 

oversimplification of baseline flow boundary conditions and hyperaemic response 

may work on average but can lead to incorrect results and compromise patient 

safety when applied to individual cases, across a wide spectrum of patient 

anatomies.  

CT angiography has limited spatial resolution compared to invasive coronary 

angiography which is another limitation. QCA and 3D QCA are subject to movement 

artefacts and can artificially smooth the artery wall. Loss of high resolution vessel 

geometry can lead to underestimation of lesion severity and erroneous FFR 

computation (65). 

FFR derived from Optical Coherence Tomography (OCT) 

Virtual FFR can also be estimated by frequency domain optical coherence 

tomography (FD-OCT). This is a high resolution imaging technology based on near 

infrared light that was originally used to image transparent samples like fibre optics 

and retina, has been developed for intracoronary imaging, especially identifying 

vulnerable plaque and guiding coronary interventions (66). Its superior spatial 

resolution has made it a useful tool for studying acute occlusion with drug eluting 

stents (DES), investigating potential markers of DES success and identifying plaques 

that lead to ACS. FD-OCT is another innovative technique for quantitative estimation 

of stenosis severity. It provides cross-sectional images of coronary arteries and 

deployed stents with micron resolution and assesses lumen size with excellent 

reproducibility. Likewise, it provides information about plaque vulnerability, and 

calcification estimates, blood flow resistance and microvascular resistance of the 

vessel portions imaged. FFR can be calculated from blood flow resistance and 
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microvascular resistance using volumetric analysis of FD-OCT images. FD-OCT 

derived FFR showed significant correlation with pressure derived FFR (67). 

Stefano et al. (68) determined the correlation between FFR and OCT derived lumen 

dimensions in 14 patients with 18 stenoses but no significant correlations between 

FFR and OCT measured minimum lumen area (MLA) (r=0.167, P=0.56), minimum 

lumen diameter (MLD) (r=-0.42, P=0.13) and percent area stenosis (%AS) (r=0.29, 

P=0.29) were found. 

Gonzalo et al. (69) assessed the diagnostic accuracy of OCT derived lumen 

measurements identifying stenosis severity in 56 patients with 61 stenoses and 

reported poor but significant correlation between FFR and OCT measurements, MLA 

(r=0.51, P<0.01), MLD (r=0.4, P=0.05) and %AS (r=0.33, P=0.02). 

Zafar et al. (70) carried out a pilot study enrolling 20 patients to evaluate the 

relationship between pressure derived FFR and FFR derived from OCT. A moderate 

but significant correlation between pressure derived FFR and FFR derived from OCT 

was detected (r=0.69, P=0.001) and Bland-Altman analysis showed that the mean 

differences between FFR and FFR derived from OCT were 0.05±0.14 (70). 

FD-OCT is a promising tool in assessing stenotic lesions and can evaluate any 

feature of plaque instability in situations of ACS and negative FFR. With further 

testing, FFR derived from OCT may become a valuable tool to evaluate coronary 

artery stenosis and may play a key role in guiding interventional procedural planning 

and decision making. 

 

Virtual Functional Assessment Index and Virtual Distal Coronary to Aortic Pressure 

Ratio 
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Papafaklis et al. (47) developed a simplified approach for virtual functional 

assessment of coronary stenoses from routine angiographic data using the Caas 

Workstation Quantitative Coronary Analysis (QCA)-3D from Pie Medical Imaging 

(Maastricht, the Netherlands) to recreate coronary geometry. Further processing 

involves steady-flow CFD analysis using flow rates of 1 and 3 ml/s, corresponding to 

the average flow at rest and during hyperemia. The pressure gradients at these two 

flow rates were calculated from the difference of the average pressure at the inlet 

and outlet and a ratio of Pd/Pa was derived. The average computed pressure ratio 

over this flow range was named the virtual functional assessment index (vFAI). This 

model was studied retrospectively in a multi-centre cohort of 120 patients and 139 

vessels. It demonstrated that, for an optimum vFAI value of 0.82, the ability to 

discriminate ischaemia-producing lesions was very good with the area under the 

receiver operating characteristic curve (AUC) 92% (95% CI: [86–96%]), and the 

correlation with invasive FFR was reasonable (r=0.78). Diagnostic accuracy, 

sensitivity and specificity were 88%, 90% and 86%, respectively. The virtual resting 

Pd/Pa with an optimal cut-off ≤0.94 performed less well when correlated to invasive 

FFR (r=0.69) (47). 

A limitation of this system is that the processing was 15 minutes per vessel, which is 

not ideal for the workflow in a typical catheterisation laboratory. In addition, vFAI is 

entirely a function of the geometry of the stenosis. It cannot be a surrogate for FFR 

because FFR is a measure of the pressure gradient in the context of patient-specific, 

microvascular physiology. It is therefore likely to be less accurate in patients with 

microvascular disease, scar or increased myocardial mass (47). 
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Using the same Caas Workstation QCA-3D, Masdjedi et al. (71) have proposed a 

new method for simulating FFR from conventional angiography. The 3D coronary 

reconstruction is processed semi-automatically based on two angiographic 

projections. The boundaries were defined as a constant parabolic flow incorporating 

the measured aortic pressure at the inlet and stress-free (zero pressure) at the outlet 

approximating the coronary wall as rigid and the blood as Newtonian fluid. The 

pressure drop is then calculated based on physical laws incorporating viscous 

resistance and separation loss effects resulting in a parameter named vessel-FFR 

(commonly given the acronym vFFR, not to be confused with virtual FFR described 

previously in (47), which is computed via a different method). This algorithm was 

then retrospectively applied to a cohort of 100 patients with an intermediate degree 

of stenosis in the Fast Assessment of STenosis severity (FAST) study that found a 

good correlation between the offline simulated vessel FFR and invasive FFR (r=0.89; 

p<0.001). Bland Altman limits of agreement were impressive at ± 0.03.28 (71). 

 

Conclusion and potential of FFR derived from 1D model 

Calculation of FFR derived from CTCA has been carried out so far in a number of 

studies using 3D models of the coronary tree and ventricular myocardium. The 

patient anatomy is modelled from a mid-diastolic time point and extracted from semi-

automatic data. Since the flow and pressure were unknown a priori, the 3D model 

needed the blending of lumped parameter models of the microcirculation. These 

models need to be adjusted so that both the cardiac output and the mean aortic 

pressure fit with the clinical data. Similarly, FFR derived from rotational coronary 

angiography and from a 3D model requires 1 day (46). Besides the costs and 

computation time, another major drawback of the HeartFlow model is that the 
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software is not in the ambit of the medical research community and cardiac health 

care providers (57). During the past 2-3 years, there has been a growing interest in 

using reduced order models for coronary haemodynamics mainly because they are 

very quick and can easily incorporate relevant anatomical information (72, 73). 

Thus, Mynard and Nithiarasu have proposed a more simplistic 1D model with the 

additional benefit of providing accurate time-dependant information at lower costs 

and at reduced computation time (74-77). Simulated data from 1D models exhibit 

many of the characteristics of the systemic and coronary arteries of both normal and 

pathological physiologic and geometric data. Application of 1D models using 

conventional diagnostic coronary angiography without the need for segmentation 

remains relatively new. 
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CHAPTER 2- Verification study on one 

coronary artery to assess effect of virtual FFR 

with increasing length of stenosis and 

increasing % area of stenosis 
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Introduction 

The cardiovascular system is a complex circulatory system which consists of a 

muscular pump that beats rhythmically – the heart, a system of tubes - arteries and 

veins and valves (78). Recently, with advances in computational modelling, 

simulation of the hemodynamic properties of cardiovascular system has played an 

increasingly important role in the diagnosis of cardiovascular diseases and the 

development of medical devices as well as pharmacological agents (79–81). 

At present, computational simulation models can be segregated into two types, high-

dimensional models (HDM) and low dimensional models (LDM) as described in 

Figure 2.1 (82). 

 

Figure 2.1 Flow diagram of physics-based models in the cardiovascular system 

(Adapted from Zhou et al, 2019) (82) 
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HDM consist of 2D models and 3D models that can provide us with an elaborate 

pictorial representation of the fluid dynamics of blood flow patterns in the 

cardiovascular system. 2D models are usually applied to describe variations of blood 

flow around the radius in an axis-symmetric tube representing a coronary artery in 

this instance (83, 84). 3D fluid-structure interaction models are used to simulate the 

interaction between fluid (blood) and structure (vessel walls) (85, 86). It is 

challenging both in terms of resource and time to acquire a 3D model of the whole 

arterial tree due to difficulty in extracting the precise geometry of vascular structures, 

hence HDM usually use computational fluid dynamics to simulate pressure variations 

with varying morphology of the stenoses within specific arterial sites rather than the 

entire arterial tree.  

LDM provides less detail in regard to patient-specific information, but with the 

advantage of much reduced workload and computational resources. Hence, due to 

its ability to generate a result within minutes, LDM have great practical feasibility in 

clinical practice to influence decision-making compared to HDM which require a 

comparable longer processing time.   Currently, LDM mainly consist of 0D models, 

1D models and tube-load models. 

0D models, also known as lumped parameter models, can indicate global properties 

of the arterial tree. The lumped parameter models are represented by their pulse 

waveforms as a function of time only. The most well-known lumped parameter model 

is the Windkessel model (87), which includes single-compartment models and multi-

compartment models (88, 89). 1D models and tube-load models are distributed 

parameter models, which can represent distributed properties of the arterial system. 

In the latter two types of models, their pulse waveforms rely on both time and spatial 

dimension. In the distributed parameter models, 1D model based on the simplified 
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Navier–Stokes equation is usually applied to represent pressure and flow at any 

position in the entire arterial tree (82, 90–92). The Windkessel model is 

computationally simple but lacks precision. The present study utilises 1D modelling 

to estimate a value of FFR. 

Aim 

 

The aim of this study was to perform a verification study on one hypothetical 

coronary artery of length 10 mm entire vessel segment without any side branches 

and to assess effect of virtual FFR with: 

1) increasing length of stenosis by increment of 10 mm but keeping stenosis 

constant 

2) increasing % area of stenosis by increment of 20 % 

 

Method 

The above data was then introduced in a spreadsheet (Appendix) where the areas, 

wave speeds, and some material properties of the arteries were estimated from the 

inlet and outlet radii. Additionally, the excel sheet generated a text file with the 

connectivity of all the arterial network and information about the geometrical and 

material properties. These areas, material properties, and lengths are the input for a 

computer code in Matlab that generates the mesh to be introduced in the numerical 

scheme to compute different physical quantities like length of lesion, inlet and outlet 

area and resistance. These physical quantities were then used to compute the virtual 

FFR to predict the CAD severity. 

The model uses established methods described extensively previously (93-95). The 

coronary stenosis was represented with the lumped parameter stenosis model 
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described by Young and Tsai (95), which contains empirically validated coefficients 

derived from stenosis length and relative diameter. Based on preliminary studies, the 

main determinant of FFR in such models is the flow through the stenosis. A 

representative coronary flow waveform was prescribed at the inlet and the outlet was 

represented by a two elements Windkessel method (capacitor and resistor) while the 

patient-specific mean flow passing through the stenosis was estimated as described 

above. 

 

A coronary artery was represented as a single segment, split into three parts, 

proximal part, stenosis and distal part, each represented individually as one-

dimensional (1D) segments described by the equations of fluid flow and an equation 

governing the non-linear pressure-area elasticity relation. The proximal and distal 

segments were 4 cm and 2 cm respectively. The wave speed which determines the 

stiffness of the segments was fixed at 8 m/s. The lumen shape was assumed as 

circular and its area was represented by 𝜋(𝐶/2)2.  

 

 

 

proximal   stenosis   distal 

A= length of coronary vessel under examination 

A

B

C
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B= length of coronary stenosis (lesion length, LL) 

C= diameter of stenosed lumen (mean luminal diameter, MLD) 

Figure 2.2 shows typical coronary artery split into proximal, stenosis and distal 
part 

 

Results 

Percentage stenosis increases whilst FFR decreases, most significantly after the 

80% stenosis mark. Lower FFR, Mid FFR and High FFR are three constants that 

were used during the experiment as the flow rate.  

 

Lesion length/mm % area stenosis FFR 

5 80 0.62 

10 80 0.59 

15 80 0.55 

20 80 0.52 

25 80 0.50 

 

Table 2.1- Table showing values of FFR generated with increasing lesion length  

 

Mean luminal 

diameter/mm 

% area stenosis FFR 

3.6 10 0.99 

3.2 20 0.99 

2.8 30 0.99 
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2.4 40 0.99 

2.0 50 0.98 

1.6 60 0.95 

1.2 70 0.84 

0.8 80 0.34 

0.4 90 NA 

 

Table 2.2- Table showing values of FFR generated with increasing % stenosis area   

 

 

 

 

 

 

Figure 2.3 Effect of increasing lesion length on FFR 
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Figure 2.4- Effect of increasing % area of stenosis on FFR 

 

 

 

Discussion 

This study demonstrates two findings. Firstly, as length of stenosis increases, FFR 

decreases. Secondly, as % area of stenosis increases, FFR decreases, more 

markedly at 70% area stenosis when FFR<0.8. However, with high degree of 

stenosis above 80% stenosis, it has been observed the 1d-vFFR code is unable to 

generate recordable value. This occurs because velocity becomes very high in the 

stenotic region. There is a stability condition in the 1D formulation, such that if 

velocity exceeds the wave speed of the vessel, the numerical will ‘blow up’ due to a 

limitation of the numerical scheme used to solve the basic equations.  Our study 

shows a weak inverse linear relationship of increasing lesion length with decreasing 

FFR as shown previously by Brosch et al. (96) and Alghamdi et al. (97). However, in 

the presence of a high-grade stenosis (>70% diameter reduction), the effect of the 

lesion length (LL) is not clinically relevant as compared to the stenosis diameter, 

% area stenosis/% 

 

FFR 
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hence a sharp exponential decline in FFR which was observed is similar to Alghamdi 

et al (97) and Takagi et al (98). 

A pursuit for alternative non-invasive assessment of functional significance of 

coronary stenoses without the need for a pressure-wire has led to the development 

of new software solutions that allow the construction of a 3-D computational fluid 

dynamics using the routine CT angiography and invasive coronary angiographic 

data. 

 Recently, several research teams have developed systems that derive physiological 

data from invasive angiographic images resulting in calculation of physiological 

indices as surrogates of invasively measured FFR with high diagnostic efficiency of 

this method (46-52). Nevertheless, one of the disadvantages these non-invasive 

techniques is their high computational complexity, and to assess the non-invasive 

FFR, time-consuming calculations requiring high computational power. These 

models also require the input data to be processed manually. All these factors make 

the implementation of this approach difficult in clinical practice. 

Our method allows the calculations to be made even when computing power is 

limited, as a typical FFR calculation run on a laptop takes no longer than 3 minutes 

after quantitative coronary angiography (QCA) data has been acquired for length of 

stenosis, cross-sectional area pre-stenosis location and cross-sectional area at site 

of stenosis. 

Conclusion 

Our study has shown promising result in one virtual coronary artery and my next step 

will be to validate it in the four main coronary arteries. 
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CHAPTER 3 - Verification study on one 

hypothetical patient with four coronary arteries 

using 1D-vFFR 
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Introduction 

In this study, we aim to perform a verification study on one virtual male patient of 

average height 1.7 m and weight 70 kg.  

 

Method 

 

The height and weight for this hypothetical patient was assumed as 1.7m and 70 kg 

respectively. To avoid the need for additional invasive measurements a number of 

assumptions were applied. From the body surface area (BSA), cardiac output was 

approximated based on three assumed cardiac indices of 2.5 L/min/m2, 3.0 L/min/m2 

and 3.5 L/min/m2, derived from healthy subjects >60 years old using cardiac 

magnetic resonance imaging (99). The coronary flow reserve (CFR) was assumed 

as 3 based on data in human subjects presenting with chest pain and who had 

angiographically normal coronary arteries (100). It was assumed that the increase in 

flow under hyperaemic conditions is proportional to the resting flow, by reducing 

coronary resistance by a factor of 0.22, corresponding to a 3.5-fold increase in flow 

with respect to resting conditions (101).  
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Figure 3.1 shows 5 steps taken to calculate the hyperemic flow for each case 

 

1D Computational flow analysis 

The coronary geometrical data consists of data such as lesion length (LL) and 

minimal lumen diameter (MLD) that were then combined with the estimated patient 

specific coronary flow rate calculated above and was incorporated into the 1D model 

containing wave speeds, material properties of the arteries and boundary conditions. 

The in-house code developed by Swansea University Engineering group then 

generates the mesh to be introduced for analysis (102). This creates estimates of 

pressures from which 1D-vFFR can be derived.  

 

Step 1 Assumed cardiac index 

 
CI 

  Step 2 Estimate cardiac output via BSA 

 
BSA 

 
Cardiac output (CO) 

  Step 3 Estimate total coronary flow  

 
Total coronary flow (proportion of CO) 

 
Total coronary flow (absolute) 

  

  Step 4 Estimate hyperaemic flow  

 
Basal flow x 4.2 

  Step 5 Calculate constant multiplier for the code 

 
Mean flow when the constant is 1 

 
Constant multiplier to input into code 
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Figure 3.2 shows a typical pressure input for a stenosed artery generated from 
Matlab  

 
 

Results 

 

The four coronary arteries left main stem (LMS), left anterior descending (LAD), right 

coronary artery (RCA) and left circumflex (LCX) with diameters 6 mm, 5 mm, 4 mm, 

3 mm respectively were chosen. For each coronary artery, the length of stenosis was 

increased by 10 mm from an initial value of 10 mm and %area of stenosis increased 

by 10% from their corresponding initial diameters ie. LMS 6 mm, LAD 5 mm, RCA 4 

mm and LCX 3 mm. Three values of FFR were obtained named, lower FFR, mid 

FFR and high FFR due to three values of cardiac indices used as part of a sensitivity 

analysis study. 
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Coronary 

Artery 

Length of 

coronary 

artery/mm 

Diameter of 

stenosed 

lumen 

% area 

stenosis 

Lower FFR Mid FFR High FFR 

RCA 10 3.6 10 0.99 0.99 0.98 

 10 3.2 20 0.99 0.99 0.98 

 10 2.8 30 0.99 0.99 0.98 

 10 2.4 40 0.99 0.98 0.97 

 10 2.0 50 0.98 0.97 0.94 

 10 1.6 60 0.95 0.93 0.77 

 10 1.2 70 0.84 0.68 NA 

 10 0.8 80 0.34 NA NA 

 10 0.4 90 NA NA NA 

 20 3.6 10 0.99 0.99 0.98 

 20 3.2 20 0.99 0.98 0.97 

 20 2.8 30 0.99 0.98 0.97 

 20 2.4 40 0.98 0.97 0.94 

 20 2.0 50 0.96 0.94 0.89 

 20 1.6 60 0.91 0.86 0.69 

 20 1.2 70 0.74 0.59 0.28 

 20 0.8 80 0.29 0.15 NA 

 20 0.4 90 NA NA NA 

 30 3.6 10 0.99 0.99 0.98 
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 30 3.2 20 0.99 0.98 0.97 

 30 2.8 30 0.98 0.97 0.96 

 30 2.4 40 0.97 0.96 0.93 

 30 2.0 50 0.95 0.92 0.85 

 30 1.6 60 0.88 0.82 0.64 

 30 1.2 70 0.68 0.53 0.26 

 30 0.8 80 0.25 0.14 NA 

 30 0.4 90 NA NA NA 

 

Table 3.1- Variation of FFR with increasing % area of stenosis and lesion length in 

RCA. 

Length of stenosis 10mm 

 

 

Figure 3.3- Variation of FFR with increasing % area of stenosis with lesion length 

10mm in RCA. 
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Length of stenosis 20mm 

 

Figure 3.4- Variation of FFR with increasing % area of stenosis with lesion length 

20mm in RCA. 

 

 

Figure 3.5- Variation of FFR with increasing % area of stenosis with lesion length 

30mm in RCA. 
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Discussion 

 

This study confirms two findings. Firstly, as length of stenosis increases, FFR 

decreases. Secondly, as % area of stenosis increases, FFR decreases, more 

markedly at 60% area stenosis when FFR<0.8. However, with high degree of 

stenosis above 80% stenosis, it has been observed the 1D-vFFR code generates a 

value of 0.2-0.4 and is sometimes unable to generate recordable value. This may be 

due to the high coronary flow with the value of cardiac index of 3.5 L/min/m2. When a 

cardiac index of 2.3 is used, it has been observed that the 1D-vFFR code generates 

a value of >0.8 even at % area stenosis of 70%. 

Our method allows the generation of a typical FFR calculation run on a laptop and 

takes less than 3 minutes after acquisition of coronary angiographic data. 

 

Limitations 

Numerous limitations need to be accounted for in this study. Lesion irregularity and 

length, amount of myocardium supplied by the target vessel, the presence of diffuse 

coronary artery disease and microcirculatory impairment as well as wall deformation, 

bifurcation and tortuosity are not accounted for in this model (103, 104). In addition, 

atherosclerotic plaques are complex in shape, and plaque characteristics such as 

length, shape, irregularity and eccentricity will all contribute to altering the resistance 

to flow across a coronary lesion and affect FFR. In this study, coronary stenosis was 

assumed to be symmetrical. 

Conclusion 
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This study shows that FFR value decreases with increasing mean luminal diameter 

and lesion length. In the next study I plan to validate 1D-vFFR on a cohort of stable 

coronary artery disease patients who have undergone invasive coronary 

angiography with FFR and also to address some of the assumptions regarding 

coronary flow. 
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CHAPTER 4- Diagnostic Performance of Virtual 

Fractional Flow Reserve derived from routine 

Coronary Angiography using Segmentation 

Free Reduced order (1- Dimensional) Flow 

Modelling 
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Background 

The accuracy of FFR as an index of myocardial ischemia is validated and widely 

accepted (13-16). FFR-guided PCI improves patient outcomes, reduces number of 

stent insertions and lowers cost of treatment (13). However, it is used in <10% of PCI 

procedures even in the UK (105) and less than 40 % in European countries where 

the leaders in 2015 were Denmark (31%) and Belgium (29%) (106, 107), likely in 

part due to the additional time and cost incurred in performing invasive FFR. 

Virtual FFR represents a novel, non-invasive method to assess FFR of a coronary 

artery lesion without the practical difficulties that limit the invasive technique. 

Recently, several virtual FFR methods have used full 3D segmentation and 3D 

computational fluid dynamics simulations. These take time, entail significant cost and 

require expertise in image-based computational fluid dynamics (CFD) coupled with 

either CT coronary angiograms or invasive rotational coronary angiography to 

calculate FFR without insertion of a pressure wire or use of pharmacological agents 

(46, 48, 57, 60, 108). With a view to reducing some of the above constraints, several 

groups are exploring simpler ‘reduced-order’ virtual FFR methods that involve 1D 

simulations, but still use a 3D segmentation to generate the 1D geometry (48, 108). 

The aim of this chapter is to investigate whether useful virtual FFR results can be 

obtained with a 1D model using only a few basic measurements of stenosis 

geometry obtained from routine coronary angiographic images. This will enable fast, 

low cost and viable results for immediate decision-making in the clinic or catheter 

laboratory without complex image segmentation or complex CFD software.  
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Methods 

Study Population 

In this single centre retrospective study, we included subjects aged ≥18 years who 

were investigated for chest pain with coronary angiography, and in whom a coronary 

stenosis was detected and were subsequently investigated with an FFR 

measurement after obtaining informed consent. Patients with in-stent restenosis at 

the target vessel, previous bypass surgery, and diffuse coronary disease were 

excluded.  

 

Coronary Angiography and Invasive FFR measurements 

Diagnostic coronary angiography was performed using a 5F or 6F catheter according 

to local procedures. At least 2 orthogonal projections were acquired of all potential 

coronary stenosis. After heparin (70–100 IU/kg IV) administration, and intra-coronary 

nitrate to obtain maximum coronary vasodilatation a calibrated 0.014-inch 

“PressureWire” guide wire (St Jude Medical, USA) was introduced into the guiding 

catheter. The pressure wire was advanced into the guiding catheter until the 

pressure transducer was just outside its tip, and the pressure measured by the 

sensor was then normalized to that of the guiding catheter. The wire was then 

advanced into the vessel, distal to the target coronary stenosis. FFR was calculated 

as the lowest ratio of distal coronary pressure divided by aortic pressure after 

achievement of maximal hyperaemia at the steady-state, obtained using adenosine 

administration. Maximal hyperaemia was assumed after at least 1 minute in the 

presence of stable systemic blood pressure, decreased compared with baseline, 

remaining for at least 10 beats (13). 
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Quantitative Coronary Angiography 

Quantitative assessment of stenosis severity at coronary angiography was 

performed offline and independently by two cardiologists using two-dimensional 

Quantitative Coronary Angiography (QCA) with a computer assisted automatic 

arterial contour detection system (Centricity CA-1000, GE Healthcare, Little Chalfont, 

United Kingdom) in the end-diastolic angiographic image, with optimal projection 

showing minimal foreshortening of the lesion. The software utilizes measurement 

calibration by comparing it with an object of known dimension and allows rapid 

quantification of vessel size and lesion length. 

The cardiologists were blinded to clinical and hemodynamic data. Pixel size was 

determined with automated distance calibration and all analyses were performed on 

frames demonstrating optimal luminal opacification. The proximal and distal limits of 

the lesion were defined by manual inspection (corresponding to the sites of minimal 

luminal encroachment i.e., mean 10% diameter decrease compared with the 

reference vessel). The automated edge-detection software was then used to trace 

the lesion contours and determined the reference vessel diameter and luminal 

diameter at maximal obstruction. Reference vessel diameter (RVD), lesion length 

(LL) and minimal lumen diameter (MLD), and percentage diameter of stenosed 

lumen (DS) were calculated. 

 

Calculation of 1D FFR:  

Patient specific data to calculate an estimate of flow rate 

For all patients height and weight were recorded and a value of body surface area 

(BSA) calculated (109). To avoid the need for additional invasive measurements a 

number of assumptions were applied. From the BSA, cardiac output was 
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approximated based on an assumed cardiac index of 3 L/min/m2, derived from 

healthy subjects >60 years old using cardiac magnetic resonance imaging (95). A 

coronary flow reserve of 3 was assumed, based on data in human subjects 

presenting with chest pain and who had angiographically normal coronary arteries 

(103). Based on the estimated cardiac output, estimated total coronary blood flow 

was derived from an assumed myocardial mass based on the relationship between 

normalized proximal arterial diameters and myocardial mass for different segments 

of LAD, LCX and RCA (113). Vessel-specific baseline coronary flow was then 

assumed to be proportional to subtended myocardial mass, based on an allometric 

scaling principle (113-117). Cross-sectional areas of LCA and RCA were calculated 

from LCA and RCA measurements, then allometric scaling was carried out by initially 

calculating flow through the left main coronary artery, assuming flow is divided 

between LCA and RCA in proportion to their areas. The coronary flow in the stenotic 

branch was calculated based on the area ratio of the stenotic branch to the left main 

coronary artery. An estimate of the hyperaemic flow was then derived from which a 

mean flow rate in the vessel of interest was obtained. We assumed that the increase 

in flow under hyperaemic conditions is proportional to the resting flow, by reducing 

coronary resistance by a factor of 0.22, corresponding to a 3.5-fold increase in flow 

with respect to resting conditions (104). 

 

1D computational flow analysis 

The coronary geometrical data was extracted offline from 2-dimensional coronary 

angiograms using QCA. The extracted data (Reference vessel diameter (RVD), 

lesion length (LL), minimal lumen diameter (MLD), and percentage diameter of 

stenosed lumen (DS) was then combined with the estimated patient specific 
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coronary flow rate calculated above and was incorporated into the 1D model 

containing wave speeds, material properties of the arteries and boundary conditions. 

The in-house built code developed by Swansea University Engineering Group then 

generates the mesh to be introduced for analysis (99). This creates estimates of 

pressure (PD and PA) from which 1D-vFFR can be derived (Figure 1). The model 

uses established methods described extensively previously (94-102). The boundary 

conditions were identical to the one described in Chapter 3. 

 

Figure 4.1- Flow diagram showing the steps in creating the 1D-vFFR. 

 

A coronary artery is represented as a single segment, split into three parts, proximal 

part, stenosis and distal part is represented individually as one-dimensional (1D) 

segments, described by the equations of fluid flow and an equation governing the 

non-linear pressure-area elasticity relation. The coronary stenosis was represented 

with the lumped parameter stenosis model described by Young and Tsai (101), 

which contains empirically validated coefficients derived from stenosis length and 

relative diameter. Based on preliminary studies, the main determinant of FFR in such 

models is the flow through the stenosis. A representative coronary flow waveform 

was prescribed at the inlet, while the patient-specific mean flow passing through the 

stenosis was estimated as described above.  
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Statistical Analysis 

Statistical analysis was performed using the Statistical Package for the Social 

Sciences (SPSS 23.0, IBM Corp., Armonk, New York, USA). The correlation 

(Pearson) of both 1D-vFFR and QCA were compared to FFR. The diagnostic 

accuracy of 1D-vFFR was compared with QCA and against pressure-derived FFR 

using point estimates of sensitivity and specificity, and area under the curve analysis 

from receiver-operator characteristic curves (ROC). Statistical significance was 

accepted at a value of p < 0.05.  

 

Results 

The 85 patients included 62 males with mean age of 64 ± 9 years old. Baseline 

characteristics of all patients are shown in Table 1. Mean FFR was 0.84 (SD 0.07) 

and 32% of the stenoses had an FFR value <0.80, and hence underwent 

revascularization. 

 

Mean Age, years 64(9) 

Male, n 62 

BMI, kg/m2 28.3(4) 

Coronary arteries, n  

RCA 19 

PDA 1 

LMS 1 

LAD 67 
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LCX 11 

D1 1 

OM1 2 

QCA Mean coronary stenosis 

area,% 

54 (16) 

Coronary stenosis diameter/mm 1.31(0.5) 

QCA Mean coronary stenosis 

diameter,% 

44(12) 

QCA Mean lesion length, mm 13 (7) 

 

Table 4.1- Baseline characteristics of all patients (n=85) 

BMI: body mass index, RCA: right coronary artery, PDA: posterior descending 

artery, LMS: left main stem, LAD: left anterior descending, LCX: left circumflex 

artery, D1: first diagonal branch, OM1: first obtuse marginal branch, QCA: 

quantitative coronary angiography. 

QCA revealed the mean percentage of coronary stenosis by area was 54% ± 16% 

and the mean lesion length 13 ± 7 mm. Once angiographic images of the coronary 

artery had been acquired calculation of the 1D-vFFR took less than 1 minute. 

Coronary stenosis (QCA) had a statistically significant but weak correlation with FFR 

(r=-0.2, p= 0.04) and poor diagnostic performance to determine lesions causing 

significant reductions in FFR (<0.80), (area under the receiver operator characteristic 

curve (AUC) 0.39, p= 0.09). If a QCA area stenosis of 50% was taken as the cut off 

the sensitivity to detect a significant stenosis (FFR<0.8) was 58% and the specificity 

26%. If a more severe QCA area stenosis of 70% is used, then the sensitivity 

decreases to 11% with an increase in specificity to 71%. Compared with QCA, 1D-
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vFFR had a stronger correlation with FFR (r=0.32, p=0.01). Although the correlation 

between 1D-vFFR and FFR was only modest, 1D-vFFR provided an improvement in 

diagnostic accuracy over QCA (Figure 2). Overall compared with QCA, it showed 

significantly better diagnostic performance (AUC 0.67, p=0.007) (Figure 3). Using a 

1D-vFFR cut of 0.7 gave a sensitivity of 92% and a specificity of 29%. 

 

Figure 4.2 (A) Positive stenosis by QCA (>70%) correctly predicts positive FFR 

(<0.80) with 1D-vFFR also positive (<0.75).  

Figure 4.2 (B) Positive stenosis by QCA (>70%) provides a false positive reading as 

FFR is >0.80, 1D-vFFR (>0.75) correctly predicts lesion in not functionally significant. 
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Figure 4.3. Receiver Operator Characteristics (ROC) Curves comparing the 

diagnostic utility of mean area stenosis (derived from Quantitative Coronary Analysis 

(QCA)) and 1D-vFFR. 

 

Discussion 

QCA vs. 1D-vFFR 

We found that QCA was poor at determining a functionally significant stenosis by 

FFR. A QCA stenosis cutoff of 50% had a sensitivity of only 58% to detect an 

FFR<0.80, in contrast, if 1D-vFFR was used with a cut off 0.75 then the sensitivity 

was 83%. If the more stringent 1D-vFFR cut off 0.70 is used, then the sensitivity 

goes up to 92%, specificity is 29%.   

 

Computational based methods to derive FFR 

Calculation of FFR derived from CTCA has been performed for some time using 3D 

models of the coronary tree and ventricular myocardium modelled from a mid-

diastolic time point. The coronary tree is segmented into millions of separate finite 



47 

elements and computational flow dynamics used to calculate the pressure loss at 

specific locations by solving the Navier-Stokes equations. However, this is 

computationally very demanding requiring export of the images to a specialist facility 

with a processing time of at least 24 hours. This derived FFRCT (HeartFlowInc, 

California, US) had a sensitivity of 85% and specificity of 79% in intermediate (30%-

70%) stenosis (115). If used as a “gatekeeper” pre catheter lab it has been shown to 

reduce the number of coronary angiograms showing non-significant disease without 

impacting on the number requiring PCI (116). FFRCT does have some limitations; 

numerous artefacts may affect CTCA interpretability including calcification, 

misalignment, motion, and increased image noise. These may affect the model 

accuracy, preventing the calculation of an FFRCT in a third of cases in one study 

(117, 118). 

Angiography based methods to derive FFR 

Invasive angiography remains the most widely used modality to assess coronary 

anatomy and numerous methods have been used to attempt to derive a “virtual” FFR 

from the invasive angiogram. Morris et al described one technique that derives the 

CT 3D coronary model from angiography rather than CTCA (119). This initially 

included pulsatile coronary flow which complicates the computation further requiring 

more than 24 hours to complete, however a later iteration utilising a “pseudo-

transient” model of coronary flow reduced this time to <4 minutes but currently 

requires invasively measured coronary microvascular resistance (120). Both these 

techniques require rotational angiography which is not widely available and reduces 

their applicability. Other models use 3D-QCA and simplified computational flow 

modelling to rapidly derive a virtual FFR (34, 35). The latter, QFFR was recently 

evaluated in the prospective, multi-centre FAVOR II trial where it demonstrated a 
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sensitivity of 87% to detect invasive measured FFR positive lesions (50). Although 

promising, the requirement for 3D QCA, a modality not widely available limits its 

current utility. 

Recently FAVOR III trial which uses Quantitative flow ratio (QFR) to estimate FFR 

using 3D coronary reconstruction and computational fluid dynamics based on 

angiography alone showed that based on QFR the revascularisation strategy 

changed for almost a quarter of patients. QFR calculation was rapid with an average 

calculation time of 3.9±1.4 minutes and led to reduced numbers of stents implanted, 

contrast use and radiation exposure along with a shorter procedural time (121). 

 

Potential of reduced order models 

Reduced order models for coronary haemodynamics are attractive as they are very 

quick and can easily incorporate relevant anatomical information. A reduced-order 

model is used to calculate the pressure and flow distribution for each coronary tree. 

Subsequently, for each location along the coronary tree, we extract quantitative 

features describing the anatomy as well as the computed FFR value at that location. 

They have existed since the 1970s with Young and Tsai (52, 95) able to predict 

pressure drops within about 20% for a variety of flow conditions and stenosis 

geometries, including both symmetric and non-symmetric stenosis.  Pellicano et al. 

(122) describe FFRangio which utilises a hybrid reduced order formulation with 

reduced order modelling of coronary flow in healthy regions and a more complex 

model in coronary stenosis. In the recent FAST-FFR trial this demonstrated 

impressive sensitivity (94%) to detect invasive FFR measured coronary stenosis 

(123). The model only requires standard angiographic images and the computational 

processing time is less than 3 minutes, however, image segmentation is still required 
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which is done by specialised software which is then manually corrected, for which 

the time required is not specified and accounted for as a limitation (123). 

 

In this study we used a 1D model initially described by Mynard and Nithiarasu (124). 

Application of 1D models to coronary circulation have shown promising results using 

CTCA (123-125) but to date this study is first to determine FFR from a standard 

coronary angiogram using a purely 1D model without 3D segmentation. 

 

 

Limitations 

Several limitations should be acknowledged. Our results represent a retrospective, 

small single centre experience including 102 intermediate coronary stenoses only 

and hence needs confirmation with larger, prospective multi-centre studies. In 

addition, patients who had previously undergone revascularization via coronary 

artery bypass grafting (CABG) surgery or had re-stenosis lesions were excluded 

from the study; for that reason, the accuracy of 1D-vFFR in these populations 

remains unknown. 

 

Although at a cut off of 0.75, 1D-vFFR achieved a good sensitivity (83%), good 

positive predictive value (74.7%) and accuracy (68.6%) it had a low negative 

predictive value (52.4%) and specificity (35%) which meant a high rate of false 

positive (64.5%). With a cut off of 0.70, 1D-vFFR showed a higher sensitivity (92%), 

comparable positive predictive value (74.1%), better accuracy (72%) and negative 

predictive value (60%), but lower specificity (29%) and higher false positives (71%). 

This is most likely due to the assumptions that are inevitably required for the 
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approach that we adopted; for example, improved estimation of hyperaemic coronary 

blood flow may improve accuracy further. In addition, stenosis geometry was 

represented by only three parameters (reference vessel diameter, percent stenosis 

and stenosis length); although missing complex features of the geometry, this 

approach was intentionally adopted to avoid the complex and time-consuming 3D 

segmentation process.  

 

 

 

 

Conclusion 

1D-vFFR improves the determination of the functional significance of coronary 

lesions compared with conventional angiography. It is derived using routine 

angiographic data and does not require a pressure-wire or hyperaemia induction. 

Standard QCA is used and no specialised image segmentation is required meaning 

it is fast enough to influence immediate clinical decision making and simple enough 

to be easily incorporated in the clinical workflow. Whilst the high sensitivity achieved 

raises the possibility that positive invasive FFR may be predicted in patients with a 

low 1D-vFFR, future work is required to establish whether this approach could have 

clinical value. 

 

 

 

 

  



51 

CHAPTER 5- Validation of virtual FFR derived 

from routine Coronary Angiography using 1D 

Flow Modelling and minimal segmentation with 

the addition of the BCIS jeopardy score 
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Introduction 

FFR guided-revascularisation by percutaneous intervention (PCI) has been 

associated with a reduction in Major Adverse Cardiac Events (MACE) (14, 15). 

Functional information on the significance of a coronary artery stenosis as provided 

by FFR only assesses the presence of ischemia to a certain myocardial territory. 

However, FFR does not provide any information on the myocardial volume 

subtended by the stenotic coronary artery. This information is vital as patients with 

10-12.5% ischaemic myocardium tend to benefit the most from revascularisation 

(126). 

Hence, several jeopardy scores have been developed and validated (127, 128) to 

overcome this limitation. A jeopardy score is a simple method for estimating the 

amount of myocardium at risk on the basis of the particular location of coronary 

artery stenoses.  

These scores are based on the anatomical location and severity of coronary lesions 

which do not directly incorporate the functional significance of a stenosis. Several of 

these scores are complex to use, time consuming, have high inter-observer 

variability and only provide information on risk of the procedure rather than 

ischaemic burden (129). 

 

Aim 

The aim of the current study is to validate the diagnostic performance of a virtual 

FFR (vFFR) technique using routine angiographic images without any image 

segmentation (130) combined with a functional jeopardy score such as the BCIS 
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jeopardy score and a rapidly performed reduced order (one-dimensional) 

computational model (1D-vFFR). 

 

 

Methods 

The same study population, coronary angiography and invasive measurements and 

method to calculate 1D-vFFR as described in detail in Chapter 4 was used. Based 

on the physiological principle that the amount of myocardial mass perfused affects 

the physiological severity of stenosis the 1D-vFFR was weighted depending on the 

Myocardial Jeopardy score. The angiographic BCIS-1 Myocardial Jeopardy Score 

(BCIS JS) (126) was used to classify the extent of coronary artery disease (CAD) 

due to the fact that the computational model is not equipped with an anatomical 

functionality as shown in Figure 5.1.   
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Figure 5.1- BCIS-1 Jeopardy Score  

It provides a semi quantitative estimate of the amount of myocardium at risk as a 

result of severe coronary stenoses (0=no jeopardy; 12=maximum jeopardy). Briefly, 

the coronary tree was divided into 6 segments: the LAD, diagonal branches of the 

LAD, septal perforating branches, the circumflex coronary artery, obtuse marginal 

branches, and the posterior descending coronary artery. Two points were assigned 

to each of these segments. All segments distal to the index stenosis were 

considered to be at risk. The maximum possible score is 12 for all myocardial mass 
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and, for example, 6 for the proximal LAD. The initial 1D-vFFR was weighted 

according to the myocardial jeopardy score (JS<3 x0.9, JS 3-5x0.95, JS 6-8x1.05, 

JS 9-12 x1.1) to give the final 1D-vFFR. The benefit of adding the jeopardy score, 

hence an experimental study was conducted with increasing incremental weighting 

to assess (if any) any benefit on the 1D-vFFR. 

Statistical Analysis 

Statistical analysis was performed using the Statistical Package for the Social 

Sciences (SPSS 23.0, IBM Corp., Armonk, New York, USA). Positive predictive 

value (PPV), negative predictive value, sensitivity, specificity, and receiver-operator 

characteristic curves were derived in the usual fashion. Statistical significance was 

accepted at a value of p < 0.05 for primary analyses. Receiver-operating 

characteristic curve (ROC) area under the curve analysis was undertaken to 

evaluate the discriminatory ability 1D-vFFR to detect FFR ≤0.8. The correlation of 

1D-vFFR was compared to FFR as well as QCA alone with a stenosis of (50%) 

considered severe.  

 

Results 

The 85 patients included 62 males with mean age of 64 ± 9 years old. Baseline 

characteristics of all patients are shown in Table 1. The three main vessels were 

uniformly represented. In addition, most of the lesions involved a restricted area of 

myocardial territory as assessed by the Duke Jeopardy Score (DJS) (DJS=2, 60%). 

Mean FFR was 0.84 (SD 0.07) with the majority of the stenosis (n = 68, 68%) with an 

FFR value >0.80, thereby not referred for revascularization. 

QCA revealed mean coronary stenosis area was 54% ± 16% and mean lesion length 

13 ± 7 mm. Once angiographic analysis of the coronary artery had been performed 
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calculation of the vFFR took less than 1 minute. Coronary stenosis (QCA) had a 

statistically significant but weak correlation with FFR (-0.1, p= 0.05) and poor 

diagnostic performance to determine lesions causing significant reductions in FFR 

(<0.80), (area under the receiver operator characteristic curve (AUC) 0.67, p= 0.88) 

sensitivity (stenosis 50%) was 58% and specificity 26%. In contrast, vFFR derived 

from BCIS- Jeopardy scores had a stronger correlation with FFR (r=0.13, p=0.047) 

and better diagnostic performance but not statistically significant (AUC 0.60, p=0.12). 

The sensitivity of vFFR derived from BCIS-JS at BCIS-JS FFR of 0.75 was 87% and 

specificity 39% whilst 1D vFFR which had a better correlation with FFR (r = 0.32, 

p = 0.01) and significantly better diagnostic performance (AUC 0.67, p = 0.007), 

(sensitivity – 92% and specificity - 29% at a 1D-vFFR of 0.7). 
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Mean Age, years 64(9) 

Male, n 62 

BMI, kg/m2 28.3(4) 

Coronary arteries N 

RCA 19 

PDA 1 

LMS 1 

LAD 67 

LCx 11 

D1 1 

OM1 2 

QCA Mean coronary stenosis 

area,% 

54 (16) 

QCA Mean lesion length, mm 13 (7) 

 

Table 5.1. Baseline characteristics of all patients (n=85) 
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Figure 5.2: Receiver operator characteristic curve of vFFR combined with JS scores 

(VFFRBCISJS), 1D-vFFR (oneDvFFR) and %stenosis by area derived from QCA 

(Stenosisbyarea) 

Discussion 

This is the first study to use one-dimensional computational model coupled with 

patient specific anatomical data including myocardial jeopardy score to calculate a 

value of vFFR. The study confirmed the primary hypothesis with superior specificity 

and sensitivity of vFFR compared with standard anatomical assessment by 2D‐QCA 

with FFR as a reference standard, and a value of vFFR was obtained within minutes. 

Also, in this study, a minimalistic modelling approach that did not require any image 
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segmentation was used.  This is very attractive from a clinician point of view whereby 

only some simple measurements are needed that can then be fed into the model. 

 

Myocardial jeopardy scores 

 

Myocardial jeopardy scores were developed several years ago to predict the 

outcome of acute coronary syndromes on the basis of coronary angiography (127, 

132-134). More recently they were demonstrated to correlate well with the area at 

risk and with the infarct size measured by cardiac magnetic resonance. We found 

that, in particular for angiographically intermediate stenoses, the larger the amount of 

jeopardized myocardium, the lower the FFR and the higher the rate of an abnormal 

FFR. For example, an FFR value ≤0.80 is significantly more likely in a 50% stenosis 

on the proximal LAD than on the second marginal branch. Thus, considering that the 

greater the extent of myocardium at risk the worse the prognosis, our data could help 

explain the important prognostic value of FFR in guiding percutaneous coronary 

intervention (13, 15). However, in this study, addition of the BCIS scores did not 

improve performance of the vFFR and may be due to the fact that jeopardy scores 

are themselves derived from the %stenosis area which themselves account for the 

physiological severity of stenosis.  

 

Limitations 

A number of limitations should be acknowledged. These results represent a 

retrospective, small single centre experience including 102 intermediate coronary 

stenoses only and, hence, need confirmation with larger, well-powered multi -centre 

and prospective studies. QCA was used to evaluate the main angiographic features 
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of the intermediate stenosis, such as the %DS and the MLD; the latter was finally 

used to calculate the virtual FFR. Moreover, patients were not referred for an 

additional myocardial perfusion imaging test before the procedure; this would have 

been useful to better evaluate the extent of myocardium subtended by the target 

stenosis. However, FFR has already been shown to correlate well with both non-

invasive tests for detecting myocardial ischemia and, more importantly, with the 

extent of myocardium subtended by the coronary artery stenosis (135, 136). The 

population studied consisted of patients awaiting elective coronary angiography, 

hence the potential for selection bias. Patients who had previously undergone 

revascularization via coronary artery bypass grafting (CABG) surgery were excluded 

from the study; for that reason, the accuracy of vFFR in these populations remains 

unknown. 

Conclusion  

Addition of BCIS Jeopardy scores improves determination of the functional 

significance of coronary lesions compared with conventional angiography but does 

not improve virtual FFR derived solely by 1D segmentation free software. Future 

work in this context may involve investigating how much does segmentation-based 

modelling improve results over the minimalistic approach. 
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CHAPTER 6- SUMMARY AND FUTURE WORK 
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Summary  

This work was carried out with the main aim of validating a new physiological index 

called 1D-vFFR 

In particular, two areas of comparison between 1D-vFFR and FFR have been 

assessed:  

1) Investigating the relationship between the assessment of stenosis severity using 

1D-vFFR measurement with a virtual subject with increasing lesion length stenosis 

and increasing area of stenosis 

2) To validate the 1D-vFFR results against already obtained FFR results in patients 

undergoing routine invasive coronary angiography 

 

Chapter 2- showed that increasing lesion length of stenosis only showed a weak 

inverse relationship with FFR but increasing area of stenosis showed an exponential 

decrease of FFR 

Chapter 3- showed similar results but using varying coronary arteries dimensions.  

Chapter 4 – showed that 1D-vFFR has a sensitivity of 83% at a cutoff of 1D-vFFR of 

0.75 and an AUC of 60% 

Chapter 5- showed that addition of BCIS-Jeopardy score neither improves sensitivity 

and AUC 
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Areas of Future Research 

The studies presented in this thesis raise some interesting questions, but firstly the 

results need to be confirmed with larger scale studies. As mentioned already, the 

incorporation of the functional jeopardy score in routine clinical practice is unlikely 

because it did not improve the 1D-vFFR but also it would increase the procedure 

time thus may be a disadvantage. The 1D-vFFR have not been tested on patients 

who already have underwent previous angioplasty with stenting or CABG, hence it 

will need to be confirmed in these cohorts. More research must be focussed on more 

accurate assessment of flow rate, measurement of microvascular resistance as well 

as assessment of lesion eccentricity.  
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CHAPTER 7- CONCLUSION  
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In conclusion, the work in this thesis contributes to a review of existing methods of 

assessing myocardial ischemia with a focus on virtual FFR and validating a method 

of ischaemia assessment using 1D-vFFR.  

1D-vFFR can be used to estimate ischaemic burden reliably with a sensitivity of 83% 

with a cut off 1D-vFFR of 0.75. 

Addition of a BCIS- Jeopardy score to the calculation of 1D-vFFR does not improve 

the result of the physiological assessment using 1D-vFFR 

Improving the measurement of flow rate, lesion eccentricity and accounting for 

microvascular resistance will improve the results of 1D-vFFR 
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Chapter 2 

A.1. Fragment of spreadsheet 

 

mmHg            

            

      

Segments           

            

       

3 AbrName FullName Tags Length A0 c0 segMon inType in1

 in2 in3 segType outType out1 out2 out3 Rt C

 Angle DoLoss A0Taper ctaper TaperType TaperExpk

 RefineEnds CollapseP P0 VEgamma extP 

1 LCAp LCAp SysArt 4 0.17349 800 "0,1" 14 1 0 0

 3 0 Stenosis 0 0 0 0 0 2 1 1

 1 0 0 -1000 -1 1000 0 

2 Stenosis Stenosis SysArt 3.49 0.06099 800 "0,1" 0

 LCAp 0 0 3 0 LCAd 0 0 0 0 0 2

 1 1 1 0 0 -1000 -1 1000 0 

3 LCAd LCAd SysArt 2 0.17349 800 "0,1" 0 Stenosis 0

 0 3 6 Bed1 0 0 0 0 0 2 1 1

 1 0 0 -1000 -1 1000 0 

            

            

      

HeartChambers          

            

        

1 Chamber Type V / A L / R m1 m2 tau1 tau2 InDelay

 EresisK InitVol Emin Emax V0 WallVol    

           

1 CoroFlow 5 0 0 0 0 0 0 0 0.0E+00

 0 0 0 0 0       

        

            

            

      

VascularBeds           

            

       

1 AbrName FullName Tags Resis ArtComp VenComp inType

 outType extP         

            

1 Bed1 Bed1 0 100 0.033333333 0 3 4 0  
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Parameters           

            

       

outSettings outVars{root} t        

            

        

outSettings outVars{tnode} "u,A,p,q,c,Kr"      

            

          

chamber PrescribedVelocity{1}.path working     

            

           

chamber PrescribedVelocity{1}.file coroflow     

            

           

chamber PrescribedVelocity{1}.time time      

            

          

chamber PrescribedVelocity{1}.Uexpr flow*0.15     

            

           

inPar HeartPeriod 0.8         

            

       

inPar dt 2.50E-04         

            

       

inPar AtrialTimeRatio 0.4        

            

        

inPar venousP(inPar.SysVen) 6666.1       

            

         

inPar venousP(2) 11998.98        

            

        

inPar atrialR(2) 13.3322        

            

        

inPar doInteraction 0         

            

       

inPar VentSepConstL 6        

            

        

inPar VentSepConstR 2        
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inPar AtrSepConstL 6         

            

       

inPar AtrSepConstR 2         

            

       

inPar doPericConstraint 0        

            

        

inPar PericK 666.61          

            

      

inPar MyoVol 192.4528302        

            

        

inPar PericVol 30         

            

       

inPar PericPhi 40         

            

       

inPar PericV0 458.0528302        

            

        

inPar adjustPericV0 0         

            

       

inPar pzerof(inPar.SysArt) 6666.1        

            

        

inPar pzerof(inPar.PulmArt) 0       

            

         

inPar pzerof(inPar.Port) 0        

            

        

inPar doStarling(inPar.SysArt) 1       

            

         

inPar doStarling(inPar.PulmArt) 1       

            

         

inPar doStarling(inPar.Port) 1        

            

        

inPar InitPres(inPar.SysArt) 106657.6       
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inPar InitPres(inPar.SysVen) 6666.1       

            

         

inPar InitPres(inPar.PulmArt) 9332.54      

            

          

inPar InitPres(inPar.PulmVen) 14265.454      

            

          

inPar InitPres(inPar.Port) 11332.37       

            

         

bed doResisNL 1         

            

       

bed initPcalc 1         

            

       

bed enforceRartratio "[0,0,0,0,0,0,0]"      

            

          

bed Rartratio "[0.3,0.3,0.3,0.3,0.26,0.3,0.3]"     

            

           

bed Rvenratio "[0.3,0.3,0.3,0.3,0.13,0.3,0.3]"     

            

           

bed updatePtm0 1         

            

       

runSettings windkResisOpt(1) 0       

            

         

runSettings windkResisOpt(2) 0       

            

         

meshPar taperBoundarySafety 0.3       

            

         

runSettings doViscoelasticity 1       

            

         

chamber AnnulusInteractionFactor(3) 0.033333333     

            

           

chamber AnnulusInteractionFactor(4) 0.05      
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chamber nonlinearStiffnessConstant "[0,0]"      

            

          

chamber HeartPeriodRelative 1       

            

         

runSettings doWallShearStress 1       

            

         

runSettings doConvectiveAlpha 0       

            

         

            

            

      

            

            

      

            

            

      

            

            

      

            

            

      

  Y          

            

      

  0.000216863         

            

       

  #REF!          

            

      

  #REF!          

            

      

            

            

      

  RefCoef #REF!  RefCoef Branch A0   

            

         

     0 3.25      
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     0.5 1.08      

            

      

     -0.5 9.8      
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Chapter 3 

A.2 

 Length of 

coronary 

artery/mm 

Diameter of 

stenosed 

lumen 

% area 

stenosis 

Lower FFR Mid FFR High FFR 

LAD 10 4.5 10 0.99 0.99 0.99 

 10 4.0 20 0.99 0.99 0.99 

 10 3.5 30 0.99 0.99 0.99 

 10 3.0 40 0.99 0.99 0.98 

 10 2.5 50 0.98 0.98 0.98 

 10 2.0 60 0.97 0.95 0.82 

 10 1.5 70 0.89 0.73 NA 

 10 1.0 80 0.38 NA NA 

 10 0.5 90 NA NA NA 

 20 4.5 10 0.99 0.99 0.99 

 20 4.0 20 0.99 0.99 0.98 

 20 3.5 30 0.99 0.98 0.98 

 20 3.0 40 0.98 0.98 0.96 

 20 2.5 50 0.97 0.96 0.92 

 20 2.0 60 0.94 0.9 0.75 

 20 1.5 70 0.81 0.67 0.3 

 20 1.0 80 0.33 0.17 NA 

 20 0.5 90 NA NA NA 

 30 4.5 10 0.99 0.99 0.98 

 30 4.0 20 0.99 0.99 0.98 
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 30 3.5 30 0.99 0.98 0.97 

 30 3.0 40 0.98 0.97 0.95 

 30 2.5 50 0.96 0.95 0.9 

 30 2.0 60 0.92 0.87 0.72 

 30 1.5 70 0.75 0.6 0.29 

 30 1.0 80 0.3 0.16 NA 

 30 0.5 90 NA NA NA 

Table 2.2- Variation of FFR with increasing % area of stenosis and lesion length in 

LAD. 

 

 

A.3 

 

Coronary 

Artery 

Length of 

coronary 

artery/mm 

Diameter of 

stenosed 

lumen 

% area 

stenosis 

Lower FFR Mid FFR High FFR 

LCX 10 2.7 10 0.99 0.98 0.97 

 10 2.4 20 0.99 0.98 0.97 

 10 2.1 30 0.98 0.98 0.96 

 10 1.8 40 0.98 0.97 0.95 

 10 1.5 50 0.96 0.95 0.9 

 10 1.2 60 0.92 0.88 0.7 

 10 0.9 70 0.77 0.61 NA 

 10 0.6 80 0.29 NA NA 
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 10 0.3 90 NA NA NA 

 20 2.7 10 0.99 0.98 0.97 

 20 2.4 20 0.98 0.98 0.96 

 20 2.1 30 0.98 0.97 0.94 

 20 1.8 40 0.96 0.95 0.91 

 20 1.5 50 0.93 0.9 0.83 

 20 1.2 60 0.86 0.79 0.6 

 20 0.9 70 0.64 0.5 0.25 

 20 0.6 80 NA NA NA 

 20 0.3 90 NA NA NA 

 30 2.7 10 0.98 0.98 0.96 

 30 2.4 20 0.98 0.97 0.95 

 30 2.1 30 0.97 0.96 0.93 

 30 1.8 40 0.95 0.93 0.88 

 30 1.5 50 0.91 0.87 0.78 

 30 1.2 60 0.81 0.73 0.54 

 30 0.9 70 0.56 0.43 0.22 

 30 0.6 80 0.2 0.12 NA 

 30 0.3 90 NA NA NA 

Table 2.3- Variation of FFR with increasing % area of stenosis and lesion length in 

LCX. 

 

 

A.4 



100 

Coronary 

Artery 

Length of 

coronary 

artery/mm 

Diameter of 

stenosed 

lumen 

% area 

stenosis 

Lower FFR Mid FFR High FFR 

LMS 10 5.4 10 1 1 0.99 

 10 4.8 20 0.99 0.99 0.99 

 10 4.2 30 0.99 0.99 0.99 

 10 3.6 40 0.99 0.99 0.98 

 10 3 50 0.99 0.98 0.97 

 10 2.4 60 0.98 0.96 0.87 

 10 1.8 70 0.92 0.77 0.31 

 10 1.5 80 0.4 NA NA 

 10 1.2 90 NA NA NA 

 20 5.4 10 1 0.99 0.99 

 20 4.8 20 0.99 0.99 0.99 

 20 4.2 30 0.99 0.99 0.98 

 20 3.6 40 0.99 0.98 0.97 

 20 3 50 0.98 0.97 0.94 

 20 2.4 60 0.96 0.93 0.81 

 20 1.8 70 0.85 0.7 0.32 

 20 1.5 80 0.37 NA NA 

 20 1.2 90 NA NA NA 

 30 5.4 10 0.99 0.99 0.99 

 30 4.8 20 0.99 0.99 0.98 

 30 4.2 30 0.99 0.99 0.98 



101 

 30 3.6 40 0.98 0.98 0.96 

 30 3 50 0.97 0.96 0.93 

 30 2.4 60 0.94 0.91 0.78 

 30 1.8 70 0.81 0.66 0.3 

 30 1.5 80 0.34 0.17 NA 

 30 1.2 90 NA NA NA 

Table 2.4- Variation of FFR with increasing % area of stenosis and lesion length in 

LMS. 

A.5 

 

 

Figure 2.6- Variation of FFR with increasing % area of stenosis with lesion length 

10mm in LAD. 
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Figure 2.7- Variation of FFR with increasing % area of stenosis with lesion length 

20mm in LAD. 

 

A.7 

 

 

 

Figure 2.8- Variation of FFR with increasing % area of stenosis with lesion length 

30mm in LAD. 
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A.8 

 

 

 

Figure 2.9- Variation of FFR with increasing % area of stenosis with lesion length 

10mm in LCX. 
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Figure 2.10- Variation of FFR with increasing % area of stenosis with lesion length 

20mm in LCX 

 

A.10 

 

 

Figure 2.11- Variation of FFR with increasing % area of stenosis with lesion length 

30mm in LCX. 
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Figure 2.12- Variation of FFR with increasing % area of stenosis with lesion length 

10mm in LMS. 
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Figure 2.13- Variation of FFR with increasing % area of stenosis with lesion length 

20mm in LMS. 

 

A.13 

 

 

Figure 2.14- Variation of FFR with increasing % area of stenosis with lesion length 

30mm in LMS. 
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