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Abstract 

This thesis deals with blood flow modelling in arteries with rigid or deformable walls. Its 

primary scope is to investigate the influence of the arterial wall on blood flow modelling and 

in particular, on important hemodynamic parameters such as intravascular pressures and wall 

shear stress. In this direction, finite element simulations are performed on patient-specific 3-

dimensional coronary arterial models using real patient-specific boundary conditions in order 

to validate the efficacy of both methods (i.e. rigid or deformable walls). The subsequent scope 

of the thesis is to establish new computational methods for the functional assessment of 

coronary stenoses utilizing non-invasive or invasive coronary imaging modalities, with 

emphasis given on non-invasive techniques. The final aim of this thesis is to create integrated 

software suites of 3D reconstruction and functional assessment of coronary arteries that will 

aid the clinician in every day clinical practice. 

In the first chapter, the medical background of the cardiovascular system is given. A 

detailed description of the physiology of the cardiovascular system, beginning from the heart 

and the coronary network and concluding with the blood vessels of the circulatory system is 

presented. A detailed description of the process of atherosclerosis is also presented in the first 

chapter and, in particular, the pathogenesis, as well as, the main risk factors that lead to plaque 

progression. Moreover, the most well-known coronary imaging modalities are presented in 

detail, including  Invasive Coronary Angiography (ICA), IntraVascular UltraSound (IVUS), 

Optical Coherence Tomography (OCT), Coronary Computed Tomography Angiography 

(CCTA) and Magnetic Resonance Coronary Angiography (MRCA). Finally, an overview of 

the most well-known coronary artery functional assessment techniques is presented with 

emphasis given on the fractional flow reserve (FFR). 

In the second chapter, the state of the art in the field of blood flow modelling in coronary 

arteries is presented. The second chapter includes the current status of literature in blood flow 

modelling (i.e. with rigid or deformable walls), CCTA derived computational FFR assessment, 

invasive coronary imaging derived functional assessment, as well as, several other virtual 

indices of coronary functional assessment. It also includes the contribution of the thesis along 

with the novelties that it introduces.  

In the third chapter, two thorough analyses of blood flow simulations on several patient 

specific arterial models using both rigid and deformable arterial walls, and steady-state or 

transient simulations are presented. The first part of the chapter focuses on a comparison 
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between rigid and deformable walls simulations, whilst the second one presents a validation 

study on patient-specific simulations of coronary artery pressure measurements. Furthermore, 

the general mathematical background of the equations used to model blood flow, as well as the 

theoretical background of the finite element method are presented in detail. The aim of this 

chapter is to validate the accuracy of the entire blood flow modelling process regarding the 

calculation of important hemodynamic parameters such as intravascular pressures.  

The fourth chapter presents a series of techniques regarding the computational 

functional assessment of coronary stenoses. The chapter is practically divided into two main 

parts. The first part presents techniques that utilize non-invasive coronary imaging modalities 

(i.e. Coronary Computed Tomography Angiography) and compares them directly to other 

established indices such as FFR or stress Myocardial Blood Flow (MBF) derived from Positron 

Emission Tomography (PET). These techniques utilize either the virtual functional assessment 

index (vFAI), an already validated technique, or smartFFR, a novel index for the functional 

assessment of coronary arteries. The second part presents techniques that utilize invasive 

coronary imaging modalities such as IVUS or ICA. A novel reconstruction method is also 

presented in this chapter that utilizes only IVUS images and creates 3D models of the artery of 

interest in a straight manner. These straight 3D models are also used for the computational 

functional assessment of coronary stenoses, thus incorporating the anatomic and physiologic 

info deriving from IVUS. 

The fifth chapter of the thesis presents two integrated systems for 3D coronary 

reconstruction, functional assessment and multiscale modelling that were developed. The first 

software suite called ARTool, integrates technologies of 3D image reconstruction from various 

image modalities, blood flow and biological models of mass transfer, plaque characterization 

and plaque growth. The second software platform called Art Care, is an innovative suite of 

software modules that performs 3D reconstruction of coronary arterial segments utilizing 

different coronary imaging modalities such as IntraVascular UltraSound (IVUS) and invasive 

coronary angiography images (ICA), Optical Coherence Tomography (OCT) and ICA images, 

or plain ICA images and can safely and accurately assess the hemodynamic status of the artery 

of interest.    

Finally, in the sixth chapter, the conclusions of this thesis are highlighted, based on the 

results and limitations as they result from the previous chapters. Directions and trends for future 

research in the field are also discussed.  



XXII 

 

The main contributions of this thesis can be summarized as: (i) the validation of the 

accuracy of blood flow simulations regarding important hemodynamic factors such as 

intravascular pressures, (ii) the thorough comparison between blood flow simulations in 

coronary arteries using rigid or deformable arterial walls, (iii) the application and establishment 

of indices (i.e. vFAI and smartFFR) for the functional assessment of coronary stenoses using 

either non-invasive (i.e. CCTA) or invasive coronary imaging modalities (i.e. IVUS or IVUS-

ICA fusion), (iv) their comparison to already established techniques such as FFR and stress 

MBF and (v) the development of integrated systems for 3D coronary reconstruction, functional 

assessment and multiscale modelling. 
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Περίληψη 

Η παρούσα διατριβή ασχολείται με τη μοντελοποίηση της ροής αίματος σε αρτηρίες με 

παλλόμενα τοιχώματα. Βασικός της στόχος είναι η μελέτη της επίδρασης του αρτηριακού 

τοιχώματος στη μοντελοποίηση της ροής αίματος και πιο συγκεκριμένα, σε σημαντικές 

αιμοδυναμικές παραμέτρους όπως είναι οι ενδοαγγειακές πιέσεις και οι διατμητικές τάσεις που 

δημιουργούνται στο τοίχωμα. Σε αυτή την κατεύθυνση λοιπόν, έχουν πραγματοποιηθεί 

προσομοιώσεις με τη χρήση της μεθόδου των πεπερασμένων στοιχείων σε τρισδιάστατα 

μοντέλα στεφανιαίων αρτηριών με τη χρήση πραγματικών συνοριακών συνθηκών για την 

επαλήθευση της αποτελεσματικότητας των δύο μεθόδων (χρήση άκαμπτου τοιχώματος ή 

παραμορφώσιμου τοιχώματος). Επόμενος στόχος της διατριβής είναι η εγκαθίδρυση νέων 

υπολογιστικών μεθόδων για την εκτίμηση λειτουργικότητας στεφανιαίων βλαβών με τη χρήση 

μη επεμβατικών ή επεμβατικών μεθόδων στεφανιαίας απεικόνισης, με μεγαλύτερη έμφαση να 

δίνεται στις μη επεμβατικές τεχνικές. Τελικός σκοπός της διατριβής είναι η δημιουργία 

λογισμικού για την τρισδιάστατη ανακατασκευή αγγείων και την εκτίμηση της 

λειτουργικότητας στεφανιαίων αρτηριών, το οποίο θα μπορεί να βοηθά τον καρδιολόγο στην 

καθημερινή του εργασία. 

Στο πρώτο κεφάλαιο παρουσιάζεται το ιατρικό υπόβαθρο του καρδιαγγειακού 

συστήματος και πιο συγκεκριμένα, με λεπτομερής περιγραφή της φυσιολογίας του 

καρδιαγγειακού συστήματος ξεκινώντας από την καρδιά και το στεφανιαίο δίκτυο και 

καταλήγοντας με τα αγγεία αίματος στο κυκλοφορικό σύστημα. Δίνεται ακόμη μια λεπτομερής 

περιγραφή της διαδικασίας της αθηροσκλήρωσης και πιο συγκεκριμένα, η τρόπος εμφάνισης 

καθώς και οι παράγοντες κινδύνου που οδηγούν στην εξέλιξη της νόσου. Επιπλέον, 

παρουσιάζονται οι γνωστότερες απεικονιστικές τεχνικές στεφανιαίων αγγείων όπως είναι ο 

ενδοαγγειακός υπέρηχος (IVUS), η επεμβατική στεφανιογραφία (ICA), η οπτική τομογραφία 

συνοχής (OCT), η αξονική στεφανιογραφία (CCTA) και η μαγνητική στεφανιογραφία 

(MRCA). Τέλος, δίνεται και μια επισκόπηση των γνωστότερων τεχνικών εκτίμησης της 

λειτουργικότητας των στεφανιαίων αγγείων, με μεγαλύτερη έμφαση να δίνεται στην 

τμηματική εφεδρεία ροής (FFR).  

Στο δεύτερο κεφάλαιο, παρουσιάζεται η τεχνολογική στάθμη στον τομέα της 

μοντελοποίησης της ροής αίματος σε στεφανιαία αγγεία. Το δεύτερο κεφάλαιο περιλαμβάνει 

την τρέχουσα βιβλιογραφία στη μοντελοποίηση της ροής αίματος (με άκαμπτα ή με 

παραμορφώσιμα τοιχώματα), στην υπολογιστική εκτίμηση της τμηματικής εφεδρείας ροής σε 
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τρισδιάστατα μοντέλα προερχόμενα από αξονική στεφανιογραφία, στην υπολογιστική 

εκτίμηση της λειτουργικότητας των αγγείων με τη χρήση επεμβατικών τεχνικών, καθώς επίσης 

και σε διάφορους άλλους παρόμοιους εικονικούς δείκτες. Τέλος, συζητείται ακόμη ο στόχος 

και η συμβολή της παρούσας διατριβής. 

Στο τρίτο κεφάλαιο παρουσιάζονται δύο εκτενείς αναλύσεις προσομοιώσεων ροής 

αίματος σε αρκετά τρισδιάστατα μοντέλα στεφανιαίων αρτηριών με τη χρήση άκαμπτου ή 

παραμορφώσιμου τοιχώματος. Το πρώτο σκέλος του κεφαλαίου επικεντρώνεται στη σύγκριση 

μεταξύ των προσομοιώσεων με χρήση άκαμπτου ή παραμορφώσιμου τοιχώματος, ενώ το 

δεύτερο σκέλος παρουσιάζει μια μελέτη επαλήθευσης στον υπολογισμό των ενδοστεφανιαίων 

πιέσεων μέσω της χρήσης των πεπερασμένων στοιχείων. Επιπρόσθετα, παρουσιάζονται 

εκτενώς το μαθηματικό υπόβαθρο των εξισώσεων για τη μοντελοποίηση της ροής αίματος, 

καθώς επίσης και το θεωρητικό υπόβαθρο της μεθόδου των πεπερασμένων στοιχείων. Σκοπός 

του κεφαλαίου είναι η επαλήθευση της ακρίβειας ολόκληρης της διαδικασίας μοντελοποίησης 

της ροής αίματος σε ό,τι έχει να κάνει με τον υπολογισμό σημαντικών αιμοδυναμικών 

παραμέτρων όπως είναι οι ενδοαγγειακές πιέσεις. 

Το τέταρτο κεφάλαιο παρουσιάζει μια σειρά τεχνικών με ό,τι έχει να κάνει με την 

υπολογιστική εκτίμηση της σοβαρότητας στεφανιαίων βλαβών. Το κεφάλαιο πρακτικά 

χωρίζεται σε δυο μεγάλες υποενότητες. Το πρώτο κομμάτι παρουσιάζει τις τεχνικές που 

κάνουν χρήση μη επεμβατικών απεικονιστικών μεθόδων (αξονική στεφανιογραφία) και τις 

συγκρίνει με άλλους εγκαθιδρυμένους δείκτες όπως η τμηματική εφεδρεία ροής ή η ροή 

αίματος του μυοκαρδίου. Οι μέθοδοι που παρουσιάζονται κάνουν χρήση είτε του δείκτη vFAI, 

είτε του νέου δείκτη smartFFR που παρουσιάζεται για πρώτη φορά. Το δεύτερο σκέλος του 

κεφαλαίου παρουσιάζει μεθόδους που κάνουν χρήση επεμβατικών απεικονιστικών τεχνικών 

όπως το IVUS και η επεμβατική στεφανιογραφία. Παρουσιάζεται επίσης και μια νέα τεχνική 

τρισδιάστατης ανακατασκευής που κάνει χρήση εικόνων IVUS και δημιουργεί τρισδιάστατα 

αρτηριακά μοντέλα σε ευθεία. Τα μοντέλα αυτά χρησιμοποιούνται στη συνέχεια για την 

εκτίμηση της λειτουργικότητάς τους, ενσωματώνοντας όμως και όλη την ανατομική και 

φυσιολογική πληροφορία που προέρχεται από το IVUS.  

Το πέμπτο κεφάλαιο της διατριβής παρουσιάζει δύο πλήρη λογισμικά για την 

τρισδιάστατη ανακατασκευή αγγείων, την εκτίμηση της λειτουργικότητάς τους και την 

πολυεπίπεδη μοντελοποίηση. Το πρώτο σύστημα που ονομάζεται ARTool, ενσωματώνει 

τεχνολογίες τρισδιάστατης ανακατασκευής από διάφορες απεικονιστικές τεχνικές, 



XXVI 

 

μοντελοποίηση ροής αίματος καθώς και βιολογικά μοντέλα μεταφοράς μάζας, χαρακτηρισμού 

αθηρωματικής πλάκας και εξέλιξης της νόσου. Το δεύτερο λογισμικό (ArtCare) πραγματοποιεί 

τρισδιάστατη ανακατασκευή αγγείων με χρήση διάφορων απεικονιστικών τεχνικών και μπορεί 

να εκτιμήσει την αιμοδυναμική κατάσταση της εξεταζόμενης αρτηρίας με ακρίβεια. 

Τέλος, στο έκτο κεφάλαιο επισημαίνονται τα συμπεράσματα αυτής της διδακτορικής 

διατριβής με βάση τα αποτελέσματα και τους αναγκαίους περιορισμούς της ερευνητικής 

εργασίας όπως προκύπτουν από τα προηγούμενα κεφάλαια. Επίσης, συζητούνται 

κατευθύνσεις και τάσεις για μελλοντική έρευνα στο συγκεκριμένο πεδίο.    

Η συμβολή της παρούσας διδακτορικής διατριβής συνοψίζεται στους παρακάτω 

παράγοντες: (i) επαλήθευση της ακρίβειας της μοντελοποίησης ροής αίματος σε ό,τι σχετίζεται 

με τον υπολογισμό σημαντικών αιμοδυναμικών παραμέτρων, (ii) η εκτενής σύγκριση 

προσομοιώσεων ροής αίματος με τη χρήση άκαμπτων ή παραμορφώσιμων τοιχωμάτων, (iii) η 

εφαρμογή και η εγκαθίδρυση δεικτών για την εκτίμηση της λειτουργικότητας στεφανιαίων 

αρτηριών, (iv) η σύγκρισή τους με ήδη αποδεκτές τεχνικές όπως η FFR και το MBF και (v) η 

δημιουργία συστημάτων για την τρισδιάστατη ανακατασκευή αγγείων και την εκτίμηση της 

λειτουργικότητας στεφανιαίων αγγείων.   
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Chapter 1: Introduction 

1.1 Physiology of the Cardiovascular System 

1.2 Atherosclerosis 

1.3 Coronary Imaging Modalities 

 

 

 

 

 

 

 

 

1.1 Physiology of the Cardiovascular system 

The circulatory system is a body-wide network of blood, blood vessels, and lymph. It can be 

divided into two categories: the cardiovascular system and the lymphatic system. The 

circulatory system transports nutrients via amino acids, lymph, electrolytes, hormones and 

oxygenated to the entire human body. 

The cardiovascular system consists of a driving pump, the heart, and, of a closed 

vascular system through which blood circulates. Oxygenated blood is transported to the tissues 

and organs of the human body and the respective de-oxygenated blood is transported to the 

respective respiratory organs. The cardiovascular system is divided into the pulmonary 

circulation, which moves blood through the lungs and creates a connection with the gas transfer 

function of the respiratory system, and the systemic circulation, which provides blood to the 

rest of the tissues in the human body. The pulmonary network is often combined with the 

coronary system, thus constituting the cardiopulmonary system. Both circulations have an 

arterial system, capillaries and a venous system. The arteries and arterioles act as a blood 

distribution system to the tissues, the capillaries favour the exchange of substances and the 

veins act as a collection and storage system, which returns blood to the heart. 
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1.1.1 Heart and the coronary network 

Heart is a muscular organ of four cavities with a size equal to the human fist (an average size 

of the heart of an adult is about 14 cm long and 9 cm wide) and is located at the mediastinum, 

thus between the lungs and the thoracic cavity [1]. The shape of the heart reflects a typical cone 

and the tip of the heart points downward. The heart is surrounded by a set of three pericardial 

membranes: the outer pericardium, the middle myocardium and the visceral inner myocardium. 

The pericardium is the outer layer, which is a loosefitting sac composed of connective tissue 

and some deep adipose tissue and it has the ability to protect the heart by reducing friction. The 

pericardium extends over the diaphragm and over the bases of the large vessels that enter and 

leave the heart. The myocardium consists of cardiac muscle tissue and is supplied mostly by 

blood capillaries, lymph capillaries and nerve fibers. Its function is to pump blood out of the 

chamber of the heart. Finally, the endocardium is comprised of the epithelium and connective 

tissue with several elastic and collagenous fibers. It also contains blood vessels and cardiac 

muscle fibers. 

The internal part of the heart is divided into four chambers, two on the left and two on 

the right. The chambers of the upper part are called atria and function as the receivers of the 

blood that returns to the heart. The lower chambers of the heart are called ventricles and they 

receive blood from the atria, pumping it out into the arteries. The ventricle and atria of the left 

side are separated from the respective ones from the right side by the septum. The septum 

prevents blood from the one side to mix with blood from the other side of the heart. The 

atrioventricular valve (AV valve) ensures one-way blood flow from the atria to the ventricles. 

It consists of the tricuspid valve on the right and the mitral valve on the left .  

 
Figure 1: Anatomy of the heart [1]. 
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The right atrium receives blood from the superior vena cava and the inferior vena cava, 

two large veins, as well as, a smaller vein called the coronary sinus, which drains blood into 

the right atrium from the myocardium. The tricuspid valve is located between the right atrium 

and the ventricle (Figure 1). It allows blood to move from the right atrium to the right ventricle 

whilst preventing backflow. The muscular wall of the right ventricle is evidently thinner than 

the left ventricle since it only pumps blood to the lungs with a relatively low resistance to blood 

flow. The left ventricle has a thicker wall because it must distribute blood to all body parts with 

a significantly higher resistance to blood flow. When the right ventricle contracts, its blood 

pressure increases, thus closing the tricuspid valve. This way, the blood of the right ventricle 

can only exit through the pulmonary trunk which is divided into the right and left pulmonary 

arteries that supply the lungs. Four pulmonary veins supply the left atrium with blood. The 

mitral valve allows blood to pass from the left atrium to the left ventricle, preventing blood to 

follow the inverse route (i.e. from the left ventricle to the left atrium). The mitral valve then 

closes passively, thus directing blood through a large artery, the aorta. At the bottom of the 

aorta we have the aortic valve which opens to allow blood to exit the left ventricle during 

contraction. When the ventricle relaxes, the aortic valve closes, thus preventing blood from 

returning to the ventricle.  

Low-oxygen blood is received from the right ventricle through the coronary sinus and 

the vena cava. While the right atrium contracts, blood flows through the tricuspid valve to the 

right ventricle (Figure 2). When the right ventricle contracts, the tricuspid valve closes. Blood 

then flows from the pulmonary valve to the pulmonary arteries and pulmonary trunk. Then, it 

enters the capillaries, where gas exchange is performed. This oxygenated blood returns to the 

heart via the pulmonary veins directly to the left atrium.  
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Figure 2: Circulatory System Diagram [2]. 

The left atrium then contracts, transporting blood through the mitral valve to the left 

ventricle. When the left ventricle contracts, the mitral valve closes passively. Blood then moves 

through the aortic valve to the aorta and its side branches. The first two branches are the so-

called left and right coronary arteries. The two aforementioned arteries supply blood to the 

heart tissues. Body tissues require the continuous beating of the heart due to the need of freshly 

oxygenated blood in order to survive. The coronary artery side branches supply numerous 

capillaries throughout the myocardium. These arteries have smaller branches with connections 

called anastomoses between arteries, thus providing alternate blood flow pathways, the so-

called collateral circulation. These additional pathways can supply oxygen and nutrients to the 

myocardium when a coronary artery is fully occluded. Side branches of the cardiac veins drain 

blood from the myocardial capillaries which, in turn, are then joined into the coronary sinus 

which then empties into the right atrium.  

 

1.1.2 Functions of the Heart 

The heart follows a series of coordinated actions. The atria contract (atrial systole) as the 

ventricles relax (ventricular diastole). In a similar manner, when the ventricles contract 

(ventricular systole) the atria relax (atrial diastole). These two phases are followed by a period 
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of relaxation of both systems. The combination of the aforementioned actions composes a 

heartbeat or a cardiac cycle.  

During one heart cycle, pressure rises and falls in the heart chambers and valves open 

and close, respectively. In the first stages of diastole, blood pressure in the ventricles is low, 

thus causing the AV valves to open and the ventricles to fill with blood. Almost 70% the blood 

that returns enters the ventricles before they contract. While the atria contract, the remaining 

30% enters the ventricles. When the ventricles contract, the pressure inside the ventricles 

increases. When the ventricular pressure is higher than the atrial, the AV valves close and 

papillary muscles contract. During ventricular contraction, the atrial pressure is low and blood 

flows into the atria during ventricular contraction so that the atria are prepared for the next 

cardiac cycle. When the ventricular pressure exceeds pulmonary trunk and aorta pressure, the 

aortic and pulmonary valves open. Blood is then transported from the ventricles to these 

arteries and subsequently ventricular pressure drops. When the ventricular pressure is lower 

than the atrial pressure, the AV valves open and the ventricles begin to refill with blood.  

A heartbeat has a characteristic double thumping sound. This is caused by the vibrations of the 

heart tissues that are related to the closing of the valves. The first sound happens during 

ventricular contraction when the AV valves close. The second occurs when the ventricles relax 

and the pulmonary and aortic valves close.  

1.1.3 Coronary Network 

The cardiac muscle is supplied by blood from two main arteries, the left and the right coronary 

artery (Figure 3). Both of them originate from the base of the ascending aorta. The left main 

coronary artery [3] starts from the left coronary sinus of Valsalva and is quickly divided into 

the left anterior descending coronary artery [4] and the left circumflex coronary artery (LCx). 

The LAD runs through the anterior epicardial ventricular septum and includes several side 

branches. It is divided into proximal, mid and distal segments. The first septal perforator 

separates the proximal from the mid segments of the LAD. The diagonal branches vary in 

number and diameter and are labelled from proximal to distal (i.e. D1, D2 etc.). the LCx courses 

in the left atrial-ventricular sulcus and bifurcates into obtuse marginal branches (OM). These 

branches are also labelled from proximal to distal (i.e. OM1, OM2 etc.). 
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Figure 3: The coronary arteries [5]. 

The right coronary artery [6] starts from the right coronary sinus and is also divided 

into proximal, mid and distal segments. The proximal segment starts from the ostium and ends 

at the start of the first acute marginal artery. The sinoatrial artery (SA) is in general the second 

visible artery and starts from the proximal RCA and has a posterior course. The RCA bifurcates 

to a number of acute marginal branches (AM) which also vary in size and diameter and are 

labelled from proximal to distal (i.e. AM1, AM2 etc.). 

Dominance is a term that refers to whether the posterior descending aorta (PDA) starts 

from the LCx, the RCA or both. 80% of humans are right dominant according to the literature 

[7]. When we have a right dominance, the distal RCA bifurcates into the PDA and a postlateral 

branch. In a left dominance, the PDA starts from the distal LCx. In the case of co-dominance, 

we have left and right PDA’s starting from the RCA and the LCx.  

The coronary network is the densest network of capillaries throughout the entire body. 

Indeed, for every muscle fiber of the myocardium there is one capillary, which roughly means 

2500 capillaries/mm3 of myocardium. Furthermore, the amount of oxygen supplied through 

blood that courses through the coronary vasculature is over two times more than what is 

supplied by any other tissue in the human body. During rest, the blood that courses through the 

coronary arteries is about 250 cm3/min and reaches a mere 1 lt/min under stress.  

1.1.4 Blood Vessels 

Blood vessels have the ability to transport blood to every tissue and organ in the human body. 

Their size decreases as their distance from the heart increases (arteries and arterioles), ending 

in the capillaries and then it increases as they move towards the heart (venules and veins). The 

aorta is the largest artery and the venae cavae are the largest veins in the human body. Blood 
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vessels are divided into five major categories: arteries, arterioles, capillaries, venules and veins. 

Arteries are elastic vessels, able to transport blood away from the heart under high pressure. 

As they move away from the heart, they subdivide into thinner vessels, the arterioles. The wall 

of an artery consists of three main layers. The inner layer (tunica interna) is made of a layer 

called the endothelium [8, 9].  

 

Figure 4: Structure of the arterial wall [9]. 

The endothelium lies on a connective tissue membrane of many elastic, collagenous 

fibers and prevents blood from clotting. It also aids in regulating blood flow. It has the ability 

to relax the smooth muscle cells of the vessel by releasing nitric oxide. The middle layer of the 

arterial wall is called tunica media and occupies the largest part of the wall. The tunica media 

includes smooth muscle fibers and a thick layer of elastic connective tissue. The outer layer is 

called tunica externa (tunica adventitia) and is a thin layer made from connective tissue with 

irregular fibers (Figure 4). The large arterioles also have three layers in their walls and tend to 

get thinner as we approach the capillaries. They have an endothelial lining, smooth muscle 

fibers and a small amount of surrounding connective tissue. The smallest blood vessels in terms 

of diameter are the capillaries which connect the arterioles to the venules. The walls of the 

capillaries are comprised of the endothelium and create a semipermeable layer through which 

substances from blood are exchanged with substances from tissue fluids that surround the cells 

of the human body. Veins, unlike arteries, don’t have a predefined shape but it highly depends 

on the quantity of blood they contain. The vein network has almost two times the capacity of 

the respective arterial one due to the fact that veins are significantly wider than arteries. Vein 

walls consist of three layers (internal, middle, external). However, veins have a thinner middle 

layer than arteries. Table 1 depicts a classification of blood vessels according to their structure 

and dimensions. 
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Table 1: Blood vessel classification and structural characteristics. 

 Mean Diameter 
Mean wall 

thickness  

Artery 4 mm 1 mm 

 

Arteriole 30 μm 6 μm 

 

Capillary 8 μm 0.5 μm 

 

Venule 20 μm 1 μm 

 

Vein 5 mm 0.5 mm 

 

 

1.2 Atherosclerosis 

1.2.1 Introduction  

Atherosclerosis is a complex inflammatory disease caused mainly by excessive concentrations 

of low-density lipoprotein (LDL) cholesterol [10, 11]. Atherosclerosis origins from lipid 

retention and oxidation which, in turn, lead to chronic inflammation having as a result vessel 

stenosis or thrombosis [12-14]. Atherosclerotic plaques tend to occlude major arteries that 

supply the heart, brain and legs with blood. The aforementioned lesions originate in the intima 

of the artery and tend to expand towards the entire arterial wall. Some of the most common 

risk factors that favour the creation of such lesions are smoking, obesity, hypercholesterolemia, 

diabetes mellitus, hypertension and genetic predisposition. The main sites at which 

atherosclerosis has been studied in humans are coronary arteries, carotid arteries and the aorta.  
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Figure 5: Pathogenesis of atherosclerosis.  Endothelial dysfunction [15]. (b) Adhesion of blood 

leucocytes (T lymphocytes, white; monocytes, orange) and thrombocytes .  Immigration of adhered 

monocytes into subendothelial areas (diapedesis).  Immigration of smooth muscle cells [16] from the 

media (light blue) into subendothelial tissues (adaptive intimal thickening) and foam cell formation 

(formation of an atheroma). The immigration of smooth muscle cells is accompanied by a switch to a 

synthetic phenotype (purple). Hence, subendothelial deposition of extracellular matrix material 

(purple) is increased.  Thickening of the lesion by enhanced foam cell formation (white spots within 

the cells), immigration of smooth muscle cells and further deposition of extracellular matrix proteins 

(purple). (f) Formation of a fibrous cap (purple) and a necrotic lipid core [16]. The latter appears 

because of the death of foamy macrophages.  Due to the synthesis of proteases by macrophages, the 

fibrous cap covering the lipid core is thinned.  Plaque rupture or erosion of the endothelium occurs. (i) 

The contact of blood with the subendothelial tissue activates the clotting cascade and a thrombus  is 

formed [11]. 

The creation and progression of atherosclerosis differs from person to person. The 

whole process begins when cholesterol-rich lipids accumulate at the arterial wall and the 
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consequent inflammatory response from the arterial wall. The course of the process of plaque 

progression has been thoroughly studied through histopathology in human and in animal 

studies and follows the same rationale for the coronary arteries, the carotid arteries and the 

aorta (Figure 5). Atherogenesis usually begins with an initial qualitative change in the 

monolayer of the endothelial surface. The endothelial cells pose an initial resistance to the 

attachment of white blood cells and subsequently express adhesion molecules which, in turn, 

captivate leukocytes on their surfaces when they are affected by irritative stimuli [12]. The two 

major factors that favour the cholesterol-having low-density lipoprotein (LDL) to enter the 

arterial wall are the changes in endothelial permeability and the composition of the 

extracellular matrix under the endothelium. In the case where monocytes enter and reside in 

the arterial wall, they differentiate into macrophages. The mononuclear phagocytes are then 

transformed to foam cells inside the developing atheroma. The formation of atheroma includes 

the gathering of smooth muscle cells (SMCs) from the middle layer to the tunica intima and 

subsequently proliferate in response to platelet-derived growth factor [17]. Extracellular matrix 

molecules are then produced in the intima by SMCs and create a fibrous cap which surrounds 

the plaque. This cap spreads over a complex of macrophage-derived foam cells, some of which 

die and release several lipids that gather extracellularly. This process is called efferocytosis 

and can form a lipid-rich pool, the so-called necrotic core of the atheromatic plaque. Plaque 

lesions often cause narrowings of the arterial lumen and can obstruct blood flow, leading to 

tissue ischemia. In some cases, the fibrous cap of a plaque ruptures creating thrombi and 

enables blood coagulation elements to come into contact with the thrombogenic plaque. 

As described before, there are several risk factors that favour and speed up the 

atherogenesis process such as hypertension, smoking, angiotensin II, diabetes and cholesterol 

(Table 2). Hypertension increases the arterial wall tension and can often lead to the formation 

of aneurysms. Angiotensin II modifies the endothelial function by aiding in the adhesion of 

leukocytes. Diabetes and smoking also have the ability to influence the biology of the vessel. 

Cholesterol also plays a key role in atherogenesis and has been thoroughly studied [18].  

Lipids also have a key role in the development and progression of atheromatic plaque lesions. 

A direct connection between atherogenesis and lipids has yet not been identified. High LDL 

levels are directly associated with cardiovascular disease and with the accumulation of 

individual vulnerability to atherosclerosis. The cardiovascular risk can be increased by 

monogenic disorders and reduced LDL levels are directly connected with reduced likelihood 

of cardiovascular events [15].  
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Table 2: The risk factors of Atherosclerosis [19]. 

Category Number Risk Factor 

Major 

1 
Unhealthy blood cholesterol and lipoprotein 

levels 

2 High blood pressure 

3 Smoking 

4 Insulin resistance 

5 Diabetes 

6 Overweight or Obesity 

7 Lack of physical activity 

8 Unhealthy diet 

9 Older age 

10 Family history of early heart disease 

11 Inflammation 

Emerging Risk 

Factors 

12 High levels of C-reactive protein (CRP) 

13 Triglycerides 

14 Sleep apnea 

15 Stress 

16 Alcohol 

 

1.2.2 Blood flow effect on atherosclerosis 

Apart from the aforementioned risk factors regarding atherosclerosis, another key element that 

has been proven to be linked directly to atherogenesis is blood flow itself. Blood flow applies 

a load on the endothelium which can be divided into two main components: one tangential 

which is caused by the blood viscosity and has the same direction as blood flow and one vertical 

which is created by the blood pressure and tends to stretch the arterial wall. The tangential load 

is called shear stress and the vertical one is called tensile stress. Several studies have 

demonstrated that endothelial shear stress (ESS) is directly linked to the development of 

atheroma within the arterial wall (Figure 6). In particular, areas of low shear stress are prone 

to develop atherosclerotic plaques. Furthermore, the endothelial function is affected by ESS 

which alters the local gene expression, as well as, the permeability to molecules. When the 

endothelium is stretched mechanically or subjected to fluid shear stress, several responses are 

generated, the nature of which differs in terms of the time required to trigger. Low ESS 
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provokes a continuous endothelial activation of proteins that upregulate the expression of genes 

encoding cholesterol synthase, fatty acid synthase and LDL receptor [20, 21]. This way, the 

endothelial permeability to LDL molecules is directly affected and the LDL accumulation 

within the arterial wall is increased. In addition, low values of ESS favour the creation of 

reactive oxygen species (ROS) into the endothelium, thus causing LDL oxidation [22, 23].  

 

Figure 6: Blood flow and the consequent stresses that are created within the artery [24]. 

1.2.3 Treatment and management of atherosclerosis 

Atherosclerosis is a disease that can affect any artery of the human body and usually appears 

in coronary arteries, carotid arteries, brain arteries and several peripheral arteries in the arms 

and legs. Their presence leads to the development of several diseases based and classified on 

the type of artery, which is affected. The most severe results of atherosclerosis include stroke 

and heart attack. In western societies, cardiovascular disease is the most common cause of 

death following a steadily increasing trend [25]. Cardiovascular disease appears when 

atherosclerotic plaque builds up in the arterial wall. The direct result of this accumulation is 

the narrowing of the arterial lumen, which reduces blood flow in the affected artery. The 

development and progression of plaque provokes the clotting of blood, which obstructs and 

occludes the arterial lumen, thus blocking blood flow towards the heart muscle. When the blood 

flow to the heart is reduced, angina symptoms tend to appear leading initially to plaque rupture 

and consequently to heart attack.  

The symptoms are similar when dealing with carotid arteries. Plaque accumulates in 

the arterial wall, reducing or even blocking blood flow to the brain and consequently causing 

stroke. Finally, regarding peripheral arteries, atherosclerosis often leads to reduced blood flow 

in the affected artery causing pain, numbness and other painful symptoms [26, 27].  
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Due to the disturbing increase of mortality due to cardiovascular disease, 

atherosclerosis has been a key subject of research during the past few decades. Several 

atherosclerosis treatment and management methods, invasive or non-invasive, have been 

proposed and adopted in everyday clinical practice. Lipid-reducing medicine can lower the 

amount of accumulated cholesterol in the arterial wall and, in turn, stop the progression of the 

disease. Low-dosage aspirin treatment can also prevent blood clots [28]. Medicines specialized 

in coronary artery disease lower the average blood pressure, thus reducing the heart’s 

requirements for oxygen. However, not all cases can be treated non-invasively. In cases where 

severe stenoses are present, only invasive interventions can provide an efficient result. Such 

invasive methods are coronary angioplasty, bypass, etc.    

1.3 Coronary Imaging Modalities 

1.3.1 Introduction  

The increasing trend of the mortality rate caused by CardioVascular Diseases (CVD) has 

constituted the fast and reliable hemodynamic assessment of the coronary vasculature a non-

trivial matter in everyday clinical practice. Several imaging techniques have been developed 

and are currently available, in order to provide an insight of the coronary hemodynamic status. 

Invasive Coronary Angiography (ICA)[29], IntraVascular UltraSound (IVUS), Optical 

Coherence Tomography (OCT), Coronary Computed Tomography Angiography (CCTA) and 

Magnetic Resonance Coronary Angiography (MRCA) are some of the most well-known 

coronary imaging modalities. 

1.3.2 Non-Invasive Coronary Imaging Modalities 

The development of non-invasive techniques that can reliably assess the hemodynamic 

significance of coronary lesions has become of utmost importance in today’s clinical practice. 

The most common and efficient non-invasive cardiac imaging modality that has gained 

substantial ground regarding its use in everyday clinical practice is Coronary Computed 

Tomography Angiography (CCTA). CCTA was initially introduced to clinical practice with 4-

slice scanners of low image quality. Following the advances of technology, CCTA has evolved 

producing even 320-slice scanners of high image quality (Figure 7). The evident improvement 

of image quality has increased the diagnostic accuracy of the method for the detection of 

atherosclerotic plaques [30]. Nevertheless, the image quality of CCTA still remains inferior to 

other invasive imaging modalities. However, several studies have pointed out the increasingly 
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high diagnostic accuracy of the method in detecting atherosclerotic plaques. One of the main 

advantages of CCTA is the fact that besides identifying any present stenoses, it can also safely 

provide us with information on the morphology and composition of the atherosclerotic plaques 

that are detected. The types of plaque that can be detected and identified by CCTA are: 

calcified, non-calcified and mixed. Calcified plaques are the easiest to be detected because of 

their high-density values. Non-calcified plaques are more difficult to be identified due to their 

narrow-ranged differences in attenuation. Despite the fact that CCTA is considered as one of 

the most efficient non-invasive techniques in atherosclerotic plaque identification, it still 

suffers from two major drawbacks, the exposure in radiation and the still inferior image 

resolution to invasive techniques [31, 32].  

 
Figure 7: CCTA image from a 320-slice scanner of a right mammary artery bypass graft (free 

transplant with end-to-side anastomosis on left mammary artery) with anastomosis on obtuse marginal 

branch [10]. 

Another efficient non-invasive technique for the assessment of atherosclerotic plaques 

and inflammation is the fusion of positron emission tomography and CCTA (PET-CCTA). 

This technique uses a device which combines a positron emission tomography scanner (PET) 

and a regular CCTA scanner. The simultaneously acquired images from the two scanners are 

fused together in one superimposed final image. The final images have the advantages of the 

classic CCTA, thus the accurate representation of the coronary vasculature and the advantages 

of PET imaging, which shows the spatial distribution of metabolic and biochemical activity in 

the body [33].  

Magnetic Resonance Coronary Angiography [34] is another non-imaging coronary 

modality which has the ability to provide a detailed insight on the vessel anatomy. Coronary 

MRA can accurately visualize the origin and the path of anomalous coronary vessels, as well 
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as the presence and location of coronary aneurysms. In fact, coronary MRA can visualize the 

proximal segments of the main coronary arteries in almost 100% of the cases. Optimal results 

are obtained when dealing with the left anterior descending [4] and the right coronary artery 

[6], whilst when dealing with the left circumflex artery the results are inferior providing a lower 

image quality, mainly due to the fact that the LCx runs in the direct vicinity of the myocardium 

and at a greater distance from the coil elements. Current literature has reported an average 

visible length of 80 mm for the RCA, 50 mm for the LAD and around 40 mm for the LCx. 

Excellent agreement was found regarding the diameters of the proximal parts of the 

aforementioned vessels measured by MRA and by invasive angiography. However, the overall 

resolution of MRA remains significantly lower than invasive coronary angiography, thus 

limiting the ability to visualize small side branches and affecting the overall accuracy in 

stenosis detection. This fact can easily explain the low specificity in detecting CAD by using 

MRA [35].   

1.3.3 Invasive Coronary Imaging Modalities 

Invasive coronary angiography is the most commonly used coronary imaging modality (Figure 

8). It is considered as a minimally invasive procedure which is used both for diagnostic as well 

as interventional purposes [29]. The whole procedure involves an X-ray source and camera 

equipment on opposite sides of the patient's chest having the ability to move freely, under 

motorized control, around the patient's chest so that images can be taken quickly from multiple 

angles. A catheter is inserted into the vein and artery of the leg, arm or neck of the patient and 

is passed through the circulatory system until it reaches the heart. A radiocontrast agent is also 

injected into the patient and, therefore, mixed with the blood flowing within the arterial system. 

After the administration of the contrast agent, the full silhouette of the arterial tree is depicted 

for the arterial lumen. Occlusion, stenosis, thrombosis or even aneurysmal enlargement can be 

easily recognized by the acquired images. Moreover, if a present stenosis is considered to be 

hemodynamically significant, through ICA, the clinician has also the ability to insert a balloon 

with a stent wrapped around it, passing it through the narrowed area and inflate it in order to 

expand the stent and, therefore, treat the stenosis. One drawback of ICA is the inability of the 

modality to visualize the arterial wall since it can only give an insight of the arterial lumen. 

One other disadvantage is the exposure to radiation, even though the amount of radiation is 

relatively low. 
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Figure 8: Typical Invasive Coronary Angiography projection of a RCA (red arrow indicates a 

stenosis). 

IntraVascular UtraSound (IVUS) is one of the most well-known intravascular imaging 

modalities [36]. A catheter with a miniaturized transducer on its tip is inserted to the patient, 

emitting ultrasound signals perpendicular to its axis at a frequency ranging from 20-70 MHz. 

The emitted signals create reflections, which are received by the transducer and are 

consequently analysed in order to produce cross sectional images of the vessels. A clinician 

can analyse and identify the luminal, stent and media-adventitia borders from the produced 

images quantify the plaque burden and analyse the composition of the atherosclerotic plaque 

with moderate accuracy (Figure 9). In order to overcome this problem and increase the 

accuracy, several methods that utilize the IVUS backscatter signal and perform radiofrequency 

analysis have been introduced (RF-IVUS). The aforementioned methods take into account the 

amplitude and the frequency of the reflected signals, thus quantifying the composition of the 

atherosclerotic plaque in a semi-automated way. These methods, withal being superior to 

grayscale IVUS for plaque characterization, they present limitations when dealing with stented 

segments or areas behind calcium deposits [37]. IVUS also suffers from various additional 

drawbacks the majority of which are mainly due to its poor spatial resolution. Numerous 

artifacts are created in an IVUS sequence such as the non-uniform rotational distortion, the 

guidewire artifact, the ring down effect and the signal drop-out behind calcium, an artefact that 

prevents the visualization of deep vessel structures. The moderate resolution does not allow the 

visualization of the microstructure of plaques that is directly connected to an increased 

vulnerability such as microcalcifications, the presence of neo-vessel and macrophages. IVUS 

also lacks the ability to provide information on the 3D vessel geometry as well as the exact 

location of the atherosclerotic plaque.  
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Figure 9: Typical IVUS image (left) and its respective VH-IVUS (right). 

Another invasive modality that has gained ground during the past decade is the Optical 

Coherence Tomography (OCT) which uses near infrared light instead of acoustic waves. Its 

function is based on measuring the time delay and the magnitude of the backscattered light in 

order to produce the final images (Figure 10). It has a significantly higher axial resolution than 

IVUS, allowing for the detailed imaging of the arterial lumen, detection of plaque erosion and 

rupture, as well as, the visualization of several plaque micro features correlated to plaque 

vulnerability. Even in stented regions, OCT presents superior sensitivity in detecting strut 

coverage, malapposition, neointimal hyperplasia, vessel wall trauma and thrombus [38, 39].  

However, OCT also suffers from some drawbacks such as its low signal penetration (2-3 mm) 

which prevents it from visualizing the outer wall, its inability to provide information on the 

vessel geometry and plaque distribution into the arterial wall and finally, its inability to 

penetrate lipid-rich cores. 
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Figure 10: Typical OCT images of a healthy lumen (left) and of a stented region (right). 

Another coronary imaging modality is the Near Infrared Spectroscopy (NIRS), a 

technique, which relies on the principle that different organic molecules absorb and scatter 

NIRS light to different degrees and at various wavelengths. The spectral analysis of the 

reflected NIRS light allows assessment of the composition of plaque and the identification of 

the lipid component [40]. When compared to RF-IVUS, NIRS is restricted to the identification 

of superficial, wide lipid cores but proves to be more reliable for the detection of lipid-rich 

plaques located behind calcific deposits. The main limitation of NIRS is its inability to 

visualize the lumen and outer vessel wall, quantify the atheroma burden and give information 

about the 3D vessel geometry and plaque distribution.  

Besides the aforementioned invasive coronary imaging modalities which are used in 

everyday clinical practice, several other techniques have also been proposed, such as 

intravascular magnetic resonance spectroscopy which allows the detection of the lipid 

component, Raman spectroscopy a method able to discriminate the esterified from the non-

esterified cholesterol rich plaques, intravascular photoacoustic (IVPA) imaging which can 

detect the presence of neo-vessel macrophages and the composition of the atheroma, 

intravascular magnetic imaging that has only been used in experimental models and appears as 

the only imaging technique that can visualize both calcific and lipid rich plaques and 

intravascular near infrared fluorescence imaging (NIRF) that provides high-resolution readouts 

of human coronary artery [41].  
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1.3.4 Coronary artery functional assessment techniques 

Due to the fact that atherosclerotic lesions tend to develop focally in a progressive manner in 

patients with systemic risk factors, these lesions have the potential to cause acute coronary 

syndromes or stable angina. An invasive strategy, which might include percutaneous coronary 

intervention (PCI), has been proven to improve the outcome in the majority of patients that 

present acute coronary syndromes and in particular, those at higher risk. However, compared 

to standalone medical therapy in patients with stable angina, invasive strategies do not always 

present superior outcome [42]. The presence of atherosclerotic lesions in the coronary 

vasculature, although indicative of the overall atherosclerotic burden of a patient, cannot 

determine with certainty whether these lesions can ultimately cause ischemia of the perfused 

myocardial bed only by a visual inspection of the coronary anatomy [43, 44]. In the case of 

intermediate stenoses, testing the hemodynamic significance of obstructive CAD is of utmost 

importance for the clinician in order to decide the type of treatment in a population with non-

acute symptoms.  

The first widely accepted method for the assessment of the functional significance of 

stenosis was noninvasive stress imaging. However, in patients with diffuse or multilevel 

disease, it might not be able to determine which stenoses are functionally significant [45]. Two 

decades ago, fractional flow reserve (FFR) was established as an accurate and useful index for 

the functional assessment of the significance of coronary stenoses [46]. FFR is defined as the 

ratio of the pressure distal and proximal to an atherosclerotic lesion (Pdistal/Pproximal) under 

hyperemia which is caused by the intravenous administration of adenosine. FFR is a lesion-

specific index which generally depicts the percentage of hyperemic flow despite the presence 

of a stenosis (Figure 11). The FFR measurement requires a dedicated pressure-flow wire, as 

well as, a vasodilator (i.e. adenosine) administration to induce hyperemia. The FFR cut-off 

value of 0.8 (FFR≤0.8) can be safely used to identify ischemia-causing stenoses and critically 

improve clinical decision-making, PCI guidance and ultimately patient outcomes in 

comparison to coronary angiography alone [47, 48]. Moreover, in a large patient population 

with stable CAD, the FFR-guided PCI diminished the need for revascularizations which were 

triggered by a myocardial infarction [49].  

Even though FFR has been established as a very robust and useful index, it has quite 

limited application in everyday clinical practice. It is used in ≤20% of elective PCIs in 

intermediate lesions in the United States and the European Union [50]. The low percentage can 
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be mainly attributed to the resulting increase of the total catheterization time, the invasive 

nature of the technique and the high total equipment and medical cost (the mean total cost of 

the pressure wire and the adenosine dosage exceeds 1000 USD), despite the fact that in cases 

of multi-vessel disease, FFR-guided PCI has been proven to be cost effective [51]. Another 

drawback of FFR is that it requires the intravenous administration of adenosine which is not 

feasible for all patients (i.e. patients with asthma, atrioventricular block, severe hypotension), 

and it also involves the placement of the pressure wire in the distal vessel, a non-trivial 

procedure for the clinician, especially in tortuous arteries with a complex anatomy or in small 

side branches [52].  

 

Figure 11: Fractional Flow Reserve illustration [53]. 

Thus, several alternative methods of functional assessment of coronary stenosis without 

the use of vasodilators have been proposed using either the instantaneous wave-free ratio (iFR) 

which is calculated during diastole [54, 55], or the resting Pd/Pa [55], avoiding the increased 

total cost, the central or large vein access, as well as, any possible side-effects produced by the 

administration of adenosine [56, 57]. However, the use of the dedicated pressure wire would 

still be indispensable. Due to these facts, several image-based lumen measurements have been 

proposed as surrogate predictors of FFR. Lumen narrowing due to atherosclerotic plaques is 

mainly responsible for the translesional pressure gradient, which is measured by FFR under 

the induction of hyperemia. Therefore, lumen measurements from a variety of imaging 

modalities have been used to discriminate between pathologic and normal values of FFR. Using 

a variety of statistical regression techniques, it has been shown that lumen area and lesion 

length are the strongest anatomic determinants of an abnormal FFR value in several patient 

populations. 50% diameter stenosis has been established as a cut-off criterion using non-
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invasive coronary angiography for discriminating functionally significant stenoses as assessed 

by FFR. Visual angiographic assessment is heavily dependent on the user, therefore the use of 

dedicated software for systematic quantification results in the enhancement of the diagnostic 

accuracy of the angiographic modalities. However, both coronary imaging modalities have 

their drawbacks. Non-invasive angiography suffers mainly from its poor spatial resolution, 

whereas, traditional invasive coronary angiography provides only a 2-D view of the arterial 

lumen. Even though 3D-QCA is already available, providing a more complete aspect of the 

lumen anatomy, the actual quantification of coronary stenoses is a non-trivial matter because 

of the vagueness that surrounds the definition of the reference vessel diameter, which is also 

affected by atherosclerosis. Given the fact that CCTA is a non-invasive technique with high 

negative predictive value (NPV), it might be suitable for an initial screening of patients with 

suspected CAD and could clarify the diagnosis, enable the targeting of interventions and reduce 

the need for further stress testing [58].  

Lumen measurements deriving from intravascular imaging techniques present the 

advantages of higher spatial resolution and direct assessment of any present atherosclerosis in 

the reference areas, thus increasing precision. Many studies have focused on establishing 

optimal cut-offs for assessing the functional significance of intermediate stenoses, presenting 

though high variability. The values of interest (i.e. minimum lumen diameter/area measure) are 

highly dependent on the reference vessel size [59], the vessel type (LAD vs. RCA) and the 

location within a vessel (proximal vs. distal). Several studies have shown that IVUS offers 

measures that present moderate correlation to FFR (r<0.5), low diagnostic accuracy (≈70%) 

and poor specificity, thus excluding IVUS as a surrogate for FFR [60]. OCT has superior 

diagnostic ability than IVUS in vessels of small diameter (<3mm)[61]  but its overall diagnostic 

accuracy still remains rather modest [62]. Methods that combine the accurate lumen volumetric 

profiling provided by OCT along with approximate analytical models that account for volume-

integrated pressure drops, hyperemic microvascular resistances and branch flow might further 

improve the assessment and provide measurements that correlate even better with FFR [63].    

Having a relatively low false negative predictive value (<10% for IVUS) [59], 

intravascular coronary imaging modalities can play an important role in the decision scheme 

regarding the necessity for PCI by excluding non-significant stenoses and at the same time, 

providing a thorough stenosis assessment (i.e. high-risk plaque characteristics, plaque burden, 

plaque composition) and aid in the optimization of PCI regarding stent placement and 

deployment having a complementary role along with FFR. However, the most important 
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drawback of such modalities is their invasive nature due to the size of their catheters (≈3 

French) constituting them ineffective in terms of time or cost solely for diagnostic purposes. 
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2.1.Introduction 

During the past decades, several mathematical models have been implemented and employed 

to quantify biomechanical conditions regarding every stage and function of the circulatory 

system, including blood flow within the heart chambers or deeper within the arterial tree. These 

mathematical models include lumped parameter, one dimensional wave propagation (1D), as 

well as three-dimensional numerical methods, and can safely and accurately describe 

cardiovascular mechanics. The first attempts to calculate velocity and pressure fields were made 

on idealized tubular models representing the vascular anatomy and physiology. The ongoing 

advances in medical 3D imaging allowed the quantification of cardiovascular mechanics in 

patient-specific anatomic and physiologic models. The first steps in image-based modeling for 

simulating blood flow were attempted in the late 1990s. Since then, many efforts have been 

made and are reported in the current literature, regarding the investigation and analysis of the 

pathogenesis of occlusive and aneurysmal disease in the carotid artery, the coronary 

vasculature, the aorta and the cerebral circulation. Moreover, the aforementioned patient-
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specific techniques have been applied in structural analysis for aneurysm rupture prediction. In 

general, the combination of Computational Fluid Dynamics (CFD) with 3D medical imaging 

techniques enhances diagnostic assessment, device design and clinical trials. Physiological 

responses to interventions can now be predicted and previously unmeasurable hemodynamic 

parameters can be safely computed.  

2.2.Blood Flow Modeling 

Modeling blood flow dynamics has traditionally been a field of research of wide interest. 

Numerous studies have been reported that try to shed light to the aforementioned matter. In 

rheological terms, blood behaves as a Newtonian fluid with constant viscosity in vessels of 

medium to large diameter, such as the main coronary arteries or the aorta. Several animal and 

other experimental studies have used patented apparatus to calculate and define the blood flow 

velocity and pressure relationship [64, 65]. Ku et al.[66], managed to correlate the site of the 

atherosclerotic plaque with the endothelial shear stress using a phantom to replicate the human 

carotid artery. Blood velocity was measured with laser Doppler velocimetry whilst the thickness 

of the intima was directly measured from carotid arteries taken from cadavers. Flow was 

assumed to be pulsatile. The authors concluded that low and oscillatory shear stress are 

correlated with the location of the atherosclerotic plaque. A similar study was presented by 

Zarins et al.[67], regarding blood flow pattern in carotid artery phantoms and concluded that 

the ultimate thickening of the arterial wall, as well as, the formation of the atherosclerotic plaque 

is related to regions with low ESS.  

The most common computational method used to simulate arterial blood flow is the 

finite element method. In order to perform computational blood flow simulations, in vivo or in 

vitro flow measurements derived from Doppler ultrasound or magnetic resonance imaging are 

required to be applied as boundary conditions. The main assumptions of the first computational 

studies included that blood behaves as a Newtonian fluid and that the flow is laminar and 

incompressible. Simplified cylindrical pipes with non-deformable walls were used to represent 

the actual arterial geometry. In order to model blood flow, the three-dimensional transient 

Navier-Stokes equations need to be solved. Taylor et al., presented a study on blood flow 

modelling using a stabilized form of the Galerkin finite element method [68]. The Conjugate 

Gradient method and the Generalized Minimal Residual methods were used to calculate the 

velocity and the pressure. The proposed method was used to simulate the flow in idealized 

models of an abdominal aorta and of an end-to-side graft-artery anastomosis. Santamarina et al. 
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[69], on the other hand, used the finite volume method to solve the Navier-Stokes equations in 

an attempt to study the flow in a curved cylindrical model that represented a coronary artery. In 

the finite volume method, the flow domain is discretised into finite volumes instead of finite 

elements. The equations are first integrated and linearized over a finite volume and are then 

combined to produce the algebraic equations for the entire flow field. The authors used and 

examined several radii of curvature and validated their results using an experimental flow setup.  

Banerjee et al. [70, 71], examined the hemodynamic significance of coronary stenosis 

using both experimental and computational simulations. Three coronary arterial models were 

used to calculate in vitro the pressure drop distal to the stenosis. Computational models were 

also used to calculate the pressure drop at the same location and the results were then compared 

to the experimental one. The produced system of equations was solved using the Galerkin 

method. The problem was unsteady, therefore, a solution was reached for each time step with a 

successive substitution type of a fully coupled iterative solver. The authors concluded that the 

calculation of the pressure drop could potentially be used in everyday clinical practice to assess 

the hemodynamic significance of a coronary stenosis. Politis et al. [72, 73], investigated the 

wall shear stress distribution in idealized composite arterial coronary grafts. In their simulations, 

flow was assumed to be transient and the final numerical solution was reached using the finite 

element method. In order to investigate and analyse the effect of blood flow on the arterial 

stenosis, several degrees of stenosis, as well as, different configurations of the used grafts were 

used. Vasava et al. [74], presented a study on modelling pulsatile blood flow on an idealized 

model of a human aorta. The pulsatile blood flow was simulated using incompressible Navier-

Stokes equations. The idealized model of the aorta along with the respective inlet pressure 

profile which was used as a boundary condition were modified to simulate the actual aorta under 

hypotension and hypertension conditions. The aortic wall was assumed to be rigid, thus 

simplifying further the overall model.  

During the last two decades, advances in medical imaging have allowed for the 

development of realistic patient-specific 3D models of the coronary vasculature. The 3D models 

are created using data that derive from coronary imaging modalities such as invasive coronary 

angiography (ICA), coronary computed tomography angiography (CCTA), magnetic resonance 

angiography (MRA), intravascular ultrasound (IVUS) and optical coherence tomography 

(OCT). The fact that these 3D models are patient-specific, offers a unique opportunity to explore 

and understand the mechanisms that trigger the formation of atherosclerotic plaque. The first 

study which tried to correlate the local hemodynamics to the plaque formation was proposed by 
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Steinman et al [75]. They presented a computational simulation of blood flow in a realistic 3D 

model of a carotid artery, which was reconstructed using MRI. The arterial thickness was 

correlated to the local Wall Shear Stress (WSS) distribution. 

However, in an effort to realistically simulate the complexity of the human vasculature, the 

interaction between the blood and the arterial wall was introduced by applying fluid structure 

interaction (FSI) models [76-78]. According to these models, blood flow creates loads on the 

surface of the arterial walls forcing them to deform. The elastic nature of the arterial wall tends 

to restore the wall to its original state, thereby causing the deformation of the blood domain. 

Both the blood and the arterial wall domains are discretized and the equations for each domain 

are solved and used as initial conditions to the other domain. Due to the large number of 

equations that need to be solved, FSI simulations are very demanding in computational 

resources and very time-consuming compared to the rigid wall approach but are considered to 

provide more accurate results for the flow field.  

2.3.CCTA derived computational FFR assessment 

Due to the non-invasive nature of CCTA, the application of CFD on CCTA-derived 3D arterial 

models has received wide clinical interest regarding the non-invasive FFR assessment. 

According to this approach, hemodynamic factors such as flow and pressure are not known a 

priori, so lumped parameter models regarding the cardiac output, the resistance of the coronary 

microcirculation and the pressure of the systemic circulation are coupled with the flow domain 

of the aortic root and the epicardial arteries, where the governing equations of flow dynamics 

are solved and can consequently provide FFR calculations in 1-4 hours. Three major studies 

(DISCOVER-FLOW, DeFACTO and HeartFlow NXT) directly compared their computational 

FFR results to the measured FFR values, producing promising results and constituting the 

method as a valuable tool in the clinical setting [79-81].  

The first study (DISCOVER-FLOW study, 103 patients, 159 arteries) exhibited a good 

correlation regarding FFRCTA with FFR (r=0.68) with the respective diagnostic accuracy, 

sensitivity, specificity, positive predictive value and negative predictive value for predicting 

hemodynamically significant stenoses (FFR≤0.8) being 84, 88, 82, 74 and 92%, respectively 

[81]. Furthermore, when compared to cases of ≥50% stenosis detected solely by CCTA, FFRCTA 

showed superior discrimination (AUC: 0.90 vs. 0.75, p=0.001). In the follow-up study of 

DISCOVER-FLOW (DeFACTO study, 252 patients, 407 arteries), stable CAD patients 

underwent CCTA, FFRCTA and invasive coronary angiography with FFR measurement [79]. 
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The per patient diagnostic accuracy, sensitivity, specificity, positive predictive value and 

negative predictive value for predicting an FFR≤0.8 were 73, 90, 54, 67, and 84%, respectively. 

Good correlation was also found between the two methods (r=0.68). The most recent study 

(HeartFlow NXT, 254 patients, 484 arteries) further validated FFRCTA, by making use of 

updated proprietary software which included image quality assessment, better image 

segmentation, refined mathematical models and further increased automation [80]. Diagnostic 

accuracy, sensitivity, specificity, positive predictive value and negative predictive value for 

predicting an FFR≤0.8 were 81, 86, 79, 65, and 93%, respectively on a per-patient basis and 86, 

84, 86, 61, and 95%, respectively, on a per-vessel basis. Finally, good correlation was found 

between FFRCTA and FFR (r=0.82). The PLATFORM [82] study (584 subjects) focused on the 

clinical outcomes of FFR by CCTA-guided diagnostic strategies compared to the common care 

in CAD-suspected patients, providing insight on the clinical utilization of FFRCTA.  

FFRCTA has gathered a very large validation dataset up to date and could potentially alter 

the routine clinical practice by providing a non-invasive approach regarding the functional 

assessment of coronary stenoses. Bearing this in mind, FFRCTA might be used to screen patients 

with suspected CAD in order to reach a decision regarding a possible catheterization. A recent 

overall systematic review of 5 studies [83], depicted that the diagnostic accuracy of FFRCTA 

varied significantly in the entire spectrum of the disease. Regarding vessels of FFRCTA>0.90, 

the vast majority (97.9%) met the guideline FFR criterion for deferral (FFR>0.80), whereas for 

vessels with FFRCTA<0.60, 86.4% met the FFR criterion (FFR≤0.8) for Percutaneous Coronary 

Intervention (PCI). Regarding the values in between the aforementioned thresholds, there was 

less certainty on if the invasive FFR would actually meet the PCI criterion.  

However, CCTA suffers from a main drawback in the assessment of lumen stenosis 

severity due to its limited spatial resolution, which ultimately affects the diagnostic accuracy of 

FFRCTA. Moreover, the large variation in study outcomes is also another point of concern. 

Critical statistical measures such as sensitivity and specificity vary across different studies and 

this could be attributed to the different sample sizes and patient characteristics. Furthermore, a 

recent meta-analysis assessed the combination of CCTA with FFRCTA in diagnosing patients 

with obstructive CAD and as a conclusion it introduced a useful and efficient way (i.e. “both 

positive” strategy) to reduce the percentage of patients with a false positive diagnosis. Finally, 

heavy calcifications, arrhythmia and tachycardia are factors that affect both CCTA and FFRCTA. 
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2.4.Invasive Coronary Imaging derived functional assessment 

The non-invasive based diagnosis that has proven to be feasible by using CCTA-derived 3D 

models cannot by itself replace the up-to-date gold standard for coronary lumenography (ICA) 

which exhibits a significantly higher spatial and temporal resolution than CCTA [84]. The 

accurate 3D reconstruction of the coronary anatomy is feasible either by using ICA images 

alone or by fusing them with intravascular modalities.  

Tu et al. [85], created a model which combined 3D QCA with a steady-state CFD flow 

analysis. Two angiographic projections with an angle difference >25º, acquired by either 

monoplane or biplane systems, were used to reconstruct in 3D the anatomical model. Instead of 

using standard pulsatile flow and generic boundary conditions, the patient-specific mean flow 

along with the respective pressure were used as boundary conditions. The mean volumetric flow 

rate was calculated using the Thrombolysis In Myocardial Infarction (TIMI) frame count 

(Figure 12). Thus, the overall calculation time was significantly shortened, averaging less than 

10 minutes per case. However, this method presented the disadvantage that the administration 

of a vasodilator for the induction of hyperemia was required during ICA. 77 vessels were used 

in the study deriving from 68 patients. Good correlation was found between FFRQCA and FFR 

(r=0.81, p<0.001), with a mean difference of 0.00 ± 0.06 (p = 0.541). 
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Figure 12: (a) X-ray angiography showing diffused stenoses at the left anterior descending artery. (b) 

Three-dimensional angiographic reconstruction and the generated meshes. (c) Simulated pressure 

distribution at hyperemia. The computed FFR-QCA was 0.59 and the wire-based FFR was 0.60 at the 

distal position indicated by the arrow. (d) Simulated hyperemic flow colored by the velocity [86]. 

magnitude. (e) Virtual ‘reversed’ FFR pullback along the centerline of the left anterior descending 

artery. FFR-QCA: computed quantitative coronary artery (QCA) fractional flow reserve. Reproduced 

from Tu et al [85].  

VIRTU-1 was the first study to investigate the potential of angiographic data for FFR 

assessment in which, 19 patients with 35 anatomical and physiological datasets were included 

[87]. The measured FFR values were compared to the virtual-FFR values that derived from 3D 

coronary reconstruction from conventional angiography, coupled with CFD as well as, a lumped 

model for generic downstream boundary conditions of microvascular resistance. Good 

correlation between the two methods (r=0.84) and a high diagnostic accuracy (97%) for 

detecting pathological cases (FFR≤0.8) were achieved. The VIRTU-1 study set the foundations 
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for less-invasive approaches in FFR assessment, presenting though contradicting results 

regarding the so-called “grey zone” of FFR (i.e. 0.75<FFR<0.80) as well as, large 

computational time (24h).  

The evaluation of virtual functional assessment index (vFAI) has been recently 

suggested as a valid alternative to FFR measurements in patients submitted to ICA, allowing to 

determine the hemodynamic relevance of a given coronary lesion with a few minutes long 

computation time [88]. The algorithm uses three-dimensional (3D) coronary anatomical data 

and steady-flow CFD analysis to compute the ratio of distal to proximal pressure over the lesion 

for flows in the range from 0-4 ml/s, normalized by the ratio over this range for a normal artery, 

offering a measure of CAD hemodynamic significance that is numerically equal to the average 

of the computed pressure ratio over this flow range. vFAI was superior to 3D QCA in predicting 

physiological lesion significance (AUC: 78% [95% CI: 70–84%]; p < 0.0001 compared to 

vFAI). High accuracy, sensitivity, and specificity, 88, 90, and 86%, respectively, in predicting 

FFR ≤0.80 was reported and 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) (Figure 13). 



31 

 

 
Figure 13: (a) Representative example of a left anterior descending artery (LAD) with a moderate 

lesion (arrow: maximal stenosis) in angiography (3D-QCA %diameter stenosis: 35%) that had (b) a 

low fractional flow reserve (FFR = 0.64) measured at a distal location (dotted arrow) using the 

pressure wire. (c) 3D-QCA coronary lumen reconstruction with the pressure distribution in a color- 

coded map for two different flow rates (Q), which resulted in a pressure gradient (ΔP) of 13.7 and 60.9 

mmHg. The computed artery-specific ΔP–Q relationship is provided. The arrows denote the location 

of maximal stenosis. (d) Relationship between the ratio of distal to aortic pressure (Pd/Pa) and flow for 

the studied artery, and calculation of the artery-specific virtual functional assessment index (vFAI: 

0.62) shows the good agreement with wire-FFR [88]. 

Finally, some limited in size studies using either intravascular imaging or invasive 

angiography have been reported in the literature, which explored the potential for the virtual 

hemodynamic assessment of coronary stenoses, exhibiting good correlation and strong 

agreement, thus indicating the validity and efficacy of the proposed methods.  
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2.5.Other virtual indices of coronary functional assessment 

Another simpler index for the functional assessment of coronary arteries is the distal coronary 

pressure to the aortic pressure ratio (Pd/Pa) under rest, which, however, also requires the use of 

a dedicated pressure wire. The virtual indices that derive either from CCTA or ICA require 

complex CFD models, thus increasing the computational cost. The resting Pd/Pa ratio has the 

obvious advantage that it does not require the induction of hyperemia. Papafaklis et al. assessed 

the diagnostic performance of the virtual resting Pd/Pa ratio using ICA images and a simplified 

CFD model [89]. The average processing time was surprisingly low (i.e. 4 minutes/case) and 

the diagnostic accuracy, sensitivity, and specificity for the optimal virtual resting Pd/Pa cut-off 

(≤0.94) were 84.9, 90.4, and 81.6%, respectively. The technique demonstrated superior 

diagnostic performance than 3D QCA % area stenosis (AUC: 77.5% [95% CI: 69.8–85.3%]) 

and a good correlation (r=0.69) (Figure 14).  

The instantaneous wave-free ratio (iFR) was established to allow the functional 

assessment of stenoses without the induction of hyperemia [54]. In the ADVISE II study, iFR 

correctly classified 82.5% of the stenoses as hemodynamically significant, using a pre-specified 

cut-off value of 0.89. The aforementioned study along with the DEFINE-FLAIR [90] and the 

iFR-SWEDEHEART [91] studies concluded that, with the use of a single cut-off value (≤0.89), 

iFR was not inferior to a FFR-guided revascularization approach, taking into account the rate 

of major adverse cardiac events for a 12-month timestamp.  

Ma et al. [92], conducted a study investigating whether iFR could be combined with 

CCTA (iFRCT) in order to be used as a novel non-invasive method for the diagnosis of ischemia-

causing stenoses. 3D models of coronary arteries were reconstructed using CCTA images at 

end-diastole. Patient-specific boundary conditions were calculated taking into account the 

myocardial mass and the mean arterial pressure of the patient. iFRCT was calculated as the mean 

distal pressure divided by the mean aortic pressure during the diastolic wave-free period during 

rest. The total computational time for each case was 4 hours. iFRCT exhibited good correlation 

with FFR (r=0.75) and the diagnostic accuracy, sensitivity, specificity, positive predictive value, 

and negative predictive value of iFRCT were 78.72, 70.59, 83.33, 70.59, and 83.33%, 

respectively (Table 3). 
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Figure 14: a) Right coronary artery with a moderate lesion in angiography and a high fractional flow 

reserve (FFR = 0.90) measured using the pressure wire. (b) 3D-QCA coronary lumen reconstruction 

with the pressure distribution (resting conditions) in a color-coded-map which resulted in a virtual 

resting Pd/Pa of 0.97. (c) Left anterior descending artery with a moderate lesion in angiography and a 

low FFR (0.70) measured using the pressure wire. (d) 3D-QCA coronary lumen reconstruction with 

the pressure distribution (resting conditions) in a color-coded- map which resulted in a virtual resting 

Pd/Pa of 0.85. The arrows denote the location of maximal stenosis in each case. 3D-QCA: 3-

dimensional quantitative coronary angiography [89]. 

2.6.Contribution of this Thesis 

Numerous studies that focus mainly on introducing and establishing new, novel indices 

regarding the hemodynamic assessment of coronary lesions are present in the literature. 

Moreover, these indices have started to focus on non-invasive techniques due to the apparent 

advantages that are offered by such imaging techniques to the patient, as well as, to their total 

clinical cost. Several studies have also been reported in the literature, which take into account 
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the interaction between blood flow and the arterial wall in order to compute important 

hemodynamic factors such as endothelial shear stresses or intravascular pressures.  

Table 3: Performance of computational models for virtual functional assessment against fractional 

flow reserve (cut-off ≤0.80) [93]. 

Study Imaging 

modality 

Sample 

size 

(patients, 

vessels) 

Pearson 

correlation 

coefficient 

Agreement  

(Bias±SD: 

virtual index− 

FFR) 

Overall 

diagnostic 

accuracy 

AUC 

DISCOVER-

FLOW [81] 

CCTA 103, 159 0.68 0.02±0.116 84%  

(per vessel) 

0.90 

DeFACTO [79] CCTA 252, 407 0.63 0.06 73%  

(per vessel) 

0.81 

HeartFlow NXT 

[80] 

CCTA 251, 484 0.82 0.02±0.074 86%  

(per vessel 

0.93 

Kim et al. [94] CCTA 44 0.60 0.006 77% --- 

Renker et al. [95] CCTA 53 0.66 --- --- 0.92 

Coenen et al. [96] CCTA 106, 189 0.59 −0.04±0.13 74.6% 0.83 

Kruk et al. [97] CCTA 90,96 0.67* −0.01±0.095 74%  

(per vessel) 

0.83 

Ko et al. [98] CCTA 42, 78 0.57 −0.065±0.137 83.9%  

(per vessel) 

0.88 

VIRTU-1 [87] Invasive 

angiography 

19, 35 0.84 0.02±0.080 97%  

(per vessel) 

0.97 

Tu et al. [85] Invasive 

angiography 
68, 77 0.81 0.00±0.06 88.3% 0.93 

FAVOR Pilot 

Study (QFR) [86] 

Invasive 

angiography 
73, 84 fQFR: 0.69 

cQFR: 0.77 

aQFR: 0.72 

0.003±0.068 

0.001±0.059 

−0.001±0.065 

80% 

86% 

87% 

0.88 

0.92 

0.91 

Papafaklis et al. 

(vFAI) [88] 

Invasive 

angiography 
120, 139 0.78 0.004±0.085 87.8% 0.92 

Trobs et al. [99] Invasive 

angiography 
73, 100 0.85 −0.008±0.063 90% 0.93 

Papafaklis et al. 

(virtual resting 

Pd/Pa) [89] 

Invasive 

angiography 
120, 139 0.69 --- 84.9% 0.91 

 

This section presents the contribution of this thesis and how the proposed methodologies 

and results are presented and structured in the following chapters. This thesis, mainly focuses 

on establishing and validating hemodynamic assessment indices employing either invasive or 

non-invasive coronary imaging modalities. Furthermore, it examines the effect of the 

interaction between the arterial wall and the blood flow in order to draw interesting conclusions 

on whether the FSI simulations are superior in terms of computing the aforementioned 

hemodynamic factors when compared to the respective rigid wall simulations. Finally, two in-
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house developed software suites that perform either a hemodynamic assessment of coronary 

arteries or incorporate atherosclerotic plaque progression models on 3D arterial models that 

derive from IVUS, MRI or CCTA are presented. 

Chapter 3 - Initially a study on coronary artery pressure measurements using blood flow 

simulation in realistic 3D reconstructed coronary arteries is presented. Its primary findings were 

the following: (I) computed distal coronary pressure values correlate very well with the 

measured ones using the pressure wire and (II) the assumption of rigid walls and steady-state 

flow results in negligible differences compared to the more demanding FSI and pulsatile 

simulations, respectively. In this work, realistic patient-specific 3D arterial models deriving 

from IVUS and ICA were used. Furthermore, in vivo data from pressure/flow measurements 

deriving from the use of a dedicated pressure-flow wire for validation purposes were also used. 

Excellent agreement was found for both methods, thus indicating the efficacy of the far less 

demanding rigid wall-steady state method and highlighting the value of numerical simulations 

applied in 3D arterial models for assessing important hemodynamic factors such as coronary 

arterial pressure or ESS.  

Chapter 4 - Regarding the establishment and validation of hemodynamic assessment indices, a 

study on the computational hemodynamic assessment of coronary lesions on 3D models 

deriving from compute tomography angiography is presented. Its aims were to examine the 

feasibility of assessing vFAI from 3D models that were reconstructed from our in-house 

developed CCTA 3D reconstruction software and to assess the efficacy of the proposed method 

by comparing the calculated vFAI values to the invasively measured FFR in intermediate 

coronary stenoses (i.e. 30%-70%). A study population of 44 patients (51 vessels) was used. The 

results were very promising, since they matched the results of the accepted gold-standard 

represented by invasive FFR. The computed cut-off value of 0.84 was associated with a modest 

sensitivity (76.9%), high specificity (88.2%) and high Negative Predictive Value (92.1%) for 

identifying pathologic cases of an FFR lower than the 0.80 threshold. The evident advantages 

of the proposed method were the non-invasive nature of the entire procedure, as well as, the 

very low computational time needed for the assessment.  

In the context of combining coronary imaging modalities with virtual hemodynamic 

assessment indices, a novel method that combines the most efficient methods of anatomic and 

functional assessment of coronary lesions is presented. The 3D reconstruction of coronary 

arterial segments in a straight manner using only IVUS images is performed, thus neglecting 
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the actual curvature of the arterial segments. Finally, blood flow simulations using CFD, in 

order to calculate the virtual Functional Assessment Index (vFAI) are subsequently performed. 

This way, the anatomic information provided by the IVUS sequence and the functional 

assessment of the vessel of interest provided by the vFAI that is subsequently calculated, are 

combined. A dataset of 22 patients that underwent IVUS examination and FFR measurement 

was used in the aforementioned study. The 3D models were reconstructed using only IVUS 

images. The luminal borders were annotated for each R-peak frame and were then stacked 

linearly, creating the final models. Excellent correlation (r=0.92), as well as, high sensitivity 

and specificity values were found between vFAI and FFR. 

Chapter 5 - Two software suites regarding the 3D reconstruction of coronary arteries, the 

hemodynamic assessment of coronary lesions and the application of plaque progression models 

are presented in this chapter. Regarding the first software suite, a platform for the development 

of multiscale patient specific atherogenesis models, called ARTool is presented. The 

methodology integrated three levels involved in the atherogenesis procedure, that is the 

anatomical model of the arterial tree, the blood flow model and the molecular/cell model of the 

arterial wall/blood composition and the biological mechanism involved in the generation and 

growth of atherosclerotic plaque. 

The second software suite which was proposed as a useful tool for the hemodynamic 

assessment of coronary lesions was ArtCare. A software platform was developed, that provides 

the clinician with the ability to reconstruct in 3D the desired vessel using three different imaging 

modality options: fusion of IVUS and biplane angiography, fusion of OCT and biplane 

angiography or just biplane angiography (3D-QCA). The proposed system offers numerous 3D 

visualization options and has the ability to use any given IVUS, OCT or angiography formats. 

The key point, however, is that using a dedicated finite element module, it can calculate the 

virtual functional assessment index (vFAI) for the reconstructed model, thus offering both 

anatomic characteristics, as well as functional assessment of the diseased vessel. The system 

features have been extensively validated, presenting very promising results regarding the 

automatic lumen border detection from IVUS images and from OCT images, as well as the 3D 

reconstruction from the 3D-QCA module. Moreover, the calculated vFAI deriving from the 3D 

reconstructed models using the proposed method presented high correlation when compared to 

the respective calculated vFAI values deriving from the 3D models reconstructed using the 

CAAS QCA 3D® (PIE Medical) commercial package. 
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Chapter 3: Blood Flow Simulations in arteries with rigid or deformable walls 

3.1. Introduction 

3.2. Blood flow modelling 

3.3. Blood flow simulations on arteries with rigid or deformable walls 

3.4. Patient-Specific Simulation of Coronary Artery Pressure Measurements 

 

 

 

 

 

 

 

 

 

3.1. Introduction 

The study and the in depth understanding of the mechanisms of atherosclerosis are of utmost 

importance nowadays, since cardiovascular diseases are the major cause of death in developed 

countries. Atherosclerosis is a cardiovascular disease, which causes the thickening and 

hardening of the arterial wall, resulting to reduced, or completely obstructed blood flow. 

Computational Fluid Dynamics (CFD) combined with 3D arterial models generated from 

medical images such as Intravascular Ultrasound (IVUS) with angiographies, Magnetic 

Resonance Imaging (MRI) and Computed Tomography images (CT) have set the ground for 

accurate blood flow simulations, providing some insight to the complex mechanisms of the 

generation and development of atheroma. In the current thesis, the 3D models that were used 

for the subsequent blood flow simulations derived from the most commonly used coronary 

imaging modalities such as invasive coronary angiography, intravascular ultrasound, computed 

tomography coronary angiography or the fusion of IVUS and ICA. The quality of the final 3D 

models strongly affects the overall accuracy of the subsequent blood flow simulations. 

Hemodynamic factors such as endothelial shear stress or intravascular pressures play a 

significant role in the development and progression of atherosclerosis, as well as, in the 
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hemodynamic status of the entire coronary vasculature. For the aforementioned reasons, in this 

chapter, we present two thorough analyses of blood flow simulations on several patient specific 

arterial models using both rigid and deformable arterial walls, and steady-state or transient 

simulations. The first part of chapter 3 focuses mainly on the comparison between rigid and 

deformable walls simulations whilst the second one presents a thorough validation study on 

patient-specific simulations of coronary artery pressure measurements. Moreover, we present 

in detail the general mathematical background of the equations used to model blood flow, as 

well as the theoretical background of the finite element method.  

3.2. Blood Flow Modeling 

Blood flow is generally modelled using the Navier-Stokes equations, as well as, the continuity 

equation. In this chapter, the governing equations regarding Newtonian fluids are described. 

The fluid density is ρ and velocity components are , ,x y zv v v .The equation of balance of mass 

within a control volume leads to the continuity equation: 

  0,
t





  


v                         (1) 

In cases of incompressible fluids, the fluid density is constant (ρ=constant), so Equation 1 

becomes: 

  0, v                           (2) 

The 3D Navier-Stokes equations in terms of velocity gradients for a Newtonian fluid with 

constant density   and viscosity  are: 
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where , ,x y zv v v  are three velocity components, p is the pressure, g is the gravitational accelerator 

and t  is the time.  

The Navier-Stokes equations in terms of stress tensor τ are: 

xyx x x x xx zx
x y z x

v v v v p
v v v g

t x y z x x y z
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In the case of a Newtonian fluid the stress tensor τ components are: 
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The solution of the Navier-Stokes equations is achieved by using the finite element 

method. The Galerkin method is employed to transform the non-linear differential equations 
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into a system of linear algebraic equations. The basic idea of this method is to multiply the 

differential equations by a function of coordinates and impose the condition that the equations 

are satisfied over a selected domain in a weighted sense.  

We consider steady state conditions, and thus the terms yv

t




, xv

t




 and zv

t




 are 

eliminated from main equations. By ignoring the 𝑔 forces eqs. 6-8 become: 
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The 3D model of the artery is discretized into finite elements. We assume that the 3-

dimensional fluid flow exists in a rigid and non-deformable domain. The velocity v is 

interpolated using the following functions: 

  xv  xN v ,                                     (18) 

  y yv  N v ,                         (19) 

  z zv  N v ,                                                 (20) 

where N  are the interpolation functions and  xv ,  yv and  zv  represent the approximate 

nodal velocities in x, y, z direction, respectively. The pressure is interpolated in similar way: 

  p  N p ,                        (21) 

where p  is the nodal pressure.  

The Galerkin method is applied by multiplying Equations 18-20 by the interpolation 

functions: 
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In matrix form Equations 22-24 are: 

vv vp v  Mv K v K p F ,
              

(25) 

which is the Navier-Stokes equations for a finite element. Also, the Gauss theorem is used for 

the integration. Here v is the nodal vector of blood velocity. Also:
 

 KJ K Jii

V

M N N dV  .                 (26)  

The capitals represent the nodal number and the small the system coordinates x, y, z. V

is the volume of the element.  

      
iiKJiiKJiiKJvv KK  ˆK ,                  (27) 

with        

  
V

jJjKiiKJ dVNNK ,,
.                  (28) 

Also, the nodal force vector is equal to: 

    
S

jjiijK

V

V

iKKiv dSnvpNdVfN ,F .                  (29) 

The weak form of the continuity equation arises multiplying by the interpolation function KN̂

as: 
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Equations 25 and 31 represent the system of Finite Element equations. The system is 

non-linear so the solution requires an iterative scheme. For a time step n the following iterative 

form is used: 
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V
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The iterations stop when the norm of the incremental vector of the left-hand side, or the norm 

of the right-hand side is smaller than a selected error tolerance. 

The aforementioned formulation is applied in cases of rigid walls. When dealing with 

deformable walls, it is crucial to determine the stress-strain rate in the arterial wall, as well as, 

the effects of the deformation of the arterial wall on the characteristics of blood flow. The blood 

vessel tissue has complex mechanical characteristics, which are almost impossible to define 

with accuracy. Various material models can be used to model the arterial tissue, from linear 

elastic to non-linear viscoelastic. In this section, a summary of the governing finite element 

equations that are used to model the arterial wall deformation, is presented. Emphasis is given 

on the implementation of  non-linear models. 

 The finite element equation of balance of linear momentum derives from the 

fundamental differential equations of balance of forces that act on an elementary material 

volume. In a dynamic analysis, the inertial forces are included in this equation. Subsequently, 
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by applying the principle of virtual work, the differential equations of motion of a finite element 

are obtained and defined as: 

w ext  MU B U KU F          (35) 

where M is the mass matrix, Bw is the damping matrix in cases where the material has a viscous 

resistance, K is the stiffness matrix and Fext  is the external nodal force that includes the body 

and the surface forces that act on the element. Equation 35 is then transformed to the following 

dynamic differential equation of motion: 

w ext

sys sys sys sys sys sys sys  M U B U K U F          (36) 

where , w

sys sysM B , sysK  are the mass, damping and stiffness matrices of the system and 
ext

sysF  is 

the system external force vector, which includes the external surface and body forces, 

respectively. Equation 36 can be further integrated with a selected time step size Δt and the 

nodal displacements 
1n
U  at the end of the time step are finally obtained: 

1 1ˆ ˆn n

tissue

 K U F           (37) 

where ˆ
tissueK  is the tissue stiffness matrix. This equation is obtained by assuming that the 

problem is linear, with small displacements, a constant viscous resistance and a linear elastic 

material regarding the arterial wall.  

 In cases where the arterial wall displacements due to blood flow are large, the problem 

becomes geometrically non-linear. Moreover, the tissue of blood vessels has non-linear 

constitutive laws, which lead to a non-linear Finite Element formulation regarding the tissue 

material. In such cases, we have the following incremental-iterative equation: 
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( )iU  are the nodal displacement increments for iteration ‘i’, and the system matrix 

1 ( 1)ˆn i

tissue

 
K , the vector of internal forces 1 int( 1)n i 

F  and the force vector 
1 ( 1)ˆn i 
F correspond to the 

previous iteration. The geometrically linear part of the stiffness matrix  
( 1)

1
i

n

L tissue




K  and the nodal 

force vector 1 int( 1)n i 
F  are defined as: 

   
( 1) ( 1)

1 1 ( 1) 1 int 1 ( 1),
i i

n T n i n T n i

L L tissue L Ltissue
V V

dV dV
 

       K B C B F B σ     (39) 



44 

 

where 1 ( 1)n i

tissue

 
C  is the consistent tangent constitutive matrix of the tissue and the stresses at the 

end of time step 
1 ( 1)n i 
σ   . The aforementioned matrix depends on the material model that is 

used for the arterial tissue.  

 The overall strategy that is used for the FSI simulations is based on the loose coupling 

approach and consists of the following steps: 

a) Determination of the blood flow for the current geometry. The wall velocities at the 

common interface of the wall and the blood domain are used as a boundary condition 

for the fluid domain. 

b) Calculation of the loads that are caused by the blood and act on the arterial wall. 

c) Definition of the deformation of the arterial wall that is caused by the blood flow. 

d) If a convergence of both domains is reached, the next step is implemented, otherwise 

we return to step (a). 

e) The fluid domain geometry and velocities at the common interface are updated for the 

next time step. 

3.3. Blood flow simulations on arteries with rigid or deformable walls 

It is a common fact that blood flow simulations that are carried out under the rigid wall 

assumption are generally faster and require far less computational resources than the ones 

carried out using fluid structure interaction techniques. However, the resulting values of 

important hemodynamic factors such as pressures or endothelial shear stress are questionable 

when compared to the FSI derived ones, since FSI simulations are considered to be more 

analytical and closer to the actual biological problem. In this section, a comparison study 

between the two types of simulations on two patient-specific coronary arteries is presented. 

Results on WSS distributions as well as areas of low WSS are obtained in order to demonstrate 

the advantages and disadvantages of the two methods. 

3.3.1 Rigid walls assumption 

We assume that the flow is laminar and incompressible and the blood is modelled as a 

Newtonian fluid. Blood flow is modelled using the Navier-Stokes and the continuity equations: 

( ) v

t
 


   


v
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where v  is the blood velocity vector, τ  is the stress tensor and B
f are the total body forces.  

The stress tensor is defined as: 

2 ,ij ijp   τ
                       (42) 

where ij  is the Kronecker delta,   is the blood dynamic viscosity, p is the blood pressure and 

ij  is the strain tensor which is defined as: 
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T
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A full cardiac cycle of 0.8 sec and 0.75 sec is simulated for the two arterial models, 

respectively. A period of 0.05 sec is chosen for each simulation comprising a set of 17 timesteps 

for the first artery and 16 timesteps for the second artery. Regarding the fluid domain in both 

types of simulations, the same set of boundary conditions is applied. At the inlet, a flow velocity 

profile is applied for the first arterial model whereas a volumetric flow rate profile is applied 

for the second one as a boundary condition. At the outlet, a blood pressure profile is applied for 

both arteries. Finally, no-slip wall boundary condition is applied for both arteries. 

3.3.2 Fluid Structure Interaction simulations 

In FSI simulations, the blood domain is deformable. Therefore, the equation of momentum 

conservation is used: 

   ,B

t
 


    


v
v w v τ f

                     
(44)

 

where   is the blood density, v  is the blood velocity vector, w is the moving mesh velocity 

vector, τ is the stress tensor and B
f are the total body forces.  The stress tensor is decribed above. 

In our simulations, blood was treated as Newtonian fluid with a density ρ=1060 kg/m3 and 

dynamic viscosity μ=0.0035 Pa s. 

Regarding the arterial wall domain, the following momentum conservation equation is used: 

,s s s s  B
τ f d                        (45) 
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where 
sτ  is the arterial wall stress tensor, s

B
f  are the body forces per unit volume, 

s  is the 

arterial wall density and sd  is the local acceleration of the solid. 

The fluid and the solid domain are coupled together through displacement compatibility and 

traction equilibrium as it is shown in the following equations: 

 ˆ ˆ , , ,S F

s s f f FSI FSIx y z     τ n τ n                     (46) 

 , , .S F

s f FSI FSIx y z   d d                      
(47)

 

where 
S

FSI is a group of points on the arterial wall and F

FSI is a group of points on the lumen. 

Eq. (46) shows that the solid and the fluid stresses acting on the common surface of the two 

domains are in equilibrium, whereas Eq. (47) shows that the common surfaces of the two 

domains have the same displacements. 

Due to the lack of universal values for the parameters of the material properties of the 

arterial wall, we have used a nine- parameter Mooney-Rivlin model to describe the material 

properties of the wall. Despite the fact that the coronary arterial wall is considered to have an 

anisotropic and heterogeneous structure due to the complex composition (e.g., collagen fibers), 

we applied an isotropic and homogenous material model because of the absence of in vivo data 

regarding the fiber direction and the heterogeneity that describes the anisotropic behavior of the 

arterial tissue. The parameters of the Mooney-Rivlin model were set as previously described in 

FSI analyses in the human right coronary artery. The following equation is used to calculate the 

strain energy function [15]: 
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where 
1I  is the first deviatoric strain invariant, 

2I  is the second deviatoric invariant and J is the 

determinant of the elastic deformation gradient tensor.  The other parameters are set as c10=0.07 

MPa, c20=3.2 MPa, c21=0.0716 MPa whereas the rest are set equal to zero, as calculated in an 

FSI analysis of a human RCA by Koshiba et al [16]. d is the compressibility parameter which 

is calculated as: 
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,d

K


                        
(49)

 

where K is the bulk modulus which is set equal to 1x10-5.  

 Again, the applied boundary conditions for the fluid domain are the same as in the rigid 

walls simulations whereas, for the wall domain, the distal ends of both arteries are assumed as 

fixed supports to restrict motion at these points (Figure 15). 

 

Figure 15: The top row images depict the inlet and outlet boundary conditions for the first arterial 

model, whereas the bottom row images depict the boundary conditions for the second one, 

respectively. 

3.3.3 Dataset 

Two patient-specific coronary arteries reconstructed from IVUS and biplane angiography 

images are used. Two 3D models are generated from each artery, one representing the lumen 

and one representing the arterial wall. The generated models are then discretized. In order to 

define the mesh size, we performed a sensitivity analysis to identify which mesh size values 

achieve accurate results in the best possible simulation time. The two lumen models are 

discretized into 200000 hexahedral elements, whereas the two wall models are discretized into 

275000 tetrahedral elements. 
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3.3.4 Results 

We performed transient simulations on both arteries producing results on average WSS as well 

as areas of low WSS. We finally performed a regression analysis to see how the results of the 

two methods correlate. The two methods presented strong correlation, thus indicating the 

efficacy of the simpler method. The areas of low WSS were similar, presenting a Pearson 

correlation coefficient of 0.99. Regarding the average WSS throughout the vessel, strong 

correlation was also found (r=0.9).  

 

Figure 16: Calculated WSS distribution for the FSI (top left) and rigid wall (top right) simulations. 

Areas of low WSS (0-1 Pa) for the FSI (bottom left) and rigid wall (bottom right) simulations (Arterial 

Model 1). 
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Figure 17: Calculated WSS distribution for the FSI (top left) and rigid wall (top right) simulations. 

Areas of low WSS (0-1 Pa) for the FSI (bottom left) and rigid wall (bottom right) simulations (Arterial 

Model 2). 

 
 
 

3.3.5 Discussion 

We model blood flow in arteries with rigid and deformable walls in order to examine if the 

produced results are comparable. We assume a hyperelastic arterial wall model, which 

accurately simulates the arterial wall. The comparison of the two methods reveals a surprisingly 

good agreement between the results on the average WSS. However, we must note that this 

comparison is made on arterial segments of a certain length following the boundary conditions, 

which have been produced by experimental work and are described above. In particular, Figure 

16 and Figure 17 depict the WSS distribution on both arterial models during the systolic phase 

of the cardiac cycle. From the obtained results, we observe that WSS distribution is very similar 

for both types of simulation. Furthermore, the areas of low WSS, which have a high clinical 

value due to their complication to atherosclerotic plaque development, are both qualitatively 

and quantitatively similar. Comparing the average WSS for every timestep, we calculated a 

correlation coefficient of 0.9 for both cases, respectively. Moreover, the correlation coefficient 

is increased for the case of the region of low WSS, as it is 0.998 and 0.999 for the two case 

studies.  
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It should be noted that, in contrast to the similar simulation results, the computational 

time between the simulation with rigid walls and the one with deformable walls is evidently 

different. In particular, while the time required for the simulation with rigid walls is 

approximately 30-40 minutes, the computational time for the FSI simulation is a almost 5 hours 

for the same mesh for the blood fluid domain and an adequate mesh size for the wall domain. 

All simulations were carried out on an HP Workstation with a Xeon E5405 quad-core CPU and 

8 GB of RAM. 

However, FSI analyses have the advantage that they are considered to be more accurate 

and realistic since they incorporate the interaction between the blood and the wall domain. 

Moreover, as future work, the material characteristics of the atherosclerotic plaque will be 

incorporated into the arterial wall domain, making thus FSI simulations even more accurate and 

realistic. 

Concluding, the calculated WSS distributions are evidently similar. Keeping in mind 

the required computational time, FSI simulations can be used when the displacement of the 

arterial wall is required for important clinical decisions. In cases where speed is crucial for the 

clinician, blood flow with rigid wall can produce accurate results regarding the WSS 

distribution. However, further investigation of arterial wall mechanics and their relation to 

atherosclerosis must be performed. 

3.4. Patient-Specific Simulation of Coronary Artery Pressure Measurements 

Pressure measurements using finite element computations without the need of a wire could be 

valuable in clinical practice. Critical hemodynamic indices such as FFR are of utmost 

importance in the clinical field. Several studies which attempt to calculate with high accuracy 

such hemodynamic parameters have been reported in the literature. In this section, we present 

a validation study for coronary artery pressure measurements using patient-specific 3D 

coronary artery reconstructions and investigate (a) the accuracy of the computed pressure results 

using the invasive pressure measurements as the gold standard and (b) the differences in 

computed pressure measurements between different critical boundary conditions (steady versus 

pulsatile flow and rigid wall versus FSI).  
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3.4.1 Patient Data 

Six subjects underwent intravascular ultrasound (IVUS) and angiography examinations for 

angina symptoms at CNR (Institute of Clinical Physiology, Milan, Italy).  The clinical and 

demographic patient characteristics are presented in Table 4. A coronary guide wire (0.014-inch 

diameter) with miniaturized tip transducers for pressure and flow measurements (Combo wire, 

Volcano Corp.) was used.  The pressure-flow wire was inserted in the coronary artery until a 

stable recording of the flow velocity was obtained at a distal coronary location.  The 

aforementioned parameters were measured at the baseline and during maximal coronary 

vasodilation (hyperemic conditions) which was achieved with the intravenous administration 

of adenosine (140 mcg/kg/min).  The parameters measured under hyperemic conditions were 

used as boundary conditions for the simulations and are described in detail below.  The final 

measurements included pressure values throughout three cardiac cycles at the proximal (guiding 

catheter at the ostium of the artery) and distal locations of each arterial segment, combined 

with flow velocity values at the distal location both at baseline and during maximal hyperemia. 

A 3- French catheter with a 64-crystal electronic ultrasound probe was used for IVUS 

examination (Eagle-Eye, Volcano Corp.).  The catheter was placed in the distal part of the 

examined vessel and then a motorized pullback (speed 1mm/sec) was performed. Following 

contrast injection, two isocentric angiographic views were obtained to depict the position of the 

catheter inside the vessel before the start of the pullback. The IVUS probe was positioned 

distally at the same location where the distal coronary pressure-flow measurements were 

performed so that these measurements could be applied as boundary conditions for the blood 

flow simulations in 3D reconstructed arterial models as it is described below. Figure 18 shows 

the angiographic images with the exact locations of the acquired measurements for the right 

coronary artery of patient 4. 
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Figure 18: The two views depict the exact locations of the start (a) and end (b) of the pullback 

procedure as well as the exact positions of the pressure and flow measurements acquisition. 

3.4.2 3-dimensional Reconstruction 

The 3D reconstruction of the 8 arterial segments was performed using a methodology which is 

based on the fusion of IVUS and biplane angiographic data [100]. The end-diastolic frames 

were selected for segmenting the lumen and the external elastic media (i.e., vessel wall) borders. 

Then, the corresponding angiographic end-diastolic images were used to reconstruct the 3D 

IVUS catheter path. The segmented frames were then placed onto the generated 3D catheter 

path and were appropriately oriented. Finally, two point clouds representing the lumen and 

vessel wall were derived for each artery and were processed to non-uniform rational B-spline 

(NURBS) 3D surfaces. Figure 19 depicts two 3D reconstructed models of two RCA segments. 

Our dataset includes 4 RCA and 4 LAD segments with mild or moderate lumen stenoses. 
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Figure 19:  Three-dimensional reconstruction of the lumen of a right coronary artery for patient #2 (a) 

and patient #1 (b). 

 
Table 4: Patient demographic and Clinical Characteristics 

 

3.4.3 Blood Flow Simulations 

Transient as well as steady flow simulations were carried out on all 8 arterial segments with 

either rigid or deformable wall assumptions. In total, four different approaches were used: FSI-

transient, FSI-steady flow, rigid walls-transient and rigid walls-steady flow. The most 

demanding in terms of computational resources is the one using FSI models with transient flow 

as it is time dependent, whereas the lowest computational requirements are for the one with the 

rigid walls assumption and the steady flow. The boundary conditions are presented below. 

Blood was treated as a Newtonian fluid having a density of 1060 kg/m3 and a dynamic viscosity 

0.0035 Pa⋅s.  The blood flow was considered laminar with the Reynolds number ranging 

between 126 and 883. 
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3.4.4 Boundary Conditions 

i. Inlet 

Regarding the inlet, a measured pressure profile in the catheterization laboratory was applied 

as a boundary condition. In particular, for the transient simulations, a full cardiac cycle (either 

the second or the third measured in order for the measurements to be stable and accurate) was 

divided into time steps of 0.05 seconds (Figure 20 exhibits the applied inlet pressure profile for 

patient 6), while for the steady flow simulations, the mean pressure value of the same cardiac 

cycle that was used in the transient ones was applied as the inlet boundary condition. 

 

Figure 20: Measured pressure profile for patient #6 for a full cardiac cycle. 

 

ii. Outlet 

Velocity profiles were available at the distal end of the reconstructed artery (measured 

invasively using the combo pressure-flow wire) and were prescribed as outlet boundary 

conditions. To capture the true nature of the velocity profile of the outlet, we used the 

developed flow (this has a paraboloid profile) derived from the 3D geometry and we defined 

the “magnitude” of the developed flow according to the flow measurements. To achieve that, 

we applied the mass flow rate profile for each case, which was calculated as: 

m A v                        (50) 

where 𝜌 is the blood’s density, ν is the velocity of blood, and 𝐴 is the cross-sectional area of the 

outlet. However, due to the nature of the Doppler wire measurements, we executed a parametric 
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study regarding the accuracy of the measured velocity values. The measured velocity values 

from the wire cannot be considered to be the highest of the cross-section due to the fact that 

either the wire is not aligned in the centre of the vessel or due to the fact that the wire itself 

interrupts the flow.  The velocity value that is inserted in the mass flow rate equation is the 

mean velocity value of the profile. We tried three different velocity profiles to examine which 

fits our problem best. In the first case scenario, the measured values from the Doppler wire as 

the mean profile value were used; in the second scenario a ratio of 0.76 (vmean = 0.76 ∗ vmeasured) 

as it was previously suggested [101]; and in the third scenario a ratio of 0.5 which is common 

in the generalized Poiseuille flow. Figure 21 depicts the velocity profiles of the three cases for 

an RCA segment of patient 1.  The closest results to the measured values were achieved by 

using the measured velocity values as the mean value of the profile.  The results of the 

parametric study are presented in detail below. 

 

Figure 21: Mean velocity values calculated for patient #1 in order to determine the optimal velocity 

profile for validation. 

iii. Lumen-Wall Interface 

At the lumen wall, a no-slip boundary condition was applied, meaning that the blood had zero 

velocity relative to the solid-fluid interface. 
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iv. Arterial Wall 

The distal ends of the arterial wall (inlet and outlet) were assumed to be fixed on all directions 

so that motion was restricted at these sites. 

v. Mesh 

The lumen was discretized into hexahedral elements, with an element face size ranging from 

0.09 to 0.12mm, with an increased mesh density throughout the boundary layer of the flow close 

to the arterial wall. The arterial wall was discretized into tetrahedral elements with an element 

face size 0.09 mm and 15 layers of brick elements with a thickness of 0.03 mm at the interface 

with the lumen. The brick element layers were first generated from the interface of the wall and 

the lumen towards the outer perimeter of the wall and then the remaining volume was 

discretized into tetrahedral elements. 

The mesh size both for the lumen and the wall was selected after performing a mesh 

(face size) sensitivity analysis. The sensitivity analysis was performed in a representative case 

both for the rigid (Table 5) and deformable (Table 6) wall assumption using steady-

state flow. The mesh sensitivity analysis for the deformable wall simulation (Table 6) was 

performed using a face size of 0.09–0.12 mm for the lumen (as derived from the initial 

sensitivity analysis for the rigid wall assumption in Table 5). The analysis was based on the 

correlation between the mesh size and the produced results regarding the average wall shear 

stress of the same cross-section on 4 different mesh sizes. The mesh size with <5% difference 

in wall shear stress values was used in the final simulations; of note, computed pressure values 

at the outlet, on which we focus in the current study, were also minimally influenced by the 

mesh size (<0.05% difference, Table 5 and Table 6). 

 

Table 5: Results of the mesh sensitivity analysis in the lumen (rigid wall assumption). 
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Table 6: Results of the sensitivity analysis in the deformable wall assumption (lumen face size was 

0.09–0.12 mm). 

 

3.4.5 Results 

A series of blood flow simulations using different assumptions and approaches was carried out, 

a linear regression analysis on all 8 vessels was performed, and the respective aggregate Bland-

Altman plot was obtained in order to examine the correlation of the computed results to the 

measured ones. 

3.4.6 Validation results 

We performed transient FSI simulations for one cardiac cycle. The produced results show 

excellent correlation between the measured and the calculated values with the worst case 

scenario having a coefficient of determination r2 = 0.8902 and the best case scenario having an 

r2 = 0.9961. The Bland-Altman plots also depict a high similarity between the measured and the 

computed values with almost all values being within the 1.96∗ SD cut-offs. Figures 23-25 

depict the pressure waveforms of the measured and the rigid wall computed as well as the FSI 

computed values and the linear regression analysis plots for all cases. Moreover, Figure 25 

represents an aggregate Bland-Altman plot for all 8 cases with a mean difference close to zero. 

3.4.7 Rigid Wall versus FSI Simulations 

The calculated mean difference between the rigid wall and the FSI simulations for all cases 

reached the statistically negligible value of 0.26%. The rigid wall simulations produced slightly 

higher-pressure values than the FSI simulations on most of the examined cases. Moreover, 

compared to the values measured in the catheterization laboratory, and the FSI simulations 

produced slightly more accurate results than the rigid wall ones. In Table 7, a comparison 

between the measured and the computed mean outlet pressure values for all cases is presented. 
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3.4.8 Transient versus Steady Flow Simulations 

 The computed pressure of the steady flow simulation was compared to the average pressure of 

the same cardiac cycle as it was computed from the transient simulation. Our results 

demonstrated a very close match between the steady flow and the transient results for both rigid 

and FSI simulations. In detail, the two simulation types exhibited a mean difference of 0.44% 

(Table 7). The results that were closest to the measured wire-based values were the ones 

obtained using the transient simulations as expected. Table 8 demonstrates the results of the 

parametric study related to the flow velocity values used in the mass flow rate equation for the 

outlet boundary condition. It seems that the optimal results were obtained when the 

measured flow velocity values from the combo wire were used as the maximum and not the 

mean values of the velocity profile. 

 

Figure 22: Left image: (a) depicts the pressure waveforms for the examined cardiac cycles (measured 

and calculated results) and (b) exhibits the linear regression analysis for patient #1. Right image: (a) 

depicts the pressure waveforms for the examined cardiac cycles (measured and computed results) and 

(b) exhibits the linear regression analysis for patient #6. 
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Figure 23: (a) pressure waveforms for the examined cardiac cycles (measured and computed results) 

and (b) linear regression analysis for patients #2 (upper left image), #3 (upper right image), #4-RCA 

(lower left image) and #4-LAD (lower right image), respectively. 
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Figure 24: Left image: (a) depicts the pressure waveforms for the examined cardiac cycles (measured 

and computed results) and (b) exhibits the linear regression analysis for patient #5, right coronary 

artery. Right image: (a) depicts the pressure waveforms for the examined cardiac cycles (measured and 

computed results) and (b) exhibits the linear regression analysis for patient #5, left anterior descending 

coronary artery. 

 

3.4.9 Discussion 

We presented a study on coronary artery pressure measurements using blood flow simulation 

in realistic 3D reconstructed coronary arteries. Our primary findings are the following: (I) 

computed distal coronary pressure values correlate very well with the measured ones using the 

pressure wire and (II) the assumption of rigid walls and steady flow results in negligible 

differences compared to the more demanding FSI and pulsatile simulations, respectively. 

Several validation studies have been previously carried out to test the accuracy and 

validity of numerical methods. Phantom, simplified 3D models or patient-specific arterial 

models have been previously employed in order to perform blood flow simulations. Left 

coronary artery bifurcations and carotid bifurcations, as well as mesenteric arterial segments 

were included. The computed velocity profiles were then compared to the measured ones 

resulting in a fairly good agreement between the measured and the computed values [69, 102-
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105]. A recent study examined the correlation of flow and pressure patterns between the 

computed and the measured values for two deformable flow phantoms mimicking a normal and 

an obstructed aorta, respectively [6]. Good qualitative agreement was found between the 

measured and the computed values for flow, exhibiting a better correlation for the pressure 

results.  The majority of those studies focus on the carotid vasculature due to the technical 

difficulty that arises when dealing with the coronary vasculature. Coronary arteries require 

invasive imaging methods in order to acquire information related to the size and complex 

anatomy of the obstruction.  Therefore, there is a lack of data on the accuracy of the results 

regarding numerical simulations in human coronary arteries. 

In our study, we focus on coronary arteries and use realistic patient-specific 

reconstructed coronary arteries derived from angiographic and IVUS data. Furthermore, we use 

in vivo data from invasive flow/pressure measurements in the catheterization laboratory for our 

validation purposes. The results exhibited a very high correlation of the computed pressure 

values compared to the measured ones. The pressure waveforms between the measured and the 

computed values distally in coronary arteries were very close to each other, and the mean 

computed pressure values for each case showed very small relative error values. Moreover, 

there was a very good agreement between the measured and the computed values. In addition, 

our findings demonstrate that the less demanding simulations using steady flow and rigid walls 

instead of pulsatile flow and FSI result in very small relative error. Therefore, our results 

support the use of the simpler and less time-consuming simulations for coronary artery pressure 

computation. 
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Figure 25: Bland-Altman plot for all 8 cases. 

 

Table 7: Comparison between the wire-based measured pressure values (Pout) and the computed values 

from the four types of simulations (Pout(comp)). 
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Table 8: Results of the parametric study concerning the velocity profiles (steady-state simulations). 

 

3.4.10 Clinical Implications and Challenges.  

Hemodynamic factors such as arterial pressure both proximal and distal to coronary stenoses 

are of great clinical importance. FFR, calculated as the ratio of distal to proximal coronary 

pressure under maximal vasodilation, has been shown to discriminate functionally significant 

stenoses and help in patient management leading to favourable clinical outcomes [106]. Our 

results support the use of numerical simulations for assessing distal coronary pressure in 

humans.  This approach implemented in 3D realistic human coronary arteries could open the 

pathway to FFR assessment based on imaging data only without the need of a pressure wire. 

However, several challenges lie in the pathway of virtual FFR assessment including the “a 

priori” selection of the appropriate boundary condition for hyperemic flow, the incorporation 

of the resistance of the distal myocardial bed into the simulation, and the effect of flow division 

in the branched coronary tree. Although our results demonstrated that finite element simulation 

in realistic 3D coronary models may yield accurate distal pressure measurements if aortic 

pressure and coronary flow are known, further clinical studies are needed to test the accuracy 

of virtual pressure measurements when patient- specific hemodynamic conditions at the inlet 

are not known. 

Limitations  

The reconstructed segments in the current study neglect the presence of bifurcations, which 

influence flow distribution. Moreover, the hemodynamic significance (i.e., pressure drop) of 

the coronary stenoses in the arteries studied was not large, and thus we did not have the 

opportunity to test the accuracy of the computed pressure values in cases with large pressure 

gradients. 
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3.4.11 Conclusions 

Our aforementioned studies highlight the value of numerical simulations applied in 3D models 

for assessing hemodynamic factors such as coronary artery pressure. The accuracy of the 

computed results supports the use of this approach for virtual pressure calculation, which may 

have major clinical implications for assessing the hemodynamic significance of coronary 

stenoses without using a pressure wire in the catheterization laboratory. 
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Chapter 4: Computational assessment of coronary stenoses using non-

invasive or invasive techniques 

4.1. Introduction 

4.2. Computational assessment of coronary stenosis using non-invasive techniques 

4.3. Computational assessment of coronary stenosis using invasive techniques  

  

 

 

 

 

 

 

 

 

 

4.1. Introduction 

Ischemic heart disease [16] has conventionally been associated with the presence of 

anatomically obstructive coronary lesions. However, disagreement exists between the anatomic 

relevance of coronary artery disease (CAD) as defined by the degree of coronary artery luminal 

narrowing and its hemodynamic impact on downstream coronary pressure and flow. The link 

between coronary stenosis severity, as assessed at invasive coronary angiography (ICA) or 

computed tomography coronary angiography (CTCA) and downstream inducible myocardial 

ischemia may be even more elusive. Indeed, a number of studies have shown that IHD can occur 

in the presence or absence of obstructive CAD and that coronary atherosclerosis is just one 

element in a complex multifactorial pathophysiological process that includes inflammation, 

microvascular coronary dysfunction, endothelial dysfunction, thrombosis, and angiogenesis 

[107, 108].   Accordingly, current clinical guidelines make assessment of ischemic burden by 

functional non-invasive testing a mandatory step (class I) in the evaluation of patients with 

intermediate (15-85%) probability of disease, acknowledging at the same time the usefulness 
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of a combined coronary anatomo-functional assessment for guiding management decisions 

(class IIa). 

Due to the fact that fractional flow reserve (FFR) has evolved as the invasive reference 

standard for functional assessment of coronary stenoses and guidelines recommend its routine 

application in patients undergoing ICA in the absence of previously non-invasively documented 

significant inducible ischemia [109], the development of computational coronary assessment 

techniques is of utmost importance.  In patients with stable CAD, FFR does not substitute the 

assessment of inducible myocardial ischemia, but it has proven to be superior to classical 

coronary anatomic parameters (i.e. stenosis severity) in guiding patients’ management, reliably 

discriminating the coronary lesions which have hemodynamic significance and could be 

revascularized from those that can be safely managed conservatively, with improved patients’ 

clinical outcome and overall resource utilization. In this chapter, we present and analyse in 

detail our proposed computational coronary assessment techniques using either invasive (fusion 

of IVUS and ICA) or non-invasive (CCTA) coronary imaging modalities.  

4.2. Computational assessment of coronary stenosis using non-invasive techniques 

This section presents in detail our proposed method for the computational assessment of the 

severity of coronary stenoses using non-invasive imaging modalities and in particular, using 

CCTA-based 3D models. The validation of the proposed method is two-fold. In the first section, 

our method is directly compared to the invasively measured FFR values, whereas, in the second 

section, our method is directly compared to PET perfusion values.  

4.2.1 CT-based hemodynamic assessment of coronary lesions derived from fast 

computational analysis: a comparison against fractional flow reserve 

The evaluation of virtual functional assessment index (vFAI) [88] has been recently suggested 

as a valid alternative to FFR measurements in patients submitted to ICA, allowing to determine 

the hemodynamic relevance of a given coronary lesion with a few minutes long computation 

time. The algorithm uses three-dimensional (3D) coronary anatomical data and steady-flow 

CFD analysis to compute the ratio of distal to proximal pressure over the lesion for flows in the 

range 0 to 4 ml/s, normalized by the ratio over this range for a normal artery, offering a measure 

of CAD hemodynamic significance that is numerically equal to the average of the computed 

pressure ratio over this flow range. 



67 

 

However, while vFAI measures have been successfully derived from 3D-ICA datasets, 

positively mimicking invasive FFR results, the possibility to compute this coronary functional 

parameter from CTCA-based coronary anatomical models has not yet been investigated. The 

first aim of the current study is to test the feasibility of assessing vFAI by using our automated 

in-house developed CTCA 3D reconstruction software for generating 3D arterial models, and 

performing the required blood flow simulations on the aforementioned models [110]. The 

second aim is to evaluate the efficacy of our method by comparing the derived vFAI values to 

the invasively measured FFR in coronary stenoses ranging between 30%-70%. 

4.2.1.1 Study population 

In the context of the EVINCI (EValuation of INtegrated Cardiac Imaging for the Detection and 

Characterization of Ischaemic Heart Disease) study, 475 symptomatic patients with 

intermediate pre-test probability (20–90%) of CAD  underwent between March 2009 and June 

2012, a study of coronary anatomy by CTCA and at least one functional imaging test, with the 

recommendation to perform ICA with FFR in intermediate lesions [111, 112]. The 

characteristics of the study population and details on imaging procedures and protocols have 

been already described elsewhere. As per EVINCI study protocol, 307 patients with ≥1 

abnormal noninvasive test underwent ICA, and in 45 of them (showing only intermediate 

coronary stenoses with 30-70% luminal reduction at ICA) invasive FFR was measured. 

Dedicated core-labs were responsible for harmonization of imaging protocols, quality 

assessment of imaging tests and independent imaging analysis.  

In order to evaluate the accuracy of vFAI as compared to invasive FFR in predicting the 

presence of hemodynamically significant CAD in a population of patients of high clinical 

relevance, a subgroup of 35 patients from the EVINCI study was selected for the present 

analysis. Selection criteria included, demonstration of intermediate stenosis severity (30-70%) 

at quantitative ICA core-lab analysis, availability of invasive FFR measurement and 

satisfactory-to-excellent image quality of CTCA acquisition as defined by the EVINCI CTCA 

core-lab based on absence of motion artifact, image noise or extensive coronary calcifications.  

In addition, 9 randomly selected patients fulfilling the aforementioned requirements were also 

included from the database of TURKU PET Centre (Figure 26). Ethical approval was provided 

by each center, and all subjects gave written informed consent. 
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Figure 26: Enrolment and diagnostic procedures. 

4.2.1.2 Invasive coronary angiography and FFR measurements 

ICA was performed using standard techniques and multiple projections. Quantitative analysis 

by ICA core-lab was available in all the selected patients. The FFR was invasively measured in 

vessels with intermediate stenoses using a Combo-Wire (Volcano Therapeutics, Rancho 

Cordova, California), under the administration of 140 μg/kg/min of intravenous adenosine. 

Segments with FFR values ≤0.8 were considered to indicate significant stenoses. 

4.2.1.3 CTCA acquisition protocol 

Coronary CTCA was performed using ≥64-slice CT scanners. The arterial segments of interest 

were reconstructed in mid to end diastole (70%-80% of the R-R interval) with an average slice 

thickness of 0.6 mm and an increment of 0.6 mm. To optimize image acquisition and final 

CTCA quality, beta-blockers and sub-lingual nitrates were used as per study protocol.   The 

presence of coronary calcifications was evaluated in each patient by computation of calcium 

score (CACS), which was considered extensive when it was higher than 400. Scan quality of 

the CTCA was categorized by the independent EVINCI Core-Lab into 4 categories (i.e. 

excellent, good, satisfactory and poor). Scans of poor quality were excluded from the present 

analysis. The aforementioned acquisition protocol was followed for all 44 subjects, including 

the randomly selected ones from TURKU PET Centre. 
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4.2.1.4 CTCA 3D Reconstruction 

The 3D reconstruction was performed using our in-house developed software. Briefly, the 

reconstruction process is carried out in 6 steps:  

1) The CTCA images are automatically pre-processed in order for potential vessels to be 

detected and artifacts to be removed.  In each image, the following procedure is applied: a) 

contrast enhancement, b) image thresholding to create images with potential vessel regions and, 

c) Frangi Vesselness filter to detect structures in the images that correspond to potential vessels. 

2) The artery borders are roughly detected in order to extract an initial centerline of the 

vessel. 

3) Using a minimum cost path approach, the 3D centerline of the vessels is extracted. 

4) The lumen-outer and wall-plaque parameters are adapted in Hounsfield Units (HU) in 

order to optimize a 4-component Gaussian Mixture Model (GMM) to the Hounsfield Unit (HU) 

histogram. 

5) An extension of active contour models for a) lumen and b) outer wall segmentation are 

implemented. The main improvement is an additional term forcing the level set to include a 

prior shape. Regarding the lumen, the prior shape is a tabular mask across centerline with a 

small radius.  

6) A level set method is applied regarding plaque segmentation, taking into account 

calcified objects of significant size.  

7) Finally, the 3D surfaces for the lumen, outer wall and calcified plaques are created 

All arterial segments were reconstructed using the exact same landmarks for each patient. 

Regarding the RCA, the reconstructed models include segments 1-3 (as dictated from the well-

established SYNTAX SCORE chart). Regarding the LAD artery, segments 6-8 were included 

whereas for the LCx artery segments 11-13 were included in the reconstruction process. 

Multiple lesions are included in the final 3D model, if present. The reconstruction process as 

well as the vFAI calculation process are depicted in Figure 27. 
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4.2.1.5 Virtual Functional Assessment Index (vFAI) calculation 

Blood flow simulations were performed on the 3D models of the arteries by generating a mesh 

of tetrahedral finite elements which then allows the solution of the appropriate Navier-Stokes 

and continuity equations using ANSYS® CFX 15 (Canonsburg, USA).  

For the vFAI calculation, we performed two separate simulations for each case, applying 

flow rates of 1 and 3 ml/s. These values correspond to the average blood flow during rest and 

under stress (i.e. after the induction of hyperemia using adenosine), respectively. Finally, we 

calculated the pressure gradient in each case using the pressure at the inlet (Pa) and the outlet 

(Pd). The obtained results were then used to create the case-specific pressure gradient (ΔP)-flow 

relationship for each case (Eq. 51):  

20 sP f Q f Q                           (51) 

where ΔP is the pressure gradient, Q is the flow rate, fν is the coefficient of pressure loss due to 

viscous friction and fs is the coefficient of pressure loss due to flow separation [113, 114]. Then, 

the two calculated ΔP values are used to solve the fully determined system of the 

aforementioned equation resulting to the solution of the previously unknown parameters (fν and 

fs). In order to calculate Pd/Pa, we substituted ΔP with Pa-Pd and inserted the two solved 

parameters, resulting to (Eq. 52): 
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Pa was set at 100 mmHg (mean aortic pressure) and since the other two coefficients 

were calculated at the previous step, the area under the Pd/Pa vs. flow curve is then calculated 

for a flow range between 0 and 4 ml/s, which corresponds to the mean+2SD increase of the 

hyperaemic flow rate in a normal human coronary artery, initiating from an average flow rate 

value of 1 ml/s during rest [115]. Finally, we calculated the vFAI for each case as the ratio of 

the area under the artery-specific Pd/Pa vs. flow curve to the reference area, a value that has been 

shown to correlate well to the invasively measured FFR value. Although vFAI was tested and 

validated on ICA derived 3D arterial models, the fluid dynamics background of the 

aforementioned method may be applicable on CCTA derived models as well, since it takes into 

account only the geometry itself of the model of interest and not other hemodynamic or 

biological factors.    
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Image analysis was performed by an independent reader (PS) with experience in 

analysing CTCA images and in using the 3D reconstruction module optimally. Following 

appropriate training and for testing interobserver agreement, the same analysis was performed 

by a second experienced reader in a randomly selected subset of studies. Moreover, the analysis 

was performed without prior knowledge of the FFR values deriving from the pressure wire in 

order to remain unbiased towards the overall analysis. The average analysis time required for 

each of the assessed arteries was 25 minutes (± 10 minutes). The required average 3D 

reconstruction time was around 3 minutes, whereas the rest was needed for the necessary blood 

flow simulations.  

4.2.1.6 Statistical analysis 

The relationship between FFR and vFAI was quantified by calculating the Pearson’s correlation 

coefficient. Bland-Altman plots and the corresponding 95% limits of agreement were used to 

assess the agreement between the two methods. ROC analysis was performed for identifying 

the cut-off values of the examined variables. Categorization of FFR and vFAI values was made 

using the cut-off of 0.8 and the calculated cut-off from ROC curve for the FFR and vFAI, 

respectively. Sensitivity (SE), specificity (SP), positive predictive value (PPV), negative 

predictive value (NPV), and diagnostic accuracy (the percentage of patients correctly diagnosed 

by vFAI) were used to assess the performance of vFAI. P values <0.05 were considered 

statistically significant. 
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Figure 27: A) Reconstruction process flow chart. B) Reconstruction process. The arrow indicates the 

point of the RCA that was annotated by the user. C) 3D reconstructed artery, which is derived from the 

previously annotated point. D) Pressure distribution for flow rates of 1 ml/s and 3 ml/s. E) Invasively 

measured FFR was 0.92, the same as the respective vFAI. 
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4.2.1.7 Results 

The population of the present study included 44 patients (mean age 63 ± 7 years, 61 % males) 

with stable symptoms.  Hypercholesterolemia, hypertension and CAC score > 100 were present 

in more than 60% of patients. The mean heart rate during the CTCA scans was 60 ± 7 beats/min. 

Obstructive CAD (≥ 50% stenosis in at least one major coronary vessels) was demonstrated by 

CTCA in 28 patients (63.6%) and by quantitative ICA in 25 patients (56.8%). 

Hemodynamically significant disease was documented by an invasive FFR ≤ 0.8 in at least one 

major coronary vessel in 13 patients (29.5%). Patients’ characteristics are summarized in Table 

9. 

Table 9: Baseline Characteristics of the study population (N=44) 

Cardiovascular Risk Factors 

Age 63 (± 6.7) 

BMI, kg/m2 27.5 (± 4.5) 

Body Mass, kg 80.3 (± 15.3) 

Diabetes (N, %) 9 (20.5%) 

Smoker during past year (N, %) 9 (20.5%) 

Hypertension (N, %) 29 (65.9%) 

Hypercholesterolemia (N, %) 30 (68.2%) 

CT Coronary Calcium Score –Agatston (Ν, %) 

CAC = 0 3 (6.8%) 

CAC = 1 – 99 11 (25%) 

CAC = 100 – 399 14 (31.8%) 

CAC ≥400 13 (29.6%) 

CAC Not done 3 (6.8%) 

Obstructive CAD (N, %) 

Obstructive CAD at CTCA (> 50% stenosis)   28 (54.9%) 

Obstructive CAD at ICA (> 50% stenosis) 25 (49.1%) 

Hemodynamically significant CAD at ICA (FFR ≤ 0.80)  13 (25.5%) 
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4.2.1.8 CTCA derived vFAI measurements and FFR 

A total of 51 coronary arteries with intermediate coronary stenoses at quantitative ICA were 

interrogated by invasive FFR. In particular, 25 vessels (49.1%) had a lesion between 50% and 

70% while FFR was ≤ 0.80 in 13 (25.5 %). Characteristics of the arterial segments at invasive 

evaluation are summarized in Table 10.  

Table 10: Characteristics of the coronary vessels at invasive evaluation (N=51) 

Coronary vessels (Ν, %) 

Right coronary artery 13 (25.5%) 

Left anterior descending  27 (52.9%) 

Left Circumflex 11 (21.6%) 

Severity of coronary lesions at ICA (Ν, %) 

Stenosis 30-49% 26 (50.9%) 

Stenosis 50-70% 25 (49.1%) 

FFR categories (Ν, %) 

FFR ≤ 0.75 7 (13.7%) 

FFR > 0.75 and ≤ 0.8 6 (11.8%) 

FFR > 0.8  38 (74.5%) 

CTCA scan quality was defined as good-excellent for 45 (88.2%) coronary arteries and 

satisfactory for 6 (11.8%) vessels.  The interobserver agreement for vFAI measurements was 

tested in 11 randomly selected coronary vessels (4 RCA, 7 LAD) (8 of good-excellent and 3 of 

satisfactory quality). There was a strong agreement between the two observers with no 

significant difference in vFAI values (mean difference=0.0046, SD=0.028, p=0.29). Both vFAI 

measurements and FFR were associated with the degree of coronary stenosis at quantitative 

ICA. Mean vFAI was 0.90±0.06 for stenoses of 30%-49% and 0.84±0.1 for stenoses of 50%-

70% (p=0.017). Similarly, FFR was 0.87±0.07 for stenoses of 30%-49% and 0.82±0.09 for 

stenoses of 50%-70%, (p=0.034).  There was a strong correlation between vFAI and FFR 

(R=0.80) (Figure 28) and a good agreement between the two parameters by the Bland-Altman 

method of analysis (Figure 29). The mean difference of measurements was 0.037 (SD=0.052, 
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p<0.02), indicating a small systematic overestimation of the FFR by vFAI. The corresponding 

limits of agreement were from -0.065 to 0.14, with 95% confidence intervals of -0.089 to -0.039 

for the lower limit and 0.114 to 0.165 for the upper limit. Agreement was unaffected by 

calcification level. For heavily calcified vessels (Agatston Score>400, n=17) the mean 

difference was 0.046±0.062, whereas for milder calcifications (Agatston Score<400, n=34), the 

mean difference was 0.033±0.046, (p=0.40). 

 

Figure 28: Regression plot comparing the two methods. 
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Figure 29: Bland-Altman plot comparing the two methods 

 
 

4.2.1.9 Diagnostic accuracy of vFAI 

Using a receiver-operating characteristic curve 42 analysis, the optimal vFAI cut-off value for 

identifying an FFR threshold of ≤0.8 was ≤0.84 (95% CI: 0.81 to 0.90). Figure 30 shows the 

ROC curves comparing the diagnostic accuracy of vFAI and traditional CTCA analysis 

(stenosis ≥ 50%) to identify a coronary lesion with FFR ≤ 0.8. There were 3 vessels with 

FFR=0.80, resulting in 2 false negative vFAI cases. Using a threshold of <0.80, as the FFR cut-

off value for hemodynamically significant lesions, the overall diagnostic performance of vFAI 

increases, while that of CTCA decreases. The overall diagnostic performance of vFAI and 

CTCA for both FFR thresholds (i.e. ≤0.80 and<0.80), is presented in Table 11. 

Table 11: Per-vessel Diagnostic performance for vFAI and CTCA 

FFR≤0.80 

 

Accuracy Sensitivity Specificity PPV NPV TP TN FP FN 

vFAI ≤ 0.84 88.2% 76.9% 92.1% 76.9% 92.1% 10 35 3 3 

CTCA Stenosis ≥50% 47.1% 53.8% 44.7% 25% 73.9% 7 17 21 6 
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FFR<0.80 

 

Accuracy Sensitivity Specificity PPV NPV TP TN FP FN 

vFAI ≤ 0.84 92.2% 90.9% 92.5% 76.9% 97.4% 10 37 3 1 

CTCA Stenosis ≥50% 43.1% 45.5% 42.5% 17.9% 73.9% 5 17 23 6 

 

Figure 30: ROC curves comparing vFAI vs. CTCA diagnostic performance to recognize 

hemodynamically significant coronary lesions (FFR ≤0.80). The area under the curve for the vFAI is 

0.90 (P<0.0001), whereas for CTCA is 0.51 (P=0.93). 

4.2.1.10 Discussion 

We have demonstrated the feasibility of deriving an accurate index of hemodynamically 

significant coronary lesions through non-invasive quantitation of CTCA-based vFAI. 

Specifically, in a population of patients with intermediate probability of CAD and stenosis 

severity ranging from 30% to 70%, vFAI could be readily obtained within a few-minutes 

computation time, well matching the results of the accepted gold-standard represented by 

invasive FFR.  A cut off vFAI value of ≤0.84 was associated with a modest sensitivity (76.9%), 

but high specificity and NPV (88.2% and 92.1%, respectively) for identifying lesions with FFR 

≤0.8. An FFR cut-off value <0.80 resulted in even higher sensitivity and NPV [116]. 
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  A number of studies have already reported the ability of CTCA derived functional 

indexes to mimic invasive FFR measurements for the detection of hemodynamically significant 

CAD [79-81]. In particular, while initial reports had suggested the existence of only a moderate 

agreement between FFRCT and invasive FFR [87], recent refinements of computational 

techniques and CFD modelization have improved the accuracy of FFRCT in unmasking the 

presence of hemodynamically significant coronary lesions and quantifying their severity [79].  

Our results show that vFAI slightly overestimates FFR, but can distinguish functionally 

significant from non-significant lesions with high specificity and NPV. In our study population, 

the cut off vFAI value of 0.8, which has been used in prior studies, would have resulted in a 

low sensitivity (45.5 %).  Due to the slight overestimation of FFR by vFAI demonstrated in the 

present study, the best cut off value for vFAI was 0.84 which increased sensitivity to levels 

comparable to those of similar studies without affecting significantly the specificity. Even a 

sensitivity value of 76.5% could seem rather modest for unmasking the presence of a 

pathological FFR however, since in our study only 13 out of 51 lesions had a FFR ≤0.8, the 

diagnostic sensitivity of vFAI might have been spuriously diminished. Furthermore, our results 

demonstrate that for studies of adequate quality, coronary calcification did not affect 

significantly the agreement between vFAI and FFR. Intense calcification affects image quality 

by creating the so-called “blooming effect” leading to an overestimation of the arterial lumen 

and thus restricting data analysis only to studies without obvious artefactual effects. We are 

currently working to resolve these issues by developing a dedicated “blooming removal” 

algorithm and further denoising filters. 

Today’s advanced computational methods are based on modeling of the physiological 

parameters of coronary microcirculation and vascular resistance and their influence in coronary 

flow during hyperemia [79, 80].  Considering that virtual functional assessment reflects only 

vessel geometry-related changes without taking into account alterations at the microcirculation 

level, slight disagreement between ours and other FFRCT techniques regarding the optimal 

threshold for disease detection should be expected. The same holds true for the comparison 

between vFAI and ICA-FFR. A further difference between our approach and those of prior 

studies on FFRCT is that vFAI is not influenced by the effect of any side branch on the calculated 

coronary flow, assuming that flow is the same alongside the length of an artery.  

Previous studies found that FFRCT slightly overestimates the actual FFR values [79-81, 

97] (Mean difference between FFR-FFRCT: Kruk et al.: +0.01, Koo et al.: +0.022, Min et al.: 
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+0.058 and Norgaard et al.: +0.03).  These studies use a different approach regarding the 

calculation of FFRCT, where the entire coronary vasculature is reconstructed in 3D and the 

lumped parameter models of the microcirculation to the outflow boundaries are coupled but at 

the expense, of increased computational time and need of strong computational power. Using 

another approach, Taylor et al. [117], computed the vascular resistance and calculated the LV 

mass for estimating FFR. Despite the small overestimation of FFR compared to the 

aforementioned studies, our diagnostic accuracy is not inferior to them. In particular, diagnostic 

accuracy, sensitivity, specificity, PPV, and NPV for a per-vessel analysis for vFAI were 88.2%, 

76.9%, 92.1%, 76.9% and 92.1% whereas for FFRCT 71%, 82%, 66%, 54%, and 88% for the 

study by Min et al. [79] (for intermediate stenoses of 30%-70%) and 83%, 66.7%, 88.6%, 66.7% 

and 88.6% (for lesions from 50%-69%) for the DISCOVER-FLOW study [81], respectively. 

In the present study, we have included patients with coronary stenoses ranging from 

30% to 70% in whom estimation of hemodynamic significance of coronary disease is more 

clinically meaningful [118, 119]. Moreover, the agreement between CT derived indexes and 

invasive FFR is expected to be increased by the presence of highly (≥70%) or minimally (<30%) 

stenosed lesions. Thus, testing the agreement between vFAI and FFR only in lesions ranging 

between 30% and 70% was a more severe challenge for the non-invasive index. On the other 

hand, such lesions are often associated with an FFR value in the range of 0.75-0.80, where even 

invasively derived measurements may demonstrate low reproducibility [55]. However, our own 

dataset included only 6 (11.8 %) vessels with FFR values in this range. 

Clinical Implications 

A preemptive non-invasive evaluation of the presence of hemodynamically relevant CAD is 

favored by current clinical guidelines for avoiding unnecessary coronary interventions [120]. 

Whilst different cardiac imaging tests can be used to rule out the presence of functionally 

significant CAD, a significant proportion of patients currently submitted to ICA still show no 

hemodynamically significant coronary lesions [121]. Many of these patients have coronary 

atherosclerosis that can be depicted by CTCA.  A combined assessment of coronary anatomy 

and function is therefore desirable, but it generally requires two separate diagnostic tests 

resulting in higher immediate costs. Accordingly, although the advantages of a comprehensive 

anatomo-functional evaluation of patients with suspected ischemic heart disease have been 

confirmed [122, 123], such an integrated assessment is rarely performed in daily routine.  
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While CTCA has long represented the reference standard for the non-invasive depiction 

of coronary anatomy, more recently it is also being used to obtain quantitative measures of CAD 

functional relevance through the modelization of coronary flow dynamics [81, 124]. The 

calculation of FFRCT, the most validated of such functional parameters, typically requires the 

use of proprietary software with long computation times and a dedicated core-laboratory [79, 

80]. Our preliminary results suggest that vFAI might represent a valid alternative to the more 

technically demanding FFRCT, allowing a close estimation of invasive FFR and discriminating 

hemodynamically significant coronary lesions with good accuracy.  The required analysis time 

was around 25 minutes that is significantly lower when compared to that of the most well-

known FFRCT software (1-4 hours) [95] and is directly comparable to that of the study by Kruk 

et al. (average of 20 minutes per case) [97], or of the study by Ko et al. (average of 27 minutes 

per case) [98]. Moreover, the proposed method requires minimal user interaction regarding the 

3D reconstruction process of the desired arterial segment, resulting in a good interobserver 

agreement. 

Study Limitations 

One of the main limitations of our study was the rather modest sample size, which is however 

comparable to that of some prior studies reporting diagnostic accuracy of FFRCT in patients 

with lesions of intermediate severity [81].  On the other hand, in contrast to most previous 

reports, we evaluated only patients with intermediate likelihood of CAD. We have demonstrated 

good agreement between vFAI and FFR and our results compare well with prior studies on 

CTCA-based modellization of coronary flow dynamics.  This may partially be explained by the 

fact that the FFRs of 75% of patients fell in the relatively narrow range (i.e. 0.8 to 1.0). A low 

number of false negatives in general increases both sensitivity and NPV. However, when the 

diseased samples (i.e. FFR≤0.8) are a minority compared with the normal samples, a few false 

negative results affect more sensitivity than NPV. Accordingly, despite demonstrating the 

operative validity of vFAI as an accurate measure of CAD functional relevance [88], our results 

should be confirmed in a larger population of patients with a wider range of FFR values. 

Moreover, for the time being, our method can only perform a vessel-based reconstruction and 

not that of the entire arterial tree. Nevertheless, for the purposes of the current study this was 

not a drawback, since we only assessed specific segments on which the FFR was invasively 

measured. We are currently improving our algorithm in order to have the ability to perform a 

full 3D reconstruction of the entire arterial tree and this will be tested in a larger prospective 

study. Finally, striving for an almost absolute agreement between vFAI and FFR is probably an 
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elusive task considering the intrinsic nature of vFAI. The latter mainly expresses the "potential" 

functional impact of anatomy, which differs fundamentally from the invasively calculated FFR 

that measures directly the effect of anatomy on real pathophysiologic conditions and thus, may 

be influenced by the vasodilating capability of the whole coronary system. 

4.2.2 Characterization of functionally significant coronary artery disease by a novel 

coronary computed tomography angiography-based index: a comparison with PET 

perfusion 

Coronary blood flow is probably a better marker of the functional status of the coronary 

circulation providing an integrated assessment both of the epicardial vessels and the 

microcirculation and therefore, constitutes a parameter of great interest for diagnostic and 

management strategies [125, 126]. In the non-invasive setting, quantitative measurement of 

myocardial blood flow (MBF) at rest and stress and myocardial flow reserve (MFR) using 

Positron Emission Tomography (PET) provide accurate assessment of functionally significant 

CAD. In particular, it has been demonstrated that addition of MFR provides incremental risk 

stratification above that obtained by semi-quantitative analysis of PET images, leading to 

significant and meaningful risk reclassification (of approximately 35%) of intermediate-risk 

patients and modifies the effect of revascularization [127].  

A number of studies have explored the relationship between FFR and PET derived MBF 

stress and MFR showing a moderate correlation [128-130]. However, no data exists on the 

relationship between FFRCT or vFAI, and PET derived measures of quantitative perfusion. 

Similarly, there are no studies to date testing the ability of CCTA derived functional indices to 

predict perfusion changes by PET in stenotic vessels at CCTA. The purpose of the present study 

was to test the hypothesis that vFAI is related with regional flow parameters derived by 

quantitative PET and can be used to predict perfusion abnormalities in vessels with stenosis at 

least 30% of the vessel diameter at CCTA. 

4.2.2.1 Study Population 

In the context of the FP-7 EVINCI (NCT00979199) and Horizon 2020 SMARTool 

(www.smartool.eu) projects, individuals who have undergone both CCTA and PET perfusion 

with quantification were identified (Figure 31). The characteristics of the study population, 

details on imaging procedures and protocols have already been described elsewhere [111]. 

Dedicated core-labs were responsible for the harmonization of imaging protocols, quality 
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assessment of imaging tests and independent imaging analysis.  Based on the selection criteria 

for the SMARTool project, only EVINCI studies with a fair to excellent CCTA image quality 

were included for analysis.  Accordingly, 23 from the 99 EVINCI patients were excluded, as 

they did not meet the pre-specified standards. For consistency in image analysis and subsequent 

simulations in all data sets, five additional patients requiring extra smoothing and processing of 

the images were also excluded. The remaining 73 patients had at least one vessel free of noise, 

motion artifacts or heavy calcifications and had a maximum increment between slices of 0.625 

mm. 

 

Figure 31: Enrolment and data acquisition scheme. 

4.2.2.2 CCTA Imaging 

CCTA acquisition protocol has been previously described [111]. Briefly, CTCA was carried 

out in ≥64 slice scanners. The arterial segments of interest were reconstructed in mid to end 

diastole (70%-80% of the R-R interval) with an average slice thickness of 0.6 mm and an 

increment of 0.6 mm. To optimize image acquisition and final CTCA quality, beta-blockers and 

sub-lingual nitrates were used as per study protocol. The presence of coronary calcifications 

was evaluated in each patient by computation of calcium score (CACS), which was considered 

extensive when it was higher than 400. Scan quality of the CTCA was categorized 4 categories 

(i.e. excellent, good, fair and poor). Angiographic stenosis severity was classified into four 

groups (<30%, 30-50%, 50-70% and 70-90%). 
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4.2.2.3 PET imaging and data analysis 

PET scanning with 15O-water or 13N-ammonia was performed according to international 

guidelines [131] as described elsewhere [132]. To assign each of the 17 myocardial segments 

to the pertinent coronary artery, image fusion of CCTA and PET derived datasets was performed 

on a dedicated workstation (Advantage Workstation 4.4, GE Healthcare) using the CardIQ 

Fusion software package (GE Healthcare) as previously described [122, 133].  Based on existing 

literature, an MFR <2 that has been consistently found to be associated with adverse prognosis, 

was used as a common cut off for the combined analysis of 15O-water and 13N-ammonia studies 

[126]. For tracer-based sub-analysis, thresholds selection for detection of significant CAD was 

based on prior studies from the investigators’ group.  PET studies were considered positive for 

significant CAD, when more than one contiguous segments showed stress MBF ≤2.3 ml/g/min 

for 15O-water [134] or <1.79 ml/g/min for 13N-ammonia [132]. The corresponding MFR 

thresholds were ≤ 2.5 and ≤ 2 for 15O-water and 13N-ammonia respectively.   

Finally, for assessing the value of vFAI to predict the presence of inducible perfusion 

abnormalities, perfusion in 13N-ammonia studies was classified in each of 17 segments as 

normal, mildly reduced, moderately reduced, severely reduced, or absence of perfusion, and the 

segmental scores were summed for the stress and rest images. An inducible perfusion 

abnormality was defined as a summed segmental difference score (SDS) between stress and rest 

images ≥2, either from a score ≥1 in ≥2 contiguous segments, or ≥2 in ≥1 segment.  The extent 

of perfusion defects was also computed as % of the left ventricle and significant reversibility 

was defined as regional perfusion defect involving ≥ 10% of the left ventricle. Analysis of all 

PET images was performed by two experienced independent physicians who were unaware of 

the patients’ data. 

4.2.2.4 Statistical analysis 

Quantitative data are presented as mean values ± SD, while qualitative variables as absolute and 

relative frequencies. Probability values are two-sided from the Student t-test or Mann-Whitney 

U test for continuous and categorical variables, according to the normal or skewed distribution 

of the variables. When there were more than 2 categories, ANOVA or Kruskall-Wallis test was 

used. For between subgroups comparisons, a Bonferroni correction was performed. Non-

continuous values were compared by chi-square test. A value of p<0.05 was considered 

significant. To assess relationships between CCTA-vFAI values and PET derived parameters, 
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Pearson’s correlation coefficient was used. In agreement with recent recommendations for 

FFRCT utilization, a threshold ≥ 30% of the vessel diameter was selected for calculating the 

predictive value of CCTA-vFAI to detect an attenuated stress MBF or MFR response [135]. 

Further analysis using the more conventional threshold of ≥50% from combined data of both 

two tracers was also performed.  The optimal threshold of CCTA-vFAI for predicting an 

attenuated stress MBF or MFR was determined using the Youden index. Finally, the diagnostic 

accuracy of CCTA-vFAI was compared with stress MBF and MFR for predicting regional 

perfusion defects, using receiver-operating characteristic [136] area under the curve [137] 

analysis according to Delong et al. Statistical analyses were performed using SPSS version 20 

(Chicago, Illinois, USA), while MedCalc version 13 (Ostend, Belgium) was used for the 

comparison of the areas under the ROC curves (Delong et al Biometrics 1988). 

4.2.2.5 Results 

vFAI assessment was feasible in 155 vessels (114 with corresponding PET 15O-water and 41 

with PET 13N-ammonia studies).  Seventy-three coronary vessels (52 with corresponding PET 

15O-water and 21 with PET 13N-ammonia studies) from 65 patients, exhibited a stenosis ≥30%. 

Most of patients (mean age: 62.23±7.96 years old) were men with dyslipidaemia and had lesions 

of intermediate (median 30-50%) severity in CTA.  Forty-one arteries had a 30-49% stenosis 

(56.2%), 26 had a 50–70% (35. 6%), and 6 arteries had 70-90% stenosis (8.2%).   Baseline 

demographic, clinical and lesion characteristics of the study population are summarized in 

Table 12. Nineteen vessels presented multiple lesions (12.9%). 

Table 12: Baseline demographic, clinical and lesion characteristics 

Patients (n=71) N (%) 

Age 62.2±7.7 

Gender (male) 38 (54) 

Symptoms  

Typical angina 11 (15) 

Atypical angina 42 (60) 

Non anginal chest pain 18 (25) 

Risk factors  

Arterial Hypertension 37 (52) 

Dyslipidaemia 43 (61) 

Smoking 14 (20) 
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Family history of CAD 26 (37) 

Diabetes Mellitus 11 (15) 

Obesity  13 (18) 

BMI 26.9±3.7 

Medications  

Oral antidiabetics 8 (11) 

Insulin 4 (6) 

Statins 42 (59) 

ACEI 22 (31) 

Diuretics 10 (14) 

ARBs 11 (15) 

b-blockers 39 (55) 

Ca antagonists 9 (13) 

ASA 53 (75) 

Nitrates 9 (13) 

Total vessels analyzed (vFAI) 155 

LAD 60 (38.70) 

RCA 44 (28.4) 

LCx 51 (32.9) 

Total vessels with stenosis ≥ 30% (vFAI) 73 

15O-water 52 (71.2) 

13N-ammonia 21 (28.8) 

LVEF 54.94±7.05 

 

4.2.2.6 Impact of stenosis severity on quantitative PET indices 

In regions supplied by vessels without significant narrowing (<30%), MFR was 3.1 (CI range 

2.12 to 4.08). Compared to the latter, MFR was reduced as stenosis severity increased (p<0.001) 

(Figure 32). Specifically, for stenotic lesions 30-50%, MFR was 2.68 (CI range 1.88 to 3.49), 

between 50-70%, 2.25 (CI range 1.51 to 2.99) and for coronary stenoses >70%, MFR was 1.64 

(CI range 0.93 to 2.35), respectively. MFR was also significantly reduced in regions supplied 

by vessels with a stenosis >70% compared to those with stenosis 30-50% (p<0.001).  For 

measurements obtained from 15O-water PET studies only, a significant progressive reduction 

of stress MBF and MFR was observed as stenosis severity increased (p<0.001 for both) (Figure 

33).  For measurements computed from 13N-ammonia PET scans only, no significant 
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differences of stress MBF or MFR were observed in arteries with narrowing ≥ 30% compared 

to vessels without significant narrowing (Figure 32). 

 

Figure 32: Impact of stenosis severity on vFAI and MFR, respectively. 

4.2.2.7 Impact of stenosis severity on vFAI 

In the total vessel analysis , vFAI values corresponding to lesions of intermediate severity (30-

70%) was lower compared to non-stenotic lesions and it was further reduced in lesions >70% 

of the vessel diameter (p<0.001). Regarding PET measurements with 15O-water, stress MBF 

progressively declined as stenosis severity increased (p<0.001). MFR in coronary lesions of 

intermediate severity (30-50% and 50-70%) was also significantly lower compared to non-

stenotic vessels and it was further reduced for stenoses>70% (p<0.001). MFR in the latter was 

also lower compared to lesions with a diameter stenosis 30-50% (p=0.02).  In 13N-ammonia 

studies, stress MBF and MFR were unaffected by stenosis severity. vFAI for arteries with 

diameter stenosis <30% was 0.91 (CI range: 0.90-0.93). Compared to the latter, vFAI declined 

(p<0.001) as stenosis severity increased: 0.82 (CI  range  0.74 to 0.91) for stenoses 30-50%, 

0.80 (CI range  0.69 to 0.91) for 50-70% and 0.79 (CI range 0.7 to 0.88) for 70% -90% 

respectively. 
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Figure 33: Impact of stenosis severity on several PET indices. 

4.2.2.8 Relationship between vFAI and quantitative PET indices 

There was a positive modest statistically significant relationship between vFAI and MFR 

(R=0.41, p<0.001). (Figure 34). In vessels with narrowing ≥30%, vFAI and MFR were 

concordantly normal in 54.8% of vessels and concordantly abnormal in 21.9%. Discordance 

was observed in 27.4% of vessels (17.8% with abnormal vFAI but normal MFR values and 

5.5% with abnormal MFR and vFAI > 0.8) (Tables 11-13). For 15O-water PET measurements 

only, there was a modest but statistically significant association between vFAI and MFR 

(R=0.41, p<0.001). vFAI was also positively associated with stress MBF (R=0.48, p < 0.001). 

For 13N-ammonia PET measurements only, the corresponding values were R=0.32, (p=0.04) 

and R=0.5 (P=0.001), respectively).  Agreement between vFAI and MFR in these sub groups is 

shown in Tables 11-13. 

Table 13: Agreement between vFAI and MFR for 15O-water PET measurements (vessels >30%, n=73) 

 vFAI≥0.8 vFAI<0.8 

CFR≥2.0 40  (54.8%) 13 (17.8%) 

CFR<2.0 4 (5.5%) 16 (21.9%) 

Kappa value=0.49, p<0.001 
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Table 14: Agreement between vFAI and MFR for 15O-water PET measurements 

 vFAI≥0.8 vFAI<0.8 

CFR≥2.5 74 (64.9%) 5 (4.4%) 

CFR<2.5 16 (14%) 19 (16.7%) 

Kappa value=0.53, p<0.001 

Table 15: Agreement between vFAI and MFR for 13N-ammonia PET measurements 

 vFAI≥0.8 vFAI<0.8 

CFR≥2.0 27 (67.5%) 4 (10%) 

CFR<2.0 5 (12.5%) 4 (10%) 

Kappa value=0.33, p=0.04 

4.2.2.9 Diagnostic accuracy of vFAI for detecting reduced hyperemic response or MFR  

A vFAI threshold of 0.8 (95% CI: 0.6 to 0.82) had a sensitivity, specificity, PPV, NPV and 

accuracy of 80%, 75.5%, 55% 91% and 76.7% respectively for predicting MFR <2 in regions 

subtended by vessels with stenosis ≥ 30%.  (Figure 34). A separate analysis for 15O-water PET 

and 13N-ammonia PET studies respectively was also performed. Regarding the former, the 

optimal cut-off value of vFAI to identify MFR ≤ 2.5 in regions supplied by vessels with stenosis 

≥ 30% was ≤ 0.8 (95% CI: 0.63 to 0.88) with sensitivity, specificity, PPV, NPV and accuracy 

of 64.3%, 83.3%, 81.8%, 66.77% and 73% respectively.  For identifying a stress MBF ≤ 2.3, 

the corresponding values for the same threshold ≤ 0.8 (95% CI: 0.69 to 0.91) were 88.9%, 

82.4%, 72.7%, 93.3% and 84.6% respectively (Figure 34). For 13N-ammonia PET analysis, the 

optimal threshold of vFAI to detect MFR < 2 or stress MBF < 1.79 was ≤ 0.79 (95% CI: 0.47 

to 0.88, sensitivity, 66.7%; specificity, 80%; PPV=57.1%; NPV=85.7%; accuracy=76.2%) and 

≤ 0.82 (95% CI: 0.56 to 0.93, sensitivity,83.3%; specificity, 73.3%; PPV=55.6%; NPV=91.7%; 

accuracy=76.2%), respectively (Figure 34) . 
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Figure 34: Diagnostic accuracy of vFAI for detecting reduced hyperemic response or MFR. 

4.2.2.10 Performance of vFAI and quantitative PET indices for detecting inducible 

perfusion defects 

To further explore the ability of vFAI to detect functionally significant coronary lesions, its 

diagnostic accuracy was compared to quantitative 13N-ammonia PET indices for identifying 

either a regional perfusion defect of any size (SDS≥2) or a regional perfusion defect involving 

≥10% of the left ventricle downstream a luminal stenosis of ≥ 30% on CCTA. No statistically 

significant differences were found between vFAI and ΜFR or stress MBF, regarding their 

ability to detect a perfusion detect: pairwise comparisons of ROC curves: vFAI vs. ΜFR 

p=0.87, vFAI vs. stress MBF p=0.55 and ΜFR vs. stress MBF, p= 0.62. Similar were the results 

regarding the comparative ability for predicting a regional perfusion defect of ≥10% of the left 

ventricle: vFAI vs. MFR, p=0.87; vFAI vs. stress MBF p=0.54 and MFR vs. stress MBF p= 

0.25) (Figure 35). 
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Figure 35: Performance of vFAI and quantitative PET indices for detecting inducible perfusion defects 

4.2.2.11 Discussion 

Our results show that vFAI can be readily computed in the majority of coronary vessels from 

standard CCTA datasets, identifying with reasonable accuracy the presence of an attenuated 

stress MBF or MFR downstream a coronary lesion  ≥30% of the vessel diameter at CCTA. 

Non invasive evaluation of patients with stable symptoms: anatomy versus function 

It has been consistently demonstrated that the event-rate of patients with stable symptoms is 

mainly determined by the functional severity of CAD rather than by anatomic disease burden 

[138]. Accordingly, current guidelines on the management of stable CAD recommend 

proceeding to ICA only in the presence of significant myocardial ischemia [2]. However for 

diagnostic purposes, anatomical imaging in the form of CCTA has been recommend as a first 

line testing [120], as it is the reference standard for non-invasive evaluation of coronary 

anatomy, showing excellent accuracy in unmasking the presence of angiographically significant 

CAD [111].   

CCTA can also allow evaluation of CAD hemodynamic relevance, through computation 

of FFRCT. No studies so far have assessed the relationship between stenosis severity, FFRCT 

measurements and absolute myocardial perfusion parameters.  Our study demonstrates that 

vFAI is lower in vessels with stenotic lesions compared to those without significant stenosis. 

However, we did not observe a statistically significant stepwise decline of vFAI as stenosis 

severity increases probably because 91.8 % of all lesions were in the range of 30-70%, 

confirming the rather unpredictable relationship between hemodynamic significance of 
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coronary stenoses determined by visual assessment and FFRCT values. Regarding PET 

measurements with 15O-water, a significant progressive reduction of stress MBF was observed 

as stenosis severity increased. MFR was also declined, however, between group comparisons 

revealed no statistically significant differences for measurements corresponding to coronary 

stenoses 30-50% vs. those of 50-70% or between the latter and lesions >70%. In contrast, 13N-

ammonia PET measurements were not influenced by coronary stenosis severity. Besides 

differences between the two tracers in extraction fraction and modeling approaches for 

perfusion quantification, the lack of statistically significant differences between measurements 

corresponding to various degrees of disease severity, is more likely due to the fact that more 

than half of lesions were in the range of 30-50%, for which prior studies have shown no 

difference in MFR or stress MBF compared to vessels without significant narrowing. 

Pressure driven measurements versus absolute myocardial perfusion 

Pressure-derived measures of CAD hemodynamic relevance (i.e. FFR and FFRCT) can only give 

an indirect assessment of coronary flow capacity, showing a frequent discrepancy with absolute 

MFR values [22], which becomes more pronounced in patients with coexistent diffuse CAD 

and/or impaired microvascular function [138]. In keeping with these observations, we have 

demonstrated a modest statistically significant correlation between vFAI and absolute 

myocardial perfusion parameters, with discordant values in roughly 20% of the analyzed 

vessels. A significant determinant of this modest relationship is the methodology used for 

computation of vFAI that is based on the assumption that minimal coronary resistance does not 

differ between stenosed and normal coronary arteries [125]. Beyond methodological aspects, in 

principle, physiological   parameters can also contribute to the discordance between MFR and 

vFAI.  The latter can be reduced in cases of epicardial disease as a result of a pressure drop, but 

MFR can be preserved if there is an intact vasodilator response. Conversely, a normal vFAI 

with impaired MFR may be the result of an undiseased coronary artery but underlying 

microvascular disease, or it could be derived by diffuse epicardial disease either on its own or 

in combination with microvascular pathology, where the low flow through the small vessels 

does not permit the development of significant pressure gradient across the epicardial stenosis.  

In our study, the optimal cut-off value of vFAI to identify significant coronary lesions, 

defined as stenosis with downstream MFR ≤2.5 for 15O-water studies or <2 for 13N-ammonia, 

was ≤ 0.8 and ≤0.79 respectively, which mirrors previously published studies on the accuracy 

of FFRCT in unmasking the presence of invasively assessed significant CAD. vFAI thresholds 
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of  ≤ 0.8 and 0.82 for 15O-water studies and 13N-ammonia respectively were identified for 

prediction of abnormal stress MBF with accuracy levels comparable to those recorded for MFR, 

thus providing a comprehensive validation of this novel diagnostic pressure-based measure of 

coronary vessel behavior. 

Determinants of inducible myocardial ischemia in patients with intermediate coronary 

lesions 

A number of studies have demonstrated that coronary revascularization should be limited to 

patients with high-risk ischemia on MPI (i.e. >10% of the LV). Conversely, conservative 

management is favored for patients with mild or no ischemia on MPI or in the presence of a 

normal FFR (>0.8). However, estimates of CAD hemodynamic relevance on MPI and FFR 

frequently disagree, questioning the interchangeability of those measures [139]. For instance, 

the agreement rate between SPECT and FFR has been reported to be in the region of 80% and 

becomes lower in the acute setting where the two modalities disagree in 30% of patients [139].  

Despite extensive validation of FFRCT against invasive FFR [140], there is limited data 

on the relationship between the former and radionuclide MPI-derived parameters. Moreover, 

no previous study has assessed the relationship between FFRCT and high-risk ischemia (>10% 

of the LV) or the ability of the former to predict the latter. The only study so far by Nakanishi 

R et al. has shown only modest concordance between SPECT MPI and FFRCT [141]. Although 

not directly comparable, our study shows a lack of correlation between vFAI and PET perfusion 

and in addition, vFAI has only moderate accuracy in unmasking the presence of myocardial 

ischemia on 13N-ammonia PET, which increases to 80% when only high-risk ischemia was 

considered. These findings are expected considering the different physiological concepts 

underlying MPI and FFRCT for identifying the functional significance of epicardial stenoses. 

These differences appear to be even more pronounced in the absence of absolute quantification, 

as only a relative assessment of myocardial perfusion heterogeneity is feasible by semi-

quantitative image analysis. 

Clinical implications 

The development of a CCTA based index which could detect reliably the functional significance 

of a coronary lesion in the range of 30-90% has become of paramount importance as it will 

allow a complete anatomo-functional characterization of CAD burden by a single investigation, 

possibly reducing the downstream inappropriate referral to ICA. In this context, vFAI is a 
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validated pressure-based index of CAD hemodynamic relevance, derived from the application 

of computational flow dynamics to a standard CTCA datasets, without need for extra radiation 

exposure, and with a limited computational time [88]. Interestingly, while CT-based coronary 

functional evaluation has already been shown to mimic the results of invasive FFR [140, 142], 

a validation of this technique against PET-derived absolute MBF parameters as integrated 

measures of global coronary fluid dynamics, has never been performed. This latter aspect is of 

particular relevance, since vFAI/FFRCT values, obtained after the three-dimensional 

modelization of coronary plaque burden, may only simulate the hemodynamic impact of 

epicardial atherosclerosis, disregarding the possible impact of underlying microvascular 

dysfunction. Our data show that vFAI correlated moderately with PET-derived absolute stress 

MBF and MPR values, and were able to predict the presence of impaired myocardial perfusion 

in the majority of patients. Nevertheless, the disagreement between vFAI and MFR that existed 

in around 20% of vessels confirms further that no single measure can depict entirely the 

complexity of coronary physiology, suggesting a potentially complementary role of vFAI for 

CAD diagnosis and risk stratification.  

Limitations 

The results of the present study should be interpreted by taking into account its modest sample 

size. Furthermore, for technical reasons, only a per-vessel evaluation of CCTA and 

corresponding PET data analysis was feasible. Nevertheless, we have followed a hybrid 

imaging-based approach of CCTA and PET datasets achieving perfect co-localization of each 

coronary artery with the pertinent myocardial territory and avoiding any incorrect assignment 

of vFAI and MBF data. We have excluded from the initial cohort, 28% of patients with CCTA 

studies because of significant motion or calcification, factors that hamper imge quality and vFAI 

assessment, however, prior studies have also excluded a high rate of CCTA scans.  In any case, 

exclusion of vessels of inadequate quality for calculating vFAI is not an important limitation, 

since the current study was not designed to assess the diagnostic accuracy of CCTA when vFAI 

is incorporated in the data analysis. Instead, our aim was only to test the relationship between 

vFAI and quantitative myocardial perfusion and assess the ability of the former to predict 

perfusion abnormalities in vessels with stenotic lesions. In our study, the degree of anatomic 

stenosis was derived from CTCA and not from coronary angiography, which is the gold 

standard for narrowing assessment. Nonetheless, the excellent accuracy of CCTA in quantifying 

CAD severity has been already demonstrated, making this technique of particular value in the 
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evaluation of patients at intermediate pre-test probability of CAD [111]. Finally, ICA-FFR was 

available only in 13.7% of cases, however, the aim of the current study was not to compare 

vFAI with FFR. We have already performed such assessment previously, and in agreement with 

prior studies, we have selected in the present one, functional parameters as the reference 

standard to test the predictive value of vFAI. We acknowledge that the latter reflects only vessel 

geometry-related changes without taking into account alterations at the microcirculation level, 

but is a simple index with limited computational time, which defines with reasonable accurately 

the presence of hemodynamically significant coronary lesions on PET imaging. 

4.3. Computational assessment of coronary stenosis using invasive techniques 

This section describes two of our proposed methods regarding the computational hemodynamic 

assessment of coronary arteries using data deriving from invasive imaging modalities. In 

particular, the first method that will be described uses only one imaging modality (IVUS), 

whereas, the second one utilizes data from two of the most common invasive coronary imaging 

modalities (IVUS and Angio). 

 Virtual Functional Assessment of Coronary Stenoses Using  

Intravascular Ultrasound Imaging 

Functional assessment of intermediate-grade coronary stenoses using fractional flow reserve 

(FFR) is valuable for the management of stable coronary artery disease [49]. Intravascular 

ultrasound (IVUS) imaging provides significant anatomic information for guidance of 

percutaneous coronary intervention but the IVUS-based anatomic measures of lesion severity 

do not correlate well with FFR [59]. The high cost, additional procedure time and the 

incremental risk during the intervention are among the main factors which preclude the regular 

use of both FFR and IVUS in the same patient in the catheterization laboratory. Recently, the 

use of 3D quantitative coronary angiography (3D-QCA) coupled with computational fluid 

dynamics (CFD) has been proposed for virtual functional assessment of stenosis [85, 88], but a 

similar approach using IVUS images has not been previously studied. 

In the current work, we aimed to investigate the performance of virtual functional 

assessment of coronary stenoses using IVUS-based 3D coronary artery reconstruction and 

computational fluid dynamics against FFR measured using the pressure wire. 
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4.3.1.1 Dataset 

22 patients who underwent VH-IVUS were enrolled in the current study. Our study population 

presented either an abnormal stress test or stable angina and therefore required an invasive 

evaluation of the coronary physiology.  IVUS imaging was performed by using a motorized 

pullback device (constant speed of 0.5 mm/sec) with either a phase-array 20 MHz transducer 

(16 arteries; Volcano Corporation, Rancho Cordova, CA-16 arteries) or a mechanical 40 MHz 

transducer (6 arteries; Opticross, Boston Scientific Corporation, MA, USA). FFR was measured 

using a pressure wire (ComboWire XT, Volcano Corporation, CA, USA or PressureWire Aeris, 

St Jude Medical, MN, USA) according to standard clinical practice.  

4.3.1.2 Arterial Segment 3D Reconstruction 

In order to avoid any artifacts caused by the relative motion of the heart during a cardiac cycle, 

the end-diastolic (R-peak) frames were extracted from the respective IVUS sequences. The 

aforementioned R-peak frames were used to annotate the luminal borders using an in-house 

developed algorithm, thus creating a border of 85 points per frame (Figure 36). These points 

were then translated into pixel coordinates regarding the x and y axes.  Using a pixel spacing 

value of 0.02 mm/pixel in both axes that was acquired from the respective IVUS dicom tag, we 

transformed the pixel coordinates into Cartesian coordinates. In order to define the actual 

pullback length in each case, given the fact that the pullback was motorized, we calculated the 

total pullback time from the IVUS sequence and used Eq. 53 to calculate the total length: 

,total

pullback

t
L

u
                                    (53) 

where t is the total pullback time (s) and upullback is the pullback speed (mm/s). 
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Figure 36: Annotation and segmentation process of the IVUS frames. 

Then, for a given number of VH-IVUS frames n, we have n-1 equidistant spaces between the 

frames. In order to define the distance between the aforementioned frames in the z axis, we 

divide the total length of the examined segment with the total number of spaces that were 

previously defined (Eq. 54): 

1

totalL
d

n



                                   (54) 

where d is the distance between two consecutive frames, Ltotal is the total length of the arterial 

segment and n is the number of frames (Figure 37). 
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Figure 37: IVUS 3D reconstruction method 

Finally, the segmented frames are placed perpendicularly on the z axis at the defined points that 

are calculated from Eq. 3, thus creating the final point cloud. The point cloud is then transformed 

into a straight 3D volume (Figure 38). 

 

Figure 38: Point cloud to 3D volume transformation process. 

4.3.1.3 Results 

In the 22 cases studied, the mean FFR was 0.87±0.09, and 5 cases had FFR≤0.8 indicating 

functionally significant stenoses. There was a close correlation between IVUS-based vFAI and 

FFR (Spearman correlation coefficient [rs] = 0.88, p<0.0001; Figure 1E). The Bland-Altman 

plot showed a mean difference of 0.0196±0.037 (p=0.023 for difference from zero; Figure 1F) 

indicating that vFAI slightly overestimates on average the FFR. All 5 cases with functionally 

significant stenoses (FFR≤0.8) were correctly categorized by the IVUS-based vFAI 
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(vFAI≤0.8). In our very small sample size, the diagnostic accuracy, sensitivity, specificity, 

positive predictive value and negative predictive value of the IVUS-based vFAI (≤0.80) against 

FFR (≤0.80) were 95.5, 100, 94.1, 83.3 and 100%, respectively (Figure 39). 

4.3.1.4 Discussion 

Our results demonstrate for the first time the feasibility of using routine intravascular imaging 

for virtual functional assessment of coronary stenoses. Previous studies have shown that 

anatomic indices (e.g. minimum lumen area) derived from IVUS or optical coherence 

tomography have a mediocre correlation with FFR and cannot be used in routine practice for 

identifying functionally significant stenoses with a high diagnostic accuracy [59, 61]. Our 

approach differs from previous studies, making use of the cross-sectional intravascular images 

for performing blood flow simulation, thereby providing the pressure distribution across a 

lesion. Although our method neglects the curved geometry of the coronary arteries on the 

epicardial surface, our results suggest that the 3D curvature does not have a major impact on 

the pressure distribution, and thus, this limitation may not be critical for accurate virtual 

functional assessment of coronary stenoses. 

The proposed approach provides both anatomic and physiologic information, thereby 

enabling complete and comprehensive assessment of coronary lesions pre- and post-

intervention using one intravascular imaging catheter without requiring the pressure wire. These 

observations may have important clinical implications in routine practice, and warrant further 

investigation in a larger clinical setting in order to appropriately assess the diagnostic 

performance of the proposed approach. 
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Figure 39: A. Angiographic image of a Left Anterior Descending artery with a functionally significant 

lesion assessed by fractional flow reserve (0.71). The two straight lines indicate the proximal and distal 

ends of the segment interrogated by intravascular ultrasound (IVUS). The arrow indicates the location 

of the minimum lumen area. B. IVUS image corresponding to the minimum lumen area (1.82 mm2) of 

the lesion. C. Three-dimensional coronary lumen reconstruction after linearly stacking the lumen 

borders of the IVUS images. A color map denotes the pressure distribution for the simulated rest and 

hyperemic flow rates which are used for the computation of the virtual functional assessment index 

(vFAI). The arrow denotes the location of the minimum lumen area shown in the IVUS image. D. 

Relationship between the ratio of distal to aortic pressure (Pd/Pa) and flow for the studied artery, and 

calculation of the virtual functional assessment index as the ratio of the area under the curve to the 

total area. E. There was a close correlation between the IVUS-based vFAI and fractional flow reserve 

(FFR; rs=0.88). F. The Bland-Altman plot showed a mean difference of 0.020 (solid line) between 

vFAI and FFR; the dashed lines represent the values at mean±1.96SD. Of note, 20 plotted values are 

shown in graphs E and F due to overlapping of cases with identical FFR and vFAI values (i.e. there 

were two cases with FFR=0.96 and vFAI=0.98, and another two cases with FFR=0.93 and 

vFAI=0.94). 
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 Computational Assessment of the Fractional Flow Reserve using IVUS and ICA 

In this section, we present a method that allows the calculation of the FFR values in 3D coronary 

arterial models, reconstructed from IVUS and coronary angiographic images without the 

induction of hyperemia, and we compare the FFR estimations to the actual FFR values measured 

invasively using a pressure wire. The key aspect of the proposed method lies on the fact that the 

use of the pressure wire is not required since routine data from the angiography sequence and 

aortic pressure during diagnostic catheterization are used for estimating the appropriate 

boundary conditions for the simulation. Thus, FFR assessment using our method does not 

require a pressure wire and the induction of hyperemia, and thus it is cost effective. Moreover, 

it provides the opportunity of retrospective FFR assessment after the completion of the 

catheterization. 

4.3.2.1 Dataset 

In this report, seven coronary arterial segments (4 right coronary arteries [RCA] and 3 left 

anterior descending arteries [LAD]) were studied in 6 patients that underwent angiography and 

IVUS examination. Pressure values were obtained at a distal artery location of interest (i.e., 

distal to a stenosis visible in angiography) using a coronary guide wire with miniaturized 

transducers at the tip of the wire (Combo wire, Volcano Corp., San Diego, CA). The examined 

segments were mildly diseased, presenting FFR values ranging between 0.92-0.99. Only one 

patient presented angina, a fact that constitutes a limitation in our study and will be presented 

in detail in the last section. 

4.3.2.2 3D Reconstruction of the Arterial Segments 

The 3D reconstruction process consists of several steps and has been previously presented and 

validated by our group. In brief, the catheter path is identified in the biplane end-diastolic 

angiographic images, and the 3D catheter path is extracted. Then, the end-diastolic frames are 

identified and extracted from the IVUS sequence. The lumen borders are segmented from the 

end-diastolic images and placed onto the 3D catheter path. Finally, the IVUS contours are 

appropriately orientated using efficient 3D geometry algorithms, and the orientation of the first 

IVUS frame is determined so that the 3D model matches the silhouette of the lumen in the 

biplane angiographic images. 
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4.3.2.3 Flow Measurement 

A key feature of the presented method is the calculation of the volumetric flow rate (average 

flow during the cardiac cycle) under resting conditions from the angiographic image sequence. 

The flow rate is calculated by the angiographic frames required for the radio-opaque contrast 

material to pass from the inlet to the outlet of the studied segment, the corresponding volume 

directly computed from the 3D reconstructed coronary segment and the frame rate. A 

representative case with the flow calculation is presented in Figure 40. The final equation that 

is used to calculate the flow rate is the following: 

                                           (55) 

 

 

Figure 40: Flow Rate Measurement Process. 

 

4.3.2.4 Boundary Conditions 

The average patient-specific aortic pressure under resting conditions was applied at the inlet, 

while at the outlet the average coronary blood flow under resting conditions in the diastolic 

wave-free period (derived from the iFR paradigm [54]) of the cardiac cycle was determined and 

applied. The wave-free period in diastole begins 25% of the way into diastole and ends 5 ms 

Flow	Rate=
Frame	Rate	(frames/sec)	x	3D	Volume	(ml)

Frame	Count
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before the end of diastole. Figure 41 presents the wave-free period in a generic flow waveform. 

The average coronary blood flow during the diastolic wave-free period was determined using 

the average patient-specific volumetric flow rate throughout the cardiac cycle (as described 

above) and a generic coronary flow waveform for all patients. At the wall of the artery, no-slip 

boundary condition was imposed. 

 

Figure 41: Pressure and flow waveforms during the cardiac cycle; the wave-free period in diastole is 

denoted [54]. 

4.3.2.5 Results 

The objective of the presented work was to investigate the efficiency of the proposed FFR 

calculation method in a dataset of 7 patient-specific coronary arterial segments. Linear 

regression analysis and the Bland-Altman plot were performed to investigate the correlation 

and agreement between the simulated and the actual FFR values. Figure 42 illustrates a 

representative example of an LAD segment (corresponding to the angiographic images in Fig. 

2) with the simulated FFR (sFFR) assessment along the length of the artery; sFFR at the outlet 

was 0.92, while the invasively measured FFR value was 0.94. The linear regression analysis 

showed a good correlation between the sFFR and the actual FFR values with an r value of 0.85. 

The regression analysis is shown in detail in Figure 43.  The Bland-Altman plot demonstrated 
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a high similarity between the calculated and the invasively measured FFR values with a mean 

difference of 0.002 between the sFFR estimations and the invasively measured FFR. The Bland 

Altman plot is presented in Figure 43. 

 

Figure 42: Simulated FFR distribution throughout a LAD segment and comparison to the measured 

FFR value. 

  

Figure 43: Linear Regression plot and Bland Altman plots for all 7 cases. 

4.3.2.6 Discussion 

In the current study, we proposed a method which enables FFR assessment in 3D coronary 

arterial models reconstructed from IVUS and angiographic images without the use of a pressure 

wire, and we validated our approach by comparing the sFFR values to the FFR values that were 

measured conventionally using a pressure wire. Arterial segments from 6 patients with mild 

lesions were included in this pilot study. The results that were obtained with the proposed 

method correlated very well to the invasively measured FFR values, indicating the efficiency 
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of our method. Moreover, one main advantage is that the simulated FFR values are obtained 

without the induction of hyperemia. Another key element of our study is the fact that our method 

can be considered as semi-invasive whereas the traditional FFR measurement method is fully 

invasive since it requires the insertion of a wire in the coronary artery. Of note, our approach 

could provide a cost-effective method for measuring FFR since the use of costly materials/drugs 

(i.e., pressure wire and adenosine) is not required. Finally, our method also enables FFR 

assessment using retrospective data after the completion of the catheterization if the appropriate 

data are available. Future work will be focused on the 3D reconstruction of coronary segments 

using only biplane angiographic images, which in combination with the current methodology, 

will constitute a powerful tool for the calculation of the FFR value using only routine 

angiographic data. 

Our study is limited by the small number of cases included. Furthermore, all cases 

presented only mild lesions with FFR values from 0.92-0.99, values that belong to the upper 

normal range which is above the 0.75-0.80 cut-off value which indicates the absence/presence 

of inducible ischemia. Finally, our method does not allow the reconstruction of side branches, 

and thus, their effect on blood flow is not incorporated. 

 smartFFR: a novel, fast index for the functional assessment of coronary stenoses 

In the majority of our previously described studies, the functional assessment of coronary 

stenoses was performed using vFAI, which was initially validated using ICA derived 3D 

models. We extended the validation of the method by using both CCTA derived models, as well 

as, IVUS derived 3D models reconstructed in a straight manner. The vFAI rationale is based on 

building the theoretical case-specific pressure gradient (ΔP)-flow relationship by performing 

two separate blood flow simulations in order to calculate the pressure gradient during rest and 

under stress. This is done in order to calculate the Pd/Pa values for a range of flow varying from 

0 ml/s to 4 ml/s. However, this is based on only two calculated ΔP values which are then used 

to solve the theoretical case-specific pressure gradient (ΔP)-flow relationship. In order to tackle 

this issue and create a more robust method, we proposed a fully computational approach in 

order to create the Pd/Pa curve using actual simulated data. 
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4.3.3.1  Boundary Conditions 

Regarding the inlet, an average pressure of 100 mmHg is used, following the rationale of vFAI. 

The arterial wall is assumed to be rigid and a no-slip and no-penetration boundary condition is 

used.  

The main point of deviation in comparison to the previously validated method is the 

approach used regarding the outlet boundary condition. A transient blood flow simulation is 

performed with 5 timesteps is performed with a timestep duration of 0.25 sec and a total 

simulation time of 1 second. For each timestep, the flow rate that is applied as a boundary 

condition is 0, 1, 2, 3 and 4 ml/s, respectively (Figure 44). In each timestep, we calculate the 

Pd/Pa values and then, the calculated Pd/Pa values are plotted and fitted using a smoothing spline 

of 100 points between two calculated values. The final Pd/Pa curve is then used to calculate the 

area under the curve using a trapezoidal numerical integration. The final smartFFR value is 

calculated by dividing the AUC value to the respective AUC value if we had a healthy arterial 

segment (i.e. AUC=4).  

 

Figure 44: Boundary conditions for the smartFFR calculation. 

4.3.3.2 Results 

So far, 30 cases have been examined and tested using smartFFR. The dataset consists of 3D 

models deriving from ICA, CCTA or IVUS-ICA fusion. There is a strong correlation (r=0.78, 

P<0.001) and good agreement (Difference=-0.0030.048, P=0.736, lower limit=-0.097, 95% 
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CI -0.1288 to -0.06649, upper limit=0.09165, 95% CI 0.06049 to 0.1228) between smartFFR 

and the invasively measured FFR as it can be depicted from Figure 45 and Figure 46. Moreover, 

a ROC analysis was also performed in order to identify the optimal threshold to diagnose 

ischemia for smartFFR. The optimal threshold to predict ischemia, deriving from the Youden 

index, was ≤0.78. The accuracy, sensitivity, specificity, positive predictive value (PPV) and 

negative predictive value (NPV) of the proposed method was 85%, 66.9%, 100%, 100% and 

70%, respectively (Table 16).     

 

Figure 45: Regression plot between smartFFR and the invasively measured FFR. 

 
 

Table 16: Per-vessel Diagnostic performance for smartFFR 

FFR≤0.80 

 
Accuracy Sensitivity Specificity PPV NPV TP TN FP FN 

smartFFR ≤ 0.78 85% 76.9% 100% 100% 70% 10 17 0 3 
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Figure 46: Bland-Altman plot for the two methods. 

 

 

Figure 47: ROC analysis for the smartFFR index. 
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4.3.3.3 Discussion 

We have developed a new, robust index for the computational functional assessment of 

coronary arteries called smartFFR. The aforementioned index follows the trend of the past 5 

years which tends to eliminate the use of a pressure wire for the functional assessment of 

coronary stenoses. The validation dataset of the method which is currently under constant 

expansion, consisted of 30 vessels deriving from the most common coronary imaging 

modalities. Good agreement and strong correlation was found between our method and the 

invasively measured FFR. When compared to the already validated vFAI, smartFFR differs in 

the way the Pd/Pa curve is constructed since it is computationally calculated and does not require 

the intermediate involvement of the respective theoretical case-specific pressure gradient (ΔP)-

flow relationship which also requires several assumptions to be made. The total computational 

time required for the transient blood flow simulation is less than 3 minutes per case, thus 

constituting the method almost real-time. Moreover, it can be applied to any 3D arterial model 

deriving from the most well-known coronary imaging modalities. Furthermore, with proper 

processing of the 3D models, the smartFFR index can be calculated throughout the whole length 

of the artery and not only at the distal end. This can be easily achieved by creating cross-

sectional planes of the artery for every 0.5 mm and calculating smartFFR for each plane.  

We also did a sensitivity analysis regarding the timesteps used for each case, as well as 

the total heart cycles used, in order to see if the produced results were superior to the simpler 5-

timestep simulation. However, the produced results did not reveal any noteworthy differences, 

thus leading us to use the simplest 5-timestep approach. We also did a sensitivity analysis 

regarding the points used to interpolate the spline fit in the creation of the Pd/Pa curve, 

concluding that 100 points is the optimal threshold to achieve accurate results.  
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Chapter 5: Integrated Systems for 3D Coronary Reconstruction, Functional 

Assessment and Multiscale modelling 

5.1. Introduction 

5.2. Multiscale - Patient-Specific Artery and Atherogenesis Models 

5.3. Art Care: A Multi-Modality Coronary 3D Reconstruction and Hemodynamic Status Assessment 

Software  

 

 

 

 

 

 

5.1. Introduction 

The continuous increase in the mortality rate due to cardiovascular diseases (CVD) and more 

particularly due to coronary artery diseases (CAD) has constituted the development of methods 

that allow the anatomic and functional assessment of coronary vessels of utmost importance. 

As we described in the previous chapters, several 3D reconstruction methods have been 

developed throughout the past two decades, utilizing every coronary imaging modality available 

in everyday clinical practice. Following these reconstruction methods, the constant 

improvement of CFD techniques has constituted the assessment of the hemodynamic status of 

the coronary vasculature possible, requiring far less computational time than in the near past. 

Furthermore, CFD has also been used to create plaque progression models in order to predict 

the possible evolution over time for diseased coronary segments. Regarding models for mass 

transport and plaque progression, several studies have been proposed to model the mass 

transport and endothelial permeability in arteries. The most common used conditions for the 

endothelial permeability are the Kedem-Katchalsky equations, which describe the permeability 

in biological membranes. Complex transport models in arteries consider the arterial wall as 
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multilayer, consisting of more than one layer. These models are more realistic because they 

represent the arterial wall constituting from the endothelium, the intima, the media and the 

adventitia.   

Over the years, some dedicated 3D-reconstruction and coronary functional assessment 

commercial packages have also been developed. They can be classified into two categories: a) 

single modality 3D reconstruction software and, b) 3D reconstruction software packages that 

fuse two coronary imaging modalities. The first category consists of systems that utilize plain 

traditional invasive angiography images [81, 143-145] or Coronary Computed Tomography 

Angiography (CCTA) images [146]. The second category includes systems which fuse IVUS 

and angiography images [147, 148], as well as, OCT and angiography images [149, 150]. These 

systems produce accurate 3D coronary models providing the clinician with the ability to analyze 

the coronary vasculature visually or with some additional information based on the Quantitative 

Coronary Analysis (QCA) data that are calculated.  

In this chapter, we describe two integrated systems for 3D coronary reconstruction, 

functional assessment and multiscale modelling that were developed during the past 8 years. 

The first platform called ARTool, integrates technologies of 3D image reconstruction from 

various image modalities, blood flow and biological models of mass transfer, plaque 

characterization and plaque growth. The second software suite called Art Care, is an innovative 

suite of software modules that performs 3D reconstruction of coronary arterial segments using 

different coronary imaging modalities such as IntraVascular UltraSound (IVUS) and invasive 

coronary angiography images (ICA), Optical Coherence Tomography (OCT) and ICA images, 

or plain ICA images and can safely and accurately assess the hemodynamic status of the artery 

of interest. 

5.2. Multiscale - Patient-Specific Artery and Atherogenesis Models 

In this section, we present a platform for the development of multiscale patient specific 

atherogenesis models, called ARTool. The methodology integrates three levels involved in the 

atherogenesis procedure, that is the anatomical model of the arterial tree, the blood flow model 

and the molecular/cell model of the arterial wall/blood composition and the biological 

mechanism involved in the generation and growth of atherosclerotic plaque. 
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5.2.1 3D image reconstruction 

The 3D image reconstruction software that is used within ARTool has been developed based 

on recent research studies. All algorithms have been previously validated and proven to be 

effective.  

The platform is able to process images from various imaging modalities. More 

specifically, IVUS and biplane angiography are used for the reconstruction of coronary arterial 

segments [151]. Two end–diastolic angiographic images are used to predict the catheter path. 

The artery path is approximated using cubic B – Splines and the catheter path is created by the 

intersection of two splines. IVUS frames are collected at the peak of the R wave.  

MRI is used for the reconstruction of carotid arteries [152]. Active contours with 

gradient vector flow snakes are used along with edge detection techniques for the estimation of 

the lumen and outer wall border in Time of Flight (TOF) and T1 Weighted (T1W) MR images, 

respectively. The frame where the bifurcation appears is detected and an interpolation approach 

is used for the estimation of the bifurcation.  

CT reconstruction is based on [153]. In the proposed approach, the segmentation 

algorithm traverses the 3D volume twice, which is the minimum number of iterations in order 

to segment objects in a 3D volume.  

5.2.2 Blood flow and Biological Process Modelling 

ARTool offers the capability to perform blood flow simulations under the assumption of either 

rigid or deformable walls regarding the 3D models, using the Finite Element Method (FEM). 

Fluid Structure Interaction (FSI) models are implemented using the loose coupling method to 

solve the appropriate equations. The arterial walls are considered to be either elastic or 

hyperelastic and their distal ends are fixed to prevent motion of those regions.  

Wall Shear Stress (WSS) as well as Low Density Lipoprotein (LDL) distribution are 

calculated in order to reveal areas of high risk of plaque initiation or progression. Fluid shear 

stress in our model is used for the plaque initiation and position at the wall for higher LDL 

penetration. Blood flow in the lumen domain, which is considerd as a 3D fluid flow, is modelled 

by the Navier-Strokes equations, together with the continuity equation for incompressible fluid: 
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 2 0,l l l lp      u u u                   (56) 

0,l u                       (57) 

where ul  is the blood velocity in lumen, pl is the pressure, μ is the dynamic viscosity of blood, 

and ρ is the blood density. 

Mass transfer in the lumen is coupled with the blood flow and is modelled by a convection-

diffusion equation, in the fluid domain: 

  0,l l l lD c c    u                      (58) 

where cl is the solute concentration in the blood and Dl is the solute diffusivity in the lumen. 

Mass transfer in the arterial wall is coupled to the transmural flow and modelled by a 

convection-diffusion-reaction equation as follows: 

 w w w w w wD c kc u r c                           (59) 

where cw is the solute concentration and Dw is the solute diffusivity in the arterial wall; uw is the 

blood velocity in the wall, k is the solute lag coefficient, and rw is the consumption rate constant. 

The LDL transport in the lumen and in the vessel wall are coupled by the Kedem-Katchalsky 

equations: 

  ,v p dJ L p                             (60) 

 1 ,s f vJ P c J c                          (61) 

where Lp is the hydraulic conductivity of the endothelium; Δc is the solute concentration 

difference, Δp is the pressure drop and Δπ is the oncotic pressure difference all across the 

endothelium; σd is the osmotic reflection coefficient, σf is the solvent reflection coefficient, P is 

the solute endothelial permeability, and c  is the mean endothelial concentration. The first term 

in the Kedem-Katchalsky equations (P Δc) of the right-hand side (Eq. 61) defines the diffusive 

flux across the endothelium, while the second term  1 f vJ c  defines the convective flux. Only 

the oncotic pressure difference Δπ is neglected in our simulations due to the decoupling of the 

fluid dynamics from solute dynamics. The above governing equations are transformed into a 

FE system of incremental-iterative equations and solved over time steps. 
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The atherosclerotic process starts with the accumulation of LDL in the intima, where 

part of them are oxidized and become pathological. In order to remove the oxidized particles, 

circulating immune cells (e.g. monocytes) are recruited. Once in the intima, the monocytes 

differentiate and become macrophages that phagocyte the oxidized LDL. Fatty macrophages 

then transform into foam cells. Foam cells are responsible for the growth of a subendothelial 

plaque which eventually emerges in the artery lumen. The model is a coupled fluid-intima 

model, since new mass tissue is generated from the foam cells and we have the intima volume 

increasing, which is fully coupled with the lumen domain. The inflammatory process 

(transformation of macrophages into foam cells) is modelled using three additional reaction-

diffusion partial differential equations. 

1 1 ,tOx d Ox k Ox M                           (62) 

2 1( ) / (1 ),t wM div v M d M k Ox M S S                           (63) 

3 1 ( ),thr

tS d S S k Ox M Ox Ox                             (64) 

where Ox is the oxidized LDL in the wall, M and S are concentrations of macrophages and 

cytokines, respectively, in the intima; d1,d2,d3 are the corresponding diffusion coefficients;  

and  are the degradation and LDL oxidized detection coefficients; and vw is the inflammatory 

velocity of plaque growth, which satisfies Darcy’s law and the incompressibility continuity 

equation: 

  0,w wv p                         (65) 

0,wv                                       (66) 

where pw is the pressure in the arterial wall.  

In order to follow the changes of the vessel wall geometry during plaque growth, a 3D 

mesh moving algorithm, the Arbitrary Lagrangian Eulerian (ALE) is applied. ALE formulation 

is developed for mesh moving and changing of the structural domain due to intima volume 

thickness and fluid domain reduction in time. In this way, we included both structural and fluid 

domain. Macro growth is connected through Eqs. 65-66 and the inflammatory velocity vw of the 

plaque growing from Eqs. 62-64. Two time points were examined, one at the baseline and the 

other after a period of two months of high fat diet. 
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5.2.3 Plaque Characterization 

ARTool includes also an automated plaque characterization application using three image 

modalities; IVUS, MRI and CT. Concerning the plaque characterization module using IVUS 

images, a hybrid approach is used, that is based on image filtering and random forests. The 

classification scheme includes soft plaques (lipid), hard plaques (calcium and fibrotic) and hard 

calcified (calcium) plaques. The characterization of plaque using MRI was based on an image 

processing algorithm which uses as input three different contrast weightings of MRI: T1, T2 

and Proton Density (PD). The algorithm classifies: fibrous tissue, lipid core, hemorrhages and 

calcifications. Finally, the method developed to characterize plaque formations using CT 

images includes the detection and characterization of calcium formations. The image processing 

technique that was developed is based on the fact that calcium appears brighter than the lumen 

in the CT. 

5.2.4 Results 

The platform can be used for the visualization, assessment and prediction of the atherosclerotic 

plaque development. The 3D reconstruction module gives the capability for fast and accurate 

reconstruction of arterial segments and trees. The algorithms are validated using annotated 

datasets by expert physicians. The mean error of the lumen and media-adventitia area is −0.63 

± 8.71% and −2.09 ± 8.61%, respectively, in the IVUS and Angiography reconstruction. In the 

case of the carotid artery reconstruction using MRI the mean error is −3.21±6.39% and 

1.92±5.88% for the lumen and outer vessel wall, respectively. In the case of CT reconstruction, 

the MICCAI evaluation framework [153] was employed, by measuring the number of correctly 

segmented arteries. The accuracy obtained is 84.1%.  
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Figure 48: Matching IVUS and histological cross-sectional geometry.  Shear stress distribution is 

shown along the internal arterial wall. 

The reconstructed arterial models are used for the simulation of blood flow. FEM is used 

for calculating blood flow velocities and WSS, which are assessed to have a significant role in 

plaque development. Validation in blood flow modelling is based on Doppler or MRI data for 

coronary and carotid arteries, respectively. The mean error is 4%.  

Regarding the plaque progression models, we used experimental data from pigs 

submitted to a high cholesterol diet for two months. The lumen and the outer wall of the arteries 

were reconstructed and then, matching of histological data and IVUS slices was performed, as 

it is shown in Figure 48. 
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Figure 49: Computer reconstruction of a cross-section of LAD at 15mm after bifurcation (left panel), 

with computed concentration of macrophages [mg/ml] (middle panel); histological analysis (right 

panel) after 2 months of the high fat diet. 

The Left Arterior Descending (LAD) was selected for this analysis. The process of 

matching with IVUS images was achieved by 2D modeling of tissue deformation for a number 

of cross-sections recorded by histological analysis (four cross-sections are shown in Fig. 1); 

those cross-sections are deformed until the internal lumen circumferential lengths in IVUS 

images are reached. Macrophages distribution shown in Figure 49 corresponds to the low WSS 

zone at 15 mm below LAD bifurcation from the left circumflex artery, where the largest plaque 

formation was found. The volume of plaque was obtained by matching IVUS segmentation 

cross-section and histological intima thickness at the same radial position. After 3D 

reconstruction of plaque geometry, the inflammatory velocity vw from Eqs. 57-58 was fitted 

using nonlinear least square analysis for two time points, baseline and after 2 months high fat 

diet. It was assumed that the intimal thickness corresponds to the geometrical volume change 

in time. The diffusion coefficients d1,d2,d3 for oxidized LDL, macrophages and cytokines as 

well as degradation and LDL oxidized detection coefficients λ and γ , coefficient k1 are fitted 

using least square analysis. The threshold for oxidized LDL thrOx  and cytokines was assumed 

to be zero. Other material parameters for the lumen are taken from literature and boundary 

conditions for flow and pressure are averaged from experimental measurements for a specific 

pig. The fitted numerical parameters are given in Table 17. 

Regarding the results of the plaque characterization, the plaque characterization 

application using IVUS was tested using 40 annotated IVUS images, and resulted to 87.81% 

accuracy for hard calcified plaque formations, 84.05% for soft plaque formations and 88.32% 

accuracy for the hard, non-calcified plaque formations. The designed algorithm for 
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characterizing the plaque using MR images, was tested using 521 MR images (from three 

sequences) annotated by experts. Statistical analysis for the lipid component in terms of Cohen’s 

k and Pearson correlation coefficient r resulted to k=0.68, r=0.95. Finally, CT plaque 

characterization method was compared with expert annotation. The algorithm showed high 

correlation and accuracy. More specifically, plaque formations from ten patients were annotated 

by experts. Concerning the plaque formations in coronary arteries, statistical analysis resulted 

to k=0.74, r=0.97 while for the carotid arteries the analysis resulted to k=0.96, r=0.98. 

Table 17: Values for the animal experiments. 

 

5.2.5 Discussion 

A multiscale model for the biological process of plaque formation and progression is presented. 

The model includes the 3D reconstructed arterial model, the blood flow, the WSS distribution, 

the molecular/cell model of the arterial wall/blood composition and the biological mechanism 

involved in the generation and growth of atherosclerotic plaque. The governing partial 

differential equations for plaque formation rely on the mass balance and Darcy’s law in the 

domain of plaque development; the Navier-Stokes equations and diffusion equations are used 

for the LDL transport within the arterial lumen; the transport-diffusion-reaction equations are 

employed for the transmural mass transport, including the Kedem-Katchalsky equations to 

couple the transmural and transport within the lumen. The wall permeability was assumed to be 

a function of the wall shear stress with lower permeability at low and oscillatory shear stress.  

We describe the inflammatory process using Reaction-Diffusion equations. Our model 

starts with passive penetration of LDL in particular areas of the intima. We assume that once in 

the intima, LDL is immediately oxidized. When the oxidized LDL exceeds a threshold, there is 

recruitment of monocytes. The incoming monocytes immediately differentiate into 

macrophages. Transformation of macrophages into foam cells contribute to the recruitment of 

new monocytes. This yields the secretion of a pro-inflammatory signal (cytokines), self-support 

 

Lumen Intima Inflammation 

=1000 kg/m3  d1=10-8 m2/s 

  0.035 [P]  d2=10-10 m2/s 

Dl = 3.2x10-11 m2/s Dw = 1.3x10-11 m2/s d3=10-8 m2/s 

Umax=0.4m/s rw = -2.6x10-4 k1=20-6 m3/kg s 
Pout=100mmHg Pmed=100mmHg =25 s-1 

Co=3.0x10-12 kg/m3  γ = 1 s-1 
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inflammatory reaction. Newly formed foam cells are responsible for the local volume increase. 

Under a local incompressibility assumption, when foam cells are created the intima volume is 

locally increasing. Volume change of the wall affects the fluid lumen domain, which means that 

fully coupling is achieved. The specific numerical procedures using ALE were developed for 

this purpose. Our approach is concentrated on the process on plaque initiation and intimal 

thickening.  

Smooth muscle cells proliferation was not taken into account in this model and will be 

investigated in a future study. Moreover, we have not taken into account deformation and stress 

inside the arterial wall which is very important for the plaque rupture and smooth muscle 

proliferation for plaque growing. Another limitation of the platform is that, currently, plaque 

characterization is performed in 2D images; however, we are in the process of connecting the 

2D characterized images in order to create 3D volumes of the plaque. Then, blood flow 

modeling and the subsequent plaque progression will become much more realistic. 

We examined experimental data obtained for the LAD artery of a pig after 2 months 

high fat diet, in order to determine material parameters of the model. The matching between 

computed plaque location and progression in time with experimental observations demonstrates 

a potential benefit for future prediction of this vascular decease. 

5.3. Art Care: A Multi-Modality Coronary 3D Reconstruction and Hemodynamic Status 

Assessment Software 

In this section, we describe a software platform which we have created, that provides the 

clinician with the ability to reconstruct in 3D the desired vessel using three different imaging 

modality options: fusion of IVUS and biplane angiography, fusion of OCT and biplane 

angiography or just biplane angiography (3D-QCA). The proposed system offers numerous 3D 

visualization options and has the ability to use any given IVUS, OCT or angiography formats. 

The key point, however, is that using a dedicated finite element module, it can calculate the 

virtual functional assessment index (vFAI) [29] for the reconstructed model, thus offering both 

anatomic characteristics, as well as functional assessment of the diseased vessel. The system 

features have been thoroughly validated, presenting promising results regarding the automatic 

lumen border detection from IVUS images and from OCT images, as well as the 3D 

reconstruction from the 3D-QCA module. Moreover, the calculated vFAI deriving from the 3D 

reconstructed models using the proposed method presented high correlation when compared to 
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the respective calculated vFAI values deriving from the 3D models reconstructed using the 

CAAS QCA 3D® (PIE Medical) commercial package. The obtained results are presented in 

detail in the next sections. 

5.3.1 System Architecture 

The system incorporates three 3D reconstruction subsystems, regarding the desired imaging 

modalities (IVUS/Angiography, OCT/Angiography, 3D-QCA). The created 3D model is 

visualized and then it can be subjected to blood flow simulations, resulting to the calculation of 

the vFAI. Regarding the IVUS-Angiography and the OCT-Angiography use cases, the user can 

manually select and extract the end-diastolic (R-peak) frames to perform their segmentation. 

The luminal borders are manually or automatically selected in the IVUS or the OCT frames. 

The user can also trace the outer borders of the External Elastic Membrane (EEM) manually or 

automatically, in order to create the respective outer wall 3D model. The centerline extraction 

module is common for all the reconstruction modules. Regarding the 3D-QCA use case, the 

system utilizes the luminal borders from the centerline extraction module and creates the 

respective contours for the final 3D model. All of the system modules are integrated in a user-

oriented graphical interface. The system was developed using C++ [30], combined with 

Microsoft® .NET Framework 3.5. Furthermore, several other 3rd party libraries were used for 

the system implementation. DCMTK [31] was used to extract images and metadata from 

DICOM files and OpenCV [32] was used for the processing of 2D images. The 3D visualization 

module was developed using the OpenGL [33] and the VTK [34] libraries, respectively. The 

system requires Windows XP® (or better), C++ and .NET Redistributables (2005/2008), an 

Intel Core Duo processor and 4 GB of RAM. 

5.3.2 System Overview 

The system consists of three basic functional subsystems (IVUS-Angio, OCT-Angio, 3D-QCA) 

which, apart from the dedicated modules of each, have a module in common (3D centerline 

extraction). The system architecture is presented in Figure 50. 
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Figure 50: System Architecture Diagram. 

5.3.3 DICOM Data Acquisition 

i) IVUS image and data extraction 

The IVUS sequence of images from the respective DICOM file is loaded into the system. When 

this process is completed, the user can define the first and last IVUS frames of the region of 

interest, as well as the respective R-peak frames (Figure 51). There is also an option to set a 

defined step according to which the R-peak frames will be extracted (i.e. every 50 frames), by 

selecting the dedicated button (Figure 51). 

ii) OCT image and data extraction 

The data loading process as well as the R-peak frame extraction follow the same rationale as 

the IVUS selection and are depicted in Figure 51. 

iii) Angiography image and data extraction 

The user must identify through a series of angiographic views the two most appropriate ones 

that depict the desired arterial segment more clearly and extract them into two separate DICOM 

files, using a dedicated DICOM viewer. The two extracted biplane angiographic views in 

DICOM format are then loaded into the system and the appropriate frame for each projection is 

chosen in order for the luminal borders for the region of interest to be defined. 
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Figure 51: A) IVUS load and R-peak frame selection screen, B) OCT load and R-peak frame selection 

screen, C) Angiography DICOM file load and R-peak frame selection screen, D)  IVUS lumen border 

detection screen, E) Side branch detection screen and, F) OCT luminal border detection screen. 

5.3.4 3D Artery Reconstruction 

i) IVUS Module  

The processing of the IVUS frames is performed using an already established segmentation 

algorithm. In brief, the user can define the luminal and outer wall borders (Figure 51), as well 

as the arterial side branches. This can be performed in a manual or a fully automated manner 

[3]. The automatic border detection algorithm is based on deformable models and it uses the 

detected borders of the ROIs from the previous frame in order to detect the corresponding 

borders on the subsequent IVUS frame. This detection is performed according to where the 

energy of the model is minimized, using a fusion of a Hopfield neural network and a simulated 

annealing schema. When the segmentation of each frame is finalized, the system automatically 

generates several morphological measurements of interest regarding the examined frame 

(current lumen diameter, minimum lumen diameter, maximum lumen diameter, mean lumen 
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diameter, current lumen area, minimum lumen area, maximum lumen area, mean lumen area). 

The arterial side branch detection option is used to support the clinician for the absolute 

orientation of the 3D arterial model, which is described in the next section. When a side branch 

is visible in the IVUS frame, the user creates a straight line that starts from the center of the 

catheter and ends at the distal end of the side branch. Finally, if the user does not agree with the 

automatically defined borders, there is the option to correct them manually. Regarding the 

manual segmentation of the lumen, the user has the ability to erase and redefine any of the 

previously defined points that he desires to optimize the luminal or the arterial wall borders. 

There is also the option to move any of the already defined points and recreate the final border. 

At the end of the segmentation process, the user must finalize the annotated points. 

ii) OCT Module 

The segmentation of the OCT images can be done either manually or automatically on the 

defined frames. The rationale of the automatic lumen border detection is similar to the IVUS 

based one [35]. The OCT automatic lumen detection is based on 6 main steps: a) a Gaussian 

filter is applied on the initial image, b) the Otsu’s automatic thresholding method is applied in 

order to reveal binary objects and remove the catheter pixels, c) the artifacts are removed, d) 

objects with specific characteristics that are near the catheter are removed, e) each column of 

the image is scanned, the first non-zero pixel of the column is saved and the non-zero pixels are 

then connected in order to find the lumen contour, and f) the image is finally transformed from 

polar to Cartesian coordinates [36]. The system also generates the appropriate morphological 

measurements of each segmented frame (current lumen diameter, minimum lumen diameter, 

maximum lumen diameter, mean lumen diameter, current lumen area, minimum lumen area, 

maximum lumen area, mean lumen area) (Figure 51).  

iii) 3D-QCA module 

Once the desired frames are selected, the user selects the luminal borders and saves the 

respective points into a separate file. When the process is completed, the system generates the 

respective 2D centerline, as well as the respective contours of the arterial segment of interest 

for the final 3D model. This is performed according to the following steps: a) the two splines 

of the luminal borders for each angiographic projection are split into the same number of nodes, 

b) the respective nodes from each luminal spline are connected and the node that expresses their 

mean distance is found and, c) all of the aforementioned nodes that express the mean distance 
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of the luminal borders are connected, thus creating the 2D centerline for each projection. The 

aforementioned contours are created in a circular manner. This is done for both angiographic 

projections (Figure 52). 

iv) 2D Centerline Extraction from biplane angiography 

This module is common for all reconstruction processes and follows the same rationale as in 

the 3D-QCA section. The user manually loads the desired angiographic sets, selects the 

respective end-diastolic frame in each projection and draws the luminal borders in the region of 

interest. Finally, the algorithm generates and saves the 2D centerlines of the two projections in 

two separate files along with the points of the luminal borders. 

v) 3D centerline extraction 

The two files that contain the 2D centerlines with the luminal borders are loaded into the system. 

When the process is completed, the system informs the user about any missing DICOM values 

(i.e. pixel spacing, primary and secondary angles, distance to detector etc.) and gives him the 

opportunity to fill them with the appropriate ones, if they are available. Then, when both 

projections are loaded correctly, the user can bring both of the generated 2D surfaces in a 

common starting point and create the final 3D centerline. The path length is calculated and 

reported in a separate box. However, if the length value does not correspond to the actual one, 

the user can manually change it and recreate the 3D path with the correct length (Figure 52). 

vi) Absolute orientation using side branches 

After the creation of the 3D centerline, the respective 2D contours are placed perpendicularly 

onto the centerline [3]. However, in order to complete the 3D reconstruction process, the 

absolute orientation of the 3D model must be calculated. This is performed visually, by loading 

the 3D model and the two angiographic views, along with the side branches that were created 

in the previous steps. The side branches that were annotated previously appear as a straight 

white line in the 3D model, thus allowing for the visual matching of them to the respective 

angiographic back projection. The 3D model is back-projected on the 2 angiographic views and 

rotated until the side branches meet the respective bifurcations on the angiography. When the 

process is completed, the rotation angle is saved and the final 3D model is created (Figure 52). 
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Figure 52: A) 3D-QCA luminal border detection and 2D centerline extraction screen, B) 3D centerline 

extraction screen, C) 3D model rotation using side branches and final back projection to the respective 

angiography, D) vFAI calculation screen, E) Final 3D model with the corresponding IVUS frame and 

the calculated results and, F) Fly-through camera option for the final 3D model. 

5.3.5 Finite Element Modeling 

i) 3D Mesh-Blood Flow Modelling 

The finite element modeling process is performed by an integrated finite element open-source 

program (PAK-F, [37]). A penalty formulation is also used in the solver [38]. The software 

automatically creates a 3D 8-node finite element mesh of around 150000 elements (depending 

on the length of the arterial segment of interest), after the creation of the final 3D model. The 

user initially sets the parameters for the material properties blood (i.e. density and viscosity). 

The predefined values are 1050 kg/m3 for the density and 0.0035 Pa•s for the dynamic viscosity, 

respectively. Subsequently, the required blood flow simulations are performed, in order to 

calculate the virtual Functional Assessment Index (vFAI) [29]. These simulations are carried 

out under the assumptions that the flow is laminar and incompressible, that blood behaves as a 
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Newtonian fluid and that the arterial walls are rigid. Two separate simulations need to be 

executed for this purpose, one for an outlet flow of 1 ml/s and one for 3 ml/s. The user selects 

the dedicated buttons and executes the two simulations (Figure 52). The software creates two 

files containing the average pressure of each contour throughout the entire length of the arterial 

segment. 

ii) vFAI Calculation Module 

The process of the vFAI calculation follows the rationale of [29]. Regarding the inlet, a pressure 

of 100 mmHg is used in both simulations as a boundary condition, a value that corresponds to 

the average human aortic pressure. At the outlet, two separate flow rates of 1 and 3 ml/s are 

applied for each model (i.e. during rest and under stress, respectively). The pressure gradient is 

calculated for each case regarding the inlet (Pa) and the outlet (Pd) of the segment from the two 

aforementioned files that contain the average pressure of each contour. When the two pressure 

files are created, the user can calculate the vFAI by pressing the button entitled “Calculate 

vFAI” (Figure 52). 

iii) 3D Visualization Module 

This functional section is the final 3D representation of the examined model, including the final 

absolute orientation as well as the vFAI results.  The user is able to view the respective 2D 

IVUS or OCT frames and match them to the actual 3D model. The user can also rotate the 

model and view inside the luminal area (Figure 52). 

5.3.6 Validation 

i) Angio (3D-QCA) 

To validate the proposed angiography reconstruction method (3D-QCA), we compared the 

implemented algorithm to an already validated commercial reconstruction software, which 

performs 3D reconstruction from a set of biplane angiographies (CAAS QCA 3D®) [20]. The 

comparison of the two algorithms was made using the following validation metrics: 

a) The volume of the 3D reconstructed models using the respective segments deriving from 

CAAS QCA 3D® as a gold standard, 

b) The length and the minimum lumen diameter of the examined arterial segments 

compared to the ones deriving from CAAS QCA 3D® and, 
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c) A comparison of the calculated vFAI from both reconstruction methods. 

The comparison of the obtained results includes the calculation of a regression analysis 

of the two methods, as well as the analysis of the respective correlation diagrams and the Bland-

Altman plots. For our validation purposes, we used eleven already reconstructed arterial 

segments deriving from CAAS QCA 3D® software [29] and then, using the exact same 

angiographic frames and the same path we performed the reconstruction with our in-house 

developed algorithm, comparing the volume of the generated 3D models, the length, the 

minimum lumen diameter, as well as the calculated vFAI values from both methods. Our dataset 

consisted of six Left Anterior Descending (LAD), two Right Coronary Artery (RCA) and three 

Left Circumflex (LCx) segments. The stenoses severity ranged between 17% and 64%, as 

calculated by CAAS QCA 3D®.  

Strong correlation was found between the two methods for the used validation metrics 

(Figure 54). In particular, the Pearson’s correlation coefficient (R) for the calculated volumes, 

vFAI, length and minimum lumen diameter was 0.99, 0.99, 0.99 and 0.88, respectively. The 

respective mean differences of the aforementioned metrics were 3.53 mm3 (SD=8.07 mm3), 

0.0146 (SD=0.021 mm), -1.99 mm (SD=2.94 mm) and -0.034 mm (SD=0.163 mm), 

respectively (Table 18).  

Table 18: Validation results of the comparison between CAAS QCA 3D® and Art Care regarding 

calculated volumes, vFAI, segment length and minimum lumen diameter 

 Calculated Volume Calculated vFAI Calculated length 
Calculated minimum 

lumen diameter 

Pearson’s 

coefficient (R) 
0.99 0.99 0.99 0.88 

Bland-Altman 

limits 
3.53±1.96*8.07 mm3 0.0146±1.96*0.021 -1.99±1.96*2.94 mm -0.034±1.96*0.163 mm 

Mean 

difference 

3.53 mm3 0.0146 -1.99 mm -0.034 mm 

Good agreement was also found for the two methods by the Bland-Altman method of 

analysis (Figure 53). In fact, the corresponding limits of agreement for the calculated volumes, 

vFAI, length and minimum lumen diameter were from -12.3 to 19.3, from -0.027 to 0.056, from 

-7.75 to 3.77 and from -0.35 to 0.29, respectively (Table 18). 
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Figure 53: Correlation diagrams and Bland-Altman plots for: A) the calculated volumes, B) minimum 

lumen diameters, C) segment length, and D) calculated vFAI. Bland-Altman plots for: E) the 

calculated volumes, F) minimum lumen diameters, G) segment length, and H) calculated vFAI 
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ii) Border detection (IVUS and OCT) 

a. IVUS Dataset 

Five pullbacks acquired from five different patients were used to validate the proposed IVUS 

border detection step. A medical expert selected 632 images from this dataset and manually 

annotated the lumen borders. Images having noise artifacts were not included in the validation 

procedure. To validate the proposed IVUS lumen detection step the annotated images were 

compared to the lumen detection results of the proposed software. 

b. OCT Dataset 

Six pullbacks were acquired from six different patients and used to validate the proposed OCT 

border detection method. A medical expert selected 556 images and manually annotated the 

lumen borders in these images. Stented images or images having small amount of residual blood 

artifacts were included in the validation procedure. On the contrary malapposed stented 

segments and images having residual blood or movement artifacts were not included in the 

study. To validate the proposed OCT lumen detection step the annotated images were compared 

to the lumen detection results of the proposed software. 

c. Validation metrics 

To validate the IVUS and OCT lumen detection algorithms, we computed the Pearson’s 

correlation coefficients between the lumen areas measured by manual lumen detection and by 

software lumen detection for processing IVUS and OCT images. We performed a Bland-

Altman analysis and we computed the positive predictive value: 
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                     (67)

    

As true positive values (TP) we define the common area between the two measurements, as 

false positive (FP) values we define the lumen area of the detected area minus the common area 

and as false negative (FN) the annotated lumen area minus the common area. Finally, the ratio 

of overlapping/non-overlapping areas was computed. The ratio of overlapping/ non-overlapping 

areas was defined as: 
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The validation results of the IVUS and OCT lumen detection steps are presented in Table 19. 

Figure 54 presents the Bland-Altman plots for the comparison of manual lumen detection versus 

software lumen detection of IVUS and OCT, respectively. Figure 54 also presents the 

correlation plots for the comparison of manual lumen detection versus software lumen detection 

of IVUS and OCT, respectively. 

Table 19: Validation results of the comparison between manual lumen detection and software lumen 

detection for processing IVUS and OCT images. 

Validation metrics IVUS Lumen OCT Lumen 

Pearson’s correlation 0.94 0.99 

Bland-Altman limits 0.01 ± 1.96x0.14 mm2 -0.080 ± 1.96x0.082 mm2 

Overlapping area 0.98 0.99 

Non-overlapping area 0.05 0.02 

Positive Predictive Value 

(PPV) 
0.97 0.98 

 

5.3.7 Discussion 

In this work, we presented a newly developed software that combines the ability to reconstruct 

in 3D coronary arterial segments using three different sets of imaging modalities and to 

calculate the vFAI on the segments of interest. All of the system components were extensively 

validated either comparing to the annotation of clinical experts (IVUS and OCT border 

detection) or to a valid publically commercial software (3D-QCA module). The system is user-

friendly, since it does not require any specialized skills from the user. The novelty of the 

proposed system is that it can assess the hemodynamic status of a coronary arterial segment in 

a matter of minutes, utilizing the most well-known coronary imaging modalities, without the 

use of a dedicated pressure wire. This leads to the reduction of the total cost of the diagnostic 

examinations and gives the opportunity to the clinician for a quick and valid decision on the 
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forthcoming type of treatment for the patient. When compared to other publically available 

software suites, the proposed system offers several advantages since it is the only one that can 

utilize all three coronary imaging modalities and provides the ability to perform blood flow 

simulations and assess the hemodynamic status of the vessels of interest (Table 20). The total 

time that is required to perform a full 3D reconstruction and the subsequent vFAI calculation 

varies according to the available modality. It ranges from 2 minutes (3D-QCA module), to 10 

minutes (IVUS-Angio and OCT-Angio modules). 

 

Figure 54: A) Bland-Altman plot for the comparison of manual IVUS lumen detection versus software 

IVUS lumen detection, B) Bland-Altman plot for the comparison of manual OCT lumen detection 

versus software OCT lumen detection, C) Correlation plot for the comparison of manual IVUS lumen 

detection versus software IVUS lumen detection and, D) Correlation plot for the comparison of 

manual OCT lumen detection versus software OCT lumen detection 

Moreover, the automatic border detection regarding the OCT and the IVUS modules 

decreases the total reconstruction time even more, since their results are very promising. One 

other aspect worth mentioning is the fact that the IVUS border detection algorithm performs 

equally using either of the two IVUS catheters (Volcano or Boston Scientific). Regarding the 

calculation of the vFAI, the system presented a high correlation while compared to the 

respective 3D models deriving from CAAS QCA 3D® that were previously validated using 

their actual FFR measurements, thus proving its efficacy.  
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Table 20: Comparison of similar software suites to the proposed software suite. 

Software Suite 
Imaging Modalities Blood Flow Modeling 

IVUS OCT Angio CCTA Hemodynamic assessment  

CAAS QCA 3D® [145]      

QAngio XA (Medis) 

[149] 
   

 
 

QAngio OCT RE [150]     
 

 

IVUSAngio Tool [147]      

HeartFlow® [144]      

Art Care      

 

We should however state that the inability of the implemented algorithms to include 

bifurcations in the final 3D models is the main limitation of the proposed system. Moreover, we 

are currently developing a new, larger dataset to further validate the 3D-QCA module with a 

wider variety of cases regarding the severity of the lesions.  
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Chapter 6: Conclusions and Future Work 

6.1 Computational Assessment of the Severity of Coronary Stenoses  

6.2 Future Work 

 

 

 

 

 

 

 

 

 

 

 

 

6.1 Computational Assessment of the Severity of Coronary Stenoses 

Several studies in current literature have been published, that perform blood flow simulations 

on coronary arterial segments, calculating mainly hemodynamic factors such as WSS, without 

however examining the influence of several blood flow simulation parameters such as the use 

of FSI simulations, time-dependent flow profiles etc. The computational assessment of coronary 

stenoses is a widely studied field, which has attracted the interest of numerous researchers. 

Finally, regarding the development of dedicated software for the assessment of coronary 

stenoses and multiscale modelling, several software suites are commercially available. The 

current thesis covers three major issues on cardiovascular modelling. At the first stage, an 

analytical study on blood flow modelling using rigid or deformable walls is presented. At a 

second stage, several analytical studies on the computational assessment of the severity of 

coronary stenoses are presented, utilizing every coronary imaging modality that is widely used 

in current clinical practice. Finally, two integrated systems that perform 3D reconstruction, 

computational functional assessment of coronary stenoses and multiscale modelling are 

presented in the last part of the current thesis.  



134 

 

Regarding the first part of the current thesis, we went beyond the state of the art by 

examining and validating the accuracy of the calculation of intravascular pressures, thus 

opening the pathway to the assessment of the severity of coronary stenoses. Several parameters 

were used in this study in order for us to determine the optimal simulation setup for the 

calculation of intravascular pressures. Our major finding was that the far less demanding blood 

flow simulations of steady flow and rigid walls exhibited accurate results, directly comparable 

to the ones that were calculated using transient flow and FSI modeling. The aforementioned 

finding was therefore used in our subsequent studies, since all of our simulations were carried 

out using these assumptions. 

Regarding the second main part of the current thesis, we went beyond the state of the 

art in several ways. First, we have proven that vFAI can be safely applied on 3D models that 

derive from CCTA, thus creating a non-invasive tool for the computational hemodynamic 

assessment of coronary lesions, which is extremely time-efficient and can be applied almost in 

real time. The accuracy of the newly proposed method was superior to other studies that were 

already published. Moreover, we have also proven that vFAI combined with 3D models that 

derive from CCTA can safely characterize functionally significant stenoses by comparing the 

calculated vFAI to PET perfusion values. The major finding of this study was that our index 

could accurately identify the presence of an attenuated stress MBF or MFR downstream a 

coronary lesion of ≥ 30%. In another of our studies, we went beyond the state of the art by 

creating a novel method for the 3D reconstruction of coronary arteries using only routine 

intravascular imaging and applying vFAI for the virtual functional assessment of coronary 

stenoses on the aforementioned 3D models. With this study, we go beyond the state of the art 

by overturning the general trend that anatomic indices have a mediocre correlation with FFR 

and cannot be used in routine practice for identifying significant stenoses with a high diagnostic 

accuracy. Our method exhibited promising results, far superior than the already established 

ones, providing also both anatomic and physiologic information on the hemodynamic status of 

the examined artery. Furthermore, we also created a method which enabled the FFR assessment 

using IVUS and ICA derived 3D arterial models and by calculating the flow rate under rest 

from the respective ICA sequence, thus making the use of a dedicated pressure wire redundant. 

Finally, we went beyond the state of the art by creating smartFFR, a novel fast index for the 

computational functional assessment of coronary stenoses. The method relies on the execution 

of a transient blood flow simulation, therefore enabling the calculation of the desired Pd/Pa 
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curve. smartFFR has been proven to be faster than vFAI, presenting strong correlation to the 

invasively measured FFR and superior diagnostic accuracy to the already validated vFAI. 

Finally, we also created two integrated software suites for the 3D reconstruction of 

coronary arteries, the functional assessment of coronary stenoses and the multiscale modeling 

of atherosclerosis. ARTool is a software suite the integrates a multiscale model regarding the 

biological process of plaque formation and progression, a point that goes beyond the state of 

the art. ArtCare on the other hand manages to utilize all the most well-known coronary imaging 

modalities in order to reconstruct in 3D the coronary vasculature and assess the severity of any 

existing coronary lesions. Up to date, it is the only software suite that allows the 3D 

reconstruction from ICA, IVUS-ICA or OCT-ICA and perform the required blood flow 

simulations to assess the hemodynamic status of the coronary vasculature.  

6.2 Future Work   

Although the work of the current thesis has produced promising results that have already been 

published, there are still several things that need to be addressed in the field of the functional 

assessment of coronary stenoses. smartFFR has already been validated in a cohort of 30 patients, 

exhibiting high diagnostic accuracy. However, the validation dataset is currently being 

enhanced using CCTA derived 3D models, as well as, ICA derived models and our goal is to 

reach a validation cohort of at least 200 vessels in total.  

Moreover, as we have discovered, smartFFR can also be used in bifurcations, with some 

modifications that include the alteration of the boundaries at which the AUC will be calculated, 

as well as, the application of Murray’s law in order to determine the actual flow rate that will 

pass through each of the examined arterial branches. In order to validate this method, we are 

planning to use both ICA derived bifurcating models, as well as, CCTA derived bifurcating 

models.  

Finally, we are also planning to evaluate the influence of the presence of atherosclerotic 

plaque on the calculated smartFFR values, as well as on the calculated WSS values, by 

performing FSI simulations on 3D models that also contain atherosclerotic plaque segments.  
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