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ABSTRACT 

Cardiovascular disease remains the leading cause of death in the developed world 

[1-3]. Coronary artery disease, characterized by the thickening and hardening of the 

vascular wall, and the narrowing of the arterial lumen, constitutes the highest proportion 

of all cardiovascular-related deaths. In clinic, up to 20 percent of all percutaneous 

coronary interventions are executed for the treatment of coronary bifurcation lesions 

(CBLs) [4-6], which are defined as luminal narrowings that are in the vicinity of, and/or 

include a significant side branch [4, 7]. There is still much uncertainty and debate with 

regard to the assessment of CBL severity [8] as well as the corresponding optimal 

interventional technique [7]. In addition, the treatment of CBLs is associated with high 

rates of peri- and post-procedural clinical events [4, 5, 7, 9-13], which renders them, to 

this day, a major limitation of interventional cardiology.  

Thus far, studies of CBLs have focused on the risk for the initiation and the 

progression of the disease relative to the disturbed flow hypothesis. There has not been 

an attempt to study CBLs from the functional perspective where an understanding of the 

factors that affect the clinical manifestation of the disease is sought, based on standard 

diagnostic indices. A functional evaluation of CBLs is important because the development 

of ischemia is more complex than that of isolated lesions due to the presence of 

haemodynamic interactions. Furthermore, whereas a gold-standard diagnostic index with 

a well-defined threshold for the onset of ischemia, namely the Fractional Flow Reserve 

(FFR), has been validated for the decision to revascularize, it is only utilized in less than 

10 percent of catheterization labs worldwide [14-16]. As such, cardiologists still rely 

heavily on an angiographic evaluation, which has been shown to have a poor correlation 

with haemodynamic impact [17]. Therefore, insight on the functionality of CBLs is 

important in order to improve the current strategies and thus, reduce the risk associated 

with their treatment. 

Therefore, the main objective of the thesis is to provide insight on the functionality 

of CBLs. As such, a numerical model of a diseased coronary bifurcation that enables the 

computation of the gold-standard diagnostic index (FFR), is developed and subsequently 



 

 

 

iv 
 

utilized to systematically quantify and compare the effect of various geometric parameters 

on the corresponding haemodynamic impact. Specifically, the effects of lesion 

configuration and severity, and the effects of luminal eccentricity and bifurcation angle 

are investigated. The results showed that clinical manifestation of the disease is a 

complex factor of both local and global haemodynamic interactions. Specifically, the 

numerical simulations demonstrated that the number of lesions does not govern the 

functional severity of a CBL configuration and that the characteristics of the supplying 

vessel stenosis play an important role in the clinical manifestation of the disease. Within 

the limitations of the work, the findings have potentially important clinical implications 

which, with future validation, could help improve the current diagnostic guidelines. 
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RÉSUMÉ 

La maladie cardiovasculaire est l’une des principales causes de mortalité dans les 

pays développés [1-3]. La majorité des décès sont provoqués par une insuffisance 

coronarienne, qui consiste à un épaississement et un endurcissement de la paroi 

vasculaire, ainsi qu’un rétrécissement de la lumière artérielle. Jusqu’à 20 pourcents des 

interventions coronariennes percutanées (ICP) servent à traiter des lésions de bifurcation 

coronaires (LBC) [4-6], qui sont sujettes à un rétrécissement de la lumière vasculaire 

situé dans une branche de bifurcation significative ou bien à proximité de celle-ci [4, 7]. 

Les incertitudes persistent quant au degré de sévérité des LBC [8] et les traitements qui 

leurs sont associés [7]. Ces derniers sont reconnus pour être à l’origine de conséquences 

cliniques néfastes aux niveaux péri- et post-procéduraux [4, 5, 7, 9-13]. Il s’agit donc 

d’une limitation majeure en cardiologie interventionnelle. 

Jusqu'à présent, les études traitant des lésions de bifurcation coronaires se 

concentraient principalement sur le risque de l’apparition de la maladie, ainsi que de sa 

progression, prenant en compte la perturbation locale du flux sanguin. Cependant, 

aucune étude ne porte actuellement sur la fonctionnalité des LBC, alors que cela pourrait 

amener à une meilleure compréhension des facteurs à l’origine des symptômes cliniques. 

En effet, une analyse fonctionnelle des LBC serait primordiale puisque le développement 

de l'ischémie y est plus complexe que celui des lésions isolées dû à la présence des 

interactions hémodynamiques. Une norme de référence étalon appelée Fraction de Flux 

de Réserve (FFR, mesure de la réserve coronaire) a été développée à partir du degré de 

sévérité de l’ischémie pour définir le besoin d’une intervention de revascularisation. 

Cependant, au niveau mondial, moins de 10 pourcents des laboratoires de cathétérisme 

cardiaque utilisent cette méthode [14-16] et les cardiologues continuent à se fier à 

l’angiographie. Or, cette dernière a d’ores et déjà présenté de faibles corrélations avec 

les états hémodynamiques des patients [17]. C’est pourquoi une compréhension de la 

fonctionnalité des LBC par rapport à la FFR est importante, et permettrait d’améliorer les 

diagnostics des patients (avec l’angiographie), réduisant ainsi les risques associés aux 

traitements. 
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Pour conclure, l'objectif principal du projet de doctorat vise à mieux comprendre la 

fonctionnalité des LBC. Un modèle numérique de bifurcation coronaire athérosclérotique, 

permettant de calculer la FFR, a été développé. Il a ensuite été utilisé pour quantifier et 

comparer de façon systématique l’effet de divers paramètres géométriques sur l’état 

hémodynamique. Plus spécifiquement, le degré de sévérité des lésions, leurs 

configurations, l’excentricité de la lumière et l’angle de bifurcation, ont été étudiés. 

D’après les simulations numériques, les signes cliniques de la maladie seraient 

dépendants des interactions hémodynamiques locales et globales. En particulier, les 

résultats ont démontré que le nombre de lésions présentes n’affecte pas la fonctionnalité 

d’une configuration de LBC et que les caractéristiques de la lésion principale (dans le 

vaisseau mère) jouent un rôle central dans l’apparition des symptômes cliniques. Ainsi, 

malgré les limitations, les résultats ont potentiellement des implications cliniques 

importantes pouvant aider, après validation, à améliorer le diagnostic des patients. 

  



 

 

 

vii 
 

ACKNOWLEDGEMENTS 

Firstly, I would like to acknowledge the advice, guidance and financial support of 

my supervisors, Prof. Rosaire Mongrain and Dr. Jean-Claude Tardif. Your generous 

support allowed me to devote my energy into this work, and share it with the scientific 

community. Prof. Mongrain, your confidence in me gave me the freedom to be 

independent, which was paramount in shaping me into the researcher I am today. Dr. 

Tardif, your insight helped give clinical relevance and significance to the research.  I would 

also like to acknowledge the invaluable input of Dr. Philippe L. L’Allier and Prof. Richard 

Leask.  

I would like to thank, from the bottom of my heart, my family, who lived, breathed 

and sweated my years as a PhD student alongside of me. Your undying support, in all its 

shapes and forms, and unfading patience are what made this work possible. I would like 

to express my deepest gratitude to my parents, Spiros and Roula, who have always 

believed in me and encouraged me to be my best. You are the backbone to my success. 

I am eternally grateful to my sister, Christina, who has not only been my mentor and my 

support system over the years, but more importantly my best friend and my other half. 

Your generosity, compassion and balance are what got me through the ups and downs 

of my PhD. You are my everything.   

I am eternally indebted to my labmate and partner in crime, Jennifer Frattolin, 

without whom I both physically and emotionally could not have completed this work. 

Cheers to your steadfast encouragement and our endless hours of discussion, stimulating 

collaboration and best of all, our waiting games. Finally, I would like to express my most 

sincere gratitude to my cousins, the Xanthopoulos family, who welcomed me with open 

arms into their lives, made me laugh until I cried, and helped me find my home away from 

home.      

 

  



 

 

 

viii 
 

CONTRIBUTIONS OF AUTHOR 

REFEREED JOURNAL PUBLICATIONS  
 
Pagiatakis C, Tardif JC, L'Allier PL, Mongrain R (2016). Effect of stenosis eccentricity 
on the functionality of coronary bifurcation lesions – a numerical study. [Submitted to: 
Medical and Biological Engineering and Computing] 
 
Pagiatakis C, Tardif JC, L'Allier PL, Mongrain R (2015). A numerical investigation of the 
functionality of coronary bifurcation lesions with respect to lesion configuration and 
stenosis severity. Journal of Biomechanics, 48(12):3103-3111. DOI: 
10.1016/j.jbiomech.2015.07.018 
 
Pagiatakis C, Galaz R, Tardif JC, Mongrain R (2015). A comparison between the 
principal stress direction and collagen fiber orientation in coronary atherosclerotic plaque 
fibrous caps. Medical & Biological Engineering & Computing, 53(6): 546-555. DOI: 
10.1007/s11517-015-1257-z 
 
Frattolin J, Zarandi MM, Pagiatakis C, Bertrand OF, Mongrain R (2015). Numerical study 
of stenotic side branch hemodynamics in true bifurcation lesions. Computers in Biology 
and Medicine. 57:130-138. DOI: 10.1016/j.compbiomed.2014.11.014 
 
Galaz, R., Pagiatakis, C., Gaillard, E., & Mongrain, R. (2013). A parameterized analysis 
of the mechanical stress for coronary plaque fibrous caps. Journal of Biomedical Science 
and Engineering, 6(12): 38-46. DOI: 10.4236/jbise.2013.612A006 
 
REFEREED CONFERENCE PROCEEDINGS AND ABSTRACTS 
 
Pagiatakis C, Tardif JC, L’Allier PL, Mongrain R. (2016). Bifurcation angle and Fractional 
Flow Reserve: a multiscale numerical study of coronary bifurcation lesions. Summer 
Biomechanics, Bioengineering, and Biotransport Conference 2016 (SB3C2016). June 
29 - July 2, 2016, National Harbor, Maryland, USA. 
 
Pagiatakis C, Tardif JC, L’Allier PL, Mongrain R. (2016). A numerical geometric 
multiscale evaluation of the localized haemodynamic interactions within coronary 
bifurcation lesions. European Congress on Computational Methods in Applied Sciences 
and Engineering (ECCOMAS). June 5-10, 2016, Crete, Greece. 
 
Pagiatakis C, Tardif JC, L’Allier PL, Mongrain R. (2015). Stenosis eccentricity has a 
significant effect on coronary bifurcation lesion functionality. 21st Annual Congress of the 
European Society of Biomechanics (ESB2015). July 5-8, 2015, Prague, Czech Republic. 
 
Pagiatakis C, Tardif JC, L’Allier PL, Frattolin J, Mongrain, R. (2015). The number of 
lesions does not govern the functionality of coronary bifurcation lesions: a study of the 
effect of relative stenosis severity. Summer Biomechanics, Bioengineering, and 
Biotransport Conference 2015 (SB3C2015). June 17-21, 2015, Snowbird, Utah, USA. 



 

 

 

ix 
 

Pagiatakis C, Tardif JC, Mongrain R. (2014). Effect of bifurcation angle on the functional 
impact of coronary bifurcation lesions. 14th Annual Congress of the Quebec Society of 
Vascular Sciences. November 21, 2014, Montreal, Quebec, Canada  
 
Pagiatakis C, Tardif JC, Mongrain R. (2014) Effect of bifurcation angle on the functional 
impact of coronary bifurcation lesions. 7th World Congress of Biomechanics. July 6-11, 
2014, Boston, Massachusetts, USA. 
 
Pagiatakis C, Mongrain R. (2014). Geometric multiscale modelling for the functional 
characterization of coronary bifurcation lesions. 11th World Congress on Computational 
Mechanics (WCCM XI) -5th European Conference on Computational Mechanics (ECCM 
V) – 6th European Conference on Computational Fluid Dynamics (ECFD VI). July 20-25, 
2014, Barcelona, Spain. 
 
Pitts KL, Pagiatakis C, Fenech M. (2011). Comparison of two methods applying cross-
correlation for blood microflow velocity profile measurements. The Canadian Society of 
Rheology Workshop on Rheology: Current Topics and Trends in Rheology. June 6-7, 
2011, Montreal, Quebec. 

 

 

  



 

 

 

x 
 

TABLE OF CONTENTS 

Abstract ......................................................................................................................... iii 

Résumé .......................................................................................................................... v 

Acknowledgements ..................................................................................................... vii 

Contributions of Author ............................................................................................. viii 

List of Figures ............................................................................................................ xiii 

List of Tables ............................................................................................................ xviii 

1 INTRODUCTION .......................................................................................................... 1 

1.1 Rationale .......................................................................................................... 2 

1.1.1 Clinical background .................................................................................. 2 

1.1.2 Limitations of the current state of the art .................................................. 3 

1.1.3 Summary .................................................................................................. 5 

1.2 Hypothesis and objectives ............................................................................. 5 

1.3 Outline of the thesis ........................................................................................ 6 

2 CLINICAL BACKGROUND ......................................................................................... 9 

2.1 The cardiovascular system ............................................................................ 9 

2.2 The coronary arterial system ....................................................................... 12 

2.2.1 Anatomy of the coronary arterial system ................................................ 13 

2.2.2 Function and dynamics of the coronary arterial system ......................... 14 

2.3 Coronary artery disease ............................................................................... 17 

2.3.1 Development and manifestation of coronary artery disease ................... 17 

2.3.2 Isolated lesions ....................................................................................... 19 

2.3.2.a Stenosis resistance ..................................................................... 19 

2.3.2.b Clinical manifestation and diagnosis of coronary stenoses ......... 20 

2.3.3 Coronary bifurcation lesions ................................................................... 25 

2.3.3.a Classification and statistics of CBLs ........................................... 25 

2.3.3.b Dynamics of CBLs ...................................................................... 26 

3 CARDIOVASCULAR COMPUTATIONAL FLUID DYNAMICS ................................. 29 

3.1 Overview and limitations .............................................................................. 29 

3.2 Geometric multiscale modelling .................................................................. 31 

3.2.1 Overview of geometric multiscale modelling........................................... 31 

3.2.2 Geometric multiscale modelling of coronary arteries .............................. 33 

3.3 Numerical investigations of CBLs ............................................................... 35 

3.3.1 Review of the literature ........................................................................... 36 

3.3.2 Limitations of existing works ................................................................... 39 

4 THE LUMPED-PARAMETER MODEL ...................................................................... 45 

4.1 Lumped-parameter model theory ................................................................ 45 

4.1.1 Electrical analogue components of lumped-parameter models .............. 46 

4.1.2 Governing equations of lumped-parameter models ................................ 47 



 

 

 

xi 
 

4.2 Implementation and development of the model ......................................... 49 

4.2.1 Configuration of the lumped-parameter model ....................................... 50 

4.2.1.a Heart, systemic and pulmonary models ...................................... 50 

4.2.1.b Coronary model .......................................................................... 54 

4.2.2 Results of the lumped-parameter model simulation ............................... 58 

4.2.3 Summary ................................................................................................ 63 

5 THE THREE-DIMENSIONAL CORONARY BIFURCATION LESION MODEL ......... 65 

5.1 Geometry of the 3D CBL model ................................................................... 65 

5.1.1 Healthy LMCA bifurcation ....................................................................... 66 

5.1.2 Disease configurations and stenosis profile ........................................... 67 

5.2 Governing equations and model assumptions ........................................... 69 

5.3 Solution methods .......................................................................................... 73 

5.4 Sensitivity analyses ...................................................................................... 74 

5.4.1 Mesh sensitivity ...................................................................................... 74 

5.4.2 Timestep sensitivity ................................................................................ 78 

5.5 Summary ........................................................................................................ 78 

6 THE MULTISCALE MODEL OF CORONARY BIFURCATION LESIONS ................ 79 

6.1 Theory ............................................................................................................ 79 

6.2 Implementation of the multiscale model ..................................................... 82 

6.2.1 Results of the healthy MS model of the LMCA bifurcation ..................... 83 

6.2.2 Results of a diseased MS model of the LMCA bifurcation ...................... 91 

6.3 Summary ........................................................................................................ 96 

7 EFFECT OF STENOSIS CONFIGURATION ............................................................. 97 

7.1 Motivation ...................................................................................................... 97 

7.2 Geometry of the CBL configurations ........................................................... 99 

7.3 Results ......................................................................................................... 100 

7.3.1 Flow and pressure profiles ................................................................... 100 

7.3.2 Flow-based FFR ................................................................................... 102 

7.3.3 Pressure-based FFR ............................................................................ 105 

7.4 Discussion ................................................................................................... 108 

7.4.1 Flow and pressure profiles ................................................................... 108 

7.4.2 Flow-based FFR ................................................................................... 109 

7.4.3 Pressure-based FFR ............................................................................ 112 

7.5 Summary ...................................................................................................... 113 

8 EFFECT OF RELATIVE STENOSIS SEVERITY ..................................................... 115 

8.1 Motivation .................................................................................................... 115 

8.2 Methods........................................................................................................ 118 

8.3 Results ......................................................................................................... 119 

8.4 Discussion ................................................................................................... 125 

8.5 Summary ...................................................................................................... 128 



 

 

 

xii 
 

9 EFFECT OF LUMINAL ECCENTRICITY ................................................................. 131 

9.1 Motivation .................................................................................................... 131 

9.2 Geometry of the CBL configurations ......................................................... 133 

9.3 Results ......................................................................................................... 134 

9.3.1 Flow-based FFR ................................................................................... 135 

9.3.2 Pressure-based FFR ............................................................................ 138 

9.4 Discussion ................................................................................................... 140 

9.4.1 Comparison of FFR between eccentric and concentric stenoses ......... 140 

9.4.2 Potential clinical implications ................................................................ 143 

9.5 Summary ...................................................................................................... 144 

10 EFFECT OF BIFURCATION ANGLE .................................................................... 145 

10.1 Motivation .................................................................................................. 145 

10.2 Geometry of the CBL configurations ....................................................... 147 

10.3 Results ....................................................................................................... 148 

10.4 Discussion ................................................................................................. 154 

10.4.1 Effect of bifurcation angle on FFR ...................................................... 155 

10.4.2 Potential clinical implications .............................................................. 157 

10.5 Summary .................................................................................................... 158 

11 DISCUSSION AND CONCLUSIONS ..................................................................... 159 

11.1 Original contributions ............................................................................... 159 

11.2 Discussion of the model assumptions .................................................... 161 

11.3 Recommendations for future works ........................................................ 165 

11.4 Summary .................................................................................................... 167 

List of Symbols ......................................................................................................... 169 

References ................................................................................................................. 173 

Appendix A : Derivation of LPM governing equations ........................................... 197 

Appendix B : Derivation of ODE system for LPM model ....................................... 204 

Appendix C : Runge-Kutta method .......................................................................... 209 

Appendix D : Finite Volume Method ........................................................................ 211 

  



 

 

 

xiii 
 

LIST OF FIGURES 

Figure 2.1: Schematic of (a) the circulatory system (with permission from [49]); RA 
right atrium, RV right ventricle, LA left atrium, LV left ventricle and (b) cardiac anatomy 
(with permission from [49]): SVC superior vena cava, IVC inferior vena cava, Ao 
aorta, PA pulmonary artery, PV pulmonary vein, MV mitral valve, AV aortic valve, TV 
tricuspid valve, PV pulmonary valve. ............................................................................. 10 

Figure 2.2: Cardiac cycle (adapted with permission from [49]). The blue and green 
portions denote systole and diastole respectively. P pressure, Q volumetric flow rate; 
M mitral valve, A aortic valve, T tricuspid valve, P pulmonary, C close, O open. .......... 11 

Figure 2.3: Schematic of (a) the cardiac output (adapted from [50]) during resting 
state and (b) the left and right coronary arterial circulations (adapted with permission 
from [51]). Q∙ is the flow and VO2 is oxygen consumption. ............................................ 12 

Figure 2.4: (a) Epicardial coronary anatomy as obtained from 3D Computed 
Tomography (adapted with permission from [52]). AO aorta, LM left main coronary 
artery, CX left circumflex artery, OM obtuse marginal branch, LAD left anterior 
descending artery, DB diagonal branch, RCA right coronary artery, RV right 
ventricular branch, CB conus branch. (b) Cast of the human coronary circulation; the 
left circulation is displayed in white and the right circulation in black (adapted with 
permission from [19]). .................................................................................................... 13 

Figure 2.5: Schematics of (a) the autoregulation of coronary blood flow based on 
perfusion pressure and (b) the physiological, resting aortic pressure and phasic left 
and right coronary blood flow, in healthy coronary conduits (with permission from 
[57]). .............................................................................................................................. 15 

Figure 2.6: Schematic of the initiation and progression of an atherosclerotic plaque 
(with permission from [58]). ........................................................................................... 17 

Figure 2.7: Schematic of (a) a healthy and (b) a diseased coronary artery at maximum 
hyperaemia. In the diseased case, a collateral conduit feeds the myocardium distal 
to the stenosis. Pao aortic pressure [mmHg], Pd distal stenosis pressure [mmHg], Pv 
venous pressure [mmHg], Qn healthy myocardial blood flow, Qd diseased myocardial 
blood flow [ml·s-1], Qs stenosis flow [ml·s-1], Qc collateral flow [ml·s-1], Rmyo,n healthy 
myocardial resistance [mmHg∙s∙ml-1], Rmyo,d diseased myocardial resistance 
[mmHg∙s∙ml-1]. ............................................................................................................... 22 

Figure 2.8: (a) Schematic of pressure-derived FFR measurement and (b) example of 
in vivo pressure recordings for the calculation of the pressure-derived FFR (with 
permission from [22]). The red and green lines correspond to the aortic and distal 
pressure measurements respectively, with the average values provided on the right-
hand side of the figure. .................................................................................................. 24 



 

 

 

xiv 
 

Figure 2.9: Detailed description of the Medina classification. PMB proximal main 
branch, DMB distal main branch, SB side branch. ........................................................ 25 

Figure 4.1: Basic compartment of the electrical analogue model, consisting of a single 
resistance, R [mmHg∙s∙ml-1], and inductance, L [mmHg∙s2∙ml-1], in series and a single 
capacitance, C [cm3∙mmHg-1], in parallel. ...................................................................... 47 

Figure 4.2: LPM of the (a) left and (b) right hearts. E the elastance [mmHg∙ml-1], S the 
valve state [-], la left atrium, lv left ventricle, v,mit mitral valve, v,ao aortic valve, ra 
right atrium, rv right ventricle, v,tri tricuspid valve, v,pul pulmonary valve...................... 50 

Figure 4.3: (a) Normalized elastance curve as a function of normalized time (with 
respect to the length of the cardiac cycle). The maximum normalized elastance (value 
of 1) occurs at the normalized time of 1 (b) patient-specific elastance curves for the 
left and right ventricles, scaled based on Emax, Emin, and tEmax from the literature. .......... 52 

Figure 4.4: LPM of the (a) systemic and (b) pulmonic circulations. as aortic sinus, ao 
aortic, sys systemic, pa pulmonary artery, pul pulmonic. ................................................ 53 

Figure 4.5: LPM of the left coronary circulation, including the LMCA bifurcation, 
epicardial, myocardial and venous submodels. LAD left anterior descending artery, 
LCX left circumflex artery, DIAG diagonal, MARG marginal, LVP left ventricular 
pressure. ....................................................................................................................... 55 

Figure 4.6: Full lumped-parameter model of the cardiovascular system including the 
left and right hearts, the systemic and pulmonic circulations and the left coronary 
circulation. ..................................................................................................................... 58 

Figure 4.7: Results of the numerical integration of the full LPM model. State variables 
for the heart, systemic and pulmonary circulations are displayed. (a) Left heart 
volumes (b) left heart pressures (including aortic pressure) (c) right heart volumes 
and (d) right heart pressures (including the pulmonary artery pressure). ...................... 59 

Figure 4.8: Pressure-volume curves for the (a) left and (b) right ventricles, as obtained 
from the numerical integration of the full LPM. .............................................................. 60 

Figure 4.9: Coronary pressures in the (a) LMCA bifurcation (b) LAD (c) LCX (d) DIAG 
and (e) MARG as obtained from the numerical integration of the full LPM.................... 61 

Figure 4.10: Coronary flows in the (a) LMCA bifurcation (b) LAD (c) LCX (d) DIAG 
and (e) MARG as obtained from the numerical integration of the full LPM.................... 63 

Figure 5.1: Geometry of the healthy 3D LMCA bifurcation model. D is the diameter; l 
is the length; θ is the angle between the LAD and the LCX. .......................................... 66 

Figure 5.2: The seven baseline CBL configurations derived from the Medina 
classification, with diameter reductions of 68 percent. .................................................. 68 



 

 

 

xv 
 

Figure 5.3: Cosine stenosis profile utilized for the CBL models. R0 is the heathy vessel 
radius, R is the stenosed radius at a distance z from the proximal side of the stenosis, 
along its base (with total length Z0) and δ is the maximum stenosis height. .................. 68 

Figure 5.4: 3D model of the bifurcation of the LMCA bifurcation. Ω denotes the entire 
fluid domain, and Γ denotes the boundaries of the model. ............................................ 69 

Figure 5.5: Dependence of apparent blood viscosity on shear rate (with permission 
from [191]). .................................................................................................................... 71 

Figure 5.6: LMCA stenosis cross-section displaying the boundary layer and 
tetrahedral mesh. .......................................................................................................... 74 

Figure 5.7: (a) Coarse (b) medium (c) fine meshes for the (1,1,0) configuration. .......... 75 

Figure 5.8: (a) Coarse (b) medium (c) fine meshes for the (1,1,1) configuration. .......... 76 

Figure 6.1: Multiscale model of the LMCA bifurcation. .................................................. 83 

Figure 6.2: Comparison between the LPM and the healthy LMCA bifurcation MSM 
for the (a) left heart volumes (b) left heart pressures (c) right heart volumes and (d) 
right heart pressures. .................................................................................................... 84 

Figure 6.3: Comparison between the LPM and MSM epicardial pressures. The 
examples provided are within (a) LAD1 (b) LCX3 (c) DIAG1 and (d) MARG3 
branches. ...................................................................................................................... 85 

Figure 6.4: Comparison between the LPM and MSM for the (a) LMCA (c) LAD1 and 
(e) LCX2 flows. The corresponding instantaneous differences are provided in (b), (d), 
and (f) respectively. The green and red lines denote aortic valve opening and closing 
respectively. .................................................................................................................. 87 

Figure 6.5: Comparison between the LPM and MSM for the (a) DIAG1 and (c) 
MARG3 flows. The corresponding instantaneous differences are provided in (b) and 
(d) respectively. The green and red lines denote aortic valve opening and closing 
respectively. .................................................................................................................. 88 

Figure 6.6: Flow in the (a) LMCA (b) LAD (c) LCX in the (1,0,0) configuration with 
increasing stenosis severity. ......................................................................................... 92 

Figure 6.7: Pressure at the outlet of the (a) LAD and (b) LCX for the (1,0,0) 
configuration with increasing stenosis severity. ............................................................. 92 

Figure 6.8: (a) Flow-derived and (b) pressure-derived FFR for the (1,0.0) 
configuration in each of the vessels of the bifurcation with increasing stenosis 
severity. The shaded area corresponds to the range of diameter reduction for which 
the configuration is (0,0,0). ............................................................................................ 93 



 

 

 

xvi 
 

Figure 6.9: Flow in the LAD for the (0,1,1) configuration and in the LCX for the (0,0,1) 
configuration at a 68 percent diameter reduction. ......................................................... 95 

Figure 7.1: Examples of the multi-lesion configurations, based on the Medina 
classification that are considered in the study. ............................................................ 100 

Figure 7.2: Flow in the (a) LMCA (b) LAD and (c) LCX for the (1,1,1) configuration 
with varying stenosis severity. ..................................................................................... 101 

Figure 7.3: Time-dependent, face-averaged pressure in the (a) LAD and (b) LCX for 
the (1,1,1) configuration with varying stenosis severity. .............................................. 101 

Figure 7.4: Comparison of the flow-based FFR in the (a) LMCA (b) LAD and (c) LCX 
as a function of diameter stenosis between the different multilesional CBL 
configurations. The shaded area corresponds to the (0,0,0) configurations (diameter 
reduction less than 50 percent). .................................................................................. 102 

Figure 7.5: Comparison between the flow-based FFR in the LAD and LCX for the (a) 
(0,1,1) (b) (1,1,1) (c) (1,0,1) and (d) (1,1,0) as a function of percent diameter stenosis.
 .................................................................................................................................... 105 

Figure 7.6: Comparison between the flow-derived FFR (FFRQ) and the pressure-
derived FFR (FFRP) for the (a) (0,1,1) (b) (1,1,1) (c) (1,0,1) and (d) (1,1,0) 
configurations as a function of diameter stenosis. ....................................................... 106 

Figure 8.1: Examples of healthy and single-, double- and triple-lesion configurations 
with varying stenosis severity. The diameter reductions of the stenoses within each 
vessel are provided. Vessels with stenoses of 41 percent diameter reduction are 
considered healthy. ..................................................................................................... 118 

Figure 8.2: Flow-derived FFR in the (a) LMCA (b) LAD and (c) LCX for the single-
lesion configurations. The shaded area corresponds to critical FFR values. ............... 120 

Figure 8.3: Flow-derived FFR in the (a) LMCA (b) LAD and (c) LCX for the (1,1,0) 
and (1,0,1) configurations. The FFR of the (1,0,0) configuration has been included as 
a reference. The x-axis corresponds to the diameter reduction of the LMCA, LAD and 
LCX in the (1,0,0), (1,1,0) and (1,0,1) configurations respectively. The shaded area 
corresponds to critical FFR values. ............................................................................. 121 

Figure 8.4: Flow-derived FFR in the (a) LMCA (b) LAD and (c) LCX for the 
multilesional configurations. The shaded area corresponds to critical FFR values. The 
severity of the LCX stenosis is presented on the x-axis whereas the different colours 
and line types correspond to varying LMCA and LAD stenosis severity respectively. . 123 

Figure 9.1: Examples of the modelled Medina classification bifurcation lesion 
configurations with eccentric stenosis profiles. ............................................................ 134 



 

 

 

xvii 
 

Figure 9.2: Cross section of minimal lumen diameter in the eccentric lesion 
morphology with 50 percent diameter reduction. ......................................................... 134 

Figure 9.3: Comparison of the flow-derived FFR in the LAD and LCX for the (a) (1,0,0) 
(c) (0,1,0) and (e) (0,0,1) configurations between concentric (C) and eccentric (E) 
stenosis profiles. Percent difference (Diff) between the concentric and eccentric flow-
based FFR in the LAD and LCX for the corresponding configurations are shown in 
(b), (d), and (f). ............................................................................................................ 135 

Figure 9.4: Comparison of the flow-derived FFR in the LAD and LCX for the (a) (0,1,1) 
(c) (1,0,1) (e) (1,1,0) and (g) (1,1,1) configurations between concentric (C) and 
eccentric (E) stenosis profiles. Percent difference (Diff) between the concentric and 
eccentric flow-based FFR in the LAD and LCX for the corresponding configurations 
are shown in (b), (d), (f), and (h). ................................................................................ 137 

Figure 9.5: Velocity contours in the (1,0,0) configuration with a 50 percent diameter 
reduction for the (a) concentric and (b) eccentric profiles at t=0.7s. ............................ 138 

Figure 9.6: Comparison of pressure-derived FFR between concentric (C) and 
eccentric (E) stenosis profiles in the LAD and LCX for the (a) (0,1,1) (b) (1,1,1) (c) 
(1,1,0) and (d) (1,0,1) configurations. .......................................................................... 139 

Figure 10.1: Examples of the multilesional configurations with different bifurcation 
angles and varying stenosis severities that are considered in the study. The 
configurations had concentric stenosis profiles. .......................................................... 148 

Figure 10.2: Flow-derived FFR with varying LCX angle. The FFR in the LAD is 
displayed for the (a) (0,1,1) (c) (1,0,1) (e) (1,1,0) and (g) (1,1,1) configurations. The 
FFR in the LCX is displayed for the (b) (0,1,1) (d) (1,0,1) (f) (1,1,0) and (h) (1,1,1) 
configurations. ............................................................................................................. 150 

Figure 10.3: Flow-derived FFR with varying LAD angle. The FFR in the LAD is 
displayed for the (a) (0,1,1) (c) (1,0,1) (e) (1,1,0) and (g) (1,1,1) configurations. The 
FFR in the LCX is displayed for the (b) (0,1,1) (d) (1,0,1) (f) (1,1,0) and (h) (1,1,1) 
configurations. ............................................................................................................. 151 

Figure 10.4: Pressure-derived FFR with varying bifurcation angle. The FFR in the 
LAD is displayed for the (a) (0,1,1) (c) (1,0,1) (e) (1,1,0) and (g) (1,1,1) configurations. 
The FFR in the LCX is displayed for the (b) (0,1,1) (d) (1,0,1) (f) (1,1,0) and (h) (1,1,1) 
configurations. ............................................................................................................. 153 

  



 

 

 

xviii 
 

LIST OF TABLES 

Table 3.1: Summary of limitations and corresponding implications of the current state 
of the art. ....................................................................................................................... 43 

Table 4.1: Analogies between the fluid and electrical domains for lumped-parameter 
models. .......................................................................................................................... 46 

Table 4.2: Summary of the simplifying assumptions considered in the derivation of 
the LPM governing equations. ....................................................................................... 48 

Table 4.3: Parameter values for the left and right heart and systemic and pulmonic 
circulations. Units: E [mmHg∙ml-1], V [ml], P [mmHg], T [s], R [mmHg∙s∙ml-1], C 
[ml∙mmHg-1], Z [mmHg∙s∙ml-1], L [mmHg∙s2∙ml-1]. .......................................................... 54 

Table 4.4: Epicardial coronary dimensions and parameter values used in the 
coronary LPM. ............................................................................................................... 56 

Table 4.5: Pressure-derived FFR values and average flow rates for each of the 
coronary vessels of the full LPM model. ........................................................................ 62 

Table 5.1: Dimensions of the 3D healthy (baseline) model of the LMCA bifurcation ..... 66 

Table 5.2: Peak Reynolds Number for the (0,0,0) configurations in the LMCA, LAD 
and LCX. The location of stenoses of 41 percent diameter reduction are provided. ..... 72 

Table 5.3: Peak Reynolds number for the single-lesion configurations with diameter 
reductions of 50 percent and greater in the LMCA, LAD and LCX. ............................... 72 

Table 5.4: Peak Reynolds number for the multilesional configurations with diameter 
reductions of 50 percent and greater in the LMCA, LAD and LCX. ............................... 72 

Table 5.5: Mesh metrics from the mesh sensitivity analysis for the (1,1,0) and (1,1,1) 
lesion configurations with 68 percent diameter reduction. ............................................. 76 

Table 5.6: Relative differences for the average boundary pressures and flows 
between the different mesh densities for the (1,1,0). .................................................... 77 

Table 5.7: Relative difference for the average boundary pressures and flows between 
the different mesh densities for the (1,1,1). ................................................................... 77 

Table 6.1: Maximum instantaneous differences between the LPM and MSM for each 
heart, systemic and pulmonic parameter. ...................................................................... 85 

Table 6.2: Maximum instantaneous and cycle-averaged differences between the 
LPM and the healthy LMCA bifurcation MSM for the epicardial coronary pressures. .... 86 



 

 

 

xix 
 

Table 6.3: Maximum instantaneous differences and cycle-averaged differences 
between the LPM and MSM for the epicardial coronary flows ....................................... 88 

Table 6.4: Literature and study values for FFR (lesions with diameter reductions 
between 60 and 80 percent) .......................................................................................... 94 

Table 6.5: Average lesion lengths reported in the literature .......................................... 94 

Table 9.1: Maximum percent difference in the flow-based FFR within the LAD and 
LCX between the eccentric and concentric stenosis profiles, relative to the concentric 
case. ............................................................................................................................ 136 

Table 9.2: Maximum percent difference in the pressure-based FFR within the LAD 
and LCX between the eccentric and concentric stenosis profiles, relative to the 
concentric case ........................................................................................................... 139 

Table 10.1: Measurements of the LMCA bifurcation angle from the literature ............. 146 

Table 10.2: Combination of LAD and LCX angles employed in the study ................... 148 

Table 10.3: Maximum percent difference and absolute difference in flow-derived FFR 
within the LAD and LCX between the zero degree LAD and 40 degree LAD angles. . 152 

Table 10.4: Maximum percent difference and absolute difference in pressure-derived 
FFR within the LAD and LCX between the zero degree LAD and 40 degree LAD 
angles. ......................................................................................................................... 154 

Table 11.1: Summary of the main and original findings of the systematic investigation 
of the effect of geometric parameters on the functionality of CBLs ............................. 161 

 

 

  



 

 

 

xx 
 

  



1 Introduction  

 

 

1 
 

1 

INTRODUCTION 

  

Cardiovascular disease remains the leading cause of death globally and in the 

developed world [1-3]. In 2010, the Global Burden of Diseases, Injuries, and Risk Factors 

Study estimated that cardiovascular disease was responsible for the highest percentage, 

approximately 29.6, of all deaths globally. Ischemic heart disease, or in other words, 

coronary artery disease, constituted the highest proportion, estimated at 45 percent, of 

all cardiovascular-related deaths [3]. Similar trends were observed in data from 1990. In 

the 2012 World Health Organization’s release of the 10 leading causes of death, coronary 

artery disease was ranked as the preeminent cause [18]. Consequently, coronary artery 

disease, including its initiation, progression, diagnosis and treatment remains an 

important field of study.  

In this chapter, the motivation behind the work of the thesis is presented. A brief 

overview of the clinical background pertaining to coronary artery disease and coronary 

bifurcation lesions (CBLs), which constitute the main focus of the research, are provided. 

Moreover, the main shortcomings of the current state of the art with regard to the 

numerical modelling of coronary bifurcation lesions are outlined. The objectives of the 

thesis are detailed based on the clinical motivation and the limitations in the literature. 
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1.1 RATIONALE 

1.1.1 Clinical background 

The role of the coronary system is to maintain a viable myocardium by delivering 

oxygenated blood and nutrients to the heart muscle under varying metabolic demands 

[19]. Coronary artery disease is associated with atherosclerosis and is characterized by 

the thickening and the hardening of the vascular wall. It commonly manifests itself by the 

gradual growth of plaques (also referred to as stenoses or lesions), which extend into and 

ultimately narrow the arterial lumen [20]. Coronary plaques that protrude into the vessel 

lumen induce a pressure drop which results in a decrease in the blood supplied to the 

myocardium. When the supply of blood to a myocardial domain decreases to a level 

where the metabolic requirements (oxygen and/or nutrients) of the heart muscle are not 

fulfilled, ischemia is induced [21], which manifests itself in the form of angina.  

The onset of ischemia, in the context of coronary stenoses, is influenced by various 

factors including stenosis resistance (which is related to both the morphology of and the 

flow rate through the stenosis), lesion location, the size and the dynamics of the distal 

myocardial bed being perfused and the extent of collateral circulation (which provides an 

alternative route for blood to perfuse an ischemic myocardial domain) [22-25]. 

Consequently, clinical studies have shown that there is a poor correlation between the 

angiographic significance (diameter reduction) and the symptomatic manifestation of the 

disease [17, 26-28] thus, rendering visualization methods inadequate to guide 

cardiologists in the decision for coronary revascularization [26-28].  

The fractional flow reserve (FFR), a dimensionless diagnostic index that quantifies 

the percent of healthy hyperaemic myocardial blood flow that is preserved when the 

supplying artery is diseased, is a measure of the haemodynamic (functional) impact of a 

coronary stenosis and therefore, its likelihood to induce and be responsible for myocardial 

ischemia [23, 24, 29-31]. Clinical studies have shown that FFR values between 0.75 and 

0.8, measured in clinic as the ratio of the distal stenosis pressure to the aortic pressure, 

correspond to the threshold for the onset of ischemia. By using FFR to assess the 

functional impact of coronary lesions, interventions can be safely deferred for functionally 

nonsignificant but angiographically significant lesions [14, 26, 31-33]. Nevertheless, 
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despite the designation of FFR as the gold-standard clinical diagnostic index for the 

identification of functionally significant coronary lesions, it is utilized in less than 10 

percent of catheterization labs worldwide. As such, cardiologists still rely heavily on an 

angiographic evaluation.  

The scientific community has accepted that the development of atherosclerotic 

lesions is preferentially localized in vascular sites where the wall shear stress (WSS) is 

low and oscillatory such as, in regions of curvature, tortuosity and bifurcations [34-38]. In 

fact, up to 20 percent of all percutaneous coronary interventions (PCIs) involve the 

treatment of stenoses in the vicinity of a vessel bifurcation. The treatment of said 

stenoses, referred to as coronary bifurcation lesions (CBLs), is associated with higher 

rates of peri- and post-procedural clinical events (major cardiac events), target-lesion 

revascularization, restenosis and thrombosis as compared to non-bifurcation lesions [4, 

5, 7, 9-13]. There is still much uncertainty and debate with regard to the optimal 

interventional technique [7] as well as the assessment of bifurcation lesion severity [8], 

which renders bifurcation lesions, to this day, a major limitation of interventional 

cardiology.  

1.1.2 Limitations of the current state of the art 

To date, only a few studies have used numerical methods to investigate the 

dynamics of CBLs [39-48]. Moreover, these studies put emphasis on the notion of disease 

progression rather than physiologic impact and evaluated velocity profiles and WSS 

distributions in different bifurcation lesion configurations with both idealized and patient-

specific coronary geometries [39-44, 47, 48].  

The results of the existing studies on coronary bifurcation lesions have 

demonstrated important haemodynamic differences between the various CBL 

configurations, which were dependent on both the number and location of stenoses within 

the flow divider. Certain arrangements were also found to be at higher risk for disease 

progression. In other studies [45, 46], the ratio of the flow in the side branch to the flow in 

the proximal main branch was computed at mild and severe constrictions within different 

CBL arrangements. The results showed that as the severity of the stenoses increased, 
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the decrease in the corresponding flow ratio was non-uniform between the different 

configurations.  

The results of these works have suggested the intricate relationship between the 

severity of lesions, the arrangement of plaques within the bifurcation, and the 

haemodynamics of the corresponding vasculature. They emphasize the inadequacy of 

anatomy alone to guide and substantiate the decision for clinical intervention. Overall, 

although indicative of the presence of complicated haemodynamic interactions within 

CBLs, due to the use of conventional boundary conditions (prescribed inlet healthy flow 

rates and either zero-pressure outlets or flow-splits between the outlet vessels) for the 

execution of the CFD simulations, the dynamics of the distal myocardium were inherently 

disregarded. As such, CBL functionality could not be assessed. While an understanding 

of the prognostic attributes of this type of disease is important, there is a lack of knowledge 

regarding the clinical manifestation and severity of CBLs based on clinically-relevant 

indices. This information is necessary in order to improve diagnostic strategies and thus, 

reduce the risks associated with their treatment.  

Furthermore, the resistance of a stenosis is dependent on the transtenotic flow, 

which signifies that the application of a predefined healthy flow rate, as was executed in 

the aforementioned studies, does not allow for the true stenosis resistance to be 

expressed and therefore, the true effect of the lesions on the perfusion of the myocardium 

to be elucidated. This idea is amplified when the outlet boundary conditions constitute a 

prescribed constant flow distribution between the two daughter vessels since the 

differences in epicardial resistance, as is influenced by the different lesion arrangements, 

are not taken into account. This shortcoming limits the ability of the studies to provide 

clinical insight into the dynamics of CBLs since the imposed flow conditions are not 

representative of the true in vivo haemodynamic environment.  

In addition, the studies that have been executed to date have not attempted a 

systematic, thorough and comprehensive investigation of the effect of various geometric 

and morphological parameters of the stenoses and of the arterial bifurcation, on CBL 

dynamics and the corresponding haemodynamic interactions. Due to the dependence of 
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cardiologists on an angiographic evaluation of the severity of coronary lesions, such 

investigations are essential so as to identify potential independent predictors of a critical 

haemodynamic environment and thus, improve diagnostic procedures.  

1.1.3 Summary 

The fractional flow reserve, the gold-standard diagnostic index for the identification 

of functionally significant coronary lesions, is being utilized in less than 10 percent of 

catheterization labs worldwide. As such, cardiologists still rely heavily on an angiographic 

evaluation, which has been shown to have a poor correlation with haemodynamic impact. 

The treatment of coronary bifurcation lesions is associated with higher rates of peri- and 

post-procedural clinical events compared to that of isolated lesions. Overall, their 

haemodynamics and clinical manifestation are still not well understood. To date, to the 

best of the author’s knowledge, there has not been any attempt to evaluate the dynamics 

of coronary bifurcation lesions from a functional perspective, utilizing clinically-relevant 

diagnostic indices. Furthermore, there has not been a systematic effort to investigate and 

identify geometric and morphological parameters of the stenoses and of the arterial 

geometry that could affect the haemodynamic severity and therefore the clinical 

manifestation of the disease.  

1.2 HYPOTHESIS AND OBJECTIVES 

The hypothesis of the research is that haemodynamic interactions, both at the local 

level and at the global level play a significant role in the functionality of coronary 

bifurcation lesions and therefore in their clinical manifestation and diagnosis. 

The central objective of the thesis is to provide insight into and an understanding 

of the haemodynamic impact of coronary bifurcation lesions from a clinically-relevant 

perspective. Such an understanding could help improve diagnostic procedures and 

therefore reduce the risk associated with their treatment. Thus, the specific objectives of 

this research are to: 

 develop a model of a diseased coronary bifurcation that inherently takes into 

account both local and global haemodynamic interactions, provides a functional 
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perspective on its dynamics and allows for the calculation of clinical diagnostic 

indices. 

 investigate the effect of various geometric and morphological parameters of the 

stenoses and of the arterial bifurcation on the functional impact of coronary 

bifurcation lesions so as to identify parameters which could be independent 

predictors of haemodynamic criticality. These parameters include: configuration, 

stenosis severity, luminal eccentricity and bifurcation angle.  

1.3 OUTLINE OF THE THESIS 

In Chapter 2, the clinical background associated with the function and dynamics of 

the cardiovascular system and the development, manifestation and dynamics of coronary 

artery disease are presented. Chapter 3 provides an overview of cardiovascular 

computational fluid dynamics and an introduction of geometric multiscale modelling, 

which is utilized in the thesis to fulfill the objectives of the research. A detailed literature 

review and the associated limitations regarding coronary bifurcation lesions are also 

provided in Chapter 3.  

In Chapter 4, Chapter 5 and Chapter 6, the development of the geometric 

multiscale model of the left main coronary artery bifurcation (LMCA), to be utilized in what 

is to the best of the author’s knowledge, the first study of the functionality of coronary 

bifurcation lesions, is sequentially detailed so as to fulfill the first objective of the thesis. 

Specifically, Chapter 4 presents the development and numerical implementation of the 

lumped-parameter model (0D model) of the cardiovascular domains surrounding the 3D 

model of the LMCA bifurcation (presented in Chapter 5). The implementation of the 

coupling between the lumped-parameter representation of the cardiovascular system and 

the 3D model of the LMCA bifurcation is provided in Chapter 6, along with the results of 

the multiscale CFD simulations of the healthy and of a diseased bifurcation. These initial 

simulations show the ability of the developed model to provide physiologically-relevant 

dynamics within the coronary bifurcation lesions. 
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In the subsequent chapters, the second objective of the thesis is fulfilled. 

Specifically, studies of the effect of various geometric parameters on the functionality of 

coronary bifurcation lesions are presented. Chapter 7 investigates the effect of the lesion 

configuration on the flow-derived and pressure-derived FFR with varying stenosis severity 

while Chapter 8 studies the effect of relative stenosis severity on the functionality of CBLs. 

Overall, these two chapters investigate the effect of global haemodynamic parameters on 

the corresponding clinical manifestation of the disease. In Chapter 9 and Chapter 10, 

localized haemodynamic effects on CBL functionality are studied. Specifically, the effect 

of luminal eccentricity on the daughter vessel FFR is presented in Chapter 9, while in 

Chapter 10, differences in FFR are compared between multilesional configurations with 

varying bifurcation angle.  

Finally, the last chapter summarizes the results of the geometric multiscale CFD 

simulations presented in the thesis. Emphasis is put on the novel contributions of the 

research and the main findings and corresponding clinical implications of the results. In 

addition, the chapter overviews the limitations and corresponding future endeavours 

associated with the work. 
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2 

CLINICAL BACKGROUND 

 

This chapter presents the clinical background that is pertinent to the thesis. 

Specifically, the function and dynamics of the cardiovascular system are detailed. 

Emphasis is put on the coronary arterial system, which constitutes the cardiovascular 

domain of interest in the thesis. In addition, clinical background regarding the 

development, manifestation and dynamics of coronary artery disease is presented. 

Details are provided for coronary bifurcation lesions, which constitute the central focus of 

the research. 

2.1 THE CARDIOVASCULAR SYSTEM 

The role of the cardiovascular system is to deliver oxygenated blood, along with 

other nutrients, to each cell of the body as well as eliminate waste produced by cells. As 

is displayed in Figure 2.1a, the cardiovascular system is comprised of three main 

components namely, the heart, the systemic circulation (lower and upper body) and the 

pulmonic circulation (lungs).  

The heart, shown in Figure 2.1b, is a pump comprised of two parallel systems, 

specifically the high-pressure left heart and the low-pressure right heart. Each 

compartment is further subdivided into two additional chambers namely, the atrium and 



2 Clinical background 

 

 

10 
 

the ventricle. The outlets of the left atrium, left ventricle, right atrium and right ventricle 

are protected by valves, specifically the mitral, aortic, tricuspid and pulmonary valves 

respectively, which prevent backflow of blood into the corresponding compartment during 

specific phases in the cardiac cycle. The heart is the most important element of the 

cardiovascular system as it is responsible for circulating blood, and therefore oxygen and 

nutrients to the body. 

 

Figure 2.1: Schematic of (a) the circulatory system (with permission from [49]); RA right atrium, 
RV right ventricle, LA left atrium, LV left ventricle and (b) cardiac anatomy (with permission from 
[49]): SVC superior vena cava, IVC inferior vena cava, Ao aorta, PA pulmonary artery, PV 
pulmonary vein, MV mitral valve, AV aortic valve, TV tricuspid valve, PV pulmonary valve. 

Figure 2.2 presents a sketch of the main events during the cardiac cycle (adapted 

from [49]), which can be divided into two distinct phases, specifically, systole and diastole. 

Systole corresponds to the portion of the cardiac cycle where the ventricles contract and 

oxygenated blood is delivered to the systemic circulation while deoxygenated blood is 

delivered to the pulmonic circulation.  
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Figure 2.2: Cardiac cycle (adapted with permission from [49]). The blue and green portions denote 
systole and diastole respectively. P pressure, Q volumetric flow rate; M mitral valve, A aortic valve, 
T tricuspid valve, P pulmonary, C close, O open. 

It begins at the closure of the mitral and tricuspid valves and is followed by the 

isovolumetric contraction of the ventricles. During this time blood also flows into the left 

and right atria from the pulmonary veins and the vena cava respectively. Once left 

ventricular pressure surpasses aortic pressure and right ventricular pressure surpasses 

the pressure in the pulmonary artery, the aortic and pulmonary valves open, 

correspondingly. In the systemic circulation, oxygenated blood is ejected to the aortic 

sinus and the aorta, and is delivered to the rest of the body whereas, in the pulmonic 

circulation, deoxygenated blood flows into the pulmonary artery and subsequently to the 

lungs. The ejection of blood into either circulatory system is followed by a decrease in 

ventricular pressure and ultimately the closure of the corresponding valve (aortic or 

pulmonary). This valve closure denotes the start of diastole and therefore, the 

isovolumetric relaxation of the ventricles. When the mitral and tricuspid valves open, 
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ventricular isovolumetric relaxation ceases and both the left and right ventricles fill with 

oxygenated and deoxygenated blood from the atria, respectively. Blood flow from the atria 

to the ventricles occurs both passively due to the pressure differential between the two 

compartments and actively, due to atrial contraction. The end of ventricular filling 

corresponds to the end of the cardiac cycle. Figure 2.2 displays the left and right 

ventricular pressures and the aortic and pulmonary artery flows and pressures during the 

various phases of the cardiac cycle.  

2.2 THE CORONARY ARTERIAL SYSTEM 

During the ejection portion of the systolic phase of the cardiac cycle, oxygenated 

blood flows from the left ventricle to the aortic sinus and aorta and subsequently, to all 

tissues and organs. The high-pressure portion of the systemic circulation consists of a 

hierarchy of vessels that originate from the aorta and bifurcate over many generations to 

arteries, arterioles and capillaries, wherein tissue and organ perfusion occurs. Figure 2.3a 

provides a general overview of the systemic distribution of blood to the main systems of 

the body.  

 

Figure 2.3: Schematic of (a) the cardiac output (adapted from [50]) during resting state and (b) 
the left and right coronary arterial circulations (adapted with permission from [51]). Q∙ is the flow 
and VO2 is oxygen consumption. 
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In Figure 2.3a, one can observe that approximately four percent of the cardiac 

output, referred to as the coronary circulation, is allocated to the perfusion of the 

myocardium and therefore the fulfillment of the metabolic needs of the heart muscle. 

Figure 2.3b presents a schematic of the coronary circulation, for which more detail is 

provided in the subsequent sections. 

2.2.1 Anatomy of the coronary arterial system 

The coronary arterial system comprises two hierarchical branching structures of 

highly tortuous, curved and tapering vessels that originate from the aortic root at the left 

and right sinuses of Valsalva, encircle the heart at the boundaries of the six myocardial 

lobes, and embed themselves within the heart tissue. More specifically, the left main and 

right coronary arteries originate respectively from the left and right sinuses of Valsalva 

and encircle the left and right sides of the heart at the interface between the atria and the 

ventricles (Figure 2.4a). 

 

Figure 2.4: (a) Epicardial coronary anatomy as obtained from 3D Computed Tomography 
(adapted with permission from [52]). AO aorta, LM left main coronary artery, CX left circumflex 
artery, OM obtuse marginal branch, LAD left anterior descending artery, DB diagonal branch, 
RCA right coronary artery, RV right ventricular branch, CB conus branch. (b) Cast of the human 
coronary circulation; the left circulation is displayed in white and the right circulation in black 
(adapted with permission from [19]).  
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The left main coronary artery (LMCA) bifurcates into the left anterior descending artery 

(LAD) and the left circumflex artery (LCX), which supply the interventricular septum and 

the left atrium and ventricle respectively. The main branches of the LAD are the septal 

and diagonal branches, while those of the LCX constitute the obtuse marginal branches. 

The right coronary artery supplies the right atrium and ventricle and eventually gives rise, 

in the majority of patients, to the posterior descending artery which supplies the 

interventricular septum and part of the left ventricle [19]. These aforementioned vessels 

are generally found at the surface of the heart and are referred to as the epicardial 

coronary arteries. They are considered conducting vessels as they contribute only 

approximately five percent to the total coronary arterial resistance and are not responsible 

for myocardial perfusion [53]. In Figure 2.4b, one can observe that the branches of the 

epicardial arteries bifurcate for many generations from arteries, to arterioles and as far as 

the capillary level (wherein myocardial perfusion occurs). These vessels, denoted as 

endocardial arterial conduits, embed themselves into the myocardial tissue for perfusion 

and constitute the remaining approximate 95 percent of the coronary arterial resistance 

[53, 54].  

2.2.2 Function and dynamics of the coronary arterial system  

The coronary system maintains a viable myocardium by delivering oxygenated 

blood and nutrients to the heart muscle under varying metabolic demands. Similarly to 

other transport systems in the body and in nature, the coronary tree has a fractal structure 

associated with an optimal design based on fluid dynamic principles, and therefore 

ensures the efficient distribution of blood to the myocardium. Vascular morphology and 

biochemical (vasodilatory/vasoconstrictor) stimuli from neurohormonal and metabolic 

signals work in conjunction to endothelial contributions to fulfill perfusion requirements 

[19, 53, 55]. 

The magnitude of coronary blood flow has been associated with the ratio of oxygen 

supply to oxygen demand within the myocardium. More specifically, changes in this ratio 

with respect to the baseline (rest state) initiates a series of biochemical processes that 

target the myocardial capillary network so as to regulate coronary blood flow and thus, 

fulfill the metabolic demands of the heart muscle. For example, a decrease in this ratio 
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results in the release of vasodilators which increase the caliber of the capillaries, 

decrease their resistance and therefore, increase the corresponding blood flow.  

The relationship between the coronary blood flow and perfusion pressure under 

different metabolic rates is displayed in Figure 2.5a. The effective coronary perfusion 

pressure is defined as the pressure gradient across the vascular bed. More specifically, 

in healthy coronary vessels, it is equal to the pressure difference between the diastolic 

aortic pressure and the left ventricular end-diastolic pressure [56]. In Figure 2.5a, one can 

observe that for an increased metabolic rate, the coronary blood flow is also increased.  

 

Figure 2.5: Schematics of (a) the autoregulation of coronary blood flow based on perfusion 
pressure and (b) the physiological, resting aortic pressure and phasic left and right coronary blood 
flow, in healthy coronary conduits (with permission from [57]). 

Furthermore, Figure 2.5 displays other important features of coronary dynamics. 

Firstly, during maximum physiological dilation, as is represented by the dashed line in the 

schematic, there exists a linear relationship (assuming laminar flow) between the 

perfusion pressure and the coronary blood flow which signifies that a change in perfusion 

pressure corresponds to a direct change in coronary blood flow.  
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Conversely, the curves for the resting and increased metabolic rate, where the myocardial 

capillaries are not fully dilated, display a nonlinear relationship between the coronary 

blood flow and the perfusion pressure. Specifically, over a relatively wide range of 

perfusion pressures, as is displayed in the figure between 60 and 180mmHg for the 

resting metabolic rate, the corresponding coronary blood flow does not increase 

significantly with increasing perfusion pressure. This behaviour denotes the phenomenon 

of autoregulation, which corresponds to the capacity of the coronary arteries to maintain 

a relatively constant coronary blood flow with changing coronary perfusion pressure, for 

constant metabolic demands. The autoregulation phenomenon results from myocardial 

capillary vasodilation and is important in the development, progression and clinical 

manifestation of coronary artery disease [57]. 

Figure 2.5b displays a schematic of the physiological resting aortic pressure, and 

left and right coronary artery flows. One can observe that the phasic average flow rate 

within the left and right coronary arteries show markedly different behaviour. More 

specifically, within the left coronary artery, relative to the aortic pressure curve, the peak 

flow occurs at the onset of the diastolic phase. In fact, the bulk of the flow within the left 

coronary circulation occurs over the duration of diastole whereas, in the right coronary 

circulation, the majority of the flow occurs during ventricular systole. The behaviour 

displayed within the left coronary circulation is referred to as the phenomenon of 

predominantly diastolic flow. This phenomenon occurs due to the systolic contraction of 

the left ventricle which results in the extravascular compression of the endocardial arteries 

and ultimately, the inhibition of left coronary flow during this portion of the cardiac cycle. 

When the left ventricle relaxes during diastole and the intramyocardial pressure ceases 

to act on the endocardial vessels, blood is enabled to flow to the microvessels for 

perfusion. Conversely, due to the significantly lower pressure associated with the 

pulmonic circulation and the consequent lesser muscle tone of the right ventricle in 

comparison to the left ventricle, the endocardial vessels perfusing the right ventricle do 

not experience significant extravascular compression during systole. Thus, right coronary 

artery blood flow is not inhibited during this time. Furthermore, one can observe from 

Figure 2.5b that the magnitude of the coronary flow is greater within the left coronary 
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circulation than the right coronary circulation. This observation results from the fact that 

the right heart experiences reduced oxygen consumption due to the smaller myocardial 

mass, in comparison with the left side [53].  

2.3 CORONARY ARTERY DISEASE  

2.3.1 Development and manifestation of coronary artery disease 

Coronary artery disease is the leading cause of death worldwide, accounting for 

13 percent of all deaths [18]. It is associated with atherosclerosis, which constitutes a 

disease characterized by the accumulation of lipids within the intimal layer of the 

vasculature and ultimately the thickening and the hardening of the vascular wall. Figure 

2.6 displays a schematic of the various stages in the progression of an atherosclerotic 

plaque.  

 

Figure 2.6: Schematic of the initiation and progression of an atherosclerotic plaque (with 
permission from [58]). 

The process is initiated by the permeation of lipids, most commonly low-density 

lipoprotein, through the endothelial cell layer and their deposition within the intimal layer. 

The endothelia compose a monolayer of cells which line the lumen of all vasculature and 

are responsible for maintaining vascular wall homeostasis. The dysfunction of this layer 

permits this initial transmigration of lipids which subsequently initiates an inflammatory 

response wherein monocytes also permeate the intimal layer, progressively differentiate 

into macrophages and form foam cells. The further progression of the plaque is 

characterized by the recruitment of smooth muscle cells from the medial layer and their 

subsequent differentiation and conversion to foam cells [59-62]. 
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Mature atherosclerotic plaques are generally composed of a lipid core which is 

separated from the lumen by a collagen-based fibrous cap. The relative proportion of the 

two constituents determines the type of lesion, namely stable or unstable plaque. 

Unstable (vulnerable) plaques, which are not always lumen-occluding, are generally 

characterized by thin fibrous caps and large and soft lipidic cores. These types of plaques 

have been associated with higher risk of rupture, which exposes the highly thrombogenic 

plaque core to the blood and initiates the formation of a lumen-occluding thrombus. The 

rupture of a vulnerable plaque has been connected to unstable angina pectoris 

(colloquially referred to as chest pain) and acute myocardial syndromes. Conversely, 

stable plaques tend to have a higher proportion of fibrotic tissue (smaller lipid cores) and 

thicker fibrous caps, which allows them to progress to vessel occlusion. This type of 

plaque has been most commonly associated with stable angina pectoris as a result of 

chronic myocardial ischemia. Myocardial ischemia denotes the state wherein the 

myocardial blood supply does not fulfill the metabolic requirements (oxygen and/or 

nutrients) of the heart muscle [21]. Stable plaques can also ultimately cause total 

occlusion of the vessel, which results in myocardial infarction [63-71]. Since the focus of 

the current thesis lies in stable coronary plaques, further use of the terms plaques, lesions 

and stenoses refers to the stable disease.  

The development of atherosclerotic lesions has been accepted to be localized in 

vascular sites where the local haemodynamics are complex, such as in regions of 

curvature, tortuosity and vessel bifurcation. More specifically, early observations 

determined that atherosclerotic plaques were focalized in regions characterized by low 

and oscillatory shear stress [34-38]. To this date, the association of atherosclerosis with 

these particular flow characteristics remains the dominant school of thought. Numerical 

studies are ongoing regarding the determination of factors (such as geometric 

parameters) and flow conditions that predispose patients to the development and 

progression of atherosclerosis based on this theory [72-79]. There exists an abundance 

of literature that demonstrates the role of fluid dynamics in the initiation, development and 

progression of atherosclerosis in vascular regions characterized by complex geometry. 
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2.3.2 Isolated lesions 

Due to the fact that stable coronary plaques are composed of a high proportion of 

fibrotic tissue, their progression and intrusion into the vessel lumen is understandable. 

From a clinical perspective, these types of stenoses are most commonly associated with 

the development of myocardial ischemia.  

2.3.2.a Stenosis resistance 

Healthy epicardial coronary arteries induce a negligible pressure drop along their 

length. Therefore, under healthy conditions, the myocardial blood flow, which is 

dependent on the perfusion pressure, is driven by aortic pressure. Conversely, coronary 

plaques induce a pressure drop within the epicardial coronary system which results in a 

decrease in the effective perfusion pressure and thus, a decrease in the corresponding 

myocardial blood flow. The total transtenotic pressure gradient results from two energy 

dispersing sources, namely frictional and inertial losses. The frictional losses stem from 

viscosity-related energy dispersion at the entrance and along the throat of a lesion 

whereas, the inertial pressure losses are related to the expansion of the axially-oriented 

flow jet emerging from the lesion [80, 81]. Consequently, the theoretical translesional 

pressure drop, ΔPstenosis [mmHg], can be expressed by the following equation [80]:  

,2QIQVP LLstenosis   (2.1) 

where VL is the viscous pressure loss coefficient [mmHg∙s∙ml-1], IL is the inertial pressure 

loss coefficient [mmHg∙s2∙ml-6] and Q is the volumetric flow rate [ml∙s-1]. The viscous 

pressure loss coefficient, VL, is calculated by [80]: 

,
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
  (2.2) 

where µ is the blood dynamic viscosity [g∙cm-1∙s-1], D0 is the healthy vessel diameter [cm], 

A0 is the healthy vessel cross-sectional area [cm2] and Kv is a dimensionless empirical 

coefficient based on the morphology of the stenosis. In the above equations, f is a factor 

that converts [cPa] to [mmHg], and is equal to 1333-1 mmHg∙cPa-1. The inertial pressure 

coefficient, IL, is calculated by [80]: 
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where ρ is the fluid density [g∙cm-3], KE is a dimensionless empirical coefficient based on 

the morphology of the stenosis and AS is the area of the stenosis throat [cm2] [80-83].  

From Equation (2.1), one can observe that the stenosis resistance, Rstenosis 

[mmHg∙s∙ml-1], defined as the ratio of the pressure drop to the flow rate, is expressed as 

follows:  

.)( QIVR LLstenosis   (2.4) 

Equation (2.4) has significant implications in the effect of an epicardial plaque on 

the perfusion pressure. More specifically, the Equation (2.4) shows that the resistance of 

a stenosis is dependent on the transtenotic flow rate. Therefore, the transtenotic pressure 

drop cannot be predicted unless the corresponding flow rate is known. Furthermore, this 

equation demonstrates that two stenoses with the same morphology can induce different 

resistances and thus, exhibit different translesional pressure drops if they are subjected 

to differing transtenotic flows. As will be outlined in subsequent sections, the flow-

dependence of the stenosis resistance plays a significant role in the clinical manifestation 

of the disease, and is an important consideration in the current research.  

2.3.2.b Clinical manifestation and diagnosis of coronary stenoses 

For many decades, the severity of a lesion was evaluated based on its 

angiographic significance, or in other words, on its morphological severity (diameter 

reduction). Revascularization by PCI, specifically by balloon angioplasty and stent 

insertion, was executed for symptomatic patients with coronary plaques of diameter 

reductions greater than 50 percent. However, clinical studies demonstrated that there 

was a poor correlation between the angiographic significance and the manifestation of 

the disease, in particular for intermediate lesions with diameter reductions between 50 

and 70 percent [17]. As such, alone, it was deemed inadequate to guide cardiologists in 

the decision for coronary revascularization [26-28]. More specifically, the severity of a 

stenosis requires a functional haemodynamic evaluation, which identifies its probability 
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to induce and be responsible for myocardial ischemia. Under resting conditions, the 

decrease in myocardial blood flow resulting from the decrease in perfusion pressure can 

be in part compensated for by autoregulation through the partial dilation of the myocardial 

capillaries thus, preventing ischemia. Symptomatic coronary artery disease presents itself 

when the autoregulation capacity of the myocardium is exhausted thus, eliminating its 

capability of further dilating to fulfill its metabolic needs. 

For isolated lesions, the onset of ischemia is influenced by various factors including 

stenosis resistance (which is related to both the morphology of and the flow through the 

stenosis), lesion location, the size and the dynamics of the distal myocardial bed being 

perfused and the extent of collateral circulation [22-25]. Collateral circulation provides an 

alternative route for blood to perfuse an ischaemic myocardial domain. However, the 

presence and the extent of collateral coronary vessels are not completely understood and 

the prognostic contributions have been the topic of debate for many years. Contradicting 

studies on the prognostic advantages [84-89] and disadvantages [90] associated with the 

presence of functionally significant collateral conduits have been presented in the 

literature. Nevertheless, clinical studies have shown that of all patients with significant 

coronary artery disease, as quantified by the percent diameter stenosis, only 

approximately 30 percent have functionally significant collateral vessels that are capable 

of preventing ischemia [86, 91]. Interestingly, investigations have also shown that 

approximately 20 percent of healthy hearts have functionally significant collaterals that 

are recruited under brief coronary occlusion [92]. Nevertheless, in the presence of 

coronary artery disease, two prevalent factors have been associated with the 

development of physiologically significant collateral vessels, namely the severity of the 

disease (based on the percent occlusion of the stenosis) and the duration of time to which 

a patient is exposed to severe stenoses.  

A schematic of an epicardial coronary artery supplying a myocardial domain in 

both healthy and diseased cases, under maximum vasodilation (induced hyperaemia) is 

displayed in Figure 2.7. As was presented in Figure 2.5a, when the resistance vessels 

are maximally dilated, coronary autoregulation is eliminated, and there is a linear 

relationship between the perfusion pressure and the corresponding myocardial blood 
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flow. Therefore, in the healthy case of Figure 2.7a, the normal myocardial flow required, 

under maximum hyperaemia, to fulfill the metabolic requirements of the specific domain 

is Qn [ml·s-1]. 

 

Figure 2.7: Schematic of (a) a healthy and (b) a diseased coronary artery at maximum 
hyperaemia. In the diseased case, a collateral conduit feeds the myocardium distal to the 
stenosis. Pao aortic pressure [mmHg], Pd distal stenosis pressure [mmHg], Pv venous pressure 
[mmHg], Qn healthy myocardial blood flow, Qd diseased myocardial blood flow [ml·s-1], Qs stenosis 
flow [ml·s-1], Qc collateral flow [ml·s-1], Rmyo,n healthy myocardial resistance [mmHg∙s∙ml-1], Rmyo,d 

diseased myocardial resistance [mmHg∙s∙ml-1].  

When the same epicardial coronary artery is diseased (and the microvessels are 

still maximally vasodilated), such that there is a translesional pressure drop which 

decreases the effective myocardial perfusion pressure (Figure 2.7b), the flow being 

delivered to the myocardium is the diseased flow, Qd [ml·s-1], which results from both the 

flow through the stenosis, QS [ml·s-1], and collateral flow, QC [ml·s-1] (if present). Evidently, 

due to the reduced perfusion pressure, the flow being delivered to the myocardium in the 

diseased case is less than that required to meet the metabolic needs of the heart tissue.  

The ratio of the diseased to healthy myocardial flow, at maximum hyperaemia, is 

referred to as the fractional flow reserve (FFR) [23]:  

.
n

d
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Q
FFR   (2.5) 
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Consequently, the FFR is a dimensionless index that quantifies the percent of healthy 

hyperaemic myocardial blood flow that is preserved when the supplying artery is 

diseased. As such, since it is an evaluation of myocardial perfusion, FFR is a measure of 

stenosis functionality [23, 24, 29-31]. 

When considering the direct relationship between the perfusion pressure and the 

flow through the myocardium at maximum hyperaemia, the diseased and healthy flow 

rates can be calculated as follows [23]: 

,/)( ,dmyovdd RPPQ   

./)( ,nmyovaon RPPQ   
(2.6) 

Consequently, the FFR can be expressed with respect to pressure. This idea is significant 

as the absolute healthy myocardial blood flow is unknown in clinic: 
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Since the average venous pressure (right atrial pressure) is approximately 5mmHg [93], 

it can be assumed to be negligible [31]. Furthermore, the diseased and healthy 

myocardial resistances are equal under induced maximal hyperaemic conditions in the 

absence of microvascular disease (see Figure 2.5a). As such, in a clinical setting, under 

induced hyperaemic conditions (through the injection of a vasodilatory agent), the FFR 

can be approximated by [23]: 

.
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d
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P
FFR   (2.8) 

Figure 2.8a displays a schematic of the clinical measurement of FFR. A guiding catheter 

is inserted through a peripheral vessel and a solid-state pressure transducer mounted on 

a flexible guide-wire is fed through the guiding catheter.  



2 Clinical background 

 

 

24 
 

 

Figure 2.8: (a) Schematic of pressure-derived FFR measurement and (b) example of in vivo 
pressure recordings for the calculation of the pressure-derived FFR (with permission from [22]). 
The red and green lines correspond to the aortic and distal pressure measurements respectively, 
with the average values provided on the right-hand side of the figure.  

Once the pressure recordings from the guiding catheter and the pressure wire are 

equalized, the pressure wire is advanced distal to the stenosis of interest. Hyperaemia is 

subsequently induced through the injection of adenosine, and pressure measurements 

over many cardiac cycles are made for the calculation of the pressure-derived FFR. 

Figure 2.8b provides an example of clinical data from a measurement of FFR. If multiple 

stenoses are present, the pressure wire is pulled back across all the stenoses to identify 

that which has the most significant pressure gradient [94].  

Numerous clinical studies were executed upon the introduction of the pressure-

derived FFR to assess its capability to discern between ischemic and non-ischemic 

stenoses with angiographically-significant diameter reductions [31, 32, 93, 95]. From 

these studies, a threshold pressure-derived FFR value between 0.75 and 0.8 was 

identified for the onset of ischemia on the basis of non-invasive stress and exercise tests 

as well as perfusion tests. This threshold value was later utilized in various clinical trials 

to investigate the effectiveness of FFR-guided versus angiography-guided intervention of 

coronary lesions. These investigations determined that interventions can be safely 

deferred for physiologically (functionally) nonsignificant but angiographically significant 

lesions [14, 96-98].  
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As a diagnostic index, FFR has several important features that make its use 

favourable. For example, FFR has a theoretical global value of one for each patient and 

for each vessel with a very narrow and well-defined cut-off value for the identification of 

ischemia. It is also independent of systemic haemodynamics (heart rate, left-ventricular 

contractility, etc.) while inherently taking into account the contribution of collateral 

circulation and the myocardial mass being perfused. Therefore, as a result of these 

characteristics and its unmatched capability of identifying ischemia-inducing lesions, FFR 

has been identified, in the recent years, as the gold-standard method for the diagnostic 

functional evaluation of coronary lesions [14, 22, 33].  

2.3.3 Coronary bifurcation lesions 

2.3.3.a Classification and statistics of CBLs 

The tendency of atherosclerotic plaques to form in areas of disturbed flow, such 

as vessel bifurcations, has been widely accepted in the scientific world [38, 99, 100]. 

Coronary bifurcation lesions, which constitute their own subset of coronary artery disease, 

are defined as luminal narrowings that are in the vicinity of, and/or include a significant 

side branch [4, 7]. In order to characterize the arrangement and location of the stenoses, 

several classification systems have been developed over the years. In the recent years, 

the Medina classification, for which details are provided in Figure 2.9, has become widely 

adopted in clinic due to its simplicity and intuitive nature [4, 5, 7, 101].  

 

Figure 2.9: Detailed description of the Medina classification. PMB proximal main branch, DMB 
distal main branch, SB side branch. 
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The Medina classification consists of a binary system that denotes either the 

presence (1) or the absence (0) of a stenosis with a diameter reduction greater than 50 

percent in each of the vessels of the bifurcation: (proximal main vessel, distal main vessel, 

side branch). For example, a configuration described by the (1,0,1) notation consists of a 

stenosis (with a diameter reduction greater than 50 percent) in the proximal main vessel 

and in the side branch and no stenosis in the distal main branch. 

From a clinical perspective, coronary bifurcation lesions constitute a notable 

proportion, namely up to 20 percent, of all executed PCIs [4-6]. Due to the inherent 

technical difficulty of the procedure, which results from factors, such as the dynamic 

anatomic variability of the bifurcation during the procedure, plaque characteristics (plaque 

burden and morphology) and bifurcation characteristics (angle and vessel diameters) [5, 

6], their intervention is associated with higher rates of peri- and post-procedural clinical 

events (major cardiac events), target-lesion revascularization, restenosis and thrombosis 

as compared to non-bifurcation lesions [4, 5, 7, 9-13]. 

There is still much uncertainty and debate with regard to the optimal interventional 

technique [7] as well as to the assessment of bifurcation lesion severity [8], which renders 

bifurcation lesions, to this day, a major limitation of interventional cardiology. In order to 

improve diagnostic strategies so as to reduce the risks associated with their treatment, it 

is essential that a good understanding of the dynamics of bifurcation lesions as well as 

the factors that affect the dynamics be obtained.  

2.3.3.b Dynamics of CBLs 

For isolated lesions, the onset of ischemia is governed by lesion morphology, the 

size and dynamics of the myocardium being perfused by the stenosed vessel, and the 

extent of collateral blood flow. However, for CBLs, the development of ischemia, and 

therefore the manifestation of the disease, is more involved. In addition to the factors 

influencing isolated lesion functionality, these types of stenoses are subject to 

haemodynamic interactions, both on the global and local level, which render the overall 

dynamics of the system more complex [102].  
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There are several factors that could contribute to the global haemodynamic 

interactions within coronary bifurcation lesions. Firstly, the resistance of a stenosis is 

dependent on the transtenotic flow rate. Consequently, when multiple stenoses are 

dispersed within the coronary tree, the resistance of each lesion contributes to the overall 

epicardial resistance and thus, the total myocardial flow reduction. Therefore, there is a 

mutual underestimation of the true resistance and haemodynamic severity of the 

individual lesions [102, 103]. This phenomenon has been previously demonstrated for 

tandem (or serial) lesions without an intermediate side branch [102, 104-108]. 

Furthermore, the relative epicardial resistance between the daughter vessels, which is 

influenced by both the relative severity of the corresponding stenoses and that of the 

supplying vessel lesion, influences the relative distribution of blood between the 

myocardial beds being perfused by the epicardial bifurcation. This idea, which can be 

extended to the phenomenon of branch steal, has been suggested to affect the overall 

physiological severity of bifurcation lesions [27, 109]. Still yet, the dynamics and relative 

size of the two distal myocardial beds also play a significant role in the relative distribution 

of blood between the two daughter vessels. More importantly, the relative extent of 

myocardial domain being perfused ultimately determines the criticality of the flow 

reduction [103, 110]. Finally, the development (if any) of collateral flow conduits depends 

on the magnitude and duration of exposure to myocardial ischemia. In the case of 

bifurcation lesions, wherein there are two potential ischemic domains, the corresponding 

relative extent of collateral development will further influence the ischemic state of the 

individual myocardia and therefore the criticality of the CBL configuration. 

Local haemodynamic interactions, which are related to localized flow 

characteristics, arise from the close proximity of the lesions to one another and to the 

bifurcation carina. More specifically, pressure-flow relations of the individual lesions could 

be affected as a result of the overlap of the emerging fluid jet and recirculation zone of 

the proximal stenosis with the neck of the daughter vessel stenoses [111]. The localized 

flow characteristics distal to the supplying vessel stenosis are further influenced by the 

morphology and dynamics of the stenosis itself and therefore could have a variable effect 

on the downstream lesion dynamics. Additionally, these flow characteristics do not only 
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interact with the distal stenoses, but also with the bifurcation carina, which could further 

influence the flow within the two daughter vessels. Moreover, the complex geometry of 

the bifurcation incurs flow disturbances which affect the local haemodynamics 

irrespective of lesion configuration. Specifically, bifurcation geometry not only affects the 

level of difficulty of the procedure, but also varies significantly from patient to patient, and 

from bifurcation to bifurcation within a single patient [4, 13]. 
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3 

CARDIOVASCULAR COMPUTATIONAL 

FLUID DYNAMICS 

 

This chapter presents an overview of computational fluid dynamics within the 

cardiovascular system, with emphasis on the limitations of its use. Subsequently, 

geometric multiscale modelling in the context of cardiovascular computational fluid 

dynamics is presented. Geometric multiscale modelling addresses the limitations of 

conventional cardiovascular computational fluid dynamics simulations and is central to 

the current thesis as it is the method utilized to fulfill the objectives of the research. Finally, 

a literature review of the numerical studies on coronary bifurcation lesions executed to 

date is provided. The limitations of the studies, which are addressed in the thesis, are 

outlined in detail. 

3.1 OVERVIEW AND LIMITATIONS  

For many decades, numerical simulations of blood flow have proven to be an 

essential and invaluable tool in the understanding of the mechanics and dynamics of the 

cardiovascular system. The importance of cardiovascular computational fluid dynamics 

(CFD) stems from the fact that medical imaging, albeit significant progress in modality 

technology and resolution, is neither capable of elucidating the in vivo haemodynamic 
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and mechanical environment, nor is it capable of serving as a surgical and procedural 

tool for predicting outcomes, and optimizing and tailoring procedures [112].  

The process of numerically simulating blood flow and obtaining haemodynamic 

parameters in a specific cardiovascular domain consists of six main steps: generation of 

the geometry, meshing of the computational domain, application of fluid properties, 

application of boundary conditions, solution of the flow field in time and space and 

processing of the simulations results.  

In the first step, the generation of the geometry can be achieved through computer-

aided design (CAD), wherein simplified and/or analytical representations of the in vivo 

geometry of the domain of interest are created. Conversely, patient-specific geometries 

can also be obtained by extracting them from various imaging modalities, such as 

computed tomography (CT), magnetic-resonance imaging (MRI), angiography, and other. 

The images obtained from the modalities must be segmented and reconstructed, and 

usually undergo numerous stages of smoothing and correcting before being utilized for 

the numerical simulations. Once the finalized geometry is obtained, it is discretized in 

space (meshed) and the blood properties (for example, the density and viscosity) are 

applied.  

The following step, namely the assignment of boundary conditions to the 

computational domain, is central to the numerical simulation of blood flow, and more 

specifically in the prediction of accurate flow and pressure fields within the domain of 

interest. Modelling the entire cardiovascular system, and in fact even the circulation in 

smaller cardiovascular domains is a challenge, if not impossible as it is associated with 

high computational costs, while still being subject to errors associated with geometric 

reconstruction. Therefore, only a truncated vascular domain is considered in CFD 

simulations. However, the localized dynamics of each portion of the vasculature are 

influenced by the upstream and downstream haemodynamics. Both, from a physiological 

and mathematical perspective, the peripheral haemodynamics are inherently considered 

in the boundary conditions of the numerical model. Henceforth, the selection of 

physiologically relevant and accurate boundary conditions that represent the in vivo 
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haemodynamic environment, is crucial in the validity of the results and remains a 

challenge in the field of cardiovascular CFD.  

Conventional boundary conditions for cardiovascular CFD simulations most 

commonly consist of a prescribed flow or pressure waveform at the inlet and zero 

pressure/traction conditions at the outlets. In the case of multiple outlet boundaries, a 

predefined flow-split between the different outlets can also be prescribed. However, the 

application of such boundary conditions is associated with certain shortcomings. More 

specifically, their application requires a priori knowledge about the flow or pressure 

waveform, which is most often not available due to low resolution and/or unavailable in in 

vivo measurements. Therefore, assumptions regarding the prescribed flow or pressure 

waveform, which commonly are not representative of the true in vivo state, are made. 

Furthermore, zero pressure/traction outlet conditions are not capable of capturing and 

generating accurate pressure fields within the truncated computational domain. 

Consequently, the flow and pressure fields obtained from the simulations are limited in 

their accuracy [112]. These limitations are addressed by geometric multiscale modelling, 

for which details are provided in subsequent sections. Geometric multiscale modelling is 

central in the context of this thesis. 

Once the boundary conditions are selected and applied, the system is discretized 

in time and the solution is obtained at each timestep in the transient simulation. More 

details regarding the solution methods are provided in the following chapter. Finally, the 

results are post-processed in order to derive and visualize haemodynamic parameters, 

such as WSS, flow and pressure fields, and other, which aid in the characterization of the 

mechanical environment and the elucidation of clinically-relevant information.  

3.2 GEOMETRIC MULTISCALE MODELLING 

3.2.1 Overview of geometric multiscale modelling 

In order to overcome the limitations of conventional boundary conditions in 

cardiovascular CFD simulations, the idea of geometric multiscale modelling has been 

introduced. Within geometric multiscale CFD models, the vascular domain of interest, 

most often consisting of a 3D model, is coupled with a lower-order model (either 0D or 
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1D) of the surrounding and peripheral circulation. The lower-order models allow for the 

global dynamics of peripheral vascular domains to be accounted for in a computationally-

efficient manner, such that the local haemodynamics of the domain of interest are 

computed in the context of global physiology [19, 112-115]. 

Most commonly, the 3D domains are coupled with a 0D or lumped-parameter 

model (LPM) representing the dynamics of the surrounding vasculature. Lumped-

parameter models, wherein large and complex vascular districts are represented by a 

small number of hydraulic elements, are computationally inexpensive and efficient and 

allow for the macroscopic (spatially and temporally averaged) haemodynamic parameters 

to be obtained. Electrical circuit elements, for example resistances, capacitances and 

inductances, which have analogies within the fluid domain, are used to represent the 

various characteristics of the vasculature and their corresponding dynamics. The first 

records of lumped-parameter models for the modelling of cardiovascular dynamics date 

to 1733 and 1899, where they were used specifically for the study of the dynamics of the 

heart and its chambers (denoted as the Windkessel model) [116, 117]; since then, their 

use has been extended from the global modelling of individual segments, to those of 

entire vascular domains and even the complete cardiovascular system for various 

applications and with varying degrees of complexity [118-125]. Lumped-parameter 

models have also been of significant importance in the study of coronary artery dynamics 

and have been employed in various investigations for both the modelling of healthy and 

diseased states [27, 126-130]. 

Lumped-parameter models can be coupled with 3D CFD domains by means of an 

open-loop or closed-loop geometric multiscale configuration. In the open-loop 

configurations, simple resistance or impedance boundary conditions are applied at the 

outlets. While allowing for more physiologically-relevant pressure fields to be computed 

in the CFD simulations, open-loop systems require a flow or pressure waveform to be 

imposed at the inlet of the model. Therefore, this approach presents similar limitations to 

those of the generic (conventional) boundary conditions [112, 131]. Conversely, in the 

closed-loop configurations, both the inlet and the outlets are coupled with a lower-order 

model of the entire cardiovascular system in a complete feedback loop. Thus, both the 



3 Cardiovascular computational fluid dynamics 

 

 

33 
 

inlet and outlet boundary conditions are extracted from the solution of the lower-order 

model, which is in turn influenced itself by the dynamics in the 3D domain. Consequently, 

in closed-loop configurations, the boundary conditions dynamically change and are 

allowed to develop through the interaction between the two models. As such, they have 

the advantage of allowing the flow and pressure fields within the domain of interest to be 

calculated in the context of the complete global physiology of the cardiovascular system 

and therefore eliminate the need for a priori assumptions [112]. Overall, the execution of 

CFD simulations within a geometric multiscale framework has developed into and is 

proving to be a significant research tool that allows for more physiologically-relevant in 

vivo haemodynamics to be elucidated within patient-specific studies. It enables 

systematic evaluations of disease states and interventional procedures with the potential 

to serve as a clinical tool to plan, optimize, personalize and predict the outcome of 

treatment [112].  

3.2.2 Geometric multiscale modelling of coronary arteries 

Over the past decade, the use of geometric multiscale modelling within 

cardiovascular CFD simulations has become more prominent and has been implemented 

in many studies for various applications; examples include, but are not limited to, the 

understanding of the progression of atherosclerotic disease in the carotid bifurcation 

[132], risk stratification of patients suffering from aneurysmal coronary arteries [133], the 

prediction of short- and long-term outcomes of surgical and interventional procedures 

[131, 134-138] and the optimization of procedures and surgical implants [138, 139].  

Computational fluid dynamics simulations under the geometric multiscale 

framework have also recently become of importance for the modelling of coronary 

haemodynamics under both healthy and diseased states [138, 140-142]. The use of 

closed-loop multiscale configurations within transient coronary simulations are of great 

importance due to the predominantly diastolic flow phenomenon; they allow the simulation 

of left ventricular pressure which can be imposed within the coronary myocardial model 

so as to account for and approximate intramyocardial pressure. The use of an open-loop 

model with simple resistance/impedance outlet conditions would not be able to capture 

such particular flow dynamics unless an inlet velocity waveform accounting for the 
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phenomenon were imposed. In particular, for diseased conditions, the magnitude of 

coronary flow is unknown as it is dependent on a complicated interplay between the 

stenosis resistance (which is itself dependent on the transtenotic flow) and the myocardial 

dynamics. Therefore, for coronary arteries, closed-loop geometric multiscale models of 

are central to disease evaluation. 

Interestingly, the functional characterization and diagnosis of coronary stenoses 

using computational methods has become the interest and focus of many studies in 

recent years. This endeavour is motivated by the fact that, due to procedural costs, 

functional assessment of coronary lesions using FFR, although widely accepted as the 

gold-standard in coronary artery disease diagnosis, is only executed in less than 10 

percent of cases undergoing PCI [14-16]. In the virtual evaluation of FFR, patient-specific 

anatomic data of the coronary arteries are obtained using various imaging modalities, 

such as coronary computed tomography angiography [142-144] and rotational coronary 

angiography [15] and computational fluid dynamics (CFD) simulations (as well as fluid-

structure interactions simulations) are performed under a multiscale framework in order 

to obtain the pressure and flow fields required for the calculation of FFR.  

Kim et al. [140, 141] developed the first closed-loop multiscale model of the 

coronary circulation for the simulation of coronary blood flow under both healthy [141] and 

disease states [140]. The resulting model and the corresponding numerical code for the 

implicit multiscale numerical simulation of FFR was patented in the same year [145] and 

later served as the basis for the only for-profit company namely, HeartFlow Inc., that is 

capable of numerically computing FFR [142, 143]. The models of Kim et al. [140, 141] 

consist of a patient-specific geometry of the aortic root (without the aortic valve), the aortic 

arch, and the descending aorta as well as the left and right coronary circulations and the 

main branches stemming from the aortic arch, as obtained using coronary computed 

tomography angiography (CTA). Within the model implemented by HeartFlow Inc., the 

aortic geometry was truncated to include only the root. The patient-specific geometry is 

coupled with LPMs of the left and right heart, which serve both as inlet boundary 

conditions to the aortic root (the left heart) and a means to compute left and right 

ventricular pressure which serve as an approximation to the intramyocardial pressure that 
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is applied to the coronary microcirculation during systole. Each coronary outlet model 

accounts for the myocardial resistance, as calculated based on scaling laws and the total 

myocardial resistance as well as the epicardial resistance and capacitance, and the 

compliance of the endocardial vessels, all calculated using literature values for the 

average flows, pressures and impedance spectra. The outlets of both the aorta (and its 

branches) and the coronary vessels, connect back to the right heart to close the system 

and generate a complete feedback loop.  

The models of Kim et al. [140, 141] are capable of predicting physiologically 

relevant flow and pressure curves in the healthy coronary arteries under resting and light 

exercise conditions [141] as well as capturing the decrease in myocardial perfusion in the 

presence of varying LAD stenosis severity [140]. Furthermore, the ability of the HeartFlow 

Inc. algorithm to noninvasively assess FFR has been evaluated in a series of clinical trials 

[144, 146-149] which compared the results of numerical computation of FFR to that 

measured invasively within the catheterization lab. The results of the trials demonstrated 

that the numerically-computed FFR had a superior diagnostic capacity compared to the 

use of non-invasive tests and specifically visual evaluation from coronary CT angiography 

alone. The diagnostic accuracy of the non-invasive FFR was significantly improved in the 

most recent clinical trial [149] when strict adherence to image acquisition protocol and 

improvements to the computational code were implemented, ultimately granting the 

method U.S. Food and Drug Administration (FDA) approval [16]. Overall, closed-loop 

multiscale models of the coronary circulation are becoming a powerful tool to assess the 

functionality of coronary lesions by yielding well-validated and widely-accepted clinical 

index. 

3.3 NUMERICAL INVESTIGATIONS OF CBLS  

The dynamics of CBLs have been the focus of few studies to date. The following 

sections provide an in-depth evaluation of the existing literature and the state-of-the-art 

numerical modelling of CBL dynamics.  
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3.3.1 Review of the literature 

In 2012, Binu et al. [47, 48] executed preliminary investigations on 2D and 3D 

models of the seven CBL configurations based on the Medina classification. For each 

CBL geometry, which was modelled within the LMCA bifurcation, a single diameter 

reduction of approximately 60 percent was employed. In both studies, steady-state CFD 

simulations were implemented; at the inlet of the model, healthy, average diastolic LMCA 

flow was applied through a fully-developed parabolic velocity profile, whereas at the 

outlets, a flow split between the LAD and the LCX, based on vessel diameter, was 

imposed. The works explored WSS patterns between the different cases in order to 

identify configurations which were potentially at risk for disease progression; the results 

found that in both the 2D and 3D cases, the (1,0,0) configuration had the highest risk for 

disease progression while the lowest risk was associated with the (0,0,1) case. The 

computed WSS within the 2D and 3D models predicted different risk levels for the 

multilesional configurations suggesting inconclusive findings.  

In the same year, Zarandi et al. [46] also executed 2D CFD simulations on CBL 

configurations with the LMCA bifurcation. Similarly to [47, 48], lesion arrangements were 

based on the Medina classification, although only the (0,1,1), (1,0,1) and (1,1,1) 

configurations were simulated. For each configuration, Zarandi et al. [46] considered two 

diameter reductions corresponding to moderate (50 percent) and severe (75 percent) 

cases. Transient simulations were executed by imposing a pulsatile, fully-developed 

velocity profile with a time-varying flow rate corresponding to healthy conditions at the 

inlet and zero-traction conditions at the outlets of the LAD and the LCX. Wall shear stress 

within the side branch as well as the ratio of the flow in the side branch to the flow in the 

mother vessel, were computed. The results of the simulations showed that within the side 

branch, the (1,0,1) configuration had the lowest WSS over the entire cardiac cycle when 

compared to the (1,1,1) and (0,1,1) cases. Interestingly, at both diameter reductions, the 

(1,0,1) configuration also yielded the lowest flow ratio.  

Between 2012 and 2014, a series of CFD investigations within patient-specific 

models of diseased LMCA bifurcations, from CT angiography, was executed by 

Chaichana et al. [39-44]. In two initial studies [43, 44], the (1,1,0) configuration with a 
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single diameter reduction of approximately 60 percent was simulated. In [44], the 

geometry was truncated to the proximal portions of the LAD and the LCX whereas, in [43] 

the geometry was extended to include the distal portions of these arteries as well as two 

side branches stemming from each daughter vessels. Similarly to Zarandi et al. [46], 

transient flow simulations were implemented with a pulsatile, fully-developed velocity 

profile based on a time-dependent healthy LMCA flow rate being applied at the inlet. The 

outlet boundary conditions differed between the two studies; specifically, a zero-pressure 

gradient as applied in the truncated LMCA bifurcation geometry of [44] while a flow-split 

similar to Binu et al., based on diameter reductions, was applied for the extended domain 

of [43]. In later studies by the same group, a larger cohort of patients with differing lesion 

configurations, including the (0,1,1), (1,0,0), (0,1,0) and (0,0,1) cases, were considered 

[39, 41, 42]; in these studies, the boundary conditions for the transient flow simulations 

were consistent with those of their previous studies while diameter reductions ranged 

between 30 and 70 percent based on the specific patient.  

Through the numerical studies, Chaichana et al. [39-44] sought changes in flow 

velocities, WSS and the local pressure gradient (PSG) for the different CBL configurations 

relative to the healthy LMCA bifurcation flow so as to assess the risk for disease 

progression as well as plaque rupture. As expected, the results of the studies showed 

high flow velocities at the minimal luminal diameter and recirculation zones both proximal 

and distal to the stenoses, which resulted in regions of high and low shear stresses 

respectively in all investigated configurations. These results implied increased rupture risk 

at the neck of the stenosis and increased risk for disease progression proximal and distal 

to the existing stenoses. Interestingly, decreased WSS was also observed in the side 

branches downstream the effective plaque area compared to the healthy case which 

implied the risk for plaque formation distal to the diseased bifurcation. Finally, compared 

to the healthy case, the pressure gradient was elevated in the regions of reduced luminal 

area which further implies increased risk for plaque rupture. 

In the most recent study by Chaichana et al. [40], a single patient-specific geometry 

of the LMCA bifurcation (including the distal portions of the LAD and LCX and their side 

branches) was utilized and different bifurcation lesion configurations, with stenoses of 60 
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percent diameter reduction, were imposed. Eight stenosis arrangements were considered 

in that study, which included all seven Medina classification cases with stenosis placed 

directly at the bifurcation carina. In the eighth case, the stenoses were arranged according 

to the (1,1,0) configuration; however, the LMCA stenosis was shifted upstream the 

bifurcation carina. As in previous studies, the parameters of interest from the CFD 

simulations were the velocity, WSS and PSG; the study found that between most 

configurations, there were statistically significant differences in the investigated 

haemodynamic parameters. Although similar conclusions to the previous studies 

regarding the risk for plaque rupture and disease progression were elucidated, the 

consideration of various lesion configurations added value to the understanding of the 

complexity of bifurcation lesion haemodynamics. More specifically, through the 

comparison between the different configurations, the results showed that single-lesion 

configurations produced less severe haemodynamic changes compared to the multi-

lesion cases. More importantly, the haemodynamic differences between the various multi-

lesion configurations were a complicated factor of both the number and location of the 

stenoses within the flow divider.  

Frattolin et al. [45] extended the work of Zarandi et al. [46] by considering 3D 

models of true bifurcation lesions, based on the Medina classification. Mild to moderate 

plaques, specifically with diameter reductions of 22.5, 30 and 50 percent, were simulated. 

All stenoses within the bifurcation had a uniform diameter reduction and were placed 

directly at the bifurcation carina. Similarly to all aforementioned studies, and in particular 

[46], a pulsatile, fully-developed velocity profile was applied at the inlet boundary, while 

zero-traction conditions were imposed at the outlets. Differing from previous studies, the 

decrease in flow as a result of the additional epicardial resistance imposed by the 

stenoses, was taken into account; more specifically, the time-varying volumetric flow rate 

applied at the inlet was scaled from the healthy condition based on average FFR values 

from the literature. In addition to investigating the influence of diameter reduction, the 

study also assessed the effect of lesion proximity to the carina. Specifically, for all 

configurations with a diameter reduction of 50 percent, the location of the stenoses 

relative to the bifurcation carina was varied between zero and six millimeters. In 
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accordance with previous studies, the haemodynamic parameters assessed included the 

WSS within the side branch and the ratio of the side branch to supplying vessel flow. 

Similarly to the 2D results of [46], the (1,0,1) configuration was consistently found to 

produce the lowest WSS and flow within the side branch. These results suggest that 

branch steal may play an important role in perfusion and disease progression. 

Furthermore, for all configurations, as the distance of the stenoses to the carina 

increased, both the WSS within and the flow to the side branch increased. As such, the 

results of the study implied that stenoses in close proximity to a bifurcation may generate 

more critical haemodynamic environments. 

3.3.2 Limitations of existing works 

To the best of the author's knowledge, the aforementioned studies constituted the 

first attempts to investigate localized haemodynamic changes that occur when multiple 

stenoses are present near a bifurcation. The results of these works have suggested the 

intricate relationship between the severities of lesions, the arrangement of plaques within 

the bifurcation, and the haemodynamics of the corresponding vasculature and emphasize 

the inadequacy of anatomy alone to guide and substantiate the decision for clinical 

intervention. The non-uniform and statistically significant haemodynamic changes that 

can occur within CBLs were demonstrated to be a function of the location and the severity 

of the lesions and were suggestive of the presence of complicated, localized 

haemodynamic interactions between stenoses when they are in close proximity to both 

one another and to a bifurcation. These interactions yielded different risk levels regarding 

disease progression and plaque rupture between the configurations, although the various 

studies drew different conclusions with regard to the most critical cases. Overall, although 

suggestive of the presence of complex haemodynamic interactions within CBLs, the 

exiting studies did not provide novel insight into the absolute haemodynamics of stenosed 

arteries. More specifically, increased flow velocity coupled with high WSS at the luminal 

narrowing and zones of flow recirculation and low WSS distal to the neck of the stenosis 

were elucidated over a few decades prior. In many of the studies, the observed 

differences between the configurations were not properly quantified so as to provide 

insight into the aforementioned haemodynamic interactions and their consequences.  
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 The first main shortcoming of the current state of the art of CBL modelling is 

related to the assumptions made regarding the global haemodynamics of the LMCA 

bifurcation under diseased states. More specifically, an evaluation of the haemodynamic 

differences between the various lesion configurations under physiologically accurate in 

vivo diseased conditions was lacking. This limitation is related to the imposition of 

conventional boundary conditions (prescribed inlet healthy flow rates and either zero-

pressure outlets or flow-splits between the outlet vessels), for the execution of the CFD 

simulations, which inherently disregard the dynamics of the distal myocardium. In a 

closed-loop system, such as the circulatory system, the haemodynamics upstream and 

downstream the simulated domain not only influence its dynamics, but are central in the 

notion of lesion functionality due to their correlation with the onset of ischemia. 

Consequently, CBL functionality could not be assessed and instead emphasis was put 

on disease progression. While an understanding of the prognostic attributes of this type 

of disease is important, there is a lack of knowledge regarding the clinical manifestation 

and severity of CBLs based on clinically-relevant indices; this information is necessary in 

order to improve diagnostic and interventional strategies and devices and thus, reduce 

the risks associated with their treatment.  

Furthermore, the resistance of a stenosis is linearly dependent on the transtenotic 

flow, which signifies that the application of a predefined and healthy flow rate does not 

allow for the true stenosis resistance to be expressed and therefore the true effect of the 

lesions on the perfusion pressure to be elucidated. This idea is amplified when the outlet 

boundary conditions constitute a prescribed constant flow distribution between the two 

daughter vessels since the differences in epicardial resistance, as is influenced by the 

different lesion arrangements, are not taken into account (for each case, the same 

magnitude of flow is forced through the individual daughter vessels). Only Frattolin et al. 

[45] attempted to take into account the decreased transtenotic flow with increasing 

stenosis severity; however, at a specific diameter reduction, the prescribed reduced inlet 

flow, which was based on average FFR values from the literature for isolated lesions, was 

still constant between the different configurations. This shortcoming has certain important 

implications on the presented results and conclusions as well as the ability of the studies 
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to provide clinical insight into the dynamics of CBLs. More specifically, the clinical 

relevance of the prognostic conclusions drawn by the authors of these studies are limited 

due to the fact that the imposed flow conditions for the various diseased cases are not 

representative of the true in vivo haemodynamic environment.  

Within coronary flow simulations, the use of conventional (predefined) boundary 

conditions is common due to the physiologically complex dynamics of the left coronary 

circulation. In order to capture the predominately diastolic flow phenomenon, either a 

pulsatile profile with a predefined volumetric flow rate that accounts for predominant 

diastolic flow (coupled with zero-pressure, flow-distribution or simple resistance outlets) 

or physiologically-relevant pressure profiles at all boundaries of the model must be 

applied. For the healthy left coronary arteries, such boundary conditions are acceptable 

as normal haemodynamic environments are relatively well-defined for the average 

human. However, under diseased states, due to the flow-dependence of the stenosis 

resistance and thus, the perfusion pressure as well as the influence of the dynamics of 

the distal myocardial circulation, neither the flow through nor the pressure distal to the 

stenoses are known a priori. Therefore, in a truncated computational domain of stenosed 

coronary arteries, the boundary conditions are unknown. However, by considering a 

larger coronary domain that allows the dynamics of the distal myocardium, including 

vascular resistances and changes in intramyocardial pressure to be modelled, coronary 

perfusion can be assessed without imposing physiologically inaccurate boundary 

conditions, as in the case of closed-loop multiscale models. More specifically, the flow 

within the epicardial arteries for the various diseased cases can develop through the 

interaction of the two domains which contribute to the in vivo haemodynamic environment. 

This idea not only allows for a more robust understanding of disease progression, but 

also permits a functional characterization of coronary plaques. 

The studies that have been executed to date have not attempted a systematic, 

thorough and comprehensive investigation of the effect of various geometric and 

morphological parameters of the stenoses themselves and of the arterial bifurcation, on 

CBL dynamics and the corresponding haemodynamic interactions. For example, in the 

majority of the studies, a single diameter reduction was employed for all configurations. 
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Frattolin et al. [45], who varied the stenosis severity, only considered mild diameter 

reductions (in clinic, stenoses are only considered to be significant when exhibiting a 

minimum 50 percent diameter reduction). Most studies considered a uniform severity for 

all stenoses within the same configuration; physiologically, as was displayed in 

Chaichana et al. [41], who reconstructed patient-specific diseased bifurcations, there 

exists a variance between the severities of the different stenoses. This idea is an 

important consideration as it has been shown, in the case of tandem lesions and multiple 

stenoses within the same coronary artery, to mask the true haemodynamic severity of the 

individual lesions [102, 104-108].  

Moreover, in all studies in which stenoses were artificially induced within the LMCA 

geometries, the lesions were modelled as being concentric; many clinical studies have 

shown that a significant proportion of coronary lesions have eccentric morphology, 

particularly in the case of lesions in close proximity to bifurcations [150-155]. In addition, 

bifurcation angle has been shown to vary significantly between patients [156], and more 

importantly to have a significant effect on the outcome of PCI [4-6, 157]. Nevertheless, all 

studies with idealized LMCA geometries considered a single bifurcation angle; those 

considering patient-specific geometries in which there was inherent interpatient variance, 

the differences in haemodynamic environment were not systematically assessed relative 

to the bifurcation geometry. Only the study by Frattolin et al. considered a single 

morphological parameter, namely the distance of the lesions from the bifurcation carina. 

The results of the study showed that when the stenoses were farther from the carina, 

critical haemodynamic states (both with respect to WSS and flow ratio) were alleviated. 

Although preliminary, these findings were indicative of the fact that morphological and 

geometric parameters could have a potential effect on CBL haemodynamics; therefore 

such investigations are merited so as to identify potential independent predictors of critical 

haemodynamic environments.  

The above limitations concerning the current state of the art, and their 

corresponding implications, have been summarized in Table 3.1. The shortcomings of 

these studies are addressed in the research presented in the thesis. Specifically, they 

serve as the basis for the objectives of the work, as were presented in Chapter 1.  



3 Cardiovascular computational fluid dynamics 

 

 

43 
 

Table 3.1: Summary of limitations and corresponding implications of the current state of the art. 

Limitation Implications 

 Execution of conventional CFD 
simulations 
o Imposed flows are not 

representative of diseased states 
o The distal myocardial dynamics are 

neglected 
o The flow-dependence of the 

stenosis resistance is not taken into 
account 

 Physiologically-relevant diseased 
haemodynamics could not be 
evaluated 

 A functional assessment based on 
validated clinically-relevant indices 
could not be obtained.  

 Disregard of variable morphological 
and geometric parameters  

 Independent predictors of critical 
haemodynamic environments could 
not be identified.  
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4 

THE LUMPED-PARAMETER MODEL 

 

This chapter presents the development and numerical implementation of the 

lumped-parameter (0D) model. An outline of the theory behind the 0D model, including 

details regarding the associated assumptions, is provided. The development of the 

lumped-parameter model constitutes the first stage in the implementation of the geometric 

multiscale CFD simulations of the diseased coronary bifurcation models. It is an integral 

part of the current research because the lumped-parameter model is coupled with the 

truncated 3D CBL domain so as to account for the global dynamics of the surrounding 

cardiovascular domains and therefore allow physiologically-relevant boundary conditions 

to be applied in the CFD simulations.  

4.1 LUMPED-PARAMETER MODEL THEORY 

Lumped-parameter models allow for large and complex cardiovascular domains to 

be modelled in a computationally inexpensive and efficient manner using a small number 

of hydraulic elements. These models yield macroscopic haemodynamic parameters, 

namely spatially-averaged flowrates and pressures, for the evaluation of global 

cardiovascular dynamics.  
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The basis for this type of model lies within a black-box, input-output system 

wherein a multicomponent cardiovascular domain can be represented by a single tube 

with equivalent, global fluid and vessel properties that yield, at the output of the model, 

flows and pressures that are physiologically-representative of those found in the full in 

vivo domain [19].  

4.1.1 Electrical analogue components of lumped-parameter models 

Lumped-parameter models of the cardiovascular system are represented by 

electrical circuits; more specifically, the global characteristics of the vasculature and the 

corresponding fluid and vessel dynamics have analogies within the electrical domain. A 

summary of the analogous domain properties and calculated parameters between the 

fluid and electrical models are provided in Table 4.1 [112, 113]. 

Table 4.1: Analogies between the fluid and electrical domains for lumped-parameter models.  

 Fluid Domain Electrical Domain 

Calculated Parameters 
Pressure Voltage 

Flow Current 

Domain Properties 

Frictional/viscous resistance Resistance 

Arterial compliance Capacitance 

Fluid inertia Inductance 

Within Table 4.1, one can observe that the basic components in the electrical analogue 

models are resistance (R), capacitance (C) and inductance (L). The resistance relates to 

the viscous friction at the interface between the fluid and the vessel. The capacitance 

denotes the compliance, or in other words the elasticity of the vessel, and therefore its 

ability to expand and contract (and thus, change volume) with changes in the driving 

pressure. Finally, the inductance is analogous to the fluid inertia and thus, the resistance 

of the fluid to undergo changes in flow rate with changes in driving pressure. Lumped-

parameter models are also capable of representing more complex cardiovascular 

structures and dynamics through the inclusion of additional electrical components, such 

as diodes (for the modelling of the heart valves), time-dependent compliances (for the 

contraction of the ventricles and the atria), external pressure generators (for the 

representation of intramyocardial pressures), and other. 
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4.1.2 Governing equations of lumped-parameter models 

Each basic compartment of the electrical analogue model that represents a 

particular vascular domain, ranging in complexity from an isolated vessel to a complex 

vascular district, consists of a single resistance, R, inductance, L, and capacitance, C, as 

is shown in Figure 4.1. 

 

Figure 4.1: Basic compartment of the electrical analogue model, consisting of a single resistance, 
R [mmHg∙s∙ml-1], and inductance, L [mmHg∙s2∙ml-1], in series and a single capacitance, C 

[cm3∙mmHg-1], in parallel. 

The dynamics of the basic compartmental unit are modelled by a system of two 

ordinary differential equations (ODEs) that correspond to the conservation of mass and 

momentum, as provided in Equation (4.1) [136]: 
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

 (4.1) 

where Qin and Qout are the inlet and outlet flow rates [ml·s-1], respectively, and Pin and Pout 

are the inlet and outlet pressures [mmHg], respectively.  

Equation (4.1) is obtained through the linearization and the subsequent spatial-

averaging of the full Navier-Stokes Equations (Appendix A). In the derivation provided in 

Appendix A, several simplifying assumptions are made, which are related to the geometry 

of the vessel, the fluid and vessel properties and the nature of the flow. Table 4.2 provides 

a summary of the simplifying assumptions associated with these models. 
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Table 4.2: Summary of the simplifying assumptions considered in the derivation of the LPM 
governing equations. 

 Assumptions 

Vessel Geometry 

- Straight  
- Circular cross-section 
- Tethered ends (no axial extension) 
- No tapering  

Fluid Properties 
- Newtonian 
- Incompressible  

Vessel Properties 
- Linear elastic 
- Incompressible  

Nature of Flow 

- Dominant axial flow (negligible circumferential flow) 
- Negligible convective acceleration 
- Negligible variation of axial velocity  
- Fully-developed (parabolic velocity profile)  

Furthermore, central to the application of LPM models and the use of the electrical 

analogy is the notion that each domain property (R,C, and L and their fluid domain 

counterpart) is distinct from the others and has unique and isolated influence on the 

haemodynamic parameters [19]. 

For a single vessel modelled by the basic compartmental unit displayed in Figure 

4.1, employing the assumptions outlined in Table 4.2 and simplifying the Navier-Stokes 

equations to produce Equation (4.1), yields theoretical expressions for the resistance 

[mmHg∙s∙ml-1], inductance [mmHg∙s2∙ml-1] and capacitance [cm3∙mmHg-1], as provided in 

Equation (4.2), Equation (4.3) and Equation (4.4) respectively:  
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where l is the vessel length [cm], D is the vessel diameter [cm], µ is the fluid viscosity 

[g∙cm-1∙s-1], Em is the elastic modulus of the vessel wall [mmHg] and h is the thickness of 

the vessel wall [cm]. In the above equations, f is a factor that converts [cPa] to [mmHg], 
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and is equal to 1333-1 mmHg∙cPa-1. Therefore, from these equations, it is evident that the 

dynamics of the compartment are dependent on the vessel geometry and the fluid and 

wall properties.  

By combining numerous basic compartmental units into a closed-loop 

configuration, and by including other electrical components, such as diodes and time-

varying parameters, a complete electrical analogue network describing the dynamics of 

a large and complex cardiovascular domain (and even the entire cardiovascular system), 

can be formed. The electrical analogue network is modelled by a differential-algebraic 

equation, which is converted to the system of nonlinear ODEs given in Equation (4.5) with 

the appropriate algebraic substitutions:  

,by
dt

yd


 
(4.5) 

where y  is a vector of unknown state variables (flowrates and pressures), A is a square 

matrix of parameter values (resistances, capacitances, inductances, elastances, etc.) and 

b  is a column vector that contains forcing terms associated with the heart models. When 

coupling the 0D model to a distributed 3D model of a particular vascular domain, as will 

be outlined in subsequent sections, column vector b  also contains interface conditions 

(forcing terms) obtained from the 3D model. The system of Equation (4.5) can be solved 

quickly and efficiently using conventional numerical integration schemes and solvers [19, 

112-115, 158].  

4.2 IMPLEMENTATION AND DEVELOPMENT OF THE MODEL 

Prior to the execution of the geometric multiscale CFD simulation, which includes 

the 3D model of the diseased coronary bifurcation coupled with the 0D model of the rest 

of the cardiovascular system, the numerical simulation of the full equivalent LPM must be 

implemented. This stage of the multiscale model development is important in order to 

ensure that the dynamics obtained by the lumped-parameter representation are 

physiologically realistic and therefore representative of the relative upstream and 

downstream dynamics of the 3D domain when the multiscale coupling is accomplished. 
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4.2.1 Configuration of the lumped-parameter model 

The full LPM of the cardiovascular system includes models of the left and right 

hearts, the systemic and pulmonic circulations and the left coronary circulation; the left 

coronary circulation is further subdivided into the left main coronary artery (LMCA) 

bifurcation and the epicardial, myocardial and venous circulations. The configuration of 

the 0D model is developed based on existing models in the literature; details regarding 

the configuration and parameter values of each of the aforementioned sub-models of the 

system are provided in subsequent sections.  

4.2.1.a Heart, systemic and pulmonary models 

The LPMs of the left and right sides of the heart are displayed in Figure 4.2. The 

left and right atria feed blood to the corresponding ventricles both actively (through their 

contraction) and passively (as a result of the pressure differential between the two 

chambers). In the models presented in Figure 4.2, the active nature of the atria is not 

taken into consideration in order to simplify numerics; however, the change in atrial 

volume and pressure over the cardiac cycle is captured through the consideration of an 

elastic model, which is implemented using constant elastances. The elastance is defined 

as the inverse of the compliance and therefore is calculated as the ratio of the pressure 

to the volume. 

 

Figure 4.2: LPM of the (a) left and (b) right hearts. E the elastance [mmHg∙ml-1], S the valve state 
[-], la left atrium, lv left ventricle, v,mit mitral valve, v,ao aortic valve, ra right atrium, rv right 
ventricle, v,tri tricuspid valve, v,pul pulmonary valve. 

Due to the passive nature of the model, atrial systole (contraction), occurring at the 

end of (ventricular) diastole during the P-wave of the electrocardiogram [159, 160] could 

not be captured. Atrial contraction primarily contributes to the end of ventricular filling 
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(although it is not essential) and results in a brief and small increase in atrial, ventricular 

and venous pressure [160]. As such, the incorporation of active atrial models would have 

a negligible effect on the computed coronary pressures which justified the use of a 

passive model.  

Similarly to the atria, the change in volume and pressure within the left and right 

ventricles is described using elastances; however, due to the fact that it is necessary that 

their active nature be taken into account, a time-varying elastance function is 

implemented to model their corresponding contraction. The instantaneous time-varying 

elastance, E(t) [mmHg∙ml-1], is defined as the ratio between the ventricular pressure and 

volume, as provided in Equation (4.6) 

,
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tP
tE


  (4.6) 

where PV(t) is the instantaneous ventricular pressure [mmHg], VV(t) is the instantaneous 

ventricular volume [ml] and V0,V is an empirical constant corresponding to the x-intercept 

of the pressure-volume plot [ml] [161]. The concept of ventricular time-varying elastance 

was first introduced by Suga and colleagues within canine hearts [162, 163] and was later 

shown to apply in the human heart by Senzaki and colleagues [161]. Interestingly, 

Senzaki et al. [161] demonstrated that when the patient-specific elastance curve is 

normalized by the maximum elastance Emax [mmHg∙ml-1], the time at which the maximum 

elastance occurs tEmax [s], and the minimum elastance Emin [mmHg∙ml-1], the shape of the 

resulting curve is constant between patients, and specifically, over a range of 

cardiovascular diseases. The normalized time-varying elastance curve, which is provided 

in Figure 4.3a can be generated using Fourier series [161].  

As such, the contraction of both the left and right ventricles is implemented by 

scaling the normalized curve, based on average values for Emax, Emin, and tEmax from the 

literature [140, 164]; the corresponding patient-specific elastances for both ventricles can 

be found in Figure 4.3b and is calculated using Equation (4.7) 
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  ,)()( minmaxmin EEtEEtE N 
 

(4.7) 

where EN(t) is the normalized time-varying elastance. By implementing the ventricular 

elastance model, the pressure within the corresponding chamber could be calculated 

based on Equation (4.8), as follows: 

 .)()()( 0VtVtEtP   (4.8) 

Equation (4.8) is also utilized to calculate the pressure within the atria. However, in the 

case of the atria, as outlined above, the elastance term is not time-dependent.  

 

Figure 4.3: (a) Normalized elastance curve as a function of normalized time (with respect to the 
length of the cardiac cycle). The maximum normalized elastance (value of 1) occurs at the 
normalized time of 1 (b) patient-specific elastance curves for the left and right ventricles, scaled 
based on Emax, Emin, and tEmax from the literature. 

Each heart valve is modelled using a simple resistance, which represents the 

viscous friction across the valve orifice, and a diode, which denotes the state of the valve; 

linear models of the heart valves are implemented in order to simplify numerics [140, 164]. 

The state of the valve, which corresponds to whether it is open or closed, is governed by 

the transvalvular pressure gradient; therefore, with reference to Figure 4.2, the valve 

state, Sv,i, for valve, i, can be calculated using Equation (4.9):  
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where pultriaomiti ,,,  for the mitral, aortic, tricuspid and pulmonary valves respectively 

and ΔPv,i is the transvalvular pressure gradient across valve i [mmHg]: 

,)(, lvlamitv PPP 
 

(4.10) 

  

,)(, aolvaov PPP   (4.11) 

  

,)(, rvratriv PPP   (4.12) 

  

.)(, parvpulv PPP   (4.13) 

In Equations (4.10), (4.11), (4.12) and (4.13), the pressures within the heart chambers 

are calculated using Equation (4.8). Therefore, when the transvalvular pressure gradient 

is positive, the valve is open (1) and blood is allowed to flow through it, whereas when the 

transvalvular pressure gradient is zero or negative, the valve is closed (0) such that flow 

is inhibited.  

Figure 4.4 displays the configurations of the systemic and pulmonary circulations. 

The model of the systemic circulation is based on those of Avanzolini et al. [165] and 

Mantero et al. [126] and consisted of a four-element Windkessel (WK) model of the aortic 

sinus and aorta, and a three-element WK model of the rest of the arterial system. The 

pulmonary circulation consisted of a three-element WK model which was shown by Kim 

et al. [140] to sufficiently model the corresponding dynamics.  

 

Figure 4.4: LPM of the (a) systemic and (b) pulmonic circulations. as aortic sinus, ao aortic, sys 
systemic, pa pulmonary artery, pul pulmonic. 

The parameter values for the heart, systemic and pulmonary models, summarized 

in Table 4.3, are assigned based on literature values, and most prominently from the 
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models of Avanzolini et al. [165], Kim et al. [140, 141], Segers et al. [164] and sources 

therein.  

Table 4.3: Parameter values for the left and right heart and systemic and pulmonic circulations. 
Units: E [mmHg∙ml-1], V [ml], P [mmHg], T [s], R [mmHg∙s∙ml-1], C [ml∙mmHg-1], Z [mmHg∙s∙ml-1], L 

[mmHg∙s2∙ml-1]. 

Heart 
Systemic Pulmonic 

 Left Right 

Emax 2.5 1.2 Zcs 0.01 Zpa 0.0025 

Emin 0.04 0.04 Ccs 0.1 Cp 4.5 

tEmax 0.26 0.26 Zao 0.07 Rp 0.3 

Ea 0.08 0.07 Lao 0.000825   

V0v 0 20 Cs 1.1   

V0a 0 20 Rs 2.0   

Rav 0.0005 0.0005 Ls 0.00036   

Rvart 0.0001 0.0001     

Systematic adjustments using an iterative procedure are made to individual 

parameter values based on a priori knowledge of the system dynamics so as to assess 

their effect on the flow and pressure at all points in the 0D model (in particular in the 

coronary circulation) and to select the values that generated flow and pressure curves 

that are most representative of in vivo conditions (as reported in the literature). In 

particular, a healthy hyperaemic LMCA of approximately 4.5ml∙s-1 with a predominant 

diastolic flow profile and an average aortic pressure of approximately 100mmHg are 

sought [27, 166-168]. The parameter values are modified up to ±15 percent from their 

base values (as found in the literature), in increments of approximately 5 percent (values 

resulting from these adjustments are within physiological ranges) until the healthy 

hyperaemic LMCA and the average aortic pressure are within 5 percent of designated 

target, and the flow and pressure curves in the heart, systemic and pulmonic models 

displayed physiologic behaviour.  

4.2.1.b Coronary model 

The LPM of the coronary system, which includes only the left circulation, is 

subdivided into four subsections, namely the bifurcation of the LMCA into the LAD and 

the LCX, and the epicardial, myocardial and venous circulations, as is displayed in Figure 

4.5. Right-dominant flow is considered, although the right coronary circulation is 
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disregarded due to the limited geometric data and ultimately for the simplification of 

numerics. The configuration of the coronary model is based primarily on those published 

by Pietrabissa et al. [127] and Wang et al. [128] as well as the coronary map provided in 

American Heart Association PCI guidelines [169]. The circulation of the LAD is modelled 

by the proximal, intermediate and distal vessel segments including the first and second 

diagonal branches. The ramus intermedius and the septal perforators are not included in 

order to simplify the numerics. Similarly, the proximal, intermediate and distal portions of 

the LCX are modelled including the first, second and third obtuse marginal branches.  

In the epicardial circulation, including the LMCA bifurcation, each individual artery 

is represented by the 3-element WK model comprising the basic compartment unit 

presented in Figure 4.1. 

 

Figure 4.5: LPM of the left coronary circulation, including the LMCA bifurcation, epicardial, 
myocardial and venous submodels. LAD left anterior descending artery, LCX left circumflex artery, 
DIAG diagonal, MARG marginal, LVP left ventricular pressure. 

This representation allowed for the parameter values to be calculated based on 

theoretical expressions and average geometric data from the literature. More specifically, 

the resistance and inductance values are calculated based on Equations (4.2) and (4.3) 

respectively, by employing a blood density of 1060kg∙m-3 and a viscosity of 0.0035 Pa∙s 

[45, 46, 136, 170, 171]; average values for the vessel diameters and lengths are taken 

from the literature [128, 172] and are summarized in Table 4.4 in conjunction with the 

corresponding resistance and inductance values. In order to eliminate assumptions 

regarding the material model and the vessel wall thickness, Equation (4.4) is not utilized 
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for the calculation of the vessel compliance. Rather, the volumetric arterial compliance, 

C, is deduced based on the average coronary arterial distensibility, according to Equation 

(4.14):  

,
4

2

normC
lD

C


  (4.14) 

where Cnorm [mmHg-1] is the average distensibility, which is measured in vivo and assigned 

an average value of 0.002mmHg-1 from the literature [173-176]. The resulting compliance 

values employed in the model are also provided in Table 4.4. 

Table 4.4: Epicardial coronary dimensions and parameter values used in the coronary LPM. 

 
Dx10-1 
[cm] 

l 
[cm] 

R 
[mmHg∙s∙ml-1] 

L 
[mmHg∙s2∙ml-1] 

C 
[ml∙mmHg-1] 

Rterm  
[mmHg∙s∙ml-1] 

LMCA 4.5 2.2 0.0580 0.0110 7.00x10-5 - 

LAD1 3.6 2.7 0.172 0.0211 0.000550 - 

LCX1 3.4 2.3 0.160 0.0176 0.000363 - 

LAD2 2.9 2.9 0.440 0.0350 0.000383 - 

LAD3 1.7 6.9 8.86 0.242 0.000313 92.2 

DIAG1 1.9 4.7 3.87 0.132 0.000267 76.6 

DIAG2 1.9 2.2 1.81 0.0618 0.000125 76.6 

LCX2 2.8 1.5 0.262 0.0194 0.000185 - 

LCX3 1.7 2.1 2.70 0.0737 0.0000950 - 

LCX4 1.3 3.9 14.6 0.234 0.000104 144 

MARG1 1.7 3.5 4.49 0.123 0.000159 92.2 

MARG2 1.7 3.0 3.85 0.105 0.000136 92.2 

MARG3 1.7 3.7 4.75 0.130 0.000168 92.2 

The circulation downstream each of the (terminal) epicardial arteries is modelled 

using a single resistance, Rterm, representing the arterioles and arterial capillaries that 

provide the majority of the resistance to flow and account for the most significant pressure 

drop in the coronary circulation. The magnitude of the terminal resistances, which are 

determined for maximum hyperaemic conditions so as to calculate FFR, are 

approximated based on allometric scaling laws. More specifically, the total myocardial 

resistance, Rtot [mmHg∙s∙ml-1] of the left coronary tree is estimated by assuming a direct 

relationship between the pressure drop and the flow:  

,tottotmyo QRP   (4.15) 
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where ΔPmyo [mmHg] is the pressure drop across the myocardium during diastole, and Qtot 

[ml∙s-1] is the total average healthy myocardial flow. For the determination of the total 

myocardial resistance under maximal hyperaemic conditions, a total average hyperaemic 

healthy LMCA flow of 5.0 ml∙s-1 is assumed. This value is based on a total average resting 

healthy LMCA flow of 1.0 ml∙s-1 [46, 166, 177] and a coronary flow reserve (CFR) of 5.0 

[27, 167, 168]. The CFR denotes the factor by which blood flow increases when 

hyperaemia is induced, and is thus defined as the ratio of the hyperaemic to resting flow. 

Based on an average aortic and venous pressures of 96mmHg and 5mmHg 

respectively (and thus, a pressure drop of 91mmHg), the total left hyperaemic myocardial 

resistance is calculated to be 18mmHg∙s∙ml-1. Each of the terminal resistances are then 

calculated using Equation (4.16):  
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where Rterm and Rtot are the terminal and total resistances respectively [mmHg∙s∙ml-1] and 

Dterm is the diameter of the terminal epicardial vessel [cm]. Equation (4.16) is derived 

based on scaling laws developed by Huo et al. [55, 178]. Table 4.4 presents the values 

of the terminal resistances.  

In order to account for the predominant diastolic flow phenomenon and the 

compression of the endocardial arteries, a single compliance coupled with a pressure 

generator is added to the myocardial model distal to the terminal resistances. More 

specifically, the pressure generator had the same magnitude and phase as the left 

ventricular pressure (calculated within the heart model) and thus, accounted for the 

increase in intramyocardial pressure during ventricular systole. Finally, the venous 

circulation is represented by two resistances (corresponding to the microvascular and the 

epicardial veins) and a single capacitance representing venous compliance [127].  

The particular coronary model configuration is developed for various reasons. This 

representation provides a logical analogy to the true coronary circulation and prevents 
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the loss of correspondence between the lumped parameters and vascular domain 

properties that occurs when too few parameters are used to describe a large vascular 

territory. This idea is especially important since the dynamics of the coronary circulation 

constitute the main focus of the work. Furthermore, functional significance of the coronary 

lesions is assessed under maximum hyperaemia which is clinically induced with the 

injection of adenosine within the coronary circulation. Adenosine targets the 

microvasculature (arterioles and primarily capillaries) and induces maximal vasodilation, 

while having a limited influence on the epicardial arteries and the rest of the 

cardiovascular system. This phenomenon is simple to implement, as it corresponded to 

a decrease in the downstream terminal myocardial bed resistance. 

4.2.2 Results of the lumped-parameter model simulation 

Figure 4.6 displays the full LPM of the cardiovascular system, obtained by 

combining the subsystems presented in Figure 4.2, Figure 4.4 and Figure 4.5. Appendix 

B provides the nonlinear system of ODEs describing the dynamics of the full LPM 

provided in Figure 4.6; it is solved using a fourth-order Runge-Kutta method through an 

in-house C++ code (details provided in Appendix C).  

 

Figure 4.6: Full lumped-parameter model of the cardiovascular system including the left and right 
hearts, the systemic and pulmonic circulations and the left coronary circulation.  
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Examples of the results from the numerical integration of the full LPM are provided. 

Figure 4.7 displays computed parameters for the heart, systemic and pulmonary 

circulations. All parameters display physiological behaviour compared to values reported 

in the literature [126, 127, 140, 141, 159, 164, 165].  

 

Figure 4.7: Results of the numerical integration of the full LPM model. State variables for the heart, 
systemic and pulmonary circulations are displayed. (a) Left heart volumes (b) left heart pressures 
(including aortic pressure) (c) right heart volumes and (d) right heart pressures (including the 
pulmonary artery pressure). 

For example, in both the curves of the left and right ventricular volumes, aortic 

pressure varies between 85mmHg and 130mmHg during the diastolic and systolic 

phases, while pulmonary artery pressure, displays markedly lower pressure, ranging 

between 18mmHg and 24mmHg. Figure 4.8 displays the pressure-volume curves of the 

left and right ventricles over a single cardiac cycle; isovolumetric contraction and 

expansion can be readily observed. 
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Figure 4.8: Pressure-volume curves for the (a) left and (b) right ventricles, as obtained from the 
numerical integration of the full LPM.  

The coronary pressures obtained from the numerical integration of the full LPM are 

displayed in Figure 4.9. One can observe from Figure 4.9 that the time-dependent 

pressure profiles exhibit small deviations from aortic pressure, in particular for cases of 

the most proximal vessels; the terminal vessels display the largest difference from aortic 

pressure. These observations signify that the epicardial coronary arteries of the LPM 

manifest small pressure drops along their lengths. This result is further justified by the 

pressure-derived FFR values for the corresponding vessels, which are provided in Table 

4.5. In Table 4.5, one can observe that in the most proximal epicardial vessels, namely 

within the second bifurcation, the FFR values remain at 0.99. The terminal portion of the 

LCX displays the lowest FFR value, which corresponds to a total pressure drop of 9 

percent. These results are in good accordance with clinical measurement for healthy 

coronary vessels [22, 31]. 



4 The lumped-parameter model 

 

 

61 
 

 

Figure 4.9: Coronary pressures in the (a) LMCA bifurcation (b) LAD (c) LCX (d) DIAG and (e) 
MARG as obtained from the numerical integration of the full LPM. 
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Table 4.5: Pressure-derived FFR values and average flow rates for each of the coronary vessels 
of the full LPM model. 

Vessel 
Pressure-Derived FFR 

[-] 
Average Flowrates 

[ml·s-1] 

LMCA 1.00 4.42 

LAD1 0.99 2.16 

LCX1 0.99 2.26 

LAD2 0.99 1.39 

LAD3 0.93 0.607 

LCX2 0.99 1.62 

LCX3 0.96 0.978 

LCX4 0.91 0.371 

DIAG1 0.96 0.770 

DIAG2 0.97 0.782 

MARG1 0.96 0.641 

MARG2 0.96 0.641 

MARG3 0.93 0.608 

The derived flowrates for each of the epicardial coronary arteries are displayed in Figure 

4.10. One can observe from this figure that the peak coronary flow occurred at the onset 

of diastole, specifically at around t=0.4s; the flow remains high during the rest of the 

diastolic period thus, demonstrating the distinct flow characteristics of the left coronary 

system. For corroboration of the model, the computed average flow rates within the 

LMCA, LAD1 and LCX1 are compared to the literature due to the availability of the clinical 

measurement for these vessels. The resulting average healthy hyperaemic flow rates for 

all the epicardial coronary vessels are provided in Table 4.5; within the LMCA, LAD1 and 

LCX1, the computed flowrates are 4.4 ml∙s-1, 2.2 ml∙s-1 and 2.3 ml∙s-1 respectively. These 

values are in accordance with the range of healthy hyperaemic coronary flows found in 

the literature. For example, Geven et al. [166] reported healthy hyperaemic LMCA flows 

between 4.2 and 5.0 ml∙s-1. Furthermore, for an average resting LMCA flow of 

approximately 1.0 ml∙s-1 [46, 166, 177] the computed healthy hyperaemic flow 

corresponds to a CFR of approximately 4.4. In the literature, the CFR has been reported 

to range between 4 and 6 [27, 167, 168]. The ratio of the healthy hyperaemic LAD to LCX 

flow is also determined in order to verify the computed daughter vessel flows. The value 

of 0.96 calculated for this ratio corresponds well with those reported in the literature, which 

range between 0.7 and 2 [110, 140, 142, 179-181]. 
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Figure 4.10: Coronary flows in the (a) LMCA bifurcation (b) LAD (c) LCX (d) DIAG and (e) MARG 
as obtained from the numerical integration of the full LPM. 

4.2.3 Summary 

In this chapter, the lumped-parameter model of the entire cardiovascular system, 

including the left and right hearts, the systemic and pulmonic circulations, and the left 
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coronary circulation, was developed. The system of ODEs modelling the dynamics of the 

0D configuration were solved using an in-house code in C++. The computed dynamics 

display physiological behaviour, as corroborated using literature values. The 

development and implementation of the lumped-parameter model constitutes an integral 

part of the thesis as the 0D model will eventually be coupled with the 3D model of the 

coronary bifurcation lesions so as to assess functionality and therefore fulfill the first 

objective of the thesis. The physiological behaviour of the developed model, as was 

demonstrated in this chapter, is central to the calculation of the Fractional Flow Reserve 

from the multiscale simulations. 
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5 

THE THREE-DIMENSIONAL CORONARY 

BIFURCATION LESION MODEL 

 

This chapter presents the three-dimensional model of the LMCA bifurcation which 

is developed and utilized in the research. Specifically, it details the geometry of both the 

healthy and diseased bifurcation, the governing equations and assumptions associated 

with the numerical model, and the solution methods. The presented three-dimensional 

model replaces its lumped-parameter equivalent (provided in Figure 4.6) and is ultimately 

coupled numerically with the 0D model in order to provide localized flow characteristics 

in the corresponding domain. 

5.1 GEOMETRY OF THE 3D CBL MODEL 

Approximately 4 to 6 percent of patients presenting for coronary angiography 

display disease of the LMCA. This subset of disease is especially important because the 

LMCA is responsible, in a high proportion of patients, for the majority of the blood supply 

of the left ventricle and its occlusion poses a high risk of mortality. Interestingly, isolated 

LMCA disease is rare; at least 50 percent of patients with atherosclerosis in this vessel 

involves the LMCA bifurcation, which poses the greatest difficulties for intervention [182]. 

Consequently, the LMCA bifurcation is selected for the study of the functionality of CBLs. 
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5.1.1 Healthy LMCA bifurcation 

An idealized and synthetic representation of the bifurcation of the LMCA is utilized 

in the numerical simulations; all vessels are straight, with circular cross-sections and the 

bifurcation is planar. The geometry of the healthy (baseline) model is displayed in Figure 

5.1 and the dimensions denoted in the figure are provided in Table 5.1. These dimensions 

are based on average values from the literature [45, 46, 128, 156, 172, 182, 183].  

 

Figure 5.1: Geometry of the healthy 3D LMCA bifurcation model. D is the diameter; l is the length; 
θ is the angle between the LAD and the LCX. 

Table 5.1: Dimensions of the 3D healthy (baseline) model of the LMCA bifurcation 

Vessel Diameter, D [cm] Length, l [cm] Angle, θ [⁰] 
LMCA 0.45 2.2 - 

LAD 0.36 2.7 
73 

LCX 0.34 2.3 

In vivo, coronary geometry is curved, tapered and tortuous [184, 185]. While a more 

realistic (patient-specific) geometry could potentially provide a more accurate 

representation of the in vivo flow environment, coronary vascular geometry exhibits 

significant inter-patient variation; as such, by using a controlled and simplified computer-

generated geometry, it is possible isolate the effect of various geometric and 

morphological parameters of both the baseline coronary bifurcation and of the stenoses 



5 The three-dimensional coronary bifurcation lesion model 

 

 

67 
 

on the corresponding flow and pressure fields. In addition, inertial pressure losses rather 

than viscous effects (which are most significantly influenced by vessel curvature) are 

expected to dominate in the translesional pressure drop as a result of the significant 

diameter reductions and the hyperaemic flow conditions. Therefore, the use of idealized 

geometries is justified.  

5.1.2 Disease configurations and stenosis profile 

The diseased states within the LMCA bifurcation, or in other words, the different 

CBL configurations, are developed here based on the Medina classification [186]. The 

Medina classification is selected due to the fact that its simplicity and intuitive nature have 

made it widely adopted in clinic [5, 101]. It constitutes a binary system that denotes either 

the presence (1) or the absence (0) of a stenosis with a diameter reduction greater than 

50 percent in each vessel of the bifurcation as follows: (Proximal Main Vessel, Distal Main 

Vessel, Side Branch). Consequently, the specific classification system results in seven 

different lesion arrangements which are outlined in Figure 5.2. 

The baseline stenosis model employed in the CBL configurations is displayed in 

Figure 5.3. It is taken to be concentric and axisymmetric, with a cosine profile, described 

by Equation (5.1) [82]: 

,cos1
2

1
0

0





































sl

z

R
RR


  (5.1) 

where R and R0 are the radii of the stenosed and healthy portions of the artery respectively 

[cm], δ is the maximum height of the stenosis profile (based on the percent diameter 

reduction) [cm], z is the distance from the proximal side of the stenosis (0 ≤ z ≤ ls) [cm] 

and ls is the length of the base of the stenosis [cm]. In the baseline diseased model, all 

stenoses are placed at the bifurcation carina, and had a base length of 1.0cm [187-189]. 
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Figure 5.2: The seven baseline CBL configurations derived from the Medina classification, with 
diameter reductions of 68 percent. 

 

Figure 5.3: Cosine stenosis profile utilized for the CBL models. R0 is the heathy vessel radius, R 
is the stenosed radius at a distance z from the proximal side of the stenosis, along its base (with 
total length Z0) and δ is the maximum stenosis height. 
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5.2 GOVERNING EQUATIONS AND MODEL ASSUMPTIONS  

The fluid domain, denoted by  , is displayed in Figure 5.4; its dynamics are 

modelled using the transient, incompressible and Newtonian Navier-Stokes equations 

(NSE), as provided in Equation (5.2):  

























0

0

2upuu
t

u

u







 

                                                                                                               on ),0( T , 

(5.2) 

where u


 and p are the fluid velocity and pressure respectively and T is the length of one 

cardiac cycle (assigned a value of 0.8s based on an average heart rate of 75 beats per 

minute). The density of blood is taken to be 1060 kg∙m-3 [136, 170, 171]. The boundaries 

of the model, Γ, consist of the inlet (LMCA), the two outlets (LAD, LCX), and the wall, as 

presented in Figure 5.4. 

Under healthy conditions, coronary arteries have been shown to experience lumen 

distensions up to 10 percent and therefore circumferential strains of approximately 5 

percent [190]. However, the walls of diseased vessels are stiffened and thus, experience 

significantly smaller distensions compared to their healthy counterparts. 

 

Figure 5.4: 3D model of the bifurcation of the LMCA bifurcation. Ω denotes the entire fluid domain, 
and Γ denotes the boundaries of the model. 
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Shaw et al. [176] and Kelle et al. [175] executed separate studies that measured 

the in vivo compliance of proximal coronary vessels in both diseased and healthy patients, 

using intravascular ultrasound (IVUS) and magnetic resonance imaging (MRI) 

respectively. Shaw et al. [176] found an average peak circumferential strain of 2.2 percent 

in the diseased case and 3.8 percent in the healthy case; similarly Kelle et al. [175] found 

average peak circumferential strains of 3.7 percent and 5.1 percent in the diseased and 

healthy cases respectively. Therefore, due to the fact that diseased coronary arteries 

experience very small strains under physiological conditions, the walls of the 3D LMCA 

bifurcation are modelled as rigid.  

Blood is a fluid that constitutes a suspension of red and white blood cells, platelets 

and solutes and proteins within plasma. The presence of non-spherical and deformable 

red blood cells, which also have the tendency to aggregate and form rouleaux (“stacks” 

of cells), render the behaviour of whole blood non-Newtonian. More specifically, blood 

flow is initiated after an initial (yield) stress is overcome, which is linked to the breaking of 

the rouleaux. Subsequently, with increasing shear rate, the apparent viscosity of blood 

decreases abruptly (shear-thinning behaviour) until an asymptotically constant value 

(Newtonian behaviour) is reached and maintained at high shear rates [159, 191]. Figure 

5.5 displays the shear dependence of the apparent blood viscosity; one can observe that 

the constant asymptotic apparent viscosity is reached at a shear rate between 100s-1 and 

200s-1, after which blood behaves as a Newtonian fluid [159, 192-194]. Therefore, the 

exhibition of non-Newtonian or Newtonian properties is dependent on the nature of the 

flow rather than that of the blood itself. Localized and low shear phenomena (such as in 

the microcirculation, recirculation zones, stented arteries, etc.) require a non-Newtonian 

model (power law, Casson, Carreau, etc.) to be employed for accurate WSS to be 

computed. Conversely, flow in vessels wherein the effective length scales (vessel 

diameter) are orders of magnitude larger than the effective length scale of a red blood 

cell (such that blood can be considered a homogeneous fluid) and shear rates surpass 

the suggested 100s-1, the Newtonian flow assumption can be implemented [195]. 
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Figure 5.5: Dependence of apparent blood viscosity on shear rate (with permission from [191]). 

Due to the caliber of and the flow within the epicardial coronary arteries, which 

result in shear rates above the determined threshold for the initiation of non-Newtonian 

behaviour, the assumption of Newtonian flow is justified [100, 193] and is implemented in 

the presented model of the LMCA bifurcation. This assumption is further supported due 

to the fact that hyperaemic flow conditions are simulated. Moreover, although stenoses 

of significant diameter reduction are simulated thus, inducing regions exhibiting low shear 

rates, the use of a Newtonian blood model is deemed acceptable due to the fact that 

localized WSS patterns are not sought in the study. The viscosity is assigned a constant 

value of 0.0035Pa∙s based on the literature [159, 191, 195].  

Studies have shown that blood flow can transition from a laminar to turbulent 

regime at low Reynolds numbers in stenosed vessels [196-198]; specifically a critical 

Reynolds number of approximately 500 has been suggested, although several studies 

have demonstrated this transition at both lower and higher Reynolds numbers [199-201]. 

Laminar flow is assumed in the numerical model, and is retrospectively justified based on 

the peak inlet Reynolds (Re) number, which is evaluated for the LMCA, LAD and LCX, 

for each configuration and stenosis severity. The peak Reynolds number is based on the 

peak volumetric flowrate and the diameter of the corresponding native (healthy) vessel. 

The results are provided in Table 5.2 for the (0,0,0) configurations, and in Table 5.3 and 

Table 5.4 for the single-lesion and multilesional configurations with diameter reduction of 

50 percent and greater respectively.  
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Table 5.2: Peak Reynolds Number for the (0,0,0) configurations in the LMCA, LAD and LCX. The 
location of stenoses of 41 percent diameter reduction are provided. 

 Peak Reynolds Number [-] 

 (0,0,0) 

 (41,0,0) (0,41,0) (0,0,41) (41,41,0) (41,41,41) (41,0,41) (0,41,41) 

LMCA 596 611 610 593 586 591 602 

LAD 396 394 404 370 369 377 373 

LCX 424 443 429 402 390 392 403 

 

Table 5.3: Peak Reynolds number for the single-lesion configurations with diameter reductions of 
50 percent and greater in the LMCA, LAD and LCX. 

 Peak Reynolds Number [-] 

 (1,0,0) (0,1,0) (0,0,1) 

 50% 61% 68% 50% 61% 68% 50% 61% 68% 

LMCA 573 508 427 603 578 546 598 566 535 

LAD 393 369 320 381 344 299 406 410 417 

LCX 414 355 305 445 448 455 410 360 309 

 

Table 5.4: Peak Reynolds number for the multilesional configurations with diameter reductions of 
50 percent and greater in the LMCA, LAD and LCX. 

 Peak Reynolds Number [-] 

 (1,1,0) (1,1,1) (1,0,1) (0,1,1) 

 50% 61% 68% 50% 61% 68% 50% 61% 68% 50% 61% 68% 

LMCA 567 496 281 558 471 388 563 485 404 583 524 450 

LAD 361 331 171 367 325 282 378 350 311 363 330 286 

LCX 383 363 191 366 294 229 357 284 214 388 345 293 

From Table 5.2, Table 5.3 and Table 5.4, one can observe that for the LAD and 

LCX, the peak Reynolds number remains below 450 for all configurations and stenosis 

severities. With regard to the peak inlet (LMCA) Reynolds number, for the (0,0,0) 

configurations with lesions of 41 percent diameter reduction in the LMCA, it can be 

observed that the maximum value is 596. Similarly, in Table 5.3 and Table 5.4, for the 

configurations with stenoses in the LMCA, the peak inlet Reynolds number only 

surpasses the threshold of 500 for diameter reductions of 50 percent. For more severe 

stenoses, the peak Reynolds number remained below 500.  

The incorporation of a turbulent regime would require a significant refinement of 

the spatial discretization thus, resulting in an increase in computational time [132, 202]. 

This assumption is therefore critical in this research due to the parametric nature of the 

work as well as the increase in computational time resulting from the multiscale algorithm. 



5 The three-dimensional coronary bifurcation lesion model 

 

 

73 
 

Furthermore, studies have shown that many turbulence schemes available in commercial 

software packages, such as ANSYS Fluent, are still facing challenges to accurately 

capture low-Reynolds number transition to turbulence characteristics in post-stenotic 

regions [202, 203]. As such, due to these problems in turbulence modelling, the increased 

computational time, and the retrospective quantification of the Reynolds number the 

application of a laminar flow regime is justified for the scope of the research. 

The mathematical model is initialized with conditions at time t=0 on the velocity, 

namely 0uu


 . The initial conditions are obtained from a steady-state solution wherein 

average pressures, obtained from the solution of the full LPM of the healthy case, are 

applied as boundary conditions. As the vessel segment is taken to be rigid, a no-slip 

constraint is applied on the wall of the model, ΓWALL. Details regarding the boundary 

conditions on ΓLMCA, ΓLAD and ΓLCX are provided in subsequent sections; these boundaries 

serve as interfaces between the 3D and 0D model and therefore, their conditions are 

dependent on the mathematical formulation of the 0D model.  

5.3 SOLUTION METHODS 

Analytical derivation of the solution of nonlinear partial differential equations, such 

as the Navier-Stokes Equations, provided in Equation (5.2), is not possible for the 

problem considered here. Therefore numerical integration techniques are used. More 

specifically, these techniques convert the continuous form of the nonlinear governing 

equations to a system of algebraic equations that represent the system dynamics at a 

finite number of discrete points within the domain of interest. Over the years, several 

discretization techniques have been developed and employed in various commercial flow 

software packages, such the Finite Element Method, the Finite Volume Method, Finite 

Difference Method, etc. In the present work, the commercial software package ANSYS 

Fluent (Canonsburg, PA, USA) is selected for the transient flow simulations of the 3D 

coronary bifurcation lesion models; this choice is based on the software’s capabilities to 

robustly accommodate in-house user-defined functions, which are essential for the 

implementation of the multiscale algorithm (outlined in subsequent sections). The ANSYS 



5 The three-dimensional coronary bifurcation lesion model 

 

 

74 
 

Fluent software package utilizes a cell-centered Finite Volume Method (FVM) for the 

discretization of the governing equations.  

Fundamentally, this technique involves the division of the domain of interest into a 

finite number of control volumes, which are defined by the elements/cells of the 

discretized (meshed) geometry. The integral form of the conservation equations are 

derived over each control volume, which, using the divergence theorem, are expressed 

in terms of surface integrals wherein the balance of fluxes through each surface of the 

control volume is enforced. An overview of the Finite Volume Method, including the spatial 

and temporal discretization of the governing equations, the linearization of the algebraic 

equations and the solution method are provided in Appendix D. 

5.4 SENSITIVITY ANALYSES 

5.4.1 Mesh sensitivity 

The geometry is discretized into unstructured viscous hybrid meshes consisting of 

tetrahedral and prismatic elements that are generated using ANSYS meshing. A patch-

independent algorithm is employed wherein a volume tetrahedral-based mesh is first 

generated for the entire geometry. Subsequently, the boundary surface mesh and the 

boundary layer, consisting of prismatic elements, are generated using the smooth inflation 

option with a total of 5 layers and a growth rate of 1.2. Figure 5.6 shows a cross-section 

wherein both the boundary layer and the interior tetrahedral domain are displayed.  

 

Figure 5.6: LMCA stenosis cross-section displaying the boundary layer and tetrahedral mesh. 
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A mesh sensitivity analysis is performed in order to determine whether the 

computed solution is independent of the grid resolution. Three mesh densities, namely 

coarse (~135,000 elements), medium (~280,000 elements) and fine (~520,000 

elements), are evaluated for the (1,1,0) and (1,1,1) configurations with stenoses of 68 

percent diameter reductions. Figure 5.7 and Figure 5.8 display the three meshes for the 

(1,1,0) and (1,1,1) configurations respectively.  

Table 5.5 summarizes the mesh metrics, including element skewness and 

orthogonality, for the (1,1,0) and (1,1,1) configurations.  

 

Figure 5.7: (a) Coarse (b) medium (c) fine meshes for the (1,1,0) configuration. 
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Table 5.5: Mesh metrics from the mesh sensitivity analysis for the (1,1,0) and (1,1,1) lesion 
configurations with 68 percent diameter reduction. 

  (1,1,0) (1,1,1) 

  Coarse Medium Fine Coarse Medium Fine 

Number of elements 134,948 280,389 525,507 136,976 282,184 519,355 

Number of nodes 44,228 83,062 145,068 44,930 83,706 143,201 

Skewness 
Min 0.00251 0.00402 0.00128 0.00618 0.00376 0.00267 

Max 0.780 0.760 0.823 0.792 0.796 0.721 

Orthogonality 
Min 0.258 0.281 0.210 0.248 0.334 0.335 

Max 0.999 0.999 0.999 0.999 0.999 0.999 

 

 

Figure 5.8: (a) Coarse (b) medium (c) fine meshes for the (1,1,1) configuration. 

 
Transient simulations are executed for each of the mesh densities. The percent 

relative difference, Diffr [%] given in Equation (5.3), is used to characterize the difference 

in each of the parameters between each mesh density and the fine mesh: 
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where x is the evaluated parameter and i is the mesh density (coarse, medium). The 

parameters used to assess mesh convergence are the average boundary pressures and 

the average boundary flows, based on similar studies employing geometric multiscale 

models [131, 132, 134, 135, 138]. A total of six cycles (for the multiscale simulations, see 

Chapter 6) are simulated and the parameters are averaged over cycles 2-6 and cycles 2-

4. The results of the relative difference are provided in Table 5.6 for the (1,1,0) 

configuration and in Table 5.7 for the (1,1,1) configuration. The differences are presented 

based on averages taken between cycles 2-4.  

Table 5.6: Relative differences for the average boundary pressures and flows between the 
different mesh densities for the (1,1,0). 

  Relative Difference [%] 

  Coarse-Fine Medium-Fine 

Average Boundary Pressures 

Aortic 0.010 0.0010 

LAD 0.43 0.64 

LCX 0.54 0.17 

Average Boundary Flowrates 

LMCA 0.19 0.24 

LAD 1.6 0.89 

LCX 1.2 0.39 

 

Table 5.7: Relative difference for the average boundary pressures and flows between the different 
mesh densities for the (1,1,1). 

  Relative Difference [%] 

  Coarse-Fine Medium-Fine 

Average Boundary Pressures 

Aortic 0.0035 0.011 

LAD 1.1 0.33 

LCX 0.68 0.063 

Average Boundary Flowrates 

LMCA 0.44 0.13 

LAD 2.0 0.37 

LCX 1.5 0.17 

 

Relative differences remained below one percent for the boundary pressures and 

flow in both configurations between the medium and fine mesh. Between the coarse and 

fine mesh, percent differences up to two percent are observed for the two outlet boundary 

flowrates in both configurations. Similar differences are observed for the parameter 
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values when averaged over cycles 2-6. Based on the results of the mesh sensitivity, the 

medium mesh is ultimately selected and applied for the remaining simulations.  

5.4.2 Timestep sensitivity 

A sensitivity analysis is performed for the length of the transient simulation 

timestep. Three timesteps, namely 2.0x10-4 s, 1.0 x10-4 s, and 0.5 x10-4 s, are evaluated 

for the (1,1,0) configuration with stenoses of 68 percent diameter stenosis. Transient 

simulations are executed with the aforementioned timesteps and the relative difference 

(Equation (5.3)) is evaluated to quantify the difference in each of the evaluated 

parameters, relative to the smallest timestep. Specifically, the cycle-averaged boundary 

pressures and flows, as in the mesh sensitivity analysis, are evaluated. Averages are 

taken between 2-4 cycles and 2-6 cycles. Differences below 0.51 percent are determined 

between the timesteps of 1.0 x10-4 s and 0.5 x10-4 s for the cycle-averaged boundary 

pressures and flow between cycles 2-4. Similar differences are obtained for the cycle-

averaged parameters over cycles 2-6. Therefore, a timestep of 1.0 x10-4 s is selected for 

all simulations. 

5.5 SUMMARY 

In this chapter, the three-dimensional model of the bifurcation of the LMCA, was 

developed. Details regarding the geometry of the healthy vessel as well as the stenosis 

profile and configuration within the bifurcation, were provided. The assumptions related 

to the numerical implementation of the 3D model, were outlined in detail. The 

development and implementation of the 3D model is central to the thesis because it allows 

for the localized three-dimensional haemodynamics within the diseased bifurcations to be 

assessed. When the presented three-dimensional model is coupled with the lumped-

parameter model of the rest of the cardiovascular system (presented in the previous 

chapter), the resulting geometric multiscale CFD model (described in detail in the 

subsequent chapter), will allow, for what is to the best of the author’s knowledge, the first 

numerical assessment of the functionality of coronary bifurcation lesions. This model will 

take into account both local and global haemodynamic interactions thus, fulfilling the first 

objective of the thesis.  
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6 

THE MULTISCALE MODEL OF CORONARY 

BIFURCATION LESIONS 

 

In this chapter, the coupling between the lumped-parameter model presented in 

Chapter 4 and the three-dimensional model outlined in Chapter 5 is detailed. Specifically, 

the theory behind the numerical coupling is presented. Additionally, the results from the 

numerical simulation of the geometric multiscale CFD model of the healthy bifurcation are 

analyzed in relation to the results of the full LPM to justify the convergence of the 

numerically model. Finally, the results of a diseased bifurcation are presented in order to 

ensure the ability of the model to respond to the introduction of a stenosis in the three-

dimensional model. The implementation of the geometric multiscale CFD simulations of 

the LMCA bifurcation constitutes the first major objective of this thesis.  

6.1 THEORY 

Under the multiscale framework, the localized model of the 3D domain and the 

global model of the 0D domain must be numerically coupled in order to allow for the 

communication and interaction between them. The coupling between the 

heterogeneously-dimensioned models can be accomplished through either monolithic or 

partitioned approaches. The monolithic approach was developed by Vignon-Clementel et 
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al. [204] and was initially implemented in the numerical modelling of blood flow through 

the abdominal aorta. This framework is best suited for multiscale models wherein the 

lower-dimension boundary conditions are simple and consist of few time-dependent and 

nonlinear components for which an analytical solution can be derived. Consequently, the 

derived relationship between the pressure and flow at the boundary is coded directly 

within the flow solver, allowing for the two numerical models to be solved simultaneously 

[112, 205]. The implementation of the monolithic approach can be limited due to the 

requirement of an in-depth knowledge of the flow solver and the simplicity of the low-

dimensional models. The partitioned approach was developed by Formaggia et al. and 

Quarteroni et al [113-115]; it differs from the monolithic approach in that separate solvers 

can be used to obtain the solution of the 3D and 0D models. Consequently, in 

implementing this method, one can exploit commercial software packages and thus, 

eliminate the need for a comprehensive knowledge of the flow solver [112, 114, 115, 205]. 

In addition, the use of a separate solver for the solution of the lower-order model allows 

for more complex configurations with nonlinear and time-dependent components (for 

which an analytical solution cannot be derived), to be employed. Consequently, based on 

the requirements of the aforementioned methods as well as the complexity of the 

developed LPM to be coupled with the 3D domain of the LMCA bifurcation (Figure 4.2), 

the explicit partitioned approach is selected for the implementation of the numerical 

coupling of the heterogeneously-dimensioned model.  

Fundamentally, the coupling consists of the enforcement of stress and flux 

continuity at each well-defined interfaces between the 3D and 0D models. However, this 

formulation results in defective boundary conditions due to the fact that the NSE require 

point-wise data to be imposed on the boundaries of the model so as to ensure the well-

posedness of the mathematical model, whereas the 0D model, as outlined previously can 

only provide spatially-averaged data. The treatment of defective boundary conditions has 

been addressed in the work of Heywood, Ranacher and Turek [206] who demonstrated 

that such boundary conditions are treated implicitly with an extended variational 

formulation of the NSE, specifically, through the weak fulfillment of the Neumann stress 

boundary condition, as provided in Equation (6.1): 
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(6.1) 

for any cell face i on boundary j=LMCA, LAD, LCX and where in̂  is the surface normal, iu


 

is the velocity [cm·s-1] and pj(t) is the time-dependent average pressure [mmHg]. In this 

work [206], it was demonstrated that when a given boundary, j, is circular, plane and 

perpendicular to the axis of the segment of interest, the boundary condition given by 

Equation (6.1) reduces to the classical mean pressure drop problem as follows:  

.ˆ)(ˆ
ijii ntpnp   (6.2) 

The treatment of the defective boundary conditions in the context of the partitioned 

multiscale algorithm, including the proof of well-posedness for the heterogeneous 

coupling, has been extensively addressed in [114, 115, 206, 207]. Its applicability to and 

effectiveness for the study of blood flows using commercial software packages, has been 

demonstrated in various studies, for example [131, 132, 135].  

The coupling interfaces between the 0D and 3D models therefore govern the 

entries of column vector b , as provided in Equation (4.5) and the boundary conditions 

applied in the 3D model. The boundaries ΓLMCA, ΓLAD, and ΓLCX of the 3D model are 

interfaced with the 0D model through capacitances such that Neumann stress conditions, 

or average, uniform, time-dependent pressures (normal stresses), as provided in 

Equation (6.2), are applied. As a result, the solution of the 0D model is forced by average 

boundary flowrates obtained from the 3D model. Consequently, in Equation (4.5), column 

vector b  is given by: 

  ,00
T

LCXLADLMCA QQQb   (6.3) 

where 

,ˆ dnuQ
jj   


 (6.4) 
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for j=LMCA, LAD, LCX and u


 obtained from the 3D model. Vector b  also contains forcing 

terms associated with the model of the left and right hearts.  

An explicit, staggered approach over the cardiac cycle (0,T) is used for the 

coupling. More specifically, at each time step, defined between (tn, tn+1) with tn+1= tn+∆t, 

the system of ODEs describing the dynamics of the 0D model (Equation (4.5)) is 

integrated by forcing its solution with the average boundary flowrates obtained from the 

3D model at the previous timestep: 

.ˆ1 dnuQ n

i

n tt

i   




 
(6.5) 

The integration of the ODE system between (tn, tn+1) yields a set of state variables 

(flow and pressures) at each point in the 0D model, including the average pressures at 

the interfaces between it and the 3D model at time tn+1; these interface pressures are 

subsequently applied to the 3D model, though the average pressure (Neumann stress) 

boundary condition of Equation (6.2), which closes the mathematical model of the 

localized domain and allows the computation of velocity and pressure fields within the 3D 

model as well as the average flow rate at each of its boundaries at time tn+1. The results 

of the 3D flow simulation successively force the solution of the 0D model at the next time 

step. The transient 3D flow simulations are solved using the commercial software 

package ANSYS Fluent and a 4th-order Runge-Kutta method, implemented within an in-

house subroutine written in C++, is employed for the solution of the nonlinear system of 

ODEs describing the dynamics of the 0D model, as outlined previously. The solution of 

the system of ODEs is coupled with the NSE within ANSYS at each timestep using a fully-

automated external user-defined function written in C. 

6.2 IMPLEMENTATION OF THE MULTISCALE MODEL 

The configuration of the multiscale model of the LMCA bifurcation is derived by 

combining the LPM presented in Figure 4.6 and the 3D baseline geometry provided in 

Figure 5.1. Figure 6.1 displays the resulting multiscale model employed in the functional 

analysis of coronary bifurcation lesions. Simulations are executed based on the 

methodology outlined in previous sections.  
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Figure 6.1: Multiscale model of the LMCA bifurcation. 

In the diseased configuration of the multiscale model, collateral flow is neglected 

in order to simplify numerics. The presence and the extent of collateral coronary vessels 

is not completely understood, but has been linked, in part, to the severity of the disease 

and the duration of time to which a patient is exposed to severe stenoses. Clinical studies 

have shown that of all patients with significant coronary artery disease, as quantified by 

the percent diameter stenosis, only approximately 30 percent have functionally significant 

collateral vessels that are capable of preventing ischemia [86, 91]. Consequently, its 

elimination in the current model is deemed acceptable for the scope of the investigation. 

6.2.1 Results of the healthy MS model of the LMCA bifurcation 

The multiscale model is verified by comparing the results of the multiscale 

simulation of the healthy LMCA bifurcation to the results of the corresponding full LPM. 

The instantaneous difference of the MSM, Diffinst,i [%], determined at each timestep, is 

calculated for each state variable relative to the LPM:  



6 The multiscale model of coronary bifurcation lesions 

 

 

84 
 

,
,

,,

,

iLPM

iLPMiMSM

iinst
x

xx
Diff


  (6.6) 

where i is the timestep and x is the state variable being considered. In addition to the 

instantaneous difference, the cycle-average difference, Diffavg [%], utilizing cycle-

averaged values, is calculated for the epicardial coronary pressures and flows; the cycle-

averaged values are required for the calculation of the flow-based and pressure-based 

FFR.  

Figure 6.2 compares the results of the two models for the left and right heart 

parameters. A good agreement between the presented parameters is observed and is 

further supported by Table 6.1 which presents the maximum instantaneous difference for 

the heart, systemic and pulmonic parameters. The maximum instantaneous difference 

recorded for all the presented state variables is 1.1 percent. Overall, the majority of the 

variables displayed a maximum instantaneous difference less than 0.9 percent. 

 

Figure 6.2: Comparison between the LPM and the healthy LMCA bifurcation MSM for the (a) left 
heart volumes (b) left heart pressures (c) right heart volumes and (d) right heart pressures. 
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Table 6.1: Maximum instantaneous differences between the LPM and MSM for each heart, 
systemic and pulmonic parameter. 

  Max. Instantaneous Difference [%] 

Left Heart 

Vla 0.078 

Vlv 0.10 

Pla 0.078 

Plv 1.1 

Systemic 

Pao 0.088 

Ps 0.042 

Qs 0.040 

Right Heart 

Vra 0.12 

Vrv 0.26 

Pra 0.19 

Prv 0.68 

Pulmonic 

Ppa 0.83 

Qpa 0.83 

Qp 0.17 

Figure 6.3 compares the epicardial coronary pressures between the LPM and the 

MSM. Four examples, namely the pressures within the LAD1, LCX3, DIAG1 and MARG3 

segments are provided. 

 

Figure 6.3: Comparison between the LPM and MSM epicardial pressures. The examples provided 
are within (a) LAD1 (b) LCX3 (c) DIAG1 and (d) MARG3 branches. 
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The maximum instantaneous difference and the cycle-averaged difference for the 

epicardial coronary pressures are provided in Table 6.2. For all the pressure state 

variables, the maximum instantaneous difference is 2.8 percent; the cycle-averaged 

differences did not surpass 1.2 percent. 

Table 6.2: Maximum instantaneous and cycle-averaged differences between the LPM and the 
healthy LMCA bifurcation MSM for the epicardial coronary pressures. 

  
Maximum Instantaneous Difference 

[%] 
Average Difference 

[%] 

LAD 

PLAD1 1.7 0.50 

PLAD2 0.58 0.50 

PLAD3 0.62 0.51 

LCX 

PLCX1 2.7 1.2 

PLCX2 2.7 1.2 

PLCX3 2.7 1.1 

PLCX4 2.8 1.1 

DIAG 
PDIAG1 2.0 0.5 

PDIAG2 1.9 0.5 

MARG 

PMARG1 2.7 1.1 

PMARG2 2.7 1.1 

PMARG3 2.8 1.1 

Figure 6.4 and Figure 6.5 compare the epicardial coronary flows between the LPM 

and MSM. More specifically, the results are presented for the LMCA, LAD1, LCX2, DIAG2 

and MARG3 branches. The left-hand panel provides the flowrates while the right-hand 

panel presents the corresponding instantaneous differences. The opening and closing of 

the aortic valve are also denoted in the figures. All computed epicardial coronary flows, 

including those not presented in the figures, display two distinct peaks in the 

instantaneous difference occurring near the opening and the closing of the aortic valve. 

Differences for the first peak (aortic valve opening) range between 10 and 26 percent, 

while difference for the second peak (near aortic valve closing) range between three and 

11 percent.  

The maximum instantaneous differences and cycle-averaged difference for the 

epicardial coronary flows are summarized in Table 6.3. Interestingly, as the vessel 

becomes more distal to the LMCA, the peak instantaneous difference occurs later than 

the initial peak observed within the LMCA. It is important to note that at all other points in 
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the cardiac cycle, the instantaneous difference remains below 3 percent for all coronary 

flows. This fact is further justified by the results presented in Table 6.3, wherein the 

maximum cycle-averaged difference between the LPM and MSM is 1.4 percent. 

 

Figure 6.4: Comparison between the LPM and MSM for the (a) LMCA (c) LAD1 and (e) LCX2 
flows. The corresponding instantaneous differences are provided in (b), (d), and (f) respectively. 
The green and red lines denote aortic valve opening and closing respectively. 
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Figure 6.5: Comparison between the LPM and MSM for the (a) DIAG1 and (c) MARG3 flows. The 
corresponding instantaneous differences are provided in (b) and (d) respectively. The green and 
red lines denote aortic valve opening and closing respectively. 

Table 6.3: Maximum instantaneous differences and cycle-averaged differences between the LPM 
and MSM for the epicardial coronary flows 

  
Maximum Instantaneous Difference 

[%] 
Average Difference 

[%] 

LMCA QLMCA 19 0.86 

LAD 
QLAD1 26 0.33 

QLAD2 19 0.33 

LCX 

QLCX1 16 1.4 

QLCX2 10 1.4 

QLCX3 12 1.4 

QLCX4 14 1.4 

DIAG 
QDIAG1 14 0.33 

QDIAG2 19 0.33 

MARG 

QMARG1 11 1.4 

QMARG2 13 1.4 

QMARG3 14 1.4 
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The peaks in the instantaneous differences observed for the coronary flows 

occurred after the opening and the closing of the aortic valve. During systole, after the 

opening of the aortic valve, blood flows from the left ventricle to the aortic root and thus, 

the coronary arteries (which stem from the aortic root). Initially, the acceleration of the 

blood flowing into the coronary arteries is significant as can be displayed in Figure 6.4, 

wherein the LMCA flowrate increases from nearly zero to 3.5ml∙s-1 over 30ms. After the 

closing of the aortic valve, left ventricular pressure drops significantly over a time period 

of approximately 0.08s due to ventricular relaxation. The decrease in ventricular pressure 

is associated with a decrease in the intramyocardial pressure acting on the coronary 

microcirculation, which allows blood to accelerate into the coronary arteries. Therefore, 

the observed peak instantaneous differences occur during these high acceleration 

phases.  

Pressure-flow relations and overall system dynamics during phases of fluid 

acceleration are affected significantly by capacitance and inductance effects. 

Capacitance effects relate to the compliance/elasticity of the vessels and denote the 

change in pressure gradient required to generate a change in vessel volume. These 

effects become most prominent when the rate of change of the pressure gradient is high, 

in particular during accelerative and decelerative phases. The inductance of the vessel 

encompasses fluid inertial effects and therefore the response of the system to changes 

in the pressure gradients; as in the case of capacitance effects, inductance effects 

contribute to the dynamics when the flow is in an accelerative state, wherein the rate of 

change of the pressure gradient is high. 

With regard to compliance, as a result of changes in vessel volume (due to vessel 

elasticity) which acts as a fluid volume reserve, the response of the system to a change 

in pressure gradient is not instantaneous, as it would be in the case of a rigid vessel. As 

such, for elastic vessels, there is a time lag between the pressure gradient and the flow, 

such that the total inlet flow is not equal to the total outlet flow in a vessel. Fluid inertia 

has a similar effect of system response to pressure changes; due to inertial effects, the 

response of the fluid to a change in pressure gradient is not instantaneous as it would be 
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in the case of a purely resistive vessel (wherein the pressure and flow curves are 

superimposed [19]). 

Therefore, due to the fact that the peak instantaneous differences occur during 

times of high fluid acceleration, they can be attributed to differences in capacitive and 

inductive effects between the two models. More specifically, in the LPM, the LAD and 

LCX are modelled as compliant vessels whereas in the MSM, the corresponding 3D 

vessels are rigid and therefore did not include any capacitive effects. Furthermore, the 

inductance of the vessels in the LPM is calculated assuming that a bolus of fluid with 

volume equal to that of the designated vessel is able to accelerate solely in the direction 

of the vessel axis free of any viscous resistance; in the MSM, the inertial response of the 

system is altered due to the contribution of viscous resistance. Capacitive and inductive 

effects are also responsible for the aforementioned mismatch in the positive to negative 

flow transition (and vice versa) between the two models for the LAD3.  

Overall, differences in the results between the LPM and the MSM are expected 

due to discrepancies in the model assumptions (Appendix A elucidates the assumptions 

associated with the derivation of the LPM). In the LPM the underlying assumption 

concerning the viscous resistance (R) of the vessel is that the flow is fully-developed and 

therefore that the velocity profile is parabolic. Conversely, in the CFD multiscale 

simulations of the healthy LMCA bifurcation, the velocity profile is not forced, but rather 

is allowed to develop. Based on the entrance length, le [cm] which is defined for laminar 

flow in Equation (6.7):  

,Re06.0 Dle   (6.7) 

where D is the vessel diameter [cm] and Re is the Reynolds number as is given in 

Equation (6.8): 

,
4

Re
D

Q




  (6.8) 
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where Q is the volumetric flowrate [ml·s-1], the flow is in the development region and 

therefore, a uniform (plug) profile is maintained in the 3D CFD multiscale simulations of 

the LMCA bifurcation. Here, the average entrance length is approximately 10cm whereas 

the length of the LMCA in the 3D model is 2.2cm. In the entrance region where the flow 

is developing (as in the case of the multiscale CFD simulation), the pressure drop is 

nonlinear and greater than the pressure drop for the fully-developed flow (as in the case 

of the LPM) along the same length of vessel [159]. Consequently, additional pressure 

losses are expected in the MSM in comparison to the LPM for the LMCA, LAD and LCX. 

Furthermore, the LPM does not take into account losses that occur at the vessel 

bifurcations due to disturbed flow, and therefore additional pressure losses are expected 

in the MSM, particularly for the LCX. This phenomenon can be observed from Table 6.2 

and Table 6.3, where the cycle-averaged differences for the pressures and flows in the 

LCX and MARG branches are higher compared to those of the LAD and DIAG branches. 

As such, instantaneous differences of 3 percent found for the coronary pressures and 

flows can be attributed to the additional pressure losses occurring in the MSM and are 

within reason.  

Based on the above justifications and the globally low instantaneous and cycle-

averaged differences for the coronary parameters between the LPM and MSM models, 

the simulation of the multiscale healthy LMCA bifurcation is confirmed.  

6.2.2 Results of a diseased MS model of the LMCA bifurcation 

The ability of the MS model to capture the decrease in flow and perfusion pressure 

upon the introduction of a stenosis is assessed through the comparison of the diseased 

flows and pressures to the healthy case as well as the evaluation of the corresponding 

flow- and pressure-derived FFR values. Here, the results for the (1,0,0) configuration, 

over a range of mild to severe diameter reductions are presented. Specifically, four 

diameter reductions, namely 41, 50, 61 and 68 percent are simulated.  

The simulated time-dependent flow rates in each of the vessels of the bifurcation 

are displayed in Figure 6.6 while the corresponding pressures distal to the LAD and the 

LCX are displayed in Figure 6.7. 
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Figure 6.6: Flow in the (a) LMCA (b) LAD (c) LCX in the (1,0,0) configuration with increasing 
stenosis severity.  

 One can observe that as the stenosis severity increases, the total perfusion of the 

left coronary tree, as is evaluated through the LMCA flow, decreases. The decrease in 

perfusion is correspondingly demonstrated through the flow reduction in each of the 

daughter vessels. 

 

Figure 6.7: Pressure at the outlet of the (a) LAD and (b) LCX for the (1,0,0) configuration with 
increasing stenosis severity. 
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 Figure 6.8a presents the flow-based FFR values in the LMCA, LAD and LCX for 

the (1,0,0) configuration as a function of stenosis severity. At a 68 percent diameter 

reduction, the configuration becomes globally critical, and exhibits an FFR value below 

0.8 within the LMCA. In the LAD, the FFR remains above the critical value over the entire 

range of stenosis severities, while in the LCX, it is critical at a diameter reduction of 68 

percent.  

 

Figure 6.8: (a) Flow-derived and (b) pressure-derived FFR for the (1,0.0) configuration in each of 
the vessels of the bifurcation with increasing stenosis severity. The shaded area corresponds to 
the range of diameter reduction for which the configuration is (0,0,0). 

Similar trends are observed for the pressures in the distal portions of the LAD and 

LCX; as the diameter reduction increases, the time-dependent pressure curves begin to 

deviate from the healthy case, which is approximately equal to aortic pressure thus, 

exhibiting a pressure drop. The corresponding pressure-derived FFR values are 

displayed in Figure 6.8b, where with increasing stenosis severity, the FFR decreases in 

both the LAD and the LCX. Similarly to the flow-derived FFR, the pressure-derived FFR 

is found to be critical (below 0.8) for the LCX and non-critical within the LAD. The results 

of the multiscale simulation of the (1,0,0) configuration display FFR values that ranged 

between 0.74 and 0.93 for diameter reductions between 61 and 68 percent. These FFR 

values are in good accordance with the FFR values reported in the literature for similar 

ranges of stenosis severities (presented in Table 6.4).  
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Table 6.4: Literature and study values for FFR (lesions with diameter reductions between 60 and 
80 percent) 

 Diameter Reduction [%] FFR [-] 

Multiscale Model 61-68 0.74-0.93 

Takagi et al. [208] 60-80 0.35-0.75 

Hamilos et al. [189] 60-70 0.68-0.97 

Meimoun et al. [188] 70 0.68-0.76 

Iguchi et al. [187] 60-70 0.60-0.96 

 

Table 6.5: Average lesion lengths reported in the literature 

 Lesion Length [cm] 

Multiscale Model  1.0 

Takagi et al. [208] 1.42±0.75 

Meimoun et al. [188] 1.41±0.65 

Iguchi et al. [187] 1.35±0.80 

Koo et al. [209] 0.64±0.30 

 Furthermore, Fischer et al. [210] reported in their study that of all stenoses with 

diameter reductions greater than 60 percent, only 38 percent had FFR values less than 

0.75 while Koo et al. [209] found that for an average diameter reduction of 79±11 percent 

the average FFR was 0.81±0.12 with only 31 percent of lesions having an FFR below 

0.75. Consequently, the results of the multiscale simulations are representative of in vivo 

conditions. The fact that the computed values are on the higher-end of the reported 

ranges can be justified based on the stenosis length; in the current model, the stenoses 

are modelled with a base length of 10mm, which is shorter than the average lesion lengths 

reported in the literature (summarized in Table 6.5). In Koo et al. [209], where higher FFR 

values compared to the rest of the referenced clinical studies were reported, noticeably 

shorter lesion lengths were also observed. Furthermore, both Meimoun et al. [188] and 

Iguchi et al. [187] found a significant negative correlation between the FFR and the lesion 

length, signifying that shorter lesions are associated with higher FFR values.  

In Figure 6.6, one can observe oscillations in the diastolic flow of the LAD and the 

LCX for the moderate to severe diameter reductions. Similar oscillations are observed for 

the multilesional configurations with stenoses in the LMCA, but not for the cases where 

the LMCA is healthy, as can be observed in Figure 6.9 for the (0,1,1) and (0,0,1) 

configurations.  
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Figure 6.9: Flow in the LAD for the (0,1,1) configuration and in the LCX for the (0,0,1) configuration 
at a 68 percent diameter reduction. 

Several additional simulations are executed in order to determine the origin of the 

oscillations. Firstly, the spatial and temporal resolution of the models are refined. The 

flows from the resulting numerical simulations still displayed oscillations which confirmed 

that they are not a result of the lack of convergence of the model. Furthermore, the outlets 

of the LCX and the LAD are both extended by a length equivalent to 10 diameters. The 

flows within the extended outlet CFD simulations still displayed oscillations in the LAD 

and LCX flow as is determined for the baseline geometry. 

Consequently, based on these results, the oscillations are attributed to the 

disturbed flow field distal to the stenoses and are not to numerical instabilities. The 

average boundary flows of the extended model are compared to the average boundary 

flows of the baseline model and are found to have differences of one, zero and two 

percent in the LMCA, LAD and LCX respectively, corresponding to one, zero and two 

percent differences in the FFR within the corresponding vessels. Moreover, an additional 

geometry with extended outlets, wherein a five degree angle is introduced for the LAD 

relative to the axis of the LMCA, is simulated. The resulting flow curves displayed very 

small amplitude oscillations, with small differences in the average boundary flows 

compared to the original geometry. These results further justify that the oscillations 

originate from the complex flow field in the distal portions of the daughter vessels. 
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6.3 SUMMARY 

In this chapter, the development of the geometric multiscale model of the LMCA 

bifurcation was presented. The geometric multiscale CFD simulation was executed for 

the healthy LMCA bifurcation. The results displayed physiological behaviour and are 

corroborated based on the full LPM simulation and literature values. The multiscale CFD 

simulations for a single diseased case were also implemented in order to confirm the 

ability of the model to capture the decrease in myocardial perfusion. The resulting FFR 

values were in good accordance with clinical studies from the literature. Therefore, the 

presented simulations demonstrated the ability of the developed CFD multiscale model 

to provide physiologically-relevant dynamics within coronary bifurcation lesions. Thus, the 

first objective of the work is fulfilled. Specifically, this chapter presented, what is to the 

best of the author’s knowledge, the first computational model of a diseased coronary 

bifurcation that incorporates both local (within the bifurcation) and global (within the 

surrounding cardiovascular domains) haemodynamic effects while inherently accounting 

for the haemodynamic interactions. This model will be utilized, as part of the second 

objective of the thesis, to investigate the effect of various geometric parameters, both of 

the bifurcation and the stenoses, on the functional manifestation of the disease. 
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7 

EFFECT OF STENOSIS CONFIGURATION 

 

This chapter outlines the study of the effect of stenosis configuration on the 

functionality of coronary bifurcation lesions. It provides the motivation behind the 

investigation of this particular parameter, the corresponding cases that are considered in 

the work and the results and clinical relevance of the findings. The results presented in 

the chapter have been published in the Journal of Biomechanics [211].  

7.1 MOTIVATION  

The development of ischemia in coronary bifurcation lesions and consequently the 

manifestation of the particular disease is more involved than that of isolated lesions. This 

phenomenon results from the fact that CBLs are subject to both global and local 

haemodynamic interactions, which render the overall dynamics of the system more 

complex [102].  

The global haemodynamic interactions can result from various factors. As outlined 

in Chapter 2, the resistance of a stenosis is dependent on the transtenotic flow. When 

multiple stenoses are dispersed within the coronary tree, the resistance of each individual 

lesion contributes to the overall epicardial resistance and thus, the total myocardial flow 

reduction. Therefore, there is a mutual underestimation of the true resistance and 
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haemodynamic severity of the individual lesions [102, 103]. In addition to its flow-

dependence, the stenosis resistance is also governed by the morphology of the lesion 

and therefore, the extent to which the true stenosis resistance is masked differs between 

lesions. This idea was previously demonstrated for tandem (or serial) lesions [102, 104-

108]. However, for bifurcation lesions, this phenomenon is more complicated due to the 

fact that there are three vessels which can have varying resistance as a result of the 

presence or the absence of a stenosis within them.  

The relative epicardial resistance between the daughter vessels, which is 

influenced by both the relative severity of the corresponding stenoses and that of the 

supplying vessel lesion, governs the relative distribution of blood between the myocardial 

beds being perfused by the epicardial bifurcation. This idea, which can be extended to 

the phenomenon of branch steal, has been previously suggested to affect the flow 

distribution between the daughter vessels in bifurcation lesions [27, 109]; however, its 

influence on the functionality of CBLs has not been studied. Still yet, the dynamics and 

relative size of the two distal myocardia also play a significant role in the relative 

distribution of blood between the two daughter vessels. More importantly, the relative 

extent of myocardial domain being perfused ultimately determines the criticality of the 

flow reduction [103, 110]. These aforementioned global factors, which contribute to the 

haemodynamic interactions within CBLs, are affected by the location and number of 

stenoses within the bifurcation, or conversely the CBL configuration.  

The significance of stenosis configuration in the haemodynamics of coronary 

bifurcation lesions has been suggested in previous numerical studies. For example, Binu 

et al. [47, 48] found that the wall shear stress pattern varied between the different 

bifurcation lesion configurations thus, implying variance in the risk for disease 

progression. Similarly, by using conventional CFD simulations, Zarandi et al. [46] 

computed wall shear stress distributions in the side branches of true bifurcation lesion 

configurations as well as the flow ratio between the side branch and mother vessel; both 

parameters were found to be influenced by the number and location of the stenoses. 

Chaichana et al. [39-44] executed a series of CFD simulation within patient-specific 

models of diseased LMCA bifurcations [39-44] and sought changes in flow velocities, 
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WSS and the local pressure gradient (PSG) for the different CBL configurations relative 

to the healthy LMCA bifurcation flow so as to assess the risk for disease progression as 

well as plaque rupture. The studies found statistically significant differences in all 

investigated parameters between the various configurations, with these differences being 

a complicated factor of both the number and location of the stenoses within the flow 

divider.  

To the best of the author’s knowledge, the effect of lesion configuration, with 

varying stenosis severity, on the haemodynamic impact and clinical manifestation of the 

disease has not been studied to date. Consequently, as an initial study, it is hypothesized 

that the configuration of the stenoses within the bifurcation, alone, impacts the 

haemodynamic interactions between the stenoses in the bifurcation and therefore plays 

a central role in the physiological severity of this type of coronary artery disease. Thus, 

the objective of this investigation is to characterize and compare, for the first time, the 

functional impact, as quantified by the flow-based and pressure-based FFR, of different 

bifurcation lesion configurations.  

7.2 GEOMETRY OF THE CBL CONFIGURATIONS 

Four multilesional CBL configurations based on the Medina classification are 

considered. Additionally, four diameter reductions, namely 41, 50, 61 and 68 percent are 

modelled for each case, which accounts for a range from mild to severe stenoses. All 

stenoses in a given configuration have the same diameter reduction. Therefore, a total of 

16 cases are simulated in this research. Details regarding the stenosis profile are 

provided in Chapter 5. Examples of the multilesional configurations with different stenosis 

severities are provided in Figure 7.1. In order to comply with the definition of the Medina 

classification, all configurations with a diameter reduction of 41 percent have been 

denoted as (0,0,0).  
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Figure 7.1: Examples of the multi-lesion configurations, based on the Medina classification that 
are considered in the study.  

7.3 RESULTS 

Average pressures and flows at each of the boundaries of the bifurcation are 

obtained at every timestep of the 16 different multiscale simulations; these values are 

processed and used in the calculation of the flow-based and pressure-based FFR in order 

to study the functionality of CBLs with respect to lesion configuration.  

7.3.1 Flow and pressure profiles  

Figure 7.2 presents the time-dependent flow in each of the vessels of the 

bifurcation for the (1,1,1) configuration with varying stenosis severity. The corresponding 

boundary pressures distal to the LAD and the LCX are presented in Figure 7.3. 

Similarly to the case study of the (1,0,0) configuration presented in Chapter 6, as 

the percent diameter stenosis increases, the magnitude of the flow curves as well as the 

cycle-averaged flow, decreases, while the shape of the flow curve remains constant. This 

signifies that perfusion is decreased in all myocardial beds of the model with increasing 

stenosis severity. A similar trend is displayed in the pressure curves wherein, as the 

diameter reduction increases, the time-dependent LAD and LCX pressures (and 

corresponding cycle-averaged pressures) deviate from the aortic pressure. This result 

signifies that the myocardial perfusion pressure decreases with increasing stenosis 

severity.  
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Figure 7.2: Flow in the (a) LMCA (b) LAD and (c) LCX for the (1,1,1) configuration with varying 
stenosis severity. 

 

Figure 7.3: Time-dependent, face-averaged pressure in the (a) LAD and (b) LCX for the (1,1,1) 
configuration with varying stenosis severity. 
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Furthermore, while the shape of the time-dependent curves at low diameter 

reductions are similar to that of aortic pressure, with increasing diameter stenosis, the 

shape of the time-dependent curves begins to resemble that of the left ventricular 

pressure. One can also observe from these figures that the decrease in perfusion is 

greater in the LCX than in the LAD; the corresponding pressure- and flow-derived FFR 

values are provided in subsequent sections. 

7.3.2 Flow-based FFR 

Figure 7.4 displays the flow-based FFR in the LMCA, LAD and LCX for each 

multilesional configuration as a function of diameter stenosis.  

 

Figure 7.4: Comparison of the flow-based FFR in the (a) LMCA (b) LAD and (c) LCX as a function 
of diameter stenosis between the different multilesional CBL configurations. The shaded area 
corresponds to the (0,0,0) configurations (diameter reduction less than 50 percent). 
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The results of the upper panel elucidate the global effect of the bifurcation lesion 

configuration as a function of diameter reduction as it corresponds to the flow in the LMCA 

and therefore the perfusion of the entire myocardial bed supplied by the left coronary 

circulation. At any diameter reduction, the (1,1,1) configuration produces the lowest FFR 

values and therefore the most significant decrease in myocardial perfusion. The (0,1,1) 

configuration, which is the only arrangement that does not have a stenosis in the LMCA, 

produces the highest FFR values at any stenosis severity. The flow-based FFR values of 

the (1,0,1) and (1,1,0) cases are within the range of values of the two aforementioned 

configurations, with the (1,0,1) configuration displaying slightly lower FFR values as 

compared to the (1,1,0).  

In the lower panel of Figure 7.4, the flow-based FFR values for each of the 

daughter vessels are displayed. Interestingly, in both the LAD and the LCX, the (1,1,1) 

configuration does not result in the lowest FFR values and therefore does not produce 

the most critical flow reduction, regardless of the fact that it has the greatest number of 

stenoses; instead, at any diameter stenosis, the (1,1,0) and the (1,0,1) configurations 

exhibit the most significant reduction in perfusion in the myocardia supplied by the LAD 

and the LCX, respectively. The difference in FFR of the LAD between the (1,1,0) and the 

(1,1,1) configurations becomes larger as the severity of the stenosis increases; at a 

diameter reduction of 61 percent the FFR values differ by 0.01, whereas at a 68 percent 

diameter reduction, they differ by 0.04. A similar trend can be observed in the LCX 

between the (1,0,1) and (1,1,1) configurations, such that at 61 percent diameter reduction, 

the FFR values differ by 0.02 and at a severity of 68 percent they differ by 0.03. 

Interestingly, in the LCX, it is the (0,1,1) configuration and not the (1,1,0) case that 

displays the highest FFR values, regardless of the fact that the particular configuration is 

stenosed in the LCX while the (1,1,0) configuration is not.  

By considering a critical flow-based FFR of 0.8, globally, the (1,1,1) configuration 

becomes critical at a diameter reduction of 64 percent. The (1,0,1) and (1,1,0) 

configurations closely follow the (1,1,1) configuration and become critical at 65 percent 

and 66 percent diameter reductions respectively. Therefore, globally, it is suggested that 

these configurations, although different in the location and number of stenoses, have 
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similar haemodynamic severities. When accounting for the daughter vessels individually, 

from a local perspective, the (1,0,1) configuration is the first case to reach a critical FFR 

(within the LCX), specifically at a 59 percent diameter stenosis. The (1,1,1) configuration 

then becomes critical (in the myocardium supplied by the LCX) at a 60 percent diameter 

reduction while the (1,1,0) and (0,1,1) configurations require much higher stenosis 

severities, namely 66 percent and 68 percent, respectively, to reach a critical FFR (again, 

in the LCX). Therefore, from a global perspective, the bifurcation lesion configurations 

become critical at higher severities compared to the daughter vessels being considered 

individually. Furthermore, global criticality does not appear to correspond to local 

criticality.  

Figure 7.5 compares the flow-based FFR between the LAD and the LCX in each 

individual bifurcation lesion configuration, as a function of diameter reduction. One can 

observe that in all configurations, in particular the (0,1,1), (1,1,1) and (1,0,1) cases, the 

flow-based FFR is lower in the LCX, at any stenosis severity. This observation is 

interesting for the configurations of the upper panel of Figure 7.5, both of which have a 

stenosis in each of the daughter vessels and therefore show a level of symmetry in their 

lesion configuration yet no symmetry in their dynamics. Furthermore, when comparing 

the (0,1,1) and (1,1,1) configurations, it is observed that the introduction of a stenosis in 

the LMCA results in a nonlinear effect on the FFR within the two daughter vessels. For 

example, at a 68 percent diameter stenosis, the difference in the flow-based FFR between 

the two configurations is 0.05 in the LAD and 0.16 in the LCX, and at a 61 percent 

stenosis, the difference is 0.04 in the LAD and 0.10 in the LCX. 

In the lower panel of Figure 7.5, the two configurations presented, namely (1,1,0) 

and the (1,0,1) each have a stenosis in the LMCA and a stenosis in one of the daughter 

vessels and therefore exhibit a level of similarity in their configuration. It can be observed 

that, for the (1,0,1) configuration, with increasing stenosis severity, the curves of the flow-

based FFR in the LAD and the LCX diverge and also differ significantly in magnitude, with 

the FFR values in the LCX (which is stenosed) being significantly lower than those in the 

LAD. 
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Figure 7.5: Comparison between the flow-based FFR in the LAD and LCX for the (a) (0,1,1) (b) 
(1,1,1) (c) (1,0,1) and (d) (1,1,0) as a function of percent diameter stenosis. 

Conversely, the (1,1,0) configuration displays significantly different behaviour; as 

the stenosis severity increases, the flow-based FFR curves of the LAD and the LCX 

converge and eventually intersect at a diameter reduction of 66 percent. As such, unlike 

the (1,0,1) configuration the flow-based FFR values in the LAD and LCX do not differ 

significantly (a maximum of 0.02 at a stenosis of 50 percent) regardless of the fact that 

the LAD is not stenosed. 

7.3.3 Pressure-based FFR 

The pressure-based FFR, given by the ratio between the distal stenosis pressure 

and the aortic pressure, is calculated for each configuration and stenosis severity. Figure 
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7.6 compares the pressure-based FFR (FFRP) and flow-based FFR (FFRQ) in the LCX 

and LAD for each configuration.  

 

Figure 7.6: Comparison between the flow-derived FFR (FFRQ) and the pressure-derived FFR 
(FFRP) for the (a) (0,1,1) (b) (1,1,1) (c) (1,0,1) and (d) (1,1,0) configurations as a function of 
diameter stenosis. 

One can observe that the trends displayed by the pressure-based FFR are similar 

to those for the flow derived-FFR. Specifically, the pressure-based FFR is consistently 

lower in the LCX as compared to the LAD. A nonlinear increase in the FFR between the 

LAD and the LCX is still observed between the (0,1,1) and (1,1,1) configurations. Within 

the LAD, the pressure-based FFR differs by 0.04 and 0.07 at a stenosis severity of 61 

percent and 68 percent, respectively, between the two configurations, whereas in the 

LCX, the corresponding differences are 0.09 and 0.13 at diameter stenoses of 61 percent 
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and 68 percent respectively. A significant difference between the pressure-based FFR in 

the LAD and LCX is observed for the (1,0,1) although the difference between the two 

curves is smaller when compared to the corresponding differences in the curves of the 

flow-based FFR; at diameter reductions of 61 percent and 68 percent, the respective 

difference in the flow-based FFR between the LAD and LCX is 0.19 and 0.28, whereas 

for the pressure-based FFR values, these differences are 0.12 and 0.18 respectively. 

Finally, the LAD and LCX pressure-based FFR curves converge (rather than diverge) for 

the (1,1,0) configuration as is determined for the flow-based FFR, although the curves 

intersect at a slightly larger diameter reduction, namely 68 percent (as compared to 66 

percent stenosis). As such, for the range of stenosis severities investigated, with respect 

to the pressure-based FFR, the flow is consistently more critically reduced in the LCX in 

the (1,1,0) configuration as compared to the LAD, although there is no stenosis in the 

LCX. 

Differences between the flow- and pressure-based FFR values can be observed, 

specifically for the (1,0,1) configuration in both the LAD and LCX and the (1,1,1) 

configuration in the LCX. Within the LCX, for the (0,1,1) and (1,1,0) configurations, the 

pressure-based FFR overestimates the functional impact as compared to the flow-based 

FFR when the percent diameter reduction is less than 62 percent. Above this threshold, 

the functional impact for these configurations is underestimated. The (1,0,1) and (1,1,1) 

configurations show the same behaviour, although the transition threshold is around 50 

percent. Overall, for these configurations in the LCX, when the flow-based FFR is at the 

ischemic threshold of 0.8, the pressure-based FFR value range between 0.81 and 0.82. 

In the LAD, different trends are seen between the two indices; for the (1,0,1), (0,1,1) and 

(1,1,1) configurations, the pressure-based FFR consistently overestimates the severity. 

Both the pressure- and flow-based FFR are, however, above 0.8 for the range of stenoses 

severities which show the greatest discrepancies. Conversely, the (1,1,0) configuration 

shows the same trends as those in the LCX; at high percent diameter reduction the 

functional severity is underestimated by the pressure-based FFR and vice versa at low 

percent diameter reduction. The threshold for this transition occurs at a 66 percent 

diameter stenosis. 
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7.4 DISCUSSION 

In this study, the geometric multiscale model of the LMCA bifurcation is utilized, 

for the first time, to investigate the effect of lesion configuration on the functional impact 

of coronary bifurcation lesions.  

7.4.1 Flow and pressure profiles 

Figure 7.2 and Figure 7.3 displayed the progression of the flow and pressure 

curves in the (1,1,1) case as a function of stenosis severity. A similar decrease in 

amplitude in the flow curves with increasing stenosis severity was also reported by Kim 

et al. [140] in the corresponding computational study. Although in a clinical setting, the 

flow through the epicardial arteries does not correspond to the perfusion of the 

myocardium (in other words the myocardial FFR), in this research, due to the fact that 

collateral flow is not included, there is a direct correlation between epicardial and 

myocardial flow and therefore myocardial perfusion as a result of the conservation of 

mass. As such, in the context of CBLs, the model developed in this research is capable 

of capturing the decrease in myocardial perfusion with increasing stenosis severity, 

consequently making it possible to report flow-based FFR values.  

The computed pressure curves at the outlets of the LAD and the LCX could be 

compared with in vivo data due to the fact that in a clinical setting, the pressure-based 

FFR is utilized for diagnostic purposes. The shape of the pressure curves computed for 

the diseased cases correlate well with those presented in the literature [22, 26, 188]. In 

particular, still in regard to Figure 7.3, one can observe that for stenosis severities with 

computed high FFR values, as in the LAD with a 41 percent diameter reduction and a 

corresponding 0.97 pressure-based FFR, the aortic and distal pressure curves overlap 

during the majority of the cardiac cycle, as was displayed in Pijls et al. [22] for a stenosis 

with an FFR of 0.97. Clinically, Meimoun et al. [188] and Tonino et al. [26] showed that 

for stenoses with intermediate FFR values namely, 0.87 and 0.90, the distal pressure 

curves begin to differ from the aortic pressure, in particular at peak systole and during 

diastole. This correlates well with the computed curves of the particular study with the 

corresponding pressure-based FFR values, specifically in the LAD at a 61 percent 

diameter reduction and in the LCX at a 50 percent diameter reduction. Finally, for more 
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severe cases, clinical studies show that distal pressure deviates from aortic pressure over 

the majority of the cycle [26] as is computed in our study in the case of LCX at a 68 

percent diameter reduction with an FFR of 0.68. It is also interesting to observe that in 

the in vivo pressure measurements of the aforementioned studies, certain fluctuations in 

the pressure are present during diastole and are also detected in the present study, at 

high stenosis severities.  

7.4.2 Flow-based FFR 

The first important finding from the simulations in this research is that coronary 

bifurcation lesions display different behaviour when compared to their functional impact 

from global and local perspectives. This idea is shown by the fact that, globally, all 

configurations with a stenosis in the LMCA showed similar haemodynamic behaviour and 

became critical within a very small range of percent diameter reductions. However, the 

(1,1,1) configuration became critical at the lowest diameter reduction as compared to the 

rest of the configurations. This finding is logical due to the fact that this configuration had 

the greatest number of stenoses. Conversely, when considering the configurations from 

a local perspective by investigating the haemodynamic impact of the lesions on the 

individual daughter vessel myocardia, the results are significantly different; in each of the 

daughter vessels, the (1,1,1) configuration, which had the greatest number of stenoses, 

did not generate the most critical haemodynamic environment for any given stenosis 

severity. Furthermore, the (1,1,0) configuration became critical in the LCX at significantly 

higher stenosis severities as compared to the (1,0,1) and (1,1,1) configurations and 

showed more similar haemodynamic behaviour to that of the (0,1,1) configuration, a 

behaviour that is not evident from the global perspective. As such, the (1,0,1) and the 

(1,1,1) configurations reached a critical FFR in the LCX at a similar diameter reduction, 

although the (1,0,1) ultimately reached criticality before the (1,1,1) case. 

The aforementioned results are very significant and impactful because they are 

suggestive of the importance of branch steal and its impact of the haemodynamic severity 

of coronary bifurcation lesions. Branch steal is a phenomenon that occurs in the vicinity 

of a vessel bifurcation, wherein a lower resistance daughter vessel diverts flow away from 

the higher resistance daughter vessel. Gould et al. [27] displayed through a linearized 
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and spatially-averaged model of a diseased coronary bifurcation that this phenomenon 

can occur in daughter vessels between which there is a relative difference in the 

corresponding resistance. As such, a completely occluded vessel is not required for this 

phenomenon to occur. In Gould et al. [27] it was shown that with increasing stenosis 

severity in the proximal main branch, the CFR of the healthy (low-resistance) daughter 

vessel was decreasing. However, for any given stenosis severity in the proximal main 

branch, as the severity of the stenosis in the distal main branch increased, the CFR of the 

healthy daughter vessel also increased. Thus, as the stenosis in the distal main branch 

became more severe, the healthy daughter vessel was increasingly stealing flow away 

from it as a result of its low resistance. 

 In this research, the phenomenon of branch steal is captured and shown through 

the fact that the (1,1,0) and (1,0,1) configurations create a more critical haemodynamic 

environment in the corresponding diseased daughter vessel as compared to the (1,1,1) 

configuration which has a greater number of stenoses overall. Interestingly, our results 

correlated well with those of Gould et al. [27] which showed that branch steal becomes 

more significant as the severity of the proximal main branch stenosis increases. The 

results of the current study also correlate well with those of Zarandi et al. [46] and Frattolin 

et al. [45] who obtained a significantly lower flow ratio between the side branch and the 

proximal main branch in the (1,0,1) configuration as compared to the (1,1,1) configuration. 

Zarandi et al. [46] and Frattolin et al. [45] did however find greater differences in the flow 

ratio between the two-lesion and three-lesion configurations in comparison to this 

research. The discrepancies between the results are attributed to the nature of the 

boundary conditions utilized in [45, 46]. 

The results of the current study also correlate well with the FFR values measured 

by Yong et al. [103] in the LAD and the LCX of ovine when the same stenosis 

configurations are induced. Branch steal is displayed to occur in both configurations, 

although in this particular study the two configurations showed similar behaviour, a result 

that can be attributed to the particular ovine model. An important finding of [103] which is 

particularly pertinent to the present study is that branch steal is found to be more 

prominent in the cases where the two lesions are closest to the bifurcation. 



7 Effect of stenosis configuration 

 

 

111 
 

As mentioned above, the (1,0,1) configuration displayed the expected behaviour 

in the FFR with regard to branch steal, such that with increasing stenosis severity, the 

FFR in the LCX is lower for the (1,0,1) configuration as compared to the (1,1,1) 

configuration due to the fact that the LAD, which is not stenosed, is stealing blood flow 

away from the LCX which had a higher resistance path to follow due to the presence of 

the stenosis. Correspondingly, due to the flow diversion into the LAD, the FFR of the 

(1,0,1) configuration within the LAD is the highest of the rest of the configurations. The 

(1,1,0) configuration, which had a similar configuration to that of the (1,0,1) but with a 

stenosis in the LAD as opposed to the LCX, also showed some signs of branch steal in 

that, within the LAD, the FFR is lower for the (1,1,0) than for the (1,1,1) configuration. 

However, in this case, within the LCX which is not stenosed, the FFR is not the highest 

of  the rest of the configurations which signifies that the flow diverted away from the LAD 

by the LCX is not as significant as in the case of the (1,0,1) configuration. This is further 

denoted by the fact that for the (1,1,0) configuration, the FFR within the LAD and the LCX 

is very similar, with a slightly more significant value within the LCX even though the LCX 

is free of lesions.  

The results obtained in this research have potentially very significant clinical 

implications. Due to branch steal, it is suggested in this study that a two-lesion 

configuration could have an equal if not more significant haemodynamic impact compared 

to a three-lesion configuration, a phenomenon that deviates from intuitive judgement. As 

such, this finding suggests that in a clinical setting, two-lesion configurations should be 

considered just as significant as three-lesion configurations. Furthermore, the results of 

this study indicate that branch steal, which has been shown to have a greater effect in 

bifurcation lesions due to the close proximity of the stenoses to the bifurcation as well as 

to one another, can be a complicated phenomenon; more specifically, a misinterpretation 

of its contribution to the functional impact could result in a misguided and/or incorrect 

diagnosis (false negative) as is suggested through the case of the (1,1,0) configuration. 

Here, it is expected that the perfusion of the myocardium of the LAD would significantly 

be affected. However, the flow reduction to the LCX, which is free of disease, is just as, 

if not more, significant. The differences calculated between the (0,1,1) and (1,1,1) 
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configurations could also have some important clinical considerations. The results 

showed that the introduction of a moderate stenosis in the LMCA can significantly and 

nonlinearly increase the haemodynamic impact of the (0,1,1) configuration. 

Consequently, this finding suggests that even a mild to moderate degree of narrowing in 

the LMCA should be considered to be significant, particularly due to the fact that small 

changes in its severity as a result of disease progression could greatly influence the 

functional impact and therefore affect the diagnosis and prognosis.  

7.4.3 Pressure-based FFR 

The pressure-based FFR, as is employed clinically for the diagnosis of coronary 

stenoses, is compared to the flow-based FFR, which constitutes the fundamental 

definition of the fractional flow reserve. The results of the study showed some 

discrepancies between the two values over the range of stenosis severities considered. 

In milder stenosis severities, where the pressure-based FFR is lower than the flow-based 

FFR, the differences between the two values can be attributed to the initial discrepancy 

in the healthy case; whereas the flow-based FFR has a theoretical healthy value of one, 

as a result of the small pressure drop that occurs in the epicardial arteries relative to aortic 

pressure, the pressure-based FFR has a slightly lower healthy value. At more severe 

diameter reductions, the differences between the pressure- and flow-based FFR can be 

attributed to the assumption of the direct relationship between the pressure drop and the 

flow within the myocardium at maximum hyperaemia that is employed in the derivation of 

the pressure-based FFR.  

The results of the study displayed that the epicardial and myocardial resistances 

are the main determinants of the flow magnitude within the epicardial arteries. However, 

their corresponding compliances are not neglected and therefore can account for the 

differences between the pressure- and flow-based FFR. Discrepancies between flow- and 

pressure-based FFR values have been reported in the literature. For example, De Bruyne 

et al. [93] registered a mean difference of 0.042 0.092 between the pressure-based FFR 

and myocardial perfusion using positron-emission topography. In the current study, the 

maximum difference between the pressure- and flow-based FFR is 0.07, with the majority 

of the cases displaying a difference of approximately 0.03. Therefore, these differences 
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in the current study correlate well with those reported in the literature. Overall, the 

important finding is that both the pressure- and flow-based FFR values displayed the 

same general trends and allowed for the same conclusions to be drawn about the 

functional impact of the different coronary bifurcation lesion configurations.  

7.5 SUMMARY 

In this chapter, the developed geometric multiscale CFD model was utilized to 

investigate the effect of lesion configuration on the functional impact of CBLs. The results 

of the investigation corroborate the hypothesis that the lesion configuration alone 

significantly impacts the haemodynamic interactions between the stenoses within the 

bifurcation and influences the functional impact of the corresponding configuration. More 

specifically, the study found that branch steal plays a central role in the functionality of 

the different lesion configurations. As such, one of the main findings of this investigation 

is that a two-lesion configuration can be just as, if not more haemodynamically significant 

as compared to a three-lesion configuration at any given percent diameter stenosis. The 

results were also supportive of the complexity of the branch steal phenomenon. 

Consequently, another significant finding of the investigation is that the (1,1,0) and the 

(1,0,1) configurations displayed significantly different dynamics, with the possibility of 

diagnostic false negatives arising in the case of the (1,1,0) configuration, regardless of 

the similarity in their configurations. 
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8 

EFFECT OF RELATIVE STENOSIS 

SEVERITY 

 

This chapter outlines the study of the effect of relative stenosis severity on the 

functionality of coronary bifurcation lesions. It provides the motivation behind the 

investigation of this particular parameter, an overview of the methods and the results and 

clinical relevance of the findings.  

8.1 MOTIVATION  

The development of fractional flow reserve and its subsequent clinical validation 

have emphasized the inadequacy of angiographic severity to identify stenoses that induce 

functional ischemia [26, 28]. Nevertheless, research is ongoing regarding the 

identification of angiographic characteristics that are independent predictors of 

functionally significant lesions. Several studies have demonstrated that a correlation 

between stenosis severity and FFR exists [25, 189, 212, 213], and tends to be dominant 

compared to correlations of other angiographic parameters with the clinical index [214]. 

Consequently, these studies suggest that stenosis severity could be an important 

predictor of CBL functionality.  
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The resistance of a stenosis, and therefore the corresponding transtenotic 

pressure drop, is dependent on morphological parameters, as outlined in Chapter 2 

(Equations (2.2) and (2.3)) and thus, the contribution of stenosis severity is inherent. 

However, stenosis resistance is additionally dependent on the transtenotic flow. 

Consequently, the presence of multiple stenoses in the coronary tree results in the mutual 

underestimation of the true individual stenosis resistance due to the fact that each lesion 

contributes to the overall epicardial resistance and thus, the total myocardial flow 

reduction [102-108].  

Interestingly, the extent of the interactions and the corresponding degree of the 

underestimation of FFR has been shown to be complicated; for example, through a 

clinical study, Pijls et al. [102] demonstrated that the effect of the distal stenosis on the 

apparent (masked) FFR of the proximal stenosis is more significant than that of the 

proximal stenosis on the corresponding apparent FFR of the distal stenosis. Park et al. 

[215] observed a similar phenomenon through computational studies of tandem lesions 

with varying proximal and distal stenosis severities. In [215], it was also found that for 

either a proximal or distal stenosis with a mild severity, increasing the severity of the 

adjacent stenosis results in a general monotonic increase in its apparent FFR. However, 

as the severity of the reference stenosis increases, a nonlinear relationship between its 

apparent FFR and the (increasing) severity of the adjacent stenosis is observed. These 

results are in good accordance with the computation results of D’Souza et al. [104].  

Overall, the underestimation of the apparent haemodynamic severity of a stenosis 

can be significant. Relative differences in FFR from two to above 15 percent have been 

recorded and can thus have important implications for revascularization [102, 104, 106]. 

The total haemodynamic impact of tandem lesions is governed by a relative contribution 

from the two stenoses, which in turn could be affected by the extent of the haemodynamic 

masking of the individual lesion severity. 

The aforementioned studies have emphasized the complexity of the 

haemodynamic interactions between tandem lesions and the corresponding masking of 

the true functional severity of the individual stenoses found in series to one another. Yet, 
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in the case of bifurcation lesions, the complexity of this phenomenon can be further 

amplified due to the presence of an intermediate branch and thus, the involvement of two 

or more stenoses and branches in these interactions; the haemodynamic severity of an 

isolated stenosis within a CBL configuration can be masked by up to two adjacent lesions, 

each of which can exhibit its own haemodynamic severity and thus, contribute variably to 

the masking of the adjacent stenoses.  

Moreover, due to the involvement of a bifurcation, the relative epicardial resistance 

between the daughter vessels, which is influenced by both the relative severity of the 

corresponding stenoses and that of the supplying vessel lesion, governs the relative 

distribution of blood between the myocardial beds being perfused by the epicardial 

bifurcation. This phenomenon, which can be extended to the notion of branch steal, 

further complicates the manifestation of the disease as it works in conjunction to the 

masking effect. In Chapter 7, branch steal was shown to amplify the flow reduction within 

the corresponding diseased daughter vessel such that from a localized perspective, a 

two-lesion configuration was rendered more haemodynamically critical than a three-

lesion configuration. The importance of branch steal in the clinical manifestation of CBLs 

has also been previously suggested [27, 109]. More specifically, the distribution of blood 

between the two daughter vessels, as determined by both the relative epicardial 

resistance and the relative size and resistance of the two distal myocardial domains being 

perfused by the bifurcation, would affect the apparent FFR of the corresponding 

myocardial beds. In turn, the cumulative effect of branch steal and haemodynamic 

masking within the two daughter vessels would impact the total transtenotic flow through 

the supplying vessel stenosis thus, further influencing the apparent FFR and 

subsequently the overall functionality of the configuration.  

Consequently, for coronary bifurcation lesions, there is a complicated interplay 

between branch steal and the masking effect of sequential stenoses. This idea could have 

an important effect on the global and local haemodynamic manifestation of the various 

configurations, yet has not been assessed to date; computational studies of CBLs thus 

far modelled a constant severity between all lesions in the bifurcation [39-48]. Therefore, 

the objective of the present study is to systematically quantify and compare, for the first 



8 Effect of relative stenosis severity 

 

 

118 
 

time, the functionality of different CBL configurations with varying stenosis severity within 

each of the individual vessels of the bifurcation.  

8.2 METHODS 

The seven bifurcation lesion configurations of the Medina classification are 

considered in this study. Three diameter reductions, corresponding to mild (41 percent), 

moderate (55 percent) and severe (68 percent) diameter reductions are modelled so as 

to capture a wide range of severities. Figure 8.1 displays examples of the geometries 

considered in the study, including the single-, double- and triple-lesion configurations.  

 

Figure 8.1: Examples of healthy and single-, double- and triple-lesion configurations with varying 
stenosis severity. The diameter reductions of the stenoses within each vessel are provided. 
Vessels with stenoses of 41 percent diameter reduction are considered healthy. 

In order to assess the effect of stenosis severity as well as the effect of the relative 

severity of the stenoses between the vessels of the bifurcation, the diameter reductions 

of the stenoses within a single case are not uniform. More specifically, all possible 



8 Effect of relative stenosis severity 

 

 

119 
 

combinations of stenosis severities within the various vessels of the bifurcation are 

considered thus, resulting in a total of 63 simulations. One must note that when the 

Medina classification is used, stenoses with diameter reductions of 41 percent are 

considered healthy and are assigned a binary value of 0. Therefore, single-lesion 

configurations can have up to two vessels with mild diameter reductions while double-

lesion configurations can have up to one stenosed vessel with a mild diameter reduction 

(this idea is demonstrated in Figure 8.1).  

Due to the significant number of simulations, a slightly coarser mesh is utilized in 

the current study in comparison to the mesh implemented in all other simulations. More 

specifically, the coarse mesh considered for the sensitivity analysis (Chapter 5) is used. 

In the mesh sensitivity analysis, the coarse mesh displayed a maximum two percent 

difference in the boundary flows and pressures, relative to the corresponding value with 

the fine-mesh simulations. Due to the fact that the simulations of the current study would 

not be used for comparative purposes in subsequent chapters (this investigation is 

independent of the other geometric parameters) the coarse mesh is deemed sufficient. 

The use of a coarser mesh allows a notable decrease in computational time. To further 

decrease computational time, a total of four cycles (rather than six) are simulated for each 

of the 63 cases.  

8.3 RESULTS 

The flow-derived FFR for the single-lesion configurations is displayed in Figure 8.2. 

One can observe that globally (Figure 8.2a), only the (1,0,0) configuration with a diameter 

reduction of 68 percent reaches a critical FFR. In the LMCA, the FFR of the (1,0,0) 

configuration is significantly lower than that of the (0,1,0) and (0,0,1) configurations, 

displaying differences up to 20 percent at the maximum diameter reductions. When 

considering the flow in the individual daughter vessels, none of the single-lesion 

configurations become critical in the LAD, whereas both the (1,0,0) and (0,0,1) 

configurations display an FFR value below 0.8 at a diameter reduction of 68 percent. In 

Figure 8.2b and Figure 8.2c, one can also observe that for the (0,1,0) configuration, with 

increasing LAD stenosis severity, the FFR within the LCX increases. The same behaviour 

occurs for the (0,0,1) configuration, in the LAD, with increasing LCX stenosis severity. 
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Figure 8.2: Flow-derived FFR in the (a) LMCA (b) LAD and (c) LCX for the single-lesion 
configurations. The shaded area corresponds to critical FFR values.  

Figure 8.3 presents the flow-derived FFR in the LMCA, LAD and LCX for the (1,1,0) 

and (1,0,1) configurations. The (1,0,0), (0,1,0) and (0,0,1) configurations are provided for 

reference. The independent axis refers to varying LAD or LCX diameter stenosis in the 

corresponding configurations; in the (1,0,0) case, the varying stenosis severity 

corresponds to the LMCA lesion. One can observe that with increasing LMCA severity, 

the FFR within all vessels of the bifurcation decreases. Globally, increasing the LAD and 

LCX severity also results in a decrease in FFR. Interestingly, from a global perspective, 

only configurations with a 68 percent diameter reduction in the LMCA reach a critical FFR, 

irrespective of the severity of the stenoses within the LAD and LCX. In fact, the (1,0,0) 

configuration with a 68 percent diameter reduction generated a more globally critical 

haemodynamic environment than the (1,1,0) and (1,0,1) configurations with a moderate 
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diameter reduction in the supplying artery and severe diameter reductions in the diseased 

daughter vessels. As such, a single-lesion configuration is globally more critical than a 

two-lesion configuration.  

From the local perspective (Figure 8.3b and Figure 8.3c), when considering each 

of the daughter vessels individually, the FFR decreases as the severity of the stenosis in 

the supplying vessel increases. In the (1,1,0) and the (1,0,1) configurations, with 

increasing severity of the LAD and LCX stenoses respectively, the FFR in the 

corresponding vessel decreases while the FFR in the adjacent healthy vessel increases. 

 

Figure 8.3: Flow-derived FFR in the (a) LMCA (b) LAD and (c) LCX for the (1,1,0) and (1,0,1) 
configurations. The FFR of the (1,0,0) configuration has been included as a reference. The x-axis 
corresponds to the diameter reduction of the LMCA, LAD and LCX in the (1,0,0), (1,1,0) and 
(1,0,1) configurations respectively. The shaded area corresponds to critical FFR values.  
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The FFR in the LMCA is lower for the (1,0,0) case with a severe constriction in the 

supplying artery compared to many two-lesion configurations with moderate diameter 

reductions in the supplying vessel. However, when considering the FFR in the LAD and 

the LCX individually, the two-lesion configurations with moderate LMCA stenoses 

presented lower values compared to the (1,0,0) case with a 68 percent diameter 

reduction. Within the LAD, only the (1,1,0) configuration with severe diameter reductions 

in both the LMCA and LAD generated a haemodynamically critical environment, although 

many of the cases with the same configuration that had mild-moderate diameter 

reductions in the LMCA are borderline functional. However, in the LCX, similar to the 

LMCA, all configurations with severe diameter reductions in the supplying artery had FFR 

values below 0.8 for all ranges of LAD and LCX stenosis severities.  

This observation is particularly interesting as the (1,1,0) configuration, wherein the 

LCX is free of disease and the LAD has mild-to moderate severity stenoses, is critical in 

the LCX rather than in the LAD. One can also observe from Figure 8.3b and Figure 8.3c 

that as the stenosis severity of the LMCA increases, the change in FFR with subsequently 

increasing LAD or LCX stenosis severity decreases. For example, for the (1,0,1) with a 

41 percent diameter reduction in the LMCA, as the severity of the LCX stenosis increases 

from 0 percent to 68 percent, the FFR within the LCX ranges from 0.97 to 0.76 thus, 

displaying a maximum absolute difference of 0.21. Conversely, when the LMCA is 

severely stenosed, an increase in LCX severity between 0 percent and 68 percent results 

in absolute drop of 0.12 in the LCX FFR.  

Figure 8.4 displays the flow-derived FFR in the LMCA, LAD and LCX for the 

multilesional configurations. Many single-lesion configurations are included for reference 

purposes. The independent axis presents varying diameter reduction in the LCX. Varying 

severity of the LMCA stenosis is accounted for by the different line colours whereas, 

varying LAD stenosis severity is displayed by different line types. Within all the vessels of 

the bifurcation, increasing the severity of the supplying vessel results in a decrease in 

FFR; an increase in LCX and LAD stenosis severity also globally reduces the FFR.  
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Figure 8.4: Flow-derived FFR in the (a) LMCA (b) LAD and (c) LCX for the multilesional 
configurations. The shaded area corresponds to critical FFR values. The severity of the LCX 
stenosis is presented on the x-axis whereas the different colours and line types correspond to 
varying LMCA and LAD stenosis severity respectively.  

From the global perspective (Figure 8.4a), all configurations with a severe diameter 

reduction in the supplying artery result in a critical haemodynamic environment. For all 

other LMCA stenosis severities, an FFR below the threshold is not generated, in 

exception to the (1,1,1) configuration with a moderate diameter reduction in the supplying 

artery and severe diameter reductions in both daughter vessels. One can also observe 

that within the LMCA, the most significant changes in FFR are observed with increasing 

LMCA diameter reduction rather than increasing LAD or LCX severity, in particular when 
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the supplying vessel itself is severely stenosed. Specifically, at higher degrees of LMCA 

constriction, significant diameter reductions in the LAD and LCX are required to induce a 

notable decrease in FFR. 

The functionality within the individual daughter vessels is presented in Figure 8.4b 

and Figure 8.4c. Overall, one can observe that with increasing LCX stenosis severity, the 

FFR in the LAD increases, whereas that in the LCX decreases. Similar behaviour is 

determined with increasing LAD stenosis severity wherein, correspondingly, the FFR in 

the LAD decreases whereas that in the LCX increases. Within the LAD, only 

configurations with a severe diameter reduction in both the LMCA and LAD, irrespective 

of LCX stenosis severity, generate a haemodynamically critical environment, although 

configurations with mild-moderate constrictions in the LMCA are found to be borderline 

critical. Conversely, in the LCX, all configurations with a 68 percent diameter reduction in 

the LMCA have an FFR below the ischemic threshold, irrespective of the number of 

stenoses and the severity of the lesions within the two daughter vessels. In addition, for 

mild to moderate supplying vessel stenoses, relatively severe diameter reductions in both 

daughter vessels are required in order to induce a haemodynamically critical 

environment. 

Similarly to the two-lesion configurations presented in Figure 8.3, as the severity 

of the constriction increases in the LMCA, increasing the diameter reduction in the LAD 

and/or the LCX results in a smaller change in FFR compared to cases where the 

constriction in the LMCA is less severe. For example, in the (1,1,1) configuration with a 

68 percent diameter reduction in both the LMCA and LAD, increasing the LCX constriction 

from 0 percent to 68 percent results in an absolute decrease in FFR of 0.12. Conversely, 

when the LMCA is healthy, and the stenosis in the LAD has a diameter reduction of 68 

percent, the same increase in LCX stenosis severity results in absolute decrease in FFR 

of 0.26.  

By comparing the FFR in the LAD and LCX for different configurations with a 

variable number of stenoses and a varying lesion severity, as is presented in Figure 8.4, 

one can make several important observations. For example, the results of the numerical 
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simulation displayed that the (0,0,1) configuration with a severe diameter reduction induce 

a lower FFR in the LCX compared to the FFR in the LAD and LCX generated by the 

(0,1,1) configurations with severe diameter reductions in both daughter vessels and even 

mild constrictions within the supplying vessel. Furthermore, the FFR in the LCX is found 

to be more critical for the (1,0,0) configuration with a single severe constriction in the 

supplying vessel in comparison to the FFR within both the LCX and LAD in the case of 

the (1,1,1) configuration with a moderate diameter reduction in the supplying vessel and 

mild-severe diameter reductions in both of the daughter vessels.  

8.4 DISCUSSION 

Previous studies have demonstrated that tandem lesions are subject to 

complicated haemodynamic interactions. More specifically, due to the flow-dependence 

of the translesional pressure drop, the presence of multiple stenoses results in the mutual 

underestimation of the true functional severity of the individual stenoses, in a manner 

dependent on the relative severity between the stenoses. In the presence of an 

intermediate branch, as in the case of CBLs, this phenomenon is further complicated due 

to the variable number and arrangement of stenoses with differing severities and the 

interaction of three vessel and their corresponding myocardia. This chapter presents, 

what is, to the best of the author’s knowledge, the first systematic investigation of the 

functionality of different CBLs configurations with relative stenosis severities between the 

lesions within the bifurcation.  

Sixty-three cases, consisting of the seven different CBL configurations of the 

Medina classification and three diameter reductions corresponding to a range of mild to 

severe constrictions are simulated. The particular set of simulations allows for a more 

systematic evaluation of the contribution of both branch steal and haemodynamic 

masking (resulting from the flow dependence of the translesional pressure drop) to the 

functionality of CBLs. The occurrence of branch steal is clear in the results; as the 

stenosis severity of one of the daughter vessels increased, the FFR in the adjacent 

daughter vessel increased thus, implying an improvement in the perfusion of the 

corresponding myocardial domain. Interestingly, branch steal is not only shown to occur 

in the cases where one of the daughter vessels is completely free of disease, as has been 
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suggested previously [27], but rather between two daughter vessels that display a relative 

resistance between them. For example, the (0,1,1) configuration with a severe diameter 

reduction in the LCX has a higher FFR when the diameter reduction of the adjacent LAD 

is also severe (68 percent) compared to when it is mild (41 percent) to moderate (55 

percent). In fact, in the case where the LAD is not severely diseased, the FFR in the LCX 

is noticeably within the critical ischemic range, whereas when there is a severe 

constriction in the LAD, the corresponding FFR in the LCX is borderline critical. This 

signifies that a CBL configuration could potentially be destabilized in the presence of 

branch steal and could render what would be considered (logically) a more 

angiographically significant case less functionally significant. This idea was also 

demonstrated in Chapter 7, wherein a two-lesion configuration had a lower FFR than a 

three-lesion configuration.  

The masking effect, wherein the true haemodynamic severity of a lesion is 

underestimated due to the dependence of its resistance on the transtenotic flow, is less 

apparent compared to the effect induced by branch steal. For example, the FFR in the 

LCX induced by the (1,0,0) configuration with a severe diameter reduction is lesser than 

the FFR in both the LAD and the LCX that is generated by the (1,1,0) configuration with 

severe diameter reductions in both the LMCA and the LAD and a mild diameter reduction 

in the LCX. This idea is further demonstrated by the fact that the total effect of a particular 

combination of lesions is not equal to the sum of the effects of its individual components. 

In the LCX, the FFR for the (1,1,0) configuration with the aforementioned stenosis 

severities is 0.76; conversely, the FFR in the LCX for the (1,0,0) configuration with a 68 

percent diameter reduction is 0.74 while that of the (0,1,0) configuration with a severe 

diameter in the LAD and a mild stenosis in the LCX is approximately 1.0. In the LAD, the 

FFR for the respective cases is 0.83 and 0.82. Thus, the masking effect appeared to have 

a less dominant effect (on the order of a relative difference of two percent) compared to 

the effect of branch steal, which is on the order of five to six percent.  

The comparison of all configurations with varying stenosis severities in the LMCA, 

LAD and LCX allowed for a global overview of the effect of the haemodynamic interactions 

that take place within CBLs and their consequent effect on the functionality and clinical 
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manifestation of the disease. As a result of this comparison, the results showed that the 

number of lesion does not govern the haemodynamic severity of CBLs; this idea was 

suggested in the previous chapter for multilesional configurations although is more 

strongly emphasized through this particular work wherein single-lesion configurations are 

even found to be more haemodynamically significant than triple lesion configurations. 

This idea is important because it is counter-intuitive, as it would be expected that a greater 

number of stenoses would have a more significant effect on myocardial perfusion than 

would a smaller number of stenoses.  

An extension to this finding, the results of the simulation showed that all 

configurations with a severe diameter reduction in the supplying vessel produced a 

haemodynamically critical environment in at least one of the daughter vessels, 

irrespective of the diameter reductions within the LAD and/or LCX. In addition, it is 

demonstrated that for less severe stenoses in the LMCA, relatively significant 

constrictions are required in the daughter vessels to induce an FFR less than 0.8. Still 

yet, as the severity of the constriction in the supplying vessel increased, the absolute 

change in FFR with increasing daughter vessel stenosis severity is lesser. These ideas 

suggest that the severity of the supplying vessel stenosis could play a dominant role in 

the functionality of CBLs.  

In the previous chapter, where the effect of lesion configuration on the functionality 

of CBLs was investigated, the (1,1,0) configuration displayed the possibility for false-

negatives in diagnosis, wherein the FFR in the LCX was found to reach a critical value 

before that of the LAD, regardless of the fact that the LCX was free of disease. However, 

in Chapter 7, the onset of ischemia in the LAD closely followed that of the LCX suggesting 

such that the window of stenoses severities where diagnostic false negatives could occur 

was small. In the present study, this idea is better demonstrated, specifically for the cases 

where there is a severe constriction in the supplying vessel and mild to moderate 

constriction in the LAD. Here, the FFR in the LAD and the LCX displayed significant 

differences (up to approximately 12 percent); specifically, the FFR in the LCX is well within 

the ischemic range (0.74) whereas that in the LAD is noticeably above the threshold 

(0.84). Consequently, based on the standard pull-back tests, it would be expected that 
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the FFR would be lower in the LAD compared to that in the LCX thus, introducing the risk 

for false negatives in diagnosis. These findings also emphasize the intricacy of the 

haemodynamic interactions that are present within CBLs, and the complicated interplay 

between the masking of the true haemodynamic severity of a particular lesion and branch 

steal, and its consequence of the clinical manifestation of the disease.  

 The findings of the current study could have important clinical implications. The 

results suggest that the functional severity of CBLs is not governed by the number of 

stenoses within the configuration. Consequently, in a clinical setting, single- and double-

lesion configurations should be considered just as significant as three-lesion 

configurations. More specifically, configurations wherein the supplying vessel is 

significantly stenosed could be an indication of a functionally significant configurations. 

Furthermore, due to the complicated interactions induced by the flow-dependence of the 

stenosis resistance and the involvement of multiple vessels with different perfused 

myocardial domains, the results also suggested that the presence of a large relative 

severity between daughter vessels could functionally de-stabilize a CBL configuration. 

This could have important implications from the treatment perspective as increasing the 

relative resistance between the two daughter vessels could generate a more 

haemodynamically critical environment. In addition, a misinterpretation of the contribution 

of the haemodynamic interaction to the functional impact could result in a misguided 

and/or incorrect diagnosis (false negative) as is suggested through the case of the (1,1,0) 

configuration. Finally, although hyperaemic conditions are simulated in the current study, 

the results could also imply that configurations that display a significant difference in the 

resistance between the daughter vessels could be at a greater risk for disease 

progression.  

8.5 SUMMARY 

In this chapter, the seven bifurcation lesion configurations of the Medina 

classification were simulated with stenoses ranging between mild and severe diameter 

reduction. More specifically, the relative severity between the stenoses in each 

configuration was varied in order to investigate its effect on the functionality. To the best 

of the author’s knowledge, the current study is the first to systematically investigate the 
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effect of relative stenosis severity from a functional perspective. More specifically, the 

results showed that the number of lesions does not govern the functional impact of 

coronary bifurcation lesions such that in a clinical setting, single- and double-lesion 

configurations should be considered just as significant as three-lesion configuration, 

particularly when the mother vessel has relatively severe constriction. The results are also 

suggestive of the complexity of the haemodynamic interactions within CBLs. As such 

certain configurations displayed the possibility of false negatives in diagnosis using the 

current diagnostic guidelines. 
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9 

EFFECT OF LUMINAL ECCENTRICITY 

 

This chapter outlines the study of the effect of stenosis (luminal) eccentricity on the 

functionality of coronary bifurcation lesions. It provides the motivation behind the 

investigation of this particular parameter, the corresponding cases that are considered in 

the work and the results and clinical relevance of the findings.  

9.1 MOTIVATION  

To date, numerical investigations of coronary bifurcation lesion have modelled the 

stenoses within the configurations as concentric and axisymmetric [39-48]. However, 

many clinical studies have found that a significant proportion of coronary lesions have 

eccentric morphology. More specifically, eccentric stenosis morphology is particularly 

observed in the cases of lesions that are in close proximity to bifurcations [150-155]. More 

specifically, in bifurcations, the flow divider has been shown to be spared of disease in a 

high proportion of reported cases [152, 153, 216]. Furthermore, in a study of LMCA 

bifurcation plaque distribution, Oviedo et al. [152] showed that approximately 35 percent 

of lesions in the supplying artery were eccentric.  

Several studies have investigated the effect of plaque eccentricity on the 

corresponding haemodynamics. Early in vitro investigations by Young and Tsai [82, 83] 
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revealed that non-symmetric arterial constrictions resulted in higher pressure losses 

compared to the axis-symmetric counterpart. Still using in vitro methods, Poepping et al. 

[217] demonstrated that in diseased carotid bifurcations, there was an increase in the size 

of the recirculation zone and a change in fluid jet directionality in the eccentric lesion 

cases compared to the concentric morphologies.  

Most recently, Javadzadegan et al. [218, 219] carried out numerical studies on 

both idealized and patient-specific coronary models comparing the haemodynamics of 

concentric and eccentric lesions. In the idealized geometries, it was shown that 

eccentricity resulted in an increase in the strength of the emerging jet and in the length of 

the distal recirculation zone. In the patient-specific models, although recirculation zone 

length appeared to be larger in the eccentric cases, statistical significance for this 

observation over the entire cohort of patients was not determined. Other studies, such as 

those by Griffith et al. [220], Guleren [221] and Varghese et al. [197], have looked at 

localized flow characteristics, such as velocity profiles and their sensitivity to flow 

perturbations (such as the skewness of the inlet velocity profile) as well as transition to 

turbulence, etc. within both concentric and eccentric constrictions. However, in all these 

studies, the lesions and constrictions were isolated or physiological flow conditions 

pertaining to coronary arteries were not employed. Furthermore, a functional perspective 

on the effect of eccentricity, relating to clinical manifestation of the disease, was not 

provided.  

From a clinical perspective, several studies have sought to identify stenosis 

morphological parameters, including eccentricity that are independent predictors of lesion 

functionality. Using in vivo porcine models, Huo et al. [222] demonstrated that lesion 

eccentricity had a minimal effect on myocardial FFR. Opolski et al. [25] correlated 

coronary computed-tomography angiography-derived plaque morphological parameters 

(such as lesion length, diameter stenosis, lumen eccentricity etc.) to FFR measurements 

and determined that there was no difference in the average luminal eccentricity between 

the positive and negative FFR group. Conversely, in a study correlating morphological 

lesion characteristics obtained from quantitative coronary angiography to FFR, 
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Takashima et al. [223] found that FFR was significantly lower, statistically, for eccentric 

stenosis cases compared to non-eccentric ones.  

These studies demonstrate that the effect of lesion eccentricity on the functionality 

of coronary lesion is still not well understood. The aforementioned numerical studies 

elucidate that luminal eccentricity results in localized haemodynamic changes which, in 

the case of bifurcation lesions could be important due to the close proximity of the 

stenoses to each other and the flow divider. Although from the clinical studies it is 

suggested that eccentricity may not have a dominant effect of coronary lesion functionality 

compared to other morphological characteristics, only isolated stenoses have been 

considered to date. As such, the effect of eccentricity on CBL functionality, wherein 

stenoses haemodynamically interact, remains unknown, and has not been systematically 

investigated. In the current study, it is hypothesized that lesion eccentricity could influence 

the functionality of CBLs. Thus, the objective is to compare the functional impact, as 

quantified by the flow-based and pressure-based FFR, between different CBL 

configurations with eccentric and concentric stenoses. 

9.2 GEOMETRY OF THE CBL CONFIGURATIONS 

Seven coronary bifurcation lesion configurations, including single-, double-, and 

triple-stenosis arrangements, based on the Medina classification are modelled in the 

present study. Mild and intermediate lesions, with diameter reductions of 41, 50, 61 and 

68 percent are simulated for each configuration, as outlined in Chapter 5.  

All stenoses within a given configuration have the same severity. For each 

configuration and stenosis severity both eccentric and concentric stenosis profiles are 

modelled. In the LAD and the LCX, eccentric stenosis profiles are placed opposite to the 

flow divider. In the LMCA, the eccentric stenosis profile is located on the side of the LAD 

for all configurations. Figure 9.1 provides examples of all the configurations and diameter 

reductions with eccentric stenosis profiles. Examples of the geometries for the concentric 

cases are provided in Chapter 5. Both the eccentric and concentric stenoses have circular 

cross-sections; Figure 9.2 displays the cross-section of an eccentric LMCA stenosis with 

a 50 percent diameter reduction. 
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Figure 9.1: Examples of the modelled Medina classification bifurcation lesion configurations with 
eccentric stenosis profiles.  

 

Figure 9.2: Cross section of minimal lumen diameter in the eccentric lesion morphology with 50 
percent diameter reduction. 

9.3 RESULTS 

The average pressures and flows computed at the boundaries of each case are 

utilized in the calculation of the pressure- and flow-based FFR respectively. The 

comparison between the FFR values of the concentric and eccentric stenosis profiles is 

provided.  
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9.3.1 Flow-based FFR 

Figure 9.3 compares the flow-based FFR in the LAD and LCX between the 

eccentric and concentric stenosis profiles within the single-lesion configurations. The left-

hand panel displays the computed FFR values, while the corresponding percent 

differences in FFR relative to the concentric profile are given in the right-hand panel. 

 

Figure 9.3: Comparison of the flow-derived FFR in the LAD and LCX for the (a) (1,0,0) (c) (0,1,0) 
and (e) (0,0,1) configurations between concentric (C) and eccentric (E) stenosis profiles. Percent 
difference (Diff) between the concentric and eccentric flow-based FFR in the LAD and LCX for 
the corresponding configurations are shown in (b), (d), and (f). 
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In the (1,0,0) configuration, a decrease in LAD FFR is observed for the eccentric 

case relative to the concentric one. The maximum decrease, occurring at the most severe 

diameter reduction is 10.5 percent. Conversely, in the LCX, the eccentric profile displays 

an increase in FFR relative to the concentric case; the corresponding maximum difference 

is below 5 percent. For the (0,1,0) and (0,0,1) configurations, within the LAD and LCX, 

respectively, the FFR is lower for the eccentric case compared to the concentric profile. 

In both configurations, the maximum difference remains below 4 percent. The maximum 

percent difference between the eccentric and concentric profiles for the single-lesion 

configurations are summarized in Table 9.1. 

Table 9.1: Maximum percent difference in the flow-based FFR within the LAD and LCX between 
the eccentric and concentric stenosis profiles, relative to the concentric case.  

  Maximum Difference [%] 

  LAD LCX 

Single-Lesion 

(1,0,0) 10.5 4.20 

(0,1,0) 3.31 0.460 

(0,0,1) 0.609 3.84 

Multi-Lesion 

(0,1,1) 2.00 1.55 

(1,0,1) 10.1 8.71 

(1,1,0) 15.8 6.97 

(1,1,1) 14.3 7.95 

Figure 9.4 compares the flow-based FFR in the LAD and LCX between eccentric 

and concentric stenosis profiles for the multilesional configurations. The left-hand panel 

displays the flow-derived FFR values while the right-hand panel presents the 

corresponding percent difference between the concentric and eccentric cases. A lower 

FFR is observed for the eccentric case compared to its concentric counterpart in both the 

LAD and LCX in the (0,1,1) configuration (Figure 9.4a,b). This configuration is the only 

multilesional case without a stenosis in the supplying artery; similarly to the single 

daughter vessel lesion configurations (Figure 9.3c-f), the maximum percent difference 

between the two cases is small (less than 2.0 percent within both daughter vessels). 

Conversely, for all multilesional cases with a stenosis is the LMCA, a significant decrease 

in LAD FFR is computed; in the LCX, the FFR for the eccentric case is higher than that 

of the concentric profile. 
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Figure 9.4: Comparison of the flow-derived FFR in the LAD and LCX for the (a) (0,1,1) (c) (1,0,1) 
(e) (1,1,0) and (g) (1,1,1) configurations between concentric (C) and eccentric (E) stenosis 
profiles. Percent difference (Diff) between the concentric and eccentric flow-based FFR in the 
LAD and LCX for the corresponding configurations are shown in (b), (d), (f), and (h). 
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The maximum difference in FFR between the eccentric and concentric cases for 

the (1,0,1), (1,1,0) and (1,1,1) configurations occurs at the maximum diameter reduction, 

within the LAD, and are 10, 16 and 14 percent respectively. The corresponding increase 

in FFR within the LCX is 8.1, 6.9 and 8.0 percent for the same configurations respectively. 

The maximum percent difference between the eccentric and concentric profiles for the 

multilesional cases are summarized in Table 9.1. 

 

Figure 9.5: Velocity contours in the (1,0,0) configuration with a 50 percent diameter reduction for 
the (a) concentric and (b) eccentric profiles at t=0.7s. 

Figure 9.5 displays the velocity contours near the bifurcation carina in the (1,0,0) 

configuration with a stenosis of 50 percent for both the concentric and eccentric stenosis 

profiles at time t=0.7s. It can be observed that for the concentric case, the emerging jet is 

centered at the axis of the vessel whereas, for the eccentric case, it is shifted towards the 

wall of the vessel opposite the stenosis. Furthermore, in the concentric case, the velocity 

in the LAD is higher than in the LCX as the momentum of the emerging jet drives the flow 

into the LAD. Conversely, in the eccentric case, the flow appears to be distributed more 

equally between the two daughter vessels, with a significantly weaker jet being observed 

in the LAD.  

9.3.2 Pressure-based FFR 

Figure 9.6 displays the pressure-based FFR in the LAD and the LCX for each 

multilesional configuration for both the eccentric and concentric cases. The trends 

observed for the pressure-derived FFR are similar to those observed for the flow-derived 

FFR.  
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Figure 9.6: Comparison of pressure-derived FFR between concentric (C) and eccentric (E) 
stenosis profiles in the LAD and LCX for the (a) (0,1,1) (b) (1,1,1) (c) (1,1,0) and (d) (1,0,1) 
configurations.  

 
Table 9.2: Maximum percent difference in the pressure-based FFR within the LAD and LCX 
between the eccentric and concentric stenosis profiles, relative to the concentric case  

  Maximum Difference [%] 

  LAD LCX 

Single-
Lesion 

(1,0,0) 7.72 1.49 

(0,1,0) 2.39 0.0752 

(0,0,1) 0.00261 2.72 

Multi-Lesion 

(0,1,1) 1.82 1.54 

(1,0,1) 7.31 4.06 

(1,1,0) 11.1 2.86 

(1,1,1) 10.3 3.21 
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Specifically, for the multilesional cases with a stenosis in the supplying artery, a 

decrease in LAD FFR and an increase in the corresponding LCX FFR is observed for the 

eccentric stenosis profiles relative to the concentric cases. However, it is important to 

note that the magnitude of the differences in the pressure-based FFR is smaller than 

those computed for the flow-based FFR. Specifically, in the (1,0,1), (1,1,0) and (1,1,1) 

configurations, the maximum differences are 7.3, 11 and 10 percent respectively. Table 

9.2 presents the maximum percent difference in the pressure-based FFR between the 

eccentric and concentric stenosis profiles within the LAD and LCX for all configurations. 

9.4 DISCUSSION  

Clinical studies have shown that coronary stenoses tend to be eccentric. Yet, to 

the best of the author’s knowledge, the effect of eccentricity on stenosis functionality, 

specifically in the case of bifurcation lesions wherein plaques are found in close proximity 

to one another, has not been systematically investigated. In this study, the flow- and 

pressure-derived FFR is compared between the concentric and eccentric profiles.  

9.4.1 Comparison of FFR between eccentric and concentric stenoses  

The numerical simulations carried out in this study yielded differences in flow- and 

pressure-derived FFR between the eccentric and concentric stenosis profiles up to 3.8 

percent for the configurations with lesions only within the daughter vessel lesions ((0,1,1), 

(0,1,0) and (0,0,1)). These configurations are the most representative of isolated-lesion 

cases as there are no proximal or distal stenoses with which they immediately interact. 

For all these aforementioned cases, the FFR is lower in the eccentric cases compared to 

the concentric ones which signifies that eccentric stenoses are associated with higher 

pressure losses. Higher pressure losses for eccentric stenosis profiles relative to 

concentric ones have been suggested previously in the literature, for example through in 

vitro methods by Young and Tsai [82, 83] in isolated straight vessels and by Poepping et 

al. [217] within carotid bifurcation models. Similarly, in idealized numerical models of 

isolated concentric and eccentric constrictions within the right coronary artery and LAD, 

Guleren [221] demonstrated a consistently greater pressure drop during both systole and 

diastole for lesions with eccentric lumens. Clinically, Takashima et al. [223] compared the 

average FFR in the presence and absence of eccentricity and found that the FFR values 
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were approximately 6 percent lower for eccentric cases compared to non-eccentric ones 

(0.79±0.10 and 0.84±0.10 respectively). Therefore, the decrease in FFR recorded in the 

present study is in good accordance with other literature works. 

While in this study, a decrease in FFR is observed for the eccentric stenosis 

profiles relative to the concentric ones for the aforementioned configurations, is it 

important to note the magnitude of both the computed percent and absolute differences. 

More specifically, the recorded maximum 3.8 percent difference corresponds to a 

maximum absolute difference of 0.03 in the FFR values. In clinic, the measurement of 

FFR has been shown to be subject to some variance; a coefficient of variance (95 

percent) of 4.8 percent corresponding to a mean absolute difference of 0.01±0.04 

between successive FFR measurements was determined by De Bruyne et al. [30]. Similar 

observations were made by Berry et al. [224] who recorded absolute differences of 0±0.04 

between successive in vivo FFR measurements. Consequently, the differences 

computed numerically in the present study fall within the reported clinical variance. 

Interestingly, several clinical studies have shown that lesion eccentricity does not play a 

dominant role in the isolated coronary lesion functionality. For example, Opolski et al. [25] 

found that the average lumen eccentricity index in patients was similar between patients 

with positive (<0.8) and negative (>0.8) FFR values (0.27±0.13 and 0.28±0.14 

respectively). Lumen eccentricity was also shown by Huo et al. [222], in in vivo porcine 

models, to have a negligible effect on myocardial FFR. Therefore, the results of the 

current study appear to be in line with clinical observation. 

In this research, configurations with a supplying vessel stenosis showed markedly 

different behaviour from those with a healthy LMCA. More specifically, a decrease in LAD 

FFR and an increase in LCX FFR is observed for the eccentric profiles with respect to the 

concentric ones. In the LAD, the maximum decrease (at the maximum diameter 

reduction) ranged between 10-16 percent and between 7-11 percent for the flow-based 

and pressure-based FFR respectively. In the LCX, the maximum increase in FFR ranged 

between 4-9 percent and between 1.5-4.1 percent for the flow-based and pressure-based 

FFR respectively. Therefore, the differences in FFR are lesser for the pressure-based 

FFR compared to the flow-based one. This discrepancy can be attributed to the fact that 
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in the derivation of pressure-derived FFR, zero-compliance is assumed in the 

myocardium at maximal hyperaemia whereas the present model did not disregard 

compliance. 

 Furthermore, the magnitude of the decrease in LAD FFR is greater than the 

corresponding increase in LCX FFR, suggesting that eccentricity has a nonlinear effect 

on the daughter vessel functionality. The corresponding maximum absolute changes in 

FFR within the LAD and LCX are 0.09-0.12 and 0.03-0.05 for the flow-based FFR and of 

0.06-0.08 and 0.02-0.03 for the pressure-based FFR. Furthermore, the results displayed 

cases where LAD FFR is non-critical for the concentric case, but critical for the eccentric 

profile. For example, the (1,0,1) configuration at a 68 percent diameter reduction had a 

concentric flow-derived FFR of 0.89 whereas for the eccentric case, it is 0.79. Similarly, 

for the (1,1,0) configuration at a 61 percent diameter reduction, the concentric profile 

generated an FFR of 0.88 whereas in the eccentric case, it is 0.79. Finally, a borderline 

critical FFR of 0.8 is computed for the (1,1,1) configuration with concentric stenoses of 68 

percent diameter reduction, which is reduced to 0.68 when the profiles are eccentric. In 

one instance (the (1,1,0) configuration at a 68 percent diameter reduction), the increase 

in LCX FFR between the concentric and eccentric profiles is significant enough to render 

a critical FFR (concentric case) to a non-critical FFR (eccentric case). Consequently, in 

particular within the LAD, the absolute changes in FFR computed in the current study 

notably surpassed the reported variance associated with clinical FFR measurements [30, 

224]; for severe diameter reductions, the differences in LCX are also above clinical 

variance ranges.  

The decrease in LAD FFR in conjunction with the increase of the LCX FFR 

between the concentric and eccentric stenosis profiles that is observed in this study can 

be attributed to the offset of the supplying vessel stenosis jet directionality in the eccentric 

case relative to the concentric one. In the case of the eccentric profile, the jet emerging 

from the neck of the supplying vessel stenosis is shifted towards the bifurcation carina 

which permitted more flow to be diverted to the LCX compared to the concentric profile 

case where the emerging jet is directed towards the lumen of the LAD. Jet skewness in 

eccentric constrictions has been previously reported in numerical and in vitro studies for 
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eccentricity indices ranging from the level of manufacturing tolerances [221] to 

intermediate and maximal lumen deflection in both straight [197, 218, 220] and bifurcating 

vessels [217]. Therefore, the results presented in this study are in agreement with 

literature. 

The results of this research suggest that the altered haemodynamics, including 

emerging jet skewness, induced distal to stenoses with luminal eccentricity may not have 

a significant impact on the translesional pressure drop and thus, the functionality of 

lesions that are not in close proximity to and not proximal to other lesions and vessel 

bifurcations, for example in the (0,1,0), (0,0,1) and (0,1,1) configurations. Conversely, 

when a stenosis is located near and proximal to a bifurcation carina, as is the case for the 

supplying vessel stenosis in the (1,0,0), (1,0,1), (1,1,0) and (1,1,1) configurations 

presented in the current study, the flow patterns distal to the lesions overlap and therefore 

closely interact with the flow divider. As such, altered haemodynamics induced by 

eccentricity of the stenosed lumen could significantly influence the flow within the 

individual daughter vessels and thus, have an effect of the functionality of the 

configuration. This idea is suggested by the results, which displayed up to a 16 percent 

difference in the daughter vessel FFR values between the eccentric and concentric 

stenosis profiles. 

9.4.2 Potential clinical implications 

The results of this research have potentially significant clinical implications. More 

specifically, the findings suggest that for isolated stenoses, in particular cases that are 

not proximal to a bifurcation, the effect of eccentricity on lesion functionality is within 

clinical measurement error and therefore could be negligible, which signifies that 

eccentricity may not be an independent/dominant determinant haemodynamic impact. 

This phenomenon has been suggested in clinical studies [25], although, to the best of the 

authors’ knowledge, a systematic numerical investigation demonstrating this behaviour 

had not been executed to date. Conversely, for CBL configurations wherein the mother 

vessel is diseased, eccentricity of the supplying vessel stenosis, directionality of the 

supplying vessel stenosis jet, as is influenced by the eccentricity of the corresponding 

stenosis lumen, could have a notable effect on the distribution of blood between the 
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daughter vessels. Therefore, the findings suggest that lumen eccentricity of the supplying 

vessel in close proximity to the bifurcation carina, could have an important effect on the 

clinical manifestation of the disease.   

9.5 SUMMARY 

In this chapter, both concentric and eccentric profiles for stenoses ranging between 

mild and diseased diameter reductions were considered in order to investigate the effect 

of lesion eccentricity on the functional impact of the CBLs. To the best of the author’s 

knowledge, the current study is the first to systematically investigate the effect of lesion 

eccentricity (both for isolated and interacting stenoses) from a functional perspective. 

Overall, the results are in good accordance with clinical observations. More specifically, 

this study found that eccentricity had a negligible effect (within clinical measurement error) 

on the functionality of lesions which are not close to other stenoses and not proximal to a 

bifurcation carina. Conversely, for configurations where the supplying vessel is stenosed, 

eccentricity was found to have a significant effect on the FFR of the two daughter vessels. 

These findings are attributed to the change in directionality of the jet emerging from the 

supplying vessel stenosis between the concentric and eccentric cases. Therefore, from a 

clinical perspective, these results suggest that for bifurcation lesions with a stenosed 

supplying vessel, luminal eccentricity could be an important predictor of functionality. 
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10 

EFFECT OF BIFURCATION ANGLE 

 

This chapter presents the study of the effect of bifurcation angle on the functionality 

of coronary bifurcation lesions. It provides the motivation behind the investigation of this 

particular parameter, the corresponding cases that are considered in the work and the 

results and clinical relevance of the findings. 

10.1 MOTIVATION  

In vivo, coronary geometry has been shown to be highly curved and tortuous and 

to display significant interpatient variability [184, 185, 225]. In particular, the bifurcation of 

the LMCA is a location of significant anatomical variation, as quantified by various 

morphological parameters including the bifurcation angle [78, 153, 183, 225-231]. Table 

10.1 presents measurements of the angles within the LMCA bifurcations from a series of 

in vivo and ex vivo studies from which interpatient anatomic variability is evident.  

The development of atherosclerotic lesions has been accepted to be focalized in 

vascular locations where the local haemodynamics are complex and are characterized 

by low and oscillatory shear stress (such as in vessel bifurcations) [34-38]. The 

association of localized flow characteristics with disease development and progression, 

in conjunction with the significant interpatient variability of vascular morphology 
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introduced the notion of geometric risk factors [232] that predispose patients to the 

atherosclerotic disease. 

Table 10.1: Measurements of the LMCA bifurcation angle from the literature 

 Bifurcation Angle, mean±SD (range) [°] 

Study LMCA-LAD LMCA-LCX LAD-LCX 

Brinkman et al. [225] - - 76.4±16.7 (40-100) 

Craiem et al. [226] 137±19.0 126±20.1 59.5±20.4 

Dvir et al. [227] - 129.4±20.2 70.7±17.1 

Girasis et al. [228] - - 95.6±23.6 (44-165) 

Godino et al. [229] 151±28 131±32 78±28 

Malve et al. [78] 171.6±7.58 104.1±19.1 81.7±17.2 (44-101) 

Pflederer et al. [230] - - 80±27 (34-180) 

Rubinshtein et al. [183] - - 74±25 (7-136) 

Many studies to date have investigated the effect of geometric parameters, 

including bifurcation angle, on the corresponding flow characteristics [72-79]. Specifically, 

in the LMCA bifurcation, Chaichana et al. [156] simulated blood flow in both synthetic and 

patient-specific geometries with variable angulations. The results showed that as the 

bifurcation angle increased, the size of the flow separation region also increased; 

correspondingly, for greater angulations, larger areas of the bifurcation were subjected to 

low WSS. Similar observations were made within the patient-specific arterial geometries. 

These results correlate with those of early studies of flow within the carotid bifurcation by 

Perktold et al. [233], where bifurcation angle was shown to affect the axial and secondary 

flow fields as well as the WSS and the size of the recirculation zone, in idealized 

geometries.  

Still within idealized bifurcation models, Tadjifar [234] observed larger regions of 

low WSS in the daughter vessels with increasing bifurcation angle. Malve et al. [78] also 

found a positive correlation between bifurcation angle and regions of high WSS near the 

bifurcation carina through numerical models within patient-specific geometries. Therefore 

these studies suggest that bifurcation angle has an effect on the localized 

haemodynamics near the carina. Interestingly, some works have found increased plaque 

burden within the LMCA bifurcation with increasing angle [153, 226], although these 

findings contradict others that have suggested that bifurcation angle may not be a 

dominant geometric predictor for the localization of the atherosclerosis [72, 78, 235].  
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From a clinical perspective, the angle of a coronary bifurcation has important 

implications for diagnosis and treatment. Particularly, the bifurcation has an influence on 

the type of stenting technique employed during percutaneous coronary interventions, and 

affects the difficulty of the procedure [4, 6, 157, 236]. More importantly, several clinical 

studies have shown that the specific geometric parameter can also have an effect on the 

outcome of the procedure; specifically, certain angulations can increase the risk for post-

procedural major adverse cardiac events, restenosis and/or thrombosis [157, 237, 238], 

which may be linked to observed changes in bifurcation angle post-stent insertion relative 

to the pre-procedural state [227, 229]. Furthermore, from the diagnostic perspective, the 

complex geometry of the bifurcation, as influenced in part from the angle, renders 

visualization using coronary angiography difficult and most commonly results in an 

inaccurate classification and understanding of the lesion configuration and severity [4]. 

Consequently, from a clinical perspective, bifurcation angle is an important 

morphological parameter associated with CBLs. While the effect of the bifurcation angle 

on the haemodynamics of healthy bifurcations as well as its corresponding implications 

for disease progression and initiation have been suggested, to date, the effect of 

bifurcation angle on the haemodynamics within diseased bifurcations has not been 

elucidated. More specifically, a functional evaluation of the effect of bifurcation angle on 

CBLs is lacking. This idea is important because the stenoses are found in close proximity 

to the bifurcation; as such, disturbed flow patterns distal to the supplying vessel stenosis 

overlap with the bifurcation carina, the proximal portions of the daughter vessels and their 

corresponding stenoses. Additional flow disturbances induced by the bifurcation itself also 

interact with the daughter vessels and their lesions, which could in turn affect the 

corresponding viscous and inertial pressure losses. The contribution of these interactions 

to the clinical manifestation of CBLs remains unknown. Therefore, the objective of the 

current study is to systematically compare the functionality, as quantified by the flow- and 

pressure-derived FFR, of different CBL configurations with varying angulations.  

10.2 GEOMETRY OF THE CBL CONFIGURATIONS 

Four multilesional coronary bifurcation lesion configurations based on the Medina 

classification are modelled in the present study. Mild, intermediate and severe lesions, 
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with diameter reductions of 41, 50, 61 and 68 percent are simulated for each 

configuration. All stenoses within a given configuration are concentric and axisymmetric 

and had the same severity. For each configuration and stenosis severity, five different 

bifurcation angles are modelled, as presented in Table 10.2 and are based on the ranges 

of values reported in the literature (Table 10.1).  

Table 10.2: Combination of LAD and LCX angles employed in the study 

 Angle [°] 

Case LMCA-LAD LMCA-LCX LAD-LCX 

1 0 73 73 

2 0 50 50 

3 0 90 90 

4 20 50 70 

5 40 50 90 

More specifically, the absolute angle between the LAD and the LCX as well as the 

angles between the individual daughter vessels and the centerline axis of the LMCA are 

varied. In Table 10.2, the LMCA-LAD and LMCA-LCX angles refer to the internal 

angulation between the centerline axis of the LMCA and the corresponding daughter 

vessel. The five bifurcation angles considered, with examples of the lesion configurations 

and the stenosis severities are presented in Figure 10.1. 

 

Figure 10.1: Examples of the multilesional configurations with different bifurcation angles and 
varying stenosis severities that are considered in the study. The configurations had concentric 
stenosis profiles.  

10.3 RESULTS 

The average pressures and flows computed at the boundaries of each case are 

utilized in the calculation of the pressure- and flow-based FFR respectively. The 
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comparison between the FFR values for the different configurations with varying 

bifurcation angle is provided. 

Figure 10.2 presents the flow-derived FFR in the LAD and LCX of the multilesional 

configurations with varying LCX angle. One can observe that for all configurations, small 

differences are calculated in the FFR within both the LAD and the LCX. The maximum 

computed difference, measured at 1.5 percent, is found between the minimum and 

maximum LCX angles, within the LAD, for the (1,1,0) configuration at the maximum 

diameter. Specifically, as the angle of the LCX increases from 50 degrees to 90 degrees, 

the FFR within the LAD decreases. The corresponding difference in the LCX FFR is 0.94 

percent and constitutes an increase in FFR with increasing bifurcation angle from 50 

degrees to 90 degrees. For the reported maximum percent difference, the corresponding 

absolute difference in FFR is 0.01 within the LAD. For all other configurations and 

diameter reductions, the differences in FFR with varying LCX angle remain below 1.0 

percent within both daughter vessels.  

Figure 10.3 presents the flow-derived FFR in the LAD and LCX of each 

multilesional configurations with varying LAD angle. For all diameter reductions, the 

(1,1,0), (0,1,1), and (1,1,1) configurations display differences in FFR that remain below 

1.0 percent when the angle is increased from zero to 20 degrees. Within the LAD, the 

(1,0,1) configuration displays a difference in FFR of 1.7 percent; for this case, in the LCX, 

the difference in FFR between angles of zero and 20 degrees is 1.0 percent. Interestingly, 

for the (1,0,1) configuration, when the angle of the LAD is increased to 20 degrees, the 

LAD FFR decreases, while the LCX FFR increases.  
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Figure 10.2: Flow-derived FFR with varying LCX angle. The FFR in the LAD is displayed for the 
(a) (0,1,1) (c) (1,0,1) (e) (1,1,0) and (g) (1,1,1) configurations. The FFR in the LCX is displayed 
for the (b) (0,1,1) (d) (1,0,1) (f) (1,1,0) and (h) (1,1,1) configurations. 
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Figure 10.3: Flow-derived FFR with varying LAD angle. The FFR in the LAD is displayed for the 
(a) (0,1,1) (c) (1,0,1) (e) (1,1,0) and (g) (1,1,1) configurations. The FFR in the LCX is displayed 
for the (b) (0,1,1) (d) (1,0,1) (f) (1,1,0) and (h) (1,1,1) configurations. 



10 Effect of bifurcation angle 

 

 

152 
 

When the angle of the LAD is further increased to 40 degrees relative to the 

centerline of the LMCA, increased differences in the FFR relative to the zero degree LAD 

are observed for all multilesional configurations with a stenosis in the LMCA. The 

maximum percent difference between the zero degree and 40 degree LAD cases occurs 

in the (1,1,0) configuration at the maximum diameter reduction, within the LAD. 

Specifically, a maximum decrease in FFR of 5.2 percent is recorded within the LAD. A 

corresponding decrease in LCX FFR of 3.1 percent is measured for the (1,1,0) 

configuration. The maximum percent differences in the LAD and LCX FFR within the 

(1,1,0) configuration correspond to absolute differences of 0.04 and 0.02 respectively. 

Within the (1,0,1) configuration, the maximum relative percent difference in the LAD FFR 

between the zero degree and 40 degree LAD angle is 4.5 percent.  

This relative percent difference corresponds to an absolute decrease in the LAD 

FFR of 0.04 with increasing LAD angle. The LCX FFR decreases accordingly within the 

40 degree LAD angle configuration by 3.9 percent (absolute difference of 0.02) relative 

to the configuration with a zero degree LAD angle. Finally, for the (1,1,1) configuration, a 

decrease in the LAD FFR of 3.7 percent is measured for the zero degree LAD angle 

relative to the 40 degree angle. The corresponding increase in LCX FFR is 2.3 percent. 

The measured maximum absolute differences in FFR within the LAD and the LCX for the 

(1,1,1) configuration are 0.03 and 0.02 respectively. The percent difference in the LAD 

and LCX FFR for the (0,1,1) configurations are negligible, and are measured at 1.2 and 

0.13 percent respectively. The corresponding maximum absolute differences in the LAD 

and the LCX FFR for the (0,1,1) configuration are 0.01 and 0.01 respectively. Table 10.3 

summarizes the maximum differences in the LAD and LCX FFR for the various 

multilesional configuration between the zero and 40 degree LAD angle.  

Table 10.3: Maximum percent difference and absolute difference in flow-derived FFR within the 
LAD and LCX between the zero degree LAD and 40 degree LAD angles. 

 Maximum Percent Difference [%] Maximum Absolute Difference [-] 

 LAD LCX LAD LCX 

(0,1,1) 1.2 0.13 0.02 0.001 

(1,0,1) 4.5 3.9 0.04 0.02 

(1,1,0) 5.2 3.1 0.04 0.02 

(1,1,1) 3.7 2.3 0.03 0.02 
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The pressure-based FFR in the LAD and the LCX for each multilesional 

configuration is displayed in Figure 10.4 for all bifurcation angles.  

 

Figure 10.4: Pressure-derived FFR with varying bifurcation angle. The FFR in the LAD is 
displayed for the (a) (0,1,1) (c) (1,0,1) (e) (1,1,0) and (g) (1,1,1) configurations. The FFR in the 
LCX is displayed for the (b) (0,1,1) (d) (1,0,1) (f) (1,1,0) and (h) (1,1,1) configurations. 
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One can observe that the trends within the pressure-based FFR are in good 

accordance with those presented for the flow-based FFR. The maximum difference in 

pressure-based FFR is observed between the zero degree LAD angle and the 40 degree 

LAD angle, and occurs within LAD for the (1,1,0) configuration. More specifically, the 

maximum relative decrease in the LAD FFR is computed to be 4.3 percent, which 

corresponds to an absolute difference in FFR of 0.03. In the adjacent LCX, the 

corresponding relative percent difference is 0.98 which corresponds to an absolute 

increase of 0.01 in the LCX FFR. Negligible differences in the pressure-derived FFR are 

measured with changes in the angle of the LCX; specifically, as is observed for the flow-

derived FFR, the maximum difference is measured with the LAD of the (1,1,0) 

configuration, with a magnitude of 1.7 percent between the 50 degree LCX angle and the 

90 degree LCX angle. Overall, the maximum computed differences occur as the angle of 

the LAD is increased from zero to 40 degrees, within the configurations with a stenosis in 

the supplying artery. While the magnitudes of the differences are lesser for the pressure-

derived FFR in comparison to the flow-derived FFR, the trends between the two indices 

are the same. Table 10.4 presents the maximum differences in the LAD and LCX 

pressure-derived FFR for the various multilesional configuration between the zero and 40 

degree LAD angle.  

Table 10.4: Maximum percent difference and absolute difference in pressure-derived FFR within 
the LAD and LCX between the zero degree LAD and 40 degree LAD angles. 

 Maximum Percent Difference [%] Maximum Absolute Difference [-] 

 LAD LCX LAD LCX 

(0,1,1) 0.74 0.32 0.01 0.003 

(1,0,1) 3.3 2.0 0.03 0.01 

(1,1,0) 4.3 0.98 0.03 0.01 

(1,1,1) 2.7 1.4 0.02 0.01 

 

10.4 DISCUSSION  

The angle of an arterial bifurcation has been suggested to affect the localized flow 

dynamics and consequently to impact the risk for the development and progression of 

atherosclerosis. This idea is important for the left coronary bifurcation, which shows 

significant anatomical variability between patients. From the clinical standpoint, in 



10 Effect of bifurcation angle  

 

 

155 
 

coronary arteries, the bifurcation angle influences the difficulty of percutaneous coronary 

interventions, and has been suggested to affect the risk for post-procedural major adverse 

cardiac events, restenosis and/or thrombosis. Overall, the angle of a bifurcation is an 

important morphological parameter for atherosclerotic disease. However, to the best of 

the author’s knowledge, the effect of bifurcation angle on the functionality CBLs has not 

been systematically investigated. Therefore, in this study, for the first time, the flow- and 

pressure-derived FFR is compared between the various multilesional CBL configurations 

with varying bifurcation angle.  

10.4.1 Effect of bifurcation angle on FFR 

The effect of changes in the localized flow field on the functionality of CBLs, as 

induced by changes in the bifurcation angle, is observed by considering the changes in 

FFR within the two daughter vessels of the (0,1,1) configuration with varying LAD and 

LCX angle. Both the angles of the LCX and the LAD relative to the centerline axis of the 

LMCA are varied individually to assess their effect on the corresponding FFR in the 

daughter vessels for each configuration. The (0,1,1) case is the only configuration for 

which the flow patterns within the daughter vessels are not influenced by a stenosis in the 

supplying vessel. Interestingly, for all bifurcation angles considered, the recorded 

differences with varying angle, for all diameter reductions and both daughter vessels, 

remained below 1.2 percent relative to the baseline case (50 degree LCX – zero degree 

LAD). This percent difference corresponded to an absolute difference in FFR less than 

0.01. As was outlined in Chapter 9, the clinical measurement of FFR is associated with 

variance between successive readings. Specifically, differences up to 5 percent have 

been recorded, which correspond to absolute differences of 0.01±0.04 [30]. As such, the 

differences recorded for the (0,1,1) configuration with varying bifurcation angle are well 

within clinical measurement error (and in fact within computational error). Consequently, 

in absolute terms, the results of the simulations of this study imply that bifurcation angle 

does not affect the functionality of CBLs.  

This novel finding is further supported by the results from the simulations where 

the angle of the LCX is varied relative to the centerline of the LMCA. For all multilesional 

configurations, including those where the supplying artery is stenosed, the maximum 
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difference in FFR occurred within the LAD of the (1,1,0) configuration, between the 50 

degree and 90 degree LCX angles. Similarly to the (0,1,1) configuration, the magnitude 

of the relative difference in LAD flow-derived FFR is 1.5 percent which corresponded to 

an absolute difference of 0.01, which is well within clinical measurement error. Therefore, 

these results further suggest such that the functionality of CBLs is not affected by the 

bifurcation angle, and would thus not influence the manifestation of the disease. These 

results are in good accordance with the preliminary results of Zarandi [239], who 

investigated the effect of varying LCX angle on the ratio of the LCX flow to the LMCA flow 

within the (0,1,1), (1,0,1) and (1,1,1) configurations using conventional CFD simulations. 

In the work of Zarandi [239], negligible changes in the flow ratio are computed for these 

configurations. However, only mild diameter reductions (up to 30% diameter reduction 

were considered, and conventional CFD simulations were executed thus, not accounting 

for the effect of bifurcation angle on CBL functionality.  

Interestingly, for the configurations with a stenosis in the LMCA, when the angle of 

the LAD is varied with respect to the centerline axis of the LMCA, larger differences in the 

LAD and LCX FFR are observed than the differences with varying LCX angles. More 

specifically, the maximum difference in FFR, which occurs between the cases with a zero 

degree and 40 degree LAD angle, is 5.2 percent (an absolute difference of 0.04). These 

differences are still within clinical measurement error, as in the case of the varying LCX 

angle, which implies that bifurcation angle would not manifest differences in the 

functionality of CBLs. However, the computed trends suggest that further increases in the 

LAD angle could induce differences in FFR that affect clinical manifestation. Interestingly, 

these differences correspond to a decrease in FFR within the LAD and an increase in 

FFR in the LCX, which is similar to the trends observed for the eccentric stenosis profiles 

presented in Chapter 9. These findings are attributed to the change in the position of the 

carina relative to the axis of the LMCA as the angle of the LAD increased. Specifically, 

the location of the bifurcation carina shifts towards the centerline axis of the LMCA with 

increasing LAD angle, which influences the distribution of blood within the two daughter 

vessel. This phenomenon is important and is expected to be most prominent when the 

supplying vessel is stenosed as a result of the high linear inertia of the jet emerging from 
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the neck of the LMCA lesion. With the shift of the carina towards the centerline of LMCA, 

more blood could flow into the LCX thus, increasing the LCX FFR and decreasing the 

LAD FFR. Consequently, despite the measurable differences in FFR with increasing LAD 

angle, and the recorded differences with increasing LCX angle, the results of the 

simulations suggest that the bifurcation angle does not affect CBL functionality.  

10.4.2 Potential clinical implications 

The results of the current study have potentially important clinical implications. 

More specifically, the findings suggest that differences in FFR within the daughter vessels 

induced by varying bifurcation angle are within clinical measurement error and could 

therefore be negligible from the clinical standpoint. This signifies that bifurcation angle 

may not be a determinant of haemodynamic impact and therefore may not influence the 

clinical manifestation of the disease regardless of the fact that the specific morphological 

parameter plays an important role in the difficulty of percutaneous coronary intervention 

as well as the risk for the development of atherosclerotic plaques.  

In addition, the results of the study further support the findings presented in 

Chapter 9 with regard to the effect of lesion eccentricity on CBL functionality. In Chapter 

9, the directionality of the supplying vessel stenosis jet relative to the carina was found to 

notably change the functionality of a CBL configuration, well above clinical measurement 

error. Here, the shift in the carina that is induced with the change in bifurcation angle 

results in more notable changes than the differences with the varying angle alone. 

Therefore, from a clinical standpoint, these results suggest that when there is a severe 

stenosis in the supplying artery, the position of the carina relative to the jet could have a 

significant influence the relative distribution of the blood between the daughter vessels 

and therefore the clinical manifestation of the disease. This is a significant and novel 

finding as it is the relative resistance of the downstream myocardia and not the localized 

flow dynamics that is thought to play the dominant role in the distribution of blood between 

the daughter vessels. The results of these simulations provide new insight into the 

importance of the interaction of the localized flow dynamics and the geometry of the 

vessel bifurcation on the functionality of CBLs.  
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10.5 SUMMARY 

The angle of the LMCA bifurcation has been shown to display significant inter-

patient variability. To the best of the author’s knowledge, its effect on the functionality of 

CBLs has not been investigated to date. In this chapter, for the first time, different 

multilesional CBL configurations with stenoses ranging from mild to severe reductions 

were simulated with varying bifurcation angle. Specifically, the angle between the LAD 

and the LCX as well as the angles between the centerline axis of the LMCA and each of 

the daughter vessels were varied based on reported measurements from the literature. 

The study found that the bifurcation angle had a negligible effect on the functionality of 

CBLs. More specifically, for all configurations, the relative differences in FFR ranged 

between zero and 5.2 percent, with the majority of cases displaying a difference less than 

1.5 percent. The computed differences are not only within computational error, but more 

importantly well within the reported range of clinical measurement error. Therefore, these 

results suggest that bifurcation angle, while an important geometric parameter from the 

treatment perspective, may not influence CBL functionality. However, the findings also 

suggest that the location of the carina relative to the high inertia jet emerging from the 

supplying vessel stenosis could be an important determinant of the distribution of blood 

between the daughter vessels and therefore the clinical manifestation of the disease. 
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11 

DISCUSSION AND CONCLUSIONS  

 

This chapter provides an overview of the original contributions of this research, in 

the context of the hypotheses and objectives presented in Chapter 1. In addition, a 

discussion of the obtained results and their corresponding clinical significance and impact 

are outlined. The limitations of the research are acknowledged and recommendations for 

future works are discussed.  

11.1 ORIGINAL CONTRIBUTIONS 

The dynamics of coronary bifurcation lesions are complicated and the factors that 

affect their clinical functionality have not been investigated to date. In this thesis, it was 

hypothesized that haemodynamic interactions at both local and global levels, play a 

significant role in the functionality of coronary bifurcation lesions and therefore their 

clinical manifestation. As such, the main objective was to provide insight on and an 

understanding of the haemodynamic impact of coronary bifurcation lesions from a 

clinically-relevant perspective, while taking into account local and global haemodynamic 

interactions. Therefore, in the context of the hypothesis and objectives, the novel 

contributions of the thesis are outlined in the sequel.  
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To the best of the author’s knowledge, this thesis presented the first computational 

model of a diseased coronary bifurcation that incorporated both local (within the 

bifurcation) and global (within the surrounding cardiovascular domains) haemodynamic 

effects while inherently accounting for haemodynamic interactions. More specifically, this 

work presented the first successful attempt to study CBL dynamics within a geometric 

multiscale framework, where the boundary conditions of the computational fluid dynamics 

simulations were not known a priori, but were rather obtained at each time step of the 

transient simulation through the interaction of a localized 3D model with a 0D model of 

the surrounding cardiovascular domains.  

The computed flow- and pressure-derived FFR values were in good agreement 

with FFR measurements reported in clinical studies for similar ranges of stenosis 

severities thus, confirming the ability of the multiscale model to simulate decreases in 

perfusion and to capture physiologically-relevant flow and pressure fields within diseased 

coronary bifurcations. This idea is especially important for the study of coronary lesions 

whose resistance and therefore functionality is dependent on the transtenotic flow as well 

as the dynamics of the distal myocardium. Consequently, unlike previous studies of CBLs, 

the flow and pressure fields within the diseased bifurcation were calculated, for the first 

time, within the context of the complete global physiology of the cardiovascular system 

thus, providing the first functional evaluation of CBLs.  

Moreover, with the use of the developed geometric multiscale model, the author 

executed, what is to the best of her knowledge, the first systematic investigation of the 

effect of various geometric and morphological parameters on the haemodynamic severity 

of CBLs. The geometric and morphological parameters that were investigated were 

selected in order to provide a thorough and comprehensive evaluation of the effects of 

global and local haemodynamic interactions which had not been previously studied. The 

main results of the research, as discussed below, provided novel insight with regard to 

the influence of the different morphological parameters on the haemodynamic interactions 

within CBLs and the corresponding functionality. These original findings, outlined in Table 

11.1, present potentially important clinical implications which could help improve 

diagnostic procedures, and therefore ameliorate patient care. 
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Table 11.1: Summary of the main and original findings of the systematic investigation of the effect 
of geometric parameters on the functionality of CBLs 

Parameter Main Findings Clinical Implications 

Lesion 
configuration 

 Branch steal renders a two-lesion 
configuration more functionally 
significant than a three-lesion 
configuration 

 There is a possibility for false 
negatives in diagnosis, based on 
the current diagnostic guidelines 

 The number of lesions does not 
govern the criticality of CBLs 

o single- and double-lesion 
configurations should be 
considered just as significant as 
three-lesion configurations 

o the presence of a large relative 
severity between daughter vessel 
could functionally de-stabilize a 
CBL configuration (implications to 
treatment) 

 The severity of the supplying vessel 
stenosis may be an important 
predictor of CBL functionality 

 A misinterpretation of the 
contribution of haemodynamic 
interactions could result in a 
misguided and/or incorrect diagnosis 

Relative 
stenosis 
severity 

 A single-lesion configuration can 
produce a more functionally 
critical environment compared to 
double- and triple-lesion 
arrangements 

 The severity of the supplying 
vessel stenosis plays a dominant 
role in the overall functionality of 
the configuration  

Luminal 
eccentricity 

 Eccentricity has a negligible 
effect on the functionality of 
isolated lesions 

 Eccentricity has a notable effect 
on the FFR for configurations 
where the supplying vessel is 
stenosed 

 The location of the carina relative to 
the jet emerging from the supplying 
vessel stenosis influences the 
distribution of blood between the 
daughter vessels 

o Eccentricity may be an important 
predictor of functionality for CBL 
configurations with a supplying 
vessel stenosis 

o Bifurcation angle may not be a 
predictor of CBL functionality 

Bifurcation 
angle 

 Bifurcation angle has a negligible 
effect on the functionality of CBLs 

 

11.2 DISCUSSION OF THE MODEL ASSUMPTIONS 

The main and novel findings of the thesis and the corresponding clinical 

implications, as presented in Table 11.1, are stated within the limits of the model 

assumptions. In vivo, coronary geometry is curved and tortuous [78, 184, 185]; coronary 

bifurcations display significant variance in their geometry and are nonplanar [78, 153, 

183, 225-231]. In the current study, linear and planar geometries of the LMCA bifurcation 

were utilized. While an anatomically-relevant geometry could potentially provide a more 

accurate representation of the in vivo flow environment, the use of a controlled and 
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simplified computer-generated geometry allowed for the effect of the various geometric 

and morphological parameters on the functional impact of CBLs to be isolated, without 

influencing the results by patient-specific flow patterns. This idea is especially important 

due to the fact that coronary geometry displays significant interpatient variation. Overall, 

idealized geometric models lend themselves well to parametric studies, as the one 

presented in the thesis.  

The choice to utilize idealized geometries was justified based on validated 

expressions for the translesional pressure drop [80] wherein the morphology of and the 

volumetric flow through the stenosis are shown to have the most dominant effect on the 

translesional pressure drop, and not the proximal flow profile which would be altered with 

the introduction of curvature and tortuosity. This phenomenon is most prominent at higher 

flows (for example, during maximum hyperaemia) wherein inertial pressure losses 

become more dominant compared to viscous pressure losses (which would be influenced 

by the flow profile) and in particular for severe stenoses. Furthermore, disturbed flow 

profiles proximal to the LAD and the LCX stenoses are induced by the bifurcation 

geometry; this phenomenon is amplified in the case where the LMCA is stenosed due to 

the fact that the recirculation zone distal to the stenosis is found within the bifurcation 

region and thus, the induced disturbances interact with the stenoses within the LAD and 

LCX. As such, flow disturbances induced by curvature would have a less prominent effect 

for the LAD and LCX stenoses compared to a hypothetically isolated stenosis in a curved 

portion of vessel far from a bifurcation. Consequently, as the resulting flow and pressure 

profiles were in good accordance with clinical reports, the use of simplified geometries 

was justified for the scope of the current work.  

Moreover, coronary arteries are subjected to dynamic motion (in space) as a result 

of the ventricular contraction and expansion. This phenomenon was not considered in 

order to reduce computational costs. Its exclusion from the current model was justified by 

the fact that in the proximal epicardial coronary arteries, as were modelled in the current 

study, regions of small curvature changes have been shown to exist [240]. Furthermore, 

flow disturbances induced by bifurcations have been shown to have a dominant effect on 

flow patterns compared to disturbances generated by dynamic curvature changes [241]. 
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This idea is expected to be amplified due to the presence of arterial constrictions, which 

themselves induce flow disturbances in the post-stenotic regions.  

Simplifying assumptions (geometry, fluid and vessel properties, boundary 

conditions, etc.) are inherent in cardiovascular numerical modelling due to computational 

cost and lack of available in vivo data. Geometric multiscale modelling was developed for 

the purpose of integrating, in a computationally efficient manner, the influence of 

peripheral (upstream and downstream) haemodynamics within the simulations of a 

truncated localized domain. Physiologically-relevant boundary conditions that allow for 

the haemodynamics of a truncated portion of the cardiovascular system to be simulated 

in the context of global physiology are crucial in the validity of the presented results. 

Whereas the multiscale approach allows for more robust simulations to be executed, and 

in many cases for haemodynamic conditions that are not known a priori to be predicted 

(as was the case for the model presented in the thesis), they are still subject to some 

limitations that are worth noting. Specifically, during the transient simulations, the flow 

and pressure within the truncated domain are determined based on the interaction 

between the 3D model and the 0D model, and therefore depend on the configuration and 

the parameter values of the LPM coupled with the boundaries. Lumped model parameter 

selection is an important part of the development of such models to ensure that 

physiologically-relevant results are obtained. This idea is especially important for patient-

specific simulations that require parameter values to be matched to clinically-measured 

data [242]. 

In the development of the model presented in the thesis, parameter values for the 

heart, systemic and pulmonary circulations were selected based on literature values and 

were adjusted in a systematic, yet manual approach until physiologically-relevant flows 

were obtained. Coronary parameter values were also adjusted in a similar manner to 

obtain the desired output for the healthy model. Here, it is acknowledged that the choices 

of parameter values influence the results; however, due to model verification with respect 

to clinical data, the model yields reliable results that could be representative of in vivo 

conditions. The use of the manual, iterative procedure for parameter identification was 

tedious and thus, perhaps not the ideal method; however, this approach was previously 
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employed in similar models in the literature [243, 244] and was deemed acceptable for 

the scope of the present study since patient-specific simulations were not being executed 

and a single lumped-parameter model was being employed. Here, it must be recognized 

that significant work is being executed in the field of parameter estimation for multiscale 

modelling applications [242] and therefore, future work on this model could benefit from 

corresponding approaches and clinical measurement.  

From the numerical standpoint, a potential limitation of the current study involves 

assumptions with regard to the flow regime. Specifically, a laminar regime was assumed 

in the developed model whereas studies have shown that in stenotic vessels, transition 

to turbulence can occur at low Reynolds number. This simplification was implemented in 

order to reduce the computational expense as the incorporation of a turbulent model 

would require significant spatial discretization. The laminar flow assumption was also 

retrospectively justified based on the peak Reynolds number, which did not surpass the 

reported threshold for diameter reductions greater than 50 percent. Nevertheless, due to 

the significant constrictions and hyperaemic flow conditions employed in the thesis, the 

work could potentially benefit from the employment of a turbulence model, to investigate 

its effect on the corresponding FFR values.  

In addition, with respect to biophysical phenomena, the model did not incorporate 

collateral flow. The overall configuration, extent, and response of collaterals to maximum 

vasodilation vary significantly between patients and are still not fully understood. 

Moreover, studies have shown that collateral circulation is only present in approximately 

30% of patients that have functionally significant coronary lesions [84]. Therefore, the 

disregard of collateral circulation was deemed acceptable for the scope of the current 

study. It also allowed to investigate the true haemodynamic severity of a particular lesion 

configuration as collateral flow provides an alternative conduit for myocardial perfusion. 

Still from the biophysical perspective, both the downstream epicardial arteries and the 

microvasculature were assumed to be free of disease. Disease of the downstream 

epicardial arteries would impose additional resistance in the epicardial tree thus, 

contributing to the overall flow reduction and ultimately masking the true haemodynamic 

severity of the upstream bifurcation lesion configuration. Microvascular disease increases 
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the overall myocardial resistance; not only does this signify that under induced 

hyperaemic conditions, total microvascular vasodilation is inhibited, but also that the 

increased resistance of the microvasculature itself reduces perfusion. Therefore, the true 

functionality of an epicardial stenosis is underestimated. The presence of peripheral 

coronary artery disease was disregarded in order to elucidate the true haemodynamic 

severity of the bifurcation lesion configurations and to isolate the true effect of each of the 

investigated geometric parameters on the corresponding FFR.  

Finally, due to the parametric nature of the thesis, hundreds of numerical 

simulations regarding the functionality of CBLs with varying geometric parameters were 

presented. Measurements of the FFR from numerous clinical studies presented in the 

literature were utilized to corroborate the results obtained from the developed model. The 

flows and pressures computed within the diseased bifurcations and the corresponding 

FFR values displayed physiologically-relevant behaviour and were in good accordance 

with values reported in the literature. Nevertheless, further validation of the model would 

be required in order to maximize the impact of the obtained results for clinical applications. 

However, such an endeavour, which includes various methods, such as patient-specific 

simulations, in vitro hydraulic setups, animal work and ultimately clinical studies, requires 

significant resources (time, financial support) which currently places them out of the scope 

of the current thesis. To date, in vitro validation using an experimental hydraulic setup 

based on the works of Geven et al. [166] and Gaillard et al. [245] have been initiated. 

Nevertheless, due to the correspondence of the computed values with clinical and 

numerical data from the literature, the presented model yields reliable results that could 

be representative of clinically-relevant cases. 

11.3 RECOMMENDATIONS FOR FUTURE WORKS 

Based on the presented limitations, several recommendations for future works can 

be made. The use of idealized vascular geometries was justified for the scope and 

purpose of the thesis. However, the incorporation of more realistic coronary anatomy is 

recommended in future work. This idea could be implemented in various stages, firstly 

through the synthetic incorporation of curvature, tortuosity and non-planarity in the 

idealized geometries which would provide insight on their relative contribution to the 
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overall dynamics of CBLs, particularly in relation to the effect of localized flow 

characteristics on the corresponding functionality. Subsequently, patient-specific 

geometries reconstructed from various imaging modalities can be implemented which 

would allow, as a preliminary initiative, a verification of the results obtained in the thesis. 

It would account for differences in flow dynamics resulting from interpatient variation in 

the geometry and thus, facilitate a multivariate analysis so as to understand, from a 

statistical standpoint, the geometric parameters that influence the clinical manifestation 

of the disease. As outlined previously, the use of patient-specific geometries would 

eventually be coupled with clinical measurements in order to allow the tailoring of the 

lumped model parameters for each individual case so as to get an accurate in vivo 

representation of the corresponding haemodynamics.  

Furthermore, additional geometric and morphological parameters of both the 

arterial bifurcation and of the lesion themselves could be considered in future works. In 

addition to curvature, tortuosity and non-planarity in the vicinity of the bifurcation, which 

could affect the localized flow patterns, the effect of lesion length, inter-lesion distance, 

the relative distance of the stenoses from the bifurcation carina, the relative sizes of the 

daughter vessels (and thus, the relative sizes of the perfusion territories) and the 

reference vessel diameters should be considered in the context of FFR. These 

morphological parameters are derived from quantitative coronary angiography and other 

imaging modalities, and their relationship to the FFR of isolated lesions is often sought 

[25, 223].  

Finally, as outlined previously, the results obtained in the study were corroborated 

against literature data. However, due to the potentially significant clinical implications of 

the results, and their prospective application in clinic for the improvement of diagnostic 

procedure for coronary bifurcation lesions, it is essential that validation efforts be 

conducted in the future. This procedure would be initiated by the verification of the 

numerical results through in vitro testing followed by the integration of patient-specific 

models from a large cohort into the numerical model. Eventually, for clinical use, animal 

and clinical studies would have to be executed.  
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11.4 SUMMARY 

In conclusion, the thesis presented the first numerical functional evaluation of 

coronary bifurcation lesions with a systematic evaluation of the effect of geometric and 

morphological parameters on the ischemic manifestation of the disease. The functional 

evaluation was facilitated through the use of computational fluid dynamics simulations 

executed within a geometric multiscale algorithm, which enabled the calculation of the 

gold-standard diagnostic index, namely the Fractional Flow Reserve. The results showed 

that clinical manifestation is a complex factor of both local and global haemodynamic 

interactions. Within the limitations of the work, the findings have potentially important 

clinical implications which, with future validation, could improve the current diagnostic 

guidelines.  
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LIST OF SYMBOLS 

Symbol Description Units 

δ Maximum height of the stenosis profile  [cm] 

θ 
Angle between the left anterior descending artery and the left 
circumflex artery 

[°] 

µ Dynamic viscosity of blood [g∙cm-1∙s-1] 
ρ Density of blood [g∙cm-3] 
Γ Boundary of three-dimensional model  [-] 
ΓLMCA Inlet boundary of the left main coronary artery [-] 
ΓLAD Outlet boundary of the left anterior descending artery [-] 
ΓLCX Outlet boundary of the left circumflex artery [-] 
ΔPmyo Diastolic pressure drop across the myocardium  [mmHg] 
ΔPstenosis Translesional pressure drop [mmHg] 

ΔPv,i 
Transvalvular pressure gradient for i=mit,ao,tri,pul for the mitral, 
aortic, triscuspid and pulmonary valves respectively 

[mmHg] 

Ω Fluid domain [-] 

b  Column vector of forcing terms in the multiscale model  [-] 

h Thickness of vessel wall  [cm] 
l Length of vessel  [cm] 
le Entrance length for flow development [cm] 
lLAD Length of proximal left anterior descending artery [cm] 
lLCX Length of proximal left circumflex artery [cm] 
lLMCA Length of left main coronary artery [cm] 
lS Length of the stenosis base  [cm] 

in̂  Normal of boundary surface i [-] 

p Localized fluid pressure [mmHg] 

)(tp j  Time-dependent face-average pressure [mmHg] 

r0 Radius of healthy vessel  [cm] 
rS Radius of stenosis  [cm] 
tEmax Time at which the maximum elastance occurs [s] 

u


 Fluid velocity [cm·s-1] 

x Parameter of interest for the relative percent difference [-] 

y  Vector of unknown state variables (flowrates and pressures) [-] 

z Distance from the proximal side of the stenosis (0 ≤ z ≤ lS) [cm] 
A Square matrix of 0D model parameter values  [-] 
A0 Healthy vessel cross-sectional area [cm2] 
AS Area of the stenosis throat [cm2] 
C Volumetric arterial compliance [cm3∙mmHg-1] 
Cas Compliance of aortic sinus  [ml∙mmHg-1] 
Cnorm Average distensibility of vessel [mmHg-1] 
Cpul Compliance of pulmonary circulation  [ml∙mmHg-1] 
Csys Compliance of systemic circulation [ml∙mmHg-1] 
D Diameter of vessel [cm] 
D0 Healthy vessel diameter [cm] 
DLAD Diameter of proximal left anterior descending artery [cm] 
DLCX Diameter of proximal left circumflex artery [cm] 
DLMCA Diameter of the left main coronary artery [cm] 
Diffr Relative percent difference [%] 
Dterm Diameter of the terminal epicardial vessel  [cm] 
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Symbol Description Unit 

E(t) Instantaneous time-varying elastance [mmHg∙ml-1] 
Ela Left atrial elastance [mmHg∙ml-1] 
Elv(t) Time-varying left ventricular elastance [mmHg∙ml-1] 
Em Elastic modulus of vessel wall [mmHg] 
Emax Maximum elastance [mmHg∙ml-1] 
Emin Minimum elastance [mmHg∙ml-1] 
EN(t) Normalized time-varying elastance [-] 
Era Elastance of right atrium  [mmHg∙ml-1] 
Erv(t) Time-varying elastance of right ventricle [mmHg∙ml-1] 
FFR Fractional Flow Reserve [-] 
FFRP Pressure-derived FFR [-] 
FFRQ Flow-derived FFR [-] 
IL Inertial pressure loss coefficient [mmHg∙s2∙ml-2] 
KE Dimensionless empirical inertial pressure loss coefficient  [-] 
Kv Dimensionless empirical viscous pressure loss coefficient  [-] 
L Blood inertia [mmHg∙s2∙ml-1] 
Lao Inductance of aorta [mmHg∙s2∙ml-1] 
Lsys Inductance of systemic circulation [mmHg∙s2∙ml-1] 
Pao Aortic pressure [mmHg] 
Pd Distal stenosis pressure [mmHg] 
PDIAG1 First diagonal branch pressure [mmHg] 
PDIAG2 Second diagonal branch pressure [mmHg] 
Pin Inlet pressure (to basic compartmental lumped-parameter model unit) [mmHg] 
Pla Pressure of left atrium  [mmHg] 
PLAD1 Proximal left anterior descending artery pressure [mmHg] 
PLAD2 Intermediate left anterior descending artery pressure [mmHg] 
PLAD3 Distal left anterior descending artery pressure [mmHg] 
PLCX1 Proximal left circumflex artery pressure [mmHg] 
PLCX2 Proximal-intermediate left circumflex artery pressure [mmHg] 
PLCX3 Distal-intermediate left circumflex artery pressure [mmHg] 
PLCX4 Distal left circumflex artery pressure [mmHg] 
PLMCA Left main coronary artery pressure  [mmHg] 
PMARG1 First marginal branch pressure [mmHg] 
PMARG2 Second marginal branch pressure [mmHg] 
PMARG3 Third marginal branch pressure [mmHg] 
Plv Pressure of left ventricle  [mmHg] 
Ppa Pulmonary artery pressure [mmHg] 
Pout Outlet pressure (to basic compartmental LPM unit) [mmHg] 
Pra Pressure of right atrium  [mmHg] 
Prv Pressure of right ventricle  [mmHg] 
Psys Systemic pressure [mmHg] 
Pv Venous pressure [mmHg] 
PV(t) Instantaneous ventricular pressure [mmHg] 
Q Volumetric flow rate [ml·s-1] 
QC Collateral flow [ml·s-1] 
Qd Diseased hyperaemic myocardial flow [ml·s-1] 
QDIAG1 First diagonal branch flow [ml·s-1] 
QDIAG2 Second diagonal branch flow [ml·s-1] 
Qin Inlet flow rate (to basic compartmental LPM unit) [ml·s-1] 
QLAD1 Proximal left anterior descending artery flow [ml·s-1] 
QLAD2 Intermediate left anterior descending artery flow [ml·s-1] 
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Symbol Description Unit 

QLAD3 Distal left anterior descending artery flow [ml·s-1] 
QLCX1 Proximal left circumflex artery flow [ml·s-1] 
QLCX2 Proximal-intermediate left circumflex artery flow [ml·s-1] 
QLCX3 Distal-intermediate left circumflex artery flow [ml·s-1] 
QLCX4 Distal left circumflex artery flow [ml·s-1] 
QLMCA Left Main Coronary Artery flow [ml·s-1] 
QMARG1 First marginal branch flow [ml·s-1] 
QMARG2 Second marginal branch flow [ml·s-1] 
QMARG3 Third marginal branch flow [ml·s-1] 
Qn Normal (healthy) hyperaemic myocardial flow [ml·s-1] 
Qpa Pulmonary artery flow [ml·s-1] 
Qpul Pulmonary flow [ml·s-1] 
Qout Outlet flow rate (to basic compartmental LPM unit) [ml·s-1] 
QS Transtenotic flow [ml·s-1] 
Qsys Systemic flow [ml·s-1] 
Qtot Total average healthy myocardial flow [ml∙s-1] 
R Viscous resistance [mmHg∙s∙ml-1] 
Rav Resistance of atrio-ventricular (mit, tri) valves  [mmHg∙s∙ml-1] 
Re Reynolds number [-] 
Rmyo,d Diseased myocardial resistance [mmHg∙s∙ml-1] 
Rmyo,n Healthy myocardial resistance [mmHg∙s∙ml-1] 
Rpul Resistance of pulmonary circulation  [mmHg∙s∙ml-1] 
Rstenosis Stenosis resistance [mmHg∙s∙ml-1] 
Rsys Resistance of systemic circulation [mmHg∙s∙ml-1] 
Rterm Resistance of terminal (myocardial) vessel  [mmHg∙s∙ml-1] 
Rtot Total myocardial resistance [mmHg∙s∙ml-1] 
Rv,ao Resistance of aortic valve [mmHg∙s∙ml-1] 
Rvart Resistance of ventriculo-arterial (ao, pul) valves  [mmHg∙s∙ml-1] 
Rv,mit Resistance of mitral valve [mmHg∙s∙ml-1] 
Rv,pul Resistance of pulmonary valve  [mmHg∙s∙ml-1] 
Rv,tri Resistance of tricuspid valve [mmHg∙s∙ml-1] 
Sv,ao State of aortic valve  [-] 
Sv,mit State of mitral valve  [-] 
Sv,pul State of pulmonary valve  [-] 
Sv,tri State of tricuspid valve  [-] 
T Duration of one cardiac cycle [s] 

V0,V 
Empirical constant corresponding to the x-intercept of the ventricular 
pressure-volume plot 

[ml] 

VL Viscous pressure loss coefficient [mmHg∙s∙ml-1] 
Vla Left atrial volume [ml] 
Vlv Left ventricular volume [ml] 
Vra Right atrial volume [ml] 
Vrv Right ventricular volume [ml] 
VV(t) Instantaneous ventricular volume [ml] 
Zao Impedance of aorta  [mmHg∙s∙ml-1] 
Zas Impedance of aortic sinus [mmHg∙s∙ml-1] 
Zpa Impedance of pulmonary artery  [mmHg∙s∙ml-1] 
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Appendix A : Derivation of LPM governing equations 

In this appendix, the governing equations of the lumped-parameter model are 

derived. Specifically, the Navier-Stokes Equations (NSE) are linearized and spatially 

averaged.  

The following assumptions are made in the derivation: 

1. Negligible circumferential flow (no swirl) and dominant axial flow 

2. Negligible convective acceleration  

3. Cylindrical vessel geometry with tethered ends (no axial extension) 

4. Variation of velocity change in the axial direction is negligible compared to other 

terms 

 

The incompressible Navier-Stokes equations for a Newtonian fluid are: 
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Here, the pressure and velocity components are defined by: 
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The following theorem is also used in the derivation. For a continuous function f=f(x1,x2,x3) 

on a domain V with boundary V , the following applies: 
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where Vu


 and n


 are the velocity and unit normal of the boundary respectively. In this 

derivation, since the flow is predominantly axial and a no-slip condition is applied on the 

wall, Equation (A.4) reduces to:  
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Finally, the area-averaged volumetric flow, )(zQ  and the domain-averaged volumetric flow 

and pressure, Q̂  and p̂  respectively are defined as follows: 
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Continuity: 
 

The continuity equation, in cylindrical coordinates, simplified based on the 

assumptions presented above, is given by: 
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Equation (A.9) is integrated with respect to  . Then, using Equation (A.5) the expression 

is integrated with respect to r and substituted in Equation (A.6) to obtain the area-

averaged mass conservation: 
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Due to the no-slip condition, the radial velocity at the vessel wall, 
Rru  is equal to the speed 

of the vessel wall such that: 
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By substituting Equation (A.11) into Equation (A.10), the resulting expression is: 
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Here, a constitutive equation for the vessel wall is required in order to express the rate of 

change of the radius with the rate of change of the pressure. Assuming a linear elastic, 

isotropic and incompressible material and considering the vessel to be a thin-walled 

cylinder ( 1/ Rh  for wall thickness h ), the circumferential stress in the vessel wall is 

given by: 
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where R0(z) is the equilibrium vessel radius. Using Hooke's law and the principle of 

superposition, the circumferential stress can be equivalently derived through the following 

steps (where ε is the strain, ν the Poisson's ratio, and E the Young's modulus and the 

subscript L corresponds to the longitudinal component). The circumferential and 

longitudinal strains are: 
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By combining Equation (A.14) with Equation (A.15), the circumferential strain reduces to: 
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With the vessel assumed longitudinally tethered ( 0L ) and the circumferential strain 

defined by: 
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and the circumferential stress is given by: 
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By equating Equation (A.13) with Equation (A.18), and differentiating the result with 

respect to time, an expression for the radial rate of change with respect to the rate of 

change of pressure is obtained: 
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By substituting the final expression in Equation (A.19) into Equation (A.12), the 1D mass 

conservation is obtained: 
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Finally, to obtain the continuity equation for the LPM, Equation (A.20) is integrated with 

respect to the axial component, z, over the length of the vessel, l. By recalling Equation 

(A.16) and assuming that vessel tapering is minimal: 

,0
)()1())((2

)(
1

23
)(ˆ

)(ˆ

2

1





 

lzQ

zQ
dz

t

zp

Eh

zR
zQd


  

.0
ˆ)1(2 23

12 



dt

pd

Eh

lR
QQ

  (A.21) 



Appendix A  

 

 

201 
 

Equation (A.21) is simplified to the following expression, to identify the compliance, C: 
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Finally, by taking 5.0  for an incompressible, isotropic vessel, the compliance is 
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Conservation of momentum: 
 

Due to assumptions 1 and 2, the axial component (z) of the momentum equation 

is the governing equation: 
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Equation (A.24) is integrated with respect to r and θ to obtain the area-averaged (cross-

sectional) expression. Equation (A.5) is used for integration of the first term of Equation 

(A.24): 
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Recalling Equation (A.6), the above integration yields (where )(zp  is the area-averaged 

pressure on section z): 
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Assuming that the tapering of the vessel is minimal, the radius (and area, A) is taken to 

be constant (R(z)=R): 
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In order to simplify the last term of the above equation, the velocity profile ( ),( zru z
) must 

be known. Here, a fully-developed parabolic profile is assumed such that: 
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The maximum velocity can be written with respect to the average velocity, given as a 

function of flow rate and area: 
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and 
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Substituting Equation (A.33) into Equation (A.27), we obtain the linearized (1D) 

momentum equation: 
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Similarly to the continuity equation, the governing equation for the LPM is obtained by 

integrating Equation (A.34) over the length, l, of the vessel: 
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By denoting )( 2zp  as 2p  and )( 1zp as 1p , the above equation simplifies to: 
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Appendix B : Derivation of ODE system for LPM model 

The full LPM with the corresponding state variables (pressures and flows), which 

are to be computed, are provided in Figure B.1. The derivation of the system of 38 ODEs 

is provided below. 

 

Figure B.1: Full LPM denoting the flows and pressures to be calculated. All variables 
corresponding to the electrical analogue components are presented in Figure 4.2. 

Heart, systemic and pulmonary models: 

 The atrial and ventricular pressures are expressed as a function of their elastances 

and volumes, as follows: 
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Furthermore, the flow through each of the valves can be expressed with respect to the 

valve states and their corresponding resistances: 
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Consequently, based on Equations (B.1), (B.2), and (4.9)-(4.13), the system of ODEs for 

the heart, systemic and pulmonary models is derived as follows: 
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The system of ODEs corresponding to the dynamics of the epicardial coronary system 

are based on the conservation of mass and momentum for the basic, LPM compartmental 

unit (Figure 4.1), provided in Equation (4.1).  
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where, for terminal resistance i , 
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such that i DIAG1, DIAG2, LAD3, MARG1, MARG2, MARG3, LCX4. 

To close the system of ODEs, the coronary myocardial and venous dynamics are 

described by: 
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Appendix C : Runge-Kutta method  

An explicit fourth-order Runge-Kutta method was used for the numerical 

integration of the system of ODEs describing the dynamics of the full LPM of the 

cardiovascular system. The details pertaining to this method are described below. 

For a first-order ODE of the form: 

),( yxf
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(C.1) 

with initial conditions 
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(C.2) 

the value of y  at 1 nxx , denoted as 1ny , for integration step n , can be determined by 
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(C.4) 

The integration of the system of ODEs using the fourth-order Runge-Kutta method was 

implemented through an in-house C++ code with a timestep of 1.0x10-4s. A set of initial 

conditions for each state variable, based on a priori knowledge of the system dynamics 

and expected physiological parameter values, were set. The code was executed for 

several cardiac cycles until a cyclic solution was obtained, such that the initial values (at 

time 0tt  ) and the final values (at time Tt  , where T  is the length of the cardiac cycle), 
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displayed a maximum 0.1 percent difference. For cycle i , the initial conditions were taken 

to be the values computed at time Tt   for cycle 1i . 
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Appendix D : Finite Volume Method 

The following appendix provides an overview of the Finite Volume Method (FVM) 

employed within ANSYS Fluent for the numerical simulation of the flow within the 3D 

domain of the LMCA bifurcation. The governing equations are also provided.  

Let the velocity in the 3D domain be defined as: 
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Therefore, the continuity equation is given by: 
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By considering the fluid as incompressible, where the density,  , does not change in 

space or time, Equation (D.2) simplifies to  
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(D.3) 

Furthermore, the general equation for the conservation of momentum is given by: 
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(D.4) 

where 
bF


 are the body forces and source terms, p  is the pressure and 


 is the stress 

tensor associated with viscous dissipation. For a Newtonian and incompressible fluid, the 

stress tensor, is given by: 

u

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(D.5) 
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where   is the viscosity. Therefore, for an incompressible, Newtonian fluid, where the 

effect of gravitational forces is considered negligible, the general momentum conservation 

equation (Equation (D.4)) simplifies to: 

up
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uD 

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(D.6) 

The material derivative in Equation (D.6) can be expanded, such that the momentum 

conservation is expressed as: 
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(D.7) 

Therefore, Equation (D.3) and Equation (D.7) constitute the governing equations for the 

dynamics of an incompressible, Newtonian and isothermal fluid; these equations were 

provided in Section 5.2 (Equation (5.2)) in the description of the 3D model of the LMCA 

bifurcation.  

In the FVM, Equation (D.3) and Equation (D.7) are integrated over a control 

volume. A two-dimensional case of a control volume 0V  with center 0C , surrounded by 

control volumes 1V , 2V  and 3V , with centers 1C , 2C  and 3C  respectively is provided in 

Figure D.1. 

 

Figure D.1: Two-dimensional control volume V0 with cell center C0, surrounded by control volumes 
V1, V2 and V3 with cell centers C1, C2, and C3 respectively and area vectors A0,1, A0,2 and A0,3 
respectively  
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For the continuity constraint, Equation (D.3) is integrated over control volume 0V :  
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By applying the divergence theorem: 

AdvdVv
AV


  )(

 

(D.9) 

for a vector v


 in a control volume V with surface area A , the volume integral in Equation 

(D.8) is converted to a surface integral, as follows: 
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where 
0A


 is the area vector of the surface enclosing control volume 0V . When considering 

a control volume enclosed by 
fN  faces (in the 2D case provided in Figure D.1, 3fN ), 

Equation (D.10) reduces to the algebraic equation:  
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The same procedure can be applied to the conservation of momentum (Equation (D.7)). 

The integral over control volume 0V  is taken: 
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Subsequently, the divergence theorem is applied such that Equation (D.12) reduces to: 
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where I  is the identity matrix. Again, by considering a control volume with 
fN  faces, 

Equation (D.13) can be expressed by: 
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(D.14) 

In transient simulations, as one can observe through Equation (D.14), discretization in 

time must occur in conjunction to discretization in space. For example, by considering a 

first-order, backwards implicit time discretization, Equation (D.14) is expressed as: 
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(D.15) 

where t  is the time step, defined as  

nn ttt  1

 
  

where n  is the current timestep. In the cell-centered method applied in ANSYS Fluent, 

the unknown pressure and velocities are computed and stored at the cell centers of each 

control volume. However, for the convective, diffusive and pressure terms of Equation 

(D.15), the values of the pressure and velocities are required at the cell faces and 

therefore must be interpolated based on the respective cell-centered values of the control 

volume of interest as well as those of the neighbouring cells. Various interpolation 

schemes can be implemented for the pressure and the velocity components in the 

convective and diffusive terms of Equation (D.15). Similarly to the momentum 

conservation, interpolation of the face values of the velocity must also be employed in the 

discretized continuity equation presented in Equation (D.11). Details regarding the 

different interpolation schemes as well as the computation of the velocity gradients in the 

diffusive term have been extensively outlined in [246].  

Equation (D.15) can be written for each velocity component, which results in three 

discretized, scalar, nonlinear (due to the convective term of the momentum equation) 

algebraic equations, for each control volume. The resulting equations can be rearranged 
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to be expressed in terms of the scalar values, both at the center of the control volume of 

interest and the corresponding values in the neighbouring cells (from the interpolation 

schemes). For example, by considering the momentum conservation in the x-direction, 

the rearranged equation can be given in the general algebraic form as: 

iApuaua
xf

nb

nbnbVV
ˆ 
 

(D.16)  

where the subscript V  denotes the control volume of interest, the subscript nb  denotes 

the neighbouring cells, î  is the normal vector in the x-direction, and Va  and nba  are the 

coefficients of the scalar values in the control volume of interest and in the neighbouring 

cells respectively. By employing this method for each unknown scalar variable in each 

control volume of the discretized domain, a system of algebraic equations is derived. The 

coefficients within Equation (D.16) are linearized implicitly, which signifies that they are 

expressed in terms of both known and unknown values of the variable in the neighbouring 

cells, so as to implement linear techniques. When combining the equations for the 

different control volumes so as to form a system of algebraic equations, the unknown 

variables appear in multiple equations such that the system must be solved 

simultaneously in an iterative manner. The linearized systems of algebraic equations are 

solved using a point-implicit Gauss-Seidel approach coupled with an algebraic multigrid 

method. For incompressible flows, ANSYS Fluent utilizes a pressure-based solver 

wherein the pressure field is computed based on a pressure-correction equation. 

Specifically, in the iterative segregated approach, each component of the momentum 

equation is decoupled from the other components such that its corresponding field is 

solved for independently and in a sequential manner. The resulting velocity field is 

subsequently corrected using a pressure-correction equation so that it satisfies the 

constraint of continuity. The aforementioned pressure equation inherently takes into 

account the velocity field as it is derived based on both the continuity and momentum; the 

exact form of the equation depends on the pressure-velocity coupling scheme for which 

there are various approaches, as outlined in [246]. The procedure is advanced iteratively 

until it has converged and is implemented within each timestep for transient simulations 

[246].  


